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Introduction: apolar nanoscale colloids

Simulation of a hexadecane-covered particle in hexane:

Dr. Asaph Widmer-Cooper and Debora Monego,
University of Sydney, Australia

Inorganic nanoparticles with apolar shells:
• Soft spheres, often attractive O(kBT)
• Molecular configurations affect interactions
• Small changes affect colloidal stability
• Geometries and properties of agglomerates 

sensitively depend on conditions
Relevant for commercially important particles.
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Diameter: 1.6 nm
Length: 3-6 μm

2 nm

Simulation:
Dr. Hongyu Gao, Prof. Martin Müser, 
Saarland University

Gold
Oleylamine
n-Hexane

H.	Gao,	TK,	…		M.	Müser, Nano	Lett., 19,	10,	6993-6999,	2019

Introduction: apolar nanoscale colloids
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Structure of this talk

1. Assembling wires
Entropic agglomeration
Weaving hierarchical fibres

2. Stability of wires
Fragmentation via Rayleigh-Plateau
Stabilization mechanisms

3. Transparent flexible electrodes
Printing wires as electrodes
Are wires or spheres better?
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2 nm

Agglomeration in ethanol
1. Assembling wires
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H.	Gao,	S.	Bettscheider,	TK,	M.H.	Müser, Nano	Letters, 2019,	19,	6993-6999
B.	Reiser,	TK,	et	al., Physical Chemistry	Chemical	Physics 2016,	18,	27165-27169	

Simon
Bettscheider

Spacing in different solvents
1. Assembling wires
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H.	Gao,	S.	Bettscheider,	T.	Kraus,	M.H.	Müser, Nano	Letters, 2019,	19,	6993-6999

Entropic bundling
1. Assembling wires
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• „Bad“ solvents: exclusion
from overlapping shells

• „Good“ solvents: 
interdigitation

• Alkanes: local ordering and
„entropic bridging“

Simulations:
Dr. Hongyu Gao, Prof. Martin 
Müser, Saarland University
H.	Gao,	TK,	et	al., Nano	Letters, 2019,	19,	6993-6999

1. Assembling wires
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B.	Reiser et	al.,	ACS	Nano	2017,	11,	4934-4942

1. Assembling wires
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More 
order

Less
order

Beate Reiser

Hierarchical bundles of wires
1. Assembling wires
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B.	Reiser	et	al.,	
ACS	Nano	2017,	
11,	4934-4942

Alignment and „spinning“ of wires
1. Assembling wires



www.leibniz-inm.de15 Tobias Kraus • KITP Conference on Nanoparticle Assembly • 17 May 2023 

Tensile properties:

breaking stress:    10 MPa 8 MPa
strain at break :     4 % 11 %

paper
frame

glue

fiber cut
cut well-aligned

fiber

poorly aligned
fiber

Hierarchical bundles of wires
1. Assembling wires
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15 µm

Spun fibre
(torn)

single AuNWs
1.6	nm

AuNW
bundles and
super-bundles
100-1000	nm

fiber
2-20	µm

B.	Reiser,	…,	TK,	ACS	Nano	2017,	11,	4934-4942

Dr. Beate Reiser

1. Assembling wires
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3. Transparent flexible electrodes
Printing wires as electrodes
Are wires or spheres better?

Structure of this talk

1. Assembling wires
Entropic agglomeration
Weaving hierarchical fibres

2. Stability of wires
Fragmentation via Rayleigh-Plateau
Stabilization mechanisms
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Random	perturbation of wire
𝑅 𝑧, 𝑡 = 𝑅! + Δ𝑅 𝑡 + 𝑎 𝑡 cos(𝜔𝑧)

Free	energy amplifies/suppresses them
Δ𝐺 = 𝛾 Δ𝐴

Thin	wires	break	faster
𝑡 ∝ 𝑅"/𝛾
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Fragmentation via Rayleigh-Plateau Instability
2. Stability of wires Simon

Bettscheider
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Stabilization: reduce interfacial energy
2. Stability of wires
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S.	Bettscheider,	TK,	N.	Fleck,	J.	Mech.	Phys.	Sol. 2018,	123,	3-19
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Stabilization: reduce interfacial energy, suppress curvature
2. Stability of wires
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Stabilization: reduce interfacial energy, suppress curvature
2. Stability of wires

𝛂 expresses	how	the	wires’	curvature	
changes	the	effective	curvature:
𝛂 =	1	:	effective	=	mean	curvature
𝛂 =	0	:	effective	=	deviatoric	curvature

c quantifies	how	the	effective	curvature	
changes	interfacial	energy:
c =	1	:	exponential	change
c =	0	:	no	change

S.	Bettscheider,	TK,	N.	Fleck,	J.	Mech.	Phys.	Sol. 2018,	123,	3-19
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2. Stability of wires

𝛂 expresses	how	the	wires’	curvature	
changes	the	effective	curvature:
𝛂 =	1	:	effective	=	mean	curvature
𝛂 =	0	:	effective	=	deviatoric	curvature

c quantifies	how	the	effective	
curvature	changes	interfacial	energy:
c =	1	:	exponential	change
c =	0	:	no	change

Stabilization: reduce interfacial energy, suppress curvature
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2. Stability of wires
Still searching for the right molecule...

hexadecylamine

dodecylamine 2-phenylethenylamin

trioctylamine

Tobias Knapp,
Yannic Curto

Nouh,	Viao,	et	al.	
Langmuir	2017
trioctylphosphine
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0 min 20 min

Stability of wires in bundles
2. Stability of wires
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0 min 20 min

scattering
model

Stability of wires in bundles
2. Stability of wires
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Our	experimental	system
Au	NWs	capped	by	oleylamine

Nouh et	al.	Langmuir	2017
Au	NWs	capped by trioctylphosphine

Stability of wires in bundles
2. Stability of wires

S.	Bettscheider,	TK,	N.	Fleck,	Acta	Materialia. 2022,	231,	117799
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Structure of this talk

1. Assembling wires
Entropic agglomeration
Weaving hierarchical fibres

2. Stability of wires
Fragmentation via Rayleigh-Plateau
Stabilization mechanisms

3. Transparent flexible electrodes
Printing wires as electrodes
Are wires or spheres better?
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Dispersed	wires	
confined	in	a	stamp...

...self-assemble	into	
hexagonal	bundles...

...that	plasma	sinters	into	
to	percolating	wires.

Printing wires as bundles
3. Transparent flexible electrodes
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J.H.M.	Maurer,	TK	et	al., Nano	Letters 2016,	16	(5),	2921;	INM	patent	filed

Printing wires as bundles
3. Transparent flexible electrodes
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500 μm

Optically transparent, 
flexible nanomeshes

J.H.M.	Maurer	et	al., Nano	Letters 2016,	16	(5),	2921
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50 μm
500 nm



www.leibniz-inm.de33 Tobias Kraus • KITP Conference on Nanoparticle Assembly • 17 May 2023 

Lukas	F.	EngelPrinting wires versus spheres
3. Transparent flexible electrodes
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L. F. Engel et al.,
Nanoscale Adv., 
2022, 4, 3370-3380.

L. F. Engel et al.,
Nanoscale Adv., 
2022, 4, 3370-3380.

L.F.	Engel,	L.	González-García,	TK,	Nanoscale Advances 2022,	4,	3370-3380	
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Stability of wires in bundles
3. Transparent flexible electrodes
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3. Transparent flexible electrodes
Printing wires as electrodes
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