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ABSTRACT: Knowledge about molecular conformations and nuclear and electronic motions on surfaces of metal nanomaterials
is critical for many applications but extremely difficult to obtain. We demonstrate that valuable information of this sort can be
determined using multiple-mode multiple-dimensional vibrational spectroscopy. A model compound, 4-mercaptophenol, on the
surface of 3.5 nm gold nanoparticles demonstrates the method. Its 3D molecular conformations and vibrational dynamics on the
particle surfaces were determined with the method. The experimental results imply that on the particle surfaces, the ligand
molecules cannot form energy-optimized hydrogen bonds because of the surface geometry constraint. The conclusion is
supported with experiments on the ligand molecules in the crystalline phase and in a dilute solution. Our experiments also
showed that the effect of the particle surface nonadiabatic electron/vibration coupling does not play a significant role in the
vibrational relaxation of high-frequency modes (>1000 cm−1) about 3 Å away from the surface. Simple theoretical calculations
support this observation. The method holds promise as a general tool for the studies of molecular structures and dynamics on the
surfaces of nanomaterials. The capability of resolving 3D molecular conformations on nanomaterials surfaces is expected to be
helpful for understanding specific intermolecular interactions and conformation-selective reactions (e.g., chirality selectivity) on
the surfaces of these materials.

1. INTRODUCTION
Metallic nanoparticles have been intensively investigated over
the past three decades for a very wide range of applications
from catalysis, to biological processes, to nanophotoelec-
tronics,1−4 for example, Au nanoparticles coated with
functionalized ligands as candidates for catalysts of selective
chemical reactions, drug delivery, protein labeling, cancer
treatments, and specific molecular recognition processes.5−8 On
the surfaces of these nanoparticles, molecular conformations
and energy dynamics of adsorbed molecules play a crucial role

in determining the yield and the selectivity of products, for
example, chirality selectivity, of a surface reaction, the effects of
thermal therapeutic applications, and the outcomes of
molecular recognitions.6,9,10 However, in general, such
molecular information is difficult to be determined by
traditional methods, for example, X-ray diffraction (XRD),
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because of the spatial or temporal resolution problem or the
crystallization issue, or NMR, because of the electronic/charge
properties of the particle metal atoms, which typically shift the
NMR peak positions and broaden peak lineshapes,11 or
predicted by calculations because of the difficulty of precisely
incorporating the surface atomic information into the
calculations. In this work, we demonstrate that valuable
information of this sort can be determined using multiple-
mode multiple-dimensional vibrational spectroscopy.12

A model system, 3.5 nm gold nanoparticles coated with 4-
mercaptophenol (p-HO-C6H4-SH), was used for this study.
The molecule, 4-mercaptophenol, can form a surface
monolayer through strong S−Au bonds with the particle
substrate. This system is a prototype of molecular electronics in
that this molecule has been considered as one of the best
candidates for connecting a molecular wire to an electrode.13

Almost any functional group can be connected to this molecule
through reactions with the hydroxyl group, and its delocalized
π-electrons on the benzene ring were suspected to be able to
interact directly with the electrode surface electrons. Such a
direct interaction was expected to facilitate the electronic
transportation and the relaxation of heat of the molecular wire
induced by the electronic motions on the molecular junction.
So far, no experimental data are available to directly test these
hypotheses at the molecular level, mainly because of the lack of
information about the surface molecular conformations and the
couplings between surface electrons of the metal and the
motions of the molecular nuclei. Here, using the multiple-mode
multiple-dimensional vibrational spectroscopic technique, we
are able to obtain information about the three-dimensional
molecular conformation and nuclear motion dynamics of 4-
mercaptophenol on the surface of the 3.5 nm Au nanoparticles.
We found that about 3 Å away from the surface, the Born−
Oppenheimer approximation (BOA) holds for the surface
molecular vibrations with fundamental frequencies higher than
900 cm−1, and the calculated energy-optimized ligand
molecular conformations without precise knowledge about
the particle surface structures are different from the most
probable conformations experimentally obtained. The surface
conformations are substantially different from those in the
ligand crystal or a dilute CCl4 solution.

2. EXPERIMENTS

The optical setup has been described previously.14−17 In
summary, a ps amplifier and a fs amplifier are synchronized
with the same seed pulse. The ps amplifier pumps an OPA to

produce 0.7−1 ps mid-IR pulses with a bandwidth 10−30 cm−1

in a tunable frequency range from 400 to 4000 cm−1 with
energy 1−40 μJ/pulse at 1 kHz. The fs amplifier pumps
another OPA to produce ∼140 fs mid-IR pulses with a
bandwidth ∼200 cm−1 in a tunable frequency range from 400
to 4000 cm−1 at 1 kHz. In the multiple dimensional scanning
experiments, the ps IR pulse is the pump beam (the pump
power is adjusted based on need, and the interaction spot varies
from 100 to 500 μm). The fs IR pulse is the probe beam, which
is frequency resolved by a spectrograph (resolution is 1−3 cm−1

dependent on the frequency) yielding the probe frequency axis
of a multiple-dimensional spectrum. Scanning the pump
frequency yields the other frequency axis of the spectrum.
Scanning the delay between the pump and the probe provides
the time axis. Two polarizers are placed in the probe beam path
to selectively measure the parallel or perpendicular polarized
probe signal relative to the pump beam. Vibrational lifetimes
are obtained from the rotation-free 1−2 transition signal Plife =
P∥ + 2 × P⊥, where P∥ and P⊥ are parallel and perpendicular
data, respectively. Rotational relaxation times are acquired from
τ = (P∥ − P⊥)/(P∥ + 2 × P⊥). The whole setup including
frequency tuning is computer controlled.
The chemicals were purchased from Aldrich and used as

received. The synthesis of Au nanoparticles was based on the
literature.18 Specifically, 10 mL of 6.6 mM HAuCl4 aqueous
solution was added into 10 mL of 48 mM 4-mercaptophenol
methanol solution. The mixture was allowed to stand for 1 h at
room temperature. Ten milliliters of 10 mM NaBH4 solution
was then added dropwisely into the ice bath-cooled mixture.
After 4 h at room temperature, the precipitated product was
collected and purified by rinsing with ethanol and subsequent
centrifuging for three times. The resulting Au nanoparticles
were characterized with transmission electron microscopy
(TEM) and Fourier transform infrared (FTIR). Samples for
the FTIR and 2D IR measurements were contained in sample
cells composed of two CaF2 windows separated by a Teflon
spacer. The thickness of the spacer was adjusted depending
upon the optical densities of different modes from 2.5 to 205
μm. The experimental optical path and apparatus after the
generation of mid-IR pulses was purged with CO2- and H2O-
free clean air. All of the measurements were carried out at room
temperature (22 °C). The 4-mercaptophenol in CCl4 solution
is 0.25 wt %. The nanoparticle samples in all measurements are
solid powder.

Figure 1. (A) TEM image of ∼3.5 nm gold particles. (B) Size distribution of the nanoparticles from TEM results. (C) Schematic representation of 4-
mercaptophenol on the Au particles. The molecule/particle ratio is the actual ratio. On the surface, not indicated on the figure, the OH groups are
actually H-bonded to each other as evident in the FTIR measurements. In addition, the actual molecular distribution on the surface is unknown.
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Structures were calculated with density functional theory
(DFT) computations using Gaussian 09. Several levels and
basis sets were used to compare the calculation results.

3. RESULTS AND DISCUSSION
3.1. Particle Size and FTIR. Figure 1 displays the TEM

image and schematic representation of the coated gold
nanoparticles. The particle size is ∼3.5 nm with a relative
narrow distribution. Figure 2 displays the FTIR spectra of the
4-mercaptophenol-coated Au nanoparticles, 4-mercaptophenol
in CCl4 (0.25 wt %), and 4-mercaptophenol in its pure crystal.
The spectra reveal a few structural features about the 4-
mercaptophenol molecular layer on the particle surface. First,
the OH groups of most surface molecules form hydrogen
bonds with each other, as evident by the broad OH stretch peak
(3000−3600 cm−1) in Figure 2B. As a contrast, in a dilute CCl4
solution, 4-mercaptophenol can not form hydrogen bonds,
resulting in a very sharp OH stretch peak at ∼3610 cm−1.
These two types of OH stretches are frequently observed in
alcohol/CCl4 solutions.

19,20 In the crystal or on the surface of
nanoparticles, the sharp free OH stretch peak almost
completely disappears. Only the broad band exists. The results
indicate that in the two latter cases, most of the OH groups
form hydrogen bonds. Another feature that the FTIR spectra
reveal is the formation of Au−S bond between the 4-
mercaptophenol molecules and the Au nanoparticles. As
shown in Figure 2C, the S−H stretch vibrational peaks
(2550−2600 cm−1) are evident in the crystal or in the CCl4

solution. However, these peaks are hardly visible on the
nanoparticle surface, indicating that most of the S−H groups
have reacted with the gold nanoparticles to form the Au−S
bonds. In Figure 2C, the S−H stretch peak of the crystal
sample is much stronger than that of the CCl4 solution because
the S−H groups form hydrogen bonds with adjacent molecules
in the crystal. The hydrogen bond increases the S−H stretch
transition dipole moment for several times and shifts the peak
to a lower frequency. A similar increase was also observed by us
when a thiol molecule was dissolved in CH3CN to form a
hydrogen bond of S−H···NC. Figure 2D displays the FTIR
spectra in the frequency range between 900 to 1700 cm−1

where the CC stretches (∼1590 cm−1), C−O stretch
(∼1240 cm−1), and C−H bending and rocking and O−H
bending (∼1096, 1170, 1488, 1430, and 1356 cm−1) reside.
The FTIR spectra of the crystal sample and the particle sample
are very similar in this frequency range probably because of the
H-bonds and the close-packed nature of the molecules in both
cases,18 different from that in the CCl4 solution. However, the
similarity or difference of the FTIR spectra does not imply the
same similarity or difference of molecular conformations in the
three samples. As we can see from the 2D IR results introduced
in the following, the molecular conformations of 4-
mercaptophenol on the particle surface are actually very
different from those in the crystal in which the molecules
adopt very similar conformations to those of isolated molecules
in the dilute CCl4 solution.

Figure 2. FTIR spectra of 4-mercaptophenol in a CCl4 solution, in pure crystal, and on the Au nanoparticle surface in different frequency ranges: (A)
900−4000 cm−1; (B) 2700−3800 cm−1 for the hydrogen-bonded and free O−H stretches; (C) 2500−2700 cm−1 for the S−H stretches; and (D)
900−1700 cm−1 for the CC stretches (∼1590 cm−1), C−O stretch (∼1240 cm−1), C−H bending and rocking (∼1096, 1488, 1430, and 1356
cm−1), and O−H bending (∼1170 cm−1). Assignments are based on DFT calculations.
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3.2. Multiple-Mode 2D IR Spectra. The FTIR spectra in
Figure 2 indicate that on the surfaces of Au nanoparticles, most
of the OH groups form hydrogen bonds, and most of the S−H
stretch intensity disappears probably because of the formation
of Au−S bonds. Further structural information about the
conformations of surface molecules is difficult to obtain from
such measurements. In principle, whenever the molecular
conformation of a molecule changes, some of its normal modes
will inevitably change their vibrational frequencies, which can
be detected with FTIR. However, Fermi resonances, which
ubiquitously exist in molecular vibrations, can also affect the
vibrational frequencies.21,22 The vibrational frequency changes
induced by these two sources cannot be experimentally
resolved with FTIR. Therefore, it is almost impossible to
determine molecular conformations solely based on the
vibrational frequencies.
Fermi resonances originate from the anharmonic nature of

molecular vibrations. A combination band or an overtone
whose origin is in general unknown with a very small transition
dipole moment (this is why it is also called “dark mode”) can
be anharmonically coupled to a normal mode of the same
symmetry and a similar frequency (energy) with a much bigger
transition dipole moment (called “bright mode”). The
vibrational coupling results in two consequences: (1) the
high frequency mode shifts to higher energy and the low energy
mode shifts to still lower energy; (2) the dark mode gains
intensity and the bright mode decreases in intensity. This type
of Fermi resonances can not only significantly change
vibrational frequencies but also produce many additional
peaks in FTIR spectra, which make peak assignments very

difficult. This is one major difficulty and pitfall of applying
FTIR in determining molecular structures and properties.
Our method for determining molecular conformations does

not rely on the detailed values of vibrational frequencies.12 It
measures the angle between the transition electric dipoles of
two vibrations.12 The experimentally measured vibrational
angles are sensitive to the molecular conformation because a
conformation change (atomic coordinate change) inevitably
causes the directions of transition electric dipoles of vibrations
to change.12 These angles are in general not sensitive to Fermi
resonances because the dipole transition moment of a dark
mode is in general less than a few percent of that of a bright
mode.23 The experimental signal for determining vibrational
transition dipole direction of a peak induced by Fermi
resonance is therefore mainly aligned with the bright mode
transition. The dark mode can at most change the direction of
the signal 1 or 2°, which is within our experimental uncertainty.
A mathematical analysis is provided in the Supporting
Information.
The way of determining molecular conformations on the

nanoparticle surface presented here is similar to that used to
determine molecular conformations in liquids.12 Both measure
the cross-angle between the 0−1 transition dipole moment
vectors of any two normal modes. By mapping the cross-angles
among a sufficiently big number of normal modes that cover
the complete molecular space, the 3D molecular conformations
can then be constructed by translating the measured vibrational
angles among these modes into the cross-angles among the
chemical bonds with suitable theoretical tools. More angles

Figure 3. (A) 2D spectra of 4-mercaptophenol on the surfaces of 3.5 nm Au nanoparticles in two different frequency ranges. The relative intensities
of peaks are adjusted to be comparable. Detailed factors are provided in the Supporting Information. (B and C) Two color pump/probe data probed
at the frequency range of one C−H bending mode by pumping different modes. Different polarization-selective intensity ratios I∥/I⊥ represent
different vibrational cross-angles between the C−H bending mode and the different pumped modes. In the spectrum, the peaks between 1400−1600
cm−1 look rounder. This is mainly because the peaks in this frequency range are narrower, while the bandwidth of our pump laser is relatively
constant along the frequency. Therefore, the undeconvoluted peaks appear rounder for narrower peaks.
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measured in general will provide more structural constraints
and yield more precise molecular conformations.
The principle of the method has been described in detail in

our previous publication.12 Briefly, when two vibrational modes
are anharmonically coupled, the excitation of one mode will
affect the vibrational frequency of the other.15,24−38 In most
cases, it will shift the vibration of the other mode to a lower
frequency (e.g., Figure 3B). In fewer cases, it can shift the
vibration of the other mode to a higher frequency (e.g., Figure
3C).39 The vibrational excitation-induced frequency shifts
produce off-diagonal peak pairs in the 2D IR spectra (Figure
3A). These off-diagonal peak pairs are called combination band
peaks. Their signal comes from the simultaneous excitations of
both coupled modes. Because the two coupled modes have a
cross-angle θ between their transition dipole moment vectors,
very qualitatively speaking, the combination band signal will be
maximized if the cross-angle between the polarizations of the
two excitational lasers is the same as θ. If the sample is
isotropically distributed, θ can be quantitatively determined by
experiments with two sets of different pump/probe relative
polarizations, parallel and perpendicular, through the following
equation:

= − θ
+ θ

⊥I
I

2 cos

1 2 cos

2

2
(1)

where I∥ and I⊥ are peak intensities from experiments with
parallel and perpendicular pump/probe polarizations, respec-
tively.
Figure 3 display the multiple-mode 2D IR spectra of 4-

mercaptophenol on the surfaces of 3.5 nm Au nanoparticles
covering the O−H stretch and bending, CC stretches, the
C−O stretch, and the C−H stretches and bendings. The cross-
peak intensities for parallel and perpendicular polarizations of
the pump and probe for three pairs of combination bands of
C−H bending/O−H bending, and C−H bending/CC
stretch are also shown in Figure 3 (others are listed in the
Supporting Information). The polarization-selective intensities
of 16 pairs of cross-peaks are then plugged into eq 1 to obtain
the vibrational cross-angle θ. We then use DFT calculations to
translate these vibrational angles into relative bond angles of
the molecule to obtain molecular conformation.
3.3. Vibrational Dynamics on the Nanoparticle Sur-

face. The current method we use to translate vibrational angles
into bond angles is to preset a series of molecular
conformations and calculate their vibrational cross-angles and
compare the calculated angles to the experimentally measured
angles until a minimum was found. The method has worked
well for relatively small molecules in liquids,12 but it cannot be
immediately applied to the coated Au nanoparticle system. The
main reason is that it is too time-consuming to reliably calculate
the 3.5 nm gold nanoparticles. A way to bypass this difficulty
could be to reduce the number of gold atoms in the calculations
if the vibrational properties of the surface molecules are not
significantly affected by the surface electrons of the gold
particles. However, this approach can fail if the assumption it is
based on is invalid.
According to literature, 3.5 nm Au nanoparticles are already

metallic.40−44 There have been accumulating evidence from
molecular beam experiments, IR line shape analysis, and pump/
probe experiments45−52 that on some clean metal surfaces the
metal surface electrons can be strongly coupled to the
vibrations of the surface molecules, which leads to the

breakdown of the BOA. It is conceivable that a similar
mechanism can also occur on surfaces of metallic nanoparticles.
In a metal, the surface electronic states form a continuum of
electronic states. The electron−hole pair transitions between
electronic levels in the conduction band can be strongly
coupled to the nuclear motions of an adsorbate molecule and
provide a mechanism for energy relaxation from an adsorbate
molecule. This mechanism even calls into question the
applicability of the concept of motion evolving on a potential
energy surface. Metal nanoparticles can be metallic (big size) or
an insulator (small size).44 Their surface electrons can have a
near continuum of states or discrete energy levels.43 If the
nanoparticle is sufficiently small, it is not metallic any more. It is
possible that reducing the number of Au atoms in the
calculations of converting the experimental vibrational angles
into bond angles can miss the effect of the nonadiabatic
electron/vibrational coupling. However, if the nonadiabatic
electron/vibrational couplings are much weaker as compared to
the intramolecular vibrational couplings, it is then acceptable
not to consider the nonadiabatic electron/vibrational couplings
in the calculations.
Simple inspections on the FTIR spectra of the crystalline

sample and the nanoparticle sample reveal no obvious peak
intensity ratio changes in the nanoparticle sample, indirectly
indicating that the surface electrons do not have apparent
effects on the intramolecular vibrations. The result also implies
that the surface plasmon (if any) does not enhance the IR
signal for a significant amount, because the surface plasmon
preferably enhances the electric field along the surface normal.
In the surface molecules, some of the vibrational modes can be
aligned parallel to the surface normal. Some can be
perpendicular to the surface normal. If the surface plasmon
does enhance the IR electric field significantly, we would have
observed some apparent peak intensity ratio changes in the
FTIR spectrum.
To more quantitatively compare the nonadiabatic electron/

vibrational couplings and the intramolecular vibrational
couplings and possible intermolecular vibrational couplings,
we measured the vibrational lifetimes (the first vibrational
excited state) of the O−H stretch, the O−H bending, the C
C stretch, the C−H bending, and the C−O stretch on the 3.5
nm Au nanoparticle surface, in the pure 4-mercaptophenol
crystal and in a 4-mercaptophenol/CCl4 solution. Results are
shown in Table 1. Except for the C−O stretch with the same,
but substantially shortened (probably because of a Fermi
resonance), lifetimes in the crystal and on the surface, the
vibrational relaxations of those major vibrational modes of 4-
mercaptophenol are actually the same for the three different

Table 1. Vibrational Lifetimes of Major Vibrational Modes
of 4-Mercaptophenol in Different Environments

vibrational mode
nanoparticles

(ps) crystal (ps) in CCl4 (ps)

O−H stretch (3340 cm−1) 1.4 ± 0.3 1.8 ± 0.3 1.5 ± 0.2
CC stretch (1584 cm−1) 4.2 ± 0.6 4.6 ± 0.6 4.2 ± 0.3
C−H bending (1488 cm−1) 2.6 ± 0.4 2.7 ± 0.4 2.4 ± 0.3
C−O stretcha (1237 cm−1) 1.0 ± 0.2 1.0 ± 0.2 4.0 ± 0.2
O−H bending (1169 cm−1) 1.3 ± 0.2 1.0 ± 0.2 1.4 ± 0.2
aIn CCl4 solution, the central peak frequency is at 1280 cm−1. In
crystal and on nanoparticles, the frequency is at 1237 cm−1. It is
conceivable that the redshift is caused by an accidental degeneracy,
which also shortens the lifetime.
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cases: on the particle surface, in molecular crystal, and in CCl4.
The results indicate that intramolecular relaxations dominate.
The solvent effect or the surface nonadiabatic electron/
vibration couplings are minor factors in terms of affecting the
relaxation of these high frequency vibrations. [Note that the
lifetime of the O−H stretch in the CCl4 solution measured is
for the H-bonded species. It is well-known that the H-bonds
can significantly reduce the vibrational lifetime of the O−H
stretch (from tens of ps to a few ps).20,53 For this mode, the
intermolecular vibrational coupling (H-bonding) is bigger than
the intramolecular coupling, or the intramolecular coupling is
significantly modified by H-bonding.14] These results suggest
that it is probably acceptable to omit the surface nonadiabatic
electron/vibration couplings in calculations to obtain the
molecular conformations of 4-mercaptophenol on surfaces of
the 3.5 nm Au nanoparticles.
These results differ from the case of CO absorbed on metal

surfaces where the nonadiabatic electron/vibration coupling
dominates.49−52 The direct chemical bond between the CO and
the surface is the highly probable reason for the strong
nonadiabatic electron/vibration coupling. In our system,
because of the existence of Au−S−C bonds, all of the
vibrational modes investigated are at least 3 Å away from the
surface. Such a distance can dramatically reduce the non-
adiabatic electron/vibration coupling. To more quantitatively
analyze the experimental results, we used theory to calculate the
vibrational relaxation rates induced by the nonadiabatic
electron/vibration coupling.54 The vibrational mode of 4-
mercaptophenol can be considered as a polarizable point
dipole, which is located at a distance of d from the surface of
the gold nanoparticle. According to the linear−response theory
and Fermi's golden rule, for a spherically symmetric particle, the
energy transfer rate can be derived as (in Rydberg atomic
units):54

∑= μ
α ω

+
+ θ

+ ′ | θ
=

∞

+

=

k
R d

l

P x

4
Im ( )

( )
[( 1) cos

( ) sin ]

l

l
l

l x

2

1
2( 2)

2 2

1
2

(2)

where μ is the transition dipole moment, R is the radius of the
nanoparticle, θ represents the angle between the dipolar axis
and the line connecting the point dipole with the center of the
sphere, Pl′ is the derivative of the l-th Legendre polynomial Pl,
and αl(ω) is the l-pole polarizability of the metallic sphere.
By using the Drude-like dielectric constant ε(ω), the l-pole

polarizability can be written as

α ω = ε ω −
ε ω + +

+
l l

R( )
( ) 1

( ) ( 1)/l
l2 1

(3)

with55

ε ω = − ω ω + ω γ +∞i v R( ) 1 /[ ( / )]p
2 2

f (4)

where ωp is the plasma frequency and vf is the Fermi velocity of
the electrons in the metal bulk. For gold, we have ωp = 8.55 eV,
γ∞ = 0.0184 eV, and vf = 1.4 × 106 m/s.56 With these
parameters and the diameter of nanoparticle D = 2R = 3.5 nm,
the energy transfer rate for the major vibrational modes of 4-
mercaptophenol can be calculated. Calculated results are shown
in Table 2.
It can be seen that energy transfer rates (Table 2) from the

adsorbate (coated) molecules to the gold nanoparticle induced

by the nonadiabatic electron/vibration coupling mechanism are
about 2 orders of magnitude smaller than the decay rates
observed in our experiments (Table 1). This indicates that the
surface nonadiabatic electron/vibration coupling is much
smaller than the intramolecular vibrational coupling. The
conclusion is further supported by calculations from eq 2
using various parameters. We notice that the energy transfer
rate is dependent on various parameters, which are the angle
between the dipolar axis and the line connecting the point
dipole, the distance between the vibrational mode and the
metal surface, and the size of the nanoparticle. To test the range
of energy transfer rates by varying these parameters, we
calculated the energy transfer rate dependences on these
parameters, shown in Figure 4. The calculations show that,
even under the conditions of a very close distance (e.g., 1.5 Å),
or a smaller size of nanoparticle (e.g., 1 nm), the energy transfer
rate induced by the nonadiabatic electron/vibration coupling is
still a few times slower than the intramolecular relaxations.
The convergence of the series in eq 2 is mainly contributed

by the item R2l+1/(R + d)2(l+2). If the radius of the nanoparticle
is too large as compared to the distance between the vibrational
mode and the metal surface (i.e., R≫ d), it becomes R2l+1/(R +
d)2(l+2) ≈ R−3, hence losing its convergence property. In this
case, eq 2 will be no longer valid. However, if the size of
nanoparticle is large enough, the molecule can be viewed as
absorbed on a flat metal surface, and the flat metal surface
model can be used to estimate the energy transfer rate.57 The
results are also listed in Table 2. It is clear that the energy
transfer times obtained from these two methods are on the
order of 100 ps or bigger, about 2 orders of magnitudes slower
than that experimentally observed. The calculations are
consistent with experimental observations. Both show that
the vibrational dynamics of those modes of 4-mercaptophenol
about 3 Å away from the gold nanoparticles are mainly
dominated by the intramolecular energy transfer mechanism.

3.4. Molecular Conformations on the Surfaces of Au
Nanoparticles. 3.4.1. Molecular Conformations of 4-
Mercaptophenol in a Dilute CCl4 Solution. In the dilute
CCl4 solution, 4-mercaptophenol molecules are well separated
from each other. The OH groups of most 4-mercaptophenol
molecules do not form hydrogen bonds, manifested by the
sharp OH stretch peak (3610 cm−1) in Figure 2B. Similar to the
phenol molecule,58−61 the OH group of 4-mercaptophenol of
the most stable conformation is expected to be coplanar to the
benzene ring because of the conjugation effect of the π-
electrons. This is confirmed with DFT calculations in Figure
5A. The conformation can also be straightforwardly determined
by our method.12 By measuring the cross-angles among 16 pairs
of its vibrational modes covering most of its molecular space in
the solution, we found that in the most probable molecular

Table 2. Calculated Energy Transfer Rates for Major
Vibrational Modes of 4-Mercaptophenol

vibrational
mode

μ
(Debye)

angle
(degree)

distance
(Å)

1/k
(ps)

1/ka

(ps)

3340 cm−1 0.28 27.7 7.1 167 265
1584 cm−1 0.13 22.9 4.5 337 322
1488 cm−1 0.20 37.6 4.5 229 145
1237 cm−1 0.47 22.0 5.8 80 104
1169 cm−1 0.29 27.0 7.1 451 718

aThe rates calculated from the flat metal surface model.
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conformation of 4-mercaptophenol, the OH group is indeed

coplanar to the benzene ring (the Er curve in Figure 5A).

To determine molecular conformations, we first preset a

series of molecular conformations based on the rotational

degrees of freedom of the chemical bonds. DFT calculations are

then performed on these conformations to obtain calculated

vibrational cross-angles. Subsequently, the calculated angles are

compared with experimental results. The conformation with

calculated vibrational angles closest to those experimental

values is considered as the most probable conformation

experimentally determined. The difference between exper-
imental and calculated vibrational cross-angles is defined as Er:

=
∑ | − |=Er

A A

m
i
m

i i1
C E

(5)

where Ai
C is the calculated vibrational cross-angles of i-th pair of

normal modes. Ai
E is the experimental value of the same pair. m

is the number of the pairs, which is 16 for this liquid sample
(detailed data are in the Supporting Information).
4-Mercaptophenol (shown in Figure 5B) can have many

possible conformations by rotating O−H along its C−O bond
and S−H along the C−S bond. Mapping its potential surface

Figure 4. Calculated energy transfer time dependence on the (A) orientation of transition dipole moment θ, (B) distance between the vibrational
mode and the metal surface d, (C) diameter of the nanoparticle D, and (D) both the distance and the particle size. All results are calculated using eqs
2−4, and μ is fixed at 0.2 D.

Figure 5. (A) Calculated potential energy surface of 4-mercaptophenol in CCl4 (left axis) and the difference between calculated and experimental
vibrational cross-angles Er vs the CC/OH dihedral angle C(1)−C(6)/O(13)−H(14) (right axis), with a fixed dihedral angle of C(4)−C(3)/S(11)−
H(12) at −72° (the calculated optimal angle). (B) The calculated most stable conformation of 4-mercaptophenol in CCl4 solution. The DFT
calculations were performed using the CPCM model in CCl4 with B3LYP/6-311++G(d,p).
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along these two rotational degrees of freedom [along the
C(1)−C(6)/O(13)−H(14) and C(4)−C(3)/S(11)−H(12)
dihedral angles], DFT calculations show that in the most
stable conformation, the dihedral angle of C(1)−C(6)/O(13)−
H(14) is 0.3° (0° within calculation error), and the dihedral
angle of C(4)−C(3)/S(11)−H(12) is −72°. The conformation
is displayed in Figure 5B. The potential surface and the
experimental and calculated vibrational angle difference Er of
molecular conformations rotating along the C−O single bond

with a fixed C(4)−C(3)/S(11)−H(12) dihedral angle −72° in
Figure 5A are strikingly similar. Both show that for the isolated
molecule, the OH group is coplanar to the benzene ring in the
most probable conformation. In addition, for the molecule in
CCl4 solution, the vibrational angle difference values in the
range of the C(1)−C(6)/O(13)−H(14) dihedral angle from
−20 to 20° are very close (within 0.2° difference). They are all
within experimental uncertainty (about 1°). The result suggests
that populations of conformations within this range are

Figure 6. (A) Potential surface vs the C(4)−C(3)/S(11)−H(12) dihedral angle at a fixed C(1)−C(6)/O(13)−H(14) dihedral angle 0°. (B)
Vibrational cross-angle difference Er vs the CC/OH dihedral angle C(1)−C(6)/O(13)−H(14) at different dihedral angles of C(4)−C(3)/S(11)−
H(12) from 0 to 90°. (C) The vibrational cross-angle difference Er vs the C(4)−C(3)/S(11)−H(12) dihedral angle at a fixed C(1)−C(6)/O(13)−
H(14) dihedral angle 0°. The variation is only ∼0.2°, substantially smaller than the experimental uncertainty ∼1°. The DFT calculations were
performed using the CPCM model in CCl4 with B3LYP/6-311++G(d,p).

Figure 7. (A) Calculated potential energy surface of hydrogen-bonded 4-mercaptophenol (left axis) and the difference between calculated and
experimental vibrational cross-angles Er vs the CC/OH dihedral angle C(1)−C(6)/O(13)−H(14) (right axis), with a fixed dihedral angle of C(4)−
C(3)/S(11)−H(12) C(4)−C(3)/S(11)−H(12) at −83° (the calculated optimal angle). (B) Vibrational cross-angle difference Er vs the CC/OH
dihedral angleC(1)−C(6)/O(13)−H(14) at different dihedral angles of C(4)−C(3)/S(11)−H(12) from 0 to 90°. (C) The two-dimensional
vibrational angle difference Er along the C(1)−C(6)/O(13)−H(14) and C(4)−C(3)/S(11)−H(12) dihedral angles of the polycrystalline sample.
Similar to the CCl4 solution sample, the most stable conformation of this molecule in its crystal also has its OH group almost coplanar to the
benzene ring. The level and basis used for the calculation is B3LYP/6-311++G(d,p). Each contour represents 4% amplitude change, while when the
deviation Er is lower than 10, each contour represents 0.8% change.
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substantial. This is consistent with the calculated potential
surface where the energy of the conformation with OH 20° out
of the ring plane is only about 0.3 kcal/mol higher than that of
the most stable conformation. At room temperature (295 K),
the population of this conformation is ∼e− 0.3/0.6 = 61% of that
of the most stable one.
The S−H group rotating around the C−S bond also

generates a potential surface (in Figure 6A) similar to that
from OH rotating along the O−C bond. However, this
potential surface is much flatter. The difference between the
energy minimum and the maximum is only 0.22 kcal/mol,
which means that at room temperature (295 K), the population
of the least probable conformation is still quite substantial. It is
∼e−0.22/0.6 = 69% of the population of the most probable
conformation. In other words, at room temperature, the
probability of the S−H group assuming any angle relative to the
benzene ring is comparable. Experimental data show a similar
result. As Figure 6B,C displays, S−H rotating along the C−S
for 90° only change Er ∼0.2°. In addition, at any C(4)−C(3)/
S(11)−H(12) dihedral angle, the O−H group is always
coplanar to the benzene ring, as predicted by calculations and
measured with experiments (Figure 6B). The experimental 2D
IR data, detailed vibrational cross-angles, and calculations with
different levels are provided in the Supporting Information.
3.4.2. Molecular Conformation of in 4-Mercaptophenol

Crystal. In the 4-mercaptophenol crystal, most OH groups
form hydrogen bonds, as shown in Figure 2B, where the free
OH peak in the CCl4 solution disappears and a broad OH band
between 3000 to 3600 cm−1 appears. The hydrogen bonds are
expected to distort the molecular conformation by dragging the
OH group out of the benzene plane for a few degrees, as XRD
data of crystalline phenol show that the hydrogen bonds among
phenol molecules on average distort the OH group ∼6° away
from the benzene plane.62

The vibrational angle calculations for the crystalline sample
are different from those for the CCl4 solution. In the crystalline
samples, the OH groups are hydrogen bonded. It is well-known
that hydrogen bonds can severely reduce the vibrational
lifetimes of the hydroxyl stretch mode from tens or hundreds
ps to a few ps.20,53 To account for the effect of hydrogen bonds
on vibrational couplings, we used the optimized structure of a
hydrogen-bonded 4-mercaptophenol rather than an isolated
molecule to calculate the vibrational cross-angles. In the
vibrational cross-angle calculations, the hydrogen bond partner
of this hydrogen-bonded 4-mercaptophenol was taken away to
avoid mixing vibrational vectors. Calculations using an isolated
molecule were also performed, giving essentially the same
results as the new method. Both calculated and experimental
data are provided in the Supporting Information.
Experimental vibrational cross-angle measurements on the

polycrystalline 4-mercaptophenol sample give a very similar
molecular conformation to that in the CCl4 dilute solution. In
Figure 7A, the vibrational angle difference between exper-
imental and calculated values has a minimum when the OH
group is 20° out of the benzene ring. However, the angle
difference values at C(1)−C(6)/O(13)−H(14) dihedral angles
−30−30° are very similar (∼0.2°). This suggests that most of
the OH groups in the crystal reside within 30° of the benzene
plane rather than dominantly at 20°. Similar to the CCl4
solution, the S−H group can assume almost any angle relative
to the ring plane. At any of these angles, the OH group are
always within 30° of the benzene plane, as manifested by the
two-dimensional vibrational angle difference along the C(1)−

C(6)/O(13)−H(14) and C(4)−C(3)/S(11)−H(12) dihedral
angles in Figure 7B,C.
In Figure 7A, the CC/OH dihedral angle has a broad

minimum, similar to the molecules in solution. This result
seems surprising, since one would expect that the ordering of
the crystal would cause a more rigid molecular structure than in
the liquid phase. There are a few plausible reasons. The width
of the minimum is determined by the relative energy of the
conformations with different dihedral angles. Because the
relative energy is mainly determined by how far the OH is
distorted away from the ring plane, the width is mainly
determined by the intramolecular structure rather than the
intermolecular interaction. This implies that in the crystal, the
molecules or chemical bonds have certain degrees of freedom
to rotate (or wobble). This turns out to be true. The molecular
crystal can be regarded as a plastic crystal. According to the
definition of plastic crystals, the molecules inside a plastic
crystal are wobbling.63 The wobbling is not necessarily slower
than its rotation in liquids! For instance, as we have
measured,17 in the KSCN crystal, the rotational time constant
of SCN is ∼11 ps, same as in its concentrated aqueous solution!
Certainly in crystal, the rotation is hindered. It can only wobble
for ∼30°.

3.4.3. Molecular Conformation of 4-Mercaptophenol on
the Gold Nanoparticle Surface. On the surfaces of gold
nanoparticles, the ligand thiol molecules are known to form
covalent S−Au bonds with the particles.64−66 In particular,
recent XRD data show that on a gold nanoparticle, the ligand
molecules are closely packed on the surface with coverage
around 70%, and all thiol molecules actually form two S−Au

bonds with the particles in the bridge form of .18 The

locations of these S−Au bonds and the arrangement of surface
Au atoms inevitably impose geometric constraints on the
intermolecular interactions of the ligand molecules and
therefore affect their conformations. For the model system
studied here, 4-mercaptophenol coated on 3.5 nm Au
nanoparticles, our FTIR measurements (Figure 2) have
suggested the formations of S−Au bonds between the molecule
and the particle and hydrogen bonds among the OH groups of
the molecules on the particle surfaces. The hydrogen bonds of
these surface molecules are expected not to be the same as
those energy-optimized in the molecular crystal, as the
formation of these surface hydrogen bonds is affected by the
geometric constraints imposed by the adsorption. To form a
hydrogen bond with a neighbor molecule, the OH group of one
4-mercaptophenol molecule might be expected to rotate for a
certain angle to compensate for the spatial mismatch. This
angle distortion cannot be predicted by DFT calculations
because there is no detailed information about where the ligand
molecules reside with respect to the surface Au atoms. The
vibrational cross-angle measurements for determining molec-
ular conformations in liquid and solid presented in the above
are able to address this problem.
Similar to the experiments for the 4-mercaptophenol solution

and crystal samples, the vibrational cross-angles among the
same 16 pairs of normal modes of the surface 4-
mercaptophenol molecules on the 3.5 nm Au nanoparticles
were determined. The experimental results (Figures 8 and 9)
show that different from the liquid or crystalline samples where
the OH group is about coplanar to the benzene ring, on the
nanoparticle surfaces, the OH group is about 50−60° out of the
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benzene plane. The global and local minimal vibrational angle
difference values always occur when OH is ∼60 ± 10° out of
the benzene plane (the CC/OH dihedral angle is 60, 160, −20,
and −120°), regardless how the molecule rotates around the
C−S single bond, as demonstrated in Figure 9B. Here, we want
to point out one issue. Because our data are ensemble results,
although the minima along the CC/OH dihedral angle are
sharper than the minimum in the solution, they cannot be
considered as an indication of an ordered, homogeneous
molecular distribution on the gold surface.
The results (Figure 9B) show that on the nanoparticle

surfaces, the OH group is about 50−60° out of the benzene
plane, and one S−Au bond is ∼20° out of the benzene ring.
The Au−S−Au angle was determined to be 110° (see the
Supporting Information). With these angles determined, the
most probable average three-dimensional molecular conforma-
tion of 4-mercaptophenol on the 3.5 nm Au nanoparticles is
readily constructed, shown in Figure 9A. During the
construction of the 3D conformations, we utilized our

experimental results (the collective surface electronic motion
does not affect the ligand molecule's intramolecular vibrational
couplings) of the vibrational dynamics measurements on the
particle surfaces to simplify the calculations for vibrational
cross-angles by reducing the number of gold atoms of the
nanoparticles into a cluster of two Au atoms.
The distortion of the OH group about 50−60° away from

the conjugation plane of 4-mercaptophenol on the particle
surface (Figure 8) is significantly different from the calculated
energy-optimized structure (OH coplanar to the ring, in SM)
without considering the Au atomic array or the detailed S−Au
binding locations on the particle surface. As described above,
this is probably the balanced result of the surface geometric
constraint, π−π stacking, and hydrophobic interactions on the
formation of hydrogen bonds among the surface OH groups.
The 4-mercaptophenol molecule has two ways to overcome the
geometric constraint to form a hydrogen bond with a neighbor
molecule: one is to rotate along the C−O single bond, and the
other is to rotate along the C−S single bond. DFT calculations
for isolated molecules show that rotating the OH group 50−
60° away from the conjugation plane increases the system
energy about 2−2.7 kcal/mol (still much more stable than the
nonbonded species), as compared to the most stable coplanar
conformation. Rotating about the C−S bond must cross a
barrier about 1.4−2 kcal/mol (in the Supporting Information).
The two barriers are close, suggesting that both rotations are
energetically possible. However, the rotation around the C−S
bond involves the motion of the bulky benzene ring, which can
substantially change the π−π stacking (and possibly other
intermolecular interactions) in the real system. This issue was
not considered in the calculations. The change of π−π stacking
can significantly increase the system energy. Therefore, from
the energy point of view, rotating along the C−O bond to form
a hydrogen bond with the OH groups of another surface 4-
mercaptophenol molecule is probably more favorable. The
experimental results suggest that, even for a very simple
molecule as 4-mercaptophenol studied here, without the
detailed knowledge about surface properties of a nanoparticle,
the calculated energy-optimized molecular conformations on
the particle surface can be substantially different from the real
situation.

Figure 8. Vibrational cross-angle difference Er vs the CC/OH dihedral
angle of the 4-mercaptophenol in the CCl4 solution and the coated
gold nanoparticle sample. The CC/SH dihedral angles of both samples
were fixed at different angles to reach the global minimum, −72° for
the solution and 10° (β, defined in Figure 9A) for the particle sample.

Figure 9. (A) Most probable conformation of HOC6H4−S(Au)2 on the surface of 3.5 nm Au nanoparticle determined by experiments. α, β, and γ
are the dihedral angles as defined. (B) Experimental and calculated vibrational cross-angle deviation Er vs the CC/OH dihedral angle C(2)−C(3)/
O(12)−H(13) at different dihedral angles of C(5)−C(6)/S(11)−Au(15) (β) from 0 to 90°. The calculation level used for the gold atom is B3LYP/
LanL2DZ, and B3LYP/6-311++G(d,p) is for other atoms. Er reaches the global minimum when α = −120° and β = 20°.
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4. CONCLUDING REMARKS
In this work, the three-dimensional molecular conformations
and vibrational dynamics of a model compound, 4-mercapto-
phenol, on the surface of 3.5 nm gold nanoparticles were
investigated with an ultrafast multiple-mode multiple-dimen-
sional infrared spectroscopic technique. It was found that on
the particle surface, the ligand molecules cannot form energy-
optimized hydrogen bonds mainly because of a surface
geometry constraint. The observation is supported by
comparison with the structures of the ligand molecule in the
crystal phase and in a dilute CCl4 solution. This capability of
resolving 3D molecular conformations on nanomaterials
surfaces is expected to be helpful for understanding specific
intermolecular interactions and conformation-selective reac-
tions (e.g., chirality selectivity) on the surfaces of these
materials. Our experiments also showed that the effect of the
particle surface nonadiabatic electron/vibration coupling does
not play a significant role in the vibrational relaxation of high
frequency modes (>1000 cm−1) of the ligand molecules about
3 Å away from the nanoparticle surface. Simple theoretical
calculations support the observation. With the extension of the
laser frequencies down to 100 cm−1 or lower, we expect that
not only the surface molecular conformations but also the
direct interactions involving the S−Au bonds between the
surface molecule and the particle can be directly probed by the
method. Regarding the generality of our approach in resolving
3D molecular conformations, we want to discuss a key issue
here. So far, the molecules of which conformations determined
by our approach are relatively small. They do not have any
vibrational spectral overlap issue. This problem may become
very serious if the molecules are big, for example, proteins or
DNAs. To address this problem, we propose two approaches,
which are undergoing in our lab: (1) to accumulate a database
for building blocks of big molecules. The structure of the
molecule will be constructed based on the signal assembly from
the building blocks. This approach has a requirement: modes
studied should be mainly localized within a few chemical bonds;
and (2) to expand the frequency range down to T-Herz, where
many conformation-related modes reside.
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Table S1. Scaling factors for the 2D IR spectrum of 4-Mercaptophenol on the surfaces of 

3.5nm Au nanoparticles. 

 
Probe frequency Region  Pump frequency region Scaling factor ( ) 
Probe 1130-1300 cm-1 1100-1400 & 3000-

3720 cm-1 
3.0 

Probe 1130-1300 cm-1 1400-1700 cm-1 6.0 
Probe 1390-1440 cm-1 1100-3720 cm-1 5.0 
Probe 1455-1510 cm-1 1100-3720 cm-1 1.0 
Probe 1555-1620 cm-1 1100-3720 cm-1 2.0 
Probe 3000-3400 cm-1 1100-3720 cm-1 2.0 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mathematical analysis of the effects of Fermi resonances on vibrational transition 

dipole directions 
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Figure S1. Vector diagrams representing the change of transition dipole directions as a 

result of Fermi resonance. fb and fd indicates the oscillator strengths of bright mode and 

dark mode respectively. 

The Hamiltonian of a Fermi resonance between two oscillators can be described 

as 

† † †2 �
1 1 1 2 2 2 1 2 1 2( ),

2
H a a a a a a a a  
     

where †
ia  and ia  are the creation and annihilation operators of the two modes 

respectively, with the accidental resonance condition 1 22  , and   represents the 

coupling between two modes. By diagonalizing the Hamiltonian in the basis {1,0 , 0,2 }, 

and assuming 1 22  , we could simply obtain the eigenenergies (1) 

1 1 ,
2

E  
   

2 1 ,
2

E  
   

and the eigenstates 



1

1 1
1,0 0, 2 ,

2 2
     

2

1 1
1,0 0, 2 .

2 2
     

Therefore, the transition dipole moments become 

1

1 1
ˆ ˆ ˆ0,0 ( 0,0 1,0 0,0 0,2 ) ( ),

2 2
b d    μ μ μ μ μ  

2

1 1
ˆ ˆ ˆ0,0 ( 0,0 1,0 0,0 0, 2 ) ( ).

2 2
b d      μ μ μ μ μ  

 
Usually, the value of transition dipole moment of the dark mode |µd| is much 

smaller than that of the bright mode |µb|. When two states mix together, the oscillator 

strength of dark mode mainly gains from the bright one. Therefore, the transition dipole 

direction should be nearly the same as that of origin bright mode. For quantification, let 

|µb| = 10|µd|, and further assuming that the transition dipole moments of two modes are 

nearly perpendicular to each other, which will result in a maximum deviation. As shown 

in Fig. S1, the deviation of the direction can be easily calculated as θ ≈ 5.7°. In most 

cases, the transition dipole moment ratio is much bigger than 10, resulting in 01  . 

 

 

 

 

 

 

 

 



Cross angle measurements 
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Fig. S2. Polarization selective pump probe data (parallel and perpendicular) for the 16 
pair coupled modes of 4-mercaptophenol on the gold nanoparticle surface. 
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Fig. S3. Polarization selective pump probe data (parallel and perpendicular) for the 16 
pair coupled modes of 4-mercaptophenol in the polycrystalline sample. 
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Fig. S4. Polarization selective pump probe data (parallel and perpendicular) for the 16 
pair coupled modes of 4-mercaptophenol in the CCl4 solution. 
 
 
 
 
 
 



Vibrational time constant measurements 
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Fig. S5. Pump probe data for the O-H stretch mode (3340cm-1) and fitting parameters for 
the vibrational lifetimes of 4-mercaptophenol in different environments (A) nanoparticle 
surface, (B) in polycrystalline sample and (C) in liquid CCl4. 
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Fig. S6. Pump probe data for the C=C stretch mode (1584cm-1) and fitting parameters 
for the vibrational lifetimes of 4-mercaptophenol in different environments (A) 
nanoparticle surface, (B) in polycrystalline sample and (C) in liquid CCl4. 
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Fig. S7. Pump probe data for the C-C stretch mode (1488cm-1) and fitting parameters for 
the vibrational lifetimes of 4-mercaptophenol in different environments (A) nanoparticle 
surface, (B) in polycrystalline sample and (C) in liquid CCl4. 
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Fig. S8. Pump probe data for the C-O stretch mode (1237cm-1 or 1260 cm-1) and fitting 
parameters for the vibrational lifetimes of 4-mercaptophenol in different environments (A) 
nanoparticle surface, (B) in polycrystalline sample and (C) in liquid CCl4. 
 

0 2 4 6 8 10 12 14 16

0.000

0.005

0.010

0.015

0.020

0.025

Data: Data18_B
Model: ExpDec1 
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Fig. S9. Pump probe data for the OH bending mode (1170cm-1) and fitting parameters 
for the vibrational lifetimes of 4-mercaptophenol in different environments (A) 
nanoparticle surface, (B) in polycrystalline sample and (C) in liquid CCl4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S2. Calculated frequencies and assignments of 4-Mercaptophenol in the gas and in 

the CCl4 solution. The level and basis used for the calculation is B3LYP/6-311++G(d,p). 

In CCl4 solution, the SCRF-CPCM solvation model was used. 

 
Experimental frequency (cm-1) Calculated frequency (cm-1) Normal 

modes 
assignment 

Gold 
nanoparticle 

In polycrystalline 
sample 

In CCl4 In Gas In CCl4 

22 O-H bending 1169 1170 1170 1187.45 1184.83 

23 C-H 
scissoring 

- - - 1192.72 1191.50 

24 C-O stretch 1237 1237 1260 1280.50 1274.94 

25 CH in plane 
rocking 

- - - 1311.03 1311.95 

26 CH in plane 
rocking+O-H 

bending 

1350 1350 1320 1351.86 1351.08 

27 CH in plane 
rocking+O-H 

bending 

1430 1430 1420 1449.99 1447.54 

28 C-H bending 1488 1495 1495 1522.90 1520.08 

29 C=C stretch 1583 1586 1587 1621.19 1619.59 

30 C=C stretch 1598 1599 1602 1637.87 1633.97 

31 S-H stretch - 2560 2588 2636.51 2646.40 

32 C-H as - - - 3153.46 3160.89 

33 C-H as - - - 3183.85 3182.62 

34 C-H ss - - - 3192.69 3192.80 

35 C-H ss - - - 3198.81 3197.29 

36 OH stretch 3340 3340 3610 3834.31 3822.53 

 
 

 

 

 

 

 

 



Table S3. Transition dipole moment angles between coupled vibrational modes of the 4-

mercaptophenol molecule on the gold nanoparticle surface, polycrystalline sample and 

CCl4 solution. For comparison, the calculated cross angles of the isolated 4-

mercaptophenol molecule at is optimized conformation were also listed. The level and 

basis used is B3LYP/6-311++G(d,p). 

Gold nanoparticle polycrystalline sample CCl4 solution Calculation 

Coupled 

modes 

Cross angle 

(degree) 

Coupled 

modes 

Cross angle 

(degree) 

Coupled 

modes 

Cross angle 

(degree) 

Coupled 

modes 

Cross angle 

(degree) 

1169/1488 21±3 1170/1495 12±4 1169/1495 14±4 22/28 1.7 
1237/1488 19±3 1237/1495 18±3 1260/1495 10±5 24/28 3.4 
1430/1488 29±2 1430/1495 23±2 1430/1495 30±3 27/28 20.8 
1583/1488 23±3 1586/1495 16±4 1583/1495 16±4 29/28 21.4 
1598/1488 25±3 1599/1495 27±3 1598/1495 27±3 30/28 9.2 
3340/1488 45±2 3340/1495 38±2 3610/1495 37±3 36/28 37.6 
1169/1583 22±3 1170/1586 33±3 1170/1587 12±4 22/29 19.7 
1237/1583 24±3 1237/1586 22±4 1260/1587 28±3 24/29 24.8 
1430/1583 33±3 1430/1586 37±2 1430/1587 33±2 27/29 42.2 
3340/1583 45±3 3340/1586 50±2 3610/1587 61±2 36/29 59.0 
1169/1598 23±4 1170/1599 25±4 1170/1602 12±4 22/30 10.9 
1237/1598 37±3 1237/1599 28±3 1260/1602 14±4 24/30 5.8 
1430/1598 27±3 1430/1599 18±4 1430/1602 26±2 27/30 11.6 
3340/1598 44±3 3340/1599 37±3 3610/1602 44±3 36/30 28.4 
3340/1169 43±4 3340/1170 55±2 3610/1169 35±3 36/22 39.3 
3340/1237 37±3 3340/1237 49±2 3610/1260 32±3 36/24 34.2 

 

 

 

 

 

 

 

 

 

 



DFT calculations 

The potential surfaces and calculated vibrational angles were obtained from 

density functional theory (DFT) calculations. The DFT calculations were carried out 

using Gaussian 09. Several levels and basis sets were used to compare the calculation 

results. 
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Fig. S10. Calculated potential energy surface (PES) of the 4-mercaptophenol in gas and 

in CCl4 solution along (A) the CC/SH dihedral angle and (B) the CC/OH dihedral angle. 

The level and basis used for the calculation is B3LYP/6-311++G(d,p). The calculations 

indicate that the energy barrier for rotation along the C-S bond is very low.  

 

 

 

 

 

 

 

 



DFT calculations for 4-mercaptophenol on the gold nanoparticle surfaces 

 

The potential energy surface calculation of HOC6H4-SAu2 molecule is displayed in 

Fig. S11. It indicates that the energy barrier for rotating the OH group 50~60 degrees 

away from the conjugation plane is about 2.0~2.7 kcal/mol, while rotating the Au-S 

bonds along the C-S bond must cross a barrier about 1.4~2.0 kcal/mol. 
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Fig. S11. (A) & (B) Calculated potential energy surface (PES) of the HOC6H4-SAu2 

molecule with varied CC/OH and CC/SAu dihedral angles. The level and basis used for 

the Au atoms is B3LYP/LanL2DZ. B3LYP/6-311++G(d,p) is  for other atoms. The Au-S-

Au angle is calculated to be ~126 degrees. The calculations show that the energy-

optimized conformation is that with OH coplanar to the benzene ring, one S-Au bond  60 

degrees out of the ring plane, and the Au-S-Au angle 126 degrees. This calculated 

conformation is similar to that of 4-mercaptophenol in the dilute CCl4 solution but 

substantially different from the measured conformation on the particle surface, indicating 

that calculations without considering surface constraints can be quite off from the real 

situation.  



In the DFT calculation of HOC6H4-SAu2 molecule, the optimized Au-S-Au angle is 

126 degrees. Previous XRD measurements(2) show that the Au-S-Au angles for a similar 

thiol are from 80 to 115 degrees. Er data show that the most probable angle is 110 

degrees (Fig.S12). 
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Fig. S12. Er vs the Au-S-Au angle for the HOC6H4-SAu2 molecule, the CC/OH dihedral 

angle was fixed at -120degree, while the CC/SAu dihedral angle was fixed at 20degree. 

The level and basis used for the Au atoms is B3LYP/LanL2DZ. B3LYP/6-311++G(d,p) is  

for other atoms. Calculations with angles smaller than 70 degrees couldn't be calculated 

probably because the two Au atoms are too close to each other under these small angles. 
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