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Abstract: Click chemistry is widely used in materials and surface science for its high
efficiency, ease of use and high vyields. Azide-terminated SAMs have been prepared
successfully by using three different deposition methods (post-functionalization and direct
grafting by immersion as well as spin coating). Strikingly, our study shows that the reactivity
of the azido group on the surface with the alkyne in solution is not trivial and seems to be
closely related to the orientation of the azide. Indeed, more the azide is vertically oriented
more it is accessible and reactive. The orientation of azido dipoles at the surface depends
strongly on the method used to prepare the monolayer. The post-functionalization method
allows to have a homogeneous population of the azide groups on the surface with a better
vertical orientation than that obtained using direct grafting by immersion or spin coating
processes. Whatever the type of azide-terminated SAMs, the reactivity of the accessible
vertical azido groups is complete. This study clearly demonstrates that it is possible to control
the amount of reactive azides and, consequently, the amount of molecules immobilized on the
surface after the click reaction by choosing the deposition method.
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1.Introduction

Surface chemistry plays a crucial role in material sciences to control the functionalization at
the solid — liquid interface in the field of biosensors and biochips[1-4]. The interface
functionalization confers the physico-chemical properties to the surface of the planar solid
support such as the wettability [5], bioadhesion [6], antifouling [7], etc. For a diagnostic
platform, the sensitivity, the selectivity and the rate of response are directly related to the
quality of the biomolecules immobilization in terms of the amount, the orientation and the
nature of the linkage with the surface (covalent or non-covalent) [8,9].

The covalent chemical modification of oxide surfaces with a molecular level control can be
achieved thanks to self-assembled monolayers (SAMSs) [10]. The use of a silylated coupling
agent is one of the most efficient methods to prepare functionalized monolayers on oxide
(silica for example) surfaces [11,12]. The biomolecule’s immobilization (conjugation
reaction) strategies often use non-selective methods involving either physisorption or random
covalent bonds on functionalized SAMs which can induce a lack of bioactivity.

The regioselective and bioorthogonale copper-catalyzed alkyne-azide cycloaddition reaction
(CuAAC) constitutes an interesting way to covalently immobilize, via a specific ligation site,
biomolecule species, and thus control their orientation onto the surface [13,14,15]. The
bioorthogonal group (azide or alkyne) is introduced in the biomolecules of interest through
metabolic, enzymatic labeling or using synthetic methods. This click reaction allows the
modification of surfaces with stable bonds in a selective and efficient way since the azide-
alkyne cycloaddition reaction is quantitative, rapid, chemoselective and pH independent [16].
This coupling method using soft conditions often prevents incomplete surface functionality
conversion and side reactions, allowing a fine control of the chemical composition at the
material interface.

The azide-terminated SAMs onto silica can be achieved by two main approaches. The most
used is the post-functionalization method involving the replacement of the terminal bromine
atom by an azide group via a nucleophilic substitution [17-27]. The conversion yields of
bromine into azide vary from 80 to 100%, depending on the quality of the monolayers
[22,28]. The packing density can interfere with the preferred SN, transition state requiring
backside attack of the incoming nucleophile, which may lead to an incomplete conversion
caused by steric hindrances. Mixed self-assembled monolayers of bromo- and alkylsilanes can
be used to adjust the density of azide terminal groups. However, the composition of the mixed
SAMs depends strongly on the experimental conditions used for the grafting process showing
a preferential surface adsorption or not of the bromosilane [29,30]. A complete substitution
was achieved when the bromine-terminated silane is at least one methylene unit longer than
the methyl-terminated silane, suggesting that bromine end groups are less sterically hindered
[31]. In contrast, the substitution yield is 80% when the two silylated compounds have the
same alkyl chain length [24]. Finally, the density of azide groups on the surface can be
controlled kinetically by an appropriately timed quenching of the substitution reaction of pure
bromo-terminated SAMs, leading to monolayers with azide groups randomly distributed [23].
This last method for mixed SAMs elaboration prevents preferential surface adsorption and
phase separation.

Another possibility of post-functionalization method consists of derivatizing amino-
terminated monolayers [32,33]. For example to have aryl azides surfaces, the efficiency of the
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azidification ranges from 30% to 90% below the reported 93% for the solution-phase reaction
[34,35]. The steric effect seems to prevent a complete surface azidification. This study also
shows that the efficiency of the triazole formation depends on the density of the azide groups
on the surface. Indeed, the cycloaddition seems more favorable for low azide density because
sites that have already reacted do not reduce the accessibility of other azide groups. This post-
modification strategy which potentially generates unreacted functional groups can be avoided
by directly incorporating the aryl azide silylated compound into the monolayer to afford a
mixed SAMs while controlling the surface ratio of different reactive groups and so improving
their accessibility and reactivity [36].

The second way to obtained pure azide-terminated SAMs consists in the direct grafting of the
pre-synthesized azido silylated coupling agent. Generally, commercially available
organosilanes such as 11-azidoundecyltrimethoxysilane and p-
azidomethylphenyltrimethoxysilane [37] were used to prepare azide-terminated SAMs.
Recently, we have reported a versatile synthetic methodology to prepare various azido-
silylated coupling agents using the platinum-catalyzed hydrosilylation of stable olefinic
precursors bearing an azide group [38]. This new possibility opens the way to obtain new
azide-terminated monolayers with modular composition and structure, leading to original
physico-chemical properties. There are few examples of the preparation of azide-terminated
SAMs onto silica surface by the direct grafting of azido-silylated compounds using the
conventional deposition methods such as solution immersion [39-43] and chemical vapor
deposition [44,45]. Only one example describes the deposition of an azide-terminated
monolayer by the Langmuir-Blodgett technique [46]. Recently, we have successfully prepared
an azide-terminated SAM by using the spin coating technique in ambient atmosphere [33].
This is an interesting alternative process that is fast, simple, easy to handle and requires less
solvent.

From a general point of view, the chemical reactions at the solid/solution interfaces are well-
known to be more difficult than the reactions in solution. This behavior can be due to the
solvation effects, transport limitations, charge and dipole effects, and steric constraints. The
success of the reaction depends strongly on the reactivity and accessibility of the functional
end group on the monolayers toward the reactant from the solution.

This work describes a comprehensive study regarding the self-assembly of the resulting 11-
azidoundecyltrimethoxysilane onto silica surfaces, along with the influence of the grafting
methods (post-functionalization, direct grafting by immersion and spin coating processes) on
the orientation and the reactivity of the terminal azide groups (Scheme 1). Understanding the
behavior of the azide group in pre-functionalized surfaces allows us to improve its reactivity
with biomolecules. Chemical modifications of the surfaces have been investigated using
Polarization Modulation Infrared Reflection Adsorption Spectroscopy (PM-IRRAS) and X-
ray Photoelectron Spectroscopy (XPS). Atomic Force Microscopy (AFM) was also used to
image the surface topography. We thus present the first systematic study of azido-terminated
SAMs prepared by direct grafting (Scheme 1b) via several methods in comparison to the
classical post-functionalization process (Scheme 1a). Significant differences have been
highlighted in terms of azide orientation and consequently in terms of reactivity via click
chemistry, as illustrated by the Scheme 1.



2.Experimental section
2.1 Substrate preparation.

The SiO,/Au substrates were supplied by Optics Balzers AG. They correspond to Goldflex
mirror with SiO, protection layer (GoldflexPRO, reference 200785). Their absolute
reflectance was higher than 98% in the 1.2—12 um spectral range. The thickness of the SiO,
layer, measured by ellipsometry, was 215 + 7 A, using a refractive index of 1.46 (1-elli2000
NFT ellipsometer, A = 532 nm). A homogeneous surface was observed by atomic force
microscopy (AFM) with a root mean square (rms) roughness of 9 A (Thermomicroscope
Autoprobe CP Research, Park Scientific).

Before each surface functionalization, the SiO,/Au substrates were washed with Milli-Q water
(18 MQ.cm), sonicated in chloroform for 15 min, activated by UV-ozone (185-254 nm) for
30 min, introduced immediately into the silanization flask, let under reduced pressure for
1h30 and then stored under argon atmosphere.

2.2 Formation of Self-Assembled Monolayers (SAMS).

a) Azide monolayer preparation by the post-functionalization method, SAML1.

Bromine terminated monolayers using 11-bromoundecyltrimethoxysilane. A solution of
freshly prepared 11-bromoundecyltrimethoxysilane (0.05 mmol) in dry chloroform (50 mL)
was prepared in a schlenk flask under argon atmosphere. A solution of trichloroacetic acid
(TCA) (0.8 mg, 5.10°® mol) in dry chloroform (50 mL) was prepared in another schlenk flask
under argon atmosphere. Dry chloroform (100 mL), the silylated compound solution and then
the TCA solution were successively added in the silanization flask at 20°C. The substrates
were kept immersed under argon atmosphere for 16 hours at 20°C. They were washed by
sonicating in toluene (2 x 5 min), chloroform (2 x 5 min), water and chloroform (2 x 5 min),
respectively, and dried under nitrogen flow.

Nucleophilic substitution of bromide with azide. The bromine terminated monolayers were
immersed in a saturated solution of sodium azide in dry DMF for 48 h at room temperature
under argon atmosphere. The substrates were subsequently sonicated for several minutes in
DMF, water and chloroform, respectively, and dried under nitrogen flow.

b) Azide Monolayer preparation by direct grafting method, SAM2.

A solution of freshly prepared 11-azidoundecyltrimethoxysilane (0.05 mmol) in dry
chloroform (50 mL) was prepared in a schlenk flask under argon atmosphere. A solution of
trichloroacetic acid (TCA) (0.8 mg, 5.10° mol) in dry chloroform (50 mL) was prepared in
another schlenk flask under argon atmosphere. Dry chloroform (100 mL), the silylated
compound solution and then the TCA solution were successively added in the silanization
flask at 20°C. The substrates were kept immersed under argon atmosphere for 16 hours at
20°C. They were washed by sonicating in toluene (2 x 5 min), chloroform (2 x 5 min), water
and chloroform (2 x 5 min), respectively, and dried under nitrogen flow.

c) Azide Monolayer preparation by spin coating method, SAM3.

Freshly prepared 11-azidoundecyltrimethoxysilane was dissolved in dry chloroform HPLC
grade under inert atmosphere to prepare a solution at 4 x 10M. 40 uL of this freshly prepared
solution of organosilane was used to spin coat the substrate (rotated at 6000 rpm for 40
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seconds). The sample was dried at ambient temperature for 30 min in a laminar flow hood,
then washed by sonicating in chloroform (2 x 5 min) and dried under nitrogen flow.

d) Click reaction of azide substrates and alkynes.

1,3-dipolar cycloaddition reactions were carried out in a steriplan soda-lime petri dish
(diameter: 60 mm; height: 15 mm) under inert atmosphere by immersing the azide terminated
substrate in a mixture of degassed Milli-Q water (6.36 mL) and degassed DMSO (1.35 mL)
followed by the addition of three solutions respectively : the solution of alkyne (heptyne or
nitro probe) in degassed DMSO (0.25 mL, 0.0036M), the solution of copper catalyst in
degassed Milli-Q water (7.1 uL, 0.0125M) and the solution of sodium ascorbate in degassed
Milli-Q water (35.5 puL, 0.01M). The sample was stirred overnight under inert atmosphere in
the dark at ambient temperature by using an orbital shaker, and then sonicated in DMSO (5
min), Milli-Q water (2 x 5 min), ethanol 95% (2 x 5 min), chloroform (2 x 5 min) and dried
under nitrogen flow.

2.3 Surface Characterization.

AFM measurements. AFM height images of SAMs on SiO,/Au substrates were performed
on a Bruker's Dimension Icon Atomic Force Microscope (AFM) system in PeakForce QNM®
mode (Quantitative Nanomechanical Mapping) with ScanAsyst-Air tips (APEX = 2 nm,
spring constant k = 0.4 N/M). The AFM height images are representative of three different
areas.

PM-IRRAS experiments. PM-IRRAS experiments were performed on a ThermoNicolet
Nexus 670 FTIR spectrometer equipped with a PM-IRRAS optical bench, following the
experimental procedure previously published [47,48]. The PM-IRRAS spectra were recorded
at a resolution of 4 cm™ during 4 h acquisition time. The PM-IRRAS spectra were calibrated
in order to be presented in IRRAS units [42,49]. All spectra were collected in a dry-air
atmosphere after 30 min of incubation in the chamber. All spectra in the figures are averages
of at least 4 spectra.

X-ray Photoelectron Spectroscopy (XPS) experiments. XPS analyses were performed
using an Omicron Argus X-ray photoelectron spectrometer, equipped with a monochromated
AlK, radiation source (hv = 1486.6 eV) and a 280 W electron beam power. The emission of
photoelectrons from the sample was analyzed at a take-off angle of 45° under ultra-high
vacuum conditions (< 10™° Torr). For the molecular compounds (powders embedded in an
indium foil) a flood gun was used in order to compensate the charging effect of the insulating
powder. Spectra were recorded with a 100 eV pass energy for the survey scan and 20 eV pass
energy for the C1s, O1s, N1s, Si2p regions. Binding energies were calibrated against the C1s
binding energy at 285.0 eV and element peak intensities were corrected by Scofield factors
[50]. The peak areas were determined after subtraction of a Shirley background. The spectra
were fitted using Casa XPS v.2.3.15 software (Casa Software Ltd., U.K.) and applying a
Gaussian/Lorentzian ratio G/L equal to 70/30.

3. Results and discussion

3.1 Effects of the deposition methods on azide orientation



Azido-terminated monolayers (SAM-N3) immobilized onto silica substrate were prepared by
using three different methods of deposition. SAM1 was prepared by the post-functionalization
method from 11-bromoundecylsiloxane monolayers (SAM-Br). SAM2 and SAM3 were
obtained by the direct grafting of the pre-synthesized 11-azidoundecyltrimethoxysilane 4
(Supporting information), by using the conventional solution immersion method (SAM2) and
the spin coating technique (SAM3).
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Scheme 1. Left) Schematic representation of the molecular organization inside the SAM-N3
depending of the deposition methods: a) by post-functionalization from SAM-Br (SAM1) and
b) by the direct grafting of silylated coupling agent (4) by immersion (SAM2) and spin
coating (SAM3) processes. Right) Schematic representation of the corresponding SAMs after
click reaction with the nitro probe (SAMx-NO2) and the heptyne compound (SAMx-H).

After their deposition the azido-terminated monolayers were analyzed by PM-IRRAS. Figure
1a shows the PM-IRRAS spectra of SAM-N3 in the 3100-1800 cm™ region, related to the
stretching modes of the methylene groups (3000-2800 cm™) and to the stretching mode of the
terminated azide group (around 2100 cm™). The functionalization of the substrate by an
alkylazide monolayer was confirmed by PM-IRRAS measurements which reveal the presence
of the antisymmetric (vaCH;) and symmetric (vsCH,) stretching modes of the methylene
groups as well as the asymmetric stretching (vaN3) mode of the azide groups for the three
deposition methods. The v,N3 band of the azide terminal groups is observed close to 2100 cm’
! for all the alkylazide monolayers. The wavenumbers of the antisymmetric (vaCH,) and
symmetric (vsCH;) stretching modes of methylene groups are sensitive to both the
conformation (gauche or trans) and the order of the alkyl chains. The v,CH, and v;CH; bands
are observed at 2928 cm™ and 2857 cm™, respectively, for all the azide monolayers, revealing
a disorder of the alkyl chains in the monolayers. These observations are consistent with a



liquid-like state due to the short n-alkyl chain lengths, the Si-O-Si distances of the anchoring
groups and the large size of azide terminal groups [51].
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Figure 1. a) Non normalized and b) normalized PM-IRRAS spectra of SAM-N3 grafted onto
SiO,/Au substrate depending on the deposition processes in the 3100-1800 cm™ spectral
range. For b), spectra are normalized with respect to the methylene band at 2928 cm™.

The intensities measured on the PM-IRRAS spectrum of SAM3 for the antisymmetric
(vaCHy) and symmetric (vsCHy) stretching modes of the methylene groups (i.e. 0.0027 and
0.0015, respectively) are similar to those measured for azide-terminated thiol monolayer
(N3C12H24SH) deposited on gold substrate [52]. Thus, these intensities of the v,CH, and
vsCH; bands observed in Figure 1a are consistent with the formation of a single monolayer on
the silica surface. For SAM1 and SAMZ2 the intensities of the methylene bands are weaker
than for SAM3, which corresponds to less matter on the surface, suggesting less densely
packed monolayers and/or much thinner monolayers. The AFM images of SAM-N3 show
homogeneous organic layers without the presence of defaults (holes, aggregates...), revealing
a uniform grafting process on the whole surfaces (Supporting information, Figure S1). An
estimation of the monolayer’s thickness has been performed for the three SAM-N3 systems
by simulating the PM-IRRAS spectra at various thicknesses using the isotropic optical
constants of 4. The optical constants (refractive index and extinction coefficient) of 4 have
been determined in the infrared spectral range from polarized attenuated total reflectance
(ATR) spectra using a known procedure (Supporting information, Figures S2a and S2b)
[53,54]. The linear dependence of the IRRAS intensity of the v,CH, mode with the monolayer
thickness (Supporting information, Figure S3) allowed us to find 15.0, 9.3 and 7.3 A for
SAM3, SAM1 and SAMZ2, respectively. It is noteworthy that these values only make sense if
the packing of the three monolayers is the same as for the layer deposited onto the ATR
crystal. Indeed, the decrease of the v,CH, intensity on PM-IRRAS spectra can also be due to
less densely packed monolayers with similar thicknesses. These calculated thicknesses are
lower than the theoretical length of the 4 silane with an all-trans conformation of the alkyl
chains (which is approximately 19 A) [55]. In the literature, the thickness of the azide
monolayers varied in a wide range of 7 A to 19 A, according to the deposition method and
experimental conditions [25,34,39,56]. For SAM3 the higher value can be explained by the
spin coating process where two phenomena act simultaneously, the spin and the evaporation
at the ambient atmosphere [57]. At the early stage of spinning the liquid drop spreads
homogeneously over the whole surface and evaporation increases the concentration which
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promotes the fast adsorption of 4 on the wetting surface; inducing the crosslinkage of
molecules to afford a highly dense monolayer. In contrast, SAM1 and SAM2 are much
thinner due to the solution immersion method which uses a low concentration of molecules.
The rate of hydrolysis of the silylated compound, which depends on the leaving group, is
known to play an important role in the structure of the SAM [58]. The assembly of the
monolayers in diluted solution using anhydrous solvent requires several hours due to the
lower rate of hydrolysis of the trimethoxysilyl groups. The slow incorporation of the
molecules inside the layer and the steric constraints limit the saturation density which induces
a greater mobility and tilting of the chains responsible for a sparsely packed SAM. Depending
on the orientation of the chains, the thickness should be equal to or less than the molecular
chain length (1.9 nm) of compound 4, which is consistent with the calculated thicknesses. As
alkyl chains are disordered in all types of SAM-N3, we consider that the behavior of alkyl
chains is similar for the three grafting processes, and the corresponding PM-IRRAS spectra
have been normalized with respect to the v,CH;, band. The normalized PM-IRRAS spectra
(Figure 1b) revealed significant differences in the intensity of the azide band, according to the
deposition methods. The intensity of the v4N3 band with respect to the v,CH; band decreases
in the order SAM1 > SAM3 > SAMZ2. This behavior is certainly due to the different packing
density of monolayers which could affect how the adjacent azide groups interact each other,
inducing different orientations of the dipoles. Due to the surface selection rule of PM-IRRAS
on metallic surfaces (the intensity of a band is zero for a transition moment parallel to the
surface and is maximum for a transition moment perpendicular to the surface), the different
intensities of azide bands may be attributed to an orientation effect of this dipole which can
explain the nonlinear relationship between the azide and the methylene bands [59]. These
results suggest a preferential parallel orientation of the azide group, with a decrease of the tilt
angle (with respect to the normal surface) in the order SAM2 > SAM3 > SAML1 [39]. By
using the optical constants of azide mode (kmax = 0.261 at 2100 cm™) and calculating the
IRRAS intensity of this mode for different orientations of the v,N; dipole from 0°
(perpendicular to the surface) to 90° (parallel to the surface) using an uniaxial orientation, we
found mean orientation values of 78°, 70.5° and 63° for SAM2, SAM3 and SAM]I,
respectively (Supporting information, Figure S4). The fact that the v,N3 dipoles orientate
more parallelly to the surface for less densely packed monolayer is certainly related to the
presence of dipole-dipole interactions within the monolayer.

XPS experiments were carried out on the different SAM-N3 in order to confirm the presence
of the azido groups and to obtain more information about their organization. First, XPS
spectrum of compound 4 was measured in the N1s region to acquire spectral reference of the
azido group (Supporting information, Figure S5a). It shows the presence of two well defined
contributions : one at low binding energies (BE), centered at 401.2 £ 0.1 eV and composed of
two overlapped peaks, corresponding to the nitrogen atoms linked to the alkyl chain (=N-),
and to the electron enriched one at the end of the azido group ('N=); the second contribution
at higher BE (405.0 + 0.1 eV) is assigned to the electron deficient nitrogen atom (=N"=) in the
middle of the azido group. A ABE = 3.8 eV is observed, with a higher intensity of the low BE
component, which is in very good agreement with what is usually observed in the literature
for azido groups [34,60].

Figure 2 presents XPS spectra of SAM-N3 surfaces in the N1s region for the three different
methods of deposition. The XPS spectra of SAML is quite different than those of SAM2 and
SAMS3, despites the fact that the three SAM compositions are identical. In Figure 2a,
corresponding to the post-functionalized SAML1, the N1s profile is identical to the one
observed for azido compound 4 in Figure Sla, with two contributions separated by around 4



eV, and with a higher intensity of the low BE component. In contrast, the XPS spectra
obtained for both direct grafting of SAMs, presented in Figure 2b (SAM2) and 2¢ (SAM3),
reveal a different N1s profile: first, the high BE peak at around 405 eV is weaker than for
SAML1, and the contribution at lower BE is broader and could be fitted with at least three
contributions, in opposition of the two observed for SAM1. The extra contribution appears at
1 eV higher than the two other ones, and is likely due to the central nitrogen atom (=N*=) in
dipole-dipole interactions with neighboring azido groups. Such interactions involve
antiparallel orientation of azido groups with sharing electrons, resulting in the energy shifts
observed in Figures 2b and 2c.
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Figure 2. High resolution XPS spectra of the N1s region for SAM-N3 surfaces: a) post-
functionalized SAM1, b) functionalized by immersion SAM2 and c) functionalized by spin
coating SAM3. The blue contributions at low Binding Energy are assigned to the electron
enriched ('N=) and neutral (=N-) nitrogen atoms, while the red contribution is assigned to the
electron deficient (=N"=) nitrogen atoms.

The PM-IRRAS and XPS results show that azide groups are present at the SAM surfaces with
different orientations and arrangements (isolated dipoles and antiparallel dipole-dipole
interactions) depending on the deposition methods. It is important to note that if antiparallel
dipole-dipole interactions occur, the most favorable orientation for the involved azide groups
is certainly parallel to the surface, as shown in Scheme 1. Consequently, due to the surface
selection rule of the PM-IRRAS, these azide groups do not contribute to the intensity of the

vaN3 band.
3.2 PM-IRRAS evaluation of click chemistry

It is now important to investigate the accessibility of these azide groups for further surface
reactions. To explore this point, we examined the immobilization of an organic probe, 1-(but-
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3-yn-1-yloxy)-4-nitrobenzene 3 (Supporting information), bearing an alkyne function and a
nitro substituent via CUAAC reaction (Scheme 1). The nitro substituent has been chosen since
it is easily detected in the infrared region, from the antisymmetric (vaNO;) and symmetric
(vsNO,) stretching modes of the NO, moiety at 1515 and 1342 cm™, respectively. The
CUuAAC reaction was performed using a copper sulfate / sodium ascorbate catalytic system in
a mixture of water and DMSO containing the organic probe.

The chemically modified surfaces have been characterized by PM-IRRAS. After the covalent
immobilization of the nitro derivative via the click reaction (Figure 3a), we observed the
complete disappearance of the v.N; band at 2100 cm™ on the SAM1-NO2 spectrum
associated with the appearance of new bands at 1608 (vC=C), 1594 (vC=C), 1499 (vC=C),
1515 (vaNO,) and 1342 cm™ (vsNO,), related to the nitrophenyl moiety. The total
disappearance of the v,N3 band in the PM-IRRAS spectra clearly demonstrated the complete
reaction of the azide groups on the surface with the acetylene compound and indirectly the
successful formation of 1,2,3-triazole moiety on the monolayer. In addition, the region of
methylene stretching modes does not reveal any degradation of the monolayer during the click
reaction since the bands remained comparable in position and in intensity. The similar
observations were obtained for SAM2-NO2 and SAM3-NO2 (Figure 3b) revealing again the
complete reactivity of the azide groups. However, these normalized spectra show that the
intensity of the characteristic bands of the organic probe depends on the deposition method.
To highlight this observation, the plot of the v,NO; intensity with respect to the v,N3 intensity
is presented in Supporting information (Figure S6) for the three methods of deposition. This
graph clearly shows that there is a linear dependence between the intensities of the azide band
and those of the nitro band of the probe. The amount of nitro probe at the surface is directly
correlated to the azide groups exhibiting a contribution on PM-IRRAS spectra (i.e. azide
groups having a preferential vertical orientation). This result seems to indicate that only these
azide groups were accessible to react with the probe onto the surface.
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Figure 3. a) Non normalized PM-IRRAS spectra before and after the click reaction with the
nitro probe for the post-functionalized SAM1. b) Normalized PM-IRRAS spectra of SAMs
after click reaction for the three methods of deposition in the 3100-1300 cm™ spectral range.

3.3 Characterization of the azide reactivity by XPS
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XPS spectrum of the triazole silylated compound 5 (Supporting information) was also
measured in the N1s region to acquire spectral reference of the triazole group (Supporting
information, Figure S5b) and to compare it to the one of the azide compound 4. As shown in
Figure S5b, XPS spectrum of the triazole compound 5 clearly shows the disappearance of the
azide signal at high binding energy (~ 405 eV) associated with an enlargement of the main
contribution centered at 401.5 = 0.1 eV, that could be decomposed into three different peaks
related to the three chemical environments of the three nitrogen atoms in the triazole ring
[34]. Thus, XPS analyses were carried out for the three SAM-N3 clicked with heptyne
(Scheme 1) and compared to a direct grafting of 5. The XPS spectra of these four samples,
presented in Figure 4 present the same overall N1s profile with a large and broad contribution
centered between 401 and 402 eV, with no distinguishable signal at higher binding energy (ca
405-406 eV) related to azido groups with a preferential vertical orientation. In other words, all
azido groups with a preferential vertical orientation have reacted via the click reaction, which
is consistent with the disappearance of the azide bands observed by PM-IRRAS. As expected,
the XPS spectrum of SAM-H (direct grafting of 5), presented in Figure 4a is very similar to
the signal obtained for compound 5 (Supporting information, Figure S5b). Considering the
SAM-N3 samples that underwent a click reaction, two different N1s profiles have been
observed: SAM1-H, prepared by the post-functionalization method, displays N1s profile
similar to the SAM-H sample with three contributions of equal weight. In this case, all azide
groups seem to be clicked. On the contrary, for SAM2-H and SAM3-H samples, prepared by
the direct grafting of the azido organosilane, the three contributions exhibit different weights
from one to another. More precisely, the contribution at 403 eV, assigned to the central
nitrogen atom (=N"=) of azides in dipole-dipole interactions with neighboring azido groups, is
still observed (a comparison of SAM3 and SAM3-H is presented in Figure S7). It has to be
noticed that this population of azido groups involved in dipole-dipole interactions while lying
parallel to the surface is not visible by PM-IRRAS analysis due to the surface selection rule.
However, the XPS analysis clearly shows that this type of azides is not accessible to react by
the click reaction. Strikingly, we can discriminate by XPS different kinds of azide groups and
we have proven that the reactivity of azido groups dramatically depends on their orientation in
the monolayer. The click reaction is not total for SAM2-H and SAM3-H and only the portion
of isolated azide with a preferential vertical orientation is reactive via the click reaction.
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Figure 4. High resolution XPS spectra of the N1s region for triazole SAMs obtained either
directly or after click reaction of SAM-N3 with heptyne: a) SAM-H (direct grafting of
compound 5), b) SAM1-H (post-functionalized from SAM-Br), ¢) SAM2-H (functionalized
by immersion), and d) SAM3-H (functionalized by spin coating).

4. Conclusion

In the field of biosensors, biotechnology and biocatalysts the covalent immobilization of
(bio)molecular species on solid supports constitutes a great challenge to improve stability,
reusability, and localization. Click chemistry is widely used to immobilize biomolecules on
surfaces thanks to its high efficiency, ease of use and high yields. This study shows that the
reactivity of the azido group on the surface with the alkyne in solution is closely related to the
orientation of the azide. Indeed, the more the azide is vertically oriented the more it is
accessible and reactive. The orientation of azido dipoles at the surface strongly depends on the
method used to prepare the monolayer, and the post-functionalization method provides the
best orientation of the azido groups for further reaction. This study demonstrates that it is
possible to control the amount of reactive azide and consequently the amount of molecules
immobilized on the surface after the click reaction by choosing the deposition method. Future
work will focus on exploring the influence of the different deposition methods for new
molecular architectures.



Supplementary material

Synthesis of silylated coupling agents 4 and 5 and their precursors, p- and s-polarized ATR
(germanium crystal) spectra of compound 4, isotropic optical constants of compound 4, linear
dependence of the IRRAS intensity of the methylene mode with the monolayer thickness,
normalized intensity of the azide band as a function of the tilt angle, high resolution XPS
spectra of the N1s region for the compounds 4, 5, and SAM3, SAM3-H. This material is
available free of charge via the Internet at https://www.journals.elsevier.com/.
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