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ABSTRACT

Surface chemical functionalization is used in analytical tools to immobilize biomolecules that will
capture a specific analyte, but also to reduce the nonspecific adsorption. Silane monolayers are
widely used to functionalize silica surfaces. Their interfacial properties are linked to the silane
organization. Here we study, by Molecular Dynamics simulations, the effects of silane molecule
headgroup charge, alkyl chain length, and surface coverage on the structure of silane monolayers.
Four molecules are investigated: 3-aminopropyldimethylethoxysilane, n-
propyldimethylmethoxysilane, octadecyldimethylmethoxysilane, tert-butyl-11-
(dimethylamino(dimethyl)silyl)undecanoate. The results suggest that, while long alkyl chains
straighten out and adopt a more organized structure as surface coverage increases, the tilt angle of
short chains is independent from surface coverage. Furthermore, in the case of long alkyl chains,
a charged headgroup seems to reduce the tilt angle to surface coverage dependence. The simulated
alkyl chain tilt angles were qualitatively validated by infrared spectroscopy and X-ray
photoelectron spectroscopy. Also, a hexagonal packing is observed in all the monolayers, but is
more defined as surface coverage increases. The nematic order parameter suggests that this
packing is governed by the parallel orientation of the first C-C bonds near the surface. So, even

short alkyl chains, with a large tilt angle distribution, present a hexagonal packing.
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Introduction

A large number of applications takes advantage of surface chemical functionalization. In
particular, in the field of biosensing, the specificity of the device (the fact of capturing solely a
given analyte) and the signal to noise ratio are related to surface chemistry. For example, surface
chemical functionalization allows the immobilization of biomolecules that will capture specifically
biomarkers (peptides, proteins, DNA) or whole organisms for diagnosis purposes.'*® The
background signal can also be reduced thanks to the chemical functionalization of material
surfaces allowing the reduction of non-specific adsorption. Among the various chemical
functionalizations, silane molecules have been widely used for the modification of oxides,

especially oxidized silicon surfaces (Si0,).>37-?

The structure, organization and surface energies of various silane modified SiO, surfaces have
been studied by various characterization techniques as a function of experimental parameters, in
particular in the case of multifunctional silane monolayers. Atomic Force Microscopy (AFM)
experiments suggested that, after deposition on SiO, surface, silane molecules can diffuse laterally
to self-assemble either into fractal network or into liquid phase state, depending on external
parameters such as temperature.!® Also, AFM studies have established that the strength of
hydrophobic interactions on a silane monolayer is strongly related to the order of the silane
molecules.!! Indeed, pull-off forces resulting from hydrophobic adhesion are higher on crystalline-
like monolayers than on liquid-like monolayers. The structure of n-alkane monolayers, with n >
12, has been extensively studied by Fourier Transform Infra-Red (FTIR) and X-Ray Diffraction
(XRD) measurements.'?'7 While the positions of the methyl and methylene vibration modes from
FTIR spectra yielded information on the presence of gauche defects in the alkyl chains and on the

average alkyl chain tilt angle, the molecule crystalline packing inside the monolayer was addressed
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by XRD measurements. Hexagonal crystalline-like domains with an intermolecular in-plane
distance of 4.7-5 A were observed for monolayers of n-alkylsilane molecules with n > 14.13.16
Shorter n-alkylsilane monolayers were shown to present more gauche defects than the longer ones,
but also a lower surface coverage.'? Also, in the case of multifunctional silane molecules, a
Multiple Transmission and Reflection Infra-Red Spectroscopy study shown that the nature of the
leaving groups (Si(OMe)s, Si(OEt)s, Si(Cl)3) controls the rate of their hydrolysis, leading to very

different monolayer structures.!”

As the surface coverage cannot easily be varied experimentally, Molecular Dynamics (MD)
simulations are well suited to study the combined effects of surface coverage and alkyl chain length
of silane molecules on alkyl chain tilt angle, gauche defects and nematic order parameter.
However, only few MD simulations studies have addressed these questions. Different MD studies
suggested that the order parameter of n-alkylsilane monolayers (for n > 8) increases as the alkyl
chain length and the surface coverage increase, while alkyl chain tilt angles are independent of
chain length and decrease as surface coverage increases.!8-?> Among them, it was also shown that
perfluorodecyltrichlorosilane (FDTS) monolayers at high surface coverage present a hexagonal
packing, whereas such packing was attenuated for octadecyltrichlorosilane (OTS) monolayers for
the same surface coverage.'® In the present study, we demonstrate an effect of the head-group

charge and alkyl chain length (n < 18), on the organization of the monolayer.

We propose a MD simulation study on the effects of head-group charge (positive, neutral and
negative), alkyl chain length (n from 3 to 18), and surface coverage (1.5 to 4.2 nm™) on the
structure  of silane monolayers. The four different silane molecules are 3-
aminopropyldimethylethoxysilane (C;H;oNOSi named NH;"), n-propyldimethylmethoxysilane

(CsH160S1 named CHj short), octadecyldimethylmethoxysilane (C,;H4s0S1 named CHj; long), and
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tert-butyl-11-(dimethylamino(dimethyl)silyl)undecanoate (C,9H4;NO,Si, leading to COO- after
deprotection) (Table 1). The different silane monolayers were characterized by the alkyl chain tilt
angle, the average number of gauche defects in the alkyl chains, the nematic order parameter for
each C-C bond and its overall distribution, and the hexagonal packing of silane molecules on SiO,
surface and its persistence length. To check that the simulated morphologies were consistent with
experimental evidences, alkyl chain tilt angles were compared to experimental values obtained
from FTIR-Attenuated Total Reflectance (FTIR-ATR) measurements. To this aim, four silane
monolayers (one per silane molecule type) were elaborated from a liquid phase process on SiO,
surfaces. The surface coverages were estimated by X-ray Photoelectron Spectroscopy (XPS)

analysis.

1. Materials and methods

1-1. Experimental materials and methods

Materials. SiO, (20 nm) / Aluminium (200 nm) / Silicon substrates were prepared by Physical
Vapor Deposition (PVD) using a 200 mm Applied Materials Endura 5500 plateform. The
depositions were performed on Si (100) wafers without air break between Aluminium and SiO,.
3-aminopropyldimethylethoxysilane 95% (NH;"), n-propyldimethylmethoxysilane 95% (CHj;
short) and octadecyldimethylmethoxysilane 95% (CHj; long) were purchased from ABCR. Tert-
butyl-11-(dimethylamino(dimethyl)silyl)undecanoate (leading to COO- after deprotection) was
synthesized accordingly to a protocol previously reported.?®> The chemical structures of the four

molecules are shown in Table 1.
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Table 1. The different silane molecules and surface coverage studied.

Surface Surface
Designation coverage g:t\i];raatgefi
of silane Silane structural formula used in MD by XPS
molecule simulations y AL
(nm2) analysis
(nm2)
T B e s o S s 1.5-3.0-
CH; long . s . - 15 3
Systems with o 1.5-3.0 -
silane layer CH; short " S — 42 3
NH;* PN 3.0 8
fio
COOr Hac"'N"'si".C%, e DT 3.0-42 3
A e ,.H C«};___%
System without Bare SiO,

silane layer

Chemical surface functionalization. The substrates were cleaned by ozone/Ultraviolet treatment
under oxygen flow for 30 min to remove organic contamination and to obtain a hydroxyl-
terminated surface. Next, the substrates were heated at 150°C for 4 hours under nitrogen, allowed
to cool to room temperature under nitrogen and then, the substrates were immersed in 10 ml dried
pentane containing 90 ul of silane molecules. After 1 hour of incubation, the pentane was
evaporated and the samples were heated at 150°C for 15 hours, to allow the silanization reaction.
Finally, the samples were washed 10 minutes in tetrahydrofurane (THF) under sonication, and 10

minutes in ultrapure water under sonication.
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XPS analysis. XPS measurements were performed using a VSW spectrometer equipped with a
monochromatized X-ray source (Al Ko 1486.6 eV) in which the angle between the incident beam
and the detector was the magic angle. The angular resolution was 3°. Take-off angle was 90°
relative to the substrate surface. The energetic resolution was 0.2 eV. The data analysis was
performed with CasaXPS software. Si(-O), binding energy was set at 104 eV. A Shirley
background was subtracted on Si2p and Ols spectra when coming from bulk elements while a
linear background was subtracted on Cls spectra as surface elements. Peaks were fitted by a Gauss-

Lorentz curve.

FTIR-ATR analysis. FTIR-ATR was performed using a Thermo Nicolet 6700 spectrometer with
a Mercury-Cadmium-Telluride (MCT) detector and a diamond crystal from 800 to 3000 cm'.

Results were obtained by averaging 256 scans with a resolution of 4 cm-!.

1-2. Computational methods

System description. The silane molecules used are those presented in Table 1, after hydrolyzation,
based on a trisilanol structure with two silanol groups remaining unreacted to behave similarly to
a monofunctional silane (dimethylsilanol structure), as already reported in a previous study.>* Such
a structure was used because its force field is already known'®, whereas the force field of
dimethylsilanol is not published. The systems were built following the method proposed by
Roscioni et al.'® Silane molecules were initially randomly positioned on an amorphous SiO,
surface, without explicit bonding between silane molecules and the surface, allowing their
spontaneous lateral organization. As surface roughness has a strong influence on the lateral
organization of silane molecules®, the parameters of amorphous SiO, surface published by

Roscioni et al.'® were used. Indeed, its Root Mean Square (RMS) value is close to the experimental
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value of SiO; thin films. Figure 1 illustrates the arrangement of the silane molecules on SiO,
surface after 100-ns MD simulations. The simulation box included water molecules with the model
TIP4P. The charges of the silane head-groups were compensated with counterions (Na* or CI-) at
a concentration of 150 mM to mimic physiological conditions. A Lennard-Jones (LJ) wall was
added at the top of the box to avoid interactions between water and the bottom side of the SiO,
surface and to prevent any surface curvature.?® The simulation box included nearly 100 000 atoms

and its dimensions are 7.8 nm x 7.8 nm x 15 nm.
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Figure 1. Arrangement of silane molecules on the amorphous SiO, layer after 100 ns MD
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nm2 and (i) COO" ¢ = 4.2 nm. Atoms are shown in yellow (silicon), red (oxygen), cyan

(carbon), white (hydrogen) and blue (nitrogen).

Simulation details. All the simulations were performed with the Gromacs simulation package,
version 5.1.3%7 and the VMD software package version 1.9.3?® was used for visualization. Firstly,
energy minimization was applied to the system using the Steepest Descent Minimization method.
Then, NVT and NPT equilibrations were carried during 100 ps each, and production simulations
were performed for 100 ns. A leap-frog algorithm was used for integration of the equations of
motion with a time step of 2 fs. Constraints were applied to bond parameters with a LINCS
algorithm. The temperature was maintained at 300 K with a Nose-Hoover thermostat using a time
constant of 0.4 ps and the pressure was kept at 1 bar with a Parrinello-Rahman barostat using a
time constant of 2 ps. Water and ions were both described with OPLS all-atom force-field.?° The
parameters to describe the LJ wall were taken from a previous study.?¢ Force-field for both silane
molecules and SiO, surfaces were adapted from recent studies!®!?, and from the OPLS?® all-atom
force field. LJ potentials were truncated with a cut-off distance of 1 nm. Long range electrostatic

interactions were calculated with the Particle Mesh Ewald method and a cut-off of 1 nm.

Analysis parameters. The following parameters were evaluated by using Gromacs functions,
VMD tools and home-made Python codes. The errors bars were estimated using the standard

deviation. The curves and histograms were fitted using Bézier functions.

Tilt angles. The alkyl chain tilt angle is defined as the angle @ between the normal to the SiO,

surface and the vector between the silicon and terminal atoms of the silane molecule.!8

Gauche defects. Gauche defect parameter was evaluated as the proportion of C-C-C-C torsion

angles in trans conformation.’® For each silane molecule, we calculated all its C-C-C-C torsion
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angle ¢. If 150° < ¢ < 180°, the angle is in trans conformation and if 50° < ¢ < 150°, the angle is

in gauche conformation. Gauche defect parameter is the ratio ry.,s between the number of trans

oNOYTULT D WN =

conformations and the total of trans and gauche conformations.

11 Nematic order parameter. The chemical bond order parameter S5 describes the orientation of the

14 i'" chemical bond, in a silane molecule, relative to the surface normal.?® It is defined as:

17 .3 cos?p;—1

18 Sh= —

22 where ¢; is the angle between the i C-C bond and the surface normal. S takes values between -
24 0.5 and 1, where -0.5 corresponds to a bond parallel to the surface and 1 corresponds to a bond
perpendicular to the surface. We investigated the (S‘Z) value (average on all the silane molecules
29 of S values for a given i bond) and the S, distribution (probability of each S, value independently
of the bond number in the alkyl chain). In a group of randomly oriented bonds, (S,) = 0 whereas

34 (S5) = 0 means that (¢;) = 55°.

37 Radial Distribution Function (RDF). The 2D radial distribution of silane molecules was
investigated in the (x,y) plane (SiO, plane surface), taking into account periodic boundary
42 conditions. It is proportional to the probability of finding the Si atom of a silane neighboring
44 molecule for a given position on the plane, while the Si atom of the reference silane molecule is

fixed at origin.!%3!
50 2. Results and Discussion

53 2.1 MD simulations
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Previous studies have shown the effects of alkyl chain length, with more than 6 carbon atoms (n >
6), at different surface coverages, on the structural properties of silane monolayers. In this study,
we decipher the impact of charged functional head-group and alkyl chain length, with more than
3 carbon atoms (n > 3), at different surface coverages, on the structural properties of silane
monolayers. MD simulations have been performed for all systems during 100 ns. The silane
molecule diffusion distance is stabilized rapidly after 30 ns in all systems (Supporting information,
Figure S1). After this diffusion phase, the Si atom of silane molecules can be considered as
covalently fixed to the O atom of SiO,. The alkyl chain tilt angle &, nematic order parameter (S;)
and gauche defect fraction ry,,s are correlated to the crystal packing of silane molecules. The results

are summarized in Table 2.

Table 2. Alkyl chain tilt Angle, Nematic Order Parameter and Gauche Defect Parameter of
the Silane Monolayers Studied.

Nematic order Gauche
in ti (a)
System Alkyl chain tilt angle parameter <S,> defect

parameter
o (°) FW?})\/I ® Evenbond Odd bond Ttrans
c¢=1.5nm>? 40 38 0.05 0.03 0.81
CHs;long ¢=3.0 nm? 34 26 0.06 0.22 0.85
¢ =4.2 nm? 32 24 0.04 0.40 0.89
¢=1.5nm? 22 53 -0.04 0.32 ©
CH;sshort ¢ =3.0 nm? 22 35 -0.04 0.42 ©
¢ =4.2 nm? 22 32 -0.03 0.53 ©
NH;* ¢ =3.0 nm2 23 57 0.17 0.05 ©
¢ =3.0 nm> 19 27 0.20 0.16 0.69
COOr
¢=4.2 nm? 20 30 0.26 0.23 0.70
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@ Tilt angle distribution are depicted in Supporting Information, Figure S2. ® Full Width at Half
Maximum (FWHM). © r,. value is not relevant for small molecules with only one torsion angle.

Tilt angle. As shown in Table 2 (and Figure S2 in Supporting Information), the average tilt angle
of CHj; long molecules increases from 32° to 40°, while the Full Width at Half Maximum (FWHM)
of the tilt angle distribution increases from 24° to 38°, as the surface coverage decreases from 4.2
nm- to 1.5 nm=2. This indicates that CH; long molecules straighten out and adopt a more organized
structure, as the coverage increases. These results are in agreement with previous MD studies, for
long alkyl chains (n > 8)!3-2°, and can be explained by an increase in Van der Waals forces between
alkyl chains as their amount increases. However, very short alkyl chains (CH; short, NH3", n = 3)
seem to behave very differently from long ones (n > 8). The average tilt angles of NH;™ and CHj3
short molecules seem to be independent of the studied surface coverages and they are similar,
around 20°. Furthermore, a charged head-group seems also to influence the tilt angle to surface
coverage relationship of silane molecules with long alkyl chains (n > 8). Indeed, despite a chain
length of eleven carbon atoms (n = 11), no influence of surface coverage was observed on the tilt
angle of COO- silane molecules. Regarding on NH;* and COO- molecules, repulsion between their
charged functional head-groups can explain the widening in their tilt angles distribution. The tilt
angle distribution of CHj short is larger than for CH; long, and the tilt angle distribution of NH;3"
is larger than for COO- at a given surface coverage. It can be explained by the effect of Van der
Waals forces between long alkyl chains. These results suggest that the FWHM of tilt angle

distributions increases with charged head-groups and decreases as chain length increases.

Moreover, the degree of aggregation of silane molecules (observed on Figure 1), can be related to

the FWHM of the tilt angle distribution. Indeed, for a same coverage (e.g. ¢ = 3.0 nm2), CH; long
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molecules are positioned within a single and dense aggregate, CH; short molecules form several
smaller aggregates separated by small non-functionalized SiO, areas, and silane molecules with
charged head-groups seem more evenly dispersed on the surface. So, both charged head-groups
and short alkyl chains seem to decrease silane molecule aggregation on the SiO, surface, while
increasing the FWHM of the tilt angle distributions. Indeed, the FWHM of the tilt angle is smaller
for CH; long monolayer (26°) than for CH; short (35°) and NH;™ monolayers (57°) (Table 2).
Actually, silane molecules within a single dense aggregate could tend to behave similarly to
increase Van der Waals interactions (leading to a low FWHM value), while more evenly dispersed
silane molecules could be less impacted by the neighboring silane (leading to a high FWHM
value). However, COO- and CH; long monolayers have similar FWHM (27° and 26° respectively),
despite very different surface distributions. This result could be explained by a balance between

the opposite effects of the charged head-group and of the long alkyl chain of COO- molecules.

So, the FWHM of the tilt angle distribution of silane molecules seems to depend, in the same way
as the degree of dispersion of silane molecules on SiO, surface, on the presence of charged head-

groups and on the alkyl chain length.

Gauche defects. As shown in Table 2, CH; long silane molecules at low surface coverage (c = 1.5
nm2) present a lower riyans, (0.81), which means that there are more gauche defects, than at higher
coverages (Iyans = 0.85 and ry,ns = 0.89 for ¢ = 3.0 nm? and ¢ = 4.2 nm2, respectively). These
findings are in good agreement with experimental reports found in the literature.?>3233 COO-
molecules have more gauche defects than CH; long molecules for the same coverage (ria,s = 0.69
and Iyans = 0.7 for ¢ = 3.0 nm™ and ¢ = 4.2 nm™, respectively). The presence of charged head-

groups results in an increase in gauche defects. As the alkyl chains of NH;* and CHj; short silane
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molecules contain only one torsion angle, the calculation of their gauche defect parameter is not

relevant.

Nematic order parameter. As discussed above, in our CH; long monolayers, alkyl chains tilt
angles are in the range of 32° to 40°. As a consequence, for perfectly parallel CH3 long molecules,
such angles should lead to S, values in the range of 0.98 to 1 for each odd bond and in the range
of -0.24 to -0.4 for each even bond. As the CH; long surface coverage increases, the odd bond

(S gn+ 1) value increases from 0.03 to 0.4, as shown in Figure 2. Also, as shown in Figure 3, the S,

probability distribution shows that two values for odd and even bonds (1 and -0.25) are more and
more represented as surface coverage increases. These results reveal that an organization of the
CHj; long molecules in a herringbone structure appears as coverage increases, in agreement with
previous studies.!®2239 Thus, long alkyl chains (without head-groups) and high surface coverage
lead to a well-ordered state, allowing a preferred alkyl chain orientation with few gauche
distortions. Regarding CHj; short monolayers, alkyl chain tilt angles are around 22°. As a
consequence, for perfectly parallel CH; short molecules, such angles should lead to a S, value of
0.94 for the odd bond. Our results show that the CH; short odd bond (S3) value is 0.4 at ¢ = 3.0

nm2 and 0.53 at ¢ = 4.2 nm2, which is much higher than the odd bond (3" * 1) values of CH; long

(respectively 0.2 and 0.4). Even if CHj; short molecules have a large tilt angle distribution, the
order parameter relative to their second C-C bond is high, meaning that this C-C bond seems highly
ordered through the monolayer. In the case of NH;* and COO- molecules, (S5) values are close to
0 for even as well as for odd bonds, and the herringbone structure is not observed (Figure 2), even
at high coverage for COO- molecules. All these observations suggest that the presence of charged

head-groups results in a more disordered monolayer.
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NH3" - ¢ =3.0nm?
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Figure 2. Average nematic order parameter (S5) computed for each C-C or C-N bond of the

different silane monolayers. Silane molecules present a herringbone structure when (S5) varies
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Figure 3. Distribution of the nematic order parameter S, for CHj long silane monolayer at

surface coverage ¢ = 1.5 nm? and ¢ = 4.2 nm™. S, = 0 corresponds to a bond parallel to the

oNOYTULT D WN =

surface. For CHj; long (¢ = 4.2 nm2) values around -0.25 and 1 are more probable, which

corresponds to the S, values for a tilt angle of 32°.

14 2D Radial Distribution Function. The high nematic order parameters at high surface coverages
16 for CHj; long suggest the presence of a positional order in these monolayers. To assess it, the two
dimensional Radial Distribution Function (RDF) in the (x,y) plane was calculated.'®3* At initial
21 state, because the silane molecules are randomly positioned in the (x,y) plane, the RDF is a line
23 whose slope is directly proportional to the surface coverage (Supporting Information, Figure S3).
25 At final state, all the systems present several peaks, which means that positional order and
periodicity appear even for the NH;* silane molecules (Figure 4). As shown in Figure 5, for CH;
30 long silane monolayers at ¢ = 3.0 nm and ¢ = 4.2 nm2, the 2D maps of the RDF clearly present a
32 hexagonal packing. This means that each silane molecule has six closest neighbors, spaced by 0.5
nm. For ¢ = 1.5 nm?2, the hexagonal packing is less obvious and the intensity of the first peak
37 decreases. It can be explained by defects (absence of molecules at some places) in the monolayer
39 due to low surface coverage, as shown in Figure 1. These results are in agreement with previous

41 MD studies. 834
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Figure 4. Radial distribution functions (RDF) of silane monolayers at different surface

coverages: (a) ¢ = 1.5 nm>, (b) ¢ = 3.0 nm?2, (¢) ¢ = 4.2 nm? and (d) CHj; long at different

coverages after 100 ns MD simulation. The peaks observed at a periodic interatomic distance

show that a positional order appears in the silane monolayers.
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Figure 5. Two-dimensional Si — Si radial distribution functions of CH; long silane monolayer at
different surface coverages (arbitrary units): (a) ¢ = 1.5 nm=2, (b) ¢ = 3.0 nm> and (c) ¢ = 4.2 nm-
2. A hexagonal positional order appears when surface coverage of alkylsilane molecules

increases.

Moreover, our results show that, whatever the monolayer studied, independently of alkyl chain
length and head-group charge, the first peak (i.e. lattice parameter, minimum Si-Si distance
between two neighboring molecules) is shifted towards higher values as surface coverage
increases, reaching 0.45 nm at ¢ = 1.5 nm2, 0.49 nm at ¢ = 3.0 nm2, and 0.5 nm at ¢ = 4.2 nm™,
This result can be explained by the flexibility of the alkyl chains. Indeed, their higher flexibility at
low surface coverage could allow Si atoms from silane molecules to position themselves closer to
each other, during the diffusion phase of the MD simulation, while respecting the Van der Waals
radius of the Si atom (which is 0.21 nm). For a given surface coverage, the intensity of the first
peak is the same whatever the system. It means that the number of closest neighbor silane
molecules does not depend on alkyl chain length and on charged head-groups. For CHj short and
CH; long molecules at ¢ = 3.0 nm? and ¢ = 4.2 nm, the RDF shows that the hexagonal packing
persists on the (x,y) plane, up to 2 nm around the origin as four peaks are well-defined on Figure

4. It is not the case for charged head-groups, only the two first peaks are visible meaning that the
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propagation of the hexagonal packing is limited up to 1.5 nm. Consequently, NH;* and COO-

silane monolayers are more disordered than CH; short and CH; long monolayers.

To conclude, the persistence length of the hexagonal packing can be correlated with the nematic
order parameter, as it increases with surface coverage, it is independent of chain length and tilt
angle distribution, and it is prevented by charged head-groups. Thus, among the four investigated
silane monolayers, it seems that CH;3 long and CH; short monolayers at coverages ¢ = 3 nm and
¢ = 4.2 nm2, lead to the highest positional order. However, CH; short silane molecules have a
larger tilt angle distribution than CHj; long silane molecules. Also, the persistence length of the
hexagonal packing seems to be related to the degree of aggregation on the surface observed on
Figure 1. Indeed, for a coverage of 3.0 nm-2, four peaks are well-defined on the RDF plots for CH;
long and CHj short monolayers, while only two peaks are well-defined for NH;* and COO-
monolayers (Figure 4b). This result suggests that the persistence length of the hexagonal packing

increases with the degree of aggregation of silane molecules.

2.2. Experimental validation of the simulated morphology

Previous experimental studies have shown that molecules with long alkyl chains are more ordered,
they present smaller tilt angles, and are more densely packed on surface than molecules with short
alkyl chains.!11235-37 Most of the experimental studies are focused on multifunctional silane
molecules, allowing silane cross-linking, whereas in the MD simulations monofunctional silane
molecules are used. The monolayer morphology depends on the nature of silane molecules.?¢ So,
to check that our simulation results are consistent with experiments, FTIR-ATR analysis were
carried out to qualitatively compare the alkyl chain tilt angle of the NH;*, COO-, CH; short and

CHj; long monolayers. The surface coverages were estimated by XPS measurements.
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XPS analysis. XPS survey spectra of the bare SiO,/Aluminium/Silicon substrate, and of the four
silanized Si0,/Aluminium/Silicon substrates are shown on Figures S4 - S8 (Supporting
Information). The bare substrate shows distinct Ols and Si2p peaks, while Cls is not detected.
Silanized substrates show distinct Cls, Ols and Si2p peaks, their binding energies are reported in
Table S1 (Supporting Information). Cls, Ols, and Si2p core levels are shown on Figure S5 — S8
(Supporting Information). Two contributions are present in the high resolution Si2p spectra for the
silanized substrates, which are associated to Si(-O); and to Si(-O); (Table S1, Supporting
Information). The Si(-O), contribution is consistent with the silicon associated with oxygen in the
silica substrate. The presence of Si(-O); contribution comforts the success of the silanization.
Indeed, the four silanes used in this study are monovalent. The atomic percentages of the bare
substrate and of the four silanized substrates are reported in Table S1 (Supporting Information).
The Si:0 ratio is about 1.6 for each substrate. The Si(-O),4:C ratio is consistent with the silane
molecular composition, except for CH; short monolayer. Indeed, carbon contamination appears

systematically on CH; short monolayer, although the silane solution is not contaminated.

The surface coverage of silanes, [gjjanes > is €stimated from the formula:3®

Asi(-0),

Csitanes = Ngsio,Z

Asizp

where Ag;_py, and Ag;p, are the normalized area of the Si(-O); peak and of (Si(-O); + Si(-O),)
components respectively, ng;p,is the molecular concentration of silica (22 nm3) and z is the

sampling depth. z is approximated by 3A, with A is the mean free path in silica, equal to 3.7 nm.3%4
The surface coverages are about 3 nm for CH; short, CH; long, and COO- monolayers, and around

8 nm2 for NH;*. So, contrary to previous results obtained for multifunctional silanes!?, the
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coverage does not depend on the alkyl chain length. The NH;* surface coverage is more than two
times higher than the surface coverage obtained with the other silane molecules. It might be
explained by the catalytic effect of amino groups during silanization process.*!*> Also, it is worth
to be noticed that, because of sampling depth and variations in alkyl chain length, the calculation
underestimates the ratio between the surface coverage of short alkyl chains (CH; short or NH;3™)

and long alkyl chains (CH; long or COO).

FTIR-ATR analysis. It is well-known that the methylene asymmetric stretching mode is shifted
to the lower frequency region as the alkyl chain order increases.!!-1743-44 Moreover, several studies
combining infrared spectroscopy, ellipsometry and AFM show that an increase in the alkyl chain
order, or a shift to lower frequency region, is associated with a decrease in the alkyl chain tilt

angle.!> 4

The FTIR-ATR spectra of the COO-, CH; long and NH3;" monolayers, shown in Figure 6, are
dominated by the methylene symmetric stretching mode (d*, in the range 2854 cm™! - 2858 cm™!)
and the methylene asymmetric stretching (d-, in the range 2924 cm-!' - 2928 cm™') mode. These
modes are not observed on the CHj short monolayer, likely because the CH; short molecule has
fewer methylene groups than the CH; long and COO- molecules. However, despite NH;* and CHj3
short molecules have the same number of methylene groups, d* and d- modes are observed on the
NH;" monolayer. It can be explained by the higher surface coverage obtained with NH;" molecules
than with CH3 short molecules (8 nm vs. 3 nm-2). Our results show a shift to low frequencies, by
up to 4 cm!, for d- modes of CH; long (2929 cm!), NH;* (2927 cm™'), and COO- (2925 cm'!)
monolayers. Such a shift suggests a higher tilt angle for CH; long than for NH5;" and COO-
monolayers.** These results are in agreement with our tilt angles obtained by MD simulation.

Indeed, the tilt angle of CH; long molecules at a coverage of 3.0 nm™ is 34°, while the tilt angle
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of NH;" molecules at a coverage of 4.2 nm™ and the one of COO- at a coverage of 3.0 nm™ are

close, around 12°-19° (Supporting Information, Figure S2).

d- — CH; long
- CH, short
- COOr
-- NH;'

Absorbance

2900 2850 2800
Frequency (cm!)

> A
3000 2950

Figure 6. FTIR-ATR spectra of the four silanized surfaces.

The methyl asymmetric stretching mode (r- in plane, 2966 cm™) is clearly resolved on the CHj
short monolayer only, while the methyl symmetric stretching (r*, 2878 cm™! and r'FR 2940 cm™!)
is clearly resolved on CHj; long monolayer, but not on CHj3 short monolayer. Such results have
already been observed from polarized FTIR-ATR experiments.'? In polarized FTIR-ATR
experiments, the r- mode is observed only if the alkyl chains are nearly perpendicular to the surface,
while the r" mode is observed for alkyl chains with higher tilt angles only. In the present study, we
cannot calculate the different tilt angles because we use an unpolarized FTIR-ATR equipment.
However, our results suggest that a change in orientation occurs between CH; long and CHj3 short
molecules. Indeed as surface coverage is the same for CH; short and CH; long monolayers, if there
were no change in the average alkyl chain tilt angle, then the r and r* peak areas of these two
monolayers would be the same (with different widths, depending on the tilt angle distribution). By

assuming that the presence of the r mode on the CHj; short system is not entirely linked to the

carbon contamination, these experimental results are qualitatively in agreement with tilt angles
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from our MD simulations, which suggest that the tilt angle of CH; long molecules is 34° while the

one of CH; short molecules is 22°.

Previous experimental studies have shown that, in the case of multifunctional silane molecules,
the surface coverage increases, and the tilt angle decreases, as the alkyl chain length increases.!?
Our experimental and simulated results suggest that, in the case of monofunctional silane
molecules, likely because of the absence of intermolecular bonds, the alkyl chain length has no
significant effect on the surface coverage. However, the average chain tilt angle increases as the

chain length increases.

3. Conclusion

This study shows that the ordered state of the silane monolayer depends on the alkyl chain length
(n from 3 to 18), head-group charge, and on the surface coverage. Indeed, long alkyl chains and
high coverages lead to more organized self-assembled silane monolayers, with a narrow tilt angle
distribution centered on a preferred orientation, and few gauche distortions. Also, for given alkyl
chain length and surface coverage, charged silane molecules lead to a more disordered state than
neutral silane molecules, with a larger tilt angle distribution. Long alkyl chains (n > 8) were
reported to have a tilt angle independent of chain length and to be affected by surface coverage.
On the contrary, short alkyl chains (n = 3) behave very differently, since their tilt angle seems to
be independent from surface coverage. Furthermore, a charged head-group seems to influence the
tilt angle to surface coverage relationship of long alkyl chain (n > 8). Indeed no influence of surface
coverage on the COO- (n = 11) tilt angle was observed. The differences between the simulated tilt

angles, depending on the nature of silane molecules, are validated by FTIR-ATR analysis.
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Moreover, our results suggest that a hexagonal packing is observed in all the studied silane
monolayers. However, whatever the alkyl chain length, an increase in surface coverage lead to the
more marked appearance of the hexagonal packing. Nematic order parameter values show that
such packing is governed by the parallel orientation of the first C-C bonds of the silane molecules,
near the SiO, surface. Thus, even short alkyl chain (CHj; short), despite a large tilt angle

distribution, present a well-defined hexagonal packing at high coverage.

Surface chemical functionalization is used in analytical tools as a mean to immobilize
biomolecules that will capture a specific analyte, but also to reduce the non-specific adsorption.
This work could further help to understand the influence of the nature of silane molecules on the
arrangement of the silane monolayer on SiO, surfaces, and on subsequent biomolecule

interactions, to design more efficient analytical tools.
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