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A B S T R A C T

Colloidal particles of spherical shape are important building blocks for nanotechnological applications. Materials
with tailored physical properties can be directly synthesized from self-assembled particles, as is the case for
colloidal photonic crystals. In addition, colloidal monolayers and multilayers can be exploited as a mask for the
fabrication of complex nanostructures via a colloidal lithography process for applications ranging from opto-
electronics to sensing. Several techniques have been adopted to modify the shape of both individual colloidal
particles and colloidal masks. Thermal treatment of colloidal particles is an effective route to introduce colloidal
particle deformation or to manipulate colloidal masks (i.e. to tune the size of the interstices between colloidal
particles) by heating them at elevated temperatures above a certain critical temperature for the particle material.
In particular, this type of morphological manipulation based on thermal treatments has been extensively applied
to polymer particles. Nonetheless, interesting shaping effects have been observed also in inorganic materials, in
particular silica particles. Due to their much less complex implementation and distinctive shaping effects in
comparison to dry etching or high energy ion beam irradiation, thermal treatments turn out to be a powerful and
competitive tool to induce colloidal particle deformation. In this review, we examine the physicochemical
principles and mechanisms of heat-induced shaping as well as its experimental implementation. We also explore
its applications, going from tailored masks for colloidal lithography to the fabrication of colloidal assemblies
directly useful for their intrinsic optical, thermal and mechanical properties (e.g. thermal switches) and even to
the synthesis of supraparticles and anisotropic particles, such as doublets.

1. Introduction

Material engineering based on bottom-up approaches is an enticing
route in comparison with top-down nanofabrication techniques such as
photolithography or electron beam lithography due to its lower cost and
time burden, which paves the way for high scale and large area fabri-
cation. To this end, spherical colloidal particles self-assembled in both
two-dimensional (2D) and three-dimensional (3D) arrangements
represent a reliable and robust workhorse. Silica and polymer colloids
are the most commercially available and most widespread building
blocks for colloidal particle assemblies [1–4].

Particle monolayers and multilayers can be effectively used as a
template for the fabrication of nanostructures by further processing
steps (e.g. deposition or etching of material in the area not masked by
the particles) in the so-called colloidal lithography or nanosphere
lithography or natural lithography process [1,5]. In this case, they
typically serve as a sacrificial material and are removed at the end of the
process [1,5]. In other cases, 2D and 3D particle assemblies are directly

exploited for their inherent physical properties, e.g. optical properties
for photonic crystals [1,6]. Independently of their indirect use as a mask
or their direct use for their intrinsic properties, applications range from
sensors to optoelectronic devices, photovoltaics, optical metasurfaces,
surface engineering, light harvesting and environmental remediation
[1,7,8].

By tuning the experimental conditions, structures with different
degrees of order (e.g. crystalline or amorphous) and symmetry (e.g.
hexagonal, rhombic, square) and density (e.g. closely-packed, non-
closely-packed) can be obtained; single-sized, binary and polydispersed
particles can be used [9–13]. A wide variety of self-assembly techniques
is available to control the final arrangements [1,10,11,14–17]. All these
factors can be exploited to tune the morphology of the colloidal masks
when particles are used for colloidal lithography or to directly engineer
the physical properties of colloidal assemblies.

In order to further enrich the variety of attainable structures and
materials, specific approaches have been developed to shape colloidal
particles after self-assembly [1]. One common approach is to resort to
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dry etching [5,18–23]. This method is typically used to reduce particle
size, which can be exploited to turn a closely-packed arrangement into a
non-closely-packed arrangement [5,18]. In addition, for specific dry
etching conditions, characteristic morphological deformations can be
obtained, for instance the formation of necks between neighbouring
particles [18–23]. Besides, as the induced deformation is typically
anisotropic (due to preferential etching in the direction orthogonal to
the substrate on which particles are assembled), anisotropic particles
can be synthesized starting from spherical ones [18,24–26]. Also high
energy ion beam irradiation can be exploited to change particle shape
both at individual and collective level (isolated particles or particle as-
semblies) to get modified colloidal masks with tunable interstice size or
sintered particles (with the formation of necks between neighbouring
particles until their complete coalescence) or anisotropic particles
(ellipsoidal or more complex shapes) depending on the particle char-
acteristics (e.g. material) and irradiation conditions (e.g. energy and
type of ion, angle of irradiation) [9,27–33]. However, all these methods
require complex and expensive equipment.

Thermal treatment of colloidal particles represents a more straight-
forward and affordable approach to tailor the morphology of colloidal
particles and colloidal masks. Different shaping effects can be obtained
depending on particle characteristics (such as size and material) and
experimental implementation of the thermal treatment (for instance,
how heat is applied, temperature and duration of the treatment). Mainly
used for polymer particles, it has been adopted also for inorganic ma-
terials, such as silica. Many physicochemical properties intervene in
particle shaping, in particular critical temperatures for particle material
(glass transition temperature and melting temperature) relative to the
temperature of thermal treatment and surface groups involved in
dehydration and dehydroxylation processes.

Heat can be effectively used for particle shaping to achieve de-
formations useful in indirect use of colloidal particles for colloidal
lithography, for example by tuning the size and shape of the interstices
between neighbouring particles in monolayers of hexagonal closely-
packed particles. In addition, colloidal assemblies modified via ther-
mal annealing and sintering can be directly exploited for their optical,
thermal and mechanical properties, for instance by harnessing the
variation in spectral properties, thermal conductivity and mechanical
stability upon necking and coalescence between particles due to heating.
Moreover, it can be exploited to get particles with specifically engi-
neered morphology, such as anisotropic shapes (e.g. doublets consisting
of two particles of the same type or of different type) from spherical
particles, or to increase the cohesion between particles composing
supraparticles or colloidosomes.

In this review, we provide a thorough description of thermal treat-
ments of spherical colloidal particles, focusing on polymer and silica
particles. First, we will describe the physicochemical properties that
play a key role in material deformation upon heating. Then, we will
focus on the specific theoretical models and mechanisms behind
colloidal particle deformation. Subsequently, we will dwell on the
experimental implementations of thermal treatment of colloidal parti-
cles, by distinguishing between the cases in which the thermal treatment
is carried out on particles assembled on a substrate (polymeric or non-
polymeric) or at the air/water interface. Finally, we will provide an
account of applications of thermally treated colloidal particles and
assemblies.

2. Basic concepts

In this section, we will introduce the basic definitions concerning the
physicochemical properties of interest for thermal treatments, with
specific focus on polymer and silica particles.

2.1. Polymer particles

Polymers can be classified according to their character into

amorphous and crystalline [34]. The former are typically characterized
by their glass transition temperature, the latter by both melting and glass
transition temperatures [34]. As crystallization is never complete, the
so-called crystalline polymers are virtually semi-crystalline ones [34]. In
fact, almost all crystallizable polymers are considered to be semi-
crystalline because they contain significant fractions of poorly or-
dered, amorphous chains [35]. Polystyrene, polymethylmethacrylate,
styrene-acrylonitrile copolymers, acrylonitrile-butadiene-styrene co-
polymers, poly(vinyl chloride), cellulose acetates, polycarbonates,
phenylene oxide-based resins are examples of amorphous polymers
[34].

2.1.1. Glass transition temperature and melting temperature
Melting temperature Tm and glass transition temperature Tg are

characteristic constants of polymers [34]. One often talks about melting
ranges and glass transition ranges [34,36].

Warming of glassy amorphous materials converts them into rubbery
liquids and eventually into viscous liquids [35]. An ordinarily glassy
polymer like polystyrene (PS) is transformed into a rubbery liquid upon
warming to a high enough temperature [35]. The glass transition of
amorphous polymers or amorphous domains of semi-crystalline ther-
moplastics marks the change from a glassy to a rubbery state [36]. At
temperatures T > Tg, the mobility of the chain segments is greater than
it is below it (where it is said to be “frozen”) [36]. The material un-
dergoes a noticeable variation in volume [36]. This represents a relax-
ation transition and not a genuine phase transition [36]. The
temperature range over which it occurs is called the glass transition
range or freezing range [36]. The glass transition temperature Tg is
defined, by convention, as the temperature at which half of the change
in specific heat capacity has occurred [36]. For techniques to determine
and model Tg, the reader is referred to [37].

Melting is a change from a solid, crystalline state into an amorphous
liquid state, occurring without loss of mass or chemical change [36].
Differently from metals, whose melting point represents the equilibrium
temperature between solid and liquid, semicrystalline polymers melt
over a relatively broad range [36]. Similarly to the glass transition
range, the melting range is fundamentally governed by the structure of
the polymers [36]. Semi-crystalline polymers consist of crystallites of
different lamellar thicknesses and degree of perfection; hence, the
melting curve reflects this non-uniform structure [36]. The experimental
melting temperature Tm is the temperature at which all crystallites have
definitely melted and the crystalline order has been destroyed [36].

The concepts of Tg and Tm have been extensively explored in litera-
ture [34–45]. The reader is referred to Appendix A for a more detailed
discussion about glass transition temperature and melting temperature.

2.1.2. Values of characteristic temperatures
Table 1 reports the values of Tg and Tm for different polymers

[34,35]. Observed Tg vary between − 123 ◦C for poly(dimethyl
siloxane)-PDMS and 273 ◦C for polyhydantoin polymers used as wire
enamels and reach even higher values for other polymers whose main
chain consists to a great extent of aromatic structures [35]. Please note
that the values reported in the table are only indicative, because, as
described in Appendix B, Tg and Tm are affected by several parameters,
which explains the variability in the values reported in literature. Hence,
the values of temperature reported in the following paragraphs may
differ from those reported in this table. In fact, Tg is influenced by
several factors, including polymer structure, pressure, presence of ad-
ditives, solvent residues, moisture, etc. A more extensive discussion of
the factors affecting characteristic temperatures is given in Appendix B.

2.2. Silica particles

In addition to polymers, colloidal particles made up of different
materials can undergo thermal treatments. One notable example of
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utmost interest for nanotechnological applications of colloidal particles
is given by silica.

Silica colloids represent one of the best characterized inorganic
systems that have been manufactured as monodispersed samples, also in
large quantities [2]. The concentration of hydroxyl groups and the
dehydration (i.e. the removal of physically adsorbed water), dehy-
droxylation (i.e. the removal of silanol groups from the silica surface)
and rehydroxylation (i.e. the restoration of the hydroxyl covering) of the
silica surface play an important role during thermal treatments [46].

Most of the following groups involving Si − O bonds either as silanols
or as siloxanes have been identified on the surface or in the internal

structure of amorphous silica (Fig. 1(a)) [46–49]:

• single silanol groups, also known as free or isolated or single silanols
(i.e. located at a distance sufficiently far from neighbouring hydroxyl
groups to prevent hydrogen bonding) ≡ SiOH containing isolated
free OH groups; they are indicated as Q3 in nuclear magnetic reso-
nance (NMR) Qn notation, where n equals the number of bridging
oxygens (SiO − ) bonded to the central silicon atom;

• silanediol groups, also called geminal silanols = Si(OH)2 containing
geminal free OH groups; they are designated as Q2 in NMR;

• silanetriols − Si(OH)3 postulated even if real existence is not yet
generally accepted; they are designated as Q1 in NMR;

Table 1
– Glass transition temperature Tg and melting temperature Tm of selected
polymers [34,35]

Polymer Tg [◦C] Tm[◦C]

Ref. [35]
Poly(dimethyl siloxane) − 127 –
Polyethylene − 120 140
Polypropylene (isotactic) − 8 176
Poly(1-butene) (isotactic) − 24 132
Polyisobutene − 73 –
Poly(4-methyl-1-pentene) 29 250
cis-1,4-polybutadiene − 102 –
cis-1,4-polyisoprene − 73 –
Polystyrene (atactic) 100 –
Poly(alpha-methyl styrene) 168 –
Poly(methyl acrylate) 10 –
Poly(ethyl acrylate) − 24 –
Poly(propyl acrylate) − 37 –
Poly(phenyl acrylate) 57 –
Poly(methyl methacrylate)
(atactic)

105 –

Poly(ethyl methacrylate) 65 –
Poly(propyl methacrylate) 35 –
Poly(n-butyl methacrylate) 21 –
Poly(n-hexyl methacrylate) − 5 –
Poly(phenyl methacrylate) 110 –
Poly(acrylic acid) 106 –
Polyacrylonitrile 97 –
Poly(vinyl chloride)
(conventional)

87 –

Poly(vinyl fluoride) 41 200
Poly(vinylidene chloride) − 18 200
Poly(vinyl acetate) 32 –
Poly(vinyl alcohol) 85 –
Polycarbonate of bisphenol A 157 –
Poly(ethyleneterephtalate)
(unoriented)

69 267

Poly(p-xylene) – 375

Ref. [34]
Polyacrylonitrile 100 320
Polyamide 6 40 220
Polyamide 6, 6 50 255
Polyamide 6, 10 46 226
Polyamide 11 – 186
Polybutadiene − 86 − 20
Polycarbonate 155 235
Polyisobutylene − 73 44
Polyethylene, low density − 100 120
Polyethylene, high density − 70 135
Polypropylene − 30 165
Poly(butylene terephtalate) 65 220
Poly(ethylene terephtalate) 69 256
Poly(ethylene vinyl acetate) − 20 to +20 (depending

on ethylene content)
40–100 (depending
on ethylene content)

Poly(fluoroethylene
propylene)

– 280

Polytetrafluoroethylene − 20 327
Poly(vinyl acetate) 30 –
Poly(vinyl chloride) 85 190
Poly(vinylidene chloride) − 17 –
Poly(vinylidene fluoride) – 178

Fig. 1. - Fundamental properties of silica: (a) silanol groups and siloxane
bridges on the surface of colloidal silica and corresponding Qn notation used in
NMR (first, second and third row); internal silanol groups where the fourth
oxygen is above or below the plane of the paper and two basic types of
orientation of the water molecule with respect to the silanol group on the silica
surface; in type 1, the oxygen atom in the H2O molecule is bonded to the
hydrogen atom of the ≡ SiOH group; in type 2, the hydrogen atom in the H2O
molecule is bonded to the hydrogen atom of the ≡ SiOH group (fourth row)
(reprinted with permission from [47]. Copyright 1994 American Chemical
Society); (b) condensation of surface and internal silanol groups to siloxane
bridges (reprinted with permission from [47]. Copyright 1994 American
Chemical Society).
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• hydrogen-bonded vicinal silanols (single or geminal), including ter-
minal groups, i.e. containing vicinal, or bridged, or OH groups bound
through the hydrogen bond (H-bonded single silanols, H-bonded
geminals and their H-bonded combinations);

• internal silanol groups involving OH groups, sometimes classified as
structurally bound water, present within colloidal silica particles at
various concentration levels depending on the synthesis temperature
and other variables;

• strained and stable siloxane bridges and rings or ≡ Si − O − Si ≡
bridges with oxygen atoms on the surface; surface siloxanes are
indicated as Q4 in NMR;

• physically adsorbed H2O hydrogen-bonded to all types of surface
silanol groups.

Surface and internal silanol groups may condense to form siloxane
bridges: strained siloxane bridges are formed on the hydroxylated silica
surface by thermally induced condensation of hydroxyl groups up to
about 500 ◦C; at higher temperatures, the strained siloxane groups are
converted into stable siloxane groups [47] (Fig. 1(b)). Strained siloxane
bridges undergo complete rehydroxylation upon exposure to water,
while rehydroxylation of stable siloxane bridges also occurs but at a
slower rate [47].

The structure of silica surfaces as synthesized is strongly dependent
on the preparation method [47]. At a sufficient surface concentration,
the OH groups make the silica surface hydrophilic, whereas predomi-
nance of siloxane bridges on the silica surface makes the surface hy-
drophobic [47].

Of particular interest are silanol groups, because the surface of the
as-synthesized silica colloids is often terminated with silanol groups
originated during the condensation-polymerization of Si(OH)4 or as a
result of rehydroxylation of thermally dehydroxylated silica when
treated with water or aqueous solutions; such groups can ionize to
generate a negatively charged interface at pH values higher than 7
[2,47]. The silica surface OH groups are the main centers of physical
adsorption (physisorption) of water molecules: water can be associated
by hydrogen bonds to any type of surface silanols and sometimes to
internal silanol groups [47]. Pristine samples of silica colloids undergo a
series of changes upon thermal treatment at elevated temperatures [2].
Dehydration of the silica surface (i.e. removal of physisorbed water)
occurs at relatively low temperatures; the threshold temperature cor-
responding to complete dehydration and beginning of dehydroxylation
by condensation of surface OH groups is around 190 ◦C [47]. The con-
centration of OH groups on the surface decreases monotonically with
increasing temperature when silica particles are heated under vacuum
[47]. The physisorbed water is released first at about 150 ◦C [2,47]. By
about 450–500 ◦C all the vicinal groups condense, yielding water
vapour, and only single, geminal and terminal silanol groups and
strained siloxane bridges remain [47]. The estimated ratio of single to
geminal silanol groups on the surface is believed not to change with
temperature, at least to about 800 ◦C [47]. Internal silanols begin to

condense at about 600–800 ◦C and in some cases at lower temperatures
[47]; in [49], slow removal of internal water was observed to occur at
200–400 ◦C, while the rate of removal increased at 400–600 ◦C; internal
water was found to be removed by the transport of water molecules
(through the solid material or ultramicropores) from the bulk to the
surface; the diffusion rate increases with temperature, giving rise to an
increase in removal of internal water; at higher temperatures, up to
about 1000–1100 ◦C, only isolated (single) silanol groups remain on the
silica surface [47]. Finally, particles start to fuse into aggregates when
the temperature is raised above the glass transition temperature of
amorphous silica (approximately 800 ◦C) [2].

The concentration of silanol groups on the silica surface expressed in
number of OH groups per square nanometers αOH is often called the
silanol number [46–48]. Similarly a degree of surface coverage with OH
groups θOH can be defined [46]. Table 2 shows typical values of such
parameters for variable temperature. Fig. 2 reports αOH, γOH (internal
water loss) and δOH (total water loss) expressed as the number of OH
groups per unit area of SiO2 surface as a function of temperature.

2.3. Thermal annealing and sintering

Two main concepts of interest within the framework of thermal
treatments of colloidal particles are thermal annealing and sintering.

Thermal annealing can be defined as a process where a material

Table 2
– Parameters characterizing the surface concentration of the different types of surface groups [46].

Temperature of vacuum treatment
T [

◦ C]
αOH(total)
[
OH nm− 2]

αOH,I (isolated)
[
OH nm− 2]

αOH,G

(geminal)
[
OH nm− 2]

αOH,V (vicinal)
[
OH nm− 2]

θOH

(total)
θOH,I(isolated) θOH,G

(geminal)
θOH,V

(vicinal)

180–200 4.60 1.20 0.60 2.80 1.00 0.26 0.13 0.61
300 3.55 1.65 0.50 1.40 0.77 0.36 0.11 0.30
400 2.35 2.05 0.30 0 0.51 0.45 0.06 0
500 1.80 1.55 0.25 0 0.39 0.34 0.05 0
600 1.50 1.30 0.20 0 0.33 0.29 0.04 0
700 1.15 0.90 0.25 0 0.25 0.20 0.05 0
800 0.70 0.60 0.10 0 0.15 0.13 0.02 0
900 0.40 0.40 0 0 0.09 0.09 0 0
1000 0.25 0.25 0 0 0.05 0.05 0 0
1100 0.15 0.15 0 0 0.03 0.03 0 0
1200 0 0 0 0 0 0 0 0

Fig. 2. - Concentration of silanol groups on the silica surface: δOH (curve 1),
αOH (curve 2) and γOH (curve 3) as a function of temperature (reprinted by
permission from Springer Nature: [49], Copyright 2006, reproduced with
permission from SNCSC).
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undergoes a heat treatment at a certain temperature, is kept at that
temperature for a definite time and is subsequently cooled to room
temperature (RT) in order to alter the material properties; hence, the
annealing process is dependent on both time and temperature [50].

The annealing of semi-crystalline polymers may influence the crystal
structure, the degree of crystallinity, the perfection of the crystals, the
orientation of both crystalline and amorphous phases, their contiguous
structural morphology and the number of tie chains between the crys-
tallites [50]. Morphological changes can also occur in bulk-crystallized
samples upon annealing, as well as polymorphism in crystalline poly-
mers, i.e. the transformation of one crystalline form into another one
[50].

Thermal annealing can be exploited for the stabilization of glassy
polymers via the densification of their polymer chains [50]. For amor-
phous polymers, the thermal treatment can play a major role in
changing the morphology [50]. In fact, if the temperature is lower than
the glass transition temperature Tg, the polymer chains are mainly
immobile and, consequently, the existing morphology is mantained;
however, if the annealing temperature is greater than Tg, the polymer
chains will relax; hence, the morphology can be modified upon
annealing at a temperature higher than Tg, with variations in the
physical properties of the polymers [50].

It is noteworthy to observe that material characteristics, e.g. bulk or
particle, influence their thermal properties. For example, sub-
micrometer PS particles exhibit physical properties not inherent in the
bulk because of a higher surface area that subsequently lowers their Tg
and melting point [51]. In [52], suppression of Tg in comparison to bulk
PS has been investigated by fast scanning calorimetry (FSC) for PS
particles of diameter between 230 and 500 nm, suggesting its decrease
for decreasing diameter. In other works, dependence of Tg on film
thickness had been investigated, for instance for PS films [53].

Another concept of interest is sintering. Traditionally, the term
“sintering” refers to joining mechanisms between two particles or grains
[54]. Developed for thermoplastic polymer powders, as we will see, it
can be recalled when considering heating at elevated temperatures of
adjacent polymer colloidal particles. When the temperature attains the
softening point or melting point of the powder material, a sintering neck
is formed between the particles due to the flow of the powder material
and then aggregation occurs: the process of formation of the sintering
neck and the agglomeration of the powder particles is referred to as
sintering [55]. When the polymer temperature reaches its agglomera-
tion temperature Tc (which is related to Tm for semi-crystalline polymers
and to Tg for amorphous polymers), the polymer molecular chains or
segments begin to move freely [55]. In order to reduce the surface en-
ergy of the powder material, the powder particles form sintering necks
between them (a phenomenon driven by the surface tension) even until
fusion [55]. The process can be characterized via the definition of a
sintering temperature window included between a softening point Ts of
the powder (at which the powder particles begin to adhere to each other
and cannot flow freely) and agglomeration temperature Tc (at which
complete agglomeration occurs) [55]. The sintering temperature win-
dow is determined by the thermal properties of the material itself [55]. A
wider sintering temperature window implies an easier control over
sintering and lower sensitivity to warping deformation [55]. In addition,
for amorphous polymers, one has Ts = Tg and Tc > Tg (for example Tc is
approximately 116 ◦C for polystyrene), while for crystalline polymers
the sintering temperature window lies between the start temperature of
recrystallization and the start temperature of melting [55]. The differ-
ences in temperatures for sintering for amorphous and crystalline
polymers as well as the difference in viscosity (much higher for

amorphous polymers at Tg than for crystalline polymers at Tm) explains
the large difference in the sintering rate and in the density of the sintered
parts [55].

3. Models of colloidal particle shaping under thermal treatment

In this section we will introduce the theoretical background and
models describing morphological changes induced by thermal treatment
of polymer and silica particles.

3.1. Polymer particles

Let us consider first the case of polymers. As a preamble, we have to
say that we will take into account thermal treatments of polymer par-
ticles close to Tg.

A first distinction needs to be traced between wet and dry sintering.
Fig. 3(a) illustrates the process of film formation starting from a colloidal
suspension to full coalescence of particles and film formation. The film
formation process from polymer colloidal particles from the evaporation
of an aqueous suspension is articulated into the following steps [56–61]:

• stage I: the aqueous colloidal suspension is allowed to evaporate;
particle self-assemble during the evaporation of water; if particles
are sufficiently monodispersed, they assemble into a colloidal
crystal;

• stage II: it occurs only above the minimum film forming temperature
(MFFT), which is strongly related to Tg of the polymer, being often
close to Tg; exceeding Tg leads to the softening of the particles,
allowing them to deform into polyhedrons (dodecahedrons for 3D
assemblies), where each facet is in full contact to a facet of the
neighbouring particles; this results in optically clear polymer films
due to the loss of the refractive index contrast within the structure;
possible causes of particle deformation include air/water, water/
polymer or polymer/air interfacial tensions, osmotic forces or sur-
face adhesive forces;

• stage III: polymer diffusion across the particle-particle interfaces
takes place, yielding a continuous polymer film.

Particle self-assembly by evaporation from an aqueous suspension is
carried out at a certain temperature, typically room temperature. The
main driving factor for either wet sintering or dry sintering processes
resides in the glass transition temperature of the particle polymer ma-
terial relative to the temperature at which evaporation of the particle
suspension is carried out (the drying temperature, typically room tem-
perature). Particles with Tg above the drying temperature behave as
hard particles, whereas particles with Tg below the drying temperature
behave as soft particles [58,62,63]. One can distinguish between two
cases [56–59,64]:

• if the MFFT (which, as said, is close to Tg) is below the drying tem-
perature, stages II and III occur already during water evaporation
and one speaks about wet sintering; for example, for applications
such as paints, the MFFT is below the drying temperature, resulting
in wet sintering of the particles as the water evaporates; this means
that particle deformation and inter-diffusion in stages II and III occur
for soft latex particles, where the applied temperature is maintained
above the polymer glass transition temperature (Tg); for lower
applied temperatures, a powdery and brittle film is formed;

• if the particles possess a Tg above drying temperature, the polymer is
still in its glassy state and deformation of the particles is hampered
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during water evaporation, meaning that stages II and III do not occur;
nonetheless, after the film dries well below the polymer glass tran-
sition temperature (in order to negate the possibility of particle
deformation), the temperature can be raised; thermal treatment

above its Tg entails dry sintering of the particles, with the occurrence
of stages II and III; in case of hard particles with Tg above drying
temperature undergoing annealing, the process proceeds via void
closure and, after disappearance of the voids, by inter-diffusion of

Fig. 3. - Polymer colloidal particle shaping under treatment: (a) sketch of colloidal film formation process starting from a colloidal suspension to full coalescence of
particles and film formation (reproduced from Ref. [56] with permission from the PCCP Owner Societies; https://pubs.rsc.org/en/content/articlelanding/2017/cp/c
7cp01994g); (b) sketch of the effect of thermal treatment close to Tg (reprinted with permission from [123]. Copyright 2012 American Chemical Society; reproduced
from [76], with permission, copyright 2010, John Wiley & Sons); (c) geometry of a sintered contact ( [84], reprinted by permission of Informa UK Limited, trading as
Taylor & Francis Group, http://www.tandfonline.com on behalf of Institute of Materials, Minerals and Mining and ASM International); (d) two geometrical models
describing sintering of a colloidal particle pair: Frenkel’s sharp corner model (on the left) and round neck model (on the right) (reproduced from [77], with
permission, copyright 1981, John Wiley & Sons); (e) sketch of the sintering sequence for two particles showing all the geometrical quantities involved (reproduced
from [87], with permission, copyright 1996, John Wiley & Sons).
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polymer chains, followed by healing at the polymer-polymer
interface.

The closure of the porosity and the formation of mutual full contact
areas is driven by the following factors [56]:

1. the viscosity of the polymer at the specific temperature,
2. the surface tension between the water and the polymer in case of wet

particle sintering or the one between air and polymer in case of dry
particle sintering.

In addition, particle deformation in stage II is also size-dependent
[56,60]. Moreover, the MFFT depends on particle composition, size
and morphology [65].

Hence, for low-Tg soft particles (with Tg below room temperature, e.
g. poly-(butyl methacrylate)-PBMA), the forces accompanying evapo-
ration of the solvent (e.g. water) in a colloidal dispersion are sufficient to
compress and deform particles into a transparent, void-free film (a film
formed by the coalescence of sub-micrometer soft polymer particles with
low Tg, i.e. by compaction, deformation, cohesion and polymer chain
inter-diffusion) [58,62,63,66–69]. High-Tg hard particles (e.g. from
PMMA or PS) remain discrete and undeformed during the evaporation of
an aqueous suspension, but their mechanical properties can be tailored
after solvent evaporation by sintering, resulting first in void closure and
then to inter-diffusion of chains across particle-particle boundaries
[58,62,63,66–69]. As discussed in Appendix B, in case of particles made
up of block copolymers, Tg and, hence, sintering, can be controlled by
the relative amount of the different components, for example, for poly
(methyl methacrylate / butyl acrylate) (p-MMA/BA) latexes, Tg and the
MFFT values increase as the MMA weight ratio used in the formulation
increases [61]. More complex behaviours can be obtained in multi-
component particles, for instance core/shell particles made up of two
different polymers (including a low-Tg and a high-Tg polymer), with
possible phase separation and self-stratification in polymer films or
formation of zebra stripe structures [64]. Wet and dry sintering of
polymer particles have been investigated using different techniques,
such as small-angle neutron scattering (SANS) [70,71], small-angle X-
ray scattering (SAXS) [72], grazing incidence ultrasmall-angle X-ray
scattering (GIUSAXS) [73], environmental scanning electron micro-
scopy (ESEM) [61], atomic force microscopy (AFM) [73,74], NMR [74],
differential scanning calorimetry (DSC) [74], dilatometry [74], direct
non-radiative energy transfer (DET) and fluorescence study of dye-
labelled polymer particles [65,68,75] or ultraviolet (UV)/visible spec-
troscopy [58,63]. We will consider mainly dry sintering processes car-
ried out on polymer particle films already assembled by any self-
assembly technique whatsoever.

Fig. 3(b) sketches the effect of thermal treatment close to Tg of the
polymer in the plane orthogonal to the substrate on which polymer
particles are placed. When neighbouring polymer particles undergo
thermal treatment above Tg, two different phenomena can occur [76]:

• coalescence, i.e. adhesion and inter-diffusion of particles;
• densification, due to the reduction of the inter-space distance be-

tween the particles due to the inter-diffusion.

Sintering is a common term to describe high temperature coales-
cence of solid particles such as metals, ceramics and polymers [77,78].
High temperature sintering can occur with or without compaction or
decrease of total volume [76,79–81]. The main driving force for the
sintering process for polymer particles is their surface tension [77].
Additional parameters governing the rates of sintering of polymeric
spherical particles are their size, viscosity and gravity [77].

Sintering of amorphous polymer particles above their glass transition
temperature is a slow coalescence process in which surface tension is the
main driving force, tending to decrease the total surface area, resisted by

the polymer viscosity [82]. In fact, amorphous polymer particles con-
tacting each other at a temperature above their glass transition tem-
perature tend to decrease their total surface area by coalescence
[78,80,81]. The shape and, consequently, the boundaries of the coa-
lescing particles change with time [82]. Different theoretical models
(analytical, empirical or numerical) have been developed to describe
sintering of particles.

Particles in contact with each other at elevated temperatures will
tend to decrease their total surface energy by coalescence; this process
can be approximated by a neck forming between two spheres [82,83]. If
we consider particles of radius a, a neck of radius x will start forming
between adjacent particles (Fig. 3(c)). Generally speaking, three stages
can be identified during sintering [84]:

• early stage of neck growth: neck growth proceeds according to an
exponential time law; particles still remain as individuals, since it is
still not possible for strong grain growth to occur beyond the original
particle; the tensile stresses resulting from surface tension preserve
the grain boundaries between two adjacent particles in the plane of
contact, but the occasional formation of new grains is possible;

• stage of densification and grain growth: when the x/a ratio exceeds a
certain value after intensified neck growth, the separate particles
begin to lose their identity; most of the shrinkage occurs at this stage,
where a coherent network of pores is formed;

• final stage with closed pore spaces: the isolated pores become
increasingly spheroidised; further densification still proceeds slowly,
thereby making it often impossible to define whether it has come to
an end, e.g. whether the residual porosity is permanent.

Quite often (for instance, at lower temperatures) the process is
limited to neck growth, i.e. the first stage is essentially the only one
observed [84].

The rate of increase of neck radius x formed between two spheres of
radius a can be described by a general equation of the form [81,84]:
(x
a

)n
=
F(T)
am

t (1)

where t is the sintering time, F(T) is a function of temperature T char-
acteristic of the type of flow predominant in the process, n and m are
exponents dependent on the process; for example [81,85]:

• n = 2 for viscous flow and, in particular, for viscous Newtonian flow
n = 2 and m = 1;

• n = 3 for evaporation-condensation;
• n = 5 and m = 3 for volume diffusion;
• n = 7 and m = 4 for surface diffusion.

We observe that some of these models and exponents have been put
in question and contested [84].

These flows are caused by the capillary tensile stress in the neck area
whose value can be approximately expressed by the eq. (2) [81]:

σ =
γ

rneck
(2)

where rneck is the radius of neck curvature and γ is the surface tension of
the solid, considered as isotropic.

The evaporation-condensation mechanism involves the evaporation
of the atoms from the convex parts of the system and condensation on
the concave areas, or in the “neck”, and may occur if the vapour pressure
of the material is high [85]. The distinct difference between the mech-
anism of viscous flow and that of volume diffusion (even if the former
may also be caused by diffusion) lies in the fact that, for the occurrence
of viscous flow, stress is needed, which may be produced by surface
tension; on the other hand, in the case of volume diffusion flow, such a
stress is not necessary [85]. While metallic and ceramic materials sinter
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by volume and surface diffusion, organic molecules and especially
macromolecules sinter by flow mechanisms since the activation energy
for diffusion of the organic molecules is too high; hence, viscous flow is
the most important transport mechanism for polymers [86,87].

One of the first models of particle sintering by Newtonian viscous
flow is the Frenkel’s model, which can be formulated as
[80,81,83,85–91]:

x2

a
=

3γ
2η t (3)

where η is the viscosity; this equation represents a specific case of eq. (1).
This equation can also be written as [79]:

x2 = Kt (4)

where K includes the contribution of a,γ, η. This expression describes the
rate of coalescence of adjacent spheres under the action of surface ten-
sion, the thermodynamic premise being that a system left to itself would
lower its free energy by decreasing its total surface [89]. Corrections to
this model have been proposed, for example the Frenkel/Eshelby’s
model in which the factor 3

2 of eq. (3) is missing [87] or other modified
models [92]. Frenkel’s model assumes that coalescence takes place by
mutual penetration of the particle pair, one to the other, thereby forming
a sharp neck at the circular area of contact (Fig. 3(d)) [77]. In reality, the
sintering of two particles can be schematically represented as in Fig. 3
(e), which shows that the sintering process over time can be

characterized via the particle radius at (which progressively departs
from the initial particle radius a for longer treatments), the neck radius
x, the length L and the width W of the sintering particles, the final
particle radius af [87]. The particle’s penetration is accompanied by
neck build-up where the external contour in the figure consists of cir-
cular arcs making tangential contact with each other with no sharp
corners [77]. The system thus tends to form spherical shapes of mini-
mum surface area eventually leading to a single sphere from two spheres
[77]. The validity of Frenkel’s model is limited to Newtonian flow and
only to the early stages of sintering, when the particle diameter remains
relatively constant (at = a) [77,87].

Experimental investigations have been carried out on polymer par-
ticles, with results that are often contradictory. For example, a Newto-
nian sintering behaviour has been reported over a wide temperature
range for both PS and PMMA particle pairs and trimers, showing a
fundamentally good agreement with Frenkel’s model (Fig. 4)
[78–80,82]. In other cases, discrepancies with the Frenkel’s model have
been observed, for example in [81], where, for PMMA particles, a
variation in the polymer rheology was found changing from pseudo-
plastic behaviour to dilatant one in the temperature range of 150 ◦C to
207 ◦C (in particular being pseudoplastic at the lower temperatures and
dilatant at the higher ones after passing through a certain temperature at
which the behaviour is Newtonian), suggesting a non-Newtonian
viscous flow [79,81,82]; the behaviour could be summarized in the
following empirical Frenkel-Kuczynski equation [81,86]:

Fig. 4. - Polymer colloidal particle shaping under treatment: (a) evolution of PS particle sintering at 180 ◦C after (1) 0, (2) 8, (3) 14, (4) 20, (5) 32, (6) 41, (7) 55, (8)
69, (9) 79 min (reprinted from [79], Copyright 1980, with permission from Elsevier); (b) dependence of typical geometric dimensions upon sintering time for PS
particles treated at 180 ◦C (L total length, Db diameter of the bottom particle, Dt diameter of the top particle, 2x diameter of contact neck circle) (reprinted from [79],
Copyright 1980, with permission from Elsevier); (c) linear dependence of neck size (log2x) versus time (logt) for PS particles at 180 ◦C (circles) and PMMA particles
at 200 ◦C (crosses) (reprinted from [79], Copyright 1980, with permission from Elsevier).
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(
x2

a1.02

)p

= F(T)t (5)

where p = 1
n; for n = 1, the equation reduces to the case of Newtonian

viscous flow, while, for n > 1, dilatant behaviour occurs. In [79], the
previous equation was reformulated as a generalized Frenkel’s equation
of the form:

x2p = Kʹt (6)

where the deviation of p from unity indicates a deviation from Frenkel’s
theory; the range of p values reported by [81] varies from 2.5 at 150 ◦C
to 0.27 at 207 ◦C, while for [86], a significantly narrower range of p
values is found from 1.12 at 175 ◦C to 0.55 at 203 ◦C. A viscoelastic
mechanism especially at the lower sintering temperatures has also been
found [79,89]. In particular, in [89], studies on polytetrafluoroethylene
particles revealed a viscoelastic sintering, suggesting that the sintering
or coalescence of polymers can be conceived in rheological terms as
either viscous or viscoelastic transport or as a combination of the two
mechanisms, which are not necessarily mutually exclusive and can
intermingle either by change in temperature (as for PMMA) or with
increasing time of sintering (as with polytetrafluoroethylene). Thermal
degradation of the polymer (as for PMMA) can have a notable impact by
changing the viscosity and thus requiring still further temperature- and
time-dependent components in the Frenkel-Kuczynsky expression [89].
The description is complicated by the fact that the quantities present in
the different models (in particular surface tension and viscosity) are
temperature-dependent [80,89]. For example, the viscosity decreases
significantly with temperature increase (typically described via Arrhe-
nius equation) and the surface tension decreases linearly with temper-
ature increase [80]. Polymer viscosity changes exponentially with
temperature and a typical viscosity reduction for each 20–25 ◦C tem-
perature rise would be approximately an order of magnitude; surface
tensions of 26 and 24.2 dyn/cm have been reported for PS at 150 and
200 ◦C respectively [80].

Different models have been proposed to describe more faithfully the
sintering process at least at the early stage [77,82,87,92,93]. For
example, a geometrical model relating geometrical parameters between
themselves (first and second principal radii of the contact neck and total
height) in a two-spherical particles sintering system was also proposed;
the model distinguishes the two stages of neck shape (the one in which
the neck is concave, i.e. x < a, and the one in which the neck is convex, i.
e. x > a, see Fig. 3(d)) to describe the experimental data covering the
whole sintering range [77,82]. Other models, such as the sintered cube
model, have been developed to describe sintering of a large number of
particles [55].

In addition, one should bear in mind that the coalescence-sintering
dynamics of two viscous spherical particles is much more complicated
than the Frenkel’s model and its modifications; the complicated flow
patterns describing the spherical pair undergoing sintering impose also
the need for numerical models [82,94–101].

For more information on this topic and for references also to specific
models developed to describe the late stage of sintering, i.e. the one of
pore closing, or specific cases such as laser sintering or sintering of
particles of different size, the reader is referred to [80,87,91,92,94–113]
and references therein. What we would like to point out here is the role
of different parameters in influencing the sintering process, in particular
[55]:

• surface tension: as we have seen, this is a fundamental factor driving
the sintering process and determining the sintering rate of polymers;
nonetheless, most polymers have relatively small surface tensions
and they are very similar; hence, it is not a major factor causing a
difference in sintering rate between polymers; we have previously
hinted at the dependence of surface tension on temperature;

• particle size and shape: the size of the particle also affects the rate of
sintering; the smaller the average particle size, the greater the sin-
tering rate; also irregular particle shapes deviating from the spherical
one or size polydispersity may affect the sintering process;

• viscosity: polymer melts are non-Newtonian fluids whose viscosity is
dependent on shear rate; however, at low shear rates, non-
Newtonian fluids can be approximated as Newtonian fluids; viscos-
ity is affected by both molecular weight and temperature. As to
temperature, as the temperature increases, the free volume of the
melt increases and the mobility of the polymer segments increases, so
that the fluidity of the polymer increases and the melt viscosity de-
creases exponentially; as we have previously seen, the temperature-
dependence of the viscosity can be expressed via an Arrhenius law of
the form:

η(T) = Ae−
Ea
RT (7)

where Ea is the activation energy of viscous fluid flow and R is the
universal gas constant. When the temperature is lowered below the
temperature of viscous flow, the apparent activation energy of
viscous fluid flow is no longer a constant, but increases sharply with
the decrease of temperature, and the Arrhenius equation is no longer
applicable. The Williams-Landel-Ferry (WLF) model can be used:

log
[

η(T)
η(Tr)

]

=
− C1(T − Tr)
C2 + T − Tr

(8)

where C1 and C2 are empirical parameters and one can assume Tr =

Tg. Values that are frequently used to describe viscosity between Tg
and Tg + 100◦C are C1 = 17.44 and C2 = 51.6. For most amorphous
polymers, the viscosity η

(
Tg
)

is of the order of 1012 Pa⋅s. The vis-
cosity of the amorphous polymer decreases sharply above Tg with
increasing temperature. The closer the temperature approaches Tg,
the higher the sensitivity of the viscosity to temperature. Concerning
the dependence on molecular weight, the following empirical re-
lationships can be used:

η0 = K1Mw if Mw < Mc

η0 = K2Mw3.4 if Mw > Mc (9)

where η0 is the zero-shear viscosity, i.e. the viscosity for shear rate
tending to zero, K1 and K2 are empirical constants, Mw is the weight-
average molecular weight, Mc is the characteristic critical molecular
weight for a given polymer. When the molecular weight is less than
Mc, the zero-shear viscosity of the polymer melt is proportional to the
weight-average molecular weight; when the molecular weight is
greater than Mc, the zero-shear viscosity increases sharply with the
increase of molecular weight and is generally proportional to the 3.4
power of the weight-average molecular weight.

3.2. Silica particles

Dehydration and dehydroxylation processes described in section 2.2
play a major role in silica and mesoporous silica particle sintering.

As we have mentioned, silica particles together with polymer parti-
cles are the most widespread building blocks for particle assemblies,
especially for nanotechnological applications. In addition, mesoporous
silica particles are of interest for a vast range of applications, in partic-
ular biomedical ones, including therapeutics, pharmaceuticals and
diagnosis, drug delivery but also catalysis and optical applications
[114–119]. They find applications also in chromatography, gas sensing,
coatings in the semiconductor industry and water-repellent surfaces
[119]. Mesoporous silica particles exhibit exceptionally high pore vol-
umes (>60%) and surface areas, high thermal and chemical stabilities,
as well as versatility in surface functionalization [119].
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Fig. 5(a-c) sketch initiation of bonds between neighbouring particles
upon thermal treatment. In [120] mesoporous silica films were pro-
duced using a binary solvent approach and a surface modification
technique leading to the replacement of − OH groups with − Si(CH3)3
groups [120]. Before sintering, there are two regions, A and B, which
contain − OH groups [120]:

• in region A, there is enough space for − Si(CH3)3 groups to reach and
replace − OH groups,

• in region B, narrow necks block the access of − Si(CH3)3 groups.

During the sintering process, the − OH groups in region B are close
enough to be removed by condensation reactions and neck growth re-
sults from surface tension as the driving force; only region A, the easily
accessible region, remains as sintering proceeds and the neck thickens
between the particles [120]. The presence of silanol groups at the sur-
face of adjacent silica nanoparticles, is crucial to establish necks be-
tween the silica particles upon sintering [119]. In brief, the hydroxyl

Fig. 5. - Silica colloidal particle shaping under treatment: (a) types of silanol groups and siloxane bridges on the surface of amorphous silica and internal OH groups
(reprinted from [46], Copyright 2000, with permission from Elsevier); (b) schematic of bonding initiation between mesoporous silica particles (redrawn and adapted
from [119]); (c) sketch of the variation in mesoporous particle structure upon sintering showing the different involved regions (reprinted from [120], Copyright
2004, with permission from Elsevier); (d) 29Si solid-state magic angle spinning (MAS) NMR profiles (59.60 MHz) of nonsintered and sintered (600 ◦C) mesoporous
silica particles (MSN) (reprinted with permission from [119]. Copyright 2015 American Chemical Society); (e) FTIR on mesoporous silica particle films as a function
of temperature (reprinted from [120], Copyright 2004, with permission from Elsevier).
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groups at the surface of the particles condense, water is released and oxo
bridges (Si − O − Si) allow for more consolidation and atom diffusion to
occur within the silica structure [119]. Such modifications induced by
thermal treatment have an impact also on the refractive index of sin-
tered particles. Fig. 5(d-e) show the NMR profile of mesoporous silica
particles before and after sintering and Fourier transform infrared
(FTIR) spectra of a mesoporous silica film showing a decrease in − OH
groups upon thermal treatment.

In [121], the concentration of isolated silanols has been investigated
for non-porous, colloidal silica particles annealed at three different
temperatures (800, 900 and 1050 ◦C). FTIR spectroscopy confirmed that
the abundance of isolated silanols on the surface was reduced by
annealing at 900 or 1050 ◦C; FTIR also revealed that there was markedly
increased hydrogen bonding of the isolated silanols to neighbours after
rehydroxylation [121]. Results were interpreted as the outcome of
reduction in surface roughness for increasing temperature; a plausible
interpretation of how smoothing the surface through annealing could
reduce the abundance of isolated silanols and also red-shift the FTIR
peaks of the isolated silanols is sketched in Fig. 6: isolated silanols are
interpreted to be present at nanoscale bumps on the surface; such bumps
would be the simplest way of isolating a silanol group because it raises
the − OH groups above its neighbouring silanols to place it beyond the
optimal hydrogen bonding distance; upon annealing, the heights of the
bumps decrease and, once rehydroxylation creates neighbouring sila-
nols, these groups are now closer to the optimal hydrogen bonding
distance of the isolated silanols [121].

4. Thermal treatment of colloidal particles on a solid non-
polymeric substrate

Heating of colloidal particles pre-assembled on a solid non-polymeric
substrate can be applied in different ways.

For example, in [122], heating has been provided with a heating
plate, via an air gun or by microwave irradiation:

• for experiments with a heating plate, the substrate was placed on a Si
wafer, located on the heating plate; a thin layer of silicone oil was
used to improve the thermal conductivity between the heating plate
and Si wafer; the whole set-up was covered with a polymer cover
with a small window to improve heat stability; temperature was
monitored via a thermocouple adhered to the Si wafer and covered
with a piece of aluminium foil to reduce uncontrolled fluctuations;
after an annealing period, the samples were allowed to cool down
[122]. Annealing periods were in the range of tens of seconds and
temperatures were between 100 and 150 ◦C [122]. In [123], the hot

plate used for annealing the samples was heated electrically and
cooled with compressed air;

• the set-up to use hot air from an air gun for annealing consists of a
silicon wafer support with an air gun and a room temperature argon
dispenser below the wafer (providing sample cooling via heat sinking
through the silicon wafer support); the hot air stream could be
adjusted between 70 and 140 ◦C and measured via a thermocouple
[122];

• in microwave heating, the samples were immersed in a liquid in a
glass beaker and exposed to microwave radiation in a commercial
microwave oven [122,124]. Microwave heating of the submerged
sample was used up to the boiling temperature of the mixture; then
sequential microwave pulses with a duration of 3 s and a period of
28 s were applied; finally, the sample was removed from the beaker
and dried [122,124].

A hot air oven or a laboratory electrical furnace have also been used
[119,125,126].

Besides convection and conduction-based heating, heating based on
radiation can also be adopted.

Laser sintering, which represents a commonly used additive
manufacturing (AM) technique applicable to a variety of applications in
fields such as the automotive industry, healthcare and consumer goods
[127], represents an alternative option also for colloidal particle shaping
[96,97,128–130]. This requires a more complex set-up, as, for example,
the one shown in Fig. 7(a). It consists of a home-built heated sample
chamber in which sintering takes place while optical imaging via the top
and side is possible with two separate optical trains [128]. Laser light
(visible light, e.g. 532 nm) is guided into the chamber from the top; an
acousto-optic modulator (AOM) is used to pulse the laser; the chamber is
built from aluminium walls fitted with heating rods on each side, as well
as in the substrate [128]. A low thermal conductivity isolation around
the box limits the heat loss to the environment; to avoid sintering of the
polymer particles in the absence of laser light, the temperature of the
sample chamber should remain sufficiently below the glass transition
temperature of the polymer [128]. In addition to the possibility to
perform in situ laser sintering with simultaneous visualization of the
sintering dynamics by incorporation of quartz windows on the top and
sides [128], other techniques can be encompassed in the set-up to study
the sintering process, for example in situ X-ray and thermal character-
ization [128,130]. With a laser being the heat source that locally binds
particles together, inhomogeneous and non-isothermal temperature
profiles are obtained, which results in significant differences in the
sintering process in comparison with thermal sintering in a homoge-
neously heated chamber [128].

Radiation from a near infrared (NIR) lamp (peak emission wave-
lengths between 1 and 2 μm) has also been reported for sintering of
colloidal particles [131,132].

Colloidal particles in both monolayers and multilayers heated in
different ways have been investigated using different characterization
techniques, including scanning electron microscopy (SEM)
[119,122–125,133], AFM [51,73,123,131], optical microscopy
[123,133], ellipsometry [123], X-ray diffraction and SAXS
[59,72,134,135], grazing incidence small-angle X-ray scattering
(GISAXS) and grazing incidence transmission small-angle X-ray scat-
tering (GTSAXS) [123,136], GIUSAXS [73], SANS [60], thermal gravi-
metric analysis (TGA) [72]. Such investigations aimed not only to
envisage routes to deform colloidal particles and colloidal masks (e.g. by
tuning the size of the interstices between neighbouring particles), but
also to study the stability and integrity of colloidal particles at high
temperatures.

4.1. Thermal treatment of polymer particles

Concerning polymer particles, some studies have focused on the ef-
fect of the heating system on the colloidal particle deformation. For

Fig. 6. - Schematic of the processes occurring upon annealing of non-porous
colloidal silica particles (reprinted from [121], Copyright 2011, with permis-
sion from Elsevier).
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example, the particle modifications obtained by microwave heating
have been compared with those achieved via a heating plate and via an
air gun [122,124].

As to microwave heating, a PS particle monolayer (diameter 540 nm)
assembled by air/water interface and transferred onto a conductive
silicon substrate has been immersed in a 25 ml mixture of water/
ethanol/acetone (3:1:1) [122,124]. Clean water revealed to be an
inconvenient medium, since high surface tension causes mask desorp-
tion [122]. As the number of applied microwave pulses increases, the
size of the interstices decreases, as revealed by both SEM micrographs
and monolayer colour, which switches from red for the non-treated
monolayer to orange, yellow, yellowish-green and finally blue for in-
terstice size going from 150 nm to 100 nm, 50 nm, 30 nm until being
completely closed [124] (Fig. 7(b-c)). The thickness of the sample de-
creases for longer annealing [124].

By studying the temporal dependence of interstice size upon
annealing for 28–280 s in a microwave oven at 1200 W and 2450 MHz, a
linear dependence was found; in case of annealing on a heating plate at
105 ◦C between 2 and 22 s, the time dependence was less regular;
annealing by an air gun was performed at 125 ◦C for up to 30 s; similar
crack densities were obtained with the different treatments [122]. The
following conclusions have been drawn [124]:

• heating plate allows control over monolayer annealing via mono-
layer colour observation by naked eye;

• heating plate annealing can be performed also on non-conductive
substrates (e.g. glass, sapphire, etc.);

• heating plate annealing implies a rapid change of particle mono-
layer, making the process less controllable;

• the use of a heating plate makes the annealing process less homo-
geneous due to temperature gradient on the sample resulting from
imperfect contact between the heating plate and the substrate;

• the liquid environment of the sample in case of microwave annealing
ensures very homogeneous annealing over the whole sample area
with good reproducibility.

A very specific case, i.e. sintering of particles induced by radiation,
has been considered too, either using a lamp or selective sintering by
laser radiation.

In particular, NIR sintering of acrylate latex particles composed of a
copolymer of methyl methacrylate, butyl acrylate, and methacrylic acid
(in a weight ratio of 18.3:13.3:1; glass transition temperature deter-
mined by DSC to be 37.9 ◦C; particle diameter 420 nm) was compared
with sintering in a convection oven at 60 ◦C [131]. In some experiments,
poly(3,4-ethylene dioxythiophene)/poly(styrene sulfonate) (PEDOT/
PSS), which is strongly absorbing in NIR, was added [131]. Particles
were drop-cast on glass slides up to a thickness of 20 μm [131]. Film
temperature during sintering was monitored via a non-contact ther-
mometer [131]. The following conclusions were drawn [131]:

• the surface of the film treated with a convection oven was irregular,
with remnants of cracks, and the film was not fully transparent
because of surface roughness and wrinkling, while film heated under
NIR was smoother and transparent; in case of addition of PEDOT/PSS
(1 wt%), the film quality was also good, but with a bluish tint;

• the time required to reach 48 ◦C in a conduction oven was 10 min
against 2 min for NIR sintering in case of addition of PEDOT/PSS;
this result was ascribed to the fact that, with conductive heating in an
oven, heat diffuses from the film surface, which defines the time
dependence of the temperature; in contrast, in a radiative heating
process, energy is deposited directly into the film (varying with
depth according to the Lambert-Beer law);

• after just 4 min of NIR radiation, the voids were decreased in size and
the particles were flattened until almost loss of particle identity after
30 min; a similar evolution was detected in case of addition of
PEDOT/PSS, but more pronounced; in the oven at 60 ◦C, lower
particle flattening was observed.

Infrared radiation-assisted sintering was also investigated for three
methyl methacrylate/butyl acrylate (MMA/BA) copolymer latex parti-
cles (diameter 150 nm) with glass transition temperatures ranging from
45 to 64 ◦C: adjusting the IR power density enables accurate control over
film temperature, polymer viscosity and evaporation rate during latex
film formation; when the temperature is too high, a skin layer develops;
in order to avoid skin formation, the film temperature, and, hence, the IR
emitter power density, must not be too high; when the temperature is
too low, the process requires extended time periods [132].

Selective laser sintering of polymer particles has also been performed
and, by in situ visualization of the sintering dynamics, necking of PS
particles has been investigated over time (Fig. 7(d)) and the effect of
different parameters such as heating chamber temperature, laser pulse
energy and duration, laser spot size and particle size on the dimen-
sionless final neck radius (i.e. the ratio between the neck radius and the
particle radius) has been assessed [128]. When increasing the particle
radius from 30 to 105 μm, the ratio of the laser spot size to particle size
decreased from 0.66 to 0.19; since for large particles a larger part of the
heat energy flows to the non-illuminated regions, the temperature in-
crease in the neck region will be less, resulting in a higher viscosity and
thus a slower sintering kinetics [128]. For the cases resulting in
incomplete sintering, it can also be seen that the sintering kinetics slows
down at the later sintering stages, thereby no longer allowing a
description of the kinetics using a modified Frenkel model [128]. Once
incomplete sintering is obtained, the final dimensionless neck radius
decreases approximately linearly with the overall particle radius [128].
The sensitivity to the heating chamber temperature was shown to be
rather limited within a relatively wide range of heating chamber tem-
peratures [128]. The sintering kinetics was demonstrated to be rela-
tively insensitive to the applied laser pulse duration (or correspondingly
the laser power) [128]. A linear relation between the laser energy and
the dimensionless final neck radius was obtained for the whole range of
relevant laser energies, ranging from those resulting in nearly no sin-
tering to those leading to complete sintering [128]. A non-isothermal
viscous sintering model has been developed to predict the observed ef-
fects of the various parameters: while the initial sintering kinetics as a
function of time can be described with a modified Frenkel model for
isothermal sintering of viscous liquids (whereby the characteristic vis-
cosity depends on the applied process conditions), the overall sintering
kinetics is determined by a complex interplay between the temperature
and time effects on the viscosity [128]. Contrary to thermal sintering in a
homogeneously heated chamber, laser-induced particle sintering can

Fig. 7. - Polymer particle annealing: (a) set-up for laser sintering (rendering and close-up of the sample chamber depicting the laser path) (reproduced from
Ref. [128] with permission from the Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelanding/2019/sm/c8sm02081g); (b) PS (540 nm) colloidal
mask annealed in 25 ml of water/ethanol/acetone mixture with (1) 1, (2) 2, (3) 4, (4) 6, (5) 7 and (6) 10 microwave pulses (reproduced from [124], with permission,
copyright 2005, John Wiley & Sons); (c) thin layer interferometric colours corresponding to different annealing levels and, hence, interstice sizes between 540 nm PS
particles, in particular (1) 150 nm (not annealed) interstices, (2) 100 nm interstices, (3) 50 nm interstices, (4) 30 nm interstices and (5) completely closed interstices
(reproduced from [124], with permission, copyright 2005, John Wiley & Sons); (d) typical laser sintering experiment with particle radius of 60 μm, heating chamber
temperature 53 ◦C, pulse energy of 28 mJ and pulse duration of 800 ms (reproduced from Ref. [128] with permission from the Royal Society of Chemistry; https:
//pubs.rsc.org/en/content/articlelanding/2019/sm/c8sm02081g); (e) laser sintering kinetics of PA12 doublets with heating chamber temperature of 155 ◦C:
dimensionless neck radius versus sintering time (on the left: experimental data represented as coloured circles and fits with a modified Frenkel model indicated with
lines) and images of particle doublets after sintering (on the right) (reprinted from [130], Copyright 2022, with permission from Elsevier).
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slow down and even completely halt at later stages, as a result of the
viscosity build-up as a function of time due to the finite relaxation time
of the material [128]. Other polymer particles have been investigated,
for example polyamide 12 (PA12) particles, using also in situ synchro-
tron wide angle X-ray diffraction (WAXD) characterization
[129,130,137] (Fig. 7(e)). Different models have been developed to
describe the sintering process [96,97,112,137].

In addition to the heating system, also the particle characteristics
(such as functionalization or size) affect the results of thermal treat-
ments. It is known that such aspects influence self-assembly of particles
in terms of order and area coverage [1,5,6,9–11,14,138].

For instance, the influence of particle functionalization has been
investigated [123]. This has been done by comparing bare PS and
carboxylated PS particles (diameter 96 nm) deposited by spin coating on
silicon, annealed with a hot plate at different temperatures (90 ◦C, 100
◦C, 110 ◦C, 120 ◦C) and cooled to RT [123]. Non-annealed samples
consisting of bare PS particles at RT showed the coexistence of domains
of hexagonally ordered particles and of less ordered and uncovered
areas, due to non-optimized spin coating conditions [123]. In fact, self-
assembly techniques such as spin coating are more sensitive to experi-
mental conditions and more prone to defects in terms of area coverage
and order, unless a careful calibration of process parameters is carried
out [1,138]. The non-annealed carboxylated PS particles appeared less
ordered compared with the bare PS particles, even if with a higher and
more uniform average surface coverage [123]. After annealing, particle
coalescence occurred for bare PS particles, making individual particles
hardly distinguishable, whereas for carboxylated PS particles, individual
particles were still visible even if partially merged with neighbours
[123]. By studying the global characteristics of the particle film by
ellipsometry, it was found that, for thermal treatments around Tg, both
the thickness and the refractive index of the polymer film change for
both bare and carboxylated PS particles; the variation is strong for bare
PS particles already at 110 ◦C (while, at this temperature, only minor
changes are observed for carboxylated PS particles) and for carboxylated
PS particles at 120 ◦C [123] (Fig. 8(a)). The reason for the variation in
optical properties has been explained because [123]:

• before annealing, the samples are covered with spherical nano-
particles and voids in between them filled with air; because of the
voids, the effective index of refraction of the layer is lower than that
of bulk PS;

• after annealing above Tg, particles deform in a way leading to partial
merging and coalescence and reduction of the overall film thickness
(Fig. 3(b)) leading to fewer voids.

In brief, bare PS particles showed a rapid loss of ordering already at
110 ◦C, while carboxylated PS particles were more stable until 120 ◦C
[123]. This result was confirmed by in situ GISAXS measurements on
samples annealed for one hour [123]. Thus, the stability limit can be
shifted towards higher temperatures by a proper surface functionaliza-
tion, a finding that is useful for applications of PS nanoparticle films at
higher temperatures, e.g. when particles are used as a mask for material
nanostructuring steps carried out at higher temperatures [123].

Besides 2D particle assemblies, also 3D assemblies of polymer par-
ticles have been investigated upon annealing. For instance, such studies
have been performed by using in situ X-ray diffraction studies
[134–136]. In particular, PS particles were assembled by vertical
deposition on glass substrates; the annealing experiments were per-
formed inside the X-ray diffraction chamber [134–136]. More specif-
ically, the glass substrates were mechanically attached to a copper
holder plate fixed to a copper block designed as an insert flange in the
vacuum sample chamber; the heating of the copper block was supplied
by two parallel connected heating elements built into the copper block
body [134–136]. For the purpose of sufficient heat exchange, the inner
copper block with heating elements was separated by a Peltier element
from the outer copper part connected to a water cooling cycle;

temperature sensors and controllers completed temperature and heating
power control [134–136]. A sketch of the set-up for in situ SAXS and
GISAXS is shown in Fig. 8(b). During the measurements, the tempera-
ture of the sample was raised incrementally starting from RT; after each
temperature increment, a waiting time of 5 min was applied before
collecting the data to reach thermal equilibrium within the sample
[134–136]. Colloidal crystal films consisted of few tens of monolayers of
PS spherical particles, depending on the position on a film along the
growth direction, with a cracked texture composed of domains with an
average size of several tens of micrometers [134–136] (see the inset of
Fig. 8(b)). Fig. 8(c) reports the X-ray diffraction patterns measured in
situ during incremental heating of the PS colloidal crystals in experi-
ments for particles of two different sizes. The inspection reveals the
following behaviour [134]:

• at temperatures below glass transition temperature Tg, no strong
changes are observed in the structure of diffraction peaks, with only
a slight decrease in the intensity of higher order Bragg peaks at
elevated temperatures;

• at T > Tg, a rapid evolution of the diffraction patterns with temper-
ature is observed, namely with a gradual decrease in the intensity of
higher order diffraction peaks, which indicates the decay of long-
range order in the colloidal crystal upon heating; moreover, a 6-
fold modulation of both the intensity of Bragg peaks and the
diffuse scattering background in diffraction patterns suggests a
transformation of spherical particles in a colloidal crystal into a
faceted shape upon dry sintering.

The form factor profiles I(q) (obtained by azimuthal averaging of 2D
diffraction patterns over the 2π angular range) confirmed these obser-
vations [134] (Fig. 8(d)):

• a high number of intensity oscillations in these curves is found at
room temperature, due to the fact that the investigated colloidal
particles can be described as hard spheres with narrow size
distribution;

• the contrast of intensity oscillations of the form factor curves at high
q-values decreases with temperature, as a result of particle defor-
mation towards non-spherical shape and to broadening of the size
distribution of particles.

A detailed quantitative characterization of the Bragg peaks as a
function of temperature for the measured diffraction patterns via the
computation of the Bragg peak position qB, integrated intensity and full
widths at half maximum (FWHM) in radial (wq) and azimuthal (wϕ)
directions in reciprocal space allowed the identification of four different
stages in the structural evolution of particles upon heating [134]:

• stage I: it corresponds to heating from room temperature to pre-
annealing temperature TPA = 323 K; no significant variation occurs
in the peak parameters, except for a slight decrease in the peak po-
sitions qB due to thermal expansion of the crystal lattice, an increase
in wq and a decrease in wϕ for increasing temperature due to a slight
increase of the lattice positional disorder along with an annealing
effect when crystalline domains become more angularly ordered in
the plane of a film;

• stage II: it corresponds to a temperature between TPA and the
annealing temperature TA = 355 K; qB continues to decrease, while
both wq and wϕ increase until reaching a maximum at TA; these re-
sults suggest strong enhancement of the lattice disorder and mosaic
spread in the colloidal crystal film;

• stage III: it corresponds to a temperature between TA and Tg =

373 K; both wq and wϕ drop to a local minimum, due to the relaxa-
tion of the PS crystal film and the reduction of the structural disorder
due to annealing;
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Fig. 8. - Polymer particle annealing: (a) effect of functionalization on PS particle annealing, in particular simulated refractive index n and polymer layer thickness
d of spin-coated PS particles (upper part) and spin-coated carboxylated PS (lower part) during annealing treatment (reprinted with permission from [123]. Copyright
2012 American Chemical Society); (b) sketch of the set-up for in situ SAXS and GISAXS comprising an undulator source (U), a high heat load monochromator (HHM),
a pair of flat X-ray mirrors (M1 and M2), slit systems (S1, S2, S3), compound refractive lenses (CRL); the inset shows an optical micrograph of the colloidal crystal
(reprinted with permission from [134]. Copyright 2015 American Chemical Society); (c) X-ray diffraction patterns measured in situ during incremental heating of the
PS colloidal crystals in experiments for particles of two different sizes (upper row 415 ± 8 nm and lower row 386 ± 8 nm) (reprinted with permission from [134].
Copyright 2015 American Chemical Society); (d) form factor curves of PS spherical particles measured from colloidal crystal samples of 415 (left) and 386 nm (right);
the glass transition temperature of PS 373 K is indicated by the dashed curve (reprinted with permission from [134]. Copyright 2015 American Chemical Society); (e)
schematic diagram of the structural evolution in a colloidal crystal film under incremental heating at nanoscopic (top row) and mesoscopic (bottom row) length
scales (reprinted with permission from [134]. Copyright 2015 American Chemical Society); (f) schematic 3D model illustrating the structural rearrangement of face-
centered cubic (fcc) closed-packed colloidal spheres in the process of dry sintering (reproduced from Ref. [136] with permission from the Royal Society of Chemistry;
https://pubs.rsc.org/en/content/articlelanding/2018/sm/c8sm01412d).
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• stage IV: it corresponds to a temperature between Tg and Tm =

381 K; the PS colloidal film undergoes a fast melting process,
occurring in a narrow temperature range and ending when the Bragg
peaks completely disappear at Tm due to the coalescence of PS
particles.

Nanoscopic and mesoscopic changes occur upon incremental heating
during these four different stages as sketched in Fig. 8(e) [134]. The
nanoscopic length scale is about the size of a colloidal particle that is in
the range of few hundred nanometers in this case (Fig. 8(e), top row)
[134]. The mesoscopic length scale is related to the size of a coherently
scattering domain that is about a few micrometers for the colloidal
crystals under study (Fig. 8(e), bottom row) [134]. The following
changes have been found [134]:

• on the nanoscopic length scale, a linear growth in the average lattice
parameter has been found up to Tg due to thermal expansion; above
Tg, PS particles soften and change their shape by flattening in the
directions where they are in contact, leading to the observation of the
6-fold diffraction pattern; a decrease in the long range order in the
crystalline film occurs with a consequent decrease in the intensity of
higher order peaks for increasing temperatures; for temperatures
above Tg, the lattice parameter rapidly decreases until complete
disappearance of the crystalline structure at Tm;

• on the mesoscopic length scale, no particular change was observed
up to TPA, while for temperatures between TPA and Tg, more signif-
icant changes occur, namely a relaxation of the crystal lattice due to a
partial annealing process above TA and the coalescence of particles
and increase in the inter-atomic distances above Tg due to softening
and inter-diffusion of polymer chains.

In a 3D view, particle shape transformation from a sphere to a
rhombic dodecahedron occurs upon increasing temperature; the shape
transformation is followed by the particle fusion stage, where the
boundaries between particles merge together due to the inter-diffusion
of polymer chains (Fig. 8(f)) [135,136]. Size-dependent effects have
also been found: for example, the melting transition of the colloidal
crystal consisting of larger particles of 430 nm size took place at a
temperature higher than the transition temperature of the crystal made
of smaller particles of 163 nm size [135].

Restructuring of polymer particle films upon thermal annealing has
been observed also for other material systems, e.g. 3D assemblies of 160
nm diameter styrene/butyl acrylate copolymer particles (Tg = 64◦C)
[59]. The films, formed by evaporation, were annealed by placing them
directly on a glass cover slip in a preheated vacuum oven; the annealed
samples were quenched to room temperature immediately after thermal
treatments and were studied by SAXS [59]. By studying films annealed
at different temperatures (between 50 and 170 ◦C) and for variable
annealing time, the role of non-polymeric materials (such as emulsifiers,
surfactants and salts) present in the aqueous dispersions and located in
the interstices between particles before annealing was also emphasised:
as a consequence of this inter-diffusion of polymeric chains, non-
polymeric materials tend to aggregate into domains, whose size and
polydispersity increase with increasing annealing temperature and time,
as sketched in Fig. 9(a) [59].

The mechanisms of closure of voids between nanosized PS particles
(between 30 and 93 nm) deposited on silicon substrates in a closely-
packed morphology have been investigated by SANS to monitor the
size of the voids and their evolution during annealing [60]. Two
different patterns of void closure were individuated depending on par-
ticle size [60] (Fig. 9(b)):

• larger particles close simultaneously and uniformly throughout the
annealing process;

• for particles smaller than 60 nm the interstices close heterogeneously
at the nanoscopic level: at the beginning of annealing, some in-
terstices around the nanoparticles close while the others grow, and
eventually they all vanish.

The different behaviour has been ascribed to the larger poly-
dispersity of small particles compared to the larger ones, that leads to a
more amorphous random closely-packed structure for polydispersed
small particles and a more crystalline close-packed morphology for the
monodispersed large particles [60]. The random closely-packed struc-
ture in small particles yields interstices with a polydispersed size, con-
trary to the perfect closely-packed structure which gives interstices with
a monodispersed size [60]. Interstices with different sizes in the case of
small particles originate different curvatures of the polymer/air inter-
face, resulting in different Laplace pressures, with consequent closure of
some interstices around the particles and enlarging of the remaining
interstices [60]. The uniformity/heterogeneity of void closure was
shown not to be affected by the temperature and by the rheological
properties of the polymer, but rather by the morphology of the in-
terstices and particularly by their size distribution [60].

As we have seen from the cases previously discussed, particle ma-
terial plays a key role as it affects Tg. Careful adjustment of Tg can be
achieved in copolymer particles. As discussed in Appendix B, copolymer
particle composition can be properly adjusted to tune Tg of particle
material, thereby tailoring the morphological changes occurring upon
thermal treatment. This has been demonstrated in nBA-co-MMA
colloidal crystals (monodisperse nanoparticles comprising a random
copolymer of methyl methacrylate-MMA and n-butyl acrylate-nBA),
possessing different polymer compositions [56]. By varying the nBA
content between 10 and 30 vol% the glass transition can be shifted to
lower temperatures, in particular 103 ◦C, 74 ◦C and 54 ◦C for 10, 20 and
30 vol% nBA, respectively, with a consequent variation of the viscosity
of the polymer at a given temperature [56].

So far, we have discussed thermal treatment of dense 2D and 3D
assemblies of colloidal particles. Isolated and small assemblies (clusters
like lines or islands) of PS articles (about 100 nm) arranged on silicon
substrates by AFM manipulation have been investigated upon sintering
above the glass transition temperature Tg of PS: the particles exhibited a
significant (approximately 50%) reduction in height and became
strongly attached to the substrate; compact structures in form of lines
and islands could be obtained after sintering [51].

4.2. Thermal treatment of silica particles

Thermal treatment of silica and mesoporous silica particles is chiefly
governed by dehydration and dehydroxilation processes. At specific
temperatures, transitions in physicochemical properties of the particles
occur, especially in terms of surface functional groups, eventually
leading to contraction, necking and coalescence between neighbouring
particles.

Morphological variations in particles can be tracked by studying the
transmission spectra at normal incidence (Fig. 10(a-b)), complemented
by thermogravimetric measurements and SEM characterization. The
samples, consisting of 3D assemblies of silica particles, were baked at
different temperatures up to 1100 ◦C, with a heating ramp of 1 ◦C/min
and a holding time of 3 h at the selected sintering temperature [133]. An
initial decay in the wavelength corresponding to the minimum in the
transmission spectra λc was observed between 100 ◦C and 200 ◦C [133].
This behaviour was ascribed to sample contraction revealed by ther-
mogravimetric measurements: non-annealed samples contain 9% wt
interstitial water, partially hydrogen-bonded to the silanol groups pre-
sent on the particle surface; thermal annealing above 100 ◦C results in
water removal, with a consequent first contraction of the structure
[133]. In addition, water contributes to an increase in the average
dielectric constant; hence, loss of water originates a blue-shift of the
Bragg reflection wavelength [133]. Above 200 ◦C, dehydroxylation
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Fig. 9. - Polymer particle annealing: (a) sketch of the aggregation of non-polymeric materials into domains, whose size and polydispersity increase with increasing
annealing temperature and time and schematic of the structural evolution of crystallites during annealing at 110 ◦C and corresponding schematic X-ray diffraction
curves (reprinted with permission from [59]. Copyright 2011 American Chemical Society); (b) schematics of different patterns of void closure during particle
deformation depending on particle size (reprinted with permission from [60]. Copyright 2009 American Chemical Society).
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processes (implying condensation of the surface silanol groups) occur
[47,133]. This results in a surface with new physicochemical charac-
teristics, which, as a consequence, could modify the interparticle in-
teractions, leading to the observed shrinkage of the structure, which
could be responsible for the gradual decrease in λc between 200 ◦C and
700 ◦C [133]. Between 700 ◦C and 950 ◦C, neck formation occurs,
without contraction, resulting in no variation in λc [133]. The sharp
variation in λc above 950 ◦C is due to the strong contraction of the
structure due to particle interpenetration via viscous flow [133]. This
phenomenon causes a reduction of the interstice size (thereby increasing
the filling factor of the structure) and is responsible for the observed
reduced intensity of the optical attenuation bands [133]. SEM charac-
terization revealed a shrinkage of 7% for the structure treated at 700 ◦C
with respect to the non-annealed sample, but no further contraction
until 950 ◦C, with minor morphological changes up to 950 ◦C [133].
Hence, the whole structural and optical changes are due to the

combination of different phenomena (such as water desorption, surface
chemistry and shrinkage) induced by thermal treatment, which causes
an increase in the filling factor from 0.74 (non-annealed sample) to 1
(system without interstices and, consequently, devoid of diffraction for
annealing at 1100 ◦C) [133]. These phenomena can be exploited for
optical applications, as we will discuss in section 7.2.1.

In [139], sintering of non-porous silica nanoparticles spin-coated to
form a monolayer has been investigated: sintering was accomplished by
increasing the temperature from 800 ◦C up to 1200 ◦C at a rate of 1 ◦C/
min in presence of air, then maintaining constant step temperature for 3
h. A distinct neck-formation was observed, starting at 800 ◦C and
becoming more evident at 950 ◦C; above 1100 ◦C, coalescence of par-
ticles was observed until the formation of a continuous layer of coa-
lesced silica particles [139]. Particle size distribution and surface
packing density were investigated, revealing shrinkage of individual
particles and compaction with a change in area coverage [139]. A

Fig. 10. Silica particle annealing: (a) transmission spectra performed at normal incidence for a photonic crystal made up of silica spherical particles of diameter 415
nm annealed at different temperatures (the vertical bar indicates one decade of attenuation) (reproduced from [133], with permission, copyright 1998, John Wiley &
Sons); (b) the (111) Bragg reflection maximum wavelength λc plotted against the annealing temperature T (reproduced from [133], with permission, copyright 1998,
John Wiley & Sons); (c) SEM images and sketch of mesoporous silica particles upon sintering (reprinted with permission from [119]. Copyright 2015 American
Chemical Society); (d) SEM images of mesoporous silica particle layers before sintering and after sintering at different temperatures (reprinted with permission from
[119]. Copyright 2015 American Chemical Society); (e) evolution of pore size for mesoporous silica particles sintered at different temperatures (reprinted with
permission from [119]. Copyright 2015 American Chemical Society).
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geometrical model was developed to quantitatively estimate the evolu-
tion of the neck and shrinkage of the silica particles as well as their
curvature radius and interpenetration depth [139].

In [119], heating of mesoporous silica particles has been investi-
gated. Thermal treatment of mesoporous silica particles induces densi-
fication and loss of pore volume as sketched in Fig. 10(c) [119].
Monolayers of mesoporous silica particles (diameter 154 nm) assembled
on silicon substrates by dip coating have been subjected to thermal
treatment in an oven and heated under air flow with a ramp of 1 ◦C/min
(sintering at 500, 600, 700, 800, 900 ◦C for one hour followed by quick
cooling to 80 ◦C) [119]. Particle diameter and pore size were estimated
for the different temperatures [119]. Fig. 10(d) shows the corresponding
SEM images and particle size distribution. For increasing temperature,
the particle distribution widens and tends to higher mean diameter
values, then narrows again at 700 ◦C; at higher temperatures, the dis-
tribution widens again but with lower average diameter [119]. Low
angle X-ray diffraction (XRD) was used to investigate pore evolution
with temperature, which confirmed a densification of the particles, with
the decrease in pore volume from 500 ◦C and of pore diameter from 700
◦C [119]. The pore size was not influenced by sintering at 500 ◦C (about
3.5 nm), but decreased at higher temperature (3.2 nm at 700 ◦C and 2.6
nm at 900 ◦C); the pore volume decreased by a factor 2 for sintering at
900 ◦C [119]. Fig. 10(e) shows the evolution of pore size upon thermal
treatment [119]. Above a certain temperature, the diffusion of atoms
along the surfaces of mesoporous silica particles is promoted, thereby
leading to the formation of necks binding adjacent particles together or
increasing binding of particles to the substrate [119]. At higher tem-
peratures and upon densification of silica, volume diffusion becomes the
predominant mechanism; the presence of necks is one of the key in-
dications confirming the occurrence of surface diffusion [119]. In
particular, it was found that neck formation is clearly observable at 900
◦C, but such a high sintering temperature implies also shrinkage of
mesoporous silica particles and the occurrence of crevices between
clusters of particles, while, at 700 ◦C, a moderate inflection in pore
volume in comparison with treatment at 600 ◦C was observed [119].
The morphological changes observed in mesoporous silica particles were
explained in terms of the behaviour of the silanol groups present on both
the surface and inside the particle [119]. As described in section 2.2,
upon thermal treatment at increasing temperatures (400–700 ◦C), the
number of − OH groups plunges. Such a decrease in hydroxyl groups was
confirmed by comparing NMR measurements on mesoporous silica
particles treated at 600 ◦C and untreated particles as well as by TGA-DSC
[119]. At 500 ◦C, a slight increase in particle diameter was noticed,
ascribable to the initiation of Si and O rearrangement due to − OH
condensation into Si − O − Si [119]. Between 500 and 600 ◦C, strong
particle swelling occured (>10% of the initial diameter) as well as the
presence of a slight heterogeneity in particle morphology [119]. This
increase in particle size may be attributed to a rearrangement of the SiO2
framework, possibly in the presence of H2O from further Si − OH
condensation reactions [119]. Between 700 and 800 ◦C, pore volume
and radius decrease significantly as a result of an intra-particle diffu-
sion/densification process as well as by hydroxyl condensation [119].
Thermal treatment of mesoporous silica particles below 700 ◦C was
suggested as a route to ensure anchoring of mesoporous silica particles
to silicon substrates and between them, while preserving optimal mes-
opore volume and structure [119].

The role of hydroxyl groups in promoting the formation of necks
between mesoporous silica particles as well as in affecting the refractive
index has been investigated also in [120] by combining TGA, FTIR, SEM,
ellipsometry and ellipsometric porosimetry. In particular, a reduction in
the refractive index of mesoporous silica films was observed due to the
decrease of − OH groups (because the presence of − OH groups increases
the dielectric constant of mesoporous silica films).

4.3. Thermal treatment of composite particles

Thermal treatment of PS core/silica shell particles can be exploited
to get spherical hollow silica particles [140]. Calcination of the core/
shell structure was performed by heating core/shell particles in a
furnace at 500 ◦C, 650 ◦C, 800 ◦C or 950 ◦C in air for 12 h [140].
Decomposition of the PS core sets in at about 300 ◦C [140]. Thermal
elemental analysis of N, C and O confirmed the complete combustion
process by a lack of carbon in the 500 ◦C calcined particles, demon-
strated also via TGA where a loss of ~2% was observed due to the
removal of intercalated water [140]. The weight loss step (~ 2%) at
temperature up to 100 ◦C relates to the loss of adsorbed water [140].
Another 1% of mass is lost up to 950 ◦C, which can be attributed to the
removal of trace amounts of silica condensation products such as water
[140]. During this core-removal calcination step the outer diameter of
the core/shell sphere shrinks by about 2% when transitioning into hol-
low spheres [140]. Uniformity and monodispersity of the obtained
hollow spheres was confirmed by transmission electron microscopy
(TEM) measurements, which showed that the spheres remain fully intact
during the calcination cycle and that they do not feature any cracks or
dents; they exhibit a smooth surface, do not form aggregates or clusters
or sinter necks between particles, so that they can be individually
redispersed in ethanol (Fig. 11(a-d)) [140]. Furthermore, only a minor
shrinkage of their diameter and shell thickness was observed even after
higher calcination temperatures up to 950 ◦C: the diameter slightly
shrank from 316 nm to 310 nm, whereas the shell thickness remained
almost constant at 44 nm [140]. The density of the silica shell measured
via He pycnometry was shown to be 2.27 g cm− 3 [140]. The internal
structure of the silica shells changes quite considerably with the calci-
nation temperature [140]. Using N2 sorption measurements, NMR and
non-local density functional theory (NLDFT) analysis, a drop in the
micropore volume was detected for increasing calcination temperature
[140]. Fig. 11(e) reports the pore size distribution for variable calcina-
tion temperature, revealing the closure of micropores of about 5–8 Å in
radius for increasing temperature [140]. Despite the rearrangement,
which happens during the high temperature calcination, the SiO2
network remains in its fully amorphous state and exhibits no onset of
crystallization, as suggested by XRD characterization [140]. Silica net-
works obtained by the Stöber method predominantly consist of Si atoms,
which are connected to three (Q3) or four (Q4) neighbouring − O − Si−
units [140]. The ratio between Q3 and Q4 changes with increasing
calcination temperature and ultimately leads to a fully condensed SiO2

network: the ratio Q4/
(
Q3 + Q4) increases from 0.88 to 0.94 for tem-

peratures varying between 500 and 950 ◦C [140]. In addition, also the
rigidity of the still amorphous silica network increases for increasing
temperature [140]. All these changes to the internal structure (surface
area reduction, closure of micropores, increase of Q4 content and in-
crease of rigidity) happen simultaneously during calcination as sketched
in Fig. 11(f) [140]. Colloidal crystals of hollow silica nanoparticles have
been proposed as a highly thermally insulating material controllable via
the calcination temperature, with a temperature-dependent thermal
conductivity increasing for increasing calcination temperature (Fig. 11
(g)) [140].

Thermal annealing of core/shell particles composed of polymers
with a strong difference in glass transition temperature has been
investigated using GIUSAXS and AFM [73]. In particular, particles were
made up of a low-Tg (− 54 ◦C) core (n-butylacrylate, 30 wt%) and a high-
Tg (41 ◦C) shell (t-butylacrylate, 70 wt%) and had an overall diameter of
about 500 nm [73]. The particles were self-assembled on silicon sub-
strates by vertical dip coating and annealed at temperatures between 60
and 140 ◦C by placing them directly on a copper plate in a preheated
oven for 2 h; other tests were carried out at 60 ◦C for annealing time
between 5 and 800 min; the annealed samples were quenched to room
temperature immediately after thermal treatment [73]. The AFM images
showed smoothening of the surface morphology of the latex film during
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annealing, while GIUSAXS for variable temperature revealed a distinct
change in the structure of the thin film, in particular with the disap-
pearance of the Bragg peaks representing large-scale ordering and the
appearance of a new Bragg peak representing small scale ordering,
which suggest a thermally induced reconstruction of the latex film
(Fig. 11(h-i)) [73].

Thermal annealing of colloidal crystal fibers formed by self-assembly
of styrene/n-butyl acrylate copolymer particles (118 nm diameter) in a
cuboidal Kapton tube with a length of 25 mm, a width of 5 mm and a
height of 1.5 mm has been investigated by SAXS for variable tempera-
ture, revealing changes of the lattice constant of the colloidal crystallites
and the intensity evolution of the scattering from the crystalline and the
amorphous phases during heating and annealing; such changes denote
characteristic temperatures where the system exhibits pronounced
structural changes [72].

Thermal properties of polymer-grafted particle systems have been
investigated, for example polystyrene-grafted silica colloids in the dense
grafting limit: the glass transition temperature of particle brush mate-
rials was shown to depend on the architecture of particle brush systems;
generally speaking, the grafting of polymers to the particle surface was
found to raise the glass transition temperature of polymers and the
relative increase (with respect to the corresponding linear polymer of
equal degree of polymerization) was found to increase with decreasing
degree of polymerization of surface-grafted chains [141].

5. Thermal annealing of polymer particles on a polymer film

Thermal annealing of polymer particles pre-assembled on a polymer
film has been investigated as a tool to get anisotropic particle shapes or
structured polymer films [142].

The principle is shown in Fig. 12(a-b). As a model system, PS parti-
cles on PMMA-coated glass have been considered. The sequence of the
processing steps can be summarized as follows [142]:

• polymer particles are assembled on the polymer film;
• annealing is carried out at a temperature T > Tg of both the particle

material and the polymer film (for example at 240 ◦C higher than Tg
of both PS and PMMA which amount approximately to 100 ◦C for PS
and 105 ◦C for PMMA, respectively) for a certain annealing time;

• polymer particles gradually sink into the polymer film and convert
their shape from spherical to hemispherical in case of thick polymer
film or in disk-like particles in case of thin polymer films;

• by selective removal of the polymer film (e.g. using acetic acid for the
PS/PMMA system), anisotropic polymer particles can be released; by
selective removal of particles (e.g. using cyclohexane for the PS/
PMMA system), a patterned polymer film can be obtained; if none of
them is removed a heterogeneous deformed PS/PMMA polymer
surface is obtained.

Morphological evolution of PS particles of 6–10 μm on thin (5 μm)
and thick (13 μm) PMMA films has been investigated as a function of
time by optical microscopy and SEM (Fig. 12(c)) [142]. The PS particles

Fig. 11. - Silica particle annealing: (a-d) TEM images of hollow silica nanoparticles at different calcination temperatures (500–950 ◦C); the particle dimensions
remain constant for the various calcination temperatures and do not show any clustering (reproduced from Ref. [140] with permission from the Royal Society of
Chemistry; https://pubs.rsc.org/en/content/articlelanding/2015/nr/c5nr00435g); (e) computed pore radius distributions suggesting closure of the micropores at
higher calcination temperatures (reproduced from Ref. [140] with permission from the Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelanding
/2015/nr/c5nr00435g); (f) schematic representation of the internal structural changes upon high temperature calcination (redrawn and adapted from [140]); (g)
thermal conductivity of annealed colloidal crystals (450–950 ◦C), calcinated at 950 ◦C prior to the assembly of the monoliths (reproduced from Ref. [140] with
permission from the Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelanding/2015/nr/c5nr00435g); (h) scan of the GIUSAXS pattern of the latex
film before annealing along the qy direction at qz = 0.27 nm− 1; the inset indicates the structure of the latex film (reprinted with permission from [73]. Copyright 2008
American Chemical Society); (i) GIUSAXS patterns along the qy direction at qz = 0.27 nm− 1 for a latex film annealed at different temperatures for 2 h (reprinted with
permission from [73]. Copyright 2008 American Chemical Society).

Fig. 12. - Thermal annealing of polymer particles on a polymer film: (a) sketch of the experimental process to prepare PS/PMMA composites by annealing PS
microspheres on PMMA films to obtain either PS hemispheres or porous PMMA films by the selective removal technique (reprinted with permission from [142].
Copyright 2015 American Chemical Society); (b) sketch of the experimental process to remove the PMMA film or the PS particles selectively in the case of thinner
PMMA films and corresponding SEM images (reprinted with permission from [142]. Copyright 2015 American Chemical Society); (c) SEM images of PS microspheres
annealed on PMMA films at 240 ◦C for (1) 0, (2) 30, (3) 60, (4) 180, (5) 240 and (6) 300 s (reprinted with permission from [142]. Copyright 2015 American Chemical
Society); (d) sketch of transformation of single or multiple spheres into hemispheres and plot of the radius of the merged PS particles as a function of the number of
microspheres (the original radius of the PS microspheres before annealing is ~3 μm) (reprinted with permission from [142]. Copyright 2015 American Chemi-
cal Society).
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gradually sink into the PMMA films with the annealing time, until
sinking completely after about 300 s; the surfaces of the PS/PMMA
composite films become flat [142]. This has been explained in terms of
surface tension: the one of PS is lower or very close to that of the PMMA
when the samples are annealed at 240 ◦C [142]. The possible presence of

the surfactants, used for PS particle synthesis, might also contribute to
the lower surface tension of the PS [142].

The shape evolution has been modelled under the hypothesis that PS
particle volume is conserved during the annealing process [142]. In case
of transformation into a hemispherical shape for an isolated particle, the

Fig. 13. - Thermal annealing of polymer particles on a polymer film: (a) schematic of the PS/PVA composites for thicker and thinner PVA films (reproduced from
[143], with permission, copyright 2016, John Wiley & Sons); (b) SEM images of the cross-sections of PS/PVA composites for thinner PVA films (thickness ~ 1 μm)
(reproduced from [143], with permission, copyright 2016, John Wiley & Sons); (c) SEM images of PVA films with cavities and asymmetric PS particles: (1) a PVA film
with a cavity, (2) an asymmetric PS particle, (3) an asymmetric PS particle and a cavity and (4) an asymmetric PS particle near a cavity (reproduced from [143], with
permission, copyright 2016, John Wiley & Sons); (d) plots of diameter ratio (D/D0) versus time with different time ranges (reproduced from [143], with permission,
copyright 2016, John Wiley & Sons); (e) sketch of the geometrical model of morphological change (redrawn and adapted from [143]).
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following equation should hold [142]:

4
3

πr3 = Vsphere = Vhemisphere =
1
2

4
3

πR3
1 (10)

where Vsphere is the volume of the original spherical particle of radius r
and Vhemisphere is the volume of the deformed hemispherical particle with
radius R1 after annealing. Hence, the final particle radius can be written
as [142]:

R1 =
̅̅̅
23

√
r (11)

In case multiple neighbouring particles are annealed, particles
aggregate, merge and transform into larger hemispheres; the previous
model can be extended to the case of n particles in the following way
[142]:

n
4
3

πr3 = nVsphere = Vhemisphere(n) =
1
2

4
3

πR3
n (12)

where Vhemisphere(n) is the volume of the hemisphere resulting from
merged particles whose radius Rn is [142]:

Rn =
̅̅̅
n3

√
r (13)

These relationships were confirmed by measurements on both iso-
lated and multiple neighbouring particles (Fig. 12(d)) [142].

The flexibility of the process has been explored by changing the
polymer material combination. While flattened asymmetric polymer
particles were obtained in the PS particle/PMMA film system, by
replacing PMMA with poly(vinyl alcohol) (PVA, Tg = 85◦C) films,
asymmetric PS particles composed of two hemispheres with different
curvatures can be obtained after annealing at 240 ◦C and selective
removal of PVA film in acetic acid or PVA films with cavities can be
generated after selective removal of PS particles in cyclohexane as
inferred from studies of 10 μm PS particles on thin (1 μm) and thick (7
μm) PVA films [143]. The morphologies obtained for thin and thick PVA
films are shown in Fig. 13(a-c). For longer annealing times, PS particles
sink more deeply into the PVA film for both isolated and multiple
neighbouring particles; for example, two particles can form peanut-like
and rod-like structures [143]. The morphological transformation has
been explained as the combination of two processes [143]:

• the deformation process: the shape of the PS particles converts from
spherical to asymmetric; this process dominates at the initial stage of
annealing;

• the sinking process: the PS particles are immersed into the PVA films
and their shape is preserved; this process dominates at a later stage of
annealing.

By studying the variation of particle diameter over time (in partic-
ular its increase with respect to the initial particle diameter), two
different regimes have been distinguished (Fig. 13(d)) [143]:

• an initial period of linear growth;
• a second period of non-linear slower growth.

A geometrical model of shape change has been developed as illus-
trated in Fig. 13(e) in case of thick PVA film. The final shape is the
intersection of two spheres with different radii, where Rb is the radius of
the bottom sphere, Rt is the radius of the top sphere, Rd is the radius of
the deformed particle, h is the upper height of the particle and d is the
lower height of the particle [143]. The upper height h can be estimated
by SEM images even without removal of PVA and the lower height dh
can be estimated by volume conservation as [143]:

4
3

πr3 = Vsphere = Vdeformed = Vb +Vt = πh2
(

Rb −
1
3
h
)

+ πd2
(

Rt −
1
3
dh
)

= πh2

(
R2
d + h2

2h
−

1
3
h

)

+ πd2
h

(
R2
d + d2

h
2d

−
1
3
dh

)

(14)

Deviations from this geometrical model could occur because of its
simplifying assumptions: in particular, perfect volume conservation
could not be guaranteed because slight volume contraction could take
place during thermal annealing to get a denser packing of polymer
chains; in addition, the ideal model of two intersecting spheres could not
be completely faithful to reality [143].

Annealing at lower temperatures (e.g. 200 ◦C) results in a slower
annealing process because of the lower mobilities of the polymer chains
and higher polymer viscosity at lower temperatures [142,143].

Self-stretching and deformation into ellipsoidal shapes could be ob-
tained by performing annealing on polymer particles assembled on a
free-standing polymer film clipped with two binder clips on both sides;
after the annealing process, the binder clips were removed from the
films and the deformed polymer films with stretched polymer particles
were obtained [144]. In particular, the process illustrated in the sche-
matic (Fig. 14(a)) has been applied to the annealing at 240 ◦C of 10 μm
PS particles on 50 μm thick PVA films; morphological changes have been

Fig. 14. - Thermal annealing of polymer particles on a free-standing polymer
film: (a) sketch of the thermal annealing and self-stretching processes (reprinted
with permission from [144]. Copyright 2017 American Chemical Society); (b)
photograph of a PS/PVA composite film before and after the annealing and
stretching process (size of the original film 2 cm × 2 cm) (reprinted with
permission from [144]. Copyright 2017 American Chemical Society); (c) sketch
and SEM images of the PS particles collected from different positions on a PVA
film (left); aspect ratio of the PS particles as a function of the positions on the
PVA films (right) (reprinted with permission from [144]. Copyright 2017
American Chemical Society).
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investigated either by selectively removing PVA (by immersion of the
PS/PVA composite in 30% isopropanol/water solution at 65 ◦C) to get
anisotropic PS particles or by selectively removing PS (by immersion in
toluene) to get PVA films with cavities [144]. Due to annealing far above
the glass transition temperature, PVA films and PS particles are softened
and become deformable [144]. As the surface tension of PS is much
lower than that of PVA, the PS particles sink into the PVA films during
the annealing process [144]. Simultaneously, the deformation of the
PVA films to stretch the PS microspheres is induced by the high tem-
perature annealing and bound edges [144]. As no external forces are
applied to the PVA films during the deformation processes, shaping
occurs via self-stretching [144]. Residual water in the PVA films is
evaporated because of the high-temperature annealing, resulting in the
contraction of the films and the deformation of the PS particles [144].

A crucial element for the process is represented by the binder clips,
which confine the rims of the PVA films; they can be exploited to affect
the deformation of the PS particles at different locations of the PVA films
and get anisotropic PS particles with different shapes on a single PVA
film, in particular [144]:

• for PS particles collected close to the binder clips, the samples are less
stretched and oblate spheroidal PS particle deformation occurs;

• for PS particles farther from the binder clips, the degree of stretching
increases and prolate spheroidal PS particle deformation is observed
(aspect ratio expressed as the ratio between major and minor axis
equal to 1.2);

• for PS particles near the center of the PVA films, the degree of
stretching is the highest and prolate spheroidal particle deformation
is found (aspect ratio of 1.5).

Fig. 14(b-c) show the deformation at different locations of the PVA
film.

Deformation has been explained in the light of two different models
[144]:

• a stretching force model, in which PS particles are stretched along
the clip-clip direction; it is due to the contraction of the PVA films
near the binder clips, which causes the stretching of the middle PVA
films towards the binder clips to release the residual strains;

• a squeezing force model, in which PS particles are squeezed
orthogonally to the clip-clip direction; it is caused by the surface
tension of PVA and the evaporation of the residual water in the PVA
film.

Different particle shaping effects can be obtained by using different
binder clip configurations (for example four binder clips instead of two)
[144]. Also in this case, polymer particles or polymer cavities of more
complex shapes can be obtained by multiple neighbouring particles
[144].

Morphological changes can be investigated by optical microscopy,
SEM and scanning probe microscopy techniques such as AFM and
scanning near field optical microscopy (SNOM) [142–148].

Comparison between polymeric and non-polymeric substrates has
been performed. In particular, the influence of both temperature and
substrate (polymeric and non-polymeric) has been investigated in
thermal annealing of PS particles [149]. More specifically, ordered
monolayers of PS spherical particles were prepared on both hydrophilic
(glass and mica) and hydrophobic (PS and PMMA) substrates by
convective self-assembly [149]. The influence of annealing on order was
quantitatively assessed by image processing and analysis at tempera-
tures below and above the glass transition temperature Tg of PS (97 ◦C)
and PMMA (100 ◦C), with the following conclusions [149]:

• generally speaking, large ordered domains in the monolayers break
up into smaller regions separated by cracks, because of the thermal

expansion of the polymer and the attractive dispersion force between
particles;

• large changes in the monolayer morphology were observed even by
annealing to temperatures below the Tg of PS (ramping the temper-
ature from 20 to 90 ◦C at 1 ◦C per minute, holding the samples at the
elevated temperature for a certain amount of time, then ramping the
temperature back down to 20 ◦C at the same rate); for samples with
initially poor order, no change in the monolayer morphology was
observed upon annealing; however, for samples with initially higher
order, particles would move and a large, apparently well-ordered
domain would break up into a collection of smaller domains sepa-
rated by cracks, similar to the appearance of a dried mud puddle;
when the temperature is decreased to room temperature, particles
become smaller, but if the surfaces of neighbouring microspheres
stick together during the heating cycle, this feature will be preserved
as the temperature is decreased, forming small, densely packed re-
gions within the monolayer, thereby broadening the cracks; the
substrate affects the rate at which changes in the microsphere
monolayer morphology occurred at elevated temperatures; for
instance, the evolution was much slower for monolayers on glass
than for monolayers on PMMA substrates; in addition, rolling or
dragging of the microspheres during the sticking of the particles at
high temperature and during their subsequent cooling to room
temperature is affected by the substrate;

• in annealing experiments above Tg of PS (the temperature was
ramped at 1 ◦C per minute from 95 to 140 ◦C and images of the same
area of the sample were acquired at 1 min intervals), measurements
of the widths of cracks in the monolayers showed differences be-
tween substrates: in the initial stages of the experiments, the changes
in morphology for microsphere monolayers on the different sub-
strates did not differ significantly, with essentially no change at all
until the temperature reached approximately 106 ◦C, after which the
cracks separating densely packed regions began to increase in width,
as the microspheres in the densely packed regions started to deform
and material began to flow; at later stages, the width of the cracks in
monolayers on PS substrates were observed to decrease more quickly
than for monolayers on PMMA substrates;

• after very long times at relatively high temperatures, the monolayers
on both substrates became essentially smooth films.

6. Thermal annealing at the air/water interface

Thermal annealing of particle monolayers self-assembled at the air/
water interface has been proposed as a route to tune the interstice size
without major alteration of the initial particle arrangement (i.e. with
negligible introduction of extra cracks) [150]. The possibility to carry
out thermal treatments at the air/water interface permits to benefit from
the high control over order and morphology of colloidal monolayers
attainable by this self-assembly technique in comparison to other
methods [1,5,6,10,11,14,17]. In addition, simple implementations of
air/water interface self-assembly have been worked out, offering accu-
rate control over morphology and area coverage of the final monolayer
with a straightforward implementation in both crystalline [5,14] and
amorphous patterns [10,11]. The morphology can be subsequently
investigated using SEM or scanning probe microscopy techniques
[150–154].

Fig. 15(a) shows the schematic of the process for thermal annealing
of a colloidal polymer particle monolayer; the process is articulated in
the following steps [150]:

• a colloidal monolayer is self-assembled at the air/water interface in a
Petri dish;

• after self-assembly, the monolayer is transferred to an intermediate
glass substrate;

• the colloidal monolayer is transferred onto the water surface inside a
hydrothermal reactor via the intermediate glass substrate;
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• thermal annealing is applied to the floating colloidal monolayer
sealed in the hydrothermal reactor at a temperature T higher than Tg;

• the annealed monolayer is transferred to the desired solid substrate.

In selecting the temperature T for annealing, one should take into
account these two factors [150]:

• the glass transition temperature Tg of the polymer particle material,
because T should be higher than Tg;

• the highest temperature for existence of water in the liquid phase in
an open system is its boiling point at local atmospheric pressure;
above that temperature, transition into the vapour phase will occur
rather than increase in temperature as additional thermal energy is
provided, limiting highest temperature to 100 ◦C if the environ-
mental pressure is the standard atmospheric pressure; in case of a
closed system (as is the case for a hydrothermal reactor), water
vapour due to continuous heating cannot escape from the confined
space, entailing an increased inner pressure; hence, the water in a
hydrothermal reactor can offer homogeneous conditions for thermal

Fig. 15. - Thermal annealing at the air/water interface: (a) schematic of the process for thermal annealing of a colloidal polymer particle monolayer at the air/water
interface (redrawn and adapted from Ref. [150]); (b) SEM images of monolayers of 683 nm PS colloidal particles after thermal annealing at 120 ◦C for (1) 30 min, (2)
40 min, (3) 50 min, (4) 60 min, (5) 70 min, (6) 80 min, (7) 82 min and (8) 83 min, respectively (the insets show high magnification SEM images; the scale bars are
200 nm); the lower plot shows the interstice size as a function of the annealing time at 120 ◦C (reproduced from Ref. [150] with permission from the Royal Society of
Chemistry; https://pubs.rsc.org/en/content/articlelanding/2012/jm/c2jm33660j); (c) sketch of PS particles before thermal annealing (left), after the appearance of
the annular region (center), after merging of the two locations (right); A indicates the contact point at the equator, B the three-phase interface, C the annular region
(redrawn and adapted from Ref. [150]); (d) tilted cross-sectional views of monolayers of 683 nm PS particles annealed at 120 ◦C for (1) 40 min, (2) 50 min, (3) 60
min, (4) 70 min, (5) 80 min, (6) 82 min, (7) 85 min and (8) 87 min (scale bar 200 nm) (reproduced from Ref. [150] with permission from the Royal Society of
Chemistry; https://pubs.rsc.org/en/content/articlelanding/2012/jm/c2jm33660j).
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annealing with a temperature above 100 ◦C and does not boil as it
does in an open system, thereby hampering possible disruption of
monolayer arrangement.

Experiments have been carried out on PS particles (diameter 683
nm) at different temperatures (100 ◦C, 120 ◦C, 150 ◦C and 180 ◦C, with
Tg of PS of around 100 ◦C) with the following conclusions [150]:

• concerning the annealing time (variable up to about 85 min for T =

120◦C), experiments at 120 ◦C revealed no major change for an
annealing time up to 40 min; for longer annealing time, an annular
region appears at the edge of each PS particle; the interstice size
between three neighbouring particles gradually shrinks, but still re-
tains a concave-line nearly triangular shape; for an annealing time
above 80 min, the annular regions of two neighbouring PS particles
combine together, leading to a regular triangular interstice between
three neighbouring particles; with even longer annealing time, the
interstice size rapidly shrinks, while the shape of the interstice turns
into a convex-line triangle; by studying the time-dependence of the
interstice size, a non-linear behaviour was observed, with the pres-
ence of two different stages of shrinkage (a first stage with a lower
shrinkage rate with a rate of about 0.7 nm/min for an annealing time
below 70 min at 120 ◦C and a second stage with a faster shrinkage
rate of about 5.3 nm/min for an annealing time above 70 min at 120
◦C); at some point, the interstices get completely closed (for about 85
min at 120 ◦C) (Fig. 15(b));

• concerning the dependence on temperature, by comparing experi-
ments at the same annealing time of 50 min, a higher annealing
temperature increases the shrinkage rate, because the mobility of the
polymer chains is enhanced due to the increased thermal energy; a
non-linear time-dependence similar to the one observed for 120 ◦C
was found at 150 ◦C, but with complete closure of the interstices
already after 60 min;

• as to particle size, experiments performed at 120 ◦C for another PS
particle diameter (898 nm) revealed a similar trend in interstice
shrinkage.

By observing temporal evolution of particle shape, it has been
observed that morphological changes of PS particles occur at two
different locations, as illustrated in Fig. 15(c) [150]:

• at the contact point A between two neighbouring particles;
• at the liquid/gas/solid three-phase contact line (see point B).

When no thermal annealing is applied, two neighbouring particles
touch in a point; thermal annealing at T > Tg increases the mobility of
the polymer chains, leading to particle merging at the contact point
(point A) and reduction of interstice size; at the same time, also the
mobility of the top part of PS particles increases, similarly to what occurs
in the bottom part immersed in water; at the liquid/gas/solid three-
phase contact line (see point B), the surface tension of water tends to
pull the softened polymer chains of the top part of PS spheres which
protruded out of the water along the three-phase contact line to reduce
the contact area between liquid water and its vapour, resulting in the
formation of a ridge at the three-phase contact line; as annealing time
increases, morphological changes become more dramatic [150]. The
morphological evolution was confirmed by cross-sectional views of the
annealed particle monolayers at 120 ◦C for increasing annealing time
(Fig. 15(d)) [150]. Three neighbouring particles tend to connect
together with the formation of necks at the equatorial region and a ridge
(probably corresponding to the annular region in the top view SEM
images) at the three-phase contact line for sufficiently long annealing
time (40 min); the ridge and particle coalescence due to the formation of
necks become more evident for increasing annealing time; the defor-
mation of the equator drags the adjacent ridges that approach each other

until coalescence and merging of necks and ridges (>70 min); the
deformation at both the equator and the three-phase contact line
contribute to interstice shrinkage, until complete closure [150]. Simul-
taneously, the top part of the PS particles protruding out of the water
surface flattens under the combined action of thermal energy and sur-
face tension of water, while the bottom part retains the spherical shape,
leading to an asymmetric particle deformation [150]. For increasing
annealing temperature, the polymer chains diffuse more and more
quickly across sphere boundaries at the equator as well as at the three-
phase contact line, with a consequent faster interstice shrinkage [150].

7. Applications

Annealed colloidal monolayers can be indirectly used as a mask in
nanosphere lithography or directly employed for their intrinsic physical
properties, for example for their inherent optical or thermal properties.
In addition, thermal treatments can be exploited to shape particles into
specific morphologies.

7.1. Indirect use in colloidal lithography

Annealed colloidal particles can be harnessed for the fabrication of
nanostructures via the so-called natural lithography or colloidal
lithography or nanosphere lithography process. In this case, annealed
colloidal particles are used as a mask or template for further processing
steps (for instance, etching or deposition of material). As they typically
serve as a sacrificial material, they are usually removed at the end of the
whole process. For this class of applications, annealing is usually used to
tune the size and shape of interstices (also called pores or holes or voids)
between neighbouring particles.

For example, thermally annealed PS colloidal monolayers have been
used as a mask for the fabrication of zero mode waveguides for single
molecule fluorescence studies [155]. Fig. 16(a) shows a sketch of the
process. Thermal annealing was carried out on 1 μm diameter PS par-
ticles. By controlling the annealing time at an annealing temperature of
107 ◦C, the size of the pores between particles could be tailored in the
range of 350–100 nm (Fig. 16(b)), which is essential for constructing
waveguides with cut-off wavelengths in the visible range appropriate for
experiments with the most commonly used probes for single molecule
fluorescence [155]. In addition, the thermal annealing treatment turns
the nearly triangular holes into nearly circular interstices: a round cross-
section is also important because in non-centrosymmetric waveguides,
the transmission is polarization sensitive, which could compromise the
attenuation of the zero mode waveguides or cause their fluorescence to
be sensitive to the orientation of the macromolecules [155]. Such
structures have been used for fluorescence resonance energy transfer
(FRET) on ribosomes programmed with a biotinylated mRNA immobi-
lized in the wells of Al zero mode waveguide arrays (Fig. 16(c)) [155].

ZnO nanowire/nanorod arrays for field emission devices with low
turn-on electric field have been fabricated by carrying out electro-
chemical deposition on PS colloidal monolayers assembled on indium
tin oxide (ITO)-glass substrate or heavily doped Si substrates and heated
at 110 ◦C for different times (1–10 min) to introduce a different extent of
deformation in a hot air oven [125]. Different degrees of template
deformation were introduced under heating near Tg by tuning the
thermal annealing time. In fact, upon annealing, the interstices among
three neighbouring PS spheres become well defined and separated by
the connection of the edges of the spheres [125]. Such changes affect the
subsequent growth of nanowires and nanorods [125]. Experimental
results show that the heating time affects the arrangement and
morphology of ZnO nanowires/nanorods and, eventually, the field
emission performance [125]. In fact, when a non-annealed monolayer is
used, only network-like pore or wall-like arrays can be obtained (Fig. 16
(d)) [125]. By contrast, when using a slightly deformed template, the
growth of well-separated nanorods occurs due to the deformation-driven
separation of voids within the template (Fig. 16(e)) [125]. If the
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deformation is excessive as occurs for longer thermal treatments, some
voids in the colloidal template fully disappear due to PS fusion and,
consequently, no nanorod is grown on these sites; simultaneously, the
other void areas become larger due to PS migration, leading to extensive

nanorod growth followed by nanorod bundling (Fig. 16(f)) [125]. In this
way, uniformity, density and patterning of nanorod arrays can be
controlled using deformation-tailored templates, with a consequent
impact on the performance of the final devices [125]. In fact, with

Fig. 16. - Applications of annealed colloidal particles: (a) sketch of the process of fabrication of zero mode waveguides (reprinted from [155], Copyright © 2019
Jamiolkowski et al. https://doi.org/10.1371/journal.pone.0222964); (b) SEM images of PS particles for variable annealing time and corresponding image processing
to identify interstitial areas (in cyan) (reprinted from [155], Copyright © 2019 Jamiolkowski et al. https://doi.org/10.1371/journal.pone.0222964); (c) sketch of the
principles and experimental results of fluorescence resonance energy transfer (FRET) on ribosomes programmed with a biotinylated mRNA immobilized in the wells
of Al zero mode waveguide arrays (reprinted from [155], Copyright © 2019 Jamiolkowski et al. https://doi.org/10.1371/journal.pone.0222964); (d) network-like
pore or wall-like arrays of ZnO nanorods without annealing (reproduced from [125], with permission, copyright 2009, John Wiley & Sons); (e) well-separated ZnO
nanorods in case of 1.5 min annealing (reproduced from [125], with permission, copyright 2009, John Wiley & Sons); (f) extensive ZnO nanorod growth followed by
nanorod bundling in case of 3 min annealing (reproduced from [125], with permission, copyright 2009, John Wiley & Sons); (g) dependence of turn-on electric field
on PS diameter and PS heating time for ZnO nanorod array anodes (reproduced from [125], with permission, copyright 2009, John Wiley & Sons). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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template heating time increasing, the turn-on field first decreases and
then dramatically increases [125]. As previously described, the nanorod
separation within the arrays can be improved by slight deformation of a
template with heating time below 1.5 min [125]. Such moderate spacing
of nanorods in a local area entails a reduction in the screening effects,
increasing the emitting efficiency [125]. On the other hand, the exces-
sive heating results in the absence of nanorods in some places and their
bundling in others [125]. The former reduces the overall density of the
array, whereas the latter increases the local screening effect, thereby
decreasing the emitting efficiency [125]. Fig. 16(g) shows the depen-
dence of turn-on electric field on PS diameter and heating time.

Periodic Fe2O3 pillar arrays have been fabricated by nanosphere
lithography on PS particles sintered at 120 ◦C for a certain time, then
taken out of the oven and cooled to room temperature: a droplet of Fe
(NO3)3 solution was applied onto the sintered colloidal monolayer to
infiltrate into the interstices among PS particles; after drying, annealing
at 400 ◦C for 2 h was carried out to make the precursor decompose
completely and the PS particles template to be burnt out to create the
final array; the final characteristics can be controlled by the annealing
time [156,157].

Porous PDMS surfaces have been fabricated using PS particles as
templates: polystyrene microspheres were self-assembled on a substrate
pre-coated with a thin layer of polystyrene and heated at an appropriate
temperature, prior to infusion of a polymer precursor solution into
cavities of the spherical particles of the template, solidification of the
polymer and removal of the particles; the surface pore sizes can be tuned
by varying the temperature and time for the heat treatment (Fig. 17(a))
[158].

For colloidal monolayers annealed by microwave irradiation, by
performing material deposition by an electron beam evaporation system
allowing control over both the evaporation angle and sample rotation,
structures such as honeycomb arrays of cobalt (Co) nanodots and iron
(Fe) nanorings and nanorods have been realized and their magnetic
properties have been characterized [124] (Fig. 17(b)).

Thermal treatments have also been used for the fabrication of uni-
form non-closely-packed particle arrays starting from silica/polymer
core/shell particles: silica/PMMA core/shell particles were first assem-
bled on a substrate electrostatically and subsequently immobilized by
heating above Tg of the shell polymer; particle arrangement was shown
to be more uniform compared to the case where heat treatment was not
performed; the influence of the shell material was also investigated, in
particular the effect of polymer cross-linking [159].

Special masks for nanosphere lithography have been produced by
sintering of monolayers of PS-co-PDVB copolymer colloidal particles
(500 nm) and selective dissolution, with morphological characteristics
tunable via proper calibration of the sintering conditions [160]. Parti-
cles consist of cross-linked polydivinyl benzene (PDVB) as the insoluble
portion and PS as the portion soluble in cyclohexane [160]. Two
different structures were obtained according to sintering temperature
(whether colloidal arrays were sintered for 30 min either at 123 ◦C, i.e.
the glass transition temperature of the colloids, or at 140 ◦C) (Fig. 17(c))
[160]. Sintering at 140 ◦C caused the formation of necks, indicated in
green in Fig. 17(c), due to active polymer chain mobility, with migration
of the uncrosslinked fraction of colloids being dominant [160]. Subse-
quently, the sintered colloids were selectively dissolved in cyclohexane
at 40 ◦C for 2 h [160]. Selective dissolution of the colloidal array sin-
tered at 123 ◦C gives rise to an ordered array of spheres of 320 ± 55 nm,
in which each sphere has three nearest neighbours, whereas selective
dissolution of the array sintered at 140 ◦C gives an ordered array of rods
in which each rod (width 150 ± 6 nm, length 220 ± 16 nm) has four
nearest neighbours [160]. Their morphology can be explained as follows
[160]:

• in case of structure A, the colloids have no necks between them and,
consequently, as the dissolution proceeds, insoluble PDVBs are
trapped in the triangular interstices between neighbouring colloidal

particles; hence, the selective dissolution results in spherical nano-
structures due to the symmetry of the triangular interstices;

• in case of structure B, as cyclohexane dissolves the colloids, the
insoluble PDVBs move and are adsorbed on the necks where rela-
tively strong physical cross-links of polymer chains could exist and
PDVBs are intermingled with the necks; the necks are converted into
rods during selective dissolution.

Also monolayers annealed at the air/water interface can serve as a
mask for nanosphere lithography.

For example, monolayers thermally annealed at the air/water
interface have been used as a mask for silver deposition for the fabri-
cation of plasmonic structures for surface-enhanced Raman scattering
(SERS), whose response can be tuned by playing with the size and shape
of the interstices, as revealed by measurements on rhodamine 6G [150].

When colloidal particles are exploited as a template for nano-
structure fabrication, monolayers or few layers of particles are typically
used; however, for some applications, thicker 3D particle assemblies can
be used. For instance, sintered colloidal assemblies can also be exploited
for the fabrication of inverse opals.

In [161], sintered 3D assemblies of silica colloidal particles have
been used as a template for the fabrication of optically active and
tunable TiO2 structures. To this end, 10 μm thick silica opal templates
(460 nm silica particle diameter) were first assembled on silicon sub-
strates; next, for the realization of a non-closely-packed inverse opal, the
opal template was first sintered at 1000 ◦C for 3 h, stronger than typical
sintering treatments of 800 ◦C for 2 h, in order to cause partial collapse
of the template and increase of sinter-neck diameter [161]. Subse-
quently, TiO2 was conformally deposited in the very small air voids
(smaller than 10 nm) using atomic layer deposition, in order to fully and
homogeneously infiltrate nanoporous structures for a uniform infiltra-
tion of the narrow air channels of the sintered opal [161]. The infiltrated
sample was heated to 400 ◦C for 2 h to convert the amorphous TiO2 into
the anatase phase, before ion milling of the top surface to expose the
silica template and etching in HF solution to remove silica particles
[161] (Fig. 17(d-e)). The final optical properties can be precisely tuned
by backfilling the modified inverse-opal template with increasing TiO2
depositions [161]. In comparison to typical inverse opals, this procedure
resulted in an ultralow filling fraction, structurally stable inverse opal
with a much larger sinter neck diameter, allowing the formation of cy-
lindrical or hyperboloid-like connections between the air spherical
cavities [161].

It is noteworthy to observe that, for those applications in which
colloidal particles need to be removed at the end of the process, one
should consider that annealing also affects the dissolution of polymer
colloidal films in organic solvents [162]. Dissolution coefficients of
polystyrene particle films annealed at different temperatures have been
computed from fluorescence studies [162]. Fig. 17(f) illustrates the
dissolution coefficients Dd for PS particle films annealed for 10 min for
temperatures above Tg of PS. At low annealing temperatures, the film
still owns individual particles or small chains [162]. However, at higher
annealing temperatures, polymer chains relax and form mechanically
strong continuous films, which dissolve much more slowly due to the
resistance of the polymer film to the solvent molecules; as a result, Dd
values are found to be much smaller [162].

One should also bear in mind that the thermal treatment itself can be
exploited for the elimination of the colloidal particles in applications in
which they serve as a sacrificial material for templating. For example, in
[163], a hexagonal closely packed (hcp) PS colloidal monolayer was
used as a mask for gold deposition, resulting in a honeycomb pattern of
gold quasi-nanotriangles and a hexagonal pattern of Au-coated PS par-
ticles. Subsequent thermal treatments of the Au-coated colloidal
monolayer template at elevated temperatures (<350 ◦C) led to decom-
position of the PS spheres, while preserving the position of the PS
spheres during the thermal deformation and decomposition process
[163]. Finally, Au film evaporated on the PS spheres was loaded onto the
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substrate, which accurately occupied the original position of the PS
[163]. Dewetting process of the Au film took place at high heating
temperatures (>400 ◦C), resulting in the transformation of the Au film
originally deposited on the PS spheres into Au structures, with the
original hexagonal symmetry of the PS particles [163]. In this way,
plasmonic arrays exhibiting a binary pattern (one with honeycomb
symmetry and one with hexagonal symmetry) could be produced [163].
The procedure is sketched in Fig. 17(g).

7.2. Direct use for intrinsic physical properties

Annealing of colloidal particles can be directly exploited to get ma-
terials with properly tailored physical properties (optical, thermal, me-
chanical). In fact, thermal annealing has a direct impact on different
material properties, which has been exploited first for the analysis of the
annealing process and then for their practical applications.

It is noteworthy to observe that the onset of dry sintering is related to
the glass transition temperature in the case of polymer colloidal crystals
[164]. At this point, an abrupt change in both the optical and thermal
properties occurs, corresponding to the structural degradation process
[164]. The concomitant loss of contrast and periodicity reduces both
photonic opalescence and thermal insulation properties of 3D arrange-
ments of polymer particles [164]. Mechanical properties are also
affected by thermal treatment.

Also for silica particle arrays, the pore size and the connectivity of
colloidal lattices are important parameters that largely affect their me-
chanical and optical properties as well as the diffusion of fluids through
them [165].

7.2.1. Optical properties
One possible application of thermal annealing of 3D structures

composed of multilayers of colloidal particles is to tailor the optical
response of photonic crystals. In fact, the spectral response is influenced
by the colloidal particle size, the refractive index of the colloidal particle
material, the refractive index of the material in the interstices between
colloidal particles and the filling fraction or volume fraction, i.e. the
ratio between the volume occupied by the colloidal particles and the
total volume of the structure [133,166,167]. The latter can be modified
via thermal annealing [133]. More specifically, highly ordered, periodic
structures can strongly diffract light, exhibiting a stop-band in their
transmission spectrum, whose characteristics are related to specific
morphological features of the colloidal crystals [168]:

• mid-gap position: determined by the pitch of the periodic structure, i.
e. the center-to-center distance between neighbouring particles;

• maximum attenuation of the stop-band: determined by the number
of particle layers along the direction of propagation of light and the
refractive index contrast between the particles and the matrix
material;

• width of the stop-band: determined by the refractive index contrast
and the packing structure of the colloidal lattice.

The possibility to control the spectral response of colloidal crystals

via thermal annealing has been demonstrated for both silica and poly-
mer particles. In opals, the volume packing fraction of spherical
colloidal particles can be brought from the face-centered cubic (fcc)
close-packed value 0.74 to unity by thermal annealing [169].

As we have seen in section 4.2, tracking variations in optical prop-
erties of 3D colloidal assemblies can be used to get insight into
morphological variations upon thermal treatment. At the same time,
such shaping effects can be directly employed for optical applications. In
particular, in [133], accurate control over the optical properties of silica
colloidal photonic crystals (diameter 415 nm) has been achieved via
thermal annealing, which induces strong structural and physicochem-
ical modifications without loss of order. Characterization was performed
by computing transmission spectra at normal incidence: the intense
attenuation band shifts towards lower wavelengths as the temperature
increases [133]. As we have seen in section 4.2 and Fig. 10(b), by
plotting the central wavelength of this minimum λc as a function of
temperature, a decay has been observed for samples treated at temper-
atures between 100 ◦C and 200 ◦C; afterwards, λc stabilizes until about
400 ◦C; for temperatures between 400 ◦C and 700 ◦C, λc gradually shifts
downwards, until remaining unaltered between 700 ◦C and 950 ◦C; at
higher temperatures, a rapid blue-shift occurs simultaneously with an
intensity decrease; no bands are observed in case of annealing at 1100 ◦C
[133]. The overall wavelength shift between non-annealed samples and
samples annealed at 1050 ◦C is 111 nm, i.e. corresponding to a variation
of 11% in the Bragg reflected wavelength [133]. For particles smaller
than 300 nm, diffraction effects are observed in the visible range [133].
Fig. 18(a-b) show photographs of untreated and thermally treated
samples taken by white light illumination at normal incidence using an
optical microscope operating in reflection mode and the corresponding
optical transmission spectra; the reflection wavelength depends on the
thermal treatment and shifts from 628 nm for the non-annealed sample
to 561 nm at 1050 ◦C [133]. The wavelength λc can be fitted with the
following equation for normal incidence [133]:

λc = 2dp
̅̅̅̅̅̅̅
εave

√
(15)

where dp is the distance between crystalline planes responsible for that
direction and εave is the average dielectric constant of the structure. This
equation has been used to cast light on morphological and physical
properties of the structure upon annealing.

Compared with their inorganic counterparts (e.g. silica colloids), the
spectral response of polymeric systems could be easily tuned by
annealing them at much lower temperatures, usually below 100 ◦C
(depending on the glass transition temperature of the polymer) in
contrast to 500–1000 ◦C for silica [168]. The lower temperatures allow a
more straightforward infiltration of a variety of materials into the in-
terstices among colloidal particles to further tune the band-gap prop-
erties by changing the dielectric contrast [168].

In [168], engineering of the optical properties of colloidal crystals of
230 nm PS particles via thermal annealing has been investigated.
Differently from [165], where particles were annealed fundamentally in
air, PS particles were always surrounded by water during the annealing
process; in addition, the confinement within a cell allowed the accurate
measurement of the change in attenuation as the sample was annealed at

Fig. 17. - Applications of annealed colloidal particles: (a) sketch of the process of fabrication of a porous polymer film with tunable pore sizes on its surface (on the
left); the pore sizes can be tuned via heat treatment at different temperatures (T1, T2) for different times (t1, t2); size of the pores on the surfaces of porous PDMS
films (using 2.68 μm polystyrene microspheres as a template) as a function of the temperature for heat treatment (for 24 h and 12 h) and of the time for heat
treatment (at 90 ◦C) (on the right) (reprinted with permission from [158]. Copyright 2007 American Chemical Society); (b) SEM image of ordered Fe nanorings
evaporated over an annealed 540 nm PS colloidal mask; the outer diameter of the individual ring is 150 nm and the width is 20–30 nm (reproduced from [124], with
permission, copyright 2005, John Wiley & Sons); (c) sketch of the fabrication process of two different structures (A and B) depending on the sintering temperature
(reproduced from Ref. [160] with permission from the Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelanding/2003/cc/b300638g); (d) sketch
of the process of fabrication of optically active and tunable TiO2 structures based on templates of sintered 3D assemblies of silica colloidal particles (reproduced from
[161], with permission, copyright 2006, John Wiley & Sons); (e) SEM images of ion-milled cross sections of the structures produced by the method illustrated in (d)
(reproduced from [161], with permission, copyright 2006, John Wiley & Sons); (f) plot of the dissolution coefficient Dd as a function of the annealing temperature
(reprinted from [162], Copyright 2004, with permission from Elsevier); (g) sketch of the fabrication process of plasmonic arrays exhibiting a binary pattern (one with
honeycomb symmetry and one with hexagonal symmetry) (reprinted with permission from [163]. Copyright 2014 American Chemical Society).
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Fig. 18. - Applications of annealed colloidal particles: (a) optical microscope images in reflection mode of 260 nm diameter silica spherical particles: (1) as-grown,
(2) treated at 950 ◦C, and (3) treated at 1050 ◦C, spanning the following areas (1) 0.65 × 0.55 mm2, (2) 0.32 × 0.28 mm2, (3) 0.13 × 0.11 mm2; the difference in
colour is due to the different range of wavelengths reflected (reproduced from [133], with permission, copyright 1998, John Wiley & Sons); (b) optical transmission
spectra obtained at normal incidence for a sample made up of 260 nm diameter silica spherical particles: (1) as-grown, (2) treated at 950 ◦C, and (3) treated at 1050
◦C (reproduced from [133], with permission, copyright 1998, John Wiley & Sons); (c) mid-gap position as a function of the annealing temperature and sketch of the
morphological evolution mechanism; the sample was annealed at each data point for 1 h; below the glass transition temperature of polystyrene (approximately 93
◦C), the mid-gap position was largely controlled by the annealing temperature; above the glass transition temperature, the mid-gap position was mainly dependent on
the annealing time (reproduced from [168], with permission, copyright 2000, John Wiley & Sons); (d) effect of annealing temperature on the position of the photonic
stop-band of a photonic crystal made up of PS microspheres without ethanol (reprinted from [126], Copyright 2017, with permission from Elsevier); (e) effect of
annealing temperature on the position of the photonic stop-band of a photonic crystal made up of PS microspheres filled with ethanol (reprinted from [126],
Copyright 2017, with permission from Elsevier).
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various temperatures for different periods of time [168]. By annealing at
temperatures in the range of 20 to 100 ◦C, the position of its stop-band
was continuously blue-shifted from approximately 576 to 548 nm and
the attenuation of this stop-band was reduced in a controllable fashion;
the appearance of new stop-bands was also observed in the UV–vis
transmission spectra when the sample was subjected to annealing at
temperatures higher than Tg of polystyrene (about 93 ◦C) [168]. Fig. 18
(c) illustrates the mid-gap position versus the temperature at which the
sample was successively annealed at each data point for 1 h; the
following conclusions were drawn, with the individuation of three
distinct stages [168]:

• from room temperature to about 62 ◦C, the mid-gap position was
blue-shifted from 576 to 564 nm at a rate of approximately 0.28 nm/
◦C and the magnitude of this shift was insensitive to total annealing
time; during this stage, an increase in the temperature causes a
shrinkage in the thickness of the double layer, and thus a reduction in
the hydrodynamic size of the particles, as well as in the center-to-
center distance between the PS particles;

• from about 62 ◦C to Tg, the mid-gap position was constant at 564 nm;
during this stage, no further change in the center-to-center distance
was observed once the particles had reached a state in which they are
all in physical contact;

• above Tg, the mid-gap position was blue-shifted again but, in this
case, the magnitude of the variation was chiefly determined by the
annealing time; during this stage, the center-to-center distance be-
tween particles is further reduced as a result of their viscoelastic
deformation; the intrinsic forces of surface tension deform the par-
ticles into space-filling shapes; as the temperature increases, the
contact area among neighbouring particles increases, with a conse-
quent increase in the density of the crystalline array; the polymer
particles will eventually be fused into a uniformly dense body that is
transparent over the entire UV–vis region.

In [126], the effect of the annealing temperature on the optical
properties has been investigated for photonic crystals consisting of
multilayers of PS (diameter 270 nm) or silica (diameter 275 nm) parti-
cles. Annealing was carried out for one hour at fixed temperatures in the
range 60–115 ◦C for PS particles and for five hours at fixed temperatures
in the range 100–1000 ◦C for silica particles [126]. After thermal
treatment, the transmission spectra of the modified colloidal crystals
were measured without filling and saturated with a liquid of known
refractive index, in particular ethanol for PS and water for silica; the
liquid fills the photonic crystal pores under the action of capillary forces
[126]. The spectral position of the photonic stop-band of bare PS par-
ticles does not show any major change after annealing in the range
25–110 ◦C; an increase in the annealing temperature leads to a spectral
blue-shift; furthermore, stronger spectral shifts are observed in samples
impregnated with ethanol, until the complete disappearance of the dip
for annealing temperatures higher than 115 ◦C [126] (Fig. 18(d-e)). In
case of silica photonic crystals, an appreciable shift in the spectral dip is
observed already from 500 ◦C; for temperatures higher than 960 ◦C, the
periodic structure is completely impaired due to silica sintering [126].
The deformation of the colloidal particles for the two different materials
was estimated from the transmission spectra at normal incidence from
the following equation (derived from Bragg law and effective medium
approximation):

fpart =
λ2

1n2
liq − λ2

2

λ2
2

(
n2
part − 1

)
− λ2

1

(
n2
part − n2

liq

) (16)

where fpart is the volume fraction occupied by the particles, λ1 and λ2 are
the wavelengths of the transmission minima for unsaturated and liquid-
saturated photonic crystals, npart and nliq are the refractive indices of the
particle material and of the filling liquid [126]. The volume fraction

occupied by PS and silica particles for variable annealing temperature is
shown in Fig. 19(a-b). In case of PS, for temperatures up to 110 ◦C, the
volume fraction is 0.71 close to the theoretical value for close-packing;
partial particle sintering occurs between 110 and 114 ◦C, resulting in an
increase in the volume fraction; at 115 ◦C complete sintering occurs with
the consequent disappearance of the photonic stop-band [126]. In case
of silica particles, for temperatures up to 500 ◦C the volume fraction
exhibits only minor variations (even if, in this case, the volume fraction
was much lower than the theoretical value due to the higher poly-
dispersity of the investigated silica particles in comparison with PS);
between 500 and 920 ◦C, the volume fraction increases due to the
beginning of sintering with consequent reduction of the voids; between
920 ◦C and 1000 ◦C, the volume fraction of silica increases more
dramatically [126].

Reversible thermal tuning of the photonic band-gap position has
been observed in PS particle colloidal crystals for temperatures up to Tg
(about 85 ◦C) [170]. A non-linear behaviour in the blue-shift in the
band-gap position was observed, attributed to the non-linear thermal
behaviour of the synthesized PS particles [170]. The relative packing
density of the photonic crystal structures changed from approximately
74% at room temperature to about 76% at 55 ◦C and 86% at 90 ◦C [170].
At 90 ◦C, particles take on a polyhedral shape, while, for increasing
temperatures, they tend to form a uniform thin film (particle melting
point at approximately 103 ◦C) [170].

Colloidal photonic crystals with a graded lattice-constant distribu-
tion have been produced by annealing of 3D PS particle assemblies
(diameter 242 nm) in a graded temperature field, heating one end at
about 130 ◦C for 36 h and keeping the other end at room temperature
(Fig. 19(c)) [171]. The band-gap wavelength as well as the attenuation
could be varied with the position of the gradient colloidal crystal along
the gradient direction because of the lattice constant variation (Fig. 19
(d-e)) [171].

The effect of surface functionalization on the optical properties of 3D
silica colloidal assemblies has also been explored, by comparing
annealed vinyl-functionalized silica colloidal crystals with pure silica
colloidal crystals [172,173].

The modification of optical properties of polymer colloidal crystals
upon thermal treatment can be exploited for sensing applications. In
fact, clear polymer films can be obtained due to the loss of the refractive
index contrast within the structure [56]. For example, manipulation-free
and autonomous recording of temperature states for extended periods of
time is of increasing importance for food spoilage and battery safety
assessment; an optical read-out is preferred for low-tech visual inspec-
tion [164]. Time-temperature integrators based on colloidal crystals
have been proposed for this purpose, in particular homogeneous
colloidal crystals comprising monodisperse poly[(methyl methacrylate)-
random-(butyl acrylate)] (PMMA-r-nBA) colloids via dip-coating from
aqueous dispersions [164]. Upon dry sintering, larger contact areas are
present between neighbouring particles and the air is expelled from the
structure, leading to the loss of the periodic variation of the refractive
index; at the same time, the structural colour vanishes and the cracks
between crystalline domains become larger to accommodate shrinkage;
transmission UV–vis spectra show a slight blue-shift of the photonic
stop-band and an even more pronounced decrease of the intensity [164].
By mixing particles with the same size but different Tg (which can be
done by varying the percentage of nBA in the copolymer as described in
Appendix B and section 4.1), the sintering temperature and, conse-
quently, the variation of optical properties upon temperature can be
carefully adjusted [164]. Hence, the thermal response and, conse-
quently, the morphological changes in colloidal particles and the
resulting optical response, can be tailored simply by mixing particles at a
defined ratio with two distinct glass transition temperatures [164].
Fig. 19(f-h) show examples of decay curves of the stop-band intensity for
colloidal crystals with variable percentage of low Tg particles treated at
different temperatures for different times [164]. In order to fully exploit
the potential of this composition-dependent film formation behaviour,
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Fig. 19. - Applications of annealed colloidal particles: (a) effect of annealing temperature on the structural parameters of a PS photonic crystal (reprinted from [126],
Copyright 2017, with permission from Elsevier); (b) effect of annealing temperature on the structural parameters of a silica photonic crystal (reprinted from [126],
Copyright 2017, with permission from Elsevier); (c) sketch of the process of preparation of polystyrene colloidal photonic crystals with a graded lattice constant
distribution in a graded temperature field (reprinted by permission from Springer Nature: [171], Copyright 2007, reproduced with permission from SNCSC); (d)
position-dependent absorption spectra of the PS gradient colloidal crystal annealed in a graded temperature field from room temperature to 130 ◦C (reprinted by
permission from Springer Nature: [171], Copyright 2007, reproduced with permission from SNCSC); (e) position-dependent stop-band peak of a PS gradient colloidal
crystal (reprinted by permission from Springer Nature: [171], Copyright 2007, reproduced with permission from SNCSC); (f-g-h) three-dimensional representation of
stopband decay curves for different compositions at temperatures of 50 ◦C (f), 70 ◦C (g) and 90 ◦C (h) (reproduced from [164], with permission, copyright 2021, John
Wiley & Sons).
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Fig. 20. - Applications of annealed colloidal particles: (a) sketch of the infusion withdrawal coating technique to fabricate gradient colloidal crystals based on the
simultaneous infusion and extraction of the colloidal dispersion at different rates leading to a continuous composition gradient; this gradient is coated on the
submerged glass substrate by continuous extraction of the mixed dispersion (reproduced from [164], with permission, copyright 2021, John Wiley & Sons); (b-c)
colloidal crystals with a gradual change of the ratio of high- and low-Tg particles with identically prepared gradients, but sintering at 70 and 90 ◦C; images are
obtained via stitching of light microscopy images and ex situ during the sintering process; the respective sintering times increase on a logarithmic scale (reproduced
from [164], with permission, copyright 2021, John Wiley & Sons); (d) normalized intensity obtained from ex situ UV–vis transmission measurements along the
gradient axis (reproduced from [164], with permission, copyright 2021, John Wiley & Sons); (e) normalized grayscale along the gradient axis; the inset shows green-
channel images after colour-channel separation of the pictures in (b) (reproduced from [164], with permission, copyright 2021, John Wiley & Sons); (f) graphene
based colloidal photonic crystals for time-temperature indicator applications: time versus temperature plot illustrating regimes at which the interfacial structural
transitions occur, resulting in an associated colour variation; in the insets, optical photographs of the graphene-doped photonic crystals and sketch of particle
boundaries showing the transition of colour from green to transparent (reproduced from [174], with permission, copyright 2020, John Wiley & Sons). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the binary particles (same size but different Tg) can be arranged in a
linear composition gradient colloidal crystal by proper self-assembly
techniques, such as infusion-withdrawal-coating, i.e. colloidal crystals
with a gradual change of the ratio of high- and low-Tg particles [164].
This can be obtained, for example, using dip-coating with two syringe
pumps: a glass substrate is dipped in a dispersion of one particle type,
which is extracted with a syringe pump; concomitantly, a second syringe
pump infuses a dispersion of the second particles at a slower rate; the
water level, thereby, decreases continuously, mimicking dip-coating,
while the composition changes in a slow and gradual way (Fig. 20(a))
[164]. Fig. 20(b-e) show the variation in the optical response at different
positions along the gradient colloidal crystals, for sintering at different
temperatures with different durations [164]. The gradient structures
exhibit the expected film-formation kinetic behaviour and, conse-
quently, local change in the intensity of the optical stop-band [164]. The
gradual and local transition can be analyzed spectroscopically or
through simple image analysis for the purpose of a simple, autonomous
and manipulation-free way to assess thermal history of the colloidal
gradient [164].

The thermo-optical response of colloidal crystals can be exploited for
sensing applications. In particular, thermo-chromic devices based on
graphene-infused synthetic opals, i.e. hcp opal-like colloidal crystals
(made up of colloidal particles consisting of a random copolymer of
methyl methacrylate-MMA, butyl acrylate-BA, methacrylic acid-MAA)
containing pristine graphene present at the interstitial sites between
particles, have been proposed as integrated time-temperature indicators
(TTIs) which act over large temperature windows (from room temper-
ature to 100 ◦C) [174]. A possible application would be in the field of
intelligent packaging to offer a visual indication of whether perishables
(such as food, pharmaceuticals, chemicals, inks, paints or coatings) have
experienced undesirable time-temperature histories [174]. As we have
seen, colloidal crystals undergo change in optical properties and, in
particular, also a colour change upon thermal treatment, i.e. a thermo-
chromic effect. The distinct but gradual colour change with time is
associated with the loss of refractive index contrast when polymer/
polymer boundaries are formed when intervening water is lost [174].
The thermal expansion of polymer particles and interfacial water (both
increasing the lattice constant) with increasing temperatures produces a
red-shift of the stop-band, which is extremely sensitive to even a small
rise in temperature [174]. Depending on the combination of tempera-
ture and duration of exposure to a certain temperature, two different
regions can be distinguished, one in which the structural change in the
colloidal crystal is reversible and one in which it is irreversible [174]:

• in the former case, the crystals can act as smart shape-memory
polymers that can memorize and recover their shape and colour
after experiencing the external heat stimulus; the temperature of the
graphene infused crystals can be repeatedly shifted above and below
their glass transition temperature value; each time the crystal expe-
riences elevated temperatures, it gradually relaxes back to the initial
shape configuration while, at the same time, exhibiting gradual
structural colour change as the stop-band returns to its original pre-
deformation value; if the crystals are rehydrated, their colour returns
to the original green; in this regime, they are operating close to their
MFFT for complete coalescence; hence the particle deformation is
incomplete and particle/particle interfaces still exist;

• in the latter case, the diffusion of individual polymer chains across
particle/particle boundaries results in irreversible and complete
coalescence of the particles; the periodicity disappears and thus
Bragg’s diffraction does not apply anymore; this means that, at
higher temperatures or longer exposure times, there is a certain cut-
off point where the crystals lose their colour irreversibly with the
stop band completely disappearing; the colour is fully lost when
particles coalesce during exposure to high temperatures for pro-
longed times.

Fig. 20(f) shows a time-temperature phase diagram, where the
shaded green region in the figure indicates the conditions at which the
TTIs exhibit reversibility and gray-shaded region corresponds to the
conditions of irreversible change [174].

7.2.2. Thermal properties
Concerning thermal properties, change in thermal conductivity oc-

curs upon heating above Tg, in particular its increase. For example, the
thermal transport of 3D PS colloidal particle assemblies has been char-
acterized via flash laser analysis: such systems are characterized by low
thermal conductivity in combination with high density; the high amount
of interfaces and their small inter-particle contact area should result in
efficient thermal insulation; upon crossing the Tg, film forming takes
place, with a decrease in thickness and increase in thermal conductivity,
which can be exploited as thermal switch at least in the range of low
conducting materials [175].

The small contact points between the particles play a major role in
thermal transport within a colloidal crystal because they serve as
geometrical constrictions for heat to travel through the material [56].
Hence, their size is crucial for the thermal transport and can be adjusted
via thermal treatment: in fact, beyond the glass transition temperature
of the polymer, the polymer chains become mobile, resulting in a strong
enlargement of the contact points between the adjacent particles and,
consequently, to a drastic increase in the thermal conductivity [56]. The
principle is shown in Fig. 21(a). By exceeding the Tg of the constituting
polymer, the mobility of the polymer chains strongly increases, resulting
in a fast sintering of the particles; Fig. 21(b) shows the variation in
thermal conductivity for 20 vol% nBA-co-80 vol% MMA colloidal crys-
tals, which increases above Tg in a step-like, irreversible fashion due to a
strong enlargement of the particle/particle interfaces [56].

Custom-designed colloidal materials exhibit specific temperature-
dependent thermal transport properties with potential interest for
thermal switches, transistors or diodes [176]. In fact, common crystal-
line and amorphous materials are not suitable for this purpose, due to
their gradual changes of the temperature-dependent thermal conduc-
tivity [176]. Colloidal superstructures made up of copolymer particles of
nBA and MMA have been proposed for tailored temperature-dependent
thermal conductivity [176]. These materials are based on a transition in
thermal conductivity for variable temperature, due to the fact that, by
exceeding Tg, the thermal conductivity irreversibly increases, as a result
of the enlargement of contact points during particle sintering (Fig. 21(c)-
1); this unique control over thermal conductivity is only governed by the
inter-particle constriction, the particle composition and its meso-
structure [176]. The transitions in thermal conductivity can be
controlled in different ways; in particular, such systems are character-
ized by [176]:

• control over transition temperature: as described in Appendix B and
section 4.1, by adjusting the nBA content of the particles, it is
possible to control the glass transition temperature of the copolymer
(Fig. 21(c)-2);

• control over the width of phase transition regime: by assembling the
crystal from particles having almost equal size but different Tg;
random co-assembly of equal-sized particles but different Tg results
in a broad transition, whereas assembly of particles with the same Tg
results in a sharp transition (Fig. 21(c)-3);

• possible introduction of multistep transitions (i.e. introduction of
multiple discrete transition steps in thermal conductivity): a discrete
layer-by-layer assembly of multilayered, freestanding colloidal
monoliths in which every layer consists of particles with a predefined
Tg; this introduces multiple transition steps of the thermal conduc-
tivity by a discrete sintering of the individual layers at the respective
Tg (Fig. 21(c)-4);

• control over step height of the transition: by the thickness of the
respective layer of particles with a given Tg (Fig. 21(c)-5).
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Fig. 21. - Applications of annealed colloidal particles: (a) sketch of the mechanism of increasing thermal conductivity during sintering of a polymer colloidal crystal;
due to the small contact points, the crystal is thermally insulating at temperatures below Tg ; above Tg the particles deform into dodecahedrons with every facet in full
contact to the facet of the neighbouring particle, with a consequent increased thermal transport through the structure (reproduced from Ref. [56] with permission
from the PCCP Owner Societies; https://pubs.rsc.org/en/content/articlelanding/2017/cp/c7cp01994g); (b) temperature-dependent thermal conductivity of the
colloidal crystal, showing a dramatic increase in the thermal conductivity above Tg of the polymer (reproduced from Ref. [56] with permission from the PCCP Owner
Societies; https://pubs.rsc.org/en/content/articlelanding/2017/cp/c7cp01994g); (c) principles of heat management devices and their realization based on
constriction-controlled thermal transport in colloidal assembly structures: above Tg , the thermal conductivity irreversibly increases based on the enlargements of
contact points during particle sintering (1); the transition temperature can be tailored by assembling the crystal from particles with different Tg (2); the random co-
assembly of particles of equal size but different Tg results in a broad transition (3); multiple transition steps can be introduced by a discrete layer-by-layer assembly
(4); the height of the transition steps can be controlled the thickness of the corresponding layer (5) (reprinted from [176], Copyright © 2017 The Authors); (d)
combination of a broad and a step-like transition; temperature-dependent thermal conductivity of a two-layer colloidal assembly; the bottom layer is fabricated by
evaporation-induced self-assembly of two particles having different Tg (90 vol% MMA-2, Tg = 103 ◦C; 70 vol% MMA-2, Tg = 61 ◦C), while the upper layer consists of
only one particle type (100 vol% MMA-1, Tg = 127 ◦C); closed symbols represent the heating cycle; open symbols represent the cooling cycle (reprinted from [176],
Copyright © 2017 The Authors).
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More complex thermal responses based, for instance, on the combi-
nation of a broad and a step-like transition can be introduced by proper
material engineering (for example, by layer-by-layer deposition of a
layer with a mixture of particles with different Tg resulting in a broad
transition and a layer of particles with the same Tg resulting in a steep
transition) (Fig. 21(d)) [176]. A shortcoming of this simple material
composition is the irreversibility of changes of the inter-particle contact
area [176].

Microfibers built out of sintered silica nanoparticles (80 nm) with
size of 25x150x10000 μm have been shown to exhibit excellent me-
chanical properties [177]. High-temperature annealing leads to the
transformation of low-dimensional colloidal arrays into β-cristobalite
structure at 750–800 ◦C (major product), which further transforms into
a mixture of SiO2 polymorphs at both prolonged heating and cooling
[177]. Structures with an anisotropy in thermal conductivity have been
proposed starting from these fibers [177]. In the low-temperature zone,
the structures with a gradient of morphology (ordering, grain size,
porosity) due to temperature gradient along the array length were ob-
tained and characterized [177]. The size of the sintering neck between
the nanoparticles and, by this means, the phonon transport properties in
the partially sintered ordered nanocrystalline arrays can be changed
[177]. A gradient of the phonon transport properties with the length of
the nanofiber can also be expected [177]. The microfibers after complete

coalescence of nanoparticles in the high-temperature zone are very
porous but retain perfect shape with a rectangular cross-section [177].

7.2.3. Mechanical properties
The approach generally employed to increase the connectivity of

colloidal crystals and, hence, vary also their mechanical properties, is
based on the sintering of the particles from which they are made [165].

Preliminary observations above mechanical stability for silica par-
ticles were performed in [133]. As pointed out in section 4.2, a
contraction of silica particle assemblies was observed at 700 ◦C with no
further contraction up to 950 ◦C. Nonetheless, the mechanical stability
of samples annealed below 700 ◦C was lower than those treated at
temperatures above 700 ◦C [133]. The formation of necks between the
spheres caused by an incipient sintering process starts to occur at tem-
peratures higher than 800 ◦C through viscous flow and is responsible for
the sample strengthening [133]. When samples are annealed at tem-
peratures above 950 ◦C particles start to crush into each other, losing
their spherical shape [133]. Then sample cleavage becomes much more
difficult and the spheres that form the resulting internal free surfaces
usually present fractures or holes [133]. It is noteworthy to observe that
the strong structural modification that occurs above 950 ◦C does not
induce the loss of long-range order and symmetry in the structure [133].
Similarly, by performing thermal annealing at temperatures between

Fig. 22. - Applications of annealed colloidal particles: (a) increase in Young’s modulus with annealing temperature until approaching the value of fused silica; in the
inset, TEM image of a shell at high magnification (the dark area representing the shell shows uniform thickness) (reproduced from Ref. [179] with permission from
the PCCP Owner Societies; https://pubs.rsc.org/en/content/articlelanding/2010/cp/c0cp00871k); (b) Young’s modulus as a function of heating period at 1000 ◦C
(reproduced from Ref. [179] with permission from the PCCP Owner Societies; https://pubs.rsc.org/en/content/articlelanding/2010/cp/c0cp00871k); (c-d) 29Si
magic-angle spinning nuclear magnetic resonance spectra recorded at 5 kHz MAS spinning frequency and ambient temperature: direct excitation 29Si MAS NMR
spectra obtained with 15 s relaxation delay between subsequent transients for the three lower temperatures and 90 s for the two highest temperatures and a low tip
angle (c); 29Si cross-polarization magic-angle spinning NMR spectra recorded with 3 ms cross-polarization (CP) contact time and polyvinylpyrrolidone coating of the
silica capsules after annealing (d) (reproduced from Ref. [179] with permission from the PCCP Owner Societies; https://pubs.rsc.org/en/content/articlelanding
/2010/cp/c0cp00871k).
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700 and 1100 ◦C on silica particles, it was pointed out how this treat-
ment induces the softening of the silica and the occurrence of viscous
mass flow processes, which, eventually, provide mass continuity to the
structure and decrease the pore size that can be gradually varied with
the sintering temperature; a reduction in the center-to-center inter-
particle distance was also observed; in this way, the mechanical stability
of the assembly can be enhanced without disrupting its long range order
[165]. Improvement in the mechanical properties of 3D silica particle
assemblies due to necking was observed also in [177,178].

Sintering can be exploited to increase the rigidity of 3D colloidal
crystals, without losing the pore structure. For example, in [167], 390
nm silica colloidal particles have been heated at 950 ◦C for 3 h: the
sphericity of silica particles was conserved, with a neck developing be-
tween particles of approximately 25% of the particle size, making a
more rigid structure for optical applications.

Heat treatment can also be exploited to increase the hardness of silica
in various applications. For example, high temperature annealing affects
the mechanical properties of silica microcapsules (Fig. 22) [179]. Hol-
low silica spheres were fabricated starting from PS/silica core/shell
particles, by dissolution of the PS cores in toluene; afterwards, the silica
microcapsules were stored in ethanol and annealed for 3.5 h at tem-
peratures ranging from 240 to 1150 ◦C; the annealed shells were
redispersed in ethanol [179]. The Young’s modulus of the shells un-
dergoes a moderate increase upon annealing at temperatures above 500
◦C; a much stronger increase is observed for temperatures over 850 ◦C
resulting in a Young’s modulus approaching that of fused silica after
annealing at 1100 ◦C [179]. NMR analysis revealed that in untreated
microcapsules only 55% of the silicon atoms form siloxane bonds with
four neighbours, while the others only form three or less siloxane bonds
each and, consequently, a large number of ethoxy and silanol groups still
exist; upon annealing at 500 ◦C, these are successively transformed into
siloxane bonds through condensation reactions, a phenomenon that
explains only a moderate increase in Young’s modulus [179]. The strong
increase at temperatures above 850 ◦C was correlated with a densifi-
cation, which was accompanied by a decrease in capsule size and shell
thickness while the shells preserved a homogenous spherical shape
[179]. The main strengthening of the shells was shown to be mostly due
to compaction by sintering at length scales significantly larger than that
of local siloxane bonds [179]. In contrast to the annealing temperature,
the annealing time hardly had any influence on the Young’s modulus
[179].

In [180], sintering has been applied to enhance the stability of 3D
assemblies made up of multilayers of silica larger particles (of diameters
between 500 and 1500 nm) with smaller silica nanoparticles (50 nm in
diameter) on the top; the samples (deposited on glass substrates) were
heated in a furnace under air atmosphere for 30 min at 450 ◦C to obtain
sintered, stable and organics-free silica films and subsequently silanized
by self-assembly of a monolayer of dodecyltrichlorosilane so as to obtain
hierarchically structured superhydrophobic coatings.

7.2.4. Other applications: Colloidosomes and particles with engineered
morphology

Besides the applications to colloidal monolayers and multilayers,
thermal annealing can be applied also to spherical dense packings of
particles, known as supraparticles or supraballs or colloidosomes
[181,182].

Colloidosomes subjected to sintering have been proposed for effi-
cient encapsulation of active ingredients such as drugs, proteins, vita-
mins, flavours, gas bubbles or even living cells for applications ranging
from functional foods to drug delivery to other intriguing biomedical
applications [181]. Hollow, elastic capsules, with sizes ranging from
micrometers to millimeters and with easily adjusted and highly
controllable permeability and elasticity can be produced; the capsule
surface is made up of a close-packed layer of colloidal particles, which
can be linked together to form a solid shell by sintering (as an alternative
to electrostatic interactions and van der Waals forces); the interstices

between the particles form an array of uniform pores, whose size can be
adjusted to control the permeability via sintering processing parameters
[181]. For example, this approach has been applied to a colloidosome
made from an oil droplet in an aqueous phase containing 900 nm
diameter PS particles locked together by heating at 105 ◦C for 5 min,
slightly above the glass transition temperature of the PS of 100 ◦C; upon
heating, the particles coalesced slightly, creating approximately 150 nm
diameter bridges or necks, originating a colloidosome with a precise
array of uniform holes in an elastic shell; increasing the sintering time
leads to smaller pores, until complete coalescence and full closure of
holes after 20 min [181]. By using particles with different Tg, the sin-
tering temperature can be adjusted over a wide range, which might be
advantageous for encapsulants incompatible with elevated temperatures
[181]. An important feature of colloidosomes, which makes them
attractive as encapsulants, is the wide variety of potential mechanisms
for release: for instance, release may be triggered by rupture through
shear stress, because of the elastic shells [181]. The elastic modulus, and
hence the rupture stress, can be controlled by the method of preparation,
for instance via the sintering time; in particular, the rupture stress of the
colloidosomes increases substantially with longer sintering time [181].

In [182], supraparticles were prepared by rolling 2.5 ± 0.3 μm
polystyrene sulphate latex particles with Tg = 106◦C on hot super-
hydrophobic surfaces and underwent annealing to get particle fusion by
two different methods:

• hot plate method: supraparticles were placed inside a dry sample
tube immersed in an oil bath and heated for two hours by a hot plate,
by keeping the temperature of the bath at 107 ◦C using a temperature
probe immersed in the oil and connected to the hot plate control
socket;

• dry block heating system: the system with interchangeable heating
blocks was set to the desired temperature and a dry sample tube
containing the supraparticles was inserted in the heating block; after
heating, the supraparticles were cooled to room temperature; heat-
ing to temperatures in the range 105–107 ◦C for two hours led to
well-fused composite supraparticles stable in both ethanol and
water, while supraparticles heated to 103 ◦C immediately dis-
assembled when placed in ethanol suggesting lack of fusion.

Concerning the morphology of thermally annealed porous supra-
particles the following conclusions were drawn [182]:

• for T ≥ Tg, PS particles started to melt due to polymer softening and
fused together in an aggregate (Fig. 23(a-b)); when the latex particles
were partially fused, they showed a glassy appearance and changed
their composite colour to yellowish; extensive fusion and melting of
the latex particles (e.g. occurring at 120 ◦C) would block all the
pores;

• for T < 103◦C, supraparticles showed poor stability and dis-
integrated when immersed in a solvent.

Density, porosity and impregnation of supraparticles with liquids
were examined within the framework of particle-stabilised emulsions
and foams in a range of pharmaceutical, food and cosmetic formulations
as well as ore flotation [182].

Reversible behaviour of cohesion between particles in colloidosomes
has been exploited for encapsulation and release of small molecular
drugs [183]. This behaviour has been observed in colloidosomes formed
via tightly bound monodisperse core/shell structured nanoparticles
(CSNPs), composed of PS or PMMA cores and amphiphilic polymeric
shells (based on polyethylene glycol-PEG segments) with a low melting
point (lower than the boiling point of normal solvents) (Fig. 23(c-e))
[183]. This solution has been proposed to circumvent the problem of
control over inter-particle spacing in case of small molecule encapsu-
lation when particles are weakly locked together by electrostatic
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interactions and van der Waals forces or to obviate the need to operate at
temperatures higher than the boiling point of normal solvents when
particles made up of materials with high sintering temperatures are used
[183]. In fact, the proposed colloidosomes can reversibly lock together
and dissociate by quenching and heating this system, respectively, and
are bound so compactly that no interstice is present between the parti-
cles, allowing encapsulation and release of small molecular drugs [183].
In particular, the colloidosomes can dissociate into single nanoparticles
and release the small target molecules encapsulated in the interior of the
colloidosomes at a temperature higher than the melting point of the shell
[183]. In addition, the dissociation temperature of colloidosomes can be
controlled by simply adjusting the length of the PEG chains in the shell
[183]. This type of colloidosome is dissociated into single core/shell
particles when the system is heated up to 2 ◦C higher than the melting
points of the CSNP shells; by varying the molecular weight of PEG in the
amphiphilic shells of the CSNPs, a series of colloidosomes with different
dissociation temperatures ranging from 43 to 56 ◦C could be obtained
[183].

Sintered colloidal films can also serve as a starting point for further
treatments. For example, in [178], sintering of 3D silica colloidal crys-
tals was used before focused ion beam (FIB) structuring. In particular,
305 nm diameter silica colloidal particles were first calcined at 300, 450
and 550 ◦C for 12 h at each temperature; the use of calcination before
self-assembly on quartz microscope slides and sintering at 900 ◦C for 12
h made colloidal crystals less prone to cracking; the sintered films were
robust and derived their mechanical strength by virtue of the sintering-
induced formation of nanoscale silica necks that connect them to their
neighbouring spheres [178]. Focused ion beam milling was subse-
quently used to fabricate micron and submicron scale patterns in sin-
tered silica colloidal crystal films [178].

Thermal annealing can also be exploited to get complex and aniso-
tropic particle shapes starting from spherical particles. Anisotropic
particles are of utmost interest both for their intrinsic physicochemical
aspects and self-assembly behaviour and for practical applications due
to their distinctive transport properties useful in detoxification, drug
delivery and biosensing (if put in circulation in the human body), as well
as in bioremediation and removal of contaminants from groundwater
[184–191]. Converting spherical particles into anisotropic particles
represents an interesting route for this purpose. Oblate and prolate
ellipsoidal shapes as well as other anisotropic shapes have been obtained
by high energy ion beam irradiation [9,27,29]. Anisotropic particle
shaping can be achieved also by dry etching due to the presence of
preferential etching directions [5,18,24–26]. However, these techniques

(caption on next column)

Fig. 23. - Applications of annealed colloidal particles: (a) illustration of the effect
of temperature on the fusion of individual polystyrene latex particles inside a
composite supra-particle: diagram of the fusion of latex particles annealed at T >

Tg and SEM image of a supra-particle made from a 40 wt% latex particle sus-
pension annealed at 120 ◦C (reproduced from Ref. [182] with permission from the
Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelanding
/2016/sm/c6sm01651k); (b) diagram of a supra-particle annealed at the glass
transition temperature (Tg) of polystyrene (106 ◦C) and SEM image of a fractured
porous supra-particle made from 50 wt% particle suspension after annealing at Tg
(reproduced from Ref. [182] with permission from the Royal Society of Chemistry;
https://pubs.rsc.org/en/content/articlelanding/2016/sm/c6sm01651k); (c) SEM
images of P(St-co-O–B-EG600) CSNPs; the inset is the a high resolution SEM image
of P(St-co-O–B-EG600) CSNPs (reproduced from Ref. [183] with permission from
the Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelanding
/2011/sm/c0sm01128b); (d) SEM images of P(St-co-O–B-EG600) CSNPs; the
inset is the model of the CSNPs (reproduced from Ref. [183] with permission from
the Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelanding
/2011/sm/c0sm01128b); (e) structure, formation and dissociation mechanism
of seamless colloidosomes; SEM and TEM images of seamless colloidosomes built
from P(St-co-O–B-EG600) CSNPs (reproduced from Ref. [183] with permission
from the Royal Society of Chemistry; https://pubs.rsc.org/en/content/articlelandi
ng/2011/sm/c0sm01128b).
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require complex and expensive equipment.
Thermal treatments can offer a cheaper route to anisotropic shaping.

In section 5, we have already seen how thermal annealing of polymer
particles on a polymer film can be exploited to get anisotropic particles
such as peanut-like and rod-like structures [143] and prolate spheroidal
particles [144].

In addition, thermal treatment in combination with specific template
self-assembly techniques has also been exploited to generate asymmetric

dimers from two types of monodispersed, spherical colloids that could
be different in size, chemical composition, surface functionality, density
or sign of surface charges, bulk properties or a combination of such
characteristics [192]. In particular, a parallel cell composed of two glass
substrates has been used, with the surface of the bottom substrate
patterned with cylindrical holes of diameter D and height H [192]
(Fig. 24(a)). When the colloidal suspension is allowed to dewet slowly
across the cell, the capillary force exerted on the rear edge of this liquid

Fig. 24. - Applications of annealed colloidal particles: (a) sketch of the experimental procedure to generate dimers; the liquid was allowed to dewet from the surface
along the direction indicated by the arrow (reprinted with permission from [192]. Copyright 2001 American Chemical Society); (b-c) SEM images showing the
procedure used to assemble two different types of spherical colloids (2.8 μm polystyrene beads, 1.6 μm silica balls) into dimeric units under the physical confinement
exerted by the cylindrical holes (5 and 2.5 μm in diameter and height, respectively) patterned in a thin film of photoresist (reprinted with permission from [192].
Copyright 2001 American Chemical Society); (d) TEM image of one of the dimers after release from the original support by dissolution of the photoresist pattern in
ethanol, followed by redeposition onto a TEM grid (reprinted with permission from [192]. Copyright 2001 American Chemical Society); (e) fluorescence microscopy
image of a 2D array of dimers from polystyrene of different size and colour: 3.0 μm beads doped with a green dye (FITC) and 1.7 μm beads doped with a red dye
(Rhodamine); the green and red dye molecules were selectively excited and recombined into an overlapped image (reprinted with permission from [192]. Copyright
2001 American Chemical Society); (f) sketch of the salting out-quenching-fusing technique: starting from a suspension of singlet particles, a high ionic strength is
introduced to start diffusion-limited aggregation due to van der Waals forces; afterwards, the ionic strength is quickly diluted after roughly the rapid flocculation
time, which effectively quenches the aggregation reaction due to large electrostatic repulsive forces; heating above their glass transition temperature or chemical
fusion is used to fuse the doublets together permanently (reprinted with permission from [193]. Copyright 2006 American Chemical Society); (g-h) field emission
scanning electron microscope (FESEM) images of amidine homodoublets; the amidine particles making up the homodoublets are 2.1 μm in diameter: amidine
homodoublet after the salting out-quenching steps (g); permanently fused amidine homodoublet particle after the full salting out-quenching-fusing process (h)
(reprinted with permission from [193]. Copyright 2006 American Chemical Society); (i-j) carboxyl modified latex -sulfate heterodoublets; the sulfate particles are
2.4 μm in diameter, and the carboxyl modified latex particles are 4.6 μm in diameter: (i) singlet carboxyl modified latex and sulfate particles in deionized water
(40×); (j) after the full salting out-quenching-fusing process; the heterodoublets break apart during sonication without the fusion step and remain stable during
sonication (10 min) with the fusion step (reprinted with permission from [193]. Copyright 2006 American Chemical Society). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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slug would drag the spherical colloids across the surface of the bottom
substrate until they are physically trapped in the arrays of cylindrical
holes [192]. If specific geometric constraints relating the characteristics
of the patterned surface to the particle diameter d are satisfied (namely,
if 0.5d ≤ H ≤ 1.37d and d ≤ D ≤ 2d), only one particle can get trapped
in a hole, with a yield as high as 95% [192]. The procedure can be
summarized as follows [192]:

• self-assembly of the first particle type (for instance, 2.8 μm PS par-
ticles trapped in cylindrical holes patterned in a photoresist film spin-
coated on a glass substrate with D = 5 μm and H = 2.5 μm);

• permanent fixing of the position of the first particle type in each
cylindrical hole by thermal treatment (for example, heating the
sample to a temperature slightly higher than Tg of PS for a few
seconds);

• self-assembly of a second particle type (for instance, 1.6 μm silica
particles);

• permanent welding of the two particles together by thermal treat-
ment (heating the sample to a temperature slightly higher than Tg of
PS);

Fig. 25. - Applications of annealed colloidal particles: (a) 1D colloidal array on grooves (reprinted with permission from [194]. Copyright 2002 American Chemical
Society); (b) 1D colloidal array on grooves after heating at 165 ◦C for 100 s (reprinted with permission from [194]. Copyright 2002 American Chemical Society); (c)
1D colloidal array on grooves after heating at 165 ◦C for 680 s; the inset image is the inverse pearl necklace (after extraction of PS particles) (reprinted with
permission from [194]. Copyright 2002 American Chemical Society); (d) procedure to get polystyrene microspheres flattened in one spot and corresponding images
of positively charged 3.3 μm amidine-functionalized PS particles in DI water that were electrostatically adhered to a negatively charged flat glass substrate (top),
placed in a standard heat autoclave (120 ◦C, 18 psig) to flatten particles in one spot (center) and finally sonicated off the surface to obtain single flattened
microsphere colloids in water (reprinted with permission from [194]. Copyright 2002 American Chemical Society); (e) SEM image of 3.3 μm amidine-functionalized
PS particles settled in DI water and placed in the autoclave at 120 ◦C and 18 psig for 60 min (reprinted with permission from [195]. Copyright 2009 American
Chemical Society); (f) SEM image of an amidine-functionalized polystyrene latex particle with two flattened sides; the particles were settled in DI water onto a
nanofabricated v-groove template etched in a silicon wafer; subsequently, the sample was placed in an autoclave at 120 ◦C and 18 psig for 90 min (reprinted with
permission from [195]. Copyright 2009 American Chemical Society).
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• release of the particle dimers by removal of the cylindrical pattern (e.
g. release into an aqueous dispersion by dissolving the photoresist
pattern in ethanol under sonication).

In this way, not only a seamless bonding between a polymer and an
inorganic particle can be obtained, but also other combinations (for
example, particles of the same material but different size and doped with
different fluorescent dyes, etc.) [192] (Fig. 24(b-e)).

Colloidal doublets have also been produced by a salting out/
quenching/fusing technique. Both homodoublets (i.e. doublets consist-
ing of two particles of the same type) and heterodoublets (i.e. particles of
different type) have been produced in this way [193]. Fig. 24(f) illus-
trates a schematic of the process; it consists of the following steps [193]:

• a suspension of functionalized charged colloidal particles is placed in
a test tube; a salt solution is added and is swirled to promote good
mixing between particles and salt;

• particles aggregate quickly, thereby being salted out;
• after 60 s, the aggregation is quenched by adding deionized water to

decrease the ionic strength;
• in order to prevent doublets from breaking apart (because particles

remain stable in unperturbed solution, but severe agitation due, for
example, to sonication, vortexing or high-speed centrifugation often
causes the doublets to break apart), particles are heated above their
glass transition temperature for 15 min, inducing the doublets to
permanently fuse to each other by allowing the polymer chains of the
touching particles in the doublet to diffuse together; an autoclave is
used to heat, while avoiding boiling; simple heating in an oil bath or
on a hot plate and not in a pressurized vessel results in the aqueous
solution undergoing convective boiling, which then causes further
uncontrolled aggregation; an oil bath with a small pressurized vessel
enables better control of the temperature and time of heating (for
example, placing solutions in an autoclave at 120 ◦C and 18 psi re-
sults in the PS homodoublets and heterodoublets becoming perma-
nently fused into a doublet); as an alternative, doublets can be fused
by the combination of addition of an organic solvent and heating; the
solvent (e.g. toluene) causes the particles to swell slightly, thereby
lowering their Tg such that the particles can be fused at a lower
temperature where the solution is not boiling; for example a particle
solution heated to 80 ◦C and containing only 5% toluene results in
permanently fused colloidal homodoublets; after fusion, the solvent
is removed from the particle suspension (e.g. removal of toluene via a
N2 purge).

This approach has been applied to the fabrication of homodoublets
and heterodoublets starting from particles in the size range from 800 nm
to 5.0 μm; PS and silica homodoublets and PS/silica heterodoublets have
been produced [193] (Fig. 24(g-j)).

Specific particle shaping effects can be obtained by thermal treat-
ments carried out on particles self-assembled onto pre-patterned
substrates.

For instance, thermal treatment of 1D wires of colloidal particles has
been investigated [194]. In particular, dense packings of PS particles
were assembled on template samples consisting of 1D surface relief
gratings obtained on a photopatterned epoxy-based azobenzene-func-
tionalized polymer (AFP) matrix. The glass transition temperatures of PS
particles and AFP were 98 and 110 ◦C, respectively [194]. The 1D
colloidal array on the grooves was treated for 100, 680 and 1560 s at
165 ◦C, resulting in neck (contact area of beads), pearl necklace and wire
formation, respectively [194] (Fig. 25(a-c)). The AFP matrix, which
consists of grooves prior to heating, became smooth and level [194]. For
treatments at 113 ◦C (close to Tg of the matrix) for 2 h, particles retained
their shape and no neck was observed between them [194]. The findings
show that neck formation, which is necessary for the wire pattern, is
strongly dependent on the thermal states of the polymer chains of the
particles and the matrix [194]:

• at a low thermal state, small chain mobility, the enlarged interface
between PS particles and the PS-matrix interfacial tension led to
failure of the elastic adhesion of the particles and, as a result, no neck
was formed;

• when the thermal state was sufficiently high, the sintering process
followed the viscous flow model due to active polymer chain
mobility; experimental data for particle sintering were compared
with Frenkel’s model.

Applications have been envisaged in material patterning. For
instance, by selective dissolution of the surface of the pearl necklace
pattern by placing the sample in cyclohexane at 44 ◦C for 3 h, an inverse
pearl necklace pattern can be obtained [194] (inset of Fig. 25(c)). Such
patterning could be especially useful if particles are functionalized to
show conducting properties [194].

Thermal treatments have also been harnessed to get colloidal flats, i.
e. colloidal particles with a flat region, which can be useful for the
fabrication of patchy particles in which the patch is chemically different
from the rest of the particle [195]. For this purpose PS particles (ami-
dine-functionalized, average diameter 3.3 μm) were used and went
through the following steps [195] (Fig. 25(d-e)):

1. electrostatic adhesion to a flat surface;
2. heating of the sample above Tg of the polymer to allow particle

deformation by spreading;
3. cooling of the particles below their Tg;
4. sonication to release spherical colloids with a flattened patch.

Being slightly above Tg, the particles deformed primarily because of
surface tension, spreading onto the flat surface, whereas gravity plays a
negligible role in the flattening because of the small size of the particles
[195]. The radius s of the particle flat consistently increased with
increasing time; a model was developed showing a dependence on time t
of the type s ∼ t1/3, in disagreement with Frenkel’s model [195].
Experimental data showed a good accordance with the developed
theoretical model, except for short thermal treatments (below 15 min)
and long treatments (above 6 h), where the graph shows a plateau,
because s reaches about 90% of the original particle size [195]. By
assembling particles on more complex pre-patterned substrates, parti-
cles with multiple flats can be obtained: for instance, by assembly on a v-
shaped template in a silicon wafer, particles with two flats can be ob-
tained [195] (Fig. 25(f)).

8. Conclusions

In this review, we have examined thermal treatments for polymer
and silica particles, which represent the most widespread building
blocks for colloidal assemblies. Heat is a powerful and cost-effective tool
to achieve deformation of colloidal particles and colloidal masks. Except
for the case of selective laser sintering, thermal treatments can be
implemented with more straightforward and lower cost experimental
set-ups in comparison to other techniques exploited for the modification
of colloidal particles and assemblies, such as dry etching and ion beam
irradiation.

For polymer particles, the key material parameter governing shaping
upon thermal annealing is the glass transition temperature relative to
the temperature of thermal treatment. For silica particles, surface and
internal silanol groups play a major role in dehydration and dehydrox-
ylation processes and determine the final shaping effects for variable
temperature. Complex viscous and viscoelastic transport mechanisms
intervene upon thermal treatment leading to necking and even coales-
cence between neighbouring particles.

Different parameters can be adjusted to control the specific shaping
effects. These are related to both the thermal treatment (heating system,
temperature and duration of the treatment) and the particles (size,
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polydispersity, surface functionalization). Polymer particles allow one
to get morphological changes at much lower temperatures than silica
particles. In addition, as the glass transition temperature of polymers
spans over a broad range depending on the specific polymer at hand (as
it is related to its structure and crystallinity), this offers great versatility
in engineering morphological changes, for instance by adjusting it via
the composition of copolymer particles. Shaping can also be tailored by
using core/shell particles or combining particles with different glass
transition temperatures. The substrate on which particles are placed also
plays a role. In particular, when polymer particles are assembled on a
polymer substrate, both the particles and the substrate undergo defor-
mation, with the possibility to get more complex shaping effects
depending on the particle/substrate material combination. Finally,
thermal treatments of particle monolayers can also be carried out at the
air/water interface, thereby benefitting from the possibility to preserve
the high order attainable via self-assembly at the air/water interface.

The ensuing deformation can be exploited for different applications.
For example, the expansion and flattening of particles in thermally
annealed closely-packed monolayers can be employed to tune the shape
and size of the interstices between neighbouring particles, with conse-
quent enrichment of the variety of geometric features that can be ob-
tained when particles are used as a mask in colloidal lithography. In
addition to this indirect application in nanostructuring, thermally
treated particle assemblies can be directly exploited for their intrinsic
physical properties. Thermal annealing can be harnessed to tune the
spectral response of photonic crystals or to vary the thermal conduc-
tivity and mechanical stability of colloidal assemblies. Finally, it allows
to synthesise particles of anisotropic shapes from spherical particles
even of different materials, as is the case for homodoublets, hetero-
doublets, particles exhibiting a flat or peanut-like and rod-like struc-
tures. In addition, thermal annealing can improve the cohesion between
individual particles in colloidosomes in comparison to mere electrostatic
interactions and van der Waals forces.

It is noteworthy to observe that necking, sintering and coalescence
have been observed also by other particle shaping techniques, such as
dry etching [5,18–23,196], ion beam irradiation [9,27–31] and X-ray
bombardment [197]. Although each technique exhibits peculiar features
and shaping mechanisms and entails characteristic morphological var-
iations, thermal treatment allows one to reach such shaping effects in a
more cost effective way. While it is true that other specific shaping ef-
fects are not attainable via thermal treatments (e.g. particle size
reduction or precise ellipsoidal shaping), it can represent a valid and
powerful alternative to get necking and other morphologies, including
complex and anisotropic ones such as doublets, peanuts and rods.

Other approaches, such as photolithography and two-photon

polymerization, can be adopted for the fabrication of particles with
anisotropic shapes [198,199]. Even if some specific intricate shapes (e.g.
silica tori or handlebodies [198] and colloidal particles in the form of
thin, rigid polymeric tubes shaped into knots of different chiralities
[199]) may not be feasible by heat-based approaches, in the other cases
thermal treatment represents a more attractive solution in comparison
with such methods in terms of cost, yield and time burden and allows
one to get anisotropic shaping on a large scale starting from widespread
spherical colloidal particles (often commercially available) with simple
and low cost equipment.

In addition, we point out that the theoretical background and
experimental results and concepts such as necking and sintering here
illustrated for spherical polymer and silica particles are important to
understand similar phenomena occurring in other situations, for
instance different material systems, such as microgels [200] or Pt, CeO2,
SnO2 and TiO2 [201], or other treatments.

In conclusion, we are confident that this comprehensive review of
thermal treatment of colloidal particles may help the reader to get
insight into this shaping technique, accurately understand its mecha-
nisms and potential and envisage novel vistas and routes of particle
shaping.
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Appendix A. More on glass transition temperature and melting temperature

According to their response to thermal treatments, polymers can be classified into different categories. A thermoplastic is a polymer that softens
and can be made to flow if heated; upon cooling it hardens and retains the shape imposed at elevated temperature; this heating and cooling cycle can
usually be repeated many times if the polymer is properly compounded with stabilizers [35]. Examples of thermoplastics are polystyrene, poly (vinyl
chloride), polyethylene, poly(ethylene terephthalate) [35]. A thermosetting plastic is a polymer that can be made to undergo a chemical change to
produce a network polymer, named a thermoset polymer; thermosetting polymers can often be shaped with the application of heat and pressure, but
the number of such cycles is severely limited; an example of thermosetting polymers is given by epoxies [35]. A thermoset plastic is a solid polymer
that cannot be dissolved or heated to sufficiently high temperatures to allow continuous deformation, because chemical decomposition intervenes at
lower temperatures; an example is given by vulcanized rubber [35].
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Both Tg and Tm are important [35]:

• Tg sets an upper temperature limit for the use of amorphous thermoplastics like polymethyl methacrylate (PMMA) or polystyrene and a lower
temperature limit for rubbery behaviour of an elastomer like SBR (styrene-butadiene rubber) or 1,4-cis-polybutadiene;

• in case of semicrystalline thermoplastics, Tm or the onset of the melting range determines the upper operating temperature; semicrystalline
polymers tend to be tough and leathery between Tg and Tm; brittleness begins to set in below Tg of the amorphous regions; as a rule of thumb,
semicrystalline plastics are used at temperatures between Tg and a practical softening temperature lying above Tg and below Tm.

Different relationships and empirical correlations have been found out between Tg and Tm; typically, for most of symmetrical and asymmetrical
polymers, the ratio between Tg and Tm is around 0.5–0.8 [38].

Fig. A1 shows the specific volume-temperature graph for a polymer which cools down from its molten state; the polymer can either crystallize
(route a) or cool down to its glassy, amorphous state (route b); the temperature at which the slope changes (route b) corresponds to the glass transition
temperature [38].

Fig. A1. - Fundamental properties of polymers: temperature-specific volume graph showing cooling of a liquid following routes a (crystallization) or b (forming a
glassy amorphous structure) (reprinted by permission from Springer Nature: [38], Copyright 1999, reproduced with permission from SNCSC).

The concept of free volume plays a major role in distinguishing between crystalline, glassy amorphous polymer and rubbery amorphous polymer
(Scheme 1). This concept has been introduced as an explanation for mobility by recalling the words used by the poet Lucretius to describe the thoughts
of Epicurus on empty space or free volume, as “intangible space, voids, emptiness”, without which “things could not in any way move” [38]. In this
way, one can assume the existence of two types of volume in matter, namely occupied volume and free volume; the latter allows the mobility of the
atoms (segments) [38]. The free volume can be represented by mobile holes jumping around in the structure [38]. The fractional free volume is the
ratio of the free volume to the total volume [38]. An ideal crystal consists only of occupied volume, a glassy, amorphous polymer (T < Tg) has only a
small fraction of slowly moving holes, while an amorphous, rubbery polymer (T > Tg) exhibits a higher concentration of rapidly moving holes [38].

The mechanical properties of amorphous polymers undergo profound variations across the glass transition region, whereas those of semi-
crystalline polymers are less pronounced in general, although still evident [35].

When a material is stressed, it can respond by deforming [35]:

• in a non-recoverable manner: rearrangements in the positions of whole molecules or segments of molecules result in the dissipation of the applied
work as internal heat; this irreversible mechanism involves the flow of sections of macromolecules in the solid specimen;

• in an elastic manner: it is characteristic of glasses, whose components cannot flow past each other; such materials usually fracture in a brittle
manner at small deformations, because the creation of new surfaces is the only way to release the strain energy stored in the solid (as is the case for
window glasses).

At sufficiently low temperatures a polymer is a hard, brittle material with a modulus >109 N/m2 [35]. In fact, in the glassy region the available
thermal energy is insufficient to allow rotation about single bonds in the polymer backbone, thereby hampering movements of large-scale (about 50
consecutive chain atoms) segments of macromolecules [35]. The glass transition region is a temperature range over which the onset of motion on the
scale of molecular displacements can be found in a polymer specimen [35]. In fact, as the temperature is raised, the thermal agitation becomes
sufficient for segmental movement and the brittle glass begins to behave in a leathery fashion [35]. The modulus decreases by a factor of about 103

over a temperature range of about 10–20 ◦C in the glass-to-rubber transition region [35].
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Scheme 1. – Sketch of the free volume concept; the occupied volume is indicated by filled red circles, free volume (hole) by empty circles; an ideal crystal consists
only of occupied volume; a glassy, amorphous polymer (T < Tg) has only a small fraction of slowly moving holes, while an amorphous, rubbery polymer (T > Tg)
exhibits a higher concentration of rapidly moving holes; snapshots are taken at different times (t) (redrawn and adapted from [38]).

The rubbery region is characterized by a short-term elastic response to the application and removal of a stress [35]. Polymer molecules respond to
the gross deformation of the specimen by changing to more extended conformations; they do not flow past each other to a significant extent, due to the
fact that their rate of translation is restricted by mutual entanglements; a single entangled molecule has to drag along its attached neighbours or slip
out of its entanglement in order to flow; the amount of slippage increases with the duration of the applied stress [35]. In addition, molecular flexibility
and mobility increase with temperature and continued warming of the sample causes the scale of molecular motions to increase in the time scale of the
experiment [35]. The sample will flow in a rubbery manner [35]. When the stress is released, the specimen will not contract completely back to its
initial dimensions [35]. With higher testing temperatures, the flow rate and the amount of observed permanent deformation will continue to increase
[35].

Appendix B. Factors affecting characteristic temperatures

As anticipated in section 2.1.2, Tg is affected by the following factors:

• polymer structure: as the glass-to-rubber transition reflects the onset of movements of fairly large segments of the polymer backbone, Tg is
influenced by the flexibility of the macromolecules and by the intensities of intermolecular forces [35], in particular:

1. aromatic or aliphatic polymers [35]: chain backbones with bonds such as those of Scheme 2 tend to be flexible and exhibit low Tg; insertion of an
aromatic ring in the main chain entails an increase in Tg (this aspect plays a major role in the application of amorphous glassy polymers like poly
(phenylene oxide) and polycarbonate);

2. presence of substituents [35]: bulky, inflexible substituents on chain carbons generally hinder rotations about single bonds in the main chain and
raise Tg (for this reason, Tg of polypropylene and poly (methyl methacrylate) are respectively higher than Tg of polyethylene and poly (methyl
acrylate)); nonetheless, the size of the substituent does not exert alone an impact on Tg; a flexible side group (e.g. an alkyl chain) lowers Tg; larger
substituents prevent efficient packing of macromolecules in the absence of crystallization, but motion of the polymer chain is freed only if the
substituent itself can change its conformation readily;

3. intermolecular forces [35]: stronger intermolecular attractive forces pull the chains together and impede relative motions of segments of different
macromolecules; for this reason, polar polymers and those in which hydrogen bonding or other specific interactions are significant have high Tg (e.
g. polyacrylonitrile>poly(vinylalcohol) > poly(vinylacetate) > polypropylene);

4. molecular weight [35]: for a given polymer type, Tg increases with number average molecular weight Mn according to:

Tg = T∞
g −

u
Mn

(B1)

where T∞
g is the glass-to-rubber transition temperature of an infinitely long polymer chain and u is a constant dependent on polymer; for example Tg

is 88 ◦C for polystyrene with Mn > 10000 and 100 ◦C for polystyrene with Mn > 50000. Other relationships describing the dependence of Tg on Mn

have also been found [39–41];
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5. cross-linking [35]: material cohesiveness in amorphous glassy polymers, like polystyrene, stems mainly from entanglements between macro-
molecules; in case of cross-linking of the macromolecules instead of just entanglement, the intermolecular linkages do not slip and the rubbery
plateau region persists until the temperature is high enough to induce chemical degradation of the macromolecules. Cross-linking increases the
glass transition temperature of a polymer when the average size of the segments between cross-links is equal or lower than the lengths of the main
chain that can start to move at temperatures near Tg. The glass transition temperature exhibits minor variation with the degree of cross-linking
when the cross-links are widely spaced (e.g. in normal vulcanized rubber). Nonetheless, in case of polymers that are already highly cross-
linked (as in the “cure” of epoxy and phenolic thermosetting resins), large shifts of Tg with increased cross-linking are observed. Different poly-
mers have been investigated and empirical relationships describing the dependence of Tg on cross-linking have also been derived [42–45];

6. crystallinity: amorphous thermoplastics undergo major, typically step-like changes of properties in the glass transition range; in semi-crystalline
thermoplastics, such variations are less pronounced (because of the presence of an as yet unmelted crystalline phase) and depend on the crys-
tallinity, i.e. the proportion of crystalline phase [36]. In a solid semi-crystalline polymer, large-scale segmental motion occurs only at temperatures
between Tg and Tm and only in amorphous regions; at low degrees of crystallinity the crystallites act as virtual cross-links and the amorphous
regions exhibit rubbery or glassy behaviour, according to the temperature and time scale of the experiment [35];

7. miscible polymer mixtures: Tg of miscible polymer mixtures of two components can be computed as [35]:

1
Tg

≅
wA

TgA
+
wB

TgB
(B2)

where TgA and TgB are the glass transition temperatures of the two components and wA and wB are the weight fractions of the two components. The
relationship can be generalized to the Fox equation for n components [38]:

1
Tg

=
∑n

i=1

wi

Tgi
(B3)

where Tgi andwi represent the glass transition temperature and the mass fraction of component i. These equations are useful with plasticizers which
are materials that enhance the flexibility of the polymer with which they are mixed: in fact, the incorporation of plasticizers also affects Tg and the
mechanical behaviour of polymers, in particular by reducing Tg and making the polymer more flexible at any temperature above Tg [35]. For
instance, Tg of poly(vinyl chloride) can be lowered from about 85 ◦C for unplasticized material to − 30 ◦C for blends of the polymer with 50 wt% of
dioctylphthalate plasticizer [35]. The previous equations cannot be applied to polymer blends in which the components are not mutually soluble
[35]. The previous equations are also a useful to estimate the glass transition temperatures of statistical copolymers (in this case the subscripts A
and B refer to the homopolymers) [35]. However, it cannot be applied to block and graft copolymers in which a separate Tg is observed for each
component polymer if the blocks or branches are long enough to allow each homopolymer type to segregate into its own region [35]. We observe
that alternative expressions are available for the glass transition temperature of polymer blends, for instance [38]:

lnTg
Tg

=
∑n

i=1

wilnTgi
Tgi

(B4)

• pressure [38]: Tg depends on the hydrostatic pressure p according to the following equation:

dTg

dp
=

Δβ
Δα (B5)

where Δβ and Δα represent the variation in compressibility and volume expansion coefficient associated with the glass transition, respectively;
typical values of this ratio for polymers are in the range of 0.2–0.4 K MPa− 1;

• presence of additives, solvent residues, moisture, etc., which can lower Tg [34].

Scheme 2. – Examples of chain backbones.
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[62] Arda E, Pekcan Ö. Time and temperature dependence of void closure, healing and
interdiffusion during latex film formation. Polymer 2001;42:7419.
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