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ABSTRACT: The degree of surface functionalization of colloidal dispersions of Au nanoparticles
(AuNPs) by sulfur heterocyclic compounds is determined using localized surface plasmon resonance
spectroscopy (LSPRS), morphological characterization, and electrodynamic modeling. We demon-
strate that AuNP surface coverage is the result of the interplay between the molecular geometry of
ligands and the Au nanoparticle diameter. For the same ligand, it is found that the surface density of
molecules (σ) is almost constant or slightly decreases as the Au nanoparticle diameter increases, while
for the same NP size the degree of surface coverage increases as the length of the molecule increases.
The chemical interaction between the ligand molecules and the AuNP surface is demonstrated using
surface enhanced Raman scattering (SERS) and 1H NMR. For the same average AuNP size, the full
width at half maximum (fwhm) of the LSPR is significantly greater for derivatized AuNPs, a feature
that shows the important role played by chemical interface damping in NP surface functionalization.
The strong chemical stability of the modified AuNPs is further probed against KCN etching,
indicating that there is a close correspondence between σ and the slow kinetics of the decay of the
LSPR peak.

1. INTRODUCTION
As it is well-known, the physical and chemical properties of
metal nanoparticles, NPs (of size between 1 and 100 nm), differ
significantly from those observed in bulk materials. For in-
stance, their optical properties are determined by the collective
electronic excitations of conduction electrons upon illumination
with electromagnetic radiation, giving rise to the so-called LSPR.
The peak position of the LSPR is extremely dependent on NP
size, shape, and the dielectric environment.1,2 The excitation of
the LSPR can also lead to an enhancement and confinement
of electromagnetic fields around the NP. This feature is used
nowadays in ultrasensitive spectroscopies like surface enhanced
Raman scattering (SERS),3,4 metal enhanced fluorescence
(MEF),5,6 and also in the so-called localized surface plasmon
spectroscopy (LSPRS).1,7,8 The basis of these techniques is the
functionalization of the NP surface with the analyte molecules
that experience an enhanced field or modify the position of the
LSPR.
The performance of these plasmonic sensors is therefore

highly dependent on the degree of surface coverage of the NP
with the probe molecule, an issue that remains still illusive for
several systems. Recently, it has been recognized that the
number of molecules per NP surface area depends not only on
the nature of the molecule covering the NP surface, but also it
depends on the shape and size of the NP.9

Determining the surface density of molecules in a given NP
is very important because it will help to determine in a more

rigorous way the analytical enhancement factors for SERS and
also their stability against etching agents.
As it is a known fact, colloidal water dispersions of

relatively small nearly spherical AuNPs exhibit a LSPR peak
at around 520 nm, the position of this peak being highly
dependent on the dielectric environment. The modifica-
tion of the surface with a molecule that is bound chemically
to its surface can alter the LSPR due to the dielectric
environment change close to the NP surface. Alkanethiols
(RSH)10−14 are the most popular passivants for AuNPs,
and the use of dialkyl sulfides (RSR′),15,16 dialkyl disul-
fides (RSSR′),17,18 and protected thiols has been reported.19,20

We are interested in using a new kind of sulfur com-
pounds as passivants agents for AuNPs such as the hetero-
cyclic pseudoaromatic compounds 3H-1,2-dithiole-3-
thiones (Scheme 1). These compounds have been known for
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Scheme 1. Molecular Structure of the Heterocyclic
Pseudoaromatic Compounds 3H-1,2-Dithiole-3-thiones
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several years because of their capacity to coordinate to metal
surface.21 The strong interaction between 3H-1,2-dithiole-
3-thiones (thiones) and metal surfaces could be explained
by their resonance structures in the ground state (Scheme 2).

The thiol character of the thione group makes them able to
be used as new modification agents for the metal NPs surface.
This character has been demonstrated by experimental data and
theoretical calculations, for example, against electrophilic com-
pounds such as Fischer carbene complexes.22−24

The loading of thiones on AuNPs derives from (1) the sub-
stitutionally labile coordination sphere of ions adsorbed onto
the surfaces of the particle precursors used to prepare the
thione−AuNPs, (2) the chemistry used to immobilize the
thione onto the surface, (3) the radius of curvature of the NPs,
and (4) intermolecular interactions among neighboring thiones
molecules. The first two factors are constant regardless of particle
size, whereas the radius of curvature is dependent upon the
dimensions of the NP. Furthermore, interaction between molec-
ular ligands can be very different depending on the interplay
between molecular geometry and NP radius. Therefore, the
question that arises is which role does each of these factors play
on the degree of loading of the binding molecules to the NP
surface.9

Despite the great number of experimental studies on NP
surface functionalization, there are only a few that aim to tackle
the above-mentioned problem of determining the dependence
of the surface coverage on both molecular geometry and NP
size and shape, and in general this issue is poorly understood.
In fact, also some molecular intrinsic properties such as the
apparent pKa values can be influenced by the NP size and
shape, as it has been demonstrated recently.25 The most recent
study of Hill et al. probably has been the first that aimed to
provide a way of understanding and predicting oligonucleotide
surface coverage on NPs as a function of curvature, shape, and
available surface area.9

In the present work, we use the thione type ligands
mentioned above of different chain length to functionalize
spherical AuNPs of different diameter with the aim to address
the illusive question of how molecular geometry and NP diam-
eter determine the degree of NP surface coverage. To give an
answer to this question, the average number of thione mole-
cules chemically bounded to the NP surface is determined
using the LSPR shifts induced by NP surface modification
together with effective medium approaches to determine the
volume fraction of molecules on the external NP shell. The
experiments are performed varying the AuNP diameter from
7 to 49 nm and also the length of the lateral change of thione
using three different sulfur heterocyclic compounds: 5-dode-
cylthio-3H-1,2-dithiole-3-thione (TTDOD), 5-hexylthio-3H-
1,2-dithiole-3-thione (TTH), and 5-ethylthio-3H-1,2-dithiole-
3-thione (TTE).

2. EXPERIMENTAL SECTION

2.1. Synthesis of AuNPs. AuNPs of three different sizes
were synthesized by chemical reduction of chloroauric acid
(HAuCl4).

26 The smallest AuNPs were obtained by reduction
of HAuCl4 with sodium borohydride (NaBH4). Briefly, 10 mL
of 2 mM NaBH4 aqueous solution was cooled to 0 °C, and then
10 mL of 0.25 mM HAuCl4 aqueous solution was added. The
solution was stirred at room temperature for 15 min. On the
other hand, AuNPs of larger size were obtained by reduction of
HAuCl4 with trisodium citrate (Na3C3H5O (COO)3). Middle
size AuNPs were obtained by quickly adding 5 mL of 34 mM
trisodium citrate solution over 95 mL of 0.25 mM HAuCl4
aqueous solution under reflux and refluxing further for another
45 min. AuNPs of the largest size were obtained by addition of
5 mL of 5.2 mM trisodium citrate solution in 95 mL of
0.25 mM HAuCl4 aqueous solution under reflux and refluxing
for 5 min. Both mixtures were allowed to cool slowly to room
temperature under stirring conditions. In all cases, red solutions
characteristic of AuNPs colloidal solutions were formed.

2.2. Synthesis of Thione−AuNPs. Previous to the NPs
surface functionalization, the colloidal solutions, prepared accord-
ing to the procedure described in section 2.1, were stabilized into
the same medium. Next, the AuNPs dispersions were purified
by centrifugation for 30 min at 12 857g in an Eppendorf 5804
centrifuge and resuspended with a Brij-35 aqueous solution
(0.01 mM). For the largest size AuNPs, centrifugation was per-
formed for 20 min at 2057g.
To functionalize AuNPs, three derivative thiones with differ-

ent chain length were synthesized,27 specifically TTDOD, TTH,
and TTE. Thione solutions were prepared in acetonitrile (AcN)
due to their negligible solubility in aqueous medium. The con-
centration of these solutions varies from 2 to 400 μM.
Thione−AuNPs were prepared by adding a thione solution

(100 μL) to the resuspended AuNPs (900 μL). Solution
composition achieved was water/AcN 90:10. The same proce-
dure was used for each derivate thione to obtain TTDOD-
modified AuNPs, TTH-modified AuNPs, and TTE-modified
AuNPs. All of the modified AuNPs colloid solutions undergo
an equilibrium condition within 60 min upon addition of thione
molecules.

3. RESULTS AND DISCUSSION

3.1. Optical and Morphological Characterization of
AuNPs Colloid Solutions. The morphology and average size
of the NPs were characterized using transmission electron
microscopy (TEM) with a JEOL JEM EX 1220 transmission
electron microscope operating at 80 kV (see Supporting
Information, Figure S1). Several drops of the NP suspension
were placed on a 200 mesh copper grid covered with a Formvar
film.
By counting the diameters of around 200 particles on several

different TEM images, the average diameter of the different
colloidal dispersions prepared according to the procedures
described in section 2.1 was determined. For each sample, the
average diameter and standard deviation were calculated by
Gaussian fitting of the data (see Supporting Information, Figure
S2). Spherical AuNPs of diameter (7 ± 1) nm were obtained
using NaBH4, and almost spherical AuNPs of diameter equal to
(25 ± 2) and (49 ± 6) nm were obtained using trisodium
citrate as reducing agent. We will denote as Au7 nm, Au25 nm, and
Au49 nm the AuNPs dispersions with the NP size given by the
respective subscript.

Scheme 2. 5-Alkylthio-3H-1,2-dithiole-3-thiones Resonance
Structures
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UV spectra of the synthesized AuNPs colloid solutions, after
centrifugation and resuspension in Brij-35 aqueous solution,
were recorded on a double bean spectrophotometer. UV
spectra depict an extinction band, which peaks at λ = 520 nm
for Au7 nm and Au25 nm, and at λ = 534 nm for Au49 nm. These
peaks can be associated with the LSPR characteristic of
spherical AuNPs in water (Figure 1).28

3.2. Influence of the NP Size on the Degree of
Functionalization with TTDOD. A neutral surfactant (Brij-35)
was chosen for stabilization of the AuNPs. Upon the addition of
the TTDOD to the NPs dispersion, there was a quick red-shift of
the LSPR peak position (see Supporting Information, Figure S3).
The maximum wavelength shift was achieved after 1 h of mixing.
The modified NPs kept their colloidal stability for several days at
room temperature. TEM images (Figure 2) evidence the absence

of any NPs aggregates, which indicates that the red-shift of the
surface plasmon peak position is due solely to the interaction of
the AuNP with thione molecules.
To determine the number of thione molecules added per NP,

it was necessary to estimate the number of NP in the volume of
colloid dispersion used. This was accomplished by calculating
theoretically, using Mie theory1 and the dielectric function
tabulated by Palik for gold,29 the cross section (Cext) of a single
NP in aqueous medium for each NP size corresponding to the
LSPR peak at 520 nm (Au7 nm and Au25 nm) and at 534 nm
(Au49 nm). The values of Cext calculated were 11.9, 760.9, and
7382.7 nm2/NP for Au7 nm, Au25 nm, and Au49 nm, respectively.
Using these values, the AuNP concentration in NP/nm3 (CNP)
was determined using the Lambert−Beer equation:

=C
C b

Ext
NP

ext (1)

where Ext is the experimental extinction of the AuNPs colloidal
dispersion with a given average NP size (determined by TEM)
at the corresponding LSPR peak, Cext is the theoretical extinc-
tion cross section of a single NP of the same size, and b is
the optical path length in nanometers. The number of thione
molecules added per NP (N) for each NP size was calculated
dividing the number of thione molecules by the number of NPs
in the colloid solution, according to the following expression:

= =N
V C

V C
number of thione molecules

number of NP
T T

NP NP (2)

where VT is the volume of the thione solution added, CT is the
concentration of the thione solution, and VNP is the volume of
the NP colloid dispersion. In this calculation, the NPs were
modeled as perfect spheres, and the diameter used for the cal-
culation of Cext was the average number determined by fitting the
NP size distribution (determined by the TEM images).
To study the influence of NP size on the degree of NP

surface functionalization, a series of experiments varying the N
value were performed for each NP average diameter. The
quantity of interest is the average number of thione molecules
that can be loaded on the surface of one NP. A plot of the
plasmon shift (Δλ) versus N for different NP size is shown in
Figure 3. The LSPR shift is defined as Δλ = λafter − λbefore,
where λbefore and λafter are the wavelengths of the extinction
peaks of the colloidal dispersion before and after the addition of
a given amount of thione. A feature to be remarked is the quick
increment of Δλ at low N values (region “a”) until a critical
value of N, which will be denoted as Nc. The value of Δλ for
N = Nc indicates the maximum plasmon shift that could be
reached; that is, at this point, the maximum degree of surface
functionalization has been attained. For each NP size, the Nc
value was obtained by a linear regression fit of the curves in
regions “a” and “b”, and then by determining the point of inter-
section between both curves. As the NP diameter increases, Nc
also increases, as it is expected because the NP surface area also
increases.
In principle, the ratio between Nc and the NP surface area

(nm2) should give the number of molecules per nm2, σ, for
each NP size. However, performing this calculation, the σ
values obtained are greater by a factor of 2 or 3 than the density
of Au atoms on either the (111) or the (200) surface, which is
around 10 atoms per nm2. This unphysical result indicates that
there should be a significant number of molecules added that
remains “free” in the bulk of the colloidal solution. Therefore, to

Figure 1. UV/vis spectra of Au7 nm (black), Au25 nm (red), and Au49 nm
(blue) colloidal dispersions in Brij-35 aqueous solution with AcN 10%.

Figure 2. Representative TEM images of NPs of different size
modified by TTDOD indicating that whatever the size of the AuNP
no aggregation processes is observed. Au7 nm (A), Au25 nm (B), and
Au49 nm (C).
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determine the effective number of molecules (Neff) chemically
bonded to the NP surface, we have performed a deeper analysis
of the experiments using an effective medium theory (EMT) to
calculate the volume fraction, f, of the surface occupied by the
thione molecules on the shell around the AuNPs. Once f has
been determined, the value of the Neff can readily be calculated
knowing the molecular geometry (volume and length of the
molecule) according to the following expression:

=N f
V

Veff
shell

molecule (3)

where

= π + −⎜ ⎟ ⎜ ⎟
⎡
⎣
⎢⎢
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦
⎥⎥V

d
l

d4
3 2 2shell

3 3

(4)

and Vmolecule
30 and l31 are the values of the volume and length

of the molecules on the shell, respectively, and d is the NP
diameter.
The volume fraction, f, was calculated using two EMT

approaches. In both approaches, it is necessary to know the

Figure 3. Δλ versus N (left) and Δλ versus Neff (right) for TTDOD-modified Au7 nm (A), TTDOD-modified Au25 nm (B), and TTDOD-modified
Au49 nm (C). Linear regression fit for data of region “a” (black) and data of region “b” (red). Neff was calculated using eq 8. Note that the data with
the same Δλ on the left plots collapse in the same point on the right plots, as Neff depends only on Δλ in the present case.
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average dielectric constant of the shell, εeff, which can be deter-
mined as follows:

ε = −χελ=λ′Re( ) effR (5)

where Re(ε)λ=λ′R is the real part of the dielectric constant of
Au29 at the LSPR wavelength (λ′R) of the extinction spectra of
the modified AuNPs, and χ is given by

χ =
ε

ε
λ=λRe( )

medium

R

(6)

where Re(ε)λ=λR is the real part of the dielectric constant of Au
29 at

the LSPR wavelength (λR) of the extinction spectra of the
corresponding unmodified AuNPs, and εmedium is the water dielectric
constant (1.77). Having the value of εeff, f can be obtained, as
mentioned above, using two approximations. In a first approach, f
was calculated from the following EMT equation:32

− ε + ε = εf f(1 ) medium molecule eff (7)

and in a second approach, f was estimated using the Bruggerman
EMT:33

ε − ε
ε + ε

+ −
ε − ε
ε + ε

=f f
( )

( 2 )
(1 )

( )
( 2 )

0molecule eff

molecule eff

medium eff

medium eff
(8)

where εmolecule is the dielectric constant of the molecule,
30 εmedium

has been defined above, and εeff is the effective dielectric constant
of the shell around the NP calculated according to eq 5.
The advantage of using EMT is that it does not rely on any

assumption concerning the number of molecules added per NP
(N) to determine the molecular surface density, because by
knowing the LSPR shifts after the AuNP surface modification,
the size of the NP, and the molecular geometry, the effective
number of molecules attached to the NP surface, Neff, can be
determined in a straightforward way using eqs 3 and 7 or eqs 3
and 8. Using either of the two approaches, the values of f and
Neff are almost the same (see Table 1).

The variation of the LSPR shift (Δλ) versus Neff for different
NP size is shown in the right column of Figure 3. The values of
Neff are significantly lower than N. Likely, this difference is due
to the fact that it is necessary to add an excess of thione mole-
cules to reach a given degree of surface coverage within the
time range (1 h) the spectral changes were followed. Dividing

the value of Neff (corresponding to the maximum Δλ achieved)
by the NP surface area, we were able to obtain a more realistic
estimation of the number of molecules per nm2 (σ). We found
that σ within the experimental error is around 3 molecules per
nm2 for all NP sizes (see Table 1). Indeed, σ seems to slightly
decrease with NP size from 5 to 2 molecules per nm2, but
considering the error associated with these values, it could be
regarded to be almost constant.
These results can be compared to those obtained by Hill

et al.9 for functionalization of AuNPs with oligonucleotides.
They found that the highest σ value was achieved for the
smallest NP diameter, but for molecules of quite different geo-
metry than those used in the present work. Our results are less
dependent on NP size than for oligonucleotides, and the degree
of surface coverage is on average 10 times greater than that
obtained by Hill et al.,9 indicating the important role played by
molecular geometry and also by the dielectric properties of the
media (ionic strength, the presence of salts). Quite interesting,
the number of thione molecules per nm2 is in very good agree-
ment with theoretical σ values obtained by Landman et al.34 for
functionalization of small AuNPs with alkanethiols of the same
lateral chain length (12 methylene groups).

3.3. Characterization of Thione Molecule−AuNP Sur-
face Interaction. To test the chemical interaction between
thione molecules and AuNP surface, SERS measurements
of the modified AuNPs were performed. SERS spectra were
obtained with a Horiba LabRam 800HR Raman instrument.
Excitation was provided by the 632.817 nm line of a HeNe
20 mW laser. The laser beam was coupled to a dried sample of
thione−AuNPs in a glass slide by means of 100× microscope
objective lens. Samples were prepared as follows: suspensions
of thione−AuNPs and unmodified AuNPs were centrifuged
and resuspended in water several times to eliminate the sur-
factant (Brij-35) molecules as much as possible. The suspen-
sions were dropped over microscopy slides, and the solvent
was completely evaporated in vacuum. Figure 4 shows the

SERS spectra obtained for Au49 nm dispersions modified with
TTE, TTH, and TTDOD. The Raman spectra of unmodified
NPs and free thiones show negligible signals under the same
acquisition conditions. On the other hand, the samples con-
taining modified AuNPs with thione molecules depict SERS

Table 1. Values of the Maximum Volume Fraction ( f),
Maximum Effective Number of Molecules (Neff) per NP, and
Surface Density (σ) Calculated by EMT for Different NPs
Sizes for Surface Modification with Thione Moleculesa

NP size f Neff σ (molecules/nm2)

7 ± 1b 0.69 (0.66) 720 (690) 5 ± 3 (4 ± 3)
25 ± 2b 0.61 (0.58) 5620 (5360) 3 ± 1 (3 ± 1)
25 ± 2c 0.30 (0.26) 2300 (2070) 1.2 ± 0.4 (1.1 ± 0.3)
49 ± 6b 0.38 (0.35) 12 630 (11 690) 2 ± 1 (2 ± 1)

aBold numbers are the values obtained using eq 7, and the numbers
in parentheses are the values obtained by Bruggerman theory (eq 8).
bValues for AuNPs modified by TTDOD (molecule parameters:
Vmolecule = 0.494 nm3, l = 2 nm, εmolecule = 2.525). cValues for AuNPs
modified by TTH (molecule parameters: Vmolecule = 0.331 nm3, l =
1.2 nm, εmolecule = 2.713).

Figure 4. SERS spectra of Au49 nm modified by TTE (blue), TTH
(pink), and TTDOD (green). The Raman spectra of unmodified
Au49 nm and the free thione samples depicts negligible signal in equal
conditions (black).
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phenomena, due to the formation of hot spots among the NP
aggregates generated on the surface of the slide.35

A feature to be remarked over the SERS spectra obtained
is that the highest enhancement corresponds to the peak at
1430 cm−1 in all cases. These signals can be assigned to
aromatic ring chain vibration, and the enhancement can be
explained by the proximity of the heterocyclic ring to the NP
surface.36 Although the Au−S Raman shift has been calculated
to be around 240 cm−1, its intensity seems to be too weak to
be detected in the present experiments. In addition, 1H NMR
of TTDOD-modified AuNPs (see Supporting Information,
Figures S5 and S6) shows almost the same chemical shift as
TTDOD in solution, indicating the thione ring is preserved in
the chemically attached TTDOD to the AuNP surface. The
above results from SERS and 1H NMR spectra suggest that the
surface of AuNPs is covered with 3H-1,2-dithiol-3-thione rings,
so it seems highly probable that the thione is covering the
AuNP following the geometry shown in Scheme 3.

To further confirm that the thione molecules are chemically
attached to the AuNPs, a set of experiments were accomplished
to determine the relative thione affinity to the AuNPs surface
with respect to 2-mercaptoethanol (ME). In these experiments,
solutions of ME of several concentrations were added to thione-
modified AuNPs colloidal dispersions. For TTDOD- and TTH-
modified AuNPs, the LSPR band remained constant upon addi-
tion of different concentrations of ME. The same results were
found when the experiments were accomplished adding thione
solutions to ME-modified AuNPs. These results show that ME is
unable to displace thione molecules from AuNP surface, and vice
versa, which is related to the similar molecular affinities for
AuNP surface of both compounds. Therefore, it is reasonable to
think that thione molecules have the same type of chemical
affinity for the AuNP surface as thiol molecules.
On the other hand, we have calculated the full width at half

maximum (fwhm) of the LSPR of the AuNPs before and after
the addition of the thione molecules (see Table 2). In all cases,

a significant increase of the fwhm was found after the NPs
surface functionalization. The most important increment of the
fwhm was found for the smallest size modified NPs, a result
very reasonable considering that this size has the highest ratio
of the number of surface atoms and the number of inner atoms.
The spectral broadening induced by chemical interface damp-
ing (a feature evidenced by the increase of the fwhm of the
modified AuNPs as compared to the bare ones) is another sig-
nature, which proves that thione molecules are able to interact
effectively with the AuNP surface.37

3.4. Influence of the Length Chain of Thione Molecule
on the Degree of Functionalization of AuNPs. To study
the influence of molecular geometry, functionalization of NP of
same average size ((25 ± 2) nm) was carried out using three
different chain length thiones: TTE, TTH, and TTDOD.
Figure 5 shows the spectra obtained after adding a volume of

thione solution to a Au25 nm dispersion in Brij-35 enough to
reach a complete functionalization of the NP surface (N > Nc).
For TTH and TTDOD, there is a significant red-shift of the
LSPR after surface functionalization, while for TTE, the extinc-
tion spectrum depicts two bands, indicating NP aggregation.
The colloid suspension of functionalized NPs is stable for several
days (even aggregated NPs). The TEM images of the TTE
functionalized NPs show the presence of small NPs aggregates
in agreement with the extinction measurements (see Support-
ing Information, Figure S4). In addition, the TEM images of
functionalized NPs by TTH and TTDOD indicate the absence
of NP aggregation (Figure 6). Therefore, we have analyzed the
degree of surface functionalization only for TTH and TTDOD
as TTE induces NP aggregation.
Figure 7 compares Δλ versus N for TTH- and TTDOD-

modified Au25 nm. Nc (and Neff) values for each thione were
calculated according to the same methodology described in
section 3.2. The values of Nc (20 000) and Neff (2300) for TTH-
modified AuNPs are significantly lower than the Nc (29 600)
and Neff (5620) values obtained for TTDOD-modified AuNPs.

Scheme 3. Schematic Distribution of Thione Molecules over
the AuNP Surface

Table 2. Full Width at Half Maximum (in energy units) for AuNPs Unmodified and Modified by TTDODa

7 nm 25 nm 49 nm

Nadded fwhm (meV) Nadded fwhm (meV) Nadded fwhm (meV)

0 438 0 (0) 313 (295) 0 387
7 × 102 723 1 × 105 (1.8 × 104) 427 (392) 1.7 × 105 454

aNumbers in parentheses are the values obtained for AuNPs modified by TTH.

Figure 5. UV/vis spectra of Au25 nm (black) and Au25 nm modified by
TTE (green), TTH (pink), and TTDOD (red). The spectra were
acquired 60 min after modification by thione (N = 70 000).
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These results could be rationalized in terms of the length of
the thione chain. It is well-known that alkyl groups depict
significant van der Waals forces, whose magnitude increases
with the length of the chain.38 As the number of methylene
(−CH2−) groups increases, the area of contact between
molecules also increases; in fact, the number of −CH2−
interactions between TTDOD molecules is by far greater than
for TTH molecules. The strongest van der Waals forces will
favor the molecular packing of the self-assembled monolayer
(SAM). This feature is evidenced in the relatively smaller
σ values of the AuNPs modified by TTDOD as compared to
that of AuNPs modified by TTH, being 3 and 1.2 molecules/
nm2, respectively. Therefore, at constant radius, increasing the
length of the lateral chain produces a greater packing density.
An additional chemical test to demonstrate the degree of

molecular packing of the thione molecules around the AuNP
was performed by studying the chemical stability of the func-
tionalized NPs against cyanide etching.39 It is known that cya-
nide can be used to dissolve atomic gold to form a goldcyanide
complex in the presence of oxygen, on the basis of Elsner’s
equation:40

+ + + → +− − −Au 8CN O 2H O 4Au(CN) 4HO2 2 2

The stability of thione-modified AuNPs was monitored
following the decay of the LSPR extinction peak at 528 nm.
Figure 8 shows the decay of the LSPR peak for both the

modified and the unmodified Au25 nm. While unmodified par-
ticles were almost completely dissolved in about 2 h, modified
AuNPs exhibited much better stability against etching. It should
be noted that the extinction of the LSPR peak of modified
Au25 nm remained almost constant even 100 h after the addition
of 1.5 mM KCN.

Figure 6. TEM images of (A) TTH-modified Au25 nm and (B) TTDOD-modified Au25 nm.

Figure 7. (A) Plasmon shift, Δλ, of TTH-modified Au25 nm versus N (red ●) and TTDOD-modified Au25 nm versus N (●). Linear regression fit for
data of region “a” (−) and data of region “b” data (−−−) for TTDOD-modified Au25 nm (black) and TTH-modified Au25 nm (red). (B) Δλ of TTH-
modified Au25 nm versus Neff. Note that the data with the same Δλ on the left plots collapse in the same point on the right plots, as Neff depends only
on Δλ in the present case.

Figure 8. Etching kinetic curve for unmodified Au25 nm (A) and
modified Au25 nm (B) by TTH (RS: 55.3) (blue) and TTDOD (RS:
92.6) (pink). KCN concentration: 1.5 mM.
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To account for the stability of modified NPs, we have
introduced a new measure, denoted as relative stability (RS), to
make a quantitative comparison between the stability of differ-
ent functionalized NPs.

= =
−
−

RS
ED

ED
1 [(Ext) /(Ext) ]

1 [(Ext) /(Ext) ]
t

t

unmod

mod

0 unmod

0 mod (9)

where EDmod and EDunmod are the extinction decays of the
modified and unmodified AuNPs, respectively. The values in
brackets correspond to the ratio between the extinction at
time t (in the present case, 1 h), (Ext)t, and the extinction at
initial time (before adding KCN), (Ext)0, at the maximum of
the LSPR in each case. Therefore, the numerators and denomi-
nators correspond to the fraction of extinction of the AuNPs
that effectively reacts with KCN. If the ED is close to 1, almost
all of the NPs would react, giving rise to a significant decay of
the extinction, while if ED is close to zero, the extinction decay
should be negligible. As the unmodified NPs would experience
a greater decay than the modified one, the numerator in eq 9
should always be greater than the denominator, and this ratio,
RS, should increase as the stability increases (i.e., as the deno-
minator decreases).
Let us first compare the relative stability of the AuNPs as a

function of the length of the lateral chain for NPs of the same
size (25 nm). The extinction decay for the unmodified NPs
after ca. 1 h of KCN etching is 0.86, while the extinction decays
for the modified NPs are close to zero (see Table 3). These

values give rise to RS values of 92.6 and 55.3 for TTDOD- and
TTH-modified AuNPs, respectively. The RS obtained indicate
that after 1 h, the NPs modified with the longer lateral chain are
significantly less reactive, and consequently more stable than
those functionalized with a shorter lateral chain.

The RS values for modified AuNPs with TTDOD (constant
length chain) for two NP diameters (7 and 25 nm) are shown
in Table 4. The RS values indicate that the modified NP
stability against KCN etching is strongly dependent on the
AuNPs size, with the RS values being 5.7 and 92.6 for modified
Au7 nm and Au25 nm, respectively. These quite significant differ-
ences are evident in the extinction decay curves (cf., Figures 8A
and S7A in the Supporting Information) because the fractions
reacting after 1 h are around 0.011 and 0.18, for modified
AuNP25 nm and modified AuNP7 nm, respectively; that is, the
larger size modified NPs are a factor of around 20 less reactive
than the smaller ones.
In view of the above results, it can be concluded that the

chemical stability of the thione-modified AuNPs against etching
is strongly dependent on both the size of the NP and the
molecular geometry of the ligands. A possible explanation could
be that the cyanide first causes separation of weakly bond
particles from the surface and then the real etching process
starts.39 It is known that a SAM on a Au surface may prevent
such a kind of etching, depending on the thickness and packing
density of the protecting layer.41 Long chains avoid the CN−

approach to the NP surface, so the reaction is inhibited. An-
other important parameter that is closely related to the stability
of modified AuNPs is σ. As it has been shown, σ depends
on the molecular geometry and particle size. TTH hinders less
than TTDOD because σ of TTH-modified AuNPs is lower
than σ of TTDOD-modified AuNPs, so in the later case etching
can go on more easily. However, TEM images (not shown) of
modified NPs before and after the etching reaction showed a
negligible NP size diminution for TTH- and TTDOD-modified
agents, a feature that demonstrates the TTH and TTDOD
ability to functionalize AuNPs with a significant degree of
chemical stability.
The σ values obtained clearly support the crucial role played

by the interaction between neighboring molecules on the sur-
face, the particle size, and the molecular geometry. These
variations can be explained if the distribution and orientation of
thione molecules over the AuNP surface follow Scheme 4.
This scheme aims to show how the radius of curvature of
AuNPs produces a significant change in the interaction between
neighbor thione molecules over NP surface. Because of their
specific molecular geometry on the NP surface, the chains of
contiguous molecules strands are at much longer distances as
the NP diameter decreases. (See Supporting Information,
Scheme S1 and Table 1 for a simple mathematical derivation of
this issue.) These distances are for the same thione molecule,
TTDOD, around 1.6 and 1.3 nm for Au7 nm and Au25 nm,
respectively. This feature explains why, even when σ values are
almost constant, the chemical stability against KCN etching
increases when the NP diameter decreases. Note also that
the long side chain will favor a stronger van der Waals force,

Table 3. Comparison of the Chemical Stability of Modified
and Unmodified Au25 nm against Etching ca. 1 h after KCN
Additiona

modified agent ED RS

0.86
TTH 0.018 55.3
TTDOD 0.011 92.6

aED and RS are extinction decay and the relative stability, respectively,
as defined in eq 9.

Table 4. Comparison of Relative Stability against Etching
between TTDOD-Modified AuNPs of Different Average Size
ca. 1 h after KCN Addition

particle size (nm) RS

7 ± 1 5.7
25 ± 4 92.6

Scheme 4. Influence of the Radius of Curvature of NP over the Interaction between the Strands of Neighboring Thione
Molecule
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allowing a close packing between molecules, which is in agree-
ment with the higher σ values obtained in our experiments for
the thione molecules with the longer chain. For the same size
(Au25 nm), increasing the chain length reduces the intermole-
cular distance from 2.2 nm for TTDOD to 1.3 nm for TTH
(see Table S1, Supporting Information).

4. CONCLUSIONS

The possibility to functionalize AuNPs with heterocyclic sulfur
compounds (thiones) not used previously for surface modifi-
cation of AuNPs has been demonstrated. These compounds
have a heterocycle ring that retains its structure after the inter-
action with the AuNPs surface, a feature that has been probed
using SERS and 1H NMR. It has also been shown that thione
molecules are good functionalization agents with similar affinity
to interact with AuNP comparable to typical thiols molecules,
as 2-mercaptoethanol. These thione-modified AuNPs colloidal
solutions are stable for several weeks.
A very simple and straightforward method to determine the

mean number of molecules able to functionalize noble metal
NPs has been demonstrated. The method is based on following
the LSPR shifts as a function of the number of molecules added
per NP. This last number is determined by calculating the NP
concentration using simple Mie theory calculations (based on
the mean NP diameter determined by TEM) and the experi-
mental extinction measurements. By knowing the maximum
LSPR shift that can be attained after the addition of N mole-
cules, the effective number of molecules attached to the NP
surface can be determined using an effective medium approach
together with the geometry (volume and length) of the mole-
cule. This novel method is used to study the influence of
molecular geometry on the maximum molecular surface density
that could be attained in a given AuNP.
It is found that as the NP diameter increases, the surface

coverage is almost constant or slightly decreases, being an order
of magnitude greater than that found in recent studies of sur-
face functionalization with oligonucleotides. This result high-
lights the importance of the interplay between molecular geo-
metry and NP size on their molecular assembly. The influence
of the chain length of thione molecule on σ demonstrates the
significant role played by van der Waals forces on the degree
of molecular packing, becoming greater as the chain becomes
longer. The number of thione molecules per nm2 is in very
good agreement with ab initio calculations performed with
simple thiol molecules of the same chain length.42

We also provide evidence of the significant LSPR broadening
induced by chemical interface damping, which is also another
confirmation of the chemical interaction of the thione ligands
with the NP surface, besides the evidence given by the SERS
and NMR experiments.
The fact that the degree of surface functionalization is

significant has also been proved by testing the chemical stability
of the modified AuNP against etching with KCN. To compare
the relative chemical stability of the modified NPs, we have
defined a new measure, RS, based on the extinction decays of
the modified and unmodified NPs. In both cases, at constant
NP size and different thione molecules, or with the same thione
molecule and different average NP sizes, it was found that the
RS values are consistent with the σ values determined in this
work.
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