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ABSTRACT

Monolayers composed of colloidal nanoparticles, with a thickness of less than ten nanometers,
have remarkable mechanical strength and can suspend over micron-sized holes to form free-
standing membranes. In this thesis, I discuss experiments probing the tensile strength, bending
stiffness and thermal-mechanical properties of these self-assembled nanoparticle sheets. The
fracture behavior of monolayers and multilayers is investigated by attaching them to elastomer
substrates which are then stretched. For different applied strain, the fracture patterns are imaged
down to the scale of single particles. The resulting detailed information about the crack width
distribution allows us to relate the measured overall tensile strength to the distribution of local
bond strengths within a layer. I then demonstrate how these membranes can be curled up into
hollow scrolls that make it possible to extract both bending and stretching moduli from
indentation by atomic force microscopy. I find a bending modulus 2 orders of magnitude larger
than predicted by continuum elasticity, an enhancement I associate with nonlocal microstructural
constraints. Finally I explored the thermal-mechanical dependence of these membranes and
found their mechanical properties can be controlled by temperature and humidity, a result of
molecular scale ligand configuration changes. The membranes’ ability to stretch, bend, roll up
into scrolls and respond to environmental changes not only offer possibilities for a variety of
applications including filtration devices and environmental sensors, but also provide better

understandings of elasticity theory at a new length scale.



CHAPTER 1

INTRODUCTION

In recent years, nanoparticle-based solids using metallic or semiconducting particle cores capped
with short organic ligands have attracted much interest, as they combine the specific optical,

electronic or magnetic functionality of nanoparticles with the flexibility of self-assembly.' ™ I

n
these solids, nanoparticles serve as “artificial atoms” and a particularly interesting limit occurs
when they form monolayers, i.e., when the material thickness is reduced to the size of an
individual “atom”. The mechanical properties of such monolayers have shown a number of
remarkable features, including Young’s moduli of several GPa and the ability to form
freestanding membranes that can stretch across holes or trenches that are hundreds to thousands
of particle diameters wide. These are fundamentally new types of two-dimensional (2D)
materials in the sense that the local constituent building blocks, via the inorganic nanoparticle
core, and their interactions, via the organic capping ligand, can be tuned independently with
almost unlimited possibilities, a distinct advantage over other 2D systems with ordinary atoms as
constituent units such as graphene.'* In contrast to truly atomic 2D systems, in which covalent
and ionic bonding provides the mechanical stability, the interactions between nanoparticles can
have multiple origins and occur over a much longer length scale.”” This introduces new
possibilities and also a number of interesting questions that still remain to be answered in detail,
in particular concerning the ultimate strength of such membranes; the extent to which in-plane
stretching and out-of-plane bending can be related; and the thermal stability of mechanical

interactions between particles. Underlying these questions is a larger issue, namely whether

classical elastic membrane theory can properly describe the behavior of nanoparticle-based



solids when one or more dimensions approach the size of the constituent building blocks. In this

thesis I discuss experiments that address these aspects.

Considering nanoparticle monolayer membranes as a new functional material that could have

potential applications in filtration, mechanical resonators and flexible electronics,'®'® it is

important to know its fracture limit under tension.'’>*

More importantly, from knowledge about
how the material fails when stretched, I can extract rich information about the interactions
between particles, as mediated by the ligands. In our system, the fabrication of nanoparticle
monolayers and multilayers is relatively straightforward by self-assembly at a liquid-air
interface. For the experiments on tensile strength I fabricate samples via sequential layer-by-
layer deposition onto an elastomer substrate. Controlled amounts of strain are applied to the
nanoparticle layer by stretching the substrate. The resulting fracture patterns can be imaged down
to the resolution of individual particles using a scanning electron microscope (SEM) or
transmission electron microscope (TEM). Statistical analysis of the fracture patterns then gives
us information about the intrinsic mechanical strength set by the ligands between nanoparticles.

In comparison, it is a much more challenging task to image failure mechanisms down to the

. . . . . . . 25
atomic level in ordinary solids using electron microscopy techniques.



Fig 1.1 SEM image of freestanding nanoparticle monolayers on carbon-coated TEM grid with
array of circular holes. Inset: zoomed-in detail of region within freestanding membrane imaged
by TEM.

The ability to drape nanoparticle monolayers across holes or trenches so they form freestanding
membranes provides unique opportunities for investigating the response to out-of-plane bending.
We recently discovered®® that an asymmetry develops between the two faces of gold-
dodecanethiol nanoparticle layers when they are self-assembled at an air-water interface under
conditions where the ligand packing density on the particle cores is lower than the maximum
density. The asymmetry consists of slightly fewer ligands occupying the water-facing side of the
monolayer as compared to the air-facing side. In most cases, this asymmetry by itself is not
sufficient to drive spontaneous curling up of a membrane toward the side originally facing the
water once the stress is relieved that keeps the membrane tautly stretched across a hole or trench.
Indeed, when freestanding membranes have ripped I find portions that spontaneously have bent
to either side, likely depending on the precise details of the process that caused the ripping.

3



However, when I use the electron beam from an electron microscope to irradiate a freestanding

membrane [ induce strain that greatly amplifies the asymmetry.

In this thesis, I demonstrate how this amplification effect can be used to bend sections of a
nanoparticle membrane in a highly controlled manner toward the originally water-facing side,
making it possible fold membranes and roll them up into three-dimensional structures: hollow
nano-scrolls. While this approach offers control, it uses large exposure doses, which makes it
slow and furthermore modifies the ligands through a combination of cutting and cross-linking.>”
% Spontaneous self-rolling can be achieved by carefully adjusting the ligand concentration
together with the draping and drying conditions. This produces nano-scrolls whose ligands have
not been modified. Measurements of the scrolls’ response to indentation then provide values for
the membrane bending stiffness that can be compared directly to measurements of the stretching
stiffness from prior work.’*! I show that the bending stiffness extracted this way is significantly
larger than predicted by macroscopic continuum elastic theory. Such enhanced bending rigidity
implies enhanced robustness for nanoparticle-based hollow structures, which is a desirable

feature for potential applications.

In these nanoparticle membranes the nanoparticles are held together by the van der Waals
attraction between surface ligands from neighboring particles. One particular interesting question
arises as to how this interaction, and therefore the mechanical properties of the membranes is
affected by different environmental conditions, i.e. variations in temperature and humidity.
Previous molecular dynamic simulation results predict that the ligand layers go through a

melting transition and the Young’s modulus would decrease to zero’> at ~50 °C. In our



experiments, the freestanding membranes are found to be stable up to 100-120 °C, much higher
than the limiting temperature predicted from currently available simulations. A very interesting
discovery is the sensitivity of the membranes to humidity in the surrounding environment, given
that the ligands are nominally hydrophobic. One way to rationalize this behavior is to connect it
to the change of the dielectric constant entering the van der Waals’ interaction between ligands
when water molecules get close. Due to the high dielectric constant of water, small changes in

humidity can therefore have a significant effect.

This Thesis is organized as follows. Chapter 2 gives an overview of the fabrication procedure
used to make freestanding nanoparticle monolayer membranes together with nanoparticle self-
assembly and characterization techniques. Chapter 3 then describes in-plane stretching
experiments of these membranes where I investigated their fracture and failure behavior and
measured their fracture strength. Chapter 4 introduces methods to bend and roll these membranes
into 3D structures, hollow “nanoscrolls” by utilizing a small, but significant asymmetry in the
ligand shell of nanoparticles self-assembled at a water-air interface. I performed experiments on
indenting these nanoparticle scrolls and obtained the membrane bending modulus for the first
time, which is described in Chapter 5. In Chapter 6 of this thesis, I introduce experiments
characterizing the thermal-mechanical behavior of freestanding membranes. The material
stiffness and Young’s moduli can be extracted by indenting the freestanding membranes with an
atomic force microscope (AFM) and analyzing the resulting force-indentation curves. By
conducting the measurements at different temperatures, under different environmental conditions
by changing humidity, or by modifying the ligands through cross-linking, I can track changes in

mechanical properties. These macroscopic changes are then connected to microscopic changes in



ligand configuration and interaction through comparison with molecular dynamics simulations.

A final Chapter 7 contains brief concluding remarks and an outlook on possible future directions

this work has opened up. This is followed by Appendices on the nanoparticle synthesis recipes.
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CHAPTER 2
NANOPARTICLE SYNTHESIS AND

SELF-ASSEMBLY METHODS

2.1 Nanoparticle synthesis

In our experiments, Au nanoparticles with ~5.2 nm core diameter were synthesized using a
digestive ripening method.'? The synthesis was a single-phase reaction in a cationic surfactant
solution. The prepared nanoparticles were then coated by dodecanethiol through ligand
exchange, followed by extensive washing with ethanol and finally dissolving in toluene. A
digestive ripening process was adopted in an environment of excess thiol, which can greatly

narrow the particle size distribution.

Au nanoparticles with ~9.1 nm core diameter were synthesized with citrate reduction in water
and subsequently transferred into organic solvents.’ In all cases, the Au nanoparticle cores were
stabilized with dodecanethiol ligands. The particles were kept as concentrated solutions,
suspended either in toluene or chloroform. Here I describe the recipes for these two synthesis

methods. Details of these two methods can be found in Appendix A.

After synthesis, the diameters of these nanoparticles were measured by transmission electron
microscopy (TEM). The size distribution of these nanoparticles was found to be 5.2 + 0.3nm for

the smaller particles and 9.1 & 0.5nm for the larger particles, around 5% of the diameter. This



narrow size distribution contributes to the large size (~pum) of well-ordered, nearly close-packed

particle arrangements within the self-assembled nanoparticle membranes.

2.2 Nanoparticle self-assembly

H,0. __~TEM grid
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Figure 2.1 Sketch of nanoparticle monolayer self-assembly on an air—water interface and the
formation of a freestanding monolayer on a TEM grid after water has evaporated. Two
fabrication methods, called draping and stamping, are indicated.

In this thesis, I used an interfacial self-assembly technique to assemble the synthesized
nanoparticles into monolayers.”” To assemble a nanoparticle monolayer, 30ul of the
concentrated nanoparticle solution was deposited around the perimeter of a 300ul distilled water

drop (>18 MQ) on a flat Teflon surface. The nanoparticles climb quickly to the top of the water
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drop and form a close-packed monolayer at the water-air interface (Figure 2.1). The monolayer
can then be transferred to different substrates either by letting the water evaporate so the layer
drapes itself onto a substrate pre-immersed inside the water drop, or by stamping the particles
directly off the water-air interface by touching it with a substrate (Figure 2.1). A variation of the
draping technique situates the water drop not on a flat surface but inside a cone shaped support,

with the substrate at the bottom (details are discussed in Chapters 4&5).

To transfer nanoparticle membranes onto other substrates more efficiently, I developed a soft-
printing technique using a polydimethylsiloxane (PDMS) stamp die. PDMS is a soft silicon-
based organic polymer with Young’s modulus of several MPa. By gently pushing the PDMS
onto the water-air interface covered with nanoparticles, the nanoparticle membrane can be
picked up by clinging to the PDMS surface. The PDMS surface with the nanoparticle membrane
can then be pushed gently against other substrates (i.e. SiO, or SiN), and the membrane was
found to easily attach to these other substrates without being damaged. We believe this is due to
the surface adhesion energy being lower between nanoparticle membrane and PDMS than with
substrates like Si0, and SiN. Note that the nanoparticles tend to sinter faster on PDMS surfaces,

so this stamping process needs to be completed fast, usually within several minutes.

As also shown in Figure 2.1, freestanding monolayers can be fabricated by simply letting a
nanoparticle monolayer that self-assembled at the air-water interface drape itself over a substrate.
In this specific case the substrate was a carbon-coated TEM grid with a prefabricated array of
2um diameter holes. As the water evaporated, the nanoparticle monolayer draped itself onto the

substrate and could span across these holes. The inset to Figure 1.1 shows how freestanding
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monolayers can maintain good local order. The membranes were found to have very high
coverage on these 2um diameter holes. However, as the hole diameter becomes larger, the
coverage of freestanding membranes becomes less efficient, and the largest hole sizes

membranes made from 5.2nm Au nanoparticles could cover was found to be 7 to 10um.

To assemble nanoparticle multilayers, we used a layer-by-layer deposition process in which we
applied the stamping technique several times to transfer nanoparticle monolayers from the drop
surface to the substrate. The number of layers assembled in this case is simply the number of
stamping processes applied. The nanoparticle multilayers prepared by this method are randomly
packed between different layers, thus do not have any registration among layers along the

thickness dimension.

2.3 Nanoparticle characterization techniques

The nanoparticles used in this thesis all have diameters of < 10nm. In order to resolve
individual nanoparticles and the local packing structure of the self-assembled layers, electron
microscopy is the most straightforward technique. Scanning Electron Microscopy (SEM) is
commonly used to image nanoparticles on (semi-) conductive substrates such as Si/SiO,/SiN
(Figure 1.1, Figure 2.2a, etc). However, if the substrate is non-conductive, SEM imaging can
cause severe charging effects and special techniques such as beam deceleration or electron

neutralization need to be used to improve the image quality.
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Figure 2.2 (a) SEM image of a ~5.2nm Au nanoparticle deposited on SiO, substrate. The
nanoparticle packing and defects can be clearly seen in this image. (b) TEM image of ~9.1nm
Au nanoparticles suspended on a TEM grid. The size and shape of nanoparticles can be easily
seen from this image, and the crystalline packing of Au atoms inside these nanoparticles can also
be resolved. Color variations in the TEM image results from different Au atom packing
orientations.

The image resolution from SEM, however, is not high enough to identify the nanoparticle shape
or give an accurate measurement of the nanoparticle sizes. To achieve higher imaging resolution,
Transmission Electron Microscope (TEM) is used (Figure 2.2b). However, one limitation for
TEM comes from its requirement for special sample preparation. In TEM a beam of electrons is
transmitted through the sample, thus the sample needs to be ultrathin (typically < 100nm). In
prior work in our lab, we therefore used special “window” substrates that were TEM

transparent.*” In this thesis commercially made TEM grids (copper or carbon coated) with

nanoparticle membranes draped or stamped are usually used.
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Figure 2.3 (a) Atomic force microscopy (AFM) tapping mode image of Au nanoparticle
monolayer draped onto a carbon coated TEM grid with 2Zum diameter holes. The image
represents height profiles of the sample and dark circular regions are freestanding membranes
across the holes. (b) Cross section height profile of one of the freestanding membranes shown by
yellow dashed line in (a). The freestanding membrane recedes from the edge of the hole by
~50nm due to van der Waals adhesion with the wall, and the height fluctuation in the
freestanding area is less than Snm. (¢) Example of a typical force-indentation curve, taken at the
center of freestanding areas as shown in (a). The red curve shows indentation of the probe, while
the blue curve represents retraction. During both indentation and retraction, the probe has a
sudden jump when engaging or leaving the membrane, due to van der Waals attraction between
the probe and the membrane. Little hysteresis was found during the indentation and retraction
data, indicating insignificant plastic deformation in the membrane during indentation.

Besides imaging the morphology of the nanoparticle membranes, another important aspect is to
study the membranes’ response to mechanical perturbations. Atomic force microscope (AFM)
imaging and indentation are used for this purpose. Tapping mode AFM imaging, in which the
cantilever is driven to oscillate up and down at or near its resonance frequency while scanning
over the sample, can be used to obtain the height profile of the sample. With static AFM
indentation the AFM cantilever is controlled to apply a specified force (nN to uNrange) to the
sample and measure the resulting sample displacement. Figure 2.3 shows a typical AFM tapping
mode scanning image of a sample containing an array of nanoparticle membranes and also shows

examples of the force-indentation curves. These indentation data can be combined with elastic

theory to obtain the membrane’s mechanical properties such as pre-stress and Young’s modulus.
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To extract the membranes’ intrinsic mechanical properties from such force curves, we used a
previously developed linear model for a thin elastic disk clamped along the circumference that is
4,5,10

subjected to center loading. The force response F' and indentation depth § can be related by:

§ 2.1
F = O'2D7T6 + EZD(q3R)(E)3 ( )

Here 02? is the pre-stress in the membrane coming from both the fabrication process and
clamping at the wall; R is the radius of the membrane; ¢ is a constant depending on the Poisson
ratio v (¢=1.02 in our case where v = 0.34); E?P is the 2D Young’s modulus of the membrane,
which is related to the 3D Young’s modulus E by E?P? = E - t, where t is the physical membrane
thickness including the diameter of the nanoparticle core and the thickness of the ligand shell.
Using this clamped-disk model, we can fit the experimental force-indentation curves to Equation
2.1 and obtain the fitting parameters 02? and E. This linear model works well as long as §/R
<<1,>!" which is easily satisfied for the membranes investigated in this thesis, where § < 50nm

and typical hole diameters are 2R > 1pm.
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CHAPTER 3
FRACTURE AND FAILURE OF

SELF-ASSEMBLED NANOPARTICLE MEMBRANES"

3.1 Introduction

In nanoparticle-based solids, metallic or semiconducting particles, separated by short molecular
linkers or ligands, play the role of “designer atoms” that can organize into superlattice
configurations.'™* However, for these systems one of the key questions in materials science has
remained largely unanswered, namely when and how failure under applied stress loading

occurs.”™

Here, we address this for failure under tensile load and focus on the ultrathin film limit in which
the thickness approaches that of a single layer of nanoparticles. In this limit, technologically
relevant for flexible coatings and self-assembled electronic components, uniform monolayers of
close-packed particles with few major defects prior to applying any strain can be fabricated and
multilayered structures can be assembled with precision by successively depositing layers one at
a time. Given the hybrid organic—inorganic nature of nanoparticle films, intriguing issues include
to what extent the linkers can withstand stresses before rupturing and how the fracture patterns
differ from those of ultrathin coatings of pure inorganic material. A special feature of
nanoparticle monolayers is that, unlike in atomic systems, fracture patterns can be imaged with

relative ease down to individual constituent particles using scanning and transmission electron

* This Chapter is largely based on Wang, Y.; Kanjanaboos, P.; Barry, E.; Mcbride, S.; Lin, X. M. &
Jaeger, H. M. Fracture and failure of nanoparticle monolayers and multilayers. Nano Lett., 14(2), 826-830
(2014).

17



microscopy (SEM and TEM). Statistical analysis of the distribution of crack fragment widths
then provides estimates of the intrinsic fracture strength set by the ligand-mediated interparticle

bonds.

3.2 Experiment setup

In our experiments, the nanoparticles consist of gold cores stabilized by dodecanethiol ligands in
either toluene or chloroform. Particles with core diameters of 5.2 = 0.3 nm were synthesized

. . . . . . 10.11
using digestive ripening techniques,

and particles of 9.1 £ 0.5 nm in diameter were
synthesized through citrate reduction in water and subsequently transferred into organic
solvents.'” Nanoparticles were assembled at an air-water interface by adding 30 pL of a

B3-16 Under these

concentrated solution to droplets of 18.2 MQ distilled water (300 pL).
conditions, drying-mediated self-assembly results in close-packed monolayers that are
mechanically robust and have Young’s moduli Efon the order of ~5 GPa."”'* The monolayers
were transferred onto polydimethylsiloxane (PDMS) substrates (6.0 cm X 1.5 cm X 5 mm) by
gently placing the substrate into contact with a monolayer. The PDMS substrates were made by
mixing the base and curing agent (SYLGARD 184 Silicone Elastomer Kit, Fisher Scientific)
with a ratio of 7:1, followed by degassing and curing at 70 °C for an hour. Atomic force
microscopy (AFM) characterization of the PDMS gave a Young’s modulus Es = 2.9 MPa and a
rms roughness of <1 nm (measured over 400 um® as well as 1 pm?® areas). With the monolayer
attached, the elastomer substrate was stretched in an Instron 5869 materials tester (Figures

3.1&3.2). A strain rate of ~0.01 s was used to ensure that the process was quasi-static. At this

strain rate, the viscous modulus of our PDMS material, measured directly with a rheometer
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(MCR 301, Anton Paar), was 0.03 MPa; since this is only about 1% of E;, viscous effects from
the substrate can thus be neglected. Once in their strained state, the Au nanoparticle monolayers
were removed from the PDMS and fixed to a solid surface by pressing a clean piece of silicon
against them. A FEI Nova NanoLab SEM was used to image the crack pattern. For the data
discussed below, 3 independent samples at each strain level were investigated and for each
sample over 20 SEM images, taken at random locations, were analyzed. For the remainder of this
discussion, the term “fracture” refers only to fracture of monolayers and multilayers, because

fracture of the substrate did not occur for the strain levels applied.

V3 A s Cpr— .
[ 27/ RR\Y
Figure 3.1 Side view of the PDMS substrate initially loaded to the Instron 5869 materials tester.

The small curvature of the substrate comes from the clamping from the two grippers, which
squeezes more material to the center.

19



R NP membrane
Strain
—

Crack

/.

Figure 3.2, Sketch of nanoparticle membranes deposited onto PDMS substrates, showing
crack formation under an applied tensile strain.

3.3 Results and Discussion

Representative images of the observed crack patterns are shown in Figure 3.3 a-d. We note that
the as-deposited monolayers in our experiments were highly uniform on scales beyond a few tens
of particles, and at smaller scales (a few particles across) they consisted of close-packed particle
arrangements that formed local, polycrystalline regions separated by grain boundaries. For <5%
strain, a few channel cracks appear, mainly at large scale residual deposition defects or
occasional multiparticle voids in the film. These are a few micrometers apart and act as

nucleation sites for the initial cracks, thus setting the largest crack distance in our experiments.
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Increasing the strain to 15% adds straight, but short cracks (<3 pum in length) that run
perpendicular to the (horizontal) loading direction. As a result, the monolayer becomes divided
into fragments with widths ranging from 200 nm to 1 um. The fragmentation process continues
with strains >15%, however, instead of following straight lines, the new cracks form zigzag

shapes, as also observed in related experimental systems.'’

858 5%0% S a0
SEeelesessesteds o8
SR K

Figure 3.3 (a—d) Scanning electron microscope (SEM) images of monolayers of 5.2 nm
diameter nanoparticles after applying 5, 8, 30, and 60% strain (left to right). Inset to (d) shows
zoomed-in image of a crack and definition of crack angle a. (e) Higher-magnification detail of
monolayer (c) under 30% strain, dashed line shows wavelength of white strips. (f) Transmission
electron microscope (TEM) detail of a 9.1 nm diameter nanoparticle monolayer under 20% strain.
In all images (a—f), the loading direction is horizontal.

21



Higher-resolution images indicate that crack edges do not necessarily follow the local lattice
orientation of the monolayer (Figure 3.3e). A representative distribution of the angle a between
cracks and loading direction is plotted in the inset to Figure 3.4 for different strains. For this plot,
a was measured from midlines of crack segments that are longer than 100 nm, and therefore
averages over any local, particle-scale roughness along a crack edge (see Figure 3.3d). At low
strains (<15%), a has a sharp peak at 90°, as expected. With further strain, more and more cracks
tend to form at o = 60° rather than 90°. The crossover between these two different crack regimes
takes place between 15 and 20% strain. The fact that cracks no longer remain perpendicular to
the stress loading direction can be explained by surface instabilities. From bifurcation

'71% the preferred value of o at high strains is related to the hardening exponent N in the

analysis,
stress response, 6 = Ke" and varies from 43° (N~ 0) to 61° (N= 1). In our experiments, the
second peak in a is centered at 60° + 1°. This provides evidence that the nanoparticle sheets
behave like a linearly elastic material with N= 1. Interestingly, this linear behavior here holds
until fracture, and not only for the small perturbations applied in prior work on freestanding

nanoparticle films."*'*"

22



(nm)

avg

L

10°

N
o

Figure 3.4: Average crack spacing L,y as function of strain € — g for 5.2 nm diameter Au
nanoparticle monolayers. Insets: Determination of strain onset & (upper right); probability
distribution P(a) of crack angle a for different strain € (lower left).

Another characteristic feature of the SEM images in Figure 3.3 are bright, narrow strips along
the loading direction, indicating local regions of multilayer formation. These are caused by

compression perpendicular to the loading direction™*!

as the PDMS elastomer is stretched (the
Poisson ratios of the monolayer and the PDMS substrate are 0.32 + 0.02" and 0.5, respectively).
The thickness of these regions, measured by AFM, is approximately twice that of the monolayer,
suggesting that under compression, the monolayer fragments did not buckle or fold into the third

dimension (as this would lead to thicknesses of 3 particles or more). Instead, it appears that they

broke open locally and started to slide over each other like miniature tectonic plates.
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The average wavelength A, of these horizontal stripe patterns can give a rough estimate of the
monolayer’s Young modulus via® E;= 3E[(Aave)/(2mh1)]’. Here Ex= E¢/(1 — v¢) and E, = EJ/(1 —
vg’) are the plane strain moduli of monolayer film (f) and PDMS substrate (s); vrand vs are the
associated Poisson ratios; 4ris the monolayer thickness. For the 5.2 nm diameter particles, /¢ =
6.9 £ 0.5 nm as measured by AFM (which is smaller than adding the Au core diameter (5.2 nm)
and the ligand lengths (1.7 nm)'* on both sides, probably due to compression of ligand layers
during the stamping process), and A4, = 320 = 30 nm. From these the monolayer’s Young

modulus is found to be Er ~ 3.5-6 GPa, consistent with previous AFM measurements.'>"*

Analyzing the crack spacing more quantitatively, images were first thresholded and then scanned
line by line along the loading direction to identify L,,,, the average fragment width or distance
between cracks (Figure 3.4). The onset strain g for cracking is determined by the
intercept Lave(€0) — 100, as shown in the inset. The resulting value g = 1.6% includes two
contributions: any initial prestrain in the sample €. and the critical strain for fracture ge.
When mounting the PDMS substrate in the Instron, the substrate’s ends are squeezed and the
substrate elongates (Figure 3.1). As a result, the nanoparticle layer attached to the PDMS is
under a compressive prestrain, which we estimate as gy~ 0.7% from measuring the

macroscopic curvature of the slightly bent PDMS substrate. It follows that the onset strain for

nanoparticle monolayer fracture & is about 0.9% in our samples.

As shown in Figure 3.4, we see two regimes for the behavior of L, versus € — €: an inverse
scaling of the average fragment width L,,, with strain above fracture onset € — gy up to about

20%, followed by a weaker dependence at higher strains. In general, the inverse scaling could be
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preceded by an initial, low-strain regime with wider width distribution and larger L,,, due to film

heterogeneity.*"**

The fact that we do not observe this is indicative of the high structural
uniformity of our layers at scales >10 particle diameters; local disorder in the particle packing
occurs at scales well below the fragment size Lay, which remains >100 nm over the whole range
of strains applied. In many other materials and thin metal films, strain localization mechanisms

such as local thinning and debonding dominate cracking.'”**

In our case, given the large ratio of
crack spacing to monolayer thickness, the critical strain for debonding is much higher than that

for cracking. Thus, the Au monolayer can be assumed to be well bonded to the PDMS

substrate,” at least up to 15-20% strain.

In this situation, the spatial stress profile in the film can be described by a shear-lag model.***>
*7 Because of the large mismatch of elastic response between the Au monolayer and the PDMS
substrate when stretched, two “shear zones” transfer tensile stress to the layer. The length L of a

: . 20,26
shear zone is determined by™

Ly = (2hE¥)/Es). In our case, Ls > 10 um is much larger than the
average fragment width, the tensile stress reaches its maximum at the fragment center, and the
fragment tends to crack at its midpoint when the maximum tensile stress exceeds 6*, the fracture
strength of the layer. Each subpiece cracks again when the strain is doubled, so that the average

fragment width varies with applied strain according to*’

L 2y (3.1)
9 Eg(e— )’

This relationship well predicts how the average fragment width changes with applied strain
(Figure 3.4). The one free parameter, the average fracture strength, is determined from a fit,
which gives 6* = 11.0 £ 2.6 MPa. This value is similar to cross-linked thin polymer films.*

Because the nanoparticles in monolayers are only connected by short ligand interdigitation with
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no cross-linking at all, it is remarkable that their fracture strength is comparable to cross-linked

polymer films.

For strains larger than 20%, the plots deviate from the prediction of Equation 3.1. It is likely that
at this point the yield strength for interfacial shear is reached and the fragments start to slip on
the substrate.”” The slipping interface makes it harder to crack the fragments further, so the
fragmentation rate starts to decrease. Another possible reason is connected with the fact that the
data in Figure 3.4 flatten off around 100-200nm domain size, which is the typical length scale
associated with the well-packed, almost crystalline domains in the samples. These domains can
have a higher strength, causing the plots to deviate from prediction. Other possibilities might
include out-of-plane curling of the nanoparticle layer at large strain;*** however, the Ey/E; ratio
in our experiments would suggest that any vertical deformation of a fragment due to curling is <2

nm and thus contributes negligibly to the applied strain.

The fact that these cracks do not propagate as in brittle films®’ can be attributed to ductility at
their crack tips. Indeed, this is the only evidence we find of deviations from linear elastic
behavior. It indicates that the material’s behavior at the local, few-particle scale can be quite
different, and it corroborates what we observed previously'’ with slits cut into freestanding
monolayer sheets, namely that the local particle configuration around the tips of the slits can be

deformed significantly under stress.*’

Of course, the fragments do not always break at exactly the midpoint between two existing

cracks and there will be a distribution in the fragment widths. On the basis of a weakest link
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picture for failure, which considers material defects across a wide range of scales,” a Weibull
distribution is commonly assumed. In our experiments, we have sufficient resolution to

determine this distribution directly and do not have to make assumptions (Figure 3.5a).
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Figure 3.5 (a) Crack spacing distribution for different strains as indicated. Symbols:
experimental data; lines: Gaussian fits. (b) Normalized crack spacing distribution. Symbols:
experimental data; lines: simulation as described in text. Strain levels are indicated by the same
symbols and colors as in (a). Inset: Fitting parameter M for different strains.

The fact that a Gaussian distribution fits well points to the absence of macroscopic defects in our
samples and suggests that the relevant disorder occurs over a narrow range of length
scales.’ Such a Gaussian fragment width distribution can arise from an interparticle bond
strength distribution of Gaussian form. To investigate this, we analyzed a simple one-
dimensional (1D) simulation consisting of a chain of particles with fracture strength between
neighbors picked from a Gaussian with mean ¢* and standard deviation Ac. The chain is then
fragmented by applying the shear-lag model M times in succession, and the final fragment
widths are analyzed as a function of M. Figure 3.5b shows the results using a fixed value of 3.6

MPa chosen to produce the overall best fit to all experimental data (further simulation results
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show that deviations from a Gaussian shape, observed in tails of the experimental crack spacing
distribution data, might come from the 2D geometry of cracks, both length and orientation,
which is not considered in the 1D model). The simulations used an initial chain length of 2000
particles and the data shown are ensemble averaged over 10* independent trials. With increasing
strain and therefore larger number M of fragments, the distribution is found to become narrower,
as in the experiments. Furthermore, the variable M is seen to be proportional to the experimental
strain, at least up to the point that slipping is reached. The considerable width of the fracture
strength distribution in the experiments, almost one-third of its mean, can be understood as
arising from a combination of factors that all can affect the bond strength, besides local lattice
defects also including variations in interparticle spacing or in the ligand coverage of individual

particles.

The monolayer strength is a result of the interdigitation of ligands from neighboring particles.
The degree of this interdigitation will depend on the curvature of particles, and thereby the
particle size'®. This suggests that increasing the particle size should increase fracture strength.
This is indeed what we find when switching to larger Au cores (9.1 nm diameter) with the same
capping ligands (Figure 3.3f). The resulting ~10 nm thick monolayers were found to have a
fracture strength of 15.2 + 1.7 MPa (Figure 3.6), roughly 40% higher than that of the ~6.9 nm

thick monolayers.
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Figure 3.6 (a) SEM image of step-edge region with monolayer in the lower left and bilayer in
upper right (9.1 nm diameter Au nanoparticles). The second layer was stamped onto the first
layer before the underlying PDMS substrate was strained to 20%. (b) Zoomed in SEM image of
a crack propagated in a 7-layer nanoparticle multilayer after stretching. (¢) Dependence of
effective fracture strength o on film thickness, parametrized by number of monolayers n, for
9.1 nm diameter Au nanoparticles. Inset: Normalized average crack spacing EsLay/2hs as
function of strain for different n, with dashed lines indicating power law with exponent —1
(Eq. 3.1). The vertical position of the lines in this log—log plot gives the effective fracture
strength.
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Building up thicker films, a monolayer at a time, our experiments can directly investigate how
film thickness affects fracture. In partially overlaid monolayers on the same substrate, where
they are subjected to the same applied strain, differences are immediately noticeable when
comparing regions on either side of a step-edge. As shown in Figure 3.6a, the crack spacing in
the bilayer region is clearly larger than in the monolayer, and cracks tend to stop at the step-edge.
Analyzing the average crack spacing Lay, for films n =1 to 7 layers thick (Figure 3.6c¢ inset), we
find that Equation 3.1 remains valid but with an effective fracture strength o that decreases
with increasing n before eventually saturating. Similar behavior is observed in thin metal
coatings that have been grown on substrates,”’ where it is typically attributed to larger initial
defect sizes in thicker films. However, our system is deposited “layer-by-layer”, and the initial
defect sizes are not expected to change with the number of layers. Instead, we believe this
behavior is indicative of inhomogeneity in stress across the thickness.’” Because all layers were
prepared the same and from the same set of nanoparticles, it is unlikely they varied significantly
in inherent strength. However, the first monolayer is deposited on the PDMS substrate and thus
likely to exhibit different prestress compared to the subsequent layers. The fact that the effective
fracture strength decreases implies that, at fracture, the 2"-xn"layers have taken up
proportionally less stress than the first layer; for example, they started out at some residual stress
level that was lower than that of the first layer. Once the stress in the first layer exceeds c*, the
fracture will propagate across the full film thickness /¢ = nhy, where A is an individual layer
thickness. This point defines o,y for the n-layer system. If we assume the simplest case, where
the residual stress in the first layer is larger by a fixed amount Ac,, we have ooy = [6%ho + (1 —
1)(c* — Acy)ho]/nhy) = o* — Ao, + (Ao, /h). This matches the data very well with Ac, = 0.8c* = 12

MPa (Figure 3.6¢ red dashed line), implying a residual strain difference Ag, = (Ac,/Er) = 0.3%.
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3.4 Conclusion

In summary, we investigated microcrack patterns in self-assembled close-packed Au

nanoparticle layers. 