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Colloidal soft matter is a class of materials that exhibit rich equilibrium and non-equilibrium thermodynamic properties, it self-assembles
(spontaneously or driven externally) to form a large diversity of structures, and its constituents display an interesting and complex transport
behavior. In this contribution, we review the essential aspects and the modern challenges of Colloidal Soft Matter Physics. Our main goal is to
provide a balanced discussion of the various facets of this highly multidisciplinary field, including experiments, theoretical approximations
and models for molecular simulations, so that readers with various backgrounds could get both the basics and a broader, more detailet
physical picture of the field. To this end, we first put emphasis on the colloidal physics, which allows us to understand the main driving
(molecular and thermodynamic) forces between colloids that give rise to a wide range of physical phenomena. We also draw attention
to some particular problems and areas of opportunity in Colloidal Soft Matter Physics that represent promising perspectives for future
investigations.
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1. Introduction colloidal suspensions can be studied on a single-particle level
by means of different complementary techniques, exper-

Colloidal suspensions are many-body systems composed gpents, computer simulations e}nd theoretical qpproximatiqns
tiny (nanometer- to micrometer-sized) particles, typicallyl1:2]: Hence, the understanding of the physical properties

named colloids, dispersed in a continuum medium called sol°f colloidal suspensions allows us to give a qualitative and
vent. From a scientific point of view, colloids serve as modelCftén gquantitative description of Soft Materials, which have
systems to understand, for example, both the equilibriunimPlications in Hard-Condensed Matter, Chemistry, Materi-
phase behaviore(g, gas, liquid, solid) and non-equilibrium als Science, Biology and Biotechnology, among other areas

states of mattere(g, gels, glasses), the effective interactions©f SCience.

in many-body systems, and the mechanical response of mate- In other words, the level of complexity of the problems
rials, which can also be applied to atomic, molecular, metallidhat arise in the study of Colloidal Soft Matter naturally
and biological systems [1,2]. Furthermore, colloids consti-forces many disciplines to converge, ranging from Physics,
tute an essential part in life; for instance, the great majorityChemistry and Biology through all their intermediate areas,
of processes in the human body take place in or are supportexdich as Chemical and Biomedical Engineering. In these dis-
by colloidal suspensions. Additionally, colloids possess arciplines, it is necessary to use all theoretical, experimental
important relevance in many industrial and technological apand molecular simulation orientations, so the study of Col-
plications, such as paints, foods, medicines, just to mention idal Soft Matter requires complementing efforts, since its
few examples [1]. problems range from the synthesis of new materials, its char-

Colloids are used as model systems mainly because @cterization at different levels, the modeling of interactions

the following features: 1) colloids and other macromoleculed itS consequences on the behavior of the materials to the
share similar length scales (10 nm uin), which renders use of the latter in different areas, namely, Electronics, Pho-

them ‘visible’, and, as a consequence, they are relatively sloPnics and Biomaterials.

(typical time scales Ls - 1 s), which opens the possibility Basically, colloidal systems open up the possibility to ex-
to follow colloidal dynamics and transport processes in reaplore a large diversity of phenomena, such as directed self-
time, 2) the interactions between colloidal particles, of theassembly, as well as the response to external fields, to an-
order of the thermal energy, also describe the interaction beswer fundamental questions within the Statistical Physics of
tween macromolecules immersed in an aqueous environmenton-Equilibrium states, to attack problems in the context of
and can be tuned in a broad range, 3) since colloidal interad3iophysics and to facilitate the quantitative prediction of im-
tions are relatively weak, they are highly susceptible to exterportant physical properties for the manufacturing, fabrication
nal forces and hence their static and dynamical properties caand processing of commercial produéts, technological in-

be controlled through the application of external fields, and 4hovation, based on Colloidal Soft Matter.
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It is relevant to mention that the practical importance ofand the application of external fields allow one to change ei-
Colloidal Soft Matter has been appreciated for a long timether the energy or entropy landscapes according to which the
and it is not surprising that it is studied intensively, due tocolloids self-organize to form macroscopic structures with
the countless applications in industry, medicine and moderdifferent optical, mechanical, electrical or magnetic proper-
life. In fact, Colloidal Soft Matter is one of the scientific ar- ties [5, 7].
eas with a strong connection to what is considered the new
frontier of Physics in this 21st century: Biology. 2.2. (Indirect) hydrodynamic particle-particle interac-

It is for all the reasons described above that a review on tions: dynamics of colloids
this topic is timely and appropriate in order to examine the es-
sential aspects and highlight some current challenges in modk typical characteristic of colloidal particles immersed in an
ern Colloidal Soft Matter Physics. aqueous medium is the so-called thermal motion, known as
Brownian motion [8]. There exist essentially two forces that
govern the dynamics of a single colloid: thermal forces in-
duced through collisions with the solvent molecules and the
As pointed out above, colloids are commonly immersed infricti.on forcg due to the solvent viscosity, which damps the
an aqueous medium, typically called solvent, and due to th@article motion [8].
competition between the different time and length scales in- Many phenomena of colloids resemble those of atomic or
trinsic to the colloidal dispersion, the latter exhibits inter- molecular systems. However, due to the presence of the sol-
esting static properties and a dynamical behavior that lea¥ent, they exhibit special interactions that distinguish them
to complex thermodynamic features and transport phenonffom atoms: the hydrodynamic interactions (HI) [9]. Con-
ena that have been extensively studied, both theoretically arfé@ry to (direct) particle-particle interactions, HI can be tuned,
experimentally, during the last few decades. To summariz&Ut never completely screened or switched off. In a simple
the essential aspects of colloidal dispersions, in the following?hysical picture, HI can be understood as follows. The mo-
paragraphs, an overview of Colloidal Physics is presented. tion of a given colloidal particle induces a flow field in the

solvent, which is felt by the surrounding colloids., when
2.1. Colloid-colloid (effective) interactions: structural @ colloid moves, it displaces the fluid in its immediate vicin-

and phase behavior of colloids ity [9], thus, the motion of one colloidal particle causes a

solvent-mediated force on the neighboring colloidal particles.
Colloids interact with each other via direct forces, such adl lead to non-trivial hydrodynamic coupling among colloids
hard-sphere, electrostatic, van der Waals, and depletion intethat extends over many mean-interparticle distances [10]. HI
actions [3,4], just to mention a few examples. The strengttare hence mediated by the solvent and become a particular
of the inter-particle interaction, as mentioned previously, is oftype of indirect interactions. They affect the dynamical be-
the order of the thermal energy and hence depends stronghavior of colloids. In contrast to the static counterpart, the
on the solution conditions, for example, salt concentrationgolloidal dynamics is far from being completely understood,
polymer concentration, pH, etc., but also on external potenalthough the effects of HI on the dynamical coupling between
tials [1]. This inter-particle interaction determines, amongtwo colloids or a colloid near a wall have been the subjects of
different thermodynamic properties, the internal energy ofintense research during the last few decades [11]. The reason
the whole suspension. is partially related with the fact that the colloidal dynamics

The equilibrium phase behavior of colloidal suspensionsgxtends over a wide range of temporal scales due to the enor-
is then determined by the delicate interplay between the (inmous difference in size and mass between the colloids and
ternal) energy and entropy. From experimental point of viewthe solvent molecules. The understanding of Hl is also of rel-
that interplay can be easily controlled by means of modekvance in other branches of science, such as Biology, since
colloidal systems [5]. Both quantities define the free energyphenomena like hydrodynamic synchronization in either bi-
landscape accessible to the colloidal dispersion; this quantitglogical systems (sperm, cilia, flagella) [12, 13] or active flu-
describes the thermodynamic stability of the dispersion andtls [14], and the dynamics of microswimmers [13, 14] can
is also the basis for non-equilibrium processes [6]. only be explained in terms of hydrodynamic coupling.

Due to several physical mechanisms, such as slow dy-
namical relaxation, colloidal particles do not necessarily2 3. Equilibrium phase behavior: gas-liquid coexistence
“self-assemble” into their lowest energy configuration. Then,
sometimes, colloids require an injection of a certain amounDepending on the thermodynamic conditions,, temper-
of energy through external forces to “direct” them into partic-ature and density, and the details of the interaction poten-
ular structures or assemblies. This process is typically knowtial among the constituents (atoms or molecules, but also
as directed self-assembly and permits that the structural orgaelloids) of a material, a large diversity of structural transi-
nization of particles can be fully guided and controlled. Ad-tions and/or thermodynamic phases, for example, liquid-solid
ditionally, this degree of control allows us to systematically (disorder-order), can occur at equilibrium. The way in which
induce structural transitions. Hence, the use of templatesuch transitions take place is referred to as “phase behavior”.

2. Colloidal physics: A brief overview
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In particular, the study of the phase equilibrium in col-
loidal suspensions is of relevance in Physics, Biology and
Materials Science [1], just to mention a few examples.
This growing interest resides in the fact that, on one hand,
colloidal suspensions are ubiquitous in nature comprising

among others milk, paints, mud, additives, etc. Addition- *

ally, they are simple model systems that allow us to obtain
a better understanding of the phase behavior of more com-
plex or experimentally less accessible fluids, such as protein
suspensions or molecular systems.

Protein phase separation is typically of interest in the pro-
duction of protein crystals, which are used both in pharma-
ceutical industry and protein crystallography [15]. Recently,
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it has been shown that protein phase separation in organic tis ; ¢
sues is related with diseases such as cataract [16], sickle cel. VOlume fI'aCthIl
anemia [17], Alzheimer disease [18], cryoimmunoglobuline-gigyre 1. Cartoon of the typical equilibrium phase diagram of
mia [19], among others. Therefore, a complete knowledge otolloids interacting with a short-range attractive potential [26, 30].
the phase transitions of proteins in suspension may help to dee vertical axis represents the reduced second virial coefficient,
velop therapies against such diseases. Additionally, proteinB; = B/B5'*, with B5'* being the second virial coefficient of
exhibit interesting structural and dynamical properties, suchhe hard-sphere fluid. The horizontal axis represents the colloidal
as cluster formation [20] and intermediate order [21]. In par-volume fraction.

ticular, lysozyme (a globular protein) has been used as model o _

protein to understand the phase behavior of biomolecules iffférmodynamic driving forcesg., energy and entropy, led to
aqueous solutions [22]. During the last few years, patchylhe same phase beh.awor. The theoretical results were com-
based models have also been used to explain the rich phaB@red against experimental data for lysozyme proteins and
behavior of lysozyme, other types of proteins and C0||0ida|obta|r.1ed exc.elle.nt agreement. This indicates that aIFhough a
fluids, seeg.g, Ref. [23] and references therein. protein solution is a very complex system, some of its ther-

Colloidal and protein suspensions show phase separatiofiaedynamic properties can be quantitatively understood in
analogous to the transitions observed in simple liquids. If€rmMs Of the physics of colloids. This is of scientific and
the fluid-solid transition, the colloidal particles form regular t€chnological importance, since predictions based on simple

structures (crystals) [24]. In the coacervation or gas-liquiophys'cal models are .benef.|C|aI for t.he design, synthesis and
transition of the colloidal suspensions, two fluid phases witf£ONtrol of processes involving proteins.
different colloidal concentrations coexist [25]. When the
range of the attractive interparticle interaction is short-range@.4. Non-equilibrium thermodynamic states: colloidal
(a few percent of the particle diameter), the gas-liquid transi- gels and glasses
tion is metastable inside the fluid-solid transition and, there-
fore, it is termed a ‘buried’ transition [26], see.g, Fig. 1.  As explained above, at some thermodynamic conditions,
The research of the gas-liquid transition in colloidal systemsnany-body systems do not reach their (equilibrium) stable
with short-range attractive interactions has been motivated bgtate,i.e., the lowest free energy configuration, and can get
the aim of finding the optimum conditions for nucleation thattrapped in long-lived metastable non-equilibrium states. Ex-
occurs near to the metastable binodal and of understandirgmples of those non-equilibrium states are colloidal “gels”
the physical mechanisms behind the dynamical arrest transénd “glasses”. These two states exhibit a solid-like behav-
tion in adhesive-like colloidal systems [27-29]. ior, such as a yield stress, but show a liquid-like (disordered)
Recently, the phase behavior of protein and colloidalstructure [27,31]. Furthermore, gels need an attractive com-
systems has been theoretically studied [30]. In particularponent in the interaction potential among particles; neverthe-
the metastable gas-liquid coexistence was investigated in tHess, in the gel state, particles can still re-arrange their posi-
regime where the attractive forces between macromoleculd#ons due to thermal agitation. On the other hand, glasses oc-
are of short-range. As model systems, the hard-core attractiver at high concentrations and can be formed independently
Yukawa and Asakura-Oosawa potentials (fluids dominate®f the nature of the interaction potential between particles;
by energetic and entropic contributions, respectively) weravhen the attraction dominates it is referred to as “attraction-
considered, which were also mapped onto equivalent squaré¥iven glass”, on the other hand, if the repulsion dominates it
well potentials of appropriate range, within the regime is called “repulsion-driven glass”.
1.05 < XA < 1.25. It was confirmed that the coexistence Colloidal gels are observed in many fields, ranging from
curve is more or less independent of the detailed functionaCondensed Matter Physics to Materials Science and Civil En-
form of the interaction, but just depends on the value of thegineering (concrete is the prominent example), as well as Bi-
second virial coefficientB,. Thus, interestingly, different ology and Biotechnology and are at the heart of many con-
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sumer and food products [1, 2]. However, due to th_e _p_artic- A percolation
ular features of each system, we lack a general definition of (1’1) 2.0
gelation that allows us to understand, on one hand, the physi- y
cal mechanisms that give rise to the formation of the arrested
states of matter and, on the other hand, the route that connect

a gel state with a glass (and vice versa). At low concentra-*
tions, ¢ < 0.15, with ¢ being the colloidal packing fraction,
gelation occurs inside the gas-liquid coexistence [27,32]. Be-

low the binodal, percolation is congruent with gelation as ob-
served in numerous studies [27, 32]. The formation of a per-
colating network, where particles are linked by high-energy
bonds ¢ 4 kgT; kg andT are the Boltzmann’'s constant

and the absolute temperature, respectively), provides stabil-

ity and can modify the elastic properties of the suspension. At . ¢

intermediate and high concentratiofisl5 < ¢ < 0.45, per- VOlume fractlon

colation is necessary but not sufficient for gelation, as can bggure 2. Cartoon of the non-equilibrium phase diagram of an
observed by comparing the experiments with the exact percadhesive-like colloidal dispersion. Blue region, which starts when
lation line computed by Monte Carlo simulations. At higher the average number of bond2igepresents the connectivity perco-
concentrationg¢ > 0.45), the attractive glass transition is lation. Green area, which starts when the average number of bonds
driven by the balance between the attractive potential and thi 2.4, represents the rigidity percolation and is associated with the
repulsion due to excluded volume effects [27]. This balance?nset of gelation [29]. The vertical axis is the reduced second virial
may lead to a large variety of distinguishable non-bonded angoefficient.Bs = B2/B55™, with By"" being the second virial co-
bonded repulsive glassy states. efficient of the hard-sphere fluid. The horizontal axis denotes the

. . . . colloidal volume fractiong.
As discussed above, the identification of the physical ¢

mechanisms that lead to arrested states of matter, especialiytractions and it may have a very broad applicability for sys-
gels and glasses, is still one of the major goals in Colloidatems of technological relevance. However, the (possible)
Soft Matter Physics. Of course, the complex nature and Miypjversality of these findings deserves to be further tested
croscopic details of each particular system are relevant. HOwg, well-controlled colloidal systems, for example, depletion-

ever, from both scientific and technological viewpoints, apased systemag., mixtures of colloids and polymers.
general, consistent and unified description is of paramount

importance. The enormous interest in arrested states is b3-5  pirected self-assembly and anomalous transport of
sically associated with the fact that these non-equilibrium colloids
states of matter exist in nearly every area of our daily lives
and are frequently used in both technological and medicabne of the central aspects of Colloidal Soft Matter is its abil-
applications. However, due to the complex nature and moledty to, under certain thermodynamic condition, self-assemble
ular details of each colloidal system, our current knowledgen a large diversity of structures. As we pointed out above,
on the origin of both gel and glass states is extremely limself-assembly can be directed, enhanced, or controlled by ei-
ited. Hence, it is important to develop appropriate experither changing the energy or entropy landscapes using tem-
mental model systems, advanced simulation techniques, afgates or applying external fields (created, for instance, by
first-principles approaches to describe the most elementamye interference of laser beams; see Fig. 3); an injection of a
properties of these arrested states. certain amount of energy through external forces allows us to
In a recent analysis of experiments of the dynamical arfully control or direct both structural and dynamical proper-
rest of adhesive hard-sphere (AHS) nanoparticle dispersiorties of colloidal particles. The way in which such a process
[27,28] by Monte Carlo computer simulations, it was showntakes place is referred to as “directed self-assembly” [34].
that critical gel formation is consistent with rigidity perco- Then, an external field, namely, periodic, random, either spa-
lation of a dynamic network with a coordination number ortially or temporally correlated, can drive the colloidal dis-
average number of bonds,) = 2.4 [29]. This resultisil- persion into a completely new stationary state [35]. Thus,
lustrated in Fig. 2 (adapted from Ref. 29), where the new andlirected self-assembly of colloidal dispersions allows one to
non-equilibrium state diagrame., reduced second virial co- explore and understand the order-disorder transitions induced
efficient B3 vs packing fractiong, of the AHS dispersion is by the external perturbation, seeg, Fig. 4, and their con-
explicitly shown. nection with the slow particle dynamics of more complex sys-
Particularly, it was reported that dynamical arrest fortems, namely, supercooled liquids and glasses [36, 37].
AHS dispersions is driven by the same mechanism that leads Recently, the particle dynamics of quasi-two-dimensional
to rigidity transition in network-forming materials [33]. This (¢2D) colloidal suspensions exposed to both sinusoidal and
discovery builds toward a consistent and unified descriptiomandom potentials has been studied both theoretically and ex-
of critical gel formation in systems with isotropic short-range perimentally [36, 37]. In particular, it has been found that the

>
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FIGURE 3. Top: interference of laser beams (blue arrows) on a "2, /\CN/\(/\(W/YJ(\(WJ

guasi-two-dimensional colloidal sample. Bottom: colloidal parti-

cles on the minima of the periodic external field (blue solid line); Vo*=8.0
Vo' = Vo/ksT is the coupling between the colloids and the peri-
odic light field. FIGURE 5. Snapshots of colloidal particles confined in narrow

channels and subjected to periodic external fields (solid red lines).
p = Nnin/N, is the so-called commensurability factor, with
Nmin and N, being the number of minima of the external field
and the number of colloids, respectivelyy" = Vo /kgT is the
coupling between the colloids and the periodic field.

when the colloids are subjected to periodic external fields, in-
dependently of the commensurability parameter [39, 40, 43],

. Otﬂere'd‘ p, which quantifies the competition between the number of
2% 0% LA, colloidal particles and the number of minima of the exter-
.. . Phase . : nal field along the channel, and the value of the coupling,

Vs = Vo/ksT, between the colloids and the periodic field;
see Fig. 5. Interestingly, it was also reported that under the
conditions of SFD, a structural transition from a fully disor-
dered state to pseudo-solidlike state in repul$ikecolloidal
systems seems to occur regardless the nature of the potential
between colloids. This order-disorder-like transition can be
characterized by the main peak of the structure factor or the
particle mobility [44]; both quantities reach threshold values
at the transition.

FIGURE 4. Snapshot of the order-disorder transition induced by
a periodic external field (red solid line) in a two-dimensional col-
loidal dispersion.

mean-square displacement along the direction of the appliegl6. Theoretical frameworks and molecular modeling
external field is close to the one ing@@D colloidal super-
cooled liquid [36, 37]. Moreover, single-particle diffusion As stated in the Introduction, the physical properties of col-
in random potentials has been studied by means of experieidal suspensions can be studied by means of different com-
ments in systems composed of non-interacting colloids [38]plementary techniquege., experiments, theoretical approx-
The experimental results are very similar to recent theoreticamations and computer simulations. In particular, theoreti-
reports, where Brownian dynamics simulations also predictal frameworks, such as the integral equations theory [45],
three different dynamical regimes [39, 40]. and molecular simulation-based models [46] have been de-
When colloids are confined in narrow channels in such aveloped during the last few years to account for the structure,
way that mutual passage is excluded, 1D-like configu- dynamics, effective interactions and the phase behavior (in
ration, the colloid dynamics at long-times becomes "anomaand out of equilibrium) of colloids. Furthermore, mean-field
lous”; it deviates from the well-known linear behavior [9] and approximations have been proposed to study the denatura-
it reaches a dependence that goes as the square root of tiffien processes of bio-colloids [47,48F., structural changes
~ +/t [41], which is the result of the correlation of the par- in macromolecules caused by extreme thermodynamic con-
ticle displacements. This anomalous dynamical behavior iglitions.
known as single-file diffusion (SFD) and has been the sub- As stressed out above, one focus of colloidal science re-
ject of intensive research due to its implications in severakearch is concerned with determining particle-particle effec-
branches of science, such as Biology, €@, Ref. [42] and tive interactions. More specifically, by means of the multi-
references therein. It has been shown that SFD occurs eveaemponent Ornstein-Zernike equation, a theoretical approx-
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imation that accounts for the effective interactions betweerof one-dimensional colloidal systemsg., single-file diffu-
colloids when part of the system is integrated out of the desion on corrugated substrates [39, 40], as displayed in Fig. 5,
scription has been successfully developed [49, 50]. As wéo analyze the multiple structural properties on quasicrys-
will explain in detail in the following section, this approxi- talline substrates (as shown in Fig. 4), and to study both the
mation can be used, for example, to determine the phase bphase behavior and the dynamics of quasi two-dimensional
havior of a colloidal binary mixture and the depletion forcescolloidal systems on periodic substrates [36, 58, 68, 69].
between large colloids [49]. This theoretical approach has

been complemented with the development of Molecular Dy-3 - - 1j1anges and perspectives in colloidal soft
namics techniques to extract the effective interactions in mix- .

tures of colloids with large size asymmetries [51]. Further- matter physics

more, by mixing mean-field approximations for charged COI'So far, we have briefly outlined the essential physical aspects

loids together with integral equations theory for liquids, it of Colloidal Matter and introduced the standard experimen-

has been possible to determine accurately the effective charggl, molecular-based and theoretical tools that are typically

of colloids and to establish a relationship between the Iathsed in Colloidal Soft Matter Physics and that also allow us

ter with the structure of charge-stabilized colloidal suspens, study the phase behavior and the self-assembly processes
sions [52-55]. . _ . ._that take place in colloidal dispersions. Of course, several are
A_Iso, as pomtgd out previously, a’?Pther Interest Nye current challenges that face Colloidal Physics. In the fol-
collg!dql science 1S related_ to the qu|l|br|um and rlon'Iowing paragraphs, we summarize some perspectives that can
eqwhbnum behavior OT coIIo@aI dlspersu')ns.. Based on thebe considered part of the contemporary Colloidal Soft Matter
self-consistent Ornstein-Zernike approximation, the phasey,ies clearly, the choice of these perspectives is very par-
behavior of colloids and (model) proteins in suspension Calficular, however, we should keep in mind that there are other

be fully explained [30]. Additionally, Monte Carlo computer q|a1e4 problems that are also of interest in this multidisci-
simulation methods in different ensembles have been deveE/iIinary field. but are not described in this review.

oped to understand, for instance, the structure, morpholog
and phase behavior of colloids and proteins [29,30,56,57]. 3 1 Effective interactions between colloids near non-
. Brownian dynam.|cs_ S|mulgt|on schemes that exphcnly equilibrium thermodynamic states
include hydrodynamic interactions have been adapted to in-
vestigate both the structure and dynamics of colloids unThe understanding of the effective interactions between the
der the action of external fields (periodic energy landscapesbservable constituents of a colloidal dispersion has been
shear rates, etc.) [36, 39, 40, 58]. Furthermore, a novel Browfundamental in Colloidal Soft Matter Physics because it al-
nian dynamics algorithm to study the diffusion on curved sur{ows us to deal explicitly with the many-body problem, which
faces [59] was proposed; this might be useful to explore thdéyecomes technically intractable due to the large number of
colloidal dynamics in either non-regular or fluctuating sur-degrees of freedom needed to describe the molecular nature
faces, as we will discuss further below. of any material. Basically, effective interactions allow us to
treat in a simplified way the description of colloidal systems,
2.7. Experimental techniques: Scattering, optical mi- Which typically posses multiple time and length scales [9].
croscopy and optical fields Unfortunately, there is not a unique route to determine the
effective interactions between colloids. In fact, several ap-
Since the size of (relatively large) colloids is at least a fewproaches have been proposed to determine the nature of the
hundred nanometerge., about the wavelength of light, the effective forces and are commonly based on highly demand-
structure and dynamics of colloidal dispersions can be expeing computer simulation schemes, sophisticated mean-field
imentally studied by means of scattering techniques [60, 61japproaches and complex theoretical frameworks [3, 4, 70].
namely, light, x-ray and neutron scattering methods. Singlédditionally, these methods commonly work well at low col-
colloidal particles can also be observed by confocal and corleidal concentrations. Furthermore, most of them consider
ventional (optical) microscopy [11, 62]. Furthermore, due tothe host medium as a structureless continuum at thermody-
the slow colloidal dynamics, colloids can be followed andnamic equilibrium when the separation of its degrees of free-
thus their trajectories determined on a microscopic singledom respect to those from the colloids is well-established.
particle level. One can also manipulate individual colloidal This assumption facilitates the calculation of the effective in-
particles or ensembles of colloidal particles using light [35].teraction. From experimental point of view, the situation is
The development of the so-called optical tweezers has beesven more complicated, since the accurate determination of
essential for the manipulation of colloids [63]. Optical trapsthe effective potential between colloids is practically limited
use the forces exerted by strongly focused beams of light tto two colloidal particlesi.e., infinite dilute limit, where the
move and trap individual colloidal particles [64—66]. More- effective potential basically reduces to the so-called potential
over, extended light fields can be applied to exert (almost) angf mean force [45].
potential energy landscape on colloidal particles [35,67] (see Currently, there has been a growing interest to understand
Fig. 3). They can be used te,g, investigate the dynamics the nature of effective forces under non-equilibrium thermo-
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dynamic conditions [71] and close to thermodynamic metafoidal components of different sizes has not been investigated
stable states [49,72]. One prominent example is the so-calleid detail. The question that remains to be answered is associ-
“critical Casimir force”, which emerges when colloids are put ated with the effect that anisotropy has in the form of the at-
into a host medium that experiences a phase separation [73tactive interaction potential due to depletion effects and the
Recently, this kind of effective interaction has been used apresence of a sufficiently large attraction. The internal struc-
an efficient mechanism for the size-selective particle purifiture of the aggregates that can be formed due to the strong
cation of colloidal dispersions [74]. attraction between (non-spherical) colloids imposes limits on
Then, the determination of effective interactions be-the possible types of bonds and, therefore, in the formation
tween colloids near non-equilibrium states is a new venu®f gel-like networks; this results in new forms of colloidal
with potential technological applications that requires thegels [83]. The resulting new non-equilibrium states will also
development of robust theoretical frameworks and efficientlepend on the cluster morphology, that is, they will possibly
simulation-based tools that allow us to account for quantitabe different for dimers, trimers, tetramers, and so on. So, it
tively the effective forces between colloids even under conbecomes interesting to reveal new forms of self-assembly for
ditions far from thermodynamic equilibrium. For example, anisotropic colloidal dispersions.
within the integral equations theory of liquids for the effec-
tive interactions, one takes advantage of the covariant prom 3. Chemical regulation mechanisms and effective in-
erty of the Ornstein-Zernike equation when the degrees of teractions between charged colloids
freedom of the unobservable components of the fluid are in-
tegrated out from the description and are fully taken into acOne of the most important aspects and challenges of the
count within the effective potential between the observablghysicochemistry of macromolecules in suspension is the de-
molecules [75, 76],.e., colloids. This theoretical approxima- termination of the effective interactions between the former
tion represents a good starting point since it has been demoand the thermodynamic properties of the suspension, since
strated that it quantitatively describes the effective potentiatiue to its electrostatic nature and the fact that any suspen-
among macromolecules when compared with either molecsion stabilized by charge is constituted by a large number
ular simulations or experiments [50] and can be accuratelpf charged species that have different characteristic length
applied near to non-equilibrium conditions [49]. In partic- and time scales, the description of this kind of colloidal dis-
ular, this formalism has been used to understand the deplg@ersion becomes a very complicated task. In the best sce-
tion forces between colloids, semg, Refs. [50, 75,76] and nario, one has resorted to theoretical mean-field schemes and
references therein, and the effective interactions in chargee light and neutron scattering experiments that have made
stabilized colloidal dispersions [77]. it possible to quantify, approximately, some of the physical
Applying the same idea based on the “contraction of theproperties of the suspension [52, 54, 84—86], but which, un-
description”, a novel computational scheme to calculate théortunately, have not allowed us to include the contribution
effective forces between colloids has been recently proposeaf all species in determining the physicochemical properties
[51]. This approach is based on the calculation of the totabf this type of colloidal material. However, recently, a com-
force exerted on a colloidal particle at a given instant in time puter simulation approach [55] and a formalism based on the
and its decomposition on contributions from other close coltheory of integral equations of simple liquids [87, 88], which
loids. The main advantage of this approach is that it worksallows one to explicitly include the mechanisms of chemi-
well at finite concentrations, so concentration effects can beal regulation and the contributions of micro-ions that partic-
fully taken into account. Thus, nowadays, there is a cleaipate in the electrostatic shielding between charged macro-
and straightforward route to study effective interactions beimolecules, have been developed. These approaches will al-
tween colloids at non-equilibrium thermodynamic conditionslow us to understand, for example, the equation of state
and far beyond the infinite dilute limit. and the effective potentials that arise in the case of charge-
stabilized colloidal suspensions composed of non-spherical
3.2. Depletion forces and gelation in anisotropic colloids Macromolecules; colloidal systems that have a high scientific
and technological importance.
Recently, much of the research on colloidal systems has fo-
cused on the development of complex colloidal particles, thag 4. Directed self-assembly of functional nanoparticles
is, anisotropic in shape or orientational-dependent interac-
tions [78]. Among them, clusters formed by assembling hardVithin the field of Nanotechnology, functional nano-
spheres represent the first step in the direction of a new copatrticles, that is, nanoparticles synthesized to make them in-
loidal model system [79]. Preliminary investigations haveteract with anisotropic potentials (for example, “patchy col-
demonstrated the formation of colloidal clusters or aggredoids”), are one of the most prominent candidates for tech-
gates and studied their translational and rotational diffusiomological applications [23]. Self-assembly has been iden-
properties [80-82]. On the other hand, its phase diagrartified as an important process where the elementary blocks
has not been fully determined and the form of the depletiorthat make up the materials spontaneously organize them-
forces that can be induced by either polymers or other colselves into ordered structures according to the thermody-
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namic conditions or other constraints (physical, chemical opossible to understand and establish the relationship between
biological) of the material. However, in order to success-these states of matter [28, 99], or even more, it is important
fully exploit the self-assembly of nanoparticles in techno-to explore the possibility of introducing a universal defini-
logical applications and ensure efficient rescaling at mesotion of gel [29] and, in addition, it is necessary to quan-
and macroscopic scales, a high level of direction and contify the effects that the gravitational field has on the forma-
trol is required through the application of substrates or extertion of non-equilibrium states [100]. As mentioned above,
nal fields that can change the valleys or energetic and/or eritis also interesting to study the effective potentials between
tropic landscapes accessible to nanoparticles [35, 36, 39, 40hacromolecules near the gelation or vitrification boundary.
To this end, it is important to carry out experiments (light To answer these questions, one should carry out experiments
scattering and confocal videomicroscopy), computer simuwith colloidal model systems (mixtures of colloids and poly-
lations (Monte Carlo and Brownian dynamics) and theoretimers or binary mixtures of hard spheres) and to compare the
ical approaches (integral and functional density equationsgxperimental results with those obtained through advanced
to understand the processes of directed self-organization amdolecular simulations and accurate theoretical models, such
transport of functional nanoparticles (“patchy colloids”) in as the mode coupling theory and the self-consistent general-
periodic fields and both spatially and temporally correlatedzed Langevin equation [98].

fields.

. . o . _ 3.7. Acti lloidal matt
3.5. Transport of colloidal particles in biological media ctive cofloidal matter

. I . . olloidal soft matter is also known as “passive matter”,
Passive transport phenomena in biological media are of grea

. ) . . . hich exhibits rich equilibrium and non-equilibrium behav-
importance: they are associated with the functions develope . L .

L . o ; iors even in thermodynamic isolation [31]. However, open

by proteins in cells and with the transmission of diseases . . I Ve

X . . colloidal systems may sustain non-equilibrium dissipative

among others [89]. Biological media are complex, made up . .

: structures [101], while other systems or materials made up

of many components and heterogeneous in structure, and typ:

ically the transport of particles, molecules or biological mate- f units that constantly consume energy from the environ-

. . . ent turn it, most of the time through complex mechanisms,
rial through them is anomalous, that is, it does not correspon . .
. N . mto locomotion [102]. Flocks of birds, molecular motors and
to a simple diffusive phenomenon [90]. Many studies hav

been dedicated to investigate this type of particle transpoﬁayers of vibrating grains fall in this category because they

but without elucidating the relationship between the anomaaII extract energy from their surroundings at a single parti-

. ; cle level and transform it into mechanical work using dif-
lous dynamics and the structural heterogeneity of the hosteqérent phoretic mechanisms [103]. By studying the individ-

vironment and its dynamical evolution. This is in part due to : L
o ; . ual behavior of self-propelled particleés., self-propelled or
limitations of experimental techniques. However, recently, a

. - . S n active Brownian particles and microswimmers, and the col-
technique called “differential dynamic microscopy” (DDM) . : ! . . X
o .7 |ective behavior that emerge in systems of interacting active
has been adapted [91]; it allows one to be very selective in__ " . . . A
lloidal particles, the understanding of the non-equilibrium

the study of dynamics through the use of fluorescence, annature of this “active matter” can be enhanced, and thus fun-

at the same time it provides us with information on the char- . . . L
e . . damental first-principle frameworks for investigating the Sta-
acteristic length scales of the particle dynamics. From ex:

perimental point of view, using this technique it is pOSSib|et|st|cal Physics of Out-of-Equilibrium systems can be built.

. . ; . l\(/Jore importantly, it is possible to adapt well-established the-
to establish a relationship between anomalous dynamics and .. . .
retical formalisms to the case of active matter to account

the characteristic length scales of heterogeneity in biologica;i) . L
. . or the most elemental properties of dissipative matter and
media. In particular, one can study collagen networks as

. ; L . e non-equilibrium transport and self-assembly of materi-
biological medium: these networks constitute a large part o . . .
Is composed of active colloidal particles, seegy, Refs.
the extracellular matter, and can also be used to encapsul L i
o . . , 104-108]. Undoubtedly, this is one of the most difficult
drugs. Then, it is possible the study the transport of colloida . . .

! . . problems, from conceptual point of view, and of greater sci-
particles through these networks with the DDM technique,” ... . . )

. . . ... entific challenge that Colloidal Soft Matter Physics will face
varying the conformation of the collagen matrix to obtain dif- in the followina decades
ferent sizes of pores in the network and different degrees of 9 '
rigidity of the matrix.

3.8. Non-equilibrium state diagram and active micro-

3.6. Colloidal soft matter Out of equilibrium rheology in DNA-decorated magnetic colloids

One of the most important challenges in Colloidal Soft Mat-Soft colloidal dispersions have important applications in dif-

ter Physics is to understand the mechanisms that give rise ferent biomedical and industrial fields, for example, as mate-
the non-equilibrium states of matter. Although there haverials for the realization of lenses, or as agents for the trans-
been important contributions in the particular case of colport of medicines. Recently, a new class of soft colloids was
loidal gels and glasses [27-29, 92—-98], it has not yet beedeveloped and they consist of rigid particles, which can be
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latex, superparamagnetic or gold nanoparticles, which arto establish an inverse protocol that allows one to describe
coated with long DNA chains, so that the DNA crown oc- the molecular properties of systems as complex as those of
cupies the majority of the volume of the particle [109]. The proteins [57, 117]. Furthermore, there exists evidence that
most innovative property of these particles is the ability tothis extended law can also describe the reversible aggrega-
deform under conditions of high concentration without thetion mechanisms of colloidal systems interacting with purely
crowns of the particles being penetrated: This characterisattractive potentials [118]. However, it is interesting to see
tic, due to electrostatic and entropic interactions, makes thehether it can also describe the aggregation processes in sys-
friction between the particles small also under conditions otems where molecules interact with competing potentials, or
high packing and avoids dynamical frustration phenomenao show its generalization for the topology of the phase dia-
that lead to the formation of non-equilibrium states in othergram of other types of proteins, including also the dynamical
systems, such as star polymers [110]. These characteristipsoperties of the latter. If the application of this “extended
allow, in principle, the formation of peculiar crystalline stateslaw” is corroborated by carrying out experiments with pro-
with a high degree of packing and anisotropic conformationgeins and both theoretical calculations and computer simula-
of the particles [111] that have not been observed experimertions, we will be faced with the possibility of establishing its
tally yet. On the other hand, the deformability characteristics'universality” to describe the local, dynamical, global prop-
of these particles can be important in active transport pheerties and the topology of the phase diagram of that type of
nomena, that is, the transport of this type of particles in acolloidal matter where its constituents interact with attractive
host medium by means of an external field, for example, ahort-range potentials. This definitely will allow us to estab-
magnetic field for paramagnetic colloids. These phenomenbsh a new thermodynamic metric in the colloidal domain.

are of interest in the transport of drugs in the human body

and constitute a way of measuring the non-linear rheologicag 1 Fractal dimensions in colloidal soft matter physics
properties of the host environment [112]. The deformability

of the particles is of particular interest in conditions of high . L .
concentrations, in which the particle can adapt its shape tgiecently, it has been proposed, for the first time, the existence
' of concentrated liquids in non-integer dimensions (fractals)

facilitate its path through a medium saturated with other par- X . -
ticles. Directed transport in highly concentrated media ha%.hat POSSESS r)on—mtegral physlcal. chargcterlstlcs and proper-
important implications for phenomena, such as crowding dy'€® observed in standard spatial dimensions [119]; one-, two-
namics or protein transport in the cellular environment. f”md three-@mengonal. The existence of mesoscopic systems
in fractal dimensions opens a completely new field within the
Colloidal Soft Matter Physics, since it is now relevant to in-
3.9. Universality of the extended law of corresponding Vestigate in detail the structural, thermodynamic, transport,
states and dynamical arrest properties of those mesoscopic materi-
als that exist in fractal dimensions. This is, without a doubt,

The idea of having a new thermodynamic metric that allowne of the topics of greatest relevance and scientific challenge

; " of this field, but which, undoubtedly, will define a new scien-
one to express thermodynamic quantities, such as the equ

. ific agenda and will allow us to generate new knowledge of
tion of state, onto a master curve regardless the molecular de-

. . . L . . great impact for Condensed Matter Physics. It is then inter-
tails of each particular system has its origins in the ploneenn@

work of van der Waals with the so-called law of correspond- st|_ng to carry out.a study_that Comb'F‘eS th.eory with sim-
. - ulations and experiments, in order to investigate the phase
ing states, se&.g, Ref. [113]. However, within the context

of colloidal soft matter, this idea was reconsidered by G”_behawor In-and out of equilibrium, and the transport proper-

Villegaset al. [114], who proposed that the thermodynamictles of mesoscopic p_artlcl_es in fractal d_mensmn_s. TWO. ex
i . ' . . amples of fractal liquids with relevance in industrial applica-
properties of colloidal fluids can be written in terms of the

. . tions are emulsions confined in porous media (such as oil-in-
equation of state of an equivalent system used as reference,

. L ; . . . Water emulsions within the reservoir rock), and electrolytes

The equivalent fluid is formed by particles interacting with a Ay
. . between porous electrodes in high-performance electrochem-
square-well (SW) potential whose properties are known ac: )
ical charge storage devices.
curately [115].
In a similar spirit, the so-called extended law of cor- . )

responding states, introduced by Noro and Frenkel [116]3-11. Colloidal soft matter physics and geometry
valid for systems made up of colloids that interact with very
short-range attractive potentials, has been applied as a kifdiffusive processes are a class of general phenomena that oc-
of thermodynamic metric to understand the microstructurecur in several fields of Physics, including Elementary Particle
and thermodynamic properties of a large number of physPhysics, Special and General Relativity, and Condensed Mat-
ical systems, particularly of those close to the gelation oter Physics [120-123], with Colloidal Soft Matter Physics be-
the dynamical arrest region [27,32]. Recently, it has beering a subfield of the latter. Actually, one of the hallmarks of
shown that it is possible to apply it not only to understandcolloids is their ability to diffuse [9]. In the last few decades,
the topology of the phase diagram of model systems [30], buthere has been great interest in the study of diffusive phenom-
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ena on curved surfaces motivated, mainly, by problems fron8.12. Competing interactions and reversible colloidal
Biophysics, such as the transport of proteins [124]. aggregation

Within the context of Soft Matter Physics, the curved Va-Typically, colloidal particles immersed in an aqueous

rieties arise as the emergent result of the collective interacy,edium interact with an effective potential that has the fol-
tions between molecules that make up the material, for exying features: a strong repulsion at contact that forbids
ample, the interactions between amphiphilic molecules imyarticle overlap followed by a short-range attraction (van der
mersed in an aqueous solution give rise to the formation F’EVaals-like interaction) and a long-range repulsion (electro-
vesicles. Analogously, interfaces of soap, polymers, thiratic double layer force). This potential is known in colloidal
channels, even 2D atomic materials, such as graphene, 9&fsience as the DLVO potential [129]. The competition be-
manium, silica, among others, can spontaneously be formegyeen the short-range attraction and the long-range repulsion

All these forms of materials can be represented as mathgy the DLVO potential defines the thermodynamic stability of
matical surfaces embedded in3@& space. The curvature the colloidal dispersion [1,129].

that characterizes these materials represents a kind of exter- Nowadays, there are several ways to tune the (effective)
nal field that affects the particle transport processes. For @Xpteraction between colloids in order to make more evident
ample, the diffusion of proteins on the cell membrane or thgne competition between the attractive and repulsive forces
dynamics of biological motors along filaments [124]. in the pair potential [3, 4, 70]. This competition not only af-
fect the stability of the dispersion, it can also lead to ther-
modynamic states where locally the colloids form a family

f (reversible and irreversible) aggregates or clusters with
well-defined morphology and degree of compactification
30-133]. These features can be determined through the pa-

The inclusion of the geometry or curvature on the dif-
fusion of colloidal-like particles is a non-trivial task. Ac-
tually, it represents a formidable physical and mathematic
challenge. However, Castro-Villarreal proposed the gener[1

alization of the Smoluchowski equation on curved SPaces., meter known as fractal dimensiafy, and is typically ex-

wherr—i the tlnfluence ?r]: nvariants forme; W:th the Rt'emanntracted from the physical quantity called radius of gyration,
curvature 1ensor on e mean-square displacement was 3)—‘»’;,(5), which represents the effective radius of an aggregate
plored [125]. Furthermore, Castro-Villarreal also propose

i i ob bl he disol composed ok particles, see Fig. 6. Particle aggregation or
ffferent geometric observables to measure the disp acemect,lfustering is an obligatory step for the initiation of the phase

o;a Br(r)]wm?r? collo(ljdal_partlcle [126]. Ig_ pa}rtlcular, ;t wats separation or the large-scale formation of materials that ex-
shown how the geodesic mean-square displacement Capluligy; 5 heterogeneous structure, such as gels and porous me-
the intrinsic elements of the manifold, while the Euclidean

dia [132,133]. Nevertheless, even though the macroscopic

displacement captures extrinsic information from the Surfacestructure of such materials depends on the shape and size of

These.results' can .be generalized to the S|tu§1t|on where tf{ﬁe resulting clusters or aggregates, the cluster formation at
Brownian particles interact not only due to the intermolecular quilibrium and its corresponding morphology are not fully

potential, but also due to geometrical mechanisms originate nderstood. The local morphological information is also im-

f“’”.“ the curvature. From_ this approgch, It was p_ossmle toportant for the identification of the physical mechanisms for
derive the equation of motion of diffusing particles in curved

spaces. In particular, a generalized Ermack-McCammon al-
gorithm was developed to study a broader class of transport
phenomena in heterogeneous environments [59]. All these
: . . Temperature

results have been generalized to the motion of active Brown- /
ian particles [127], where the mean-square geodetic displace: /
ment captures the relationship between the curvature and the

activity of the active colloid. In particular, the dynamics of 0]
an active Brownian particle on a spherical surface was stud-

ied and it was found a dynamical phase transition between ar
oscillatory behavior and a monotonic one within the random

A

behavior of the active particle [127]. . R. ~s 1/d;
~10 particles g
The aforementioned ideas and proposals to elucidate the
particle transport in non-Euclidean spaces have been partially >
and recently corroborated in experiments of polystyrene Number of particles Y

nanoparticles diffusing on highly curved water-silicone oil _ _ _
interfaces [128]. However, further experimental and compuF/GURE 6.Cartoon of the typical radius of gyratio,, that char-
tational studies are needed in order to better understand tifterizes the effective radius of a colloidal aggregate composed of

rich diffusion mechanisms that emerge in colloidal disper-° attractive colloids. This quantity can be used to extract the frac-

. . tal dimension of small and large aggregates using the relationship
sions when the curvature plays an important role. R, ~ s/97 [118]
g .
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FIGURE 7. Cartoon of the typical clusters that appear in a competing interaction colloidal fluid as a function of the repulsion stresfgth,
the competing interaction potentiak, /o is the normalized radius of gyration, withbeing the diameter of the colloids.

arrested states of matter, especially gels and glasses, whielfso have important consequences on the dynamics of the ag-
remains a hotly debated research topic in Colloidal Soft Matgregates.

ter Physics. Finally, we should mention that although the structure
fmd the reversible aggregation in competing interaction fluids

few years, there has been a hot debate about the main mec eem to be better understood [132, 133], the connection with

anisms that determine and define the state of colloidal aggr(%-:a tr;tnrs]por:]pt[]op(rar:tlei ar?idr':]he r;JIe ofrthe 2 ygrgdyni/mut: mt;
gation, seee.g, Ref. [118] and references therein; a topic of eractions on the mechanisms ot aggregation deserve to be

interest that will allow us to better understand. for exampleswdied in more detail. This is of important for technological
' applications, since most of the biomolecules in an aqueous

the transport processes that occur during drug delivery [134[.7" L . ;

In the particular case of colloids interacting only with short- edium behave as competing interaction fluids [132, 133).
range attractive forces, it was found that the fractal dimen- ) ]
sion, d;, is completely determined by the second virial co-3-13.  Analogies between granular and colloidal matter

ng'\ﬁg; [itsl{fg?:rl:gnt:if:etgZ;teevrfézlc?lg v(\:/OcIJIfO é%?::sgg;ﬁgﬁ' Colloids and granular media are aggregates of matter that typ-
A rresponc ﬂcally exemplify the differences between systems in and out
states (ELCS). In the case of competing interaction colloida . s . . .
of thermodynamic equilibrium, respectively. Despite the dif-

fluids, the situation is more complex and the connection Withferences in size and in their bhase behavior. there are man
the ELCS is not evident [135]. Snapshots of the clusters that P ' y

can be found as a function of the repulsion strengtigf the Similarities between the_phenomenologles of_ both systems,
o : . - for example, they exhibit very similar dynamics [137] and
competing interaction potential are shown in Fig. 7. From the

shapshots, one can notice how the size and morphology of thrgeologmal properties [138] and it is even possible to deter-

clusters depend strongly on the competition between both ap-1 ine eff_e ctive poteqt|als between grains [139].’ which allqws
us treating them with the same or very similar theoretical

traction and repulsion contributions in the pair potential; see d ional modeling tools. A ial ch teristi
Ref. [135] for more details. and computational modeling tools. A crucial characteristic
of granular matter, and one that makes it different from equi-
A pair potential with the features described abadwe, a  librium thermodynamic systems, is the high dissipation of
short-range attraction followed by a long-range repulsion, isnergy when its particles interact at contact. This generates
also known as a SALR potential [132]. Most of the proper-a large diversity of phenomena that make its behavior more
ties of a fluid whose constituents interact with this kind of difficult to study. However, given the evidence of the ex-
potential have been mainly studied in monodisperse systemistence of a large number of phenomenological similarities
however, the addition of a second species brings interestingetween colloidal systems and granular media, it is impor-
features not typically seen in a SALR fluid. Thus, one nottant to determine which theoretical tools can be used to study
only deal with the competition at the level of the interparticle both classes of systems simultaneously and to clearly distin-
potential, now one has to take into account the competitiomuish which phenomena are unique in each domain. Further-
between different length scales. As a result, one can findnore, a new non-vibrating granular system has been intro-
that, for example, the clustering behavior in this asymmetduced [140-145] and it is an ideal experimental model sys-
ric mixture is controlled by the cross-interaction between theem to face the analogies with Colloidal Soft Matter. Thus,
two types of colloidal particles [136]. Thus, one can controlusing the fact that the latter is perfectly described with the
the resulting degree of aggregation by simply tuning the sizéools of Statistical Physics, one should determine how far
asymmetry of the suspension. This phenomenology shoulthese schemes can be extended to the granular domain.

As mentioned in the previous paragraph, during the las
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3.14. Colloidal hydrodynamics .
Characterizing Experimental Data
. L . Non-Equilibrium and Computer
The idea that the effects of hydrodynamic interactions (HIs) Systems Vision
on the diffusion coefficient of colloidal particles can be Colloidal Soft
decoupled and factorable was proposed 30 years ago by Matter Physics
. . . and
Medina-Noyola [146]: In hls p'roposal, .l\/lledma—Noona as- Machine Learning
sumed that the long-time diffusion coefficient can be decom- | computational \achine Learn
. . . . . & achine Learnin
posed into two contributions: one associated with the short- E\)Aistg?ag Collodal Structures
time dynamics (which contains all hydrodynamic effects)

and another that depends solely on the direct interaction be- o o _ .
tween colloidal particles. This proposal, widely accepted and'GURE 8. S.chematlc.dlagram that .hlghllghts the mtersepuons be-
used for three decades, has been put under the experiment4fen Machine Learning and Colloidal Soft Matter Physics.

scrutiny [147] finding that, although the idea of factoring thethat correctly represent the physical properties of the system

effects is correct, the long-time diffusion coefficient does not .
- ; . . itself. These features must have a representative structure
seem to depend, surprisingly, on the Hls in a two-dimensiona . . .
e . . . such that conventional ML methods can be readily applied
system. Similarly, in a recent theoretical-experimental con-

tribution, the dynamics of short times in mixtures of spheri-t0 the data set. One such example is the work by Boattini

. ; . ; et al. [155], where a feature set composed of bond orien-
cal and non-spherical particles has been studied [81]; the re- . X .

: ; X fational order parameters was used, together with a dimen-
sults suggest that the dynamics of short times in asymmetric.

. . ionality reduction algorithm called autoencoder [156],

mixtures can also be uncoupled and factored in terms th S o Y
. . . 0 perform automatic discovery of local structural motifs in
depend on the HIis and the direct interactions between the .
) . : colloidal systems. Once features have been set, engineered,
molecules. It is therefore interesting to understand the con= " - . .
: ) . r discovered for a given system, the task one wishes to solve

nection between the dynamics of short times and those o . ) .
epends entirely on the physics of the system itself.

long times [148], since they determine many of the dynamica . . .
processes that give rise to the non-equilibrium states of mat- t\INhfether we want ttolcgatractlegse colloidal §yhsttemz'd|-
ter. Thus, itis crucial to carry out atheoretical-experimentalreC y from experimental data [157], or we wish to dis-

study to establish the relationship between these dynamics i ;)ver nevlvsgorlrglgltlc')\;]f n ?t? n(;eqhmhbrlum SySte”}SIS_U(;: as
for example, spherical and non-spherical colloidal systems.gasses[ —160], methods have proven usetulin these

In the short-time regime [9], the transport coefficients inand other important aspects of colloidal matter research. Al-

. : e . .though very successful, ML methods require large quantities
colloidal suspensions, such as the diffusion coefficients at dif- 7 .

. : . of data, with important features from the studied systems, and
ferent length scales and the effective viscosity of a suspen:

. : . . [ these are some of the main disadvantages. Having to deal
sion, are entirely determined by the His between the colloidal . . AR
with massive amounts of data is still a challenge that needs

particles. The precise and computationally efficient inclusioq ; . .
) . . : . o be solved if these methods want to see mainstream appli-
of His in approximate theoretical schemes or simulations rep-

. ] cations. Nevertheless, two important uses of ML methods
resents a formidable challenge to date: The most completé . ! :
X . . . . .”'can be recognized for colloidal systems. One of them is the
theory of short-time hydrodynamic interactions in colloids is _ ...
; . . - ability to use a robust and novel ML method that can deal
based on a renormalized fluctuation expansion that was orig-.,, . .
: : ith difficult tasks. On the other hand, some other research
inally introduced by Beenakker and Mazur [149, 150], and : . L .
. groups aim at investigating the model itself, and more clas-
which has been recently re-adapted [151-153]. The modiz.
. L . sical models haven been used to understand the true nature
fications allow one the application of the theory in the case . . : . .
. . . . of colloidal matter. For a more in depth view of this fertile
of charged colloidal particles and polydisperse systems with : : .
. . - S research area we point the interested reader to a recent review
different hydrodynamic radii. However, a significant further . )
. . .__on soft matter [161], and to a related review where colloidal
development of the theory is necessary to allow its applica- .. . . : : :
. . . o - active matter is the main topic of discussion [162].
tion also in the case of particles with different shapes, and in

the case of colloidal particles under severe confinement.

4. Conclusions

3.15. Machine learning and colloidal soft matter physics
In this review, we made an effort to, first, summarize the es-

Colloidal Soft Matter Physics has been significantly impactedsential physical and technical aspects required to get famil-
by the current development in Machine Learning (ML) [154]. iarized with Colloidal Physics. In particular, we focused on
Methods ranging from computer vision, feature engineeringthe direct and indirect interactions between colloids, which
classification tasks and many others have been successfullye responsible for the thermodynamic phase behavior, the
applied to the characterization and description of several colself-assembly processes and the dynamical properties expe-
loidal systems. These areas are highlighted in the diagramenced by colloidal dispersions. We also briefly discussed
displayed in Fig. 8. The most important aspect of deployingon the experimental, theoretical and modeling tools typically
ML methods to colloidal systems is having a setfeftures employed to carry out studies in the colloidal domain. In
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a second part, we concentrated on a few important scientifibased on Colloidal Soft Matter. This is certainly one of the
problems to be faced by the Colloidal Soft Matter communitymost exciting and important aspects of this multidisciplinary
in the following decades. field.
Certainly, Colloidal Soft Matter Physics is a multidisci-
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