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ABSTRACT
A detailed study of the adsorption structure of self-assembled monolayers of 4-nitrothiophenol on the Au(111) surface was performed from a
theoretical perspective via first-principles density functional theory calculations and experimentally by Raman and vibrational sum frequency
spectroscopy (vSFS) with an emphasis on the molecular orientation. Simulations—including an explicit van der Waals (vdW) description—for
different adsorbate structures, namely, for (

√
3 ×√3), (2 × 2), and (3 × 3) surface unit cells, reveal a significant tilting of the molecules toward

the surface with decreasing coverage from 75○ down to 32○ tilt angle. vSFS suggests a tilt angle of 50○, which agrees well with the one calculated
for a structure with a coverage of 0.25. Furthermore, calculated vibrational eigenvectors and spectra allowed us to identify characteristic in-
plane (NO2 scissoring) and out-of-plane (C–H wagging) modes and to predict their strength in the spectrum in dependence of the adsorption
geometry. We additionally performed calculations for biphenylthiol and terphenylthiol to assess the impact of multiple aromatic rings and
found that vdW interactions are significantly increasing with this number, as evidenced by the absorption energy and the molecule adopting
a more upright-standing geometry.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053493

I. INTRODUCTION

Long-chain alkylthiol and (oligo-)phenylthiol molecules have
been shown to form ordered adsorbate layers on gold surfaces. Scan-
ning tunneling microscopy1,2 has revealed that for the latter, the
degree of spatial order is highest for densely packed layers of pol-
yaromatic molecules, e.g., molecules with two or more phenyl rings
in a row bound to the sulfur anchor atom. The orientation of such
molecules with respect to the surface is an interesting question to
study since it is governed by coordination chemistry at the sulfur
atom linking the molecule to the substrate but also strongly depends
on the intermolecular interactions. On one hand, one could hypoth-
esize that the divalent sulfur atom forms two bonds enclosing an
angle of 92○ as in H2S or 99○ as in (CH3)2S. In these molecules,
the S orbitals involved in the bonding display mostly p character
(and only little s character), resulting in a bond angle considerably
smaller than the ideal tetrahedral angle of 109.5○ known from sp3

bonding. On the other hand, if one assumed that the sulfur bonds to
the Au surface mainly by getting immersed into the electron liquid
of the surface, the S–C bond would not show a directional prefer-
ence, and the orientation of the molecular chain should be rather
free and thus susceptible to other factors (different from the orbital
hybridization at the S atom), such as electrostatic or van der Waals
(vdW) interactions between the phenyl groups or the nitro group
and the surface.

Several experimental methods have been utilized to explore
the molecular orientation; however, a conclusive picture is still elu-
sive. In the literature, there is evidence for both, molecules stand-
ing upright or with a tilt. Near-edge x-ray absorption fine struc-
ture spectroscopy (NEXAFS) has suggested that thiophenol (TP)
SAMs on Au are tilted by about 50○ with respect to the surface
normal.3 In contrast, the results from electron spectroscopy have
been interpreted as evidence for flat-lying TP SAMs on the Au
surfaces.4 Another piece of evidence comes from the work of Tao
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et al. who analyzed the orientation of aromatic-derivatized SAMs
through reflection absorption infrared spectroscopy (RAIRS, a tech-
nique that is admittedly not precise for this purpose) and observed
that they are preferentially inclined toward the Au surface.5 This is
in contrast to work supporting a nearly upright molecular orienta-
tion, e.g., by McNally et al.6 who employed RAIRS and ellipsometry.
Moreover, Wan et al.7 reported a tilt angle of about 30○ based on
surface-enhanced infrared absorption spectroscopy (SEIRAS) mea-
surements. Carron and Hurley8 reported a tilt angle of about 14○,
measured by surface-enhanced Raman scattering (SERS).

In this paper, we attempt to resolve the issue of lying vs standing
by studying 4-nitrothiophenol (4-NTP) and its biphenyl and ter-
phenyl variants on Au. To this end, we carry out first-principles
calculations for periodic slab models of the Au(111) surface that
allow us to address the role of intermolecular interactions and of the
coverage on the tilt angle. These results are then compared for the
simplest molecule with just one phenyl ring (4-NTP) to experimen-
tal evidence. In a first exploration, we employ Raman spectroscopy
to detect the vibrational signature of this molecule adsorbed on
the Au(111) face. We expect to observe the out-of-plane modes if
molecules were lying flat, whereas in-plane modes should be strongly
enhanced in the case of an upright orientation. In the experiment,
we observe the presence of out-of-plane modes in the vibrational
Raman spectra, pointing to a tilted orientation of 4-NTPs on the
Au surface. Eventually, we exploit the polarization dependence of
vibrational sum frequency spectroscopy (vSFS), specifically the sym-
metric stretch mode of the NO2 group, to gather orientational infor-
mation. This highly sensitive method had been applied before to
4-NTP on Au.9,10 In previous work,9 evaluation of the polarization
dependence of SF signals suggested an inclination of the molecu-
lar symmetry axis by 60○ with respect to the surface normal, while
our present analysis yields 50○. This difference may stem from dif-
ferent coverages of the Au(111) surface obtained in these experi-
ments. This is consistent with quite different values reported for the
coverage in TP SAMs on Au(111) in the literature, e.g., 0.23 and
0.317 or 0.45.11 Unfortunately, theoretical interpretation of the data,
e.g., in Ref. 12, has so far relied on cluster models of the surface
with a single molecule adsorbed. A systematic theoretical study of
the effects of finite surface coverage and intermolecular interaction
effects has so far only been carried out for alkylthiol SAMs13,14 and
is lacking for TP SAMs. The present study that puts emphasis on
the theoretical modeling of SAMs from thiol molecules with a vari-
able number of phenyl rings and at various coverages attempts to fill
this gap.

II. METHODS
A. Calculations

The FHI-aims code package,15 a highly efficient, fully par-
allelized, numeric atom-centered basis function all-electron code,
is used to carry out density functional theory (DFT) calculations.
For our calculations, we use the Perdew–Burke–Ernzerhof (PBE)
exchange-correlation functional16 in combination with a “tight”
basis set, which is expected to yield well-converged results.15 The van
der Waals (vdW) interactions are described by pairwise potentials
using the scheme of Tkatchenko and Scheffler,17 which employs Hir-
shfeld partitioning of the electron density to get density-dependent

C6 coefficients and vdW interaction radii with minimal empiri-
cal input. Appropriate correction terms are added to energy and
forces after each self-consistency cycle. The geometrical parame-
ters and vibrational frequencies quoted later have been obtained
with this method. For additional test calculations of the adsorp-
tion energies, we employ two many-body dispersion (MBD) meth-
ods,18,19 offering an even more sophisticated description of vdW
interactions by modeling the response via quantum harmonic oscil-
lators, which are coupled via dynamic dipole interactions. To be
specific, we used the range-separated self-consistently screened
version (rsSCS-MBD)20 and the more recent non-local version
(MBD-NL),21 which are both included via the Libmbd library.22 We
note that both the Tkatchenko–Scheffler and the MBD method of
describing vdW interactions between organic molecules and coinage
metal surfaces have been successfully applied to the adsorption of
oligo-acenes.23–25

The calculated lattice constants of bulk Au for PBE and PBE+ vdW were a0 = 4.151 Å for PBE and a0 = 4.108 Å for PBE + vdW,
the latter being very close to the experimental value of 4.080 Å.26

The slab calculations were performed with a 12 × 12 × 1 k-point grid
while having a unit cell size of at minimum 100 Å in the z-direction
to disable any spurious interactions between slabs. The Au slab was
formed by four layers. To compensate for any long-range effects
due to the adsorbate-induced polarization, dipole correction27 was
applied. Geometry relaxations were generally carried out with a force
convergence criterion of 10−4 eV/Å, which is a rather tight choice.
Relativistic treatment was included via the scaled zeroth order reg-
ular approximation (ZORA),28 which uses self-consistent eigen-
values by first constructing the Hamiltonian with an approximate
scalar-relativistic kinetic energy operator.

For the calculation of vibrational modes (within the harmonic
approximation), we used a python script, which is included in the
FHI-aims code package. Here, the Hessian matrix is constructed
(and subsequently diagonalized) from force derivatives obtained by
a sequence of finite-difference calculations with respect to atomic
displacements.29 The same reference holds for the calculation of
Raman intensities as presented in Sec. III C, while the required
polarizability derivatives were calculated (via finite differences as
above) by the density functional perturbation theory (DFPT) func-
tionality,30 which is included in FHI-aims.

B. Sum frequency spectroscopy
For the vibrational sum frequency spectroscopy (vSFS), a

Nd:YAG laser (Ekspla PL2231, bandwidth 2 cm−1) pumping a tun-
able IR OPA/DFG setup (Ekspla PG501DFG, bandwidth 9 cm−1)
was used that delivered pulses of 25 ps duration at a repetition
rate of 25 Hz, while its frequency doubled fundamental provided
the upconversion pulse. Typical pulse energies used were 280 �J
(532 nm) and 10–30 �J (IR). Both beams were linearly polarized,
and a tunable λ�2 retarding plate (Alphalas, PO-TWP-L2-12-IR)
was used to control the IR polarization. The IR and upconversion
light beams were directed at the sample under incident angles of
43○ and 53.5○, respectively. The SF signal was detected using a pho-
tomultiplier tube with gated electronics after spectral and spatial
filtering. Spectra were obtained by scanning the IR source in 5 nm
steps. For every data point, typically 300 shots were sampled and
averaged. Self-assembled monolayers of 4-NTP (Tokyo Chemical
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Industry Co.) were prepared on thin film Au substrates [13 nm Au
on glass slides with a 13 nm titanium adhesion layer in between by
placing the substrate for 24 h in a solution in ethanol (PA grade) of
about three times the quantity needed for completely covering the
surface, typically 70 mg in 100 ml].

C. Raman sample preparation
The Raman measurements on free molecules were performed

on a saturated solution of 4-NTP in chloroform in a 1 mm quartz
cuvette. Au(111) single crystals were purchased from Surface Prepa-
ration Laboratory (Zaandam, The Netherlands) for Raman studies
of 4-NTP adsorbed on Au and were used without further surface
preparation. The Au(111) single crystals were incubated for 24 h
using 4-NTP dissolved in ethanol at two different concentrations (5
and 1 mM) and washed afterward to remove excess 4-NTP.

D. Raman instrumentation
The experiments were performed using a home built confo-

cal Raman microscope comprising an inverted microscope (Nikon
Eclipse Ti–S) equipped with a grating spectrometer (HORIBA
iHR550, 600 grooves/mm grating) and a back-illuminated CCD
camera (HORIBA Synapse). The 632.8 nm radiation from an He–Ne
laser was focused onto the sample using a 20× microscope objec-
tive (Nikon, NA 0.4) for cuvette experiments and using a 60×
microscope objective (Nikon, NA 0.8) for experiments on molec-
ular adsorbates on Au(111). The experimental parameters are as
follows: 15.5 mW laser power at the sample, 2 s integration time,
5 accumulations for cuvette experiments and 10 s integration, and 5
accumulations for measurements on Au(111).

III. RESULTS
A. DFT calculations

Calculations were performed for different coverages of 4-NTP
on the Au(111) surface by applying periodic boundary conditions
for differently sized surface unit cells. We also aim to assess the
impact of the 4-NTP chain length onto structural properties of the
SAMs, especially to analyze the role of the intermolecular dispersive
interaction. For this purpose, all calculations were also carried out
with 4-nitro-biphenyl-4′-thiol (4-NBPT) and 4-nitro-terphenyl-4′′-
thiol (4-NTPT). Geometry relaxations were then conducted on these
setups to retrieve the corresponding equilibrium geometries to be
analyzed further. For the slab, different surface coverages were sim-
ulated by setting up differently sized unit cells, namely, (

√
3 ×√3),

(2 × 2), and (3 × 3), where the initial location of the 4-NTP molecule
was at a hollow position with θ = 0○ and the projection of the phenyl
ring normal into the x–y-plane spanning an angle of 30○ with the[11̄0] direction (see Fig. 1 for the specified angles). The initial ori-
entation of the phenyl ring normal reflects the relative orientation
of nearest neighbor phenyl ring normals to be on a line in the
(
√

3 ×√3) system.
1. Optimized geometries

We characterize the orientation of the adsorbed 4-NTP
molecule by the tilt angle θ between the molecular axis connect-
ing the sulfur and nitrogen atoms, XS−N, and the normal of the
Au(111) surface. We additionally introduce the sulfur bond tilt

FIG. 1. Bond angle θAuSP, tilt angle θ of the molecular axis relative to the surface
normal, in-plane angle ϕ, measured relative to the [11̄0] crystallographic direction,
and twist angle ξ indicating the rotation of the S-bound phenyl ring around the
molecular axis, defined as ξ = 0○ when the ring normal is parallel to the surface
normal. The line connecting the S and N atoms defines the molecular axis and
thus θ and ϕ.

angle θAuSP, which is calculated from the surface normal and the
vector XS−C1 . Together with the distance between the sulfur atom
and the Au(111) surface, dS−Au, it provides information about the
sulfur chemical bonds. For a planar molecule, one would expect
θAuSP = 180○ − θ, but deviations are found due to distortions of the
adsorbed molecules away from planarity. Other geometrical param-
eters of interest are the angle ϕ between the projection of XS−N into
the surface plane and the [11̄0] crystallographic direction along the
x-axis, and the ring twist angle ξ between the surface normal and the
phenyl ring normal (see Fig. 1 for a depiction).

Table I shows the data obtained from the final relaxed geome-
tries for the different setups. Relaxed geometries for 4-NTP on the(√3 ×√3) and the (2 × 2) surfaces are shown in Fig. 2; in addi-
tion, the relaxed structures for both 4-NBPT and 4-NTPT on the(3 × 3) surface are presented in Fig. 3. If not stated otherwise, we
only discuss results here that stem from simulations including vdW
interactions as defined above. The vdW, rsSCS-MBD, and MBD-NL
methods yield almost the same relaxed geometries with deviations
below 1%–2%, as measured by the defined metrics. We therefore do
not further discuss these methods for geometry relaxations. Table I
shows the relevant data for our following analysis (additional charac-
terization of relaxed geometries can be found in the supplementary
material).

We start by discussing the behavior of the sulfur bond angle
θAuSP in dependence of the surface coverage. The calculations sug-
gest that θAuSP is strongly affected by steric repulsion between the
molecules. This is indicated by the angle θAuSP increasing from 108○
to 122○ when increasing the coverage from 1/9 [for the (3 × 3) sur-
face] to 1/4 [for the (2 × 2) surface]. At the highest coverage of 1/3
[in the (

√
3 ×√3) surface], the molecules repel each other and con-

sequently stand almost upright on the surface to make best use of
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TABLE I. Calculated values of the bond angle θAuSP, tilt angle θ, in-plane angle ϕ, twist angle ξ, distance between the Au(111)
surface and sulfur and adsorption position of sulfur. The angles are as defined in Fig. 1. All values are from simulations
including the Tkatchenko–Scheffler vdW interaction.

Geometry Rings θAuSP (○) θ (○) ϕ(○) ξ (○) dS−Au (Å) Position

(
√

3 ×√3)
1 136 32.4 29.9 1.5 2.01 Near bridge
2 149 24.8 307.5 103.7 1.99 Near bridge
3 151 22.2 113.9 105.0 1.98 Near bridge

(2 × 2)
1 123 52.8 14.2 4.6 2.05 Bridge
2 122 50.1 13.5 7.8 2.05 Near bridge
3 122 48.3 21.0 8.1 2.05 Bridge

(3 × 3)
1 111 75.7 30.0 2.3 2.14 Bridge
2 110 71.9 19.8 8.1 2.13 Bridge
3 108 70.7 13.7 1.2 2.12 Bridge

the limited space. This trend is observed for both short- and long-
chain molecules, independent of the number of phenyl rings in the
molecules. The precise value of the angle θAuSP, however, is found
to depend on the number of phenyl rings, being smallest for 4-NTP
and largest for 4-NTPT. Again, this seems to indicate that the repul-
sion is the dominant interaction, and longer molecular chains are
required to stand upright in order to use the limited space on the
surface most effectively.

The tilt angle θ of the molecule as a whole shows the same
trend as θAuSP but is more sensitive to the number of rings. Again,
small coverage and short-chain molecules favor a geometry in which
the molecules lay down on the surface, while large coverage and
long-chain molecules favor standing upright. The latter dependence
on the chain length is in accord with results from angle-resolved
near-edge x-ray absorption fine structure spectroscopy.3 It should
be noted that the tilt angle θ is strongly dependent on the inclusion
of vdW interactions: If neglected, smaller values are obtained.

The angle ϕ for the relatively isolated molecules (coverage 1/9)
is in the range of 20○–30○. This seems to indicate that the tilt-
ing direction is determined by the crystallography of the Au(111)
surface; in other words, the molecular axis tilts toward the [11̄0]
azimuth of Au(111). At the coverage of 1/4, ϕ is in the range of
13○–21○, which allows for a closer alignment of the NO2 groups of
neighboring rows of molecules. Finally, for the most densely packed

FIG. 2. Top views of relaxed surfaces for the (a) (√3 ×√3) and the (b) (2 × 2)
systems incorporating four unit cells, respectively, and only the top Au layer.

layers, the intermolecular interaction becomes more important and
ϕ appears to be decoupled from the crystallographic orientation of
the surface.

The bond distance of sulfur to the plane of surface Au atoms,
dS–Au, is shortest for the densely packed layers and amounts to

FIG. 3. Top views of relaxed (3 × 3) surfaces with four unit cells each for (a)
4-NBPT and (b) 4-NTPT, only including the top Au layer. Note the visible internal
phenyl ring rotation of 33○ for the 4-NBPT. For the 4-NTPT molecules, the first two
rings are nearly planar, while the third ring is out of plane by around 20○ rotational
angle.
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2.00 ± 0.02 Å. The increasing tilt angle at higher coverages is found
to correlate with a slightly elongated S–Au bond, reaching 2.05 Å
at 1/4 coverage and about 2.13 Å at 1/9 coverage. We rationalize
these observations in the following way: The more the molecules
come close to a flat-lying geometry, the more it matters to have all
C atoms of the phenyl ring(s) at a nearly equal, close-to-optimum
distance from the surface in order to maximize the vdW attrac-
tion. To achieve this energetic goal, it is acceptable to pay the cost
of a slightly elongated S–Au bond in order to benefit from the
enhanced attractive vdW interactions between Au and the C atoms
in the rings. This interpretation is corroborated by observing that,
for the most strongly tilted molecules, the lengthening of the S–Au
bond is most pronounced for 4-NTPT, where there is the most to
be gained from the vdW interaction of three rings with the Au
surface.

2. Adsorption energy
The adsorption energies �Eads for the fully relaxed geometries

are calculated as

�Eads = EUC
Au+4NTP + 1

2
EH2 − �E4NTP+H + EUC

Au �, (1)

with EUC
Au+4NTP being the total energy of the Au unit cell with

adsorbed 4-NTP, EH2 being the total energy of the H2 molecule,
E4NTP+H being the total energy of the 4-NTP molecule with hydro-
gen bonded to sulfur, and EUC

Au being the total energy in the Au slab
unit cell solely (all components are calculated with the same basis
set, XC functional, and vdW method, if applicable).

The results are shown in Fig. 4 (numerical data can be found
in the supplementary material). The adsorption energy ��Eads�
increases significantly with the number of rings. The vdW, rsSCS-
MBD, and MBD-NL methods yield adsorption energies that essen-
tially only differ by constant shifts. The Tkatchenko–Scheffler
method gives the strongest adsorption (�Eads is strongly nega-
tive), and the non-local MBD method indicates somewhat weaker

FIG. 4. Adsorption energies, calculated from total energy differences as obtained in
the PBE calculations, for the optimized geometries, according to Eq. (1): PBE only
(purple), PBE + vdW/Tkatchenko-Scheffler (blue), PBE + rsSCS-MBD (red), and
PBE + MBD-NL (green). The lower values indicate energetically more favorable
configurations.

adsorption, where both methods differ by around 0.3 eV for one
ring, around 0.5 eV for two rings, and around 0.6 eV for three
rings, while the rsSCS-MBD method’s energies are in between with
a slight trend toward MBD-NL energies. For all molecules consid-
ered, a major contribution to the adsorption energy comes from
the vdW interaction, both with the surface and/or with neighboring
molecules. When disregarding any vdW correction, 4-NTP would
be unbound, i.e., it shows positive �Eads. Only for 4-NBPT and
4-NTPT, there is an adsorption minimum for the lowest coverage
of 1/9, which, however, disappears as the coverage is increased.

There is a general tendency for the isolated molecules, in
the largest (3 × 3) supercell, to be most strongly adsorbed, while
the repulsion in the denser structures results in a lowering of
the adsorption energy. To gain a better understanding of the
interaction between the molecules and the surface in the fully
relaxed, tilted geometry, a Mulliken charge analysis has been per-
formed. The results discussed here refer to simulations includ-
ing Tkatchenko–Scheffler vdW interactions. Based on the Mulliken
charges and the geometrical data, dipole moments of a correspond-
ing point charge model are calculated, and the results are reported
in Table II. The overall charge on the molecules is found to be
negative, indicating the transfer of (fractional) electrons from the
surface onto the molecule. This charge transfer is strongest for the
densely packed layer, where it becomes almost independent of the
chain length. This behavior can be rationalized by realizing that
the ordered array of molecules builds up a static dipole layer. The
concerted effect of the molecular dipoles helps us to pull electronic
charge out of the surface onto the molecules. For the lower cov-
erages, the dipole layer becomes weaker due to the sparsity of the
molecules, and less charge is accumulated. Eventually, for the small-
est coverage, the chain length becomes increasingly important; now,
the dipole moment of the molecule as a whole is getting limited by
the chain length. A more detailed analysis shows that the largest
part of the negative charge pulled onto the molecules is located at
the S atom bound to Au, followed by the electronegative oxygen
atoms in the NO2 group. The nitrogen atoms, as well as the out-
ermost phenyl ring, carry positive partial charges. It is remarkable
that the net charge on the NO2 group clearly depends on the surface
coverage and is largest for the tilted geometries at small coverage.
This indicates that the NO2 group interacts electrostatically with the
Au surface; bringing the NO2 group closer to the surface by a tilt of
the molecule enhances the electrostatic interaction between the NO2
group and its image charge. Simultaneously, the dipole moment of
the NO2 group increases by roughly a factor of two when going
from the densely packed film with upright molecules to the almost
isolated tilted molecules in the (3 × 3) supercell. Again, this indi-
cates that dipolar polarization is built up by the NO2 group coming
closer to the surface and interacting electrostatically with the metal.
Moreover, the dipole moment of the NO2 group also varies strongly
with the number of phenyl rings in the molecules, with the larger
molecules displaying a larger dipole. To explain this observation, we
note that the electronegative oxygen atoms receive electrons donated
from the π-orbitals in the aromatic ring system, and 4-NBPT and 4-
NTPT appear to be more polarizable and more efficient donors of
charge.

Thus, we conclude that the adsorption energy of the thiophe-
nols is governed by a complex interplay of the adsorption geome-
try and the electrostatic and dispersive interactions enabled by the
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TABLE II. Absolute dipole moments generated from Mulliken charges for 4-NTP, 4-NBPT, and 4-NTPT where �Mulliken
tot incor-

porates the whole respective molecule and �Mulliken
NO2

only incorporates the NO2 group located at the C(4) atom of the outmost

phenyl ring. qMulliken
tot and qMulliken

NO2
denote the total Mulliken charge of the whole 4-NTP/4-NBPT/4-NTPT molecule and only the

NO2 group, respectively. Results for simulations including Tkatchenko–Scheffler vdW interactions.

Geometry Rings ��Mulliken
tot � (eÅ) ��Mulliken

NO2
� (eÅ) qMulliken

tot (e) qMulliken
NO2 (e)

(
√

3 ×√3)
1 0.421 0.964 −0.133 −0.100
2 0.354 1.599 −0.1325 −0.111
3 0.364 1.993 −0.138 −0.106

(2 × 2)
1 0.417 1.707 −0.082 −0.159
2 0.370 2.383 −0.073 −0.158
3 0.355 3.054 −0.071 −0.157

(3 × 3)
1 0.372 2.028 −0.026 −0.193
2 0.269 3.093 0.059 −0.209
3 0.189 3.906 0.034 −0.202

geometrical structure. In the densely packed films, an electrostatic
dipole along the molecular axis is built up. If the molecules in the
less dense films are allowed to relax, their tilting toward the sur-
face enhances both the electrostatic and vdW interactions with the
surface. Taking into account the self-consistently built up charge
distribution, these interactions stabilize the molecules at some inter-
mediate tilt angle that is limited by the steric repulsion between
neighboring molecules. This observation remains qualitatively cor-
rect even if different approximate descriptions of the vdW inter-
action are employed. In all cases, there is only a single covalent
bond between the molecule and the surface involved. Even so, the
interplay of geometrical relaxation and molecule–surface interaction
results in an adsorption energy that varies considerably both with the
surface coverage and the molecular chain length.

B. Raman spectroscopy
Figure 5 (top) depicts the normalized experimental Raman

spectrum of a saturated 4-NTP solution in chloroform after sub-
traction of the solvent peaks. The spectrum is dominated by three
Raman bands at 1101, 1341, and 1579 cm−1, which are assigned to
the phenyl ring C–C stretching, the symmetric NO2 stretching, and
the phenyl ring C=C stretching vibrations, respectively. Less domi-
nant peaks can be observed at 525, 724, 852, and 1078 cm−1, which
are assigned to the NO2 rocking, phenyl ring deformation, NO2
scissoring, and C–S stretching vibration, respectively. The dip at∼663 cm−1 is due to the subtraction of the intense Raman peak from
the solvent chloroform at this position. Figure 5 (middle) depicts the
Raman spectrum of 4-NTP adsorbed on the Au(111) single crystal
after incubation in a 5 mM solution in ethanol for 24 h. Essentially
the same peaks are dominant as in the Raman spectrum of the solved
molecule. In addition, vibrational modes are observed, which were
absent in the latter case (740, 1145, 1447 cm−1). The signal from
the C–S stretching mode at ∼1080 cm−1 is strongly enhanced in the
spectrum due to the increased polarizability of the C–S bond due to
electron transfer from the Au surface atoms to the S one31 confirm-
ing the binding of the molecules to the Au(111) surface. The inset
shows a magnified view of the region from 400 to 900 cm−1. The

peaks at 528, 721, and 855 cm−1 are all due to in-plane (ip) vibra-
tions. In addition to these ip modes, we observe vibrational modes
at 407 cm−1 and at 465 cm−1, which we assign to the out-of-plane
C–H wagging mode of the phenyl ring. Our calculations (see below)
predict a notable variation of vibrational wavenumbers with the cov-
erage of the molecules on the Au(111) substrate. In the case of the

FIG. 5. Top: Normalized Raman spectrum of a saturated 4-NTP solution in chlo-
roform (solvent spectrum subtracted). Middle: Normalized Raman spectrum of
4-NTP adsorbed on Au(111) incubated in a 5 mM solution. The inset shows a
zoom into the 400–900 cm−1 region. The peaks at 407 cm−1 and 465 cm−1 are
assigned to out-of-plane C–H wagging. Bottom: Normalized Raman spectrum of
4-NTP adsorbed on Au(111) incubated in a 1 mM solution. The peak at 407 cm−1

is assigned to out-of-plane C–H wagging.
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TABLE III. Selected vibrational modes from DFT calculations within the harmonic approximation for different 4-NTP setups,
all relaxed at the same level of theory.

Vibrational frequencies of various modes in different adsorption models (cm−1)

Mode Free Au7 Au19
√

3 ×√3 2 × 2 3 × 3

C–H wagging 403.5 400.1 401.1 462.8 411.3 403.4
NO2 rocking 516.5 516.0 516.4 517.8 527.2 516.2
Ring deformation 719.9 712.8 711.1 714.8 716.2 704.4
Out-of-plane bending 738.4 740.0 735.4 742.1 735.1 734.0
NO2 scissoring 840.0 838.9 838.1 843.3 842.4 832.0
C–S ⋅ ⋅ ⋅ 1058.1 1052.0 1063.6 1060.0 1039.0
C–C 1084.8 1081.8 1082.6 1084.7 1095.5 1076.9
NO2 stretch 1302.3 1301.2 1296.1 1313.3 1305.6 1267.2
C=C 1579.2 1568.1 1564.5 1573.5 1571.1 1551.0

phenyl ring C–H wagging mode, a significant shift from 403 cm−1

for free 4-NTP molecules and low coverage (3 × 3) structure to 462
cm−1 in the dense layer with a (√3 ×√3) structure is expected
(cf. Table III). The presence of vibrational modes at both 407 and
465 cm−1 points to the coexistence of 4-NTP molecules, which are
strongly inclined toward the Au surface (407 cm−1) and standing
nearly upright (465 cm−1). This interpretation is consistent with the
observation of two kinds of domains, namely, molecules in a well-
ordered structure and a disordered phase, of about 10 nm size and
equal abundance in an STM study by Nielsen et al.32 It cannot be
resolved by the optical methods used here probing a focal area larger
than 1 �m.

Figure 5 (bottom) represents the Raman spectrum of 4-NTP
molecules adsorbed on Au(111) after incubation in a 1 mM solution
in ethanol for 24 h. An enhanced C–S stretching mode at 1078 cm−1

again confirms the adsorption of the molecules from the lower con-
centration solution. The other dominant spectral features remain the
same as in the previous cases. The inset gives a magnified view of the
400–900 cm−1 region, showing the presence of (ip) modes at 528,
721, and 853 cm−1. Another important spectral feature to be noted
is the presence of the peak at 740 cm−1, which is assigned to the
anti-symmetric out-of-plane bending of the phenyl ring. The most
significant difference between the 1 and the 5 mM spectra is that the
vibrational mode at 465 cm−1 is absent in the former. This obser-
vation combined with the presence of the vibrational modes at 407
and 740 cm−1 indicates a situation where the 4-NTP molecules are
predominantly tilted toward the Au surface.

Calculated vibrational wavenumbers for both the free molecule
and the adsorbed one in various adsorption models are compiled in
Table III. In addition to the various slab geometries, we constructed
and relaxed two geometries where 4-NTP is bonded to a Au7 or a
Au19 cluster, as illustrated in Fig. 6. The calculations were performed
within density functional theory using the PBE functional including
vdW interactions in the same manner as before.

Concerning frequency shifts upon adsorption, we find that
both cluster models, the Au7 and the Au19 cluster, give very similar
results. Calculations suggest that intermolecular interactions could
have an effect on the vibrational frequencies in dense layers. One
particular example is the C–H wagging mode of the phenyl ring
that is considerably shifted to higher wavenumbers in the dense

layer with a (√3 ×√3) structure. Moreover, normal mode vec-
tors obtained from the calculations are helpful in the analysis. As
an example, calculated displacement vectors of the ip NO2 scis-
soring C–N vibration and out-of-plane (oop) vibration such as the
C–H wagging observed in the experimental spectrum at 853 and 407
cm−1, respectively, are displayed in Fig. 7(a).

FIG. 6. Setups for 4-NTP bonded to differently sized Au clusters used for
vibrational analysis. (a) Au7 cluster. (b) Au19 cluster.

FIG. 7. Top and side views of the calculated displacement vectors of (a) the in-
plane NO2 scissoring at 840 cm−1 (in the experimental spectrum at 853 cm−1) and
(b) the out-of-plane C–H wagging at ∼403 cm−1 (in the experimental spectrum at
407 cm−1).
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In the slab calculations for various coverages, the build-up of
a dipolar field due to the molecular layer is taken into account self-
consistently. This leads to a notable dependence of the vibrational
frequencies on coverage. In particular, the NO2 stretching mode is
sensitive to the charge transfer between the molecule and surface
(cf. Table II) and hence on surface coverage. The theory predicts
a considerable down-shift of 46 cm−1 in the peak position of the
NO2 stretch when going from high (√3 ×√3) to lowest (3 × 3)
surface coverage. Experimentally, however, we did not observe such
a significant shift of the NO2 stretching mode across different con-
centrations. This prompted us to conclude that a very low coverage
scenario as in (3 × 3) is not formed under the employed experimen-
tal conditions and that the molecules tend to arrange themselves at
some intermediate coverage. Local variations of the surface coverage
have been reported from experiments on single-crystal Au surfaces
in ultra-high vacuum.3,32 Even if our experiments are performed
under different conditions, it therefore appears plausible that a coex-
istence of various local geometries is a general characteristic feature
of 4-NTP films also encountered here.

C. Sum frequency spectroscopy
To gain further insight into the tilt, polarization-dependent

vibrational sum-frequency (vSF) spectra were obtained. Not only the
ppp polarization combination but also the ssp one was used. Figure 8
presents the obtained spectra of the symmetric stretch, r+, of 4-NTP
at 1339 cm−1. It is well established that in principle the ratio between
signals obtained using two polarization combinations for one spe-
cific vibrational mode can be used to determine the tilt angle of the
moiety to which the mode belongs.33

The analysis proceeds in two steps: First, the experimental spec-
tra are fit to a model that allows us to extract the line strength of the
symmetrical NO2 stretch vibration for the two polarization combi-
nations. Second, a theoretical model is built that yields the polar-
ization ratio as a continuous function of tilt angle. By comparing the
measured and the modeled polarization ratios, the most probable tilt
angle is obtained.

The spectra were fit using the following expression:34,35

ISF(ωIR)∝ ��χ(2)NR � eiγ + A
ωIR − ω + iΓ

�2, (2)

FIG. 8. SF spectra of the 4-NTP NO2 symmetric stretch, r+. The band was
observed utilizing the ppp and ssp polarization combinations. The solid lines
represent fits to the data.

where χ(2)NR is the non-linear susceptibility of the non-resonant back-
ground. A, ω, and Γ are the vSF line strength, the position, and
the width (HWHM) of the vibrational band, respectively. These
parameters are real numbers, and A is positive in our model. ωIR
is the frequency of the incident IR light. Generally, Au substrates
cause a strong non-resonant background due to the d → s interband
transition at 480 nm. However, this background is relatively weak
at IR wavenumbers of 1339 cm−1 and 532 nm upconversion light
when compared to the situation in the CH stretch region around
3000 cm−1 but nevertheless cannot be ignored when fitting the
data as is obvious from the asymmetrical line shape of the feature
observed. From fitting the spectra, we obtained the line strength
for the two polarization cases. They exhibit a ratio, Assp�Appp, of
1:4 ± 0.02. The results from fitting to Eq. (2) are presented in
Table IV.

We followed Wang et al.33 to calculate the theoretical intensity
ratio of two different polarization combinations. Group theoretical
considerations reduce the number of necessary hyperpolarizabil-
ity components, βq

ijk, which can be calculated using the following
expression:33

βq
i′j′k′ = − 1

2ε0ωq

@αi′j′
@Qq

@�k′
@Qq

, (3)

TABLE IV. Compilation of fit results. In the last line, the first three values are outside the plausible physical range; only the
fourth ratio, IV/II, is considered further and plotted in Fig. 9.

Fit no. χ(2)NR (arb. u.) γ (rad) Ai (arb. u.) ωi (cm−1) Γi (cm−1)

ppp I 0.920 ± 0.129 −0.859 ± 0.137 27.37 ± 2.91 1338 10.21 ± 0.71
ppp II 0.920 ± 0.129 1.146 ± 0.104 43.38 ± 1.86 1338 10.21 ± 0.71
ssp III 0.120 ± 0.091 −1.705 ± 0.009 9.12 ± 0.84 1339 6.3 ± 0.3
ssp IV 0.120 ± 0.091 1.685 ± 0.224 10.61 ± 0.43 1339 6.3 ± 0.3

χ(2)R,eff
ssp �χ(2)R,eff

ppp

III
I

IV
I

III
II

IV
II

0.292 0.395 0.116 0.157
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where ᾱq
i′j′ ∶= @αi′j′�@Qq and @�k′�@Qq are the first derivatives of the

polarizability and of the dipole moment, respectively, along the nor-
mal coordinate of mode q. The non-zero susceptibility components
are then calculated by averaging over the ring twist angle, ξ, and the
azimuthal angle, ϕ, using a fixed tilt angle, θ (see Fig. 1 for details),
according to the following equations:33

χ(2)xxz = χ(2)yyz = 1
4

Ns(βaac + βbbc + 2βccc)�cos θ�
+ 1

4
Ns(βaac + βbbc − 2βccc)�cos3 θ�,

χ(2)xzx = χ(2)zxx = −1
4

Ns(βaac + βbbc − 2βccc)��cos θ� − �cos3 θ��,
χ(2)zzz = 1

2
Ns(βaac + βbbc)�cos θ�
− 1

2
Ns(βaac + βbbc − 2βccc)�cos3 θ�. (4)

Averaging over all possible azimuthal angles, ϕ, is rationalized by
the laser spot sizes, which are orders of magnitude larger than the
domains on the surface. The dependence on the twist angle, ξ, can
safely be ignored as we find that adjusting it results only in small
changes in the intensity ratio, an observation that is consistent with
the results from the work of Cecchet et al.9 Taking into account the
incident angles of the laser beams, �SF/VIS/IR, and accounting for the
local fields by using Fresnel factors, the theoretical intensity ratio can
be calculated as

�
�

χ(2)R,eff
ssp

χ(2)R,eff
ppp

�
�

2

=
�����
�LSF

ii LVIS
jj LIR

kk sin��IR�χ(2)yyz �
�∑
ijk

LSF
ii LVIS

jj LIR
kkOijkχ(2)ijk �

�����

2

= � �Assp �iΓssp��Appp �iΓppp� �
2

. (5)

LSF�VISIR
ii�jj�kk are Fresnel factor components for a particular direction i,

j, or k in the laboratory coordinate system and the SF, vis, or IR
beam, respectively. χ(2)ijk is one of the four independent tensor com-

ponents of the second order susceptibility, namely, χ(2)zzz , χ(2)zxx , χ(2)xzx , or
χ(2)xxz . We used the abbreviation Oijk =Mi(�SF)Mj(�VIS)Mk(�IR),
with Mi�j�k��SF,VIS,IR� being either cos � or sin � depending on i,
j, or k being either x or z. This ratio depends via the χ(2)ijk values on
the molecular tilt angle, θ. Hence, the latter can be inferred as the
theoretical ratio that has to match the experimental one.

We used the indices of refraction obtained by Ciesielski et al.36

for a 35 nm Au film deposited on a glass slide to calculate the Fresnel
factor components and a value of 1.62 for the refractive index of the
monolayer as determined by Jakubowicz et al.37 If Eq. (3) holds, then
all of the necessary susceptibility components are linearly dependent
on @�c�@Qq so that only the molecular Raman tensor components
need to be calculated in order to determine the theoretical SF inten-
sity ratio. The molecular Raman tensor components were calculated
by us for a free 4-NTP molecule and one adsorbed on a Au19 clus-
ter using the geometries (see Fig. 6) and methods described before
(Sec. II), and the results are summarized in Table V. The ONO bond
angle was calculated to be 123○. The intensity ratio given by Eq. (5) is

TABLE V. Calculated molecular Raman tensor components ᾱi′ j′ = @αi′ j′�@Qq of the
free molecule and the molecule adsorbed on a Au19 cluster for the NO2 symmetric
stretching mode.

ᾱaa (Å2u−0.5) ᾱbb (Å2u−0.5) ᾱcc (Å2u−0.5)

Free molecule 0.56 −0.04 7.59
On Au19 cluster 1.70 1.10 8.59

FIG. 9. The solid line represents the expected ratio between the line strength of the
NO2r+ mode when using the ssp or ppp polarization combination as a function of
tilt angle with respect to the surface normal. The data points mark the result of our
data analysis for the tilt angle with the error bar indicating the 95% confidence inter-
val arising from the standard deviation of the fitting parameters. The blue and red
theoretical modeling curves were obtained using the Raman tensor components
calculated for 4-NTP on a Au19 cluster and the free molecule, respectively.

evaluated as a continuous function of tilt angle θ, yielding a calibra-
tion curve as displayed in Fig. 9. It is worth mentioning that a normal
distribution around a given tilt angle with a standard deviation of
10○ was assumed, whereby the distribution was cut off at θ = 90○.
The ratio of the line strength to the linewidth obtained from fitting
the spectrum in the ssp polarization combination is then compared
to those parameters obtained from fitting the spectrum taken in the
ppp polarization combination, and the intersection of their quotient
with the calibration curve allows us to extract the tilt angle. It has
to be mentioned that the fitting (cf. Table IV) yields two sets for A
and Γ for each polarization combination. This results in four possible
intensity ratios. However, only one of these is to be considered fur-
ther given the range of physically meaningful intensity ratios covered
by the calibration curve (Fig. 9). Moreover, it is commonly reported
that the relative phase γ has a value close to π/2.38–40 This is only the
case for one pair, namely, II and IV in Table IV. From the ratio of
0.157, tilt angles of 53○ and 51○ are derived using the Raman tensor
components of either the free molecule or the molecule attached to
the Au cluster.

IV. CONCLUSIONS
The adsorption geometry of 4-nitrothiophenol has been inves-

tigated both theoretically by means of DFT calculations and exper-
imentally by Raman spectroscopy and vSFS. The calculations show
that the adsorption geometry of the thiophenols is governed by a
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complex interplay of covalent bonding and electrostatic and dis-
persive interactions. These interactions attract the molecules to the
surface, resulting in a tilted geometry with a tilt angle limited by
the steric repulsion between neighboring molecules at larger cov-
erage. In conclusion, the tilt angle obtained from analyzing the vSF
spectra (50○) agrees best with the calculated value (53○) for a cov-
erage of 1/4 corresponding to a (2 × 2) structure. The previously
reported9 somewhat larger tilt angle of 60○ could be due to a slightly
smaller coverage present at the preparation conditions of that
study.

Unfortunately, it is not possible to determine the coverage
from our vibrational spectroscopic data (vSFS and Raman). How-
ever, the Raman study suggests for samples incubated with a solu-
tion of smaller concentration that the molecules are adsorbed in an
inclined geometry. At presumably larger surface coverages, a coexis-
tence with molecules in a more upright geometry is observed. Let
aside the systematic underestimation of the vibrational frequency
of the NO2 stretch by the PBE functional, the visible trend toward
lower values with decreasing coverage appears as a valuable indi-
cator to estimate the coverage. On that basis, our spectra also sug-
gest a lower limit for the coverage, indicating that the structure
should be denser than (3 × 3). In line with older studies,1 the cal-
culations suggest that, in contrast to simple thiophenols, polyaro-
matic molecules will have a stronger tendency to form large domain
SAMSs due to the larger vdW interaction than what can be expected
for thiophenol. In view of the present calculations, it is not any-
more surprising that earlier proximity probe studies3,32 report that
mono-phenylthiol molecules do not assemble in large domains of
(
√

3 ×√3) structure, highlighting that the latter should not be
assumed to be the canonical structure for thiol self-assembly on
Au(111) as is at times rashly inferred from studies of long-chain
alkylthiol SAMs on Au(111).

SUPPLEMENTARY MATERIAL

The supplementary material contains further information
about the adsorption geometries of 4-NTP, 4-NTPT, and 4-NBPT
(bonding and internal angles). It additionally contains numerical
values of the adsorption energies for the (√3 ×√3), (2 × 2), and
(3 × 3) surface unit cells for 4-NTP, 4-NPTPT, and 4-NBPT and for
all types of vdW methods used.
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chain length dependence of alkanethiol adsorption on Au(111): Physisorption vs.
chemisorption,” Phys. Chem. Chem. Phys. 19, 13756–13766 (2017).
15V. Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren, K. Reuter, and M.
Scheffler, “Ab initio molecular simulations with numeric atom-centered orbitals,”
Comput. Phys. Commun. 180, 2175–2196 (2009).
16J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized gradient approximation
made simple,” Phys. Rev. Lett. 77, 3865–3868 (1996).
17A. Tkatchenko and M. Scheffler, “Accurate molecular van der Waals interac-
tions from ground-state electron density and free-atom reference data,” Phys. Rev.
Lett. 102, 073005 (2009).
18A. Tkatchenko, A. Ambrosetti, and R. A. DiStasio, “Interatomic methods for the
dispersion energy derived from the adiabatic connection fluctuation-dissipation
theorem,” J. Chem. Phys. 138, 074106 (2013).
19A. Tkatchenko, R. A. DiStasio, R. Car, and M. Scheffler, “Accurate and efficient
method for many-body van der Waals interactions,” Phys. Rev. Lett. 108, 236402
(2012).
20A. Ambrosetti, A. M. Reilly, R. A. DiStasio, and A. Tkatchenko, “Long-range
correlation energy calculated from coupled atomic response functions,” J. Chem.
Phys. 140, 18A508 (2014).

J. Chem. Phys. 155, 044707 (2021); doi: 10.1063/5.0053493 155, 044707-10

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0053493
https://www.scitation.org/doi/suppl/10.1063/5.0053493
https://doi.org/10.1021/ja953782i
https://doi.org/10.1021/ja953782i
https://doi.org/10.1039/d0cp02374d
https://doi.org/10.1021/la001540c
https://doi.org/10.1016/s0039-6028(99)00181-8
https://doi.org/10.1016/s0039-6028(99)00181-8
https://doi.org/10.1021/la9700984
https://doi.org/10.1021/la9700984
https://doi.org/10.1006/spmi.2002.1027
https://doi.org/10.1021/jp993328r
https://doi.org/10.1021/j100177a068
https://doi.org/10.1002/cphc.200900733
https://doi.org/10.1021/acs.jpcc.9b05207
https://doi.org/10.1021/la9806202
https://doi.org/10.1021/jp911836k
https://doi.org/10.1021/jp067347u
https://doi.org/10.1021/jp067347u
https://doi.org/10.1039/c7cp01653k
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1063/1.4789814
https://doi.org/10.1103/physrevlett.108.236402
https://doi.org/10.1063/1.4865104
https://doi.org/10.1063/1.4865104


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

21J. Hermann and A. Tkatchenko, “Density functional model for van der Waals
interactions: Unifying many-body atomic approaches with nonlocal functionals,”
Phys. Rev. Lett. 124, 146401 (2020).
22J. Hermann (2021). “Libmbd,” Zenodo. https://doi.org/10.5281/zenodo.594879.
23J. M. Morbec and P. Kratzer, “The role of van der Waals interactions in the
adsorption of anthracene and pentacene on the Ag(111) surface,” J. Chem. Phys.
146, 034702 (2017).
24B. P. Klein, J. M. Morbec, M. Franke, K. K. Greulich, M. Sachs, S. Parhizkar, F.
C. Bocquet, M. Schmid, S. J. Hall, R. J. Maurer, B. Meyer, R. Tonner, C. Kumpf, P.
Kratzer, and J. M. Gottfried, “Molecule-metal bond of alternant versus nonalter-
nant aromatic systems on coinage metal surfaces: Naphthalene versus azulene on
Ag(111) and Cu(111),” J. Phys. Chem. C 123, 29219–29230 (2019).
25S. R. Kachel, B. P. Klein, J. M. Morbec, M. Schöniger, M. Hutter, M. Schmid, P.
Kratzer, B. Meyer, R. Tonner, and J. M. Gottfried, “Chemisorption and physisorp-
tion at the metal/organic interface: Bond energies of naphthalene and azulene on
coinage metal surfaces,” J. Phys. Chem. C 124, 8257–8268 (2020).
26A. Maeland and T. B. Flanagan, “Lattice spacings of gold-palladium alloys,” Can.
J. Phys. 42, 2364–2366 (1964).
27L. Bengtsson, “Dipole correction for surface supercell calculations,” Phys. Rev.
B 59, 12301–12304 (1999).
28E. van Lenthe, E. J. Baerends, and J. G. Snijders, “Relativistic total energy using
regular approximations,” J. Chem. Phys. 101, 9783–9792 (1994).
29J. Neugebauer, M. Reiher, C. Kind, and B. A. Hess, “Quantum chemical cal-
culation of vibrational spectra of large molecules—Raman and IR spectra for
buckminsterfullerene,” J. Comput. Chem. 23, 895–910 (2002).
30H. Shang, N. Raimbault, P. Rinke, M. Scheffler, M. Rossi, and C. Carbogno,
“All-electron, real-space perturbation theory for homogeneous electric fields: The-
ory, implementation, and application within DFT,” New J. Phys. 20, 073040
(2018).

31S. Schlücker, “Surface-enhanced Raman spectroscopy: Concepts and chemical
applications,” Angew. Chem., Int. Ed. 53, 4756–4795 (2014).
32J. U. Nielsen, M. J. Esplandiu, and D. M. Kolb, “4-nitrothiophenol SAM on
Au(111) investigated by in situ STM, electrochemistry, and XPS,” Langmuir 17,
3454–3459 (2001).
33H.-F. Wang, W. Gan, R. Lu, Y. Rao, and B.-H. Wu, “Quantitative spec-
tral and orientational analysis in surface sum frequency generation vibrational
spectroscopy (SFG-VS),” Int. Rev. Phys. Chem. 24, 191 (2005).
34M. Buck and M. Himmelhaus, “Vibrational spectroscopy of interfaces by
infrared–visible sum frequency generation,” J. Vac. Sci. Technol. A 19, 2717
(2001).
35F. Vidal and A. Tadjeddine, “Sum-frequency generation spectroscopy of
interfaces,” Rep. Prog. Phys. 68, 1095 (2005).
36A. Ciesielski, L. Skowronski, M. Trzcinski, E. Górecka, P. Trautman, and T. Szo-
plik, “Evidence of germanium segregation in gold thin films,” Surf. Sci. 674, 73–78
(2018).
37A. Jakubowicz, H. Jia, R. M. Wallace, and B. E. Gnade, “Adsorption kinetics of
p-nitrobenzenethiol self-assembled monolayers on a gold surface,” Langmuir 21,
950–955 (2005).
38A. G. Lambert, P. B. Davies, and D. J. Neivandt, “Implementing the theory
of sum frequency generation vibrational spectroscopy: A tutorial review,” Appl.
Spectrosc. Rev. 40, 103–145 (2005).
39C. C. Rich, K. A. Lindberg, and A. T. Krummel, “Phase acrobatics: The influence
of excitonic resonance and gold nonresonant background on heterodyne-detected
vibrational sum frequency generation emission,” J. Phys. Chem. Lett. 8, 1331–1337
(2017).
40P. A. Covert and D. K. Hore, “Assessing the gold standard: The complex
vibrational nonlinear susceptibility of metals,” J. Phys. Chem. C 119, 271–276
(2014).

J. Chem. Phys. 155, 044707 (2021); doi: 10.1063/5.0053493 155, 044707-11

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1103/physrevlett.124.146401
https://doi.org/10.5281/zenodo.594879
https://doi.org/10.1063/1.4973839
https://doi.org/10.1021/acs.jpcc.9b08824
https://doi.org/10.1021/acs.jpcc.0c00915
https://doi.org/10.1139/p64-213
https://doi.org/10.1139/p64-213
https://doi.org/10.1103/physrevb.59.12301
https://doi.org/10.1103/physrevb.59.12301
https://doi.org/10.1063/1.467943
https://doi.org/10.1002/jcc.10089
https://doi.org/10.1088/1367-2630/aace6d
https://doi.org/10.1002/anie.201205748
https://doi.org/10.1021/la001775o
https://doi.org/10.1080/01442350500225894
https://doi.org/10.1116/1.1414120
https://doi.org/10.1088/0034-4885/68/5/r03
https://doi.org/10.1016/j.susc.2018.03.020
https://doi.org/10.1021/la048308h
https://doi.org/10.1081/asr-200038326
https://doi.org/10.1081/asr-200038326
https://doi.org/10.1021/acs.jpclett.7b00277
https://doi.org/10.1021/jp508286q

