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ABSTRACT: We describe the systematic and quantitative investigation
of a large number of patterns that emerge after the evaporation of
aqueous drops containing fumed silica nanoparticles (NPs) of varying
wettabilities for an extended particle concentration range. We show that
for a chosen system, the dry pattern morphology is mainly determined by
particle−particle interactions (Coulomb repulsion and hydrophobic
attraction) in the bulk. These depend on both particle hydrophobicity
and particle concentration within the drop. For high and intermediate
particle concentrations, interparticle hydrophobic attraction is the
dominant factor defining the deposit morphology. With increasing
particle hydrophobicity, patterns ranging from rings to domes are
observed, arising from the time needed for the drop to gel compared with
the total evaporation time. On the contrary, drops of dilute suspensions maintain a finite viscosity during most of the drop
lifetime, resulting in dry patterns that are predominantly rings for all particle hydrophobicities. In all investigated systems, the NP
concentration corresponded to a large excess of NPs in the bulk compared with the maximal amount that could be adsorbed at
available interfaces, making particle−interface interactions such as adsorption of hydrophobic NPs at the air−water interface a
negligible contribution over bulk particle−particle interactions. This work emphasizes the advantage of particle surface chemistry
in tuning both particle−particle interactions and particle deposition onto solid substrates in a robust manner, without the need
for any additive such as a surfactant.

I. INTRODUCTION

Control of the deposit pattern formed after the evaporation of a
particle-laden sessile drop is important for numerous industrial
applications, especially for inkjet printing, for coating
substrates,1 and for fabricating functional materials and
devices.2 Moreover, the pattern morphology plays a central
role in various biotechnological applications such as DNA
microarrays3 and has been recently recognized as a tool for
particle patterning,4 for forensic investigations,5 and for cost-
effective and robust diagnostic tools.6,7 Consequently, scientific
efforts have focused in controlling the morphology of the
patterns left behind following the evaporation of colloidal
suspension drops.8,9 Perhaps, the most common obstacle that
has to be circumvented is the “coffee ring effect” (CRE). The
enhanced evaporation rate at the contact line of a pinned drop
that dries on a solid substrate drives the solvent motion from
the bulk to the drop edge. This capillary flow is capable of
carrying dispersed particles or any other dissolved substance to
the drop periphery, resulting in the familiar ring-shaped stains
after complete evaporation.10

Whereas the CRE itself can be constructively used for
functional colloidal patterning,11 the most common require-
ment for uniform deposits led researchers to the in-depth
exploration of the complex phenomena behind the CRE,12 the
understanding of which is a prerequisite for the successful
manipulation of the stain morphology. Along these lines,
following the seminal work of Deegan and co-workers,10 a large
number of experimental and theoretical studies have been
conducted to improve our understanding on particle deposition
and pattern formation from drying suspension drops.12−14 A
plethora of parameters, including the drying conditions (such as
the substrate temperature,15 the relative humidity,16 and the
chemical composition of the phase surrounding the droplet17),
the properties of the solid substrate (including its wettability18

or surface charge19), and the properties of the dispersed
particles,20 have been shown to drastically affect the
morphology of the deposited patterns. The practically
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unlimited combinations of the above-mentioned sets of
parameters make drawing of general conclusions difficult.
Regarding particle properties, the influence of size,21,22

shape,23,24 and surface charge24,25 has been explored in detail.
On the contrary, the effect of particle hydrophobicity on the
stain morphology resulting from evaporating drops has been
largely neglected. Shao et al.26 studied the deposition behavior
of sessile drops containing micron-sized colloids that were left
to dry on bare and silanized glass slides. Two particles of
different hydrophobicities were used (more hydrophobic
copolymer particles and more hydrophilic silica particles),
whereas all other parameters (particle size, volume fraction, and
drop volume) were kept comparable. After drying, concentric
rings were formed for the dispersions containing copolymer
particles, whereas drops with silica particles formed spokes that
were perpendicular to the contact line. Two models were
proposed to explain the observed patterns: the first one linked
the flow patterns and the drag force acting on the particles and
the second one involved the capillary interactions between the
particles. Both models confirmed that the observed behavior
could be attributed to the particle contact angle at the air−
water interface.
Noncovalent modification of particle surface chemistry was

shown to have a strong impact on the deposit morphology
from evaporating colloidal suspension drops.27,28 In particular,
the CRE could be totally suppressed using oppositely charged
mixtures of surfactants and polystyrene latex particles. In a
specific narrow window of surfactant concentrations, well below
the critical micelle concentration, electrostatic surfactant
adsorption on the particle surface resulted in particle
neutralization. At the same time, particle wettability by water
was decreased because the hydrophobic tails of the surfactant
molecules interacted with water. The combination of these
effects led to an enhanced particle affinity for the liquid−gas
(LG) interface. Particle adsorption and subsequent aggregation
at the free interface resulted in the formation of a jammed
interfacial skin, preventing the participating particles from being
transported to the drop edge by the radial outward flow. The
deposition of the skin on the substrate at the end of the
evaporation process led to a uniform pattern displaying a

disklike morphology.28 With photosensitive surfactants,29 this
process could be controlled using light.27

The influence of particle adsorption at the free interface on
the CRE was partially discussed in a recent paper by Dugyala
and Basavaraj.24 Adsorption of hematite ellipsoids at the LG
interface was favored at intermediate pH = 6.5, where the
ellipsoids were weakly charged. Drying drops from such
suspensions yielded rings when a hydrophobic glass substrate
was used, whereas homogeneous patterns were obtained on
hydrophilic glass. Although the authors concluded that the
particle−substrate interactions were dominant,24 the expected
decrease in particle hydrophilicity and thus the possible
increased particle affinity for the LG interface cannot be
completely excluded as a contributing factor affecting the dry
pattern morphology.
The ability of colloidal particles to adsorb at fluid−fluid

interfaces and therefore to stabilize dispersed systems has been
a subject of intense research activity, especially during the past
2 decades. Very stable emulsions and foams could be produced
using colloidal particles alone as the stabilizer for the liquid−
liquid and LG interfaces, respectively, without the need to use
surfactants.30,31 A key parameter that influences particle
adsorption at the interface is the contact angle θ that the
particles make with the fluid−fluid interface (conventionally
measured through the water phase). If θ lies within the correct
range, the adsorption energy per particle can reach several
thousands of kBT (kB is the Boltzmann constant and T is the
temperature), making the particles irreversibly attached to the
interface.30 In particular, chemically modified silica nano-
particles (NPs) of intermediate hydrophobicity were shown
to form highly stable air bubbles dispersed in water32 and very
stable foams in which aggregates were attached at the air−water
interface.33 It is important to note that aqueous foams share
some analogies with sessile water drops because of the presence
of a curved LG interface.
Bearing the above in mind and given our previous knowledge

on the suppression of the CRE because of the surfactant-
induced particle hydrophobization in oppositely charged
mixtures of these two components,28 we hypothesized that
the inherent (i.e., chemically induced) hydrophobicity of silica

Figure 1. Preparation of concentrated aqueous suspensions of silica NPs of varying hydrophobicities. (a) Top: The molar fraction (X) of SiOH
groups on particle surfaces was varied from 100 to 14% by means of controlled silanization with dichlorodimethylsilane. Bottom: Air−water particle
contact angle as a function of X according to Kostakis et al. (red points).36 The X values of the particles used in this study are indicated by blue
arrows. (b) Route followed for the preparation of concentrated stock suspensions (20 mg/mL) of NPs possessing 51−14% SiOH. These
hydrophobic batches were first dispersed in ethanol/water mixtures, and ethanol was subsequently removed by centrifugation followed by
supernatant exchange, to finally obtain purely aqueous suspensions.
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NPs similar to the ones used earlier32,33 should have a direct
impact on the morphology of deposits left from the drying
drops. To test this hypothesis and address the effect of particle
hydrophobicity, we used a well-characterized system consisting
of silica NPs dispersed in water. Their hydrophobicity was
finely tuned by varying the extent of the surface silanol (SiOH)
groups, which reacted with a silanizing agent. Apart from the
well-controlled particle surface chemistry, an additional
advantage of using this model system is that the absence of
surfactants excludes solute Marangoni flows34 (arising from
surface tension gradients along the LG interface of the drop)
and surfactant-mediated particle−interface interactions,9,28

which are able to influence the morphology of the dry patterns.
We systematically analyze the patterns formed from the
evaporation of sessile drops containing these modified silica
NPs as a function of particle hydrophobicity and concentration.
Morphological features were characterized using microscopy
and were precisely quantified using profilometry. We
uncovered, in particular, the coupling between particle surface
chemistry, bulk interactions, and distribution of deposited
particles upon drop evaporation.

II. EXPERIMENTAL SECTION
II.1. Materials. The fumed silica NPs used in this study were

provided by Wacker Chemie (Germany) and were used as received.
The diameter of individual NPs is 20−30 nm, with NP aggregates of
sizes on the order of a few hundred nanometers being common. The
NP surface was rendered hydrophobic by the reaction of the silanol
groups with dichlorodimethylsilane.35 NPs with a relative SiOH
content ranging from 100 to 14% were used in this study (Figure 1a,
top). The relative SiOH content was determined by titration with a
base. According to Kostakis et al.,36 the particle contact angle at the
air−water interface was expected to significantly and continuously
increase when the SiOH fraction decreased from 100 to 14% (Figure
1a, bottom), showing that our particles spanned a whole range of
hydrophobicity, from very low (100% SiOH) to very high (14%
SiOH).
Ultrapure water (resistivity 18.2 MΩ cm) was used for all

experiments. Ethanol (Sigma-Aldrich) was used as a cosolvent for
the preparation of suspensions containing the more hydrophobic
particles (see below).
II.2. Preparation of NP Suspensions. For the preparation of the

stock suspension (20 mg/mL), the required mass of NP powder was
added to a glass vial, followed by the addition of the solvent. The three
more hydrophilic batches, containing 100−61% SiOH groups, were
directly dispersed in water. All other batches were initially dispersed in
ethanol/water mixtures of different compositions as follows: The 51%
SiOH batch was dispersed in a 5 wt % ethanol/water mixture, batches
with 33 and 25% SiOH were dispersed in 10 wt % mixtures, and the
most hydrophobic batch (14% SiOH) was dispersed in a 20 wt %
ethanol/water mixture. The samples underwent vortexing and
sonication cycles of varying durations until appearing macroscopically
homogeneous. For the more hydrophilic NPs (100−61% SiOH), short
times were sufficient for homogenization (min to h). Contrarily, a
large number of cycles (over periods from several days to weeks) were
required for all other NP suspensions because of their hydrophobicity
and a strong tendency to foam. In particular, batches containing 33
and 25% SiOH tended to form very stable foams, in agreement with
previous reports.30,31

Following homogenization, a purification procedure was followed to
exchange the ethanol content with water for the suspensions
containing NPs with 51−14% SiOH groups (Figure 1b). The
homogeneous dispersions (1.8 mL) were transferred to 2 mL
Eppendorf tubes. Initially, they were typically centrifuged at 15 000
rpm for 30 min leading to NP sedimentation. Next, a large volume of
the supernatant liquid (typically 1.0−1.4 mL) was exchanged with an
equal volume of ultrapure water using a micropipette (Eppendorf).

The new suspension was homogenized again by applying the
appropriate number of vortexing/sonication cycles. This procedure
was repeated five times for each stock suspension to minimize the
remaining amount of ethanol in the dispersions of silica NPs.
Suspensions with lower solid content (10−0.5 mg/mL) were further
prepared by diluting the stock suspensions with ultrapure water. The
final particle concentrations explored in this study thus ranged from
0.5 to 20 mg/mL, which corresponded to volume fractions ranging
from 0.23 × 10−3 to 9.1 × 10−3, respectively.

II.3. Particle Aggregation State. According to Zang et al.,37

fumed silica particles are clusters of irreversibly bound primary silica
particles, the latter being quasi-spherical of approximately 20 nm
diameter. Stocco et al.38 characterized freshly sonicated aqueous
dispersions of particles containing 34% SiOH. They found that the
clusters making up the dispersions displayed a hydrodynamic radius Rh

= 85 nm and a radius of gyration Rg = 71 nm. The ratio Rh/Rg = 1.2,
being close to (5/3)0.5, indicated that these aggregates had
approximately spherical shapes. Furthermore, they were fairly
monodisperse, displaying a polydispersity index of about 0.2. Finally,
according to Horozov et al.,39 such very stable aggregates were loosely
bound together in larger agglomerates, which could be easily destroyed
by sonication. We can thus assume that in our dispersions we had (i)
mostly stable aggregates of hydrodynamic radius Rh ≈ 85 nm
accompanied by primary particles (Rh ≈ 10 nm) and (ii) a few loosely
bound large agglomerates (i.e., larger than the stable aggregates)
because most of them are expected to be destroyed by the sonication
procedure.

II.4. Drop Deposition and Drying. Before each drop evaporation
experiment, the suspensions were sonicated for 30 min and were
shaken gently by hand to avoid foaming. A drop (0.8 μL) was then
deposited on the substrate using a micropipette, and it was covered
with a box to avoid air currents. All drying experiments were
performed at a temperature and a relative humidity range of 22.0 ± 0.5
°C and 40.0 ± 0.5%, respectively, unless stated otherwise. The utilized
substrates were glass coverslips (Menzel-Glas̈er) and were used as
received. There are two reasons for not cleaning the coverslips. First,
we have noticed in earlier experiments that rinsing the coverslips with
organic solvents and/or sweeping them with solvent-wet tissues led to
irreproducible results regarding drop contact line pinning and dry
deposit morphology. Second, more drastic cleaning procedures (e.g.,
plasma or piranha cleaning) typically lead to contact angles close to
zero. We measured the water contact angle in air, and we found that it
did not vary significantly from one substrate to another (56.8 ± 4.7°,
Figure S1).

II.5. Imaging of the Deposits. Transmission bright field images
of the deposited patterns and videos of the evaporating processes were
captured using an inverted optical microscope (Zeiss Axio Observer)
equipped with an EMCCD camera (PhotonMax 512, Princeton
Instruments). Köhler illumination conditions were set before the
experiments. All bright field images were acquired under similar
illumination conditions and acquisition settings; they are displayed
without any postprocessing. The dark field images are shown in
Figures S2 and S3, to assist the observation of patterns, which had very
low optical contrast in the bright field images. Each drying experiment
was performed in triplicate and led to highly reproducible
morphologies for most deposits (Figures S4−S6), except in rare
cases when depinning occurred.

II.6. Surface Profilometry. Height profile measurements of the
dry patterns were performed using a stylus profilometer (Dektak XT,
Bruker). The measurements were recorded using a stylus setting of 1.5
mg and a lateral resolution of 0.28 μm/pt. Typically, five individual
scans were performed over an area 40 μm wide and 2.5 mm long,
separated by a distance of 10 μm, along the center of the deposited
pattern (Figure S7a). Under these conditions, individual scans
provided similar profiles (Figure S7b,c) and were averaged to be
displayed in Figures 2 and 5.
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III. RESULTS AND DISCUSSION
III.1. Influence of Particle Hydrophobicity on the Dry

Pattern Morphology for High Solid Content (20 mg/mL)
Drops. We first investigated deposits obtained from the highly
concentrated suspensions (20 mg/mL). We placed 0.8 μL of
the drops on glass coverslips, and we observed the patterns
after complete drying. Figure 2 shows (a) the transmission
bright field images and (b) the corresponding height profiles
for the patterns arising from suspensions containing NPs of
different SiOH contents. Overall, we observed a general trend
of particle distribution on the substrate as a function of particle
hydrophobicity. Hydrophilic particles were preferentially

deposited at the drop periphery, whereas increasing hydro-
phobicity led to an increasing number of particles in its center.
First, the drying drops of a dispersion containing the most

hydrophilic NPs (100 and 78% SiOH) led to the formation of a
typical ring-shaped deposit. The almost complete absence of
NPs deposited in the interior of the dry pattern was confirmed
by the profilometry data, showing an almost zero deposit
height. This can be explained by the evaporation-driven
convective outward flow10 that transported almost all NPs to
the edge of the sessile drop, concentrating them at and near the
pinned contact line. The thick ring deposit contained several
cracks that were created during the very last stage of drying.
Cracking in evaporating films containing particles is a common
phenomenon40−42 observed in a plethora of diverse colloidal
dispersions43−45 and is attributed to the development of large
capillary stresses as the solvent dries.46 Delamination
spontaneously occurred in some cases, leading to empty areas
within the ring deposit (Figure 2a). The ring deposit was found
to be brittle. For instance, during profilometry experiments, the
stylus tip frequently induced the breaking of the deposit and in
some cases dragged the broken pieces during the measurement.
In those specific cases (gray-shaded regions in height profiles),
profilometry data did not reflect the actual pattern morphology
before scanning. For this reason, microscope images were
acquired before profilometry experiments.
The situation started to significantly change for intermediate

hydrophobicities (61 and 51% SiOH). The microscope image
showed a deposit consisting of two distinguishable regions
(Figure 2a). A ring region encircled an interior homogeneous
region, with different crack morphologies characterizing each
region. The corresponding height profile (Figure 2b) showed a
broader and slightly lower ring region compared with that
obtained with the more hydrophilic particles (100 and 78%
SiOH). The interior of the stain was covered by an increased
number of deposited NPs, as indicated by the corresponding
height (∼5 μm), showing a redistribution of the particles from
the ring to the interior part. This effect was even more
pronounced for the 51% SiOH NP system. In that case, an
overall homogeneous deposit was observed using microscopy,
with the ring and the interior phase being hardly distinguish-
able. The profilometry data indicated a rather homogenous
height profile all along the deposit diameter.

Figure 2. Morphologies of the patterns formed after the evaporation
of sessile drops (0.8 μL) of highly concentrated stock suspensions (20
mg/mL) deposited on glass coverslips. Suspensions contained silica
NPs possessing varying amounts of SiOH surface groups (100−14%)
dispersed in water. (a) Transmission bright field microscope images of
the dry deposits. The scale bar is 500 μm. (b) Corresponding height
profiles measured using a stylus profilometer. R is the deposit radius,
and r is the radial dimension. Gray-shaded areas indicate parts of the
profiles that were disturbed due to dragging of broken parts of the ring
structure by the profilometer tip (see main text).

Figure 3. Quantification of the dry pattern evolution as a function of NP hydrophobicity for suspensions of 20 mg/mL. (a) Evolution of the
normalized integrated area of the ring, Aring (triangles), and the interior part of the deposit, Ainter (circles), vs the fraction of SiOH groups on silica
NP surfaces. Note that Aring and Ainter correspond to the normalized number density per unit length of NPs deposited in the ring and in the interior
area of the stain, respectively. (b) Evolution of the difference Aring − Ainter (squares) vs the fraction of SiOH groups on silica NP surfaces.
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A third type of behavior was observed when the most
hydrophobic NPs (33 to 14% SiOH) were used. For the 33%
SiOH NP system, a homogeneous pattern of smaller diameter
(compared with the ones described above for more hydrophilic
NPs) was observed in the microscope image (Figure 2a). The
smaller deposit size was attributed to partial contact line
depinning, contrary to the 100% SiOH−61% SiOH NP
dispersions where the contact line remained firmly pinned
during the whole drying process. The three-dimensional
structure of this homogeneous deposit was, however, different
from the one corresponding to the 51% SiOH system. The
height profile (Figure 2b) was dome-shaped rather than being
flat, that is, the particle number density continuously increased
on approaching the drop center. Similar dome-shaped stains
were also observed for the two most hydrophobic batches (25
and 14% SiOH content), with the most hydrophobic one being
the smallest in diameter and the largest in height. It is worth
noting that for all of these dome patterns, a tiny ring (height ≈
0.5−1.5 μm) outside the dome area could be observed,
indicating the initial position of the contact line after drop
deposition, which depinned later on.
III.2. Quantification of Pattern Evolution for High

Solid Content (20 mg/mL) Drops. In an effort to quantify
the observed deposition evolution as a function of particle
wettability, we systematically analyzed the height profile data
deduced from the patterns shown in Figure 2a. Figure 3 shows
the normalized integrated areas occupied by the ring, Aring, and
the interior region, Ainter, for the stains obtained from the 20
mg/mL suspens ions . These were ca l cu l a ted as

=
+

A
a l

ring
/

a

l
a
l

ring ring
ring

ring
inter
inter

and =
+

A a l
inter

/
a

l
a
l

inter inter
ring

ring
inter
inter

. lring is the sum of

the lengths covered by the left and the right ring regions and
linter is the length occupied by the interior part of the deposit.
Analogously, aring is the sum of the integrated areas under the
height profile curve for the left and right ring deposits and ainter
is the integrated area under the height curve corresponding to
the interior deposit region. The physical meaning of Aring and
Ainter is that they correspond to the normalized number density
per unit length for the particles populating the ring and the
interior area of the stain, respectively. For a detailed description
of the methodology followed, see Text S1 and Figure S8.
A clear separation of the normalized integrated areas

corresponding to the ring (Aring) and the disk (Ainter) can be
seen for the two most hydrophilic batches of 100 and 78%
SiOH (Figure 3a). Aring values approached 1, indicating that
essentially all hydrophilic NPs were deposited near the contact
line of the dispersion drop. The values of Aring significantly
decreased to 0.71 (and Ainter values significantly increased to
0.29) for the drops obtained after the drying of the 61 and 51%
SiOH suspension drops. This decrease indicated the homog-
enization tendency with decreasing particle wettability.
Compared with the two most hydrophilic batches, less particles
were gathered at the ring area, whereas more particles occupied
the interior of the formed deposit. Despite the partial
homogenization, the pattern was still predominantly a ring
because Aring > Ainter. For the three more hydrophobic NPs,
containing 33, 25, and 14% SiOH, the situation was reversed
because Ainter > Aring. This is in agreement with the dome
morphology observed in the height profile (Figure 2b), with the
maximum number of NPs being deposited at the center of the
dry pattern. In addition, it could be observed that Ainter slightly
increased with decreasing particle hydrophobicity, reaching a

value of 0.87 for the most hydrophobic batch (14% SiOH,
Figure 3a).
In summary, three regimes of deposit morphologies were

observed for the drying drops containing silica NPs at 20 mg/
mL. This is shown in Figure 3b, where the difference Aring −
Ainter, indicative of the tendency of NPs to be preferably
deposited at the drop edge (Aring − Ainter → 1), at the drop
interior (Aring − Ainter → −1), or distributed evenly along the
drop diameter (−1 < Aring − Ainter < 1), is plotted as a function
of particle hydrophobicity. The hydrophilic NPs predominantly
formed ring-shaped deposits, whereas the hydrophobic NPs
formed dome-shaped deposits; particles with intermediate
hydrophobicity resulted in stains displaying a more homoge-
neous morphology with characteristics between ring- and
dome-shaped patterns.

III.3. Influence of Particle Hydrophobicity on the Dry
Pattern Morphology from Drops of More Dilute (1−10
mg/mL) Suspensions. We continued by examining the
patterns formed after the drying of silica NP suspension
drops with a lower solid content, exploring the range from 10
mg/mL down to 1 mg/mL. This lower limit was set by the fact
that drops of more dilute suspensions (0.5 mg/mL) yielded
irregular patterns because of contact line depinning in most of
the cases (Figure S2). Our goal was to identify whether the
strong influence of particle wettability on the evolution of the
dry deposit morphology, seen for the concentrated (20 mg/
mL) systems, was at work for more dilute dispersions.
Figure 4 shows the bright field microscope images of dried

drops of dispersions containing NPs of different hydro-

phobicities at different particle concentrations. For clarity, the
same patterns observed using dark field microscopy are shown
in Figure S3. The height profiles corresponding to the depicted
deposits are shown in Figure 5, whereas the normalized
integrated areas, Aring, Ainter, and their difference, as a function
of % SiOH are shown in Figure S9.
A clear pattern evolution with increasing particle hydro-

phobicity (decreasing % SiOH) could be observed for the 10
mg/mL dispersions. Both drops of dispersions containing 100
and 78% SiOH led to the formation of typical ring patterns
after drying (Figure 4, top row). The only qualitative difference
between the two patterns was the crack density, which was

Figure 4. Transmission bright field microscope images of deposits
obtained after the evaporation of sessile drops (0.8 μL) of silica NP
suspensions deposited on glass coverslips. Suspensions containing NPs
with varying contents of surface SiOH groups for an extended range of
particle concentrations (1−10 mg/mL) were examined. The scale bar
(see top left image) is 500 μm.
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increased for the 78% system. The height profile data (Figure 5,
left column and Figure S4) indicated that, for both hydrophilic
batches, the vast majority of silica NPs were accumulated at the
ring position (Aring = 0.96−0.97), with the deposit interior
containing almost no NPs (Ainter = 0.03−0.04). For drops
containing 61 and 51% SiOH NPs, a tendency to pattern
homogenization started to appear. The ring height pro-
gressively decreased with decreasing SiOH amount, from ∼15
μm for the hydrophilic NPs (100 and 78% SiOH) to ∼10 μm
for the more hydrophobic systems (61 and 51% SiOH). At the
same time, the fraction of particles occupying the deposit
interior (resp. ring) started to increase (resp. decrease) for the
more hydrophobic particles (Ainter = 0.15−0.16).
A dramatic change in the dry pattern morphology was

observed by further increasing the hydrophobicity of the
dispersed NPs (Figures 4 and S4). A completely homogeneous
pattern was observed for the suspensions containing NPs with
33% SiOH (Figure 4, top row). The profilometry data (Figure
5, left column) revealed a thick disk-shaped morphology: the
height of the deposit at its edge (i.e., at the position where a
ring appeared for more hydrophilic NPs) equaled the height of
the interior area, both assuming a value of about 5 μm (Aring =
0.53). A similar but slightly less homogeneous pattern was
observed for the even more hydrophobic NPs having 25%
SiOH content. In this case, two regions could be distinguished:
an outer ring region containing a large density of cracks
encircling a homogeneous interior region that was almost
crack-free. The corresponding height profile supported such a
picture, as an overall homogeneous pattern consisting of a
broadened ring (height ≈ 8 μm) containing an inner area of
decreased height of about 4−5 μm was observed (Aring = 0.68).
Finally, when the most hydrophobic particles (14% SiOH
content) were used, the obtained pattern was a dome encircled
by a ring of very small (<5 μm) height, as evidenced by the
microscope image and the corresponding height profile (Aring =
0.23).
Interestingly, the evolution of the deposit morphology from

the drying dispersions of lower particle concentrations (1−5
mg/mL) was found to be much less sensitive to particle

hydrophobicity. In general, we observed that all dry patterns
were predominantly ring-shaped irrespective of particle hydro-
phobicity (Figures 4, S5, S6). However, the crack morphology
and density in the rings changed significantly with varying
particle wettability. This is in accordance with recent studies,
which have demonstrated that the crack shape is strongly
affected by the surface chemistry and hence by the interactions
between the colloidal particles.43 The height profile data and
the extracted Aring and Ainter values revealed two main trends.
The ring height (Figure 5) decreased with a decrease in %
SiOH on particle surfaces. At the same time, the integrated
interior area Ainter seemed to slightly increase (Figure S9).
These observations suggest that increasing the particle
hydrophobicity tended to drive more particles into the deposit
interior and thus marginally reduced the amount of NPs
deposited at the ring position. This can be qualitatively seen for
the 1 mg/mL drops of the two most hydrophobic NPs (25 and
14% SiOH; Figure 4, bottom row). In this case, the low ring
height in combination with the (relatively) significant amount
of NPs deposited in the stain interior caused small refractive
index variations and thus a weak optical contrast between the
ring and the interior areas. However, the profilometry data
(Figure 5, right column) clearly showed that the pattern was
still a ring, with the heights at the edge and the interior being
∼3 and <1 μm, respectively (Aring = 0.88−0.92).
Overall, we observed that particle hydrophobicity had a

major influence on the dry pattern morphology emerging from
evaporating drops for the two highest suspension concen-
trations examined (10 and 20 mg/mL). A ring → thick disk →
dome deposit evolution was observed upon decreasing the
number of SiOH groups on the NP surface. Conversely, for the
more dilute suspensions (1−5 mg/mL), NPs were preferen-
tially deposited at the ring position during drying, largely
independent of the extent of NP hydrophobization.

III.4. Influence of Particle Concentration on the Dry
Pattern Morphology. The influence of particle hydro-
phobicity on the morphological features of the dry deposit
was clearly affected by the initial dispersion concentration
(Figures 4 and 5). To investigate this on a more quantitative

Figure 5. Height profiles of deposits obtained after the evaporation of sessile drops of silica NP suspensions deposited on glass coverslips. These
profiles correspond to the patterns shown in Figure 4. Gray-shaded areas indicate parts of the profiles that were disturbed due to dragging of broken
parts of the ring structure by the profilometer tip (see main text).
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basis, in Figure 6, we plot Aring, Ainter, and their difference, Aring
− Ainter, as a function of particle concentration for all NP
hydrophobicities.
For the two most hydrophilic batches containing 100 and

78% SiOH groups, Aring = 0.91−0.97 (Figure 6a). This means
that for the whole particle concentration range examined here
(1−20 mg/mL), practically all NPs were accumulated in the
ring area, whereas almost no particles were deposited in the
stain interior. For the next two particle types of decreased
wettability (61 and 51% SiOH), Aring was always larger than
Ainter; however, their relative values were dependent on the
initial particle concentration (Figure 6a). For suspensions
containing 1−5 mg/mL silica NPs, Aring > 0.91, indicating the
accumulation of almost all NPs at the periphery of the dried
droplet. For the patterns arising from the suspensions of
intermediate concentration (10 mg/mL), Aring = 0.85, showing
that a small portion of NPs was deposited within the stain
interior. For the concentrated suspensions (20 mg/mL), this
partial homogenization tendency was even more evident, with
Aring being ∼0.71, indicating that a significant number of NPs
(about 29%) were deposited within the area encircled by the
ring.
For patterns arising from evaporating suspensions containing

NPs with low content of silanol groups (33−14%), the
evolution of Aring and Ainter with NP concentration was different
(Figure 6b). In the dilute regime (≤5 mg/mL), Aring was 0.84−
0.93, the signature of typical coffee ring patterns. On the
contrary, Aring strongly decreased for suspensions of increased
NP concentration (10 mg/mL), assuming values of 0.53 and
0.68 for the 33 and 25% batches, respectively. More
interestingly, Ainter (0.77) was larger than Aring (0.23) for the
suspension containing the most hydrophobic NPs with 14%
SiOH content, in agreement with the observed dome-shaped
morphology. For the concentrated NP regime of 20 mg/mL,
Ainter was always larger than Aring, with the former values being
in the range 0.79−0.87. This showed that only a small amount
of NPs was deposited at the edge of the evaporating droplet.
On the basis of our experimental observations, we summarize

the interplay of the effects of particle hydrophobicity and

concentration on the dry deposit morphology as follows. A
general ring → thick disk → dome evolution with increasing
NP hydrophobicity was documented. For the densest
suspension drops, the full deposit spectrum could be observed.
A decrease in the particle concentration led to a shift of this
evolution to higher particle hydrophobicities, with the most
dilute drops leading only to the initial part of the spectrum, i.e.,
ring patterns.

III.5. Influence of Particle Hydrophobicity and
Concentration on Wetting Dynamics during Drying.
All experiments described before were devoted to the analysis
of the final pattern characteristics. Because it is known that the
dynamic evolution of the wetting behavior of a suspension drop
during drying (contact angle and contact line pinning) can
strongly affect the particle deposition,12,26,47 we explored how
particle hydrophobicity and/or concentration influenced the
wetting dynamics during evaporation. To this end, we
systematically recorded the side profile of the evaporating
drop and extracted the evolution of both contact angle and
drop diameter as a function of time, for varying particle
hydrophobicities and concentrations. First, we observed that,
regardless of conditions, the drop slightly spread for about 1
min before the contact line reached a stable position, which was
then maintained for nearly 80% of the total drying time (Figure
S10). We first computed the initial contact angle, taken as the
drop contact angle averaged in the time interval (70−80 s).
This provided a measurement of the drop wettability in the
early stage of stable pinning of the drop contact line. Figure S1
shows that the initial contact angle was slightly lower on
average than the contact angle of a pure water drop on the
same substrate but did not exhibit significant dependence on
particle hydrophobicity or particle concentration. These results
indicate that all drops started with a similar contact angle but
led to different final patterns depending on the particle
characteristics. The observed pattern evolution as a function
of particle hydrophobicity and concentration cannot thus be
related to variations in the contact angle. Such variations could
have occurred, for instance, because of substrate-to-substrate
variations or the presence of particles.

Figure 6. Quantification of the dry pattern evolution as a function of particle concentration for dispersions containing silica NPs of varying
hydrophobicities. The evolutions of normalized ring area Aring (triangles), interior area Ainter (circles), and their difference Aring − Ainter (squares) vs
NP concentration are shown for 100−51% (a) and 33−14% (b) SiOH contents. These results were obtained by analyzing the height profiles shown
in Figures 2 and 5.
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We then looked at the drop evolution dynamics during the
whole evaporation process (Figure 7, Movies S1−S6). All drops
had a similar behavior for more than 80% of the total
evaporation time (tevap), regardless of the particle hydro-
phobicity and the concentration (Figure S10). However,
reproducible effects of the latter parameters could be detected
in the late stage of evaporation. For hydrophilic and moderately
hydrophobic particles (SiOH fraction X ≥ 51%), the contact
line was maintained pinned, and the contact angle continuously

decreased until complete evaporation (Figure 7a,c). By
contrast, for very hydrophobic particles, depinning was
observed at a normalized time tnor = t/tevap that slightly
decreased with an increase in the particle concentration (Figure
7b,d). This was attributed to the contact line destabilization due
to the presence of a significant amount of deposited
hydrophobic particles, an effect that was amplified for higher
particle concentrations. However, regardless of particle hydro-
phobicity, all samples at a low particle concentration (≤2 mg/

Figure 7. Evolution of the shape of a suspension drop (1.5 μL) as a function of the normalized time tnor = t/tevap, where tevap is the total evaporation
time of the drop for a particle concentration of (a,b) 2 mg/mL or (c,d) 10 mg/mL and a SiOH content of (a,c) 100% or (b,d) 33%. These
experiments were conducted at a temperature and a relative humidity range of 22.2 ± 0.4 °C and 23.5 ± 0.5%, respectively. The full videos are
available in Movies S1, S2, S4, and S5.

Figure 8. Summary of the dry pattern evolution as a function of the particle concentration and particle hydrophobicity, accompanied by our
proposed explanation. (a) Qualitative pseudo-phase diagram summarizing the dry pattern morphology as a function of silica NP concentration and
hydrophobicity. Note that, for the sake of simplicity, we categorize deposits as rings, thick disks, and domes. (b) Competition between NP transport
to the drop edge caused by the evaporation-driven convective flow (yellow arrows) and NP immobilization due to suspension gelation defines the
morphology of the dry deposit.
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mL) led to similar ring patterns (Figure 5), showing that most
of the material was deposited before contact line depinning
started. In larger particle concentrations (≥10 mg/mL), contact
line depinning was followed by a smoother drop receding at an
approximately constant contact angle on a visibly thick deposit,
which was in agreement with the presence of a rather
homogenous deposit (Figure 5, SiOH fraction X ≤ 33%)
underneath the receding drop. All of these results show that the
wetting dynamics was only marginally affected by the presence
of particles in the bulk of the drop suspension, with detectable
effects only in the very late stages of evaporation, i.e., when
most of particles had already been deposited. The particle
concentration and the hydrophobicity thus seemed to direct the
morphology of the deposited pattern, which could in turn affect
the very late stage of drop drying.
III.6. Proposed Explanation. We here discuss the

combined influence of (initial) particle concentration and
particle hydrophobicity on the morphology of the deposits by
gathering them in the form of a pseudo-phase diagram (Figure
8a); we further try to give a qualitative explanation for their
formation (Figure 8b). For very hydrophilic particles, the
deposits were always ring-shaped, irrespective of the NP
concentration. As the wettability of the NPs decreased, the
general pattern evolution was ring → mixed ring/thick disk →
thick disk → dome. However, the particle concentration was
the parameter determining which parts of the above evolution
could be observed. For low NP concentrations, the patterns
were always rings, independent of particle hydrophobicity. For
intermediate solid contents, a ring → thick disk → flattened
dome tendency was realized. For the highly concentrated
systems, the emergence of dome-shaped deposits was already
observed at intermediate SiOH contents (which would lead to
disks or rings for the more dilute suspensions).
Particle−particle interactions and therefore the phase

behavior of colloidal suspensions critically depend on the
surface chemistry of the constituent particles.48 Consequently,
in the systems investigated here, we expect that the interparticle
potential was directly affected by the amount of SiOH groups
on the NP surfaces. The interactions between nonmodified
fumed silica NPs (100% SiOH) were predominantly electro-
static repulsions because of the negative NP surface charge
when dispersed in ultrapure water. Decreasing the amount of
SiOH groups by silanization led to weakened electrostatic
repulsions and increasing attractive hydrophobic interactions.
As a result, the colloidal stability progressively decreased with
increasing NP hydrophobicity, as modified silica NPs tended to
aggregate. This tendency was observed to be stronger with
increasing particle concentration, as confirmed by the simple
macroscopic observations of the suspension state. For the
highly concentrated suspensions (20 mg/mL), the turbidity of
the samples increased with decreasing SiOH content. This
indicated that aggregation occurred in the systems, and the size
of aggregates increased with increasing NP hydrophobicity.
This is in agreement with the earlier work on similar particles,
which reported that increasing the surface coverage of
chemisorbed alkyl chains on fumed silica NPs led to their
strong aggregation and therefore an increase in the suspension
viscosity.49 In our system, colloidal stability was also found to
strongly depend on the NP concentration and hydrophobicity.
For instance, the 20 mg/mL suspension of 14% SiOH NPs
started to macroscopically phase separate (into a solvent-rich
and a NP-rich phase) in only a few min after mixing. A similar
phase behavior was observed for the 10 mg/mL suspensions of

the same NPs but at a longer timescale of a few tens of minutes;
the more dilute suspensions were stable for at least several days.
The suspension phase behavior and its related rheological

properties are two critical factors that affect the drying stage of
a colloidal drop.50 The type and magnitude of flows during
drying can, in many cases, dictate the morphology of the final
deposit.12 In our system, the attractive interparticle potential,
which is a function of NP wettability, directly influenced both
the thermodynamic and rheological states of the suspension.
The dominance of attractions (for hydrophobic NPs) led to the
gelation of the system as the average NP volume fraction in the
drop increased with the drying time. The critical time for the
gelation transition to take place depended on the initial NP
concentration. Indeed, it has been reported that hydrophobi-
cally modified fumed silica dispersed in polar solvents
experienced strong attractive interactions because of the
mismatch between the chemical nature of the NP surface and
the continuous medium.51 Such hydrophobic attractions
resulted in the formation of a volume-filling network of
associated NPs and the gelation of the system.51,52

The competition between the evaporation-driven radial
outward flow and the gel transition is crucial in defining the
dry deposit morphology in our systems. The radial flow of
water molecules was omnipresent in our drying drops (due to
contact line pinning), carrying along the dispersed particles as
long as they are free to move. Gelation occurred either for high
concentrations of NPs of intermediate hydrophobicity or for
intermediate and high concentrations of NPs of high
hydrophobicity. Hydrophilic NPs were always free to move
and were carried at the edge of the drop because no gelation
occurred at any solid content (Figure 8b, left). Suspensions
containing hydrophobic NPs were kinetically arrested soon
after drop deposition, and the resultant morphology after
complete evaporation was a dome (Figure 8b, right). In fact, a
dome morphology reflects the initially uniform NP distribution
in a drop of a spherical cap shape, implying that the majority of
suspended NPs were not significantly transported by the
evaporation-driven flow during drop drying.53 The critical time
for the establishment of the network of particles (gel)
depended on the initial particle content. For particles of
intermediate wettability, both radial transport of particles and
gelation were present, the former acting at short evaporation
times and the latter at the later stages of drying (Figure 8b,
middle). The amount of NPs dragged by the radial flow
determined whether the dry stain would be more ringlike (with
many NPs deposited in the interior), a flat thick disk, or more
domelike.
The thick disk-shaped patterns observed in our study were

similar to the so-called “pancake” stains observed in polystyrene
NP suspensions containing Laponite particles.53 In these
systems, gelation occurred with increasing Laponite particle
concentration during drop evaporation. Thus, by varying the
initial Laponite concentration, Talbot et al. could modulate the
time needed for the gel to appear and hence control the
amount of radial flow. When gelation took place at intermediate
times, the limited amount of radial motion led to the formation
of homogeneous pancake deposits. On the other hand, very fast
gelation led to the formation of domes because in that case, the
particles became immobile soon after drop deposition and thus
were not affected by the radial flow.53 It is important to note
that such morphologies are different from the thin “disk”
morphology obtained when drying the drops containing
oppositely charged surfactant−particle mixtures.27,28 In that
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case, particle charge neutralization and hydrophobization
caused by surfactant physisorption (within a narrow surfactant
concentration window) increased the particle affinity for the
LG interface. As a result, the surfactant-decorated particles were
trapped at the free interface of the drop and formed a thin skin
(typically a particle monolayer), the deposition of which led to
homogeneous thin disks.
Adsorption of the hydrophobically modified silica NPs at the

free interface of the drop is highly expected, especially for the
NPs of intermediate wettability, as previously reported.33,39,54

We give here a simple estimate of the contribution of this two-
dimensional effect to the deposit morphology in the dried
drops. We assume that the radius of a primary fumed silica NP
is Rh = 10 nm. The area of a typical dried deposit (radius 0.9
mm) is A = 2.5 × 10−6 m2. To fill this area with a random close-
packed monolayer (filling faction 0.82)55 consisting of N
individual NPs, the following equation has to hold: NπRh

2/A =
0.82. Here, we assumed for simplicity that the contact angle of
the particles at the free interface is 90°. We thus need N ≈ 6.5
× 109 particles in a 0.8 μL drop (typical volume used in our
experiments), which corresponds to a particle concentration of
about 0.07 mg/mL, taking the density of fumed silica as 2.2 g/
cm3. The most dilute suspensions discussed here have a much
higher concentration of 1 mg/mL. (Note that experiments with
lower NP concentrations were carried out, but depinning of the
contact line regularly occurred; see Figure S2.) This means that
for all stains presented in this study, there are many more
dispersed particles than the critical number needed to have a
(single) NP monolayer that could lead to homogeneous thin-
disk-shaped deposits.28 Therefore, we can conclude that the
bulk effect described above (gelation) will dominate, and the
effect of NP adsorption at the interface, although probably
present, will be insignificant in defining the stain morphology.
Finally, to evaluate the extent of sedimentation and its

possible influence on the morphology of the deposits after drop
evaporation, we calculated an adimensional Pećlet number (Pe)
that compared the transport by sedimentation to that by
diffusion (Text S2). This calculation showed that (i) the
primary particles were practically not affected by sedimentation
(Pe ≪ 1); (ii) for the stable aggregates (presumably the
majority of objects in our drops), sedimentation and diffusion
were almost equally important (Pe ≈ 1); and (iii) for
micrometer-sized agglomerates only (i.e., the small fraction
that could not be destroyed by initial sonication or that would
form during drop drying), sedimentation would dominate (Pe
≫ 1). We can thus conclude that during drop evaporation, only
very large agglomerates might settle on the substrate by
sedimentation. On the contrary, the majority of the particles in
the suspension drops, which are in the form of stable
aggregates, should be subjected to both evaporation-induced
flow and gravity. This is further evidence that the bulk effects
described, and especially gelation, are crucial in counteracting
the evaporation-driven flow that would otherwise transport the
particles to the contact line.

IV. CONCLUSIONS
We hypothesized that the NP hydrophobicity in drying drops
of colloidal suspensions should have a direct impact on the dry
deposit morphology through the combined action of interfacial
and bulk mechanisms. The former is related to the well-
established tendency of partially hydrophobic NPs to adsorb
and aggregate at the air−water interface. The latter is linked to
the enhanced particle−particle attractions due to hydrophobic

interactions and its influence on the flow properties of the
suspensions. To test this scenario, we used aqueous
suspensions of fumed silica NPs of varying wettabilities. For
hydrophilic NPs, the dry patterns always had a ring-shaped
morphology for all particle concentrations investigated. For
suspensions containing NPs of lower wettability, the particle
concentration had a strong influence on the dry pattern
morphology. As the hydrophobicity of the NPs increased, we
observed a general ring → mixed ring/thick disk → thick disk
→ dome deposit evolution. For dilute suspensions, ring-shaped
deposits were obtained for the whole particle wettability range
examined. For intermediate particle concentrations, a ring →
thick disk → flattened dome evolution occurred. At high solid
contents, a ring → flattened dome → steep dome progression
was observed. The emergence of cracks during the very last
stage of solvent evaporation was evident in all examined cases,
regardless of the precise morphological characteristics of the
dry patterns.
We showed that the wetting dynamics of the drop was only

marginally affected by the presence of particles. The observed
pattern evolution was thus mainly explained on the basis of
particle−particle interactions in bulk and their direct influence
on the state of the suspensions. Decreasing the amount of polar
silanol groups on the particle surface strongly weakened the
electrostatic interparticle repulsions. At the same time, this led
to strong hydrophobic attractions arising from the increased
mismatch between the physicochemical properties of the
dispersed and continuous phases. These attractive interactions
resulted in kinetically arrested gel states during drop drying.
The critical time for gelation was dependent on the initial NP
concentration and particle hydrophobicity.
The amount of particles transported to the drop contact line

by the radial convective flow was crucial in defining the dry
deposit morphology. This by itself depended on the critical
time for the gel state to be established. For nongelling
suspensions (infinite critical time and finite suspension
viscosity), NPs were free to move and they could be effectively
carried along with the radial flow to the drop edge, resulting in
the ring stain. By contrast, associated particles forming the gel
(finite critical time and diverging viscosity) were immobile and
were not affected by the radial flow. In that case, dome-shaped
deposits occurred, reflecting the particle concentration profile
in a spherical cap-shaped sessile drop. Short critical gelling
times led to patterns displaying a steep dome morphology. For
suspensions characterized by longer critical times, both radial
transport of particles and kinetic arrest of the system were
present, the former acting at short evaporation times and the
latter at the later stages of drying. The final patterns in such
cases fell within the mixed ring/thick disk → thick disk →
flattened dome group, depending on the amount of particles
accumulated at the drop periphery. Because of the small particle
size, the concentrations investigated here corresponded to a
large excess of particles compared with the area of available
interfaces (air−water and solid−water). As a consequence, the
contribution of NP trapping at the air−water interface,
although likely for nonhydrophilic colloids, or at the solid−
water interface was a weak effect leaving the final pattern
morphology largely unaffected.
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