Journal of Colloid and Interface Science 575 (2020) 326-336

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier.com/locate/jcis

Hansen solubility parameters obtained via molecular dynamics
simulations as a route to predict siloxane surfactant adsorption e

Daniél P. Faasen®!, Ahmed Jarray ™', Harold J.W. Zandvliet ?, E. Stefan Kooij?, Wojciech Kwiecinski **

2 Physics of Interfaces and Nanomaterials Group, MESA+ Institute for Nanotechnology, University of Twente, P.0. Box 217, 7500 AE Enschede, the Netherlands
b Multi Scale Mechanics (MSM), MESA+ Institute for Nanotechnology, University of Twente, P.0. Box 217, 7500 AE Enschede, the Netherlands

HIGHLIGHTS GRAPHICAL ABSTRACT

« Surfactant molecules adsorb on a R . < R ) > R
silicon substrate which has a SiO,- Solvent SiO,- Surfactant SiO,- Solvent SiO,- Surfactant
detrimental effect on ink-jet printing.

« Solubility parameter is computed
using molecular dynamics
simulations.

« The effect of the solvent and the
surface properties on surfactant
adsorption are investigated.

« Surfactant adsorption on solid
Sp(l/cm ) 305

Rsi0,-solv ent 4] %]

Si0,- Solvent,* | "]

‘*Bmofmfanam ., SI0,- Surfactant

Solvent

“ .

5y Wem?)®?

5y, Urem®)*?

surfaces can be predicted by the 20qemy T Semmmm s e e R L
Hansen solubility parameters. . .
vP HSP space Solution HSP space Solution
ARTICLE INFO ABSTRACT
Article history: Hypothesis: The Hansen Solubility Parameters (HSP) derived from Molecular Dynamics (MD) simulations
ReC?lved 20 January 2020 can be used as a fast approach to predict surfactants adsorption on a solid surface.
Revised 17 April 2020 Experiments and simulations: We focused on the specific case of siloxane-based surfactants adsorption

Accepted 17 April 2020
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the SiO, surface was designed to enable the computation of its solubility parameter using MD, and to sub-
sequently determine the interactions of the SiO, surface with the siloxane-based surfactant and the var-

{5\2/ ‘t"t/i‘)rlrgS: ious solvents employed. Surfactant adsorption was characterized experimentally using contact angle
Surfactants goniometry, ellipsometry, XPS and AFM.

Adsorption Findings: Comparison of the numerical results with experiments showed that the HSP theory allows to
Solubility parameter identify the range of solvents that are likely to prevent surfactant adsorption on the SiO, surface. The pro-
Intermolecular interaction posed approach indicates that polar solvents, such as acetone and triacetin, which are strongly attracted
Inkjet printing to the silicon oxide surface might form a shield that prevents siloxane-based surfactants adsorption. This

simple approach, can guide the selection of adequate solvents for surfaces and surfactants with specific

chemical structures, providing opportunities for controlling interfacial adsorption.
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1. Introduction

The quality of inkjet printing is closely related to the wettability
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why surfactants are often added the ink solutions in order to
reduce the surface tension and improve the spreading of the ink
droplet [4]. However, surfactants containing siloxane groups (-Si-
0-Si-) can adsorb on the nozzle plate, usually made out of silicon,
and alter its wettability. This in turn can lead to non-zero jetting
angles (i.e., the liquid jet direction is not normal to the nozzle-
plate), which may deteriorate the quality of the printed image
(see Fig. 1). Another consequence of the dewetting of the silicon
oxide is the risk of air bubble entrainment inside the nozzle, which
can completely block the jetting process [1]|. We anticipate that a
more detailed understanding of the underlying molecular interac-
tions that govern the surfactant-substrate adsorption would facili-
tate the formulation of optimal ink solutions that do not alter the
wettability of the nozzle plate.

Siloxane-based surfactants are surface active in both aqueous
and non-aqueous media, with a widespread use owing to their
low surface tension, low toxicity and synthetically versatile struc-
ture [5]. This class of surfactants is commonly used in ink formula-
tions, and in various other applications such as paint, textile, and
agriculture [6,7]. In this study, because of its simple molecular
structure, we have chosen 3-ethylhepta-methyltrisiloxane (EHTS)
as a model for a surfactant containing siloxane groups.

In general, the adsorption of a molecule from bulk solution to
the interface is controlled by the molecular structure of the adsor-
bate as well as the properties of the solvent and the adsorbing sur-
face. Surfactants adsorption on silica has been studied through
experiments [8-10] and molecular dynamics simulations [11-
13]. Using MD, Zhou et al. [13] showed that the wetting properties
of hydroxylated silica are affected by the surfactant alignment in
the adsorption layer. Tiberg et al. [8] and later Tummala et al.
[11] emphasized on the importance of hydrogen-bonding between
oxygen atoms in the surfactant headgroups and surface hydroxyl
groups in the adsorption of nonionic surfactants. Similarly, Lev-
resse et al. [14] and Cohen-Addad et al. [15] argued that
hydrogen-bonding with Si-OH groups is the driving force for the
adsorption of siloxane-based molecules. Alternatively, other stud-
ies showed that depending on the adsorbate molecular structure,
the adsorption process can be highly affected by the polarity of
the solvents [10,16,17] or by the dispersive van der Waals interac-
tions between the adsorbate and the silicon surface [18,19]. There-
fore, knowing a priori the specific molecular interactions, namely
the polar, dispersive and hydrogen-bonding interactions, that con-
trol the adsorption behaviour of the surfactant [20] is required in
order to gain a more comprehensive understanding of the adsorp-
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Fig. 1. Schematic of the deposition of EHTS surfactant on the silicon oxide surface of
the printhead. The hydrophobic tail of the surfactant changes the wetting
properties of the printhead nozzle-plate. Note that, after EHTS adsorption, ink
creates sessile droplets on a printhead instead of a continuous film. This may lead to
jetting angles « # 0 if the droplets are close to a nozzle.

tion processes, and will help in better selecting and designing sur-
factants and solvents for specific applications. From this
standpoint, the concept of Hansen Solubility Parameters (HSP)
[21] (i.e., square root of the Cohesive Energy Density, CED) can
be used to quantify these interactions at the molecular level. For
the calculation of the solubility parameter, predictive group contri-
bution models have been proposed by several authors [22-24].
However, these semi-empirical models are not reliable for complex
structures, such as surfactants and branched polymers [25-27] or
complex molecules with long-range electrostatic interactions
[28,29]. This is because these models are based on the notion of
additivity of property values of the chemical groups (e.g., -CH3
and -OH) of which the molecule is composed, and therefore, they
do not account for molecular conformations, and change in molec-
ular structure due variation of temperature. This means that group
contributions models cannot distinguish between polymers con-
sisting of the same functional groups, but different molecular
structures, and cannot properly account for highly directional
interactions, such as hydrogen-bonding and electrostatic interac-
tions that may be affected by the temperature or pressure. It has
also been shown that group contribution methods overestimate
the hydrogen bonding contribution component of the solubility
parameter [27]. As such, Molecular Dynamics (MD) simulation
techniques have emerged as a complementary and convenient tool
for the prediction of the solubility parameter [30-34].

The solubility parameter has played a critical role in the screen-
ing of solvents [35-38] and the estimation of interactions and
incompatibilities between materials [39,40]. Other studies showed
that the HSP method can be used for preliminary screening of opti-
mum solvents for aerogels [41], additives in crystallization pro-
cesses [42], and crude oils for asphalt precipitation [42], thus
minimizing time and resource investment. The solubility parame-
ter has also been correlated to a variety of properties such as the
surface tension, viscosity, work of adhesion and tensile strength
[32,35,37,43,44]. However, the application of HSP’s derived from
MD to the area of surfactants adsorption onto solid surfaces
remains unexplored.

In this paper, we investigate the effect of solvents with various
molecular structures and polarities on the amount of EHTS
adsorbed on a silicon oxide substrate. We propose an approach
for the prediction of this adsorption from the surface-surfactant
and solvent-surfactant intermolecular interactions, explaining the
subsequent effect it has on the wetting properties of the silicon
surface. A combination of experimental and numerical methods
were used and compared. On the experimental side, the deposition
of the surfactant was studied using contact angle goniometry,
ellipsometry and atomic force microscopy. On the numerical side,
Hansen solubility parameter values were calculated using MD sim-
ulations, where a simplified atomistic model of the silicon surface
was used to compute its solubility parameter. These were comple-
mented by MD simulations of solvent-surfactant mixtures to
extract the order parameter describing their mixing degree.

2. Materials and methods
2.1. Materials and sample preparation

Methyl benzoate and 2-n-butoxyethyl acetate (BEA) with 99%
and 98% purity were obtained from ABCR GmbH. 3-
ethylheptamethyltrisiloxane (EHTS) with a purity of 97% was
acquired from Fluorochem. The molecular structure of EHTS is
shown in Fig. 2. All other chemicals were purchased from Sigma
Aldrich with a purity of 99% or higher. A schematic of their molec-
ular structure is provided in the supplementary file. All chemicals
were used without any further purification.
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Fig. 2. Molecular structure of 3-ethylheptamethyltrisiloxane (EHTS).

Silicon(100) wafers (Okmetic), diced into 1.5 x 1.5 cm? pieces,
were used for sample preparation. First, they were cleaned with a
piranha solution (3:1 (v/v - volume fraction) of sulfuric acid (Mer-
ck, 96%) and hydrogen peroxide (Merch, 30%)) for 15 min. After-
wards, they were rinsed thoroughly with Milli-Q water
(resistivity = 18.2 MQ - cm) and dried in a nitrogen stream. The
piranha cleaning step was performed to remove organic contami-
nants from the silicon oxide surface, and also to activate the sur-
face chemically by creating silanol (-Si-O-H) and siloxane groups
(-Si-0-Si-). Cleaned silicon substrate samples were immediately
transferred into a 5ml of a previously prepared solution of choice
(various EHTS-solvents mixtures). All EHTS solutions contained
1% weight fraction of the EHTS. Samples were kept in a solution
for at least 48 hours in order to simulate long time adsorption
behaviour that can be encountered in industrial applications.

After being removed from the EHTS solution, samples were
rinsed with acetone in order to remove remnants of the reactive
solution. Subsequently, they were placed in a beaker filled with
acetone and cleaned in an ultrasonic cleaner for 5 min. Later, sam-
ples were rinsed with Milli-Q water and dried in a nitrogen stream.
Lastly, the ultrasonic cleaning step was repeated with Milli-Q
water.

2.2. Experimental methods

Contact angle Advancing (ACA) and receding contact angles
(RCA) were obtained by placing a 1 pL droplet of Milli-Q water
on a substrate using a glass syringe (Hamilton) and an automatic
dispensing system of a contact angle measurement set-up
(OCA15+, DataPhysics Instruments GmbH). Afterwards, the droplet
was inflated slowly (0.1 uL/s) to a volume of 2 pL, which was
recorded using a CCD camera (pco.pixelfly, PCO AG). Subsequently,
1 puL of liquid was retracted with the same speed and the process
was recorded again. The contact angle was obtained from the
recordings by fitting a sphere only to the bottom part of a droplet
(in order to neglect the deformation caused by the needle) using an
in-house Matlab script (2017b version, The MathWorks, Inc.). The
ACA was defined as the highest CA observed during droplet infla-
tion and the RCA as the lowest CA during retraction [45]. If the
observed ACA for a specific sample was lower than 10°, we
assumed that its contact angle is too low to be measured by this
method, and complete spreading is considered.

Ellipsometry A VB-400-VASE (J.A. Woollam Co.) ellipsometer
was used for layer thickness measurements. The obtained data
was analyzed with WVASE32 (J.A. Woollam Co.) software [46].
All samples were measured with light energies 0.8 — 4.5 eV and
65,70,75° incident angles. Deposited layer thickness was obtained
by creating a model consisting of a Cauchy material on top of a
native silicon oxide layer [47]. Native silicon oxide thickness was
obtained by measuring a reference sample which was only cleaned
with piranha solution and using silicon oxide optical properties
from the work of Hirzinger et al. [48]. Cauchy parameters of:
A =1.45,B=0.1, C=0, were used for layer thickness fitting.

Atomic force microscopy AFM measurements were performed
with a Dimension Icon AFM (Bruker). The obtained force-distance

data was processed using in-house Matlab scripts. NSC35 probes
(Mikromasch) with a typical tip radius of 8 nm and a spring con-
stant of approximately 6N/m were used for the measurements.
The spring constant of a specific cantilever was determined using
the thermal tuning procedure prior to the experiments. Topo-
graphical maps were obtained using the PeakForce tapping mode.

Cleaning experiments Additional cleaning experiments were per-
formed in order to investigate the possibility of removing the
adsorbed layer by using commonly available cleaning chemicals
(see Fig. 6 B and C). The cleaning procedure involves the sonication
in an ultrasonic bath for 5 min at room temperature with various
cleaning chemicals. After each sonication step, the samples were
rinsed with Milli-Q water and then dried in a nitrogen stream.
Afterwards, the cleaned silicon substrate sample was analyzed
with ellipsometry and CA goniometry followed by a next cleaning
step of the same sample. Alkaline solutions such as NaOH or KOH
were not used because they etch the silicon oxide surface effec-
tively destroying the sample [49]. Alconox is an anionic detergent
used for laboratory glass cleaning. Alconox solution was prepared
by dissolving 12 g of powder (purchased from Sigma Aldrich) in
1L of demi-water.

2.3. Hansen Solubility Parameter (HSP) theory

The solubility parameter describes the intermolecular interac-
tions of a pure substance. It is a measure of the total cohesive
forces holding the molecules together in a given liquid or an amor-
phous solid. The solubility parameter of a compound is equal to the
square root of its cohesive energy density, CED, which is defined as
the ratio of the energy of vaporization, AU, to the molar volume,
Vi [50,51],

5= /CED = \/A‘L/]””" = \/AH”;/”_RT, (1)

where AH 4, is the molar enthalpy of vaporization, R is the gas con-

stant (8.31J-mol ' -K'), and T the temperature. This Hildebrand
definition of the solubility parameter was initially intended for
non-polar and non-associating systems. To overcome this limita-
tion, Crowley et al. [52] and later Hansen [36] proposed to split this
parameter into three components,

5=1/03+68 + 6, (2)

where 4 is the dispersive component, d, is the polar component,
and ¢ represents the hydrogen-bonding component of the solubil-
ity parameter. The dispersive interactions are related to the non-
covalent London forces resulting from the instantaneous fluctua-
tions of electrons. The polar interactions originate from the perma-
nent dipoles in the molecules. Molecules which have an
asymmetrical distribution of charges among its atoms will have a
high solubility parameter polar component. The hydrogen bonding
component of the solubility parameter describes the highly direc-
tional attraction occurring between a specific hydrogen atom from
one molecule and another acceptor atom from a second molecule.
Based on this division of the solubility parameter, Hansen devel-
oped the Hansen Solubility Parameter (HSP) 3D space (see Fig. 3),
in which every material is represented by a single point correspond-
ing to the geometric sum of the Hansen solubility parameter com-
ponents. Two liquids, A and B, having close positions in this 3D
space are likely to have high interactions and should be miscible
when mixed. Similarly, dissolution is favored when the solubility
parameters of the solvent match those of the solute in the Hansen
3D space. The solubility parameter distance, Rqs_p), between the
positions of two substances in the 3D-HSP diagram was defined
by Hansen [36] as:
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Fig. 3. Schematic representation of the 3D Hansen solubility parameters space.
Here Rya-s1) > Rua-p2), indicating that material A has stronger interactions with
material B1 than with B2.

Raa-p = \/4(5dA —048)° + (3pa — Opp)” + (Ona — Onp)’. (3)

Here, the scaling factor “4” was suggested by Hansen based on
empirical testing because it correctly represented the solubility
data as an affinity sphere encompassing the good solvents [36].
This sphere contains the liquids which exhibit high miscibility
(or solubility) with a particular solute. The center of the sphere
represents the solute coordinates (i.e., the three solubility parame-
ter components of the solute), and the radius of the sphere corre-
sponds to the largest R, distance of the set of liquids miscible (or
have high affinity) with the solute. In this work, Rya_p will give
information on the solvents-surfactant and solvents-silicon inter-
actions, i.e., R, and Ry, will henceforth refer, respectively, to the
distances between the solvents and the surfactant and between
the solvent and the silicon substrate in the Hansen space.

2.4. Molecular dynamics simulations

2.4.1. Hydroxilated silicon dioxide model

Hydroxilated silicon dioxide is a solid material composed of a
non-interacting bulk silicon layer and SiOH interface (i.e., the reac-
tive siloxane surface), making the determination of the solubility
parameter by conventional CED calculation or group contribution
methods not possible [53,54]. Another issue is that the interaction
with the solvent or the surfactant occurs at a well-defined interface
and not at the bulk silicon layer of the substrate. A typical experi-
mental approach for deriving the solubility parameter of solid sur-
faces is by measuring the solubility parameter of solvents with

Interface
(Si-Si02)

Inner layer
(Silicon)

Interface
(Si-Si02)

close molecular properties to the solid interface [53-58]. But still,
this does not provide the actual solubility parameter value of the
surface of the material. In this work, rather than looking for similar
compounds that match the surface energy of the interface, we
designed a simplified model molecule with similar atomistic struc-
ture as the hydroxilated silicon surface. Then, its solubility param-
eter was computed using MD as the debundling energy of one of its
interfacial fragments, where each fragment represents a simplified
polymer-like model consisting of a finite number of repeating units
of silane and siloxane groups (Si-OH) as shown in Fig. 4. The frag-
ment model contains all the interacting atoms at the interface of
the hydroxilated silicon dioxide substrate, which ensure compara-
ble intermolecular interactions. A similar molecular model that
reproduces the main characteristics of a hydroxylated silicon diox-
ide surface was also proposed by Tielens et al. [59] and Perez-
Beltran et al. [60]. Although, 8 repeating units with 4 fragments
in the simulation box are sufficient to compute the solubility
parameter [39,61,62], our simulation was performed with an
ensemble consisting of 20 fragments, where each fragment con-
tains 8 repetitions units, and each unit has 4 siloxane groups. Other
simplified models of silicon dioxide with different terminal groups,
namely dehydrated silicon surface and amorphous silicon oxide,
were also tested (see supplementary files), however, we found that
a hydroxilated silicon dioxide model gives the best results.

2.4.2. Computation of the solubility parameter

For the computation of the solubility parameter, molecular
dynamics simulations were performed using LAMMPS [63]. We
chose to use the DERIDING [64] forcefield since it describes explic-
itly the hydrogen-bonding interactions. Molecules were first
packed in a 3-D simulation cell with periodic boundary conditions.
DERIDING [64] forcefield was applied to the periodic model and
energy minimization was performed. Then, simulations were run
for 200 ps with a time step of 1 fs. The temperature was set at
T =298 K and controlled by a Nose-Hoover thermostat. Long range
electrostatics were described using the charge equilibration (Qeq)
method of Rappé and Goddard [65]. A cut-off distance of 10 A
smoothed at 11 A was used for van der Waals and Couloumb inter-
actions. Ewald summation with an accuracy of 0.001 kcal/mol was
used to calculate the Coulombic interactions. Since the hydrogen-
bonding term is short-ranged, it was truncated at 3.5 A and
smoothly shifted to 0 kcal/mol at 4.5 A, along with an angle cutoff
of 120° to limit the scope of the DERIDING hydrogen bonding
potential.

The cohesive energy density is the total amount of internal
energy per mole per unit volume of a substance arising from all
of the intermolecular interactions that hold the molecules together
(i.e., the energy required to separate all molecules in a unit volume
of liquid). This energy was computed by averaging the intermolec-
ular non-bonded energy over the last 20 ps of the resulting molec-
ular trajectories:

< d

Pe

Fig. 4. Simplified molecular model of hydroxilated silicon dioxide used for the calculation of the solubility parameter.
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with n the number of molecules in the simulation cell, Ny, the Avo-
gadro number, k runs over the total energy, van der Waals energy,
and Coulomb energy, respectively. “( )" denotes a time average over
the duration of the simulation, V the simulation box volume, the
index i refers to the energy of the molecule i, and the index c repre-
sents the total energy of the molecules in the simulation box. The
hydrogen-bonding component of the solubility parameter was then
obtained using Eq. (2).

2.4.3. Surfactant-solvent mixing

Molecular dynamic simulations of surfactant-solvents mixing
were also carried out to complement the solubility parameter
results. Molecules of solvents and surfactants (50-50% v/v - vol-
ume fraction) were packed into a tetragonal simulations box,
where periodic boundary conditions were applied in all three
directions. Following the energy minimization step, MD simula-
tions were conducted using the DERIDING forcefield for 5 ns in
the canonical thermodynamic NVT ensemble at T = 298 K, with
1 fs time-step, where the experimental density of the mixtures
was used to generate a simulation cell dimensions of 6 x 6 x 2.5
nm?. For a better visualization of the surfactant-solvent phase sep-
aration, the concentration field was interpolated from the positions
of the atoms that compose each molecule in the fluid mixtures
|66,67] (see Fig. 5) using a Gaussian data interpolation of radius
5 A.

The order parameter, P, which has many equivalent definitions
[68,69], is a quantitative measure of the degree of mixing. In our
simulations, it was averaged from the resulting MD simulations
concentration fields over the last 500 ps. The order parameter of
the surfactant Psyfacrane iS defined as the volume average of the dif-
ference between the local and the overall volume fraction squared
of the surfactant in the mixture [68]:

1 14
Psurfactant = V / (ngurfactant(r) - ”?urfactant)drv (5)

where 7 fcrane 1S the volume fraction of the surfactants (i.e., dimen-
sionless local concentration) and V the volume of the simulation
box. High values of the order parameter indicate phase separation,
while small values are indicative of mixing between the surfactant
and the solvent.

3. Results and discussion

EHTS solution in hexane (1% w/w) was prepared in order to
mimic ink containing surfactant with siloxane groups. Fig. 6 (A)
displays the change in wetting properties with time of the

Fig. 5. MD simulation of EHTS-acetonitrile mixing (left) and corresponding
concentration field of the binary fluid (right).
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Fig. 6. (A) Advancing and receding contact angles of water versus time spent by the
silicon substrate in a 1%(w/w) EHTS-hexane solution. Note that after the first few
hours the wetting properties of the sample remain stable. (B) Advancing and
receding contact angles of pure water and, (C) layer thickness measured with
ellipsometry on the sample stored for 48 hours in EHTS solution in hexane after
various cleaning steps. Cleaning steps are shown in a chronological order from left
to right. Error bars on the plots display a standard deviation.

piranha-cleaned silicon substrate which was placed in an EHTS
solution. Water, which initially (t = 0) wets the untreated silicon
substrate, starts to display a finite contact angle and contact angle
hysteresis after a sample was placed in the EHTS solution for only
15 min. After approximately 4 hours, the wetting properties of the
sample stabilize. We did not measure any increase in the water
contact angle even after two weeks. This change in wettability of
the silicon substrate may affect the jetting of the ink from the noz-
zle as shown in Fig. 1.

In an attempt to restore the original wetting properties of the
silicon oxide surface treated with EHTS solution, we tried using
various organic and inorganic solvents and cleaning chemicals
(see Fig. 6 (B) and (C)). The chosen cleaning procedures are meant
to mimic the cleaning that could be easily applied to the operating
machine parts (such as an inkjet printhead) in order to restore the
wetting properties similar to those of a clean silicon oxide. We
would like to recall that altered wetting properties of the silicon
surface may disrupt the jetting process in case of inkjet printing
(see Fig. 1).

We could observe a slight decrease in advancing and receding
contact angles of water after treating the surface with Alconox
solution as well as formic and hydrochloric acids. In general
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however, the applied cleaning steps did not significantly impact
the wetting properties of the silicon substrate. Furthermore, the
thickness of the deposited layer measured with ellipsometry
remains constant within the error bars. Only after mechanical
cleaning we noted a modest increase in the measured layer thick-
ness, which we attribute to the additional unwanted remnants that
might have been transferred onto the surface during the wiping
process. These experimental observations show that the wetting
properties of a silicon surface can be swiftly and significantly
altered by a solution containing siloxane-based chemicals. Further-
more, the surface cannot be restored to its original state by using
conventional and commonly available chemical cleaning proce-
dures, suggesting that EHTS adsorbs to the surface by chemical
bonding rather than physisorption.

In order to verify the mechanism of adsorption, the silicon oxide
surface topography was characterized with an AFM in a clean state
and after EHTS adsorption. Topographical scans of both surfaces
show flat surfaces with RMS roughnesses of 247 pm and 250 pm
for clean and EHTS-modified surface, respectively (see Figs. 7(A)
and (B)). However, force-spectroscopy measurements (insets in
Figs. 7(A) and (B)) reveal significant differences between these sur-
faces. Clean silicon oxide surfaces display large adhesion forces
between the tip and the surface, as well as a short range of inter-
actions. Surface modification with EHTS resulted in a substantial
decrease of adhesion forces and large increase in interaction dis-
tance during retraction, which we attribute to adsorbed EHTS
molecules. Therefore, we conclude that the silicon oxide surface,
after the reaction with EHTS, is covered with a very thin, molecular
layer, which does not affect the surface roughness. This result is
further supported by the small layer thickness obtained by the
ellipsometry measurements (Fig. 6 (C)) and is typical for the
chemisorption. Additionally, XPS measurements (for details, see
supplementary information) revealed that samples treated with
pure EHTS and its solution in hexane displayed an additional Sili-
con Si-2p peak with a binding energy of approximately 102 eV,
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Fig. 7. 1 x 1 um? topographical maps of clean silicon oxide surface (A) and the
surface treated with EHTS (B). Inserts on panels (A) and (B) show 40 force
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(thick lines). (C) Sketch of the chemical reaction leading to the chemisorption of
molecules containig trisiloxane group to the silicon oxide surface. For the EHTS
molecule the end group R is (-CH2-CH3). The dotted lines indicate hydrogen bonds.

typically associated with silane bonds (-Si-O-Si-) [16], which we
attribute to the EHTS adsorption on a surface (see Fig. S3 in the
SI). Analysis of the C-1s peaks (i.e., carbon atoms) also showed that
compared to the amount of Si, significantly more carbon atoms are
present on the surface treated with EHTS (see Fig. S4 in the SI). Fur-
thermore, survey spectrum showed that no unexpected elements
were found on the surface (see Fig. S2 in the SI).

A schematic representation of the chemical reaction of mole-
cules containing a trisiloxane group (such as EHTS) with the silicon
oxide surface is shown in Fig. 7 (C), based on studies done previ-
ously for poly(dimethyl-siloxanes) [70]. Note that, as sketched in
Fig. 7 (C), the reaction is facilitated by the presence of water. How-
ever, it should be mentioned that the reaction was also found to
occur between fully dehydrated silicon oxide substrates and silox-
ane compound solutions, although with lower rates [70]. Never-
theless, in Ref. [70] the authors calcinated silicon oxide substrate
at very high temperatures and provided reaction solutions through
a complicated dehydration procedure in order to make sure that
they are entirely dry. Because such measures were not taken in
our samples preparation procedure and because it is necessary to
heat silicon oxide to high temperatures in order to dehydrate it
[71,72], we can safely assume that a small amount of water will
always be present on the hydrophilic, piranha cleaned substrate.
Therefore, in our experimental conditions we anticipate that the
chemisorption reaction will occur with the participation of water.

3.1. Influence of surfactant-solvent interactions

One way to prevent changes of the wetting properties by the
host fluid, observed in Fig. 6, is by changing the solvent in which
the surfactant is dissolved. Fig. 8 (A) displays how water droplets
behave on silicon samples treated with 1% w/w EHTS solutions cre-
ated with three organic solvents with vastly different chemical
structures and properties, namely: furan, acetone, and hexane.
When the surface is treated with hexane-EHTS solution, water
forms a sessile droplet indicating partial wetting, as opposed to a
full spreading obtained for a clean silicon oxide as it was already
shown in Fig. 6 (A). However, the contact angle observed when
the surface is treated with acetone-EHTS solution is much smaller,
and full spreading of water happens when it is treated with EHTS-
furan solution, indicating that the silicon surface was hardly
affected by these solutions. In order to study this phenomena, we
prepared samples with EHTS solutions in various organic solvents.
ACA and RCA of silicon surfaces affected by those solutions as well
as pure solvents for comparison are presented in Fig. 8 (B). In order
to investigate solvent-surfactant interactions systematically, sol-
vents were ordered according to their solubility distance relative
to the surfactant (R,) in the Hansen parameter space. The larger
R, the higher the intermolecular interactions between the solvent
and the surfactant. The solubility parameters used here were cal-
culated using molecular dynamics simulations and are presented
in Table 1. ACA and RCA plotted against numerical values of R,
can be found in Fig. A1 in the appendix. The high hydrogen bonding
components of the hydroxilated silicon substrate as shown in
Table 1 suggests that hydrogen-bonds between EHTS’s hydrogen
atoms and the siloxane groups of the surface may contribute to
EHTS adsorption. This is in line with previous studies [11,15,73]
reporting on the importance of hydrogen-bonding in the adsorp-
tion of molecules containing oxygen atoms on silicon oxide
surface.

It is clear from Fig. 8 (B) that non-polar solvents such as decane
or hexane, with the smallest R, to EHTS, result in the most substan-
tial change of the wetting properties of a silicon substrate. Further-
more, for the same non-polar solvents, the thickest layer was
measured by ellipsometry (Fig. 8 (C)). However, the surfactant
solutions in many other solvents have little effect on the wetting
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Fig. 8. (A) Snapshots of water droplets on a substrate treated with 1% (w/w) EHTS
solutions in furan, acetone and hexane. Note the droplets display significantly
different contact angles. (B) ACA and RCA of water on a silicon surface treated with
EHTS solutions (1% w/w) in different solvents (red marks). Solvents were ordered
based on their R, relative to EHTS in Hansen parameter space. Blue symbols show
the ACA and RCA of water measured on substrates submerged in pure solvent for
reference. Green symbols display ACA and RCA measured for a substrate treated
with pure EHTS. (C) Layer thickness obtained using ellipsometry measurements on
a silicon substrate after treating them with EHTS solutions using the same sorting as
in (B). Red dashed line marks the layer thickness measured for a substrate
submerged in pure EHTS. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Solubility parameter components in (J/cm®)*® for EHTS surfactant, hydroxilated
silicon oxide, and the various solvents used in this study.

Compound STotal S dp o
Acetone 20.16 16.19 11.99 0.74
Acetonephenone 22.65 20.47 9.65 0.94
Acetonitrile 22.23 15.44 15.99 0.31
BEA 2047 17.99 9.76 0.35
Chloroform 21.73 18.73 11.01 0.40
Cyclohexane 17.87 17.84 1.09 0.16
Decane 17.01 16.96 1.27 0.29
Diethylether 17.04 15.41 7.24 0.69
EHTS® 17.00 16.90 1.40 0.40
Furan 20.53 18.26 9.37 0.51
Heptane 16.14 16.10 1.09 0.33
Hexane 15.58 15.51 1.20 0.86
MethylBenzoate 22.63 20.20 10.19 0.49
MIBK 20.02 16.54 11.28 0.00
Triacetin 22.72 18.35 13.39 0.43
Hydroxilated 37.54 19.80 27.26 16.56

silicon oxide®

BEA: Methyl benzoate, EHTS: 3-ethylheptamethyltrisiloxane, MIBK: Methyl iso-
butyl ketone.

¢ Surfactant.

b Oxidized printhead plate surface.

properties of the silicon dioxide (like acetone or acetonitrile for
instance), or they did not affect them at all (e.g., furan or triacetin).
Note that in case of some solvents, like acetone or chloroform,
treating a substrate with pure solvents already increased water
contact angles (blue symbols in Fig. 8 (B)), which can be attributed
to physisorption of those solvents on highly polar silicon oxide sur-
face. Nonetheless, all solvents formed transparent and stable solu-
tions with EHTS. This is also reflected by the values of R, which are
all below 15 (see Fig. Al in the Appendix), indicating that all the
solutions prepared are well mixed. Mixing is a necessary condition
to prevent surfactant adsorption, otherwise, phase separation
occurs and pushes the surfactant molecules to the interface. To
confirm this, we performed MD simulations of the mixing of
EHTS-solvent (50-50% v/v) solutions and we computed the order
parameter. The latter represents a quantitative measure of the
degree of surfactant-solvent mixing and is shown in Fig. 9 (A).
Large order parameter translates into phase separation and low
surfactant-solvent affinity. Water is used here as a reference sol-
vent to illustrate a complete phase separation case.

The evolution of the order parameter of the mixing of EHTS sur-
factant with water and with cyclohexane are shown in Fig. 9 (A)
along with the MD simulations snapshots at 0, 500 and 5000 ps.
Red and blue areas correspond to EHTS and solvents, respectively.
When using water as a solvent, which is a highly polar molecule
that can exhibit strong hydrogen-bonding interactions, demixing
is observed. This leads to a complete phase separation. In contrast,
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Fig. 9. MD simulation of EHTS-solvents mixing. (A) Order parameter as a function
of simulation time of the mixing of EHTS-water and EHTS-cyclohexane (50-50%(v/
v)). Simulation snapshots were taken at 0, 500 and 5000 ps. (B) Order parameter of
the various EHTS-solvent mixtures, and water is used as a reference liquid to
illustrate an unmixed system.
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as the simulation progresses, the order parameter of EHTS when
mixed with cyclohexane remains low compared to the EHTS-
water solution, indicating a mixed system. This is reflected by
the average order parameter values shown in Fig. 9 (B), with a
low Pgyrs = 0.11 for EHTS-cyclohexane and a high Pgyrs = 0.82 for
EHTS-water solution. All the other solvents used in this study show
low values of the order parameter, below 0.2, which confirms that
all the EHTS-solvent solutions perfectly mix. However, the influ-
ence of solvents still does not fully explain the observed immediate
transition to lower layer thicknesses and contact angles with the
increase of R, (see Fig. 8). For this reason and because the solvent
should not only dissolve the surfactant, but also prevent its inter-
action with the surface, it is necessary to consider the surface-
solvent interactions to correctly predict surfactant adsorption.
The evolution of the order parameter versus simulation time of
all the solvents is shown in the supplementary file along with
the MD simulation snapshots of the remaining EHTS-solvent
mixing.

3.2. Influence of surface-solvent interactions

Historically, HSP were designed as a tool to systematically
investigate the miscibility and solubility of chemical entities. How-
ever, the adsorption of a surfactant from a solution is influenced
not only by its interactions with the solvent, but also by its inter-
actions with the surface of the substrate. In order to quantify
surface-liquid interactions, the HSP parameters of the silicon sur-
face were calculated using molecular dynamics simulations as
described in subsection 2.4. MD simulations give a total solubility
parameter of hydroxilated silicon dioxide equal to 37.54 (J/cm?)*>
which is interestingly close to that of silicon dioxide (35.3 (J/
cm?>)®®) obtained from experimental liquid-solid chromatography
data by Row [56].

The ACA and RCA values of water on silicon surface and the
measured layer thicknesses, ordered based on the increasing
solvent-surface distance (Rs) in the HSP space, are presented in
Figs. 10 (A) and (B), respectively. Because the piranha cleaning pro-
cedure, followed by rinsing with Milli-Q water leaves the majority
of the surface terminated with hydroxyl (-OH) groups, the solubil-
ity parameters calculated for the maximally hydroxylated silicon
oxide model were used in Fig. 10 (A). The data plotted against
numerical values of solvent-surface distances Ry are presented in
Fig. A2 of the Appendix. R values were calculated using Eq. (3),
where component “A” is the surface of the substrate and compo-
nent “B” is the solvent.

Note that, the solvent order in Fig. 10 has changed and, in con-
trast to the previous R, solvent-surfactant based sorting (Fig. 8),
the non-polar solvents are now in the right part of the plot. This
is intuitive since piranha cleaning leaves silicon oxide surface ter-
minated mostly with polar hydroxyl groups which will attract
polar solvents, like acetone, resulting in high solvent-surface affin-
ity. However, this is not the case for non-polar solvents, like hex-
ane, which do not have any polar groups in their molecular
structure. This could indicate that polar solvents which are
strongly attracted to the silicon oxide surface might shield it from
the EHTS. Surprisingly, the EHTS-surface HSP distance plotted with
black dashed line in Fig. 10 falls exactly where the sharp transition
between the presence and the lack of surfactant adsorption occurs.
This implies that if the EHTS has higher affinity towards the surface
than the solvent, it will react with the termination groups present
on silicon oxide surface, forming a coating layer and permanently
alter the wetting properties of the surface. These predictions
results also indicate that polar solvents, such as furan and triacetin,
which have high molecular cohesive interactions and high affinity
to the surface, can effectively prevent the formation of hydrogen-
bonds between the surfactant and the silicon substrate. Formation
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Fig. 10. (A) ACA and RCA of water on a silicon surface treated with EHTS solutions
(1% w/w) in different solvents (red marks). Solvents were ordered based on their
distance from the surface in HSP space. Black dashed line shows the distance
between the EHTS surfactant and the surface in the HSP. Blue symbols show the
ACA and RCA of water measured on substrates submerged in pure solvent for
reference. Green symbols display ACA and RCA measured for a substrate treated
with pure EHTS. (B) Layer thickness obtained with ellipsometry measurements on a
silicon substrates after treating them with EHTS solutions using the same sorting as
in (A). Red dashed line marks the layer thickness measured for a substrate
submerged in pure EHTS. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

of hydrogen-bonds is a major factor affecting non-ionic surfactant
adsorption, as shown by several studies [8,11,14,15]. This infers
that the hydrogen bonds formed between the polar solvents and
the silanol groups on the surface effectively prevents the
chemisorption of EHTS.

In this study, two other silicon dioxide simplified models were
tested. The first model is not hydroxylated and only contains silox-
ane (Si-0-Si) groups, and the second model is 50% hydroxilated
(i.e., terminated with 50% (-OH) and 50% (Si-O-Si) groups). How-
ever, only the maximally hydroxilated silicon oxide model, whose
structure is expected to be the closest to the silicon dioxide sub-
strate obtained from our sample preparation method, resulted in
perfect matching with experiments (see Figures S2, S3 and S4 in
the supplementary file). The deviations observed for the two other
surface terminations highlight the importance of precise knowl-
edge of surface chemistry for a proper use of this predictive
method.

4. Conclusions

We successfully utilized a novel method based on Hansen Solu-
bility Parameters (HSP) to characterize the interactions between
surfactant solutions and a silicon oxide (SiO,) surface, and predict
the adsorption of a siloxane-based surfactant (EHTS). The calcula-
tion of the solubility parameters of the silicon oxide surface, which
is not possible by traditional group contribution methods [22-
24,54], was done by computing the cohesive energy of a model
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fragment of SiO, using molecular dynamics simulations. The meth-
od’s predictions were confirmed by ellipsometry, XPS and wetting
experiments, and showed that siloxane-based surfactant adsorp-
tion can be reduced by a proper selection of solvents, depending
on the surface-surfactant molecular interactions. Solvents with a
HSP distance relative to the surface lower than that of the surfac-
tant are likely to prevent surfactant adsorption.

The main advantage of this approach relies on its simplicity, as
it is based on the molecular structure of the molecules, and does
not require experimental inputs or fitted data. Compared to con-
ventional experimental tools for measuring surfactant adsorption
on solid surfaces [74-77], the proposed approach is cost-efficient,
fast and provides complementary insights into the adsorption
mechanism in terms of the intermolecular interactions of the
materials involved. This can significantly reduce the tedious and
time-consuming trial-and-error type experiments, when searching
for adequate solvents and surfactants with respect to their adsorp-
tion on a given surface [16-18], facilitating for instance the devel-
opment of better inks [1]. Furthermore, the predictive approach is
not limited to surfactants, but can also be applied to the adsorption
of other chemicals, relevant for many industrial applications,
including pharmaceutics [78], oil production [18,79] and agricul-
ture [80,81]. However, the HSP approach cannot unveil all the sub-
tleties of the surfactants adsorption process, as it gives predictions
based on the intermolecular interactions of pure substances, and
only accounts for the direct contact energies between them. Conse-
quently, it does not provide information on the surfactant arrange-
ment on the interface and cannot capture effects associated with
the formation of hydrogen-bonds over time. It would therefore
be interesting to perform MD simulations to illustrate the behavior
of siloxane surfactant-solvent mixtures on the vicinity of silicon
oxide surface in order to obtain additional insights into the adsorp-
tion process.
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Appendix A

Figs. A1 and A2 show the advancing and receding contact angles
of water on silicon dioxide surface treated with various EHTS-
solvent solutions, plotted against the EHTS-solvent (R,) and the
solvent-surface (Rsoent—surface) distances, respectively.
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Fig. A1. ACA and RCA of water on a silicon surface treated with EHTS solutions (1%
w/w) in different solvents (red marks), as a function of R, of solvents from EHTS in
Hansen parameter space. Blue symbols show the ACA and RCA of water measured
on substrates submerged in pure solvent for reference. Green symbols display ACA
and RCA measured for a substrate treated with pure EHTS. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. A2. ACA and RCA of water on a silicon surface treated with EHTS solutions (1%
w/w) in different solvents (red marks), as a function of distance of solvents from the
surface in HSP space. Black dashed line shows the distance between the EHTS
surfactant and the surface in HSP. Blue symbols show the ACA and RCA of water
measured on substrate submerged in pure solvent for reference. Green symbols
display ACA and RCA measured for a substrate treated with pure EHTS. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2020.04.070.
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