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ABSTRACT 
Liquid structure and dynamics are experimentally investigated in colloidal suspensions with short-range depletion attraction. The colloidal 
fuid samples consist of hard-sphere colloidal particles suspended along with rodlike depletants based on surfactant micelles. The spheres 
have a range of surface chemistries, diameters, and packing fractions, and the rodlike micelle length depends on the temperature. Thus, the 
combination of hard-spheres and depletants generates a sample wherein short-range interparticle attraction can be temperature-tuned in situ. 
Video optical microscopy and particle tracking techniques are employed to measure particle trajectories from which structural and dynamical 
quantities are derived, including the particle pair correlation function [g(r)], mean square displacement, long-time diffusion coeffcient, and 
the sample two-body excess entropy (S2). The samples with stronger short-range attractions exhibit more order, as characterized by g(r) 
and S2. The stronger short-range attractions are also observed to lead to slower long-time diffusion and more heterogeneous dynamics at 
intermediate time scales. Finally, the excess entropy scaling law prediction, i.e., the exponential relationship between two-body excess entropy 
and long-time diffusivity, is observed across the full range of samples. 

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091564 

I. INTRODUCTION 
Connecting structure to dynamics is a persistent theme in many 

studies of condensed matter systems.1,2 A central idea in this effort 
is that the interactions between microscopic constituent particles 
determine material structure, which, in turn, infuences material 
mechanical and dynamical response. One interesting phenomeno-
logical theory which seeks to fnd such connections is based on the 
concept of excess entropy.3–6 Excess entropy (SE) is defned as the 
difference between the “true” system entropy and the entropy of 
an equivalent ideal gas system; it is a single number that can be 
computed from particle position data.7 The potential value of SE 

derives from Rosenfeld’s observation,3 initially supported by sim-
ulation data, that transport coeffcients of simple liquids such as 
diffusivity and shear viscosity depend exponentially on SE . Thus, liq-
uid dynamics are explicitly related to liquid structure via the excess 

entropy scaling law. This fnding provides a simple way to quantita-
tively estimate long-time dynamical properties in liquids using static 
structural information. 

Following Rosenfeld’s initial observation, a physical mecha-
nism for the scaling relation was proposed by Dzugutov. Dzugutov’s 
idea was that diffusivity of liquid atoms should be proportional to 
the rate of binary collisions and to the number of accessible local 

SE 

confgurations. These arguments led to a scaling prediction, D � e ; 
here, the diffusivity D is normalized by microscopic coeffcients5,8 

derived from kinetic theory, and the excess entropy SE has units 
of the Boltzmann constant, kB. Dzugutov’s scaling law was subse-
quently tested in simulations of liquids spanning a variety of inter-
atomic interactions, densities, and temperatures.5,8 Notably, these 
studies used the two-body excess entropy, S2, as an approximation 
of SE; S2 is found to account for more than 90% of SE in typical 
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liquids and can be computed from a simple integral involving the 
sample’s pair correlation function.7 The apparent wide applicabil-
ity of the scaling law result lent support for the notion that liquid 
structure determines liquid dynamics, although a more rigorous 
microscopic justifcation is desirable. Indeed, mode-coupling the-
ory (MCT), which is well tested in liquids and has proven useful for 
expressing the self-intermediate relaxation function of constituent 
particles using their static structure factors,9 has been applied to 
obtain excess entropy scaling laws for both the self- and cross-
diffusivities. Simulations of pure liquids and binary liquid mix-
tures with Lennard-Jones (LJ) potentials corroborate MCT pre-
dictions10 and identify the empirical scaling law as a special case. 
Nevertheless, the structure factors needed for MCT calculations 
are often highly nontrivial and diffcult to evaluate in complex 
fuids,9,10 especially for comparison to experiment. Thus, the empir-
ical excess entropy scaling law has remained attractive for its ease of 
use. 

Many successes of the excess entropy scaling are from com-
puter simulations; simulated systems include hard-sphere liquids, 
liquid metals, Yukawa systems, LJ-like liquids, and liquids with 
soft-core interactions.5,11–15 On the experimental side, it has been 
tested in disordered systems with “repulsive interactions,” specif-
ically quasi-two-dimensional (2D) colloidal fuids with short- and 
long-range repulsion,16 as well as in 2D granular fuids with hard-
sphere repulsion.17 Less is known about systems with “attractive 
interactions.” Adding attractions to the liquid potential affects both 
liquid structure and dynamics, and in some cases, the effects due 
to attraction can be reproduced with an effective repulsive poten-
tial.18–22 “Long-range” attraction effects in the context of excess 
entropy were studied in a simulated LJ system via comparison to liq-
uid with purely repulsive, inverse 12th-power potentials.3 This work 
suggested that the addition of long-range attraction induces “higher” 
excess entropy and “faster” diffusion, but the scaling form remained 
the same. 

To date, the scaling relation and related phenomenology have 
not been explored in liquids with “short-range attractions” between 
constituents. These systems exhibit behaviors that are qualitatively 
different from liquids with purely repulsive or long-range-attractive 
constituent interactions. Their investigation is essential for under-
standing the range of applicability of the excess entropy scaling law. 
Briefy, short-range attractions strongly affect nearest-neighbor con-
fgurations23 and give rise to interesting structural features in fuids 
which are precursors of sols and gels.24–28 Short-range attractions 
also introduce bonding effects at high packing fractions that give 
rise to fascinating phenomena such as the re-entrant liquid-glass 
transition.29–34 

In this experimental work, we investigate the structure and 
dynamics in 2D colloidal fuids with tunable short-range attrac-
tion, and we critically examine the excess entropy scaling law in 
this context. From particle trajectory data obtained by video opti-
cal microscopy, the particle pair correlation function [g(r)], mean-
square displacement (MSD), long-time diffusion coeffcient (D), 
and the sample two-body excess entropy (S2) are determined as a 
function of packing fraction and interparticle attraction strength. 
We also calculate a normalized long-time diffusion coeffcient, D⁄
= D/D0, where D0 is the isolated single particle diffusivity measured 
at the same temperature and in the same sample cell geometry. 

FIG. 1. Normalized diffusion coeffcients, D⁄ 
� D/D0, as a function of S2 measured 

for two types of colloidal particles: SiO2 (circles) and polystyrene (PS) (squares). 
For each particle type, colloidal samples of 4–5 different packing fractions are 
tested; data points from the same sample (i.e., the same packing fraction) are 
shown by the same color. At each packing fraction, several short-range attraction 
strengths are studied; data points associated with stronger attractions (but at the 
same packing fraction) generally show smaller S2 and D⁄. Black dashed line is the 
best exponential ft, D⁄ 

= e0.82S2 . Red solid line indicates D⁄ 
= eS2 (see Sec. III D 

for detailed discussion). 

Our central experimental result is shown in Fig. 1. Figure 1 dis-
plays D⁄ vs S2 from nine samples. These samples are composed of 
either silica (SiO2) or polystyrene (PS) particles. Each of the two 
sample-types (SiO2 and PS) is studied at many different packing 
fractions (�) and many interparticle attraction strengths. Across the 
whole sample set, an exponential scaling law, D⁄ � ecS2 , is revealed 
with c = 0.82 ± 0.05. In addition to this excess entropy result, we 
observe that stronger short-range attractions induce more ordered 
and heterogeneous structures within the fuids, as characterized by 
g(r) and S2. Moreover, the stronger attractions induce more hetero-
geneous dynamics at intermediate time scales, as measured by the 
MSD and non-Gaussian displacement statistics. 

The remainder of this paper is organized as follows: We begin 
with a description of sample preparation, sample characteristics, 
and experimental methods. Then, we characterize the colloidal 
fuid structure using g(r) and S2, and we identify trends associ-
ated with increasing short-range attraction strength and packing 
fraction. The diffusion dynamics of isolated particles and particles 
in concentrated suspension are described next, including diffusion 
coeffcients in the long-time limit and heterogeneous dynamics at 
intermediate time scales. The results provide insights about the 
attractive fuids and are fnally utilized to directly test the scaling 
law under a wide range of experimental conditions with varying 
excess entropy. Finally, we summarize the results and discuss future 
work. 

II. EXPERIMENT 
We introduce and control the short-range attractions between 

colloidal particles utilizing micelles composed of hexaethylene 
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TABLE I. Colloidal particles used in the experiment. 

Sample Spacing (µm) Particle ˙ (µm) NaCl (mM) 

SiO2 150-160 SiO2 2.0 2.0 
PS 1.1-1.4 PS-COOH 1.0 0.0 

glycol monododecyl ether (C12E6) surfactant molecules.35–37 The 
concentration of C12E6 in the aqueous solution is 44 mM, much 
larger than the critical micelle concentration38 (CMC) of 0.072 mM 
at 25 XC. At such high concentrations, the C12E6 molecules self-
assemble into rodlike micelles.37 The depletion force induced by the 
micelles is temperature-tunable because the micelle length increases 
with solution temperature. A small amount (2 mM) of sodium 
chloride (NaCl) is added to the sample solutions which gives rise 
to a Debye screening length, �−1, of 7 nm.39 This Debye screen-
ing length increases the “effective” dimensions of the micelle rods 
beyond their bare values, which in turn affects the strength and range 
of the depletion force induced by the micelles.37 Thus, salt concen-
tration can also be utilized to fne-tune the short-range attraction 
between colloidal spheres. Experimentally, we fnd that higher salt 
concentrations give rise to stronger short-range attractions. In this 
experiment, however, high salt concentrations are avoided because 
they also promote particles sticking to the glass cover slips. Two 
types of colloidal spheres (plain silica and carboxylated polystyrene) 
are used in the experiment. Their physical properties are listed in 
Table I. 

The plain silica (SiO2) spheres have a nominal diameter ˙ 
= 2.0 µm (Corpuscular, Inc.). For sample preparation, we dissolve 
this SiO2 particle solution in deionized (DI) water and remove 
the residual impurities by repeated centrifugation (10 times). The 
cleaned particle solution is then flled in a 15 ml centrifuge tube 
for free sedimentation, which continues until the interface between 
the supernatant and particle-containing solution fall to around 
1/2 of its original height. Finally, 100 µl of the solution just 
below the interface is collected using a pipette. As a result of 
this procedure, a very monodisperse distribution of single particles 
remains. 

The SiO2 sample solution is then introduced into a homemade 
sample cell shown in Fig. 2(a). The cell chamber is formed by the 

parallel surfaces of two glass cover slips (No. 1.5, Thermo Fisher) 
that are separated by 160 µm-thick spacers. The cell chamber is flled 
with a small amount of SiO2 sample solution from the front opening 
and then sealed peripherally using UV-cured optical glue (Norland 
65). The gravitational length, Lg � kBT/(�ˆV g), is estimated to be 
0.1 µm for the SiO2 particles; here, kB is the Boltzmann constant, T 
is the temperature, �ˆ is the difference between the densities of silica 
and water, V is the hard-sphere volume of the particle, and g is the 
gravitational constant. The small Lg implies that the SiO2 particles 
will readily sediment and form a monolayer near the glass surface 
at the bottom of the cell. The packing fraction, �, of the colloidal 
monolayer is controlled by using sample solutions with different 
particle concentrations. 

The carboxylated polystyrene (PS) latex beads have a nominal 
diameter, ˙ = 1.0 µm (Thermal Scientifc). Procedures very simi-
lar to those used for the SiO2 particles (see above) are employed 
to clean the PS particle solution and flter out particle aggregates. 
Since Lg for the PS particles is approximately 20 µm, the parti-
cles will not form a monolayer due to gravity alone. Therefore, 
a different type of sample cell is needed for PS particles, which 
is shown schematically in Fig. 2(b). We sandwich a droplet (0.5– 
0.7 µL) of PS particle solution between two glass cover slips. The 
two cover slips bind together via capillary forces. The cell is then 
sealed on its periphery using optical glue. For the detailed exper-
imental studies, we select regions in the cell wherein all particles 
are in focus and wherein positional fuctuations along the verti-
cal axis are not apparent. The separation between glass surfaces, 
within this feld of view, is estimated manually by focusing on dust 
on both surfaces and scanning from one surface to the other. This 
method gives a rough estimate for chamber thickness in the range of 
1.1–1.2 µm. 

The sample cells are then placed on the stage of an inverted 
microscope (Zeiss Axiovert 135). Brownian motion is observed 
through a 100× oil-immersion objective (NA = 1.3). The sample 
temperature is maintained and adjusted between 20 and 34 XC by 
an objective heater (PeCon GmbH) with 0.1 XC resolution. Movies 
of particle motion within the feld of view are recorded under bright-
feld illumination at a resolution of 2592 × 1944 pixels and at a 
rate of 10 frames/s using a monochrome CMOS camera (SV5M10, 
SILICON VIDEO). The recording time for each experiment ranged 
between 10 and 30 min, depending on the sample 2D packing 
fraction. 

FIG. 2. Schematics of the cells used 
for (a) SiO2 particle-containing samples 
and (b) PS particle-containing samples 
(CS: glass cover slip, OG: optical glue). 
(c) Schematic of the sample cell in the 
microscope stage. 
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III. RESULTS AND DISCUSSION 
A. Temperature-dependent pair potentials 

The new feature of this work compared to other excess entropy 
experimental studies is the short-range attractive potential between 
particles. We discuss this potential in detail in this subsection. The 
geometric properties of the rodlike C12E6 micelles are described 
briefy below and are described in detail in prior publications.36–38 At 
temperatures >20 XC, the micelles evolve from spheres into cylinders 
with hemispherical caps at two ends. The cross-sectional diameter 
of the cylinder is dcs = 4.3 nm and is independent of temperature, 
but the average length, L, of the micelle rods grows with increas-
ing solution temperature. For example, at 44 mM concentration 
of C12E6, L increases from 19 nm at 22 XC to 31 nm at 28 XC.37 

The changing aspect ratio, L/dcs, of the micelle rods provides a way 
to vary the depletion force between colloidal particles. Two mod-
els are usually employed for calculating the pair-potential between 
colloidal particles in the presence of rodlike depletants. For small 
aspect ratios (L/dcs � 1), the depletants are best modeled as ellip-
soids,40 while for larger aspect ratios (L/dcs Q 1), a thin-rod model 
becomes more accurate.41 It was shown previously37 that the ellip-
soid model describes the measured pair-potentials between silica 
spheres suspended in C12E6 solutions for L/dcs between 4.4 and 
7.2. In this study, we employ this well-understood attraction effect 
empirically, and we characterize the pair-potential, U(r), by direct 
measurements. 

We measure the particle pair correlation function, g(r), in 
dilute samples. For this measurement, the packing fraction, �, of 
the colloidal monolayer is kept below 0.01 to minimize effects due 
to many-body interactions. (Note, distortions in the measured g(r) 
due to optical artifacts are corrected following Ref. 42.) Figure 3(a) 
shows the corrected g(r) from the PS samples at different tem-
peratures ranging from 21 XC to 31 XC. Notice, the frst peaks 
of g(r) grow with increasing temperature; thus, the probability 
of fnding particle pairs temporarily bonded together is enhanced 
at higher temperatures. The frst peak location (in units of nor-
malized particle-particle separation, r/˙) varies between 1.08 and 
1.1. It shifts to slightly shorter separations when the tempera-
ture is increased. This behavior is driven by a force balance at 
a short-range between the repulsive screened Coulomb force and 
the attractive depletion force. The carboxyl group (-COOH) on 
the surfaces of PS particles is negatively charged in our aqueous 
solutions, and the range of the screened Coulomb repulsion is 
approximately r/˙ � 1.1, corresponding to the position of the frst 
peak of g(r) at 21 XC, when the depletion attraction is negligi-
ble. When the attraction is increased at higher temperatures, the 
force balance shifts the equilibrium particle-particle separations to 
shorter distances. These observations are consistent with previous 
measurements.37 

The pair-potential, U(r), is computed from g(r) via the Boltz-
mann distribution, i.e., U(r) = −kBT ln[g(r)]. The results are 
shown in Fig. 3(b). The depth of U(r), i.e., Umin, becomes larger 
with rising temperature; thus, the attractive force between col-
loidal particles becomes stronger at higher temperatures. More-
over, the width of the potential well becomes wider at higher tem-
peratures, indicating that the depletion interaction range is larger 
with longer rodlike micelles. The extracted Umin, from U(r) mea-
sured at different temperatures, is shown in Fig. 3(c). Within the 

FIG. 3. (a) Measured pair correlation function, g(r), at different temperatures. (b) 
Interparticle potential, U(r)/kBT = −ln[g(r)] vs r /˙, at different temperatures. (c) 
The attraction strength, Umin, defned as the minimum value of U(r) at different 
temperatures. The solid line is a linear ft. 

experimental range, Umin is a linear function of temperature, grow-
ing from 0 to 4.8 kBT. The linear relation between attraction strength 
and temperature in polystyrene spheres is similar to previous silica-
sphere experiments,37 although the absolute magnitudes are dif-
ferent due to different colloidal particle sizes, surface charges, and 
screening lengths. 

The U(r) measured from dilute samples characterizes the 
temperature-dependent depletion-induced attraction. Note, in 
dense colloidal suspensions, it is more diffcult to extract U(r) from 
g(r) because the latter is strongly infuenced by many-body inter-
actions. Nevertheless, for our discussions, we will assume that the 
temperature-dependent trend of the depletion force at dilute con-
centration remains qualitatively the same at all packing fractions. 
Therefore, in the following, we use temperature, T, to represent 
the relative strength of depletion force for samples with the same 
packing fraction and particle type. 

B. Pair correlation functions and excess entropy 
At the packing fractions used in most of the experiments, the 

structure in the colloidal suspensions is determined by both inter-
particle depletion attraction and excluded-volume effects typically 
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associated with hard spheres. In this section, we examine the infu-
ence of attractive forces relative to excluded-volume effects on col-
loidal fuid structures. We utilize a subset of the whole dataset here 
to demonstrate trends while keeping the presentation simple and 
clear. Specifcally, we obtain data [i.e., g(r)] which exhibit systematic 
variation as a function of sample temperature at a constant pack-
ing fraction; we also compare these variations for samples at two 
different packing fractions. This subset of data exhibits the major 
trends of our full set of samples, which span the full range of tem-
peratures and packing fractions (up to � � 0.65) for both particle 
types. 

Figure 4 shows the measured g(r) of a subset of PS samples in 
the temperature range from 22 XC to 28 XC. For clarity, only four 
temperatures are shown. Two packing fractions, � � 0.24 and �
� 0.57, are selected to compare the effects of attraction on g(r) in 
semidilute vs concentrated colloidal fuids. For each packing frac-
tion, the experimental data are collected from exactly the same 
region within the sample. 

Figure 4(a) shows g(r) for the lower packing, � � 0.24. When 
attraction strength is increased, g(r) exhibits notable changes. The 
height of the frst peak of g(r) increases from 2 at 22 XC to 4 at 
28 XC. This increase implies that, on average, particles have more 
neighbors in close proximity with stronger attraction, as is qualita-
tively apparent in the images shown in the insets of Fig. 4(a). Note, 
one should not confuse this stronger local order with a similar effect 
induced by increased packing fractions; the former is caused by the 

FIG. 4. (a) Measured pair correlation function, g(r), from PS samples at packing 
fraction � � 0.24 for different temperatures. Insets show microscopic images of 
the sample at 22 XC and 28 XC, respectively. (b) Measured g(r) from PS samples 
at packing fraction � � 0.57 for different temperatures. Insets show microscopic 
images of the sample at 22 and 28 XC, respectively. 

extended lifetime of the transient “bonds” due to the short-range 
attractions, while the latter is caused by an increase in the over-
all particle density. Besides the frst peak, we also observe a slight 
decrease in g(r) for particle separations just beyond the immediate 
neighborhood [between r = 1.2˙ and r = 1.7˙, see Fig. 4(a)]. This 
phenomenon can be rationalized from particle density conserva-
tion. The fxed packing fraction requires that an enhanced particle 
density at the nearest-neighbor distance [i.e., refected in the frst 
peak of g(r)] should be compensated by decreased densities else-
where. Stronger attractions prevent nearest-neighbor particles from 
diffusing away and leave the space beyond the nearest-neighbor 
distance more empty. We do not observe any measurable change 
in g(r) beyond the second peak, consistent with the short-range 
nature of the interparticle attraction. At much higher temperatures 
(e.g., >32 XC), we observe particle aggregates that persist longer 
than the experiment duration (10 min). The g(r) measured from 
these suspensions with aggregated particles preferentially samples 
dense nonequilibrium local environments. Thus, experimental sus-
pensions containing these quasi-permanent aggregates (at the high-
est temperatures) are excluded from our analysis of structure and 
dynamics. 

Figure 4(b) shows a similar g(r) dataset, this time measured 
at � � 0.57 from PS samples. The temperatures are the same as 
in Fig. 4(a), and the temperature-dependent attraction strength is 
assumed to be the same as in Fig. 4(a). Since the colloidal sam-
ples are more concentrated, long-range order emerges in the mea-
sured g(r) [Fig. 4(b)]. As in Fig. 4(a), the frst peak of g(r) grows, 
from 3.5 at 22 XC to 6 at 28 XC. The width of the frst g(r) 
peak also becomes narrower with increasing temperature, indi-
cating stronger local ordering. In addition, the second and third 
peaks are observed to grow with increasing temperature and shift 
to shorter separations; this effect diminishes at longer distances. 
These changes in g(r) are indicative of the formation of transient 
particle clusters at stronger attraction. This aggregation is apparent 
in the images of the insets of Fig. 4(b), which show particle con-
fgurations at both 22 XC and 28 XC. Specifcally, they show that 
particles form more ordered clusters with three-fold symmetry at 
a higher temperature, and for the same temperature, the cluster 
sizes are larger than those formed at lower packing fractions [see 
insets in Fig. 4(a)]. For more concentrated packing fractions (� 
> 0.65) or much higher temperatures (T > 32 XC), we observe large 
domains of colloidal crystals with lifetimes longer than the experi-
ment duration (up to 30 min). Again, data from samples containing 
these quasi-permanent domains are excluded from the remaining 
analyses. 

The pair correlation functions suggest that the structure of 
the colloidal fuid is largely determined by sample packing frac-
tions. The short-range attractions modify g(r) to a lesser degree 
and in different ways. Specifcally, the depletant-induced attractions 
enhance all peaks in g(r) and shift peak positions to shorter dis-
tances. These trends are present in samples with different packing 
fractions, different particle types (SiO2 and PS), and different sample 
cell geometries. 

The two-body excess entropy (per-particle), S2, is readily com-
puted from the measured g(r) using the integral5 

ª 
S2 = −ˇN S {g(r) ln[g(r)] − [g(r) − 1]}rdr. (1)

0 
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Here, N is the number density of particles in the colloidal fuid. 
This relationship characterizes and permits comparison of S2 values 
among colloidal fuids with different packing fractions and attrac-
tion strengths. Figure 5(a) shows the computed S2 in the fuid of 
PS spheres with packing fraction � � 0.24 (for the same temper-
atures as in Fig. 4). S2 is negative because the reference ideal gas 
entropy has the maximal value. A smaller (more negative) value of 
S2, is thus, indicative of a more ordered sample. Figure 5(a) shows 
that S2 decreases with increasing temperature, refecting the fact 
that colloidal fuids with the same particle density become more 
ordered with increased interparticle attraction. Notably, this fnd-
ing is in stark contrast to the effect of added long-range attrac-
tions. Added long-range attractions “increase” S2; typically, these 
long-range attractions are well described by mean feld theory18,19 

and effectively reduce the infuence of short-range repulsion.3 By 
contrast, short-range attractions are always localized and are not 
well described by an approximate (adjusted) mean-feld repulsion. 
Figure 5(b) shows S2 computed for a PS sample at higher packing 
fraction � � 0.57. Similar trends between S2 and temperature are 
observed. Note, however, at a higher packing fraction, the absolute 
value of S2 is larger than the corresponding data in Fig. 5(a) at each 
temperature. This observation suggests that the packing fraction is 
the primary factor that affects entropy in the colloidal fuids and 
is consistent with the conjecture that g(r) is mostly determined by 
sample packing fraction (see Fig. 3). 

FIG. 5. (a) The two-body excess entropy, S2, measured for PS samples at lower 
packing fraction � � 0.24 and at different temperatures. (b) S2 measured for PS 
samples at higher packing fraction � � 0.57 and at different temperatures. 

C. Diffusion dynamics 
To compare transport coeffcients among various systems, dif-

ferent normalization factors (D0) have been proposed to correct 
the absolute diffusion coeffcients and shear viscosities.4,5 Interest-
ingly, the discussion in Ref. 4 suggests that the choice of D0 deter-

cS2mines the prefactor c in the scaling form: D~D0 � e . In our 
experiment, we choose D0 to be the single-particle diffusion coef-
fcient measured at dilute particle concentration. D0 is associated 
with the natural time scale due to Brownian motion and has been 
widely used as a normalization factor for diffusivities in colloidal 
suspensions.16,43–47 Another beneft of using D0 is that the scaling 
law is automatically satisfed in the dilute gas state where SE � 0 
[i.e., D(� � 0)/D0 � e0]. 

Therefore, the frst step in our analysis of sample dynamics 
requires measurement of D0 at dilute concentration as a function of 
temperature. These D0 values account for potential hydrodynamic 
drag effects in each cell. The long-time diffusion coeffcients, D, mea-
sured at higher concentrations are normalized by D0 to give D⁄
= D/D0. D⁄ is then utilized in the excess entropy scaling relation-
ship. For colloidal particles without attractive forces, this measure-
ment of D0 is easily done using very dilute suspensions (� < 0.005). 
When attractions are present, particles can form transient clusters 
(see Figs. 3 and 4), and the particles within these clusters diffuse 
slower than single (free) particles. Therefore, to most accurately 
measure D0, we frst identify all pairs of particles that have separa-
tions smaller than 1.5˙, and we remove these particles (in clusters) 
from our trajectory data. This procedure ensures that the remain-
ing particle trajectories contain only the dynamics of single (free) 
particles. 

To illustrate the small cluster effect, we compare the MSD 
dynamics with and without cluster contributions. The MSDs for two 
groups are shown in Fig. 6(a) for PS samples with � � 0.003, at 22 XC 
and 30 XC. At 22 XC, the MSDs derived from data with and without 
cluster subtraction are very similar because the attractions are weak 
and the number of clusters are very small. At 30 XC (strong attrac-
tion), however, the MSD curves are clearly different with and with-
out cluster subtraction. Diffusion coeffcients are calculated from 
the MSDs using the relation D0 = `�r2(t)e/(4t). The resulting dif-
fusion coeffcients, with and without clusters, are shown in Fig. 6(b) 
for all temperatures. Notice, the diffusivity measured from samples 
of single (free) particles is always larger than or equal (within error 
bars) to the diffusivity derived from the same samples with clusters 
included. These differences become larger at higher temperatures 
wherein the attraction strength is stronger. The single (free) parti-
cle diffusion coeffcient exhibits a very weak dependence on tem-
perature [red circles in Fig. 6(b)]. This slight observed decrease in 
diffusivity at higher temperatures might be due to the shorter sepa-
rations between the particles and the glass substrate that arise when 
attractions become stronger.48 Other factors also affect single parti-
cle diffusion. For example, water viscosity decreases by 15% across 
this temperature range (from 22 XC to 30 XC), a phenomenon which 
would partially compensate the effects of particle-wall separation 
variation. Regardless, since long-time diffusion coeffcients are nor-
malized by the single (free) particle diffusion coeffcient at the same 
temperature and within the same sample cell, the effects of solvent 
viscosity and particle-substrate hydrodynamics are expected to scale 
out. 
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FIG. 6. (a) Measured MSDs from PS samples with packing fraction, � � 0.003, 
at two temperatures. The MSD are in units normalized by the particle diame-
ter squared, ˙2. Filled symbols denote data obtained with only single particles 
included in the analysis, and open symbols denote data obtained with all parti-
cles (single and clustered) included in the analysis. The black solid line has unity 
slope on the log-log scale. (b) Diffusion coeffcients derived from the MSDs of 
each sample as a function of temperature. The difference in diffusion coeffcients 
for data based on all particles (black squares) and single particles only (red circles) 
is shown. 

In the concentrated colloidal fuids, the particles diffuse much 
slower because of “crowding” effects. In addition, transient clusters 
form due to short-range attractions and provide a second, quali-
tatively different, mechanism to slow particle dynamics. Here, we 
evaluate the infuence of attraction strength on particle dynamics 
in the semi-dilute and dense colloidal fuids. Figure 7 shows MSDs 
measured from PS samples with packing fraction � � 0.24 at tem-
peratures ranging from 22 XC to 30 XC. The slopes of the MSD 
curves decrease with stronger attraction. Thus, particle dynamics are 
more hindered by the stronger attractive forces. The MSD curves 
are well ft by straight lines, suggesting their dynamics are dif-
fusive. The long-time diffusion coeffcient, D, is calculated from 
data with t > 100 s using the relation D = `�r2(t)e/(4t). These 
long-time diffusion coeffcients decay monotonically with increas-
ing temperature, as is shown in the inset of Fig. 7. Again, we 
note that the effect of adding short-range attractions is “opposite” 
to that of adding long-range attractions which increase diffusion 
coeffcients.3 

Figure 8 shows MSDs measured from PS samples with pack-
ing fraction � � 0.57. These MSD curves exhibit subdiffusive 

FIG. 7. Measured MSDs from PS samples at packing fraction � � 0.24 for dif-
ferent temperatures. The MSDs are expressed in units normalized by the particle 
diameter squared, ˙2. The black solid line has unity slope on the log-log scale. 
Inset shows the measured D as a function of temperature (T). 

behavior at short lag times (t < 150 s). At longer lag times (t > 200 s), 
the slopes of the MSD curves become unity on the log-log scale. 
Thus, particle motions are diffusive in the long-time limit. We ft 
the long-time (t > 200 s) MSD data to obtain the long-time dif-
fusion coeffcients shown in the inset of Fig. 8. The measured D 
decreases as the temperature is increased, again confrming that 
particle long-time diffusion dynamics become slower with stronger 
short-range attractions. At corresponding temperatures, the parti-
cle diffusion coeffcients at � � 0.57 are smaller than those at �
� 0.24 due to “crowding” effects, as expected. We exclude more 
concentrated samples (� > 0.65) from our analysis. In these dense 
samples, we are not able to measure long-time diffusion coeff-
cients because particles in the crystal domains do not diffuse sig-
nifcantly within the experiment time. Note also, at much higher 
packing fractions (� > 0.75), anomalous re-entrant dynamics have 
been observed in 2D monodisperse ellipsoidal fuids.33 Our experi-
ments are carried out in the low packing regime (� B 0.65), where 

FIG. 8. Measured MSDs from PS samples at packing fraction � � 0.57 as a func-
tion of temperature, T. The MSDs are expressed in units normalized by the particle 
diameter squared, ˙2. The black solid line has unity slope on the log-log scale. 
Inset shows the measured long-time D (t > 200 s) as a function of T. 
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anomalous dynamics are not found. Future studies to compare 
dynamics of 2D spherical particle fuids with 2D ellipsoidal and 3D 
spherical particle fuids in the dense anomalous regime30,31,33 should 
be interesting. 

The clusters that form with stronger attractive forces (see, e.g., 
Figs. 3 and 4) are indicative of heterogeneous structures within the 
colloidal fuids. Indeed, these clusters may be indicative of hetero-
geneous dynamics too. To quantify the heterogeneity in dynamics, 
we compute the non-Gaussian parameter, 2(t) � 2 `

` 
�
� 
r
r 
2

4 

(
(
t
t 
)e2 − 4, 

which is readily derived from particle trajectories. 2 quantifes the 
deviation of the probability density function (PDF) of particle dis-
placements from Gaussian statistics. In supercooled colloidal fuids, 
a large 2 value was found to be associated with the heterogeneous 
particle dynamics.49,50 Figure 9(a) shows the measured 2(t) from 
PS samples with � � 0.24. The 2 are signifcant, indicating het-
erogeneous dynamics; they frst increase and then decrease over 
the full experimental time scale for samples at all temperatures. 
The peak in the measured 2 indicates the lag time at which the 
dynamics become most heterogeneous. These time scales, which 
correspond to the 2 peaks, appear to shift slightly from 1.5 s at 
22 XC to 0.7 s at 28 XC. Moreover, the 2 are larger at higher 

FIG. 9. (a) Measured non-Gaussian parameter, 2(t), vs lag time from PS samples 
at packing fraction � � 0.24. (b) Measured 2(t) vs lag time from PS samples at 
packing fraction � � 0.57. 

temperatures, suggesting that more heterogeneous dynamics are 
also associated with stronger attractions and more heterogeneous 
structures. 

Figure 9(b) shows the measured 2(t) from PS samples with �
� 0.57. In this case, 2 exhibits peaks around 3 s, which is longer than 
the peak times in Fig. 9(a). Furthermore, the 2 are greater when the 
sample temperature is higher, confrming that stronger attractions 
induce more heterogeneous dynamics at both colloid concentra-
tions. At much longer times (t > 200 s), the 2 curves decay to below 
0.1, indicating that particle dynamics are becoming homogeneous 
again. Notice also, the MSDs start to exhibit unity slope (see Fig. 8) 
only after the dynamics becomes homogeneous (e.g., 2(t) < 0.1). 

D. Scaling of diffusion and excess entropy 
Finally, we use the detailed data about single particle dynamics 

and fuid structure to test the excess entropy scaling relation, which 
we foreshadowed in the Introduction. To this end, the normalized 
long-time diffusion coeffcients, D⁄ � D/D0, are determined for SiO2 
and PS samples, with packing fractions ranging from � � 0.24 to 
� � 0.65 and with temperatures (attraction strength) ranging from 
22 XC to 32 XC. The computed D is plotted as a function of S2 in 
Fig. 1. Note, fve different packing fractions were studied for the 
SiO2 samples (circles in Fig. 1) and four different packing fractions 
were studied for the PS samples (squares in Fig. 1). Data points 
from the same sample (i.e., same particle type and same �) but at 
different temperatures are labeled with the same color; these data 
points spread out in the plot because the temperature-dependent 
short-range attractions affect both D⁄ and S2. 

The data collapse onto a master curve whose best exponential
cS2ft, D⁄ = e (c = 0.82 ± 0.05), is shown as the black dashed line 

in Fig. 1. For comparison, Dzugutov’s scaling law (c = 1.0) is also 
plotted in Fig. 1 (red solid line). The computed chi-square goodness

(ln D⁄ − cS2)2 
of ft, ˜2 = PS2 

, are 0.9 and 3.4 for the two scalingScS2S 
forms with c = 0.82 and c = 1.0, respectively. Clearly, the data deviate 
from Dzugutov’s original scaling law (c = 1.0). As shown in Figs. 4 
and 5, data from the same sample exhibit smaller D⁄ and smaller 
S2 when attraction is stronger (higher temperature). The data points 
from various temperatures follow the scaling law accurately, espe-
cially for S2 > − 3. Note, data at much smaller S2 are derived from 
samples with very high packing fractions (� > 0.6); in these cases, 
the measured standard error for the long-time diffusion coeffcients 
becomes signifcantly larger because the diffusion in this regime is 
very slow. 

Our results support the notion3,5 that, even in fuids with sub-
stantial short-range interparticle attraction, the particle diffusion 
coeffcients increase monotonically with the number of local acces-
sible confgurations (�), i.e., � = eSE 

. We do not fully understand 
the origin of the exponential prefactor c. As mentioned earlier, the 
choice of the normalization factor (D0) can affect the value of c.4 In 
addition, many-body hydrodynamic interactions in confned spaces 
also affect diffusion, but a consensus about the effect of hydrody-
namic interactions on the long-time diffusion remains to be estab-
lished.44–46,51 When D0 is chosen to be the single particle diffusivity, 
previous experiments have demonstrated that c is sensitive to the 
hydrodynamic boundary conditions associated with various inter-
faces.16 The c value obtained here is in the same range as reported 
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previously in a similar sample cell geometry but without interparticle 
attraction. When c = 1, the scaling factor is the number of accessible 
local confgurations, �(φ, U) = eS2(φ,U); � and S2 are both functions 
of packing fraction, �, and the interparticle potential U � U(r, T). 
The fnding c < 1 suggests that �(�, U)/�(0, U) sets an upper limit for 
the long-time diffusion coeffcients D⁄ in dense attractive colloidal 
fuids. In total, our work suggests that the excess entropy scaling 
law is valid for confned 2D colloidal fuids with short-range attrac-
tion strengths (−Umin) in the range of 0–4 kBT. This fnding enables 
quantitative estimation of long-time diffusion dynamics using static 
structural information. 

IV. SUMMARY 
We report experiments that elucidate the effects of short-

range attractive forces on liquid structure and diffusion dynam-
ics in 2D colloidal fuids. At fxed packing fractions, we fnd that 
stronger attraction gives rise to enhanced short-range correlation 
between nearest neighbors and reduced longer-range correlations. 
The measurements also clearly show that particle density fuctua-
tions become more spatially heterogeneous in space and in time (at 
intermediate time scales) in samples with stronger attraction. These 
effects are ultimately consequences of the formation of transient 
colloidal clusters whose sizes and lifetimes increase with packing 
fraction and interparticle attraction strength. We calculate the two-
body excess entropy S2 from g(r) and fnd that S2 decreases mono-
tonically with increasing attraction strength. Thus, although the 
structure of the colloidal fuids becomes more heterogeneous with 
stronger short-range attraction, on average, these systems are more 
ordered than repulsive systems of the same concentration. These 
effects contrast substantially with those found for systems with long-
range attractive forces.3 Finally, we corroborated the connection 
between two-body excess entropy and long-time diffusion, which 
exhibited the scaling form D~D0 = ecS2 . The work provides structure-
dynamics data about colloidal fuids in an important regime, and 
the results offer insights for understanding rheological properties 
of suspensions from a structural perspective.25–28 Looking forward, 
the demonstrated utility of the excess entropy concept in fuidic sys-
tems with short-range attractions also offers a simplifed approach, 
based on the structure, to understand the re-entrant glass transition 
induced by short-range attractions.29,32,34 
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