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Abstract

Ultrathin nanowires are promising nanoscale materials. They can reach length-to-
diameter aspect ratios exceeding 1000, making them suitable building blocks for
optoelectronic devices such as transparent conducting films. An organic ligand shell
surrounds their inorganic core, provides colloidal stability, and guides their one-
dimensional growth.

Two unresolved issues limit their application. Nanowires can agglomerate into
elongated bundles, but efficient use of this superstructure is difficult since we do
not yet understand the bundling mechanisms. Furthermore, nanowires are prone to
the Plateau-Rayleigh instability: thin wires tend to fragment into discrete spheroidal
particles to reduce their surface energy, limiting their lifetime and reliability.

This thesis investigates superstructure formation and nanowire stability and the
link between both topics. Bundles are shown to emerge in non-polar solvents for
entropic reasons. Solvent or unbound ligand molecules align in proximity to the
ligand shell, thus losing entropy. Bundling decreases this loss in entropy by reducing
contact with the bulk solvent. The structural stability of nanowires is enhanced or
degraded by the ligand shell, depending on the relationship between free energy
and local surface curvature. Kinetic barriers in ad- and desorbing ligands and re-
arrangement of surface atoms slow down the break-up. Bundling further stabilizes
the wires by confining the space available to them.

Zusammenfassung

Ultradiinne Nanodréhte, bestehend aus einem anorganischen Kern und einer organ-
ischen Ligandenhiille, konnen Aspektverhiltnisse von tiber 1:1000 erreichen und
sind potenzielle Materialien fiir optoelektronische Technologien wie transparente
Elektroden.

Einer breiteren Anwendung stehen zwei Herausforderungen entgegen. Nano-
drédhte konnen zu Biindeln agglomerieren, aber eine effiziente Nutzung dieser Su-
perstruktur ist schwierig, da unser Verstandnis der zugrundeliegenden Biindelungs-
mechanismen unvollstindig ist. Zudem sind Nanodréhte instabil: geméafs der Pla-
teau-Rayleigh-Instabilitdt zerbrechen sie zur Reduktion ihrer Oberflichenenergie in
kleinere Nanopartikel, was ihre Langzeit-Anwendung verhindert.

Sowohl Formstabilitat und Superstruktur als auch der Zusammenhang zwischen
beiden Themen wurden in dieser Dissertation untersucht. Biindel entstehen in un-
polaren Losemitteln, weil sich Losemittelmolekiile oder freie Liganden parallel zur
Ligandenhiille ausrichten und dabei Entropie verlieren. Durch die Anordnung in
Biindeln wird der Kontakt zum Losemittel reduziert, sodass der Entropieverlust
geringer ausfédllt. Die Formstabilitdt von Nanodrdhten wird von der Ligandenhdille
verbessert oder verschlechtert, je nach Zusammenhang zwischen freier Energie und
Oberflichenkriimmung. Kinetische Barrieren in der Ad- und Desorption von Lig-
anden und der Reorganisation der Oberfliche verlangsamen den Zerfall. Biindel
verbessern die Formstabilitdt, indem sie den fiir die Nanodréhte verfiigbaren Raum
begrenzen.
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Chapter 1

Introduction

Nanoparticles, that is, objects with at least one dimension in the range of 1nm to
100 nm [4-6], can be found throughout our daily life. ZnO and TiO; nanoparticles
are used in sunscreen, silver nanoparticles in antimicrobial soaps, and semiconduc-
tor quantum nanodots in television screens [7]. We also rely on nanoparticles in our
fight against the Covid-19 pandemic. Lipid nanoparticles encapsulate and deliver
mRNA vaccines to our cells, which enzymes would otherwise digest [8, 9]. Gold
nanoparticles are used as optical markers in Covid-19 rapid antigen tests, emitting
red color due to their surface resonance plasmons and making the test and control
lines visible [10-12].

Nanoparticles come in all shapes, and an exciting type is nanowires. Nano-
wires are nanoparticles of cylindrical shape; they are particular in that they can
reach length-to-diameter aspect ratios well above 1000 [13, 14]. This large aspect
ratio allows nanowires to form percolating networks at lower volume fractions than
spherical particles [15-17], making them suitable building blocks in various appli-
cations. Nanowires have been used to make transparent conductive electrodes in
touchscreens [18-20], sensors for biochemical molecules [21-23], and catalysts in hy-
drogen production [24-27]. They can be made from various materials, including
polymers, metals, and semiconductors (see section 2.1.1 for a complete list), and
different synthesis routes are available [28-30]. Nanowires with diameters below
10nm are called “ultrathin” [14, 31, 32]. Ultrathin nanowires are commonly pro-
duced by wet chemical synthesis and consist of an inorganic core surrounded by an
organic ligand shell. The ligand assists in the one-dimensional growth and renders
the nanowires colloidally stable [14].

Given the small size of ultrathin nanowires, their properties are dominated by
phenomena at their surface. Therefore, the structure and superstructure of the nano-
wires are mainly determined by interfacial energies and the ligand shell. Under-
standing how these surface characteristics govern structure and superstructure is

the core objective of this dissertation. This thesis combines a general analytical study
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with experiments on ultrathin nanowires made from gold (AuNWs). They consist of
a gold core of diameter of 1.7 nm surrounded by a ligand shell of oleylamine (OAm)
of a similar thickness and reach lengths of up to 6 nm [13, 33-39].

Once synthesized, ultrathin nanowires exist as a colloidal dispersion and can be
freely dispersed or agglomerated into elongated bundles [14, 40-43]. Our control
of this superstructure and the colloidal stability is still limited since we do not yet un-
derstand the mechanisms responsible for bundle formation. To date, it is known
that nanowires inside bundles typically assemble in a close-packed hexagonal lat-
tice, and the diameter of the bundles was reported to range from 70nm to 400 nm
[42, 44]. AuNWs capped with the ligand OAm spontaneously assemble in bun-
dles during synthesis, each nanowire being surrounded by a bilayer of the ligand
[44, 45]. When AuNWs are washed after synthesis, they are surrounded by only a
monolayer, reducing the distance between the wires [45-47]. The interwire distance
can also be tuned by the concentration of ligand [45], the type of ligand [47], and
the type of solvent [45]. Loubat et al. [44] proposed that bundles form due to van
der Waals forces between their cores, while Reiser et al. [45] argued that osmotic
pressure and supramolecular forces drive bundling. Surprisingly, AuNWs bundle
in n-hexane, but no bundles were observed in chemically similar cyclohexane [45].
This unexplained effect demonstrates that the underlying mechanisms of bundling
in nanowires are not yet understood. We need further insight into the molecular
origins of bundling to understand its driving forces.

The key challenge concerning the structure of nanowires is their limited shape
stability. Nanowires tend to break down into discrete spheroidal particles [48-52].
Their shape is thermodynamically unfavorable because a cylinder has a greater sur-
face area and surface energy than a sphere of equal volume [48-52]. Depending on
the application, this instability may be exploited, for example, when creating strings
of spherical particles [53, 54], or it must be prevented, as in the case of transparent
conductive electrodes [18-20]. The instability is called Plateau-Rayleigh instability
after its discoverers [55, 56]; it is also known as shape, geometric, morphological, or
Rayleigh instability [48, 49, 57-60]. The Plateau-Rayleigh instability occurs in solids
and liquids and can be observed at home: water running out of a faucet flows ini-
tially in a continuous jet and eventually breaks into discrete droplets. The break-up
time scales with the wire radius to the fourth power, making thin wires much more
susceptible to this instability than thicker ones [61, 62].

Research on the Plateau-Rayleigh instability of nanowires dealt with understand-
ing and preventing the instability. It is known that anisotropy in surface energy, the
presence of a substrate, confinement, and mechanical stresses can hinder the insta-

bility. For example, sapphire nanowires along specific crystallographic axes outlived
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those along other axes by more than a factor of 10, likely because stable equilibrium
facets bound the long-lived nanowires [60, 63]. Wetting substrates in contact with
the nanowires suppressed the instability [64], and nanowires confined by a shell or
matrix were stable longer than bare nanowires [65, 66].

The instability is less well understood in ultrathin nanowires surrounded by a
ligand shell. Some ligands can improve while others impair stability [47, 65, 67, 68],
a denser and stiffer ligand shell appears to be beneficial [66, 69, 70], and removal
of the ligand shell seems to deteriorate stability [71]. To date, the link between the
molecular properties of the ligand shell and the shape stability of the nanowires is
not well understood. It remains unclear why and how the ligand shell stabilizes or
destabilizes nanowires. We do not yet understand why some ligands improve and
others degrade stability, whether the influence is energetic or kinetic, and whether
there exist optimum ligand properties that maximize stability.

The goal of this dissertation is to investigate the colloidal and shape stability of
ultrathin, ligand-capped nanowires on several length scales. Both topics are gov-
erned by interfacial energies and properties of the ligand shell. Bundling and its
molecular origins shall be studied in AuNWs experimentally and by molecular dy-
namics (MD) simulations. The simulations are suitable for investigating the molecu-
lar length scale, while the experiments assess the micro- and macroscale. Regarding
shape stability, a framework shall be developed that incorporates the effects of the
ligand shell into the theory of the Plateau-Rayleigh instability. This framework will
allow relating molecular-scale properties of the ligand shell to the microscopic is-
sue of wire stability. Last, the connection between colloidal and shape stability will
be addressed by studying whether and to what extent bundling influences shape
stability. Experiments on bundled and freely dispersed AuNWs shall provide qual-
itative insights, and an analytical continuum model shall be used to rationalize the
experimental findings.

The thesis is organized as follows. Chapter 2 reviews the current state of the
art of ultrathin nanowires, bundling and underlying colloidal interactions, and the
Plateau-Rayleigh instability. The results are presented in Chapter 3 in the form of
four peer-reviewed publications. Publication 1 and Publication 2 study the mecha-
nisms that drive bundling in AuNWSs. Publication 3 investigates the Plateau-Rayleigh
instability in ligand-capped nanowires. Publication 4 deals with whether the bund-
ling influences the Plateau-Rayleigh instability in nanowires. The results are dis-
cussed in light of the current state of the art in Chapter 4. Conclusions are presented,

and an outlook on further research routes is given in Chapter 5.






Chapter 2

State of the Art

2.1 Synthesis and applications of nanowires

Nanowires can be produced via various physical and chemical routes, including the
vapor-liquid-solid mechanism [29, 30], optical or electron beam lithography [29],
electrospinning [30], or electrochemical filling of aluminum oxide templates [28, 30].
Ultrathin nanowires are commonly synthesized by reducing a metal or semiconduc-

tor salt in the presence of a shape-directing ligand in dispersion [14, 31, 32].

2.1.1 Synthesis and growth mechanisms

To date, ligand-coated ultrathin nanowires have been produced from the metals gold
[33-37], silver [72], ruthenium [73], samarium [74], the alloy iron-platinum [75], and
the semiconductors antimony sulfide [76], bismuth sulfide [77], cadmium selenide
[41], and copper sulfide [42]. The synthesis involves dissolving the metal or semi-
conductor salt, adding a shape-directed organic ligand such as OAm [34], oleic acid
[31], or polyvinylpyrrolidone (PVP) [27], a reduction agent such as triisopropylsi-
lane [43], ascorbic acid [78], or dimethylmethanamide [24], and seeds if necessary.
The product is then purified to eliminate excess ligands and by-products [32, 45].
The resulting nanowires consist of an inorganic core surrounded by a mono- or bi-
layer of ligands, see Fig. 2.1. They are dispersed as colloids and can self-assemble
into hexagonal agglomerates, see Section 2.2.2.

It is not yet fully understood why and how nanowires grow. At least four theo-
ries exist to explain their one-dimensional growth: oriented attachment of spherical
nanoparticles, lamellar or cylindrical micelles as templates, preferential adsorption
of ligands, and self-assembly of polymeric strands. All four theories will be intro-
duced in the following paragraphs and reviewed with respect to AuNWs with the
ligand OAm, the example material of this dissertation.

The theory that nanowires form by oriented attachment of spherical particles has

been proposed by Halder and Ravishankar [33], who were the first to report on the
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FIGURE 2.1: Transmission electron micrograph of AuNWs. The inset shows a schematic
rendering of the AuNWs; they consist of a gold core with a diameter of 1.7 nm and a ligand
shell of OAm of similar thickness. Micrograph adapted and reprinted with permission from
[45]. CC BY-NC 3.0.

formation of AuNWs with a diameter of roughly 2nm. They observed that the syn-
thesis initially produced spherical gold nanoparticles with a diameter of 2nm and
that some of the forming nanostructures branched at (111) crystal facets [33]. Ac-
cording to their theory, spheroidal nanoparticles combined at (111) facets. The crys-
tal surface of the resulting strands then smoothed so that the (111) facets required for
further growth only remained at the two ends of the strands, thus forming highly
uniform nanowires (compare to Fig. 2.2A) [33]. Such oriented attachment was also
observed in Pt nanowires [79] and 10 nm wide, kinked Au nanowires [80]. Pschun-
der et al. [81] studied the growth of 2nm thin AuNWs in situ by small-angle X-ray
scattering (SAXS) and supported the theory of oriented attachment: the scattering
of the first 3h fitted a model of flat disks with a diameter of 2.6 nm. The authors
claimed that nanowires form because these disks aggregate in one direction and
shrink in diameter, see Fig. 2.2A [81].

Several newer experimental observations are hard to reconcile with oriented at-
tachment, at least for the case of highly uniform AuNWs with a diameter of only
2nm. Pazos-Pérez et al. [37] claimed that 2 nm wide AuNWs must form via another
mechanism since they lack any kinks or branches. Observation of the formation of
these ultrathin AuNWs in situ by SAXS by Loubat et al. [44] revealed that spheri-
cal particles do form during the synthesis but are not consumed during nanowire
growth [44]. The spherical particles might only act as seeds [44]. The discrepancy
between the SAXS studies of Loubat et al. [44] and Pschunder et al. [81] might be ex-
plained by the fact that the form factor of monodisperse flat disks fitted by Pschun-
der et al. [81] can result in scattering signals similar to those of polydisperse spheres.

Huo et al. [34] and Pazos-Pérez et al. [37] proposed that lamellar micelles or re-

verse cylindrical micelles template the one-dimensional growth of AuNWs, a theory
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FIGURE 2.2: Proposed growth mechanisms of ultrathin nanowires. (A) oriented attachment
of spherical or disk-like particles, (B) growth inside lamellar or cylindrical micelles, (C) pref-
erential adsorption of ligands promotes crystal growth along specific facets, (D) the metal
salt precursor (here Au!Cl) and the ligand (here OAm) form polymeric strands that then
self-assemble into elongated wires. (A) Adapted and reprinted with permission from [33].
© 2007 Wiley-VCH Verlag GmbH and Co. KGaA. (B) Adapted and reprinted with per-
mission from [34]. © 2008 American Chemical Society. (C) Adapted and reprinted with
permission from [82]. © 2018 American Chemical Society. (D) Adapted and reprinted with
permission from [36]. © 2008 American Chemical Society.

also suggested for the growth of FePt nanowires [75]. In their synthesis, [Au*-OAm]
complexes formed a lamellar mesostructure with each layer of Au* being separated
by a bilayer of OAm [34]. They believed that Au™ was gradually reduced within this
lamellar template so that one-dimensional nanowires could form [34], see Fig. 2.2B.
Similarly, Wang et al. [35] and Pazos-Pérez et al. [37] suggested that OAm forms
reverse cylindrical micelles in which Au" is slowly reduced.

Several observations call into question the theory of lamellar growth. Loubat et
al. [83] compared the synthesis involving the lamellar [OAm-Au'Cl] phase with a
direct one-pot synthesis [83]. The first only yielded 2 % while the second produced
75% of AuNWs, indicating that the lamellae are not essential for nanowire growth
[83]. In addition, the lamellar spacing of 4.8 nm remained constant during the first
synthesis, indicating that the lamellae always consisted of Au monolayers and never
contained thicker Au nanowires [83]. The growth of AuNWs must have occurred
outside the lamella. It is also unclear how two-dimensional Au planes inside lamella
could induce the growth of one-dimensional Au nanowires. Experimental results
opposing the growth theory inside reverse cylindrical micelles include the observa-
tion by Miyajima et al. [84] that ultrathin AuNWSs synthesized in the water phase
are surrounded by a ligand monolayer only. The double layer in non-polar solvents
appears not the be necessary for nanowire growth.

Preferential adsorption of ligands is another explanation for one-dimensional

growth. Amines preferentially adsorb on (100) planes of Au surfaces, which could
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explain nanowire growth in the [111] direction [85]. Likewise, hexadecylamine ad-
sorbs preferentially on (100) over (111) Cu surfaces when Cl™ ions are present, thus
explaining the growth of 30 nm to 300 nm wide Cu nanowires, as shown in Fig. 2.2C
[82, 86]. The presence of Cl™ ions is also relevant in synthesizing AuNWs; they
increase their length [84]. The efficiency of the ligand layer in shielding growth de-
pends on the ligand length. The interaction energy between ligands increases with
increasing ligand length, raising the energy necessary to remove a ligand from a shell
[85, 86], which explains why Cu nanowires only formed with ligands with twelve or
more carbon atoms [86].

Preferential adsorption cannot explain why nanowires form with a specific and
highly uniform diameter, and it is unlikely that the concept alone can explain the
formation of AuNWs. The Cu nanowires studied by Kim et al. [82] possessed a pen-
tagonally twinned structure that induced mechanical stresses [82, 86]. These stresses
might hinder further growth in the radial direction [82, 86]. Yet, for nanowires with-
out these stresses in the crystal structure, there must be other forces that set the
nanowire diameter. In addition, AuNWs also formed in the absence of preferential
absorption but with the help of an interface [87]. Wang et al. [75] synthesized 6 nm
wide AuNWs from spherical seeds. Nanowires formed because growth occurred
only at the interface between the spherical seed and a substrate; all other surfaces
of the seeds were capped with aromatic thiols, which are known to absorb fairly
equally on all gold facets [87]. Without such an interface, other theories must ex-
plain the one-dimensional growth.

Lu et al. [36] rationalized that organometallic [OAmM-Au'Cl] complexes form
due to aurophilic interactions in the initial stage of the synthesis and that these com-
plexes form polymeric strands with a backbone of Au' and side chains of OAm,
see Fig. 2.2D. These polymeric strands could aggregate into elongated bundles that
eventually transform into nanowires when Au' is reduced to Au® [36]. Atomic
pair distribution functions (PDF) extracted from in-situ high-energy X-ray diffrac-
tion (XRD) of the synthesis supported this theory [88]. The PDFs revealed a nearest
neighbor distance larger than that of bulk gold during the first hours of the syn-
thesis, indicating the formation of polymeric strands [88]. Furthermore, the crystal
structure of the resulting AuNWSs was not face-centered cubic (fcc) but identical to
«-Mn (topologically close-packed) [88]. Such a crystal structure is incompatible with
crystal growth along the [111] axis of an fcc crystal. The authors argued that the -
Mn crystal structure emerged because the morphology of the polymeric strands pre-
vented Au from organizing in an fcc crystal structure [88]. The mechanical stresses
in the a-Mn crystal structure were believed to prevent further radial growth of the

AuNWs, thus setting their highly uniform diameter [88]. Recently, other [FeCl]
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organometallic complexes were also found to aggregate into nanostructures [89],
supporting the notion that such a growth mechanism could be possible.

In summary, all but one theory for one-dimensional growth is inconsistent with
the details of AuNW formation. Oriented attachment of spherical particles does
not seem a plausible explanation for one-dimensional growth because AuNWs do
not exhibit any branching and because spherical particles are not consumed dur-
ing nanowire growth. Micellar templates are unlikely an explanation either: two-
dimensional lamellae cannot explain one-dimensional growth; one-dimensional in-
verse cylindrical micelles appear not to be necessary for AuNW formation. The
growth of Cu nanowires can be explained by preferential adsorption and mechani-
cal stresses caused by their pentagonally twinned crystal structure. Yet, AuUNWs do
not possess the same crystal structure. The currently most coherent and plausible
growth mechanism of ultrathin AuNWs is the self-assembly of polymeric

[OAm-Au'Cl] strands into wires with an a-Mn crystal structure.

2.1.2 Applications of ultrathin ligand-coated nanowires

Ultrathin, ligand-coated nanowires have been employed as transparent electrodes
[18, 90-94], sensors for (bio-)chemical moieties [21-23], in wastewater treatment [95],
and other applications [43, 96-103]). Three examples will be highlighted in the fol-
lowing. They exploit the small percolation threshold of AuNWs, the photothermal
conversion efficiency of W1gO49 nanowires, and the superior number of active sites
and improved charge transport of Pt nanowires over spherical Pt nanoparticles.
Gong et al. [104] employed AuNWs in a pressure sensor to measure the pulse
at a human wrist. The pressure sensor was the size of a fingertip and consisted
of two layers of polydimethylsiloxane (PDMS) surrounding a tissue paper impreg-
nated with AuNWs. The bottom PDMS layer contained integrated, meandering
electrodes; the fingertip-sized tissue paper was dip-coated ten times in a colloidal
dispersion of AuNWs, resulting in a sheet resistance of 2.5M()/sq. When the sen-
sor was compressed, the PDMS and tissue layers deformed so that more AuNWs
came into contact with the integrated electrodes, and the sensor’s electrical resis-
tance decreased. The layers recovered their original shape upon unloading, and the
electrical resistance increased. The sensitivity of the sensor, defined as the ratio of
change in current Al to no-load current I to change in applied pressure AP, was
(AI/Iy)/AP = 1.14kPa~!, about an order of magnitude more sensitive than other
flexible pressure sensors of similar size discussed in the literature [105-108]. The
sensor could resolve pressures as low as 13 Pa, corresponding to the weight of a

13 pL water droplet. When mounted to a human wrist, the pressure sensor allowed
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FIGURE 2.3: Application examples of ultrathin nanowires. (A) AuNWs embedded in tis-
sue between two PDMS layers serve as a pressure sensor. The pressure sensor was sensi-
tive enough to detect the pulse on a human wrist. Adapted and reprinted with permission
from [104]. © 2014 Macmillan Publishers Limited. (B) Ultrathin W1gO49 nanowires were
injected into tumors in mice. Excitation of the tumor spots with a laser increased the tem-
perature of the tissue due to the photothermal conversion by the W1gO49 nanowires, killing
the tumor cells. In the control group injected with saline solution, laser irradiation did not
increase the temperature and left the tumor unaltered. Adapted and reprinted with permis-
sion from [110]. © 2013 Wiley-VCH Verlag GmbH und Co. KGaA. (C) Ultrathin platinum
nanowires were used for water electrolysis. When placed on single-layered Ni(OH), nano-
sheets, they outperformed commercial nanoscale catalysts and spherical Pt nanoparticles
on single-layered Ni(OH), nanosheets in the hydrogen evolution reaction under basic con-
ditions. Adapted and reprinted with permission from [24]. © 2015 Macmillan Publishers
Limited.

to read the pulse at the radial artery, and the sensitivity of the sensor was sufficient
to read further details such as the arterial stiffness of the subjects. A similar sensor
was built by Ho et al. [109] to detect facial expressions. Nanowires outperformed
spherical nanoparticles in these pressure sensors because they formed percolating
networks that responded linearly to AP with high sensitivity.

Chen et al. [110] injected ultrathin W13O49 nanowires into mice to photother-
mally ablate cancer cells. The ultrathin W1gO49 nanowires showed low cytotoxicity
in cell proliferation tests over periods of 24 h. Dispersions of W1gO49 nanowires were
injected into 5mm to 10 mm large tumors; saline dispersions were injected into the
control group. Upon irradiation with laser light with a wavelength of 980 nm, the
surface temperature of the tumor increased from 26 °C to 27.5 °C in the control group
and 26 °C to 50 °C in the treatment group, a rise caused by the localized surface plas-
mon resonances of the WigO49 nanowires. Ex vivo examination of the cancer cells
revealed that the increase in temperature in the treatment group was sufficient to
kill most of the tumor cells, while no change was observed in the control group. The
benefit of using ultrathin W1gO49 nanowires over other photothermal materials was
that they were cheap to manufacture and showed excellent photothermal conversion

efficiency with near-infrared light.
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Yin et al. [24] synthesized ultrathin Pt nanowires on single-layered Ni(OH), nano-
sheets for the electrolysis of water. The nanowires had diameters of 1.8nm and
lengths of 10nm to 50nm. Their combination with single-layered Ni(OH), nano-
sheets (activity of 2.48 mA /cm?) outperformed commercial nanoscale catalysts (ac-
tivity of 0.296 mA /cm?) and Pt nanoparticles on single-layered Ni(OH), nanosheets
(activity of 1.06 mA /cm?) in the hydrogen evolution reaction under basic conditions.
Compared to the commercial system, the Pt nanowires on single-layered Ni(OH),
nanosheets performed better because the Ni(OH), nanosheets activated the HO-H
bond. Compared to the nanoparticle-based system, the nanowires showed an in-
creased activity because the nanowire shape provided more active sites and im-
proved the charge transport. The nanowire-nanosheet combination also showed
higher stability in long-term tests because the nanowire shape and the presence
of the nanosheets suppressed the dissolution of the catalyst. Degradation only oc-
curred if the nanowires fragmented into shorter segments. Other reports on the use

of nanowires as catalysts are plentiful [26, 78, 111-133].

2.2 Colloidal stability and self-assembly of nanowires into
bundles

Colloidal stability and self-assembly are two sides of the same coin. Colloidal sta-
bility describes whether particles in a solvent aggregate and precipitate (“colloidally
unstable”) or remain finely dispersed or form temporary reversible agglomerates
(“colloidally stable”) [134]. Ordered superstructures resulting from aggregation are
often called “self-assembled” structures [135-142]. Whether a colloid is stable de-
pends on the interaction potential between the particles [134-142]. The following
sections review interaction potentials relevant to AuNWs and summarize current

knowledge on the colloidal stability of ultrathin nanowires.

2.2.1 Colloidal interactions of non-polar nanoparticles in non-polar sol-

vents

Several reviews summarize colloidal interactions [135-142]. Since many if not most
ultrathin nanowires, including the AuNWs investigated in this dissertation, are cap-
ped by non-polar hydrocarbon ligands and are dispersed in non-polar solvents [43,
74-77], the following section will limit attention to the forces found in such non-
polar colloidal systems.

The section will not treat interactions triggered by external stimuli such as exter-

nal magnetic fields [143] or the presence of a substrate [144] and will neither discuss



12 Chapter 2. State of the Art

specific interactions such as DNA origami bonds [145] or covalent bonds found in
cross-linked ligands [146].

Van der Waals forces

Van der Waals (vdW) forces occur between permanent, induced, and spontaneous
dipoles in atoms, molecules, and bodies [134, 147]. Langbein [148] expressed the
vdW interaction energy U between two parallel cylinders of radius R at a distance

x, neglecting retardation screening, as

) T2(; i1 2(i+j)
u:_21;\121 Z - .(1-1—]'4?2) ' <R> ’ @.1)
X Z.,].:11.].(1—1).(]—1). x

where I is the Gamma function and Ajy; is the reduced Hamaker constant for the
cylinders of material 1 and Hamaker constant A; interacting through a medium 2 of

Hamaker constant A,, which can be approximated as [134]

A = (VA — VA~ (2.2)

The interaction potential can be approximated by

SR*A
U= _3%8% (2.3)
at large distances and by
e — VRA1 (2.4)

1372

at small distances, where I = x — 2R is the surface-to-surface separation [147].

The interaction potential (2.1) between the metal cores of two AuNWs is plotted
in Fig. 2.4. This interaction potential neglects contributions from the ligand shell,
which is justified if ligand and solvent possess similar dielectric properties, as in
OAm-capped AuNWs in alkane solvents [44, 149].

The vdW forces between two colloidal particles are, with few exceptions, attrac-
tive [134, 147]. If the vdW force dominates the interaction potential, two particles
will approach each other until a repulsive force balances the vdW force. As will be

seen in the next section, this can be the repulsion of the ligand shell.

Ligand-ligand and ligand-solvent forces

While ligand-ligand and ligand-solvent interactions in particles capped by oligomer

ligands have only been studied relatively recently, those in polymer ligands have
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FIGURE 2.4: The van der Waals interaction between the cores of two AuNWSs (diameter of
1.7nm) aligned in parallel and dispersed in alkanes following (2.1). The theory derived by
Langbein [148] is valid for center-to-center distances greater than 2nm corresponding to a
surface separation of 0.3 nm (dashed line). Hamaker constants of 1.96 x 10197 for gold and
4.69 x 107297 for hydrocarbon were obtained from Ref. [147] p. 64.

been researched for over half a century and are better understood [134, 150]. This
section, therefore, focuses on the models developed for polymer ligands.

The solubility of the ligand in the solvent determines the ligand conformation. In
a theta solvent, a polymeric ligand adopts the conformation of a random walk and
behaves independently of the solvent, as shown in Fig. 2.5A[134, 150, 151]. The ex-
cess free energy of mixing the polymer and the theta solvent is zero (Flory-Huggins
interaction parameter y = %)1. In a good solvent (x < %), the interaction between
the polymeric ligand and the solvent is favorable, the polymeric ligand adopts an ex-
tended conformation, and solvent molecules interdigitate into the ligand shell and
solvate the ligand, see Fig. 2.5A [134, 150, 151]. The degree of ligand solvation de-
pends on the chain length, surface coverage, surface curvature, and combination of
ligand and solvent [152]. In a poor solvent (x > 3), the polymeric ligand shrinks or
collapses to reduce contact with the solvent [134, 150, 151]. Various intermolecular
forces can drive this reduction in contact, depending on the combination of ligand
and solvent; examples are vdW forces, ionic interactions, or hydrogen bonds [150].

When two ligand-grafted nanoparticles approach each other in a good solvent,
repulsive forces occur. They are called “steric”, “overlap” or “entropic” repulsive
forces [134, 150, 153, 154] and are often used to stabilize the colloid against vdW
attraction of the core [155-157]. Once the ligand shells come into contact with each
other, the space available to the ligands shrinks, the solvent is forced to leave the lig-
and shell, and the entropy of mixing and the conformational entropy of the ligands

decrease [152, 158-160]. If the ligand shells are further compressed, “elastic” forces

IFor a definition of the Flory-Huggins interaction parameter, see for example Ref. [151]
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FIGURE 2.5: Ligand-ligand and ligand-solvent forces in non-polar nanoparticles. (A) The
conformation of polymers in a solvent depends on solubility. In a poor solvent, the polymer
coil shrinks and collapses; in a theta solvent, the free energy of mixing is zero; in a good
solvent, the polymer chain extends into the solvent. Adapted and reprinted with permis-
sion from [150]. © 2011 Elsevier Inc. (B) Order-to-disorder transition in the hexadecanethiol
ligand shell of gold nanoparticles. Below the transition temperature, the ligands agglom-
erate into ordered bundles. Adapted and reprinted with permission from [157]. © 2020
American Chemical Society. (C) The solubility of nanoparticles depends on the shape of the
ligand. Nanoparticles with branched (“entropic”) ligands are more soluble than those with
linear ligands. Adapted and reprinted with permission from [165]. © 2016 American Chem-
ical Society. (D) Agglomerated fraction of octadecanethiol-stabilized gold nanoparticles as
a function of particle concentrations. Solvents that hinder the ordering of the ligand shell,
such as cyclohexane, improve solubility. Adapted and reprinted with permission from [166].
© 2019 American Chemical Society.

occur and oppose any further approach of the particles [158, 159]. These repulsive
steric forces approximately scale exponentially with the interparticle spacing [150].

In a poor solvent (sometimes called anti-solvent or non-solvent), attractive forces
can agglomerate nanoparticles. The enthalpy of mixing favors ligand-ligand over
ligand-solvent interactions. The repulsive entropic force (due to solvation) no longer
exists, and the ligand shell shrinks [152, 158-160]. The shell no longer balances the
vdW force, making the interaction attractive at larger distances [152, 158-160]. Only
at short distances do repulsive elastic forces set in once two shells touch and com-
press each other. Depending on the solubility in the poor solvent, ligands prefer
to be next to other ligands, resulting in a short-ranged attractive force between the
shells of two particles. The net attraction in poor solvents is exploited when washing
nanoparticles [152, 161, 162] and nanowires [45, 88] and was also used to assemble
superlattices [163, 164].
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Ligand shell order-to-disorder transitions

Recent research suggests that the picture above of polymer chains interacting with
solvent does not always hold for small nanoparticles (core diameter < 10nm) pas-
sivated by oligomer ligands. Oligomer ligands can undergo order-to-disorder tran-
sitions, and these transitions affect the interaction potential between nanoparticles.
The transitions were already known in self-assembled monolayers on macroscopic
substrates [167, 168] and were found in ligand monolayers on nanoparticles, too
[155-157, 169-174]. At high temperatures, the ligand shell is disordered and well
solvated; at lower temperatures, the ligands align in ordered domains or bundles,
as shown in Fig. 2.5B [155-157, 169-172, 175]. In the disordered phase, the ligand
shell is repulsive because the entropy of mixing and elastic compression of the shell
oppose the agglomeration of the particles (see the previous section). The disordered
phase is also associated with better solubility of the particles [176, 177]. In the or-
dered phase, the behavior is inverse, and the ligand shell is attractive due to vdW
forces between the ligands [155-157, 169-172]. Monego et al. [157] quantified en-
thalpic and entropic contributions to the disorder-to-order transition in Au nano-
particles covered by hexadecanethiol (diameter of 4nm) and CdSe nanoparticles
covered by hexadecanethiol (diameter of 5.8 nm). When transitioning from the dis-
ordered to the ordered state, the system gained internal energy because the ligands
could arrange at their preferred dihedral angles and paid the penalty for the re-
duced vdW interaction between ligand and solvent and the reduced conformational
entropy of the ligands [157]. The contributions from the solvent’s mixing entropy
and conformational entropy were negligible [157].

Several factors influence the order-to-disorder transition temperature: nanopar-
ticle facets size, ligand length, ligand shape, ligand surface coverage, type of sol-
vent, and the presence of a neighboring ligand shell. The order-to-disorder tran-
sition shifts to lower temperatures when the surface curvature increases [169-171].
The influence of curvature vanishes the longer the ligand is compared to the particle
size [171]. Increasing the ligand chain length increases the order-to-disorder transi-
tion temperature [156, 171]. Introducing unsaturated or branched ligands (Fig. 2.5C)
in the shell or mixing different ligands in the shell distorts the order so that the
disordered state is reached at lower temperatures [165, 172, 178]. In addition, the
transition temperature broadens with increased steric complexity in the shell. For
example, increasing the fraction of oleate in a combined shell of oleate and octade-
cylphosphonate from 0% to 70 % decreased the transition temperature from 300 K
to 150 K, as simulated for CdSe and CdS nanoparticles (diameter of 5nm) [172]. The

transition temperature decreases if reducing the ligand surface coverage leads to less
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favorable ligand packing. For example, octadecyl ligands on CdS nanorods under-
went the order-to-disorder transition at 365K at 100 % surface coverage and 312K
at 75 % surface coverage, with the smaller surface coverage requiring alternating ar-
rangements of ligands in the monolayer [170]. Solvents lower the transition temper-
ature if they solvate the ligand well and hinder its ordering. This correlation explains
why cyclohexane is a better solvent for nanoparticles covered by alkyl ligands than
linear alkane solvents (Fig. 2.5D) [157, 166] and why smaller solvents with otherwise
similar solubility parameters seem to provide increased colloidal stability [178]. Fi-
nally, the proximity of another ligand-capped nanoparticle can increase order and
the transition temperature [169].

Because direct observation of the ligand shell can be difficult in experiments,
much of the insight into the order-to-disorder transitions was obtained in combi-
nation with MD simulations. Among the experimental toolkit, the broadening of
'H NMR resonances was used to assess ligand solvation, with broad NMR lines
correlating with poor solvation [179]. Small-angle neutron scattering (SANS) could
indicate which fraction of the ligand shell is tightly packed [180].

Indirect experimental insight stems from studies of colloidal stability. Kister et al.
[155] distinguished a shell-dominated and a core-dominated regime in the agglom-
eration of gold nanoparticles passivated by hexadecanethiol in n-hexane (core diam-
eter of 4nm to 10nm). Larger particles agglomerated by vdW attraction of the cores.
In this core-dominated regime, the ligand shell was disordered during agglomera-
tion and would only order at temperatures below the agglomeration temperature
[155]. Smaller particles agglomerated by ligand-ligand attraction once the ligand
shell was ordered (the order-to-disorder transition temperature approximately was
the same as the agglomeration temperature) [155]. In this ligand-dominated regime,
shorter ligands enhance colloidal stability since they order at lower temperatures.
Which regime dominated could be estimated: vdW interactions between the cores
dominated when they exceeded approximately 1/3kgT at the distance where the

shells started to touch (kg is the Boltzmann constant and T is the temperature) [155].

Depletion forces

Depletion forces arise in dispersions containing colloidal particles and a second
species of smaller particles or molecules [134, 139, 150, 181]. These smaller particles
or molecules (the “depletants”) cannot enter the volume directly next to the larger
particles (the “excluded volume”), which is thus depleted of the smaller species, see

Fig. 2.6A. When two larger particles approach, their excluded volumes overlap so
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FIGURE 2.6: The depletion force in colloidal nanoparticles. (A) Depletion forces occur in
mixtures of larger and smaller particles. The center of the smaller particles of diameter D
cannot enter the excluded volume of width D /2 around the larger particles. (B) In a lock-
and-key particle system, the depletion force drives the keys into the locks because this com-
bination maximizes the overlap volume. Adapted and reprinted with permission from [182].
©2010 Macmillan Publishers Limited. (C) Rod-shaped depletants of length L must align par-
allel to the particle surface and lose entropy when their centers enter the excluded volume
of width L/2. (D) Ligand-coated nanorods were assembled by adding oleic acid (OA) to the
dispersion. Analytical calculations of the interaction potential show that the minimum in the
interaction potential increases with increasing concentration of oleic acid. The calculations
considered the attractive vdW, repulsive steric, and attractive depletion forces and treated
oleic acid as a prolate spheroid. Adapted and reprinted with permission from [183]. © 2019
American Chemical Society.

that overall more volume becomes available to the depletants, increasing their trans-
lational degrees of freedom and hence their entropy. A net attractive force arises be-
tween the larger particles if this increase in entropy outweighs the entropic penalty
paid for agglomeration of the larger particles. This is typically the case if the deple-
tants outnumber the larger particles [134, 139, 150, 181]. Explained in simpler terms:
There is a gradient in the concentration of depletants between the “overlap volume”
and the bulk solvent. This gradient in concentration gives rise to an osmotic pres-
sure, which pushes the larger particles together and induces their agglomeration
[134, 139, 150, 181].

The magnitude of the depletion force is proportional to the overlap volume,
which changes with particle shape [181]. Varying the particle shape also allows for
making the depletion force directional. For example, Sacanna et al. [182] created
a lock-and-key particle system consisting of larger spherical particles with a cavity
(“lock”) and smaller particles fitting precisely into the cavities (“key”). Their assem-
bly could be triggered by adding depletants. The keys self-assembled in the locks

because this configuration maximized the overlap volume, see Fig. 2.6B [182].
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The exclusion mechanism can be geometric (the depletants do not fit into the
excluded volume) or entropic (the depletants lose entropy within the excluded vol-
ume). Entropic reasons are relevant for anisotropic, e.g., rod-shaped depletants [184—
190]. They can enter the excluded volume but must orient parallel to the particle sur-
face, thus losing rotational entropy, see Fig. 2.6C [184-190]. The resulting depletion
potential is proportional to the length-to-diameter aspect ratio of the rod-shaped de-
pletants. The concept has been used to purify rod-shaped viruses, for example [191].

Macromolecules can induce depletion forces [134, 150, 181], and recent research
suggests that smaller linear molecules can act as depletants, too. For example, ligand-
coated semiconductor nanorods could be assembled into hexagonal arrays when
oleic acid was added to the dispersion [192]. Adding linearly-shaped molecules
(e.g., oleic acid or OAm) to dispersions of drying nanoparticles improved the crys-
tallinity of the emerging superlattices [183, 192-195]. Analytical calculations of the
interaction potential demonstrated that such an enhanced crystallinity might stem
from the added molecules inducing an attractive depletion force, thus deepening
the well in the particles” interaction potential, see Fig. 2.6D [183]. The nanoparticles
in these studies were coated with ligands in the size range of the depletants, sug-
gesting that ligand molecules could induce depletion forces, too. Likewise, solvent
molecules can order in the proximity of nanoparticle surfaces and might induce de-
pletion forces. Although the ordering of solvent molecules is well known around
charged particles in polar solvents [134] and has also been observed in non-polar

solvents [196], it has not yet been reported to induce depletion forces.

2.2.2 Self-assembly of ultrathin nanowires into bundles

Ultrathin nanowires can self-assemble into elongated bundles [14, 40-43]. Such
nanowire bundles were observed in ultrathin nanowires made from FeP [40], CdSe
[41], CunS [42], Bi»S; [14], CsPbBrs [197], and Au [43-45]. Bundles formed with
thicknesses ranging from 70 nm in Au nanowires [44] to 400 nm in Cu,S nanowires
[42], and were observed both in dispersion and after drying [14, 40-43, 71].

The solvent and the type and amount of ligand influence the bundling of Au-
NWs. Freshly synthesized AuNWs assembled into bundles with a hexagonal lat-
tice and a lattice spacing of 9.2nm to 9.9 nm, implying that each nanowire was sur-
rounded by a bilayer of OAm, as depicted in Fig. 2.7A [44, 45]. The formation of
these bundles took approximately 2 h to 3h [44, 45], a long time associated with the
considerable length of the nanowires that slows diffusion and self-organization [44].
SAXS revealed an equilibrium between bundled and dispersed AuNWs at about
40 % of AuNWs being contained in bundles in a freshly synthesized sample. The
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FIGURE 2.7: Self-assembly of AuNWs into bundles. (A) AuNWs self-assemble into hexago-
nal bundles during synthesis, with each nanowire being surrounded by a double layer of the
ligand OAm. Adapted and reprinted with permission from [44]. © 2014 American Chemical
Society. (B) Exchanging the ligand from OAm to TOP reduces the center-to-center distance
in dried AuNWs from 7.2nm to 3.75nm. Adapted and reprinted with permission from [47].
© 2017 American Chemical Society. (C) Washing of AuNWs after synthesis reduces the spac-
ing so that each nanowire is surrounded by a monolayer of the ligand OAm. Adapted and
reprinted with permission from [45]. CC BY-NC 3.0. (D) The center-to-center distance of
bundled AuNWs dispersed in arenes (toluene and benzene) is shorter than in linear alkanes
(n-hexane and n-octane). No bundle formation was observed in cyclic alkanes (cyclohexane
and cyclooctane). Adapted and reprinted with permission from [45]. CC BY-NC 3.0.

underlying mechanism of bundling was believed to be vdW attraction of the gold
cores, with an interaction energy of 5kgT for a pair of AuNWSs [44].

Reducing the amount of ligand in the system by purifying AuNWs reduced the
center-to-center distance to 7.2 nm for one purification cycle and 5.5 nm for two pu-
rification cycles, which corresponds to each nanowire being surrounded by a mono-
layer of OAm (see Fig. 2.7C) [45-47]. The center-to-center distance also decreased
upon adding free ligand and increased by adding solvent, thus lowering the ligand
concentration [45]. The dependence of the center-to-center distance on the ligand
concentration was explained with osmotic pressure: increasing the ligand concen-
tration increases the osmotic pressure in the bulk solvent so that some solvent is
removed from within the bundles, and the bundles tighten [45].

Exchanging the type of ligand from OAm to shorter ligands resulted in tighter
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bundles. The center-to-center distance of dried AuNWSs decreased from 7.2nm to
3.8nm with trioctylphosphine (TOP) and to 6.6nm with trioctylphosphine oxide
(TOPO), as shown in Fig. 2.7B [47]. TOP and TOPO are molecules of similar size,
but TOP resulted in significantly tighter bundles than TOPO because the phosphine
head group bound more strongly to gold than the phosphine oxide group, so fewer
OAm remained in the shell.

The purity of the ligand plays a role in nanowire self-assembly. AuNWs can self-
assemble on amphiphilic, templated substrates in nematic and ribbon phases [144,
198]. AuNWs synthesized with pure 9-cis-octadeceneamine only showed one transi-
tion from the ribbon to the nematic phase. AuNWs synthesized with technical grade
OAm, containing 9-trans-octadeceneamine and saturated alkyl amines as impurities,
exhibited two additional order-to-disorder transitions [198].

Solvents influence bundling, too. No bundles were observed in AuNWs dis-
persed in cyclic alkanes (cyclohexane and cyclooctane), see Fig. 2.7D, which was
explained by the less flexible cyclic alkanes not being able to interdigitate into the
ligand shell the same way that linear alkanes do [45]. Bundles formed in arenes
(toluene and benzene) with slightly tighter center-to-center distance than in n-hexane
(5.2nm to 5.3nm versus 5.5nm), which was attributed to the 7-7t-interactions ren-
dering the solvent less compatible to the alkyl tail of OAm (Fig. 2.7D) [45]. The
densest bundles were observed in alcohols such as ethanol with a center-to-center
distance of 3.6nm, likely due to differences in the polarity of the solvent and the
ligand shell [199].

To summarize, it is known that ultrathin, ligand-coated nanowires can self-as-
semble into elongated bundles. Solvent and type and amount of ligand modulate
bundle formation and lattice constant. The colloidal interactions that drive the bund-
ling are still unclear. VAW forces [44] and osmotic pressure [45] have been postulated
to cause bundling, but we lack clear evidence to support any of the theories. Further
systematic experiments and simulations on the molecular length scale are needed to

elucidate the dominating interactions.

2.3 The Plateau-Rayleigh instability of nanowires

The shape of a cylinder is thermodynamically unfavorable. The resulting instability
was first discovered for fluids by Plateau [55] in 1873 and Rayleigh [56] in 1878 and
is named “Plateau-Rayleigh”, “Rayleigh”, “morphological”, “geometric”, or “shape
instability”. The phenomenon was described for solids by Nichols and Mullins [61]
in 1965. The instability is driven by a reduction in surface energy: a cylinder of

radius Ry splits into an array of spheres of radius Rs > (371/ 2)%R0, which have a
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smaller overall surface area and hence surface energy [61, 62]. In metals, the frag-
mentation evolves by surface diffusion, which is driven by a gradient in chemical
potential.

The Plateau-Rayleigh instability is more severe for smaller structures. The break-
up time scales with a nanowire’s radius to the fourth power, as will be shown in
the following sections. In the past two decades, the emergence of one-dimensional
nanostructures with sizes well below 100nm has renewed interest in the Plateau-
Rayleigh instability.

This section presents prototypical examples of the Plateau-Rayleigh instability in
one-dimensional nanomaterials, briefly derives the underlying theory, summarizes
the current state of the art, and discusses the most recent literature dealing with the

instability in ligand-coated nanowires.

2.3.1 Phenomenological introduction to the Plateau-Rayleigh instability

Researchers around Toimil-Molares investigated the break-up of Cu, Au, and Pt
nanowires with diameters ranging from 25nm to 74nm, see Fig. 2.8A [48-50]. Li
et al. [52] investigated the break-up of ultrathin gold nanoribbons on the atomic
scale via high-resolution transmission electron microcropy (TEM), see Fig. 2.8B. And
Wang, Huang, and He [200] observed diblock copolymer micelles (average diame-
ter of 43nm and lengths of about 25 um) breaking up within 10 days, a time period
allowing to study intermediate morphologies, see Fig. 2.8C.

The Plateau-Rayleigh instability begins with small irregularities in the surface, as
those seen in the high-resolutions TEMs in Fig. 2.8B at 0 min and 10 min [48, 49, 52].
Such irregularities may be present in the surface from its creation on or may form
due to thermal fluctuations. They cause the material to reorganize into thinner and
thicker cross sections that repeat periodically, see Fig. 2.8B at 20 min and Fig. 2.8C
at 2h. The periodicity is set by the fastest growing perturbation that dominates the
Plateau-Rayleigh instability (derived in the following section) [61, 62]. The ampli-
tude of the perturbations increases because atoms diffuse from the thinned to the
thickened sections, see for example the evolution in Fig. 2.8B from 20 min to 50 min
and Fig. 2.8C from 2 h to 5 days [51]. Eventually, the cylinder pinches off into discrete
spheroidal particles, see again Fig. 2.8.
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FIGURE 2.8: Prototypical examples of the Plateau-Rayleigh instability in one-dimensional
nanostructures. (A) AuNW with a diameter of 25nm decays into spheroidal nanoparticles.
The insets show transient states in the shape instability. Adapted and reprinted with permis-
sion from [49]. © 2006 IOP Publishing Ltd. (B) Gold nanoribbon with a width of 11 nm de-
velops a perturbation in its radius. The perturbation will lead to break-up into spherical par-
ticles. Adapted and reprinted with permission from [52]. CC BY-NC 3.0. (C) Schematic and
TEMs of a cylindrical micelle made from diblock copolymers (average diameter of 43 nm)
decaying into spherical micelles. The scale bar in the insets corresponds to 100 nm. Adapted
and reprinted with permission from [200]. © 2014 American Chemical Society.

2.3.2 Chemical potential and surface energies as driving forces

The basic theory of the Plateau-Rayleigh instability will now be discussed?. Con-
sider a non-perfect cylinder whose radius R is perturbed with amplitude a4 and

wavelength A as shown in Fig. 2.9. The radius of the cylinder is described as
R(z,t) = Ro + AR(t) + a(t) cos (kz), (2.5)

with axial coordinate z, time t, and wavenumber k = 27t/ A. The term AR is required
to conserve volume. In the following analysis, it is assumed that the perturbation
amplitude is small (2 < Ro) so that terms of O(a®) and higher order can be neglected

[201]. The volume-conserving term AR can be derived by comparing the volume V

2The only two textbooks known to the author that treat the Rayleigh-Plateau instability are Refs.
[201] and [202]. Since they only treat specific variants of the topic, a brief and complete introduction is
given here.
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FIGURE 2.9: Geometry of a perturbed cylinder. (A) Cylinder of initial radius Ry perturbed
with a harmonic perturbation of wavelength A and amplitude a. (B) Geometry along the
surface line of the cylinder.

of the perturbed cylinder over one wavelength,

AR 1a2>’ (2.6)

V=nRGA (1+2—+5—
with that of a non-perturbed cylinder over one wavelength of Vy = 7R3), so that

the term AR equates to

AR 14
= 2.7
Rg 4 R3 @7

Energetics

In order to determine whether the cylinder breaks into smaller spheres, the change in
Gibbs free energy AG of the cylinder caused by the perturbation must be considered.
The perturbation changes the surface area As and its overall surface energy [201].
The change in Gibbs free energy is defined as AG = yAAg, where 7 is the specific
surface energy. The surface of the cylinder As over one perturbation wavelength is

given by
A
A, = / 27R ds 2.8)
0

with s being the arc length along the surface. Assuming a < Rq allows to write
ds = (1 + (ka)?sin® (kz) /2) dz so that

1 2
As = 271RoA <1 + 41”{% <(kR0)2 - 1)) . 2.9)

Now compare with the surface area of the non-perturbed cylinder over one wave-

length, AY = 27tRyA, to find the change in Gibbs free energy of

2
AG = ZRO/W(I“{%) ((kRO)2 - 1). (2.10)
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It can be seen from (2.10) that the perturbation decreases the Gibbs free energy

(AG < 0) and consequently leads to break-up if
kRop <1 or A >2mRy, (2.11)

the result obtained experimentally by Plateau [55] and analytically by Rayleigh [56].

Kinetics via a variational principle

The perturbation growth rate can be found using a variational principle with func-
tional IT1(4, j,) = AG + ¥ that depends on the rate of change in surface area A and
the surface diffusive flux j,, where ¥ is the dissipation potential caused by surface
diffusion [203, 204]. The dot symbol denotes differentiation with respect to time and

a bold symbol denotes a vector. A valid solution must give a stationary value of 11,
ST = 6(AG) + 6¥ = 0. (2.12)

The first term §(AG) can be obtained directly from (2.10). The dissipation potential

Y of a diffusive flux of magnitue js is defined as

2

Is
Y = dA 2.13
/A 5 44, (2.13)

where the surface diffusion parameter %; is defined as % = 8;D;Q/ (kgT), with
Js being the layer height over which surface diffusion occurs, Ds being the surface
diffusivity, and ()5 being the volume of an atom [205]. The diffusive flux j, along the

surface is related to the normal velocity of a volume element [203, 204] by
Vs . jS + On = 0. (2.14)

Since the in-plane is faster than the out-of-plane diffusion and any cylinder section
will remain circular, it is sufficient to consider surface diffusion only along the z-
direction so that the term V- j. simplifies to djs/0z with first-order accuracy in a
[62, 204]. The velocity into a surface element v, is given by v,, = R. With first-order
accuracy in 4, the diffusive flux hence equates to,

= —% sin (kz) (2.15)

Inserting (2.15) into the definition of the dissipation potential (2.13) gives

7T2R05l2

Y = 90

(2.16)
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Upon substitution of (2.16) into the variational functional (2.12), the perturbation

growth rate is obtained as

a  YDk? 2
- = 1— (kR . 217
This perturbation growth rate allows the same conclusions as drawn by the analy-
sis of (2.10): a wire is unstable against perturbations of wavelength A > 27Ry. In

addition, (2.17) allows to determine the fastest growth rate and pinch-off time.

Kinetics via chemical potential

An alternative way to derive this perturbation growth rate is to consider the gra-
dient in chemical potential due to locally different surface curvatures [56, 61, 62].
This gradient in chemical potential induces surface diffusion so that the instability
evolves. The chemical potential y of a surface atom is related to the mean surface

curvature x,, via
H = 207Kn, (2.18)

where the mean curvature is defined as km = (k1 + x2)/2 with k1 = cos (6)/R and
kp = —0d0/0ds being the two principal surface curvatures [62]. Neglecting terms of
O(a?) and higher order, these curvatures are x; = 1/Ro — (a/R3) cos (kz) and x, =
ak? cos (kz). Fick’s law [203] relates a gradient in chemical potential to a diffusive

flux

. Ds
Js = _ﬁvs,u- (2.19)

The surface flux js is related to the outward normal velocity of the surface v, via

(2.14), so the problem can be stated as

%k,
Op = 2.@5’)’@. (2.20)

Differentiating (2.20) and using v, = R = d cos (kz) allows to determine the pertur-

bation growth rate as

a _ Dsvk? . 2
i R 1— (kRp)” ). (2.21)

This result is the same as obtained in (2.17), this time motivated by the gradient in

chemical potential that arises due to locally varying surface curvatures.
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Fastest growth rate and pinch-off time

The fastest-growing perturbation wavenumber maximizes 4 and is given by

kmaxRo = O Amax = 2V27Ro. (2.22)

Sl

It leads to a growth rate of (i/a)max = 7%/ (4R}) [62, 201]. With this information,
the time required for pinch-off can be calculated. More precisely, one can approx-
imate the time required for a perturbation of initial amplitude a¢ to grow to an ar-
bitrary amplitude ap, necessary for pinch-off (say, for example, a, = 0.9R), which

gives
4
t, = 4log <Zl;’> fgj. (2.23)
S

The scaling of t, with R explains why the Plateau-Rayleigh instability is more se-
vere in small cylindrical structures such as ultrathin nanowires [201]. Take a nano-
wire with a thickness of 100 nm which breaks up within 100 d. A nanowire with the

same properties and a diameter of only 2nm breaks up in less than 2s.

2.3.3 Factors influencing the shape stability

The Plateau-Rayleigh theory predicts that the stability of a nanowire depends on
the surface diffusion parameter %, the radius of the nanowire Ry, and the surface
energy y. While this model accurately describes many real cases, recent research
has shown that additional factors influence shape stability in some systems. Among
these factors are crystallographic and surface energy anisotropy, the presence of sub-
strates, and confinement by a matrix or shell. These factors will be reviewed in the

following section.

Crystallographic and surface energy anisotropy

The surface energy of crystalline solids is anisotropic and depends on crystallo-
graphic orientation [206]. The change in Gibbs free energy caused by an evolving
perturbation, therefore, not only depends on the surface area but also the orientation
of the perturbed surface. Cahn [206] was the first to consider this effect by assuming
the surface energy 7 to be a function of the surface inclination 6 (see Fig. 2.9B). The

critical perturbation wavenumber k. given in (2.11) then reads [206]

-
k.Ro = (1 +i (‘39’;)) . (2.24)

N|—
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Crystalline facets could potentially render the term 927 /96? singular around 6 = 0
and make the nanowire stable against perturbations of any wavelength [206].> The
fastest growing perturbation wavenumber is kmax = kc/ v/2, which is consistent with
(2.22) for the isotropic case [57].

The surface energy depends on only one angle in the model of Cahn [206]. In
reality, it depends on the orientation of the surface in three dimensions, which was
considered by Gurski and McFadden [207]. The cylinder’s cross section was not nec-
essarily circular but could take any equilibrium shape determined by the anisotropy.
Gurski and McFadden [207] found that whether anisotropy stabilizes or destabilizes
a nanowire still depended on the magnitude and sign of the anisotropy [207].

Experimental evidence on the influence of anisotropy was provided by the group
of Glaeser, who extensively studied the Plateau-Rayleigh instability in cylindrical
pores in sapphire [60, 63, 208]. Such pores can occur naturally around cracks; Glaeser
[208] created them at precise crystallographic orientations on a sapphire surface by
photolithography and electron beam etching (see Fig. 2.10A). Note that the Plateau-
Rayleigh instability occurs regardless of whether the cylinder shape is concave (a
void pore in a matrix) or convex (a solid wire in air). From an experimental point of
view, the concave shape was advantageous, as it allowed observation of the instabil-
ity in an inert atmosphere [208]. The spacing of the emerging spherical pores in the
(0001) plane was 3 to 5 times larger on the [1120] than on the [1100] axis, indicating
that the crystallographic orientation influences shape stability [208]. Note that the
pore spacing correlated with the pinch-off time. For channels etched into the (1010)
plane, the trend was opposite: channels along the [1120] axis were an order of mag-
nitude more stable (break-up time of 468 h versus 2 h to 10 h in all other orientations),
see Fig. 2.10C-D [60, 63]. The stable [1120] channels were bound by (0001), (1012),
and (1011) facets, which are equilibrium facets of the Wulff shape and therefore pin
the wire shape in a local energetic minimum [60, 63].

Similar experiments with convex shapes were carried out by Kim and Thompson
[209]. Strips with widths of 130nm (e-beam lithography) and 2 um to 4 pm (pho-
tolithography) were patterned in a single-crystalline nickel thin film and placed on
magnesium oxide and sapphire substrates. Their observation confirmed that nano-
wires bound by equilibrium facets are more stable. The break-up time was up to four
times longer than predicted by the Plateau-Rayleigh theory, which was attributed to
the surface energy anisotropy and the presence of a substrate [209].

The continuum analysis and experiments were complemented by kinetic Monte

3The nanowire may still be unstable against perturbations of larger perturbation amplitude on the
order of the nanowire radius.
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FIGURE 2.10: Influence of crystallographic and surface energy anisotropy on the Plateau-
Rayleigh instability. (A) Channels of varying crystallographic orientations etched into the
(1010) plane of sapphire. The width of the channels was 3 um and that of the image approx-
imately 1mm. (B) The same channels as in (A) annealed at 1700 °C for 8 h. Most channels
have broken up into spherical pores except the vertical ones oriented along the (1120) axis.
(C) Polar plot of the pore spacing normalized by effective radius. The isotropic behavior
predicted by the Plateau-Rayleigh theory is marked in red. (D) The break-up time correlates
with the pore spacing and manifests that channels along the (1120) orientation were stable
for longer periods than other orientations. Parts (A) to (D) are adapted and reprinted with
permission from [60]. © 2005 Elsevier B.V. (E) Kinetic Monte Carlo simulations of two Ni
strips with different crystallographic orientations. The strip along the [001] orientation was
stable for longer periods than the other one. Adapted and reprinted with permission from
[209]. © 2014 Elsevier Ltd. and Acta Materialia Inc.

Carlo simulations that qualitatively showed that equilibrium facets could delay mor-
phological changes (see Fig. 2.10E) [209-211]. Simulations of Gorshkov and Privman
[210, 211] treated nanowires with the fcc crystal structure common to noble metals.
Surface atoms were allowed to move by random diffusion with probabilities set by
the free energy in the local neighborhood of an atom. Additionally, the atoms were
in equilibrium with their gas and allowed to desorb and adsorb from the wire sur-
face. At temperatures close to the melting temperature, the systems were well de-
scribed by the classic Plateau-Rayleigh theory. At lower temperatures, the influence
of bounding facets was more pronounced such that the evolution deviated from the

Plateau-Rayleigh theory: particle spacings twice the predicted value were observed
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[210, 211]. In summary, there is plentiful evidence from theory, simulation, and ex-
periment showing that anisotropic surface energies influence the shape stability of

nanowires.

Presence of a substrate

There is sound evidence from continuum analysis that the presence of a substrate
stabilizes nanowires [64, 204, 212, 213]. For liquids, Dussan [214] and Davis [215]
showed that the presence of a substrate reduces the critical perturbation wavenum-
ber k. from 1 to v/3/4 and increases stability, regardless of the contact angle. Mc-
Callum et al. [64] were the first to analyze the analogous problem in solids and con-
firmed these results. They considered an infinite cylindrical line in contact with a flat
substrate. The shape of the cylinder could evolve by surface diffusion and was sub-
jected to a perturbation along the cylinder axis. The radius R was a function of both
the axial and cylindrical coordinates, as shown in Fig. 2.11A. The resulting critical
and fastest-growing perturbation wavenumbers are plotted in Fig. 2.11B. Both van-
ish at small contact angles, meaning that a fully wetting cylinder is linearly stable
against any perturbation [64].

The analysis by McCallum et al. [64] was extended to include crystallographic
and surface energy anisotropy [212] and grooves on the substrate [204, 213]. A small
contact angle close to 0° (non-wetting) can stabilize the nanowire if crystallographic
anisotropy induces pinning of the contact line and hence hinders the evolution of the
shape [212]. Gill [204] included a V-shaped groove in the substrate and simplified
the model by McCallum et al. [64] by making the radius a function of the axial coor-
dinate only. This simplification yielded the same result (within a deviation of 6 %) as
obtained for a flat substrate. The V-shaped groove generally stabilized the nanowire;
the nanowire became stable against perturbations of any wavelength if the sum of
the groove and the contact angle (here defined on the outside of the nanowire) ex-
ceeded 7t [204]. Boussinot and Brener [213] analyzed the influence of an arbitrarily
shaped groove. In line with the findings by Gill [204], a Gaussian-shaped groove
stabilized the wire when it was sufficiently deep and the contact angle sufficiently
small (wetting), and a V-shaped groove when it was sufficiently deep or when the
triple line was pinned.

These findings from continuum analysis are consistent with experimental evi-
dence [209, 216-218]. Polymer strips on different substrates broke into spherical
particles whose spacing depended on contact angle [217]. These strips with widths
between 0.8 um and 2.5 um were placed on plain and SiN, enriched Si wafers and

annealed at 160 °C. The spacing of the resulting particles was larger than expected by
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FIGURE 2.11: Continuum models and simulations of nanowire stabilization on substrates.
(A) Cylindrical wire on a flat substrate in a non-perturbed and perturbed state. (B) The
critical and fastest-growing perturbation wavenumbers k as a function of contact angle «.
For small contact angles (wetting), the nanowire is stable against a larger range of pertur-
bation wavenumbers. (C) Phase field simulation cell consisting of Si ridge, Ge nanowire,
and vacuum. (D) Evolution of shape and chemical potential pot for a perturbed Ge nano-
wire with time. The chemical potential is highest in the thinned regions, inducing diffusion
that leads to a break-up. (E) Contours of the nanowire shape for different widths of the Si
ridge at an arbitrary time point. The wider the ridge, the less change in shape. Parts (A)
and (B) are adapted and reprinted with permission from [64]. © 1996 American Institute of
Physics. Parts (C) to (E) are adapted and reprinted with permission from [216]. © 2018 AIP
Publishing LLC.

classic Plateau-Rayleigh theory and correlated well with the contact angle on the two
substrates [217]. In an experiment carried out by Salvalaglio et al. [216], the width
of the substrate was systematically varied. To this end, Ge strips were prepared by
epitactic growth on Si ridges. The diameter of the Ge strips was held constant at
150 nm while the width of the Si ridges (height of 30 nm) was varied between 35, 55,
and 95nm. The wider these Si ridges, the longer it took the Ge nanowires to break
up into distinct particles, implying that the substrate stabilized the wires. Illustra-
tive phase-field studies (Fig. 2.11C-E) considering diffusion along the free surface of
the Ge nanowire and fixed contact with the Si substrate confirmed this observation
[216]. All of these findings confirm that a wetting substrate stabilizes nanowires or

at least delays the Plateau-Rayleigh instability.



2.3. The Plateau-Rayleigh instability of nanowires 31

Confinement by a matrix or shell

When a template confines the nanowire shape, the template limits how the shape
can evolve. For example, when Shin, Yu, and Song [219] deposited Sn nanowires
electrochemically into cylindrical pores in an anodic aluminum oxide (AAO) tem-
plate, the nanowires did not break up into spherical particles but into nanorods.
The volume of these nanorods was slightly larger than that predicted for spheres re-
sulting from the break-up of free-standing nanowires. Since volume correlates with
break-up time [201], it can be concluded that the confinement increased the shape
stability.

If the nanowire wets the confining walls and does not completely fill the con-
fined space, the Plateau-Rayleigh instability can invert: spherical voids form instead
of spherical nanoparticles [217, 220-222]. Such an inversion was observed in poly-
mer strips in a rectangular channel [217, 223] and polymer nanotubes within cylin-
drical pores [220-222]. The polymer strips (widths from 0.8 um to 3 pm and height
of 125 nm) were formed by pressing a patterned PDMS stamp on a polystyrene film.
The widths of the strips were confined by the PDMS walls, and their height could
evolve freely. Upon annealing, spherical voids formed in the strips until the strips
broke up into shorter fragments [217, 223]. The hollow polymer nanotubes (outer
diameter from 100 nm to 400 nm and length of about 60 um) were formed by filling
AAO pores with poly(methyl methacrylate) or polystyrene [220-222]. When an-
nealed, the shape of these hollow nanotubes became unstable and spherical voids
formed. The pinch-off time was longer for nanotubes with denser, stiffer polymers
[222].

A coating can confine nanowires [65, 66]. For example, AuNWSs were coated with
a silica shell, which increased their shape stability [65]. To this end, AuNWs were
first made dispersable in ethanol by exchanging the ligand OAm for 3-mercapto-
propanoic acid. The silica coating was then created by adding tetraethoxysilane.
The resulting shell had a thickness of 6nm to 18 nm around the nanowire gold core
of 2nm. While AuNWs in OAm ligand broke up within 1min of electron beam
irradiation, those in silica shells did not change their shape within 10 min. Likewise,
OAm-capped AuNWs broke up when heated at 150 °C for 3h while those in silica
remained stable [65] (Fig. 2.12A). It remained unclear whether this stability increase
is to be attributed to the confinement of the shell, the larger overall radius, or a lower
surface diffusivity.

Evidence for stabilization by confinement is also provided by the experiments
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FIGURE 2.12: The Plateau-Rayleigh instability of confined nanowires. (A) AuNWs sur-
rounded by the ligand OAm broke up into spheroidal particles (left) after 3h of heating
at 150 °C, whereas silica-coated AuNWSs remained stable (right). Adapted and reprinted
with permission from [65]. © 2014 American Chemical Society. (B) Mechanical stresses in
an epoxy matrix around a long (L) and short (S) nanorod of the same diameter, caused by
the nanorods changing shape. Adapted and reprinted with permission from [66]. © 2018
American Chemical Society.

of Kennedy et al. [66]. They embedded PEG-coated gold nanorods (AuNRs; di-
ameters from 10nm to 20nm and aspect ratios from 2.5 to 5.5) in an epoxy ma-
trix and cross-linked the matrix. The samples were heated to temperatures be-
tween 120°C and 200 °C, and the shape of the AuNRs was tracked by transmis-
sion extinction spectroscopy. In the initial stage, the change in shape followed the
Plateau-Rayleigh instability. In the second stage, the rate of change slowed, and the
shape stabilized. This effect was more pronounced in stiffer polymer matrices (see
Fig. 2.12B for a visualization of the stresses), indicating a relation between shape
stability and confinement.

Mechanical stresses between the nanowire and a confining shell influence the
Rayleigh-Plateau instability, too. Schmidt, McIntyre, and Gosele [224] analyzed
shape stability in core-shell nanowires with a misfit strain between core and shell
subjected to axisymmetric and higher-order perturbations. In core-shell nanowires
with a positive misfit parameter (e.g., Ge shell on Si core), the zeroth-order pertur-
bation always grew fastest, eventually leading to break-up. Higher-order modes
could dominate in nanowires with a negative misfit parameter (e.g., Si shell on a Ge
core) when the shell was relatively thin. The misfit strain could even render thin-
ner nanowires more stable than thicker ones and counterbalance the strong scaling
of the pinch-off time with nanowire radius [224]. To sum up, there is experimental
and computational evidence that confining the nanowire shape by a matrix or shell

improves the nanowire’s shape stability.

2.3.4 Influence of the ligand shell

The synthesis of ultrathin nanowires involving the reduction of metal or semicon-
ductor salts requires a shape-directing ligand [33-37]. This shape-directing ligand

might also influence the shape stability of one-dimensional nanomaterials. About
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a dozen articles have been published on this topic since the wet chemical synthesis
of ultrathin nanowires was introduced [47, 65-71, 225-228]. These range from mere
speculation [90, 229, 230] to more systematic and insightful studies [47, 65, 66, 69, 70,
227].

The shape stability of ligand-coated nanowires has been studied in the context
of transparent and flexible electrodes. Maurer et al. [71] created thin films of Au-
NWs (diameter of 1.6nm) by dip-coating a glass substrate. The thin films were
plasma-treated to (partially) remove the OAm ligand shell. Transmission electron
micrographs taken after one week showed that films without plasma treatment kept
their morphology, while those with short plasma treatment (60 s) disintegrated into
spheroidal nanoparticles. Maurer et al. [71] concluded that the partial removal of the
ligand shell by plasma treatment of the thin films accelerates the Plateau-Rayleigh
instability. Tomioka et al. [225] created electrodes from silver nanowires (diameters
of 68 nm and 220 nm) surrounded by the ligand PVP. In their case, plasma treatment
of 30s improved the shape stability of the electrodes, and they concluded that the
removal of PVP must have lowered the surface energy of the silver nanowires.

Covering such nanowire electrodes with additional ligands can increase their
shape stability [226]. For example, Kwan, Le, and Huan [226] covered silver nano-
wires (diameter of 100 nm) with a mixture of graphene oxide and ascorbic acid and
observed that their electrical resistance at elevated temperatures of 573 K increased
at a slower rate than the resistance of uncovered electrodes. It is unclear whether this
effect was due to the graphene oxide layer or the ascorbic acid acting as a ligand.

Other studies directly manipulated the ligand shell. Nouh et al. [47] exchanged
the ligand OAm surrounding ultrathin AuNWs (diameter of 1.6 nm) with TOP and
TOPO. The nanowires stabilized by OAm completely broke up into spheroidal nano-
particles after storage at room temperature for a duration of 13 d while those stabi-
lized by TOP and TOPO maintained their cylindrical shape, see TEMs in Fig. 2.13A.

Not all ligand exchanges were successful. Nanowires broke into spheroidal nano-
particles when attempting to exchange the ligand with thiols such as 1-dodecanethiol
or 3-mercaptopropanoic acid [47, 65, 67]. Interestingly, break-up with 3-mercapto-
propanoic acid was only observed at large ligand concentrations [65]. Maturi et al.
[68] managed to exchange OAm for the thiol ethyl 11-(4-mercaptobenzamido) un-
decanoate, which increased the shape stability in tetrahydrofuran at 25°C. These
findings clearly show that the type of ligand matters and can either stabilize or desta-
bilize the nanowire shape. Yet, it remains unclear which properties of the ligand de-
termined the shape stability (e.g., adsorption chemistry and bond strength, ligand
tail steric, compatibility with solvent, stronger bundling of nanowires, etc.).

Similar findings were made by Imura et al. [65] and Wu et al. [227]. Imura et al.
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FIGURE 2.13: Known influences of the ligand shell on the Plateau-Rayleigh instability of
ultrathin nanowires and nanorods. (A) Exchanging the ligand oleylammonium chloride
on AuNWs with trioctylphosphine increased shape stability. Adapted and reprinted with
permission from [47]. © 2017 American Chemical Society. (B) Increasing the ligand concen-
tration in dispersion rendered the ligand shell around AuNRs denser and the AuNRs more
stable. Adapted and reprinted with permission from [69]. © 2016 American Chemical Soci-
ety. (C) Stiffening the ligand shell by cross-linking the ligands slowed surface diffusion and
the rate of shape change. Adapted and reprinted with permission from [70]. © 2015 Wiley
Periodicals, Inc.

[65] synthesized ultrathin AuNWs with a custom-made, water-soluble, long-chain
amidoamine ligand and observed shape stability in dependence of pH. AuNWs re-
mained stable under basic but not acidic conditions. They attributed this difference
in stability to a change in the ligand shell structure induced by protonation of the
ligand [65].

Additionally, the ligand (or at least the surface chemistry) might also influence
the crystal structure of the nanowire core and, therefore, indirectly influence the
shape stability. Wu et al. [227] synthesized ultrathin AuNWs (diameter of 2nm)
following two different recipes; the prevailing recipe using OAm [33-37] and an
adapted recipe using CO gas. Electron beam bombardment and heating of the dis-
persion at 60 °C revealed that the AuNWs made with CO gas were more stable. Wu
et al. [227] argued that the increase in stability stems from the AuNWs made with
CO gas being bound by stable 111 crystal facets whereas 100 crystal facets bound
the others. The stable 111 facets must have emerged thanks to the synthesis, the

adsorption chemistry between ligand and core, or both [227].
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Relatively direct evidence of the stabilizing effect of the ligand shell can also be
found in the MD simulations run by Huber et al. [228]. They investigated whether
adsorbing model ligands (n-aminopentane with tunable adsorption energies) onto
AuNWs (diameter of 2nm and length of 40 nm) influences the melting point depres-
sion known in various nanostructures [231, 232]. An uncovered nanowire melted
at approximately 750 K. Adsorbing a monolayer of the model ligand onto the Au-
NWs increased the melting temperature by 200K to 300K, given that the adsorption
energy was at least 4.5kcal/mol. The effect of an increased melting temperature
was attributed to the ligand suppressing the surface diffusion of gold atoms, which
would also slow down the Plateau-Rayleigh instability.

The density of the ligand shell also influences shape stability. Takahata et al.
[69] observed the break-up of AuNRs (diameter of 2nm and length of 6 nm) with a
ligand shell of OAm. The AuNRs were dispersed in chloroform enriched with vary-
ing amounts of OAm, heated to temperatures from 70 °C to 100 °C, and their shape
evolution was followed by TEM and ultraviolet-visible spectroscopy (UV-vis). The
AuNRs in dispersions with an amount of 1.0mg/mL of added OAm were stable
three times as long as those with an amount of only 0.5mg/mL (Fig. 2.13B). Taka-
hata et al. [69] argued that increasing the ligand concentration shifts the chemical
equilibrium between unbound and adsorbed ligands so that the density of the lig-
and shell increases. Such a denser ligand shell then enhances the shape stability of
AuNRs [69].

Finally, the mechanical stiffness of the ligand shell is known to influence the
shape stability. Danielsen, Choi, and Composto [70] observed that cross-linking
the ligand shell slowed the rate at which AuNRs change their shape. They grafted
AuNRs (diameter from 8 nm to 15nm and aspect ratio of 3) with poly(ethylene gly-
col) (PEG) and poly(styrene-b-azidostyrene) (P(S—b-S—N3)) and dispersed them in
a polymer matrix. The inner shell of the P(S—b-S—N3) covered AuNRs was cross-
linked by exposure to ultraviolet light (Fig. 2.13C). All samples were exposed to
increased temperatures (150 °C and 200 °C), and changes in shape were monitored.
The AuNRs with non-cross-linked shells changed their shape more rapidly. Kennedy
et al. [66] carried out a similar experiment (already discussed in Section 2.3.3). Both
groups concluded that an increase in the mechanical stiffness of the nanorods” sur-
roundings (i.e., ligand shell or polymer matrix) slowed the surface diffusion of Au
atoms and hence slowed the Plateau-Rayleigh instability.

To summarize, there is some evidence in the literature suggesting that the ligand
shell influences the Plateau-Rayleigh instability in one-dimensional nanostructures
and stabilizes their shape. More specifically, it is known that the type of ligand, the

ligand shell density, and the mechanical stiffness of the ligand shell influence the
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shape stability of ultrathin nanorods and nanowires. The mechanistic understand-
ing of why and how this stabilization occurs is limited. For example, we do not yet
understand why TOP rendered AuNWs more stable and 1-dodecanethiol less stable
in the experiments of Nouh et al. [47]. Is this for energetic or kinetic reasons? More-
over, is shape stability governed by the adsorption chemistry and bond strength, the
ligand tail steric, the ligand-induced agglomeration of particles, or the compatibility
with the solvent? Answering these questions requires further research on the shape

stability of one-dimensional nanostructures.

2.4 Knowledge gaps in the state of the art and the goal of this

dissertation

The above review identified knowledge gaps regarding the bundling and shape sta-
bility of ultrathin nanowires. The goal of this dissertation is to investigate the shape
stability of ultrathin, ligand-coated nanowires, elucidate the mechanisms that in-
duce the bundling of these nanowires, and assess whether bundling influences the
shape stability.

Bundling is known to occur in various solvents and nanowire materials, but we
do not understand why, see Fig. 2.14A. An especially intriguing example is AuNW
in alkanes, where bundling was observed in n-hexane but not in cyclohexane. We do
not yet understand the underlying physical and chemical mechanisms that elucidate
the phenomena.

More specifically, we do not know the nature and strength of the interaction that
drives bundling. Is the interaction driven by core-core, ligand-ligand, or ligand-
solvent interactions? Is the driving force enthalpic or entropic? Is the ligand shell
compressed or well-solvated inside bundles? What role plays the structure of the
ligand shell, and are order-to-disorder transitions in the ligand shell such as those
observed in other nanoparticle systems of similar size of importance (Section 2.2.1)?
What determines the difference in interwire spacing observed in various solvents
and with various ligand shells? These questions are unanswered for ultrathin nano-
wires in general, with AuNWs only being the most prominent example.

Our limited knowledge of the bundling mechanisms is an issue because it lim-
its the proper processing of the nanowires. Some applications, such as stamp im-
printing of AuNWs into transparent electrodes, require precise control over whether
nanowires are bundled or freely dispersed [92, 233]. The ability to control the struc-

ture of a colloid is generally key to the industrial use of colloids, for example, in
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(A) Mechanisms driving bundling
Ultrathin, ligand-capped nanowires in dispersion are known to be either freely dispersed or self-
assembled into bundles. Which colloidal forces drive bundling?

e "’%’%:
%@%E@W< >
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dispersed nanowires

(B) Shape stability of nanowires

* The Plateau-Rayleigh instability
is less well understood in nano-
Nanowires break up into ? wires with organic ligand shells.
spheroidal particles due How does the ligand shell and
to the Plateau-Rayleigh [ ] bundling influence the shape
instability. stability?

FIGURE 2.14: Knowledge gaps in the state of the art and goal of this dissertation. (A) The
underlying mechanisms of bundling shall be elucidated. (B) The influence of the ligand shell
and bundling on the Plateau-Rayleigh instability of ultrathin nanowires shall be studied.

paints [234]. Understanding the fundamental interactions that determine the struc-
ture of a colloid is the first step in that direction.

The first goal of this dissertation is to resolve the bundling mechanism of OAm-
capped AuNWs in alcohols and alkanes. This example material was chosen for three
reasons. First, it has shown interesting and inexplicable behavior as reported in the
literature [44, 45]. Second, its synthesis is established and reliable. Third, it also
serves as the material in the experiments on the Plateau-Rayleigh instability and
allows for studying the link between colloidal and shape stability. The study of
other core materials, ligands, and solvents is beyond the scope of this dissertation.

The strategy to answer these questions involves systematic experimentation us-
ing SAXS combined with MD simulations. SAXS allows probing the structure of
nanowires in dispersion, including the size and lattice constant of bundles. The
experiments are suitable to screen a large part of the available parameter space

and modulate macroscopically available parameters such as the type of solvent, the
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nanowire concentration, or the ligand concentration. The simulations allow obtain-
ing detailed insight into the colloid on a molecular length scale and studying phe-
nomena such as the ordering of the ligand shell and solvent. They will allow linking
bundling to molecular-scale phenomena.

The second goal of this dissertation is to deepen our understanding of the Plateau-
Rayleigh instability in ligand-capped nanowires. This goal is essential because any
long-term use of the nanowires that relies on their cylindrical shape will remain
impossible until we better understand and eventually control their break-up. The
literature review shows a decent understanding of the instability in nanowires with
bare metal surfaces, whereas the instability is less well understood for nanowires
with an organic ligand shell, see Fig. 2.14B. For bare metal nanowires, factors such
as anisotropy in the crystal structure and surface energy, the presence of a substrate,
and confinement have been investigated. The few studies on ligand-capped nano-
wires show that the ligand shell influences shape stability, depending on the type
of ligand and the density and mechanical stiffness of the ligand shell. However,
it is unclear why and how these properties affect the Plateau-Rayleigh instability.
We do not understand why some ligands improve and others impair shape stability
(see Section 2.3.4). Is this due to the bond between core and ligand, the tail steric and
packing of the ligands, or the interaction between the ligand and the solvent? Which
properties would make a perfect ligand? Will the colloidal structure—whether the
nanowires are bundled or freely dispersed—impact the shape stability?

The strategy for a better understanding of nanowire shape stability is to develop
a continuum model that applies to various core materials and ligands and can be
compared to experimental data from SAXS, TEM, and other sources. To this end,
a linear perturbation analysis shall be extended to include the effects of the ligand
shell. Whether bundling influences the Plateau-Rayleigh instability shall be studied
experimentally by SAXS and theoretically by extending the continuum model to
bundled nanowires. SAXS, along with TEM, is a suitable tool since it allows for
probing the colloidal structure (bundled versus freely dispersed nanowires) and the
shape of the colloids (nanowires versus spheroidal nanoparticles) at the same time.
The continuum model shall be extended by incorporating the constraining effects of

bundles, alloying linking experimental observation with the theoretical prediction.
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3.1 Publication 1: Entropy can bundle nanowires in good sol-
vents
Reprinted with permission from:

H. Gao, S. Bettscheider, T. Kraus, M.H. Miiser, Entropy Can Bundle Nanowires in
Good Solvents, Nano Lett. 19 (2019) 6993-6999. https://doi.org/10.1021/acs.
nanolett.9b02379.

© 2019 American Chemical Society.
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ABSTRACT: Surfaces with surface-bound ligand molecules generally
attract each other when immersed in poor solvents but repel each other
in good solvents. While this common wisdom holds, for example, for
oleylamine-ligated ultrathin nanowires in the poor solvent ethanol, the same
nanowires were recently observed experimentally to bundle even when
immersed in the good solvent n-hexane. To elucidate the respective binding
mechanisms, we simulate both systems using molecular dynamics. In the
case of ethanol, the solvent is completely depleted at the interface between
two ligand shells so that their binding occurs, as expected, via direct
interactions between ligands. In the case of n-hexane, ligands attached to
different nanowires do not touch. The binding occurs because solvent
molecules penetrating the shells preferentially orient their backbone normal
to the wire, whereby they lose entropy. This entropy does not have to be
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summoned a second time when the molecules penetrate another nanowire. For the mechanism to be effective, the ligand
density appears to best be intermediate, that is, small enough to allow solvent molecules to penetrate, but not so small that
ligands do not possess a clear preferred orientation at the interface to the solvent. At the same time, solvent molecules may be
neither too large nor too small for similar reasons. Experiments complementing the simulations confirm the predicted trends.

KEYWORDS: Gold nanowires, bundle stability, agglomeration, nonpolar solvent, potential of mean force, molecular dynamics

ltrathin gold nanowires (AuNWs) are chemically

synthesized particles that exist as colloidal dispersions
in apolar solvents.' ™ They consist of a metal gold core with a
diameter as small as 1.7 nm, which is surrounded by a shell of
oleylamine (OA) molecules of similar thickness. The nano-
wires form when gold chloride salts are reduced in the
presence of OA. Their length depends on reaction time; values
of up to 6.4 um have been reported.” The large aspect ratio of
the wires above 10° and their limited bending stiffness lead to
an unusual type of agglomeration: the wires can spontaneously
self-assemble into bundles. This was first observed in the
original synthesis of AuNWs>° and studied in more detail by
Loubat et al.” The bundles that formed in the presence of
excess OA from synthesis exhibited a hexagonal arrangement
of 10—100 parallel AuNWs that were separated by two double
layers of OA at a wire—wire distance of 9.7 nm.

Nanowire bundling has interesting technological implica-
tions. For example, Liz-Marzan and co-workers used the
formation of AuNW networks to create disordered, conductive
meshes at a gas—liquid interfaces, which they deemed suitable
as transparent conductive electrodes.” Maurer et al. used an
elastomer stamp to direct the bundling wires into regular
meshes, which were applicable for touch-screen devices,”'’
while Gong et al. casted electrode patterns of nanowire bundles
onto a glove to create a wearable strain sensor.'’ It is even
possible to extrude or “spin” the wires into macroscopic fibers

W ACS Publications  © 2019 American Chemical Society
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with mechanical properties that depend on the degree of shear
alignment.' 2

While much phenomenology is known about the bundling of
nanowires, our present understanding of the bundling
mechanism is rather limited. For example, Reiser et al!
systematically altered the solvent and showed that purified
AuNWs in n-hexane packed more densely (wire—wire distance
of 5.5 nm) than as-synthesized AuNWs with only two sheets of
OA in between their gold core surfaces.'” Even tighter bundles
were identified by Reiser et al.'”” when AuNWs were dispersed
in polar solvents such as ethanol. Tighter bundles also formed
when the ligand OA was replaced by the shorter
trioctylphosphine as demonstrated by Nouh et al.'* No
ordered bundling was observed when purified AuNWs were
redispersed in apolar cyclohexane.'?

Little is known about the molecular origin of the exact
spacing and its dependence on the solvent and its quality. Most
importantly, it is not understood why AuNWs sometimes
bundle in good solvents and sometimes do not. The shape of
the wires apparently plays a role. Spherical gold nanoparticles
coated with OA are stable against agglomeration in n-hexane
even if the gold cores are as large as 12 nm."*™'® Reiser and
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coauthors suggested a “supramolecular” origin of bundling,"
Despite its appeal, this argument is somewhat vague.

The binding mechanism in our system of interest can
certainly not be fully explained in terms of usually successful
coarse-graining approaches casting the effect of good solvents
as two-body repulsion between monomers.'® We believe that it
belongs to the cases where an effective modeling of intricate
solvent-induced phenomena requires the solvent to be treated
explicitly. Examples include cononsolvency,” nanoparticles in
binary solvent mixtures,”" and an almost perfectly suppressed
interdigitation of solvated hydrophobic and solvated hydro-
philic polymer brushes.”” We therefore run large-scale, explicit-
solvent simulations of our system of interest. In order to
acquire reliable potentials of mean force (per unit length)
between two nanowires in good and poor solvents alike, the
umbrella sampling strategy was adopted.

Methodology. Molecular dynamics (MD) simulations
were carried out based on a representative model system
shown in Figure 1, where two identical AuNWs, each grafted

(c) /

n-hexane

Figure 1. (a) TEM micrograph of bundled ultrathin AuNWs. (b,c)
Projections of representative MD configurations for near-equilibrium
spacings onto (b) the xz-plane and (c) the xy-plane. n-Hexane is the
solvent in both cases. (Au: gold; OA C/H: blue/purple on the left
wire and red/white on the right wire; and n-hexane: gray). Periodic
box dimensions are [, = 24.6 nm, I, = 9.0 nm, and [, = 3.3 nm.

oleylamine-grafted gold nanowires

with 62 ligand molecules (OA), were embedded in a n-hexane
(or an ethanol) solvent. The central cylindrical Au wires with
0.85 nm radius and 3.01 nm length were treated as rigid bodies
throughout the simulation, because bending, for example,
induced by thermal fluctuations, is negligible on the nanometer
scale. Both NWs were oriented parallel to the z-axis, one was
fixed in space, while the other one was free to move along the
x- and z-axes as well as to rotate about its symmetry axis. As
mentioned again further below, periodic boundary conditions
were used in all three spatial dimensions to eliminate wire-end
effects.

To effectively deduce pairwise interactions between bundled
AuNWs, only two NWs were included. While three-wire (and
higher-order wire) interactions may slightly change the
interactions between wires on a triangular lattice, significant
many-body interactions req;lire the soft shell to be small
compared to the rigid core.”> Moreover, the simulations are
already very demanding for dimers because of the used realistic
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all-atom force field. This is why it is scarcely feasible at this
point to reliably compute the expectedly small many-wire
corrections to construct accurate many-wire free-energy
surfaces.

Ligands were randomly distributed on the Au wire surfaces
with a mean grafting density of approximately 3.8 ligands/nm?,
which falls into the range of typical experimental values.”**’
When a new anchoring site was drawn, a constraint ensured
that the new site had a distance of at least 0.47 nm to all pre-
existing anchoring atoms, so that nearest-neighbor Au atoms
could not be simultaneously anchoring sites. Periodic
boundary conditions were applied at the boundaries of the
simulation domain (Figure 1) in all three spatial directions.
This way, the wires had neither beginning nor end. The size of
the simulation cell was 24.6 nm in x and 9 nm in y direction.
This geometry certainly provides a sufficiently large buffer to
suppress any noticeable interaction between the wire pair and
its periodic images, at least for the given maximum distance of
the wires of Ax,,, &~ 8 nm.

A key assumption of our model is that the amine end of a
ligand is connected to the Au surface by a strong permanent
bond. Such an arrangement should not affect the results very
much as long as bonds between the amine groups and the front
gold atoms are sufficiently strong”® so that the coverage density
remains constant. Due to the lack of well-tested interatomic
potentials between gold atoms and amine groups, and due to
the close-packed structure of gold atoms on the surface, we
took the liberty of describing the bonds between them with the
same set of parameters as between two methylene groups. This
imposes no preferred bond angles on the gold atoms, but a
tetrahedral bond angle on the amine group. As the ligands are
relatively long, we do not expect it to be important to work
with a more realistic bond angle on the amine group.

The wire—wire radial distribution function g(r)—from
which the potential of mean force F(r) follows—was obtained
by monitoring the thermal fluctuations of the interwire spacing
after equilibration had occurred. This was done with umbrella
sampling. Specifically, in order to acquire good statistics for all
(relevant) distances, a harmonic biasing potential

k 2
Vo = Z(r =
bias 2, (7’ rs) ( 1)
was applied, where k is the spring constant and r, the
equilibrium distance between the center of masses of the two
wires. The effect of the biasing spring was subtracted for the
construction of the “real” two-body (free) energy through

F(T’) = E)(TS) - kBTln g(f’, TS) - ‘/bias(r’ rs) (2)

where Fy(r,) is an offset, T is the temperature of the system,
g(r, r,) is the radial distribution function for the given value of
ry and kg is the Boltzmann constant. For reasons of
completeness, it shall be mentioned that the spring constant
was finalized as k = 0.07 N/m after multiple attempts on its
effectiveness. Moreover, six different equilibrium spring
positions r, were investigated, where adjacent ones were
separated by 0.4—0.6 nm.

The temperature and pressure of the system were
maintained at 330 K and 1 bar, respectively, using an
isothermal—isobaric (NPT) ensemble with an integration
time step of 1 fs. The temperature was slightly (10%) higher
than that in the experiment (i.e., room temperature) so as to
achieve better sampling by reducing the viscosity of the
solution. Since both investigated solvents are far away from a
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Figure 2. SAXS signals for AuNWs dispersed in linear alkanes (upper, gray curves), cycloalkanes (middle, blue curves), and alohols (lower, red
curves) with the lattice indices indicated above the corresponding Bragg reflection peaks. Wire—wire distances of 5.5 and 4.1 nm are found for the
linear alkanes and alcohols, respectively. In cycloalkanes, ordering is not observed.

phase transition and no order—disorder transition has been
reported on grafted OA (signs of any such transformation are
missing in the simulations), F(r) should only weakly depend
on temperature. Thus, results for F(r) at the laboratory
temperature of T ~ 300 K must be similar to those at the
simulation temperature of T = 330 K.

For each value of r, the system was found to have
equilibrated within the first 1 ns of simulation time. Each
equilibration was followed by another 200 ns simulation, over
which data were collected for postprocessing. Interactions
within the system were described using the all-atom OPLS
force field”” The used parameters are provided in the
Supporting Information (SI). All the simulations were carried
out using the open-source MD code LAMMPS.*

We evaluated the spacing of the wires experimentally using a
previously published method in order to verify the measured
values and to extend the range of solvents. Details can be found
in the SL

Results and Discussion. Experimental Results of Nano-
wire Spacing. In order to qualitatively assess the structure of
AuNWs in the two solvents, small-angle X-ray scattering
(SAXS) measurements were performed 24 h after redispersion
in the desired solvent. Given the results of Reiser et al.,'* this
period is sufficient for the AuNWs to reach their equilibrium
arrangement. The SAXS curves shown in Figure 2 for linear
alkanes and alcohols show distinct Bragg peaks. No Bragg
reflections can be observed for AuNWs dispersed in cyclo-
alkanes. (The measurements in here were taken at a nominal
Au concentration of 30 mmol L™, For lower concentrations,
small reflection peaks could be observed. We plan to
investigate this phenomenon in upcoming work.) The relative
position of these peaks reveals that the wires condense into a
hexagonal lattice. We calculate the lattice parameter, that is, the
wire—wire distance by extracting the g-vector of the local
maxima in the SAXS curves and applying eq. 2 in the SIL In
alkanes, wire—wire distances of 5.42, 5.47, and 5.52 nm arose
for n-pentane, n-hexane, and n-heptane, respectively. For
alcohols, we found a unique (within experimental uncertainties
of 0.01 nm) value of 4.11 nm for methanol, ethanol, and 1-
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propanol. (Measurements of AuNWs in ethanol were already
performed in earlier work.'””> The SAXS data that we report
here match the previously published data. Note that the
analysis of the SAXS data in ref 12 of the wire—wire distance in
ethanol contains a typo and was incorrectly stated as 3.5 nm,
where the correct value is 4.1 nm, consistent with the analysis
reported here.)

A comparison with the size of the AuNWs can help to
interpret this result. The AuNWs have a core diameter of
approximately 1.7 nm and a shell of OA molecules that have a
length of ca. 2 nm in their fully stretched configuration (see the
first section of the paper). Two layers of fully extended OA
between the gold cores yield a wire—wire distance of 5.7 nm,
which is close to the value measured in alkanes. A single layer
of OA would result in a wire—wire distance of 3.7 nm, which is
close to the value that we found for the alcohols. This suggests
that the OA ligands barely interdigitate when in contact with n-
hexane, but almost fully interdigitate when dispersed in
ethanol. The degree of interdigitation in linear alkanes depends
on the alkane length and increases by about 1 A from n-
pentane to n-heptane. This is on the order of magnitude of a
C—C bond, for a solvent length increase by two C—C bonds.
Further experiments and simulations are planned to investigate
this interesting trend.

Because the AuNWs are fragile and can be prone to
Rayleigh—Plateau instabilities,”” >> we investigated their
quality after the SAXS experiments by transmission electron
microscopy (TEM). Results demonstrating the stability of the
AuNWs are shown in Figure S1 of the Supporting Information.

Potential of Mean Force and Interwire Distance.
Equilibrium MD simulations based on the model system
shown in Figure 1 were carried out at each given equilibrium
spring length r. As discussed in the Methodology section,
separate simulations with different r, can be effective in
exploring the phase space that is poorly sampled in thermal
equilibrium. Averaging over 200 ns is sufficient to achieve
reliable statistics for each value of r. A probability density
distribution of dynamic interwire spacing, Pr(r), can thus be

DOI: 10.1021/acs.nanolett.9b02379
Nano Lett. 2019, 19, 6993—-6999



Nano Letters

determined as data points shown in Figure 3, with peaks close

to r,.

r (nm)

Figure 3. Probability densities of interwire distance in n-hexane for
cases of varied spring equilibrium distances (differentiated by colors).
MD results are shown with symbols, to which Pr(r) (solid curves)
were fitted with a SND function.

For each value of r,, the normalized Pr(r) was fitted with a
skew normal distribution (SND) function,® defined by

a(r—ﬂ)]

(o

PrSND(rJ o, i, (X) = zqs(r — M)(I)|:
o o (3)

where ¢(x) = exp(—xz/Z)/\/E is the standard Gaussian,
®(x) = [1 + erf(x/~/2)]/2 is a cumulative distribution

function, erf{x/+/2) is the error function, and a is a shape
parameter, which is greater (or less) than zero if the
distribution is right (or left) skewed. SND is better for our
purpose than conventional Gaussians because the asymmetry
(or skewness) of a distribution can be captured in leading
order. Both the MD-derived Pr(r) (data points) and the results
from SND fitting (solid curves) are shown in Figure 3 for n-
hexane; the corresponding fitting parameters are listed in Table
1. For a given value of r, the data set, for which the fit to

Table 1. Fitted SND Parameters

Ts (nm)
n-hexane 4.7 S 5.5 59 64 7.0
u (nm) 475 537 532 5.70 6.36 6.99
o (nm) 021 0.28 0.32 0.32 0.26 0.27
a (=) 0.57 —1.58 2.05 1.26 0.10 0.13
Ty (nm)
ethanol 3.15 S.1 3.95 4.35
u (nm) 3.15 3.41 3.73 4.02
¢ (nm) 0.19 0.23 0.18 0.17
a (=) 1.79 2.74 1.53 1.37

Pr(r, r) turned out largest, was selected to be the relevant data
set at the value of r in the construction of the combined F(r).

A potential of mean force (PMF) for the wire—wire
separation was deduced from the various Pr(r) according to
eq 2. Note that, for reasons of simplicity, the abbreviation PMF
is used, irrespective of whether or not the energy is normalized
to length. The offsets Fy(r,) were chosen such that the
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combined F(r) was a smooth function in r while obeying the
boundary condition F(r — o0) — 0. The ultimate PMF was
obtained by fitting the combined F(r) with the following
function:

r =T,
W(r) = Viegexp| —— | = Vig|1 — enf] -0

Tep Adn

(4)

where V, p, and r,y, are fitting parameters. This potential
outperformed all other tested two-body potentials. For
example, fits to the data using eq 4 resulted in lower standard
deviations (27% and 68% lower in the cases of n-hexane and
ethanol, respectively) compared to Mie potentials with the
form of V(r) = e[n({/r)™ — m(&/r)"]/(m — n), where € is the
binding energy, { is the equilibrium distance, and m and n are
adjustable parameters.

Figure 4 shows the PMFs for both solvents, n-hexane and
ethanol. The NWs immersed in good solvents reveal a

2
—— rnrhexane
—— ethanol
E 11
£
I_
m
=
< 04
o
c
2
I
g ™
o
[<%
-2 T T T T T
2 3 4 5 6 7 8
r(nm)

Figure 4. PMF per unit length for wire—wire interaction in n-hexane
and ethanol (data points—converted MD results with colors
identifying various rs, solid lines—fitted PMFs). Fitting parameters
can be found in Table 2. Note that kyT in this graph refers to the
thermal energy at room temperature and not to T = 330 K used in the
simulations.

distinctly smaller minimum in W(r) at a larger separation
min cOmpared to the poor solvent. The observed trends reflect
those seen in reported data and a small set of new experiments,
which was conducted to accompany the simulations and to
assess the effect of solvents on interwire distance. In the
experiments, the wires were carefully purified according to the
protocols established in the literature (see experimental details
in the SI and e.g., refs 13, 14, and 34) to exclude effects of
excess OA, which is known to strongly affect spacing. Care was
taken not to desorb too much OA, which would reduce the
ligand shell density and could also affect the spacing. The
distances between the wires were then reconstructed in
different solvents using SAXS, radial integration, and fitting.
The simulations find <15% smaller spacings between NWs
in ethanol than the experiments, specifically, 3.55 nm versus
4.10 nm (see Figure 2). For n-hexane, the spacings even turn
out almost identically, that is, 5.51 nm (simulations) and
5.50 nm (experiments). Discrepancies of the order 20%
between simulations and experiments are expected most
notably because of differences in the grafting densities. The

DOI: 10.1021/acs.nanolett.9b02379
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value of 3.8 ligands/ nm? used in the simulations falls within
the range of experimental estimates (2—8 ligands/ nm?),>39%¢
which suffer from a large degree of currently unavoidable
uncertainty.”® This uncertainty cannot be eliminated exper-
imentally because there is no technique available that would
provide the ligand density of individual wires and because it is
unknown how broad the standard deviation of the density over
many wires is. Inaccuracies in the simulations result from the
simplified treatment of the Au—N bond between the ligand
and the core and, more generally, from small imprecisions in
the used potential energy surface, which is scarcely ever exact.
Thus, the extremely good agreement for the NW spacing in n-
hexane is certainly fortuitous to some degree. We would yet
argue that the simulations certainly reproduce the trends
correctly for the right reason. This does not only include the
location of the (free-) energy minima but also their depths.
Spheres with a radius R similar to that of the simulated wires
agglomerate in the poor solvent ethanol, while they are stable
against agglomeration in n-hexane.'” This is consistent with
our values for the depth of the free-energy line density of wires
with R & 1.6 nm, which is 1.52 kzT/nm for ethanol but only
0.20 kzT/nm for n-hexane.

Table 2. Fitted PMF Parameters

Viep (kgK/ P Vaan (kgK/ Tadh Padh

nm) (nm) nm) (nm) (nm)

n-hexane 7.23 x 10° 0.47 65.78 6.02 0.55
ethanol 1.55 x 10° 0.42 398.03 3.84 0.25

Molecular Morphology. In order to understand the
underlying molecular origins of bundling in both solvents,

we studied the morphology of both ligand and solvent
molecules. To this end, the systems were simulated at their
equilibrium interwire distance over a period of 20 ns.

Snapshots of the MD simulations are shown in Figure Sa,b.
They indicate that the ligand shells strongly interdigitate in the
case of ethanol but barely touch in n-hexane. This can be seen
more clearly in the quantitative contour plots in Figure Sc—f,
which show the density of ligand (c,d) and solvent (e,f) atoms
projected onto the xy-plane.

The polar solvent ethanol is completely expelled from the
interface between the two nanowires (Figure Se), and the
interdigitated ligands within the interface exhibit the largest
atom densities throughout the simulations (see Figure Sc and
Figure S2 in the SI). The two-dimensional (2D) radius of
gyration (Ry) of the ligands is shorter in ethanol (R, = 4.69 A)
than in the good solvent n-hexane (Rg =4.93 A). Note that the
surface-to-surface separation of the nanowires is only about 1.9
nm, approximately the length of one OA ligand molecule.
Bundling in ethanol is driven by minimizing the interfacial area
between polar and apolar phases.

In the apolar solvent n-hexane, Figure Sdf reveals that the
ligand shells of two neighboring nanowires do not touch.
There is enough space in between the ligand shells for at least
one layer of n-hexane molecules. Furthermore, solvent
molecules penetrate the shell (Figure Sf), which is in line
with the notion that n-hexane is a good solvent for OA grafted
nanowires. For the case of n-hexane, the formation of bundles
cannot be explained by “classic” colloidal interaction potentials
such as the interplay between attractive van der Waals forces
and repulsive steric forces.”’ " The increased equilibrium
separation between the wires cannot be due to swelling by the

ethanol n-hexane
(a)

e

2
[ 7))
=g

[

(]
(2]
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[
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Figure S. Representative snapshots of the MD simulations in (a) ethanol and (b) n-hexane and projected atom number densities of (c,d) the
ligands and (e,f) the solvent molecules; p is with respect to each bin with dimensions of 0.1 X 0.1 X I, nm>.
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good solvent, either. Replacing ethanol with n-hexane leads to
a swelling of the ligand shells by <2 A, which certainly does not
explain the increase of almost 1.5 nm that we observe.

To elucidate the role of n-hexane molecules in between two
nanowires, we studied their degree of order with Herman’s
orientation function ;, defined as

3/ . AP N2 1>
r= —( (g X 1 - —
4 2<(EE COM) 3

where 7gg is a unit vector from one end-carbon to the other
end-carbon of a solvent molecule, and ficoy is a unit vector
from the center of the closer nanowire to the center of that
molecule. This defines y ranging from —0.5 to 1, where y =
—0.5 when the director figg is perpendicular to ficoy and =1
when figgllicoy. Random orientation as it occurs in the liquid
phase leads to y = 0. However, other distributions may also
lead to y = 0.

Figure 6 shows y obtained for n-hexane by averaging over
the z-direction and a period of 20 ns. In the bulk solvent, n-

1%

y (nm)
W RO =N W

-4

-2 0 2 4 6 8
x (nm)

Figure 6. Contour plot of the orientational order parameter y
evaluated for n-hexane molecules and projected onto the xy-plane. A
value of y exceeding zero indicates a preferential orientation
perpendicular to the nearest wire surface, while negative values
indicate a preferential parallel orientation.

hexane molecules are randomly distributed. Within the ligand
shell and in its direct proximity, y; > 0, indicating that n-hexane
molecules have a tendency to align their backbone normal to
the Au surface. Oriented solvent molecules “bridge” the space
in between the nanowires that is highlighted by the black frame
in Figure 6.

Ordering of the solvent is associated with a decrease in
entropy. This decrease in entropy must be the reason for
bundle formation. Nanowires bundle in n-hexane because they
can “share” ordered solvent. If the nanowires remained
dispersed, solvent would have to be ordered around each
nanowire and the decrease in entropy would scale linearly with
the length and number of nanowires. By forming bundles,
solvent in between the nanowires only needs to be ordered
once, and the system can keep a larger fraction of solvent in an
disordered, high-entropy state.

Conclusions. It is rare to find that local solvent ordering
induces the agglomeration of colloidal particles. In classical
theory, the “combinatorial” (purely entropic) contribution to
the total free energy of solvent and ligand molecules in a
dispersion is assumed to always increase with decreasing
particle separation, because removing solvent from stabilizing
shells decreases entropy. This is usually the dominating
stabilizing term for nonaqueous dispersions.*’

The line contact between the very thin wires used here
makes it possible for solvent molecules to “bridge” two ligand
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shells along many micrometers. The persistence length of the
wires is on the order of 10 ym and keeps them locally parallel.
The free energy gain associated with the entropic bundling
mechanism is on the order of 0.2 kzT/nm. This is sufficient to
stabilize dimers of wires that are longer than 100 nm. This
bridging over a line contact is geometrically impossible for
small spheres. A similar mechanism may exist in planar
contacts, although the constraints of packing may reduce the
order in a hypothetical single solvent layer between two planes,
depending on the ligand structure. It would be interesting to
explore this possibility in apolar dispersions of 2D materials
such as nanoplatelets.”’ Aside from the contact having to be
elongated for the mechanism to be effective, an intermediate
density of the ligands near the outer shell appears to be
beneficial. If the ligand shell was too dense, only a few solvent
molecules could interdigitate into the shell and the entropy
loss due to ordering of the solvent would be negligible. On the
other hand, if the ligand shell was too sparse, the ligands would
supposedly not possess a preferential alignment and hence
might not order the solvent.

The existence of this bundling mechanism has several
practical implications. Local order is sensitive to the exact
molecular structure of the solvent, and one would expect large
differences in colloidal stability for solvents that have similar
bulk properties but different molecular structures such as n-
hexane and cyclohexane. This should make it possible to
precisely tune the spacing between wires and thus control their
coupling, for example, to control the fluorescence of
semiconductor nanowires,“’Ar3 tune charge carrier tunneling
between metal nanowires,* or modulate the mechanical
properties of fibers made from nanowires.'>

If bundling is undesirable, it will be useful to perturb the
order of the solvent layer and suppress entropic bundling.
Recent results on the stability of spherical nanoparticles
suggest that this may be possible by using suitable ligand
molecules.”

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.9b02379.

Experimental methods and chemicals used, OPLS-AA
force field parameters, transmission electron micro-
graphs of AuNWs after SAXS analysis, radial probability
density distribution of ligands calculated from the MD
simulations (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: martin.mueser@mx.uni-saarland.de. Phone: +49 681

302 57452. Fax: +49 681 302 57454.

ORCID

Hongyu Gao: 0000-0003-0695-0122

Simon Bettscheider: 0000-0001-6068-246X

Tobias Kraus: 0000-0003-2951-1704

Notes

The authors declare no competing financial interest.

DOI: 10.1021/acs.nanolett.9b02379
Nano Lett. 2019, 19, 6993—-6999



Nano Letters

B ACKNOWLEDGMENTS
The authors gratefully acknowledge the Gauss Centre for

Supercomputing e.V. (www.gauss-centre.eu) for funding this
project by providing computing time through the John von
Neumann Institute for Computing (NIC) on the GCS
Supercomputer JUQUEEN at Jilich Supercomputing Center
(JSC). H.G. thanks the Alexander von Humboldt Foundation
for the research fellowship. S.B. thanks the Foundation of
German Business for his Ph.D. scholarship. The authors would
like to thank Lukas F. Engel for help with the synthesis of gold
nanowires, Anna Zimmermann and David Doblas Jiménez for
support in acquiring SAXS measurements, and Lola Gonzalez-
Garcia for recording TEM micrographs. Vikrant Naik is
acknowledged for fruitful discussions.

B REFERENCES

(1) Halder, A.; Ravishankar, N. Adv. Mater. 2007, 19, 1854—1858.

(2) Huo, Z.; Tsung, C.-k.; Huang, W.; Zhang, X; Yang, P. Nano Lett.
2008, 8, 2041—2044.

(3) Wang, C.; Hu, Y.; Lieber, C. M.; Sun, S. J. Am. Chem. Soc. 2008,
130, 8902—8903.

(4) Saitoh, M.; Kashiwagi, Y.; Chigane, M. Soft Matter 2017, 13,
3927-393S.

(5) Ly, X;; Yavuz, M. S.; Tuan, H.-Y,; Korgel, B. A; Xia, Y. J. Am.
Cherm. Soc. 2008, 130, 8900—8901.

(6) Feng, H.; Yang, Y.; You, Y.; Li, G; Guo, J.; Yu, T.; Shen, Z.; Wu,
T.; Xing, B. Chem. Commun. 2009, 0, 1984—1986.

(7) Loubat, A.; Impéror-Clerc, M.; Pansu, B.; Meneau, F.; Raquet,
B.; Viau, G.; Lacroix, L.-M. Langmuir 2014, 30, 4005—4012.

(8) Sanchez-Iglesias, A.; Rivas-Murias, B.; Grzelczak, M.; Perez-
Juste, J.; Liz-Marzan, L. M,; Rivadulla, F.; Correa-Duarte, M. A. Nano
Lett. 2012, 12, 6066—6070.

(9) Maurer, J. H. M.; Gonzalez-Garcia, L.; Reiser, B.; Kanelidis, L;
Kraus, T. Nano Lett. 2016, 16, 2921—2925.

(10) Maurer, J. H. M.; Gonzalez-Garcia, L.; Backes, 1. K.; Reiser, B;
Schlossberg, S. M.; Kraus, T. Adv. Mater. Technol. 2017, 2, 1700034.

(11) Gong, S.; Lai, D. T.; Wang, Y.; Yap, L. W.; Si, K. J; Shi, Q;
Jason, N. N,; Sridhar, T.,; Uddin, H.; Cheng, W. ACS Appl. Mater.
Interfaces 2018, 7, 19700—19708.

(12) Reiser, B.; Gerstner, D.; Gonzalez-Garcia, L.; Maurer, J. H. M,;
Kanelidis, I.; Kraus, T. ACS Nano 2017, 11, 4934—4942.

(13) Reiser, B.; Gerstner, D.; Gonzalez-Garcia, L.; Maurer, J. H. M,;
Kanelidis, I; Kraus, T. Phys. Chem. Chem. Phys. 2016, 18, 27165—
27169.

(14) Nouh, E. S. A; Baquero, E. A; Lacroix, L.-M.; Delpech, F;
Poteau, R.; Viau, G. Langmuir 2017, 33, 5456—5463.

(15) Wang, F.; He, C; Han, M. Y.; Wy, J. H; Xu, G. Q. Chem.
Commun. 2012, 48, 6136—6138.

(16) Sanchez-Iglesias, A.; Grzelczak, M.; Pérez-Juste, J.; Liz-Marzan,
L. M. Angew. Chem., Int. Ed. 2010, 49, 9985—9989.

(17) Lau, C. Y.; Duan, H,; Wang, F,; He, C. B.; Low, H. Y,; Yang, J.
K. W. Langmuir 2011, 27, 3355—3360.

(18) Peng, S.; Lee, Y.; Wang, C.; Yin, H.; Dai, S.; Sun, S. Nano Res.
2008, 1, 229—234.

(19) Teraoka, L. Polymer Solutions; John Wiley & Sons, Inc.: New
York, 2002.

(20) Mukherji, D.; Marques, C. M.; Kremer, K. Nat. Commun. 2014,
S, 4882.

(21) Rabani, E,; Egorov, S. A. Nano Lett. 2002, 2, 69—72.

(22) de Beer, S; Kutnyanszky, E.; Schon, P. M.; Vancso, G. J;
Miiser, M. H. Nat. Commun. 2014, S, 3781.

(23) Fraser, B.; Denniston, C.; Miiser, M. H. J. Polym. Sci,, Part B:
Polym. Phys. 2005, 43, 970—982.

(24) Khanal, B. P.; Zubarev, E. R. Angew. Chem., Int. Ed. 2007, 46,
2195-2198.

(25) Sebby, K. B.; Mansfield, E. Anal. Bioanal. Chem. 2015, 407,
2913—-2922.

6999

(26) Quek, S. Y.; Venkataraman, L.; Choi, H. J; Louie, S. G.;
Hybertsen, M. S.; Neaton, J. B. Nano Lett. 2007, 7, 3477—3482.

(27) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. J. Am. Chem.
Soc. 1996, 118, 11225—11236.

(28) Plimpton, S. J. Comput. Phys. 1995, 117, 1-19.

(29) Xu, J.; Zhu, Y.; Zhu, J.; Jiang, W. Nanoscale 2013, S, 6344.

(30) Lacroix, L.-M.; Arenal, R; Viau, G. J. Am. Chem. Soc. 2014, 136,
13075—-13077.

(31) Takahata, R; Yamazoe, S.; Warakulwit, C.; Limtrakul, J.;
Tsukuda, T. J. Phys. Chem. C 2016, 120, 17006—17010.

(32) Bettscheider, S.; Kraus, T.; Fleck, N. A. J. Mech. Phys. Solids
2019, 123, 3—19.

(33) O'Hagan, A.; Leonard, T. Biometrika 1976, 63, 201—203.

(34) Maurer, J. H. M.; Gonzalez-Garcia, L.; Reiser, B.; Kanelidis, L;
Kraus, T. ACS Appl. Mater. Interfaces 2015, 7, 7838—7842.

(35) Huber, S. E.; Warakulwit, C; Limtrakul, J.; Tsukuda, T.;
Probst, M. Nanoscale 2012, 4, 585—590.

(36) Smith, A. M.; Johnston, K. A.; Crawford, S. E.; Marbella, L. E.;
Millstone, J. E. Analyst 2017, 142, 11-29.

(37) Célfen, H.; Mann, S. Angew. Chem., Int. Ed. 2003, 42, 2350—
2365.

(38) Ozin, G. A.; Hou, K.; Lotsch, B. V.; Cademartiri, L.; Puzzo, D.
P,; Scotognella, F.; Ghadimi, A.; Thomson, J. Mater. Today 2009, 12,
12-23.

(39) Bishop, K. J. M; Wilmer, C. E.; Soh, S.; Grzybowski, B. A.
Small 2009, 5, 1600—1630.

(40) Napper, D. H. Polymeric Stabilization of Colloidal Dispersions;
Academic Press Inc.: London, 1983.

(41) Jana, S.; De Frutos, M.; Davidson, P.; Abécassis, B. Sci. Adv.
2017, 3, e1701483.

(42) Fujiwara, M.; Toubaru, K.; Noda, T.; Zhao, H. Q.; Takeuchi, S.
Nano Lett. 2011, 11, 4362—4365.

(43) He, J.; Li, J.; Xia, J.; Tian, L.; Jin, B.; Zhou, S.; Sun, M.; Meng,
X. Adv. Mater. Interfaces 2019, 6, 1801418.

(44) Loubat, A.; Escoffier, W.; Lacroix, L.-M.; Viau, G.; Tan, R;;
Carrey, J.; Warot-Fonrose, B.; Raquet, B. Nano Res. 2013, 6, 644—
651.

(45) Monego, D.; Kister, T.; Kirkwood, N.; Mulvaney, P.; Widmer-
Cooper, A; Kraus, T. Langmuir 2018, 34, 12982—12989.

DOI: 10.1021/acs.nanolett.9b02379
Nano Lett. 2019, 19, 6993—-6999



Supporting Information
Entropy Can Bundle Nanowires

in Good Solvents

Hongyu Gao,’ Simon Bettscheider,* Tobias Kraus,*Y and Martin H. Miiser*{

T Department of Materials Science and Engineering, Saarland University, Campus C6 3,
66123 Saarbriicken, Germany
TINM - Leibniz Institute for New Materials, Campus D2 2, 66123 Saarbriicken, Germany
Colloid and Interface Chemistry, Saarland University, Campus D2 2, 66123 Saarbriicken,

Germany

E-mail: martin.mueser@mx.uni-saarland.de

Phone: +49 681 302 57452. Fax: +49 681 302 57454



Contents

S1 Experimental methods
S1.1 Synthesis of ultrathin gold nanowires . . . . . . . . ... ... ... .....
S1.2 Characterization by transmission electron microscopy . . . . . . . . . . . ..

S1.3 Characterization by small angle X-ray scattering and data analysis. . . . . .
S2 Simulations methods: OPLS-AA force field parameters

S3 Supporting experimental results: transmission electron micrographs of

nanowires after scattering analysis

S4 Supporting simulation results: Radial probability density distribution of

ligands

References

= e W W



S1 Experimental methods

S1.1 Synthesis of ultrathin gold nanowires

Ultrathin AuNWs were prepared using an adapted protocol originally developed by Feng
et al.! Gold(III) chloride hydrate (CAS number 7440-57-5; InChl and PubChem CID of
all chemicals can be found in Table S1) was prepared by dissolving a gold ingot (99.99 %,
Degussa, Munich, Germany) in aqua regia. An amount of 39 mg HAuCl, - tH,O (degree of
hydration x &~ 3) was dissolved in a mixture of 6 mL n-hexane (99 %, ABCR, Germany, CAS
number 110-54-3) and 1.8 mL oleylamine (technical grade, 70 %, Sigma-Aldrich, Steinheim,
Germany, CAS number 112-90-3). Subsequently, 2.6 mL triisopropylsilane (98 %, ABCR,
Germany, CAS number 6485-79-6) were added as reducing agent. The solution was flushed
with argon, vortexed for 5 min, and left undisturbed to react at room temperature for 16 h.
The as-synthesized AuNWs were purified twice by adding an volumetric 2:1 excess of ethanol
(99.8 %, Sigma-Aldrich, Germany, CAS number 64-17-5), letting the AuNWs sediment under
force of gravity, carefully removing the supernatant. After the first washing step, the AuNWs
were re-dispersed in the same volume of n-hexane as the reaction volume. Finally and after
the second washing step, the AuNWs were redispersed in their final solvent (linear alkane,

cycloalkane, or alcohol).

Table S1: Chemical identifiers of the substances used to synthesize ultrathin gold nanowires.

Name PubChem ID CAS Number InChl Key

Gold 23985 7440-57-5 PCHJISUWPFVWCPO-UHFFFAOYSA-N
Chlorauric acid 28133 1303-50-0 VDLSFRRYNGEBEJ-UHFFFAOYSA-K
Aqua regia 90477010 8007-56-5 NICDRCVJGXLKSF-UHFFFAOYSA-N
n-hexane 8058 110-54-3 VLKZOE-OYAKHREP-UHFFFAOYSA-N
Oleylamine 5356789 112-90-3 QGLWBTPVKHMVHM-KTKRTIGZSA-N
Triisopropylsilane 6327611 6485-79-6 ZGYICYBLPGRURT-UHFFFAOYSA-N
Ethanol 702 64-17-5 LFQSCWFLJHTTHZ-UHFFFAOYSA-N




S1.2 Characterization by transmission electron microscopy

In order to observe AuNWs by transmission electron microscopy (TEM), an amount of
approximately 1L of dispersed AuNWs diluted to a concentration of 1.5 mmol L™! was dried
on a 400-mesh carbon coated copper grid (Plano, Germany), which was then introduced into

a JEM 2010 microscope (JEOL, Germany) operated at an acceleration voltage of 200kV.

S1.3 Characterization by small angle X-ray scattering and data
analysis

The arrangement of AuNWs in different solvents was observed via small angle X-ray scatter-
ing (SAXS) 24 h after redispersion in the respective solvent at a nominal Au concentration
of 30mmol L~!. Samples were introduced into a glass capillary with an inner diameter of
1.5mm. The XEUSS 2.0 (XENOCS SA, France) SAXS setup was equipped with a Cu K-«
X-ray source and a PILATUS3 R 1M (DECTRIS, Switzerland) X-ray detector. The sam-
ple to detector distance was 560.07 mm and the setup was calibrated by measuring a glass
capillary filled with silver behenate.

All samples were measured five times for a period of 300s. The diffraction patterns
were integrated with the software Foxtrot? and the resulting two-dimensional patterns were
averaged over the five measurements. To correct for the background, the solvent signal was
subtracted from the sample signal.

Wire-wire distances d were determined from the g-vector of Bragg peaks using the Miller

indices h and k of a two-dimensional, hexagonal lattice according to

4
G = ——/hE + ik + K2, (1)

V/3d

as proposed by Forster et al.?



S2 Simulations methods: OPLS-AA force field parame-

ters
Table S2: OPLS-AA non-bonded parameters
Mat. Type 01(2A6) Lennz:rEiKi(;rll/ersnOD Charge (e)
oleylamine  CTcp, 3.50 0.066 —0.222
CTcn, 3.50 0.066 —0.148
CMcn 3.55 0.076 —0.160
HCcpu, 2.50 0.030 +0.074
HCcy, 2.50 0.0263 +0.074
HMcy 2.50 0.030 +0.160
n-hexane  CTcp, 3.50 0.066 —0.180
CTcn, 3.50 0.066 —0.120
HC 2.50 0.030 -+0.060
ethanol CTcu, 3.50 0.066 —0.180
CTcn,on 3.50 0.066 +0.145
OH 3.12 0.170 —0.683
HC 2.50 0.030 +0.060
HO 0.0 0.0 +0.418
gold Au 2.934 0.039 0.0




Table S3: OPLS-AA bonded parameters

Type K, (Kcal/mol-A?) ro (A)
CT-CT 268.0 1.529
CT-HC 340.0 1.090
CT-CM 317.0 1.510

stretching CM-CM 549.0 1.340
CM-HC 340.0 1.080
CT-OH 320.0 1.410
OH-HO 553.0 0.945

Type K3, (Kcal/mol-rad?) 0o (degree)

CT-CT-CT 58.35 112.7
CT-CT-CM 63.0 111.1
CT-CT-OH 50.0 109.5
CT-CT-HC 37.5 110.7
CT-CM-CM 70.0 124.0
bending CT-CM-HC 35.0 117.0
CT-OH-HO 55.0 108.5
HC-CT-CM 35.0 109.5
HC-CT-OH 35.0 109.5
HC-CT-HC 33.0 107.8
HC-CM-CM 35.0 120.0
Type K Ko Kis K4
(Kcal /mol-A?)
CT-CT-CT-CT 1.3 -0.05 0.2 0.0
CT-CT-CT-CM 1.3 -0.05 0.2 0.0
CT-CT-CT-HC 0.0 0.0 0.3 0.0
CT-CT-CM-CM 0.346 0.405 -0.904 0.0
CT-CT-CM-HC 0.0 0.0 0.468 0.0
CT-CT-OH-HO  -0.356 -0.174 0.492 0.0
CT-CM-CM-CT 0.0 14.0 0.0 0.0
torsional ~ CT-CM-CM-HC 0.0 14.0 0.0 0.0
CM-CT-CT-HC 0.0 0.0 0.366 0.0
CM-CM-CT-HC 0.0 0.0 -0.372 0.0
OH-CT-CT-HC 0.0 0.0 0.468 0.0
HC-CT-CT-HC 0.0 0.0 0.3 0.0
HC-CT-CM-HC 0.0 0.0 0.318 0.0
HC-CT-OH-HO 0.0 0.0 0.352 0.0
HC-CM-CM-HC 0.0 14.0 0.0 0.0




S3 Supporting experimental results: transmission elec-
tron micrographs of nanowires after scattering anal-
ysis

Because the AuNWs are fragile and can be prone to Rayleigh-Plateau instabilities,* " we
investigated their quality after the SAXS experiments by transmission electron microscopy
(TEM). TEM micrographs for linear alkanes and cycloalkanes are shown in Fig. S1 and
reveal elongated nanowires alongside a fraction of spherical particles. The latter could be a
side product of the synthesis or might stem from decomposed nanowires due to the Rayleigh-
Plateau instability. The fact that the fraction of nanowires prevails verifies that the SAXS
patterns shown in Fig. S1 stem from bundled nanowires. The bundles of nanowires formed in
alcohols were too dense to be examined by TEM, which is in line with the smaller interwire
distance found by SAXS. Given that the SAXS pattern is alike to one found in linear alkanes,
we can conclude that the pattern also stem from undamaged nanowires.

It should be noted that a TEM micrograph is ex-situ experimental data and cannot be
used to draw conclusions on the system behaviour in solution. For acquiring TEM micro-
graphs, the AuNW dispersion is diluted by a factor of 20, dried at air and then examined
under vacuum. During drying, there are additional forces at play and nanowires that are
finely dispersed in solution can be bundled in the dried state. The TEM micrographs are
therefore not suitable to analyse the bundling behavior of AuNWs. Instead, they allow
to draw conclusions on whether the objects measured by SAXS are any nanostructures or

ultrathin nanowires, as is the case in here.



Figure S1: Transmission electron micrographs (TEM) of dried AuNWs on a carbon coated
copper grid in (a) n-pentante, (b), n-hexane, (c) n-heptane, (d) cyclohexane, (e) cyclohep-
tane, and (f) cyclooctane. All scale bars correspond to 100 nm.

S4 Supporting simulation results: Radial probability den-
sity distribution of ligands

To demonstrate that the increase of distance between NW in good solvents is not predom-
inantly caused by a swelling of the ligands, we measured the probability density Pr(r) of
ligand carbon atoms for a single immersed NW. Here, 27 Pr(r)Ar denotes the probability
of a ligand carbon atom to be within a distance of r £ Ar/2 from the NW’s symmetry axis.
Analysis of the resulting probability densities, which are shown in Fig. S2, reveals that the
tail of the probability distribution in n-hexane are shifted slightly above 1 A to the outside
compared to ethanol.

To quantify the swelling induced by good solvents in terms a number of unit length rather
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Figure S2: Radial probability density Pr(r) of ligands in ethanol and n-hexane. Inset shows
a schematic of how the parameters are defined.

than with a distribution function, we computed the root-mean square distance d of an end-
group from the surface of the NW gold core and found values of d = 12.7 A for ethanol and
14.5 A for n-hexane.
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ABSTRACT: We report on the dilution-induced agglomeration of
ultrathin gold nanowires (AuNWs) into regular bundles. Wires with a

metal core diameter of 1.6—1.7 nm surrounded by a ligand shell of %g%%
n

oleylamine formed stable colloids in #-hexane and cyclohexane. Dilution
with pure solvent induced the self-assembly into bundles with a regular,
hexagonal cross-section. Small-angle X-ray scattering and thermogravi-
metric analysis indicated that bundles formed only if the ligand shell was
sufficiently sparse. Dilution with pure solvent shifts the chemical
equilibrium and reduces the ligand density, thus enabling agglomer-
ation. We show that agglomeration is driven not by van der Waals forces
but by the depletion forces of linearly shaped molecules. Linear solvent
molecules or small amounts of unbound ligand align normal to the
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nanowire if the ligand shell is sparse. The resulting reduction in entropy creates a driving force for the AuNWs to bundle such that
the low-entropy domains overlap and the overall entropy is increased. Dilution-induced nanowire bundling is thus explained as a
combined effect of ligand desorption and destabilization by depletion.

B INTRODUCTION

Ultrathin nanowires are chemically synthesized, solid objects
that form colloidal dispersions in suitable solvents. Such wires
can be several micrometers long but a few nanometers in
diameter, mechanically flexible, and mobile enough to align
laterally. Attractive forces that act along the length of two
adjacent wires can lead to unusual colloidal properties. Even
weak attractive forces accumulate and lend the wires a strong
tendency to assemble into elongated bundles. The colloidal
stability of ultrathin nanowires thus differs from that of spheres
with similar molecular structures and diameters.

Here, we discuss an unusual agglomeration mechanism of
ultrathin gold nanowires (AuNWs) in alkanes. The wires
agglomerate and form bundles upon dilution, a type of
colloidal instability that has not yet been observed in other
nanoparticle systems. For example, spherical nanoparticles with
nonpolar ligand shells agglomerate at increasing particle
concentrations with a solubility that depends on the solvent.'
Apparently, the colloidal stability of AuNWs cannot be
understood in similar terms.

We link the dilution-induced destabilization of AuNWs to
the depletion of unbound ligand molecules. Such unbound
(also called “free” or “solvated”) ligands are in a dynamic
equilibrium with adsorbed (“coordinated” or “bound”)
ligands.”” The number ratio between unbound and adsorbed
ligands depends on the adsorption energy of the ligand, among
other factors. Their role in the colloidal stability of ultrathin
nanowires has not yet been discussed.

Ultrathin gold nanowires can be synthesized by reducing
chloroauric acid in the presence of the ligand oleylamine. This

© 2021 The Authors. Published by
American Chemical Society
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route was pioneered by Halder and Ravishankar in 2007* and
advanced by several research groups in 2008.”~* The resulting
nanowires consist of a gold core of diameter of 1.6 to 1.7 nm
(corresponding to 6 to 7 gold atoms along the diameter)
surrounded by an organic ligand shell of oleylammonium
chloride of similar thickness. The wires reach typical lengths of
4 pum,>° although up to 6.4 um long wires have been
observed.”

Large aspect ratios above 1:10° and their electrically
conductive cores make AuNWs appealing as nanoscale
building blocks. For example, Gong et al.'’ created monolayers
of AuNWs on polydimethylsiloxane in order to create flexible
electrodes for supercapacitors. Porter et al.'' used striped
phases of phospholipids to precisely align individual wires over
micrometer-wide areas. Roy et al.'> demonstrated that AuNW
are suitable as chemical sensors to detect CO, CH;NH,, and
CH;CHO. Reiser et al.'> spun AuNWs into free-standing
macroscopic fibers with a mechanical strength that could be
tuned by varying the alignment of the AuNWs. Many
applications require control over nanowire bundling. For
example, our group reported that the printing of AuNW
meshes for flexible and transparent conductive electrodes
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requires that the wires bundle inside the structuring stamp and
not earlier."*

The formation of AuNW bundles has already been reported
in the first synthesis papers,”'* and some of its mechanisms are
well understood. As-synthesized AuNWs carry a double layer
of oleylammonium chloride/oleylamine and arrange into
bundles with two-dimensional hexagonal packing cross-section
at a center-to-center interwire distance of 9.5 nm.'®'’
Purification decreased the interwire distance to 5.5 nm for
AuNWs in n-hexane.'” No bundles were observed for AuNWs
redispersed in cyclohexane.'” Tighter bundles form in polar
solvents such as ethanol in order to reduce the AuNW—solvent
interfacial area.'® The lattice constant of bundles has been
tuned by modifying the ligand shell. For example, Nouh et al.
reduced the center-to-center distance from 5.5 to 3.8 nm by
replacing oleylamine with the shorter trioctylphosphine.
Molecular dynamics simulations showed that the driving
force for bundling in linear alkanes such as n-hexane is
entropic:'® solvent molecules close to the ligand shell align
normal to the nanowire surface and lose entropy. Bundling
excludes (“depletes”) solvent molecules from the ligand shells
and decreases the loss in entropy.

In the following, we focus on the unexpected bundling of
nonpolar AuNWs upon dilution. We find that AuNWs remain
dispersed in nonpolar solvents at large nanowire concen-
trations but form bundles at smaller concentrations, whereas
most colloidal systems become more stable at lower
concentrations. Small-angle X-ray scattering and thermogravi-
metric analysis were used to assess the role of the amount of
ligand present in the system. Our results indicate that a
combination of ligand desorption and the depletion of
unbound ligand can initiate bundling.

B METHODS

Synthesis of Ultrathin Gold Nanowires. Materials.
Hydrogen tetrachloroaurate trihydrate (HAuCl,:3H,0) was
synthesized following Schubert et al.”’ and was dried for at
least 30 min on a Schlenk line (<1 mbar). Oleylamine (OAm),
80—90% C18, was purchased from Acros Organics and filtered
with a syringe filter (Millex, 0.45 ym, hydrophobic PTEE). All
other chemicals were used as received. Triisopropylsilane
(TIPS), 98%, and n-hexane, >99%, were obtained from abcr.
Absolute ethanol (EtOH), > 99.8%, was provided by Fisher
Scientific. Cyclohexane, >99.9%, was received from Carl Roth.

Synthesis. AuNWs were synthesized under ambient
conditions using the protocols of Feng et al."> and Nouh et
al.'"” For a typical synthesis, 60 mg of the dry precursor
HAuCl,-3H,0 was quickly weighed into a 50 mL glass snap-on
vial preflushed with Ar, and the sample was immediately
covered with 9.9 mL of the solvent n-hexane. Then 2.04 mL of
the ligand OAm was added, and the resulting mixture was
thoroughly vortexed for S min (both under Ar) to achieve
complete dissolution of the precursor. Subsequently, 3.06 mL
of the reducing agent TIPS was added, and the obtained
mixture was vortexed for 30 s (both under Ar). The solution
was then kept still under Ar at 25 °C for 24 h without stirring.
As the reaction progressed, the solution’s color evolved during
the first hours from orange to bright yellow to pitch black as
the precursor was being reduced, the AuNWs grew and
consequently the light scattering changed.

Purification. Three different purification protocols were
used (see main text), differing in the number of carried out
cycles and whether precipitation was accelerated by

3591

centrifugation. Each purification cycle consisted of adding
two volumes of ethanol, precipitating the AuNWs either by
sedimenting for 10 min or by centrifuging at 100 rcf for 1 min,
followed by removal of the supernatant and resuspension in
the desired solvent.

Transmission Electron Microscopy. Samples for obser-
vation in transmission electron microscopy were prepared by
diluting the dispersion of AuNWSs to a concentration of
approximately 0.05 mg/mL and drying an amount of 3 yL on a
carbon-coated copper grid (Plano, Germany). The samples
were observed at an acceleration voltage of 200 kV in the JEM
2010 microscope (JEOL).

Thermogravimetric Analysis. Samples for thermogravi-
metric analysis were prepared by drying an amount of 1 mL of
a dispersion of AuNWs at 2 mg/mL in a crucible made from
aluminum oxide. To remove any moisture, the samples were
dried in a vacuum oven overnight before being placed in the
analyzer (Netsch STA 449 F3 Jupiter). The samples were
heated from room temperature to 1000 °C at a rate of 10 °C/
min under argon followed by an isothermal stage of 10 min
under oxygen while the mass of the samples was continuously
recorded.

The ratio of ligand molecules to gold atoms and the grafting
density were determined assuming that the residual mass was
pure gold and the loss pure oleaylammonium chloride. We
assumed an AuNW core diameter of 1.65 nm, consistent
without our SAXS measurements and literature.>”'®

Small-Angle X-ray Scattering. The colloidal state of
AuNWs was observed by small-angle X-ray scattering (SAXS).
Samples were let rest at least 16 h before being filled into glass
capillaries with an inner diameter of 1.5 mm for the SAXS
measurement. The scattering setup (XEUSS 2.0, XENOCS,)
used a Cu Ka source, and the scattered beam was captured by
a detector (PILATUS3 R 1 M DECTRIS) at a distance of
approx. 550 mm from the sample. The exact sample-to-
detector distance was calibrated with a standard of silver
behenate prior to each measurement. If not noted otherwise,
each sample was measured for a total duration of 25 min. The
two-dimensional scattering images were azimuthally integrated
with the software Foxtrott (Synchrotron Soleil) to obtain
scattering curves. To correct for the background, the respective
solvent was subtracted from all scattering curves.

The (center-to-center) interwire distance d in bundled
AuNWs was determined following Férster et al.”' using

4 2 2
= —h +hk+k
JV3d (1)

where gy, is the value of the g-vector of the Bragg scattering
peak of two-dimensional hexagonal lattice with the Miller
indices i and k.*!

Analysis of the Ratio of Bundled and Dispersed
Nanowires. The ratio of bundled and dispersed nanowires
was obtained form small-angle X-ray scattering data using a
scattering model. The scattering of single, well-dispersed
nanowires can be approximated by the form factor of a
cylinder with a variable diameter. Polydispersity is taken into
account by convolution with a Schulz—Zimm distribution. The
length of the cylinder is too large to be resolved by our SAXS
instrument and will be assumed to be infinity, resulting in a
power-law decay of intensity at the lowest measured scattering
vectors q which is proportional to g~1.'®***® Scattering from
bundled nanowires was modeled by multiplying the cylindrical
form factor with the structure factor of a 2D hexagonal lattice,

D
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Figure 1. (A) Transmission electron micrograph (TEM) of ultrathin gold nanowires. (B) Radially integrated small-angle X-ray scattering (SAXS)
curves of ultrathin gold nanowires in cyclohexane at different concentrations. The tuples indicate a two-dimensional hexagonal lattice; curves were
shifted vertically for visibility. (C) Schematic of the hexagonal packing and center-to-center distances with mean and standard deviations of 82

samples.

which is the sum of Lorentzian functions at the respective
positions of the Bragg-peaks. Disorder of the lattice due to
thermal fluctuations for example was taken into account by a
Debye—Waller factor.'®**** Concurrent scattering from both
dispersed and bundled nanowires was modeled by a weighted
sum in scattered intensity of both dispersed and bundled
contributions, with the weighting factor allowing to determine
the dispersed/bundled ratio.

B RESULTS

Ultrathin gold nanowires with uniform core diameters and
oleylamine (OAm) shells were prepared using a well-
established s?f_nthesis in n-hexane, purified, and redispersed in
cyclohexane. ™" The resulting wires had diameters in the
range of 1.6—1.7 nm and lengths exceeding 427 nm according
to transmission electron microscopy (TEM); see Figure 1A.
Small-angle X-ray scattering (SAXS) indicated full dispersion
in cyclohexane (Figure 1B), without signs of bundling at large
gold concentrations of [Au] 2 S mg/mL (2.5 times above that
during synthesis). Dilution of the dispersion with pure
cyclohexane to concentrations < 4 mg/mL led to scattering
peaks with a hexagonal arrangement (see Figure 1C) that have
been reported for bundled AuNWs previously.">'*'”'? Here,
the center-to-center distance was 5.9 + 0.2 nm.

Dilution reduces the concentration of both wires and OAm
in the dispersion. Since a dynamic equilibrium exists between
adsorbed and unbound OAm,>’ diluting will affect the ratio of
adsorbed and unbound ligand and will decrease the ligand shell
density (see illustration in Figure 2A). Oleylamine-coated gold
nanowires are colloidally stabilized by the interactions between
solvents and OAm shells.'” Changing the ligand density can
therefore affect their stability, too. A rigorous analysis of the
destabilizing mechanism of dilution requires the analysis of
both OAm concentration in the solvent and ligand shell
density.

The amount of OAm in freshly prepared AuNW dispersions
depends on the purification protocol. The literature contains
different approaches to remove the excess OAm after
synthesis; they involve precipitation by ethanol (sometimes
with the aid of centrifugation), removal of the supernatant, and
resuspension. We used three different protocols to purify
AuNWs after synthesis (Figure 2B): one cycle of centrifugation
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at 100 rcf for 1 min (sample 1), two cycles of sedimentation
for 10 min (sample 2), and two cycles of centrifugation at 100
rcf for 1 min (sample 3). Appropriate dilution ensured that the
AuNW concentration remained constant for all three samples.
The three resulting dispersions were then dried and analyzed
for their organic content.

Thermogravimetic analyses in Figure 2C and Table 1
indicated distinct, but quantitatively different mass losses
between 140 and 470 °C in argon and after oxygen
introduction for all samples. The greatest loss of 522 =+
52 wt% was observed for sample 1 (Figure 2B). It is
reasonable to assume that all losses were due to the
decomposition of OAm, which implies a ratio of 0.708 =+
0.148 ligands per gold atom, far below the 40 ligands per gold
atom used in synthesis.'”'®** This corresponds to a nominal
ligand density of 17.3 + 3.6 ligands/ nm?, far above the values
around 4—6 ligands/nm’ that are often reported for gold
nanoparticles.25 Thus, sample 1 must have contained
considerable amounts of unbound ligand. Sample 2 contained
0.216 + 0.013 ligands per gold atom corresponding to an
intermediate nominal density of 5.3 + 0.3 ligands/ nm?, while
sample 3 only contained 0.183 =+ 0.002 ligands per gold atom,
corresponding to 4.5 + 0.1 ligands/nm* (Figure 2B). It is not
possible at this stage to differentiate unbound from adsorbed
OAm. It is clear, however, that samples 1—3 contained
different total [OAm] values, and it is very likely that both the
ligand density and the unbound OAm concentration were
different for each sample.

We split and diluted the three samples 1—3 to observe the
effects on colloidal nanowire stability. Each sample was split in
eight aliquots, and pure cyclohexane was added to create series
with gold concentrations [Au] in the range of 1 to 8 mg/mL.
We let the samples equilibrate for at least 16 h and then used
SAXS to detect bundling for the full series (Figure 2D—F).
Clear scattering peaks from the diluted samples with the
smallest [OAm]/[Au] 0.18 (Figure 2D) indicated
considerable bundling of up to 75% of AuNWs, while the
samples with the greatest [OAm]/[Au] 0.71 had no
bundling visible in SAXS; see Figure 2F (we estimate the
limit of detection for bundles at approximately S %). Bundling
in the sample with intermediate [OAm]/[Au] = 0.22 began at

https://dx.doi.org/10.1021/acs.jpcc.0c10919
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Figure 2. (A) Dilution and purification of AuNW dispersions shifts the adsorption equilibrium between free and adsorbed ligands to fewer
adsorbed ligands and “removes” ligands from the particles into the solvent. The extent of removal depends on the exact protocol. (B) Purification of
the as-synthesized samples involved precipitation by ethanol, removal of the supernatant, and resuspension. We tested three purification protocols
that differed in the number of purification cycles and use of centrifugation. (C) Thermogravimetric analysis (TGA) of dried AuNWs prepared with
different purification protocols indicated differences in organic content. The shaded areas indicate +1 standard deviation of three independently
prepared samples. (D—F) Strong peaks in SAXS of sample 3 indicate that the AuNWs with the smallest OAm content agglomerated into hexagonal
bundles (see inset) at all concentrations. Sample 2 did not exhibit such peaks until diluted to approximately 4 mg/mL. Sample 1, with the highest
OAm content, did not agglomerate even upon maximal dilution. (The SAXS curves are shifted vertically for better visualization.)

Table 1. Amount of Ligand in the Three Different Samples as Obtained from the Thermogravimetric Analysis

sample name purification protocol residual mass (wt %) amount of ligand ([OAm]/[Au]) nominal density (ligands/nm?)
sample 1 centrifuged once 47.8 + 5.2 0.708 + 0.148 17.3 + 3.6
sample 2 sedimented twice 750 + 1.1 0.216 + 0.013 53+03
sample 3 centrifuged twice 78.0 + 0.2 0.183 + 0.002 4.5 + 0.1
a dilution of [Au] &~ 4 mg/mL and increased upon further Information). Sample 3 was diluted to 2 mg/mL with pure
dilution. cyclohexane, which initiated bundling. Subsequent addition of
These results indicate a stabilizing effect of OAm that is 0.031 to 2.0 mol OAm per mol gold led to deagglomeration of
reduced by dilution. We further investigated this correlation by the AuNWs according to SAXS (Figure 3B).
adding pure OAm to the dispersions. Sample 2 was enriched We quantified the stabilizing effect of OAm using a SAXS
with 1 mol of OAm for every mole of gold in order to reach scattering model (Figure 3B).'**>?% The model fits provide

[OAm]/[Au] = 1.2 at [Au] = 6 mg/mL. This did not initiate the ratio of bundled and dispersed AuNWs (Figure 3C), the
any bundling visible in SAXS (see Figure S3 in the Supporting diameter of the bundles’ cross sections (Figure 3D), and the

3593 https://dx.doi.org/10.1021/acs.jpcc.0c10919
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Figure 3. (A) Adding pure OAm ligand to AuNW dispersion shifts the equilibrium and leads to denser ligand shells. (B) Degree of bundling in
sample 3 at a gold concentration of 2 mg/mL decreased upon addition of pure OAm. The black solid lines show fits based on a scattering model for

bundled cylinders.'®

2223 The scattering curves (with the exception of that for [AOAm/Au] = 2.0) are shifted for better visualization. (C) Ratios of

bundled and dispersed AuNWs as obtained by the fits in part B. Error bars equal +1 standard deviation from three independent experiments. (D)
Average lateral sizes of AuNW bundles and (E) average number of AuNWs per bundle as a function of [OAm]. The dashed lines are exponential

fits.

number of nanowires per bundle (Figure 3E) as a function of
[OAm]/[Au]. Small changes in [OAm] strongly affected
bundling: increasing [OAm]/[Au] from 0.168 to 0.231
reduced the fraction of bundled AuNW from 0.7 to 0.39.
The exchange between adsorbed and unbound oleylamine is
fast (on the millisecond time scale) so that AuNW dispersions
rapidly reach an equilibrium.%’27 The maximum ligand shell
density of AuNW and the change of shell density with [OAm]
is presently unknown. The following considerations provide
useful estimates. We purified as-synthesized AuNWs three
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times by centrifugation and determined [OAm]/[Au] for each
purification cycle. The ratio dropped from 40 ligands per gold
atom to 0.708 =+ 0.148 ligands per gold atom in the first
purification cycle, then to 0.183 =+ 0.002, and, finally, to 0.178
+ 0.008 ligands per gold atom (see Figure Sl in the
Supporting Information), which corresponds to 4.5 ligands/
nm?. This provides an upper limit for the ligand shell density of
the AuNWs. A dense alkanethiol monolayer on a flat gold
surface has been reported to contain 4 ligands/nm?***
Thermodynamic data indicates a free energy of adsorption

https://dx.doi.org/10.1021/acs.jpcc.0c10919
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for OAm on Au of AG,4, = —8.1 kJ/mol (see details in the
Supporting Infomration).'”**™>* Assuming equilibrium be-
tween unbound and adsorbed OAm and using the above
numbers suggest that agglomeration was induced at a grafting
density of about 90% corresponding to 4.1 ligands/nm®.

Dilution-induced agglomeration of AuNWs apparently
requires an incomplete ligand shell. The sparse shell induces
enthalpic and/or entropic attraction between the wires.
Temperature-dependent stability data can help in distinguish-
ing enthalpic from entropic mechanisms. We diluted sample 2
to [Au] = 4 mg/mL and observed bundling with SAXS at
temperatures between 25 to 65 °C. Each temperature was held
for 15 min to ensure thermal equilibration. The fraction of
bundles at 25 °C was minute; it increased to 45% when
increasing the temperature to 65 °C. The center-to-center
distance slightly increased from 5.9 to 6.1 nm. Given that
Brownian motion increases with temperature, this result clearly
suggests an entropic origin of dilution-induced AuNW
agglomeration.

Finally, we tested whether bundle formation upon dilution is
unique to cyclohexane or occurs in other solvents, too. To this
end, AuNWs were synthesized and purified as for samples 1
and 3 but were redispersed in n-hexane instead of cyclohexane.
We diluted the new samples with n-hexane and detected
bundling via SAXS as shown in Figure S4 in the Supporting
Information. The results were qualitatively similar to the
situation in cyclohexane: scattering peaks indicative of bundles
were only present at small [OAm]. The transition occurred at
[OAm] 142 mmol/L, which was far above that for
cyclohexane (% 3.2 mmol/L).

~
~

B DISCUSSION

The aim of the following discussion is to identify the most
likely mechanism of dilution-induced bundling in AuNWs.
First, we discuss and rule out well-known agglomeration
mechanisms. An entropic model based on the depletion of
unbound ligand is then introduced and shown to be consistent
with the experimental results.

Solid particles in nonpolar dispersions attract each other due
to dispersive van der Waals (vdW) forces. Stability requires
opposing them with repulsive interactions; these are often
entropic or “steric” forces caused by the overlap of ligand
shells.”>™*” The magnitude of such repulsive forces depends on
the length of the ligands and their grafting density. Shorter
ligands and smaller grafting densities reduce repulsion.”**'

Reducing the grafting density of ligands on AuNWs by
dilution could induce bundling by reducing steric repulsion so
that vdW forces become dominant. However, several
experimental observations are inconsistent with this idea.
First, bundling driven by vdW forces should lead to
compressed ligand shells. The measured interwire distance
(center-to-center) in cyclohexane was 5.9 + 0.2 nm, above the
distance of 5.5 nm reported for neighboring nanowires whose
ligand shells no longer touch.'® Second, the vdW interaction
energy between two parallel gold cylinders with a diameter of
1.7 nm at a distance of 5.9 + 0.2 nm in alkanes is very likely
too small to cause agglomeration. An estimate using standard
expressions (eq S2 in the Supporting Information; see, for
example, Parsegian’’) indicates an interaction energy of
approximately 1.245 X 107 kzT/nm of wire contact, below
the thermal energy even if two AuNWs formed contact over
several hundred nanometers. Third, raising the temperature
increased bundling, which indicates an entropic rather than an
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enthalpic mechanism (see Figure 4). Note that increasing
temperature may affect the ligand shell density by shifting the
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Figure 4. Temperature-dependent SAXS on sample 2 at
[Au] = 4 mg/mL. Increasing temperatures led to additional bundling
as visible in the growing structure peaks.

adsorption equilibrium. However, we found that AuNW
spacing increased with temperature and conclude that an
entropic destabilization mechanism is at play.

The bundling of AuNWs in linear alkanes has recently been
explained with the depletion of ordered solvent molecules in
the direct vicinity of the ligand shell.'® Dense wire packing
reduces the loss in rotational entropy of solvent molecules,
because the bundled wires share domains of ordered solvent.
The resulting entropic force is attractive (on the order of
0.2 kgT/nm of wire contact) and leads to bundling. Our
experiments show that this mechanism can be induced by
dilution, because it requires sufficiently sparse ligand shells
(Figure S4 in the Supporting Information). Could this entropic
mechanism explain the effect of dilution-induced bundling in
cyclic alkanes, too?

The entropic mechanism requires solvent molecules that
align in the ligand shell. The structure of cyclohexane makes it
difficult for the molecule to align in a way that markedly
reduces entropy. The linear ligand molecule OAm, in contrast,
readily aligns and is known to interdigitate into the ligand
shell.”* Tt is very likely that unbound OAm plays the role of n-
alkanes in entropic bundling'® for the case of dilution-induced
bundling in cyclohexane. Unbound OAm that interdigitates in
the shell of bound OAm loses entropy (upper part of Figure
SB). When AuNWs bundle, they can share ordered OAm
molecules so that the low-entropy domains overlap and some
of the entropic losses are avoided (lower part of Figure SB).
Dense ligand shells prevent preferential alignment of unbound
OAm and remove the driving force for bundling (Figure SA).

It is instructive to compare this mechanism to the action of
the well-known “depletion forces” that can initiate agglomer-
ation of colloidal particles. Depletion forces can occur if a
colloid contains smaller particles or molecules (the “deple-
tants”) that cannot enter the liquid volumes in the immediate
vicinity of the larger particles. The resulting gradients in
depletant concentration give rise to an osmotic pressure that
pushes the larger particles together.*>*”** The concentration
gradient can be due to steric limitations or (for anisotropic
depletants) entropic constraints. For example, rod-shaped
depletants that orient parallel to the surface of the larger
particles lose rotational entropy and thus form a concentration

https://dx.doi.org/10.1021/acs.jpcc.0c10919
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Figure S. Illustration of the proposed mechanism. (A) Dense ligand shells preclude interdigitation of unbound ligand into the shell. (B) Sparse
ligand shells provide gaps where unbound ligand can interdigitate and orient. The associated decrease in entropy is minimized if nanowires form
bundles to share domains of ordered ligands (shaded area). The drawings are approximately to scale and show the cross sections of a 1 nm-long
wire segment with a shell denser (4.5 ligands/nm?) (A) and sparser (3.6 ligands/nm”) (B) than the measured threshold for bundling

(4.1 ligands/nm?).

gradient. ™' One may argue that the mechanism above

involves a depletion force that is caused by alignment of the
depletant OAm normal to the AuNW surface in the sparse
ligand shell.

The role of unbound molecules in nonpolar dispersions has
recently attracted interest more broadly. Current reports
indicate that the formation of nanoparticle superlattices from
nonpolar solvents can be tuned by adding unbound oleic acid
or oleylamine to the dispersion, where they act as
depletants.*>**”>° Winslow et al."* used molecular dynamics
simulations to show that free oleic acid preferably interdigitates
into ligand shells and associated this ligand shell swelling with
a change in the crystal structure from bcc to fcc. Baranov et
al.** assembled semiconductor nanorods covered by phospho-
nate and trioctylphosphine oxide into hexagonal arrays by
adding oleic acid and other macromolecules. These reports
highlight the role of unbound ligands and similar molecules as
destabilizing agents.

B CONCLUSIONS

We studied the agglomeration of AuNWs into crystalline
bundles upon dilution. Only AuNWs with sufficiently sparse
ligand shells exhibit this unusual type of self-assembly. We
show evidence for an entropy-driven self-assembly mechanism
based on the depletion of linear molecules. Linear solvent or
unbound ligand molecules initiate bundling when they
interdigitate into the ligand shell and lose some of their
rotational entropy.

Note that unbound ligands are in a dynamic equilibrium
with the adsorbed ligands on the particles. It is thus impossible
to completely remove the destabilizing agent. Few cases of
agglomeration by unbound ligand have been reported in
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literature, possibly because it is often difficult to conclusively
identify the depletant that causes entropic attraction. Note that
the mechanism described here is not unique to ultrathin gold
nanowires and likely to operate in other nanowires or
nanoparticle dispersions with ligands of linear shape.

Our findings have several implications. First, bundling can
be turned on and off by controlling the number of adsorbed
and excess ligands in the system. This could be of interest for
processes that require switching between dispersed and
assembled AuNWs such as stamp imprinting AuNWs into
transparent conductive electrodes.'* Second, the ligand
grafting density is of importance to colloidal systems beyond
the “simple” task of stabilizing a colloid against the van der
Waals attraction. Molecular dynamics simulations by Gao et
al.'® indicate that the interaction energies caused by the
proposed mechanism are small (on the order of 0.1 to 1 kzT/
nm) and can induce bundling only because the attraction
accumulates along an elongated contact line of several 10 to
100 ym. Equally large contact areas might be formed between
assembled nanosheets or nanoplatelets’®™* and between
larger spherical nanoparticles. In such systems, future research
may have to pay more attention to grafting densities and the
chemical equilibria between adsorbed and unbound ligand.
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1 Ligand grafting density and the free energy of ad-
sorption

In order to determine the grafting density of a monolayer ligand shell, we purified a dispersion
of AuNWs several times (see main text). The results are shown in Fig. S1.

Besides the grafting density, we intend to approximately quantify the adsorption equi-
librium between a gold surface and oleylammonium chloride. To this end, we estimate the
order of magnitude of the free energy of adsorption based on data from the literature and
use this value to calculate a Langmuir adsorption isotherm. Following classic adsorption
isotherms,!? we expect some ligands to desorb when the amount of ligand is reduced from

28 mmol/L to 0.9 mmol/L. We further know from the experiments discussed in the main text
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Figure S1: Amount of ligand in the system and nominal grafting density for an increasing
number of purification cycles as obtained by TGA. The error bars display + the standard
deviation of measuring three independent batches of AuNWs. For 2 and 3 purification cyles,
the error bars are within the size of the marker. The dashed line is only a guide to the eye.

that the transition from dispersed to bundled AuNWs occurs at a ligand concentration of
ca. 4.4mmol/L. Above this threshold, the AuNWs are dispersed. Below, they are bundled.

We start by assessing a better-known system: the adsorption of alkanethiols onto gold.
From experimental data by Karpovich and Blanchard and by Schessler et al., we know
that the free energy of adsorption for octadecanethiol onto gold at room temperature is
AG,4s = —5.5keal /mol, the enthalpy is AH,qs = —20kcal /mol, and the entropy is AS,qs =
—48 cal/(mol K).

We now estimate the free energy of adsorption for oleylammonium chloride adsorbing onto
a gold surface. For the enthalpic part of the free energy, we know from DFT calculations®
that the enthalpy of adsorption for an amine is —23.4 kcal /mol and for an ammonium chloride
end group —40.1kcal/mol. It is difficult to directly compare these values to experimental
data but we can compare to DFT values of alkanethiols. There, the reported adsorption
enthalpies are on the order of —50kcal/mol.% ! This means that the adsorption enthalpy of
the ammonium chloride group is 20 % smaller than the one of a thiol group.

For the entropic part of the free energy, we make the very crude assumption that the

change in entropy due to adsorption for oleylammonium chloride is the same as for 1-
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octadecanethiol.>* Both molecules possess the same chain length of 18 carbon atoms. They
differ in their functional group, which will not influence the entropy fundamentally, and in
the double bond at the center of oleylamine. This latter difference most likely influences
the entropy of adsorption since it will influence the packing of a monolayer. For the present
order-of-magnitude estimation, we ignore this difference.

Given these estimates for the enthalphy and entropy of adsorption of oleylammonium
chloride, we obtain the adsorption isotherm depicted in Fig. S2B with a free energy of
adsorption of AG,qs = —1.9kcal/mol = —8.1kJ/mol. This should be interpreted as an
estimate and not as an accurate account of the adsorption isotherm of oleylammonium

chloride onto a gold surface.
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Figure S2: A Schematic of the adsorption equilibrium between free and adsorbed ligands
and the influence of diluting a dispersion. B Estimated adsorption isotherm with an free
energy of adsorption
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2 Addition of oleylamine to dispersed AuNWs
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Figure S3: SAXS curve of AuNWs dispersed in cyclohexane at 6 mg/mL (blue) and the same
sample with 1mol of the ligand oleylamine added per mole of gold (orange).
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3 Bundling in dependence of amount of ligand in linear

alkanes
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Figure S4: SAXS scattering curves of AuNWs in n-hexane with different amounts ligand
(see Table 1 in the main text for ligand quantities) and at different nanowire concentrations.
A In the sample centrifuged once with the larger amount of ligand, distinct scattering peaks
are present in the curves with smaller nanowire concentrations of 1 to 3mg/mL, indicating
AuNWs assembled in elongated bundles. For larger concentrations, no scattering peaks can
be found indicating that the AuNWs are completely dispersed. B In the sample centrifuged
twice with the smaller amount of ligand, distinct scattering peaks indicative of bundles are
present at all concentrations.

4 The van der Waals interaction between two gold
cylinders

In the following, the vdW interaction is approximated by pairwise summation with the
Hamaker-Lifshitz theory neglecting for retardation screening. The equations are summarized
in'! and.!? The interaction energy G is given by

S N (N

i,j=1 '
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where A is the Hamaker constant, I' is the Gamma function, R; and Ry are the radii of the
cylinders, and z is the distance between the centers of the cylinders. In our case, Ry = Ry = R

so that

G:

QAi (i +j+3) (E)Q(Hj)‘ )

3z A= ljl(i — DIG - D!\ 2

The Hamaker constant for a body of material 1 interacting through medium 3 with a body

of material 2 can be approximated by

A123 = (\/A_l— \/A_3)(\/A_2 - \/A_B)v (S?’)

which simplifies to

A = (VA = VA) (S4)

in our case where a cylinder of material 1 interacts with another cylinder of the same ma-
terial through medium 2. The resulting vdW interaction energy, with Hamaker constants
of 1.96 x 10712 J for gold and 4.69 x 1072°J for the hydrocarbons from Ref. 11 p. 64, is
plotted in Fig. S5. At an interwire distance of 5.9nm as measured in the AuNWs bundled

in cyclohexane, the interaction energy due to van der Waals forces is 1.245 x 1073 kgT'/nm.
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Figure S5: The van der Waals interaction between two parallel cylinders of diameter of
1.7nm made from gold across alkanes. The marked distance of 5.9nm is the one found in
bundled AuNWs in cyclohexane. To calculate the interaction energy, Hamaker constants of
1.96 x 10712 J for gold and 4.69 x 1072°J for hydrocarbon from Ref. 11 p. 64 were used.
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The break-up of a nanowire with an organic ligand shell into discrete droplets is analysed
in terms of the Rayleigh-Plateau instability. Explicit account is taken of the effect of the
organic ligand shell upon the energetics and kinetics of surface diffusion in the wire. Both
an initial perturbation analysis and a full numerical analysis of the evolution in wire mor-
phology are conducted, and the governing non-dimensional groups are identified. The per-
turbation analysis is remarkably accurate in obtaining the main features of the instability,
including the pinch-off time and the resulting diameter of the droplets. It is conjectured
that the surface energy of the wire and surrounding organic shell depends upon both the
mean and deviatoric invariants of the curvature tensor. Such a behaviour allows for the
possibility of a stable nanowire such that the Rayleigh-Plateau instability is not energet-
ically favourable. A stability map illustrates this. Maps are also constructed for the final
droplet size and pinch-off time as a function of two non-dimensional groups that charac-
terise the energetics and kinetics of diffusion in the presence of the organic shell. These
maps can guide future experimental activity on the stabilisation of nanowires by organic
ligand shells.

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Wires are prototypical components in electrical circuits: a metal wire is the simplest way of connecting two points
electrically. The microelectronics industry has successfully evolved the miniaturization of metal and semiconductor wires
(“interconnects”) using subtractive processes based on lithography. Thin films are deposited and selectively etched to give
in-plane features of dimension down to 10 nm in the latest semiconductor technologies (ITRS, 2011). However, thin wires
are inherently unstable. This can be traced to the fact that a circular cylinder of finite length has a larger surface area than
a sphere of equal volume. The surface energy associated with this surface area is the driving force for the Rayleigh-Plateau
instability: a long circular cylinder evolves into an array of spheres (Plateau, 1873; Rayleigh, 1878). The kinetic mechanism
for the instability is either bulk or surface diffusion. The relative importance of these two mechanisms depends upon the
relative diffusion constants and upon the wire diameter: at sufficiently small scale and at sufficiently low temperature,
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Fig. 1. Transmission Electron Microscopy (TEM) micrographs of chemically synthesised gold nanowires on a carbon-coated copper grid. The synthesis
followed that of Reiser et al. (2016, 2017), by adaption of the original protocol of Feng et al. (2009). (a) Initial state, and (b) after electron beam heating for
212 s at 200kV.

surface diffusion dominates (Frost and Ashby, 1982). The Rayleigh-Plateau instability has been observed experimentally for
a wide range of materials including copper (Toimil Molares et al., 2004), silver (Bid et al., 2005), platinum (Zhao et al.,
2006), gold (Karim et al., 2006), tin (Shin et al., 2007), nickel (Zhou et al., 2009), and cobalt (Huang et al., 2010). Recently,
the Rayleigh-Plateau instability has also been observed in silicon nanowires (Barwicz et al., 2012). These authors argue that
the surface self-diffusivity of silicon is significantly increased by the presence of a reduced hydrogen environment, which
provides a kinetic path for surface diffusion at temperatures exceeding 700 °C.

Recently, a new class of nanowires of diameter below 10nm has been made by chemical synthesis. Such “ultrathin”
nanowires form when solutions of metal or semiconductor salts are reduced in the presence of certain organic molecules.
The detailed formation mechanism of the wires is a topic of present debate (Cademartiri and Ozin, 2009; Repko and Cade-
martiri, 2012); proposed routes involve the self-assembly of the organic molecules into micelle-like structures that template
wire growth. Regardless of the precise mechanism of formation, the result is a metal core surrounded by a “ligand shell” of
organic molecules. A common choice of organic ligand is oleylamine, a simple hydrocarbon chain with 18 carbon atoms and
a single double bond at its centre, which forms an organic ligand shell of thickness approximately 2 nm. To date, ultrathin
nanowires made from gold (Lu et al., 2008; Wang et al., 2008) (Fig. 1a), iron-platinum (Wang et al., 2007), silver (Li et al.,
2015), calcium phosphate (Sadasivan et al., 2005), barium sulfate (Hopwood and Mann, 1997), tellurium (Xi et al., 2006),
copper sulfide (Liu et al.,, 2005), bismuth sulfide (Cademartiri et al., 2008), antimony trisulfide (Malakooti et al., 2008),
samarium oxide (Yu et al., 2006), and ruthenium (Zhao et al., 2016) have all been synthesised in this manner. Such wires
hold promise for new electronic devices such as mechanically flexible, optically transparent, or printable electronics (Chen
et al., 2013; Gong et al., 2014; Maurer et al., 2015; 2016; Pazos-Perez et al., 2008; Sanchez-Iglesias et al., 2012; Wang et al.,
2008).

Ultrathin nanowires are prone to the Rayleigh-Plateau instability. Since the characteristic pinch-off time for the
Rayleigh-Plateau instability scales with the fourth power of the wire radius (Nichols and Mullins, 1965a; 1965b), ultra-
thin nanowires break-up into spheres at much shorter times and at lower temperatures than thicker wires. For example,
Takahata et al. (2016) report the break-up of ultrathin gold nanorods of diameter of 2 nm (and length of 6 nm) into spheres
after 5400 s at 80°C in liquid chloroform; similar observations have been reported by other authors (Lacroix et al., 2014; Lu
et al.,, 2008; Xu et al.,, 2013; Xu et al., 2018). Electron beam heating in a transmission electron microscope (TEM) leads to
the break-up of gold nanowires into a string of nanorods within four minutes, see Fig. 1b.

Ciuculescu et al. (2009), Huber et al. (2012), Wu et al. (2015), and Takahata et al. (2016) all suggest that the break-
up of ultrathin nanowires is delayed by the presence of an organic ligand shell. However, the mechanism of stabilisation
remains unclear: it can be energetic or kinetic in nature, or a combination of the two. This lack of understanding inhibits
a systematic search for ligands that could enhance wire stability to a point where storage at room temperature does not
limit their applicability. The purpose of the present paper is to provide a framework for understanding the stabilisation
mechanisms and to generate guiding principles for the selection of suitable ligands.

2. Governing field equations

The evolution in shape of a circular wire into spherical droplets by surface diffusion has been analysed by Nichols and
Mullins (1965a,b): they treated the bulk of the wire as rigid and considered diffusion along the bare surface of the wire.
This surface diffusion was driven by a gradient in chemical potential associated with local surface curvature. Finite shape
changes were included in the analysis such that a long cylindrical wire breaks-up into an array of droplets.

In the case of ultrathin nanowires, the wire surface has a more complex structure: the wire core is surrounded by the
organic ligand shell, and the wire and shell are dispersed within an organic solvent, see Fig. 2. While the mechanism for
shape evolution of the nanowire remains surface diffusion (see Fig. 2a), driven by a gradient in chemical potential, the
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(a) Mechanism of shape evolution: surface diffusion, j (b) Driving force: gradient in chemical potential, V.
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Fig. 2. An inorganic nanowire and organic ligand shell in a solvent. (a) A flux j of wire atoms diffuse along the wire surface and lead to an outward normal
velocity vy,. (b) Diffusion is driven by the surface gradient in chemical potential @ (c) Adsorption and desorption of ligands is resisted by a viscous drag
stress o ,. (d) Plating of surface atoms is resisted by an interface reaction stress o .

presence of the shell introduces additional physical phenomena that need to be incorporated into the model. For example,
the local packing arrangement of ligands within the shell, and thereby the free energy of the shell, depend upon local
curvature (see Fig. 2b). In the present study, the surface energy y is treated as a function of surface curvature. The organic
ligand shell is of fixed thickness H but its circumference changes when the wire profile evolves. When the circumference
of the shell changes, additional ligand molecules must assemble (or dissemble) into the shell and viscous losses occur,
see Fig. 2c. This is modelled by a viscous drag stress o, that depends upon the hoop strain rate of the organic ligand
shell. Additionally, the plating of surface-diffusing atoms onto the surface of the wire involves an interface reaction and an
attendant viscous drag, see Fig. 2d. This is idealised as a dissipative interface reaction, involving an interface reaction stress
o and its work conjugate, the normal velocity of the interface v,. These notions build upon previous models for grain
growth due to surface diffusion, see for example Ashby (1969), Cocks (1992), and Cocks et al. (1998).

In order to derive the governing equations for shape evolution of a nanowire surrounded by an organic ligand shell, we
first introduce the geometry and kinematics of shape evolution of a small wire. Second, the chemical potential, interface
reaction stress, and viscous drag stress are described and a governing ordinary differential equation (ODE) is developed for
the outward normal velocity v, along the surface of the wire in its current configuration. An updating scheme is then given
for the wire profile as a function of time.

2.1. Geometry

Consider a circular cylindrical nanowire of radius Ry and a surrounding organic ligand shell of thickness H, see Figs. 2 and
3a. Assume that the wire and shell maintain a circular cross-section when its shape evolves by the diffusion of atoms along
the surface of the wire in the axial direction. Assume that the initial radius of the wire Y depends upon the axial position X
according to

Y = Ry + eg sin (wX) (1)

in terms of an initial imperfection amplitude ey and wavenumber w = 2w /A, where A is the perturbation wavelength. It
proves convenient to describe the initial shape of the wire in terms of intrinsic coordinates (S, ®) rather than (X,Y), where S
is the arc length along the surface profile and © is the inclination of the surface in the initial, reference configuration. The
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Fig. 3. (a) Nanowire of initial mean radius Ry and sinusoidal perturbation of amplitude e, and wavelength A, at time t = 0. (b) In the current configuration
at time t > 0, the nanowire has a mean radius R and a sinusoidal perturbation of amplitude e. (c) Geometry of current configuration.

transformation is straightforward:

ds? = dx? 4+ dy? and (2a)
dy
tan® = ax (2b)
such that
% =cos® and (3a)
((%/ =sin®. (3b)

Now consider the current configuration at time t. Write y(x) as the deformed shape at time t, in the current configuration.
The challenge is to predict y(x,t), due to surface diffusion. Write s as the arc length along the wire surface and 6 as the
inclination of the surface of the wire, as shown in Fig. 3c. We seek s = s(S,t) and 60 =0 (S, t).

The two principal curvatures of the wire surface are

K1 = w, and (4a)
y
a0
=— 4b
K2 95 (4b)
and the stretch factor A relates s in the current configuration to S in the initial configuration, such that
as
A= 35" (5)

2.2. Nanowire shape evolution by surface diffusion

The dominant mechanism for shape evolution of a nanowire in the presence of an organic ligand shell is taken to be
surface diffusion, see for example Ciuculescu et al. (2009). We begin by relating the surface gradient of the volumetric
surface diffusive flux j to the outward normal velocity v, of the surface of the wire as demanded by mass conservation,
such that

Vs j+v,=0. (6)
Now, the force f that drives surface diffusion is the surface gradient of the chemical potential wu,

F=Vsu (7)
and, in the absence of other kinetic dissipation processes, the flux j scales with f according to

. 2f

J= o (8)

in terms of a mobility 2/, where 2 is the interface diffusion constant in units of m®J-1s~1 and € is the atomic vol-
ume. 2 is related to the interface diffusion coefficient Dy, and the effective thickness of the boundary §;, according to
9 = D6, 2/(kT), where k is the Boltzmann constant and T is absolute temperature. We take Q = 83.

Limit attention to a solid of revolution, and consequently Eqgs. (6) and (7) reduce to

_ 130y
"7y 0Os

. and (9a)
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I
= —, 9b
=% (9b)
respectively, as discussed by Nichols and Mullins (1965a).

Now, if additional dissipation processes are at play, f not only drives the diffusive flux j but also needs to drive the
additional drag processes. Here, we shall assume the presence of an interface reaction associated with the outward normal
velocity of the wire surface v, and viscous drag associated with the hoop strain rate of the wire surface, so that (8) now
reads

j:_g(f_fr_fn), (10)

where f; and f, are the forces needed to drive the interface reaction and the viscous dissipation, respectively. Following
Ashby (1969), Cocks (1992), and Cocks et al. (1998), the latter two forces can be written as

do;

fr=- TR and (11a)
doy,
fo=- 35 (11b)

where o and o, are the stresses normal to the interface that drive the interface reaction and the viscous drag, respectively.
Insert Eqs. (11a) and (11b) into Eq. (10) to give

700 do; doy,
e =D — 9L,
Qas  Zas ~7as
The remainder of this section will deal with the determination of u, o, and o,.

(12)

2.3. The chemical potential

The wire is coated by an organic ligand shell and we assume that a representative species of the wire-shell-interface
comprises a surface metallic atom and a ligand molecule bound to it. The chemical potential u is, by definition, the energy
required to bring a metallic atom from the bulk to the surface of the wire and to bring its partner organic ligand molecule
from remote solvent to the bound state of the metal-organic complex.

Assume that the free energy of the organic ligand molecule depends upon its local configuration, as characterised by
the curvature (k1,k,) of the wire at this location. We envisage that the free energy of the organic ligand molecule is less
when bound to a sphere of total curvature 2« (such that k1 = k; = ks > 0) than for a cylinder of total curvature « (such
that k1 = ks and k, = 0). Also, the free energy of a surface of saddle point shape with zero total curvature (such that
K1 = —ky = k) is higher still. An empirical relation for the chemical potential of the metal-organic-ligand complex that
captures these features is

U =2y Kn, (13)

where « = (k7 +k3)/2 is the mean curvature, and the surface energy y depends upon an effective curvature ke. The
effective curvature is taken to be a function of the two invariants of the curvature tensor and we shall assume that it adopts
the simple quadratic form

k2 = oKk + (1 - o)kl (14)

where the deviatoric curvature reads x4 = (k1 — k2)/2 and the “shape factor” « is between zero and unity. Note that the
choice @ = 1 implies that xe = |km| while & = 0 implies ke = |kq4].
It remains to stipulate a functional form for y(ke). We adopt the empirical choice

Y (Ke) = Yo exp <C(% - 1)) (15)

where yg, ¢, and ko are material constants. The sensitivity of y to k. is largely captured by the value of ¢ and we shall
assume both positive and negative values for ¢ in our analysis below.

The authors recognise that the continuum approach loses validity as the length scales approach atomistic dimensions.
However, experimental evidence on the transition from cylindrical wires to spheres suggests that the wires behave as a
continuum, with a smooth surface that can be described by continuous functions, such as that used in (14). The present
study could be complemented by molecular dynamics (MD) simulations, but it will be a challenge to match the timescales
of MD simulations (on the order of picoseconds) to the timescales as observed in an experiment (on the order of 100-
1000 s). The current approach is phenomenological, and it may be possible to calibrate the parameters of the model using
predictions from MD simulations of the wires’ interfaces.
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2.4. The interface reaction stress o and viscous stress o

The plating/removal of atoms onto/from a surface involves local rearrangement of atoms as they change configuration
from a bulk co-ordination number on the interior to a reduced co-ordination number on the surface. Such rearrange-
ments involve viscous drag at low temperatures, modelled by an interface reaction stress. Following Cocks (1992) and
Cocks et al. (1998), the reaction stress is assumed to take the form of a power law according to

M
Un ||
Iof =ao(—>< ) , (16)
RN VAT
in terms of a reference velocity v,g, a reaction strength oy, and an exponent M. An appropriate choice for the exponent is
M =1 (Ashby, 1969; Cocks, 1992; Cocks et al., 1998); it leads to considerable simplification of the governing equations for
shape evolution of the nanowire.

In order to obtain the viscous drag stress o, we consider an organic ligand shell subjected to equi-biaxial tension. A
derivation of 0 as a function of vy is given in the appendix. Here, we simply state the results. The viscous drag stress reads

99
oy = 811: = 4HnK2 vy, (17)
where the viscosity 7 is taken to be a function of curvature,
K
n(ce) = noexp (d( 5~ 1)) (18)

in terms of the material constants nq, d and k.
2.5. Governing equation for normal velocity

We proceed to insert Eqs. (13), (16), and (17) into Egs. (12) and (9a) to obtain a non-linear second order ODE in vy,

Ayv. 0 9 v va\M
e as(ias[(fw(m)('vl') +4H’7K31““+2”m]> =0 19)
n T

3. Perturbation analysis

In order to identify the dominant non-dimensional groups and assess their relative importance in dictating wire stability,
a linear perturbation analysis is now conducted. Later, the predictions of the perturbation analysis will be compared with a
full numerical solution. Consider a cylindrical wire of initial shape as given by Eq. (1), and as depicted in Fig. 3a. Assume
that the perturbation evolves with time ¢ as illustrated in Fig. 3b such that

y(x,t) = R(t) + e(t) sin (wx), (20)

where x = X, and R(t) and e(t) are to be determined. Our aim is to re-express the ODE (19) in v, as an ODE in de/dt.
Conservation of mass dictates that

A A

/ Y2dX = / Y2 (t)dx (21)

0 0
and consequently

1 1

R* + iez =R} + ieg. (22)

The two principal curvatures, as defined in Eqgs. (4a) and (4b), evolve with time according to
-1/2 1 1 % -1
K1 = (1 + (we)? cos? (wx)) ((R?J + Ee% - iez) +esin (a)x)) and (23a)
-3/2
Ky = w?esin (wx)(l + (we)? cos? (a)x)) , (23b)

upon making use of the identity dy/dx = tan# and the relations (20) and (22). Now expand x; and k, in terms of increasing
powers of e and neglect terms of order e2 and higher to obtain

Roki =1 — Ri sin (wx) + O(e?), and (24a)
0

Roky = Ri(Row)2 sin (wx) + O(e3). (24b)
0
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so that the mean curvature reads

2Ry = 1 + R%((Row)z - 1) sin (wx) + O(e?), (25)
and the effective curvature reduces to

2Roke = 1+ Rio ((2a — 1) (Row)? — 1) sin (@x) + O(e?). (26)
Likewise, expand the surface energy y (k) and the viscosity n(k¢) as defined in (15) and (18), respectively, to give

y (Ke) = Yo + Vlg—e((za — 1) (Row)? — 1) sin (wx) + O(e?), and (27a)

Nke) =no + =— 770 ((Zoe — 1) (Ryw)? — 1) sin (wx) + O(e?), (27b)

upon taking kg = 1/(2R0).
Now, for small perturbations, we may write

10 ad 92
yas<yas) e (28)

so that, by limiting the analysis to cases where M =1 in Eq. (16), the governing ODE (19) becomes

1 02 [omo 02 0?2
5~ x| mg ] - a4tk ] = g [2vim | (29)

The outward normal velocity v, scales with R and é according to

Un = R+ ésin (wx), (30)
where () denotes d()/dt. Recall that R is a function of é as dictated by (22) such that
. 1
Since we neglect terms of order e2 and higher, we can neglect the contribution from R to vy, and (29) can be linearised to
Ry ¢ 2010(Row)?  7Hno(Ryw)? e(Ryw)?
Lo € ): <[1 2a—1c]Rw2—1—c]), 32
%RO(+ R R + 20 — D |(Row) (32)

upon making use of (30) to (27a).
We proceed to introduce the non-dimensional geometric variables

v = Ryw, €= E/Ro, (33)
the non-dimensional time ¢ as
: 7ot
t=(0+c , 34
1+ (34)
and the non-dimensional material groups
1+¢c - - - 9010 _ ZHnq
= — = 0, , O0p=——, and = . 35
N =T Q1) =00+, oo R3vro o RS =

Note that x; contains only material parameters associated with the energetic parameter c¢ and the shape of the ke(km,kq)
locus. In contrast, x, includes only the kinetic terms 0,9 and 7jg. Eq. (32) can be re-written to express the perturbation
growth rate for a given perturbation wavenumber in the compact form

1de @ —x;'@
edi 1+ X202
We proceed to evaluate the stability of a perturbation for any assumed wavenumber @ by evaluating the sign of the

perturbation growth rate dé/dt. A positive value of dé/dt implies instability of the wire profile, whereas a negative value
implies stability. Upon examining (36), we find that the wire is stable for all @ provided («,c) satisfy the values

(36)

and c< -1, or (37a)

N =

O<uo<

-1

N —
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Fig. 4. The four regimes of stability, with contours of critical wavenumber @,. Regime A: stable such that dé/di < O for all @. Regime B: unstable such that
dé/di > 0 for all @. Regime C: stable for @ > @.. Regime D: stable for @ < d@..

and we label this regime A in (¢, c¢) space. The wire is unstable for all @, when

1

and this is labelled regime B in (o, ¢) space. The critical perturbation wavenumber @, at which dé/df = 0 follows immedi-
ately from (36) as

- 1/2
We = (Xl) . (39)
Note that the perturbation is conditionally stable for wavenumbers @ > @, for («, c) in regime C of («, ¢) space:
1 -1
O<oz<i and c<m, or (40a)
Vo<1 and c> —1 (40b)
2" 2a -1
Finally, the wire is conditionally stable for wavenumbers @ < @ in regime D, where
1 -1
0<oz<§ and C>20¢7—1’ or (41a)
1 <o <1 and c< —1 (41b)
2 200 — 1°

The regimes A to D are marked on («,c) space in Fig. 4 and contours of the critical perturbation wavenumber @, are
included.

Salient features of the map are now discussed. For the choice ¢ =0, the surface energy y is constant and @ =1, as
predicted by Nichols and Mullins (1965b). The range of wavenumbers @ > @, for which the wire is stable, shrinks as ¢
increases, such that for sufficiently large c (and small ) regime B is entered and the wire is unconditionally unstable. Recall
that a positive value of ¢ leads to an increase in y with increasing effective curvature k., see (15). Alternatively, a negative
value of c implies a reduction in y with increasing ke, and this choice of value for c stabilises the wire profile. Thus, for
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¢ < -1, regime A is entered and the wire is unconditionally stable for all @. Regime D is small in extent: this regime of
conditional stability for @ < @, exists only for large negative c and large positive o.

It is emphasised that the above perturbation analysis is based on (19), which contains both kinetic and energetic terms.
Simplification of (19) leads to the first order Eq. (36), and it is noted that the numerator on the r.h.s. of (36) involves
only energetic terms while the denominator has only kinetic terms. Consequently, the stability regimes, as plotted in Fig. 4,
depend only on the energetic terms, and are independent of the various assumptions made in the kinetic part of the model.
Thus, the response plotted in Fig. 4 has broad applicability and the conclusions drawn from the perturbation analysis are
rather general.

3.1. Prediction of final droplet size and pinch-off time

The above perturbation analysis can be used to estimate the radius Rs of the spherical droplet that arises from break-up
of the wire from the fastest growing perturbation. Also, an estimate for the pinch-off time ¢, required to convert the wire
into an array of such spherical droplets can be obtained.

It is recognised that a spherical droplet is attained only at t— co. However, we can identify a finite pinch-off time &,
by assuming arbitrarily that the wire pinches off when y at any location along the wire has dropped to a selected value
of (1 —ép). The radius Rs of the final spherical droplet is set by the value of wavenumber @g for which the perturbation
growth rate e-1(dé/df) is a maximum. Now, the extremum of é~!(dé/df) with respect to & follows from (36) as

1de 1 ! 2
-——=) =——|[1+ 2—1) . 42
(e dt)E X X3 ([ xe] (42)

and occurs at @ = @wg, where
1
ot = x5 ([1+x06]" - 1). (43)

Contours of @g are shown in (x1,x2) space in Fig. 5a. Note that the fastest growing wavenumber scales as @g = ()1/2)1/2
for small x; or small x,. The ratio wg/@. follows directly from (39) and (43) such that

(gi)z = (X1X2)7] ([1 + X1X2]% - 1>, (44)

as shown in Fig. 5b.
Conservation of mass between a spherical droplet of radius Rs and a wavelength A of wire requires BnR(Z)A =47R3, and
consequently the ratio Rs/Ry reads

R\® /3m\? 1 -
(RTS)) = <7> X2<[1 + )(1X2]2 - 1) ) (45)
upon making use of (43). This dependence of (Rs/Rg) upon (x1,x2) is illustrated in Fig. 5c: (Rs/Rg) increases monotonically
with increasing x, and decreasing yx 1. Note that, for small y; or small x5, (45) reduces to

1
Rs (37‘[ > L
=S _ (22 , 46
Ro V2 X1 (46)
Now consider the pinch-off time fp. Full numerical simulations (discussed later) reveal that the pinch-off time is domi-
nated by the initial stage of perturbation growth at small é: consequently, the value of (é-1(dé/df))g can be used to estimate
tp. Integration of (42) from an initial imperfection of amplitude €, to an arbitrary pinch-off value é, gives
_ 5 1 2 e,
th = X1 X3 ([1 + X1X2] — 1) In (_—) (47)
€o
The logarithmic dependence of t, upon éy/€, implies that {; is relatively insensitive to the precise choice of &, and é,, but
for definiteness we shall take &, = 103 and €, = 0.8 in the presentation of numerical results below. The formula (47) is
shown in graphical form in Fig. 5d; it simplifies to &, = 4/x; for small (x1,x2).

4. Full numerical study

The above perturbation analysis considered the initial growth of a small imperfection. A full numerical solution is now
obtained to study the shape evolution in both the initial and the later stages of shape evolution. The solution strategy builds
upon that of Nichols and Mullins (1965a).
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Fig. 5. (a) Contours of the fastest growing wavenumber @g in the (xx2) plane. (b) @g/@. versus xix2. (c) Contours of radius of spherical droplet R,
normalised by the initial wire radius Ry, in the (xx>) plane. (d) Contours of pinch-off time £, in the (x1x2) plane.

4.1. Numerical implementation

We proceed to obtain a numerical solution to (19). First, we non-dimensionalise the problem as follows. Lengths are non-
dimensionalised by the initial wire radius Rg, curvatures by 2R, and the outward normal velocity v, by Rg/ ((1+¢)Dyyp)
such that

R3vn

X=x/Ro; J=Y/Ro; S=S/Ro; Ki=2Rok;; D“ZUT)@J/O’

(48)
where the subscript i denotes m, d, e for the mean, deviatoric, and effective curvature, respectively. Non-dimensionalise y

and 7 such that 7 = (1 +¢)"'(¥/v) and 7 = n/ng, write kg = 1/(2Ry), and again limit attention to the case of a linear
viscous interface reaction, i.e. M = 1. Then, the governing Eq. (19) reduces to

_ 1 0(y 0 —_ _ __ _H5_ _18 y o, __
Un — yAaS<AaS[O'r0Vn + nnoKmvn]) = yAaS(AaS[)/KmO- (49)

Note that the dependent variables y, X, and 0 can be described as a function of (, S 010 Mo, @, ¢, d) and the initial conditions
(Y, X, ®). To simulate the evolution of wire geometry, we use a numerical scheme based on finite differences in space and
a forward Euler scheme in time, in similar manner to that of Nichols and Mullins (1965a). Our implementation differs from
theirs as we employ a full Lagrangian formulation, as stated in Eqs. (5) and (19). The scheme is summarised briefly in the
following paragraph.

The starting point of a simulation is the initial profile as parametrised by 7(S) and 6(S), where the variable S is discre-
tised into equidistant steps of value h, such that S_i —ihfori=0,1,2,... Periodic boundary conditions are enforced over the
perturbation wavelength A = 27 /@. The simulation begins with the evaluation of the two principal curvatures, £; and &5,
by central differences. Central differences are also used to compute other spatial derivatives, as needed. For evaluation of
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Fig. 6. Shape evolution of a bare wire with ¢ =0, ;0 = 0 and 7jo = 0. (a) The perturbation decays for X =, which is smaller than the critical wavelength
Ac = 2. (b) The perturbation grows for A = 2+/27 > A.. (c) Prediction of the time-evolution of the radius at the thinnest wire site, yin = y(X = A/2), for
three choices of ey. Full numerical solution as solid line; perturbation analysis as dashed line.

Eq. (49), this gives a system of linear equations for 7,, which are solved by a standard solver algorithm'. The time derivative
of the stretch ratio A and of the inclination 6 are given by
e . a0 = 1 0y
A(S) =—-h— and 0(S) = ——,
(5) = ~Tn g (=153
respectively. The forward Euler method is used to update A(S;) and 6(5;). The new profile is obtained by fitting a third-
order Lagrange polynomial to the function Asiné, and the integral

(50)

_ Si _
¥ —§(0) = /0 Asin (6)dS, (51)

is evaluated using a Newton-Cotes scheme. Periodic boundary conditions dictate that y(0) = #1,(0). Eq. (49) is then solved
in finite difference form, the geometry is updated over the time step, and the process is repeated. We note in passing that
)2(5,-) is not required in the simulation but its value can be tracked in a similar manner to that of 37(5,-). Numerical stability
is ensured by choosing a suitably small time increment. In agreement with the comments by Nichols and Mullins (1965a),
instabilities appear for time increments of Af > 0.8 x h%. Throughout this study, the time increment is kept at Af = 0.4 x h?.

4.2. Prototypical results

Checks were performed to ensure that the predictions of the perturbation analysis agree with the full numerical solution
in the early stages of perturbation growth. For simplicity, we consider the reference case ¢ = ;9 = g = 0, corresponding
to a nanowire absent the organic ligand shell, as analysed by Nichols and Mullins (1965a). Typical results for the shape
evolution are given in Fig. 6 for the choices A = 7 and A = 2+/27. Note that the critical perturbation wavelength Ac = 27 /¢
takes a value of 27 in the present case. A stable response is obtained for A = 7 < Ac, see Fig. 6a, whereas the perturbation
grows for A =227 > kc, see Fig. 6b.
_ Now focus attention on the time-evolution of the thinnest section of the wire, yy,;,. again for ¢ =69 =17 =0 and
A =242, The full numerical solution is compared with the perturbation analysis in Fig. 6¢ for selected values of initial
perturbation amplitude ;. Recall that we have chosen to define the pinch-off time f, on the basis that é, = 0.8 such that
Vthin(tp) = 1 —&p = 0.2. The predicted evolution of the thinnest section of the wire from the perturbation analysis is in-
cluded in Fig. 6¢. Excellent agreement is obtained in the initial stage of instability growth, but there is some divergence
between perturbation theory and the full numerical prediction as the wire develops a deep notch at the pinch-off location.
It is evident that £, scales as —In (ép) for both the numerical analysis and the perturbation analysis, recall (47).

4.3. Comparison of initial perturbation analysis and full numerical solution

The perturbation analysis reveals that the early growth of the Rayleigh-Plateau instability is independent of the value of
d and is only controlled by x i, which characterises the effective surface energy of wire and organic ligand shell, and by ¥,
which characterises the kinetics of interface reaction and viscous drag.

How accurate is the perturbation analysis in terms of prediction of the final droplet radius and of the pinch-off time? The
predictions (45) for Rs/Rg and (47) for t, from the perturbation analysis are plotted in Fig. 7 using yx{ as the ordinate and

1 Matlab function mldivide as implemented in Matlab 2017b.
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Fig. 7. (a) Comparison of analytical solution (45) (solid line) and full numerical solution (data points) for the radius of spherical droplets; (b) comparison
of analytical solution (47) (solid line) and full numerical solution (data points) for the pinch-off time.
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Fig. 8. Sensitivity of the wire profile to the kinetic parameters 6,9 and 7o for (xi, x2) = (1,10) and («,c,d) = (0.5,0,0). (a) 610 = 10 and 7y = 0. (b)
6‘-0 =0 and ?7]0 =10.

for selected values of y,. Full numerical results are included on the same plots for the choice d = 0. Excellent agreement
between the perturbation and full numerical analyses is noted for both Rs/Ry and £, implying that the main features of the
instability are dictated by early growth of the imperfection, with (1, x») playing the main role. Hence, the maps of Figs. 5¢c
and d remain accurate beyond the initial growth phase of the instability.

4.4. Influence of the kinetic parameters upon morphology and pinch-off time

We anticipate that the later stages of the instability depend upon the various non-dimensional groups contained within
x1 and y,. For example, consider x, = 0y + g. What if we keep y, fixed and vary the ratio 6,9/7¢? To explore this, we
have performed a full numerical simulation for the case (6yg, 7g) equal to (10, 0) and then equal to (0, 10) such that x, = 10
in both simulations. The other parameters were held fixed at &« = 0.5, c =0, and d = 0. As anticipated, the early growth of
the instability is the same in both cases, see Fig. 8. But at later times, the pinch-off shape is sharper for the choice 6, = 10
and 7y = 0 (Fig. 8a) than for the other choice (Fig. 8b).

It remains to explore the role of d in influencing the instability. Consider the evolution of wire shape for the choice
d= -1 in Fig. 9a and for d =1 in Fig. 9b. In both cases, we take a = 0.5, ¢ =0, 6,9 =0, and 79 = 10 such that y; =1
and x, = 10. (We note in passing that the plot in Fig. 8b is for the same parameter values, but with d = 0.) A sharp notch
develops in the profile for d = —1, whereas for d = 1 the degree of viscous drag within the organic ligand shell has a strong
stabilising influence, and the wire adopts a uniform high curvature «; (with x,~0) over a significant portion of the wire.
To gain further insight, we have plotted 7 versus ke, as defined in Eq. (18), in Fig. 9c. The choice of d = 1 leads to a steep
increase in 7 with increasing curvature K., thereby stabilising the wire against continued pinch-off. The dependence of
upon d is shown explicitly in Fig. 9d for x; = 1 and for three selected values of x,. Consider the case x, = 10, as discussed
in reference to Fig. 9a and b. As d increases from —1 to 1, there is a moderate increase in ¢, due to the increase in 7 at high
local curvature.
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Fig. 9. (a) Wire evolution for (x1, x2) = (1,10) and d = —1. (b) Wire evolution for (x1, x2) = (1,10) and d = +1. (c) Sensitivity of 7, to d for increasing
effective curvature k.. (d) Sensitivity of the pinch-off time &, to d for x; =1 and x> = (0.1, 1, 10). The prediction by the initial perturbation analysis is
shown as a solid line and is insensitive to d. The numerical results are shown as circles.

5. Concluding discussion

The present study reveals the significant role played by an organic ligand shell in the Rayleigh-Plateau instability for
nanowires. It assumes an axisymmetric response which is appropriate for isotropic behaviour. Additionally, functional forms
for the surface energy and the viscosity are assumed and a measure for the effective curvature is introduced. We anticipate
that the general behaviour of the organic ligand shell can be adequately captured by the effective curvature and these
functionals. Future modelling at the molecular length scale can give further insight into appropriate continuum descriptions.

Before summarising how our findings can guide the development of geometrically stable nanowires, we shall first
show how our findings can be used to broaden our understanding of the Rayleigh-Plateau instability of currently avail-
able nanowires. The maps of Fig. 5 highlight the dependence of pinch-off time f, and final droplet radius Rs/Rg upon the
two dominant non-dimensional groups x; and x,. In order to deduce information about currently available nanowires, it
is instructive to replot these maps as contours of x; and x, with Rs/Ry and £, as axes, see Fig. 10. We note in passing the
formulae (45) and (47) can be inverted algebraically to give

=G5 (n(E)) (R)
o= (o) - (52 ()

as depicted in Fig. 10. Recall that both x; and yx, are non-negative. This restricts the contour plot of x, in Fig. 10b as
illustrated by the shaded region. The revised map of Fig. 10a may be used to deduce information about x; and thereby
the energetics of the organic ligand shell from measurements of Rs/Ry and £,. Likewise, the map of Fig. 10b can be used to
deduce a value for x,, and consequently the kinetics of the organic ligand shell, again from observed values of Rs/Ry and .

Our findings can guide the selection of organic ligands that render nanowires more stable. The above results confirm that
nanowires can be stabilised energetically against break-up into discrete droplets, and the relevant parameter range in (,c)
space is given in Fig. 4. Stabilisation requires the combined surface energy of wire and organic ligand shell to decrease with
increasing effective curvature. When break-up is inevitable on energetic grounds, there is still the opportunity to delay its

and
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Fig. 10. The inverse problem of extraction of the magnitude of (a) x; and (b) x, from given values of Rs/Ry and fp.

occurrence by judicious control of the kinetics of diffusion, of the interface reaction, and of the viscous dissipation within
the organic ligand shell. Suitable ligands should thus minimise surface energy, maximise the viscous dissipation captured by
the non-dimensional group x,, and cause an increase in the shell’s viscosity with increasing effective curvature. Molecular
dynamics simulations and systematic experimentation can help to find suitable molecules.
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Appendix A. Determination of viscous drag stress

Consider a metallic sphere of radius R and a surrounding organic ligand shell of thickness H. A change in radius at rate
R leads to a hoop strain ate £}, Of the shell and, in turn, to viscous dissipation within the shell due to its shear viscosity

n. Upon writing v, = R the hoop strain rate is

. v
ghoop = in (54)

The von Mises strain rate &. reads

. 2 .
e = —=|& 55
e \/§| h00p| ( )
and the von Mises stress o is related to & by the normal relation
Oe = 3née, (56)
in terms of a shear viscosity 1. The work rate per unit volume is given by
Oebe = 3182 = 4NEL oy (57)
and the dissipation potential per unit area is
1 . Vn\?
$y = yHOeEe = 2Hn<i"> . (58)
Differentiate (58) with respect to v, to obtain the viscous drag stress
a
oy = Pn _ 4HnK2 v, (59)
ovn

upon recalling that «; = 1/R for a sphere.
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Variable Description (units)

o “Shape” parameter in effective curvature (-)

1% Surface energy (N/m)

Yo Material parameter in surface energy (N/m)

Sp Thickness of boundary layer (m)

& Strain rate (s~')

Ee Von Mises strain rate (s—!)

Ehoop Hoop strain rate (s=1)

n Viscosity (Nm~2s)

No Material parameter in viscosity (Nm™2s)

6 Inclination of surface in current configuration (-)

® Inclination of surface in initial configuration (-)

K1 Principal curvature in 1-direction (m=1)

K2 Principle curvature in 2-direction (m~')

Km Mean curvature (m-')

Kq Deviatoric curvature (m~')

Ke Effective curvature (m=')

A Perturbation wavelength (m)

Ac Critical perturbation wavelength (m)

A Stretch ratio of surface (-)

" Chemical potential per atom (J)

or Interface reaction stress (Nm™2)

o) Material parameter in interface reaction stress (Nm~2)
oy Viscous drag stress (Nm™2)

X1 Non-dimensional group containing energetic terms (-)
X2 Non-dimensional group containing dissipative terms (-)
w Perturbation wavenumber (m~')

we Critical perturbation wavenumber (m~1)

o) Perturbation wavenumber of fastest growing perturbation (m~1)
Q Atomic volume (m3)

c Material constant in surface energy (-) (Eq. 15)

d Material constant in viscosity (-) (Eq. 18)

D, Interface diffusivity (m?s-1)

2 Interface diffusion constant (J-'m®s-1)

e Perturbation amplitude (m)

[ Initial perturbation amplitude (m)

ep Perturbation amplitude at pinch-off (m)

f Driving force for kinetic dissipation (N)

fr Driving force for interface reaction (N)

fa Driving force for viscous dissipation (N)

h Step size in finite difference scheme (m)

H Layer thickness of the organic ligand shell (m)

j Surface diffusion flux (m2s~!)

k Boltzmann constant (JK™1)

M Power law exponent in interface reaction (-)

R Wire radius (m)

Ro Initial wire radius (m)

Rs Radius of spherical droplets (m)

S Arc length coordinate (m)

S Arc length coordinate in the initial configuration (m)
t Time (s)

tp Pinch-off time (s)

T Absolute temperature (K)

Vn Outward normal velocity of surface (ms=1)

Vio Reference velocity in interface reaction (ms=1)

X Cylindrical coordinate along wire-axis (m)

X Cylindrical coordinate along wire-axis in initial configuration (m)
y Cylindrical coordinate perpendicular to wire-axis (m)
Y Cylindrical coordinate perpendicular to wire-axis in initial configuration (m)

Non-dimensional versions of symbols are marked with a bar on top of the original symbol.
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The relative tendency of freely dispersed and bundled gold nanowires to break up along their length by
the Rayleigh-Plateau instability is investigated both experimentally and theoretically. Small angle X-ray
scattering, in combination with transmission electron microscopy, reveal that the bundling of nanowires
can enhance their stability. The experimental observation is rationalized by a linear perturbation analysis
of a representative unit cell of bundled wires. A stability map is constructed for a bundle of nanowires to
display the sensitivity of the Rayleigh-Plateau instability to the number and size of contacts with nearest
neighbors per nanowire, and to the ratio of interfacial energy to surface energy. Stabilisation is enhanced
by allowing the bundle of wires to sinter freely: a criterion for this kinetically-based stabilisation is given
in terms of the ratio of pinch-off time for the instability to the sintering time to form the necks between

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Ultrathin nanowires of length to diameter aspect ratio exceed-
ing 103 are now readily available. They are prepared by chemically
reducing a metal or semiconductor salt in the presence of an or-
ganic ligand [1]. The ligand directs one-dimensional growth of the
nanowire by binding to the nanowire surface; additionally, the lig-
and stabilizes the nanowire core and the colloidal dispersion [2-
6]. To date, ultrathin nanowires have been made from metals and
their alloys (gold [3,7-10], iron-platinum [11], silver [12], ruthe-
nium [13]) and semiconductors (copper sulfide [14], bismuth sul-
fide [15], antimony sulfide [16]). The nanowires are flexible and
can spontaneously form continuous 2D and 3D superstructures;
this tendency has been exploited to assemble opto-electronic de-
vices [17-19]. Ultrathin nanowires have also been used in stretch-
able and optically transparent supercapacitors [17], in electrocat-
alytic membranes [20], and in the printed electrodes of bendable
touchscreens [18].

A fundamental challenge for nanowire manufacture and use is
their stability. Cylindrical wires are thermodynamically unfavorable
in shape: a circular cylinder has a greater surface area, and conse-
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quently greater interfacial energy, than an array of spheres of the
same overall volume, provided the ratio of the radius of spheres

to that of the cylinder exceeds (377/2)% [21,22]. This difference
in surface energy drives the so-called Rayleigh-Plateau instabil-
ity [23,24], also known as the morphological, geometric, shape, or
Rayleigh instability. The evolution in shape of a circular cylindrical
wire into spherical droplets by surface diffusion has been analyzed
by Nichols and Mullins [21,22]; the bulk of the wire is taken to be
rigid and diffusional flow occurs in the axial direction along the
surface of the wire. The time required for break-up is proportional
to the fourth power of the cylinder radius so that thin wires are
particularly prone to degradation [21,22]. In practice, ultrathin gold
nanowires in a dispersion fragment over a few weeks at room tem-
perature, and over a few minutes at 100 °C.

Both energetic and kinetic considerations play a role in stabi-
lizing nanowires against the Rayleigh-Plateau instability [25]. Sta-
bilization by energetic contributions can be enhanced by the pres-
ence of a substrate [26-29], by anisotropy of the nanowire’s sur-
face energy [30-33], and by geometrical confinement in a matrix
[34-36]. The addition of a ligand shell can enhance stability both
energetically and kinetically [25]. For example, the ligand shell can
reduce the nanowire’s surface energy and slow down diffusion
[25,34,37-40].

Surprisingly little is known about the stabilization of nanowires
by their self-assembly into a bundle. Commonly, ultrathin
nanowires are synthesized as colloids, and the resulting dispersion
can comprise individual wires or wires that have self-assembled
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into close-packed bundles [1,19,41]. The size and relative density
(also called packing density) of the bundles depend upon the
choice of solvent [41], ligand type [40], and ligand shell den-
sity [42]. For example, the bundling of ultrathin gold nanowires
(AuNWs) can be driven by a phase separation between the ligand
shell and the solvent, or by depletion forces induced by the solvent
or unbound ligand molecules [42,43]. Bundles also form when the
nanowire dispersions are dried [18,44]. The center-to-center spac-
ing of the wires ranges from 4.1 nm [43] to 5.9 nm [42], depending
upon the method of self-assembly.

In the following, we show that the formation of bundles affects
the shape stability of nanowires. The break-up of both fully dis-
persed and bundled nanowires is observed in situ by small-angle
X-ray scattering. An analytical model is introduced to predict the
influence of bundling upon shape stability. Stability maps are gen-
erated using a linear perturbation analysis, and are compared with
the experimental results of the present study and with those re-
ported in the literature. The adopted approach has a wide applica-
bility: both the experimental approach (X-ray scattering and trans-
mission microscopy, along with a scattering model), and the mi-
cromechanical model of the Rayleigh-Plateau instability for a bun-
dle of nanowires are applicable for a broad range of nanowire com-
position and diameter.

2. Experimental methods
2.1. Synthesis of ultrathin gold nanowires

Chemicals and materials All chemicals used are listed in Table S1
in the supplementary information.

Synthesis Ultrathin gold nanowires (AuNWs) were synthesized
using a protocol based upon that of Feng et al. [45] and Nouh
et al. [40]. In a typical synthesis, 60 mg of the dry precursor
HAuCl, - nH,0 was placed in a glass vial and quickly covered with
a volume of 9.9 ml of n-hexane; 2.04 ml of the ligand oleylamine
was added while flushing with Ar. The mixture was vortexed for
5 min to dissolve the precursor. Finally, 3.06 ml of the reduc-
ing agent triisopropylsilane was added while flushing with Ar. The
mixture was again vortexed for 30 s and the solution was rested,
without stirring, at 25 °C for 24 h.

Purification The reaction product was purified twice by adding
two volumes of ethanol (30 ml each), centrifugating at 100 rcf for
1 min to precipitate the AuNWs, and redispersing in n-hexane after
the first purification cycle and cyclooctane after the second purifi-
cation cycle.

2.2. Heating of nanowires and in situ small-angle X-ray scattering

The break-up of nanowires was monitored in situ by small-
angle X-ray scattering (SAXS). Samples for observation in SAXS
were kept at room temperature for at least 16 h after purifica-
tion before transferring them into glass capillaries with an inner
diameter of 1.5 mm. To accelerate the break-up, the samples were
heated in situ to either 60 °C or 70 °C. The heating stage was
pre-heated to the desired temperature, and measurements were
taken at 2 min intervals in the beamline of a Cu Ko X-ray source
(SAXS setup XEUSS 2.0, XENOCS, France). The scattered intensity
was captured by a detector at a distance of approximately 1.2 m
from the sample. The sample-to-detector distance was calibrated
with a standard of silver behenate prior to each measurement. The
two-dimensional scattering images were integrated (azimuthal in-
tegration) using the software Foxtrott (Synchrotron Soleil, France)
to obtain scattering curves.

The (center-to-center) interwire distance d inside bundles of
AuNWSs was determined assuming Bragg scattering [46] using the
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formula

4

 ——L VU +uv + 12 (1)
\/§un

where qyy is the value of the g-vector of the Bragg scattering peak

of a two-dimensional hexagonal lattice of Miller indices u and v

[46].

2.3. Scattering model fits

The volume fractions of gold in the form of bundled nanowires,
freely dispersed nanowires, and spherical particles in the disper-
sion were obtained by fitting a scattering model to the SAXS data.
The model was based on the work of Sundblom et al. [47], Manet
et al. [48], and Loubat et al. [19] and used the form factors of cylin-
ders and spheres and the structure factor of crystalline cylinders.
The authors emphasize that the novelty of the present study is
not in the choice of scattering model, but rather in the measure-
ment (and prediction) of breakup of bundled and freely dispersed
nanowires. Freely dispersed nanowires were modeled using the
form factor of a cylinder convoluted with a Schulz-Zimm distribu-
tion to account for the distribution of their diameters. Bundles of
nanowires were modeled by multiplying this form factor with the
structure factor of a 2D hexagonal lattice. The structure factor was
approximated by a sum of Lorentzian functions at the positions of
the Bragg peaks. A Debye-Waller factor accounted for disorder in
the 2D hexagonal lattice, for example caused by thermal fluctu-
ations. Spherical nanoparticles were modeled by convoluting the
form factor of spheres with a Schulz-Zimm distribution. All spher-
ical particles (formed during the synthesis and during break-up)
were consolidated in a single, broadly distributed function whose
mean diameter was allowed to evolve with time. The overall scat-
tered intensity was the volume-weighted sum of the scattered
intensity of freely dispersed nanowires, bundled nanowires, and
spherical nanoparticles. Details on the model can be found in the
supplementary information. The fits were implemented in Python
using the library LMFIT [49].

2.4. Transmission electron microscopy

Transmission Electron Microscopy (TEM) was used in order to
help interpret the scattering data from SAXS. Ideally, high magni-
fication TEM images of bundles would be used to reveal the nec-
essary physical detail. However, high-resolution TEM is yet unable
to probe a liquid dispersion at sufficient resolution, and the en-
ergy of the electron beam can disrupt the nanostructures. High-
resolution TEM images of single nanowires do exist in the litera-
ture [50-53], and these studies suggest that wire break-up is by a
Rayleigh-Plateau instability. The advantage of SAXS measurements
in the present study is the generation of statistically meaningful
information over many nanowires.

Small aliquots of the heated samples were prepared for ex situ
observation by transmission electron microscopy. To this end, the
aliquots were diluted to a concentration of approximately [Au] =
0.05mg/ml and 5 ul of the diluted sample was drop cast on a
perforated carbon-coated grid (Plano, Germany). The perforated
grid reduced drying artefacts when compared to standard carbon-
coated grids. The samples were observed at an acceleration voltage
of 200 kV in a JEM 2010 (JEOL, Japan) transmission electron micro-
scope (TEM).

3. Experimental results
3.1. Ex situ transmission electron micrographs

Ultrathin gold nanowires (AuNWSs) were chemically synthesized
using the protocol detailed above, dried on carbon-coated grids,



S. Bettscheider, T. Kraus and N.A. Fleck

Acta Materialia 231 (2022) 117799

20 min

Fig. 1. Transmission electron micrographs of ultrathin gold nanowires after drying at room temperature (a) and (b); and after heating them to 60 °C for 10 min (c) and (d);

and 20 min (e) and (f). The wires fragmented into spherical particles.

and analyzed in a Transmission Electron Microscope (TEM). A typ-
ical micrograph (Fig. 1a,b) shows nanowires with uniform gold
cores and diameters of 1.6 nm and a spacing of 4.4 nm that is
caused by a monolayer of the ligand oleylamine on the metal. The
length of the nanowires exceeded the field of view and was esti-
mated to be above 1 wm; lengths of 1 to 4 um have been reported
previously [54].

Heating of the AuNW dispersions to 60 °C resulted in frag-
mentation of the nanowires. Samples that were kept at 60 °C for
10 min contained an increased fraction of spheres (Fig. 1c,d) that
further grew after 20 min at 60 °C, whereupon much of the micro-
graph was covered with spherical particles (Fig. 1e,f).

The fragmentation of gold nanowires has been explained in
terms of the Rayleigh-Plateau instability [25,39]. Here, we are in-
terested in the relative stability of bundled and freely dispersed
wires. We used X-ray scattering to quantify the volume fractions
of intact and fragmented wires at elevated temperatures.

3.2. In situ small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) from the AuNWs in cy-
clooctane at 20 °C is shown in Fig. 2b. The scattered intensity de-
pends on the shape of the particles (‘form factor’) and their relative
arrangement (‘structure factor’) [46]. A dispersion of free AUNW
has its scattering determined only by the form factor, as reported
in [41,42], for example.

Scattering from the samples used here (Fig. 2b) was domi-
nated by the form factor for scattering vectors ¢ < 1nm~!, while
the structure factor dominated for ¢ > 1nm~!. Hexagonally packed
AuNW bundles caused distinct peaks in the scattered intensity at
127 nm~!, 2.20 nm~!, and 2.52 nm~!. Such bundles have been re-
ported previously [19,41,45]. They are caused by attractive, entropic
interactions that are due to unbound ligands and linear solvent
molecules that align between the wires [42,43]. The peak posi-
tions indicate a center-to-center spacing of the wires of d = 5.7 nm.

Scattering models (discussed in the next section) revealed that the
dispersion contained a fraction of approximately 55 % in dispersed
nanowires and 40 % in nanowire bundles.

The fragmentation of wires through the Rayleigh-Plateau insta-
bility was initiated by heating the dispersion of wires and bundles
to 60 °C and tracked via SAXS. Scattering measurements at 2 min
intervals are shown in Fig. 2. The scattered intensity initially scaled
with q~! in the region dominated by the form factor (g < 1nm1),
which is typical for cylindrical objects. The overall scattering in
this region gradually increased, indicating the formation of spheri-
cal particles. The overall scattering in the region dominated by the
structure factor (¢ > 1nm~!) remained unchanged, indicating that
the bundles did not fragment.

3.3. Interpretation of scattering data

The scattering model described in Section 2.3 was used to ex-
tract quantitative volume fractions of the gold contained in dis-
persed nanowires, bundled nanowires, and spherical particles from
the time-dependent SAXS (Fig. 2d,e). The original gold volume frac-
tions were 54.84+1.8 % in freely dispersed nanowires, 40.4+1.2 %
in bundled nanowires, and 4.7+0.5 % in spherical nanoparticles.
The fraction of gold in freely dispersed nanowires decreased lin-
early to 39.0+ 1.3 % over 20 min at 60 °C, while that of spherical
particles increased to 21.24+0.3 %. This corresponds to a fragmen-
tation rate of approximately 6.5 km.s~'.ml™! of freely dispersed
nanowires.

The volume fraction of bundled nanowires remained con-
stant (Fig. 2e). Heating to 70 °C led to the same qualitative re-
sults (Fig. S1 in the supplementary information): freely dispersed
nanowires broke up and bundled nanowires remained mainly in-
tact. Note that an elevated temperature can induce the formation
of bundles, too [42]. The formation and dissociation of bundles oc-
curs over a time scales of hours [41], and is hence independent of
the break-up that is observed over minutes.
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Fig. 2. Analysis of nanowire shape stability via X-ray scattering. (a) The fragmentation of wires was induced by heating a dispersion to 60 °C and was observed via in
situ Small-Angle X-rax Scattering (SAXS). (b) Distinct scattering maxima indicate that 40 % of the gold existed in bundles and 55 % in dispersed nanowires. The remaining
5 % were in spherical nanoparticles, a by-product of the synthesis. The interwire (center to center) distance inside the bundles was 5.7 nm. (c¢) Heating to 60 °C increased
scattering at small g-values, indicating the formation of spheres. (d) Scattering models (solid lines) were fitted to the scattering (dots) at selected times to quantify the change
in volume fractions. The scattering curves are shifted vertically for better visualization. (e) Volume fractions of gold in freely dispersed nanowires, bundled nanowires, and
spherical particles from the scattering models. Error bars denote the standard errors of the fits. The dashed lines are linear fits.

The results of SAXS and TEM analysis, taken together, indicated
the rapid fragmentation of dispersed AuNWs, but not of AuNWs
in bundle form. We conclude that AuNWs stabilize each other in
bundles. The following sections provide an analytical model for the
stability of nanowires in bundles to provide additional insights into
this observation.

4. Analytical model for Rayleigh-Plateau instability of a bundle
of nanowires

The prototypical problem is sketched in Fig. 3, showing the pro-
gressive breakdown of a cylindrical wire into discrete droplets.The
wire resides in a vertical stack of fixed height and so the necks
between neighboring wires can be idealized by fixed planes. The
model is based on the notion that the interaction between neigh-
boring wires can be treated kinematically as the appearance of
flats at contacting necks. This geometry is accurate in the absence
of a ligand shell surrounding each wire but becomes an idealiza-
tion when a ligand shell surrounds each wire. The model assumes
that the center-to-center spacing of neighboring wires remains
constant during the fragmentation of the bundled nanowires, and
disintegration proceeds by the axial diffusion of surface atoms of
each wire.

4.1. Geometry

A representative nanowire within a bundle is modeled as a cir-
cular cylinder of radius R truncated by n > 2 flat surfaces, each rep-
resenting the neck with a neighboring wire, as shown in Fig. 4.
Values of n for tessellation are n = 2, 3,4, 6.

Our aim is to explore the possibility of diffusional flow of
atoms along the surface of the wire in the axial direction in or-
der to perturb the shape from prismatic to one where the cross-
section varies with the axial coordinate z. Assume that the radius
R(z,t) evolves with time t and varies harmonically with axial po-
sition z. Suppose that the radius of the cylinder is perturbed from
the uniform reference state R = Ry to the state

(2)

where a(t) is the perturbation amplitude, A is the perturba-
tion wavelength, and k = 2w /A is the corresponding wavenumber
(Fig. 5b). The term AR(t) results from the constraint that the cylin-
der maintains a constant overall mass. The shape (2) has the fol-
lowing interpretation. In general, assume that an initial imperfec-
tion exists at t; =0, and is of amplitude a(t; =0) > 0 and wave-
length A. Our aim is to seek an expression for the rate of growth
of the imperfection da(t).

R(z,t) =Ry + AR(t) + a(t) cos (kz),
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Fig. 3. The prototypical problem showing a stacked nanowire. (a) Rendered view
of three states. The nanowire may remain (b) prismatic in shape (stable), or it may
evolve into (c) a non-uniform shape and thence into (d) discrete droplets.

The evolution in shape of the wire occurs at fixed value of rela-
tive density of the bundle of wires. Thus, the center-to-center spac-
ing of adjacent wires 2H is held constant, and the contact angle
w(z,t) evolves with R(z,t) such that

H
CoSw = R (3)
In the unperturbed reference state, R = Ry, the contact angle equals
wo, where coswy = H/Ry. Note that w is not the local contact an-
gle as dictated by local equilibrium of surface energies for the
wire. Rather, w is a macroscopic measure of the wire inclination
at the edge of the contact. This approximation has been justified
by Parhami et al. [55] for the sintering of a row of spherical parti-
cles. Example configurations for a bundle of wires are shown in
Fig. S2, and the relative density as a function of wg is given in
Fig. S3 for the unperturbed state, a = 0. The perturbation analysis
of the present study builds upon that of Gill [28]; he considered
the case of a single wire on a surface, for which H is free to evolve
with time.

4.2. Conservation of cylinder mass

The term AR(t) in (2) is determined from conservation of vol-
ume over the wavelength A as follows. The cross-section of the
wire A in the unperturbed state is

Ag = JTfoRz, (4)

where

fo=1- 1<w0 - %sin (20)0)). (5)

T
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Consequently, the volume V; of a length A of the wire in the un-
perturbed state is Vo = A9A. Now consider the perturbed state. The
cross-sectional area A; of the cylinder at any axial position z is

A;(z,t) =  fR?, (6)
where
Flw.n)y=1- %((u _ % sin (20))). 7)

Now write w(z) = wg + Aw(z) to give, via (3),
2
Aw = AR + 2L cos (kz) — & cos? (kz) | cotwy + O(a@®).  (8)
Ry Rp R2

0
We use (8) to re-write f(w,n) as

flw,n) = fo— ;(Aa)(l — cos (20)) + Aw?sin 2wp)).  (9)
Introduce the compact notation

S](C{)o,n)ETf —n(a)g— %Sin (2(,()0)) :ﬂfo (10)
& (wp) =1 —cos 2wy), (11)

to write the current cross-sectional area A;(z,t) as

Aw? .
+— (3% tan® wp — 2n&; tan wp — nsin (2w0))>.
Conservation of volume dictates that the current volume of the

cylinder over one wavelength, V = f&Az dz, equals the volume
Vo = nR(z) foX in the unperturbed state, and consequently

2
%f =s@)(g) (13)

where

—&1 + n&, cot wy + nsin (2wy) cot? wg

4&1 — 2n&; cotwy (14)

&3(wo,n) =
Note that AR is O(a?).

4.3. Energetics: surface energy as driving force

The driving force for the Rayleigh-Plateau instability is the re-
duction in total surface energy that accompanies growth of the
perturbation. The interface between neighboring wires possesses
an interfacial free energy per unit area )., and the free surface of
the wire has a surface energy per unit area ys.

In the present study, the ligand shell is not considered sepa-
rately. Instead, the stability analysis adopts the simple and general
approach of ascribing an effective surface energy to the interac-
tion between the ligand shell and the adjacent nanowire. Effective
values could be obtained from advanced quantum chemical sim-
ulations [56]. Our earlier work showed how such atomistic and
molecular information can be incorporated into the effective sur-
face energy and diffusivity values [25]. A much more sophisticated
model is needed in order to predict the effect of temperature, for
example, upon the effective surface energy of nanowires with a lig-
and shell.

4.4. Kinematics: shape evolution by surface diffusion

The shape of each nanowire evolves by surface diffusion in the
axial direction [21,22]. Conservation of mass requires that the sur-
face divergence of the surface diffusive flux j and the normal ve-
locity of matter deposited onto the surface v, sum to zero,

Vs -j+v,=0, (15)
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Fig. 5. Cylindrical coordinate system and geometry of a perturbed nanowire. (a)
The (x,y)-plane. (b) the (y,z)-plane.

where Vi is the usual surface divergence operator, and a bold sym-
bol denotes a vector throughout this paper. Assume that the dom-
inant surface flux is in the axial direction and is of magnitude j.
Then, (15) simplifies to
1d(Rj

19R) +1, =0,

R 3s " (16)
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Fig. 4. Geometry of a nanowire truncated by n = 2, 3, 4, or 6 flat surfaces that represent necks of neighboring wires. (a) n=2, (b)n=3, (c)n=4, (d) n=6.

n—06

where s is the arc length along the free surface (see Fig. 5b). The
normal velocity of matter deposited on the surface must equal
the rate of change in radius, v; = R = dcos (kz) + O(a?). For small
perturbations (a <« R), we may write R-19(Rj)/ds ~ 9j/0z for the
derivative in (16). Consequently, the surface flux j is

j= 4 sin (kz) + O(a?).

X (17)

5. Linearised perturbation analysis
5.1. Stability map and critical wavenumber

The presence of a perturbation changes the Gibb’s free energy
of the wire over one wavelength A by AG, where

AG:VS(AS_Ag)JFVC(AC_A(C))' (18)

Here, A is the area of the free surface and Ac is the area at the
constraining neck over one wavelength, as shown in Fig. 5a. The
superscript 0 denotes the respective area in the unperturbed state.

The free surface area of the wire over one wavelength A of the
perturbation is

A

A, =[ 2(7 — nw)R ds. (19)
0

For small perturbations, we can write

ds = (1 + %(ak)z sin? (kz) + O(a“)) dz. (20)

Now make use of (8) to obtain

A= (14 (580 JRob?) S e1)
s 4 RZ )

where &, is defined by

T — Nwy — ncot w,
§4(wo. n) = 2 0 (22)

T — Nwyg
and A? = 2(r — nwg)RgA is the surface area of the free surface of
the unperturbed cylinder. Note from (21) that (As — A?) is second-
order in a/Rg.
The contact area A over one wavelength is

A
Ac = Zn/ Rsinw dz, (23)
0
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and can be re-written in terms of a/Rg by making use of the ex-
pression

sinw
sinwy

=1+ Awcotwy — %Aa)z + O(A®?), (24)

and by expressing the radius R in terms of Aw via (3), such that
R

= 1+ Awtan wy + Aw? tan? wy. (25)
0
Now make use of (8), along with (24) and (25) to express (23) as

0 a
Ac = A (1 +€5R%) (26)
where

1

%'5 (a)o, Tl) = 53 + %-3 COt2 wo — Z COt2 wo (27)

and A? = 2nRyA sinwy is the contact area in the unperturbed, ref-
erence state over one wavelength. The result for A¢ is also second-
order in a/Ry.

Substitute the expressions (21) and (26) into the definition of
Gibb’s free energy change (18), and introduce the ratio of interfa-
cial free energies y = y¢/ys, to obtain
2G= () (sgal 7 (Rok)? + m> (28)
The nanowire is stable against the formation of a perturbation of
amplitude a and wavelength A if AG > 0. This is satisfied for wave-
lengths A < A., where the critical perturbation wavelength A. for
which AG = 0 is given in non-dimensional form by

R= ot o ;(—5354 _ Pisnsinwg sina)()) : (29)

27 Ry T — Nwy

We note in passing that & >0, & <0, and & > 0 and conse-
quently A is real in (29). The wavenumber corresponding to Ac
is ke = 2 /A, and for later use, we emphasize that the tilde over
the symbol A denotes the non-dimensional quantity A = A/(27Ry).
The stability maps in Fig. 6 illustrate (29) in graphical form, and
show the sensitivity of Ac to n, 7, and wy. We emphasize that the
co-ordinates of the stability maps are independent of nanowire ra-
dius; in contrast, the timescale for the progression of an instability
is highly sensitive to length scale, as discussed below.

It is evident from Fig. 6 that a region (Ac = oo) exists in the
top-right of each map for which the bundle is stable against break-
up into discrete droplets. Stability is enhanced by a large value
of 7, a large value of wy (corresponding to a high relative den-
sity of the bundle), and by a small co-ordination number n. For
reference, a free standing circular cylindrical wire is unstable for
all wavelengths exceeding Ac = 2 Rg, as discussed by Nichols and
Mullins [21,22]: thus, A equals unity for the free standing wire.

5.2. Perturbation growth rate and fastest growing perturbation

We proceed to use the Cocks-Suo variational principle
[28,55,57] to derive the wavenumber of the fastest growing per-
turbation. The variational functional is defined as I1(d) = AG(d) +
W (a), where W (a) is a dissipation potential due to surface diffu-
sion. A stationary value of IT with respect to d gives the solution
that satisfies the constitute law for surface diffusion,

ST = 8(AG) + 8V = 0. (30)

The variation in change of Gibb's free energy, §(AG), with respect
to a variation &ad is obtained from (28) as

) 2ada 1 2
8(AG) = ysAs(R%> <§3é‘4 + 7 (Rok)™ + —— nwo

7&sn sina)())' 31)
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The dissipation potential W (a) is defined as

U= A ZDS dAs, (32)
where Ds = §sDsQ2s/(RgT) is the surface diffusion constant, &s is
the thickness over which surface diffusion occurs, Ds is the surface
diffusivity, €2 is the molar volume of the wire material, Rg is the
universal gas constant, and T is absolute temperature. To first order
accuracy in a/Rg, we may write dAs = Ry dg dz, so that (32) sim-
plifies to

IV

Now substitute the expression (17) for j into (33), and integrate to
obtain

j? de dz. (33)

2A?

- 4Dsk2" (34)

Upon making use of (31
(30) reduces to

) and (34), the variational statement

a_ I g, (5354 bRy + ’/‘55”5“”"0) (35)

T — Nwg

for any assumed wavenumber k. The fastest growing perturbation
has a wavelength that maximizes d in (35); by setting d(da/a)/(dk)
to zero, the fastest growing wavelength is Amax = v2Ac, Where Ac
has already been defined in (29). The wavenumber kmyax that cor-
responds to Amax follows immediately as

2 ke
k = = —, 36
Kmax - NG (36)
and the fastest growth rate (d/a)max of the bundle at A = Anpax fol-
lows directly from (35) as

R} a
— = (k R 4. 37
(ySDS a>max ( max O) ( )

Note that the expression (36) for kmax is the same as that derived
previously for the classical Rayleigh-Plateau instability of a single
free-standing wire [21,22].

5.3. Topology of wires after pinch-off

The wavelength of the fastest growing imperfection Amax =
V2Ac is given by (29) and can be written in the non-dimensional
form Amax = Amax/(27Rg) = v2Ac. The value of Amay dictates the
asymptotic shape of the final, pinched-off particles: (a) discrete
sphere at small Jmax, (D) truncated sphere at intermediate Amax,
and (c) rod at large Xmax. Consider each in turn.

(a) Discrete sphere
A small value of Anax leads to break-up into an array of spheri-
cal droplets of final radius Rs. Conservation of mass dictates that

1:_; = cosa)o< &) )1/3. (38)

This geometry occurs provided Rs < H, and consequently Amax <
A1, where

2 cos? wy
3 &

upon suitable rearrangement of (38).

M=

(39)
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Fig. 6. Contours of the critical perturbation wavelength A. = A./(27Ro) as a function of the surface energies 7 and the initial contact angle wy for a cylinder constrained
by (a) n =2, (b) n =3, (c) n =4, and (d) n = 6 necks. The black line separates the regime in which shape stability depends on the perturbation wavelength from the regime
in which the cylinder is always stable regardless of the perturbation wavelength. The circle locates our experimental material and system properties and the square that of

Nouh et al. [40].

(b) Truncated sphere

Now consider the case lmax > 5»1. Then, the discrete droplets
are truncated spheres with flat circular necks between immedi-
ate neighbors, see Fig. 7a. The height of each particle is 2H, and
its radius external to the necks is Rs. The radius of each neck is
Rs cos ws, where 2ws is the angle subtended by the neck at the
center of the particle. The radius Rs is related to Ry via the identity
from (3):

(40)

once ws has been obtained from wq by conservation of volume be-
tween the reference, unperturbed volume V;, and the final volume
of the truncated sphere. Routine algebra gives

H = Rs cos ws = Ry cos wy

Vo = E1RZ Amax = gnRgé‘G cos® wy, (41)
where
£6(ws, n) = (cosws) 3 (1 - %(2 +cosws) (1 — cosa)s)2>. (42)

A standard root-finding algorithm (‘fzero’ in Matlab R2021a) is
used to solve (41) and (42) for ws in terms of (n, g, Amax). Trun-
cated spheres are obtained for an intermediate value of Amax.
When imax attains a transition value of 12, adjacent necks touch.
This occurs at nws =2m, and the associated value of &g(ws =

ZT”, n) is obtained from (42). Upon substitution into (41), we find
2 cos3 wy

£ 2T
3 (wom) P\ ")

In summary, truncated spheres are the pinched-off final shape
when Ay < Amax < Ag.

do = (43)

(c) Rods _ ~
The discrete droplets adopt a rod-like shape for Amax > Ap, as
shown in Fig. 7a.

5.4. Pinch-off time

Our linear perturbation analysis describes the initial stage of
shape evolution. It does not accurately capture the details of
the nanowire pinch-off into discrete spheres. However, previous
numerical calculations have shown that the initial perturbation
growth rate is a good predictor for the pinch-off time [25]. As-
sume that a nanowire of initial perturbation amplitude a; at time ¢
pinches off when the perturbation amplitude reaches a value ap at
time tp. The pinch-off time ¢, is related to the perturbation growth
rate a(t;) via the approximation [25],

In (%) _ ft” g(r’) dt' ~ (t, —tl)g(tl).

I t

(44)
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Fig. 7. (a) The discrete particles emerging from pinch-off take the final form of spheres, truncated spheres (t. spheres), and rods. (b) to (e) Contours of the final, pinched-off
radius of particle Rs = R/H as a function of the surface energy ratio  and the initial contact angle wy for a cylinder constrained by (b) n =2, (c) n=3, (d) n=4, and (e)

n = 6 necks. The topologies of the final particles are are marked on the maps.

By setting t; =0 and inserting the fastest growth rate from (37),
the pinch-off time is predicted as

VsDstp -4 (ai>
Ré (kmaxRo) ™" In a )
which is again consistent with the results obtained by Nichols
and Mullins [22] for an isolated metal nanowire. Note that kmax =
27 /Amax is directly related to kc =2m /A via (36) and conse-
quently kmax = +/27 /Ac. Also recall that e = Ae/(2mRy) is a func-
tion of (n, ¥, wg) as given by (29) and Fig. 6. Assume that all wave-
lengths of perturbation are present in the wire so that the pinch-
off time is dictated by the fastest growing perturbation of wave-
length Amax = v2Ac. Thus, upon making use of (45), the pinch-
off time t, scales as A%; some broad conclusions can be deduced
immediately from Fig. 6. Consider a close-packed, fully triangu-
lated arrangement of wires (n = 6), with § < 0.8. Then, pinch-off
is fastest for small contacts (wg =~ 0) corresponding to low relative

(45)

density and for large contacts (wg ~ 7 /6) corresponding to almost
vanishing porosity. A large drop in surface energy from the surface
value ys to the interfacial, contact value y, (that is, a small value
of ¥ = y¢/ys) leads to a faster pinch-off.

The formula (45) also applies to the case of a free-standing
wire, with kmax = v/27 /A¢c and Ac = 27 Ry, such that e = 1. Thus,
the plots of Fig. 6 can be used immediately to determine whether
bundling reduces or increases pinch-off time. In broad terms, a
bundle of wires is more stable than the isolated wire in regimes
of the map for which 5\5 > 1.

6. Discussion
6.1. Comparison of experiment and perturbation analysis

The experiments reported above indicate that a bundle of ul-
trathin gold nanowires fragments more slowly than freely dis-
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Fig. 8. Pinch-off time f, = Dsyst,/R$ of cylinders of contact width c¢/R, compared to the time & = Dsysts/R} to sinter a row of cylinders to establish the same value of c¢/Ro.
Predictions are shown for selected combinations of relative diffusivity D = D./Ds and relative surface energy 7 = yc/Vs.

persed nanowires. Our perturbation analysis shows that stabiliza-
tion arises from the presence of necks between wires. Whether
stabilization occurs or not depends upon the number of necks n,
surface energy ratio 7, and initial contact angle wg as shown in
the stability maps of Fig. 6. It is instructive to make use of the
material properties and geometric parameters of the present ex-
perimental study in order to assess whether the predictions match
the observed stabilization due to bundle formation.

The measured radius of gold nanowires was approximately
0.84 nm and the thickness of the ligand shell was 2.2 nm [58,59].
The AuNWs formed fully-triangulated bundles with n=6 and a
center-to-center distance of 5.7 nm, giving wg ~ 7 /10. The sur-
face energy s is set by the interaction between ligand and solvent
molecules, and the interfacial energy y. by the interaction of lig-
and shells. The spacing indicates that solvent was always present
between the ligand shells, implying y ~ 1. These parameters put
the system at the operating point (n, ¥, nwg/m) ~ (6,1, 0.6) in the
maps of Fig. 6, inside a region of unconditional stability. This ex-
plains why the bundled AuNWs were observed to be more stable
than the freely dispersed ones.

Nouh et al. [40] exchanged the ligand oleylamine with tri-
octylphosphine and observed that the wires’ stability increased,
but did not provide an explanation for this finding. It was not
stated whether stabilization was due to the different bond chem-
istry, the steric properties of the ligands, or the tighter bundling at
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an interwire distance of 3.75 nm [40]. We locate their material and
geometric parameters to be at the operating point (n, y, nwg/m) ~
(6,1,0.8) in Fig. 6 in a region of unconditional stability, consistent
with their experimental observations.

6.2. Comparison of pinch-off time and free sintering time

The analysis of the Rayleigh-Plateau pinch-off instability of a
bundle of wires assumes that the center-to-center spacing of the
wires remains constant, with the instability driven by surface dif-
fusion in the axial direction. In addition, free sintering can occur
such that the bundle of wires densifies by in-plane surface dif-
fusion, and the center-to-center spacing of neighboring nanowires
reduces. We emphasize that, in the present study, the nanowires
were surrounded by a ligand shell and sintering was not observed.
In contrast, sintering is observed in other nanowire systems, see
for example [18,44,60]; it is then instructive to obtain an expres-
sion for the sintering time ts to achieve a given contact size c¢ be-
tween adjoining wires, and to compare this sintering time with
the pinch-off time t, for this same value of c. Sintering stabilizes
against pinch-off when ¢; is less than tp. Alternatively, when t; ex-
ceeds t, the Rayleigh-Plateau instability occurs with break-up of
the wires into discrete particles.

The sintering time ts is calculated as follows. We focus atten-
tion on the early stages of sintering involving initial neck forma-
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Fig. 9. Contours of critical contact width c. as a function of relative diffusivity D =
Dc/Ds and relative surface energy 7 = yc/ys. For ¢ > c., the pinch-off time ¢, is
shorter than the sintering time t;. A region exists in the map where sintering is
always faster than pinch-off, regardless of the contact width ¢, and consequently
sintering suppresses the instability.

tion and neck growth (stage I sintering) [55,61]. Consider a row of
cylinders with an initial contact length ¢ = 0 (see Fig. Al). Sinter-
ing increases ¢ and decreases H, as shown in Fig. A1. We follow
Parhami et al. [55] and determine, for the 2D plane strain case, the
dependence of ¢ upon sintering time ts, such that
b= %DcRg(Zys — Yo)ts.

Here, D, is the diffusion constant in the contact zone (grain bound-
ary). The derivation is given in Appendix A.

The sintering time ts; to achieve a neck size c¢ is compared in
Fig. 8 with the pinch-off time t, for the same value of c, for se-
lected values of  and D = D./Ds. Sintering is sufficiently fast to
stabilize the nanowire shape at large 7 and large D. These con-
ditions are typically satisfied for metals, for which 7 ~ 0.3 to 0.4
[62] and D~ 1073 to 10~! [63]. Note that, for the choice 7 = 0.1
and D = 10-5, pinch-off is anticipated at c¢/Ry ~ 0.1 since tp =ts at
this value of contact size between neighboring wires.

A critical neck size ¢. can be defined for which t; =tp. Then,
the sintering time is smaller than the pinch-off time for ¢ < c.. For
¢ > c¢, the instability is faster than sintering and the wires break
up into discrete droplets. Contours of c. are plotted in Fig. 9: cc in-
creases with increasing relative diffusivity D. For sufficiently large
D, sintering is always faster than pinch-off and thereby stabilizes
the wire.

(46)

7. Concluding remarks

Ultrathin nanowires can self-assemble into bundles. In situ SAXS
and ex situ TEM reveal that bundling delays the Rayleigh-Plateau
instability. An analytical model, based on interfacial energy, ge-
ometrical confinement and axial surface diffusion, indicates that
bundle formation can render the nanowire unconditionally stable.
Stability depends upon the number and size of necks between
neighboring wires, and upon the surface and interfacial energies.
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An optimal neck size maximizes pinch-off time for packings with
more than two neighbors.

Pressureless sintering, in its early stages, is much more rapid
than the rate of pinch-off by the Rayleigh-Plateau instability.
However, the rate of sintering decreases sharply with increasing
time, ¢ « t=2/6 as given directly from (46), and consequently the
Rayleigh-Plateau instability may ensue.
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Appendix A. Stage I sintering of an array of circular cylinders

Our analysis of stage I sintering of an array of circular cylin-
ders parallels that of Parhami et al. [55] who analyzed sintering
of spheres. Consider an array of circular cylinders of initial ra-
dius Ry with a center-to-center spacing of initial value 2H = 2Ry
at time t = 0, as depicted in Fig. Al. In stage I sintering, the cylin-
ders maintain a constant radius Rg, the cylinder centers approach
each other and a neck of width 2c grows. The driving force is the
reduction in overall free energy associated with surface and inter-
facial energies. Assume a surface energy per unit area ys of the
free surface of the cylinders and an interfacial energy per unit area
yc of the contact zone. We proceed to obtain c(t).

The initial cross-section of the cylinders in a unit cell at t =0
is A? = 7R3, and after a time t > 0, it evolves to

A —nRz—ﬂ£+4hc (A1)

z — 0 3 RO . .
Conservation of mass requires A; = A9, and consequently

1¢?

=3 Ro (A.2)

and
2
H=Ry— —. A.
"~ &Ry (A3)

2H < 2R,

Fig. Al. Geometry of an array of circular cylinders undergoing stage I sintering.
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We use the same variational principle as defined in (30) with
the definition of AG given in (18) in order to obtain ¢. Assume that
the dissipation in the grain boundary in stage I sintering dominates
that over the free surface. Consequently, the dissipation potential
reads

jt
Ac ZDC

W= dA., (A4)
where we consider unit depth along the axis of the cylinder.
Now obtain expressions for the surface and interface areas per

unit depth. For the surface area, we have

As = 2Ry — 4c + O(c?), (A.5)

and A? = 27 R, for the initial surface area. For the contact area, we
have Ac = 2c, and A2 = 0. Upon inserting these areas into (18), we
obtain

AG=2(yc—2ys)c. (A.6)

Consider the kinematics of the diffusive flux. Conservation of
mass requires that the divergence of the flux in the grain bound-
ary and the velocity of matter into the grain boundary v. sum to
zero,

(A7)

where Vi is the surface divergence operator. This relation simpli-
fies to 0jc./0x+v. =0 for the in-plane problem. The velocity v
is related directly to the rate of change in height 2H by v, = 2H,
where

Vs'jc+UC:0,

_€
3Ry’
via (48) and (49). Consequently, the diffusive flux is

(A.8)

. 2cix

Je= 3Ro

and (50) reduces to
4o

~ 27DRZ

(A9)

(A.10)

It remains to substitute (52) and (56) into (30), and to integrate
with respect to time t to obtain
81

TDCR(Z) (2ys -

which is the same result as that obtained by [55] for an array of
spheres, except for a small difference in pre-factor.

s = Yo, (A1)

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.actamat.2022.117799.
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2. Scattering model

This section follows the work of Forster et al. [1], Sundblom et al. [2], Manet
et al. [3], and Loubat et al. [4]. The total scattered intensity is the sum of
the scattering contribution from spheres I, freely dispersed cylinders .., and
bundled cylinders I,. Consider each in turn.

2.1. Spheres
The intensity [ scattered by a number ng spheres is given by

Is(q) = ns(ps = po)* Po(a), (1)

where pg is the scattering length density of the sphere and py that of the
solvent. The term P,(q) = (F(q)?) is the averaged form factor of the spheres,
obtained by convoluting the form factor Fj of the spheres with a Schulz-Zimm
distribution. The form factor Fy(q) of the spheres is given by

_ %W 2 3(Sin(qu)—qRSCOS(qRS))

The number of spheres ng is related to the volume fraction of spheres ¢ via
ns = ¢s/(Vs), where (V) is the average volume of a sphere. The intensity of
the spheres can then be written as

(2)

(F2(a))

I(q) = ¢s(ps — po)? (3)
2.2. Freely dispersed nanowires

Freely dispersed nanowires were modeled as cylinders of radius R, and length
L with a scattered intensity of

Ic(Q) = nc(pc - pO)QPc(q)a (4)

where n. is the number of cylinders, p. the scattering length density of the
cylinder material, and P,.(q) the averaged form factor of the cylinder. The
averaged form factor of the cylinder P.(¢q) depends on the form factors of
an infinitesimally thin cylinder Fi,(¢) and a disk’s cross-section Fis(q) as
P.(q) = Fain(q){F2(q)). The form factor of the cross-section Fi(q) is given
by

()
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where J; is the Bessel function of the first kind. The form factor of the
infinitesimally thin cylinder is given by

In the case of ¢ > 1/L, which is valid in our scattering experiments, the
integral may be approximated by quL %dx ~ 7 so that the form factor
Finin(q) simplifies to

Y 2sin (¢L/2)\>
Finin(q) = L (q_L - (q—L) ) (7)

In analogy to the spheres, the number of cylinders n. is related to the volume
fraction of freely dispersed cylinders ¢. via n. = ¢./(V.), where (V.) is the
average volume of a cylinder. The scattered intensity of the freely dispersed
cylinders can hence be written as

2 }?thin(Q) <Ft223<q>> )

IC(Q) = ¢c(pc - PO) <‘/C>

(8)
2.8. Bundled nanowires

Bundled nanowires were modeled as the average over a 2D close-packed
(hexagonal) lattice of cylinders. The scattered intensity is the one of cylin-
ders given in (8), multiplied by lattice factor of a disordered lattice Z(q) as
given by

_ 2 Fonin (0) (F(0))
La(q) = da(pe — po) A Z(q)- (9)

The lattice factor of the disordered lattice is given by
Z(q) = B(a)G(9) Zo(a) + (1 — B(g9)G(q)), (10)

where Zy(q) is the lattice factor of an ideal lattice, 5(q) accounts for disorder
in the lattice due to polydispersity of the cylinder radius, and G(q) if the
Debye-Waller factor accounting for disorder caused by thermal fluctuations.
The lattice factor of an ideal lattice of unit cell area A,,;, peak multiplicites
mpk, and peak positions gy is given by

1 27

Zo(CI):A .tFthkLhk(%QhkaU)- (11)
uni hk
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Here, Lpk(q, qnk, o) is the normalized Lorentz function with a peak width of
20. The term accounting for lattice disorder due to polydispersity in the
cylinder radius 3(q) is given by

Blg) = (12)

and the Debye-Waller factor G(q) is given by

G(q) = exp (—opwa’q®), (13)

where opyw is the relative mean-square displacement for the positional disor-
der, and a is the distance between the nearest neighbors, which is identical
to the lattice constant in the close-packed, hexagonal lattice.

3. Additional figures

The relative density (also called packing density) p can be calculated for
n > 3 and is given by

%ﬂ}:) (f - 1(2&;0 — sin (2w0))) . (14)

p= n 2

Values of the relative density p are given for example configurations in S2,
and p is plotted as a function of n and wyp in S3a.
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Figure S1: (a) Evolution of small-angle X-ray scattering from fragmenting AuNWs at
70°C. At small g-values, the scattering signal bulges upwards, indicating that nanowires
have broken-up into spheroidal particles. (b) Scattering models fitted to the scattering
from (a) at selected times. Dots show experimental data points and solid lines the fits;
the scattering curves are shifted vertically for better visualisation. (c¢) Volume fractions
of gold in freely dispersed nanowires, bundled nanowires, and spherical particles. Error
bars denote the standard error of the fits. The dashed line are linear fits.
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Figure S2: Example configurations a cylinder truncated by n facets at three different
contact angles wg. The height H, which is the distance between the cylinders centre and
the truncating surfaces, is constant among all shown configurations. For n > 3, the relative
density (also called packing density) p and the contact width ¢/ Ry are shown.
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Figure S3: (a) Packing density p as a function of the contact angle wy for the tesselated
arrangements of truncated cylinders as shown in Fig. S2. (b) The contact width ¢ = ¢/ Ry
as a function of contact angle wy.
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Chapter 4

Discussion

The goal of this dissertation is to investigate the shape stability of ultrathin, ligand-
coated nanowires, elucidate the mechanisms that induce the bundling of these nano-
wires, and assess whether bundling influences shape stability. The mechanisms of
bundle formation were studied in AuNWs in alcohols and alkanes, using both ex-
periments and MD simulations in Publication 1 and Publication 2. The shape sta-
bility of ligand-capped nanowires was investigated in a linear perturbation analysis
in Publication 3. Whether bundling influences the shape stability was studied ex-
perimentally in the model system of AuNWs with a ligand shell of OAm and more

broadly with a micromechanical model in Publication 4.

4.1 Mechanisms of bundle formation

Ultrathin nanowires can exist as single, freely dispersed nanowires, or they can self-
assemble into elongated, close-packed (hexagonal) bundles during drying and in
dispersion. Publication 1 and Publication 2 investigated why and when such bun-
dles form in AuNW dispersions in three solvent types: while hydrophobic interac-
tions caused bundling in alcohols, entropic interactions induced bundling in linear
and cyclic alkanes.

Insight 1: OAm-capped AuNWs in alcohols form bundles due to hydrophobic
segregation (Publication 1). Bundles were denser than those previously found in
arenes and linear and cyclic alkanes, with a center-to-center distance of 4.1 nm as
measured by SAXS, corresponding to a surface-to-surface spacing of 2.4nm. Given
that the ligand OAm has a length of approximately 2.2 nm, this spacing implies that
the ligand shells must have collapsed or interdigitated. MD simulations in Pub-
lication 1 revealed that the shells did not collapse; rather, they strongly interdigi-
tated into the shells of neighboring nanowires, thus expelling the solvent from the
space between two nanowires. This hydrophobic segregation caused the bundling
of OAm-capped AuNWs in alcohols: the ligands have a stronger affinity to other lig-

ands than to solvent molecules, and vdW forces between the gold cores add to the
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attractive force. This mechanism is equivalent to that described for ligand-capped
nanoparticles in other poor solvents, see Section 2.2.1 [152, 158-160]. Note that
the center-to-center distance of OAm-capped AuNWs in ethanol was previously re-
ported to be 3.6 nm by Reiser et al. [199], differing from the value of 4.1 nm reported
in Publication 1. The peak positions measured in Publication 1 match those of Reiser
et al. [199], so the discrepancy must be due to differences in the analysis between
Publication 1 and Ref. [199]. Based on re-analyzing both data sets, I, as the author
of this thesis, take the position that the value of 4.1 nm reported in Publication 1 is
correct.

Insight 2: Bundling of OAm-capped AuNWs in linear alkanes is driven by
entropic interactions: solvent orders in the proximity of the ligand shell. AuNWs
purified twice and re-dispersed in n-hexane were confirmed to bundle with a center-
to-center distance of 5.5 nm, corresponding to a surface-to-surface spacing of 3.8 nm,
as reported earlier by Reiser et al. [45]. MD simulations in Publication 1 showed that
the ligand shells were well solvated. The total interactions energy was 0.2 kgT/nm.
VAW forces accounted for only one-tenth of this interaction energy, so another inter-
action must have been responsible for bundling. An analysis of molecular orienta-
tions by Herman's orientation function revealed that n-hexane molecules within and
in the proximity of the ligand shell aligned perpendicular to the nanowire surface,
whereby they lost entropy. By forming bundles, the system can avoid this loss in
entropy because bundled nanowires share domains of ordered solvent.

This entropic mechanism shares similarities with the depletion force outlined in
Section 2.2.1. Rod-shaped depletants in the proximity of larger spherical particles
must orient their backbone parallel to the surface of these larger particles, whereby
they lose entropy (see Fig. 2.6C) [184-190]. The entropic mechanism proposed here
is similar to depletion forces with two differences. First, the depletants orient their
backbone perpendicular to the nanowire surface. Second, the depletants are not
separate colloidal constituents; instead, they are solvent molecules that are necessary
constituents of any colloidal dispersion.

The findings contradict the proposition by Loubat et al. [44] that bundling of
OAm-capped AuNWs in n-hexane is dominated by vdW forces (Section 2.2.2) and
show that ligand phase transitions observed in nanoparticles of similar size neither
play a role (Section 2.2.1). Bundling is instead driven by a type of depletion inter-
action, an idea first proposed by Loubat et al. [44] but previously not substantiated.
Publication 1 provides this evidence. The proposed mechanism could be of practical
relevance. If bundling was to be controlled, it could be switched on and off by small
changes in the solvent’s ability to order.

Insight 3: Bundling of OAm-capped AuNWs in cyclic alkanes is also driven
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by entropic interactions: unbound ligand orders in proximity of the ligand shell.
Bundles in cyclohexane formed at small nanowire concentrations with a center-to-
center distance of 5.9 nm, larger than in n-hexane, implying that the ligand shells of
neighboring nanowires did not touch and solvent must always have been present
between the shells (Publication 2). The percentage of bundled AuNWs increased
with increasing temperature, indicating that the underlying interaction is entropic.
In contrast to the case of n-hexane, the solvent cyclohexane could not be responsible
for bundling because it lacks a linear or planar structure. It was proposed that un-
bound ligand orders in the proximity of the ligand shell and thereby loses entropy,
thus acting as a depletant. By analogy to the case of n-hexane, the AuNWs form
bundles because bundles allow sharing domains of ordered, unbound ligand.

This finding is in line with the recent notion that nanorods and other particles can
agglomerate when linearly shaped molecules such as oleic acid or OAm are added to
the dispersion, see Section 2.2.1 [183, 192-195]. Publication 2 extends this knowledge
by showing that unbound ligand itself can act as a depletant and induce agglomer-
ation. The mechanism itself is not specific to AuNWs; future research will show
if this entropic mechanism is also responsible for agglomeration in other non-polar
colloidal dispersions, such as two-dimensional nanoplatelets in n-hexane [235].

Insight 4: Entropy-driven bundling occurs only at small nanowire concen-
trations because it requires a sufficiently sparse ligand shell. Scattering experi-
ments of OAm-capped AuNWs in cyclohexane in Publication 2 revealed that bun-
dles only appear in dilute samples. Dilution lowers the overall ligand concentration
and—since there is always a dynamic equilibrium between adsorbed and unbound
ligand—thins the ligand shell. Systematic variations of the overall amount of ligand
in the system revealed that bundles form only at small concentrations of ligand and
with sparse ligand shells. A dense ligand shell hinders the unbound ligand from
aligning with the shell, the entropic mechanism cannot be effective, and the nano-
wires remain dispersed. When the sample is diluted, the ligand grafting density
decreases, and the nanowires bundle. Bundling in linear alkanes required a sparse
ligand shell, too.

The phenomenon of bundles forming only at small nanowire concentrations is
opposite to the behavior of other colloids. For example, octanethiol-stabilized gold
nanoparticles with a diameter of 3.4 nm only agglomerated above a specific nanopar-
ticle concentration, see Section 2.2.1 [166]. The present case differs because the en-
tropic mechanism requires sparse ligand shells. The mechanism opens a new route
to stabilize and destabilize colloids by controlling the overall ligand concentration

in the system. There may be potential use cases for such behavior, for example, in
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recycling dispersed nanomaterials. More broadly, the study highlights that the lig-
and shell’s density is essential not only in stabilizing colloids and maximizing their
steric repulsion but also in tuning the entropic attraction of ultrathin AuNWs.

Future research could support the evidence from Publication 1 and Publication 2.
A shortcoming of the present MD simulations is that they did not distinguish be-
tween enthalpic and entropic contributions nor between interactions of the core,
the ligand, or the solvent. The conclusion that entropic interactions drive bundling
had to be drawn indirectly via the analysis of molecular orientations. These conclu-
sions could be drawn more straightforwardly by future MD simulations that directly
probe the interaction between the constituents and that allow deriving enthalpic and
entropic terms, such as those carried out by Kister et al. [155] and Monego et al.
[157]. The second point of improvement is the notion proposed in Publication 2 that
unbound ligand can act as a depletant, a theory that cannot be easily proved exper-
imentally. Prospective MD simulations explicitly treating unbound ligand would
enable us to verify this theory.

Taken together, the insights from Publication 1 and Publication 2 highlight that
future research on colloidal interactions may have to pay closer attention to the role
of small molecules, at least when the colloidal particles are also of molecular length
scale. The entropic mechanism found in OAm-capped AuNWs with a diameter of
1.7nm might also be important in non-polar dispersions of other nanowires (e.g.,
OAm-capped Bi,S3 nanowires [77, 236]) or nanoplatelets (e.g. oleic-acid-capped
CdSe nanoplatelets [235]), which could be clarified in future studies.

4.2 Shape stability of ligand-coated nanowires

Nanowires are prone to fragmentation due to a Plateau-Rayleigh instability. Publica-
tion 3 studies the role of the ligand shell in the shape stability of ultrathin nanowires.

Insight 5: The ligand shell can stabilize and destabilize the nanowire shape.
The ligand shell was included in the Plateau-Rayleigh theory by considering a nano-
wire whose surface energy depends on local surface curvature, see Publication 3.
The shape stability of such a nanowire was studied in a linearized perturbation anal-
ysis. Two parameters determine the critical perturbation wavelength: the parameter
c describes the sensitivity of the ligand shell’s free energy on the local surface curva-
ture, and the parameter a« weighs the mean and deviatoric contributions to the sur-
face curvature. Ligand-capped nanowires were less stable than bare ones for ¢ > 0
and more stable for ¢ < 0, implying that ligand shells are stabilizing if their free en-

ergy decreases with increasing surface curvature. Nanowires were more stable for
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small «, i.e. when the ligand shell’s free energy depended on deviatoric rather than
mean contributions to the surface curvature.

The model builds upon and extends previous research on the Plateau-Rayleigh
instability of wires with anisotropic surface energy. Cahn [206] and Gurski and Mc-
Fadden [207] assumed that the surface energy is a function of crystal orientation (see
Section 2.3.3). Publication 3 is similar in that it assumes non-constant surface energy;
it extends the previous models in that the surface energy depends on local curvature.

The model in Publication 3 shows that energetic properties of the ligand shell
can both impair and improve the shape stability, which might explain some of the
earlier experimental findings reported in the literature (see Section 2.3.4). Exchang-
ing the ligand OAm on AuNWs with TOP [47] and ethyl 11-(4-mercaptobenzamido)
undecanoate [68] increased the shape stability, while 1-dodecanetiol [47] and 3-mer-
captopropanoic acid [65, 67] decreased stability. We do not yet understand why
some of these ligands impair and others improve the shape stability. The model
now allows assessing whether these differences are due to energetic reasons. If so,
the parameters c and &, which could be determined by MD simulations, for example,
will differ between the ligands.

Insight 6: The ligand shell can slow down the break-up and prolong nanowire
lifetime. Kinetic contributions of the ligand shell were considered in the model
in Publication 3 by interface reaction stresses and viscous stresses. The interface
reaction stress accounted for the kinetic dissipation in rearranging atoms at the wire
surface, and the viscous stress accounted for the kinetic dissipation arising from
ligands ad- and desorbing from the wire surface. The pinch-off time increased with
increasing viscous stresses, implying that the shelf-life of nanowires is prolonged
when there is a strong kinetic barrier in ad- and desorbing ligands.

This extension of the Plateau-Rayleigh theory might give a reason for the obser-
vations by Takahata et al. [69]. They experimentally observed that a denser ligand
shell delays the Plateau-Rayleigh instability in AuNRs. Since a denser ligand shell
increases the adsorption energy [85], the model might explain their observation by
linking molecular adsorption energies to the dissipation processes in the Plateau-
Rayleigh theory.

Insight 7: The linearized perturbation analysis is a good predictor of pinch-off
time. Publication 3 studied the pinch-off time of ligand-capped nanowires with a
numerical finite difference solver alongside the predictions of the linearized pertur-
bation analysis. Although the analytical solution cannot capture the details of break-
up at later stages, they were a good predictor of the overall pinch-off time. This
finding strengthens earlier notions by Nichols and Mullins [61] that the linearized
perturbation analysis is a suitable tool to study the Plateau-Rayleigh instability.
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To sum up, the model in Publication 3 provides a general framework that allows
studying various combinations of ligand and core material and linking the shape
stability with the molecular behavior of the ligand shell. Energetic information can
be linked to the framework by determining a ligand shell’s free energy as a function
of mean and deviatoric surface curvatures. This data could be obtained from MD
simulations of ligand shells on curved surfaces. For example, the free energy could
be simulated of those ligand molecules that were already studied experimentally
and were found to influence shape stability (see Section 2.3.4). The parameters «
and ¢ could be extracted from these simulations, allowing us to locate the systems
on the stability maps in Publication 3 and verify whether energetic contributions
alone explain the impact on shape stability. Kinetic information can be incorporated
into the framework by studying ligand adsorption energies. For example, density
functional theory could be used to quantify the adsorption energies of OAm on Au-
NWs in dependence on shell density. The framework could subsequently be used
to test whether differences in adsorption energies account for the stabilization by

denser ligand shells observed by Takahata et al. [69].

4.3 Influence of bundling on shape stability

Nanowires in dispersion can either be freely dispersed or agglomerate into bundles.
Publication 4 answers whether and to what extent bundling influences the shape
stability of nanowires.

Insight 8: Bundled AuNWs are more stable than freely dispersed AuNWs.
Dispersions containing both freely dispersed and bundled AuNWs were heated in
experiments in Publication 4 to accelerate the Plateau-Rayleigh instability, and the
shape of the nanowires was tracked by SAXS and TEM. A scattering model was used
to extract the fraction of freely dispersed AuNWs, bundled AuNWs, and particles
resulting from fragmentation. The scattering model and TEM revealed that bundled
nanowires fragmented more slowly than freely dispersed ones.

The finding implies that the shelf-life of nanowires can be prolonged if their dis-
persions contain bundled instead of freely dispersed nanowires. Care must be taken
to account for competing effects, though. For example, bundling in linear and cyclic
alkanes occurs only with sufficiently sparse ligand shells. However, a sparse ligand
shell might be detrimental to shape stability, see Section 2.3.4 [69]. We need further
experimental data to quantify such competing effects.

Insight 9: Bundling stabilizes nanowires by constraining their shape. The
Plateau-Rayleigh instability of bundled nanowires was studied by a linear pertur-

bation analysis in Publication 4. The contact between neighboring nanowires was
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modeled as flats, and the center-to-center spacing inside bundles was assumed to
remain constant, thus constraining the space available to each nanowire. Stability
maps showed the critical perturbation wavelength in dependence on the number of
nearest neighbors, contact width, and the ratio of interfacial to surface energy.

The theoretical predictions in Publication 4 matched the experimental data, show-
ing that this simplified model can explain the stabilizing effect of bundling. The the-
oretical predictions were also compared to the work of Nouh et al. [47], who reported
that AuNWSs capped by TOP were more stable than those capped by OAm (also see
Section 2.3.4). Noubh et al. [47] did not explain whether this stabilization was due
to the properties of the ligand or the tighter bundles formed from the TOP-capped
AuNWs. Because the model correctly predicted the stabilization solely based on the
effect of bundling without considering any properties of the ligand shell, the stabi-
lization was likely caused by bundling.

The model in Publication 4 builds upon and extends two ideas introduced in
Section 2.3.3. First, the interface between neighboring nanowires being modeled
as fixed planes implies that the nanowire shape can only evolve inside the space
confined by the bundle; and the influence of confinement on the Plateau-Rayleigh
instability has already been studied experimentally and was shown to stabilize the
nanowire shape [65, 66] (see Section 2.3.3). Second, the notion that the nanowire
is in contact with these fixed planes resembles a nanowire contacting a substrate,
which was analyzed by Gill [204] and others [64, 212, 213] (see Section 2.3.3). These
previous models allowed the centerline of the wire to move relative to the substrate.
The present model in Publication 4 treats the case of the centerline being at a fixed
distance to the constraining necks, better reflecting the geometry of bundles.

The main limitation of the analysis in Publication 4 is that any elasticity of the
ligand shell was omitted. The interface between neighboring nanowires was treated
as fixed planes, whereas in reality, it consists of two ligand shells that exhibit some
compliance. This compliance of the ligand shell could be included in the model in
the future, for example, by considering a rigid core surrounded by a (visco-)elastic
shell.

Insight 10: Bundling can destabilize nanowires. The model in Publication 4
showed that the shape stability of bundled wires depends on the number of nearest
neighbors 1, the neck size between neighboring nanowires c, and the ratio of inter-
facial to surface energy . For sufficiently large ¢y and ¢, bundled nanowires were
stable against the Plateau-Rayleigh instability, regardless of the perturbation wave-
length. For smaller 4 and c, stability decreased with increasing #, decreasing 4, and

small or large ¢; and bundled nanowires were less stable than freely dispersed ones.
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These predictions differ from the Plateau-Rayleigh theory of nanowires on sub-
strates discussed in Section 2.3.3. McCallum et al. [64], Gill [204], and Boussinot and
Brener [213] theoretically showed that a nanowire on a substrate is always more sta-
ble than a free-standing nanowire, regardless of the contact angle. In contrast, the
present model shows that bundles are less stable than free-standing nanowires if the
ratio of interfacial to surface energy % is small.

The fact that bundling can also destabilize nanowires shows that attention is
necessary if one wants to engineer bundles of improved shape stability. Stabiliza-
tion requires tightly interdigitating ligand shells, and the interfacial energy between
nanowires should equal the surface energy. This requirement implies that bundles
formed due to hydrophobic forces, such as AuNWs in alcohols discussed in Sec-
tion 2.2.2 and Publication 1, are not necessarily more stable than freely dispersed
nanowires. Their interfacial energy is smaller than the surface energy. Bundles
driven by entropic interactions, as discussed in Publication 1 and Publication 2, ap-
pear to be better candidates.

Insight 11: Bundled nanowires can fragment into spheres, truncated spheres,
or rods. The final equilibrium shape of a fragmenting free-standing nanowire is a
sphere. In contrast, other topologies can emerge from fragmenting bundles, since
the space inside the bundles is constrained. Publication 4 showed that discrete
spheres emerge from fragmenting bundles at small perturbation wavelengths. At
larger wavelengths, the resulting particles make contact with the constraining necks
and acquire the shape of a truncated sphere. At even larger wavelengths, the vol-
ume of the resulting particles no longer fits into a truncated sphere, and the final
particles adopt a rod-like shape.

The model helps to interpret earlier experimental findings on the resulting par-
ticle shape. Rods as the final particle shape have already been observed in exper-
iments of confined cylinders, see Section 2.3.3. For example, tin and polystyrene
wires confined by aluminum oxide and PDMS templates broke into rods [219, 221-
223]. The current model allows predicting when such nanorods form and can thus
provide an explanation for these experimental observations.

Insight 12: Sintering stabilizes nanowires against the Plateau-Rayleigh insta-
bility. Publication 4 analyzes the competing effects of in-plane diffusion associated
with sintering and out-of-plane diffusion associated with the Plateau-Rayleigh in-
stability. Sintering is relevant when the nanowires are no longer capped by ligands,
for example, in manufacturing transparent electrodes where the ligand shell is delib-
erately removed to form electrical contacts between the wires [71, 92, 237]. Sintering
generally stabilized the cylindrical shape since it increased the neck size between

neighboring wires. For surface and interfacial energies and diffusivities typically
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found in metals, sintering was sufficiently fast to inhibit break-up. Yet, when the
grain boundary energy was much smaller than the surface energy and the diffu-
sivity in the grain boundary much slower than along the free surface, the Plateau-
Rayleigh instability could still be dominant and lead to the eventual break-up of
bundled wires.

Many models on the Plateau-Rayleigh instability implicitly assume that in-plane
diffusion is always faster than out-of-plane diffusion along the cylinder axis [61, 62,
204]. While this assumption is valid in the case of a free-standing wire, Publication 4
takes a closer look at wires on substrates as studied by McCallum et al. [64] and Gill
[204] (see Section 2.3.3). For wires on substrates, the assumption still holds as long
as the grain boundary energy is sufficiently large and the grain boundary diffusion
is sufficiently fast.

The practical implication is that sintering is beneficial for nanowire shape sta-
bility. Such stabilization by sintering has already been exploited. To improve the
conductivity and shape stability of transparent films made from AuNWs, Maurer
et al. [71] removed the ligand shell around dried AuNW bundles and sintered them
by plasma treatment. Publication 4 explains why sintering is beneficial: sintering

increases the neck size between adjacent nanowires, which stabilizes their shape.
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Chapter 5

Conclusion and Outlook

In this dissertation, the shape stability of ultrathin, ligand-coated nanowires was
investigated, the mechanisms that induce bundling of these nanowires were eluci-
dated, and whether and to what extent bundling influences the shape stability was
assessed.

The bundling mechanism of nanowires depended on the type of solvent. In
ethanol, the ligand shells of neighboring nanowires interdigitated, expelling the po-
lar solvent from the non-polar ligand shells. Bundling was driven by hydrophobic
forces: the ligands had a higher affinity to other ligands than solvent molecules. The
free energy gained in the formation of bundles was 1.52 kgT /nm.

In alkane solvents, an entropic mechanism similar to depletion forces drove
bundling. MD simulations revealed that the ligand shells in n-hexane were well
solvated and barely touched each other. Linear alkane solvent inside and in the
proximity of the ligand shell tended to orient its backbone perpendicular to the wire
surface, whereby the system lost entropy. This loss in entropy was reduced by form-
ing bundles, allowing neighboring nanowires to share domains of ordered solvent.
The interaction energy was 0.20 kgT/nm, indicating that only nanowires exceeding a
critical length of the order of 10 nm to 100 nm can form bundles via such an entropic
mechanism.

Bundles also formed in cyclohexane at small nanowire concentrations. The center-
to-center distance was greater than in n-hexane with a distance of 5.9 nm, implying
there was no contact between the ligand shells of neighboring nanowires. Tem-
perature-dependent scattering data revealed that the underlying bundling mecha-
nism was entropic. In contrast to n-hexane, cyclohexane, with its chair-like con-
formation, cannot be aligned in a way that it substantially loses rotational entropy.
Instead, unbound ligand must have aligned in proximity to the ligand shell and in-
duced bundling.

The entropic mechanism in linear and cyclic alkanes required a sufficiently sparse

ligand shell. If the ligand shell was too dense, solvent or unbound ligand could not
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be aligned, and the entropic mechanism was ineffective. This requirement gives rise
to an unusual colloidal phenomenon: while colloidal particles typically remain dis-
persed at smaller particle concentrations and agglomerate at larger concentrations,
nanowires in linear and cyclic alkanes bundled at smaller concentrations. Lowering
the wire concentrations shifted the adsorption equilibrium of the ligand so that the
ligand shell became less dense.

Future research on the bundling of nanowires could focus on proving that it is
indeed the unbound ligand that drives bundling in cyclohexane. To date, we lack
direct evidence that unbound OAm aligns with the ligand shell, and it is challeng-
ing to obtain such evidence experimentally. Instead, MD simulations of a nanowire
surrounded by solvent and unbound ligand could show whether unbound ligand
aligns with the shell. The associated loss in entropy could be quantified, and a crit-
ical concentration of unbound ligand necessary to induce bundling could be deter-
mined to validate the critical shell density obtained experimentally.

The shape stability of an individual, freely dispersed nanowire was studied the-
oretically in a linear perturbation analysis by extending the Plateau-Rayleigh the-
ory to include the ligand shell. Energetic contributions of the ligand shell were
accounted for by making the surface energy dependent on the local surface curva-
ture. Kinetic contributions were modeled by an interface reaction stress that reflects
the dissipation associated with rearranging atoms at the wire surface and a viscous
stress that reflects the dissipation associated with adsorption and desorption of lig-
ands. A ligand-coated nanowire was potentially more or less stable than a bare
metal nanowire, depending on the energetic parameters of the ligand shell. The lig-
and shell stabilized if its free energy decreased with increasing effective curvature.
From a kinetic viewpoint, the ligand shell could slow the Plateau-Rayleigh instabil-
ity if it generated considerable viscous stresses. Such viscous stresses occur if there
are kinetic barriers in rearranging atoms at the core-shell interface and in ad- and
desorbing ligands onto the core surface.

Experiments showed that bundling influenced the shape stability of ligand-cap-
ped nanowires. In a dispersion containing both bundled and freely dispersed Au-
NWs, the freely dispersed AuNWs fragmented faster than the bundled ones, indi-
cating that bundling stabilized the AuNWs.

A linear perturbation analysis of a continuum model helped interpret the stabi-
lizing effect of bundling. The model considered lattices of n = 2, 3, 4, or 6 nearest
neighbors and treated the contact between neighboring nanowires as fixed planes.
Stability maps showed the critical perturbation wavelength dependent on the num-
ber of nearest neighbors, the ratio of interfacial to surface energy, and the initial

contact width between the wires. Based on these parameters, bundled nanowires
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were more or less stable than freely-dispersed ones. In general, stability increased
with an increasing ratio of interfacial to surface energy and decreasing number of
nearest neighbors. For a sufficiently large ratio of interfacial to surface energy, bun-
dled nanowires were stable against initial perturbations of any wavelength. In other
cases, the bundled nanowires would eventually pinch off into discrete particles with
three characteristic topologies. For small perturbation wavelengths, pinch-off re-
sulted in discrete spheres, truncated spheres emerged for intermediate wavelengths,
and nanorods for larger wavelengths. The model predictions agreed with the ex-
perimental observations and could explain the stabilizing effect of bundling. The
theory predicts that sintering enhances shape stability. For the material parameters
typically found in metals, the stabilizing effect of sintering outweighed the Plateau-
Rayleigh instability. However, the Plateau-Rayleigh instability can dominate for
slow grain boundary diffusion and small grain boundary energy, and wires will
eventually pinch off.

Future research on the shape stability of ligand-coated nanowires could focus on
comparing the theoretical model with experimental and simulated data. The pinch-
off time of AuNWs could be studied by SAXS while the ligand is varied systemati-
cally. Ligands that render the AuNWSs more or less stable could then be studied by
MD simulations by calculating their free energy in dependence of surface curvature.
Feeding this data back into the analytical model would allow linking the behavior
of the ligand shell on the molecular length scale with break-up on the nano- and
microscale.

The influence of bundling on the shape stability could be studied by focusing
on the role of the initial neck size in experiments and the role of the ligand shell in
theory. The initial neck size is determined by the center-to-center distance inside
bundles, which can be modulated from 4.1nm to 5.9nm in OAm-capped AuNWs
by varying the solvent. Studying the pinch-off time by SAXS in dependence on this
center-to-center distance would allow for further validation of the model. Regard-
ing theory, the current analytical model did not explicitly incorporate the ligand
shell and treated the interface between neighboring nanowires as rigid planes. In
reality, the interface consists of two compliant ligand shells. The ligand shell and its
compliance could be modeled as a (visco-)elastic shell around the inelastic cylinder.

Overall, this thesis elucidated the mechanisms that induce bundling in ultrathin,
ligand-coated nanowires, described the influence of the ligand shell on the shape
stability of these nanowires, and assessed whether bundling influences the shape
stability. Bundling in non-polar solvents is due to a new type of entropic deple-
tion force. Understanding these molecular forces lays the foundation for exploiting

bundling in applications. Future research will show whether the force is also present



130 Chapter 5. Conclusion and Outlook

in other nanoparticle systems, such as nanoplatelets. Nanowire shape stability was
studied by extending the theory on the Plateau-Rayleigh instability to allow link-
ing molecular length scale information of the ligand shell to nanowire break-up on
the nano- and microscale. This newly presented framework will allow for the de-
velopment of more stabilizing ligand shells. Finally, the influence of bundling on
shape stability was studied experimentally and theoretically, showing that bundling
can stabilize the nanowire shape. This knowledge will enable us to design colloidal

systems that use bundling to stabilize nanowires further.
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