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Abstract:

Silane-based Self-Assembled Monolayers (SAMs) are widely used to control the surface
properties of materials. The spin coating technique is an interesting alternative way to the
conventional immersion solution for organosilane deposition owing to its speed and ease of use
under ambient conditions. In this work, we study the impact of the drying step following
organosilane deposition by spin coating. We investigated the influence of temperature and time
of the drying step on the quality of the monolayers. Two trimethoxysilanes bearing phthalimide
end group with an alkyl chain or a urea moiety as spacer were used to prepare amino-terminated
SAMs. The structural information of SAMs were provided by polarization modulation infrared
reflection-adsorption  spectroscopy (PM-IRRAS), time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy (XPS). Results showed that
the urea group which induced self-assembly by intermolecular hydrogen bonding reduced the
drying step time by half compared with the alkyl chain. Amino-terminated SAMs were
derivatized to afford thiol-terminated SAMs to immobilize gold nanorods and constitute
surface-enhanced Raman scattering (SERS) substrate. An oligonucleotide bearing a terminal
thiol immobilized on gold nanorods was identified by SERS highlighting the potential of this
SERS platform to be used as biosensors in the future.

1. Introduction

Self-Assembled Monolayers (SAMs) have emerged as versatile and tunable molecular
platforms for a wide range of applications, including antifouling,® tribological applications,?
batteries, electronic* and plasmonic® devices, biosensors,® and the study of biological systems.’

Silane based SAMs are widely used to modify the properties of oxide surfaces.® These
monolayers are prepared from organosilanes bearing a trichlorosilane or alkoxysilane as an
anchoring group. A wide range of functionalities can be introduced on the surface using silanes
carrying different functional groups such as ester,>° alkene,*'2 epoxide,'3!* azide,'>1° etc.
These SAMs are generally stable and robust due to their partial in plane polymerization,
offering long-term durability under a variety of environmental conditions. After formation,



SAMs can be easily modified by subsequent chemical treatment providing additional flexibility
for surface design.t’

The functionalization of silica surfaces with 3-aminopropyltriethoxysilane (APTES) or 3-
aminopropyltrimethoxysilane (APTMS) has garnered significant attention for the development
of biosensors.® These aminosilanes provide a reactive interface for the attachment of
biomolecules, such as antibodies, enzymes, and DNA probes, enabling the detection of various
analytes. One drawback of aminopropylsilanes layers was their instability which can lead to a
desorption under physiological conditions.®!° This behavior comes from the formation of
polycondensates in solution by homo-condensation reaction and from their surface
physisorption which predominates over surface grafting by hetero-condensation reaction
involving the silanol groups.?° The disordered organization of the silane in the layer is the result
of multiple possibilities of interactions of the terminal amino group by hydrogen bonds or
electrostatic interactions, which can limit its accessibility and reactivity. These limitations
render difficult the preparation of single monolayers of aminopropylsilanes, and rather favor
multilayer formation.?

In contrast to commercial aminosilanes grafted by an immersion solution method, an alternative
strategy using direct grafting of aminosilanes with phthalimide as a protecting amino group has
demonstrated its efficiency to prepare a well-defined amino-terminated monolayer.?2224 N-
phthalimide protected aminosilanes avoid multiple interactions of the amine group, ensuring
better control of the assembly during the grafting process, and therefore the molecular
organization in the SAM, leading to the terminal group being directed outwards. The
phthalimide-terminated SAMSs can be prepared by using the classic immersion solution method
or by spin coating. The latter offers the advantage of rapid silane deposition on the surface, easy
operation under ambient conditions, and requires only a small amount of organic solvent.
Recently, our research group investigated the possibility to prepare by spin coating SAMs based
on trimethoxysilanes with different end groups like azide, bromine, benzyl and phthalimide. 162>
All these SAMs were prepared under ambient atmosphere in two steps: (i) the fast deposition
of the silane solution on the surface by spin coating, and (ii) the drying step at room temperature
(RT) for a duration from 30 min to 14 hrs, depending on the molecular structure. Since this
drying step can last several hours, the grafting process is just as long as the conventional
immersion method. Heat treatment can accelerate the process by promoting polymerization of
the silane in the layer.?62"21

In this study, we have investigated the influence of temperature and time on the quality of
phthalimide-terminated SAMs prepared by spin coating. Two phthalimide trimethoxysilanes
bearing an alkyl chain or an urea group as a spacer were grafted on silica. After defining the
optimum temperature and time for the drying step, the monolayers were deprotected to produce
amino-terminated SAMSs. To demonstrate the reactivity of free amine, these monolayers were
modified by a bifunctional heterolinker to afford the corresponding thiol-terminated SAMs. The
modified surfaces were characterized using polarization modulation infrared reflection-
adsorption spectroscopy (PM-IRRAS), time-of-flight secondary-ion mass spectrometry (ToF-
SIMS) and X-ray photoelectron spectroscopy (XPS) for interfacial reactivity, elemental
composition and thickness. Wettability was measured with a contact angle goniometer and
topography by atomic force microscopy (AFM).

Besides the preparation and characterization of SAMs at each step of the surface modification,
gold nanorods (GNRs) were grafted onto them and an oligonucleotide was subsequently
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immobilized on the SAM-GNR system to assess its potential use as SERS platform for the
detection of biomolecules. Gold nanoparticles are indeed attractive functional building blocks
to prepare nanostructured materials in plasmonics and sensors applications.?® This proof-of-
concept study shows that silane-based synthetic routes are promising for the design of
plasmonic devices, and especially SERS-active substrates.

2. Experimental

2.1. Materials and substrates

For PM-IRRAS experiments, SiO2/Au substrates corresponding to Goldflex mirror with SiO>
protection layer (Goldflex PRO, 5 x 5 cm, reference 200785), supplied by Optics Balzers AG,
were used with a root-mean-square (rms) roughness of 0.9 nm. They are cut to 2.5 x 2.5 cm
slides. The thickness of the SiO; layer was measured by ellipsometry and a value of 215 + 7 A
was obtained, applying a refractive index of 1.46 (I-lli2000 NFT ellipsometer, A = 532 nm).
For AFM and ToF-SIMS experiments, silicon wafers measuring 1 cm x 1 cm (silicon-CZ
undoped from BT Electronics) were used with a rms roughness of 0.2 nm.

2.2. Chemical surface modification

Substrate cleaning procedure: Before grafting, the substrates were intensively washed with
Milli-Q water (18 MQ cm), sonicated for 15 min in chloroform and exposed to UV- ozone (185
- 254 nm) for 30 min. They were immediately used for silanization by spin coating.

Preparation of phthalimide-terminated SAMs by spin coating: Freshly prepared
organosilane was dissolved in anhydrous chloroform under inert atmosphere to prepare a
solution at 4.10°3 M. A drop (40 uL for PM-IRRAS substrate and 15 pL for silicon wafer) of
this organosilane solution was deposited on the substrate during the rotation (Spincoat G3P-8:
6000 rpm for 40 sec). Different time and temperature were applied for the drying step: at RT
(20-25°C) at ambient humidity (30-40%) and at 100°C in an oven. The dry silanized substrate
was then washed by sonication in chloroform (2 x 5 min), Milli-Q water (2 x 5 min) and
chloroform again (2 x 5 min), and dried under nitrogen flow.

Deprotection of phthalimide groups: Amino-terminated SAMs were prepared following a
protocol described in the literature.?®

Thiol-terminated SAMs:

A drop (350 pL/3.6 mM) of 3-Mercaptopropanyl-N-hydroxysuccinimide ester (MPH) solution
in anhydrous DMF was deposited on freshly deprotected amino-terminated SAMs, and
incubated for 65 hrs at RT under argon and protected from light without stirring. After reaction,
the substrates were washed in an ultrasonic bath for 2 x 5 min successively in DMF, Milli-Q
water water, and chloroform, and finally dried under nitrogen flow.

Synthesis of GNRs: Colloidal GNRs were synthesized using a one-stage protocol (seedless
approach).?® 12 mL of an aqueous solution of CTAB (cetyltrimethylammonium bromide,
Sigma-Aldrich) (200 mM) and 3.75 mL of NaOL (sodium oleate, TCI) (200 mM) were poured
into 9.25 mL of Milli-Q water in a 200 mL glass vial. The solution was stirred at 150 rpm for a
1 cm cylindrical magnetic stirrer. When the temperature had stabilized at 30°C, 25 mL HAuUClI4
(gold chloride trihydrate, Sigma-Aldrich) (1 mM), 1.2 mL AgNOg (silver nitrate, Sigma-
Aldrich) (4 mM), 250 uL HCI (11.8 M), and 375 uM ascorbic acid (85.8 mM) were added
sequentially. 37.5 uL freshly prepared ice-cold NaBH4 (sodium borohydride, Sigma-Aldrich)
(10 mM) was then rapidly injected into the mixture. The solution was then immediately left
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unstirred for 4 hrs at 30°C. AuNRs were then isolated by centrifugation at 9000 g for 30
minutes. The supernatant was discarded and the precipitate resuspended in Milli-Q and stored
at room temperature. The sample was characterized by absorption spectroscopy and TEM. The
shape yield is high as shown in Figure S6. Rods are formed with a morphology yield of 95%.The
absorption spectrum shows well-defined longitudinal and transversal LSPR bands at 744 nm
and 520 nm respectively. The average diameter and length of the as-obtained nano-objets were
estimated to 76 + 9 nm and 26 = 4 nm respectively.

Surface modification of GNRs with PVP:

The excess of CTAB of freshly synthesized Nanorods solution (9.10* GNRs / 250 pL) was
removed by a double centrifugation (8600 rpm (4100g)/ 15 min), discarding the supernatant
and redispersing the nanoparticles in Milli-Q water to have 250 pL of nanorod solution (9.10*
NP/L). A large excess (500 pL at 5 mM) of poly(vinyl-pyrrolidone) (PVP : 10 000 g/mol) was
added to the CTAB-stabilized GNR solution and the PVP was allowed to adsorb onto the GNRs
overnight under stirring at room temperature. Excess of PVP was removed by a double
centrifugation (8600 rpm / 15 min), and the GNRs were redispersed in 500 pL Milli-Q water.

Immobilization of PVP-stabilized GNRs on SAMs:

SAM-Urea-SH and SAM-Urea-NH:z were immersed in a solution containing 2.1 mL degassed
Milli-Q water, 400 L of TCEP (1 mM) and 500 pL of colloidal GNR solution (9.10'! NP/L).
The substrate was stirred by orbital shaking (=180 rpm) overnight at RT, under argon and
protected from light. The substrate was washed in an ultrasonic bath using successively Milli-
Q water, ethanol, and chloroform for 2 x 5 min, and then dried under nitrogen flow. All non-
specific adhesion tests used the same protocols without the TCEP.

Immobilization of oligonucleotide (DNA strand) on nanorods-terminated SAMSs:

A 150 pL drop of DNA strand solution in Milli-Q water (1.91 nmol DNA strand) containing
10 pL of TCEP (1 mM) was deposited on the surface and incubated for 65 h at RT without
stirring, under argon and protected from light. The substrate was washed by a flow of Milli-Q
water for 5 min and dried under nitrogen flow. Oligonucleotides were ordered from GeneCust
(Boynes, France). The sequence of the DNA strand was 5'- Thiol-C6-TTT TTTTTT TAG TCC
GTG GTA GGG CAG GTT GGG GTG ACT -3' and was resuspended in Milli-Q water and
used without further purification.

2.3. Characterization of monolayers

PM-IRRAS analysis. PM-IRRAS experiments were performed on a FTIR spectrometer
equipped with a PM-IRRAS optical bench, following the experimental procedure previously
published.®® The PM-IRRAS spectra were recorded at a 4 cm™ spectral resolution for 4 h
acquisition time. The PM-IRRAS spectra were calibrated in order to be presented in IRRAS
units (i.e. 1-Rp(d)/Rp(0), where Rp(d) and Rp(0) stand for the p-polarized reflectance of the
film/substrate and bare substrate systems, respectively). All spectra were collected in a dry-air
atmosphere, after 30 min of incubation in the chamber.

AFM measurements. AFM height images of SAMs 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 diameter = 2 nm, spring constant k
= 0.4 N/m). The AFM height images are representative of three different areas.



Wettability measurements. Contact angles were determined on a Kriiss DSA 100 goniometer
at 20 °C in static mode with a drop volume of 3 uL. The results correspond to the average of at
least 3 measurements.

Time-of-Flight Secondary-lon Mass Spectrometry (ToF-SIMS).

Time of Flight Secondary lon Mass Spectrometry measurements of SAMs were carried out
using a TOF-SIMS 5 time-of-flight secondary ion mass spectrometer (IONTOF GmbH),
equipped with a liquid metal ion gun (LMIG) orientated at 45° to the sample surface. The LMIG
provided a 10 micron-diameter 30 keV Bis* ion beam, operating at an ion current of 0.3 pA.
Analyses were performed over an area of 500 x 500 um?. Flood gun (21V) was applied to SAMs
deposited on silicon wafer to avoid charging effects.

X-ray photoelectron spectroscopy (XPS).

XPS analyses were performed using an Omicron Argus X-ray or a Thermo Fisher Alpha 110
photoelectron spectrometer, equipped with a monochromated AlKo radiation source (hv =
1486.6 eV), and a 150 W or a 300 W electron beam power respectively. The emission of
photoelectrons from the sample was analyzed at a takeoff angle of 45° for Omicron Argus X-
ray or 90° for Thermo Fisher Alpha 110 under ultra-high vacuum conditions (<10 mbar).
Spectra were carried out with 100 eV pass energy for the survey scan and 20 eV pass energy
for the C 1s, O 1s, and N 1s regions. Binding energies were calibrated against the C 1s (C—C)
binding energy at 284.8 eV and element peak intensities were corrected by Scofield factors.3
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 equal to 70/30.

SERS measurements.

SERS measurements were carried out in backscattering geometry under 633 nm laser irradiation
(1 % density filter) using a LabRAM HR800 spectrometer equipped with a motorized xy stage,
a 600 grooves/mm diffraction grating, and a short-working-distance x100 Olympus objective
with 0.90 numerical aperture. The integration time was 240 s per spectral window.

A video camera allowed for the visualization of samples prior to laser excitation. SERS
measurements were performed on sample regions, which appeared yellowish on the video
images, thus suggesting a high density of gold NRs.

Transmission electron microscopy (TEM).

TEM measurements were performed using a JEOL 1400 microscope that operates at 200 kV.
The samples were prepared by depositing one drop of the colloidal dispersion on a conventional
carbon-coated copper grid. The grids were then air-dried at room temperature and stored in a
closed box to prevent dust accumulation.

Zeta potential measurements:

The ¢ potential measurement was recorded on WALLIS™ analyzer based on Laser Doppler
Electrophoresis (LDE) measurement technology (Cordouan TechnologiesTM, Pessac, France).
Before the measurement, GNRs were dispersed in a 1 mM HEPES buffer (pH=7.4) and placed
in the dip cell composed of amorphous carbon electrodes. The measurement was repeated 6
times for each batch.

UV-visible absorption spectroscopy.
Absorption spectra were taken on AuNR dispersions diluted by a factor of 10 using a Shimadzu
spectrophotometer in a 1 cm quartz cell.



3. Results and discussion

3.1 Deposition of organosilane bearing end-phthalimide group by spin coating: influence
of temperature and time.
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Scheme 1. Schematic representation of the preparation of SAMs-NH, and its reaction with
bifunctional heterolinker MPH following by the immobilization of GNRs.

PM-IRRAS, wettability and AFM studies

For the preparation of well-defined amino-terminated SAMs, we used the N-phthalimide
protected aminosilanes to avoid the multiple interaction of the amine end group with the polar
groups available on the silica surface. Two phthalimide trimethoxy silanes bearing an alkyl
chain or a urea group as a spacer were used to afford the corresponding SAM-AIk-Phtha and
SAM-Urea-Phtha. These two SAMs were prepared by using the spin coating technique for the
deposition of organosilanes followed by a drying step at ambient atmosphere to achieve
hydrolysis-condensation reaction. Finally, a washing process in ultrasonic bath removed the
excess of organosilanes. In a previous study, we described the preparation of these two SAMs
at RT. For SAM-AIlk-Phtha and SAM-Urea-Phtha the drying step duration were 14 hrs and 6
hrs long, respectively.?® To shorten the drying step, the curing effect in air has been investigated
for different times. The PM-IRRAS spectra of SAM-Urea-Phtha and SAM-Alk-Phtha are
presented in Figures 1 and 2 in the 3100-1350 cm™ spectral range for different curing
conditions. SAM-Urea-Phtha was exposed to seven different curing conditions: curing for 10
min, 15 min, 30 min, 1 hr, 3 hrs and 6 hrs at 100 °C. The PM-IRRAS spectrum of the SAM
produced at RT for 6 hrs was taken as a reference. For each curing condition, the characteristic
vibrational bands of the urea compound were observed on the silica surface: the antisymmetric
(vaCH2) and symmetric (vsCH.) stretching modes of methylene groups at 2927 and 2958 cm?,
respectively, the in-plane (vC=0ip) and out-of-plane (vC=0p) stretching modes of the carbonyl
groups of the phthalimide moiety at 1773 and 1715 cm™, respectively, and the amide | and
amide I1 of the urea group at 1630 and 1571 cm?, respectively. For SAM-Urea-Phtha, the self-
assembly of molecules is mainly controlled by intermolecular hydrogen bonding. The
wavenumber difference (Av) between amide | and amide Il was used to verify the presence of
hydrogen bonding. The Av values around 60 cm™ confirm the strong association of urea group
by hydrogen bonding.?



An estimation of the monolayer’s thickness has been performed for SAM-Urea-Phtha by
simulating the PM-IRRAS spectra at various thicknesses using the isotropic optical constants
of Urea-Phtha compound. The optical constants (refractive index and extinction coefficient)
of Urea-Phtha compound have been determined in the infrared spectral range from polarized
attenuated total reflectance (ATR) spectra using a known procedure (Supporting information
(SI), Figures Sla and S1b).2432 Using the linear dependence of the IRRAS intensity of the
vaCH2 mode with the monolayer thickness (SI, Figure S2), the IRRAS intensity of 0.00128
measured for the vaCH> mode of SAM-Urea-Phtha corresponds to a thickness of 15.3 A for
SAM-Urea-Phtha, which is in agreement with the thickness of a single monolayer. The overall
intensities of the PM-IRRAS spectra obtained by annealing at 100 °C for more than one hour
are significantly higher than those of the SAM prepared at RT, which reveals the presence of a
larger quantity of material than expected for a single monolayer (Figure 1a). In contrast, for
duration shorter than one hour at 100 °C, the intensities of IRRAS spectra are close to those
measured for the monolayer at RT. On the basis of the intensities of the methylene and amide
bands, heat treatments at 100 °C for less than 30 min seems to produce a monolayer similar to
that obtained at RT. By setting a temperature of 100 °C for the drying step, the time is thus
significantly reduced from 6 hrs to less than 30 min to have SAMs with similar quality. The
slightly different relative intensities observed for the bands of phthalimide end groups can be
explained by orientation effects.
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Figure 1. PM-IRRAS spectra of the SAM-Urea-Phtha depending on the curing conditions.
SAM-urea-Phtha prepared at 100°C for (A) 1 hr, 3 hrs, 6 hrs and (B) for 10 min, 15 min, 30
min and SAM prepared at RT for 6 hrs was taken as a reference.
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Figure 2. Water contact angle measurements and roughness for SAM-urea-Phtha prepared at
RT for 6 hrs and 100°C for 10 min, 15 min, 30 min, 1 hr, 3 hrs and 6 hrs (A) and AFM height
images (2 um x 2 um) of SAM-Urea-Phtha prepared with a drying step at 30 min (B) and 1
hr (C).

The water contact angle measurements and the root-mean-square (rms) roughness are consistent
with the PM-IRRAS results (Figure 2). For drying times shorter than 1 hr at 100 °C, the contact
angle values are close to 53° with rms roughness around 0.3 nm, which is similar to the values
obtained for SAMs dried at RT for 6 hrs. For drying times longer than 1 hr at 100 °C, the contact
angle value increases continuously and reaches 62° for a 6 hrs drying time. The increase in rms
roughness is also significant, with values higher than 0.6 nm. The AFM height images for 1 hr,
3 hrs and 6 hrs are clearly not homogenous with a quantity of material exceeding the expected
quantity for a monolayer, certainly due to the formation of aggregates. For 10 min, 15 min and
30 min, the AFM images are very homogeneous, as expected for a monolayer.

The PM-IRRAS spectra for SAM-AIlk-Phtha prepared at 100 °C for the drying step are
compared with the spectrum of the SAM prepared at RT corresponding to a monolayer (Figure
3). Indeed, the IRRAS intensity around 0.0020 for the vaCH> mode of SAM-AIk-Phtha (14
hrs-RT) is consistent with the thickness of a single monolayer (13.0 A) using the linear
dependence of the IRRAS intensity of the vaCH> mode with the monolayer thickness reported
in Sl (Figure S4). For all curing conditions, the characteristic vibrational bands of the
corresponding organosilane were observed. The overall intensities of spectra for 10 to 30 min
curing are lower than the intensity of the reference spectrum at RT. For SAM-AIlk-Phtha heated
1 hr at 100 °C, the PM-IRRAS spectrum is similar to the one measured for the SAM left at RT.
These results are consistent with the water contact angle values increasing up to 60° for a 1 hr
long drying time, which is very close to the value measured for the monolayer at RT (Figure
4). The rms roughness measurements of all SAM-AIk-Phtha with curing at 100 °C were lower
than 0.5 nm and AFM height images were homogeneous. Based on PM-IRRAS, wettability and
AFM analysis, a drying step at 100 °C for 1 hr is optimum to have a homogeneous monolayer
SAM-AIlk-Phtha. Interestingly, hydrogen-bound SAMs require half drying time compared to
SAMs based on van-der-Waals interactions. The hydrolysis condensation rate faster for ureido
silane than for alkyl silane has already been observed for monolayers produced by immersion
solution method.*®** Hydrogen-bonding interaction enables faster self-organization, which
accelerates the polymerization reaction. This result highlights the advantage of self-assembly
directed by intermolecular hydrogen bonding for fast preparation of SAMs.



ToF-SIMS investigation

ToF-SIMS measurements were carried out on SAM-AIk-Phtha (1 hr at 100 °C) and SAM-
Urea-Phtha (30 min at 100 °C) on silicon wafer in positive and negative mode (see data in Sl).
For SAM-AIk-Phtha and SAM-Urea-Phtha, three characteristic ion fragments were assigned
to the phthalimide terminal group in positive mode at m/z 130 (CsH4NO™), 160 (CoHsNO>")
and in negative mode at m/z 146 (CgHsNO2"). These peaks are not observed on the positive and
negative modes of ToF-SIMS spectra of silicon wafer without SAMSs. In negative mode, m/z
26 (CN") and 42 (CNO") are also common fragments which characterize the presence of
nitrogen atom in the organosilanes.® Interestingly, in positive mode, m/z 30 (CHsN") was
assigned to the urea group because this peak was observed only for SAM-Urea-Phtha. For
SAM-AIlk-Phtha and SAM-Urea-Phtha, m/z 77 (C¢Hs") corresponds to the alkyl chain. ToF-
SIMS analysis clearly shows the characteristic molecular signature of the two organosilanes
onto the surface. The mapping images of secondary ion fragment m/z 146 (CsHsNO") for
SAM-AIk-Phtha and SAM-Urea-Phtha were homogeneous, which shows the ability of spin
coating to cover the surface homogeneously at the micron scale.

However, for both SAMs, entire molecular ions were never detected. The hypothesis is that the
molecules are strongly anchored to the surface due to their polymerization.®

ToF-SIMS analyses were carried out on organosilanes films freshly deposited by spin coating
without drying step. For organosilane films with Alk-Phtha and Urea-Phtha, three ion
fragments typical of the alkoxysilyl group are identified in positive mode at m/z 59 (SiOCH3"),
91 (HSi(OCHa)2") and 121 (Si(OCHa)s*). The presence of these ions confirms that
organosilanes were weakly hydrolyzed immediately after deposition on the substrate. These ion
fragments are never detected on the monolayers showing a complete hydrolysis-condensation
reaction of the organosilanes. In both organosilane films, the molecular ions fragments were
detected in positive and negative modes, which is consistent with weak attachment of
organosilanes on the surface due to the incomplete polymerization. These observations clearly
show that the organosilanes are strongly anchored to the substrate by polymerization.
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(©).
X-ray photoelectron spectroscopy measurements

SAM-AIk-Phtha (14 hrs at RT) and SAM-Urea-Phtha (30 min at 100 °C) on silicon wafer
were investigated by XPS. Survey spectra as well as high resolution spectra were recorded at
the C1s, O1s, N1s and Si2p edges.

First of all, one can notice the appearance of nitrogen in the elemental composition (Table 1
and survey spectra in Figure S9) together with a decrease of the silicon signal due to the
presence of an organic layer. This clearly confirmed the presence of the SAM on the silica
surfaces, as already confirmed by PM-IRRAS experiments.

Secondly, the elemental composition was assessed for both SAMs and is presented in Table 1,
showing expected differences between the systems. Indeed, SAM-Urea-Phtha bearing urea
group CO(NH)CO exhibits 5 times more nitrogen atoms than alkyl SAMs bearing only one
nitrogen atom due to the phthalimide moiety.

Table 1. Elemental composition (atomic %) determined by XPS for both alkyl and urea SAM-
Phtha.

Cils Ols N1s Si2p N/Cexp N/Cin
Si wafer 14.1 36.3 0.4 49.2 -- --
SAM-AIk- | 24.1 33.8 1.1 41.0 0.046 0.061
Phtha
SAM- 314 26.1 5.5 36.9 0.175 0.19
urea-Phtha

In addition, in order to prove the integrity of the linker, the ratio C/N can be calculated and
compared to the theoretical one. For SAM-AIlk/Urea-Phtha, experimental ratios are slightly
lower than theoretical ones due to the overestimation of the Cls atomic percentage
(carbonaceous contamination and small deposition of carbon by the XPS source, always
observed on organic layer deposited from solution on surfaces and also observed on the bare Si
wafer). However, the experimental values of these ratios also prove the integrity of the adsorbed
molecule.
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As mentioned above, the photoelectron signal of a substrate covered by an organic layer
decreases with respect to a pristine substrate due to its attenuation when crossing the layer. As
XPS is quantitative, it allows the thickness of the organic layer to be estimated by measuring
the decrease of the substrate photoelectron signal using a mathematical model.

In our case, the silicon wafer first exhibits the formation of native SiO2 oxide on its subsurface,
as corroborated by the presence of O1s (Table 1). On XPS spectra, the native SiO2 oxide appears
at higher binding energy than pristine silicon (Figure 5, blue spectrum). The photoelectron
signal assigned to the adsorbed silane moiety shows the same binding energy as SiO2, thus a
different one from Si (Figure 5, red spectrum). Consequently, the subtraction of the SiO> signal
from the sum signal including SiO2 and Si-O-Silane contributions lead to the contribution of
the adsorbed silane alone, which can then be used to estimate the thickness of the organic layer.

Using equation 1, the equivalent thicknesses of the two SAMs were calculated to be 15.5 A for
the SAM-urea-Phtha and 11.1 A for the SAM-Alk-Phtha. These calculated thicknesses are
lower than the theoretical length of the two organosilanes with an all-trans conformation of the
alkyl chains which are approximately 20A and 19A, respectively for compounds 1 (Si-Urea-
Phtha) and 2 (Si-Alk-Phtha). Depending on the orientation of the molecule, the thickness
should be equal to or less than the molecular length in linear conformation. These two
equivalent thicknesses calculated in XPS are in good agreement with that of a monolayer
adsorbed on silica surface. In addition, these results are consistent with the disordered alkyl
chain observed in PM-IRRAS which confirms the formation of a monolayer by using the spin
coating technique. Thus, these results also showed that a monolayer was obtained whatever the
drying step conditions (RT or 100°C).

. Ici Moci .p ASL

d =257 cos6.1ln (1 4 202 S0PV S ) (g 1, adapted from )
p I Msi.psi0., A2
si-M5si-PSiogAgizp

where d is the equivalent thickness, 1) is the mean free path of photoelectron x in a y matrix,
Ix, Mx en px are respectively the intensity, the molecular weight, and the density of element x,
and 6 is the collection angle of photoelectrons.

Si2p

SiO,+Si-O-Silane

N

CPS 2000 a.u.

T T T T T T T T T 1
110 108 106 104 102 100 98 96 94 92
Binding Energy (eV)

Figure 5. XPS Si2p high-resolution region for SAM-AIlk-Phtha (red trace) compared to the
bare silicon wafer (blue trace), CPS = Count Per Second.
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3.2 Removal of protecting group and derivatization with MPH

SAM-AIk-Phtha and SAM-Urea-Phtha prepared using the best heat treatment conditions (ca
1 hr and 30 min at 100 °C, respectively) were converted into amino-terminated SAMs. SAM-
Phtha were immersed in an aqueous solution of methylamine for several minutes to afford the
corresponding SAM-Alk/Urea-NH2.2” PM-IRRAS spectra before and after deprotection are
presented in Figure 6a and 6b and confirm the successful reaction by the disappearance of the
two characteristic bands of the phthalimide moiety at 1773 cm™ (vC=0ip) and 1715 cm?
(vC=0gp). A new broad band appeared at around 1645 cm™ assigned to the bending mode
(6NH>) of the amino groups. After deprotection, monolayers became more hydrophilic with
contact angles of 42° + 1 and 45° + 1 for SAM-Urea-NH2 and SAM-AIk-NHz2, respectively.

0.0035 5 4 0.005 I
] SAM-Alk-Phtha : 1h - 100°C A ] SAM-Urea-Phtha : 30min - 100°C B
0.00304 SAM Alk-NH 1 SAM Urea-NH, vC=0 op
] . ? 5 0.004
— 0.0025] 5 Q —
= ] : = =) ]
& 0.00204 S 0003 i
S ; = S ] g E
o 000154 g, S 0.002.] o £y 9
o ] o ] s | 5,
<~ 0.0010 = ] >
— ] — ] E
] 0.001] S,
0.0005 ] -
0.00004 A 0.000}
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Figure 6. PM-IRRAS spectra of SAM-AIk-Phtha (A) and SAM-Urea-Phtha (B) before and
after deprotection and the derivatization of SAM-Urea-NH:z by MPH to afford SAM-Urea-SH

©).

ToF-SIMS measurements (see data in SI) were performed on SAM-AIlkyl/Urea-NHz. The
characteristic peaks of phthalimide group in positive and in negative modes at m/z 160 and m/z
146, respectively, disappeared, which is consistent with the PM-IRRAS observations showing
a complete successful deprotection reaction.

XPS experiments were also performed on SAM-Urea-NHz2 to confirm the deprotection reaction
of phtalimide into primary amine. Figure 7 presents the XPS spectra of N1s region before
(bottom) and after (top) the deprotection of SAM-Urea-Phtha. On the spectrum of SAM-Urea-
Phtha, two contributions were clearly observed at binding energy of 399.0 eV and 400.0 eV,
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assigned respectively to N atoms in phthalimide groups and to N atoms in -NH- urea
environment,® with a ratio of 0.5 as expected from the formula (1:2) of the molecule in Figure
7. After deprotection, the spectrum associated with SAM-Urea-NH: changes drastically from
the previous one. No low binding energy contribution could be seen at 399.0 eV, and the main
contribution assigned to urea (-NH-) and terminal amino groups is centered at 400.0 eV. In
addition, the weak contribution discerned at higher binding energy, i.e. 402.0 eV, is usually
assigned to protonated amino groups (NHs").2® This contribution is much lower than the main
one, suggesting that both neutral and zwitterionic forms of free amine co-exist in the SAMs
with a ratio NH2:NH3" estimated at 2:1 from integrated area under peak in the XPS spectrum
of Figure 7. The presence of NHs"™ can be explained by the protonation of NH> by ambient
moisture.’® A higher proportion of NH, group could be obtained by deprotection in a basic
solution.*

CPS 1000 a.u.

7
(o]
\ o
} \ :o#
/NH

r T
406 404 402 400 398 396 394
Binding Energy (eV)

Figure 7. XPS High-resolution spectra of the N1s region before (bottom: SAM-Urea-Phtha)
and after (top: SAM-Urea-NHz2) phthalimide deprotection, CPS = Count Per Second.

Thiol-terminated SAMs were prepared from SAM-Urea-NH: after reaction with the cross-
linker MPH. The coupling reaction was performed between the amino end group of the
monolayer and the succinimidyl ester group of MPH to afford the amide bond. The PM-IRRAS
spectra of SAM-Urea-NH:2 and SAM-Urea-SH are compared in Figure 6¢. For SAM-Urea-
SH the intensities of methylene as well as amide | and amide Il bands increased, which confirm
the coupling reaction with the cross-linker MPH. The vSH band, expected around 2590 cm™,
is too weak to be detected by PM-IRRAS. The presence of the thiol terminal group can be
observed by negative mode ToF-SIMS analysis in Figure 8. For SAM-Urea-SH, ion fragments
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m/z 31.972 (S°) and 63.965 (SO>") assigned to the thiol group were detected. These ions are not
observed on SAM-Urea-NHz2, which confirms the successful derivatization with MPH. The
mapping images of secondary ions S” and SO, for SAM-Urea-SH are homogeneous showing
the good reactivity of amino end groups of SAM-Urea-NH2 with MPH at the micron-scale.
SAM-Urea-SH is more hydrophobic than the initial SAM-Urea-NH2 with contact angles of
52° + 2° and 42° + 1° respectively.
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Figure 8. Negative mode ToF-SIMS spectra of secondary ions fragments m/z (A) 31.972 (S)
and (B) 63.965 (SO for SAM-Urea-SH and SAM-Urea-NHz2, and mapping images (500 um
x 500 um) of ions fragments (C) S” and (D) SO for SAM-Urea-SH.

3.3 Immobilization of GNRs on thiol-terminated SAMs

SAMs can be used to immobilize gold nanoparticles yielding powerful SERS substrates.***2
The immobilization of pre-synthesized GNRs were performed on homogeneous SAM-Urea-
SH to afford SAM-Urea-GNRs. GNRs were synthesized by a seedless colloidal approach. This
single-step approach yielded CTAB-coated particles with an aspect ratio of 2.9 and a yield as
high as 95% (Figures S6 and S7). To facilitate GNRs grafting onto SAM-Urea-SH, the CTAB
surfactant bilayer adsorbed on the nanoparticles surface was displaced by PVP macromolecules
according to the process detailed in the experimental section. As the interactions between
particle and polymer are weak (Van der Waals forces), this allows the particles to be rapidly
immobilized during the deposition step.** CTAB-coated GNRs displayed a zeta potential of
approximately +40 £5 mV at pH 7.4 while the zeta potential of GNRs decreased to a value of
+11.8 £ 1.6 mV after ligand exchange with PVP. This decrease means either that the PVP
macromolecular layer pushes the slip plane away from the GNR surface or that the outer layer
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loses positive charges upon ligand exchange. After CTAB displacement, no significant shift or
broadening of LSPR bands was observed (Figures S7 and S8). The TEM image confirms the
preservation of particle shape and size after surface modification. SAM-Urea-SH was then
incubated in a dispersion of PVP-stabilized GNRs. After the washing process in an ultrasonic
bath with different solvents (Milli-Q water, ethanol and chloroform) the resulting modified
surface was examined by AFM. AFM images (Figure 9a and 9b) confirm the presence of
individualized and closely contacted nanorods on the SAM-Urea-SH with a homogeneous
distribution even after the successive washing steps. Gold surfaces are well-known to form
strong and stable bond to molecules with thiols (Au-S ~50 Kcal.mol). SAM-Urea-NH2 was
also incubated with the similar solution of GNRs to evaluate the non-specific adhesion. AFM
images (Figure 9c) clearly show the absence of nanorods on SAM-Urea-NH2. This result
indicates that the attachment of GNRs onto SAM-Urea-SH is performed through Au-S bonding
between the thiolated SAM and the GNRs. These two-dimensional nanorod monolayer is
potentially interesting as SERS platform for the detection of biomolecules.** To assess the
existence of possible SERS active sites on SAM-Urea-NRs, an oligonucleotide with a terminal
thiol at the 5” position was grafted on immobilized GNRs. SERS spectra were measured before
and after the grafting of the oligonucleotide on SAM-Urea-NRs (Figure 10). The two SERS
spectra exhibit an intense background which could be associated with inelastic light scattering
from the SAM-substrate system. The maximum of this background has been shown to coincide
with the localized surface plasmon resonance (LSPR) of excited metal nanoparticles.*>* In our
case, the maximum of the background is centered at nearly 1100 cm™ under 633 nm irradiation,
which corresponds to a LSPR centered at ALspr=Amax= 680 nm, in good agreement with
expectations for gold NRs with 2.9 aspect ratio.*” Moreover, additional SERS bands are
observed in the presence of the oligonucleotide. In the two SERS spectra, Raman bands
assigned to CH stretching vibrations of alkyl chains of SAM-Urea-NRs in the 2830-3000 cm”
! spectral range are visible. However, a more intense contribution is observed at 2862 cm™,
when the oligonucleotide is added to the sample. More interestingly, vibration modes that are
specific to DNA nucleobases, such as the ring breathing modes of adenine at 733 cm™ and
guanine at 682 cm, and to the DNA backbone, such as the vibration mode of ribose-phosphate
at 956 cm, can be discerned.*®#® This confirms the ability to identify oligonucleotides using
SAM-Urea-NRs.

450nm 45.0 nm

". -45.0 nm > -45.0 nm

Height Sensor 2.0 um Height Sensor 400.0 nm Height Sensor 400.0 nm

Figure 9. AFM height images of SAM-Urea-NRs (A: 10 pm x 10 um, B: 2 um x 2 um), and
SAM-Urea-NH: after tentative immobilization of GNRs (C: 2 um x 2 um).
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Figure 10. SERS spectra of SAM-Urea-GNRs without and with DNA-strand. The
normalization has been performed by equaling intensities of Raman bands at 2935 cm™.

4. Conclusion

In this work, the optimization of a monolayer deposition by spin coating was studied. We shown
that the drying step is essential for the hydrolysis condensation reaction to obtain robust
monolayers. Following an accurate optimization methodology, we were able to significantly
reduce the drying time. For SAM-AIk-Phtha and SAM-Urea-Phtha, the drying times at 100°C
were 1 hr and 30 min respectively, instead of 14 hrs and 6 hrs at RT.22 SAMSs performed at RT
or 100°C have equivalent qualities in term of wettability and topography. The spin coating
technique combined with the annealing step thus appears as an excellent way for rapid and easy
functionalization of planar substrates with SAMs in ambient conditions and using only few
organic solvent.

In addition, PM-IRRAS and XPS measurements clearly showed that SAMs prepared by the
spin coating with drying step at RT or 100°C consisted in a single monolayer. ToF-SIMS
analysis also showed the strong anchoring of organosilanes by polymerization in the two
monolayers. The kinetics of the polymerization reaction depend on the molecular structure of
the organosilanes. The self-assembly of ureido-silanes by intermolecular hydrogen bonding
halves the drying time compared with alkyl-silanes. SAM-Phtha were easily deprotected
within minutes to give amino-terminated SAMs. From SAM-Urea-NHz, a thiol-terminated-
SAM was obtained and has demonstrated its ability to strongly immobilize PVP-coated GNRs
with a homogenous distribution over the substrate. The resulting molecular platform decorated
with gold nanorods showed SERS activity, as exemplified by the detection of an
oligonucleotide. In addition, the strong anchoring of the GNRs on SAMs opens the way to reuse
of these SERS active substrates and possible regeneration as biosensors. Even though
improvements are still needed (limits of detection, readout time, sample volume...), this proof-
of-concept study demonstrates the relevance of the developed silane-based method to design
SERS platforms for biosensing.
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