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Nanostructures of diverse chemical nature are used as biomarkers, therapeutics, catalysts, and structural
reinforcements. The decoration with surfactants has a long history and is essential to introduce specific
functions. The definition of surfactants in this review is very broad, following its lexical meaning “surface
active agents”, and therefore includes traditional alkyl modifiers, biological ligands, polymers, and other
surface active molecules. The review systematically covers covalent and non-covalent interactions of
such surfactants with various types of nanomaterials, including metals, oxides, layered materials, and
polymers as well as their applications. The major themes are (i) molecular recognition and noncovalent
assembly mechanisms of surfactants on the nanoparticle and nanocrystal surfaces, (ii) covalent grafting
techniques and multi-step surface modification, (iii) dispersion properties and surface reactions, (iv) the
use of surfactants to influence crystal growth, as well as (v) the incorporation of biorecognition and other
material-targeting functionality. For the diverse materials classes, similarities and differences in surfac-
tant assembly, function, as well as materials performance in specific applications are described in a
comparative way. Major factors that lead to differentiation are the surface energy, surface chemistry and
pH sensitivity, as well as the degree of surface regularity and defects in the nanoparticle cores and in the
surfactant shell. The review covers a broad range of surface modifications and applications in biological
recognition and therapeutics, sensors, nanomaterials for catalysis, energy conversion and storage, the
dispersion properties of nanoparticles in structural composites and cement, as well as purification sys-
tems and classical detergents. Design principles for surfactants to optimize the performance of specific
nanostructures are discussed. The review concludes with challenges and opportunities.
& 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nanomaterials with specific surface functionality are ubiqui-
tous in nature. Soils, seashells, bone, and teeth contain inorganic/
organic nanostructures [1–3]. Small cells like mycoplasma (�200
nm) and cell organelles can be regarded, according to size, as
living polymeric nanoparticles [4]. The term surfactant-decorated
nanoparticles, as used in the chemical sciences and in this review,
is typically associated with manmade nanostructures for applica-
tions in imaging, drug delivery, composites, catalysis, energy
conversion devices, purification systems, and other technologies
(Fig. 1) [5,6]. The terminology “surfactant” is used here for a broad
array of surface active agents, according to its true definition (see
Section 1.1), and includes classic alkyl-based surfactants, peptides,
lipids, DNA, molecular ligands, bioconjugates, and polymers
covalently grafted to or non-covalently assembled on nanomater-
ial surfaces, thereby changing their properties. The term nano-
particles encompasses a broad range of nanostructures of different
chemical composition, shape, and size in the 1–1000 nm range.
Details of the definitions, a historical perspective, and a full outline
of this review follow in the subsections below. The main part of
the review consists of general concepts in Section 2, the discussion
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of different types of nanoparticles modified with surfactants in
Sections 3–7, and a summary in Section 8.
1.1. Definitions

The origin of surfactants dates back to man-made products from
plant oils and animal fat such as soap and detergents that have been
used for millennia as cleaning, hygiene, and foaming agents [7]. Sur-
factants often lower the interfacial tension between two or more
components in a material system, thereby increasing miscibility, col-
loidal stability, dispersion, and enabling a wider property portfolio of
the multicomponent material. The word “surfactant”was coined in the
1940s and is a lexeme derived from the words “surface active agent
(-ant)” [8,9]. The term “surfactant”¼“surface active agent” is used as an
umbrella term in this review for all types of surface modifiers, far
beyond detergents (cleaning agents). It covers compounds that alter
the compatibility (miscibility) between otherwise incompatible pha-
ses, such as the classic water and oil example, between nanoparticles
and polymers, nanoparticles and analytes. Surface-modifying com-
pounds that control the association of nanoparticles, cell targeting
properties, catalytic activity, charge transfer, and other surface-related
properties are also termed “surfactants” in this extended definition,
and common terms such as “detergents”, “ligands”, “molecular linkers”,
and “surface modifiers” can be used as appropriate for the given ex-
amples. The range of surfactants therefore encompasses classic alkyl-
based surfactants, peptides, lipids, DNA, polymers, molecular ligands,
and bioconjugates that modify surface properties. The terms “ligands”
and “surface modifiers” will also be used in parallel with “surfactant”,
as is common in the literature. The authors understand that the use
and development of terminology in current research areas may de-
pend on individual preferences and is a dynamic process.

Nanoparticles are defined as solid compounds of any chemical
composition, shape, and size in the range 1–1000 nm.
1.2. Historical perspective

1.2.1. Detergents
Without knowing chemical details, detergents have been used

to remove stains in clothing for millennia. Soap-like materials with
preparation instructions were found in Babylon dating back to
2800 BCE [7]. Stains often consist of clay minerals and organic
matter adsorbed onto cellulosic fibers. Mechanical agitation of the
textile fibers containing the adsorbed clay platelets and organic
material from soil, aided by competitive binding of detergents to
the clay surface and encapsulating organic stains, assists in de-
tachment and stain removal. The result are clean clothes and suds
consisting of a solution of dispersed clay particles and organic
stains.
1.2.2. Water purification and chromatography
Without knowing chemical details, certain types of wood and

charcoal have been used for thousands of years to remove harmful
bacteria and metal ions from natural water sources, or to improve
taste [10,11]. In this process, cellulosic nanostructures, or poly-
phenols in the wood, retain bacteria, form complexes with metal
ions and adsorb organic compounds. Water purification today
relies on ion exchange on nanoparticles and membranes that can
be surface-modified to enhance performance.

Similar concepts are at work in chromatography and column
materials to separate mixtures, reaction products, and polymers
[12,13]. Silica gels, for example, have become a standard column
material and consist of nanoparticles of customized size, porosity,
and surface modification. The nanoparticles interact selectively
with organic molecules depending on molecular size, pH, and
chemistry, leading to fractionation and different retention times
[12,14,15]. Apatites and other bioinspired solid phases have also
been employed in the separation of proteins and virions [13,16,17].



Fig. 2. Alkylammonium surfactants between layered silicates of low cation ex-
change capacity. (a) Short chain length. (b) Longer chain length. Pseudo-multilayers
and molecular “kinks” (gauche conformations) can be seen. Thermal transitions at
higher surface coverage can arise from rotations and translations of kinks and
chains. (Adapted with permission from [25].)
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1.2.3. Soil and the surface modification of clay minerals
Soil is made of natural nanostructures with surface modifica-

tions, especially soils rich in clay and carbonate minerals. The mi-
nerals are the final products of weathering of rocks and contain
exchangeable ions on their surface that aid in the adsorption of
humic substances and nutrients for plants [18–20]. Adsorption-
desorption equilibria and surface reactions at the inorganic-organic
interfaces play a major role for the function of the ecosystem. Early
systematic investigations of nanoparticle decoration with surfac-
tants about a century ago involved the compositional analysis, ion
exchange, and organic surface modification of clay minerals, gra-
phite, quartz, and other readily available compounds, aided by
advances in microscopy, imaging, and spectroscopy [21,22]. Im-
provements in X-ray methods for increasingly precise structure
determinations over the next few decades lead to insight into ele-
mental compositions, stoichiometry, and surfactant assembly [23–
28]. First models of alkylammonium surfactant conformations in
interlayer spaces consistent with X-ray data were proposed in the
1950s (Fig. 2) [25,29–31]. At the same time, theories of solid-liquid
phase transitions of surfactants and polymers attached to nano-
particles were developed [27,32,33]. The models explain the posi-
tioning and approximate tilt angle of the surfactants in near-atomic
resolution. The details and rigor of the analyses and theoretical
models continue to be state of the art from today’s viewpoint of
near-atomically resolving instrumentation [27,32–34]. In the late
1980s, similar systems of alkyl surfactants grafted to metals were
termed “self-assembled monolayers” (SAMs) [35,36]. Similarities
and differences of alkyl thiols grafted to metals with self-assembled
monolayers on clay minerals will be described in Section 2.

1.2.4. Self-assembled monolayers and functionalized nanoparticles
Current capabilities of high resolution imaging and detection

techniques (TEM, AFM, SEM, electron tomography, neutron
reflectometry and scattering), advanced spectroscopy (IR, SFG, XPS,
multidimensional NMR), and computer simulations have greatly
expanded the toolkit to understand interfacial properties and as-
sembly in near-atomic resolution [37–48]. Specific conformational
changes in surfactants, the amount of gauche versus anti-con-
formations, cohesive energies, and dispersion properties in poly-
mers have been studied. Thiol modification of metal and alloy
nanostructures, including functionalization with a wide range of
ligands, layer-by-layer assembly protocols, and bioconjugation have
become widely accepted techniques in nanoscience [49–52]. In
addition, polymer-based nanoparticles are broadly used for drug
delivery, paints, and anti-corrosion coatings [53–55].

1.2.5. In-vivo interaction of nanostructures with surfactants and cells
Decoration of nanostructures with surfactants and nano-

particle-matrix interactions are also omnipresent in-vivo. Bone,
teeth, and calcium mineral deposits in arteries consist of inorganic
nanocrystals in contact with structural and functional proteins,
lipids, and other components in cellular and extracellular fluids
[56–60]. The assembly and function of these interfaces, as well as
control over associated diseases remains yet hardly understood
and is perhaps one of the greatest challenges in nanobioscience
[3,61–64]. Cell organelles and some cell types below micrometer
size can also be considered as complex living nanoparticles.

In-vivo roles of surface modified nanoparticles include also a
broad range of diagnostics and therapeutics, such as nano-
particles composed of silica, iron oxide, polymers, such as
polylactic-co-glycolic acid (PLGA), and core-shell nanoparticles
for drug delivery. The nanostructures are filled with active mo-
lecules for controlled release and surface-modified with cell-
targeting ligands that can be critical for the performance [53,65–
67]. An increasing branch of recent research is also the study of
the toxicity of nanoparticles including encapsulation and cellular
uptake mechanisms [52,68,69].

1.3. Outline of this review

This review covers nanoparticle interactions with surfactants,
focusing on molecular interactions, assembly, and a broad range of
applications (Fig. 1). The relationships between the surface
chemistry of the nanostructures, binding and grafting mechanisms
of the surfactants, interfacial properties, and function of the na-
nostructures are emphasized.

1.3.1. Systems and aims
Commonly used surfactants and ligands include alkylammo-

nium halides such as cetyl trimethylammonium bromide (CTAB,
n-C16H33–N(CH3)3þ Br�), sodium dodecyl sulfate (SDS, n-
C12H25–OSO3

� Naþ) [70,71], and lipid-derived compounds
(stearic acid, linoleic acid, and linolenic acid). Many surfactants,
like the examples above, are amphiphiles with hydrophilic and
hydrophobic groups [72]. Ligands, which are also considered
surfactants in this review (the ones less similar to detergents),
also comprise alkane thiols bound to metal and sulfide nano-
particles, peptides, DNA, tailor-made synthetic molecules, sur-
face-adsorbed buffers, block copolymers, and other additives
modifying interfacial behavior. The surfactants may exhibit se-
lective binding to metals, alloys, oxides, sulfides, silicates,
layered minerals, or polymeric nanoparticles [73–76], often as a
function of (h k l) crystal facet and monomer sequence (e.g. in
peptide and polymer surfactants).

Selectively protected metal and alloy nanostructures have
found broad application in sensors, catalysts, and electrode ma-
terials for batteries and fuel cells, as well as for cell targeting
therapeutics [49,77–81]. Ligand binding to oxides, sulfides, layered
materials, and other inorganic nanostructures enables similar
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applications in medicine, structural materials, optical, and elec-
tronic devices [82–84]. Understanding the surface modification of
nanoparticles and nanostructures therefore plays a major role to
advance diverse applications from therapeutics to advanced en-
ergy conversion materials, automotive and aerospace parts,
building materials, commodities, catalysts, and electronics.
Therefore, this review also aims to bridge understanding across
different scientific communities and explain less connected topics
from a uniform perspective. Exciting recent advances in imaging
and spectroscopy in near-atomic resolution, in combination with
powerful computational tools, are also included in this review as
they have the potential to facilitate breakthrough discoveries of
functional nanostructures [77,85–89].

1.3.2. Organization
General principles of nanoparticle-surfactant structure and dy-

namics are laid out in Section 2. Sections 3–7 focus on the relation-
ship between nanoparticle decoration with surfactants and achieving
specific materials properties, taking into account specific surface
chemistry, surfactant assembly, and explaining parameters for func-
tionality and performance. In more detail, in Section 2, we explain
conceptual models of surfactant assembly that have emerged in
various areas of nanoparticle modification and assembly. Criteria to
predict surfactant tilt angles, conformations, and trends in nano-
particle assembly are described. In Section 3, we discuss the surface
modification and crystal growth of metal and alloy nanostructures.
Section 4 details the surface modification of oxides and sulfides.
Section 5 explores the surface modification of 2D materials including
graphitic structures, layered transition metal chalcogenides, clay
minerals, and layered double hydroxides. Section 6 describes the
surface modification of cement in building materials and other in-
organic nanostructures less covered in this review. Section 7 reviews
the surface modification of polymeric nanoparticles with applications
in drug delivery and coatings. A summary along with discussion of
challenges and opportunities follows in Section 8.
Average 
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Fig. 3. Range of homogeneous alkyl layers (chain length4C10) grafted to even surfaces
oriented parallel to the surface and disordered. (b) At intermediate packing density (0.20
partially ordered, able to undergo reversible melting transitions upon heating. (c) At
vertically) and predominantly anti configured. Significant reversible thermal transitions
2. General concepts of nanoparticle decoration with
surfactants

2.1. Early studies

The study of the adsorption of gases on surfaces laid the
groundwork for the understanding of surfactant adsorption on
surfaces and nanoparticles. Notable experiments of gas adsorption
on plane surfaces of glass, mica, and platinum date back to Irving
Langmuir [90], followed by investigations of the adsorption of
gases in multimolecular layers by Brunauer, Emmett, and Teller
(BET) [91]. The measurement and interpretation of adsorption
isotherms resulted in the BET method, which remains today's
standard to determine the specific surface area of nanomaterials.
The chosen materials in early studies include bulk solids and
porous materials such as charcoal, oxides, and silica gel. Also mica
and clay minerals were employed due to their ability to form
atomically flat surfaces that extend over micrometers and possible
exfoliation into nanometer-thick layers [41]. Understanding from
the deposition of gases using the theory of Freundlich, Langmuir,
and BET adsorption, could then be extended to surfactants, chain
molecules and other, charged molecular ligands, leading to the
first models of surfactant adsorption and assembly. New questions
concerned the orientation of the adsorbed molecules relative to
the surface, their relative orientation towards each other, and their
interactions [29,30,33].

2.2. Structure, tilt angle, and thermal properties of surfactant layers

The use of atomically flat surfaces such as mica, glass, and
metals helped explore the arrangement and properties of surfac-
tants since the effects of irregular, curved, stepped, porous, and
otherwise deformed nanoparticle surfaces can be largely excluded.
Lagaly and Weiss, for example, proposed models for the arrange-
ment of alkylammonium surfactants grafted to clay mineral sur-
faces by ion exchange in accordance with the layer spacing from
tilt angle: 
os λ0

c

and associated properties. (a) At low packing density (λ0o0.20), alkyl chains are
oλ0o0.75), alkyl chains are oriented with an intermediate collective tilt angle and
high packing density (λ040.75), alkyl chains are oriented upwards (up to nearly
are only found in case (b). (Adapted with permission from Ref. [95].)



Fig. 4. Diagram showing the packing density, average segmental tilt angle, and
occurrence of thermal transition for a given type of surfactant and the area density
of grafting sites on the surface (one alkyl chain per head group, m¼1; two alkyl
chains per head group, m¼2, etc.). Data on the type of surfactant and density of
grafting sites are often available and allow estimates of these properties. A chain
length n410 is required to observe notable tilt angles and melting transitions. In
case of clay minerals (mica-type), the density of grafting sites scales directly with
the effective cation exchange capacity (CEC), which is also indicated. Area densities
of grafting sites on clay minerals are at the lower end (0–2 per nm2) while grafting
densities of alkyl surfactants on metal and oxide surfaces can reach the high end of
4.6–5.2 per nm2, given that stoichiometric or excess amounts of surfactant are
available during synthesis. Examples for metal and oxide surfaces include Ag, Au,
Cu, Pd, Pt, TiO2, Al2O3, CuO, and Ag2O. (Adapted with permission from Ref. [95].)
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X-ray data (Fig. 2) [25]. The subsequent introduction of the surface
force apparatus by Israelachvili helped quantify surface forces
between organically modified mineral layers [92,93] and also laid
the groundwork to understand driving forces of micelle formation
and surfactant assembly in solution [72]. Along with advances in
IR and NMR spectroscopy as well in molecular simulation [38,94],
a more quantitative picture of the conformations and dynamics of
alkylammonium surfactants grafted to surfaces has evolved (Fig. 3)
[95]. A central role is played by the packing density of the sur-
factants, λ0 , which is given by the ratio of the cross-sectional area
of the surfactant chains (AC) to the available surface area per chain,
or per head group, on the substrate ( AS):

λ =
( )

A
A

.
1

C

S
0

These parameters are often known by chemical characteriza-
tion. AC corresponds to the van-der-Waals cross-sectional area of a
surfactant chain, for example, AC ¼0.188 nm2 for an all-anti con-
figured alkyl chain, and the available surface area per head group
AS can be obtained from surface characterization. Knowing these
parameters yields the packing density λ0, the average segmental
tilt angle θ0 of the chains, and thermal phase transitions become
predictable (Fig. 4) [95]. The tilt angle is (by convention) defined
relative to the surface normal (e.g., θ0¼0° in vertical orientation)
and given by the correlation:

λ θ= ( )cos . 20 0

In case of common alkyl surfactants grafted to surfaces such as
alkylammonium ions, alkylphosphonium ions, alkane sulfonic
acids, alkane carboxylic acids, and alkane thiols, reversible order-
disorder can be observed in DSC upon heating between 40 and 70
°C, however, they occur only at intermediate packing density be-
tween λ0�0.20 and λ0�0.75. Otherwise, alkyl-type hydrocarbon
surfactants are found in a liquid-like state or in solid-like state in a
temperature range from 0 to 100 °C, respectively (see more details
in Section 5.4) [38,39,96,97]. The use of multiple alkyl arms at-
tached to a head group in the surfactant, for example, using
trialkylammonium halides (3Cn, NHþ(CnH2nþ1)3) versus mono-
alkylammonium halides (1Cn, NH3

þ(CnH2nþ1)) on clay minerals,
allows tuning of the packing density, tilt angles, and thermal be-
havior of the surfactants over a range of multiples on a given
substrate (Fig. 4). The same considerations are valid for self-as-
sembled alkane thiol monolayers on metal surfaces (e.g. Ag, Au,
Cu, Pd, Pt), which were discovered in the 1980s and are widely
used for surface functionalization [49,98]. The thiol ligands are
chemically bonded to the metal surface by coordination of the
sulfur atom with epitaxial (hollow) surface sites (Au, Pd) [95].
Binding energies of the thiols to gold (111) and other facets have
been reported between 4 and 60 kcal/mol by DFT calculations
[99,100], with common values and experimental estimates around
20 to 60 kcal/mol [49,101]. In excess of surfactant, the packing
density is typically high (0.85–0.98) and corresponds to quasi-
crystalline structures (Fig. 3c). Assembly of alkanoic acids and
alkane phosphates on oxide surfaces has also been reported at
similarly high packing density with quasi-crystalline structures,
for example, on TiO2, Al2O3, CuO, and Ag2O [36,102,103].

On gold, in particular, well-ordered dense phases with packing
densities of 0.87 and tilt angles near 30° have been observed, as
well as sub-stoichiometric flat-on (“striped”) phases when the
exchange is sub-stoichiometric (Fig. 5a and b) [49]. Island forma-
tion and striped phases upon incomplete ion exchange were also
observed on clay minerals at high packing density [104,105]. In
dense, well ordered structures of thiol-saturated metal surfaces
and of clay minerals with multi-arm surfactants, the tilt angle θ0
(sometimes called α) (Fig. 3b) and an additional twist angle β of
the chain with respect to the plane established by the chain axis
can be defined (Fig. 5c). In case of thiolates on gold, it was found
that θ0¼2872° and β¼5372° [36,106]. Typical experimental
techniques to determine the conformation and thermal behavior
of surfactant chains include X-ray diffraction, IR and Raman
spectroscopy, NMR spectroscopy, sum frequency generation (SFG),
near-edge X-ray adsorption fine structure (NEXAFS), low energy
electron diffraction (LEED), transmission electron microscopy
(TEM), differential scanning calorimetry (DSC), and thermogravi-
metric analysis (TGA).

2.3. Influence of nanoparticle curvature

The relationships described above refer to locally flat surfaces
without significant curvature. The structure-property relationships
for surfactants on flat surfaces can also be applied to nanoparticles
of weak curvature. However, changes become visible for stronger
curvature, i.e., when the nanoparticle diameter is less than 20
times the length of the surfactants in their extended conformation.
For example, the length of a C18 alkylammonium ion or a C18 thiol
is about 3 nm, and then the nanoparticle diameter (2r) should be
at least 60 nm for curvature effects to be marginal.

When the size of the nanoparticles (2r) is below this threshold
in comparison to the length of the extended surfactant l, particle
curvature affects the packing density and the total layer thickness
(Fig. 6) [95]. The packing density of the surfactant λ ( )d0 decreases
further away from the surface as a function of the distance d as the
surfactants gain more surface area per head group. As a result, the
surfactants assume a higher tilt angle further outwards from the
nanoparticle surface and the total layer thickness on the curved
nanoparticle h decreases relative to a flat surface (Fig. 6a).

The contraction of the surfactant shell exceeds 5% when
l/r40.1, i.e., when the particle diameter is less than 20 times the
surfactant length. The conformation at the outer end of the sur-
factants at large distance changes toward a parallel orientation
relative to the surface, unless immersion in a good solvent fills the



Fig. 5. Structure of thiol surfactants on gold. (a) Schematic view that illustrates the
variety of structural arrangements found in SAMs prepared by microcontact
printing (μCP) when the stamp is wetted with a 1–10 mM solution and applied to
the substrate for 1–10 s. (b) Schematic diagram depicting a representative striped
phase that can form at sub-monolayer coverage of thiol on Au(111) (a¼2.88 Å). In
this example, the periodicity of the rectangular unit cell (p) is 11.5. (c) Details of the
possible orientation of a single, long-chain alkyl thiol molecule bound to a gold
surface in side view. The tilt angle relative to the surface normal (here designated
as α) as well as the twist angle β of the chain with respect to the plane established
by the chain axis fully characterize the orientation of a chain in quasi-crystalline
monolayers. The twist angle β is only meaningful at high packing density when
chains assume almost exclusively all-anti conformations. Ellipsometry provides
insight into the thickness of the molecular film. The experimental techniques listed
to the right are those used to determine the structure of that portion of the mo-
lecule. (Reproduced with permission from Refs. [49,98].)

Fig. 6. Effect of particle curvature on packing density, layer thickness, and thermal
transitions. (a) Schematic of ligand packing on a curved surface (nanoparticle or
local curved area). The packing density decreases as a function of distance from the
surface. The layer thickness is also affected, even when l/ro0.1. (b) Example of the
reduction of the packing density as a function of distance from the surface, re-
duction of the layer thickness, and of the onset of thermal transitions for dode-
canethiol surfactants on gold nanoparticles of various size (green shaded area).
Chain disorder and thermal transitions originate at the outer C-terminus and affect
major portions of the surfactant according to IR spectroscopy, SFG, NMR spectro-
scopy of deuterated surfactants, and DSC data. The packing model quantitatively
explains experimental observations of chain tilt angle and phase transitions, and is
consistent with molecular dynamics simulations (curves follow the equations in
(a)). (Fig. 6b adapted with corrections from Ref. [95].) (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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extra surface area. The decrease in packing density in the outer
regions of the surfactant layer leads to higher chain disorder and
causes the occurrence of thermal transitions in parts of the alkyl
chains, once λ ( )d0 falls below 0.75, starting at the outer C terminus
(Fig. 6b). Evidence for such phase transitions excluding the region
near the head group of the alkyl chains was reported for thiol-gold
nanoparticles of diameters in the 1.8 nm to 25 nm range by IR,
Raman, SFG, NMR, and DSC data [95,106–108].

The nanoparticle size (2r) required to induce notable changes
in packing density λ ( )d0 and phase transitions is also about twenty
times or less the surfactant length. The changes in packing density
are small near the surface while the decrease in packing density is
noticeable near the middle portions of and the outer ends of the
surfactant layer. Very significant changes in packing density λ ( )d0
are seen when the nanoparticles are of about the same size as the
surfactants, or smaller (l/r�1) (Fig. 6b). The packing density may
then drop from 0.87 near the surface to below 0.30 in the outer
layer, increasing the tilt angle from 30° to over 70°. Therefore, both
the packing density λ ( )d0 and the decrease in layer thickness h are
strongly affected by the curvature of nanoparticles and locally
curved surfaces. The equations in Fig. 6a describe the changes in
packing density λ ( )d0 and layer thickness h as a function of particle
radius r and surfactant length l.

2.4. Rigid surfactants for particle ordering

Rigid surfactants such as DNA or hybridized DNA enable the
controlled organization of nanoparticles into superlattices (Fig. 7)
[51,77,109–111]. To direct the assembly of surfactant-covered na-
noparticles into regular lattices, surfactants of high stiffness at
high packing density must be grafted onto the surface, and thiol-
DNA conjugate ligands have been extensively tested for this pur-
pose (Fig. 7a). It has also been necessary to hybridize the DNA



Fig. 7. Assembly of rigid thiol-DNA surfactants on gold nanoparticles and the organization of the modified nanoparticles into regular superlattices. (a) Synthesis of spherical
nucleic acids-gold nanoparticle conjugates. Citrate-stabilized particles are incubated with alkylthiol-functionalized oligonucleotides in water to form a low-density
monolayer. By incubating the nanoparticles in aqueous solutions with successively higher concentrations of salt (typically 0.15–1.0 M) and surfactants over ∼12 h, a high-
density spherical nucleic acid shell is formed. (b) Schematic illustration of DNA-programmable nanoparticle assembly into ordered superlattices (fcc lattice shown). TEM
images show the transition from disordered aggregate (10 nm Au NPs depicted) to ordered lattices (30 nm Au NPs depicted) after annealing at a temperature slightly below
the melting temperature of the aggregate. (c) The DNA strands that assemble the nanoparticle superlattices consist of (i) an alkylthiol moiety and 10-base nonbinding region,
(ii) a recognition sequence that binds to a DNA linker, (iii) a spacer sequence of programmable length to control interparticle distances, and (iv) a “sticky end” sequence that
drives nanoparticle assembly via DNA hybridization interactions. Although only a single linkage is shown schematically here, DNA-NPs typically contain tens to hundreds of
DNA linkers per particle. (Adapted with permission from Refs. [110,111].)
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strands and reduce the solvent concentration in the ligand shell by
salting out to achieve sufficient stability of the outward-pointing
DNA ligands (Fig. 7b and c). The rigidity of the DNA is then suffi-
ciently high to control the spacing between nanoparticles and
design different nanoparticle patterns based on chain length,
particle size, and cooling conditions [77,112,113].

2.5. Grafting mechanisms

Grafting mechanisms of surfactants to nanoparticles can be
divided into methods for covalent assembly and noncovalent ad-
sorption. Covalent grafting of surfactants can be achieved in dif-
ferent ways. Common techniques include the attachment of sur-
factants with thiol end groups to metals under elimination of
hydrogen, resulting in an approximate metal-sulfur bond energy
of 20–60 kcal/mol (Fig. 5) [49,99,100]. Ether linkages can be in-
troduced onto oxide and functionalized nanoparticles with term-
inal OH groups using silane halides and ethers, phosphonates,
carboxylates, catechols, alkenes, and amines (Fig. 8a) [114,115].
Multistep functionalization of terminal OH groups (oxides, poly-
mers) to introduce reactive amine groups and esters is also com-
mon (Fig. 8b). These methods can be combined with click chem-
istry to introduce a menu of functional surfactant end groups
[116,117]. Combinations of covalent functionalization with sub-
sequent layer-by-layer assembly have also been explored [50,118].
In principle, any feasible chemical reaction at the nanoparticle
surface can be exploited to graft and modify surfactants.

Non-covalent adsorption mechanisms include ion exchange,
ion pairing, and hydrogen bonds (Fig. 9) [12,28,119,120]. Com-
mon interactions also include soft epitaxial interactions on metal
surfaces [121–123], cation-π and surfactant-π and interactions on
aromatic substrates [124,125], dispersion interactions, depletion
forces, and conformation effects (see following chapters)
[126,127]. Ion exchange often occurs on surfaces containing
acidic or basic groups and is not accompanied by changes in zeta
potential. Ion pairing occurs on the same substrates and is ac-
companied by changes in (reduction of) the zeta potential; the
two mechanisms can occur together (magnitude �10 kcal/mol).
The overall system remains typically charge neutral in the pro-
cess with a shift in zeta potential while the average positions of
dissolved cations and anions relative to the surface are changing.
Hydrogen bonding is also a common contribution to adsorption,
generally weaker compared to ion exchange, ion pairing, soft
epitaxial interactions, and ion-π interactions (magnitude 1–
6 kcal/mol). On specific substrates such as (non-oxidized) metals,
soft epitaxial adsorption plays an important role, and involves
coordination of polarizable atoms in the solutes and in the sol-
vent with epitaxial sites on the metal surface (magnitude
�10 kcal/mol for a benzene ring) [122,123]. On substrates with π
electron density, such as graphite or π-conjugated polymers, in-
teractions of cationic groups in surfactants with π-electron clouds
can make significant contributions (magnitude up to 10 kcal/mol
for small ions in solution) [124,125]. Interactions are also caused
by dispersion forces between individual groups in a surfactant
chain (e.g. CH2 groups) that can direct the assembly of alkyl
surfactants on substrates if present in large numbers (magnitude
�0.07 kcal/mol for CH2/CH2 interaction) [128,129]. Depletion
forces are related to disruptions in intermolecular forces between
solvent molecules due to the presence of the solute. For example,
the adsorption of a protein onto a noncharged and otherwise



Fig. 8. Covalent grafting of surfactants to oxide surfaces. (a) Overview of methods
that lead to stable monolayers. (b) Post-grafting of silane halides and silane ethers
to a silica surface. (c) Post-grafting of amine, acid, and ester functionality to a silica
surface (N-hydroxysuccinimide ester shown). (Reproduced with permission from
Refs. [114,115].)
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Fig. 9. Common non-covalent adsorption mechanisms of surfactants onto sub-
strates in solution. (Adapted with permission from Ref. [119].) Other significant
noncovalent interactions include cation-π interactions, soft epitaxy on metal sub-
strates, as well as weak dispersion interactions.
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inert substrate may be caused by depletion forces, which elim-
inate disruptions in the network of hydrogen bonds in the aqu-
eous solvent if the protein was to remain dissolved. Depletion
interactions, therefore, typically involve a balance of other in-
teractions. Moreover, conformation preferences of ligands can
affect the binding strength, especially for chain molecules such as
longer surfactants, proteins, and carbohydrates. It is common
that several non-covalent binding mechanisms contribute to
overall adsorption in a given case [130]. Individual contributions
to noncovalent adsorption can be identified using existing che-
mical knowledge, zeta potential measurements, substitutions of
functional groups in the surfactants, change of surface type and
surface chemistry, use of different solvents, as well as often more
quickly by molecular simulations [130].

2.6. Colloidal stability and dispersion

One of the major function provided by surfactants is colloidal
stability and the ability to disperse the nanoparticles in specific
solvents [131]. Metal nanoparticles form amorphous precipitates
such as palladium black when no surfactants are attached
[132,133], and oxide nanostructures, mineral nanoparticles, as well
as quantum dots may agglomerate due to polar and ionic surface
forces without surface modification (see Section 4) [131,134].
Therefore, surfactants endow the nanoparticles with specific su-
perficial hydrophobic or hydrophilic properties, enabling the dis-
persion in a targeted medium such as water, alcohol, or octane.
Surfactants, or modification of the outer surfactant shell in mul-
tilayer/multishell nanoparticles can also reverse the superficial
polarity. Surface functionalization of hydrophobic graphene and
graphitic nanostructures, for example, is essential to achieve dis-
persion in polar solvents and in aqueous solution (see Section 5.1)
[135,136]. Vice versa, hydrophilic layered double hydroxides
(LDHs) and clay minerals can be bestowed with a hydrophobic
surfactant shell for dispersion in aromatic solvents and hydro-
phobic polymers (see Sections 5.4 and 5.5) [41,137,138]. Disper-
sion of hydrophobic polymer nanoparticles such as polystyrene in
water can be achieved by surface functionalization with poly-
ethylene glycol, and precipitation can be achieved by salting out
(see Section 7.1) [67,139]. The stability of the colloidal nano-
particles is system-specific yet tends to be higher in comparison to
traditional micelles and vesicles [72] since the solid nanoparticle
cores are less affected by chemical stimuli such as changes in
concentration and pH.

Beyond traditional dispersion and colloidal stability, targeting
ligands can be used to direct nanoparticles to specific cell



Fig. 10. Distribution of dually radiolabelled nanoparticles in a living mouse as a function of time. The nanoparticles consist of an iron oxide/111In oxide core stabilized with
PLGA surfactant and a BSA shell (surface stabilizer) containing 125I labeled tryptophane. (a) Coronal single-photon emission computerized tomography (SPECT) images of the
distribution of 111In in the particle core (green). (b) Coronal SPECT images of the distribution of 125I in the particle shell (red). (c) Schematic of the different organs. Different
distributions of the core and shell labels are seen, indicating disintegration of the BSA from the nanoparticle core. The particle cores (111In) remain mostly in the liver and
lungs, while 125I from the BSA shell travels from the liver and lung to the intestine and thyroid. (Reproduced with permission from Ref. [149].) (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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receptors, proteins [52,140], and implement sensor functions for
specific analytes [5,141–145]. Examples will be described in
Sections 3 to 7.

2.7. Imaging, tracking, and dosimetry of nanoparticles

Static imaging of nanoparticles is possible directly using TEM,
SEM, AFM, and indirectly by spectroscopic methods such as X-ray
photoelectron spectroscopy (XPS), IR, Raman, and NMR spectro-
scopy. Often it is also relevant to monitor the location and fate of
nanoparticles within a cell, tissue, or organism, or to identify the
distribution within a multiphase material. Such tracking of nano-
particles can be achieved using fluorescent and radiochemical la-
bels [146–149]. For example, to assess the therapeutic perfor-
mance and potential toxicity of iron oxide-polylactic-co-glycolic
acid nanoparticles stabilized with bovine serum albumin (BSA),
the core-shell nanoparticles were dually radiolabeled with gamma
emitters of a different energy spectrum (Fig. 10). The iron oxide
core was modified to contain a small amount of radioactive 111In
oxide, and tyrosine residues in BSA on the nanoparticle surface
contained small amounts of radioactive 125I introduced by elec-
trophilic substitution. Upon injection into mice under anesthesia,
in-vivo tracing of the distribution of 111In in the core (Fig. 10a) and
125I in the shell (Fig. 10b) by single-photon emission computerized
tomography (SPECT) showed the disassembly of the core-shell
nanoparticles and preferences of accumulation in different organs
(Fig. 10c). Imaging and labeling techniques offer a pathway to
systematically reveal the distribution, function, and toxicity of
nanomaterials.

Labeling of NPs can, however, have effects on the cellular dis-
tribution and uptake. As an alternative, label-free high-resolution
visualization and dosimetry techniques have been developed, which
allow to follow the path and quantify the uptake of NPs at single cell
level [150–152]. These methods utilize ion beam microscopy (IBM)
techniques such as micro-proton-induced X-ray emission (mPIXE)
and micro-Rutherford backscattering (mRBS) for spatially resolved
elemental imaging and quantitative analysis. A proton beam is used
for scanning the sample in the xy-plane at a resolution of about



Fig. 11. Micro-proton-induced X-ray emission (mPIXE) elemental mapping of A549 cells exposed to different metal oxide NPs at a concentration of 30 μg/ml for 48 h. Top and
bottom images demonstrate S and NP related element distributions, respectively. The color code is as follows: yellow is the maximum, black represents the minimum. The
size of all images is 50�50 mm. (Reproduced with permission from Ref. [152].) (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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1 mm. The simultaneous application of mRBS and mPIXE methods
delivers unique information on the concentration and distribution of
NPs down to the single cell level. IBM allows visualization and
quantification of a wide range of NPs in tissues and cells (Fig. 11).
Moreover, mRBS can reveal the distribution of NPs in the z-direction
with an accuracy of about 100 nm.

Molecule-based imaging techniques such as confocal Raman
microspectroscopy (CRM) allow the simultaneous 3D visualization
of NPs and their biological environment at a sub-cellular level.
CRM provides 3D chemical composition images with a resolution
of about 250 nm at tissue and cellular levels. The utility of CRM for
cell imaging, subsequent analysis of biochemical and cell physio-
logical processes as well as diagnostic insights has been demon-
strated. Examples include label-free imaging of cell organelles
[153,154], uptake and intracellular fate of drug carriers [155–157],
and nanomaterials inside individual cells [158–160].

2.8. Enthalpy versus entropy of surfactant adsorption

Binding of surfactants is accompanied by changes in enthalpy
and entropy. Enthalpies are often the dominant contribution un-
less long polymer chains are involved. However, it is necessary to
distinguish (1) adsorption in the gas phase, (2) adsorption in so-
lution, (3) and whether binding occurs via covalent or non-cova-
lent interactions [121,122,161–170]. Enthalpy contributions to ad-
sorption can usually be obtained in a straightforward manner in
experiment, for example, using isothermal titration calorimetry
(microcalorimetry), temperature-programmed desorption, or from
the determination of binding constants via concentration mea-
surements at different temperatures [76,126,127,171–175]. The
computation of enthalpies of adsorption is also straightforward,
using a two-state model with simulations boxes of the molecule in
adsorbed and desorbed state, respectively, and analysis of the
thermodynamic averages of the equilibrium trajectories
[99,100,176–180]. In contrast, entropies of adsorption require
knowledge of both binding constants and enthalpies, or mea-
surements at different temperatures (temperature programmed
desorption, binding constants) to extract the entropy changes from
an Arrhenius plot. Similarly, computations require more expensive
free energy calculations using umbrella sampling, thermodynamic
integration, or steered molecular dynamics in combination with
enthalpy calculations to extract entropy changes using the Gibbs
relation Δ = Δ − ΔG H T S [164,181,182].

In light of the technical challenges and time requirements to
obtain accurate values, it is often helpful to obtain a first estimate
of the entropy change by simply using the entropy of freezing or
condensation, respectively, which define an upper boundary of the
entropy change upon binding. These values correspond to the ta-
bulated enthalpy of fusion, or enthalpy of vaporization of the
surfactant normalized by temperature, e.g., Δ = − ΔS H T/freeze melt melt ,
Δ = − ΔS H T/cond vap vap, and can simply be obtained from a reference
such as the CRC handbook or thermodynamic tables [183]. The
true entropy changes upon adsorption are then just a fraction of
this hypothetical maximum since no surfactant entirely freezes
upon adsorption [121,122]. This approach is valid for temperatures
somewhat off the melting points as well. If the enthalpy of binding
amounts to a multiple of this estimated entropy contribution, it
can often already be concluded that entropy contributions to ad-
sorption are secondary. Only if the enthalpy and entropy con-
tributions are about equal, entropic factors necessitate further
consideration.

Campbell and Sellers have shown that non-covalently bound
molecules from the gas phase onto solid substrates retain ap-
proximately 2/3 of their gas phase entropy [184]. This relationship
was demonstrated for the adsorption of small molecules and hy-
drocarbons onto Pt, TiO2, MgO and graphite surfaces. In the gas
phase, therefore, the entropy of adsorption equals about 1/3 of the
entropy of freezing. If bonding is covalent, rather than non-cova-
lent, surface mobility is more restricted, although measurements
and modeling have shown that even physisorbed monolayers of
surfactants and gases exhibit limited diffusion. Especially for
longer surfactants (45 monomers) that are covalently tethered at
one end, the entropy difference between chemisorption and
physisorption can be regarded negligible. Therefore, entropies of
adsorption from the gas phase are typically 1/3 of the entropy of
freezing and might be larger for strongly immobilized, chemi-
sorbed surfactants, for example, in case of multiple tethering sites
[184].

A helpful consideration for chain molecules, such as polymers
and polypeptides, is further the rotational entropy of the chains,
which equals the maximum entropy loss upon adsorption
[121,185]. A hydrocarbon chain of N monomers and possible anti,
(þ)gauche, and (�)gauche conformations would possess 3 possi-
ble rotational states per monomer, given the temperature is suf-
ficiently high, and =W 3N states, leading to a maximum enthalpy
of “freezing” (adsorption) of Δ = − = −S k W Nkln ln 3. Similarly, a
polypeptide with N amino acids can have approximately two
choices for the Φ and Ψ angles for each peptide bond and several
further rotatable bonds depending on the side chains. On average,
these are about 50 rotational states per amino acid and a
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maximum number of =W 50N rotational states and a maximum
rotational entropy of Δ =S Nk ln 50 per polypeptide.

While adsorption in the gas phase is a one-way process and the
net entropy change is solely determined by the ligand, adsorption
in solution is a two-way process where surfactant molecules arrive
at the surface and solvent molecules leave the surface. This equi-
librium, or competition, affects both the enthalpy and entropy
balance. While enthalpy changes are comparatively easy to mea-
sure and rationalize (see Sections 3–7), entropy changes are often
left to interpretation. In case of water as a solvent, studies on
metal, oxide, and other mineral surfaces consistently indicate that
the entropy loss of an adsorbate is fully compensated, or slightly
overcompensated by the entropy gain of previously surface-bound
water [121,122,186,187].

For example, the free energy of binding of a 7-peptide
(KLPGWSG) to different silica surfaces in water was compared with
the enthalpy of binding, leading to a comparison 0 vs �1 kcal/mol,
Fig. 12. Reaction pathways that lead to fcc metal nanocrystals of different shapes. First, a
the nuclei (small clusters). Once the nuclei have grown past a certain size, they become s
faults are introduced, then plate-like seeds will be formed. Growth from seeds into nan
agents that direct the shape (organic molecules, polymers, surfactants, and ions). The ou
as underpotential deposition. The green, orange, and purple colors represent (100), (111
lines. The parameter R is defined as the ratio between the growth rates along the o1
interpretation of the references to color in this figure legend, the reader is referred to t
�1 vs. �1 kcal/mol, �6 vs. �3 kcal/mol, and �8 vs. �7 kcal/mol
with uncertainties of about 71 kcal/mol (see Section 4.2) [164].
The values are essentially equal, with a tendency of the free energy
towards larger negative values, which results from a net gain in
entropy upon peptide adsorption due to release of surface-bound
water according to Δ = Δ − ΔG H T S . The enthalpic contribution
remains the major contribution to adsorption within uncertainty.
Qualitative comparisons on metal surfaces worked out similarly. A
flat-on adsorbing 12-peptide (A3) on the Au (111) surface in water
has a binding enthalpy of �40 kcal/mol [121,177]. Nevertheless,
the peptide loses up to − Δ =T S RT12 ln 50¼þ28 kcal/mol in en-
tropic contributions upon binding (see discussion above), and the
melting enthalpy for water is 1.43 kcal/mol [183]. The 12-peptide
replaces �30 water molecules and loses most of its conforma-
tional freedom (þ25 kcal/mol) whereas the water molecules gain
about two thirds of their original mobility upon being released
(�30 kcal/mol). As a result, the two entropy contributions are
soluble precursor is reduced with a strong reducing agent, or decomposed, to form
eeds with a single-crystal, singly twinned, or multiply twinned structure. If stacking
ocrystals involves a weaker reducing agent along with specific ligands and capping
tcomes can also be adjusted by kinetic parameters and added redox equilibria such
), and (110) facets, respectively. Twin planes are delineated in the drawing with red
004 and o1114 directions. (Reproduced with permission from Ref. [78].) (For
he web version of this article.)
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similar, perhaps with a small negative balance (þ�25 to �30
kcal/molE�5 kcal/mol). The exact result depends on chemical
details of the peptide side chains (degrees of freedom) and the
mobility loss upon binding. The enthalpy contribution to adsorp-
tion (�40 kcal/mol) is clearly dominant in this case, too.

When ligands are covalently grafted, enthalpy dominance is
similarly observed as bond energies typically range from 50 to
100 kcal/mol. Covalent and noncovalent binding of large proteins
and folded macromolecules to nanoparticle surfaces, however, can
be notably affected by entropy and kinetic effects [188,189]. To-
date, quantitative data on enthalpy versus entropy contributions
to surfactant and ligand binding to nanoparticles are limited and
more insights would greatly enrich fundamental understanding.
3. Modification of metallic nanostructures with surfactants

Metals comprise more than two thirds of the periodic table of
the elements. Nanostructures composed of metals and alloys find
broad applications as catalysts, sensors, therapeutics and diag-
nostics (theranostics), as well as in electrode materials and elec-
tronic applications [89,168,177,190–205]. Widely used metal na-
nostructures to-date consist of precious and other chemically inert
metals, for which numerous syntheses have been developed
(Fig. 12) [78]. Common synthetic protocols start with a solution of
metals salts as a precursor, to which reducing agents such as so-
dium borohydride (for fast nucleation) and ascorbic acid (for
slower growth) are added. Additional surfactants such as cetyl
trimethyl ammonium bromide (CTAB), organic ligands (PVP),
peptides, as well as buffers (sodium citrate) act as shape-directing
agents and modify the surface properties. A major role of the
precursors, reducing agents, and shape directing agents is control
over nanocrystal shape. Single crystals, single and multiply
A3 (AYSSGAPPMPPF)

a

C O N S H
Au Pd Pt

Epitaxial: 52 (60%)
Top:    13 (15%)
Detached (> 4 Å): 21 (25%)
Total C, N, O, S: 86 (100%)

Fig. 13. Representative snapshots of the adsorption of peptides on even fcc metal sur
epitaxial sites, as illustrated for (111) surfaces of gold-palladium and platinum metal. The
specific binding. The time-average number of close contacts of polarizable atoms in each
distance from the top layer atoms) is shown. (a) A 4:1 preference for epitaxial sites over
approximate 5:1 preference for epitaxial sites versus top sites was found on a Pt surface
comparison to Au and Pd. Metal atoms are depicted as large spheres, small spheres, and
sites). (Reproduced with permission from Ref. [123].)
twinned structures, stars, and plates with stacking faults have
been obtained (Fig. 12). The mechanisms vary widely, from diffu-
sion and surfactant controlled adatom deposition to kinetically
delayed processes of cluster attachment [203], oxidative etching
[206], and underpotential deposition using a secondary metal with
a different redox potential [168,207]. The ligands or buffer mole-
cules are typically non-covalently bound to the surface of the
metal during synthesis, however, they can subsequently be ex-
changed for covalently grafted thiols when chemically robust
modification is desired (Fig. 5) [49,98,208]. In the following, mo-
lecular recognition mechanisms, nanocrystal growth, the pre-
paration and assembly of covalent thiol-modified metal nano-
particles, as well as applications in catalysis and therapeutics are
described.

3.1. Noncovalent binding of ligands via soft epitaxy

A major role in shape control is played by the binding char-
acteristics of organic ligands to the metal surface in solution
(Fig. 13) [121–123,177]. The mechanism involves soft epitaxial in-
teractions, which can be described as a coordination of polarizable
atoms in the backbone (C, N, O, S) with epitaxial sites on the metal
surface. To understand this concept, it is helpful to recall that the
common face centered cubic (fcc) structure found in many pre-
cious metals is a repeating sequence of three atomic layers � � �A-
B-C-A-B-C � � � on the (111) surface. The top atomic layer on the
metal surface (e.g. the A layer) is on average avoided by the or-
ganic ligands while the two similar sublayers (e.g. the B and C
layers) provide coordination sites to achieve denser packing to
which polarizable atoms preferentially coordinate. Thereby, the
solvent and the solute compete with each other for a better fit, and
the goodness of soft epitaxial fit decides upon occurrence of a
negative or a positive (free) energy of adsorption of the solute. On
S7-2 (Ac-SSFGQGN-Am)

b

Epitaxial: 39 (75%)
Top:    7 (14%)
Detached (> 4 Å): 6 (11%)
Total C, N, O, S: 52 (100%) 

faces in aqueous solution. Polarizable atoms (C, N, O, S) preferentially coordinate
peptides A3 and S7-2 were identified by phage display and tested in experiment for
peptide with epitaxial sites, top sites, and of atoms detached from the surface (44 Å
top sites is seen on an Au-Pd surface using the CVFF-INTERFACE force field. (b) An
using the CHARMM-INTERFACE force field, related to higher surface energy of Pt in
crosses that distinguish top layer atoms from atoms in subjacent layers (epitaxial
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Fig. 14. Concept of soft molecular epitaxy for non-covalent adsorption of organic molecules in solution to metal surfaces. (a) The hexagonal symmetry of the (111) surface
provides epitaxial sites (fcc and hcp) that match the common geometry of sp2 and sp3 hybridized molecules such as benzene and guanidinium groups. In contrast, (100)
surfaces exhibit a square geometry of 2.88 Å spacing (for Au) that is incommensurate with typical chain molecules, yet suitable for allenes and polyynes. The competition
between solvent (water) and solutes is then in favor of water and no significant attraction of the organic molecule may be achieved. (110) surfaces possess small and wide
grooves that can be further enlarged by surface reconstruction. Due to the wide L3 spacing, adsorption on (110) surfaces becomes less molecule-specific. (b) The similarity in
characteristic spacing of epitaxial sites (L1, L2, L3) leads to similar attraction of molecules and polymers to different noble metals. Differences in attraction mostly arise from
unique surface energies and characteristic lattice spacing of individual metals. Matching molecules can be designed according to the surface pattern of epitaxial sites, aided
by simulation to quantify binding strengths. (Adapted with permission from Ref. [122].)
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time average, epitaxial as well as some top sites remain in close
contact with polarizable atoms of the ligands; some atoms of the
ligand detach from the surface in favor of solvent molecules
(Fig. 13). The major share of contact remains of epitaxial nature.
This mechanism of adsorption of chain molecules is similar to that
of the epitaxial deposition of metal atoms in vacuum onto a given
metal surface, only with lesser precision, solvent-solute competi-
tion, and lower energy barriers for rearrangement on the surface
[121,177,209]. The non-covalently bound surfactants retain sig-
nificant mobility, allowing dynamic reconstructions of the sur-
factant layer on nanosecond to microsecond time scales.

The reason for such soft epitaxial preferences is the very high
surface energy of metals (up to 3000 mJ/m2) [130,210] in combi-
nation with the lattice spacing (Fig. 14). Especially (111) facets have
an L1 spacing of 1.5 Å to 1.7 Å that is close to common C–C and
C¼C bond lengths in sp3 and sp2 hybridized carbon backbone
chains, as well as a hexagonal symmetry with angles of 120º that is
close to related C–C–C bond angles of 109º and 120º, respectively
(Fig. 14a). Therefore, phenyl rings, guanidinium groups, and sev-
eral other molecular features in extended molecules can easily
adapt to the surface topography of (111) facets and enhance
binding by multiple contacts with epitaxial sites (Fig. 13). This
concept was discovered by molecular dynamics simulations [121]
and is supported by a broad range of experimental data
[122,123,130,177,209,211,212] as well as DFT results [213]. In
aqueous solution, most organic molecules and peptides directly
adsorb onto Ag, Au, Pd, Pt, and other metal surfaces without a
water interlayer and with a significant adsorption energy. Com-
mon adsorption energies are �20 to �50 kcal/mol for a 7-peptide
at high dilution, and the adsorption energy increases to larger
negative values for longer molecules. The adsorption is also
stronger the higher the surface energy of the metal
(PboAloAgoAuoCuoPdoNioPt) [210,214].

Adsorption on (100) surfaces requires matching to a different,
square pattern of epitaxial sites and the critical spacing is the L2
spacing of approximately 2.5 Å to 2.9 Å depending on the metal
(Fig. 14a). A phenyl ring, for example, cannot achieve a good fit to
epitaxial sites on the (100) surface and molecular ligands often re-
main separated from (100) surfaces by an interlayer of water mole-
cules between the metal surface and the ligand. Adsorption energies
are then also closer to zero, sometimes positive, and rarely more
attractive than �5 kcal/mol for a 7-peptide in dilute aqueous solu-
tion (in the absence of covalently binding thiol groups) [123].

The binding energy, in addition, also strongly depends on the
concentration of the peptide and the corresponding surface cov-
erage on the nanoparticle, on the shape of the nanoparticle (e.g.
edges versus inner parts of facets), and on the peptide sequence
[123,177]. At monolayer coverage for attracted peptides, adsorp-
tion energies tend to be on the order of �10 kcal/mol for a 12-
peptide, which is much stronger adsorption in comparison to
single peptides at high dilution on (100) surfaces (closer to zero)
[173,215]. Finally, the (110) surface exhibits wider grooves as seen
from the L3 spacing near 4 Å (Fig. 14a). The wider spacing leads to
less molecule-specific adsorption, as demonstrated by oriented
patterns of adsorbed molecules along the groves [216].

The soft epitaxial binding mechanism has been shown to be the
same for a range of noble metals related to the similar lattice
spacing (Fig. 14b). Support comes from strong binding of gold (111)
binding peptides also to Ag (111), Pd (111), and Pt (111) surfaces, as
well as the similarity of amino acids in other strongly binding
peptides to any of these metals identified by phage display (e.g.
Arg, Tyr, Trp, His, Phe) [81,217–222]. It has also been observed that
the surface of some metals such as gold undergoes reconstruction
at length scales larger than one nanometer [223,224]. Therefore,
higher index facets are often present on nanorods and nanocrys-
tals [225,226]. The principal mechanism of adsorption remains the
same, however, and molecules adjust to the local (h k l) geometry.
Computational methods can predict the interaction strength and
visualize surface potentials in near-quantitative agreement with
experiment [130,177,213,227].



Fig. 15. Biomimetic design of peptides with Pt (111) specificity. (a) Demonstration of turning a non-facet specific Pt binding peptide (PTSTGQA) into a Pt (111) specific peptide
(PTSTFQA) by including a phenyl ring (F). (b) Demonstration of switching a Pt (100) specific peptide (TLT) into a Pt (111) specific peptide (TFT) through the phenyl ring. Yields
of NC shapes are shown on the left side. TH stands for tetrahedra that are bound by (111) facets, TT stands for truncated tetrahedra, and cubo stands for cuboctahedra.
Uncertainties are o5% for all data points. Corresponding TEM images of as-synthesized NCs are shown on the right side. Scale bars in inserted HRTEM images are 2 nm.
(Adapted with permission from Ref. [209].)

Fig. 16. In seed-mediated synthesis of gold nanoparticles, the use of a silver ion
additive in the presence of a chloride-containing surfactant (CTA-Cl) results in the
growth of (720)-faceted concave cubes (upper growth pathway), while the use of a
bromide-containing surfactant (CTA-Br) under otherwise identical conditions re-
sults in the growth of (730)-faceted tetrahexahedra (lower growth pathway). (Re-
produced with permission from Ref. [229].).
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3.2. Relationship between facet-specific ligand binding and nano-
crystal growth

Facet-selective binding of ligands has been exploited to direct
nanocrystal growth. For example, the preference of phenyl rings
towards (111) facets was employed in a series of ligands to direct
the growth of Pt and Ph nanocrystals into tetrahedra, which are
exclusively bound by (111) facets (Fig. 15) [81,209,228]. The in-
troduction of a single F residue anywhere in the sequence of a
7-mer peptide changed the shape of nanocrystals to tetrahedra
upon growth of seed crystals in solution, whereas other peptides
containing no phenylalanine (F) residues form cuboctahedra or
cubes [209]. Even minor mutations, such as the substitution of F to
tyrosine (Y) in the same peptide sequence no longer supports the
formation of tetrahedral nanocrystals. While both F and Y con-
taining peptide sequences bind strongly to (111) facets, the phenol
ring in Y also binds with a negative binding energy to (100) facets
in contrast to F with a positive binding energy. The binding dif-
ferential between (111) and (100) facets in the presence of Y is
then lost, protecting both (100) and (111) facets from crystal
growth. Simulation tools such as the CHARMM-INTERFACE force
field that accurately reproduce interfacial properties help elucidate
specific molecular conformations and the dependence of binding
processes from ligand chemistry, concentration, and pH value,
consistent with experimental observations of the shape, size, yield,
and spectroscopic properties of nanocrystals [123,209].

Traditional surfactants such as CTAB (n-C16H33–N(CH3)3þ Br–)
and CTAC (n-C16H33–N(CH3)3þ Cl–) are also known to affect na-
nocrystal shape (Fig. 16) [89,229]. Specific halide ions such as Cl� ,
Br� , I� can be used to adjust the reduction potential of ionic gold
species in solution and passivate the gold nanoparticle surface
[230]. The differences control the reaction kinetics and enable the
selective synthesis of different particle shapes, especially when
additional shape directing agents such as Agþ ions are introduced.
Simulations indicated that the presence of Agþ ions favors pro-
tection of (110) and (100) facets over (111) facets in the synthesis
of gold nanorods in ionic liquids, thus leading to preferential
growth in the (111) direction [168]. Halide ions such as Cl� and
Br� likely stabilize (100) surfaces according to DFT and molecular
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dynamics simulations, supported by a soft epitaxial match
[179,227,231]. The formation of open (520) facets was proposed to
be related to the formation of complexes between surfactants,
bromide, and silver ions on specific facets [180]. The exact role of
additives in the formation of highly specific facets such as (310)
and (720) still remains uncertain [229,232]. In summary, the me-
chanisms for shape controlled synthesis are known in certain
cases and benefit from further investigations, as many excellent
proposals have been made [77,78,81,112,123,203,209,228,233–
235]. An increasing role is anticipated by simulation tools in
atomic resolution that allow visualizations of the organic-in-
organic interfaces and support the elucidation of mechanisms for
specific systems [130,236].

The thermodynamic equilibrium shape of nanoparticles can
also be predicted by the Wulff construction that relies on knowl-
edge of the (h k l) surface energies obtained from experiment or
computer simulations [237,238]. The crystal shape is then boun-
ded by planes that are represented by all (h k l) vectors of the
surface energies. Nanoparticle modification with surfactants alters
the (h k l) surface energies of the nanoparticles and thereby its
preferred shape [238]. Predictions of thermodynamically preferred
equilibrium shape using this method have been made based on
first principles and molecular dynamics simulations for systems
with ten thousands of atoms [99,238–242]. Such estimates of
equilibrium shapes, however, cannot be related to the kinetically
controlled crystal growth and shape evolution of the vast majority
of known anisotropic metal nanostructures obtained by reductive
synthesis.

3.3. Nanoparticle superlattices from densely grafted rigid thiol
surfactants

A very common modification of precious metal surfaces in-
volves the covalent attachment of alkane thiols and functionalized
Fig. 17. Grafting of rigid DNA surfactants to metallic and oxide surfaces for the assemb
nucleotides containing three segments: a recognition sequence, a spacer segment, and
molecules, quenchers, modified bases, and drugs can be attached along any segment of
alkane thiols via metal-sulfur bonds (Fig. 5) [36,49,101,208,243].
The grafting of functional thiol ligands has become a versatile
method to adapt the chemical environment of the nanoparticle
surface to application-specific needs (see Section 2). A particular
highlight is the attachment of rigid DNA surfactants (Fig. 7 and
Fig. 17) [79,109,111], in which an binding group such as a thiol or
an azide anchors the surfactants to the nanoparticle, a spacer
fragment provides some surfactant mobility near the metal sur-
face, and a covalently bonded ssDNA recognition sequence enables
hybridization of the DNA to form rigid strands. These spatially
directed surfactants do not collapse on the curved nanoparticles as
is the case for flexible alkyl chains (Fig. 6) and allow ordering of
the nanoparticles into a variety of superlattices (Fig. 18). The
crystal symmetry of these lattices can be controlled by DNA linker
length, DNA linker sequence, and by the molar ratio of nano-
particles with different rigid DNA surface modification. In essence,
DNA hybridization thereby directs nanoparticle assembly along a
pathway that mimics atomic crystallization. Reported nanoparticle
superlattices include fcc, hcp, bcc, simple cubic structures and
other crystal geometries [112]. Recently, crystallization into Wulff
polyhedra has also been shown [77].

It remains challenging, however, to predict reliably the out-
come of such molecular crystallization processes as they are in-
fluenced by molecular interactions and solvent involvement
[77,113]. Very slow cooling, over several days, of solutions of
complementary-DNA-modified nanoparticles through the melting
temperature of the system was necessary to yield the thermo-
dynamic product with a specific and uniform crystal habit.

3.4. Applications in catalysis

Metal and alloy nanoparticles as described above are widely
used in catalysis, including electrode materials in fuel cells, bat-
teries, and active nanoparticles for the synthesis of commodity
ly of particle superlattices. An inorganic core is densely functionalized with oligo-
a chemical-attachment group. Additionally, other functional groups such as dye
the oligonucleotide. (Reproduced with permission from Ref. [111].)



Fig. 18. Illustration of DNA-programmable nanoparticle assembly into ordered superlattices. Parameters that can be controlled using this technique are shown. (a) The lattice
parameter can be tuned by using different linker lengths and NP diameters (figure not to scale). (b) NP shape can be controlled, resulting in directional bonding of different
anisotropic NPs into a variety of one-, two-, and three-dimensional lattices. (c) Crystallographic symmetry can be adjusted by linker lengths, linker sequences, and molar
ratios of particles. (Adapted with permission from Ref. [111].)

Fig. 19. Engineering functional nanoparticles (NP) using biomolecules for catalytic performance. Peptide-capped Pd NPs were synthesized and analyzed using a combination
of high-energy X-ray analysis, pair distribution functions, and reverse Monte Carlo (RMC) simulation, which reveals the average particle structure in near-atomic detail. The
structures were used for multi-scale simulation of ligand binding and computation of catalytic activity in comparison to turnover frequency measurements. Insight from
specific reactivity and peptide binding characteristics for test systems can be utilized to inversely predict more effective NPs and biomolecular ligands for testing in
laboratory using quantitative structure-activity relationships. (Adapted with permission from Ref. [80].)
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chemicals [113,169,202,244–254]. High energy X-ray diffraction
(HE-XRD) [85], TEM, and electron tomography [87,88,255] can
provide critical information of particle shape and structures in
atomic resolution that is helpful to assess and explain catalytic
functionality [80,133]. The use of HE-XRD, which requires only
short measurements of several minutes to determine pair dis-
tribution functions of metal atoms in a given nanostructure, is
comparably cost-effective and applicable to many samples
[256,257]. The combination of synthesis, HE-XRD, reverse Monte
Carlo simulation, and molecular dynamics simulation enables the
derivation of all-atomic particle models consistent with laboratory
data to explain catalytic activity in agreement with turnover fre-
quency (TOF) measurements (Fig. 19). The combination of char-
acterization and activity testing paired with reactive molecular
dynamics or ab-initio simulations of the rate-determining step
revealed key parameters and rate predictions for a range of



Fig. 20. Catalytic performance of peptide-capped Pd nanoparticles of different size and surface structure in Stille carbon-carbon coupling reactions according to experiment
and estimates from reactive molecular dynamics simulations with the CHARMM-INTERFACE force field. (a) Mechanism of the Stille reaction on the surface of Pd nano-
particles. Abstraction of a superficial Pd atom by the ArX moiety was found to be the rate-determining step. (b) Correlation of the measured catalytic turnover frequencies
(TOF) with the computed rate of atom leaching for various peptide-derived Pd nanoparticles. (c) Illustration of the abstraction energies for all individual surface atoms of the
Pd4-derived nanoparticles and mutant-derived nanoparticles. The original peptide sequence Pd4 (TSNAVHPTLRHL) was modified in 6 and 11 positions by Ala and Cys,
respectively. The most active sites, i.e., Pd atoms of lowest abstraction energy, are indicated in lighter color. (d) Calculation of the relative reaction rate from computed atom
abstraction energies across the particle surface using statistical weights given by the Boltzmann factor. (Adapted with permission from Ref. [80].) (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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structures with systematic variation in catalyst shape and com-
position [80].

Knowledge of the rate-determining step from experiment, or
from high level electronic structure calculations, is thereby
essential to computationally estimate the rate for a particular
chemical reaction, as shown for a Stille coupling reaction as an
example (Fig. 20a) [202]. The shape and reactivity of Pd nano-
particles is “imprinted” by the chosen peptide ligands upon
synthesis. The critical size for crystallization of fcc Pd nano-
particles at room temperature is about 1.570.2 nm [252]. Below
this size no stable facets are present and melting temperatures of
the particles and atomic clusters, respectively, are much lower
than for the bulk metal. Characterization of the particle catalysts in
a 2–4 nm size range in atomic resolution and modeling of the re-
activity enables insight into peptide engineering to tailor relevant
surface features (Fig. 20b and c).

The relative reactivity of several different Pd nanoparticles was
then computed using reactive molecular dynamics simulations
with the CHARMM-INTERFACE force field and agrees semi-quan-
titatively with TOF measurements for the same particles (Fig. 20b).
The particles were synthesized using the original peptide
TSNAVHPTLRHL and a series of mutants in which the residues H6
and H11 were replaced by Ala as a less binding residue (Ala) as
well as by Cys as a thiol-bridging residue (Cys) [80]. Key to un-
derstanding reactivity of the nanoparticles was the unique
fingerprint of atoms of low abstraction energy (Fig. 20c, light blue).
The relative reaction rate was obtained by computation as a
Boltzmann-average over all surface atoms, consistent with TOF
measurements (Fig. 20d). Thereby, molecular dynamics simula-
tions can quickly scan the abstraction energies of all surface atoms
to compute relative reaction rates. The peptide ligands play no
direct role in the reaction rate of the Stille reaction, as the energy
barriers for the aryl halide to approach the bare surface are much
lower than the minimum abstraction energy of 25 kcal/mol for
individual Pd atoms (moving a few peptide residues sideways to
access a surface site costs between 5 and 10 kcal/mol). Therefore,
the role of the peptide ligands in the context of the Stille reaction
lies in the initial synthesis and shape control of the nanoparticles
that creates active sites, without a direct contribution in the cat-
alytic cycle [133].

Similar approaches explained the reaction rates of the same set
of Pd nanoparticles in olefin hydrogenation. The rate-determining
step was then the docking of the reactant onto the surfactant-
covered and hydrogen-saturated nanoparticle surface. Thiol li-
gands thereby showed near-zero rates, likely due to scavenging
and deactivation of surface adsorbed hydrogen [80]. Control of the
Pd catalyst poisoning level with tailored surfactants is also critical
to increase the selectivity in hydrogenation reactions of acetylenic
compounds [253]. DFT simulations have guided in the under-
standing the relative accessibility of active sites in Lindlar catalysts
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for different thiol surfactant coverage on palladium surfaces,
showing that increased packing density with upright oriented
orientation of surfactants (see Figs. 3 and 5) can decrease the
poisoning level and increase reactivity [254].

Alloy nanoparticles are used to catalyze many other conver-
sions. Examples are graphene-supported Pt-Co alloy nanoparticle
catalysts stabilized by HEPES buffer and other surfactants that
enhance the catalytic activity in the oxygen reduction reaction
(ORR) in fuel cells [244], as well as Au-Pd alloy nanoparticle cat-
alysts for ORR and for the methanol oxidation reaction (MOR)
[258]. Pt-Hg alloy nanoparticles were found to be effective for the
oxygen reduction to H2O2 [246]. Definitive reaction mechanisms
and understanding of the role of surfactants, however, are often
unclear and benefit from further studies.

3.5. Applications in diagnostics and therapeutics

Functionalized gold and other metal nanoparticles are widely
used in diagnostics and drug delivery [243,259,260]. Imaging for
diagnostic purposes can be achieved through fluorescent labels or
use of anisotropic nanorods that exhibit specific surface plasmon
resonance [199,261]. A multitude of diagnostic sensor platforms
based on specific binding of analytes to the metal surfaces has
been developed. Femtomolar detection limits for protein and DNA
target analytes can be reached, equal to the theoretical detection
limit using microfluidic nanoscale sensors [145,262–264].

Much in the same way, decorated metal nanoparticles are
suitable for drug delivery (Fig. 21) [243]. Advantages include (i) a
high surface area that provides sites for drug loading and enhances
solubility and stability of loaded drugs, (ii) the ability to functio-
nalize the nanoparticles with targeting ligands to enhance
Fig. 21. Illustration demonstrating various approaches to loading/unloading ther-
apeutics into/from gold nanoparticles. (a, b) Partitioning and diffusion-driven re-
lease of hydrophobic drug molecules in a surfactant bilayer or an amphiphilic
corona layer. (c) Anchoring drugs directly to the surfaces of gold nanoparticles
through Au–S or Au–N bonds (capping agent in blue is hydrophilic polymer, e.g.
PEG, to enhance the overall solubility of the system). Release is triggered by the
photothermal effect, thiol exchange (e.g. glutathione exchange), or simple diffusion
to the cell membranes (in the case of Au–N). (d, e) Double-stranded DNA-loaded
gold nanoparticles via Au–S bonding. The release of double (d) or single
(e) stranded DNA can be controlled by an applied laser. (f) Therapeutic agents are
coupled/complexed to terminal functional groups of the capping agent via a clea-
vable linker. Release can be triggered by hydrolysis, light, heat, and/or pH changes.
(g) Loading charged biomolecules (e.g. DNA or siRNA) onto the surfaces of gold
nanoparticles by electrostatic assembly (layer-by-layer coating). Release of the
payload can be triggered by the use of charge-reversal polyelectrolytes combined
with pH change. (h) Drug molecules are incorporated into the matrix of a ther-
mosensitive, crosslinked polymer. Release can be triggered by the photothermal
heating by gold nanoparticles also incorporated into the matrix. (Reproduced with
permission from Ref. [243].) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
therapeutic potency and decrease side effects, (iii) the advantage
of multivalent interactions with cell surface receptors and other
biomolecules, (iv) enhanced pharmacokinetics and tumor tissue
accumulations compared to free drugs, as well as (v) the biological
selectivity which allows nanoscale drugs to preferentially accu-
mulate at tumor sites due to their ‘‘leaky’’ blood vessels, the so-
called enhanced permeability and retention (EPR) effect [265].
Classical nanoparticle alternatives such as liposomes, polymeric
nanoparticles, and protein-based nanoparticles possess physical
properties such as size and high surface area, but lack unique
optical and photothermal properties of gold and other metal na-
noparticles [52].

Specifically, the unloading or loading of drugs can be accom-
plished by incorporation of drugs into a surfactant bilayer
(Fig. 21a), by incorporation of drugs into an amphiphilic corona
layer (Fig. 21b), by direct anchoring of drugs to the metal surface
via thiolates (Fig. 21c), using DNA-thiol modified gold nano-
particles that release double-stranded or single-stranded DNA
upon laser stimulation (Fig. 21d and e), by attachment of ther-
apeutic agents to the far terminus of surfactants that can be
cleaved off by hydrolysis, light, heat, or changes in pH (Fig. 21f),
using layer-by-layer assembly and triggered release by changes in
pH and charge reversal (Fig. 21g), by incorporation into the matrix
of a cross-linked polymer and photothermal heating of Au nano-
particles in the same matrix (Fig. 21h) [243].

Surfactant-modified metal nanoparticles are also used in
coatings and paints for corrosion inhibition [54,266–268] as well
as in highly effective plasmonic superstructures with controlled
circular dichroism [199].
4. Modification of oxide and chalcogenide nanostructures
with surfactants

Oxides and chalcogenides are abundant materials and its
properties differ from that of metals mainly due to lower surface
energy and diverse acid-base chemistry. Surface modifications of
oxide and chalcogenide nanoparticles may involve covalent
(Fig. 8) [114] as well as noncovalent grafting and are described in
this section, with the exception of 2D layered nanostructures that
are separately discussed in Section 5. Applications comprise
catalyst supports [269], supercapacitors [270], batteries
[271,272], photosensitizers, organic electronics [273–275], fluor-
escent labels, sensors [141,142], drug delivery vehicles [276–279],
and fillers in polymer nanocomposites [82,141,189,280]. First,
noncovalent interactions of surfactants and biomolecules with
oxide and chalcogenide nanoparticle surfaces will be described,
including the sensitivity to surface chemistry and pH. Then,
covalent surface modifications discussed. Directed crystal growth
in the presence of surfactants, charge transfer at titania inter-
faces, optical properties of quantum dots, as well as therapeutic
applications are highlighted.

4.1. Surface chemistry and noncovalent binding mechanisms of
surfactants

4.1.1. Surface chemistry
Noncovalent interactions often precede covalent attachment

and follow rather different mechanisms compared to metal sur-
faces due to the variable surface chemistry of oxides and hydro-
xides [126,281–284]. The area density of hydroxyl termination in
solution and specific protonation-deprotonation equilibria are
critical for selective binding of ligands and assembly of nanos-
tructures. On silica surfaces, as an example, the density of silanol
groups (≡SiOH) and of ionized siloxide groups (≡SiO– � � �Naþ) can
vary across orders of magnitude and depends on the type of



Fig. 22. Silica surface chemistry and its dependence on synthesis and pH values. (a) Key surface parameters are the area density of siloxide groups and silanol groups.
(b) Schematic of the surface composition as a function of pH for a typical silica glass with 4.7 silanol groups per nm2. (c) Common range of silanol area density and
deprotonation to sodium siloxide. (d-g) TEM and SEM images of nanoparticles of average sizes 28, 82, 210, and 500 nm. Silica nanoparticles of size 28 nm are less dense and
poorly defined in comparison to spherical larger particles. (h) Schematic relationship between surface ionization, pH, and particle size. Large nanoparticles contain Q2/Q3

surface environments, medium size and smaller nanoparticles contain mostly Q3 environments. The amount of SiO–Naþ groups per nm2 is shown at an ionic strength of 0.1–
0.3 mol dm�3. (Adapted with permission from Ref. [284].)
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substrate, prior processing history, as well as the pH value in so-
lution (Fig. 22) [126,284]. Extensive data on surface chemistry and
surface ionization have been reported experimentally and the
specifics for a given silica species determine the adsorption of
surfactants, biomolecules, and polymers [282,285–295]. Common
surface chemistries of silica have also been implemented in an
atomistic model database for predictions by molecular modeling
and simulation [236,284].

Typical silica surfaces consist of Q3 silica, i.e., silicon atoms
surrounded by three bridging oxygen bonds and one silanol group
((–O–)3SiOH). The area density of silanol groups is then �4.7 per
nm2 (Fig. 22a–c). Silica or glasses with low content of other oxides
and annealed at very high temperatures above 1200 °C no longer
contain silanol groups due to complete dehydration into Q4 silica,
i.e., all silicon atoms are then surrounded by four bridging oxygen
atoms just as in bulk silica SiO2 ((–O–)4Si). In contrast, some
cleavage planes of quartz and larger nanoparticles (4100 nm size)
can also feature up to two silanol groups per superficial Si atom;
this structure ((–O–)2Si(OH)2) is then called Q2 silica and has a
maximum of 9.4 silanol groups per nm2. In nanoparticles of sev-
eral 100 nm size, the silanol density is often in between Q3 and Q4

[127,164,296]. Common techniques for surface characterization
encompass measurements of the specific surface area (BET) and of
weight loss upon heating from which the area density of silanol
groups can be derived. Measurements of immersion energies,
contact angles, adsorption isotherms, solid state NMR spectro-
scopy, infrared (IR) and Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), as well as potentiometric titration and ζ-po-
tential measurements also offer key insights into the surface
chemistry and physics [126,284]. Potentiometric titration and ζ-
potential measurements, in particular, are required to quantify
surface ionization as a function of pH and ionic strength, and
yields quantitative information on the characteristic area densities
of cations and siloxide ions, respectively (Fig. 22d–h). The point of
zero charge corresponds to the pH value of pure silanol termina-
tion (≡SiOH) without ionization to sodium siloxide groups (≡SiO–

� � �Naþ) and lies between 2.5 and 4 for silica nanoparticles
(Fig. 22h). Depending on silanol density, pH, particle size, and ionic
strength in solution, up to 2.0 silanol groups per nm2 can be io-
nized to sodium siloxide groups (≡SiO– � � �Naþ), before silica
begins to dissolve around pH 8 to 9 (in most cases the ionization is
less than 1.0 (≡SiO– � � �Naþ) groups per nm2). These details of
surface chemistry are essential to explain observed surfactant
adsorption, selective binding, and ligand release. In addition, the
porosity of nanoparticles or nanostructured surfaces plays a role in
predicting adsorption, especially for pore sizes that are not sig-
nificantly larger than the surfactants [297–299].

For titania nanoparticles [300], the point of zero charge (pzc) is
somewhat higher at �5.5 than that for silica at �3.0 [301,302].
The higher point of zero charge for titania leads to somewhat less
surface deprotonation at pH 7 in comparison to silica (≡TiO– � � �
Naþ), and to positively charged protonated structures at pH values
below 5.5 such as ≡TiOH2

þ � � � Cl� groups.
For many other oxides such as indium tin oxide, alumina, iron

oxides, zirconia, and ceria, quantitative evaluations of surface
chemistry and influence of pH have not yet been available. Pro-
gress in this area, using both experiment and chemical knowledge/
theory, holds great promise to enhance understanding of surface
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modification and therapeutic applications of oxide nanostructures
[126,303]. As a first approximation, known substance chemistry
[304] as well as similarity considerations to acidic silica, ampho-
teric titania, and somewhat more basic alumina surfaces provide
guidance for the extent of chemical equilibria between M–OH
termination versus M–O–M bridges on the surface, as well as the
likely extent of protonation and deprotonation equilibria
(≡MOH2

þ � � � Cl� versus ≡MOH versus ≡MO– � � � Naþ). Un-
derstanding of the interfacial chemistry is crucial to assemble
molecularly designed materials from the nanoscale.

Decoration with surfactants, as well as nanocrystal growth and
assembly, is determined by the presence of electric double layers
of variable strength and charge density. For example, silica sur-
faces at pH 7 features the negatively charged oxide (siloxide,
≡SiO–) surface forming a double layer of negative zeta potential
with coordinated and dissociated cations (Naþ) or positively
charged surfactant head groups to maintain charge neutrality. On
the other hand, at low pH values of 3 on titania, the surface layer
consists of positively charged ≡TiOH2

þ groups and adjacent
compensating anions such as Cl– or anionic surfactants to com-
plete the electric double layer. The surface chemistry and reactivity
then also determines under which conditions covalent-cross links
can be formed (Fig. 8) and remain stable [14,114].

4.1.2. Noncovalent binding mechanisms of surfactants
The noncovalent adsorption mechanism of surfactants to oxide

surfaces involves ion pairing, ion exchange, hydrogen bonding,
dipolar interactions, conformation effects, and hydrophobic inter-
actions (Fig. 23). The difference between ion pairing and ion ex-
change is that ion pairing is an equilibrium process that reduces
the observed ζ-potential by neutralizing the surface charge
(Fig. 23a), whereas ion exchange is a substitution process with
approximately constant ζ-potential, often followed by washing off
the exchanged salts atop the surface, removing them from the
equilibrium (see also Fig. 9).

In the case of silica, at pH values greater than 5 (greater than
two units above the pzc), ion pairing to the negatively charged
surface was found to be the dominant adsorption process for po-
sitively charged surfactants [126]. At the same time, hydrogen
bonding between certain residues in the ligand, such as an alcohol
group in a peptide side chain, and surface silanol groups adds to
adsorption (Fig. 23b). The contribution of hydrogen bonds to ad-
sorption increases towards the point of zero charge (lower pH)
while ion pairing then decreases. Other dipolar interactions such
as the complexation of cations pertaining to the surfactant (e.g.
sodium acrylate polymers, potassium Asp and Glu residues in
peptide surfactants) by negatively charged surface groups in the
oxide support adsorption. For conformationally challenged mole-
cules such as peptides and proteins, conformations contribute, too
(Fig. 23c) [305], and removal of constraining groups can increase
adsorption [126]. Conformation effects and their analysis can
become very challenging for large polymers [306,307]. Finally,
hydrophobic interactions were found to play a role [127,164].
Hydrophobic interactions dominate binding of noncharged sur-
factants to the surface, or binding of charged surfactants to a
neutral surface (near pzc). Hydrophobic interactions in aqueous
solution have also been described as a depletion effect as the li-
gands in solution may disrupt the hydrogen bonded network of
water. Upon adsorption to the surface this disruption of hydrogen
bonds in the liQ12quid phase is reduced, especially when both the
ligand and the surface contain only few (or no) ionic groups with
hydration shells. The “hydrophobic” adsorption mechanism also
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involves weak van-der-Waals interactions between the ligand and
the surface, while often a depletion interaction is the actual driv-
ing force [164].

4.2. pH-specific contributions to ligand adsorption

The nonconvalent binding mechanism can be further illu-
strated for peptides of different charge in contact with silica
(Figs. 24 and 25) [164]. The positively charged peptide KLPGWSG is
more attracted to surfaces at higher pH when they carry a higher
negative charge per unit area. On the 50% and 18% ionized Q3 silica
surfaces, that is, at pH 9 and 7, the peptide is anchored to the
surface by the ammonium groups of the N-terminal and the K1
side chain for more than 80% of the time (Fig. 24a). At lower io-
nization of 9% and 0%, that is, at pH 5 and 3, electrostatic inter-
actions through ion pairing are diminished and hydrogen bonds of
the OH groups of residue S6 and of ammonium groups on
N-terminal K1 with the silica surface increasingly contribute to
adsorption (Fig. 24b and c). In addition, close contacts of L2, P3,
and W5 side chains with the surface are seen. Hydrophobic re-
sidues have thereby no intrinsic affinity to the silica surface; their
surface attachment mainly diminishes disruptions of the hydro-
gen-bonded structure of liquid water, equal to a reduction in ex-
cluded volume. Near-neutral silica surfaces, therefore, attract
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hydrophobic residues to concentrate unfavorable hydrophobic
(van der Waals) interactions directly at the surface. In contrast,
hydration shells of siloxide ions and cations on notably ionized
silica surfaces keep hydrophobic residues away. For these reasons,
the time-averaged adsorbed conformation of the positively
charged peptide KLPGWSG changes from anchor-like with strong
contribution by ammonium groups on highly negatively charged
surfaces (Fig. 24a and b) to flat-on arrangements with higher
mobility and with more contact of polar and hydrophobic func-
tional groups on less ionized surfaces (L2, P3, W5) (Fig. 24c).

Adsorption of the overall neutral peptide AFILPTG was weaker
than for KLPGWSG and statistically not affected by changes in
surface ionization and pH (Fig. 25). Interactions with the 50% io-
nized surface, which exceed the experimental surface charge, were
found to be slightly more repulsive than in experiment. On all
other surfaces, the peptide was in contact with the silica surface at
least 40% of the time in molecular dynamics simulation through
the N-terminal ammonium group by electrostatic forces (ion
pairing) as well as through hydrogen bonds (Fig. 24d). Hydrogen
bonds involve the carboxylate group of the C-terminal and the OH
group in T6 in contact with surface silanol groups (Fig. 24d). Ad-
ditional hydrophobic interactions were observed through the
phenyl ring in F2, the L4 side chain, and the ring of P5 in agree-
ment with experimental observations (Fig. 24e) [127].

The negatively charged peptide LDHSLHS showed less time in
contact with most surfaces than the other two peptides and ad-
sorption decreased with higher density of negative charge
(Fig. 25). This peptide also notably changes its own charge from
approximately �1.5 at pH 8.5 to þ2 at pH 3 [296]. Direct contact
with the highly ionized surface at pH 8.5 amounted to only 20% of
simulation time (Fig. 24f) and increased to above 40% of simulation
time for 18% and 9% ionized silica surfaces, respectively (Fig. 24g).
The N-terminus of L1 and hydroxyl groups in S7, as well as some
hydrophobic groups approach the surface at lower pH. At the point
of zero charge, the peptide is in close contact with the surface for
more than 60% of simulation time, including protonated H3, H6,
and temporarily all residues (Fig. 24h).

These studies illustrate molecular-level insight into the highly
specific interactions between biomolecular ligands and silica [164].
The results also explain earlier experimental and theoretical ob-
servations [126,308–310]. Differences in the surface chemistry of
silica nanoparticles of different origin and processing were found
to be so substantial that combinatorially selected silica-binding
peptides exhibit less than 20% sequence similarity at comparable
pH and ionic strength [75,310–312]. Sequence similarity ap-
proaches randomness (5%) when the pH value was changed in
addition [127,296]. Specific consideration of surface chemistry,
morphology, and ionization for a given type of silica and condi-
tions in solution is therefore essential. The same considerations
apply for other, yet less well studied oxides, such as titania, car-
bonates, and apatites that exhibit a similar diversity of surface
environments [15,120]. The diversity of surface chemistry of oxi-
des is in stark contrast to the simple surface chemistry of precious
metals which, as a result, attracts similar peptide sequences (see
Section 3) [121,122,130,209,220,313,314].

4.3. Covalent modification of oxide surfaces

Covalent modification of oxide surfaces can be achieved using
silanes, phosphonates, carboxylates, catechols, alkenes, and amines
(Fig. 8) [114,115]. The critical surface feature are reactive metal-hy-
droxyl groups such as ≡Si-OH and ≡Ti-OH. Hydrophilic silica sur-
faces can be rendered hydrophobic by these techniques, for ex-
ample, and multiple new surface-terminating groups can be in-
troduced via successive modification (post-grafting) using bifunc-
tional linker molecules. For example, silicate glass surfaces can be
first treated with piranha solution (7:3 mixture of H2SO4 and H2O2)
to activate the surface silanol groups, and leach out other oxide
components in the glass such as sodium oxide. Then, octadecyldi-
methallylmethylsilane can be grafted onto the silanol terminated
surface to create a highly hydrophobic surface (Fig. 26a) [114].

Indium tin oxide (ITO) glass can be pre-treated in the same way
and then modified with the same ligands; here an example of
ferrocene-bearing ligands is shown (Fig. 26a). The resulting fer-
rocene-functionalized glass with specific redox properties was
tested as an electrode in phosphate-buffered aqueous solution
using cyclic voltammetric (CV) measurements. The surface func-
tionalization allows conductive ITO electrodes to be modified for
photovoltaic and organic electronic applications.

Another common multistep process of covalent surfactant
grafting begins with the grafting of an N-hydroxysuccinimide ester
(NHS-ester) onto a silica substrate, which subsequently could be
used to immobilize glucose oxidase and produce a biosensor
(Fig. 26b) [315]. As a result, mesoporous silica balls bearing a
covalently immobilized enzyme with a high loading rate were
obtained compared to conventional multistep grafting methods.

Silica nanoparticles have also been modified using controlled
radical polymerization, including atom transfer radical



Fig. 26. Advanced covalent surface modification of silica and ITO glass for electrode materials and bioconjugation. (a) Surface modification of glass slide and ITO glass for
photovoltaic applications using the 2-methylallylsilane protocol. (b) Immobilization of glucose oxidase (GOx) onto N-hydroxysuccinimide ester (NHS-ester) functionalized
silica via one-step and multi-step methods. The silica surface serves as a carrier for glucose oxidase. The activity of the modified silica nanoparticles is higher after the one-
step process. (Reproduced with permission from Ref. [114].)
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polymerization (ATRP), nitroxide-mediated polymerization (NMP),
and reversible-addition-fragmentation chain transfer polymeriza-
tion (RAFT) [189]. Through the use of new RAFT agents and cou-
pling agents, the graft density, and thereby the packing density,
can be controlled from 0.01 to ∼0.7 chains/nm2 and brushes of
molecular weights up to 150 kg/mol with a dispersity index below
1.15 could be obtained [316]. Functionalization typically starts with
a bifunctional amine silyl ether, and the RAFT agent is then



Fig. 27. Likely growth mechanism of titania in oleic acid as a pure solvent into anisotropic products (route a) and into isotropic products (route b) (–OPri¼–CH(CH3)2 and
R¼alkyl chain of oleic acid). (Reproduced with permission from Ref. [320].)
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attached to the amine-modified silica surface to begin the poly-
merization reaction.

Lee et al. further reported surfactant-templated syntheses of
magnetite-silica core-shell nanoparticles [317]. The nanoparticles
were then amine-functionalized, reacted with glutaraldehyde and
with the enzymes lipase and α-chymotrypsin for covalent attach-
ment (CA). The bifunctional aldehyde enables further cross-linking
of the enzyme-modified nanoparticles. Such crosslinking of en-
zyme clusters (CEC) in various nanomaterials results in synergetic
enzyme stabilization and improves the apparent enzyme activity
due to the high loading [318]. The high enzyme activity in
nanoparticle-based crosslinked enzyme clusters has begun to be
exploited in the biosynthesis of chemicals, pharmaceuticals, and
commodity catalysts. The ability to separate the nanoparticles by
application of a magnetic field thereby eases recycling and auto-
mation of biocatalysis.

Silica nanoparticles were also encapsulated in polystyrene
using a combined noncovalent/covalent grafting mechanism [319].
The silica nanoparticles were first treated with oleic acid that
binds non-covalently to the silica surface via hydrogen bonds
(Fig. 23). Then, the C¼C bonds of oleic acid were copolymerized
with styrene monomer through bond addition. The resulting
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polystyrene-coated silica nanoparticles (�200 nm size) can be
better dispersed in polymer matrices than pure silica due to a
lower interfacial tension.

4.4. Surfactant-directed growth of oxide nanoparticles, nanowires,
and porous nanostructures

The synthesis of oxide nanoparticles from soluble precursors is
widely used, for example, using tetraesters of silicic acid in the
presence of ammonia [298,299]. The silica nanoparticles with
negative surface charge (Fig. 22) can then be non-covalently
modified with CTAþ surfactants that form a spherical micelle-like
shell around the nanoparticle [297]. Deposition of further mineral
precursors (tetraethylorthosilicate, tetrabutyl titanate) then leads
to their assembly between the silica core and the CTAþ shell,
followed by mineralization and growth of core-shell nanoparticles.
This protocol can be used to synthesize SiO2-TiO2, Fe2O3-TiO2 and
other core-shell oxide stoichiometries.

Surfactants can also be used to direct the growth kinetics and
shape of nanoparticles starting at the nucleation stage [320–325].
The growth and aspect ratio of anatase TiO2 by hydrolysis of ti-
tanium tetraisopropoxide (TTIP) can be controlled by the use of
oleic acid as surfactant (Fig. 27). Tertiary amines or quaternary
ammonium hydroxides were used as catalysts to promote fast
crystallization, and chemical modification of TTIP by oleic acid was
employed to tune its reactivity toward water. Slow hydrolysis lead
to thermodynamically favored, spherical titania nanoparticles. Fast
hydrolysis, in contrast, lead to growth in preferential directions
and the formation of titania nanorods as a kinetically favored
product. The synthesis of the organic-capped anatase TiO2 was
also possible using different capping ligands, for example, to
Fig. 28. Use of surfactant, liquid crystals, and block copolymer templates to assemble
(a) Classical surfactant based cooperative self-assembly route. (b) Classical surfactant b
porous TiO2 through a micelle assembly process by using the asymmetric triblock co
compositions such as Ta2O5, Nb2O5, and mixed oxides can also be prepared. (Adapted w
achieve high solubility in both apolar and polar solvents [320].
A classic example of surfactant-directed assembly is the tem-

plated growth of oxide nanostructures (Fig. 28) [318,323,324,326–
328]. First, surfactants above the critical micelle concentration
organize into micelles or other aggregate structures, and then
soluble oxide precursors are added. The precursors subsequently
mineralize onto the template and form a solid oxide around the
surfactant template. For example, when cylindrical micelles are
used that pre-order in a hexagonal array, tetraalkyl silicates or
other oxide precursors form a cylindrical silica shell (or other
oxide shell) after deposition and hydrolysis (Fig. 28a). Subse-
quently, the surfactants can be removed by calcination to form
mesoporous silica. Chiral mesoporous silica has been synthesized
using chiral surfactants that assemble into chiral micellar tem-
plates [329]. Thereby, the definition of “mesopores” is a size range
of 2–50 nm. In comparison, “micropores” are defined in a size
range of 0–2 nm and “macropores” larger than 50 nm (this com-
mon terminology conflicts with the actual nanometer-scale size).

An alternative method leading to the same mesoporous struc-
ture is the use of surfactants that assemble into a liquid crystal
upon addition of solvent (lyotropic liquid crystal) (Fig. 28b).
Asymmetric triblock copolymers can also be used and function as
more advanced surfactants (Fig. 28c). For example, the copolymer
PS-b-PVP-b-PEO assembles into micelles that then internalize
oxide precursors such as titanium tetraisopropoxide (TTIP) in a
controllable way. The structures are ultimately calcined as in
classical surfactant-templated synthesis to eliminate the block
copolymer, solidify the oxide, and yield a mesoporous oxide. The
techniques using lyotropic liquid crystals and triblock copolymers
have been applied to produce mesoporous silica, titania, Ta2O5,
Al2O3, Nb2O5, and mixed oxides [324]. Mesoporous nanoparticles
soluble oxide precursors into mesoporous materials (e.g., silica, titania, alumina).
ased lyotropic liquid crystal templating route. (c) Formation mechanism of meso-
polymer PS-b-PVP-b-PEO and titanium tetraisopropoxide (TTIP) precursors. Other
ith permission from Refs. [323,324].)
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are used for many applications, including drug delivery, MRI
contrast agents, sensors, and electrode materials in batteries
[66,70,279,330–335].

In a similar fashion, ZnO nanowires and nanotrees have been
hydrothermally grown from soluble Zn(OAc)2 and Zn(NO3)2 pre-
cursors in the presence of hexamethylenetetramine and poly-
ethylene imine surfactants (Figs. 29 and 30) [325]. Starting with
seed nanoparticles, the surfactants act as capping agents and en-
able anisotropic growth. Length grow can be repeated to reach
high aspect ratios in excess of 100 (Fig. 29a–c). Polymer removal
and addition of further seed crystals also enables branched growth
and the steps can be repeated (Fig. 29d and e). The resulting na-
notrees and nanoforests from such hybrid growth (Fig. 30) offer a
very high surface area that enables dense dye loading and im-
proved light harvesting when used in dye sensitized solar cells
(DSSCs) [325,336]. ZnO-polyvinylpyrrolidone films (PVP films)
Fig. 29. Two routes for hierarchical ZnO nanowire hydrothermal growth into nanotrees a
capping agents to enable anisotropic growth. Length growth (LG) (a-b-c), branched g
introduction of seed nanoparticles to achieve branched growth. (Reproduced under the
have also been used in dithienogermole–thienopyrrolodione-
based polymer solar cells [337]. The growth mechanism is not yet
fully understood down to the molecular scale. Therefore, rational
predictions of aspect ratios and nanostructures, other than directly
from experimental trials, are still a challenge.

4.5. Optical and electronic properties of surfactant-modified oxide
nanoparticles, quantum dots, and applications

Interactions of titania surfaces with organic dye molecules are
critical for the performance of dye sensitized solar cells (DSSCs)
(Fig. 31) [338]. In Gratzel cells, a ruthenium-bipyridyl dye absorbs
light and forms electron-hole pairs aided by charge transfer to
titania. The positive charge is typically retained by the Ru dye and
its binding affinity to the oxide surface determines the transport
efficiency of negative charge to the titania electrode (Fig. 31a). The
nd nanoforests. Hexamethylenetetramine and polyethyleneimine (PEI) were used as
rowth (BG) (a-b-d), and hybrid growth (a-b-c-d-e). Notice polymer removal and
Creative Commons Attribution license from Ref. [325].)



Fig. 30. SEM images of ZnO nanowires for applications in dye sensitized solar cells. (a) Length growth (1, 2, 3 times growth). (b, c) Seed effect: first generation branched
growth (b) without seeds and (c) with seeds after polymer removal. (d, e) Polymer removal effect: first generation branched growth (d) without polymer removal and
(e) with polymer removal after seed NP deposition. Polymers on ZnO nanowires are removed after 350 °C heating for 10 min. (Reproduced under the Creative Commons
Attribution license from Ref. [325].)

Fig. 31. Surface modification of titania by ruthenium dyes in dye-sensitized solar cells. (a) A ruthenium complex binds to the surface of TiO2 via a carboxylated bipyridyl
ligand. Upon exposure to sunlight, a metal-ligand charge transfer (MLCT) excitation initiates interfacial electron transfer towards titania, which is in contact with an
electrode. (b) Orbital diagram for the forward electron injection (rate constant kf) from the π* orbital of the bipyridyl ligand into the empty t2g orbitals forming the TiO2

conduction band and the backward electron transfer from the conduction band of the oxide into the Ru(III) d orbitals. (Adapted with permission from Ref. [338].)
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electron in the excited state in the π* orbital of the ligand is
transferred into the conduction band of TiO2. A competing process
is the backward transfer of the electron from the titania electrode
into the ground state orbital of the ligand, leading to charge
recombination. The efficiency of the process depends significantly
on the chemistry and on the arrangement of the dye molecules on
the surface [339]. Many alternative ligands have been synthesized
that are reminiscent of porphyrins, however, only some of them
enable the desired high power conversion efficiency of dye-sen-
sitized solar cells [340]. Natural dyes such as bacteriorhodopsin
have also been employed [274]. More recently, perovskites
were discovered as solid-state replacements for the electrolyte,
allowing significantly higher power conversion efficiencies on the
order of 20% [341,342]. However, the relationship between the
chemical structure of the dye (or perovskite), binding preferences
to the mineral electrode, associated electronic structure, and
photovoltaic performance remain largely empirical. Further me-
chanistic studies supported by measurement and realistic simu-
lations at the 1–10 nm scale may provide specific guidance in the
future.

The electronic structure of mineral interfaces plays a major role
also for properties of quantum dots such as ZnS, ZnSe, ZnTe, CdS,
CdSe, and CdTe (Fig. 32) [134]. Solutions of CdTe and CdSe capped
with aminoethanethiol, for example, exhibit temperature-depen-
dent UV adsorption characteristics and colors (Fig. 32a). The band
gap of various metal chalcogenides, phosphides, nitrides, and ar-
senides is primarily controlled by the chemistry and associated
electronic structure (Fig. 32b), and can be further modified and
fine-tuned by specific surface-adsorbed ligands [343,344]. Sur-
factants can have also been grafted to the nanoparticle surfaces to
introduce new functionalities (Fig. 32c). Van der Waals, electro-
static or covalent interactions with the surrounding surfactant



Fig. 32. Quantum dots (QDs), associated band gap, and attachment of nanolabels
for medical imaging. (a) Left panel: Vials containing an aqueous solution of CdTe
QDs capped with aminoethanethiol under UV (365 nm) illumination at the tem-
peratures indicated. Right panel: Solutions of colloidal CdSe QDs in toluene under
UV (365 nm) illumination at the temperatures indicated. The luminescence tem-
perature anti-quenching effect is evident in both cases, since the photo-
luminescence intensity is dramatically reduced upon cooling. (b) The energy of the
electronic band edges relative to the vacuum level of selected semiconductors (VB:
valence band, CB: conduction band). The space between the solid bars gives the
band gap. Values for bulk materials are given, except for PbSe, which are estimated
from nanocrystal results. (c) Schematic representation of a nanolabel for bimodal
biomedical imaging (optical and MRI), obtained by self-assembly of a multi-
functional lipid monolayer around an organically capped CdSe/(Cd,Zn)S/ZnS core/
multishell colloidal QD. (Adapted with permission from Ref. [134].)
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layer can be utilized to assemble new molecules around the col-
loidal nanocrystals, thereby introducing new recognition elements
and modified properties. For example, van der Waals interactions
between lipid molecules and an octadecylamine coating layer in
CdSe/(Cd,Zn)S/ZnS core/multishell (CSS) QDs have been success-
fully used to self-assemble a multifunctional lipid monolayer
around the QD, yielding nanolabels for bimodal biomedical ima-
ging. The CSS core/multishell QDs retain their efficient photo-
luminescence, allowing the detection of the biolabels by optical
imaging techniques [134]. Further inclusion paramagnetic Gd3þ

ions in the lipids renders them efficient contrast agents for mag-
netic resonance imaging. Solubility in water is maintained by the
use of PEGylated lipids (PEG¼polyethylene glycol), while lipid
molecules with a maleimide head are used to covalently bind
biorecognition molecules (Fig. 32c). This approach was also used
to produce octadecanol coated silica NPs with properties of CSS
QDs [134].

Upon such surface modification, the grafting density of sur-
factants is not always well known (Fig. 33). Studies using ICP-AES,
NMR, TGA, and XPS have been able to quantify the number of li-
gands attached to the surface of various nanoparticles (Fig. 33a)
[345]. The corresponding packing density can reach values close to
1.0 (about 5 alkyl chains per nm2) yet is often clearly below (see
Fig. 3 for definition of the packing density). The structure and
thermal behavior of the surfactants follows the description in
Section 2, whereby the curvature of the nanoparticle leads to more
conformational disorder of the surfactants as the distance from the
immediate QD surface increases (Fig. 6). Measurements of electron
transfer from the surface of CdSe quantum dots modified with
mercaptocarboxylic acids to a polyviologen matrix confirmed the
presence of a collapsed ligand shell (Fig. 33b and c). The packing
density right on the surface corresponds to about λ0 �0.8 (�4
carbon chains per nm2) and less in the outer region (see Section
2.3). Gauche conformations were found to be present, explaining
the observed tunneling barriers consistent with Marcus theory.
Quantum dots modified with surfactants have also been applied in
solar cells as an attachment to TiO2 films [346]. Chemical com-
position and assembly of the surfactants affect the efficiency and
photostability of the quantum dots.

4.6. Applications as therapeutics and diagnostics

Oxide, chalcogenide, and chemically similar nanoparticles are
used as diagnostics and therapeutics (“theranostics”) (Fig. 34)
[279]. For example, iron oxide nanoparticles contain Fe3O4

(Fig. 34d) and the superparamagnetic core allows the nano-
particles to be tracked using magnetic resonance imaging (MRI)
[347]. Chemical modification on the surface of each type of na-
noparticle is similar in that protective ligands, such as PEG, are
tethered to the nanoparticles’ surfaces to prolong the bioavail-
ability of the nanocarrier. Other surface modifications include
appending targeting ligands, such as folic acid, and drug con-
jugated polymers to enhance biodistribution and uptake as well as
stimuli-responsive release of a drug or oligonucleotide, respec-
tively [279]. Iron oxide nanoparticles are often produced as core-
shell nanoparticles with a silica shell which promotes bio-
compatibility and enables standard surface functionalization
(Figs. 8, 23, and 26). Aminosilane-modified magnetite nano-
particles have been employed for treatment of cancer using
Magnetic Fluid Hyperthermia (MFH) [348]. The uptake of the na-
noparticles by glioblastoma cells was found to be 10-fold higher
than by normal glial cells at a dose of about 10 mg ferrite/g tumor,
and leading to visible pigmentation.

Pristine silica nanoparticles are also common carriers (Fig. 34f)
[66]. Post-synthetic grafting can introduce functional groups
mainly to the exposed silica surface, before or after surfactant
removal. Besides covalent attachment, functional moieties can also
be introduced to mesoporous silica nanoparticles through elec-
trostatic interactions, making use of the negative charges from the
free ≡SiO– groups on the particle's surface (Figs. 22 and 23).
Cationic polymers (such as polyethyleneimine) can be electro-
statically adsorbed onto the silica nanoparticles to provide nucleic
acid binding properties [349]. Another crucial property that makes
mesoporous silica materials promising for drug delivery applica-
tions is the ability to encapsulate different types of cargo mole-
cules within their pore channels. This is important as encapsula-
tion can protect therapeutic agents from enzymatic degradation.
The particles are usually loaded by soaking them in a drug solu-
tion, and the drug molecules are incorporated into the particles



Fig. 33. Typical grafting density of ligands onto quantum dots (QDs) and an example of photoinduced charge transfer. (a) Number of ligands per unit area on the surface of
quantum dots for different ligands, types, and sizes of quantum dots. TOPO¼trioctylphosphine oxide. (b) Schematic of CdSe QDs with mercaptocarboxylic acid ligands of
various length as an example. (c) The ligands act as a tunneling barrier against photoinduced electron transfer from CdSe QDs (donor) to a polyviologen matrix (acceptor).
Marcus theory predicts an exponential decrease in charge transfer rate with increasing separation distance between donor and acceptor. Measured charge transfer rates as a
function of the ligand-length (black data points) are consistent with a collapsed ligand shell due to nanoparticle curvature and high packing density (�4 carbon chains per
square nanometer and packing density λ0 �0.8 at the immediate QD surface; packing density down to λ0o0.5 at the outer surface). An alternative model describing electron
tunneling through a rectangular barrier of the width expected for a ligand shell with all-anti conformation yields a poor fit with experimental data (red dashes). (Adapted
with permission from Ref. [345].) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 34. Diagnostic and therapeutic (“theranostic”) applications of nanoparticles including metals, oxides, and polymers. Various types of theranostic nanomedicines are
depicted in ‘‘attack mode’’ over a site of tumor growth in this cartoon representation. Conjugated targeting ligands are shown as circles or semi-circles. Cargo, conjugated or
housed internally, is shown as green spheres. Purple spheres represent imbedded contrast agents. (a) Multifunctional polymeric nanogel. (b) Polymeric micelle. (c) Gold
nanoparticle. (d) Iron oxide nanoparticle. (e) siRNA ensconced in a liposome delivery vector. (f) A stimuli-responsive capped mesoporous silica nanoparticle. (Reproduced
with permission from Ref. [279].) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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through adsorption. The interactions between the cargo molecules
and the particle often include electrostatic and other dipolar in-
teractions such as hydrogen bonding (Fig. 23). The uptake capa-
cities of the mesoporous silica nanoparticles are correlated with
the specific surface area of the materials [350]. Loading and release
efficiencies of the particles are corresponding to the noncovalent
binding energy and their contributions as described in Section 4.2.
for peptides. When combined with the functional surfactant
modifications on the mesoporous silica nanoparticles, payloads
can be released in a controllable fashion at the targeted diseased
tissues, with no premature release during their circulation within
the bloodstream [65]. More sophisticated surface modification in
this manner can significantly reduce adverse side effects of drugs
and increases the overall therapeutic efficacy.
Fig. 35. Graphene-based layered materials. (a) Graphene and its relation
to fullerenes, carbon nanotubes, and graphite. (b) Functionalization possibilities
for graphene: (a) edge-functionalization, (b) basal-plane-functionalization,
(c) noncovalent adsorption on the basal plane, (d) asymmetric functionalization
of the basal plane, and (e) self-assembly of functionalized graphene sheets.
(c) Chemical structure of graphene oxide. (Adapted with permission from Refs.
[136,362].)
5. Surface modification of 2D layered nanostructures

Two-dimensional layered nanomaterials have become of great
interest for various applications [137], including electrode mate-
rials for batteries and fuel cells [271,351,352], sensors [141,353],
nanoelectronics and dielectric building blocks [354,355], hydrogels
[356], as well as fillers in polymer nanocomposites [341,357–361].
In this section, first the functionalization and selective binding of
ligands to graphitic materials will be discussed, including appli-
cations to sensors and composites. Second, the dispersion of
transition metal chalcogenides and control of crystal growth by
means of surfactants is reviewed along with applications in elec-
trode materials. Then, surface modification and reversible swelling
of layered transition metal oxides is described for the example of
layered titanates in detail. Last, the well-studied surface mod-
ification of clay minerals and layered double hydroxides are de-
scribed, including an analysis of surfactant dynamics, and im-
plications for property enhancements in polymer nanocomposites
and supercapacitors.

5.1. Graphene-based nanomaterials

Graphene is the allotrope of carbon that can be present in the
form of individual graphene layers, fullerenes, carbon nanotubes,
and graphite (Fig. 35a) [136,362]. A wide variety of different 3D
structures [363], [m, n] nanotubes with different numbers of walls
[364], and stacked graphenes have been synthesized and applied in
polymer solar cells, fuel cells, batteries, supercapacitors, including
N-doped and B-doped structures with tailored conductive and
semiconductor properties [365–367]. Covalent chemical functiona-
lization can be employed at the edges, on the basal plane, and
asymmetrically on both sides of the basal plane (Fig. 35b). In ad-
dition, noncovalent adsorption and self-assembly of functionalized
graphene sheets into superstructures are important means to direct
bottom-up assembly. Unlike edge modification, covalent functio-
nalization of the graphene basal plane can cause significant dis-
tortion of the π conjugation and associated physicochemical prop-
erties. However, the graphene basal plane structure remains largely
unchanged with noncovalent functionalization by adsorption.

Covalent functionalization of the pristine graphene sheet is
very difficult, if not impossible, due to poor solubility. Therefore, a
popular starting material for the functionalization of graphene are
solution-processable graphene oxide (GO) sheets that contain re-
active carboxylic acid groups at the edge and epoxy as well as
hydroxyl groups on the basal plane (Fig. 35c) [136]. Graphene
oxide is derived from the solution oxidation of graphite with
strong oxidizing reagents, for example, HNO3, KMnO4, and/or
H2SO4 [368].

The reactivity of GO allows the covalent grafting of peptides,
thiols and gold nanoparticles, silica nanoparticles and a wide range
of other polymers and nanostructures [369–372]. Yet also inert
pristine graphene has been successfully applied to intercalate
oxide and metal nanoparticles in the presence of surfactants
[258,352,373]. Graphene was also directly grown on metal surfaces
using chemical vapor deposition [374].

Noncovalent binding of peptide ligands to graphene, graphite,
and CNT nanotubes has been explored by phage display (Fig. 36)



Fig. 36. Identification of peptides derived from phage display as binders to graphene/graphite flakes via non-covalent adsorption. (a) Schematic illustration of the gen-
eralized screening protocol to identify phage displayed peptides which recognize graphene/graphite flakes. (b) Summary of consensus graphene binding peptides (GBPs) to
various graphene/graphite flakes. (c) AFM images of bacteriophages displaying GBP1 7-mer (left) and GBP2 12-mer (right) peptides binding to graphene (scale bars 1 μm).
(Adapted with permission from [375].)
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[375–377], similar to combinatorial peptide selection on other
substrates like metals and oxides [75,217,222]. The technique
involves combinatorial screening of about a billion different bac-
teriophages with the substrate of interest such as graphene, gra-
phite, and CNTs [378,379]. The various phages in the library
display cilia at the surface of the capsid that terminate with ran-
domized amino acid sequences (Fig. 36a). Some of these sequences
are binding stronger and are determined after several washing
cycles. The analysis of strongly bound peptides by amplification
and sequencing then reveals the order of amino acids (Fig. 36b and
c). The peptide sequences attracted to graphene and graphite have
some similarity, for example, the amino acids M, L, Q, H, P, T occur
multiple times, as well as Y, E, S, and A (ranked in order). In
comparison, CNT binding peptides are rich in T, H, S, Y, W, A, as
well as in N, P and F (ranked in order) [377]. The amino acids T, H,
S, Y, A, and P are in common, as expected due to the similarity of
the carbon materials and a certain randomness in combinatorial
peptide sequences attracted to the same type of graphitic sub-
strate. There is no obvious dominance of π stacking interactions,
although all aromatic residues (H, F, Y, W) are part of the strongest
binding sequences. The binding also appears to involve alcohol
side chains of T and S, as well as nonpolar residues such as P and A.

Atomistic modeling and simulation has emphasized the role of
hydrophobic and π stacking residues, even though common force
fields do not reproduce cation-π and π-stacking interactions
[125,376,380–382]. Therefore, conclusions about binding me-
chanisms are somewhat preliminary. From a standpoint of che-
mical knowledge and theory, however, it is certain that graphitic
substrates exhibit multipole moments and remarkably strong ca-
tion-π interactions due to the presence of π electrons (in excess of
20 kcal/mol in vacuum) [124,383]. It is less clear, however, how
organic functional groups in solution interact with the surface and
to which extent these interactions affect molecular recognition
(Fig. 37). It has been shown that computed binding energies of
amino acids by DFT calculations in vacuum and with force field
based calculations to-date are in good agreement [384]. Never-
theless, the relative position and registry of aromatic ligands with
respect to the graphene-like substrate upon adsorption is not
consistent among current force fields, and might also depend on
the chosen density function in DFT. Therefore, the structure of
graphitic interfaces with organic ligands is still uncertain, espe-
cially in the presence of competing solvent molecules and ions in
solution.

In the following, two applications are highlighted. ssDNA-
modified graphene oxide has been used as a molecular-beacon-
like probe for multiplex sensing of targets such as sequence-spe-
cific DNA, protein, metal ions and small molecules [144,353]. The
sensitivity and selectivity of the biosensor towards Agþ and Hg2þ

was tested in presence of Mn2þ , Pb2þ , Mg2þ , Fe3þ , Ca2þ , Cu2þ ,
Ni2þ , Zn2þ , Co2þ , Cd2þ , and Al3þ , each at a concentration of 10



Fig. 37. Snapshots of the equilibrium structures of aromatic molecules binding to a (5,5) single wall carbon nanotube in vacuum predicted by quantum mechanical and
classical atomistic simulation methods. (a) Phe. (b) Tyr. (c) Trp. (d) Benzene. “Flat” configurations of minimum energy are shown in top view. The true registry of aromatic
rings atop the CNT (or other graphitic) surfaces is most likely to correlate with DFT results while current force fields do not include π-stacking interactions and yield random
orientations. Computed binding energies, nevertheless, agree between DFT and force field methods (�7 to �13 kcal/mol depending on molecule size). (Reproduced with
permission from Ref. [384].)

H. Heinz et al. / Surface Science Reports 72 (2017) 1–58 33
mM (Fig. 38). The surface modified graphene sensor demonstrates
very high selectivity towards Agþ and Hg2þ ions over the alkaline
earth and heavy transition metal ions. The detection limit is less
than 0.05 mM in each case.

Functionalized graphene sheets were also shown to be effective
fillers in polymer nanocomposites that affect mechanical and
thermal properties [359,385]. Surface termination of graphene by
carboxyl groups and other reaction sites involved in oxidation and
reduction processes yields a wrinkled sheet structure of the
functionalized graphene of high surface area and polarity that still
retains its conductivity (Fig. 39). Interfaces of the functionalized
graphene with polymethylmethacrylate (PMMA) are well in-
tegrated in three dimensions and display graphene-polymer con-
tacts with high interfacial area (Fig. 39a and b). In comparison,
PMMA interfaces with exfoliated graphite are composed of thicker
stacks of graphene layers without a continuous 3D interfacial re-
gion (Fig. 39c). As a result, Young’s modulus, glass transition
temperatures, ultimate tensile strength, and threshold tempera-
tures for thermal degradation are significantly increased for the
functionalized graphene-PMMA composites relative to the
equivalent exfoliated graphite-PMMA composites (Fig. 39d). Im-
provements in mechanical and thermal performance of functio-
nalized graphene composites also exceed that of single wall carbon
nanotube (SWCNT)-PMMA composites [359].

Graphene and graphene-derived graphitic structures can be
produced in large quantities and are therefore exploited for a
plethora of applications. Alternative layered materials with unique
functional properties are also being explored, such as transition
metal chalcogenides, layered oxides, clay minerals, and layered
hydroxides (see following subsections). An recent example is black
phosphorus that allows tuning the band gap, optical absorption
spectrum, and anisotropic polarization energy window across a
wide range by controlling the number of atomic phosphorene
layers included in the stack [386].

5.2. Transition metal chalcogenides

Transition metal chalcogenides such as (Mo, W, Nb, Ta)(S, Se,
Te)2 exhibit semiconductor properties and are therefore of interest
as part of electronic and thermoelectric devices, catalysts, elec-
trode materials, and sensors [370,387–390]. The sub-nanometer
thin layers expose mostly hydrophobic surfaces and are insoluble
in water. Non-covalent adsorption of amphiphilic surfactants can
render the surfaces hydrophilic (Fig. 40). Dispersion of the other-
wise insoluble stacked layers in water was achieved using soni-
cation in the presence of SDS, CTAB, sodium cholate, and taur-
odeoxycholate surfactants [391,392].

MoS2 was shown to grow into porous flower-like structures
upon hydrothermal synthesis from ammonium heptamolybdate
and thiourea in the presence of ethylenediaminetetraacetic acid
(EDTA) as a surfactant, whereas dense spheres were obtained
without the surfactant (Fig. 41) [393]. EDTA acts as a strong



Fig. 38. Selective and sensitive multiplex sensors for metal ions (Agþ and Hg2þ) using ssDNA-modified graphene oxide. (a, b) Fluorescence response to Agþ and Hg2þ ions.
The fluorescence emission spectra are shown for various ion concentrations of 0, 0.02, 0.05, 0.1, 0.2, 0.5, 0.75, 1.0, 5.0 and 10.0 mM. Insets: Plots of (F/F0�1) as function of the
metal ion concentrations. (c, d) Selectivity analysis for the detection of Agþ and Hg2þ ions. (Reproduced with permission from Ref. [353].)
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chelating agent and the disodium salt functions as a ligand to in-
hibit the growth along the (0 0 l) direction. CTAB surfactants ex-
hibited a similar effect [391]. The dense MoS2 spheres are hy-
pothesized to evolve from the porous MoS2 flowers through
growth along the o0 0 l4 direction of the nanosheets (Fig. 41a
and b). Based on this growth mechanism, the microstructure of
MoS2 can be controlled by adjustment of the S/Mo ratio and ad-
dition of a surfactant in the recipe. Electrochemical measurements
demonstrate that the flower-like MoS2 shows better electro-
chemical performance than MoS2 spheres as anode materials for
Li-ion batteries, including a high reversible capacity of
900 mA h g�1 at a current density of 100 mA g�1, excellent cycling
stability, and rate capability.

Highly effective electrode materials consisting of layered MoS2/
graphene composites were also prepared using L-cysteine as a
surfactant [394]. Sodium molybdate, Na2MoO4 �2H2O, graphene
oxide, and cysteine were used as starting materials in the hydro-
thermal solution synthesis at 240 °C, whereby cysteine functions
as a reducing agent for the molybdate, as a sulfur source, and as a
growth directing ligand [394]. The resulting wet MoS2/graphene
products were processed into composites upon annealing under
H2/N2 at 800 °C. It was then observed that the incorporation of the
graphene considerably inhibited the growth of MoS2 crystals in
the composites, especially in the (002) plane of MoS2 during hy-
drothermal processing and annealing. Further addition of CTAB
surfactants in this protocol showed that the Liþ ion storage ca-
pacity was increased (Fig. 41c) [370]. The increase in CTAB con-
centration also leads to a decrease in the layer number of MoS2
sheets. For example, the graphene-like MoS2 sheets in the com-
posites are few-layer in the case of 0.01 to 0.03 mol l�1 CTAB in
the hydrothermal solution and single-layer in the case of
0.05 mol l�1 CTAB. The best reversible capacity of 940–
1020 mA h g�1, greater cycle stability, and a higher rate capability
as an anode material in batteries were identified for the few-layer
samples (Fig. 41c(b)).

Transition metal dichalcogenides have also found applications
in transistors [387], as catalysts for hydrogen generation upon
functionalization of edge sites [395], and sensors [396]. For ex-
ample, a thin MoS2 nanoparticle film on a glassy carbon (GC)
electrode could be directly used as a H2O2 sensor with a detection
limit of 2.5 nM. Similarly efficient MoS2-based glucose sensors
have been prepared by immobilization of glucose oxidase on a
MoS2 nanoparticle film on a GC electrode using drop-casting at a
loading of 0.2 mg cm�2, and protection of the modified electrode
with a thin Nafion layer.

5.3. Layered transition metal oxides

Transition metal oxides also form layered materials with in-
teresting optical and electronic properties [354–356,397–401] Iron
substitution in titania, for example, leads to layered titanates such
as H0.8[Ti1.2Fe0.8]O4 �H2O with high defect density and large cation
exchange capacity (Fig. 42a) [398]. Upon reaction with amines
such as dimethylaminoethanol or tetrabutylamine, protonation of
the amines in the interlayer space by the TiOH-bound hydrogen
atoms leads to giant reversible swelling of the layered material up
to 100-fold its initial volume and layer spacing (Fig. 42b). The
likely reason for the reversible swelling is the high density of
charged sites on the surface of �3.1 per nm2 per exposed surface
area on both sides of the titanate layers. This high area density of



Fig. 39. The wrinkled nature of functionalized (oxidized) graphene sheets (FGS)
and improvements in polymer composite properties. (a, b) SEM images of an FGS–
PMMA composite fracture surface revealing the subsurface morphology of FGS and
the presence of strong 3D interfaces (at high acceleration voltage of 6–10 kV). The
persistent wrinkled nature of the FGS within the composite provides for better
interaction with the host polymer matrix. (c) Topographical scanning electron
micrograph of an exfoliated graphite (EG)–PMMA composite fracture surface ob-
tained under 3 kV acceleration voltage. The simple expanded graphite exhibits
thicker protruding plates (as opposed to exfoliated nanosheets) with poorer
bonding to the polymer matrix. (d) Property improvements for 1 wt% nanoparticle–
PMMA composites, comparing neat PMMA, 1 wt% SWNT–PMMA, EG–PMMA, and
FGS-PMMA composites. All property values are normalized to the values for neat
PMMA and thus relative to unity on the scale above; averages are calculated over
five samples each and error bars for standard deviation are shown. Values for neat
PMMA are Young’s modulus E�2.1 GPa, glass transition temperature Tg �105 °C,
ultimate tensile strength �70 MPa, thermal degradation temperature �285 °C.
(Adapted with permission from Ref. [359].)
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cations, which is about 50% more than on muscovite mica (Section
5.4), leads to electrostatic repulsion among the large ammonium
ions and drives them off the surface into solution depending on
the degree of the protonation reaction. In contrast, before the
addition of amine, the acidic hydrogen atoms are covalently bound
to oxygen on the titania nanosheets, or closely in proximity, so that
the charge density is not felt and the layers remain stacked on top
of each other. The structure of the swollen layers that expand into
striped structures can be seen in optical microscopy (Fig. 42c and
d). Similar swelling behavior and specific interactions with amine
surfactants have also been observed for defective, iron free titanate
layers of the composition H1.08Ti1.73O4 (or [Ti1.73(H0.27)4]O4) in
which some of the titania is replaced by 4 hydrogen atoms to form
additional TiOH groups. The titanate structures have been tested
as anisotropic hydrogels [356] and might also find applications in
photosensitizers, photonic crystals, conducting oxide nanos-
tructures, and actuators.

Other transition metal oxides such as molybdates, tungsten
oxides, and lanthanide oxides exhibit similar layered structures
[355,399]. Layered niobates, in particular, have been examined by
modification with surfactants, rolled into nanoscrolls, and surface-
modified with proteins, polymers and dyes [397].

5.4. Clay minerals

Clay minerals are abundant in soil and comprise a number of
chemically diverse layered aluminosilicates, for example, kaolinite,
pyrophyllite, montmorillonite, laponite, veegum, and muscovite
mica (Fig. 43) [1,18,41,402]. Clays have been among the nanoma-
terials on which first systematic studies of ion exchange and sur-
factant modification have been performed (Section 2). Neat and
surface-modified clay minerals are used in drilling fluids, polymer/
clay nanocomposites, paints, coatings, hydrogels, and cosmetics.
Swellable clay minerals such as montmorillonites exhibit thixo-
tropic properties in solution, and well dispersed nanometer-thick
layers in polymer/clay nanocomposites increase the mechanical
stability, reduce the gas permeability, and improve electrical in-
sulating properties at filler fractions in the low or sub-percent
range [40,403–406].

Clay minerals have a plate-like structure that is a sequence of a
rigid, bonded layers, and a non-bonded, more flexible interlayers
containing alkali or earth alkali cations (Fig. 43). In 2:1 layered
silicates, alkali or earth alkali cations are located in between rigid,
bonded aluminosilicate layers, leading to a thickness of approxi-
mately one nanometer per vertical repeat. One rigid bonded layer
thereby consists of two outer silicate sheets and one inner alu-
minate (or magnesium-containing) sheet, which are covalently
interconnected, therefore called 2:1 layered silicates. Examples are
muscovite and biotite micas, montmorillonite, laponite, pyr-
ophyllite, and talc. The cations are electrostatically bound to the
interlayer space via charge defects in the layers such as SiO2-

AlO2
– � � � Kþ or AlO(OH)-MgO(OH)– � � � Naþ defects (Fig. 43).

The deficiency in one valence electron of Al versus Si, or of Mg
versus Al, respectively, introduces a negative charge on the sur-
rounding oxygen atoms at the defect sites in the lattice which
maintains an isoelectronic framework [407]. The cations between
the layers compensate for negative charges in the rigid bonded
layers and render the mineral surface hydrophilic. These features
contribute to swelling of bentonite (montmorillonite) soil by in-
tercalation of water and humic substances [20]. Alternatively, in
so-called 1:1 layered silicates, only one silicate and one aluminate
sheet are covalently fused together. Examples of such clay mi-
nerals are kaolinite, [Si2O4][Al2O(OH)4] [408–410], and its tubular
isomorph halloysite [411,412]. Defects and sites for ion exchange
are then rare, however, covalent surface modifications on super-
ficial AlOOH groups and silicate layers are possible to develop
materials for tissue scaffolds, controlled drug release, and high
strength polymer nanocomposites [412,413].

5.4.1. Ion exchange, structure and dynamics of alkyl-modified clay
minerals

Cation exchange reactions of 2:1 clay minerals lead to organi-
cally modified surfaces, for example:



Fig. 40. Dispersion of nanosheets of transition metal chalcogenides and BN in aqueous solution requires the use of surfactants such as sodium cholate or SDS. (a) Photograph
of dispersions of MoS2, WS2, MoTe2, MoSe2, NbSe2, TaSe2, and BN stabilized in water by sodium cholate. The powders were sonicated at initial concentration, Ci¼5 mg/ml,
with a surfactant of concentration C(SC)¼1.5 mg/mL for 30 min. (b) Chemical structure of two layers of a transition metal dichalcogenide where M is the transition element
and X the chalcogen. Two polytypes of single-layers are shown: trigonal prismatic (D3h) and octahedral (D3d). (c) Sodium cholate. (Reproduced with permission from Refs.
[392,390].)

Fig. 41. MoS2 shape control by surfactants and applications in electrode materials. (a, b) SEM images of MoS2 samples as obtained in 3 mol/l NaOH solution at 220 °C for 10 h.
(a) With EDTA �2Na surfactant, S/Mo ratio¼2.2. (b) Without EDTA � 2Na surfactant, S/Mo ratio¼3. Ethylenediaminetetraacetic acid disodium salt (EDTA �2Na) functions as a
surfactant to inhibit the growth along the (0 0 l) direction since EDTA is a strong chelating agent. CTAB surfactants exhibit a similar effect. (c) Testing of graphene-like (GL)
MoS2/graphite composite electrodes for Li ion storage in batteries. Cycle performances of (a) annealed MoS2-CT02, (b) GL-MoS2/G-CT01, (c) GL-MoS2/G-CT02, (d) GL-MoS2/G-
CT03, and (e) GL-MoS2 /G-CT05 at a current density of 100 mA/g are shown. The thickness of the individual units in the MoS2/G composites are few atomic layers, increasing
from CT01 to CT05 samples that correspond to CTAB concentrations of 0.01 to 0.05 mM, respectively. The storage capacity is highest for the graphene-like composite
electrode at low CTAB concentration. (Reproduced with permission from Refs. [393,370].)
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The organic modification changes the polarity of the clay
mineral surface from hydrophilic to hydrophobic and leads to a
variety of organically modified clay minerals depending on the
cation exchange capacity of the mineral, the length, and archi-
tecture of the surfactants (Figs. 2–4 and 44) [1,18,19,21,22,24,
28,29,38,96,414,415].



Fig. 42. Reversible swelling of layered titanates in the presence of amine intercalants. Individual layers are �0.7 nm thick. (a) Schematic of amine intercalation, protonation,
and reversible expansion of galleries of H0.8[Ti1.2Fe0.8]O4 �H2O microcrystals. (b-d) Macroscopic volume and microscopy characterization of K0.8[Ti1.2Fe0.8]O4 �H2O micro-
crystal samples upon reversible swelling. (b) Photograph showing the changes in macroscopic volume of the swollen crystals in 100 ml dimethylaminoethanol (DMAE)
solutions. The given numbers from 0.1 to 20 refer to the concentration of DMAE in units of the total ion exchange capacity of K0.8[Ti1.2Fe0.8]O4. The yellow-brown swollen
phases settle at the bottom of the graduated cylinders. The leftmost sample is the original H0.8[Ti1.2Fe0.8]O4 �H2O microcrystal sample before swelling for comparison.
(c) Optical microscopy image showing the extended lamellar structures of the typical swollen phases at DMAE/Hþ¼0.5. Observations were made by placing one or two
drops of the swollen samples, shown in panel b, onto glass slides. The longest swollen length is �200–250 mm (from �2-3 mm stacks before swelling). (d) The swollen
samples observed via crossed polarizers. (b-d adapted with permission from Ref. [398].) (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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At low packing density (λ0 less than �0.20, see also Section 2.2),
short alkyl chains form a monolayer parallel to the layered silicate
surface (Fig. 44a and b) [94,97,416]. When the chain length in-
creases, the packing within the monolayer increases, accompanied
by a small increase in gallery height (C2 to C10 in Fig. 44a). A sig-
nificant increase in gallery height occurs when the lateral alkyl
monolayer is densely packed so that the alkyl chains begin to build
a partial second layer (C14 in Fig. 44a). Once a partial bilayer is
formed, the gallery spacing increases only marginally up to a chain
length at which the formation of a dense bilayer is completed. For
longer chains, the surfactants do not fit into the bilayer and a partial
third layer begins to form, which is accompanied by a marked in-
crease in gallery spacing again (at higher CEC as shown in Fig. 44b).
In this series, the interlayer density and the average chain con-
formation undergo similar fluctuations as a function of chain length
as the basal plane spacing [97]. The interlayer density reaches
maxima when densely packed layers are formed, and minima when
frustrated new layers are formed. The percentage of gauche con-
formations in the alkyl layers varies between 15% and 40%, which
also depends on the presence of a primary ammonium head group
versus a quaternary ammonium head group, as evidenced by IR
spectroscopy and molecular simulations [37,97]. Overall, the alkyl
chains are in a disordered, liquid-like state, although generally with
a percentage of gauche conformations clearly below that of a free-
standing octadecylamine liquid at 100 °C. (�40%) [94,97].

At higher packing density (λ0 above �0.20), alkyl chains form
tilted layers as illustrated for octadecyltrimethylammonium chains
on mica (Fig. 45). The alkyl chains are imperfectly ordered at room
temperature and can undergo reversible phase transitions upon
heating (see also Fig. 3b) [38,96,414]. The order of the chain
backbones is lost above �40 °C, which causes one or two phase
transitions (Fig. 45). The first phase transition involves an order-
disorder transition of the tethered alkyl backbones and is im-
mediately reversible upon cooling. A second transition is seen for
quaternary alkylammonium ions at �70 °C, which shows a larger
melting enthalpy [96], and involves changing locations of the
quaternary ammonium head groups on the surface (this transition
is not observed for primary ammonium surfactants with addi-
tional hydrogen bonding to the silicate surface). The second
transition is not immediately reversible upon cooling, as seen in



Fig. 43. Examples of the structure and chemical composition of common 2:1 clay minerals (smectites, vermiculites and micas). (a) The top view depicts the variable cation
density on the cleaved mineral surfaces. (b) The side view shows the nanometer-scale structure of the layers. Pyrophyllite contains no interlayer cations, montmorillonite is
of intermediate cation density, and muscovite mica has the highest density of 2.14 cations per square nanometer on a cleaved surface. The cation exchange capacity (CEC) is a
measure of the amount of exchangeable cations in meq/100 g material. The value for mica is a hypothetical maximum as complete exchange of all interlayer cations requires
special treatments. (Reproduced with permission from Ref. [41].)
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the DSC curve, due to significant energy barriers for rearranging
the quaternary ammonium head groups back to the original po-
sition (Fig. 45). Recovery of the second transition is complete after
several hours [39,96]. Transition temperatures of the alkyl chains
range from 0 °C to 100 °C depending on length and ordering; en-
thalpies up to 12 kJ/mol tethered C18 chain have been measured.
The percentage of gauche conformations in the alkyl chains is
about 20–25% in the semi-crystalline state and increases to ap-
proximately 30% in the molten state [38].

Conformational differences between different organoclays and
the variations across the range of temperatures can be con-
veniently analyzed by NMR and IR spectroscopy (Fig. 46) [37,414].
13C-NMR reveals gradual changes in anti-conformations versus
gauche-conformation as the temperature increases (Fig. 46a). The
13C methylene chemical shifts indicate the conformational “freez-
ing” at lower temperature. However, the NMR data do not allow
monitoring of the transition temperature because there is no
abrupt change in the percentage gauche conformations. Infrared
spectroscopy can detect the changes in the symmetric and asym-
metric CH2 stretching vibration as a result of melting and re-
arrangements of the quaternary ammonium head groups on the
surface (Fig. 46b). It is possible to discern melting temperatures
from the small shifts in IR wavenumbers when plotted as a func-
tion of temperature within 73 K [414]. However, in case of two
separate transitions (Fig. 45), IR spectroscopy detects only the
transition at higher temperature associated with greater con-
formational and larger enthalpy [96]. Standard NMR and IR spec-
troscopy may thus not be able to exactly determine the number
and temperature(s) of the phase transitions observed. Therefore,
DSC is apparently the most reliable indicator for phase transitions.
Details of the relationship between packing density, tilt angles,
and thermal transitions were described in Section 2.2.

5.4.2. Cohesion between layers
The interlayer structure and density of organically modified clay

minerals also affects the cohesion between the individual clay layers.
A quantitative measure for the “stickiness” between the layers is the
cleavage energy (Fig. 47) [417,418]. Ion exchange for alkylamonium
surfactants as described above, for example, lowers the cleavage en-
ergy of (non-hydrated) montmorillonite from 133 mJ/m2 to only 40
mJ/m2, i.e., by 70% (CEC 91meq/100 g), and use of different surfactants
enables a tunable range from 25 to 210 mJ/m2 (CEC 143 meq/100 g)
[41,418]. The underlying cause for this widely tunable range is the
tunable separation of positively charged head groups between ad-
jacent aluminosilicate layers at equilibrium distance (see highlights in
Fig. 47). In the unmodified montmorillonite, over 70% of the cleavage
energy consists of Coulomb energy that results from the initial se-
paration of interlayer cations (Fig. 47a). These forces are of short range
as after more than 0.5 nm layer separation away from equilibrium
distance the cations distribute equally between the two separated
layers and remaining Coulomb energies are small. In the surfactant
modified mineral, the organic interlayer separates the cationic head
groups among the two clay minerals layers already before cleavage so
that essentially only van-der-Waals interactions remain (Fig. 47b). The
surface is then similar to a paraffin surface rather than an ionic clay
surface, and the cleavage energy as well as the barrier to dispersion in
a nonpolar polymer matrix are much lower.
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Fig. 44. Visualization of the structure of alkylammonium montmorillonites at the nanoscale in molecular dynamics simulation, viewed along the y direction. (a) CEC¼91
meq/100g and NH3

þ–CnH2nþ1 chains (packing density λ0¼0.13). The difference between partially formed layers (C2, C14) and completely formed layers (C10, C22) can be seen.
(b) CEC¼145 meq/100 g and NMe3þ–CnH2nþ1 chains (packing density λ0¼0.21). The successive formation of (pseudo)layers with decreasing order can be seen. (Reproduced
with permission from Ref. [97].)
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5.4.3. Dispersion in a host matrix
A common reason for surface modification of layered nano-

fillers in composites and hydrogels is the desire for homogeneous
dispersion, or “exfoliation”, in a polymer host as opposed to ag-
gregation [3,358,404,418]. The propensity for mixing depends on
interfacial energies that are determined by cleavage energies,
solvation energies, and solubility (Fig. 48). The free energy of ex-
foliation, ΔG, is composed of contributions from cleavage of the
mineral layers ΔGM, from the creation of void spaces in the poly-
mer matrix ΔGP, and from recombination of the cleaved mineral
surface with the polymer ΔGMP. As seen in Fig. 47, the cleavage
energy of the mineral without surface modification can be prohi-
bitively high [418]. Therefore, lower values of ΔGM by surfactant
modification play a critical role to support dispersion. The radius of
gyration of the polymer and kinetic effects of polymer motion to
create void spaces for the mineral layers in the matrix are also a
barrier towards achieving dispersion (ΔGP). ΔGP may have to be
accepted as is, however, as often the polymer cannot be freely
chosen due to its overall desired properties for the composite.
ΔGMP reflects the interfacial free energy to combine filler and
polymer matrix. In case of direct reactive cross-linking with the
polymer matrix, ΔGMP becomes negative and can be a strong driver
for ΔG towards exfoliation. Mechanical processing using extrusion
and ultrasound are typically employed to overcome positive values
of ΔG. When processes occur in a good solvent for clay and the
polymer, the separation of layers and interaction with polymers
can become exergonic, as is the case for several clay-containing
hydrogels (such as spontaneous swelling of montmorillonite in
water and mixing with polyethylene oxide without further mod-
ification) [3,419,420].

As an example, the addition of laponite clay (approximate
formula: Na0.25[Si2O4][Mg2.75Li0.15Na0.1O2(OH)2][Si2O4]) [421] to
collagen-based hydrogels resulted in enhanced surface interac-
tions and bone growth activity [3]. A 4-fold increase in compres-
sive modulus was reported upon incorporation of laponite along
with an increase in pore size compared to collagen-based hydro-
gels. The laponite nanocomposite hydrogels were capable of pro-
moting osteogenesis in vitro in the absence of any osteoinductive
factors. A 3-fold increase in alkaline phosphatase activity and a
4-fold increase in the formation of a mineralized matrix were
observed. Although the underlying mechanisms are not yet well
understood, the clay mineral showed multiple functions conducive
to the regeneration of bone in nonunion defects in a growth-fac-
tor-free microenvironment, such as increased network stiffness
and porosity, injectability, and enhanced mineralized matrix for-
mation [3].

5.5. Layered double hydroxides and applications

Layered double hydroxides (LDH) are often considered as “an-
ionic clays” and can be synthesized from a number of main group
and transition metal hydroxides [138,355,422–426]. A common
layered double hydroxide is hydrotalcite, Mg6Al2CO3(OH)16 �4
(H2O) (Fig. 49). It consists of �0.7 nm thick metal hydroxide layers
in between which water-soluble anions are located. The layer
charge results from the combination of formally two-fold charged



Fig. 45. Thermal transitions of alkyl chains on mica. The DSC trace of octadecyl-
trimethylammonium mica shows two transitions upon heating (80% ion exchange
and packing density λ0¼0.40). The second transition at 69 °C is not immediately
reversible; it involves lateral rearrangements of the head groups on the surface. The
insets show models of the corresponding molecular structures at 20 °C and 100 °C
as seen in molecular dynamics simulations. (Adapted with permission from Refs.
[38,96].)
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(Mg) and a minority of formally three-fold charged metal ions (Al)
in the dihydroxide layer. The excess positive charge is compen-
sated by the anions in the interlayer space, such as carbonate,
nitrate, or sulfate. Accordingly, a more general formula for LDHs is
[M1�x

2þ Mx
3þ(OH)2]xþ[Ax/n]n� �m(H2O) [424]. The anions in the

interlayer space can be exchanged for a wide range of negatively
charged surfactants, for example, carbonic acids, amino acids, SDS,
anionic polymers, drug molecules, as well as for inorganic anions
and reduced oxygen species [138,425,427,428].

An example for surfactant interactions with LDHs is the inter-
calation of vitamin C into MgAl, MgFe, and ZnAl LDHs by co-
all-anti
33 ppm

amorphous
30 ppm

(2C18-mica, 75 % exch.)

a

Fig. 46. Conformational information on the alkyl chains from NMR and IR spectroscopy.
of ions exchanged). A sole 13C chemical shift at 33 ppm indicates all-anti conformation
conformations at higher temperatures. One phase transition at 59 °C was observed for th
indicate the approximate T of phase transitions (73 K), shown for 1C18 mica shown. (A
precipitation and reconstruction (Fig. 50) [429,430]. The molar
ratio between the metals was M2þ/M3þ¼3 and binding of the
L-ascorbic acid occurred via its negatively charged anionic site. The
percentage of anion exchange, the molecular orientation of as-
corbic acid, and the observed gallery spacing depended on the
method of intercalation. In all cases, however, the interlayer space
provided a stabilizing effect and shielded the vitamin C from
oxidation, to reduce the impact of exposure to air, light, and heat.

LDHs can also serve as mechanical reinforcements to prepare ul-
trastrong nanocomposite hydrogels (Fig. 51a) [431]. MgAl LDHs were
superficially modified with isethionate (HO(CH2)2SO3

�), and a com-
posite of polyacrylamide with low content of the modified LDH
showed nearly complete exfoliation of the inorganic layers upon in-
situ polymerization. The exfoliation is seen from changes in the X-ray
patterns for neat LDH and hydrogels with different LDH content (L1M,
L2M, L3M) (Fig. 51b), as well as TEMmicrographs (Fig. 51c and d). The
hydrogels show dramatically altered properties compared to neat
polyacrylamide, including over 30-fold improvements in the elon-
gation at break and nearly triple the yield strength (Fig. 52).

Layered double hydroxides are also used as catalysts or catalyst
supports due to the ability to immobilize various active ligands on the
surface that exhibit catalytic activity not found when fully dissolved in
solution (Fig. 53) [432]. For example, MgAl–LDHs containing different
intercalated amino acids exhibited higher activity in the chemoselec-
tive O-methylation of phenols and S-methylation of thiophenol with
dimethyl carbonate in comparison to a negligible activity of the free
amino acids. The intercalation of amino acids thus created an en-
vironment facilitating the reaction in a facile manner with high con-
version efficiency and selectivity (Fig. 53). The catalysts could also be
easily recycled and reused without decreasing the catalytic activity. A
plausible reaction pathway for the O-methylation of phenol was pro-
posed for the leucine-intercalated LDH catalyst (Leu-LDH) as an ex-
ample (Fig. 53). The amine group of leucine is exposed and the elon-
gated side chain creates a hydrophobic pocket. The free amine could
then abstract a proton from phenol generating a phenolate anion,
which in turn attacked dimethylcarbonate forming a six membered
transition state, which rearranges to give the anisole product [424].

Other applications of functionalized LDHs include super-
capacitors [423], oxygen evolution catalysts [425,426], drug de-
livery systems, biological reactors and sensors [138,424].
ν [cm-1] (1C18-mica, 75 % exch.)

νsym CH2 str.
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b

(a) 13C-NMR on 2C18 mica at various temperatures (CEC¼251 meq/100 g with �75%
s, and emerging peaks at both 30 and 33 ppm indicate the emergence of gauche
is system in DSC. (b) Small differences in IR adsorption energy (3–6 cm�1 shifts) can
dapted with permission from Refs. [96,414].)



Fig. 47. Cleavage of montmorillonite and the role of surfactants. The alkyl chains in the interlayer of octadecylammonium montmorillonite shield Coulomb forces between
the layers and reduce the interaction energy. (a) Cleavage energy of sodium montmorillonite. The cleavage energy of the unmodified mineral is mainly composed of Coulomb
energy to separate and redistribute the alkali cations between the two layers. This process occurs at short distances below 0.5 nm layer separation in the absence of solvents.
(b) Cleavage energy of octadecylammonium montmorillonite. The cleavage energy of the modified mineral is reduced by �70% relative to the neat mineral due to the
separation of the ammonium head groups pertaining to each of the two layers before cleavage (see oval highlights). The �0.8 nm thick organic layer shields the positively
charged head groups from mixing with each other. Entropic contributions to the cleavage free energy are near zero in the natural clay minerals and remain minor for
organically modified clay minerals (smaller than 5 mJ/m2 related to conformational changes of the alkyl chains). Beyond 2–3 nm separation of the layers, residual interaction
energies are o3 mJ/m2 for unmodified and modified minerals. (Adapted with permission from Ref. [417].)
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6. Surface modification of cement minerals and other
inorganic nanostructures

A broad range of functionally modified inorganic nanos-
tructures from across the periodic table is being explored for ex-
citing applications and holds tremendous potential for future use
[62,342,433–435]. This review can impossibly cover all types of
nanoparticles, and rather focuses on a selection of compounds of
current technological importance, and where mechanistic details
of surfactant interactions are available. At the time of discovery of
systems with new functionality, the underlying science for inter-
facial interactions with ligands and the observed performance are
often still unclear. In the following, interfaces in building materials
will be discussed, followed by a survey of inorganic nanoparticles
and surface modifications that are less covered in this review.

6.1. Nanoparticle-organic interfaces in cementitious materials

Cement has the worldwide largest annual production of man-
made materials on a scale of billion tons every year and forms a
special nanomaterial called calcium silicate hydrate (C-S-H) upon
hydration [435–438]. Calcium silicate hydrate is the main product
formed during the hydration of cement, located on the surface of
cement particles, and acts as a binder in concrete (Fig. 54a–c). C-S-H
reaches a high specific solid-liquid interfacial area (80–280 m2/g)
[439], and can be viewed as an assemblage of nanoparticles, or as a
nanotextured material [236,440–445]. The stoichiometry is vari-
able and the basic building blocks are known [446,447], however,
there are still conflicting interpretations about its mesoscopic
structure (Fig. 54c and d) [448]. Despite these divergences it is
agreed that key engineering properties of concrete are affected by
the high specific surface area of calcium silicate hydrate binder.
The key engineering properties include strength through cohesive
forces between contacting hydrates, shrinkage through capillary
forces and/or disjoining pressure [442], as well as durability
through transport of ions and water.

It is therefore of great interest to control the properties by
modifying the calcium-silicate-binder, including its interfacial
behaviour and use of organic additives. Because the surfaces in-
volved in a commodity material such as cement are so large, op-
portunities for interfacial engineering are also limited by cost
constraints. If cost is less a concern for specialty applications, the
addition of certain fillers such as 0.15% of functionalized WS2 na-
notubes to Portland cement can lead to improvements in the
strength up to 80% and to inhibited crack propagation related to
the high aspect ratio and high modulus [449]. On a large scale with



Fig. 48. Dispersion of clay minerals and surface-modified clay minerals in polymer
matrices (exfoliation). (a) Schematic diagram for the homogeneous dispersion of
aggregated layered silicates in a polymer matrix and the associated balance of free
energy. (b) The free energy of exfoliation ΔG involves contributions by the cleavage
of the mineral layers ΔGM, creation of void spaces in the polymer ΔGP, and re-
combination of the cleaved mineral surface with the polymer ΔGMP. Surface mod-
ification of the clay minerals affects the cleavage energy ΔGM, whereby lower values
support dispersion in the polymer matrix. The radius of gyration of the polymer
and kinetic effects of polymer motion are also critical to create void spaces for the
filler in the matrix and achieve dispersion. Mechanical processing using extrusion
and ultrasound are commonly employed to overcome positive values of ΔG.
(Adapted with permission from Ref. [418].)
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commercial impacts, promising insights from some of the more
common pathways of surface functionalization are described
below.

6.1.1. Polymer effects on the nanostructure of calcium silicate
hydrates

One proposition is to attempt modifications of the nucleation,
growth, and assembly of calcium silicate hydrate using organic
additives in some form of catalytic or retardation process. Organic
compounds can be used to impact the growth of the C-S-H phase,
provided these compounds do not get trapped, can escape and
repeatedly serve to impact the assembly process as has been re-
ported for other inorganic compounds [451,452]. An alternative
option is the modification of the growth of other phases, in par-
ticular calcium hydroxide that forms simultaneously to calcium
Fig. 49. Idealized structure of carbonate-intercalated LDHs with different M2þ/M3þ mol
c-axis, as well as water and anions present in the interlayer region. The dotted surface are
the M2þ/M3þ ratio. (Reproduced with permission from Ref. [424].)
silicate hydrate during most of cement hydration [436]. In effect,
the ionic composition and stoichiometry of the calcium silicate
hydrate can then be modified, as has been shown to occur in
presence of polymeric dispersants (Fig. 54d) [450,453]. In the
presence of a comb copolymer, an increase Ca/Si ratio was ob-
served during the early formation of calcium silicate hydrate, al-
though values tend to converge back together at longer times
[450]. Under different conditions, a decrease of the Ca/Si ratio was
reported at longer times [454]. While opposite, the results indicate
that stoichiometric changes in the main product of cement hy-
dration may be obtained thanks to surface modification by ad-
mixtures. At present, however, the changes in stoichiometry of the
products are still a side effect of other, hydration-regulating and
setting-regulating effects by the organic additives.

6.1.2. Modification of the formation of calcium sulfo-aluminates
The most reactive phase in cementitious materials such as

Portland cement is tri-calcium aluminate, Ca3Al2O6, which is
present in amounts of 5–10% (w/w) [436]. Its origin lies in the
composition of the raw materials used to produce clinker as well
as by the need to have a liquid phase during the burning stage in
cement kilns (�1450 °C). The reactivity of Ca3Al2O6 is controlled
by adding calcium sulfates which react with tri-calcium aluminate
to produce a calcium dodecahydroxytrisulfato aluminate (et-
tringite), Ca6Al2(SO4)3(OH)12 �26H2O [436]. The formation of et-
tringite has great impact on early age properties, in particular
rheology, but also on hardening kinetics [455]. Among a wide
range of organic compounds that are used for the processing of
cementitious materials, many tend to modify the nucleation of
ettringite, which can substantially alter the development of ce-
ment properties [435]. Ettringite may also further evolve into Ca-
Al layered double hydroxides, and polymeric dispersants may
adsorb preferentially onto the layered double hydroxide surface
[456,457] than being available elsewhere as dispersants [458]. The
LDH platelets may assemble into an intercalated structure up to a
few layers thickness under certain conditions, leading to particular
conformations of comb copolymers with an adsorbing backbone
and non-adsorbing, blob-like side chains (Fig. 55) [459,460].
ar ratios showing the metal hydroxide octahedral stacked along the crystallographic
as on the right hand side indicate the available surface area per anion depending on



Fig. 50. Schematic illustration of L-ascorbic acid intercalation into LDHs by the reconstruction method and by the coprecipitation method. (a) With the reconstruction
method, the ring assumes an upright orientation with higher gallery spacing. (b) With the coprecipitation method, the ring orients flat-on with reduced gallery spacing.
(Adapted with permission from Ref. [429].)
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6.1.3. Polymeric dispersants at the cement-water interface
By far the most used organic admixtures for concrete are

polymer dispersants [435], of which the most effective are comb-
copolymers that are produced worldwide at a rate of about
2 million tons yearly. These admixtures in just about any modern
cement enhance the rheological properties of concrete, making it
possible to produce materials that are stronger, more durable, and
have a lower environmental footprint [84].

Polymer dispersants are highly efficient because the specific
surface area of cement increases by about 2–3 times from before
hydration to after hydration, allowing the polymers to thoroughly
modify agglomeration and shear properties. Even before hydra-
tion, the cohesive properties of cement particles (�10 mm size) are
strongly influenced by surface chemistry and agglomeration. The
particular complexity of dispersing cement with respect to other
materials lies in its chemical diversity and reactivity of the con-
stituting phases. While general principles of colloidal science have
quite successfully been able to account for the main structural-
function dispersing behavior of these admixtures, the impact on
hydration has remained elusive [450,461]. Nevertheless, sub-
stantial progress has been made recently, in particular by the
possibility of predicting retardation with comb-copolymers using
scaling laws [450,462].

6.1.4. Molecular modelling of interfacial properties
The aforementioned effects are governed by interface specific

processes including the role of ions and organic admixtures. Many
Fig. 51. Preparation and structural characterization of LDH-isethionate/polyacrylamide n
hydrogel).(a) Schematic illustration showing the preparation procedure by in-situ polym
′-tetramethyl-ethylenediamine. (b) XRD patterns demonstrate that the ordered structure
destroyed and the LDH-isethionate was greatly exfoliated in the composite hydrogels
dispersion of LDH primary particles and nanolayers in the polyacrylamide matrix. The
(Reproduced with permission from Ref. [431].)
trends are explicable in terms of scaling laws and first principles,
allowing to compare impacts of different compounds on compe-
titive adsorption [463], hydration [450], and rheology [464].
However, these approaches are limited to specific classes of
compounds and their generalization to more diverse chemical
structures is limited. This is where molecular scale simulations of
interfaces has begun to play a game changing role. For example,
molecular simulations have explained how small organic com-
pounds reduce the agglomeration energy of dry as well as hy-
droxylated cement particles, and affect the energy demand in in-
dustrial-scale ball mills during grinding (Fig. 56) [465–468]. One
molecular monolayer of the so-called grinding aids of about
0.5 nm thickness reduces the agglomeration energy over 95%
compared to the original cleavage energy of 1340 mJ/m2 of tri-
calcium silicate (Ca3SiO5), the major phase in Portland cement. A
larger thickness of the organic interfacial film produces no sub-
stantial improvement but also no deterioration in grinding per-
formance as noticed in simulation and laboratory studies [466].
Almost 80% reduction in agglomeration energy of initially hy-
drated tricalcium silicate surfaces is possible due to the diminished
strength of interfacial Coulomb interactions, analogous to the re-
duction in cleavage energies of layered silicates in polymer com-
posites via surface modification with alkyl surfactants (Fig. 47).
The reduction in Coulomb energy is due to the spacer effect of the
organic interlayer and minimization of local dipole moments by
molecule-specific complexation of surface ions.
anocomposite hydrogels (LmM where m stands for the concentration of LDH in the
erization. AM: acrylamide; APS: ammonium peroxydisulfate; TEMED: N, N, N′, N
in LDH-isethionate ([Mg2.52Al(OH)7.04](HO-(CH2)2-SO3) � 1.27H2O) was dramatically
. (c, d) TEM images prove the extensive degree of exfoliation and homogeneous
dark lines represent single nanolayers and primary particles of LDH-isethionate.



Fig. 52. Extraordinary mechanical toughness of the as-prepared LDH-isethionate/polyacrylamide hydrogels. The nanocomposites withstand high levels of deformation by
(a) elongation, (b) torsion, (c) knotting, and (d) compression. (Reproduced with permission from Ref. [431].)

Fig. 53. Reaction mechanism for Leu–LDH catalyzed O-methylation of phenol with dimethylcarbonate. (Reproduced with permission from Ref. [432].)
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6.2. Other inorganic nanostructures

Among the nanostructures not further covered are bio-
minerals such as calcium carbonate and apatites, which are
commonly found in marine organisms, bone, and teeth [62]. A
key aspect of these nanocrystals and protein-nanocrystal com-
posites is their susceptibility to pH, which allows proteins and
organic modifiers to carry out biological assembly and dis-
assembly at room temperature under physiological conditions
(Fig. 57) [15]. Interactions with water, surfactants, peptides, and
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particle-size scale bar is based on SANS data. (c) An all-atom model of C-S-H with a typical C/S/H ratio of 3:2:3 according to the INTERFACE force field (Ref. [236]).
(d) Evolution of the Ca/Si ratio in C-S-H during the first hours of hydration of pure tricalcium silicate, also known as C3S, with and without comb-shaped copolymers as
interfacial modifiers. The ratio is determined from the mass balance of the calcium between the amounts of dissolved C3S and precipitated calcium hydroxide, which is the
other product coming from the hydration of C3S (measured and quantified by XRD and Rietveld refinement). In one case, the polymer is added in the water before mixing the
C3S with the water, in the other case the polymer is added after the mixing. The presence of organic modifiers also impacts viscosity, setting time, porosity, and ultimate
strength of concrete. (Reproduced with permission from Refs. [440,450].)

Fig. 55. Schematic representation of a layered double hydroxide (LDH) intercalated
by comb copolymers. The conformation of the polymer involves adsorbed back-
bones carrying charged functional groups and coiled non-adsorbing side chains,
which can be described by a scaling model of a 2D self-excluding chain of half
spheres. (Cover image reproduced with permission from Ref. [460].)
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proteins are highly pH sensitive, similar to silica and titania
surfaces described in Section 4.

Calcium carbonate surfaces are mostly composed of calcium
hydrogen carbonate at pH 6 to 10, and of calcium carbonate at pH
values above 10 (Fig. 57a) [120,130]. Mechanisms of molecular
recognition and crystal growth, though of interest for a long time,
are still not well understood down to the atomic level [2,166,469–
473]. The same is true for specific interactions of proteins with
hydroxyapatite, mostly related to the wide range of interfacial
chemistry that is related to the influence of changes in composi-
tion, pH, and hydration depth (Fig. 57b) [57,60,474–485]. The
presence of interfacial regions with increased phosphate and cal-
cium concentration spanning several nanometers complicates
tracking by imaging and spectroscopy similar to hydrated cement
minerals (Section 6.1). Recent developments of force fields allow
insight into atomistic details on the small and large nanometer
scale by molecular simulation, reproducing structures, surface
chemistry, hydration energies, and binding energies of biomole-
cules as a function of pH [236,474]. The combination of imaging,
modeling, in vitro and in vivo testing is an exciting research area
for rational development of bone regeneration materials, drugs for
osteoporosis, and control over biological calcification [62,474,486].

Compounds of current high promise also include perovskites as
light-harvesting units in solar cells that have begun to replace dye-
sensitized light-harvesting units [341,342]. In comparison to the
archetypal, but photovoltaically less interesting CaTiO3 perovskite,
inorganic-organic perovskites such as methylammonium lead (II)
iodide (MAPbI3) and formamidinium lead (II) iodide (FAPbI3), as
well as the lead bromides MAPbBr3 and FAPbBr3 embedded in
polyarylamine matrices have shown exceptional power conversion
efficiencies [342]. Interactions with the polymer matrix and im-
pacts on charge carrier mobility and transport mechanisms,
however, are still not well understood to-date.

Monodisperse graphite particles of less than 10 nm diameter,
termed carbon dots, have shown excellent catalytic properties in
water splitting when dispersed in polymeric carbon nitride (C3N4)
[434]. In this system, high photocatalytic activity of carbon nitride
(C3N4) to oxidize water to H2 and H2O2 is combined with the high
activity of carbon dots for oxygen evolution from intermediately
formed H2O2. Molecular-level details of carbon nitride, likely a poly-
meric form of aminoheptazine, and its relation to reaction mechan-
isms at the interface with the carbon dots also remain unclear to-date.

Numerous main group compounds, transition metal compounds,
lanthanide compounds, and radioactive actinide compounds have
been synthesized and exploited for various applications. Examples
include Bi2Te3 in thermoelectrics [489], CeO2 in catalysts [490], Na
(Yb, Er, Ho)F4 nanoparticles for near-infrared imaging [491], NdFeB
alloys for miniature permanent magnets [492], ITO for transparent
electrodes [303], and Ta/Ta2O5 in capacitors of mobile phones [493],
Mechanistic insight into surfactant assembly and functions for these



Fig. 56. Modification of particle agglomeration forces by organic additives (grinding aids) during comminution of cement clinker particles in industrial cement mills. (a, b)
Conceptual representation of agglomeration of neat clinker particles and of the effect of grinding aids to aid in the dispersion of clinker particles. (c) Two tricalcium silicate
(C3S) surfaces with an intermediate monolayer of glycerine molecules. The presence of organic molecules creates an interfacial gap between tricalcium silicate surfaces that
lowers agglomeration energies up to 90% in comparison to the neat mineral surfaces. (d) Computed agglomeration energy of C3S, initially hydrated C3S, and organically
modified hydrated C3S surfaces (0.20 mg/m2 organic coverage). Flat surfaces were assumed in two states, separated, and together, to obtain the agglomeration energies
shown. The trend correlates with the observed energy demand in ball mills. (e) Structure of common chemical additives to reduce the energy required for grinding of
cement, including triisopropanolamine (TIPA), triethanolamine (TEA), N-methyl-diisopropanolamine (MDIPA), and glycerine. (Adapted with permission from Refs.
[466,468].)
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and infinite opportunities for other compounds may contribute to
exciting discoveries in the future.
7. Modification of polymer nanoparticles with surfactants

Polymeric nanoparticles are used in many varieties to deliver
drugs [52,53,494,495], in sensors [5,496], in labels for imaging
[497,498], paints, and coatings [55,499,500]. Major techniques to
accomplish these functions comprise covalent modification and
noncovalent assembly with cargo, traceable entities, and recogni-
tion elements [142,496,497,501]. Such additions include drugs,
fluorescent molecules, optically detectable and radioactive ions,
enzymes, and targeting ligands, which are discussed for drug de-
livery and coatings in the following.
7.1. Surface modification of polymer nanoparticles for drug delivery

Polymer nanoparticles for drug delivery have been grouped
into nanocapsules that contain a free-floating core of drug mo-
lecules within an outer polymer membrane (Fig. 58a), and into
nanospheres consisting of a polymer matrix and embedded drug
molecules without a specific surrounding shell (Fig. 58b and c)
[502]. The therapeutic potential of polymeric nanoparticles
generally depends on their size, shape, and surface chemistry
(Fig. 59).

7.1.1. Types of polymers, particle size, shape, and cell targeting
properties

The design of functional polymeric nanoparticles for drug de-
livery aims to improve the safety and efficacy of targeting and of
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Fig. 58. Illustration of types of polymeric nanoparticles and three major mechanisms for achieving sustained drug release. (a) Diffusion through an insoluble polymer shell.
(b) Diffusion through an insoluble polymer matrix. (c) Erosion of a polymer matrix. (Reproduced with permission from Ref. [52].)
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the controlled release of diagnostics and therapeutic drugs. De-
pending on the polymer-drug compatibility, nanoparticles may
have the ability to carry hydrophobic drugs to target sites at
concentrations greater than their intrinsic water solubility [503].
Commonly used polymers include poly(ε-caprolactone), (PCL),
poly(lactic acid), PLA, and poly(lactic-co-glycolic acid) copolymers,
PLGA [504], which are proven to be biocompatible, biodegradable
in controlled ways, and to possess good mechanical properties
[505].

Control over size and shape of polymeric nanoparticles can
help improve their performance in specific applications (Fig. 59).
Surface charge, functional groups, hydrophilicity (PEGylation),



Fig. 59. A summary of nanoparticles that have been explored as carriers for drug delivery in cancer therapy, together with illustrations of biophysicochemical properties.
Many systems consist of polymer and surfactant-based carriers with surface and interior modification, including dendrimers, polymer and hydrogel particles, liposomes, and
hybrid particles. Size, shape, and surface properties play a major role for the release characteristics. (Reproduced with permission from Ref. [52].)

Fig. 60. Polymer nanoparticle shape and surface properties are critical parameters for drug release. Scanning electron micrograph of polystyrene particles and images of
their uptake in breast cancer cells. (a) Nanospheres, rods, and discs (Scale bar: 500 nm). (b) Confocal micrographs of nanoparticle uptake in breast cancer cells without
trastuzumab protein coating. (c) Increased nanoparticle uptake with trastuzumab protein coating. Microparticles of different size (above 1 mm) of the same shapes were also
tested and found to exhibit different uptake characteristics. (Adapted with permission from Ref. [139].)
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attachment of polysaccharides, and conjugation with targeting li-
gands are also essential parameters. Foremost, the ability to con-
trol the particle size is crucial as the effect of mean particle size on
biodistribution varies non-linearly from organ to organ [506–508].
Once the particle reaches to a target cell, depending on the loca-
tion for drug release, it can either be internalized or resist to in-
ternalization. Particle geometry (size and shape) plays an essential
role for the internalization rate and the internalization mechan-
ism. For example, nanoparticles 4200 nm filtered by spleen beds
cannot easily pass through interendothelial cell-slits to join the
venous circulation [509]. On the other hand, quantum dots with a
hydrodynamic diameters o5.5 nm were rapidly cleared from the
body by renal filtration through the glomerular capillary wall and
urinary excretion [510]. Particles in the 40 to 50 nm range exhibit



Fig. 61. Controlling cell uptake by using particles with different shape: spherical and ovoidal particles are more easily internalized compared to elongated particles that
orient parallel to the cell membrane and are less easily internalized. (Reproduced with permission from Ref. [508].)

Fig. 62. Schematic of PEG grafting density and configuration on the upper hemi-
sphere of a hydrophobic and a hydrophilic polymeric nanoparticle. (a) Low surface
coverage of PEG chains (hydrophobic) leads to a “mushroom” configuration where
most of the chains are located closer to the particle surface. (b) High surface cov-
erage and lack of mobility of the PEG chains (hydrophilic) leads to a “brush”
configuration where most of the chains are extended away from the surface. (Re-
produced with permission from Ref. [516].)
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the highest cell membrane receptor internalization. This critical
cut-off range was attributed to the balance between multivalent
crosslinking of membrane receptors and membrane wrapping,
which are both involved in receptor-mediated endocytosis [511].
On the other hand, a recent study with surface-modified poly-
styrene nanoparticles by d-α-tocopheryl polyethylene glycol
(1000) succinate demonstrated that 100 and 200 nm sized parti-
cles had higher cellular uptake efficiency across the gastro-
intestinal barrier and the blood-brain barrier than 20–100 nm
sized particles [67]. These somewhat conflicting studies show that
a case-by-case basis may still be preferable to gain fundamental
understanding rather than the assumption of a general rule.

In addition to conventional spherical polymeric nanoparticles,
recent studies have focused on the creation and exploration of the
functions of non-spherical polymeric particles with at least one
geometrical feature in the sub-micrometer range [512–514]. For
example, the particle replication in non-wetting templates (PRINT)
method allows to produce uniform polymeric nanoparticles of spe-
cific shape, size, and surface chemistry [512,514]. Tests have shown
that polyethylene-glycol-based hydrogels of high-aspect ratio (sized
100 nm to 5 μm) were internalized by He-La cells E4 times faster
than the more symmetric particles of aspect ratios near one.

The cellular uptake of uncoated and protein-coated polystyrene
particles of different shape was tested in breast cancer cells
(Fig. 60a) [139]. Similar to the results with PRINT particles above,
trastuzumab (protein) coated polystyrene nanorods and nanodiscs
showed higher uptake in comparison to coated nanospheres,
which was attributed to the morphology-enhanced avidity and
specificity of protein-coated PS particles towards protein-cell
attachment (Fig. 60b and c). However, interestingly, in the absence
of surface modification with trastuzumab, nanospheres exhibited
higher cellular uptake than the nanorods and nanodiscs.

The change in cellular uptake depending on shape and coating
is consistent with a mathematical model on receptor-mediated
endocytosis (RME) of sub-micrometer particles in the presence of
hydrophobic nonspecific binding interactions (Fig. 61) [508,515].

7.1.2. Tuning surface properties by surfactants
Another key property for cell targeting is the surface hydro-

phobicity, which can trigger opsonization, i.e., the removal of
polymer nanoparticle carriers from the body by the mononuclear
phagocytic system [516]. Surface modification with polyethylene
glycol, for example, can increase the hydrophilicity of the nano-
particle outer shell and diminish opsonization (Fig. 62). Binding
of opsonins (plasma proteins and other blood components) onto
the surface of polymeric nanoparticles otherwise leads to rapid
uptake and clearance in vivo, and thus decreases the circulation
time of the polymer nanoparticles in the blood stream. The
adsorption of blood components onto the surface of polymer
nanoparticles, therefore, affects the in vivo performance. It is
determined by the surface characteristics and tunable by surface
decoration [517–519].

Surface modification of long circulating, in other words
“stealth”, polymeric nanoparticles can be obtained either by coat-
ing the surface with hydrophilic polymers/surfactants or by the
development of biodegradable copolymers with hydrophilic seg-
ments. As stated by Allen [516,519], if a drug carrier wants to be
invisible to phagocytic cells, it needs to look like water. For long
circulation times, polyethylene glycol (PEG) polymers have been
extensively employed for the modification of polymer nano-
particle surfaces to make them “invisible” to phagocytic cells [520–
522]. Density and configuration of PEG on the surface of polymeric
nanoparticles also plays an important role in effective in vivo cir-
culation and shielding of the immune system. Resistance to non-
specific protein adsorption (nonfouling characteristics) is depen-
dent on the thickness of the surface coating that usually correlates
to other factors such as PEG molecular weight, surface chain
density and conformation (Fig. 62) [516]. As indicated by most
researchers, chain molecular weights of 2000 g/mol or greater are
required to attain sufficient chain flexibility [521].

The effect of surface chain density and interrelated chain con-
firmation is also seen in Fig. 62 [516]. “Mushroom” conformations
are assumed at low surface coverage when PEG chains can freely
move (Fig. 62a). At high surface coverage, PEG chains are in a ra-
ther extended, so-called “brush” configuration due to restricted
mobility (Fig. 62b) [516]. Accordingly, for efficient shielding, PEG
chains should reach far enough to achieve flexibility and remain
close enough to avoid gaps on the particle surface so that the
particle can be sterically protected by this conformational cloud
even at low surface PEG density.

7.1.3. Release mechanism of drugs
Drug release, once polymeric nanoparticle have arrived at the

destination, is governed by several possible mechanisms (Fig. 58)



Fig. 63. Self-assembly of block-copolymers into decorated polymeric nanoparticles in aqueous solution for the example of triblock PLGA-b-PEG copolymers. (a) Polymeric NP
formation via nanoprecipitation, FG¼functional group. (b) Conjugation of targeting ligand to the surface of pre-formed polymeric NPs. (c) Pre-functionalized diblock
polymer with hydrophilic targeting ligand. (Reproduced with permission from Ref. [520].)

Fig. 64. Self-assembly of block copolymers with docetaxel payload and ionic surfactant end groups, which coat the PLGA core by ion pairing and attachment of targeting
ligands. The PLGA core/PCB shell nanoparticles are prepared by nanoprecipitation (EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, NHS: N-hydroxysuccinimide). The
design increases resistance to protein adsorption and allows specific targeting. (Adapted with permission from Ref. [527].)
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[52]. These include diffusion of the drugs from nanocapsules
through an insoluble polymer membrane, in which case the re-
lease is diffusion controlled (Fig. 58a). The drugs may alternatively
diffuse through a polymer matrix in nanospheres (Fig. 58b). In
both cases, diffusion can be controlled through polymer chemistry,
chain length, and co-constituents in the membrane or matrix.
Degradation of the polymer can also be chosen as a rate-de-
termining process for drug release (Fig. 58c).

7.1.4. Synthesis and assembly for specific surface properties
The chosen method of synthesis and assembly usually depends

on the physicochemical properties of the encapsulated material
along with the requirements for the polymer system, particle size
and target specific affinity [67,520]. Polymer nanoparticles can be
prepared from preformed polymers by utilizing methods like na-
noprecipitation, solvent evaporation, salting-out, dialysis and su-
percritical fluid technology or they can be directly synthesized by
the polymerization of monomers by using techniques such as
emulsion, mini-emulsion, micro-emulsion, controlled/living and
interfacial polymerization [517,523].

Surface modification of the polymeric nanoparticles can be
achieved through self-assembly of block copolymers that contain a
segment forming the core of the polymer nanoparticle and a
segment that forms the outer surfactant shell upon assembly
(Fig. 63) [520]. For example, the inner segment can be PLGA and
the outer segment PEG (Fig. 63a). A common technique is nano-
precipitation that involves the use of an organic solvent that is
miscible with an aqueous phase. The polymer and the drug are
dissolved in the organic solvent and this solution is then added
dropwise to an aqueous (non-solvent) solution under stirring.
Once in contact with water, the hydrophobic polymers and drug
precipitate and self-assemble into core-shell like spherical struc-
tures in order to reduce the system's free energy. After self-as-
sembly, the organic solvent is evaporated either by reduced-
pressure evaporation, or simply by continuous mixing at atmo-
spheric pressure if sufficiently volatile.

The instantaneous formation of particles via nanoprecipitation
has been attributed to interfacial interactions between liquid
phases, with water essentially displacing the organic solvent, also
called the Marangoni effect [524]. Subsequently, targeting ligands
may be attached to the surfactant shell of the polymer nano-
particles (Fig. 63b). Alternatively, pre-functionalized diblock co-
polymers containing hydrophilic targeting ligands at the outset
can be used to directly assemble functionalized polymeric
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nanoparticles via nanoprecipitation, salting out, or solvent eva-
poration (Fig. 63c). An alternative are also surface-modified poly-
mer nanoparticles containing aptamers. Such structures were ob-
tained, for example, by the self-assembly of an amphiphilic tri-
block copolymer composed of end-to-end linkage of poly(lactic-
co-glycolic-acid) (PLGA), polyethyleneglycol (PEG), and the RNA
A10 aptamer (Apt), which binds to the prostate-specific membrane
antigen (PSMA) on the surface of prostate cancer (PCa) cells, en-
abling controlled drug release [525]. Also, the surface recognition
tags RGD and folate have been grafted to PLGA-PEG nanoparticles
using similar techniques [526]. By using neat PLGA-PEG and
modified PLGA-PEG-RGD/PLGA-PEG-folate in different ratios, the
density of active surface groups on the PLGA-PEG-RGD and PLGA-
PEG-folate nanoparticles could be tuned in a range from 5% to over
50%. Modular assembly techniques can also be applied to produce
multi-ligand targeting nanoparticles using longer peptide re-
cognition sequences, RNA aptamers, DNA aptamers and antibodies
[520].

Zwitterionic polymers such as poly(carboxybetaine) have also
been recognized as a promising class of shell forming polymers
owing to their higher chemical stability and weaker interactions
with proteins over short and long time scales in comparison to
polyethylene glycol (Fig. 64) [527–529]. Excellent stability to ag-
gregation in serum with poly(carboxybetaine) (PCB) coating was
attributed to an increase in the surface packing density of non-
fouling groups, as well as steric repulsion from the flexible poly-
mer brush surface [529]. Zwitterionic materials are highly re-
sistant to protein adsorption because they form a strong hydration
layer via electrostatic interactions and via hydrogen bonds [530]
whereas hydrophilic and neutral PEG forms a hydration layer via
hydrogen bonds only. Drug-containing PLGA-PCB nanoparticles
could also be further modified so that each carboxylate anion is
paired with a cationic ammonium group containing a cell-target-
ing ligand that attaches via an amide bond (Fig. 64) [527]. The use
of block copolymers with sharp polarity differences for the pre-
paration of PLGA-PCB nanoparticles provided extraordinary
Fig. 65. The passage of the blood brain barrier (BBB) depends on surfactants applied to p
found to play a lesser role. (a) Polybutylcyanoacrylate (PBCA) nanoparticles of different si
fluorescently labeled. (b) Passage through the BBB was monitored by accumulation in th
injection of the fluorescent nanoparticles and monitoring accumulation in the retina for
from Ref. [537].)
stability due to the strong hydration layer created by the PCB shells
that stabilized the hydrophobic PLGA cores.

Molecular dynamics simulations also provided details of the
structural and dynamic properties of water molecules near zwit-
terionic phosphorylcholine (PC) and nonionic (ethylene glycol)4
self-assembled monolayers (SAMs) [531]. The results indicate that
water molecules near zwitterionic SAMs bind to the surface
stronger than near nonionic oligoethylene glycol SAMs, indicating
a stronger repulsive force against protein adsorption. Water mo-
lecules near the zwitterionic SAMs have lower mobility and wider
dipole orientation distribution than those near oligoethylene gly-
col SAMs [532].

Other options of cell-targeting nanostructures for drug delivery
include core-shell nanoparticles [533], particle-supported lipid
bilayer nanocapsules [148], as well as hierarchically ordered na-
nostructures [534,535].

7.1.5. Surfactant modification and blood brain barrier
Common features of many surface coating materials in nano-

medicine are high flexibility and high hydrophilicity [520,536]. In
addition to PEG and zwitterionic polymers, polysaccharides such
as dextran, polysialic acid, hyaluronic acid, chitosan, heparin,
polyethylene oxide (PEO), polyvinyl pyrrolidone (PVP), poly(vinyl)
alcohol (PVA), polyacrylamide (Pam), and PEG-based copolymers
such as poloxamer, poloxamine, polysorbate (Tween-80) and
lauryl ethers (Brij-35) have been used as surface coating materials
to deliver stealth properties to nanocarrier systems [517,536].
Recent studies also reported that the passage of the blood-brain
barrier greatly depends on the type of surfactants rather than
nanoparticle size and surface charge (Fig. 65) [537]. Poly-
butylcyanoacrylate (PBCA) nanoparticles of different size, surface
charge, and surfactant modification were fluorescently labeled
(Fig. 65a), injected into rats, and subsequent accumulation mon-
itored in the retina of the eye to assess passage of the blood-brain
barrier (Fig. 65b and c). The results demonstrate that neither size
nor charge, but particle surface modification of PBCA nanoparticles
olymeric nanoparticles while the size and zeta-potential of the nanoparticles were
ze with net positively charged, neutral, and net negatively charged surfactants were
e retina of rats. Anionic surfactants (SDS) reduced passage of the BBB. (c) Method of
the assessment of the passage of the blood brain barrier. (Adapted with permission



Fig. 66. Polyaniline particles formed upon dispersion polymerization of aniline hydrochloride at different temperatures. (a) 0 °C. (b) 20 °C. (c) 40 °C. (Adapted with per-
mission from Ref. [544].)
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Fig. 67. Schematic synthesis and SEM images of polyaniline (PANI)-poly(styrene acrylate) (SA) latexes. (a) Poly(styrene-acrylate) particles with phosphate functional groups
react with aniline hydrochloride. (b) Charged precursors with aniline cations attached to the SA particle surface are formed. (c) In-situ oxidation polymerization leads to the
formation of PANI-SA composite latex particles of �100 nm size. (d) SEM image of nanosized PANI-SA composite latex particles. The particles improve the consistency of
PANI in polymer matrices and enable the application of PANI in water-based coatings for corrosion protection. (Adapted with permission from Ref. [266].)
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was the major factor determining passage of the blood-brain
barrier. Non-ionic surfactants (Tween80, utensolAT80, Tween20,
Brij35) enhanced brain uptake while addition of anionic surfac-
tants (sodium dodecylsulfate) reduced passage of the blood-brain
barrier. Accordingly, polymeric nanoparticles can be designed to
specifically enhance drug delivery to the brain or, alternatively, to
prevent brain penetration to reduce unwanted effects of specific
drugs, or to prevent environmental nanoparticles from entering
tissue of the central nervous system.

7.2. Polymeric nanoparticles in protective coatings

Polymeric nanoparticles are extensively applied in paints and
coatings [55,266,267,499,500,538]. A common function of coatings
is corrosion protection, which is enhanced by electrically con-
ducting polymer particles such as polyaniline (PANI) (Fig. 66)
[54,539]. Passivation of stainless steel, for example, can be
achieved by applying a potential of about 0.1 V versus a saturated
calomel electrode in the presence of PANI particle and fiber coat-
ings, leading to the formation of a more stable oxide layer con-
sisting of α-Fe2O3 and Fe3O4 [54,540]. PANI has been extensively
studied due to ease of preparation, environmental stability, and
tunable electrical properties [540–542]. Like most other conduct-
ing polymers such as polypyrrole, polyphenylene vinylene, and
polyacetylene, however, PANI is hard to process due to insolubility
in water and conventional solvents, which limits its use in coating
applications [543]. Dispersion polymerization of aniline in aqu-
eous medium leads to PANI particles from well-defined spheres to
coral-like objects by changing polymerization temperature and
use of additives (Fig. 66) [544]. PANI nanoparticles as small as 2–
3 nm were prepared by oxidative polymerization of aniline in di-
lute and semi-dilute solutions of sodium poly(styrene sulfonate)
(PSSNa) [545], and nanospheres of 4 nm in diameter by micro-
emulsion polymerization in the presence of the cationic surfactant
octyltrimethyl ammonium bromide [546]. The size of the PANI
nanoparticles is controllable through the chosen surfactant con-
centration, surfactant spacer length, and polymerization tem-
perature. Furthermore, water-dispersible PANI-PSS nanoparticles
with an average diameter of 30 nm have been reported and ap-
plied in the fabrication of ink-jet printed chemical sensors [547].

Recently, nanosized PANI-poly(styrene-acrylate) composite la-
texes have been prepared for water-based coatings (Fig. 67) [266].
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Core styrene acrylate latexes with negatively charged phosphate
surface groups were subjected to a solution of aniline hydro-
chloride to form a core-shell structure (Fig. 67a and b). The salts
were then exposed to oxidation and polymerization (Fig. 67c),
leading to styrene acrylate latexes with small PANI domains on the
particle surface (Fig. 67d). The styrene acrylate-PANI composite
particles improve the miscibility of PANI in polymer matrices in
water-based anti-corrosion coatings.
8. Summary, challenges, and opportunities

Nanostructures with specific surface modifications are a pillar
of today's nanoscience and bioscience. A wide chemical variety of
nanoparticles including metals, chalcogenides, polymers, as well
as complex multi-shell, multi-ligand nanostructures containing
elements from across the periodic table play a major role in
healthcare, biotechnology, energy sciences, catalysis, advanced
materials, as well as in natural bio- and ecosystems. Fundamental
techniques for grafting of ligands, functionalization of multiple
ligand shells, and introduction of cell targeting properties are
available and in principle understood. A variety of methods for
adjusting surface polarity by use of ionic, hydrophilic (e.g. PEO),
hydrophobic (alkyl), aromatic, and multi-block ligands has been
extensively tested and is routinely applied. Chemical reactions at
nanoparticle surfaces are known that enable remarkable control
over surfactant architecture over multiple layers. Catalysis on
surface modified nanoparticle can be highly efficient. However,
atomic-level details of the grafting density, the dynamics of sur-
factants, their role in certain chemical reactions, as well as charge
transfer remain difficult to explore. The controlled assembly of
functionalized nanoparticles into superstructures and precisely
guided interactions of nanoparticle-attached ligands with cell
surface receptors rely heavily on trial-and-error studies to-date.

The mechanisms of non-covalent interactions of surfactants
with inorganic substrates, including soft epitaxial interactions
with metals as well as the strong dependence on surface chem-
istry and pH values on oxide surfaces have become known in
molecular and atomic detail in the last decade. A long history of
validated experimental data is thereby also available and can be
utilized. In several instances, atomically resolved insights into
surface binding and related properties are increasingly driven by
advances in molecular simulation along with experimental tech-
niques, spanning the range from below nanometer to the large
nanometer scale. Nucleation and growth of nanomaterials sup-
ported by surfactants and other growth directing agents has been
understood in atomic resolution in specific cases.

Intense experimental and computational studies using suitable
existing techniques, however, are still required to explore the
plethora of nanoparticle/surfactant interfaces that remain un-
known in details. Open questions include insights into the kinetics
of nanoparticle formation, surfactants specificity to higher index (h
k l) facets, and the role of surfactants in interfacial processes over
the course of shape evolution from seed crystal to final nanos-
tructure and nanostructure assemblies. Thermodynamic proper-
ties of modified nanoparticles along such paths are often acces-
sible from simulation, although they may not be the relevant
driving factor to understand nanoparticle shape. Mechanistic hy-
potheses, the estimation of activation energies, and use of other
suitable descriptors of competing processes plays a critical role.
The prediction of nanoparticle formation, hydration reactions,
dissolution, degradation, surface catalysis, and assembly of large
numbers of surfactant-modified nanoparticles into spatially orga-
nized superstructures is a multi-scale problem. First attempts in
chemical accuracy have typically been limited to the scale of
nanometers and nanoseconds, and it is anticipated that highly
resolved measurements and realistic modeling techniques from
the nanometer scale to the micrometer scale will enable new
breakthroughs in the synthesis of functional metals, alloys, chal-
cogenides, layered materials, cement, polymer nanoparticles, and
naturally inspired materials (artificial bone, carbonates/nacre, and
silica).

In particular, scarce information is currently available on na-
noparticles and nanostructured substrates that exhibit dynamic
surfaces and interfacial regions that can be easily assembled and
disassembled by changes in pH or ionic strength such as apatites
and carbonates. Understanding biological and biocatalytic control
via proteins, enzymes, and components in the extracellular matrix
at molecular and atomic level remains largely an enigma. There-
fore, discoveries by advanced imaging techniques, bioassays, and
simulation to control dynamic, reversible assembly and surface
decoration processes of such nanostructures can have great pay-
offs to understand biological mineralization, calcification, skeletal
diseases, and contribute fundamental medical insight.

The next years and decades may also see the emergence of new
nanomaterials with exciting optical, electrical, mechanical and
other functional properties, similar to the prior discovery of the
various forms of carbon, the extensive use of self-assembled thiol
monolayers on nanoparticles, and recent interest in semi-
conducting layered materials. The decoration of such novel na-
nostructures with surfactants to tune solubility, protect from de-
gradation, introduce labels for imaging, attach cell-targeting li-
gands, and modulate the assembly into superstructures is likely to
play an essential role. Available methods and understanding of
known surface-modified nanostructures today is expected to ac-
celerate such developments.
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