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e Combination of experimental (2C-SFG) and theoretical
(DFT) steps in 3D space revealed local geometry of DDT
molecule.

* Determination of local molecular geometry with DFT cal-
culations (condensed Fukui analysis, computed IR/Raman
spectra and DORI analysis).

* Precise location of molecular gauche defects in long inter-
acting alkane chains for DDT molecules.
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Abstract

The geometrical conformations of dodecanethiol (DDT) molecules grafted on small gold nanoparticles (AuNPs, 7.5 nm diameter)
deposited with various densities on a substrate were detected by two-color sum-frequency generation (SFG) spectroscopy. The high
level of gauche defects indicates a L-shape structure of the alkane chains calculated classically through the amplitude ratios of the
resonant modes of vibration for CH, methylene and CH; methyl groups (d*/rt and d~/r~). Our amplitude ratios are higher than
those found in the existing literature, and such effect can be ascribed to the combined action of several phenomena highlighting
the geometrical molecular complexity on metal spheres: i) the matching of the visible wavelength of excitation with the plasmonic
resonance of either isolated AuNPs (490 nm) or AuNPs multimers (600 nm), and ii) the local field enhancement. Additionally,
we apply Density Functional Theory calculations on gold clusters functionalized by DDT molecules in interaction in a 3D space.
By comparison with SFG results, we evidence through condensed Fukui analysis and computed IR/Raman spectra that the CH,
methylene gauche defect in the alkane chain is present in the first one located beyond the sulfur atom giving precise insight on

molecular geometry.
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1. Introduction

Over the last ten years, the interest for the gold nanoparticles
(AuNPs) has significantly increased due to their good chem-
ical stability and their localized surface plasmon resonance
(LSPR) adjustable in the spectral range from visible to near-
infrared wavelengths [[1| 2 3]. AuNPs are largely employed in
Raman spectroscopy such as surface-enhanced Raman scatter-
ing (SERS) in order to enhance the Raman signal of molec-
ular vibration modes (®,,,;) thanks to the excitation of their
plasmonic resonance [4, |5, |6l (7, 8, 9]. Similarly, AuNPs can
be also used in surface non-linear optical spectroscopy based
on sum-frequency generation (SFG: @wsrg = @r + Wyis) pro-
cesses [10]] through the combination of infrared (wyg) and visi-
ble (wy;s) laser beams for enhancing the SFG signal of molecu-
lar vibration modes (®,,,; = W;g) by complementary and spe-
cific exploitation of their plasmonic resonance [L11} [12, [13]].
SFG spectroscopy is a vibrational probe permitting to investi-
gate the molecular conformation [14}[15] of chemical or biolog-
ical species [[16} (17, (18, [19]], and to study their dynamics over a
surface or at an interface between two media differing by their
nature or their physical phase [20} 21} 22} 23| 24]]. SFG spec-
troscopy is surface sensitive within the electric dipole approx-
imation because the molecules probed at the interface should
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be simultaneously IR (transition dipole moment) and Raman
(Raman polarizability) active, a situation occurring when the
electronic centrosymmetric character (geometrical parameter)
of the system is broken, i.e. at interfaces or inside nonlinear
crystals. SFG spectroscopy is therefore intrinsically more sen-
sitive to conformational changes of molecules [25} 26, 27] than
methods such as Raman spectroscopy and Fourier transform in-
frared one. Moreover, the SFG technique allows detecting a low
percent of a monolayer of molecules on the surface of nanopar-
ticles [28},129,131},132]. Various research groups have studied the
surfaces of metallic nanoparticles and nanoarrays or different
nanostructured surfaces [37, 136,133} 134, 135 138]]. In these differ-
ent studies, the size of nanoparticles or nanostructures was com-
prised between 10 nm and 150 nm. For the most recent studies,
Linke et al. have demonstrated plasmonic effects of AuNPs
on the SFG spectrum of the molecule of 4-nitrothiophenol
with AuNP sizes of 50 nm and 80 nm [33]. In addition, Tan
et al. have reported effects of local field on SFG signals of
poly(methyl methacrylate) (PMMA) films thanks to AuNPs of
40 nm [34]]. In another study, Ma et al. have shown that chi-
ral AuNPs allowed to generate sum-frequency electronic reso-
nances, where the size of these chiral AuNPs was around 100
nm [35]]. Furthermore, Dalstein et al. have reported on the role
of hotspots in SFG spectroscopy enhanced by plasmon by using
AuNPs of 13—-14 nm deposited on silicon substrate [36]. They
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also investigated in another work the effect of AuNPs (13-14
nm) on the SFG signal of methylene (CH,) and methyl (CH3)
groups of the dodecanethiol (DDT) molecule, when deposited
on a functionalized silicon substrate [37]]. Furthermore, a cou-
ple of groups have used nanostructures below 10 nm for dif-
ferent studies employing SFG vibrational spectroscopy, such as
the structure sensitivity in platinum (Pt) nanoparticles (0.9-6.7
nm) [39], the CO adsorption on palladium (Pd) nanoparticles
(3—-6 nm) [40], and the probing of the geometry of Pd nanopar-
ticles (clusters from 4 atoms to 500 atoms) [41]]. However, for
investigations concerning the enhancement of the SFG signal or
the analysis of the conformation of molecules on AuNPs whose
size reaches those of molecules adsorbed on their surface, these
latter were little addressed [28) 29] although advanced compu-
tational methods already developed for Self-Assembled Mono-
layers (SAM) of molecules grafted on flat surfaces, based on
geometrical [42, 43| 44] or Density Functional Theory (DFT)
calculations [435]], could give access to the abundant and rich
scientific information unveiled by SFG spectroscopy.

In this work, we report an investigation of the conforma-
tion of DDT molecules on the surface of small AuNPs (di-
ameter of 7.5 nm) deposited on silicon (Si) substrate or 50
nm-thick Au film deposited on Si substrate for different den-
sities of AuNPs by two-color sum-frequency generation spec-
troscopy (2C-SFG). We use two visible wavelengths in SFG
experiments, the first one at 490 nm located at the level of the
main d—s interband electronic transition of gold [32} 146} 47, 48]
but also close to the LSPR of our small AuNPs (around 500
nm) deposited on silicon substrate, and the second one at
600 nm corresponding to a plasmonic resonance of multimers
present in the samples, in comparison to the existing literature
[28L 1291 36], where relevant works only used a fixed wavelength
of excitation equal to 800 nm located far from AuNPs LSPR
[28] 29]. Besides, as it is not possible to consider our samples
as constituted of DDT-SAM adsorbed onto a flat 2D surface
because of the 3D geometry of our AuNPs, we go beyond the
above established molecular geometry calculations employed
to deduce the orientation of molecules used here by implement-
ing an appropriate DFT computational method at the atomic
level on reference systems based on AuNPs clusters where
two DDT molecules are grafted. Since we present a model of
AuNP interacting with one or two DDT-S molecules, the well-
established staple motif involving a large number of ligands has
not been taken into account for the calculations [30]. DFT cal-
culations shows that the interaction of two DDT molecules on
curved metal surfaces already induces the presence of a L-shape
structure whose gauche defect is originated in the first CH, of
the alkane chain located near the gold atoms through condensed
Fukui analysis performed on DDT-functionalized gold clusters,
leading to deduce the local molecular tilt angles. We show that
combining these atomistic theoretical and macroscopic experi-
mental complementary methods gives precise reliable informa-
tion on the local molecular geometry.

2. Experimental and Computational Methods

2.1. Sample Fabrication

AuNPs were grown using a standard gas aggregation source
(GAS) from Oxford Applied Research Ltd. equipped with
a 2 inches diameter full face erosion (FFE) magnetron from
Nano4Energy SL. The FFE magnetron that is filled with ro-
tating magnets generates a much more uniform erosion of the
sputtering target and extends its lifetime [49] while it also elim-
inates the well-known fluctuations of the NP generation caused
by the racetrack formation in standard magnetrons [50,51]]. The
magnetron was positioned at an aggregation distance of 100
mm from exit slit and a stable argon flux of 80 sccm gas was
injected through a mass flow controller. The FFE magnetron
was operated at a power of 90 W and a current of 0.21 A, and
the NPs were collected in an ultra-high vacuum chamber (base
pressure in the high 107! mbar) connected to the GAS on the
desired substrate (Si wafer or Si wafer with Au layer). When
needed, the 50 nm thick Au film was deposited by standard
magnetron sputtering using a magnetron source from AJA In-
ternational Inc. with a circular Au target (3.8 cm diameter) and
19 cm distance between the Si substrate and the target. Argon
was the sputter gas at a pressure of 1.5 x 10~ mbar, and DC
excitation at a 100 W constant power was used.

2.2. AFM Measurements

AFM measurements were performed using the Cervantes
AFM System equipped with the Dulcinea electronics from Nan-
otec Electronica S.L. and acquired in tapping mode using tips
with a nominal force constant of 2.8 N.m~! and a tip radius <
10 nm. All AFM measurements were analysed using WSxM
software [52].

2.3. Reflectance Measurements

To record reflectance spectra, a Cary-5000 spectrometer (Ag-
ilent) was used in a reflection configuration with an incidence
angle of 7° with the surface normal due to the fact that the sil-
icon substrate is a reflecting material in the spectral range of
visible. The reflectance was determined by employing the fol-
lowing expression Reflectance = logjo(Ro/R) where Ry and R
are the reflectivity measurements of the silicon substrate with-
out AuNPs (serving as reference) and the AuNPs on silicon sub-
strate, respectively.

2.4. Dodecanethiol Deposition

Prior molecular functionalization, the samples were illumi-
nated by UV light in order to remove any possible organic
contamination of the AuNPs. To graft chemically the dode-
canethiol (DDT, CH3(CH,);-SH, Sigma Aldrich) molecules
on the surface of AuNPs, the samples were dipped in a 1073
M solution of DDT in absolute ethanol (Sigma Aldrich) for
24 hours. Then, the samples have been carefully rinsed within
three baths of absolute ethanol to remove possible DDT multi-
layers and dried with nitrogen flow before direct analysis by
SFG spectroscopy. It is worth noting that in our case, it is
not possible to have a well-ordered self-assembly process of



the molecules as on flat (poly)crystalline surfaces because of
the surface curvature of AuNPs in a 3D space. We obtained
therefore samples with DDT-adsorbed monolayers but no well-
ordered SAM as defined in reference literature on organosuflur
compounds [53}154]].

2.5. Two-Color Sum-Frequency Generation Spectroscopy

SFG spectra are acquired owing to a homemade setup based
on a pulsed IR laser source from Quantel-Laser (Nd: YAG, 1064
nm, 12 ps) coupled to an acousto-optic modulator (100 MHz
micropulse repetition rate, 1.5 us train, 25 Hz macropulse rep-
etition rate) described elsewhere [32]. After an amplification
stage, the laser source pumps two optical parametric oscillators
(OPO). The infrared one is tunable over the 2800-3000 cm ™!
spectral range, while the visible one is fixed at 490 and 600 nm
for each sample, respectively. As sketched in Fig. [I] for vi-
brational SFG spectra, the tunable IR and the fixed visible laser
beams are coherently mixed at the same point of the sample sur-
face with 65° and 55° incidence angles with respect to the sur-
face normal direction, respectively. The polarization scheme
is ppp for the SFG, visible, and IR beams. The SFG beam is
therefore collected by a photomultiplier after spatial and spec-
tral filtering through a double-stage monochromator. SFG data
are normalized by the IR and visible powers for each wave-
length to compensate for potential laser sources power fluctu-
ations. Furthermore, the frequency resolution of the infrared
OPO is equal to 3 cm™! (as indicated in Tables S1 and S2 of
supplementary data). The experimental SFG spectra are fitted
with the expressions (IJ), (2), and (3) whose parameters are pre-
sented in Tables S1 and S2 in supplementary material where the
detailed fitting procedure is given in section II of the latter.

Visible  (a) SFG
490 or 600 nm i 429 or 511 nm
1
IR i
3,3-3,6 um i
— - Si
Visible L SFG
490 or 600 nm Sy 429 or 511 nm
IR ;
3,3-3,6 um i \

AuNP (7.5 nm)
z

lL
X
Figure 1: Scheme of the SFG experimental ppp-polarization scheme (p-

polarized SFG, Vis, IR beams): (a) for AuNPs on Si substrate, and (b) for
AuNPs on a gold film (50 nm) deposited on Si substrate.

Au film (50 nm Si

2.6. DFT Calculations for Functionalized Gold Nanoparticles

DFT calculations have been carried out to optimize the struc-
tures and vibrational spectra of functionalized gold nanoparti-
cles. The size of the system to be considered is then limited
by the computational cost. Two models were chosen in the
nanometer range, corresponding to clusters of 0.9 nm for Ausg
and 1.4 nm for Augy. One or two dodecanethiolate (DDT-S,
CH3(CH,)11-S) molecules adopting a linear shape were added
close to the surface. Several starting points were tested for ge-
ometry optimization on corner and edges positions which have
been previously proven to be more reactive than face positions
[55]]. The most energetically stable structures with a linear ge-
ometry of DDT are reported in Section IV of supplementary
data (see Fig. S2). DFT calculations were done using the
ORCA 5.0.3 software [56]. The geometry optimization calcula-
tions were performed using the PBE functional, the SDD quasi-
relativistic pseudopotential (with 19 valence-electrons treated
explicitly) and its associated basis set for gold atoms, and the
def2-TZVP basis set for sulfur, carbon and hydrogen atoms.
Dispersion corrections were added to the functional used in
the D3 framework proposed by Grimme with the addition of
the Beck—Johnson damping (D3BJ)[57]. The structures have
been optimized without any geometrical constraints. For all
the calculations, the 38-atom and 92-atom NPs (AuzgNP and
AugyNP) were considered in the singlet spin state. Numeri-
cal harmonic frequencies were calculated to ensure the struc-
tures corresponded to energy minima and to provide the IR
spectral intensities. In order to compute the Raman intensities,
the polarizabilities were computed at all displaced geometries.
A scaling factor of 0.975, calibrated to match the CH; asym-
metric modes, was used for all frequencies. The same level
of theory was used for the AugoNP of 1.4 nm in interaction
with two DDT-S molecules to compute the displayed IR and
Raman spectra in Fig. S2 of supplementary data. The nature
of the interactions was investigated using the Multiwfn code
by analyzing the electron density generated from ORCA [58]].
The analyses of both covalent and non-covalent interactions
were calculated based on the Density Overlap Regions Indica-
tor (DORI)[59]. The reactivity of the AuNPs was analyzed by
computing the Fukui function [60] to identify the electrophilic
and nucleophilic sites.

3. RESULTS AND DISCUSSION

Firstly, AuNPs with 7.5 nm diameter were grown on a Si
substrate by using the method described in the experimental
section Four samples were fabricated with different den-
sities of AuNPs on the Si surface: 2000 AuNPs/um?, 5000
AuNPs/um?, 8000 AuNPs/um?, and for the last one, 8000
AuNPs/um? on 50 nm-thick gold film on Si substrate. Then,
these samples have been characterized with atomic force mi-
croscopy (AFM). Fig. 2] displays some representative AFM im-
ages as well as the histogram of the AuNPs size with mean
diameter of 7.5 nm obtained from AFM pictures. Furthermore,
the densities of AuNPs given previously correspond approxi-
mately to nanoparticle coverages of 11, 28 and 45% of a gold



nanoparticle monolayer, respectively. The coverage of AuNPs
seems apparently larger in the AFM pictures due to the convolu-
tion between the shape of the AFM tip and the AuNPs [61], [62]].

<d>=7.5nm

T T T T T T T T
8 10 12 14 16 18
NP height (nm)

Figure 2: AFM pictures of AuNPs deposited on Si substrate for a density of
(a) 2000 AuNPs/um?, (b) 8000 AuNPs/um?, and (c) 8000 AuNPs/um? on 50
nm-thick gold film on Si substrate. (d) Histogram of the AuNPs size with mean
diameter of 7.5 nm obtained from AFM pictures.

Next, the samples have been optically characterized by using
visible reflectance measurements. For each sample, reflectance
measurements were recorded with an incidence angle close to
the normal to the surface. On each of these samples, a neg-
ative inflection was observed at a wavelength of 600 nm cor-
responding to a plasmonic resonance of multimers present in
these latter (see Fig. [3). For the lowest density (see Fig. [3),
this inflection at 600 nm is clearly distinguished due to a sig-
nificant presence of resonant hotspots at 600 nm while for the
other densities (see Figs. Elb,c,d), this inflection becomes less
pronounced due to their "masking" by a larger presence of other
plasmonic hotspots resonant at higher wavelengths. This in-
flection ("peak") is negative on reflectance spectra due to the
presence of silicon and the incidence angle close to the nor-
mal upon reflectance measurements [32, (63} [64]. On each re-
flectance spectrum from Fig. [3] the two visible wavelengths
selected for SFG measurements have been indicated. The first
visible wavelength at 490 nm is located at the level of the d—s
interband electronic transition of gold and close to the LSPR of
AuNPs (around 500 nm, not discriminated in reflectance spec-
tra of 4 samples due to the wide d—s electronic fingerprint).
The second one was chosen at 600 nm for corresponding to
the plasmonic resonance of multimers (collective surface plas-
mon resonance or CSPR) present in the samples. Afterwards,
AuNPs were functionalized with DDT molecules according to
the protocol described in the experimental section [2.4] where

the effective surface of one AuNP exposed to DDT molecules
is estimated to be 161 nm? (see Part V in supplementary data
for details). Then, the number of DDT molecules grafted on
gold nanoparticles was estimated, and we found 1.2 x 103, 3.1
x 10°,4.9 x 10° DDT molecules on the systems of 2000, 5000
and 8000 AuNPs/um?, respectively.
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Figure 3: Reflectance spectra of AuNPs deposited on Si substrate for a density
of (a) 2000 AuNPs/um?, (b) 5000 AuNPs/um?, (c) 8000 AuNPs/um?, and (d)
8000 AuNPs/um? on gold film (50 nm thickness). The blue and red dashed
lines correspond to the two visible wavelengths chosen for SFG measurements.

Following the functionalization, the SFG signal of DDT was
measured on all samples by using the home-made 2C-SFG
spectroscopy setup in the ppp-configuration (p-polarized SFG,
Vis, IR beams; see Fig. [I) in order to probe methyl/methylene
(CH;3/CH,) stretching vibration modes in the 3.3-3.6 um in-
frared spectral range, as detailed in the experimental section
[23] The experimental intensity of the SFG signal is propor-
tional to the square of the effective second-order non-linear sus-
ceptibility and can be expressed as follows [63]:

2 2 2
I(0sFG) = |xe(f}|2 = |xe('f3‘,m()l +xe(f3‘,NR‘2 )
with
@) o ne® 2
L Y @
K = Avee® 0

where a,, ¢,, ®, and I';, correspond to the amplitude, phase,
frequency and damping constant for each of the five vibrational
modes of the probed molecule (here DDT), respectively. In ad-
dition, Ayr and ®yr correspond to the amplitude and the phase
coming from the optical activity of gold (i.e the non-resonant
contribution, here the d-s interband electronic transition), re-
spectively. xgc;m ,; Tepresents the sum over Lorenztian oscilla-
tors describing here the five DDT CH,, (with n = 2 or 3) vibra-
tion modes (see Tables S1 and S2 in supplementary data).
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Figure 4: Experimental SFG spectra of DDT recorded at the two visible
wavelengths of 490 nm (cyan circles) and 600 nm (yellow circles) in ppp-
polarization scheme on the four samples with the following densities of AuNPs:
(a) and (b) 2000 AuNPs/um?, (c) and (d) 5000 AuNPs/um?, () and (f) 8000
AuNPs/um?, and (g) and (h) 8000 AuNPs/um? on 50 nm-thick gold film. The
red dashed lines correspond to vibration modes d*, d~, r*, r~, and FR of DDT
molecules. In each SFG spectrum, the cyan and gold lines, and the grey dashed
line represent the fits of the SFG signal (using the expression (T)) and the non-
resonant contribution of the SFG signal (background of gold), respectively. The
cyan and gold dashed lines for Fig. 4b,g are guide to eye based on the fitting
parameters obtained for Fig. 4a,h (see section II of supplementary data for ex-
planation).

Fig. [ displays the SFG vibrational fingerprint of DDT
recorded for the two wavelengths (490 nm and 600 nm) on
the samples with the four densities of AuNPs. On these
SFG spectra, the five characteristic vibration modes observed
corresponded to methyl (CH;) and methylene (CH,) groups
[136L 137, 166l 167, 168]]. For the methyl group, the vibration mode
at 2882 cm~! corresponds to the symmetric stretching mode
(CH3-SS, r1), those at 2952 cm~ ! and 2971 cm™! are usually
attributed to the Fermi resonance (CH;-FR, FR) and the an-
tisymmetric stretching mode (CH3-AS, ™), respectively. For
the methylene group, the vibration mode at 2858 cm™! cor-
responds to the symmetric stretching mode of the CH, group
(CH,-SS, d™), that at 2911 cm~! is attributed to the antisym-
metric stretching mode (CH,-AS, d7). The experimental SFG
spectra were fitted by using the expression (I). Strong SFG

backgrounds corresponding to the d—s interband electronic tran-
sition of gold were observed for each SFG spectrum at the vis-
ible wavelength of 490 nm (see Fig. [Z_f] a,c.e,g). When the
AuNPs density increases so does this SFG signal background
(and also with the addition of a gold layer under the AuNPs for
the last sample of Fig. @z. In this case, one magnitude order of
SFG background is gained but to the detriment of the signal-to-
noise ratio of the vibrational fingerprint, difficult to distinguish
in these conditions, but perfectly distinguishable for the 600
nm visible wavelength in Fig. Fh). This is naturally related to
the presence of more and more AuNPs in the probed zone (and
also with the addition of the gold underlayer in the last sample).
Moreover, clearly weaker SFG backgrounds of gold were also
observed for each SFG spectrum at the visible wavelength of
600 nm (see Fig. Elb,d,f,h) due to the energy mismatch of the
main d-s interband electronic transition of gold with the exci-
tation visible wavelength of 600 nm. It should be noted that in
Fig. @p with the lowest AuNPs density, the vibrational finger-
print is hardly distinguishable due to a weak vibrational finger-
print signal-to-noise ratio. But the DDT vibration does appear
clearly in Fig. for the visible wavelength of 490 nm. In
other words, playing with the visible light allows to detect the
DDT vibration modes on each of the four samples. Neverthe-
less, the same increasing trend of the SFG signal background
for both 490 nm and 600 nm visible excitation wavelengths
was observed for increasing AulNPs densities, but also when
the gold underlayer was added in the last sample (see Fig.
gh). At the visible wavelength of 490 nm, the SFG intensi-
ties of the vibration modes are dip-shaped due to the presence
of a strong non-resonant SFG background of gold interfering
with Lorentzian-shaped SFG peaks. On contrary, at the visible
wavelength of 600 nm, the SFG intensities of resonant modes of
vibration are peak-shaped or Fano-like shaped due to the lower
non-resonant SFG background of gold, thus interfering differ-
ently with Lorentzian-shaped peaks. These SFG spectral line-
shapes were fitted following the detailed procedure based on
Equations (1-3) given in section II of the supplementary mate-
rial. Usually, it is common and sufficient to fix the phases of
the vibration modes to zero (SAM films, very low density of
AuNPs). In our case, it was not possible to keep this constraint
to have convergence of the model with the experimental data.
The best fits were obtained by letting them varying it freely.
The best sets of fitting parameters, coherent in amplitudes, fre-
quencies and damping constants for both wavelength are given
in Tables S1 and S2 (see supplementary data). To justify the
fact that the vibrational phases are let free, we considered that
in our case, we have a very high density of AuNPs with respect
to past literature. It induces the presence of numerous hotspots
between close AuNPs having a considerable inflluence on the
dipole transition moments L and the Raman polarizabilities o;
of the DDT molecules nonlinear 2" order polarizability (f; k)
because of the intense local electromagnetic fields. Indeed, we
work at excitation wavelengths in resonance with: (i) LSPR
at 490 nm, in interference with the broad maximum of the d—
s interband electronic contribution of gold; (ii) CSPR at 600
nm with a minimum of the d—s interband electronic contribu-
tion. In this case, it means that the DDT molecules are under-



Table 1: Comparison of amplitude ratios d*/r™ and d~/r~ of the SFG sig-
nal versus the visible wavelength of excitation (Ay;s) used in SFG experiments
(ppp-polarization scheme) and the density of AuNPs (size of 7.5 nm; 8000* =
8000 AuNPs/pum? on the 50 nm-thick gold layer).

Density (AuNPs/um?) Ay (nm)  dH/rt d=/r™
2000 490 1.21 0.82
5000 490 0.99 0.64
8000 490 0.87 0.68
8000* 490 — —

2000 600 - -

5000 600 1.05 0.28
8000 600 0.96 0.46
8000%* 600 1.17 0.76

going strong energy transfers from the AuNPs plasmons, af-
fecting 1 and o;;. Besides, due to the curvature effects of our
small AuNPs in close contact, we also detect by SFG, thanks
to plasmonic effects, CH, vibration modes at different specific
locations in the alkane chains of a same molecule or in neighg-
bouring molecules, not well aligned and organized as in SAM
(for a general in-depth treatment of the phase parameter in SAM
films in nonlinear optical spectroscopy, see this reference [44]).
DFT calculations presented further in our work will evidence
this latter point. From these supplementary physical consider-
ations, it is therefore reasonable to let the vibrational phases
varying freely to obtain the best fitting convergence with the
experimental data. Then, for determining experimentally the
conformation of DDT molecules as sketched in Fig. [5] we cal-
culated the amplitude ratios d*/r" and d~/r~ of the SFG sig-
nal for each density of AuNPs and the two excitation visible
wavelengths (at 490 nm and 600 nm; see Table |1} and also the
supplementary data for the formulas used for all these ratios).

By calculating the two amplitude ratios d*/r* and d~/r™,
we observe the presence of gauche defects in the DDT
alkane chain, thus indicating a L-shape configuration for DDT
molecules. Indeed, the emergence of the CH, stretching vi-
bration modes in the SFG spectra confirms the presence of
gauche defects and a L-shape configuration of the DDT alkane
chain [26} 28 29, 166} 169 [70] (see Fig. E]) Indeed, for well-
ordered SAMs grafted on plane surface of gold (i.e alkyl chains
are mainly aligned in the all-trans conformation), CH, vibra-
tion modes intensities are inferior to 10% of the CH; ones
[28l 166, [71]. Besides, the tilt angle ©,,,; of the DDT alkane
chain is between 27°-34° in its all-trans configuration, as re-
ported in the literature (72} 73| (74, [75] (®,,,; is the angle be-
tween the molecular axis of the alkane chain and the normal to
the surface, see Fig. [3). Here, a ©,,,; value of 30° was adopted
for the tilt angle of the DDT molecule [76]].

In details, from the SFG spectra depicted in Fig. [ we
extracted and calculated the two amplitude ratios d*/r" and
d~/r~. For d*/rt, this ratio varied between 0.87 and 1.21, and
between 0.96 and 1.17 for the excitation visible wavelengths at
490 nm and 600 nm, respectively. For d~/r, this ratio evolved
between 0.64 and 0.82, and between 0.28 and 0.76, respectively
(see Table[I)). These two ratios clearly indicated that the DDT

I fi N L-shape configuration
All-trans configuration with Gauche Defects

0 Top view ;\; - Top view

()
XcH,

AuNP

Figure 5: Principle schemes of the all-trans configuration and the L-shape con-
figuration with gauche defects for DDT molecule on gold, and the description

of the susceptibilities of resonant modes of dodecanethiol (xg;l, ng))- (O
represents the tilt angle of the DDT molecule in its all-trans configuration.

molecules geometrical conformation on AuNPs of 7.5 nm had
a L-shape configuration induced by a high level of gauche de-
fects (see Fig. [5). From experimental SFG spectra, it is difficult
to determine the localization of gauche defects. Thus, we have
chosen to use DFT calculations in order to have a more precise
idea of where is located the gauche defect and extract more re-
alistic tilt angles by this advanced modelling method. While the
common amplitude and intensity ratios method used for exper-
imental angular determination in SFG spectroscopy performed
on flat surfaces gives a qualitative and quantitative analysis of
the molecular geometry on such surfaces, it does not take into
account the chemical interactions between DDT alkane chains,
gold atomic organization and the surface curvature at the AuNP
surface as encountered in our complex systems because the no-
tion of geometrical reference is puzzled on AuNPs. In other
words, what is the normal direction to the sphere surface for
alkane chains grafted in a three-dimensional (3D) space? To
address this complex issue and gain valuable and analytical in-
sights based on exact theoretical calculations, we have to switch
from our common and limited geometrical 2D vision to a 3D
space by exploring more robust computational methods. In or-
der to illustrate our point, we introduce here an all-atom DFT
computational method (see Computational section II F for de-
tails) to extract structural, electronic and spectroscopic infor-
mation from models of one or two DDT-S molecules grafted
on AuNPs of two different sizes: 0.9 nm and 1.4 nm (labeled
AuszgNP and AugyNP, respectively) as sketched in Fig. @ For
all the calculations, the DDT-S molecules interact by the S atom
on the most reactive sites of the AuNP, with a single gold atom
or two adjacent gold atoms without changing the qualitative
nature of the interaction. Depending on the starting structure
of the geometry optimization, several orientations of the DDT-
S molecule on the AuNP surface were obtained depending on
whether it could wrap around the surface or remain in a quasi-
linear form. Only the quasi-linear structure is described in the
following discussion with a single DDT-S molecule to be con-
sistent with the model with two DDT-S molecules.
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Figure 6: Condensed Fukui analysis of (a) AuNP(0.9 nm) - DDT; (b) AuNP(0.9 nm) - (DDT),; (¢c) AuNP(1.4 nm) - DDT; (d) AuNP(1.4 nm) - (DDT),. The grey
and orange isosurfaces represent the electrophilic and nucleophilic sites, respectively. The angle 6p in Figure (e) is the angle obtained from DFT analysis defined
as the angle between the direction of the S and Au atom to which it is connected and the direction between the S and the 2"¢ CH, group (from the AuNP).

The condensed Fukui functions are calculated to identify the
nucleophilic and electrophilic regions predicting the local bind-
ing sites of the DDT-S at the AuNP surface (see Fig. [6). The
electrophilic sites of the AuNPs are mostly located at the sur-
face (grey color in Fig. [6)). The nucleophilic sites remain mainly
located at the sulfur atom, both around a few gold atoms and
on the first CH, group close to the sulfur site (orange color in
Fig. |§[) In the cases of two DDT-S molecules, the S atoms
interact with two adjacent gold atoms and the chains remain
linear, weakly interacting with each other to stabilize the struc-
ture. DORI analysis is used to visualize the spatial organization
of the intermolecular interactions (see Fig. S3 in supplemental
data for DORI plots), with the green color clearly representing
the dispersive interactions between the molecular chains. The
spatial orientation of the DDT-molecules is also useful for de-
ducing the tilt angle 6p, which ranges between 48° and 54°,
and increases with the size of the cluster (see Fig. [6] for 6p in-
dividual values). Finally, the IR and Raman harmonic spectra
are displayed in the 2800-3050 cm™! spectral range in Fig. S2
and mode attributions are provided in Tables S3 and S4 (see
Section IV of supplementary data). The DFT spectra are pro-
vided as a qualitative comparison with the experimental SFG
data without attempting a very precise match. For both cluster
sizes, this spectral range can be divided in different sub-ranges
corresponding to the expected vibrational modes of the DDT
chains, consistent with from SFG data fitting in Tables S1 and
S2 (see supplementary data). For the IR spectrum of AuzgNP

in interaction with two DDT, the 2960-2980 cm~! band cor-
responds to the CH3-AS () mode with a medium intensity,
which was used to calibrate the computed data with the exper-
imental frequency at 2971 cm~!. The band at 2950 cm~! cor-
responds to the CH,-AS mode of the first CH, group after the
sulfur atom (CH,[1]-AS), in agreement with the experimental
frequency at 2952 cm~!. This group is in a different chemi-
cal environment, resulting in a frequency shift compared to the
other CH, groups. It is worth noting here that, from DFT calcu-
lations (see Table S4 in supplementary data), this is a different
attribution with respect to the CH3-FR (FR) mode of our Table
S1 (see supplementary material), often presumed in SFG his-
tory for this archetype reference molecule. In fact, we observe
that this specific spectral range is broad and difficult to fit per-
fectly by equations (1-3) in Fig. ] c,d with only one vibration
mode. DFT calculations shows that the presence of CH,[1]-AS
vibration mode on AuNPs with a significant intensity can ex-
plain these spectral features. This is equally the location on the
alkane chain where the gauche defects appear due to the surface
curvature in 3D space, which affects differently the chemical
bonding to gold atoms with respect to a crystalline flat surface
in 2D space.

To complete this study, we compared these results of ampli-
tude ratios d*/rt and d~/r~ with existing literature [36]]
(see Table[2). This comparison was carried out by taking into
account that the polarization scheme of the SFG experiments
(here, ppp-polarization scheme) is the same. From Table[2] we



Table 2: Comparison of amplitude ratios d*/r™ and d~/r~ of the SFG sig-
nal versus the excitation wavelength (4.,.) used in SFG experiments (ppp-
polarization scheme) and the size of AuNPs.

AuNP size gy (nm) dtirt d~Ir Ref.
7.5 nm 490 0.87-1.21 0.64-0.82 This Work
7.5 nm 600 0.96-1.17 0.28-0.76 This Work
1.8 nm 800 0.62 0.39 [29]
2.9 nm 800 0.4 0.17 [29]
7.4 nm 800 0.31 < 0.01 [29]
13.5 nm 488 < 0.01 < 0.01 [36]
13.5 nm 594 < 0.01 < 0.01 [36]

Table 3: Calculations of the enhancement factor (EF) as a function of the den-
sity of AuNPs (EFgy = electromagnetic enhancement coming from the match-
ing of a plasmon resonance with visible and SFG beams, and EFyr = enhance-
ment of the local field; 8000%* = 8000 AuNPs/um? on the 50 nm-thick gold
layer; see supplementary material for more details of EF calculations).

Enhancement Factor 2000 5000 8000  8000%*
EF Gy =490 nm; gy =429 nm) 4.69 6.17 6.71 6.91
EF Gy =600 m; Agpg =511 nm) 3171 7249 73.12 208.44

EFLF Oy =490 nm; Agpg =429 nm) 1.89 2.09 2.20 2.31
EFLF Gy =600 nm; Agpg =511 nm) 3.80 5.39 5.31 7.61
EFgp g =4900m; agpg =4200my 2,48 2.95 3.05 2.99

EFgM Oy =600mm; agpg =511om 8.34 1345 13.77 27.39

noted that for similar or smaller sizes of AuNPs (diameters of
1.8 nm and 2.9 nm), our amplitude ratios d*/r* and d~/r~ were
higher or similar than those presented in Bordenyuk et al work
[29] due to the fact that they used an excitation wavelength of
800 nm far from a plasmon resonance, whereas we used two
selective and discriminating visible wavelengths at 490 nm and
600 nm corresponding either to a plasmonic resonance of iso-
lated AuNPs (LSPR) or multimers (CSPR, coupling between
AuNPs), respectively. Moreover, this was also due to an effect
of the local field. Indeed, enhancement factors (EFs) comprised
between 4.69 and 208.44 were calculated with the following ex-
pression [34]:

EF < glr8Yis )

where g%‘FGg\z/is (named E Fg)s) and g%is (named EF;f) cor-
respond to the electromagnetic enhancement coming from the
matching of a plasmon resonance with visible and SFG beams,
and the enhancement of the local field [34]], respectively (see
Table[3|and supplementary material for the EF calculation). We
observed higher EFs at the excitation wavelength of 600 nm
than those at 490 nm due to the damping of the interband tran-
sition present at 490 nm. In addition, the enhancement of the
local field (EFyF), especially between the AuNPs and the sub-
strate [77] (Si or Au film), varied from 1.89 to 7.61 coming
from the interference between AuNPs and their images induced
by the substrate [78] (Si or Au film). Besides, the enhancement
factors (EF) calculated for our experiments are relatively weak
due to the fact that the size of our AuNPs is small.

Furthermore, by comparing our results of these ratios with

those of Dalstein et al [36] at similar excitation wavelengths,
the values of our amplitude ratios were higher than theirs, which
were around zero due to the fact that a better organization is ob-
tained with their gold nanoparticles (13.5 nm) than with ours.
Nevertheless, they observe the appearance of CH, vibration
modes taken into account in their SFG fitting procedure as de-
tailed in their supplementary material. This better organization
is due to the formation of small SAMs (well-ordered) on their
facets [36, (79, 80]. Indeed, on their AuNPs and also on planar
gold, it is known that long chains of alkanethiols favor lateral
interactions leading to a long-range molecular order [80]].

4. CONCLUSION

Herein, we reported the geometrical conformation of DDT
molecules on 7.5 nm diameter AuNPs as a function of their
density on a Si substrate with or without an intermediate gold
film (50 nm thick). We observed that DDT molecules had a
conformation with a high level of gauche defects indicating a
L-shape on these AuNPs, as directly deduced from SFG mea-
surements at the two visible excitation wavelengths by calculat-
ing the amplitude ratios d*/r™ and d~/r~. The obtained values
of these ratios were higher than those found in the existing lit-
erature, this fact can be highlighted thanks to the matching of
the visible wavelength with plasmonic resonances of isolated
AuNPs (LSPRs) and multimers, respectively. Additionally, this
is accompanied by an enhancement of the local field. Further-
more, we observed that the enhancement factor increased when
the density of gold nanoparticles increased and more largely at
the excitation wavelength of 600 nm corresponding to the plas-
monic resonance of multimers. Thus, the plasmonic enhance-
ment of the SFG signal recorded with small AuNPs whose size
is close to the molecule to be studied can allow the detection of
multiple geometrical conformations on complex surfaces (e.g.
AuNPs deposited with various densities on a substrate). More-
over, this plasmonic enhancement can provide a better under-
standing of the ultrafast dynamics nearby plasmonic systems,
which can be applied to domains such as catalysis and photo-
voltaics enhanced by plasmons. Furthermore, it is difficult to
determine the localization of gauche defects from experimen-
tal SFG spectra. Thus, we used a relevant DFT computational
method based on two DDT molecules grafted on gold clusters
of 0.9 et 1.4 nm size, showing that their interaction in a 3D
space already induced gauche defects in the alkane chain but at
the level of the first methylene group located just beyond the
sulfur atom bounded to the gold atom as deduced from con-
densed Fukui analysis and computed IR and Raman spectra in
the energy range of interest. To the best of our knowledge,
this is the first time that DFT calculations are used to bridge
the gap between the classical macro-analysis of SFG spectra
exploring molecular geometry on 2D surfaces and a DFT Con-
densed atomistic Fukui analysis coupled to spectral simulations
of relatively big 3D clusters from the computational point of
view. The latter methods give a precise geometrical location of
gauche defect in alkane chains for which orientation can also
be deduced. Other molecules containing multiple functional
groups like substituted aromatic molecules, which can feature a



variety of interactions, could be envisaged to extend this com-
bined experimental and theoretical study. For a direct compar-
ison with SFG experiments, molecular simulations would have
to be applied on a larger size scale, including the simulation
of SFG signals. Due to the very high computational costs of
DFT simulations for such complex structures, new methodolo-
gies are currently being developed, but this is beyond the scope
of this study. We hope this first combined experimental and the-
oretical step in 3D space for computing molecular geometry at
the nanoscale in the framework of 2C-SFG spectroscopy will
enlarge the nonlinear optics universe coupled to DFT methods.

CRediT authorship contribution statement

G. Barbillon: Conceptualization, Formal analysis, Investi-
gation, Supervision, Validation, Visualization, Writing — orig-
inal draft, Writing — review & editing. C. Humbert: Con-
ceptualization, Formal analysis, Investigation, Resources, Su-
pervision, Validation, Visualization, Writing — original draft,
Writing — review & editing. C. Clavaguéra: Formal analysis,
Investigation, Resources, Validation, Visualization, Writing —
original draft, Writing — review & editing. A. Gayral: Inves-
tigation, Resources, Writing — review & editing. L. Martinez:
Formal analysis, Investigation, Resources, Validation, Visual-
ization, Writing — original draft, Writing — review & editing. Y.
Huttel: Conceptualization, Formal analysis, Investigation, Re-
sources, Supervision, Validation, Visualization, Writing — orig-
inal draft, Writing — review & editing. J.M. Garcia-Martin:
Conceptualization, Formal analysis, Investigation, Supervision,
Validation, Visualization, Writing — original draft, Writing — re-
view & editing.

Declaration of competing interest

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

Yves Huttel, Lidia Martinez and José Miguel Garcia-
Martin acknowledge grant PID2021-126524NB-100 funded by
MCIN/AEI/10.13039/501100011033 and by “ERDF A way of
making Europe".

Appendix A. Supplementary data

The amplitude ratio (d™/r™ and d~/r™) calculations, the fit-
ting procedure, the calculation of the enhancement factor (EF),
the DFT harmonic IR/Raman spectra and corresponding ta-
bles of vibration mode frequencies, and the DORI analysis for

the systems modeled in this work are provided in supplemen-
tary data. Supplementary material related to this article can
be found online at https://doi.org/10.1016/j.apsusc.
2024.161817.
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