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The self-assembly of n-alkyl chains at the bulk or at the interface of different types of materials and sub-
strates has been extensively studied in the past. The packing of alkyl chains is driven by Van der Waals
interactions and can generate crystalline or disordered domains, at the bulk of the material, or self-
assembled monolayers at an interface. This natural property of alkyl chains has been employed in recent
years to develop a new generation of materials for technological applications. These studies are dispersed
in a variety of journals. The purpose of this article was to discuss some selected examples where these
advanced properties arise from a process involving the self-assembly of alkyl chains. We included a
description of electronic devices and new-generation catalysts with properties derived from a controlled
two-dimensional (2D) or three-dimensional (3D) self-assembly of alkyl chains at an interface. Then, we
showed that controlling the crystallization of alkyl chains at the bulk can be used to generate a variety of
advanced materials such as superhydrophobic coatings, shape memory hydrogels, hot-melt adhesives,
thermally reversible light scattering (TRLS) films for intelligent windows and form-stable phase change
materials (FS-PCMs) for the storage of thermal energy. Finally, we discussed two examples where
advanced properties derive from the formation of disordered domains by physical association of alkyl
chains. This was the case of photoluminescent nanocomposites and materials used for reversible optical
storage.
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1. Introduction

The self-assembly of n-alkyl chains at the bulk or at the inter-
face of different types of materials and substrates has been exten-
sively studied. The packing of these chains arises from Van der
Waals interactions and can generate either crystalline domains
involving fractions of alkyl chains packed in an all trans conforma-
tions or amorphous aggregates. Examples of cases that have been
deeply investigated are self-assembled monolayers (SAMs) [1,2]
and crystalline domains produced in comb-like polymers with
pendant alkyl chains [3,4].

SAMs are formed by spontaneous adsorption of organic mole-
cules on the surface of a substrate. In SAMs of molecules containing
long alkyl chains, interactions between the head group and the
substrate, as well as van der Waals interactions between adjacent
adsorbed molecules, play a fundamental role in determining
attachment, orientation and packing density of the final structure
[1]. Influence of size related parameters, like van der Waals radii
of the head and tail groups and lattice parameters of the substrate,
on the degree of order and orientation of the monolayer have been
extensively studied [2]. Commonly, structural disorder or defects
appear when differences between the sizes of head and tail groups
and/or between the size of these groups and the lattice parameter
of the substrate increase. In general, the tendency of the alkyl
chains to maximize interactions between -CH2 groups produces
well-arranged, densely packed monolayers perpendicular to the
surface. However, if the substrate has a chemical structure
enabling the adsorption of these groups, like a graphene surface,
alkyl chains can lay parallel to the surface forming a 2D SAM [5].
SAMs of alkyl chains can also be formed on curved surfaces, like
those present in nanoparticles (NPs), with alkyl molecules bearing
functional groups chemically compatible with the surface (e.g., thi-
ols or amines in the case of noble metals). Besides controlling
internal order and structure of the monolayer, van der Waals inter-
actions between alkyl chains are also responsible for the arrange-
ment of NPs in different crystalline structures or assemblies
(body-centered cubic, bcc, face-centered cubic, fcc, hexagonal close
packed, hcp or lower symmetry arrays) called ‘‘superlattices” or
‘‘crystals of nanocrystals” [6–8]. As alkyl chains have a high ten-
dency to form densely packed arrangements that fill the space
around the particles, the preferred structure adopted in each case
will depend on the length of the alkyl chain and the size of the
NPs core [6]. A high level of chain interdigitation is characteristic
of these structures, with packing densities so high that can be com-
pared with those found in solid crystalline alkane phases [6].
Comb-like polymers are characterized by the presence of long
side chains joined to a main polymer backbone through chemical
junctions (also called attachment bridges) [3]. Due to the spatial
restriction imposed by the presence of the polymer backbone, a
high level of interaction between side chains is expected in this
kind of configuration. When side chains are linear alkyl groups,
the structure and properties of these polymers are determined by
the tendency of alkyl side chains to close packing. However, limi-
tations are expected that depend on the flexibility, regularity and
physicochemical properties of the main polymer chain and the
attachment bridges. These are characteristics that strongly control
their relaxation transitions, their ability to crystallize (also their
crystal structure) and their potential to form superstructures and
gels [3]. Long alkyl groups tend to aggregate through a process of
‘‘nanophase separation” to form domains with typical dimensions
in the range 5–20 Å [9]. Hence, materials with very diverse proper-
ties can be obtained by controlling the structure of the polymer
backbone and the side chains [10]. Some well-studied examples
of comb-like polymers containing alkyl chains can be found in
the synthesis of poly(a-olefins), poly(n-alkyl acrylates), poly
(viny-n-alkyl) esters, etc.

Other well-studied examples of structures formed by the self-
assembly of alkyl chains are those of metallic thiolates [11] and
siloxane–organic hybrids from amphiphilic silicon-based precur-
sors [12].

Besides the vast literature of fundamental studies dealing with
the characterization of self-assemblies of alkyl chains, there is a set
of other studies showing that tailoring the packing of alkyl chains
can be used to generate advanced materials with technological
applications. These reports are classified under different headings
and dispersed in a large variety of journals from different fields.
Based on the final application, a variety of examples can be found
that range from the tuning of gene transfer properties of cationic
lipids [13] to the super-gelation and emissive properties of star-
shaped stilbene derivatives [14]. Same type of hydrophobic inter-
actions can conduct, using a completely different chemistry and
synthetic strategy, to the design of shape memory polymers [15]
or artificial light-harvesting materials [16]. Hence, a comprehen-
sive reading of the literature clearly shows that the strong ten-
dency of alkyl chains to suffer self-assembly processes can be
used for the design of new functional materials with applications
in a large variety of fields. The aim of this feature article is to dis-
cuss just a selection of these studies to demonstrate that the self-
assembly of alkyl chains is an extraordinary tool for the design of
advanced materials. Selected examples begin with two cases
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employing SAMs for applications in electronic devices and as novel
catalysts. Then, several examples based on crystalline aggregates in
the bulk are discussed, including superhydrophobic materials,
shape memory hydrogels with high mechanical strength and
self-healing ability, hot-melt adhesives, thermally-reversible light
scattering (TRLS) films and materials for thermal energy storage
(FS-PCMs). Finally, examples based on the formation of amorphous
aggregates of alkyl chains are presented. These include materials
with reversible optical storage and photoluminescent
nanocomposites.
N+
CH3

CH3

CH2CH2 OH
CH3 (     )14

P
O

OH
OH

O-

Fig. 2. Chemical structure of HHDMA.
2. Advanced materials based on SAMs of alkyl chains

Formation of SAMs of alkyl chains on flat substrates or nanos-
tructures can be used for controlling wettability, reactivity, assem-
bly capacity or even electronic properties of materials. Most
common examples can be found in the functionalization of metal
and carbon nanostructures with alkylthiols or alkylamines to con-
fer them dispersability in non-polar solvents [17], capacity to form
colloidal crystals by self-assembly [18] or interesting tribological
and super-wettability properties [19]. In this section, we will limit
the discussion to two recent examples showing that this kind of
functionalization can lead to even less expected effects, like tuning
of electronic and catalytic properties of materials.

2.1. Graphene field-effect devices

There is an outstanding interest for the use of graphene in elec-
tronic applications. This requires tailoring the charge carrier den-
sity and location of the work function, issues that can be
modulated by p-type or n-type doping [20]. One way to produce
the desired doping is by physical adsorption of molecules with
charge transfer capacity to the graphene surface. In this case, the
main problem is the precise control of the density of the adsorbate
at the surface. An elegant answer to this requirement was recently
proposed based on the 2D self-assembly of alkyl chains at the gra-
phene surface [5]. Two n-alkyl amines with different lengths were
selected as adsorbates: octadecylamine (ODA, 18 carbon atoms)
and nonacosylamine (NCA, 29 carbon atoms). They provide n-
type doping by the amine groups.

Fig. 1 shows self-assembled layers of ODA and NCA over highly
ordered pyrolitic graphite used as a model surface. Alkyl chains
adsorb parallel to the surface due to the commensurability
between the adsorbate and the substrate lattice. For ODA, a charac-
teristic tail-to-tail (or head-to-head) pattern is observed, facilitat-
Fig. 1. STM images showing self-assembled layers of ODA and NCA over a highly ordered
[5].
ing the H-bonds among amine groups. For NCA, tail-to tail self-
assembled patterns alternate with tail-to-head ones. This arises
from the higher intermolecular and molecule-substrate interac-
tions for the longer alkyl amine that produces a kinetic trapping
of the less stable pattern. However, in both cases the density of
amine groups at the graphitic surface could be precisely controlled
by the self-assembly of alkyl chains (either tail-to-tail or tail-to
head) in domains covering the whole surface.

The doping with both alkyl amines was also performed on gra-
phene grown by chemical vapor deposition (CVD). Using Raman
spectroscopy it was found that the charge carrier concentration
was 1.59 times higher with ODA than with NCA. This agrees with
the length ratio (1.6) between NCA and ODA and confirms that
the density of adsorbed amine groups, which depends on the
length of the self-assembled alkyl amines, can control the doping.

The effect of doping by both alkyl amines was also assessed by
electrical measurements of four-probe back gated graphene field-
effect transistors. It was observed that the amount of electrons
injected in the device functionalized with ODA was 1.52 times
higher than in the device functionalized with NCA. Again, this ratio
is close to the density ratio of amine groups on the surface between
both adsorbates (1.6) and reassures the fact that doping can be
controlled by the self-assembly of alkyl amines at the graphene
surface.
2.2. Catalytic response of a new generation of Pd-based hydrogenation
catalysts

A new generation of industrial hydrogenation catalysts based
on supported Pd, Pt, and Pd–Pt NPs employs hexadecyl-2-hydroxye
thyldimethyl ammonium dihydrogen phosphate (HHDMA, Fig. 2)
in a colloidal aqueous solution. HHDMA acts as a reducing agent
of Pd or Pt salts and as a stabilizing ligand of the metallic NPs
[21,22].

The relative amount of HHDMA has a significant influence on
the activity and selectivity of these new catalysts. The reason of
this behavior was recently investigated by comparing the structure
pyrolitic graphite (HOPG) surface. Reprinted with permission from Phillipson et al.
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and catalytic behavior of a series of Pd-HHDMA catalysts sup-
ported on titanium silicate (TiSi2O6) [23].

The series of synthesized catalysts contained the same metal
concentration (0.3 wt%) and average size of Pd NPs (5 nm) but dif-
ferent HHDMA contents varying from 0.3 to 16.8 wt%. Tests
showed an increased catalytic activity in hydrogenation reactions
when increasing the amount of HHDMA. This is a rather counterin-
tuitive observation because it could be expected that an increase in
the amount of stabilizing ligands would decrease the accessibility
to the metallic surface with a corresponding decrease of the activ-
ity. The explanation of this peculiar behavior was obtained from
transmission electron microscopy (TEM) observations and theoret-
ical predictions of the ordering of the long alkyl chains of HHDMA
employing Density Functional Theory (DFT) calculations.

Fig. 3 shows TEM images of colloidal Pd NPs (core) with the
layer of stabilizing ligands (shell). The amount of HHDMA increases
from (a) to (c). The most relevant feature observed in the micro-
graphs is the increase in the thickness of the shell when increasing
the amount of HHDMA. This must be related to the orientation of
the alkyl chains of HHDMA at the surface of Pd NPs (Fig. 4).

For a low concentration of HHDMA, alkyl chains are flattened on
the Pd surface in agreement with the small thickness of the shell
observed in TEM images. At high HHDMA concentrations, alkyl
chains self-assemble as extended chains packed in a monolayer
(SAM). This explains the large shell thickness shown by TEM
images. The different arrangement of alkyl chains explains the
observed increase in catalytic activity when increasing the HHDMA
concentration. When the alkyl chains extend horizontally on the
surface, they have the maximum capacity of blocking catalytic Pd
active sites. On the other hand, increasing the HDDMA concentra-
tion has two opposite effects: there is a larger fraction of Pd sites
directly blocked by the head of the ligand but, at the same time,
Fig. 3. TEM images of the colloidal Pd NPs (core) with the layer of stabilizing ligands (she
Albani et al. [23].

Fig. 4. Orientation of the alkyl chains of HHDMA at the surface of P
Pd sites indirectly blocked by the alkyl chains decreased. The last
effect seems to be the prevailing one.
3. Advanced materials based on the crystallization of alkyl
chains in the bulk

The existence of small crystalline regions in the bulk of materi-
als has significant effects on their properties that can be useful in
the design of specific functions. Crystals can be used as thermo-
reversible crosslinking points, mechanical reinforcing structures,
tortuosity elements, light scattering domains, etc. Considering
these effects, several strategies have been proposed, based on the
crystallization of alkyl chains, for the synthesis of superhydropho-
bic materials [24,25], hydro- and organogels [26,27], phase change
materials (PCMs) [28], shape memory polymers [29,30], TRLS films
[31], hot-melt adhesives [32], among others. Some selected exam-
ples are discussed in the following sections.
3.1. Superhydrophobic materials

Significant efforts have been dedicated in the last decades to the
development of superhydrophobic materials employing a variety
of chemistries ([25] and references therein). A material with out-
standing properties was developed entirely based on the crystal-
lization of alkyl chains [25]. Silica NPs were grafted with
octadecyl chains by reacting octadecylisocyanate with the silanol
(SiOH) groups present at the surface, in a single step (18 h at 80
�C). After filtration, washing and drying, a powder composed of
grafted silica NPs was obtained. It was processed as a colloidal
solution in xylene that was dropped over a substrate and heated
at 150 �C to obtain a coating.
ll). The amount of HHDMA increases from (a) to (c). Reprinted with permission from
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Physical crosslinking of silica NPs was produced by the crystal-
lization of octadecyl chains. The melting temperature was 120 �C
and the material could be re-processed or healed above this tem-
perature. The static water contact angle (WCA) of the coating
was 166 ± 1�, with a sliding angle close to 6�. WCA values were
higher than 155 � in a range of pH values comprised between 1
and 13. Therefore, a very simple chemistry gave place to an out-
standing superhydrophobic material.

The superhydrophobicity is usually the result of two different
factors: the intrinsic hydrophobicity of the material derived from
its chemical structure and the dual (micro-nano) scale roughness
of its surface. In order to separate both effects, the material was
subjected to a very high static pressure to reduce the surface
roughness to about 10 nm, removing the influence of the second
factor. This led to a WCA value of 106�. Hence, the very high
WCA value observed for the as-processed material derives from
its particular surface rugosity (average roughness of 70 nm, Fig. 5).

The surface rugosity is possibly the result of the restrictions of
the size and shape of crystals imposed by the anchoring of the alkyl
chains to the silica NPs. Fracturing the material and measuring
WCA at the new produced surfaces gave the same high values. This
indirectly confirms that rugosity derives from the size and shape of
crystals formed both at the surface and at the bulk of the material.
This is an extremely important property that enabled to keep
superhydrophobicity after severely abrading or rubbing the
surface.
3.2. Shape memory hydrogels with high mechanical strength and self-
healing ability

Shape memory polymers are used in different applications for
their capacity to restore an initial shape by application of a conve-
nient stimulus. In particular, the family of hydrogels (polymer net-
works containing a large fraction of water) have drawn
considerable interest for biomedical applications due to their com-
Fig. 5. Atomic Force Microscopy (AFM) image of the surface of the coating.
Reprinted with permission from Ramakrishna et al. [25].
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Fig. 6. Scheme of the hydrogel structure above the melting temperature and below
the crystallization temperature of crystals formed by the tail-to-tail association of
alkyl chains. Reprinted with permission from Bilici et al. [27].
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patibility with biological tissues. An important sub-family of
hydrogels bases its shape-memory properties on the crystallization
of alkyl chains in the bulk [27,33,34]. One of the examples
described in Ref. [27] will be briefly described to show the effect
of alkyl chains associations on shape memory properties.

Hydrogels were synthesized by free-radical copolymerization of
a highly hydrophilic monomer, acrylic acid (AAc, 50 mol %), with a
hydrophobic monomer, n-octadecylacrylate (ODA, 50 mol %) that
supplies the long (C18) alkyl chains. The reaction was carried out
in a micellar aqueous solution containing sodium dodecyl sulphate
(SDS) as surfactant. ODA was present in the micelles stabilized by
SDS and this enabled to produce a multiblock structure of the
copolymer (e.g. a large fraction of the alkyl chains was present in
neighbouring segments). In a final step the surfactant was removed
from the hydrogel (different properties were generated before
removing the surfactant [27]).

The hydrogel contained 64 % water and exhibited crystalline
domains produced by the tail-to tail self-assembly of alkyl chains.
The melting temperature was 51 �C and crystallization was
observed at 44 �C. From the experimental value of the melting heat
it was inferred that 56 % of methylene groups of octadecyl chains
were crystallized. This gave the hydrogel a high mechanical
strength at room temperature. The storage modulus dropped from
8.4 MPa at 25 �C (strong gel) to 7.5 kPa at 65 �C (weak gel), in a
completely reversible way. Of most importance for shape memory
properties is the fact that amorphous aggregates of alkyl chains,
present above the melting temperature, were strong enough to
keep the solid-like behavior (Fig. 6).

When the hydrogel with a specific initial shape is heated above
the melting temperature of crystals, it can be deformed to a tempo-
rary shape by applying a convenient stress. The physical associa-
tions among alkyl chains act as crosslinking units enabling the
strain of elastic chains and storing elastic energy in the material
with the temporary shape. Cooling produces the freezing of the
temporary shape by the crystallization of the aggregates of alkyl
chains. When the stress is removed and the material is heated
again above the melting temperature, elastic chains recover their
initial configuration and the temporary shape is transformed to
the initial one. Fig. 7 shows the 15 s recovery of a temporary com-
pressed ring to the initial shape when heating at 60 �C. Hydrogels
also exhibited self-healing ability (e.g., welding of two separate
parts), above the melting temperature (24 h at 80 �C). This arises
from the re-association process of alkyl chains at the interface.
Fig. 7. Recovery of a temporary compressed ring to the initial shape when heating
at 60 �C. Reprinted with permission from Bilici et al. [27].
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Fig. 8. Chemical structures of the epoxy monomer diglycidylether of bisphenol A (DGEBA), palmitic acid (PA) and benzyldimethylamine (BDMA).
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3.3. Alkyl-modified epoxies as hot-melt adhesives

Epoxy networks obtained from a broad range of formulations
dominate the field of adhesives. However, due to their crosslinked
structure they cannot be employed as hot-melt adhesives. For this
application, a crystallization process is needed such that the mate-
rial behaves as a liquid above the melting temperature and
becomes solid below the crystallization temperature while exhibit-
ing good adhesive properties. The modification of a typical epoxy
monomer with a fatty acid led to a convenient product for this
application [32]. The formulation employed was based on the com-
pounds shown in Fig. 8.

The tertiary amine (BDMA) acts as a catalyst for the epoxy-acid
addition, generating a hydroxyester group bounded to the alkyl
chain. Epoxy groups, used in excess with respect to acid groups,
undergo homopolymerization initiated by the same tertiary amine
after completion of the epoxy-acid reaction. The homopolymeriza-
tion can give place to a gel or to a liquid, depending on the initial
molar ratio of epoxy groups with respect to PA, E/PA. The critical
gelation ratio was experimentally observed for E/PA = 3. Smaller
values of E/PA led to a liquid phase at full conversion of epoxy
Fig. 9. Percent of (CH2) groups of alkyl chains that crystallized for formulations
with different E/PA molar ratios. Reprinted with permission from Hoppe et al.
[32].
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groups. The liquid was formed by a distribution of branched oligo-
mers with pendant alkyl chains. Crystallization of alkyl chains was
observed when cooling the liquid to room temperature.

The fraction of (CH2) units of alkyl chains that could be crystal-
lized from liquids with different E/PA molar ratios was determined
by differential scanning calorimetry (DSC). Results are shown in
Fig. 9.

The fraction of crystallizable (CH2) groups decreased almost lin-
early from about 54 % for E/PA = 1, to 14 % for E/PA = 2. The
decrease in crystallinity may be associated to the generation of lar-
ger branched structures when approaching the critical gelation
ratio, a fact that makes more difficult the alignment of alkyl chains
in all-trans conformation needed to generate crystals. Melting tem-
peratures decrease from 37 �C to 24 �C in the same range of molar
ratios. This is a convenient temperature range for the application of
these products as hot-melt adhesives.

Fig. 10 shows single lap-shear strength values of formulations
with E/PA = 1.6, 1.8 and 2, employed as hot-melt adhesives. The
product synthesized with E/PA = 2 exhibits a single lap-shear
strength value of 2.5 MPa that lies in the range required for hot-
melt adhesives.
Fig. 10. Single lap-shear strength values of hot-melt adhesives synthesized with
E/PA = 1.6, 1.8 and 2. Reprinted with permission from Hoppe et al.
[32].
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3.4. Thermally reversible light scattering (TRLS) films

TRLS films are used as coatings for the so-called intelligent win-
dows, due to their capacity to change from an opaque to a trans-
parent state above a particular temperature. One way to achieve
this behavior is to employ a blend of a crystalline material with
an amorphous polymer such that there is a matching of both
refractive indices above the melting temperature. In this way, the
blend is transparent at high temperatures but becomes opaque at
low temperatures due to the light scattering produced by the crys-
tals formed on cooling. However, in order to obtain a reversible
behavior in a large number of heating/cooling cycles, it is necessary
that the liquid formed when increasing temperature remains con-
fined and does not leak, which usually requires the use of a ther-
mally stable matrix and a suitable control of the morphology of
the dispersion. This requirement can be fulfilled by selecting a
crystalline modifier that simultaneously behaves as an organic
gelator of a reactive solvent. The tridimensional structure formed
during gelation allows obtaining a homogeneous distribution of
crystals (responsible for scattering) and, at the same time, enables
the immobilization of a reactive monomer that can then be poly-
merized, fixing the morphology in the desired way.

A TRLS film with excellent properties was generated from a
blend of DGEBA capped at both ends by a fatty acid and a
methacrylic monomer [31]. Stoichiometric amounts of stearic acid
(SA, 2 mol) and DGEBA (1 mol) were reacted to full conversion. The
structure of the resulting compound, DGEBA-(SA)2, is shown in
Fig. 11.

The crystallization and melting of DGEBA-(SA)2 was analyzed
by DSC. It crystallized below 40 �C and melted at 45 �C which is a
convenient temperature range for its use as the crystalline compo-
nent of a TRLS film. At relatively low concentrations in a particular
OO

OH O

O

R
O

O

O

CH3

CH3

O

O

Fig. 11. Chemical structures of DGEBA
solvent (THF, isopropanol, etc.) it loses solubility due to crystalliza-
tion. However, instead of producing a precipitate, crystallization
generates a gel due to the percolation of the crystalline structure
throughout the material that encapsulates the solvent. Compounds
synthesized in a similar way using other fatty acids exhibited the
same behavior and make part of a new family of organogelators
[31]. Percolation of the crystalline structure at low concentrations
is possibly promoted by the rigidity of the DGEBA structure and the
tail-to tail association of clusters of alkyl chains.

DGEBA-(SA)2 was used as the crystalline component of a TRLS
film. The other selected component was poly(ethylene glycol)
dimethacrylate (PEGDMA, Mn = 550 g/mol, Fig. 11), due to the
matching of refractive indices of the polymer network formed by
polymerization of methacrylate groups and DGEBA-(SA)2 in the
amorphous phase. Both components were blended in the same
mass amounts (50 wt%). Camphorquinone (CQ, Fig. 11) and
ethyl-4-dimethyl aminobenzoato (EDMAB, Fig. 11) were employed
for the photopolymerization of PEGDMA.

TRLS films were obtained by casting the blends between glass
covers, using a steel spacer of 200 lm thickness. Irradiation was
performed at room temperature with a light-emitting diode array
(410–530 nm, 600 mW/cm2) for two consecutive periods of 30 s.
This led to a complete conversion of methacrylate groups.

Fig. 12a shows the optical transmittance as a function of tem-
perature for the TRLS film subjected to a heating/cooling cycle at
20 �C/min. Above 48 �C the transmittance was close to 100 % due
to the matching of refractive indices of both components. Below
37 �C, DGEBA-(SA)2 crystallized and the transmittance dropped to
about 35 %. As shown in Fig. 12b, at this transmission level the film
appears as opaque. This behavior could be reproduced in several
consecutive cycles and the optical contrast was not affected by
the cooling rate.
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Fig. 14. Chemical structure of Disperse Orange-3.

Fig. 12. (a) Optical transmittance as a function of temperature for the TRLS film
subjected to a heating/cooling cycle at 20 �C/min; (b) Optical images of the TRLS
film in the opaque (left) and transparent (right) states. Reprinted with permission
from Puig et al. [31].
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3.5. Form-Stable phase change materials (FS-PCMs) for thermal energy
storage

PCMs absorb energy during melting and release energy during
crystallization, a fact that is employed for different applications
related to the absorption, storage and release of thermal energy.
Among the large number of commercial compounds used as
PCM, paraffins play a predominant role due to their outstanding
properties like low cost, availability, large heats of crystallization/
melting and chemical stability. For practical applications paraffins
are encapsulated to prevent leakage during melting. This can be
avoided if paraffins are part of a gel, generating a FS-PCM. For effi-
ciency purposes, the requirement is to employ a low mass fraction
of gel-forming material together with a large mass fraction of PCM.
Organogelators formed by capping epoxy groups of DGEBA with
stoichiometric amounts of a fatty acid may be useful for this pur-
pose, provided that their melting temperatures are higher than
the melting temperature of the paraffin so that the encapsulation
is not destroyed during application.

An FS-PCM was synthesized using a DGEBA monomer end-
capped with stoichiometric amounts of behenic acid (BA, Fig. 13),
DGEBA-(BA)2. [31] The melting temperature of DGEBA-(BA)2 is
62 �C which is the limiting operation temperature for its use as
encapsulant of a PCM. Eicosane (Fig. 13) with a melting tempera-
Fig. 13. Chemical structures of be
ture of 37 �C was employed as PCM. The FS-PCM was obtained
by blending both components (80 wt% eicosane in the blend) at
temperatures above the melting temperature of the organogelator
and cooling to room temperature.

The FS-PCM exhibited an excellent performance for the storage
of thermal energy. The heat absorbed during the melting of encap-
sulated eicosane was 161 J/g as determined by DSC scans. This cor-
responds to a fraction of crystallized eicosane close to 81 %
meaning that encapsulation did not produce a significant loss of
crystallinity.

4. Advanced materials based on amorphous associations of
alkyl chains in the bulk

The crystallization of alkyl chains within a material depends on
several parameters like chain length, steric impediment for crystal-
lization, nature of the surrounding environment, etc. Hence,
hydrophobic association among alkyl chains not necessarily led
to the formation of crystalline domains. Nevertheless, non-
crystalline domains formed by self-assembly of alkyl chains
(ordered or disordered), have proved to be very valuable for the
synthesis of amphiphilic networks [35,36], supramolecular objects
[37,38], liquid crystalline systems [39,40], shape memory polymers
[15], self-healing materials [41], etc. In order to show the huge
potentiality that arises from the rational use of these materials,
in this section we focus the discussion on new materials that com-
bine self-association of alkyl chains in amorphous domains with a
specific functionality derived from the inclusion of a nanostructure
or an optically active molecule (azobenzene).

4.1. Materials with reversible optical storage

Irradiating a glassy material containing azobenzene moieties
with linearly polarized light leads to the buildup of photoinduced
anisotropy due to the trans-cis isomerization of azobenzene
groups. The initially isotropic material becomes birefringent. How-
ever, when irradiation ceases a partial relaxation of the orientation
takes place leading to a constant remnant birefringence. Irradiation
with circularly polarized light brings back the material to the initial
random distribution of azoisomers [42].

A linear epoxy polymer containing azobenzene moieties was
obtained by reaction of DGEBA with a blend of two monoamines:
dodecylamine (DA) and an azobenzene containing amine (Disperse
O

OH

henic acid (BA) and eicosane.
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Fig. 15. Chemical structure of the repeating unit of the linear polymer produced by reaction of stoichiometric amounts of DGEBA and an n-alkylamine.

Fig. 16. Evolution of the storage (G0) and loss moduli (G00) during reaction of
stoichiometric amounts of DGEBA and DA at 100 �C. Reprinted with permission
from Zucchi et al. [43].
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Orange-3, DO3, chemical structure in Fig. 14). The sum of DA and
DO3 was stoichiometric with respect to DGEBA. As both amine
hydrogens react with epoxy groups, the reaction product is a linear
polymer containing pendant alkyl and azobenzene groups dis-
tributed along the chain.

Optical properties of one of the materials reported in Ref. [42]
will be discussed. This material was synthesized employing a
molar ratio DO3/DA = 3. In order to enhance the associations
among pendant alkyl chains, the reaction was carried out in two
steps. First, DGEBA and DA were reacted for 1 h at 100 �C in the
corresponding epoxy excess. This led to relatively short oligomers
terminated in epoxy groups. Then, DO3 was added and its reaction
with residual epoxy groups was performed at 180 �C. This led to
Fig.17. (a) TEM image of a slice of the physical gel infused by QD; (b) emission spectra o
Suárez et al. [44].
multiblock linear chains containing short (DGEBA-DA)n blocks
and large (DGEBA-DO3)m blocks [42].

Associations among alkyl chains could be enhanced by anneal-
ing the linear polymer at 60 �C for 24 h. The generated crosslinks
increased the glass transition temperature from 34 �C before
annealing to 56 �C after annealing. The physical crosslinks also pro-
duced an increase in birefringence from 0.025 to 0.032 and in the
percent of remnant birefringence from 37 to 58 % [42].
4.2. Photoluminescent nanocomposites

CdSe quantum dots (QD) nanocrystals stabilized by hydropho-
bic ligands can be employed to generate fluorescent nanocompos-
ites. The matrix employed to produce a uniform dispersion of these
NPs must be also hydrophobic or, alternatively, it should contain
hydrophobic nanodomains. A comb-like polymer with pendant
alkyl chains could be used for this purpose.

Linear amphiphilic polymers can be synthesized using stoichio-
metric amounts of DGEBA and n-alkylamines [36,43]. These poly-
mers have a polar backbone with equally-spaced pendant alkyl
chains. The chemical structure of the repeating unit is shown in
Fig. 15.

Fig. 16 shows the evolution of the storage (G0) and loss (G00)
moduli during reaction of stoichiometric amounts of DGEBA and
dodecylamine (DA), at 100 �C. When both components were
blended at 100 �C, a micellar dispersion of the amphiphilic amine
in the polar epoxy monomer was generated. The sudden increase
of the storage modulus at about 1 h reaction was assigned to a
phase inversion due to the partial depletion of the epoxy monomer.
At this time, the continuous phase changed from the epoxy mono-
mer to the generated comb-like polymer chains, partially in con-
tact with other chains through tail-to-tail alkyl associations. Most
of the epoxy conversion took place during the first 1–2 h. However,
the storage modulus continued increasing together with the con-
btained with an excitation length of 400 nm. Reprinted with permission from Ledo-
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Fig. 18. Scheme of the functionalization of QD with carboxyl groups. Reprinted with permission from Zou et al. [45].
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Fig. 19. TEM images of the dispersion of QD in the epoxy matrix. (a) Unmodified
QD; (b) QD with inserted oleic acid chains. Reprinted with permission from Zou
et al. [45].
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Fig. 20. Fluorescent microscope images and emission spectra of unmodified QD (a) and Q
permission from Zou et al. [45].
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centration of crosslinks produced by the association of alkyl chains.
After about 10 h, the material gelled (G0 surpassed G00). After about
14 h, the physical association of alkyl chains was almost complete.

When the material was cooled to room temperature and
reheated, it was converted again to a liquid at about 160 �C, due
to the thermal reversibility of the association of alkyl chains (weak
gel to liquid transition). When the material previously heated to
the liquid state was annealed at a lower temperature, physical
associations of alkyl chains were produced leading again to a gel.

The gel employed to host the dispersion of QD stabilized with
hydrophobic ligands was synthesized by reacting stoichiometric
amounts of DGEBA and DA for 3 h at 100 �C, followed by annealing
at 60 �C for 21 h. The last step was used to increase the concentra-
tion of physical crosslinks produced by association of alkyl chains.
CdSe QD (3-nm average size) were dispersed in 1-octadecene/
tetrahydrofuran, THF (50:50) and infused into the physical gel by
immersion in the solution at room temperature for 24 h [44]. The
change in color of the gel indicated successful infusion of NPs.

Fig. 17a shows a TEM image of a slice of the gel infused by QD. A
uniform dispersion of NPs is observed with some clustering also
revealed by the broad emission peak (Fig. 17b).
D with inserted oleic acid chains (b), dispersed in the epoxy matrix. Reprinted with
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A different strategy used to disperse CdSe QD in a polar epoxy
matrix, was reported by Zou et al. [45]. CdSe QD were synthesized
using oleic acid as the stabilizing ligand. Carboxyl groups remain at
the surface of CdSe nanocrystals and the alkyl chains extend out-
side, as depicted in Fig. 18. When these NPs were dispersed in an
oleic acid solution in THF, alkyl chains of oleic acid were inserted
and self-assembled in the shell of stabilizing ligands, with the car-
boxyl groups located in the external surface in contact with the
polar THF solvent (Fig. 18). This simple strategy enabled the func-
tionalization of QD with carboxyl groups.

Carboxyl groups were then pre-reacted with DGEBA using a ter-
tiary amine as catalyst and the polymer network was produced by
adding an anhydride as hardener [45]. This led to a uniform disper-
sion of QD in the epoxy matrix. Fig. 19a is a TEM image of the dis-
persion of unmodified QD in the epoxy matrix showing large
agglomerations of NPs. Fig. 19b shows the corresponding image
for the dispersion of QD with inserted oleic acid chains. Now, a uni-
form dispersion of NPs is observed.

Fig. 20 shows fluorescent microscope images and emission
spectra of QD-epoxy nanocomposites excited at 450 nm. In the
case of unmodified QD, the large aggregation of NPs caused the
quenching of the emission while for QD with inserted oleic acid
chains, the typical emission band was observed. It is interesting
to note that this result was simply obtained by enabling the phys-
ical association of functionalized alkyl chains with the alkyl chains
employed as stabilizing ligands of the NPs. This opens an efficient
and simple way to change the compatibility of alkyl chains used as
standard ligands in a variety of methods employed for the synthe-
sis of NPs.
5. Conclusions

The self-assembly of alkyl chains at an interface (like in SAMs)
or at the bulk of a material (e.g. in comb-like polymers with pen-
dant alkyl chains) has been deeply investigated for several dec-
ades. This natural property of alkyl chains has been employed
in recent years to develop a new generation of materials for tech-
nological applications. The purpose of this article was to discuss
some selected examples where the advanced properties arise
from a process involving the self-assembly of alkyl chains. We
included a description of electronic devices and new-generation
catalysts where properties derived from a controlled 2D or 3D
self-assembly of alkyl chains at an interface. Then, we showed
that controlling the crystallization of alkyl chains at the bulk
can be used to generate a variety of advanced materials such as
superhydrophobic coatings, shape memory hydrogels, hot-melt
adhesives, TRLS films for intelligent windows and FS-PCMs for
the storage of thermal energy. Finally, we discussed two exam-
ples where advanced properties derive from the formation of dis-
ordered domains by physical association of alkyl chains. This was
the case of materials used for reversible optical storage and of
photoluminescent nanocomposites. These examples are just a
sub-set of many others that may be found in the literature and
that include applications spanning areas as diverse as tribology,
energy harvesting or micro and nano-fabrication. However, they
are enough to illustrate how advanced properties can be gener-
ated by conveying the natural self-assembly process of alkyl
chains in a convenient way. No complex synthesis was required
in any of these cases. Commercial compounds were employed
and one-step simple chemical reactions were used when
required. We hope that these examples can encourage the use
of the self-assembly of alkyl chains to develop a new generation
of advanced materials.
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