Chapter 8

Directed Assembly and Self-organization
of Metal Nanoparticles in Two and Three
Dimensions

S. Holger Eichhorn and Jonathan K. Yu

Abstract Properties of metals and other compounds change in comparison to their
bulk materials when they are prepared as sufficiently small particles, usually in the
1-50 nm range. A myriad of applications for these nanoparticles have been con-
ceived and tested and their presence in consumer products is already ubiquitous. It
was established right from the beginning that the properties of materials containing
nanoparticles not only depend on their size, shape, and composition but also their
spatial arrangement. Most prominent are predictable changes to their optical
properties when nanoparticles are positioned in ordered arrays and sufficiently close
to permit electronic interactions. This chapter describes the recent advancements in
the arrangement of metal nanoparticles into defined structures of two- and three-
dimensional order by the Langmuir-Blodgett technique, layer-by-layer deposition,
and the self-organization of liquid crystalline and amphiphilic metal nanoparticles.
The large volume of work on the (directed) self-assembly of nanoparticles is just
briefly presented in the introduction as it has been extensively and comprehensively
reviewed by others. While the Langmuir-Blodgett technique can generate mono-
layer and multilayer materials, the other two techniques (layer-by-layer deposition
and the self-organization) are predominantly applied to the preparation of three-
dimensionally ordered materials. Discussed in great detail is how the purity and
size-distribution of employed metal nanoparticles and the structure of their pro-
tective layer(s) affect their ability to generate two- and three-dimensionally ordered
arrangements of high quality and persistence length by any of the three techniques.
Processing conditions are described in less detail because they do not differ from
those used for molecular materials, although they are equally important to the
preparation of structures of long-range order. Finally, possible applications and
properties of materials prepared by the Langmuir-Blodgett technique, Layer-by-
layer deposition, and self-organization are described if deemed important.

S. Holger Eichhorn (<) - J.K. Yu

Department of Chemistry and Biochemistry, University of Windsor,
401 Sunset Avenue, Windsor, ON N9B 3P4, Canada

e-mail: eichhorn @uwindsor.ca

© Springer International Publishing Switzerland 2015 289
Q. Li (ed.), Anisotropic Nanomaterials, NanoScience and Technology,
DOI 10.1007/978-3-319-18293-3_8



290 S. Holger Eichhorn and J.K. Yu

8.1 Introduction

Both, molecular and supramolecular structures affect the properties of molecular
materials and must be optimized for every desired application. Similarly, properties
of materials comprised of metal nanoparticles (MNPs) are controlled not only by
the structure and composition of MNPs but also their arrangement in space. In fact,
an increasing proportion of the recent research on MNPs has focused on their
controlled processing into specific one-, two-, and three-dimensional structures.
Self-assembly and self-assembly directed or assisted by directional chemical
interactions, external fields, and template surfaces, are the most prominent meth-
odologies applied to control the spatial arrangement of nanoparticles (NPs) but
structures of two- and three-dimensional order have also been obtained with other
techniques, such as the formation of Langmuir-Blodgett (LB) films, Layer-by-Layer
(LbL) deposition, and the self-organization of liquid crystalline or amphiphilic
MNPs (Fig. 8.1). It is the application of the latter three techniques this chapter is
concerned with, in addition to being focused on MNPs, since the application of self-
assembly and related processes has been recently and extensively reviewed by
others [1-5]. Brief summaries of selected review articles on the controlled assembly
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Fig. 8.1 Cartoons of ordered structures generated by a LB films, b LbL deposition [6], and ¢ the
self-organization of liquid crystalline or amphiphilic MNPs [7]. Adapted by permission from
Macmillan Publishers Ltd.: NPG Asia Materials [6], copyright 2012. Reprinted (adapted) with
permission from [7]. Copyright 2013 American Chemical Society



8 Directed Assembly and Self-organization ... 291

of nanoparticles by techniques not covered here are provided below as guidance for
the interested reader.

Grzelczak et al. review mainly the directed self-assembly of spherical gold NPs
and, in more general terms, to what extent self-assembly can be controlled by either
changing the energy or entropy landscapes via the use of templates or applied
external fields [1]. The first part is concerned with the interactions between
chemically modified gold NPs and templates and the template free self-assembly of
chemically modified gold NPs due to directional interactions. Provided examples
include DNA mediated assembly of gold NPs and investigations of anisotropic and
Janus-type MNPs. The second part briefly describes the influence of various
external fields on the self-assembly process, which inevitably includes examples of
metal oxide, modified polymer, silica, and other NPs. Besides the common appli-
cation of a single field (electric, magnetic, and flow), the authors also highlight the
high potential for simultaneous application of several directing fields. This second
part also includes a short overview of self-assembly of NPs at liquid-liquid inter-
faces but the interested reader may rather be directed to a comprehensive review on
self-assembly at liquid-liquid interfaces by Boker et al. [2].

Although already 7 years old, the review on self-assembly of NPs by Kinge et al.
is still one of the most comprehensive description of different self-assembly pro-
cesses and their principles [3]. At the centre of this review is the description of
different self-assembly methods and their underlying principles, such as drying
mediated assembly, self-assembled monolayers, self-assembly via H-bonding,
electrostatic assembly including LbL deposition, directed assembly aided by elec-
trical, magnetic, and optical fields, and assembly at interfaces that includes a short
section on LB films. Also described is the use of inorganic and biological templates,
microcontact and other printing methods, as well as shape-selective assembly of
non-spherical NPs. Following the part on general concepts and methodology is an
extensive list of examples that is structured based on the dimensionality (one, two,
and three) of the self-assembly and the review concludes with a brief description of
specific properties of self-assembled NPs. A more concise and recent account on
techniques for self-assembly of NPs is provided by Nie et al., which also gives a
more comprehensive description of the properties of derived materials and their
potential applications [4]. The authors in particular emphasize properties that derive
from plasmonic interactions and the same research group has recently devoted an
entire review to the subject of self-assembled plasmonic nanostructures [S]. This
review, in contrast to all other reviews mentioned here, also contains a part on the
computational modelling of self-organization of NPs and discusses the dynamic and
static nature of NP assemblies. A quotation from this review will serve us as a final
remark: “We note that although a particular force may dominate the self-assembly
process, in reality, the formation of a particular structure originates from the
interplay of several forces.”
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8.2 Langmuir-Blodgett Films of Metal Nanoparticles
(MNPs)

8.2.1 Introduction

The Langmuir-Blodgett (LB) technique is probably the oldest methodology for the
generation of defined monomolecular layers and their layer-by-layer transfer onto
substrates. So, it is not surprising that NPs were processed into monolayers by the
LB technique as soon as they became available as soluble, discrete, and well
characterized entities. In the early 1990s Peng and co-workers already described the
formation of LB films of Fe,0; NPs with stearate layers in between the NP layers
[8]. Since then, the LB technique has been applied to many other types of NPs, such
as NPs made of metal [9] and metal oxides [10], NPs with core-shell structures [11],
and NPs that are semiconductors [12] or magnetic [13]. This review is mainly
concerned with metal NPs (MNPs) but NPs generated from metal oxides and
inorganic semiconductors may be mentioned where appropriate. Not covered is the
synthesis of MNPs used for LB deposition although specific purity or shape
requirements may be indicated.

When compared to other assembling methods, such as self-assembled monolayer
templates and lithographic patterning, the LB method has several important advan-
tages: (a) relatively large areas can be uniformly coated (square centimeters) for
comparatively low cost, (b) the spacing between MNPs can be relatively easily varied
by adjusting the surface pressure, (c) basically all soluble MNPs can be processed by
this method, (d) monolayers of two-dimensional order and multilayers of three-
dimensional order can be generated [14]. Important deficiencies of the LB method are
limited scalability and the incompatibility with continuous coating processes.

In general, the formation of LB films of MNPs involves the following four steps:
(1) The MNPs must be dissolved in a sufficiently volatile solvent that is immiscible
with the mostly aqueous subphase of the trough. (2) This solution is spread onto the
water surface to generate a Langmuir film after the evaporation of the solvent. (3)
The physical state of the Langmuir film is controlled and changed with moveable
barriers that adjust the available surface area and, consequently, surface pressure.
(4) The Langmuir film is transferred, usually by vertical dipping (Langmuir-
Blodgett technique) or horizontal lifting (Langmuir-Schifer technique), onto a
substrate at a surface pressure below the collapse pressure of the film to generate a
LB film [15, 16].

All MNPs used for depositions by the LB method are coated with a monolayer
or bilayer layer of organic protecting ligands or with a polymer layer to prevent
particle growth by coalescence [17] and to impart sufficiently high solubility in the
spreading solvent and perhaps an amphiphilic character. A stable and adequate
spacing between metal cores of MNPs is particularly important when the film is
compressed to avoid coalescence, which usually results in a loss of the assembled
structure due to precipitation [18, 19]. Compression to surface pressures of
10 mN/m and larger is essential for the generation of uniform films of close-packed
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MNPs. L-films with collapse pressures much larger than 15 mN/m usually require
sufficiently amphiphilic MNPs, which is not easily achieved [20]. Two common
approaches to amphiphilic MNPs is the preparation of Janus MNPs, nanoparticles
that possess two different chemical functionalities at each hemisphere, such as one
hydrophobic and one hydrophilic side [21], or the coating with amphiphilic poly-
mers [22]. Alternatively, less amphiphilic MNPs have been co-deposited with an
amphiphilic reagent (surfactant), which certainly is the most straightforward
approach and avoids complex synthetic pathways [23]. Clearly, many properties of
the MNPs important to the formation of L- and LB-films are controlled by their
protective coating, which is why we structured the following part of individual
contributions based on the types of coatings, with the exception of the part on
magnetic MNPs.

Before we begin with the discussion of individual papers we should provide
some general information on the processing of MNPs by the LB method and
guidance on how to interpret published results. We start with typical conditions for
the processing of L-films and LB-films. Most common spreading solvents are
chloroform and toluene but limited solubility especially of charged MNPs required
the use of solvent mixtures such as dimethyl sulfoxide (DMSO) and chloroform.
Concentrations of the MNPs in the spreading solvent are rarely provided because
their low solubility usually requires 1-5 mL of saturated solution. These large
volumes must be carefully and dropwise added at different locations of the liquid
subphase to avoid early formation of three-dimensional aggregates. MNPs much
larger than 20 nm in diameter are usually not sufficiently soluble and are spread as
dispersions after extensive sonication. The most common subphase still is ultra-
pure water but especially hydrophobic MNPs have been reported to spread better on
ethylene glycol and diethylene glycol [24].

A common problem with MNPs is their strong propensity for self-aggregation
into islands of solid domains or even three-dimensional aggregates. This may be
circumvented by a careful spreading procedure and fast enough compression of the
L-film. Typical reported compression rates are between 5 and 15 cm?/min and
maximum surface pressures before buckling of the L-film occurs are 10-15 mN/m.
However, much higher collapse pressures of 30 mN/m and larger have also been
reported. Defects in the rigid monolayers may be improved by compression-
expansion cycles if the compression is at least partially reversible [25]. Both, the
collapse pressure and the packing order of MNPs in the L-film critically depend on
the purity of the MNPs and their size distribution, which complicates the com-
parison of results obtained by different groups. Especially the presence of excess
protective ligand or polymer is often not carefully evaluated and may be the main
reason for a less ordered packing. We also note that the evaluation of the phase
behaviour in L-films solely based on pressure-area isotherms can be rather mis-
leading. Studies of the phase behaviour must be accompanied at least by Brewster
angle microscopy while the analysis of transferred LB films may not provide
reliable information on the structure of the preceding L-film, especially if trans-
ferred at low surface pressures.
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Transfer of L-films onto hydrophilic and hydrophobic substrates is usually
achieved by vertical up-stroke (LB-technique) or horizontal lift-up (Langmuir-
Schéfer technique) at speeds of 0.1-1.0 mm/min. In some studies the up-stroke
angle was altered to values of around 105° to minimize film ruptures or the L-film
was lowered onto a submerged substrate by removing a part of the liquid subphase
[19]. Transferred (LB) films are typically studied by tunneling and scanning
electron microscopy (TEM) (SEM), atomic force microscopy (AFM), and grazing-
incidence small angle X-ray scattering (GIXD). We note that only the latter tech-
nique provides reliable information on the long-range order of close-packed
arrangements of MNPs.

Most common applications of LB-films of MNPs are photonic devices [26, 27]
and substrates for surface enhanced resonance measurements [28-31]. One
advantage of the LB method is that the electronic and magnetic interactions
between MNPs can be altered by varying the average interparticle distances through
variation of the surface pressure. Also tested has been the incorporation into bulk-
heterojunction polymer solar cells [32], sensors for mercury detection [33] and
organic acids and phenols [34], and catalysts for CO oxidation [35, 36].

8.2.2 LB-Films of MNPs Protected by Alkylamine
and Alkylthiolate Ligands

MNPs, especially gold NPs, protected by a self-assembled monolayer of alkylthi-
olates or alkylamines have been most widely studied because of their relatively
straightforward synthesis. With increasing length of the ligand’s alkyl chains, these
MNPs become increasingly hydrophobic since the partially charged surface of the
metal core is better shielded from the outer surface of the MNP by longer alkyl
groups. Still, even the most hydrophobic MNPs may form reasonably stable L- and
LB-films if their size distribution is sufficiently narrow and their protective layer is
adequately stable. However, the collapse pressures of their L-films were often small
with values between 5 mN/m for weakly attached laurylamine ligands [23] and
15 mN/m for dodecanethiolate [37] on gold NPs. A change from dodecanethiolate
to pentanethiolate protective ligands resulted in the expected decrease in surface
area per NP from 11 to 6 nm? and a shorter distance between gold cores as
confirmed by GIXD studies. Unexpected was the twice as high collapse pressure
(30 mN/m) of the pentanethiolate protected gold NPs when compared to the dod-
ecanethiolate protected NPs because ligands with longer alkyl chains generally
provide a higher stability to the NPs. However, compressed monolayers of both
gold NPs displayed the expected hexagonally close-packed arrangement at the
air-water interface.

Similar values were reported by Medina-Plaza et al., Chen et al., and James et al.
Medina-Plaza et al. generated LB monolayers of dodecanethiolate protected gold
NPs on ITO electrodes for applications in electrochemical sensing [34]. They
reported the formation and successful transfer of L-films of mostly hexagonally
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close-packed gold NPs at a surface pressure of 10 mN/m and a surface area per
MNP of 30 nm? for NPs with a diameter of 4.9 + 0.5 nm. However, the L- and LB-
films consist of small domain structures with no long-range order and frequent
defect sites. Chen et al. deposited LB monolayers of dodecanethiolate protected
gold NPs on ITO electrodes to enhance the efficiency of photovoltaic devices [32].
They reported similar optimum surface pressures of about 10 mN/m for the transfer
of close-packed L-films of gold NPs of core diameters 3, 6, 10, and 16 nm.
However, TEM images revealed many more defects, especially empty areas, for the
LB films of the larger gold NPs (10 and 16 nm) than for the smaller MNPs. The
authors also observed the often reported self-aggregation and island formation at
low surface pressures.

James et al. utilized commercially available 4-tert-butylthiophenol protected
gold NPs of 4.3 nm diameter with a standard deviation of 2.5 nm for the preparation
of L- and LB-monolayers on quartz [33]. Close-packed films were obtained at a
surface pressure of 15 mN/m while films with larger interparticle spacing were
generated at a lower surface pressure of 8 mN/m. The less densely packed films
were less sensitive for mercury vapour measurements by about 50 % but provided a
faster mass flux of mercury. The authors also tested the heat stability of the films for
thermal recovery and observed coalescence of gold NPs at 513 K to MNPs of about
8 nm diameter.

Changes in collapse pressure as observed for dodecanethiolate and pentanethi-
olate protected gold NPs may be caused by differences in size distributions but
different degrees of crystallinity of the alkyl chains will also contribute to the
observed differences. Thiolate ligands with alkyl chains of 12 or more carbon atoms
usually generate crystalline domains of alkyl groups while shorter alkyl chains do
not. So, alkylthiolate protected MNPs with shorter alkyl chains may be “softer”
than those with longer alkyl chains, which is counterintuitive at first glance. In fact,
a recent study on the chain length dependence of collapse pressures of alkylthiolate
protected gold NPs confirmed increases in collapse pressure of more than 30 mN/m
for the NPs with longer alkyl chains (Fig. 8.2) [38]. The authors could show that
this is mainly an effect of the order-to-disorder (melting) transition of the alkyl
chains. Alkyl chains with even numbered carbons of 14 or more are crystalline and
generate L-films of much higher collapse pressure if the L-film studies are con-
ducted at 22 °C.

Matsumoto et al. performed LB studies on almost monodisperse Au;4; and Auss
NPs with hexylthiolate (NP diameter = 3 nm and core diameter = 1.8 nm) and
octadecylthiolate ligands (NP diameter = 5 nm and core diameter = 1.3 nm),
respectively [39]. Both gold NPs formed L-films that could be transferred onto TiO,
(110) surfaces at surface pressures of 10 and 3 mN/m. TEM analysis of the films
obtained at 10 mN/m revealed an ordered hexagonal packing over distances larger
than 1 pm and interparticle distances in agreement with the sizes of the MNPs
(Fig. 8.3a). However, investigations by scanning transmission microscopy (STM)
clearly demonstrated the labile character of these films as NPs were moved and
removed by the STM tip (Fig. 8.3b, ¢). The low density films transferred at 3 mN/m
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were even more loosely packed and could not be studied by TEM and STM because
of the high mobility of gold NPs on the surface.

In an early LB study, Heath et al. reported the formation of long-range hexag-
onally close-packed two-dimensional layers for alkylthiolate protected gold and
silver NPs that have the right combination of core size and alkyl chain length if the
size distribution is sufficiently small [40]. They proposed that the assembly of
MNPs strongly depends on the amount of excess (conical) volume (V) available to
the passivating ligands. For V. > 0.35 nm®, large interpenetration of the alkyl chains
of adjacent particles generates extended one-dimensional structures at low surface
pressures and two-dimensional foam-like phases at high pressures. Attractive dis-
persion forces between metal cores dominate for V., < 0.35 nm? but are sufficiently
reversible to generate long-range hexagonally close-packed two-dimensional layers
of MNPs for V. values larger than 0.15 nm°. V, values below 0.15 nm? result in the
often observed irreversible self-aggregation of MNPs.

Clearly, the behavior of MNPs protected with alkylamines and—thiolates in
L- and LB-films is complex because it depends on many different parameters such
as size, size distribution, linking group, length of alkyl chain, spreading solvent, pH
and temperature of subphase, and the ligand to gold ratio. An exact comparison of
results reported by different groups may be possible if only one parameter changes
but the preparation of two identical batches of monolayer protected MNPs is
already a challenge due to synthetic limitations. However, the reliable and
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Fig. 8.3 a SEM image of hexagonal pattern of hexaylthiolate protected gold NPs on a TiO, (110)
substrate. STM images of the same gold NPs on TiO, that reveal the removal of NP C in image
(b) by the STM tip to give image (c¢) [39]. Reprinted from [39], Copyright 2007, with permission
from Elsevier

reproducible preparation of layers consisting of hexagonally close-packed MNPs of
long-range order, as required for many applications, does not seem to be feasible. A
central problem is the self-aggregation of hydrophobic and most other MNPs at the
air-water interface that generates floating islands of irreversibly associated MNPs.
The glass-like rigid structure of these island phases prevent rearrangements of
MNPs that are required for the formation of defect free films with long range
packing order upon compression at the air-water interface. Many research groups
chose the addition of a second spreading component, such as excess ligand, a
surfactant, or just alkanes, as a versatile option to improve the interfacial properties
of monolayer protected MNPs.
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In a recent study, Gagnon et al. demonstrated that a simple addition of alkanes to
gold NPs protected by tetradecylthiolate generates a liquid expanded phase of
improved fluidity and reversibility as confirmed by compression—expansion hys-
teresis measurements [41]. The added alkane is assumed to be incorporated into the
alkyl layer of the gold NPs to minimize the conical free volume of the ligand shell.
This incorporation is reversible as the alkanes are assumed to be partially squeezed
out upon compression. Particularly interesting is the reported dependence on
temperature and length of the added alkane. In this study good mixing between the
tetradecylthiolate protected gold NPs and an alkane only occurs at temperatures
below the melting point of the alkyl chains attached to the MNP (order-to-disorder
transition) and if the added alkane has at least the same number of carbon atoms as
the alkyl group of the ligand. However, defect free films with long-range hexag-
onally close-packed order were not obtained and the addition of alkanes either
lowered the collapse pressure or generated featureless pressure-area isotherms for
all fluid liquid expanded films.

A unique approach to more stable L-films of alkylthiolate protected gold NPs
was reported by Sanders et al. [42]. They added a solution of 1,12-dithioldodecane
to L-films of alkylthiolate protected gold NPs with alkyl chains ranging from 6 to
18 carbon atoms at a low surface pressure of 0.2 mN/m. Expectedly, the L-films of
MNPs with alkyl chain lengths of 6-14 carbon atoms had collapse pressures of
below 15 mN/m, were rather disordered, and difficult to transfer as intact films.
Addition of 1,12-dithioldodecane increased collapse pressures to values above
20 mN/m (Fig. 8.4), generated larger areas of close-packed order, and allowed a
transfer by the LB and Langmuir-Schéfer techniques. This change in properties was
reasoned with an apparent cross-linking of the MNPs at the air-water interface.
Other evidence of cross-linking was provided by TEM images that revealed
membrane like properties of the L-films (Fig. 8.5). In contrast, collapse pressures of
gold NPs protected by hexa- and octadecylthiolates were larger than 30 mN/m and
decreased upon addition 1,12-dithioldodecane and so did the degree of order of
their assembly. This is not surprising as the dithiolate is much shorter than the
interparticle distance between these MNPs and probably also does not easily insert
into the more crystalline ligand layer of hexa- and octadecylthiolates.

8.2.3 LB-Films of MNPs Containing Polar Ligands

Another and more widely approach to L- and LB-films with larger collapse pres-
sures is the addition of surfactant molecules or ligands with polar terminal groups to
hydrophobic alkylthiolate and alkylamine protected MNPs. Experimentally most
straightforward is the co-deposition of hydrophobic MNPs protected by outer alkyl
groups with an amphiphilic compound. Swami et al. showed that laurylamine
protected gold NPs do not form stable L-films and are not amenable to transfer onto
substrates [23]. Addition of water insoluble octadecanol to the spreading solution of
laurylamine protected gold NPs significantly improved the amphiphilicity and
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stability of the L-film that could now be transferred onto substrates to form mono-
and multi-layer LB-films. Unfortunately, large increases in surface pressure over
time after spreading and surface areas per cluster that were four times the maximum
estimated area indicated structural rearrangements of the MNPs. This assumption
was corroborated by a comparison of TEM images of as prepared laurylamine
protected gold NPs and after their deposition as LB monolayer that revealed an
overall increase in size and in size distribution of the gold cores from initially 5
(#0.5) nm to 8-28 nm. Clearly, the weakly attached laurylamine ligands do not
provide sufficient stability for LB studies and probably rearrange and exchange in
the presence of octadecanol. The increased area per cluster are likely generated by
areas just covered with octadecanol as the amount of octadecanol that inserts into
the alkyl layer of the gold NPs is limited and will likely change with surface
pressure.
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Fig. 8.5 High (a) and low (b) resolution TEM images of crosslinked hexanethiol protected gold
NP that reveal uniform particle distribution, symmetric tears, and possible folding of the flexible
film. Reprinted from [42], Copyright 2014, with permission from Elsevier

Bjornholm and co-workers conducted a comparable study with more stable
alkylthiolate protected gold NPs and, perhaps more importantly, they added the
amphiphilic compound as a functionalized alkylthiolate to generate gold NPs with
two different types of ligands (e.g. dodecanethiolate and 11-hydroxyundecanethi-
olate) [37]. The most important outcome of these studies is that the randomly
attached thiolate ligands are sufficiently mobile to rearrange at the air-water inter-
face. Amphiphilic Janus type gold NPs are generated since most of the ligands
bearing terminal hydroxyl groups migrated so that they face the aqueous phase
(Fig. 8.6). Expectedly, the collapse pressures of their L-films increased from
15 mN/m for just dodecanethiolate ligands to over 30 mN/m for a 5:1 mixture of
dodecanethiolate and 11-hydroxyundecanethiolate. The authors also could show by
GIXD studies that entirely hydrophobic gold NPs protected by a mixture of dod-
ecanethiolate and pentanethiolate also respond to the interfacial conditions by
generating more elongated NPs when compressed as L-film. The observed packing
distances agree with an expulsion of the long-chain ligands from the plane of the
monolayer as a response to the increased surface pressure. Similar rearrangements
of ligands have also been observed in self-organizing MNPs discussed later.

Most widely applied has been the addition of amphiphilic molecules that likely
add a second layer of ligands by interdigitation of the aliphatic chains. In the
simplest case, it is the addition of excess ligand as recently reported by Lau et al.
[43]. They prepared nearly monodisperse gold NPs of 8.0 nm core diameter that
were protected by a monolayer of oleylamine. These NPs do not form defect free
monolayers at the air-water interface because of their strong tendency to aggregate.
Addition of an extra amount of oleylamine diminished self-aggregation so that
L- and LB-films of long-range hexagonally close-packed order were obtained
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Fig. 8.6 Randomly attached alkylthiolate and 11-hydroxyundecanethiolate ligands rearrange on a
gold NP surface to generate amphiphilic Janus-type NPs at the air-water interface. Reproduced
from [37] with permission of The Royal Society of Chemistry

(Fig. 8.7). It is assumed that the extra amount of oleylamine attaches to the NPs so
that their aliphatic chains mix (interdigitate), which generates amine and ammo-
nium groups at the outer surface of the gold NPs. Amine groups provide a better
interaction with the aqueous phase while ammonium groups prevent strong self-
aggregation due to charge repulsion. Notably, the excess oleylamine may also be
added to compressed L-films of oleylamine protected gold NPs that already contain
multilayers and other defects to generate L-films of similar long-range hexagonally
close-packed order described above (Fig. 8.8).

An elegant approach to the synthesis of surfactant protected silver NPs was
presented by Lee et al. [44]. They reported the formation of stearate protected silver
NPs by thermal decomposition of a multilayer film of silver stearate at 550 K. The
obtained MNPs of 4 nm diameter readily form monolayer assemblies at the air-
water interface with an astonishing collapse pressure of 59 mN/m, which is higher
than for a monolayer of just stearate molecules. The high stability of the NP
monolayer is reasoned with significant interdigitation between the alkyl chains of
stearate ligands on adjacent silver NPs. Interdigitation between ligands was sup-
ported by interparticle distances of 3-3.5 nm measured by TEM, which was
0.5-1.0 nm smaller than the predicted diameter based on the length of stearate
ligands (Fig. 8.9). Also successful was the transfer of these stearate protected silver
NPs onto substrates by the LB technique.
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Fig. 8.7 SEM images of LB films of oleylamine protected gold NPs transferred onto silicon
substrates without (a) and with excess oleylamine (b). Reprinted (adapted) with permission from
[43]. Copyright 2012 American Chemical Society
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Fig. 8.8 LB assembly process of oleylamine protected gold NPs with and without addition of
excess oleylamine (OA) [43]. Reprinted (adapted) with permission from [43]. Copyright 2012
American Chemical Society

Similarly, the addition of fatty acid w-tricosenoic acid to mercaptoaniline pro-
tected palladium NPs significantly improved their interfacial properties [45].
L-films of the pure mercaptoaniline protected palladium NPs with a core diameter
of 1.5-2.0 nm collapsed at surface pressures larger than 6 nm/m but assembled into
a monolayer at very low pressure of 2 mN/m. Addition of w-tricosenoic acid to the
spreading solution increased the film’s robustness to a surface pressure of 30 mN/m
and these mixed L-films could be readily transferred by vertical dipping while
the pure monolayer could only be transferred horizontally by trough draining.
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Fig. 8.9 TEM image of stearate protected silver NPs obtained by thermal decomposition of a
multilayer film of silver stearate at 550 K [44]. Springer and the original publisher/The European
Physical Journal D-Atomic, Molecular, Optical and Plasma Physics, 16, 2001, 293-296, Phase
Behavior of organic-inorganic crystal, S.J. Lee, S.W. Han, H.J. Choi, and K. Kim, Fig. 8.3,
original copyright notice) with kind permission from Springer Science and Business Media

A comparison of the surface areas per entity of the pure components and the
mixture as well as IR studies agree with a side-by-side arrangement of palladium
NPs and w-tricosenoic acid in the L- and LB-films and no significant H-bonding
between the aniline and carboxylic acid groups.

8.2.4 LB-Films of MNPs Protected by Ionic Surfactants

Tonic surfactants have also been used as additives, which allows for a combined
application of electrostatic assembly with the LB technique. In addition, these
MNPs are more biocompatible especially if fatty acids and amines or other
chargeable biomolecules are incorporated. Sastry et al. generated MNPs with an
outer layer of carboxylic acid or amine groups by adding neutral fatty acid or amine
molecules to alkylthiolate protected silver and gold NPs [9, 46]. At carefully
controlled conditions interdigitation between aliphatic chains of the fatty acid or
amine and the alkyl groups of the ligands results in the formation of a bilayer. This
phenomenon appears to be unique to NPs as a similar bilayer formation is not
observed for self-assembled monolayers of alkylthiolates on flat silver and gold
surfaces, probably because of insufficient free volume. At pH =9 a carboxylic acid
terminated bilayer MNP is charged and dissolves in the aqueous subphase but
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Fig. 8.10 a Pressure-area isotherms of octadecylamine before and after the exposure to lauric acid
protected silver NPs dissolved in the aqueous subphase for 15 min (Line 1), 60 min (Line 2), and
120 min (Line 3). b Cartoons of the octadecylamine L-film after exposure to lauric acid protected
silver NPs and the proposed interdigitated bilayer of lauric acid on the surface of the silver NPs [9].
Copyright 1998 American Chemical Society

attaches electrostatically to an oppositely charged L-film of fatty amines that are
also charged at this pH (Fig. 8.10). Obviously, amine and acid groups may also be
exchanged and oppositely charged MNPs may also be used for electrostatic
assembly. Complex multilayers were generated at the air-water interface by alter-
nating addition of oppositely charged species, including single-stranded DNA and
other charged biomolecules, to the aqueous subphase. Transfer of these electro-
statically assembled multilayer L-films onto substrates is possible but the authors
also highlight other processing options based on thermally evaporated fatty lipid
films. We note that these charged MNPs may also be processed by electrostatic
layer-by-layer deposition without the help of the LB technique as described later.

Cationic monomeric and gemini imidazolium surfactants were studied as pro-
tective ligands for silver NPs by Datta et al. [47]. Since the NPs were synthesized in
aqueous solution it is assumed that polar imidazolium groups point towards the
silver surface and towards the water phase to generate bilayers around the NPs. This
structure probably remains unchanged upon transfer into chloroform as spreading
solvent. The spacer length between imidazolium units in the gemini structures
proved to be an important parameter as it affects the shape of the formed silver NPs
and the order of the aggregates generated at the air water interface (Fig. 8.11). All
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Fig. 8.11 Pressure-area isotherms for silver NPs protected with monomeric (Ip) and gemini
imidazolium surfactants of varying spacer length (2—12 carbon atoms) at 28 °C. On average, an
area of 40 + 5 A per silver NP protected by gemini surfactants is obtained for the extrapolated
onset of surface pressure [47]. Reprinted from [47], Copyright 2014, with permission from
Elsevier

silver NPs display the gas-analogous state at low pressures, the liquid-condensed
phase at intermediate pressures, and a solid-analogous phase at high pressures,
which is ideal for the formation of long-range ordered assemblies. However,
especially silver NPs protected by gemini imidazolium surfactants with shorter
spacers already self-aggregate at low surface pressures to generate islands of con-
densed phases of close-packed structures. AFM images of LB films confirmed the
presence of islands and multilayer assemblies.

Charges may also be attached to MNPs via charged protective ligands. Sashuk
et al. prepared gold and silver NPs that were protected by a mixture of two ligands
[48]. One ligand was the hydrophobic 1-undecanethiol and the other ligand con-
tained a charged or chargeable end group, such as 11-mercaptoundecyltrimethy-
lammonium chloride and 11-mercaptoundecanoic acid. Attachment in solution
should give a rather random distribution of the two ligands but the ligands are
expected to rearrange at an air-water interface with the charged ligands facing the
water surface. Similar rearrangements of polar and apolar thiolate ligands were
reported by Bjernholm and co-workers and described above [37]. To ensure
insolubility in water not more than 15 % of the ligands per NP can be charged,
which is sufficient to generate amphiphilic MNPs that form stable L- and LB-films
(Fig. 8.12). Surprisingly, cationic MNPs with ammonium end groups gave higher
ordered and more stable two-dimensional assemblies than anionic MNPs with
carboxylic acid. For example, cationic MNPs withstood surface pressures of
40 mN/m whereas L-films of anionic MNPs already collapsed at 25 mN/m. This
difference is explained with strong H-bonding between remaining carboxylic acid
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groups at the MNP’s surface. However, long-range order of hexagonally close-
packed NPs was neither achieved with cationic nor with anionic MNPs even though
the former generated significantly larger defect-free domains.

8.2.5 L- and LB-Films of MNPs Protected by Polymers

Protection by MNPs by a polymer layer rather than ligand molecules usually
increases the stability of the MNPs and their overall size because polymer layers
tend to be thicker, denser, and less uniform than self-assembled monolayers of
molecular ligands. A comparative study on gold NPs protected by a molecular
surfactant oleylamine, which probably forms a partial bilayer, and poly(vinyl
pyrrolidone) (PVP) was provided by Benkovi¢ova et al. [49]. Unfortunately, the
core sizes and size distributions of the two samples were significantly different with
core diameters of 14.6 (£15) and 24.4 (£20) nm for oleylamine and PVP, respec-
tively, although the thickness of the organic layer was almost identical with 0.7 and
0.8 nm, respectively. Nevertheless, both samples of gold NPs assembled into
hexagonally close-packed arrays of relatively long-range order as LB-films on silica
substrates and, more surprisingly, by drop casting onto silica substrates (Fig. 8.13).
Clearly, the lower polydispersity of the oleylamine protected gold NPs is the main
reason for the generation of more ordered self-assembled arrays. The authors do not
mention any problems with self-aggregation of these comparatively large MNPs.
Polyvinylpyrrolidone was also used as protective layer for rhodium NPs
(nanocrystals) by Zhang et al. [50]. L-films were deposited onto silicon wafers by
the Langmuir-Schéffer method at different compression pressures. TEM analysis of
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Fig. 8.13 SEM images of
monolayers of gold NPs
protected by oleylamine

(a) and polyvinylpyrrolidone
(b) obtained by drop casting
onto silica substrates [49].
Springer and the original
publisher, Chemical Papers,
Preparation of sterically
stabilized gold nanoparticles
for plasmonic applications,
67,2013, 1225-1230, Monika
Benkovicova, Karol Végso,
Peter Siffalovi¢, Matej Jergel,
Eva Majkova, Stefan Luby,
Alexander Satka) with kind
permission of Springer
Science+Business Media

the monolayer LB-films revealed a constant increase in surface coverage with
increasing surface pressure (11, 24, and 33 % at 4.4, 8.1, and 10.4 mN/m,
respectively) in Fig. 8.14a. Buckling of the L-film to multilayers was observed at a
surface pressure of 12.9 mN/m in Fig. 8.14b. However, smaller sized particles
(6.5 and 8.3 nm in diameter) showed higher surface coverage than larger particles
(13.5 nm) when compression pressures below 10 mN/m were applied, which was
reasoned with a lower polydispersity of the smaller rthodium NPs. At surface
pressures greater than 10 mN/m the samples showed large deviations in surface
coverage (35-64 %) that are likely caused by the different geometric shapes of the
formed rhodium nanocrystals. Interestingly, all tested LB-films showed catalytic
activity for the hydrogenation of ethylene, which confirmed that active surface area
was available on the rhodium NPs despite the polymer coating.

A rather unique approach was chosen by Genson et al. who attached an
amphiphilic V-shaped polymer to gold NPs [51]. The structure of the attached
ligand containing a hydrophobic polybutadiene chain and a hydrophilic poly(eth-
ylene glycol) chain is given in Fig. 8.15a. These ligands were not attached by ligand
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Fig. 8.14 TEM images of LB films of 8.3 nm Rh nanocrystals transferred at surface pressures of
a 10.4 mN/m (monolayer) and b 12.9 mN/m (multilayer). Reprinted (adapted) with permission
from [50]. Copyright 2007 American Chemical Society

exchange or during the formation of the MNPs but via an esterification of mer-
captophenol protected gold NPs of 2 nm diameter to generate a dense organic layer.
Due to their amphiphilic coating the MNPs spread well at the air-water interface
with an onset of surface pressure at a surface area of 200-250 nm*MNP and a
minimum area of 30 nm%*MNP before collapse at a surface pressure of 18 mN/m.
Compression was reversible and a condensed monolayer was obtained at a surface
area per MNP of 140 nm?. Comparison of the measured areas per MNP in the L-
films and AFM studies on LB-films suggest a dissolution of most poly(ethylene
glycol) chains in the aqueous subphase upon compression and a preferential
arrangement of the polybutadiene chains at the air-water interface to generate
MNPs of pancake-shape (Fig. 8.15b).

Tao et al. demonstrated that much larger MNPs can also be processed into LB-
films of long-range order [52]. They prepared silver NPs (nanocrystals) of diam-
eters of 100-250 nm and different polyhedral shapes that were protected by
PVP. Transfer onto silicon wafers was accomplished at different surface pressures
between 0 and 14 mN/m to change plasmonic properties by changing average
interparticle distances from 40 nm to about 2 nm, respectively. Related work with
PVP protected silver and gold NPs, nanocubes and nanocages, respectively, was
reported by Mahmoud et al. [27]. Their MNPs were smaller in size with diameters
of about 75 nm and surface pressure well above 30 mN/m could be reached before
the L-films collapsed. However, LB-monolayers with uniform distribution of MNPs
were obtained only at low particle density and with MNPs that contained only very
small amounts of free PVP. Even smaller are the PVP protected platinum NPs
reported by Song et al. with sizes of about 10 nm [26]. Samples with primary cubic,
cuboctahedral, and octahedral shapes generated LB monolayers of similar order.
However, surface pressures as low as 6 mN/m already generated LB-films with
MNPs escaping into the third dimension.



8 Directed Assembly and Self-organization ...

Fig. 8.15 a Chemical
structure of a monomer unit of
the V-shaped ligand (PB-
PEG), and b a simplistic
molecular model of a gold NP
coated with ten V-shaped
ligands that have poly
(ethylene glycol) chains in an
amorphous state. Reprinted
(adapted) with permission
from [51]. Copyright 2006
American Chemical Society

8.2.6 L- and LB-Films of Magnetic MNPs
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Many properties of magnetic MNPs also depend on their size, size distribution, and
types of protective ligands as discussed above but we decided to grant them a
separate part because of their unique magnetic interactions and properties. Magnetic
dipole-dipole interactions may affect their assembly in L- and LB-films if the MNPs
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have sufficiently large volumes and high magnetic moments. Magnetic dipolar
interactions one order of magnitude stronger than the thermal energy of MNPs at
room temperature have been reported as well as precipitation of 14 nm cobalt NPs
due to too strong magnetic interactions. We refer to a recent review by Bellido et al.
for more details on magnetic interactions and the processing of magnetic NPs in
general [53]. Reviewed in the following are L- and LB-films of MNPs, not
including metal oxide NPs, which reduces the number of examples to sufficiently
air stable iron and cobalt containing NPs.

L- and LB-films of iron/platinum NPs have been reported by two groups. Wang
et al. prepared iron/platinum NPs protected by oleic acid and oleylamine with a core
diameter of 4 nm and a standard deviation of less than 10 % [54]. These mainly
hydrophobic MNPs generated close-packed assemblies at the air-water interface
and could be transferred onto substrates at surface pressures between 15 and
20 mN/m that equal a surface area per MNP of 60—70 nm”. Unique of this study is
the comparison of LB-film formation on substrates of different hydrophilicity
according to surface contact angle measurements. Intact LB monolayers of close-
packed MNPs were obtained only on substrates with contact angles of water larger
than 65°, which is considered as the boundary between hydrophobic and hydro-
philic behavior.

Less successful were Wen et al. with their attempt to generate LB films with 3—
4 nm iron/platinum NPs protected by PVP [55]. Although pressure-area isotherms
reveal high collapse pressures of larger than 50 mN/m for L-films of pure MNPs
and their mixture with stearic acid, their transfer onto carbon-coated copper TEM
grids generated discontinuous films with multilayer areas. We assume some of these
feature are already present in the L-film and generated by the transfer process,
which suggests the MNPs self-aggregate relatively strongly. This conclusion,
however, is contrary to what the authors concluded.

Thorough LB studies with relatively air-stable cobalt NPs protected by trid-
odecylamine were presented by Johans et al. [19]. They illustrate the importance of
Brewster Angle Microscopy measurements in conjunction with pressure-area iso-
therms to identify self-aggregation and island formation of the MNPs. Contrary to
several reports on surfactant supported L-film formation discussed above, the
authors concluded from careful comparative studies that the presence of excess
tridodecylamine (cobalt NPs were not repeatedly washed to remove all excess
tridodecylamine) does not aid the spreading of cobalt NPs but tridodecylamine
competes for surface area and promotes self-aggregation that even led to the pre-
cipitation of aggregates of cobalt NPs from the interface. Most likely, the steric bulk
of tridodecylamine makes it much less useful as amphiphilic additive when com-
pared to conventional fatty acids and amines. Another interesting result is the
observation that the MNPs spread much better and more reversibly on ethylene
glycol than on water because of its lower polarity and surface tension. The authors
also compared different spreading solvents (chloroform, toluene, and hexanes) that
affected the types of self-aggregates that are formed (Fig. 8.16) but all these
measures did not generate close-packed L-films that could be transferred onto
substrates. The best quality L- and LB-films were obtained from mixtures of
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Fig. 8.16 TEM images of self-aggregated tridodecylamine protected cobalt NPs nanoparticles on
ethylene glycol after evaporation of hexane (a, b) or toluene (¢, d) solutions. Reprinted (adapted)
with permission from [19]. Copyright 2010 American Chemical Society

tridodecylamine protected cobalt NPs with a block co-polymer PS-b-PEO on eth-
ylene glycol as subphase. These films displayed superparamagnetic behavior at
room temperature.

MNPs of cobalt alloys were studied in the groups of Singla [56] and Weller [24].
Singla and co-worker synthesized cobalt/nickel NPs of 8 nm diameter and rea-
sonably small size distribution that were stabilized by PVP. Good quality L- and
LB-films (up to six layers) were obtained when the spreading solution contained
stearic acid and films were vertically transferred at a surface pressure of 30 mN/m
and area per NP of 60—70 nm?. AFM images of bilayers transferred onto glass
slides are in agreement with a transfer of overall smooth, close-packed monolayers
but some larger aggregates were also present. Weller and co-workers investigated
8 nm cobalt/platinum NPs of spherical and cubic shapes that were protected by
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Fig. 8.17 SEM images of cobalt-platinum NPs monolayers transferred onto silicon wafers at
various dipping angles. Light areas represent coverage by NPs while dark areas are uncovered by
NPs. Reprinted (adapted) with permission from [24]. Copyright 2008 American Chemical Society

hexadecylamine. Essential for the formation of close-packed and relatively defect
free L-films was a careful removal of excess hexadecylamine to avoid the formation
of double layers of nanoparticles at domain boundaries and improve dispersion at
the interface. The authors also demonstrated that good quality monolayers were
formed on the less polar diethylene glycol but not on water as subphase, which
seemed to be generally true for hydrophobic MNPs. The optimum surface pressure
for transfer was determined to be 8 mN/m and a surface area per NP of 30 nm?
Finally, they reduced the number of defects in transferred films by optimizing the
dipping angle to 105°, in between vertical and horizontal transfer (Fig. 8.17).

8.2.7 LB Multilayers of MNPs

Most of the work presented above is focused on the preparation of monolayers
whereas Kundu et al. presented some interesting results on the preparation of LB
multilayers with dodecanethiol protected gold NPs of core diameters of 1.4 and
3.4 nm [57-59]. They succeeded in the formation of multilayers by sequential
transfer of monolayer L-films onto H-terminated Si(001) substrates by vertical
down-up cycles (LB method) at a surface pressure of 8 mN/m. To their surprise
only odd numbered multilayers were generated, which they reasoned with a change
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from Z-type to Y-type LB deposition after the first down-up cycle. In other words,
no monolayer is deposited at the first down stroke but only at the first up-stroke. To
reason this finding the authors hypothesized that the Si(001) substrate required
some pre-wetting before deposition of gold NPs occurred.

Perhaps more surprising is that the authors apparently generated multilayer
L-films by a simple increase in surface pressure beyond the collapse pressure of the
monolayer. They reported the irreversible formation of bi-, tri-, and tetralayer films
at surface pressures of 16, 21, and 25 mN/m, respectively. X-ray diffraction
investigations of multilayer films transferred onto Si(001) substrates revealed some
ordering of the MNPs and an unusually short interparticle distance between layers
that suggested a strong interpenetration. However, the exact structures of the
multilayer films remain unclear and, more importantly, are not stable over time. All
multilayer films collapse over months into a monolayer of randomly assembled
gold NPs of various but increased sizes [59]. Clearly, the close-packing of the gold
NPs compromises their stability towards coalescence. The authors also show that
the kinetic and mechanism of the collapse of the multilayer films depends on the
chemical nature of the substrate surface by investigating the process not only
on H-terminated Si(001) substrates but also Br- and HO-terminated Si(001)
substrates [58].

8.3 Layer-by-Layer Deposition of Metal Nanoparticles

8.3.1 Introduction

Charged and uncharged MNPs may also be processed into thin films by a process
called Layer-by-Layer (LbL) deposition that is somewhat related to the formation of
LB-films but does not provide a direct control over the packing order and density
within each layer. The method typically relies on electrostatic interactions between
oppositely charged compounds, although examples that utilize H-bonding and other
intermolecular forces have also been reported [60], and was initially developed for
the LbL deposition of polyelectrolytes. However, many other molecular species
have been incorporated into these multilayer films over the past two decades
including charged MNPs and other colloidal particles [61-63]. In fact, the first
reported electrostatic LbL. deposition was actually utilizing colloidal particles and
not polymers [64]. Charged MNPs are well suited for this technique because only a
fraction of the attached charged groups can interact with the oppositely charged
surface to leave a sufficient number of charges for the deposition of the next,
oppositely charged layer. In other words, a non-stoichiometric excess of charged
groups is deposited with each new layer relative to the preceding layer.

The generic process of LbL deposition is rather straightforward and illustrated in
[65]: (a) A charged substrate is dipped into a solution containing oppositely charged
material which will bind to the substrate. (b) The coated substrate is taken out of
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Scheme 8.1 Simplified cartoon of LbL assembly procedure driven by electrostatic attraction
between adjacent films [65]. Reprinted from [65], Copyright 2010, with permission from Elsevier

solution and washed with solvent to remove excess material. (c) The substrate is
then dried in air or a flow of inert gas to remove most solvent from the washing
step. (d) The coated substrate is now immersed into a solution of an oppositely
charged material to form the next layer on top. (e) The generated bilayer is again
washed with solvent and dried before the process is repeated to build up multilayer
films (Scheme 8.1).

One of the main attractions of the LbL method is its technical simplicity and
applicability to many different types of surfaces but the apparent straightforward
coating process may be deceptive since a range of different parameters must be
taken into account to control the structural outcome. Important factors and prop-
erties that affect the structure of the formed LbL layer are the physical properties of
the poly-charged species (e.g. elasticity and surface roughness), surface charge
density, ionic strength and concentration of the solutions, the timeframe of
adsorption, and the rinsing and drying process [66]. Each of these properties must
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be optimized and accurately monitored to reproducibly generate the desired
structure by LbL deposition.

Characterization of the generated LbL films depends on the same spectroscopic
and diffraction methods as the characterization of LB-films. The lack of pressure-
area isotherms and known exact amount of deposited compounds is often com-
pensated for by quartz-crystal microbalance measurements.

8.3.2 LbL Deposition of Ionic MNPs

Ionic MNPs have been generated by the attachment of ionic ligand molecules, ionic
dendrimers, and polyelectrolytes and have been deposited either as alternating
layers of anionic and cationic MNPs or, more often, as alternating layers with
oppositely charged polyelectrolytes. In all these cases electrostatic interactions
dominate the LbL deposition and the structure of the resulting multilayer films
depends on several processing parameters such as pH and ionic strength of the
coating solutions and exposure time. However, highly ordered arrangements of
MNPs, as achievable with the LB method, have rarely been generated by the LbL.
method. Also, in-plane packing distances between MNPs of the same charge remain
low, surface coverage is often below 30 %, because of coulomb repulsion.

Most readily prepared charged gold NPs are citrate stabilized gold NPs in dilute
aqueous solution but their application to the conventional LbL process is difficult
because of their low stability. The electrostatic repulsion of citrate layers on the
surface of gold NPs provides sufficient stability only at low concentration and ionic
strength of the aqueous solution. However, Schmitt et al. successfully demonstrated
their LbL deposition with the cationic polyelectrolyte poly(allyl 1-amine hydro-
chloride) to give surprisingly well ordered layers of MNPs [67]. The long term
stability of these multilayer composite films remains questionable since citrate
stabilized gold NPs likely coalesce over time in the given environment.

Abdelrahman et al. attempted to circumvent the problem of low stability by
depositing layers of 1,4-benzenedimethanethiol in-between layers of citrate stabi-
lized gold NPs [68, 69]. The thiols easily replace the citrate groups and generate a
stable binding layer between each layer of gold NPs. Consequently, the process
does not depend on electrostatic interactions but the formation of quasi covalent
gold-sulfur bonds. However, the authors do observe growth of the gold NPs from
2.6 nm to 5-6 nm after the deposition despite the presence of dithiols. Clearly, the
protection with citrate groups does not completely prevent coalescence of the gold
NPs, which likely occurs before they are fully immobilized by the 1,4-benzen-
edimethanethiol linker molecules.

Bifunctional ligands with a thiol group at one end and a charged or chargeable
group at the other end generate more stable charged MNPs. Hicks et al. reported the
LbL deposition of hexanethiol/mercaptoundecanoic acid protected gold NPs with
poly(allylamine hydrochloride) and hexanethiol/4-aminothiophenol protected gold
NPs with poly(sodium 4-styrene sulfonate) [70]. They chose NPs with core
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diameters of about 1.6 nm to match the thickness of each polymer layer but still
observed multilayer deposition of gold NPs in one cycle, which they reasoned with
entanglements between loose polymer chains and depositing gold NPs. Deposition
kinetics were most drastically affected by changes in pH. This work was expanded
by Song et al. who LbL deposited anionic gold NPs with a mixed monolayer of
hexanethiol, ferrocenylhexanethiol, and mercaptoundecanoic acid alternating with
poly(allyl 1-amine hydrochloride) [71]. Again, the adsorption density of the gold
NPs in the multilayers greatly depended on pH and ionic strength of the poly-
electrolyte solution. A pH of 5.8 was found to be optimal to ensure gold NPs and
polyelectrolytes are sufficiently charged. Alternating LbL deposition of anionic
hexanethiol/mercaptoundecanoic acid protected gold NPs with a cationic dendrimer
instead of a polyelectrolyte also generated multilayers as demonstrated by Zhao
et al. [72]. The methodology could be applied to gold NPs of smaller (3 nm) and
larger (16 nm) core diameters and variations in ionic strength were used to alter
interparticle distances.

Peter et al. attempted the LbL deposition of N,N,N-trimethyl-(11-mercaptoun-
decyl)ammonium chloride and mercaptoundecanoic acid protected gold NPs
without the aid of polyelectrolytes or other mediating organic molecules [73].
Unfortunately, the oppositely charged gold NPs form clusters of sizes between 100
and 6000 MNPs instead of alternating monolayers. This result may not be partic-
ularly surprising considering the low density packing of the first layer of gold NPs
on the substrate and the high affinity between oppositely charged MNPs. Cluster
size distributions appeared to follow an exponentially decaying function, which
may allow for a predictable nanostructuring of surfaces by this approach.

A more successful approach to the LbL deposition of oppositely charged MNPs
was reported by Kawada et al. [74]. They coated silver NPs with polyethyleneimine
and poly(sodium 4-styrenesulfonate) to give cationic and anionic MNPs of average
diameters of 13.1 and 8.8 nm, respectively. Their alternating LbL. deposition onto a
supporting membrane of anodic aluminum oxide generated well-ordered layers of
cationic and anionic MNPs that were tested as ultrafiltration membranes.

In general, protection of MNPs by polyelectrolytes generates more robust MNPs
than a monolayer of protective organic ligands. For instance, gold NPs of a core
diameter of 4.76 nm do not grow in size over a period of weeks if protected by poly
(diallyldimethylammonium chloride) as confirmed by UV-vis spectroscopy [75].
LbL deposition of these gold NPs with an anionic polymer (s-119) produced stable
multilayer films although the estimated layer thickness of 3.4 nm for each gold NP
layer, determined by ellipsometry, is too small based on an overall NP diameter of
>4.8 nm. This discrepancy may be reasoned with significant packing distances
between gold NPs within each layer and interpenetrating layers.

Polymer coated MNPs may also be generated within a multilayer of cationic and
anionic polyelectrolytes. A comparative study was provided by Rivero et al. who
examined silver NPs capped with poly(acrylic acid, sodium salt) that were LbL
deposited together with poly(allylamine hydrochloride) [76]. Alternating deposition
of poly(acrylic acid) protected silver NPs with poly(allylamine hydrochloride)
produced multilayers of distinct layer structure with progressive deposition of
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MNPs, although the morphology of these multilayers may not be uniform. In
contrast, silver NPs were formed only in the most outer layer when LbL deposited
mulitlayers of poly(acrylic acid) and poly(allyl 1-amine hydrochloride) were first
exposed to a solution of silver (I) ions and then to a solution of the reducing
complex dimethylamine borane.

A major limitation of the use of charged MNPs for the formation of multilayer
films by LbL deposition is the electrostatic repulsion between MNPs of the same
charge because it causes a large spacing between MNPs and, consequently, a low
surface coverage (<30 %). Cho and co-workers developed a methodology that
incorporates initially hydrophobic MNPs into ionic or strongly polar multilayer
films which they termed amphiphilic LbL assembly [77, 78]. They alternately
deposit a poly(amidoamine) dendrimer or poly(ethylene imine) and silver or gold
NPs protected by a hydrophobic, weakly binding ligand such as palmitic acid or
tetraoctylammonium bromide. At the interface the hydrophobic ligands are partially
replaced by the more strongly binding hydrophilic dendrimer or polymer and
mostly replaced after the deposition of the next layer of hydrophilic dendrimer or
polymer (Fig. 8.18). The group achieved in plane packing densities of MNPs up to
77 % and always above 50 %. If polyelectrolytes are used, such as poly(4-sodium,
styrenesulfonic acid), the packing density of the initially hydrophobic MNPs could
be increased by up to 20 % by an increase in ionic strength. For example, increase
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of the concentration of NaCl in the coating solution increased the amount of
deposited MNPs and poly(4-sodium, styrenesulfonic acid) until a concentration of
0.2 M was reached. The authors also demonstrated the general applicability of this
procedure by processing other NPs such as metal oxides Fe;0,4, TiO,, and MnO.

8.3.3 LbL Deposition of Neutral MNPs Based
on H- and Covalent Bonds as Well
as Other Non-ionic Interactions

LbL deposition is also possible with non-ionic dendrimers based on poly(amido-
amine) or poly(propylene imine) if functionalized with exo-amino groups for better
attachment to gold NPs [79]. Dendrimers that attach to gold NPs with multiple
amine groups were found to even replace alkanethiol ligands that individually bind
stronger to the gold surface but the authors used dodecylamine protected gold NPs
in this study. The conformational flexibility of these dendrimers also allows them to
closer pack to the metal surface and more effectively fill spaces between MNPs.
Binding between different layers is mainly facilitated by H-bonding between amine
groups not involved in the binding to the gold surface and by van der Waals
interactions. The overall morphology of these films is porous grainy due to depo-
sition of spherical dendrimers with spherical MNPs.

Finally, LbL deposition may be achieved by covalently linking MNPs via
bifunctional linker molecules or chemical reactions between two functional groups.
Bifunctional linkers that have been applied to link NPs together contain thiol,
amine, siloxane, alcohol, and isocyanide functional groups [80-82]. An early work
by Brust et al. demonstrated the use of nonane-1,9-dithiol to LbL assemble gold
NPs and CdSe particles [83]. Musick et al. used 2-mercaptoethanol as cross-linker
between gold NPs to generate multilayer films but the morphology of the films is
porous and no close-packing of gold NPs is observed [80].

However, 2-mercaptoethanol as spacer does not provide sufficient distance
between gold NPs and coalescence of the gold cores is observed over time. A study
by Supriya et al. demonstrates how the thermal stability of cross-linked gold NP
films increases with increasing spacer length by comparing 2-mercaptoethanol, 1,6-
hexanedithiol, and 1,10-decanedithiol [84]. In this study, coalescence of gold NPs
was desired because conductive pathways are generated and was promoted by heat
treatments at different temperatures and for different periods of time. The initial
resistance of the films, for example, increased from 50 Q to 1 MQ and to >100 MQ
with increasing spacer length of the three different linker molecules.

Instead of using linker molecules with two terminal linking groups it is also
possible to generate new chemical bonds between two protective ligands. An
interesting example is the preparation of gold NPs that are coated with O-car-
boxymethyl chitosan and cross-linked in the multilayer by exposure to glutaral-
dehyde [85]. The chitosan polymer is assumed to coordinate to the gold NPs
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predominantly through their carboxylic acid groups, which leaves the amine groups
available for reactions with the dialdehyde cross-linker to generate diimines. Li
et al. chose a different approach by LbL depositing polyphenylene dendrimer-
stabilized gold nanoparticles with alkynes in their peripheries with a functional
polymer that contains peripheral azide groups for “click” chemistry [86].

8.4 Self-organizing Metal Nanoparticles

Self-organization probably is the most powerful method at hands for the controlled
three-dimensional nano-structuring of materials over macroscopic length scales,
which is mainly aided by the cooperative behaviour between individual self-
organizing units (usually molecules). Self-organization also is the central process
underlying successful technologies such as liquid crystal displays. It is an intrin-
sically three-dimensional process, similar to crystallization, but can generate
structures of various degrees of order and mobility. Equally important for its
remarkable ability to nano-structure materials and to its technological success,
however, its cooperative response to relatively weak external directional forces,
such as electric and magnetic fields and surface alignment layers, that generate
domains of uniform orientation and structure over centimeter length scales [87].
Phases formed by self-organizing compounds are named mesophases because
their degree of order is in-between that of an isotropic liquid and a single crystal.
Mesophases, by definition, are thermodynamically stable and mostly anisotropic
phases, in contrast to kinetically trapped phases of similar structures. Bulk materials
form mesophases by change of temperature (thermotropic mesophases) whereas the
mesomorphism of solutions (lyotropic mesophases) depends on concentration and
temperature. Thermotropic mesophases are subdivided based on their molecular
(shape anisotropy) and supramolecular structures. Rod-shaped (calamitic) mole-
cules form nematic phases, which display solely orientational order, and smectic
phases that display orientational and one-dimensional positional order. However,
smectic phases with higher positional order are also known. Disc-shaped (discotic)
and wedge-shaped molecules preferentially self-organize into columnar mesophases
of orientational and two-dimensional positional order but nematic phases with just
orientational order have also been observed (discotic nematic), although they
remain rare. Spherical and cone-shaped molecules usually arrange into cubic
structures that are characterized by positional order and a lack of orientational order.
Early designs of compounds that self-organize into mesophases were mainly
based on the shape anisotropy of rod-like molecules, which is sufficient for the
introduction of anisotropy due to orientational order (nematic mesophases).
Subsequently, microphase segregation and directed molecular interactions were
added as design tools that gave access to layered (smectic) mesophases of rod-
shaped molecules that may display positional order from one-dimension to quasi
three-dimensions. After about 90 years of research on rod-shaped mesogens, disc-
shaped structures were added to the tool kit in the 1970s as a new type of shape-
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anisotropy. Concepts of self-organization and mesomorphism have seen a signifi-
cant extension well beyond the classical structural motifs described above over the
past 20 years. Judicious application of shape anisotropy, microphase segregation,
directed molecular interactions, and self-assembly has converted molecules with
low or unfavorable aspect ratios, including ionic molecules, into compounds that
display mesophases over a wide range of temperatures. These new developments
made it conceivable to convert quasi spherical nanoparticles into self-organizing
structures, similar to what has been demonstrated for Cgo [88, 89].

Most of the reported work on self-organizing MNPs has been concerned with
gold NPs, although the first studies on self-organizing MNPs involved metal oxide
NPs. A rather comprehensive review of all reported self-organizing MNPs was
provided by Nealon et al. [90] while a more general overview of NPs in self-
organizing materials was provided by Bisoyi and Kumar [91]. The following part
will be mainly concerned with MNPs that self-organize into thermotropic meso-
phases but we note that micellar [92] and lyotropic [93] NPs have also been
reported. Similarly, self-organizing materials that are generated by doping NPs into
self-organizing compounds, usually liquid crystals, are not covered here [94, 95].
Finally, self-organizing rod-shaped and other metal nanoparticles of anisotropic
shape are omitted because they have been discussed in the previous chapter.

The prominent role of gold NPs for the synthesis of self-organizing MNPs is
easily explained by their well established and versatile coating with monolayers of
organic molecules, mostly thiolates, and the relatively straightforward synthesis of
gold NPs with small diameters between 1 and 5 nm [96]. They are either prepared
directly in the presence of the final organic thiolate ligand (e.g. modified Brust—
Schiffrin procedure [97, 98]) or by a two-step procedure in which the gold NPs are
first synthesized in the presence of a weaker binding ligand (e.g. alkyl amine or
thiolate with shorter alkyl chain) that is subsequently fully or partially exchanged
by a stronger binding desired ligand via a solvent-mediated ligand exchange pro-
cess [99]. Gold NPs prepared with weaker binding ligands usually display smaller
size distributions but a complete removal of this ligand by exchange processes is
often difficult. However, the presence of two different ligands appears to be
advantages to the self-organization properties of MNPs because they can change the
overall shape of MNPs and their interparticle interactions [100]. A similar response
was observed for MNPs at interphases, e.g. when processed by the LB method, as
described earlier in this chapter [37].

Regardless of the applied synthesis method, purification of the MNPs is a crucial
and difficult step because of their high surface area and often overall amphiphilic
character (charged metal surface partially covered with a monolayer of hydrophobic
alkylthiolate ligands). Depending on the exact reaction conditions, excess of
organic ligands, surfactant molecules, and side-products from the applied reducing
agent must be removed, which is usually achieved by repetitive precipitation.
However, particle sizes often increase with every precipitation step due to coales-
cence, which is an indication of the dynamic binding of thiolate ligands to gold NP
surfaces and the incremental removal of soluble ligands with every precipitation
step [17, 101]. Gold NPs with rather strongly bond thiolate ligands may also be
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purified by gel-permeation chromatography [102]. Product purity and ligand ratios
are usually determined by a combination of solution nuclear magnetic resonance
(NMR) spectroscopy, thermal analysis (Differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA)), elemental analysis, and TEM [103-105].

Mesomorphism of MNPs is investigated by three main methods, variable tem-
perature polarized optical microscopy (POM), DSC, and variable temperature
powder XRD. Most important for a structural analysis of mesophases of MNPs is
powder XRD, ideally of aligned domains of the mesophases, although their inter-
pretation may be complex because MNPs may adapt their shapes to the optimize
packing within the geometrical restrictions of the displayed phase. The relatively
small number of reflections makes an analytical solution of the XRD pattern
impractical. Probably the most reliable approach to the analysis of these diffraction
patterns is the comparison of simulated diffractions patterns based on calculated
density distributions within simulated packing structures, which has been widely
applied by Ungar and others.

Investigation of the mesomorphism of monolayer protected gold NPs is com-
plicated mainly by the dynamic character of the organic layer, when compared to
the self-organization of molecular structures. Thiolate ligands relatively easily
move on the surface of gold NPs and also reversibly desorb and adsorb, especially
at elevated temperatures [106, 107]. Consequently, the average diameter of the gold
core may increase with time at temperatures above 100—150 °C due to coalescence
of gold cores. Perhaps even more important is that the distribution of organic
ligands on the surface of gold NPs changes depending on the environment. This can
benefit the mesomorphism by rendering an isotorpic spherical structure to an
anisotropic prolate spheroid (increase in shape anisotropy) [108] and similar
structural changes of MNPs due to ligand mobility have been observed at interfaces
as reported earlier in this chapter in the part on LB films [51].

The quasi spherical shape of MNPs with truncated octahedral or related metal
structures would make them prime candidates for the formation of cubic meso-
phases but those are rarely observed in these materials. In fact, attachment of
organic ligands that have no mesogenic structure, such as a simple alkylthiolates,
has not generated self-organizing MNPs. A perhaps obvious remedy is the
attachment of ligands that self-organize themselves (mesomorphic ligands) or have
typical features of self-organizing compounds (mesogenic). This approach has
broadly been applied not only to the conversion of MNPs into self-organizing
compounds but also to generate MNPs that can be easily doped into liquid crys-
talline host materials [109]. Most of the attached mesomorphic and mesogenic
ligands contain rod-shaped rigid structures and will be discussed first, while rela-
tively few examples exist on ligands with disc-shaped rigid structures.

Although the number of self-organizing gold NPs is still limited, some general
design criteria may be cautiously extracted from the studies that have been reported
[90, 91]. All mesomorphic and mesogenic ligands that have been investigated have
a flexible spacer between the rigid part and the linking group (usually thiolate) to
the gold NP surface. Both length and structure of the spacer chain must ensure
sufficient mobility for the rigid part to arrange (self-organize) into the most
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favourable packing structure. A good source of guidance for the prediction of
optimal spacer chains may be the large volume of work on liquid crystalline side-
chain polymers. For most of the reported self-organizing MNPs the overall length
of ligands is commensurate with the diameter of the MNP core, which limits the
required size of the metal core to values well below 10 nm unless unusually large
organic ligands are available. An increase in length (packing volume) of mesogenic
ligands with regard to the metal core likely aids mesomorphism but may be syn-
thetically challenging, while a significant decrease in length (packing volume) may
not only compromise mesomorphism but also the stability of the MNPs. In addition
to the average size of MNPs their size distribution also appears to be crucial.
Experimental and theoretical studies suggest that an increase in size distribution
diminishes the propensity for self-organization, similar to what has been observed
for the self-assembly of MNPs.

8.4.1 LC MNPs with One Type of Ligand

Mesomorphic MNPs were first reported in 2001 by coating gold NPs with calamitic
liquid crystals through thiolate linking groups. The rigid part of the ligands con-
sisted of a (cyclohexyl)phenoxy group (Fig. 8.20) that provided sufficient shape
anisotropy and microphase segregation for the formation of nematic and smectic
mesophases. Attachment of these ligands to gold NPs of 3 nm core diameter
generated mesomorphic MNPs that display mesophases at a wider temperature
range than the free ligands but, unfortunately, the mesophase(s) were not investi-
gated by XRD and their structure(s) remained unassigned [110] (Fig. 8.19).

Four years later a similar approach was reported that employed mesomorphic
ligands with cyanobiphenyl as rigid parts (Fig. 8.20) [112]. Both, TEM and XRD
data for the sample with dodecyl spacer chains and a gold core of 2.7 + 0.5 nm
diameter revealed a string-like arrangement of gold NPs in their mesophase with
distances between strings of about 6 nm, an interparticle distance within each string
of 2-3 nm, and an overall length of each string between 13 and 60 nm. These
results provided the first evidence for an uneven distribution of mesomorphic
ligands on the surface of gold NPs in an anisotropic mesophase. The observed
distances agree with a packing model shown in Fig. 8.21 that proposes a prefer-
ential alignment of the ligands in-between strings to generate a likely partially
interdigitated antiparallel double layer of cyanobiphenyl groups. However, the
obtained data were still insufficient for an assignment of the type of mesophases but
it likely is a nematic mesophases. The temperature range of 110-130 °C is sig-
nificantly wider and higher in temperature than the free ligand, which forms a
monotropic nematic mesophases between 75.9 and 71.7 °C. Corresponding gold
NPs with shorter spacer chains given in Fig. 8.19 were studied much later and in
more detail. The refined structural interpretation of the new data overall corrobo-
rated the initially proposed packing structures [108].
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Fig. 8.19 Cartoons of shapes of molecular cores that have been successfully converted into liquid
crystals: I calamitic; /I discotic, III board-shaped, IV wedge-shaped, V ring-shaped, VI star-like, VII
bent-rod, VIII conical, and IX spherical motifs. Reprinted from [111], with permission from Elsevier
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Fig. 8.20 Mesomorphic thiol ligands based on (cyclohexyl)phenoxy [110] and cyanobiphenyl
rigid [112] parts that were used in early studies of mesomorphic gold NPs

However, the authors of the latter study presented a more sophisticated and
general model that has been commonly accepted and applied in packing models for
nematic, lamellar, and columnar mesophases (Fig. 8.22). They proposed the for-
mation of hard pole areas with strong interactions between ligands and much less
densely packed equator areas that results in a distortion from isotropic spheroidal to
anisotropic prolate spheroidal structure. The described structural changes of the
ligands are mainly based on conformational changes and require a relatively low
density packing of ligands to provide sufficient space for these changes.
Rearrangements of ligands, although possible, are likely not involved in this dis-
tortion of the ligand shell. MNPs that pack in local rectangular or hexagonal
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Fig. 8.21 TEM images of Au@6,, a before and b after thermal treatment. Below Proposed model
of the nanoparticle arrangement within the strings. Reproduced by permission of The Royal
Society of Chemistry. Shown to the right is a simplified illustration of a local rectangular
arrangement of gold NPs in a mesophase. Reprinted with permission from [90]. Copyright 2012
Beilstein Institute
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Fig. 8.22 Generation of rigid “poles” and soft equator areas by ligand deformation at the surface
of gold NPs (left). Simplified illustration of a local rectangular arrangement of deformed gold NPs
in a mesophase (right). Reprinted with permission from [90]. Copyright 2012 Beilstein Institute

structures display local A, order between the poles and local A4 order between the
equators. These different environments may also explain why the observed XRD
data suggest the coexistence of more than one packing structure.
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8.4.2 LC MNPs with Two or More Types of Ligands

Overall, the attachment of just mesomorphic ligands appears to have serious lim-
itations because attempts to generate mesomorphic gold NPs with more densely
packing dendritic ligands and laterally attached rod-like ligands failed [113]. Much
more versatile is the use of mixed ligands that is typically achieved by incomplete
ligand exchange reactions of thiol ligands by other thiol ligands. Several compre-
hensive studies with alkylthiols as primary ligands that were partially exchanged by
much larger mesomorphic ligands have been conducted by Mehl and Ungar and co-
workers [114-116] and Gorecka and co-workers [117, 118]. It became apparent in
all these studies that the ligands are not distributed evenly but the mesomorphic
ligands form domains at the poles and the alkylthiols form domains at the equator to
generate prolate spheroidal or even cylindrical shapes. In contrast to the previous
examples of prolate spheroidal structures the mechanism is different here as it relies
on the migration of ligands rather than conformational changes.

In addition to the application of mixed ligand layers both groups also employed
more sophisticated mesomorphic ligands that display a range of nematic and
smectic mesophases. Examples of ligands with terminal connections that were used
by Gorecka and co-workers are given in Fig. 8.23. Typical ratios between primary
alkylthiol ligands and mesomorphic ligands in molar ratios were 1:1-2:1 based on
NMR studies but changes in ratios within this range had only minor effects on the
mesomorphism. Variation of the chain lengths of the alkylthiols, on the other hand,
had profound effects on the mesomorphism. For example, the increase from hexyl
to octyl to dodecyl thiols changed the packing structures of the cylindrically shaped
MNPs from smectic to modulated smectic to columnar as illustrated in Fig. 8.24.
We note, however, that the organic domains in all of these materials appear to be in
an amorphous state rather than any orientationally and/or positionally ordered state,
which is consistent with the observed low birefringence.

The incorporation of ligands with two rigid parts (dimeric) was investigated in a
recent publication by Gorecka and co-workers [119]. A comparison of the “dimeric
ligands” with conventional “monomeric” ligands revealed distinct structural
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Fig. 8.24 Proposed structural models resulting from ligand migration at the NP surface: a smectic
for hexyl thiol as primary ligand b modulated smectic for octyl thiol as primary ligand ¢ columnar
for dodecyl thiol as primary ligand, respectively. Light grey and dark grey indicate the disposition
and form of the mesogenic groups and alkylthiols respectively. Reprinted with permission from
[118]. Copyright 2010 Wiley-VCH Publishers
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Fig. 8.25 Schematic drawing of the arrangement of the hybrid particles in a smectic phase for
materials with a monomeric ligands (series AuL1) and b dimeric secondary ligands (series AulL2
and AuL3). For clarity of the picture only a limited number of molecules grafting the metallic
clusters are shown. Reproduced from [119] with permission of The Royal Society of Chemistry

differences, most notably the formation of a bilayer of gold NPs in-between the
organic layers of smectic mesophases (Fig. 8.25). Also important is the observation
of orientational order in the organic layer that generates measurable birefringence.
Another recent study clearly reveals the importance of the flexible spacer
between the mesogenic unit and the MNP [7]. Longer spacers not only promote
mesomorphism by lowering the melting temperatures of the MNPs but also affect
what types of self-organized structures are formed. Observed here is the change
from a 1D (lamellar) structure to 3D superlattices with base-centered
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orthorhombic unit cells. Interestingly, the length of the alkylthiol has no effect on
the formed structure.

Lateral attachment of mesomorphic ligands has been successfully demonstrated
by Mehl and co-workers [114-116] and generates cylindrical MNP structures that
preferentially arrange into columnar stacks. This seems to be a more general
preference as it was also observed for related silsesquioxanes [120]. The rigid parts
of the mesomorphic ligands are aligned parallel to the columnar stacks but the
packing volume (length) of the alkylthiol ligands influences whether the columns
are modulate or not. The former arrange into a thombohedral phase whereas the
latter arranges into a hexagonal phase (Fig. 8.26). Optical textures of these
columnar mesophases are characteristic of a nematic phase, which implies the
absence of longer range positional order.

Fig. 8.26 Schematic models of the gold string structures (top). a Rhombohedral phase of gold
NPs with dodecyl thiol as primary ligand and b hexagonal columnar phase of gold NPs with hexyl
thiol as primary ligand; yellow gold nanoparticles, green mesogens. Threaded nematic texture of
the MNP with dodecyl thiol as primary ligand and the shown mesogen as secondary ligand as
observed by polarized optical microscopy at room temperature (botfom). Reprinted with
permission from [114]. Copyright 2009 Wiley-VCH Publishers
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Lateral attachment of bent-rod mesomorphic ligands has not generated any
mesomorphic MNPs, which is often reasoned with the high melting temperatures of
these ligands. Thiol desorption and subsequent growth of the MNPs occurs before
the ligands actually melt into a more fluid phase [117, 121]. Dendritic and structural
related ligands have been attached to gold NPs in an attempt to better fill the space
around MNPs and to increase the volume fraction of the organic layer. Especially
an increase of the volume fraction of the deformable and shape-directing organic
layer should enhance the mesomorphic properties. This can be achieved by
increasing the size of the ligands or decreasing the size of the gold cores. However,
typical core diameters of the reported mesomorphic gold NPs are between 1 and
3 nm, which does not leave much room for a further decrease in core size.

Dendritic ligands have converted many different types of cores into mesomor-
phic compounds [122] but the first attempts of generating mesomorphic MNPs were
unsuccessful [113], even though highly ordered arrangements of these MNPs on
carbon-coated copper grids were observed. These findings were reasoned with the
tight packing of the dendritic ligands that does not allow for distortions of the
overall shape of the MNP by conformational changes and ligand migration. The
first successful design employed dendrons that were attached to the MNP via a
flexible spacer and, consequently, was conformationally more flexible [123]. These
MNPs displayed cubic and 2-dimensional hexagonal mesophases. This report
was followed by only one other successful attempt with MNPs [124] but several
mesomorphic metal oxide NPs with dendritic ligands have been reported
[125-127].

Finally, the attachment of discotic mesomorphic ligands to MNPs has not yet
produced mesomorphic MNPs as neat material but drastically enhanced their ability
to be doped into columnar mesophases of discotic liquid crystals of similar struc-
tures [128, 129]. However, only very few examples have yet been studied and it is
likely that mesomorphic MNPs with discotic ligands will be successfully prepared
in the near future.

Clearly, the development of self-organizing MNPs is still in its infant state and
mainly concerned with structure property relations. Very few reports have been
concerned with the properties of the obtained materials but, in principle, they
should be similar to the interesting properties that have been reported for self-
assembled MNPs. A recent publication, for example, reports the anisotropic plas-
monic properties of silver and gold NPs in their lamellar mesophases [130].

8.5 Conclusions and Outlook

The ability to control packing structures and distances of metal nanoparticles
(MNPs) in monolayers and multilayers is fundamental for many applications such
as sensorics, catalysis, electronic devices, optical devices, spectroscopy, and
membranes. Processing MNPs by the Langmuir-Blodgett technique has been par-
ticularly successful for the generation of two-dimensional hexagonal close-packed
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monolayers of MNPs with tunable interparticle spacing. Although above examples
exemplify the verge of fabricating highly-ordered, defect-free LB films, defects in
the monolayers remain as an obstacle mainly due to polydisperse sizes and self-
aggregation of nanoparticles. Enhanced LB properties are obtained with amphi-
philic NPs such as Janus-type MNPs, which may produce highly-ordered LB films.
The stability of these films may be improved by the use of multidentate ligands or
by cross-linking deposited MNPs with ligands that contain two terminal linking
groups.

Only few examples of LB multilayer films have been reported, which reflects the
difficulty of controlling multiple depositions of ordered monolayers. Layer-by-
Layer (LbL) deposition is more commonly applied to the fabrication of multilayer
films that contain MNPs. Most of the early examples of LbL deposition relied on
ionic MNPs but surface coverages of larger than 30 % are difficult to achieve
because of coulomb repulsion between equally charged MNPs. Much higher
packing densities of >75 % were achieved with neutral, hydrophobic MNPs and
new processing techniques in non-polar solvents provide new options for the
preparation of more ordered and stable LbL deposited monolayers.

Lastly, self-organizing MNPs give access to a range of different three-dimen-
sionally ordered structures such as lamellar (smectic), columnar, and cubic
arrangements of MNPs. The predominant design relies on the attachment of liquid
crystalline ligand molecules via long flexible spacers. In fact, the length of the
flexible spacer is critical as the formation of liquid crystal phases requires the
conformational rearrangement of the ligands to generate overall more elongated
NPs. Alternatively, the shape of MNPs containing a mixture of at least two ligands
may change due to domain formation of specific ligands.

A major limitation is still the synthetic availability of monodisperse, composi-
tionally defined, and stable MNPs. Especially LB-studies and self-organization of
MNPs are strongly affected by impurities, such as excess of protective ligand, and
polydispersity of their size, shape, and composition. Consequently, new synthetic
strategies and designs that generate stable, monodisperse, and purer MNPs with the
desired chemical functionality are at the heart of any advancement in this area of
research.
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