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ABSTRACT: Functionalized polymer nanoparticles are used as binders
for inorganic materials in everyday technologies such as paper and
coatings. However, the functionalization can give rise to two opposing
effects: It can promote adhesion via specific interactions to the substrate,
but a high degree of functionalization can also hamper spreading on
substrates. Here, we studied the spreading kinetics of individual functio-
nalized vinyl acetate-co-ethylene polymer nanoparticles on inorganic
substrates by atomic force microscopy (AFM) imaging. We found that
the kinetics underwent a transition from a fast initial regime to a slower
regime. The transition was independent of functionalization of the
particles but depended on the wettability of the substrate. Furthermore, the transition from the fast regime to the slow regime
occurred at a size-dependent contact angle, leading to a h∼ a3/2 scaling dependence between the height (h) and the width (a) of the
spreading particles. Thereafter, spreading continued on a slower time scale. In the slow regime, the kinetics was blocked by a high
degree of functionalization. We interpret the observations in terms of a nanoscale stick-slip transition occurring at interface stress
around 6 kPa. We develop models that describe the scaling relations between the particle height and width on different substrates.
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1. INTRODUCTION

Interactions between soft matter and hard surfaces are ubiqui-
tous in nature as well as in technology. Often these interactions are
modulated by specific molecules that promote adhesion. For
example, the adhesion of cells to certain solid substrates often
relies on specialized molecules located at the cell surface. Everyday
technologies such as adhesives, inkjet printers, and coatings rely on
interactions between polymer-based latexes and inorganic materi-
als. Again, the adhesion may be optimized by the use of specific
functional groups copolymerized into the polymer. In the present
report, we investigate the role of such functional elements in a
polymer system used in water-borne coatings.

In principle, water-borne coatings are applied as colloidal
suspensions comprising a mixture of∼100 nm latex particles and
inorganic ingredients such as fillers and pigments. The inorganic
materials are typically calcium carbonate and titanium dioxide.
During the drying process, the water evaporates from the
suspension, which results in a coating where the polymer
particles act as binders for the inorganic materials as well as to
the substrate, onto which the coating is applied. In the dried
coating film, the polymer is involved in interactions with (i)
the coated surface, (ii) the inorganic particles (fillers), where
the polymer adsorbs onto the surface of these compounds, and
(iii) neighboring polymer particles, which fuse together to form
a coherent film. So far, much research has been focused on the
latter process, which has been investigated from a number of
perspectives.1-3

When the relative amount of inorganic constituents is low, the
polymer particles are able to form a continuousmatrix engulfing the
filler material. However, with a high proportion of fillers, the
mechanical and barrier properties of the applied film are mainly
determined by interactions between the polymer particles and the
inorganic materials.4,5 Thus, the ratio of binder and fillers deter-
mines the optimal type of polymer to maintain a coherent film.

When polymer particles are used as binders in coatings and
adhesives, it is common to copolymerize functional monomers
having certain chemical groups, such as, for example, methylol,
silane, and epoxide functionalities. Coatings formulated with
functionalized latexes are generally found to have lower water
permeability and improvedmechanical resistance, but a highdegree
of functionalization can lead to suboptimal coatings. The effect of
functionalization is often attributed to specific chemical interactions
between polymer and fillers, but functional groups may also lead to
internal cross-linking of the particles.6 While this, on the one hand,
may increase the mechanical resistance, it can also lead to low
adhesion and formation of voids due to hampered film formation.
Thus, the exact role of the functional groups is not well-known.

The scope of the present work is to elucidate the role of
functionalization on the spreading of polymer nanoparticles onto
inorganic substrates. In order to look into the basic physical
principles, we investigated an idealized coating system in which
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single isolated polymer particles adhere to a flat inorganic surface.
We then used atomic force microscopy (AFM) imaging to follow
spreading of the particles. This method was first used by Granier
and Sartre,7 who demonstrated the use of AFM in studies of latex
adhesion. Later, Unertl4 used AFM tomeasure the contact angle of
styrene-butadiene polymer particles and thereby calculated the
work of adhesion using the Young-Dupree formula. Extending
this work Lau et al.8,9 included themechanical stress of the droplets
in a model that enabled calculation of the adhesive energy of
latex particles with different elastic properties. However, Engqvist
et al. have recently shown that when the polymer elasticity was
included in the Young-Dupree equation, the work of adhesion for
large and glassy latex particles differed largely compared to earlier
studies.10

In our study, we investigated the relationship between the height
and width of more than 700 polymer droplets incubated under
different conditions and on different surfaces. We found that
spreading proceeded via a fast initial phase followed by a slow
phase. The crossover between the fast and slow phases occurred at
a specific contact angle depending on the particle size. However, in
spite of the different rheological properties of the latexes, the
crossover did not depend on functionalization of the particle. In this
respect, only the further long-time development of themorphology
of the particles was dependent on functionalization. At long times,
the shape of highly functionalized particles did not evolve at all,
whereas nonfunctionalized particles evolved in a nonlinear manner.
On time scales relevant for coating applications, the particles did
not reach thermodynamic equilibrium.

On the basis of these observations, we propose that spreading of
polymer nanodroplets proceeds by a stick-slip mechanism. In-
itially, the droplets spread fast because polymers at the interface slip.
Slippage stops when the stress at the interface falls below the critical
level for a stick-slip transition. Thereafter, spreading continues on
a slower time scale.We believe that the slow phase corresponds to a
situation where relaxation of the internal stress enables parts of the
interface to slip. The stick-slip model is consistent with observed
scaling relations between the height andwidth, and estimates of the
critical stress at the stick-slip transition are comparable to those
from previous macroscopic studies.

Because the stick-slip model only involves the film height and
degree of polymerization, we believe this to be a commonmode of
spreading for nanoscale polymer particles at low contact angles.

2. EXPERIMENTAL SECTION

2.1. Latexes. Three types of latexes with varying degrees of functio-
nalization were studied. We denote by F0 as a nonfunctionalized latex,
whereas F1 is a medium-functionalized latex and F2 denotes the highest
degree of functionalization. The nonfunctionalized latex is a statistical
copolymer consisting of vinyl acetate (85 wt %, i.e., 66 mol %) copolymer-
ized with ethylene (PVAE). In the functionalized particles, a fraction of the
monomers were randomly copolymerized with vinylsilane and an epoxide
containing acrylic (from 0.1% to 2%; see precise values in Table 1) in order
to emulate a typical coating application. The particles are shown schema-
tically in Figure 1. Details regarding the functional monomers are given in
ref 11. Silane and epoxide functionality provides several possible reaction
pathways that will result in cross-linking of the polymer and/or reaction
with a substrate; e.g., silane groups can undergo hydrolysis followed by a
subsequent condensation reaction to form polymer cross-links or a
substrate coupling with a silica surface. The epoxide group is a versatile
functionality that provides a variety of paths, and common cross-linking
and coupling reactions involve active hydrogen atoms.12

The average sizes of the latex particles, the amounts of the functional
groups, and the glass temperatures Tg are given in Table 1. Particle size
distributions were measured using light scattering (Malvern Mastersizer
2000) and are shown in the Supporting Information.

The latex particles used in the present study were noncommercial
samples prepared in a pressurized emulsion polymerization process by
Celanese Emulsions Norden AB, Perstorp, Sweden. All of the polymer-
izations were performed in a 5 L calorimetric pressure reactor
(Chemisens AB, Lund, Sweden) at 65 �C at 33 bar pressure using the
same procedure and basic recipe. The reactor was first filled with a
mixture of water, equal amounts of anionic and nonionic surfactants, and
a reducing agent as part of a redox initiator system. A total of 5% of the
total amount of liquid monomers (i.e., vinyl acetate, vinylsilane, and
epoxide monomer) was charged to the reactor, and the ethylene
pressure was held at 15 bar before the reaction was started by the redox
initiating system with the addition of an oxidizing agent. After the
precharge had reacted, forming particle nuclei, the remaining monomers
were fed to the reactor for 300 min and the pressure was increased to 33
bar. After the polymerization reactions were finished, the dispersions
were filtered and the residual monomer was further reduced by chemical
post-treatment.

The polymerization rate was measured and monitored using the
reaction calorimeter online to allow precise control of the polymer
composition and final particle size. The semicontinuous addition of
monomers, using a slow feed to obtain monomer-starved conditions,
prevented compositional drift during copolymerization. In monomer-
starved copolymerization reactions, there is less possibility of building up
an excess of one of the monomers because the monomers are consumed
as they are charged to the reactor.13 This results in a homogeneous
overall copolymer composition with an even distribution of functional
monomer throughout the particles.

Surfactants, oligomers, initiator residuals, etc., stemming from the
emulsion polymerization of the particles were removed by dialysis using
deionized water. Here, the dialysis tubes (Spectrapor, MwCo 100k)
filled with suspensions of particles were kept in deionized water for at
least 10 days, with the water being continuously renewed. In order to

Table 1. Properties of Latexes Used in the Studya

particle

silane

(pphmb)

epoxide

(pphm)

VAD, light

scattering

(nm)

VAD,

AFM (nm)

Tg

(�C)

F0 0 0 1.4� 102 143 (N = 320) 8

F1 0.2 1 1.3� 102 138 (N = 106) 6

F2 0.4 2 1.3� 102 135 (N = 283) 7
aThe volume-averaged diameter (VAD) was determined by light
scattering and calculated using data from the AFM scans using eq 2.
b pphm = parts per hundred monomers.

Figure 1. Schematic illustration of functionalized polymer particles.
Left: The base polymer is PVAE. A small fraction of monomers contain-
ing functional silane and epoxide groups are schematically shown as red
and green dots (nonfunctionalized monomers are not shown). An inter-
monomer cross-link is shown in yellow. Right: Functionalized particle
on a substrate. Putative interactions are shown in yellow: both internal
cross-links and specific interactions with the substrate may form.
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facilitate observation of isolated particles, the dialyzed latex dispersions
were diluted by a factor of 104.
2.2. Creep Measurement. The rheology of macroscopic films of

the polymer latexes was investigated in parallel-plate geometry (AR2000-
rheometer, TA Instruments). The films were formed using the undialyzed
latex dispersions, whichwere poured into Petri dishes to form 1-2-mm-thick
layers. After evaporation of the water, the films were annealed for
4 days at 80 �C. The final films were cut into 25-mm-wide disks, which
were inserted into the rheometer. The film thickness was approximately
200 μm. Prior to each creep experiment, a strain sweep was performed in
order to confirm linear viscoelasticity. The initial strain was selected to
be in the regime of linear viscoelasticity. The temperature during the
experiment was 80 �C.
2.3. Surfaces. The untreated surfaces were silicon wafers with a

thermally grown SiO2 layer of 300 Å thickness. These were cleaned by
boiling in a solution of 160 mL of Milli-Q water, 30 mL of H2O2, and
30 mL of NH3 for 5 min. After they were washed with Milli-Q water, the
wafers were boiled in a solution of 160 mL of Milli-Q water, 30 mL of
H2O2, and 30 mL of HCl for 10 min. Finally, the plates were washed by
copious amounts of Milli-Q water.

Dimethyloctylchlorosilane (Me2-OdCS)-modified surfaces were pre-
pared by gas-phase silanization; for an extensive discussion of silanization of
silicon wafers, see ref 14. The wafers were first cleaned as described above,
then dried under vacuum (0.001 mbar), and treated in a plasma cleaner
(Harrick Scientific Corp., model PDC-3XG) for 5 min. They were then
immediately placed in a 2 L desiccator with about 2mL of dimethyloctyldi-
chlorosilane (Lancaster Synthesis Ltd.), and the desiccator was evacuated
for 20min bymeans of a vacuumsuction pump(15-20mbar), after which
the valve to the vacuum was closed. The silicon wafers were then exposed
to Me2-OdCS vapor for another 30 min under a vacuum. Then the Me2-
OdCS-modified surfaces were sonicated for 20 min in three cycles: first in
tetrahydrofuran, then in ethanol, and finally in ethanol. The Me2-OdCS
treatment gave mildly hydrophobic surfaces with a water contact angle of
55( 2�, using 5μL ofMilli-Qwater droplets (results from5 drops each on
two different surfaces). The Me2-OdCS-modified surfaces used were
prepared as a single batch. All surfaces were kept submerged in ethanol
until use, and all were used within a time span of 4 months from the
preparation, although these types of surfaces were found to be stable for at
least 1 year. In the AFM measurements, the Me2-OdCS film was uniform
and 3-4 nm thick (see Figure 2 in the Supporting Information).

Spreading of the latex particles on surfaces with a higher degree of
hydrophobicity was also examined. However, on such surfaces, isolated
particles could not be uniquely identified.
2.4. Sample Preparation. A total of 1 drop of dialyzed polymer

dispersion diluted in water was placed on the silicon wafer. After the
initial evaporation of water at ambient conditions, the dried particle
dispersion formed a ringlike pattern, similar to a coffee stain, due to
convection currents during drying.15 The sample was incubated at T =
80 �C, except where indicated. The incubation time was varied from 1 to
24 h. After incubation, the sample was cooled in a Petri dish under
ambient conditions. The cooling time was on the order of minutes.
Regions with a suitable density of isolated particles could be found near
the inside of the ring of the dried dispersion. These particles were
characterized by AFM. In some measurements, the sample was reheated
to investigate the continued spreading of the same sample at different
incubation times.
2.5. AFM Measurement. The samples were investigated under

ambient conditions using tapping-mode AFM (Nanoscope 3, Digital
Instruments, Santa Barbara, CA). Images of 10 μm � 10 μm were
recorded with a line scan rate of 1-2 Hz. The amplitude setpoint for the
feedback loop was 50% of the free oscillation amplitude. Cantilevers
were of type RTESP (Veeco probes). Tip corrections were not applied
because the radius of curvature of the spread latex particles was much
larger than that of the AFM tips.

We verified that the AFM measurements did not affect the shape of
the particles by repeated measurements (see Figure 3 in the Supporting
Information) and by determination of the average particle size from the
AFM data (see below). The setup was calibrated using grids (TGZ02,
Micromarsh; see the Supporting Information).
2.6. Data Analysis. The shape of the particles was extracted from

the raw data of the AFM scans in a procedure that included several steps.
The first step selected particles for further analyses as isolated regions with
an elevation of more than 5 nm above the background (this threshold was
lowered to 3 nm for themost spreading particles, F0 particles incubated for
24 h). The threshold was chosen to detect isolated particles, and it was
verified that all particles were detected. The selection process was made by
a software algorithm inMatlab to ensure an unbiased choice of particles for
analysis. In order to reduce the number of false positives, the selection was
carried out on a smoothed copy of the original image. Physical data from
the particles were extracted directly from recorded data without any
smoothing.

The particle detection algorithm could not automatically distinguish
isolated particles from agglomerates or imaging artifacts. Therefore, the
integrity of all particles selected for further analyses was verified manually.
For this study, a total number of 1108 particle candidates was examined
from 30 different AFM scans. Of these, 132 particles were discarded, being
either artifacts (typically 1-2 pixels wide spots) or particles only partially
in view in the image. Of the remaining 976 potential particles, 271 were
identified as agglomerates of several particles or being too close to
neighboring particles.

Once an isolated particle was identified, the AFM scan line that
included the center of mass of the particle was extracted from the raw
unprocessed AFM scan. The cross section was always taken in the x
direction (the scan direction) of the scanned image. The background
was subtracted from the scan line using a linear fit to the data points not
belonging to the peak. It was visually verified that the background was
correctly detected.We determined the standard deviation of the baseline
as an estimate of the noise level in the AFM measurement.

We parametrized the spreading particles by the contact radius and
maximum height. These quantities can be extracted in several ways. Here
we used two methods. The first is a simple measurement of the maximum
height of the particle as the peak value of the cross section of the particle.
We defined thewidth as the length of the cross sectionwhere all data points
wheremore than1 standard deviation above the background. In the second
method, we approximated the shape of the particle by a spherical cap and
extracted the height and width using a curve fit. The spherical cap function
used for the fit is defined as

ηðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 - ðx- x0Þ2

q
þ h-R for x- x0 e a

0 for x- x0 > a

8<
: ð1Þ

where x is the coordinate along the cross section, a = (2hR- h2)1/2 is the
contact radius of the droplet, R is the radius of curvature, and x0 is the
center coordinate. From these parameters, the contact angle θ is calculated
as sin(θ) = 2ha/(a2 þ h2).

The simple procedure is more conservative than the spherical
cap fit in the sense that there are no assumptions regarding the
particle shape. However, more precise values, which gave less scatter
of the data, were obtained by fitting the spherical cap function to the
data.

An example of the results from our AFM measurement method is
shown in Figure 2. Here, panel A shows raw data obtained from a typical
10 μm� 10 μmAFM scan. The polymer particles appear as circular bright
regions. Typically, the images contained an ensemble of particles of
different sizes. Figure 2B shows the cross section of one of the particles
in panel A (indicated by a line in Figure 2A). Using conservative estimates,
the contact radius of the particle was found to be 283 nm and themaximum
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height was 19 nm. Using the spherical cap fit, we obtained a = 270( 2.5
nm and h = 19.0 ( 0.2 nm.

In the majority of the cases, we found good agreement between the two
ways of measuring the particle size. An example of particles for which some
difference could be observed is shown in Figure 2C,D. Here, the cross
section revealed deviations from the spherical cap shape and indications of
1-2-nm-thick precursor films16 (Figure 2D). Also, the spherical cap fit
tended to underestimate the maximum height and width. Such deviations
weremore frequently encountered after long incubation times on untreated
surfaces compared to Me2-OdCS-modified surfaces.

In order to rule out the possibility of systematic errors induced by a parti-
cular model, we therefore made a survey of the relative differences between
the measured peak height and the fitted value h for all particles observed on
the untreated surfaces. The results are shown inFigure 3, where also the parti-
cle of Figure 2D is indicated by a circle. The study indicated that the spherical
cap fit tended to be less accurate for the particles that spread themost (having
lowheights and relatively large contact radii).Here the spherical capfit under-
estimated the peak height by up to 15%, whereas deviations were low for the
majority of the particles that spread less. However, the morphological differ-
ence between the highly spreading particles and the others was larger than
what could be accounted for by inaccuratemodeling.We therefore exclusively
used the fitted parameters to describe the droplet morphology in the study.

We then checked whether indentation artifacts influenced ourmeasure-
ments. Indentation of the AFM tip will cause the height of the particles to
be systematically underestimated. In order to test for this we compared the
calculated volume of the spherical cap data with the original size of the
particles as measured by light scattering. Thereby, we compared the size of
the spreading particles on the substrate with a noncontact measurement of
the particles in solution. The volume was calculated as

Ω ¼ 1
6
πhð3a2 þ h2Þ ð2Þ

In order to facilitate comparison with the light scattering data, we
calculated the volume-averaged diameter (VAD) for each batch of particles

(data given in Table 1). The agreement between diameters was very good,
showing that indentation errors inducedby theAFMmeasurementwere low.

Data analysis was carried out in Matlab, version 7.6, including the
Curvefitting and Statistics Toolboxes.

3. RESULTS

The various functionalized polymers used in this study (Table 1)
are similar to latexes used in coatings. The aim with the function-
alization is to enhance the durability of the coating, but it is often
observed that too much or too little polymer modification deterio-
rates the end product. In this study, we investigated the effect of
these changes in a model system. Functionalization of the polymer
will affect both the adhesive and cohesive properties of a film. For
example, the introduced silane groups are expected to readily react
with the siloxane groups on the silicon oxide surface.14

The most direct measurement of the cohesive strength of the
polymer film is creepmeasurements. Here the filmwas subjected to
a constant stress, and we measured the strain as a function of time.
Our results from this experiment are shown in Figure 4. Circles
represent a film formed by the nonfunctionalized latex, F0. For this
film, we observed a constantly increasing strain, indicating that the
film had liquidlike behavior. The slight upward curvature indicates
shear thinning. From these data, the viscosity at 80 �C was
determined from the strain rate to be η ∼ 2.9 � 104 Pa s,
corresponding to η ∼ 107 Pa s at 25 �C.17 Data points of the
intermediately functionalized latex, F1, are indicated by squares.
Here, the strain rate was lower and appeared to decrease at long
times, which is a signature of a cross-linked polymer. Finally,
asterisks represent the highly functionalized latex, F2. Here, the
strain became constant on a time scale of minutes, indicating that
the high density of cross-links in the polymer gave the film
rubberlike properties on this time scale.
3.1. Functionalization of Latex Prevents Spreading on a

Silicon Substrate. We then asked what is the effect of functio-
nalization for interactionwith amodel inorganic substrate. Changes
in the polymer chemistry of the drops will be reflected in different
spreading behavior. To this end, we incubated particles of different
functionality for 24 h at 80 �C on untreated silicon surfaces and
measured the height and width of the particles using AFM.

Figure 2. Example of AFM measurement and extraction of the physical
parameters of the spreading drops. Panel A: 10 μm� 10μmAFM image for
F1 incubated24honMe2-OdCS-modified silicon. PanelB:Cross sectionof a
particle from panel A. The bar indicates the 566 nm diameter of the particle.
The maximum height of the particle was 19 nm. Using the spherical cap fit
(solid line), we obtained a = 270( 2.5 nm and h = 19.0( 0.2 nm. The line
segment used in panel B is indicated in panel A as a black line. Note that the x
and y axes in panel Bdonot have the same scale. PanelC: Same as panelAbut
with F0 particles incubated 24 h on untreated silicon. Panel D: Cross section
of a particle from panel C. The scale bar indicates the diameter of the particle
(1200 nm). The height of the particle was 9 nm. The solid line indicates a fit
of a spherical cap function to the cross section. See the note on calibration in
the Supporting Information.

Figure 3. Relative difference between the height from a spherical cap fit
and the measured maximum value for particles of all functionalities on
untreated silicon. Each dot represents the contact radius and height of a
particle. Color indicates the relative difference between h from the
spherical cap fit and the maximum height of the cross section. The
particle shown in Figure 2D is highlighted by a black circle.
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The results are shown in Figure 5. Here, blue diamonds indicate
F2 particles (highly functionalized), green squares indicate F1
particles (medium functionalized), and red circles indicate F0
particles (not functionalized) (see Table 1). We found that the
extent of spreading was highly dependent on the degree of
functionalization, such that nonfunctionalized particles, F0, spread
more extensively. The maximum height was in the range from 3 to
4 to 25 nm, while the contact radius ranged from 300 to 800 nm.
The aspect ratio of the height to contact radius ranged from 1% to
3%, with the smallest particles having the lowest aspect ratio.
The most highly functionalized particles, F2, spread the least

(blue diamonds in Figure 5). The height, h, was in the range of
5-30 nm, while the contact radius varied from 150 to 300 nm.
Here the ratio h/a was in the range from 4 to 9%, and again the

smallest particles had a lower aspect ratio than the larger ones.
The intermediately functionalized particles, F1, were generally
spreading more than F2 but less than F0 particles. However, a
subset of F1 particles (7 out of 28) spread similarly to the F0
particles. These particles were omitted from the linear fit.
For all particles, linear fits of h versus a intersected the positive

x axis. This is consistent with the observed increase of the aspect
ratio h/a as a function of the particle size and indicates that no
single contact angle described the different particles. Rather, the
contact angle depended on the size of the particle.
Thus, increased functionlization leads to less spreading. This

appears to contradict the notion that spreading is aided by attractive
interaction between the droplet and a surface mediated by specific
chemical binding, such as silanization.However, as demonstrated in
Figure 4, functionalization also increases the cohesive interactions
in a polymer particle, which may counteract spreading. To further
investigate the interplay of surface interactions and cohesive forces,
we changed the surface energy by performing the corresponding
studies with Me2-OdCS-treated surfaces, where the interactions of
the functional groups on the polymer with the surface aremodified.
3.2. Surface Properties of the Substrate Affect Spread-

ing. We therefore modified the wetting properties of the sub-
strate. This is expected to change the polymer-surface interac-
tions without affecting the bulk properties of the polymer, giving
insight into the balance of forces governing spreading. We
therefore incubated the three different types of functionalized
particles for 24 h at T = 80 �C on aMe2-OdCS-modified surface.
The results are shown in Figure 6. Here, green squares show the

height andwidth of particles on theMe2-OdCS-modified substrate.
Blue circles represent particles measured on an untreated substrate
and are reproduced from Figure 5 for comparison. Particles with
different functionalizations are plotted in separate panels: Figure 6A
shows nonfunctionalized particles, F0, Figure 6B shows intermedi-
ately functionalized particles, F1, and Figure 6C shows the highly
functionalized particles, F2. Dashed lines are linear fits of the height
and width of groups of particles; fitting parameters including 95%
confidence intervals are shown in the figure caption.
Nonfunctionalized particles spread less on the Me2-OdCS-

treated surface, and the scaling between the height and width
seemed qualitatively different from that on the untreated surface:
The linear fit of h versus a intersected close to the origin of the axes,
with the confidence interval containing the origin. This indicates
that h was directly proportional to a and the aspect ratio, h/a, was
largely independent of the particle size. On average, we found
Æh/aæ = (3.9 ( 0.12)% ((95% confidence interval, N = 78).
For the F1 particles, the qualitative difference between treated

and untreated surfaces was less because spreading on both
substrates gave h/a depending on the particle size (Figure 6B).
On the Me2-OdCS surface, we observed that the aspect ratio of
the particles was in the range of 4.5-7%, depending on the
particle size. However, overall the F1 particles spread less on the
Me2-OdCS-modified surface.
The spreading of the highly functionalized particles, F2, was also

different depending on the surface properties, although the differ-
encewasmuch smaller than those for F0 andF1 (Figure 6C). Linear
fits of h versus a showed a lower slope for F2 particles on the Me2-
OdCS-treated surface (slope = 0.088 ( 0.004) than on the
untreated surface (slope = 0.110 ( 0.004). The intersect with
the y axis was at-4.4 nm(1.8 nmon the treated surface compared
to -9.3 nm (2.6 nm on the untreated surface. These differences
were statistically significant (one-way ANOCOVA: slopes, p =
0.0078; intersects, p = 0.0038).

Figure 5. Spreading of particles on untreated silicon substrate upon 24 h
of incubation. Blue diamonds indicate F2 particles, green squares indicate
F1 particles, and red circles indicate F0 particles. Error bars on the data
points indicate 95% confidence intervals from the spherical cap fit used to
obtain parameters. Dashed lines are linear fits of h versus a of the form h =
p1aþ p2 with coefficients p1 = 0.036( 0.008, p2 =-7.52( 3.41 nm (F0),
p1 = 0.069( 0.015, p2 =-5.84( 4.17 nm (F1), p1 = 0.11( 0.013, p2 =
-9.30 ( 2.61 nm (F2). The subset of F1 particles that show extensive
spreading was omitted during the fit. The fitted parameters indicated
(95% confidence intervals.

Figure 4. Creep experiment on the macroscopic latex film at T = 80 �C.
The figure shows the strain at constant stress as a function of time.
Circles indicate F0, squares F1, and asterisks F2 particles.
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The observations shown in Figures 5 and 6 are interesting for
several reasons. Most linear fits intersected the y axis below the
origin (p2 was statistically significantly less than 0). This means
that under most conditions the particle height h was not directly
proportional to a and therefore the contact angle was dependent
on the particle size. The exception was F0 particles on the Me2-
OdCS-treated surface (Figure 5A, green squares), where the
intersection with the y axis of the linear fit was close to the origin
(-1.2 ( 1.5 nm). For these particles, the ratio h/a was nearly
constant as a function of the particle size and the variation in the

contact angle with the particle size smaller than that for F0
particles on the untreated surface. For these particles, the average
contact angle was Æθæ = 4.49( 0.14� (N = 78). We interpret this
observation as the nonfunctionalized polymer partially wetting
the Me2-OdCS surface, with Æθæ being close to θ0, the thermo-
dynamic equilibrium contact angle for the polymer on this
surface. The nonfunctionalized particles spread even more on
the untreated surface. However, here h was not proportional to a
and the contact angle varied with the particle size. We interpret
this as an indication of a still ongoing spreading process at the
time of measurement. Given the low h/a ratio, we find it likely
that the nonfunctionalized polymer is wetting the untreated
silicon substrate. Thus, on the Me2-OdCS substrate, the driving
force for spreading must be lower than that on the untreated
silicon substrate. We also expect the spreading force for the
functionalized particles to be lower on the Me2-OdCS-treated
surface because the base polymer is the same and its ability to
form specific interactions is lower.
What then determines the height and width of the F2 particles?

One hypothesis could be that a balance of interior elasticity and
spreading force determines the shape of the functionalized
particles.9 However, if this were the case, F2 particles would
spread less on the Me2-OdCS surface because of the lower
driving force. This is not what we observe in Figure 6C. There-
fore, we find it more plausible that the F2 particles reside in a
quasistable nonequilibrium state where interactions between the
polymer and substrate prevent further spreading.
3.3. Kinetics of Spreading Is a Two-Stage Process. Thus,

interactions between the polymer and surface seem to halt the
spreading. We then asked if this effect was a specific effect to the
functional groups of the F2 polymer or a generic feature of the
spreading of nanoscale polymer droplets. In order to answer this
question, we examined the time development of the particle
morphology. We prepared samples of particles on untreated
silicon substrates and examined the height and width of the
particles at different time points during the spreading process.
The samples were incubated at 80 �C. At specific times, the
incubation was interrupted, the substrates were briefly trans-
ferred to the atomic force microscope, and the particle morphol-
ogy was examined at room temperature. It was not possible to
relocate exactly the same particles for measurements at different
times so different representative ensembles were analyzed. The
results for 24 h were from a different sample incubated without
interruption; these data points are also shown in Figure 5.
The time development of the particle morphology is presented

in Figure 7. Figure 7A shows functionalized particles of type F2.We
found no substantial time evolution for these types of particles after
1 h of incubation. The result of a similar experiment conductedwith
F0 particles is shown in Figure 7B. Remarkably, the distribution of h
and a of the F0 particles after 1 h of incubation was very similar to
that of the F2 particles (compare blue squares in Figure 7A,B or see
Figure 9). However, in contrast to the F2 particles, the shape of the
F0 particles continued to undergo a slow transition from a relatively
high aspect ratio to increasingly flat particles. Furthermore, the
relationship between h and a was nonlinear at intermediate
incubation times (4 and 7 h). After 4 h, the conformational change
was larger in small particles compared to large ones. After both 4
and 7 h, some particles seemed to have morphology similar to that
after 1 h. After 24 h of incubation, all observed particles had spread.
At room temperature, substantial deformation of the particles also

took place shortly after the sample was dry and ongoing deforma-
tions took place on a time scale of months (data not shown).

Figure 6. Analyses of the shape of functionalized polymer particles
incubated 24 h at T = 80 �C. Results for spreading on the Me2-OdCS-
modified surface are shown in green. Results for the untreated surface are
shown in blue and are reproduced from Figure 5. Panel A shows F0, panel
B, F1, and panel C, F2. Error bars on the particles are similar to those in
Figure 5 and omitted for clarity. Dashed lines are linear fits of h versus a of
the form h = p1aþ p2 with coefficients p1 = 0.044( 0.005, p2 =-1.15(
1.26 nm (F0), p1 = 0.077( 0.010, p2 =-2.81( 2.21 nm (F1), and p1 =
0.088( 0.009, p2 =-4.41( 1.81 nm (F2). As in Figure 5, coefficients are
given at (95% confidence intervals and the subset of highly spreading
particles is not included in the linear fit in panel B.
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Thus, the spreading process seemed to include two stages: A
fast stage occurs in which droplets deform on a fast time scale.
This process is independent of functionalization. Then particles
evolve on a subsequent slow nonlinear spreading process. This
latter process is hindered by a high degree of functionalization.

4. DISCUSSION

We consider the spreading of functionalized polymer nano-
particles on silicon surfaces as a model system for interaction of
latex particles to inorganic material in, for example, coatings. We
investigated this system and compared it with a Me2-OdCS-
modified substrate in order to identify key features of the
adhesion process.

We interpret the spreading of the particles as a two-stage process.
The first process brings the particles in less than 1 h (while
incubated at T = 80 �C) into a state characterized by a size-
dependent aspect ratio h/a (from ∼5 to 10% for particles with a
from 100 to 400 nm). The configuration after the fast process does
not depend on functionalization (because the shapes of the F0 and
F2 particles were similar after 1 h; Figure 7), but it seems to depend
on the wetting properties of the substrate (because the shape of the
F2 particles depended on surface treatment; Figure 6C). At their
first contact with the surface, the particles are spherical. Therefore,
this first stage of the spreading covers the largest part of the
deformation of the particles.

The second stage in the spreading process is slow and depends
on the functionalization and wetting properties of the substrate.

The highly functionalized particles (F2) did not enter this phase
at all on the time scale of this experiment (Figure 7A). For the
nonfunctionalized particles (F0), the spreading in this phase was
substantially faster for small particles than for larger particles. It
seemed that the intermediately functionalized particles were able
to spread by this process, albeit at a slower pace.

What could be the origin of the fast process? In the spreading of
macroscopic drops, an initial fast stage is often encountered.18,19 This
is related to the inertia of the spreading liquid. However, in our case,
the Reynolds number is very low, so inertial forces are irrelevant.20

Instead, we look into the physical properties of the polymer and
substrate for the origin of the fast spreading. There is evidence
suggesting that the dynamics of thin polymer films are dominated by
slippage.20,21 Furthermore, the radius of gyration of the vinyl acetate-
co-ethylene copolymer used in this study is around 10 nm. This is
estimated using the relationRg

2 =C¥Nl
2/3 for an unperturbed chain,

with characteristic ratio C¥ = 8.79,22 monomer length l = 0.154 nm,
and degree of polymerization N = M/Mrep, where M = 105 is the
molecular weight of the whole chain andMrep = 66 is the molecular
weight of themonomers. For theF2 particles (the particles that spread
the least), we found thathwas similar to a few timesRg in the end con-
figurationof the particles. Thephysical properties of thepolymerfilms
change when the film height and Rg are of similar magnitude

23-27

because many of the polymers will have segments in contact with the
surface. For large drops, this may only happen close to the edge of the
droplet; for the nanoscale drops in the ensemble, this happens every-
where in the droplet.

We therefore consider our droplets as a special case of the two-
fluid model proposed by Bruinsma28 and propose that the initial
fast phase of the spreading for the polymer droplets occurs via
collective slip along the interface. Slippage is possible because of
high stress at the interface during the initial stages of the
spreading. As the spreading continues, the area of the interface
increases and the contact angle becomes lower. Both processes
lead to a reduction in the interface stress. We propose that the
transition from the fast regime to the slow regime coincides with
a transition from slippage to sticking (stick-slip transition)
occurring when the interface stress falls below a critical
value σ*.29,30

In the following, we shall derive scaling properties predicted
by this model and use it to estimate the critical wall stress at
which the stick-slip transition occurs. For simplicity, we
describe the drop as a spherical cap with contact radius a and
maximum height h. Let us consider a wedge of the circular
interface between the drop and substrate, as shown in Figure 8.
The wedge is defined by a small length dl along the perimeter

Figure 8. Small segment of the interface between the polymer and
surface of the spherical cap of contact radius a. The segment is defined by
the radius a and a small line segment of the perimeter of the drop. The
arrows indicate the direction of the spreading force given by eq 3.

Figure 7. Time development of particles on hydrophilic silica, showing
h as a function of a for particles after different incubation times at 80 �C.
Blue squares indicate 1 h, green circles 4 h, red asterisks 7 h, and cyan
diamonds 24 h. Panel A shows the results for F2 particles and panel B
those for F0 particles. Data for 24 h are reproduced from Figure 5.
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and the contact radius a. The area of the segment is dA≈ a/2dl.
For a given contact angle θ, the driving force on the segment is
given by an unbalanced Young force defined by the polymer
surface tension γ and the equilibrium contact angle θ0.

31 As
argued above, the thermal equilibrium contact angle for the
polymer droplets on the untreated surface is very low. Con-
sequently, we set cos(θ0) = 1. For small contact angles, the
driving force may be approximated as

dFðθÞ ¼ γ½1- cosðθÞ� dl � γ

2
θ2 dl ð3Þ

where γ denotes the surface energy of the polymer-air
interface.

We assume that the driving force is opposed by stationary
friction at the interface. We are interested in the force required to
halt advancement of the contact line a given stage of the
spreading process. At a given contact area dA halting spreading
requires an interface stress given as

σdA ¼ σa
2

dl ¼ dF θð Þ ð4Þ
In our stick-slip model themaximal possible value of is *. If is larger
than *the interface will yield. During the initial stages of the
spreading, the driving force (eq 3) is high and the area of the
interface is low. Therefore, σ > σ* and the interface yields.
Consequently, the droplet spreads relatively fast. However, during
this process, the driving force is continuously reduced and the
contact area increases, leading to lower σ, the stress required to halt
spreading. Ultimately σ ≈ σ* and consequently spreading by
slippage stops. The critical contact angle θss at which the stick-slip
transition occurs can be found by combining eqs 3 and 4. Inserting
the critical stress σ*, we get

γθss
2 ¼ σ�ass ð5Þ

where ass is the contact radius at the stick-slip transition. Similarly,
we define hss as the particle height at the stick-slip transition.
Notice that θss, ass, and hss depend on the size of the droplet,
whereas σ* is a constant depending on the polymer and substrate.
Because a ≈ h, we approximate

θ � sinðθÞ ¼ 2ah
a2 þ h2

.
2h
a

ð6Þ
which enables us to write a scaling relation between hss and ass,
giving

4γhss
2 ¼ σ�ass3 ð7Þ

Alternatively, this equation can be used to determine the value ofσ*
if h and a are both known. Equation 7 may be expressed as the
scaling relation hss � ass

3/2.
The prediction of eq 7 is shown as the solid black line in

Figure 9 and appears to be a reasonable description of the data. In
the plot, we used γ = 50 mJ/m2 9 and σ* = 6 kPa. Open symbols
represent F2 particles, while solid symbols are F0 particles both
after 1 h of incubation.

In another test, we treated the power law exponent as a fitting
parameter. The fitted exponent was between 1.55 and 1.78 (95%
confidence interval; Figure 9, green dashed line), close to the
predicted value.

In macroscopic experiments, stick-slip transitions may occur
at wall stresses from 1 kPa32 to 500 kPa,33 consistent with our
result. Our value, σ* = 6 kPa, falls on the low end of the regime.
However, our assumption that the stress is equally distributed

over the entire surface area is likely to be an overestimation. The
local stress may therefore be higher than 6 kPa, which here
represents the surface average. Another difficulty in the compar-
ison with macroscopic measurements is the difference in time
scales between typical stick-slip experiments and spreading.
The velocities encountered are different by many orders of
magnitude. Therefore, a slip velocity on the order of 100 nm/h,
which is the relevant scale in our AFM experiments, may not be
observable in macroscopic experiments.

On the Me2-OdCS-treated surface, we expect the critical stress
to be lower.34 This will lead to continued spreading at lower contact
angles. This, however, is compensated for by a higher contact angle,
in our case around 4-5�. In order to analyze the results from the
Me2-OdCS surface, we extended eq 7 to the case of partial wetting
with equilibrium contact angle θ0:

hss
2 ¼ σ�ass3

4γ
þ θ0

2ass
2 ð8Þ

The inset of Figure 9 shows two different scaling relations
between h and a. The dashed line is the result for complete
wetting (eq 7) using σ* = 6 kPa. The solid line shows the result of
eq 8 using lower critical stress σ* = 1 kPa and equilibrium contact
angle θ0 = 4�. Comparing with Figure 6C, we conclude that our
slip model of the spreading is also consistent with the data in the
partial wetting regime on the Me2-OdCS-treated surfaces.

What happens in the slow phase of spreading? The spreading in
this phasewas highlymodulated by functionalization:No spreading
of the highly functionalized F2 particles was detected, the F1
particles spread somewhat, and finally F0 particles continued to
evolve over a time span of at least 24 h. The evolution passed
through regimes with nonlinear relationships between a and h.

Because the height of the particles was less thanRg, the spreading
mechanism in the slow regimemust still involve movements of the
polymer segments over the polymer-substrate interface. Two

Figure 9. Open symbols indicate F2 particles after 1 h of incubation (same
data as those in Figure 7A). Filled symbols are F0 after 1 h of incubation
(same data as those in Figure 7B). The black line indicates a power law
relationship h� a3/2, as given by eq 7 usingγl = 50mJ/m

2 9 andσ* = 6 kPa.
The dashed green line is a power law fit, giving an exponent between 1.55
and 1.78 (95% confidence interval). The intersecting dotted lines indicate
constant volume contours, corresponding to volumes of 1/3, 1, and 3 times
a typical particle with diameter 130 nm. The inset shows scaling relations
obtainedondifferent surfaces; see the text. The dashed line is eq 7; the solid
line shows eq 8 with θ0 = 4� and σ* = 1 kPa.
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mechanisms could be at play. The movement of the contact line
may be dominated by small movements of individual chain
segments. In this picture, the inability of F2 particles to spread
can be due to a combination of specific chemical interactions
between the functional groups and substrate and internal cross-
linking. For nonfunctionalized particles, this mode of spreadingwill
lead to a slow creeping contact line.

An alternative mechanism could be a continuation of the
stick-slip mechanism after relaxation of internal stresses. As
mentioned above, the local stress at the interface may be higher
than σ*. However, immediately after termination of the fast
phase, such regions may be prevented from spreading further by
internal stresses in the polymer droplet. As these relax on a slow
time scale, slippage may occur in parts of the polymer drop. The
time scale between stick and slip is determined by the relaxation
time of the polymer. According to Figure 4, this time scale is
longer for F1 particles compared to F0 particles. In addition,
there will be no relaxation in F2 particles. In the stick-slip
picture, the inability of the F2 particles to spread is due to the
rubberlike rheological properties. With the local stick-slip
mechanism, specific substrate interactions could, in principle,
also contribute and hinder spreading. However, on the Me2-
OdCS surface, functionalized particles (both F1 and F2) spread
less than the nonfunctionalized particles even though surface
interactions are bypassed. Therefore, it is tempting to conclude
that specific interactions with the substrate play a minor role in
the phase of slow spreading. However, specific substrate inter-
actions may still contribute to the spreading kinetics by
increasing the internal relaxation time. For nonfunctionalized
particles, the stick-slip picture will cause the contact line to
move through sudden fast phases until the stress at the interface
again is less than σ*.

The time resolution in the present measurements does not
allow us to measure the spreading velocity directly. However, the
morphology of highly spreading particles deviated significantly
from a spherical cap (Figures 2D and 3). Thus, in these cases, the
movement of the contact line was faster than the time scale of
equilibrating the polymer-air interface. These deviations from
the spherical cap indicate that regions of the polymer droplet
were spreading at a higher pace than the rest. Therefore, we find
it likely that spreading during the slow phase is a stick-slip
process, where parts of the droplet move in competition with the
internal stress.

5. CONCLUSION

We investigated the spreading of functionalized polymer
particles and found that the kinetics of the spreading was in
two phases. The first phase was short (e1 h at T = 80 �C),
covered the largest part of the spreading. The shape of the
particles after this phase was not dependent on functionalization.
During the second phase, spreading was slower and evolved on a
longer time scale (g24 h at T = 80 �C). The ability to spread in
this phase was strongly dependent on functionalization.

We propose that the spreading proceeds as a slip process. In
the fast phase, a large fraction of the polymer droplet moves as an
entity across the interface. After the fast phase, we observed
particle morphology consistent with a transition from slip to stick
occurring at a critical shear stress of σ* = 6 kPa. This stick-slip
transition implies a scaling relationship between the height and
width, where h ∼ a3/2. In the slow phase, the driving force for
spreading is insufficient to make all polymer segments slip.

Instead, we propose a mechanism where small regions of the
drop can slip after relaxation of internal stresses. Therefore,
spreading in this phase becomes dependent on the rheological
properties.
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