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Abstract

The elastic properties and strength upon compression of commercial Ropaque polystyrene
hollow particles were investigated by atomic force microscopy (AFM). These particles are
commonly used in paints as opacifying agents, as their internal air void effectively scatters
light. A sharp AFM tip was used to apply a point load to the particle surface, and increased to
probe both the elastic and plastic deformation of the shell, and then further until the shell
broke. For small deformations, the deformation increased linearly with applied force. The
Young’s modulus was calculated by accounting for the effect of the rigid substrate, and
compare the modulus obtained from the Reissner and Hertz models. The minimum stress
needed to destroy the integrity of the shell was extracted and found to be smaller than or

close to that of silica hollow particles with different shell thickness tested in the literature.
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1. Introduction

Latex paints usually contain pigments that impart opacity and color, commonly inorganic
particles such as TiO;, and CaCOs. As an alternative, hollow polymer particles are used as
organic pigments. Ropaque™ particles are one such material made of cross-linked
polystyrene with some acrylate, and commercialized by Dow Corning as opacifiers for water-
based paints.! The use of Ropaque particles reduces the need for the environmentally costly
TiO, particles, facilitates paint application and improves performance of paint, while
reducing the cost of water-based paints. Ropaque™ particles are hollow and are filled with
water in solution. During the drying process of the paint film, the water in the void diffuses
through the polymer shell and leaves an air void.>> Due to the difference in refractive index
between air and the surrounding polymer, light is effectively scattered, contributing to the
film opacity.* The particles size, particle size distribution and void fraction (44%) were
designed to maximize the hiding efficiency.?

There are other requirements that paint additives such as Ropaque have to satisfy, an
important one being their ability to withstand the stresses involved in the formation and

application of the paint film and wear upon use. Ropaque particles are non-film forming,



which means they are designed to retain their hollow structure during film formation. Film
formation is the process that occurs when a water-based latex paint is applied to the surface,
and it entails a number of stages: as the water starts to evaporate from the film, the latex
particles come into contact with each other, forming a close-packed array with water-filled
interstices.> Then interstitial water evaporates, and particle deformation and compaction into
dense arrays occurs. Finally, as the last of the water evaporates, the latex particles, which are
film forming, i.e. above the glass transition temperature of the polymer, start to merge into a
homogeneous, continuous film; at this stage the film would appear optically transparent. With
the addition of Ropaque particles, which are now filled with air, the film becomes opaque.

In this paper we investigate the mechanical properties of Ropaque polymer particles using
atomic force microscopy (AFM) force-indentation curves. As the stiffness of the polymer
shells is expected to increase with shell thickness, we measure the mechanical properties of
Ropaque, which are relevant to their ability to withstand the typical stresses involved in the
paint drying process, and also upon exposure to man-induced wear of the paint film. AFM
used as a nano-indenter allows characterization of single nanoparticles. Over the last 20

years, it has been used to study the mechanical properties of various systems such as thin
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polymer films,%” microcapsules,®'* vesicles,'>"!¢ polymer microspheres,!’”!® nanotubes,'® and
cells.?® Despite Ropaque particles being heavily used in paints, only a few studies are present
in the literature on their properties (optical* and rheological’!), and their mechanical
properties on the nanoscale have not been characterized.

Our study benefits a wider range of materials of fundamental and applied relevance, for
example nanoscale polymer capsules used as drug carriers which should be designed to burst
(for example under the stimulus of a change in environmental conditions)** and deliver the

drug to a target tissue. Microcapsules filled with liquid are often used for encapsulation and

delivery of flavors, scents and nutrients in the food, pharmaceutical and agricultural



industry.?® In all these applications, knowledge of the mechanical properties of the capsules is
crucial to the control over the timing and the stimulus of the release of their cargo. In
addition, knowledge of the force required to deform hollow polymer particles is beneficial to
inform the typical forces required to image these particles by AFM with minimal

deformation, reducing therefore artifacts in size measurements.

2. Materials and Methods

For microscopic characterization, a suspension of Ropaque™ Ultra particles (Dow
Chemical Co.) was deposited onto silicon substrates by spin-coating. Scanning electron
microscopy (Zeiss Sigma HD FEG SEM) was used to characterize the sphere size and surface
roughness, and transmission electron microscopy (TEM, Philips CM120 Biofilter) was used
to measure the shell thickness. Tapping-mode AFM imaging and force measurements were
performed with a Multimode Nanoscope 8 (Bruker) at room temperature using Multi75A1-G
and Tap300Al-G silicon AFM probes (BudgetSensors, nominal tip radius 10 nm). The spring
constant of each cantilever was determined by using the Sader method knowing the geometry
of the cantilever.?* To determine the elastic contribution to the mechanical properties, force-
distance curves were collected on the individual particles. Before starting the force
measurements, the Ropaque particles were imaged in tapping mode, and a well-shaped
particle was chosen. By repeatedly zooming in, the AFM tip was carefully located on the top
of the target particle. A series of force measurements were collected, whereby the applied
force was gradually increased to induce increasing deformation. The elastic modulus of the

particle was determined by AFM force-distance curves at low values of deformation.



Figure 1. (a) SEM and (b) TEM micrographs of the Ropaque™ particles used in this study.

3. Results and Discussion

As shown in Figure 1(a), Ropaque particles are regular and spherical in shape, the particle
size distribution is fairly narrow, and the average size measured from the SEM image is 423
+ 21 nm. The polymer shell thickness, as evidenced in Figure 1(b), is also uniform and
reproducible and measures 40 = 5 nm. These values correspond well with the reported values
for Ropaque particles.? The tips used for indentation are pyramidal in shape. There was no
obvious sign of the AFM tip becoming blunt upon indention on the Ropaque particles.
However, after the tip was driven at high loads through the particle and to hard contact with
the silicon wafer, evidence of tip blunting was seen in the subsequent AFM images (see

Figure S1).

3.1 Nano-indentation by AFM
In the AFM nanoindentation force measurement, the tip was driven vertically towards the
top of a particle, and when it touched the particle at a constant velocity, the deflection of the

AFM cantilever was recorded. The deflection was then converted into a force by knowledge
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of the spring constant.?>2® The sensitivity of the cantilever was obtained on a hard sapphire
surface before or after the force measurements, and was used to convert deflection signal to
force with the cantilever spring constant. The aim of this experiment was to control the force
applied to the particle shell to obtain the Young’s modulus of the shell and the minimum
force required to break the shell.

Based on established literature,”” during the force loading, the elastic deformation is
entirely recoverable once the applied force is removed. If the loading force is increased
beyond a certain limit, the material either fails to return to its original form when the force is
removed due to the plastic deformation, or the material shatters into fragments.

In our experiments, firstly Ropaque particles were imaged by tapping mode AFM. A clean
and regular single particle was imaged by tapping mode AFM (as shown in Figures 2(a) and
(b)), and a single force measurement was performed in the center (top) of the selected
particle. By controlling the piezo driving distance and the trigger threshold of the cantilever
deflection, the amount of loading force was controlled. After each single force measurement,
the target particle was imaged again as shown in Figures 2(¢) and (d). The ability of the tip to
image the sample clearly after indentation indicated that the tip shape was not significantly
damaged by the contact. Evidence of tip indentation on the particle shell could be observed
when plastic deformation was sufficiently large, and was particularly clear in the phase AFM

micrographs (Figure 2(d)), and more subtle in the topography micrographs (Figure 2(c)).



Figure 2. Tapping mode AFM micrographs of the Ropaque particles, before a force
measurement (a and b), and after a force measurement that led to a plastic deformation (c and

d). (a) and (c) are AFM topography micrographs and (b) and (d) are phase micrographs.

3.2 Force versus deformation in the elastic limit

Force measurements on the Ropaque particles were obtained and converted into force
versus separation curves using an established method,?® and representative data is shown in
Figures 3-6. For low loading forces up to around 50 nN (corresponding to approximately
1.59x10® Pa = force / area of contact, using the nominal tip radius 10 nm), a soft cantilever
was used (Multi75A1-G AFM probe, spring constant ~ 3 N/m), and the experiment can be
assumed to be entirely in the elastic limit, as discussed below. In Figure 3 at tip-sample
separations > 5 nm, the tip does not touch the particle so the measured force is zero. When tip
— particle separation becomes < 5 nm, an attractive interaction was measured (at separation 3
- 4 nm, corresponding to negative values of the force), followed by a repulsive force, and
followed by the compliance region, where the tip and the particle are in hard contact. In first
instance, the maximum force applied was kept low, below 50 nN, to maintain low values of

sample deformation. In Figure 3(a), the approach (open circles) and withdraw force curves
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(solid circles) overlap; the absence of hysteresis in the force loop is an indication that the

deformation is within the elastic limit.!!

50 0.07
(b)
— 0.06 +
40 =3 °
2= 0.05 A
=
30 A =
% % 0.04 4
~ S i
§20 - T 0.03
(<} o Z4.56GPa
= 0.02 4
“ 10 <
0.01 -
0 Too et @ * 0 : .
5 10 15 0 0.005 0.01
-10

B(Cous*6 i/ )®
Separation / nm (Cert™atm/ )

Figure 3. (a) A typical force curve on a Ropaque particle with a shell thickness of 40 nm and
a diameter of ~ 400 nm, within the elastic limit. The open circles denote the approach curve,
and the filled circles denote the withdraw part of the curve. The inset image is an AFM phase
image obtained on the center of the particle after this single force measurement. (b) The
corresponding normalised force-indentation curve extracted from the withdraw curve in
Figure 3(a), presented in the form given by Equation 3. The Young’s modulus of the material

property is the slope of solid line, the fitted value £ = 4.5 GPa in this example.

The elastic modulus of thin-shelled capsules can be calculated using the Reissner model,”

while that of solid particles using the Hertz model.” As the Reissner Equation is appropriate
for hollow capsules with a shell thickness to capsule radius ratio #/R < 1/20,’° and the
Ropaque particles have a ratio #/R ~ 1/10, it is useful to compare the results from both

models. For a given indentation ¢ (less than the shell thickness /), the force F on a thin
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capsule shell of radius R, Poisson’s ratio v, and Young’s modulus £ according to Reissner’s
formula is:

o 4ER% W
" RY3(1—v2)

In the case of a solid particle of radius R, the Hertz*’ model is:

4
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Where R = RpR/(Rp + R) is the effective radius, R, is the radius of the AFM tip (nominal
10 nm) and R is the Ropaque particle radius (400 nm).

The withdraw curve was fitted using both the Reissner model (Equation 1) and the Hertz
model (Equation 2) in order to extract the Young’s modulus E. The Poisson’s ratio of
Ropaque particles, which are mainly cross-linked polystyrene with some acrylate, is not
known, so the value for bulk polystyrene (v = 0.33)!7 was used. The employed AFM tip have
a bulk elastic modulus of 130 - 160 GPa,'” and as this value is expected to be much larger
than that of Ropaque particles, we assumed that the AFM tip did not deform. The average
Young’s modulus of the Ropaque particles obtained from the basic Reissner model (Equation
1) was 0.9 £ 0.2 GPa model and from the basic Hertz model (Equation 2) was double this, 1.9
+ 0.1 GPa. Both values were obtained from 15 force measurements on different Ropaque
particles.

To further improve this estimate, and following recent work by Berry et al.’!, the additional
effect of the rigid substrate under the particle could be estimated. The compression of the
particle leads to deformation at both the top of the particle and at the bottom adjacent to the
substrate. However, the AFM measurement does not provide sufficient information to

distinguish the substrate effect. Thus, the indentation measured by the AFM cantilever dafm is



the sum of both the particle indentation at the substrate and the effective indentation desr on
the top of the particle due to the AFM tip.

The correction factor C (C = Jefr /dafin) that accounts for the substrate indentation was
derived in references’!? for soft particles (#/R = 1, h is the thickness of the particle shell) in
terms of the indenter to particle radius ratio Ry/R. Berry et al.®' characterized the correction
factors for capsules with # < R by numerical simulations over the range of shell thickness.

Using the effective indentation Jerr rather than the AFM measured indentation dagm in the
Reissner and Hertz models and combining appropriate correction factors (scaling coefficient
B and scaling exponent o), Berry et al®' provided a general expression to include the
substrate effect from thin shell capsule indentation (Reissner solution) to solid particle
indentation (Hertz solution), as shown in Equation 3. The parameters C, f and a are
functions of the experimental parameters Poisson's ratio v, the AFM tip radius ratio R,/R, and

the shell thickness ratio 4/R. The values can be determined using numerical simulations.>!

FY3(1—=v2) (Capm\”
(h/R)34R2 _Eﬁ( h ) (3)

Using Berry’s Equation (Equation 3), the Young’s modulus of Ropaque particles can be
calculated from experimental force-indentation data with the correction factor C (0.69), the
scaling exponent o (1.38) and the scaling coefficient f (0.77). In Figure 3(b), we show an
example of experimental force-indentation data extracted from Figure 3(a), presented in the
form given by Equation 3. The fitted average Young’s modulus of the hollow Ropaque
particle obtained from 15 force measurements on different Ropaque particle is 5.0 = 0.4 GPa
using Equation 3. The Young’s modulus obtained from Equation 3 is higher than the ones
obtained by fitting the basic Reisser model (£ = 0.9 + 0.2 GPa) and basic Hertz model (£ =
1.9 £ 0.1 GPa), and probably a better estimate of the actual modulus of the shell; the value is
in good agreement with the Young’s modulus for polystyrene in literature in the range of 2.4
~5GPa.®?
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3.3 Force versus Deformation in the plastic region

When the maximum loading force applied was increased to around 100 - 150 nN, the
withdraw curves no longer overlapped with the approach curves, and this hysteresis in the
contact region is associated with plastic deformation.!! The extent of the plastic deformation
was estimated by the separation between the two intercepts of the approach and withdraw
curves with the y = 0 axis, as shown by the line between points A and B in Figure 4(a).
Figure 4(b) shows three force curves taken on three different particles at increasing loading
force. After each force measurement, the particles were imaged again (as shown in the inset
of the Figure 4(a)). The plastic deformation increased with the increase of the loading force,
and in this regime the deformation of the particles was maintained to less than 40 nm, i.e.

below the thickness of the shell.
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Figure 4. Force-distance curves obtained at maximum loading force around 150 - 200 nN,
showing plastic deformation. (a) A single force—distance curve, the distance between points
A and B is used as a measure of plastic deformation. Inset: AFM phase image obtained after

the force measurement. (b) Three force-distance curves with increasing maximum loading

force.
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Figure 5. AFM force-separation curves obtained while gradually increasing loading force

(empty circles represent an approach curve, full circles represent a withdraw curve). The

insets are AFM topography micrographs obtained after each force measurement. (a) At

maximum loading force around 400 nN, the tip has pierced through the top shell. (b) At

maximum loading force around 1500 — 2000 nN, the tip has pierced through the particle shell

and touched the bottom shell. (¢) At maximum loading force > 4500 nN, the tip has reached

the hard contact with the silicon substrate under the particle.

As the Ropaque particles are hollow particles, when the loading force was increased

further, the tip pierced through the particle shell. In Figure 5(a), a large hysteresis can be
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seen between the approach and withdraw curves, and the approach curve shows three
different regions with different slopes. The first region (I) is the baseline corresponding to
zero force, which is flat. In the second region (II) the slope is high and caused by the tip
pressing into the shell and penetrating the shell. The distance spanned by the region II is
about 37 nm which is close to the shell thickness. The third region (III) with a lower slope is
caused by the tip pushing through the shell and increasing the indentation mark. The inset
highlights the large indent in the target Ropaque particle scanned after this force
measurement.

As the loading force was further increased to 1500 — 2000 nN, an additional (IV) region,
with a higher slope, appeared in the approach curve at short separations (Figure 5(b)), caused
by the tip indenting on the bottom shell of the particle, resting on the substrate. Finally, at
even higher loads (5000 - 6000 nN), a fifth (V) region with the highest slope appeared
(Figure 5(c)), caused by contact of the tip with the hard silicon substrate under the particle. In
this region, the approach and withdraw curves coincide. In the latter force curve, the diameter
of the particle could be estimated to be 490 nm, which is close to the value measured by
SEM. The average slopes of the approach force curves in the different force regions I1, III

and IV are summarized in Table 1.

Region II I v
Slope (N/m) 14.3 3.6 78.6
Standard deviation 8.7 0.8 10.1

Table 1. The average slopes of the approach curves in the three different regions, averaged

over 34 curves for slope II, 12 curves for slope III and 3 curves for slope IV.
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In separate experiments, the same high loading force (6000 - 7000 nN) was applied
repeatedly at the same position on a particle, as shown in Figure 6. In this set, only the first
force curve presented all five regions of different slopes. In the following curves, the three
regions of slope II, III and IV have merged into a smooth curve at lower force values in the
approach curve, as the first force curve has induced a permanent plastic deformation on the
shell. In this case, the repeated force curves had the effect of enlarging the existing
indentation. The small amount of repulsive force shown in the approach curve prior to hard

contact is likely due to the friction from the broken shell acting on the side of AFM tip.

6000 -

5000

Force (nN)

Separation (nm)

Figure 6. Four AFM force-separation curves obtained at the same loading force in the same
position of the particle. The inset is an AFM topography micrograph obtained after the fourth
force measurement. The target particle is market by the arrow. The dashed curve represents
the first force measurement. The black solid curve represents the following second force
measurement. The dotted curve represents the third force measurement. The grey solid curve

represents the last force measurement.
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3.4 Typical stress applied to Ropaque particles

A summary of indentation versus loading force, including data from 19 single force
measurements, is shown in Figure 7. Indentation increases approximately linearly as the force
is increased. The variability in the deformation values are probably due to slightly different
loading positions on different target particles while recording force curves. By interpolation
from the line of best fit to this data, the force required to induce a 40 nm indentation can be
extracted and is > 390 nN (the average shell thickness is 40 nm). Therefore, the minimum
stress for breaking the shell of the Ropaque hollow particle with a point force could be
roughly calculated by dividing this force (390 nN) by the cross-sectional area of the tip
(nominal tip radius is 10 nm). The calculated breaking stress is then about 1.2 GPa. In the
work by Zhang et al., !! the breaking stress for 800 nm large hollow silica spheres with shell
thickness 23 nm was about 3 GPa. In Yue ef al’s work,** the breaking stress for an ultrathin
hollow silica sphere (sphere radius R = 400 nm, the shell thickness was 12 nm) was about 2.1
GPa. It is perhaps surprising that the breaking stress of the polystyrene Ropaque hollow
particle is relatively close to that of ultrathin silica spheres. The point force measurements
conducted here might be used by other researchers to benchmark the robustness of custom-

synthesized shells, and therefore predict their potential success in applications.
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Figure 7. Indentation versus loading force, as obtained from 19 individual force
measurements (solid circles). The dotted line is a line of best fit, and R? for the fit is 0.62.

Then equation for the fitis y =0.11 x — 2.54.

Although the Ropaque particles are not as strong as the hollow silica particles, they are
relatively stable to elastic and plastic shell deformation by point force loads, up to stresses
around 2 x 108 Pa. During the paint drying process, the latex particles coalesce and deform to
form an integral film. Many theories have been proposed to account for the origin of the
deformation forces experienced by the particles during film formation, such as capillary
theory®, JKR theory®® and other theories’’*%. The magnitude of the typical deformation
stresses during drying were found to be in the range of 10 to 10® Pa in the literature,*
values close to the Ropaque breaking stress. This result demonstrates that Ropaque particles

are engineered with a shell sufficiently strong to withstand the typical stresses in paint film

formation.

4. Conclusions

We have measured the elastic properties and the stress required for breaking through
Ropaque hollow particles, which have a radius of 400 nm and a shell thickness of 40 nm. By
conducting point force measurements, we have calculated the Young’s modulus of Ropaque
shells with three different methods. The Hertz model and Reissner model tend to
underestimate the Young’s modulus of hollow particles by neglecting the effect of the rigid
substrate, while the Berry model taking the substrate into account estimates a Young’s
modulus of 5 GPa, compatible with bulk polystyrene values. From our force measurements,
the Ropaque cross-linked polystyrene shells appear to be robust enough to prevent shell
breakage due to the typical stresses involved in the paint dry process. The knowledge of the

stress at breaking point by point force measurements is useful to engineer efficient micro- and
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nano-capsules that release active components, and to quantify the required trigger for the

intended application.

Supporting Information
Description: SEM images of a blunt AFM tip before and after the tip was driven at high

loads through the particle and to hard contact with the silicon wafer.
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