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Abstract

Understanding the organization of the hydration layer at functionalized silica surfaces is
relevant for a large range of biosensing applications or surface phenomena such as biomolecule
adsorption. Silane monolayers are widely used to functionalize silica surfaces. Using Molecular
Dynamics simulations, we have investigated the role of silane molecule head-group charge,
alkyl chain length, and surface coverage, on the structural organization and dynamic properties
of Na" ions, CI" ions and water molecules at the interface. The silane molecules studied are 3-
aminopropyldimethylethoxysilane, n-propyldimethylmethoxysilane,
octadecyldimethylmethoxysilane, and (dimethylamino)dimethylsilylundecanoate. Our results
suggest that the distribution of interfacial ions is sensitive to the 2D-dispersion of the silane
charged head-groups. Also, while charged silane monolayers show a strong orientation of
interfacial water molecules, that leads to a rupture in the hydrogen bond network and disturbs
their tetrahedral organization, the arrangement of water molecules at the interface with
uncharged silane monolayers seems to be related to the surface roughness and to alkyl chain
length. In line with these results the diffusion of ions and water molecules is higher at the CH3
long monolayer interface than at the CHs short monolayer interface, than at the charged
monolayer interfaces. Also, whatever the silane molecules studied, bulk properties are

recovered around 0.7 nm above the interface.

The interfacial water organization is known to impact biomolecule adsorption. So, these results

could further help for optimizing the functionalization layers to capture analytes.



Introduction

Recent publications have demonstrated that the hydration layer and its organization at solid
interfaces plays a key role in several fundamental phenomena such as water wettability!> or
biomolecule®* adsorption. For example, Hegemann et al. have demonstrated that water
molecules, confined inside a plasma polymer film, exhibit an amphiphilic subsurface gradient.
This gradient is at the origin of long-range dipolar interactions governing the protein
interactions with the surface.> Other examples show that the hydration layer plays a decisive
role in the adsorption of peptides®, proteins®, DNA® or RNA’. Owing to the crucial role of the
hydration layer, several authors have focused on understanding the effect of surface chemistry,

and of surface structure, on the hydration layer.5%!

Attenuated Total internal Reflection (ATR) Infrared spectroscopy, Second Harmonic
Generation (SHG) spectroscopy, sum-frequency scattering and Molecular Dynamics (MD)
simulations have revealed that water molecules orientation is influenced by the surface charge
and that this orientation extends up to a few Angstroms above the interface.!®!” Chen et al.
observed infrared spectroscopic evidence that a strongly hydrogen-bonded ordered network of
water molecules is formed on hydrophilic Si—OH surface contrary to hydrophobic Si—H
surface.!® On the contrary, several authors have proposed that water forms a highly ordered
structure on hydrophobic surfaces which is at the origin of the entropically driven adsorption
of protein by the disruption of this water ordered layer.” The structure of the underlying layers
were also evidenced to participate to interfacial water molecule organization. Indeed, while
amorphous Poly(vinylidene fluoride) surfaces are less hydrophobic than the crystalline
Poly(vinylidene fluoride) surfaces!, random distribution of butylthiols molecules on
hydrophilic sphalerite surface results in a more hydrophobic surface than the one obtained with
an ordered distribution’>. MD simulations have demonstrated that the interaction strength

between the hydration layer and noble metal surface (Ag, Au) varies as a function of the facets,



typically, between Au(111) and ideal and reconstructed Au(100).'” Furthermore, the ions from

the solution are also adsorbed on the interface and may also impact the hydration layer.?°

Therefore, surface chemical modification may open the possibility of engineering the structure
of the hydration layer. Silicon surface covered by CH3 and CF3 groups lead to a polygonal
organization of water molecules that could persist up to 1 nm several nanometers above the

interface, as suggested by MD simulations.?!

Silane molecules are commercially available and are widely used for the surface chemical
functionalization of oxides in particular SiO». The structure, organization and surface energies
of various silane layers have been investigated by various characterization techniques as a
function of experimental parameters and silane structures. For example, long alkyl silane »n-
octadecyltricholorsilane (OTS) lead to well organized self-assembled monolayers while shorter
3 carbon n-propyltrichlorosilane gives rise to disordered layers.”>?* The end groups also
influence the layer order. For example, the ester and cyanide counterpart of OTS lead to less
ordered layers.”* However to the best of our knowledge, the impact of silane monolayer

structure on the organization of the hydration layer has never been investigated.

In the present study, we investigate the effects of different silane monolayers, with different
surface charges, alkyl chain lengths, and surface coverages, on the structural organization and
diffusion of interfacial Na" ions, Cl~ ions and water molecules. The four different silane
molecules  studied are 3-aminopropyldimethylethoxysilane (named NH3"), n-
propyldimethylmethoxysilane (named CHs short), octadecyldimethylmethoxysilane (named
CH3 long), and (dimethylamino)dimethylsilylundecanoate (named COO"). These systems were

% Herein, the

selected as we have previously studied their structure and organization.
distribution of ions, the ionic hydration structure, water molecule orientation and organization,

and the diffusion of water molecules and ions at the interface with these different monolayers

are deciphered by MD simulations.



1. Methods

System description. Eleven different simulation systems were investigated, including one
system without silane monolayer (bare SiO») and ten systems with an amorphous SiO, layer
functionalized with different silane monolayers and different surface coverages, as summarized

1.2 as described

in Table 1. The systems were built using the method proposed by Roscioni et a
previously.?>*” Briefly, hydrolyzed silane molecules were initially randomly positioned on the
SiO2 surface. No explicit bonding was used with the surface, allowing the spontaneous lateral
organization of the silane molecules. The parameters of amorphous SiO» surface were also

taken from Roscioni et al.?®

Approximately 20 000 water molecules were randomly placed
above the surface, as well as ions Na” and CI" at a concentration of 0.2 M each (i.e. 82 Na™ and
82 CI ions). Furthermore, Na* or CI" counter ions were added to compensate the head-group
charges of silane molecules. To avoid interactions between water molecules and the bottom
side of the SiO; surface, a Lennard-Jones (LJ) wall was added at the top of the simulation box,
whose dimensions are 7.8 nm x 7.8 nm x 15 nm. The arrangement of silane molecules on the

amorphous SiO» layer, water molecules and ions are shown on Figure 1 and in Supporting

information, Figure S1.

Table 1. Silane Monolayers and their Relative Surface Roughness

Silane . Surface Relative surface
Silane structural formula 2 a
molecule coverage (nm™) roughness
CHzlong c ° s o 1.5-3.0-42 1.0-0.92-0.42
CHj5 short e s o 1.5-3.0-42 049-0.41-0.27
HaC
NH;* o 3.0-42 0.38-027
CH3
CHa
CoOr oo s o 3.0-4.2 0.55-0.26

HaC
o

2 The relative surface roughness is normalized to the value found for CH3 long at a coverage of
1.5 nm™. The relative surface roughness for bare SiOz is 0.22.



Figure 1. Arrangement of silane molecules, water and ions on the amorphous SiO; layer (top)

and top view of the surfaces (bottom) after 100 ns MD simulation for the systems: (a) CH3

long ¢ = 4.2 nm™, (b) CHj short ¢ = 4.2 nm™, (c) NH;" ¢ = 4.2 nm?, (d) COO ¢ =4.2 nm™

and (e) bare SiO,. Atoms are shown in yellow (silicon), red (oxygen), cyan (carbon), white

(hydrogen), blue (nitrogen), orange (Na") and green (CI). Water molecules are represented
with points. Images of the simulations systems at ¢ = 3.0 nm™ and ¢ = 1.5 nm™ are shown in

Supporting information, Figure S1.

Simulations details. Simulations were performed with the Gromacs software, version 5.1.3,%
while visualization was done with VMD, version 1.9.3.%° After energy minimization using the
steepest descent method, the system was equilibrated with NVT and NPT equilibrations of 100
ps each. Then, production simulations were performed for 100 ns. Integration of motion
equations was performed using a leap-frog algorithm, with a time step of 2 fs. A LINCS
algorithm was used to apply constraints to bond parameters. Temperature was kept at 300 K
with a Nose-Hoover thermostat using a time constant of 0.4 ps, while pressure was maintained
at 1 bar using a Parrinello-Rahman barostat and a time constant of 2 ps. As reported

previously,? the SiO. layer and silane molecules were described with a force-field adapted



from recent studies’®*° and from the OPLS all-atom force-field®!. TIP4P water’?, Na ions*3
and CI" ions** were described with the OPLS all-atom force-field, while parameters for the LJ
wall were taken from a previous study'. Long range electrostatic interactions were calculated
with the Particle Mesh Ewald method and a cut-off of 1 nm. A cut-off distance of 1 nm was

also used for LJ potentials.

Analysis parameters. The following parameters were investigated by using Gromacs analysis
functions, VMD tools and home-made Python codes. Unless otherwise specified, the given

values are averaged over the last 1 ns of the simulation.

Surface roughness. The surface roughness is evaluated at final state with a home-made Python
code, by analogy with atomic force microscopy (AFM). Our methodology is adapted from

Kong et al.3

The roughness is defined as the root-mean-square (RMS) deviation of the z-values
accessible for square tip with size 0.4 nm, scanning the surface in x and y directions with a

minimal displacement of 0.15 nm.

Radial distribution function and coordination number. The radial distribution functions (RDF)
Inat -0y Gnat—u(), Ger-—o(r), and ge-_y(r), and the corresponding coordination
numbers Ny +_o (1) s Nyat—g (1) snci-—o (r) ,and ng-_y (r) give insight into the position
and orientation of water molecules surrounding the Na* and Cl  ions. g,_g(7) is the probability
of finding an atom of type B at a distance » from an atom of type 4. The running corresponding
coordination number n,_gz (), i.e. the number of atoms B surrounding atom 4 from 0 to r, is

defined as:3°

47N (T

ny_p(r) = 7 ga-p(r)r?dr
0



where N is the number of atoms of type B and V is the volume of the simulation cell.
Furthermore, n,_g is the coordination number of the first solvation shell (i.e. for » between 0

and the first minimum of the radial distribution function).?’

Water dipole orientation. The orientation of water molecules is investigated by plotting the
average cosine of the angle 8 between the permanent dipole moment of the water molecule and
the normal to the surface. A positive (cos ) means that hydrogen atoms point outside the

surface, while a negative (cos 8) means that hydrogen atoms point towards the surface.

Mean square displacement. The diffusion of water molecules and ions are investigated by

calculating their mean squared displacement (MSD) over the last ns of the simulation.
2. Results and Discussion
2.1. Distribution, ionic hydration structure, and diffusion of Na* and CI" ions

Distribution of ions. According to the Gouy-Chapman-Stern (GCS) model, in the presence of
electrolytes (NaCl in the present study), the surface charge is balanced by the distribution of
ions, which form three different layers above the surface. The first layer (the Helmholtz plane)
is characterized by the specific adsorption of ions and oriented water molecules. At the outer of
this plane, the second layer is characterized by the nonspecific adsorption of hydrated ions.
These two layers form the compact Stern layer. At the outer of the Stern layer, the third layer
(diffuse layer) is characterized by the nonspecific adsorption of hydrated ions at a concentration
that gradually decreases towards the bulk water.! The thickness of the diffuse layer is expected
to increase as the concentration of ions decreases. For a concentration of 0.2 M of NaCl, the
thickness of the diffuse layer (Debye length), is calculated to be 0.7 nm at 300 K, while the
thickness of the compact layer corresponds to a few water monolayers. However, several
experimental and MD simulation studies have established the limitations of this model, as it

neglects ion-ion interactions.!>3¥4% In particular, the composition of the compact layer and the



thickness of the diffuse layer were shown to depend on the distribution of the negative charges
on a surface.'” In the case of a uniform negative surface charge distribution, Na* specific
adsorption is observed in the compact layer, while a gradual decrease in Na* concentration is
observed in the diffuse layer as predicted by the GCS theory. However, in the case of localized
negative surface charges, ion distribution varies with ion concentration. For 0.1 M of NaCl, Na*
ions are specifically adsorbed in the compact layer while no diffuse layer is observed. For the
same localized negative surface charges and 0.5 M of NaCl, a specific adsorption of Na™ is still
observed in the Helmholtz plane, but a depletion in Na* and a specific adsorption in CI" are
observed outer the Helmholtz plane in the compact layer, followed by a gradual Na* increase
and a gradual CI" decrease in the diffuse layer, whose thickness is smaller than the one predicted

by the GCS model.'

Figure 1 illustrates the arrangement of all the silane monolayers studied on SiO> surface, as
well as the ion distributions, after 100 ns MD simulations. The distribution of ions along the
surface normal is plotted in Figure 2 and in Supporting Information, Figure S2, for all the
studied systems. In the case of the NH3" monolayer, as predicted by the GCS theory, a specific
adsorption of Cl” ions is observed at the surface of the monolayer, followed by a diffuse layer,
that spans over ~0.7 nm, in which the CI" concentration decreases gradually. These results are
in agreement with those obtained by Dewan et al. for a homogeneously spread surface charge. !
However, in the case of the COO™ monolayer, the ion distributions are different. Indeed, in the
compact layer, Na* ions are specifically adsorbed on the surface. An increase in the CI ions
concentration is also observed near the surface. Above this compact layer, a ~0.7 nm thick
diffuse layer is observed, where the concentration of both Na“ and CI is decreasing. Such
adsorption of Na* and CI ions was observed by Dewan et al. for a localized surface charge
distribution on SiO; surfaces.'® So, the differences in ion distributions that we observe, on NH3"

and COO™ monolayers, might be explained by the surface organization of the silane charged



head-groups. Indeed, the head groups are more evenly dispersed on surface with NH;" silane
molecules than with COO" silane molecules (Supporting Information, Figure S3). Also, our
results suggest, in agreement with the study of Dewan et al., that an increase in NH3" or COO"
surface coverages does not lead to a significant increase in the thickness of the diffuse layer.
For CH3 long and CH3 short monolayers, our results show that Na* and CI" ions are, as expected,
evenly dispersed in water. So, no compact layer neither diffuse layer is observed for these
systems. However, an interfacial layer is defined, in which water density increases to reach the
bulk value. The interfacial layer is about 0.7 nm thick and its origin is defined as the z-
coordinate of the highest silane atom. In the case of the bare SiO;, surface, a slight increase in
Na" concentration is observed, followed by a slight increase in Cl° concentration. Such
distribution of ions could be explained by the partial charges of oxygen atoms despite the

neutral global charge of our SiO, surface.
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Figure 2. Distribution of water molecules, Na* ions and CI” ions along the surface normal for

the systems: (a) CHs long ¢ =4.2 nm™, (b) CH3 short ¢ = 4.2 nm™, (c) bare SiO», (d) NH3" ¢ =

4.2 nm? and (e) COO" ¢ = 4.2 nm™. The compact and diffuse layers are represented for the

systems NH3" and COO" and the 0.7 nm thick interfacial layer is shown for the systems CH3
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long, CH3 short and bare SiO». Figures for all other systems are shown in Supporting

Information, Figure S2.

Ionic hydration structure and ion diffusion. The ionic hydration structures of Na“ and CI’
ions in the bulk water are the same whatever the system studied. The RDF in the bulk region of
NH;" system at ¢ = 4.2 nm™ and the corresponding coordination numbers are depicted in Figure
3. Similar curves are obtained for the bulk region in all the other systems and are shown in
Supporting Information, Figures S4 and S5. Regarding the Na* ions, the first peak of
Ina+—o(7) is obtained at 2.4 A while the first peak of gy,+_y(7) is located at 3.0 A. Thus,
water molecules are approaching the Na* ions with their oxygen atom. The coordination
number, i.e. the number of water molecules in the first solvation shell of the ion, is calculated
by integrating the RDF up to the first minimum, located at 3.2 A for gy,+_o(r) and at 3.7 A
for gnat— u(r). The coordination numbers are respectively 5.5 and 13.3. Regarding the CI°
ions, the first peak of g¢;—_p () is obtained at 2.3 A and the first peak of gg—_o () at 3.2 A.
For gc-_p (1), a second peak is located at 3.6 A, showing that only one hydrogen atom is
pointing towards the CI” ion.*® The coordination numbers are ng-_, = 6.7 and ng-_y = 6.0.

All these results are in accordance with previous simulations studies of bulk water.36-3
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Figure 3. Typical radial distribution functions (solid lines) and corresponding coordination
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number (dotted lines) of (a) Na” — O and Na” — H and (b) CI" — O and CI" — H in the bulk
region. Values are shown for the system NH3" ¢ = 4.2 nm™, other values are given in

Supporting Information, Figures S4 and S5.

The charged silane monolayers were shown to disturb the hydration structure of Na* and CI" in
the compact and diffuse layers. The coordination numbers ny,+_o and ny,+_g above the COO"
silane monolayers are given in Table 2 and in Supporting information, Figures S6 and S7, while
Ner-—o and ng-_y above the NH3™ and COO™ monolayers are summarized in Table 3 and in
Supporting information, Figures S6 — S11. The coordination numbers are significantly lower in
the compact layer than in the diffuse layer, and in the diffuse layer than in the bulk region. So,
the charged monolayers involve a progressive depletion in the first solvation shell. This is in
agreement with the results of Dewan et al. on a surface with localized negative charges'> and
exhibits the role of both cations and anions in the water layer at the interface with the COO"
monolayers, which is not predicted by the Gouy-Chapman-Stern theory. Furthermore, our
results suggest that the perturbation of the first solvation shell of the ions, in the compact and
diffuse layers, increases as the silane surface coverage and the ion concentration increase. For
instance, in the case of NH3" monolayers, n¢;-_g is equal to 6.0 in the bulk water, to 4.3 in the
compact layer at ¢ = 3 nm™ (while CI" density is around 240 kg.m™) and to 2.8 at ¢ = 4.2 nm™
(while CI" density is around 340 kg.m™). The perturbation of the hydration structure of Na* and
CI ions is in line with their diffusion coefficients (Figure 4, Table 4 and Supporting information
Figure S12). Indeed, our results suggest that ion diffusion in the compact layers is significantly
lower than in the diffuse layers and that ion diffusion in the diffuse layers is significantly lower
than in the bulk water. In the case of CHs long and CH3 short monolayers, the ion concentration
in the interfacial layer is too low (because of the uniform distribution of ions in water) to allow

the calculation of their hydration structure.
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Table 2. Coordination Numbers ny,+_, and ny,+_g in the Different Water Layers of
the Systems with COO- Silane Monolayers.

Compact layer Diffuse layer Bulk water

Silane coverage
a a
Nyat-o0 Nygt-H Nyat—0 Nyat—H Nynat-o0 NNat—H

c=3.0nm> 3.5 10.2 4.4 11.9 5.5 13.3

c=4.2nm> 2.8 8.2 3.9 10.7 5.5 13.3

2 The cut-off distance for the calculations of the coordination number is 3.2 A for Na-O and
3.7 A for Na-H.*¢

Table 3. Coordination Numbers ng-_o and n¢;-_p in the Different Water Layers of the
Systems with COO™ and NHs* Silane Monolayers.

Compact layer Diffuse layer Bulk water
Silane monolayer
Ne-—o0"  Nea-u' Nci——o Nci——H Nci=—o Nci——H
NH;3" ¢=3.0 nm™ 4.9 43 5.7 5.2 6.7 6.0
NH;" ¢ =4.2 nm™ 3.5 2.8 5.6 5.0 6.8 6.1
COO ¢ =3.0nm™ 5.0 2.6 6.0 4.6 6.8 6.2
COO c=4.2nm™ 4.0 1.6 5.1 3.0 6.9 6.3

2 The cut-off distance for the calculations of the coordination number is 3.8 A for C1-O and
2.9 A for CI-H.*¢
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Figure 4. Mean square displacement in four different regions from the surface for (a) Cl ions
on the NH;" silane monolayer at ¢ = 4.2 nm™ and (b) Na" ions on the COO" silane monolayer
at ¢ = 4.2 nm™. Values for both silane monolayers at ¢ = 3.0 nm™ are given in Supporting

Information, Figure S10.
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Table 4. Diffusion Coefficients of Cl- Tons Above NH3* Silane Monolayers and Na* Ions
Above COO" Silane Monolayers.

Diffusion coefficient of Cl ions Diffusion coefficient of Na* ions

Region above NH3" monolayer (x 10° cm?.s™!) above COO™ monolayer (x 10° cm?.s™!)
c=3.0nm™ c=4.2nm?> c=3.0nm> c=4.2nm?>
Compact layer 0.10 £ 0.02 0.03 £0.01 0.11 +£0.03 0.06 +=0.01
Diffuse layer 0.34+0.21 0.41+0.11 0.23+0.05 0.22 +0.06
Bulk 1.50+0.28 1.71 £0.01 1.81+0.04 1.49+0.21

2.2. Arrangement and dynamics properties of water molecules

Water orientation on the surface. We now investigate the arrangement of water molecules by
deciphering the water dipole orientation (Figure 5 and Supporting information, Figure S13). In
the bulk region, as expected, we observe that (cos 8) = 0 for all simulation systems, indicating
that water molecules are randomly oriented and that there is no global dipole moment. Previous
experimental'%!!*! and MD simulation'® studies have shown that, up to 1 nm above positively
charged flat surfaces, water molecules are oriented with hydrogen atoms pointing outside the
surface, while they are oriented with hydrogen atoms pointing towards the surface above
negatively charged flat surfaces. Also, flat extended hydrophobic non-polar surfaces were
shown to orient water molecules, up to 1 nm above the surface, with hydrogen atoms pointing

16174243 while small hydrophobic solutes were shown to orient water

towards the surface,
molecules with hydrogen atoms pointing outside the surface.** This organization results from

the optimization of both the number of hydrogen bonds and the packing density of water

molecules.®
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Figure 5. Effect of silane monolayers on water orientation ordering: (cos 8) water angle

distribution along the normal to the SiO: surface for the systems: (a) CHs long ¢ = 4.2 nm™?,

(b) CH3 short ¢ = 4.2 nm™, (c) bare SiO», (d) NH3" ¢ =4.2 nm™? and (¢) COO" ¢ =42 nm>. A

water molecule is represented in the compact layer of NH3" and COO" systems. The compact

and diffuse layers are represented for the systems NH3" and COO™ and the 0.7 nm thick

interfacial layer is shown for the systems CH3 long, CH3 short and SiO». Figures for all other

systems are shown in Supporting Information, Figure S13.

As depicted in Figure 5 and in Supporting information, Figure S13, our results show a positive

(cos 8) for water molecules at the interface with NH3" silane monolayers, indicating that

hydrogen atoms are pointing outside the surface. On the contrary, a negative (cos ) is obtained

at the interface with COO™ silane monolayers, attesting that hydrogen atoms are pointing

towards the surface. Furthermore, the strong global orientation of water molecules observed in

the compact layer is gradually decreased in the diffuse layer. Contrary to previous results with

flat negatively charged surfaces,'> we do not observe oscillations in the water orientation. It

might be explained by the roughness of the silane monolayers (Table 1).
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Regarding the bare SiO» surface, our results show that adsorbed water molecules slightly orient
themselves with hydrogen atoms pointing towards the surface (negative (cos@)), while
interfacial water molecules will preferentially orient themselves with hydrogen atoms pointing
outside the surface (positive (cos 8)). This result is consistent with a previous study'> and might
be explained by the partial charges on oxygen and silicon atoms for adsorbed water molecules

and by the adsorbed Na" ions for interfacial water.

At the interface with CH3 short monolayers, a positive (cos 8) is observed meaning that water
molecules will preferentially orient themselves with hydrogen atoms pointing outside the
surface. Also, the global orientation of water molecules is more pronounced as coverage
increases. So, at the interface with CHs short silane monolayer, water molecules orient
themselves like at the vicinity of small hydrophobic solutes,** and not like at the interface with
a flat extended hydrophobic surface.!%!7#>4* Water molecules orient themselves in the vicinity
of the methyl group independently from other silane molecules, which are well separated on
the surface due to their short alkyl chains. Regarding the CH3 long monolayer, we do not
observe any global orientation of water molecules at the interface ({cos 8) = 0). This could be
due to the higher surface roughness of CH3 long silane monolayers compared to CH3 short
monolayers (Table 1), which is expected to prevent the formation of a global dipole field.** It
should be noted that the oscillations which are found within the CH3 long silane molecules at ¢
=4.2 nm™ are due to the low water density in hydrophobic and densely packed silane monolayer

(below 100 kg.m™).

Furthermore, when the amorphous SiO; layer is functionalized with a silane monolayer, a
negative (cos 0) is systematically found near the SiO» layer and persists along the alkyl chains
within the silane layer. This result is consistent with a previous study that has established the
possible orientation of water molecules confined inside carbon nanotubes.* However,

Nakumura et al. have shown that the direction of the global dipole moment of confined water
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depends on the diameter of the carbon nanotubes.*’ So, the direction of the global dipole
moment could be expected to depend on the type of silane molecule and silane coverage (i.e. to
depend on the distance between silane molecules). Nevertheless, the same negative direction is
obtained whatever the coverage. So, our results suggest that the orientation of the global dipole
moment is determined more by the SiO2 surface, which induces an initial negative orientation,

than by the distance between silane molecules.

Water molecule organization. In the absence of dipole field, and if the inter-molecular
distance is below 5 A, water molecules can organize themselves into a tetrahedral network due
to hydrogen-bond interactions.® In crystalline ice, a well-defined tetrahedral network appears,
while in bulk water only a short-range order remains.*® Also, from the analysis of the water —
water angle distribution, water molecules in the vicinity of hydrophobic surfaces were shown
to exhibit a higher order than in the bulk.*® More information on the hydrogen bond network is
given by the balance between accepting and donating hydrogen bonds. Indeed, while a global
balance is expected between hydrogen bond donors and acceptors in bulk liquid water, it can

be disrupted at an interface.'?

The short-range structure of water molecules can be evaluated through the radial distribution
function go_o(r), which shows a first peak located at 2.8 A, and the corresponding
coordination number n,_,. Furthermore, information on hydrogen bonding environment is
given by go_py(r) and gy_o (). Indeed, the first peak of go_p(r) is located at 1.0 A and
corresponds to the intramolecular covalent O-H bond while a second peak appears at 1.7 — 1.8
A and is related to hydrogen bonding.*® More precisely, this second peak is related to hydrogen
bonds donors, while the second peak in the gy_ (1) shows hydrogen bond acceptors. Thus, the

balance between accepting and donating hydrogen bonds is given by nbacceptors —

2nd peak)

_ 2nd peak
anonors =2 nH—O(Tmin )a

— No-g(Tin where ny_p (rznd peak)

min

is the

coordination number obtained at the second minimum of the radial distribution function
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ga—p(r). Typical radial distribution functions go_,(7), go—y(r) and gy _o(r) in bulk water
and corresponding coordination numbers are shown in Supporting information, Figure S14. The

evolution of ng_p and nbacceptors — Nbponors along the surface normal are depicted in Figure

6 and in Supporting information, Figure S15.
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Figure 6. Evolution of the coordination number of water molecule and balance between
acceptors and donors in hydrogen bonds along the normal to the surface for the systems: (a)
CHs long ¢ = 4.2 nm™, (b) CH3 short ¢ = 4.2 nm™, (c¢) bare SiO», (d) NH3" ¢ = 4.2 nm™ and
() COO" ¢ = 4.2 nm™. The compact and diffuse layers are represented for the systems NH3"

and COO™ and the 0.7 nm thick interfacial layer is shown for the systems CH3 long, CHs short
and SiO». The cut-off distance for the calculations of the O-O coordination number is 3.3 A3
and the cut-off distance for O-H and H-O coordination numbers is 2.5 A. Figures for all other

systems are shown in Supporting Information, Figure S15.

In the bulk region, our results show that, for all the simulation systems, the coordination number
Nng_p is about 4.3, as expected for a tetrahedral network. Also, the number of donating and
accepting hydrogen bonds are equal, indicating that water molecules are randomly oriented and

that there is no rupture in the hydrogen bond network. In agreement with these results, we
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observe that the water diffusion in the bulk region is the same for all the simulation systems
(Supporting information, Figure S16). The diffusion coefficient is in the range 3.3 — 3.4 x 107

cm?.s7!, close to the value of 3.55 x 107 cm?.s! found by Yang et al.*’

However, in the vicinity of the silane monolayers, the coordination number n,_, is decreased,
in agreement with the study of Yang et al.,*’ indicating that the first solvation shell of water
molecules is disrupted by the silane molecules, and that the tetrahedral water network is
disturbed. In the case of NH3" and COO" silane monolayers, n,_ is about 2.5 in the compact
layer and increases in the diffuse layer to reach the bulk value of 4.3. These results can be
explained by the strong orientation of water molecules in these layers and are in line with the
unbalance obtained between the number of accepting and donating hydrogen bonds. In the case
of CH3 short and CH3 long monolayers, the first solvation shell is only slightly disturbed as
Ng_p is about 3.5 in the interfacial layer. This result can be explained by the low global
orientation of water molecules and by the balance obtained between the number of donating
and accepting hydrogen bonds. These results are in line with the diffusion coefficients of water
molecules which are, as expected,?!**® higher in the interfacial layers of CHj3 short and CH3 long
systems than in the compact layers of NH3s™ and COO™ systems (Figure 7 and Supporting
information, Figure S17). Furthermore, water diffusivity increases with increasing coverage,

since hydrophobicity is also increased (Figure 8 and Supporting information, Figure S18).
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Figure 7. Mean square displacement of interfacial water molecules above the bare SiO- layer
and silane monolayers CHs long, CHj short, NH;" and COO" at coverage ¢ = 4.2 nm™. For
NH;" and COO silane monolayer, interfacial water includes molecules from both the compact
layer and the diffuse layer. Values at coverages ¢ = 3.0 nm™~ and ¢ = 1.5 nm™ are shown in

Supporting Information, Figure S17.
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Figure 8. Mean square displacement of interfacial water molecules above the bare SiO- layer
and CH3 long silane monolayer at different coverages. Values for CHz short monolayer are

given in Supporting Information, Figure S18.

3. Conclusions

The organization and the dynamics properties of interfacial Na" ions, Cl” ions and water
molecules are shown to depend on the structure of the silane monolayer and on the charge of

the silane molecule head-groups.

Indeed, our results suggest that the ion distribution at the interface with the silane monolayers
is sensitive to the spatial distribution of the charged silane head-groups. The more evenly
dispersed silane molecules (NH3" silanes) lead to a distribution of CI" ions that follows the GCS
model, while in the case of monolayers with higher degree of aggregation (COO" silanes) two
specific layers of ions (Na* followed by CI) are observed at the interface. Furthermore, a strong

global orientation of water molecules is observed at the interface with charged silane
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monolayers, leading to a disruption in the first solvation shell of ions, a disruption in the
tetrahedral organization of water molecules, and a rupture in the balance between accepting and
donating hydrogen bonds. In line with these results, the diffusivity of ions and water molecules

is reduced near charged silane monolayers, compared to the bare SiO» surface.

Regarding the uncharged CHs long and CHj3 short silane monolayers, our results suggest that
the arrangement of interfacial water molecules is related to the surface roughness. Indeed, no
global orientation of water molecules is observed at the interface with the CHs long silane
monolayers whereas a slight global orientation of interfacial water molecules is obtained with
the CH3 short monolayers. These results could be explained by the higher roughness of the CH3
long monolayers and by the 2D-dispersion of the methyl groups of CH3 short silane molecules
due to their short alkyl chains. Indeed, in the vicinity of the methyl groups of the CH3 short
monolayers, water molecules orient themselves with hydrogen atoms pointing outside the
surface, as already reported around small hydrophobic solutes. In line with these results, the
tetrahedral organization of water molecules and the balance between the donating and accepting
hydrogen bonds are higher at the CH3z long and CH3 short monolayer interfaces than at charged
monolayer interfaces. Also, the diffusivity of ions and water molecules is higher at the CHj3
long monolayer interface than at the CHs short monolayer interface, than at charged monolayers

interfaces.

Finally, whatever the system studied, the bulk properties are recovered ~ 0.7 nm above the

silane monolayer.

The structural organization and dynamic properties of interfacial water molecules and ions
could impact biomolecule adsorption. So, these results could further help for optimizing the

surface chemical functionalization layers to capture analytes or to prevent nonspecific adhesion.
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