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Abstract

Gold nanoparticles (AuNPs) chemically grafted on substrates are widely used as sensors
due to their plasmonic properties. The efficiency and robustness of such sensors strongly de-
pend on the molecular sublayer structure, which influences the distribution of AuNPs, and

therefore the plasmonic properties of the layer. Few spectroscopic tools are able to sense the

*To whom correspondence should be addressed

TUniv. Paris-Sud, Laboratoire de Chimie Physique, CNRS, Bdatiment 201 Porte 2, 91405 Orsay, France

¥Sorbonne Universités, UPMC Univ. Paris 6, UMR CNRS 7197, Laboratoire de Réactivité de Surface, F75005
Paris, France

ICNRS, UMR 7197, Laboratoire de Réactivité de Surface, F75005 Paris, France

$Univ. Paris-Sud, Institut d’Electronique Fondamentale, CNRS UMR 8622, Batiment 220, 91405 Orsay, France



grafting layer both before and after particle deposition. Here, we use Sum-Frequency Gen-
eration (SFG) spectroscopy to deeply investigate both the grafting layer and the immobilized
AuNPs. We combine SFG to reflectance UV-Visible spectroscopy and Scanning Electron Mi-
croscopy (SEM) for 14 nm diameter AuNPs, dispersed on modified silicon surfaces with either
amine or mixed amine/thiol terminated layers. SFG spectra show the specific vibrational fin-
gerprint of each supporting layer through the amplitudes of methylene and methyl vibration
modes, and prove the presence of unreacted ethoxy groups from APTES. We establish a lin-
ear evolution of the absorbance amplitudes with AuNP surface coverage, a relationship valid
up to the aggregation limit of 10! AuNPs.cm=2. In the same way, SFG amplitudes follow
a quadratic dependence with the UV-Vis absorbance amplitudes, showing the close correla-
tion between non-linear and linear optical properties. In addition, the optical properties of
the AuNP layers are stable for several months (plasmon position and damping) despite their

storage in ambient air and long exposure to visible laser light.

Introduction

Over the last several decades, the use of materials with plasmonic properties has been expanding
rapidly. '™* Among the various uses of plasmonics, surface sensing has greatly benefitted from the
optical enhancements due to the interaction of light with surface plasmons.! The use of localized
surface plasmon resonance, surface roughness or metallic nanoparticles typically leads to dramatic
improvements in the performance and sensitivity of devices. Using nano-objects on a substrate
offers the advantage of a tailor-made production, with a large choice of sizes, shapes, and chem-
ical composition, depending on the properties sought. Gold nanoparticles (AuNP) are routinely
used because they associate a high chemical stability with plasmonic properties tunable in the vis-
ible and in the near-infrared ranges. Their asset lies in the localized surface plasmon resonance
(LSPR) of the individual nano-objects. LSPR strongly depends on the shape, size, environment,
and chemical composition of the nanoparticles. Gold nanospheres with 10-20 nm diameter are a

textbook example, with one SPR in the green region of the spectrum, around 525 nm in aqueous



solution.>>~7 Plasmonic properties are also modified upon interaction at the surface of a substrate.
Controlling the distance between particles (average and distribution) grafted on a surface remains

one of the challenges of such a synthesis of complex materials.3~!!

Metallic nanoparticles are usually grafted on surfaces through wet chemistry procedures where
NPs are first synthesized in solution, then immobilized on prefunctionalized surfaces. On gold sub-
strates, grafting is achieved through a self-assembled monolayer (SAM) of thiols, whereas silanes
are chosen for silicon or silica-like materials, with a large choice of available terminal functional
groups, providing a simple approach for adsorption of the nanoparticles with an amine group, >~
as well as more elaborate chemical transformations (e.g. gold grafting through a thiol termina-
tion®~19 or bidendate ligands like lipoid acid'®). The quality of a substrate/SAM/AuNP assembly
may be defined in terms of surface homogeneity (or designed heterogeneity '¢), structural quality,
and thickness of the silane layer, surface density and mean distance between the grafted particles,
and plasmonic properties of the individual or aggregated particles. Reproducibility and simplicity

of the chemical preparation also condition the large-scale use of the overall method. This makes it

crucial to be able to control the quality of substrate/SAM/AuNP systems.

UV-Visible spectroscopy, in transmission or reflection mode, is a reliable tool for investigating
the absorption properties of AuNP layers. Coupling to atomic force or electron microscopy makes
it possible to correlate plasmonic properties to the distribution of particles on the surface.'?~17 X-
Ray Photoelectron spectroscopy (XPS) provides valuable data on SAMs, however it does not sup-
port in situ analysis during self-assembly and grafting at the solid-liquid interface. The chemical
and structural analysis of SAMs greatly benefits from enhanced vibrational spectroscopies. Surface
enhanced Raman scattering (SERS) sensitivity can reach the single molecule level '® but can only
be used to characterize the layer after deposition of gold nanoparticles. Surface infrared methods
like IRRAS (Infrared reflection absorption spectroscopy), > ATR (Attenuated Total Reflectance), 2

or multiple-reflection infrared spectroscopy 2! allow for the characterization of a monolayer on sil-



icon but the addition of the gold objects add significant complications to the analysis because of
the presence of surfactants, and most of these techniques lack coupling to the plasmonic proper-
ties of the AuNPs. Sum-frequency generation spectroscopy (SFG) is sensitive enough to study the
bare monolayer, and benefits from an enhancement due to the SPR when gold nanospheres are

present.?? In addition, it should be sensitive to the structures located under the gold layer.

Several kinds of SAMS have been studied by SFG, mostly thiols?>>> and silanes. Studies
on silanes mostly concentrate on the adsorption on silicon and quartz, and monitor layer growth
and order through the CH stretches, in particular the terminal CH3 groups from alkyl silanes. >6-32
Aminoalkyl silanes have the additional advantage over alkylsilanes that they are provided with a
free amine function, which can be used to attach AuNPs through electrostatic interaction, as men-

3 or mixed films.3*

tioned above. Such films have also been investigated with SFG in pure?>

In this work, we investigate, at each step, the chemical and optical properties of several types of
Si/SAM/AuNP systems. The different chemical functions of the SAMs, amine and/or acid, led to
various densities and aggregation states of the deposited particles, measured by scanning electron
microscopy and UV-visible reflectance spectroscopy. SFG is used to investigate the structure of
the SAM and the properties of the AuNP layers. We correlate the linear and non-linear optical
properties of the AuNP layers and discuss them with respect to the local density of particles,

whether aggregated or not, on silica surfaces.

Experimental details

Materials

N-ethyl-N’-(3-(dimethylamino)propyl) carbodiimide hydro-chloride (EDC, 98%), sodium citrate
(HOC(COONa)(CH,COONa),-2H,0, 99%), gold(IIT)chloride trihydrate (HAuCly, 3H,0, 99.9%),
tannic acid (C76H52046, 99%), dodecanethiol (CH3(CHj3)11SH, 98%) and thiophenol (C¢HsSH,



99%) were purchased from Sigma Aldrich. N-hydroxysuccinimide (NHS, 97%), 11-mercaptoundecanoic
acid (MUA, 95%) and (3-aminopropyl) triethoxysilane (APTES, 99%) were purchased from Aldrich.
N-doped Silicon wafer <100> from Siltronix was cut into 2x2 cm? pieces. Sulfuric acid (H2SOy),

96% and hydrogen peroxide (H>O,), 30% in water were supplied by Carlo Erba. Toluene, acetone,

and ethanol were purchased from Analar Normapur. MilliQ water (18 MQ.cm, Millipore, France)

was used for the preparation of aqueous solutions and for all rinses. All chemicals were reagent

grade or higher and were used without further purification.

Surface Functionalization

First, silicon surfaces were cleaned following a procedure which includes several washing steps, a
piranha solution treatment, and finally UV-ozone cleaning. A detailed description of this procedure
is given in reference.?” The same experimental conditions were applied for silane grafting for the
amine-terminated silane (APTES): oxidized and cleaned silicon wafers were immersed in a 50
mM solution of silane in anhydrous toluene at 75°C for 24 h. After silanization, the samples were
washed twice, sonicated for 10 min in anhydrous toluene, dried under nitrogen, and heated at
90°C for 2 h. The MUA grafting was achieved after APTES deposition on silicon surfaces. First,
MUA was activated in solution using a mixture of EDC and NHS in ethanol for 90 min. Then the
APTES-modified silicon surfaces were placed in the activated solution of MUA for 90 min, then
washed twice in ethanol and dried under nitrogen (Figure 1(a)). The corresponding interfaces will

be referred to as Si/SAM.

Gold nanoparticles preparation and deposition

Colloidal gold particles were prepared according to the tannic acid method of Slot and Geuze.? To
produce 100 mL of a 14 nm diameter colloid, two stock solutions were prepared: solution A: 1 mL
1% (w/v) HAuCly and 79 mL deionized water; solution B: 4 mL 1% sodium citrate, 0.025 mL 1%
tannic acid and 16 mL deionized water. Solutions A and B were heated to 60°C and mixed while

stirring. Once solution turned red, the mixture was heated up to 95°C and cooled on ice. Gold
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nanoparticle size was confirmed by transmission electron microscopy indicating an average size
of 13.5 nm, and the concentration of AuNP in the solution is 3.34 nmol.L~!. Freshly synthesized
AuNPs were then deposited, with no further dilution, on the Si/SAM surfaces for 30 or 60 min in
a sonication bath (Elma, 90 W, 45 kHz). Finally, silicon substrates were washed twice in water
and dried under nitrogen. The corresponding interfaces will be referred to as Si/SAM/AuNP in the
following. Some samples were functionalized with dodecanethiol (DDT) or thiophenol (TP) by
dipping them in an ethanol solution at 10 mM for 12h. The corresponding interfaces are referred

to as SI/SAM/AuNP/DDT (resp. Si/SAM/AuNP/TP) in the following.

Scanning electron microscopy

Images of the gold nanoparticles on the modified silicon wafers were obtained using a SEM FEG
Hitachi SU-8000 scanning electron microscope (SEM) with a voltage of 15 kV and a working
distance of 5.9-10.1 mm. Images were analyzed using the free software ImageJ3® to measure the
surface density of nanoparticles. We determine the number of nanoparticles by counting them
individually for three different images at least in three different regions of the samples. As it is
not possible to determine the exact number of particles present in clusters, we did not consider
clusters and established estimated values. SEM images were all recorded after the DDT (resp. TP)

functionalization step.

UYV-Visible spectroscopy

Silicon substrates are not transparent in the probed optical range (400-800 nm), thus transmis-
sion mode could not be used. UV-Visible absorbance spectra were recorded in specular reflection
geometry with a Cary-5000 spectrophotometer Agilent at an incidence angle of 55°. We used a
UV-Vis VeeMAX accessory from PIKE Technologies. Polarization was adjusted parallel (p) or
perpendicular (s) to the plane of incidence, (x,z) in Figure 1 (more details in the supplementary
information). A reference spectrum of the bare silicon substrate was first recorded to obtain the

optical signature of the grafted AuNps by differential measurement. In these conditions, the mea-
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surement reproducibility is ensured at a level greater than 10~ absorbance units.

Non-linear optical vibrational spectroscopy

Sum-Frequency Generation spectra were recorded by using a setup similar to the one described
in reference.!” It is based on a 6.8 ps pulsed laser Nd:YVOy source coupled to an Acousto Optic
Modulator (62.5 MHz micropulse repetition rate, 2 (s train, 25 Hz macropulse repetition rate).
After amplification, one part of the beam is used to pump an infrared optical parametric oscillator
(OPO) built around a LiNBOj3 crystal giving access to the 2500-4000 cm~! spectral range (10 uJ
pulse energy, 3 cm~! OPO bandwidth). The other part is used to obtain a tunable visible beam (5
wJ pulse energy, 440-710 nm wavelength) by frequency conversion in an OPO built around a BBO
crystal. The infrared and visible beams are then mixed in a co-propagating geometry at the same
point of the probed surface for each sample. The incidence angles are therefore 65° and 55° with
respect to the surface normal, respectively. The infrared, visible, and SFG beams are p-polarized.
All the SFG data are recorded in the same experimental conditions as depicted in Figure 1(b) with
the same infrared (IR) and visible powers. A reference measurement on a ZnS crystal is performed
simultaneously to take into account possible intensity fluctuations. For a fixed visible wavelength,
the SFG spectra are recorded as a function of the IR wavelength in the 3.0-3.6 um spectral range
of the CH stretch to probe the alkyl vibration of the APTES and APTES/MUA supporting layers.
In these conditions, the SFG photons are detected by photomultipliers after spatial and spectral
filtering through a monochromator.

The SFG intensity is directly proportional to the sample response: 3738 Igpg o | xe(jzf}PIWSI[R

2

with Iy g, Ijg the intensities of the visible and IR incident beams, respectively. o is the effective

non-linear second order susceptibility of the interface, which can be written as %e(]%) = élz/) Ay +

x,g,,z) . 5(,12/) 4, 18 the second-order non-linear susceptibility of silicon and gold nanoparticles (when

)

JAu is essentially constant in a vibrational spectrum, hence often called

)

the latter are present, and )¢

the non-resonant contribution to the SFG signal). )(,5,2 is the second-order non-linear susceptibility

of the organic layers. The SFG signal is therefore modelled by the complex second order suscep-
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Figure 1: (a) Schematic of the expected silane layers; (b) SFG experimental configuration: XZ is
the incidence plane of the SFG, Vis, IR beams in a ppp polarization scheme.

tibilities of gold nanoparticles ()(S(lz/) 4, and the organic molecular layer (x,512)) by analogy with a

metal-molecule interface:® Igpg o | xélz/) At 1,512)\2 where xélz/) 4, and x,ﬁf) 40 are complex values,

and interfere constructively or destructively depending on the modulus and phase of xélz/) Au.41’42

Results and discussion

Characterization of silane layers before and after AuNP immobilization

The Si/SAM samples were previously characterized by X-Ray Photoelectron Spectroscopy and
contact angle measurements. ' The results confirmed the successful grafting of APTES on silicon
surfaces. Upon adding MUA to the APTES-modified layers, only 24% of the amine functions
reacted leading to a mixed layer SH/NH; (24% / 76%). In order to gain insight into the structure
of the SAM, we acquired SFG spectra by tuning the IR source over the spectral range of CH, (x =
2, 3) stretching modes. The molecular response x,512) becomes resonant, and its complex amplitude
increases, when the IR frequency matches that of a vibration mode fulfilling two conditions: the
mode must be both IR and Raman active for one allowed combination of polarizations, and must
not violate symmetry rules, which essentially state that inversion symmetry leads to a vanishing

(2)

Xm - This accounts for the very weak CHj; stretch signals for an ordered alkyl chain, slightly

increasing when gauche defects are present. Figure 2 shows a typical spectrum for Si/APTES



interface. This spectral region is rather crowded with vibration mode peaks (see also Figs. 3 and 4).
Signals from the SAM are weak; peaks overlap and interfere with each other, as well as with a weak
non-resonant contribution arising from silicon. The first step is therefore to identify SFG peaks by
acquiring additional spectra. Adding the gold nanoparticles (Figure 2, bottom) increases the signal-
to-noise ratio, but has two consequences: firstly, a new source of CH, (the citrate molecular layer
surrounding the particles) and secondly an increased non-resonant response mainly due to gold
interband transitions (see the Y-scale, approx. 10 times more intense). However, AuNPs allow
for the tuning of the visible wavelength of excitation involved in the SFG process (values used
are the following: 500, 532, 568, 620, and 670 nm), leading to a phase change between resonant
and non-resonant contributions (Figure 3). In this manner, we can observe dip or peak shapes for
the molecular vibration modes in the experimental spectra,*? especially when the phase difference
between molecular and Si+AuNP contributions varies approximately from 0° to 90° together with
an increase in absolute value, when changing color from red to blue as a consequence of gold
response changing from weak intraband to strong interband origin.** This greatly facilitates peak
attribution as it will be stated in Table 1.

On all spectra, we observe the expected CH, symmetric (2863 cm~!) and antisymmetric (2933
cm~ ") stretching bands in the region (2800-3000 ¢~ '). The major concern is the presence, even
in the spectra of Si/SAMs, of a band at higher wavelength (around 2978 ¢m™!) where the antisym-
metric CH3-stretch-like resonance is normally observed. The presence of unreacted ethoxy groups
in APTES layers, still under debate in the literature, may explain this observation. We therefore
tried to precisely establish the origin of this band. As a matter of fact, all the observed vibrations
may have three different origins: the silane layer, the organic molecules surrounding the AuNPs
(when present) or some organic contaminants at the surface. The 2978 ¢! mode is present both
with and without AuNPs, and the overall lineshapes in both spectra in Figure 2 look identical. If
this band was due to some contaminant, it would disappear, at least partially, as a consequence of
AuNP intake, contrary to what is observed in Figure 2. Therefore, this origin is not likely. Attribut-

ing this mode to the citrates surrounding the nanoparticles would not explain the signals measured
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Figure 2: Typical SFG spectra recorded for APTES Si/SAM (top) and APTES Si/SAM/AuNP
(bottom) at an excitation wavelength of 532 nm.

on Si/SAM prior to AuNP adsorption. We therefore strongly favour the explanation of unreacted
ethoxy groups in APTES layers. To confirm this attribution, we have performed a third set of SFG
experiments, by functionalizing the particles with thiols, which remove citrate contribution and
further suppress contaminants. When the CHs-terminated dodecanethiol (DDT), is grafted, the
antisymmetric methyl stretch is observed at the same position as the signal from the SAM (Figure
4b). Whereas, upon thiophenol grafting (Figure 4a), the lineshape does not change between 2900
cm~! and 3000 ¢!, and a distinctive peak from thiophenol (~ 3078 cm™!) appears, indicating
that citrates have been replaced as expected by thiols. ' This observation provides additional evi-
dence that the band at 2978 cm ! arises from unreacted ethoxy groups in the APTES SAM, which
is coherent with previous findings in the literature.33*>46 Note that this signal is very weak, sug-
gesting that the amount of remaining CH3 is rather low and/or that these groups are poorly ordered.
The ratio R of symmetric over antisymmetric stretching intensities is directly related to the average

orientation of the CH3 groups.?® This relationship is valid for high index substrates, which favours
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electric field components along the z-axis (Figure 1). Given the refractive index of silicon in the

visible and IR ranges, !4’

this approximation remains acceptable here. In the recorded spectra,
this ratio is very small in the native SAMs, as symmetric contributions are hardly visible. This
leads to favour a mean geometry of CH3 groups somewhat parallel to the surface, which is com-

patible with the hypothesis that some ethoxy groups remain unreacted, even in the first silane layer

in contact with the silicon substrate.

SFG Intensity (mV)

500 nm

I I I I I
2800 2850 2900 2950 3000 3050 3100

Wavenumber (cm'1)

Figure 3: SFG spectra of the APTES Si/SAM/AuNP sample for different excitation wavelengths
of the visible domain (670, 568 and 500 nm).

Having ascribed the 2978 cm~! band to CH3 ethoxy groups, vibration mode attribution be-
comes easier. Using several visible wavelengths allows to first separate the various peaks (Figure
3). It is worth noting that lineshapes evolve differently with the incident visible wavelengths (Fig-
ure 3). These differences between spectra allow several resonances to appear on some spectra and
not on others, as a consequence of interferences between vibration modes and the non-resonant

background,*! or between neighboring vibration modes.*> We need at least three visible wave-
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Figure 4: (a) SFG spectra for different samples at 620 nm and in the spectral range of 2900-3175
cm~! for one sample with APTES and isolated AuNPs without (up) and with (down) thiophenol
molecules. (b) in the spectral range of 2780-3100 ¢! at 532 nm. Absolute scales vary from one
spectrum to another.
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lengths to identify six vibration modes as depicted in Figures 3 and 4.

Table 1: SFG band attribution table for Si/APTES and Si/APTES/AuNP interfaces.

Vibration position (em™1) Vibration mode
2863 CHjy, ss

2888 CHs, ss

2911 X-CHy, ss
2933 CH;, as

2945 CHs, FR

2978 CHs, as

In order to attribute each mode, we used a differential approach by comparing native Si/SAM to
Si/SAM/AuNP and Si/SAM/AuNP/DDT samples (Figures 3 and 4), in addition to data from the lit-
erature *®*° (see Table 1). In particular, we measured the SFG spectrum of a Si/SAM/AuNP/DDT
sample left for two days in air, which induces some disorder in the layer, and therefore enhances
the alkyl CH, response, helping to attribute CH, modes. The two vibrations located at 2863 cm ™!
and 2933 ¢m~! are ascribed to the symmetric and asymmetric CH stretching vibration modes of
methylene with the carbon surrounded by two other carbon atoms.>*>! On the contrary, the vibra-

tion located at 2911 ¢cm !

corresponds to symmetric CH stretching vibration mode of methylene
with the carbon linked to a heteroatom (Si or N in this case, denoted X-CH,).*® The modes located
at 2888, 2978 and 2945 cm ™! are related to symmetric (ss), asymmetric (as) and Fermi resonance
(FR) CH stretching vibration modes of CH3 methyl groups. In fact, the three close vibration
modes (2911, 2933, and 2945 cm™!) strongly interfere together, which makes their attribution

difficult based solely on the spectra in Figure 2.

Characterization of the gold nanoparticle deposition

AuNP were deposited on two chemical layers: APTES or APTES modified by MUA (see Figure
1). The dipping time in AuNP solution was varied, either 30 or 60 minutes, to change the surface
coverage. To ensure the reproducibility of our method, we repeated the protocol three times for
each sample. AuNP surface coverage was determined by SEM. For the two Si/SAM, APTES and

APTES/MUA, two types of surface coverage were observed: isolated (Figures Sa, Sc, Se, 5g)
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and coupled (Figures 5b, 5f, 5d, Sh) AuNPs. Based on AuNP coverages, samples were arranged
into four categories (denoted A-I and A-C for isolated and coupled AuNPs on APTES, and M-I
and M-C for isolated and coupled AuNPs on APTES/MUA. See supplementary information for
SEM images and classification). Figure 5 shows typical SEM images and absorption spectra for
each family (represented by the member with the highest surface density). Surface coverage and
AuNP layer homogeneity measurements were performed in several regions of the samples. We
determined from SEM images the average surface density of AuNPs (p) and the corresponding

—1/2 Results are summarized in Table

mean center-to-center distance between particles D,, = p
2 for the four samples of Figure 5. As expected, increasing dipping time led to higher surface
coverage, regardless of the nature of the SAM. After 30 minutes (Figure 5a), gold nanoparticles are
well separated whereas after 60 minutes (Figures 5b, 5c, 5d), the nanoparticles come closer to each
other on the substrate and eventually interact (the distance between AuNP is in the same range as
their size, Figure 5d) or even aggregate in small clusters (Figure 5b). The reproducibility depends
on the nature of the SAM. Using APTES, the samples are rather poorly reproducible and fall
into the A-I (1/3) and A-C (2/3) categories; the average surface density is high (more than 5.10'°
AuNPs.cm~?); dispersion is homogeneous. For high densities, small clusters are present over the
entire surface (Figure 5b); aggregates exist even for low densities. For APTES/MUA samples,
reproducibility is better with only 1/6 falling into the M-C category and 5/6 into the M-I category
(see Figure 5d). The average surface coverage is lower but dispersion is more homogeneous than
for APTES samples; high densities lead to particles interacting by being close together, but the
number of clusters remains low; no aggregation is observed for low densities. We note that, for
some samples, there is coexistence of isolated and clustered areas on various spots of the surface;
these were assigned to a category based on their dominant character (Figure 5).

We performed UV-visible measurements at 55° incidence on the same set of samples in reflec-
tion for s and p polarisations. The typical responses of four representative samples are shown in
Figures Se, 5f, 5g, Sh. For isolated nanoparticles, the A-I and M-I categories, we observe a unique

contribution around 505 nm for both p and s polarisations. This peak (p) or dip (s) originates

14
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Figure 5: SEM images of silicon surfaces after nanoparticle deposition on APTES (red, top images)
or APTES/MUA (blue, bottom images) for isolated AuNPs (left: a, ¢) and coupled AuNPs (right:
b, d); UV-visible measurements of silicon surfaces after nanoparticle deposition on APTES (red,
top graphs) or APTES/MUA (blue, bottom graphs) for isolated AuNPs (left: e, g) and coupled
AuNPs (right: f, h).

from the localized surface plasmon resonance of AuNPs (LSPR), and its wavelength corresponds
to nanoparticles in air as described by the dipolar approximation. The peak or dip shapes are
explained by the differences in refractive indices between the silicon substrate and the adsorbed
layers. 2% For coupled nanoparticle layers, the A-C and M-C categories, a second feature appears as
a pronounced dip around 600 nm, followed by a rise in absorbance for higher wavelengths, clearly
visible with p-polarized light. This contribution is due to the aggregation of particles as a conse-
quence of longitudinal coupling.'? In order to establish a correlation between UV-visible spectra

in p-polarized light and AuNP surface coverage, we correlated two absorbance amplitudes to the

AuNP coverage: Asgs, corresponding to isolated AuNPs and measured by the difference between
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Table 2: Surface density and mean distance between particles for each category of samples (DT =
Dipping Time, SC = Sample Category).

Silane DT (min) SC p (10'° AuNPs.cm™?) D,, (nm)

APTES 30 A-I 9.86 + 0.05 31.8+0.1
APTES 60 A-C 11.6 +0.1 29.34+0.1
APTES/MUA 60 M-I 9.63 + 0.06 322+0.1
APTES/MUA 60 M-C 14.1 +£0.1 26.6 £ 0.1

the local maximum (505 nm) and minimum, as depicted in Figure 6a, and the contribution of the
interacting particles, Aggg, measured as the difference in absorbance between the value at 800 nm
and the minimum. In Figures 6b and 6c, these absorbance intensities are plotted as a function of
the AuNP coverage. When AuNPs are isolated (A-I and M-I categories), Aggo is very low (less
than 10~2), whereas when coupling appears (for A-C and M-C), its intensity increases.

Below the value of 1072 for Aggo, all the samples can be associated with the isolated category.
Above the value of 2.10~2 for Aggy all the samples can be classified in the clustered/coupled
category. Between these two limits, the behaviour of the samples shows a mixed character between
isolated and interacting particles, depending on the zones probed by SEM. Partial aggregation may
occur for rather low densities with APTES SAM, but only for the highest one with MUA (threshold
around p ~ 10! AuNPs.cm™2). On the contrary, Asgs increases approximately continuously with
AuNP coverage, regardless of the aggregation state. Of course, heterogeneous dispersion induces
a broad distribution of surface coverage values, which has an impact on the accuracy of the x-axis
values in Figures 6a, 6b, 6¢. The following shows that it is nevertheless possible to quantitatively
analyze parameter Asps. To this end, we fit Asos as a function of D,, (Figure 6d). In this case, the
relative uncertainty on the x-axis is divided by 3, making the adjustment more appropriate. The
best fit is obtained using a power law, with an exponent close to -2. This result confirms the linear
fit of Asps with respect to the surface density p. Recording a full UV-visible spectrum takes less
than 5 minutes, whereas a full SEM analysis requires more than one hour, since several images
must be recorded for each sample, then analyzed in order to estimate a density. The relationships
shown here provide a fast and easy way to estimate the quality of a set of samples by UV-Visible

spectroscopy.
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Figure 6: (a) Definition of Asps and Agpg. (b) Absorbance amplitude at 800 nm (blue for
APTES/MUA and red for APTES) versus surface density p. The coupled, mixed and isolated
characterization refers to the surface distribution of nanoparticles and is deduced from the SEM
images. (c¢) Absorbance amplitude at 505 nm (blue for APTES/MUA and red for APTES) versus
surface density p. (d) Absorbance amplitude at 505 nm versus mean particle distance D,,, = p’l/ 2,

Stability in time

We monitored the stability in time of the AuNP layers by UV-Visible measurements. We prepared
Si/SAM/AuNP samples with APTES and APTES/MUA SAMs, and recorded their UV-Visible
spectra immediately after gold grafting (Figure 7). They were then stored in air-tight boxes in the
dark and at room temperature for several days. Then, the aged substrates were functionalized by
an alkanethiol and analyzed for several hours on the SFG set-up (i.e. exposed for several hours to
short, high intensity visible and infrared pulses). The samples were then checked on the UV-visible
spectrophotometer several times over the following three months, and eleven months later. Figure
7 shows that the samples remain very stable over this eleven month period in spite of the chemical

and optical degradation they sustained. The APTES+MUA material (Figure 7a) shows no sign
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of ageing (except for an insignificant baseline drift, intrinsic to the spectrophotometer alignment,
which is supressed by imposing a null minimum for each spectrum) after several months, and
a small decrease for very long periods of time. As for the APTES SAM, a decrease of the Asps
signal was observed over time, characteristic of the presence of the gold nanoparticles. Some of the
particles (isolated and aggregated) may have been removed from the surface when the sample was
handled or characterized. Nevertheless, the layers of isolated particles seem to remain quite stable
over time. Moreover, if the sample suffers no degradation (see insert of Figure 7b), its absorbance
remains identical even after eleven months. We may therefore conclude that these grafting methods

enable the immobilization of a high density of AuNPs on silicon samples with a high stability.
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Figure 7: UV-visible spectra of two samples with (a) and without MUA (b) for 30 minutes dip-
ping times at different experimental steps. For APTES/MUA: «a: immediately after preparation,
B: several days after preparation and with dodecanethiol functionalization, y: several days later
and exposed to laser sources for 15 hours, d: eleven months later. For APTES: a: immediately
after preparation, f3: several weeks after preparation, exposed to laser sources for 10 hours, with
thiophenol functionalization, and exposed again to the laser sources for 15 hours, ¥: eleven months
later. Insert, sample with APTES immediately after preparation (black) and eleven months later
(grey) with no laser exposure or functionalization. Each curve is shifted by 0.01 from the previous
one for clarity.
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Effect of gold nanoparticles on the intensity of the SFG signal

For the four samples described in Figure 5 (each representing one of the categories, A-I, A-C, M-I
and M-C), SFG spectra were recorded between 2780 cem~ ! and 3330 em ! (Figure 8) at the visible
wavelength of 670 nm (see also SI section for other visible wavelengths). Spectra were normalized
by absolute SFG intensities emitted by samples, because we cannot directly compare absolute
SFG intensities from the samples when their compositions and structures differ.?> The 670 nm
wavelength was chosen because the vibrations appear mostly as peaks with a rather high intensity
and, because it makes it possible to monitor the differences between isolated and aggregated AuNP
layers. Four vibrations among the six listed in Table 1 are clearly observed on all samples, but
the central region is too crowded to observe the missing CH, modes. The four samples exhibit
an essentially uniform vibrational response, with two small differences: the intensities of CHj;
vibration modes are higher for APTES/MUA SAMs, which stems from the additional methylene
functions from the MUA. The CH3 symmetric response is also a bit more intense, but at this stage
it would seem to be a structural feature intrinsic to the SAM rather than a consequence of the
gold grafting. To a first order approximation, the vibrational features before and after grafting of
gold may be considered identical (see also Figure 2). Probing the samples in different points on
their surfaces essentially produces the same results. This fact reinforces the hypothesis that the
unreacted ethoxy groups from APTES are buried below the surface, are not significantly affected
by the MUA post-modification, and do not participate in the gold grafting. More information
could be gained from the monitoring of the end groups of the silane chains. Previous studies on
alkylsilanes have shown that even the modifications of CH3 moieties induced by interaction with

52-54

deposited molecules or cells are rather small, but measurable. In our case, we have verified

experimentally that the SFG activity of terminal NH, groups in the NH stretching region is too
weak to be measured effectively, which is consistent with its low infrared and Raman activities.>!
Some SFG measurements indicate that this mode only becomes active after curing the APTES

SAM at high temperature. 3

The major difference between the SFG spectra lies in the absolute intensities of the vibrations
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Figure 8: SFG spectra for an incident wavelength of 670 nm for APTES (red) and APTES/MUA
(blue) where AuNPs are isolated (a,c) or coupled (b,d). All spectra are normalized to 1 in order to
compare the different lineshapes.

and of the non-resonant background (originating from the ¥ @) term as explained in the intro-

Si/Au
duction). These contributions are small at 670 nm but nonetheless result in various lineshapes and
interference patterns with vibration modes. Direct observation of SFG data shows that particle
aggregation leads to an enhancement of the Si+Au background. In order to quantify this phe-
nomenon, we must evaluate the different relevant contributions. We therefore measured the ratio
of non-resonant to resonant intensities (NR/R), as directly extracted from the raw spectra. This
helps to avoid several problems resulting from comparing absolute SFG intensities between differ-
ent spectra: the reproducibility from sample to sample; the stability of the power, size and focus of
the incident beams; changes in the Fresnel factors and local field amplifications from the variabil-
ity in composition and structure of the AuNP layer. The maximum intensity of the antisymmetric
CHj; peak represents the resonant contribution, whereas the non-resonant contribution is calculated

using the average value of the SFG intensity at 3100 ¢m™!, i.e. far from any molecular resonance

(Table 3).
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Table 3: NR/R ratio for the 670 nm excitation and surface density for the four samples in figure 8.

Sample (Asos)? p (10'° AuNPs.cm™?) p? NR/R
A-I 0.537 9.86 97.22 0.308
A-C 0.964 11.6 135.49 0.636
M-I 0.355 9.63 92.74 0.201
M-C 0.502 14.1 150.06 0.413

Consistent with our data, we can make the following approximation: considering that constant
factors in the SFG intensity will disappear after dividing the Si+Au intensity by the resonant inten-
sity, the Si+Au intensity is proportional to the square of the nanoparticle surface density (p), and
the resonant intensity to the square of the surface density of ethoxy groups (p;;;)- The ratio NR/R
should therefore be proportional to (p/pye)>. Considering that the structures of the ethoxy groups
in all samples remain roughly constant as shown above, we hypothesize that p,,,; is also essentially
constant in all of the APTES layers, modified or not by MUA. Therefore, proportionality between
NR/R and p? should be visible in Table 3, which is not the case. However, both parameters Ass
and p are an expression of the surface density of nanoparticles. They incorporate the rather high
surface heterogeneity into one macroscopic parameter. The discussion above shows that they per-
form it in a correlated way, but with strong differences due to their specificities. Calculated based
on electron microscopy images, p is the average value, in the various zones investigated on the sur-
face, of a purely local parameter, for which the distribution function is at least as interesting as its
mean value. Asps on the contrary is a macroscopic quantity, which directly integrates the various
local values of surface density over the whole surface of the light spot. Thus, Asgps, seems more
appropriate to quantify an effective surface density in an optical experiment. Figure 9 confirms
that the NR/R ratio is in fact proportional to (Asps)?.

This point is worth noting, since we have observed in past studies that it is difficult to establish
the proportionality between the SFG intensities and the square of the surface nanoparticle density.
We have shown that taking into account the reflectivity effect (Fresnel factors>) in the SFG exper-
iment produces results that are in better agreement with this law.!” Nevertheless, data show that

this proportionality is sometimes rather approximate. !4 Here, we propose an alternate method, and
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show that the average surface density measured by SEM (or AFM) is too sensitive to fluctuations
on the surface on a macroscopic scale. On the contrary, the Asys parameter is a first step in the in-
tegration of this surface heterogeneity and therefore constitutes a more reliable value of the actual
density. In addition, as an optical measurement, Asos already encompasses the reflectivity contri-
butions, making the link to SFG intensities more straightforward. Given the rather wide variety of
surface distributions encountered in the set of films studied here, it is quite useful to have access to

a single, easily measurable quantity, Asgs, which accurately describes the state of the AuNP layer.
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Figure 9: Ratio NR/R plotted as a function of (Asps)?.

Finally, the proportionality shown in Figure 9 is additional evidence that the SFG response,
both molecular and non-resonant, is enhanced by the plasmonic properties of the grafted gold par-
ticles. On the other hand, aggregation seems to have almost no effect on this enhancement. This
would seem to contradict the spectra in Figure 8, in which the apparent rise of the NR signal of
the A-C sample is essentially due to the high concentration of particles at the surface. This can be
explained by the properties of SFG spectroscopy. As stated above, due to the high refractive index

of silicon, SFG in a ppp polarization scheme mostly monitors the (zzz) coefficient of x(z), where z
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is the axis perpendicular to the surface.!” As a consequence, the plasmonic properties involved in
SFG enhancement mostly derive from perpendicular surface plasmons. When aggregation occurs,
longitudinal coupling between particles strongly affects the in-plane plasmonic properties, whereas
the perpendicular ones are only modified through transverse coupling, which in principle results
in a weak blueshift and damping,56 all these effects being included in the Asgs parameter. How-
ever, a detailed study on the effect of aggregation on enhancement factors requires fitting spectra
recorded for several visible wavelengths, in order to fully separate the molecular and non-resonant

contributions in an absolute manner. This systematic analysis is planned for future studies.

Conclusion

In this article, we investigated Si/SAM/AuNP films for different surface coverages of gold nanopar-
ticles and two SAMs, APTES and APTES/MUA. We combined microscopic and spectroscopic
tools for the films analysis. SFG analysis of the APTES and APTES/MUA SAMs allowed us to
identify all the corresponding vibration modes. In spite of the weakness of the SFG signals, this
spectroscopy showed the presence of unreacted ethoxy groups from the silane. These terminal CH3
functions lie mostly parallel to the silicon plane. AuNP grafting led to a significant enhancement
of the SFG signal but did not modify the internal structure of the SAM. The local enhancement of
SFG signals made it possible to monitor the weak response of our samples by tuning the visible
wavelength involved in the SFG process. Using APTES or APTES modified by MUA as an inter-
layer between silicon and AuNPs led to significant differences. The addition of MUA stabilized the
gold nanoparticle layer and favoured homogeneous adsorption of isolated particles up to high sur-
face coverages. On the contrary, APTES alone led to less organized layers, which even at medium
surface coverages showed the presence of aggregates. Both grafting methods showed excellent
stability over long periods of time, proving the usefulness of these high quality layers for further
applications. If the goal is to adsorb as many particles as possible while ensuring that they remain

isolated, then the best choice is APTES/MUA grafting, provided that the surface density remains
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below 10'! particles per cm?. On the contrary, if the key parameter is the local density of parti-
cles, and not the structure of the AuNP layer, then APTES and APTES/MUA SAMs exhibit rather
similar behaviours, while ageing films, surprisingly, seems to improve the quality of the APTES
samples. The structure of the AuNP layer was investigated by electron microscopy and visible
reflectance spectroscopy. Microscopy images provide useful information on the heterogeneity of
the particle dispersion on the surface, but they are inadequate for calculating an average surface
coverage. An effective value of this quantity is better estimated through the amplitude of the plas-
mon resonance of isolated particles, which is shown to vary proportionally to the surface density
measured by microscopy, but also includes heterogeneity effects in a single measurement. In ad-
dition, the aggregation state of grafted AuNPs shown by microscopy images is in the same way
quantified by the amplitude of the longitudinally coupled surface plasmon resonance in reflectance
spectra, providing a fast quantitative criterion for distinguishing isolated and aggregated films. Fi-
nally, we observed that for SFG spectroscopy of the SAM layer, the key parameter is indeed the
local density of particles, whether aggregated or not. The various relative intensities of molecular
and non-resonant contributions to the SFG spectrum are due to a weak amplification of the SFG
process due to the coupling to plasmonic properties of the AuNPs, while the Si+Au contribution
is in addition proportional to the square density of particles, as measured by visible reflectance
spectroscopy rather than by microscopy. The best compromise is to be found between an efficient
amplification for future spectroscopic studies of molecules adsorbed at the surface of the particles
(and not of the underlying SAM). The aggregated or isolated character of the nanoparticles may
however become important, especially for the generation of hot spots between two particles which

would produce additional enhancements.
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