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ABSTRACT: In this paper we have studied glutathione (GSH) self-assembled
monolayers (SAMs) on Au(111) prepared by incubation from solutions in phosphate
buffer (pH = 7). These SAMs degrade with increasing immersion time to yield adsorbed
S and polysulfide species on the gold surface, as revealed by cyclic voltammetry and X-
ray photoelectron spectroscopy. Results from polarization modulation infrared
reflection−absorption spectroscopy (PM-IRRAS) show that even if GSH decomposes
on the surface the vibrational bands characteristic of the molecule are still present. This
has direct relevance for the study of gold nanoparticles (AuNPs) protected by
hydrophilic thiols and also for biomedical applications of GSH-capped AuNPs. Thiol exchange experiments of the drug 6-
mercaptopurine (6MP) SAMs on Au(111) in contact with GSH solutions were also performed to better understand the possible
role of the latter in the triggered release of 6MP from the surface of AuNPs for drug delivery applications. Our results show that
6MP is completely released only when a S adlayer, produced by desulfurization of GSH, is formed on the Au(111) surface.

■ INTRODUCTION

Since their discovery in the 1980s, thiol self-assembled
monolayers (SAMs) on metals, especially gold, have attracted
the interest of both the surface science and nanotechnology
communities.1,2 Thiol SAMs on gold are robust and easy to
prepare and represent fundamental building blocks for creating
complex structures for nanotechnological applications that
include sensors and biorecognition devices, drug-delivery
systems, molecular electronics, and coatings for corrosion
protection and tribological applications, among others.1 These
molecular monolayers have been used to link inorganic,
organic, and biological materials to metallic planar surfaces
and are widely used as capping agents in the synthesis of
monodisperse metal nanostructures, which find applications in
medicine, catalysis, photonics, and electronics.1,3

Even if thiol SAMs on gold, and especially thiol-capped gold
nanoparticles (AuNPs), are extensively used in nanomedical
and other nanotechnological applications, several aspects such
as the real structure and the chemical nature of the interface, or
the stability of the SAMs in physiological media are at best
subject to intense debate in the scientific community, or
sometimes simply neglected. The study of thiol SAMs on the
Au(111) surface is especially relevant, as this is the lowest
energy surface, and AuNPs are mostly formed by {111} planes.4

Alkanethiol SAMs on Au(111), particularly, have been
extensively studied by many groups by using every possible

surface characterization technique and have become a model
system in surface science.2 In spite of this, the true nature of the
interface is still a matter of discussion regarding the
reconstruction of the (111) surface with the formation of
gold−thiolate complexes.5−9

More complex thiols, like those with hydrophilic terminal
groups, have been much less studied and in some cases have
been observed to undergo desulfurization to yield S adlayers on
the gold surface. This is the case, for example, of some thiols
with carboxylic acid groups in the α position with respect to the
C−S bond, as thioacetic and thiomalic acids.10,11 This point is
especially interesting because some of these thiols are usual
capping molecules in gold nanoparticles and nanoclusters for
different nanotechnological applications (especially biomed-
ical), as they can be straightforwardly employed to bind
proteins and other biomolecules.
Glutathione (GSH) is a tripeptide formed by glutamic acid

(Glu), cysteine (Cys) and glycine (Gly) and is the most
important nonprotein thiol in the cell. Its intracellular
concentration is 0.5−10 mM, while extracellular values are
1−3 orders of magnitude lower.12 GSH is the most relevant
cellular antioxidant, as it acts as an efficient scavenger for

Received: December 27, 2015
Revised: May 23, 2016
Published: May 25, 2016

Article

pubs.acs.org/JPCC

© 2016 American Chemical Society 14597 DOI: 10.1021/acs.jpcc.5b12643
J. Phys. Chem. C 2016, 120, 14597−14607

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 N

A
C

IO
N

A
L 

D
E 

LA
 P

LA
TA

 o
n 

A
pr

il 
18

, 2
02

3 
at

 1
8:

17
:4

7 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b12643


reactive oxygen species such as free radicals and peroxides.13

Also, glutathione reduces disulfide bonds formed within
cytoplasmic proteins to cysteines by acting as an electron
donor, and in turn is converted to its oxidized form, glutathione
disulfide (GSSG).14 Because of its high concentration in cells,
GSH has been proposed as a good candidate to induce the
release of other thiol-bearing biomolecules from the surface of
the nanoparticle by the ligand exchange method,15,16 a strategy
of interest for drug delivery applications.17−20 Moreover, GSH
has been recently used as capping agent in gold nanoclusters for
use as radiosensitizers in cancer radiotherapy.21 In addition to
its role as a ligand, it has been reported that GSH acts as an
effective etchant in the synthesis of noble metal nano-
clusters.22,23

In spite of the importance of GSH in biological systems and
the promising use of GSH-capped gold nanostructures for
nanobio applications, GSH SAMs on gold, and in particular on
the Au(111) surface, have not been extensively studied. Some
works have explored the property of GSH SAMs of acting as an
“ion gate” with different charged species.24−26 Also, several
studies involving vibrational spectroscopy have contributed to
the understanding of the GSH self-assembly kinetics from
ethanolic solutions27 and the molecule structural changes
produced by changes in pH.28−31 In some cases, these
vibrational studies have been complemented by photoelectron
spectroscopy measurements.31

In this paper we have studied GSH SAMs on Au(111)
prepared by incubation from solutions in phosphate buffer (pH
= 7). Interestingly, we have found that these SAMs degrade
with increasing immersion time to yield S and polysulfide
species adsorbed on the gold surface, a result that has direct
relevance in the use of GSH-capped AuNPs for biomedical
applications. Also, the role of GSH (and sulfide) in thiol
exchange experiments on Au(111) surface was studied by using
6-mercaptopurine (6MP), a synthetic thiol employed in the
treatment of some types of leukemia and autoimmune diseases.
This drug has been previously immobilized on AuNPs in order
to improve its administration32 and, once inside the cell, needs
to be released from the gold surface of the nanoparticle, a
process that can be triggered by GSH, as proposed by Rotello
et al.17 Our results on Au(111) show that complete release of
6MP takes place only for times longer than 24 h and that in
those conditions it is a S adlayer that is formed on the gold
surface rather than a GSH SAM.

■ MATERIALS AND METHODS
Experimental Procedure. L-Glutathione reduced (GSH)

(Sigma-Aldrich, ≥ 98%), 6-mercaptopurine monohydrate
(6MP) (Aldrich, 98%), NaOH (Emsure, Merck, ≥ 99%),
Na2HPO4 (Baker, PA), NaH2PO4 (Baker, PA), anhydrous
Na2S (Aldrich), and absolute ethanol (Carlo Erba, 99.5%) were
used as received. Ultrapure water (Millipore Products, Bedford)
was used to prepare all solutions and for rinsing. Evaporated Au
films on glass with (111) preferred orientation (AF 45 Berliner
Glass KG, Germany) were used as substrates. After annealing
for several minutes with a hydrogen flame, these Au substrates
exhibit atomically smooth (111) terraces (300−500 nm wide)
separated by steps of monatomic height, as revealed by
scanning tunneling microscopy (STM). Henceforth, we shall
refer to the annealed gold substrates as Au(111).
Glutathione SAMs on Au(111) were prepared by immersion

of the clean substrates in freshly prepared 5 mM GSH solutions
in 10 mM phosphate buffer (pH = 7). Different incubation

times (tSAM) were used, typically between 1 and 48 h (in some
cases tSAM = 10 min was employed). After SAM formation
samples were removed from the solution, rinsed with ultrapure
water, dried with N2, and either immediately placed in an
electrochemical cell for cyclic voltammetry (CV) measure-
ments, analyzed by PM-IRRAS (polarization modulation
infrared reflection adsorption spectroscopy) or XPS (X-ray
photoelectron spectroscopy), or imaged in air by STM (see
Supporting Information). In some cases, 1-week old GSH
solutions were used for CV experiments. Moreover, SAMs
prepared either from 5 mM solutions in water (pH = 3.5; see
Supporting Information) or 0.1 M NaOH (pH = 13; data not
shown) were prepared for comparative CV experiments. Sulfur
SAMs on Au(111) were prepared by incubation of the clean
substrates in 1−5 mM Na2S solutions in 10 mM phosphate
buffer (pH = 7) for 1 h.

Thiol Exchange Experiments. 6MP SAMs on Au(111) were
prepared by immersion in 100 μM ethanolic solutions for 24 h.
The substrates were rinsed with ethanol and dried and then
immersed in GSH solution for 1, 24, or 48 h. Samples were
rinsed with water, dried with N2, and either placed in the
electrochemical cell for CV or in the sample holder for PM-
IRRAS measurements.

Electrochemical Measurements. Cyclic voltammetry was
performed with a potentiostat with digital data acquisition
(TEQ, Argentina). The thiol-modified Au(111) substrate
(working electrode) was mounted in a conventional three-
electrode glass cell with a Pt large area wire as counter and a
saturated calomel electrode (SCE) as reference electrodes,
respectively. Aqueous 0.1 M NaOH solutions were degassed
with purified nitrogen prior to the experiments.
Thiol reductive electrodesorption was performed by scanning

the potential from −0.2 to −1.4 at 0.05 V s−1 in the 0.1 M
NaOH solution at room temperature. The charge density
involved in the reductive desorption was calculated by
integrating the peak area and taking into account the electrode
real area from the gold oxide reduction peak corresponding to
the process AuO + 2e− + H2O → Au + OH−. The surface
coverage of the SAM was calculated from the charge density,
considering 440 μC cm−2 for a gold oxide monolayer on the
Au(111) surface.

X-ray Photoelectron Spectroscopy Measurements. An Al
Kα source at 1486.6 eV (XR50, Specs GmbH) and a
hemispherical electron energy analyzer (PHOIBOS 100,
Specs GmbH) operating either at 10 or 40 eV pass energy
were used in the measurements. A two-point calibration of the
energy scale was performed using sputtered cleaned gold (Au
4f7/2, binding energy =84.00 eV) and copper (Cu 2p3/2, binding
energy = 932.67 eV) samples. C 1s at 285 eV was used as
charging reference. Spectra were analyzed with CasaXPS
v2.3.14 and XPS Peak 4.1 software packages. Shirley-type
backgrounds were used in the fitting procedure of high
resolution spectra. For quantitative analysis, peak intensities
were corrected by the corresponding relative sensitivity factors
(RSF).
The fitting of the S 2p peaks was carried out by using a spin−

orbit splitting of 1.19 eV and a branching ratio of 0.5. The main
criterion for adding extra components in the present S 2p
spectra was based on comparison with well-established fwhm
values and G-L ratios of the peaks determined from the
measurement (in the exactly same experimental conditions) of
a large number of SAMs on Au(111) prepared from thiols that
do not suffer significant degradation in contact with the gold
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surface (like alkanethiols or 6-mercaptopurine) and with
optimized rinsing procedures, together with stoichiometric
analyses and the correlation with blank samples of relevance for
this system.
Polarization Modulation Infrared Reflection Adsorption

Spectroscopy Measurements. PM-IRRAS experiments were
performed on a Thermo Nicolet 8700 (Nicolet) spectrometer
equipped with a custom-made external table-top optical mount,
a MCT-A detector (Nicolet), a photoelastic modulator (PEM;
PM-90 with II/Zs50 ZnSe 50 kHz optical head, Hinds
Instrument), and synchronous sampling demodulator (GWC
Instruments). The IR spectra were acquired with the PEM set
for a half wave retardation at 1600 cm−1. The angle of incidence
was set at 80°, which gives the maximum of mean square
electric field strength for the air/gold interface. The
demodulation technique developed by Corn was used in this
work.33,34 The signal was corrected by the PEM response using
a method described by Frey et al.351500 scans were performed,
and the resolution was set for 4 cm−1.
Density Functional Theory Calculations. Density functional

calculations have been performed with the periodic plane-wave
basis set code VASP 5.2.12.36,37 We have followed the scheme
of nonlocal functional proposed by Dion et al.,38 vdW-DF, and
the optimized Becke88 exchange functional optB88-vdW39 to
take into account van der Waals (vdW) interactions. The
electronic wave functions were expanded in a plane-wave basis
set with a 450 eV cutoff energy. The projector augmented plane
wave (PAW) method has been used to represent the atomic
cores with PBE potential.40 Gold surfaces were represented by
a five atomic layer slab with ∼18 Å vacuum. Optimal grid of
Monkhorst−Pack41 k-points of 3 × 9 × 1 has been used for
numerical integration in the reciprocal space of the (3√3 ×
√3)R30° surface structure. Surface relaxation is allowed in the
three uppermost Au layers of the slab. GS radical species were
optimized in an asymmetric box of 30 Å × 28 Å × 29 Å.
The average binding energy per adsorbed GS* radical, which

results when GSH loses the hydrogen atom of the S−H group
on Au(111) surface, Eb, is defined in eq 1:

= − −* *E E E E[ ]b GS /Au Au(111) GS (1)

where, EGS*/Au, EAu(111) and EGS* stand for the total energy of
the adsorbate−substrate system, the Au slab, and the GS*
radical, respectively. A negative number indicates that
adsorption is exothermic with respect to the separate clean
surface and GS* radical.

■ RESULTS AND DISCUSSION

GSH SAMs on Au(111). Glutathione (GSH) is a tripeptide
formed by amino acids glutamate (Glu), cysteine (Cys) and
glycine (Gly) which has an unusual γ-peptide bond between
Glu and Cys to prevent GSH from being hydrolyzed by most
peptidases. GSH presents four acid dissociation equilibria with
the following pKa values: pK1 = 2.12 (−COOH of Glu); pK2 =
3.59 (−COOH of Gly); pK3 = 8.75 (−NH3

+); pK4 = 9.65
(−SH).42 Thus, different GSH species (cationic, zwitterionic
and several anionic forms) can be found at different pH values.
Scheme 1a shows the structure of the anionic form of GSH that
predominates in solution at pH = 7 (almost 100%, from the
GSH species distribution diagram).
Figure 1 shows typical cyclic voltammograms (0.05 V s−1 in

0.1 M NaOH solution) of GSH SAMs prepared by incubating
the gold substrates in 5 mM glutathione solutions in phosphate

buffer (PB) 10 mM (pH = 7) for different incubation times
(tSAM). Even if GSH molecules in aqueous solutions readily
oxidize in air to give GSSG species, disulfide adsorption on the
Au(111) surface is expected to yield thiol SAMs similar to
those formed from thiol solutions.2 In all the current/potential
profiles there is a cathodic peak that, in principle, can be
attributed to the well-known reductive desorption of the thiol
SAM according to reaction RS-Au(111) + e− → RS− +
Au(111).43 The absence of anodic peaks in the positive scan
indicates that no significant readsorption of the desorbed
species takes place, a fact that is consistent with the high
solubility of the reaction products in aqueous solutions.
For tSAM = 1 h (blue trace in Figure 1a), the peak appears at

potential E = −0.88 V ± 0.02 V. The calculated charge density
(Q) value for the reduction peak is 30 ± 5 μC cm−2, which
corresponds to a thiol surface coverage θ = 0.13. This coverage
is already attained for tSAM = 10 min and can be assigned to a
complete GSH SAM, taking into account the size of this
molecule (the projected surface area of adsorbed glutathione,
from DFT calculations, is ≈35 Å2). For larger incubation times,
there is a slight shift of the electrodesorption peak to more
negative potentials and, more important, a significant increase
in the peak charge that now is inconsistent with a GSH SAM
due to steric reasons. In fact, for tSAM = 24 h (Figure 1a, red
line) and tSAM = 48 h (Figure 1a, black line), E = −0.93 V ±
0.02 V, while Q values are 91 ± 15 μC cm−2 and 140 ± 10 μC
cm−2, respectively. Similar results were obtained with GSH
solutions at pH = 7 in the absence of phosphates, i.e., prepared
by adjusting the initial pH in water (≈ 3.5) with a concentrated
NaOH solution. Also, the same trend is found for GSH SAMs
prepared by incubation from 5 mM solutions in 0.1 M NaOH
(pH = 13), although in this case higher Q values are obtained
for shorter times compared to pH = 7. By contrast, in the case
of SAMs prepared by incubation in 5 mM GSH aqueous
solutions (pH = 3.5), Q values do not show marked differences
from those obtained for tSAM = 1 h in pH = 7 solutions,
although a slight increase in charge density is observed with
increasing tSAM (see Figure S1 in the Supporting Information).
The important increase in Q, incompatible with a GSH SAM,

that is observed for long incubation times in the GSH solutions

Scheme 1. (a) Anionic Glutathione (GSH); (b) 6-
Mercaptopurine (6MP)

Figure 1. Cyclic voltammograms of Au(111) samples prepared by
immersion in 5 mM GSH solution in 10 mM PB (pH = 7). (a)
Samples prepared with different incubation times: 1 h (blue), 24 h
(red), and 48 h (black). (b) Sample incubated for 1 h and further
immersed in PB for 23 h (orange). The CV corresponding to 1 h
incubation has been included for comparison (blue). Scan rate: 0.05 V
s−1. Electrolyte: 0.1 M NaOH.
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at pH = 7 (and higher) lead us to believe that some kind of
degradation of the GSH SAM takes place that involves the
formation of small sulfur species on the Au(111) surface. It is
well-known that monomeric S is reduced in a two-electron
process upon electrodesorption according to S−Au(111) + 2e−

→ S2− + Au(111) at potential values similar to those observed
in our voltammograms.44 At first one could think that
decomposition of GSH/GSSG can occur in solution. Indeed,
complex enzyme-mediated decompositions occur in the cell45

and also nonenzymatic degradation mechanisms for neutral
GSH solutions that involve disulfide formation have been
proposed from NMR data.46 However, we have obtained
similar results as in Figure 1 for tSAM = 1 h (Q ≈3 0 μC cm−2)
for samples incubated for 1 h in GSH solutions at pH = 7 that
were aged for 1 week prior to incubation, a time period greater
than the largest tSAM studied in this work. Moreover, it should
be mentioned that, even for GSH SAMs incubated for tSAM =
48 h, Q values are significantly lower than for samples prepared
by incubation in sulfide solutions (300−500 μC cm−2 vs ≈ 140
μC cm−2) (see Figure S2a in the Supporting Information).
Therefore, we can conclude that GSH/GSSG in solution (pH =
7) is not significantly decomposed to sulfide species (H2S,
HS−) in the time lapse of our experiments.
It is thus reasonable to assume that the Au(111) surface has a

role in the GSH degradation. In order to assess this point we
have prepared GSH SAMs on Au(111) (tSAM = 1 h) and further
immersed them for 23 h in GSH-free phosphate buffer solution
(pH = 7). The corresponding CV in 0.1 M NaOH is shown in
Figure 1b (orange line): the peak potential shifts to −0.91 V
and Q increases to 72 ± 7 μC cm−2, i.e., approximately twice
the value for a GSH SAM with tSAM = 1 h (blue line). Thus,
GSH molecules adsorbed on Au(111) degrade with time to
yield a S submonolayer, showing that the metal surface has a
key role in the degradation process.
Representative high resolution XPS spectra are shown in

Figure 2 for GSH SAMs on Au(111) incubated for tSAM = (a) 1

h and (b) 48 h. In both cases, three components were needed
to adequately fit the S 2p region: S1 (≈161 eV), S2 (≈162 eV),
and S3 (163−164 eV), as already reported by several
authors.2,47−49S2 is main component in the spectra and in
principle can be assigned to chemisorbed thiolate on gold, as in
the case of alkanethiols on Au(111).50 Two additional minor
components may be present in thiol SAMs on Au(111): one at
≈161 eV, which has been attributed either to the presence of
monomeric sulfur (arising from thiol degradation or from
sulfide impurities in the thiol reagent) or to thiol adsorption on
multiple sites,51 and another one at ≈163 eV that has been
assigned both to unbounded thiol molecules and to disulfides.
Most SAMs of alkanethiol on Au(111) only present the S2
component when properly rinsed to remove unbounded
molecules. While the signal-to-noise ratio in the spectra is
lower than for other thiol SAMs due to the low coverage (θ =
0.13 for GSH vs θ = 0.33 for a typical alkanethiol), we did not
increase acquisition time to avoid damage of the SAM induced
by radiation, which can result either in the increase of S352 or
S1 components.49

A more accurate assignment of the S 2p XPS components in
Figure 2 can be made if we take into account results from cyclic
voltammetry, which indicate that S species are formed upon
GSH adsorption with increasing tSAM. Based on blank
measurements for S SAMs on Au(111) at pH = 7 (Figure
2c) and on the assignment made in previous works for S SAMs
prepared from alkaline solutions,53,54 the component at ≈162
eV can be assigned to adsorbed polymeric S species and that at
≈161 eV to monomeric S, while a third minor component,
which is not always present and whose position is more variable
(163−164 eV), can be attributed to S species weakly bounded
to the gold surface (elemental S and polysulfide multilayers).
As expected from CV results, S 2p/Au 4f intensity ratios are

highest for SAMs incubated for 48 h, followed by tSAM = 24 h
and then 1 h. However, in neither case the values reach those of
S layers on Au(111). For tSAM = 48 h there is a clear increase in
the proportion of the 161 eV component, noticeable even
without peak fitting, an indication that more S species are
present in the interface. Thus, it can be concluded that for the
spectra in Figure 2a,b, the main component (S2) arises from
two different contributions: chemisorbed GSH (as thiolate)
and some adsorbed polymeric S species, the latter increasing
with increasing tSAM. Component S3 (≈ 10% of the total peak
area for all tSAM values) can be assigned to the presence of some
unbounded GSH molecules or disulfides (GSSG) and also to a
certain amount of elemental S, while component S1 can be
attributed mainly to monomeric S. The small amount of
component S1 present in the spectra of 1 h incubation SAMs
that is detected by XPS (<10%) is not clearly revealed by CV
but indicates that some degradation already occurs at short
times. Moreover, for all incubation times, spectra do not show
any S 2p signals at BE > 166 eV, i.e., no oxidized S species (like
sulfonates) are present on the Au surface.
It should be mentioned that there are some previous XPS

studies of the S 2p region of GSH SAMs, prepared by
incubation in aqueous solutions at different pH values whose
spectra have been fitted with a single doublet at ≈162 eV (S2
component).29,55 In contrast, for GSH samples on Au(111)
prepared by vapor dosing in UHV, a second component at
≈163 eV (S3) was included which was attributed to unbounded
GSH molecules.31 Regarding the absence of the S1 component
in previous works, in ref 29 even if incubation times for SAM
preparation were 20 min, significantly lower than those used in

Figure 2. High-resolution XP spectra: (a) and (b) S 2p region of
Au(111) samples immersed for (a) tSAM = 1 h and (b) tSAM = 48 h in
GSH 5 mM solution at pH = 7; (c) S 2p region of a S monolayer on
Au(111) prepared from a Na2S solution (pH = 7); (d) typical N 1s
region of a Au(111) sample prepared by immersion in GSH 5 mM
solution at pH = 7 (tSAM = 1 h)). Spectra a−c have been fitted with
three components: S1 (green), S2 (red) and S3 (blue), while that in
panel d shows two distinct types of N (traces in red and blue) (see the
text for details).
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these work, some increase in the peak intensity at BE ≈161 eV
can be observed with increasing pH, while in ref 55 the shape of
the spectrum (corresponding to a GSH SAM prepared by 24 h
incubation in aqueous GSH solution) is compatible with an
additional doublet at ≈161 eV.
On the other hand, for the different incubation times (1, 24,

and 48 h), the N 1s region can be adequately fitted with two
components (see Figure 2d for tSAM = 1 h): the most intense
one (N1), at 400−401 eV, can be assigned both to
nonprotonated primary amines and amides (red line), while
N2 (BE 401−402 eV) corresponds to protonated primary
amines (blue line).29 Ideally, at pH = 7 the N1/N2 intensity
ratio for GSH should be equal to 2, as there are two amide
bonds and the primary amine is fully protonated (see Scheme
1). However, in all cases, the experimental ratio is higher than
2, a fact that would imply that some primary amines are actually
deprotonated.
A more relevant fact is that a significant N 1s signal is present

even for samples incubated for 24 or 48 h. Even more, in all
cases the N 1s/S 2p peak intensity ratio is close to 3, as
expected from the stoichiometry of GSH. This reveals that for
such incubation times the resulting interface is not only
composed of the S species produced by the desulfurization of
GSH but also of the residues of this reaction and a small
amount of intact (i.e., nondegraded) molecules that are
probably in a physisorbed state (S3 is always a minor
component).
To further characterize glutathione SAMs on Au(111) at pH

= 7, especially regarding its decomposition on the surface, we
have performed PM-IRRAS measurements of GSH SAMs on
Au(111) corresponding to tSAM = 1, 24, and 48 h. The different
spectra (Figure 3) show several characteristic bands that are

consistent with those reported in the literature28,29 and with the
transmission spectrum of GSH in KBr (black line in Figure 3).
The position of the absorption peaks found for GSH SAMs on
Au(111) and their assignment based on the literature are
summarized in Table 1. It is worth mentioning that in all cases
no peaks characteristic of S, organic disulfides, or polysulfide
species are expected within the available wavelength range.
For tSAM = 1 h, the spectra (blue line in Figure 3) show a

strong band at 1724 cm−1 that has been assigned to the
symmetric stretching of CO in protonated carboxylic acid
groups that are probably involved in hydrogen bonds but not
dimerized.56 There is also a band at ∼1660 cm−1 that

corresponds to the symmetric stretching absorption of CO
in amides (amide I) and another one at 1556 cm−1 that has
been assigned to amide II vibration and involves both C−N
stretch and C−N−H in-plane bend in the stretch bend
mode.28,57 Moreover, two bands at 1599 and 1420 cm−1 have
been assigned to COO− stretching, and are indicative of the
presence of ionized acid moieties.
The reason why there are bands from both ionized and

protonated carboxylic groups in the PM-IRRAS spectra, even if
at pH = 7 both carboxylates should be deprotonated
(considering the pKa values of GSH), could be due to the
fact that the pKa values of COOH (and NH3

+) of adsorbed
GSH on Au(111) are probably different from the values for
GSH in aqueous solution. For instance, in the case of simpler
ω-carboxy and ω-amine n-alkanethiols, the pKa values of
COOH- (NH2-) terminated SAMs can be 2−4 pH units higher
(lower) than the corresponding thiol in aqueous solution.58,59

This effect would not only explain the presence of a band
typical of protonated carboxylic acid groups in our spectra,
which can shift to lower wavenumbers upon hydrogen bond
formation,60 and which would correspond to the COOH of
Gly, but also the obtained XPS N1/N2 intensity ratios, which
show a higher proportion of amines in a deprotonated state
than expected from the pKa values of GSH in solution.
Moreover, local pH changes as a result of water rinsing and
drying of the SAM,61 which are necessary steps for PM-IRRAS
and XPS measurements, can contribute to the presence of the
observed COOH stretching band.
Spectra corresponding to tSAM = 24 h (red line in Figure 3)

are comparable to those for 1 h: the bands appear at the same
wavenumbers and have similar intensities. However, spectra
corresponding to tSAM = 48 h (gray line in Figure 4) are notably
different to the other two: the same bands are present but
better resolved and with much higher intensities. Interestingly,
the band assigned to symmetric stretching of CO in
protonated carboxylic acid groups shifts to higher wavenumbers
(1742 cm−1 vs 1724 cm−1), and this would imply that in this
case there is not a significant amount of H bonds.
It is worth mentioning that, both for Au(111) samples

immersed in GSH solution for tSAM = 24 and 48 h, even if CV
and S 2p XPS results show an important degradation of the

Figure 3. Vibrational IR spectra of GSH. Black line: FTIR
transmission spectrum of GSH in a KBr pellet. PM-IRRA spectra of
Au(111) samples prepared by incubation in 5 mM GSH solutions in
phosphate buffer (pH = 7) for different tSAM: 1 h (blue), 24 h (red)
and 48 h (gray). The spectrum in green corresponds to a S SAM on
Au(111) subsequently exposed for 24 h to a GSH solution. The
intensity of the spectra in black and gray have been divided by a factor
of 10, and that in green by a factor of 5.

Table 1. Assignments for PM-IRRA Spectra of GSH and
6MP SAMs on Au(111)a

GSH 6MP

ν (cm-1) assignment28 ν (cm-1) assignment62

≈1730 νS(CO)
in COOH

1593−1572 δipN1−H+νC5−N7+
δipR5,R6

1674 amide I: 1465 δipC8−H+δipN1−H+
δipR5,R6+νC8−N7νS (CO)

in amide
1599 νS (COO

−) 1409−1399 δipR5,R6

1556 amide II: 1330 δipC8−H+δipC2−
H+νC−N7−
C8+δipN9−H

N−H bend
and
C−N stretch

1497 δ-CH2

1420−1376 νS (COO
−)

aν: wavenumber; δ: vibration; δip: in plane vibration; νs: stretching
vibration; R5: five-member ring; R6: six- member ring. *See the text
for details.
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GSH SAMs to yield adsorbed S/polysulfide species, the
presence of characteristic bands of GSH in the PM-IRRA
spectra and the N 1s/S 2p XPS peak intensity ratio indicate that
some residues from desulfurization of GSH and also a small
amount of intact (i.e., non degraded) GSH molecules remain in
the interface, probably physisorbed on the S adlayer. This is
supported by the fact that characteristic GSH bands also appear
in spectra of samples consisting of S adlayers on Au(111) that
are further immersed in GSH 5 mM solution for 24 h (green
line in Figure 3). Also in this case, as for tSAM = 48 h, the
symmetric stretching of CO in protonated carboxylic acid
groups shifts to higher wavenumbers, probably indicating the
absence of hydrogen bonds.
In summary, both IR spectra and the S/Au and N/S intensity

ratios obtained from XPS data show that for tSAM = 48 h there is
a larger amount of residues, i.e., products of the decomposition
of the molecule upon adsorption on the gold surface, probably
in more than one layer, and also some GSH/GSSG molecules
on the S adlayer, while for tSAM = 24 h there is a smaller amount
of GSH residues and GSH/GSSG molecules. Interestingly, this
result shows that the presence of vibrational bands character-
istic of GSH is not enough to conclude that this is adsorbed on
the gold surface as an intact molecule, i.e., without degradation
to some kind of S species, as the residues (which can give rise
to the same characteristic bands) may remain physisorbed. This
is particularly relevant for the case of gold nanoparticles capped
with thiol ligands of biological importance (like GSH), which
could be degraded to sulfide species and whose residues could
remain adsorbed on the surface even after purification.
Moreover, the ability of GSH to act as an etchant in the
synthesis of small gold nanoparticles and nanoclusters (and also
nanoclusters of other noble metals) could be related to the
formation of sulfide species.22,23

As mentioned above, experimental results show that GSH on
Au(111) at pH = 7 degrades with time to yield adsorbed
monomeric and polymeric S, a process that becomes more
evident with increasing pH. Even for tSAM = 1 h, slight
degradation takes place, as revealed from the photoelectron S
2p spectra and the broad desorption peaks. Because only those
GSH molecules that are chemisorbed on the Au(111) surface
(or in close contact to the metal) experience degradation, it can
be stated that the Au(111) surface in some way promotes the
rupture of C−S bonds to yield the S species. To the best of our
knowledge, this is the first time that the desulfurization of GSH
SAMs on Au(111) prepared at pH = 7 is reported.

There are several studies dealing with the decomposition of
GSH, cysteine and S-bearing peptides and proteins, although
generally in strong alkaline solutions and under boiling
conditions.46,63−65 Two main processes have been identi-
fieddesulfurization and peptide bond cleavageboth of
which are favored by increasing solution pH.66 Although the
studies mostly agree on the fact that disulfides are formed as
intermediates, there are some differences among them
regarding the exact mechanism and the nature of the final
products.64,65,67 In the case of the desulfurization reaction, it
has been concluded from NMR measurements that γ-
glutamyldehydroalanylglycine molecules can be formed by
alkali treatment of the oxidized formed of GSH (the disulfide,
GSSG).68,69 This is consistent with the fact that the most
relevant IR bands (those corresponding to carboxylates, amides,
etc.) are observed in all the spectra of our work, independent of
the SAM preparation time.
As regards the decomposition of glutathione at neutral pH, in

addition to the knowledge about enzymatic degradation
processes of GSH and related species in cells,45,70,71 there are
only a few studies about nonenzymatic GSH degradation in
neutral solutions, although there is agreement on the fact that it
is much slower than in alkaline media.46,66 Indeed, in ref 46 it
was shown from NMR results for GSH solutions in PB pH =
7.4 at 37 °C that significant degradation occurs only after ≈30
days and involved Glu-Gly peptide bond breakage and the
formation of sulfenic acid. In the present work, however, GSH
solutions (which can contain GSSG species because reduced
glutathione readily oxidizes with air) were freshly prepared in
all cases and, in spite of this, desulfurization was already
detected for tSAM > 6 h (data not shown) and was completely
evident for 24 and 48 h.
Therefore, the Au(111) surface in some way promotes the

desulfurization reaction in mild conditions (pH = 7 and room
temperature), and this process is favored with increasing pH. A
similar behavior has been observed for mercaptopyridine on
Au(111) incubated from aqueous alkaline solutions, and a
mechanism involving disulfide formation on the surface was
proposed whose final product was a complete S adlayer on the
metal surface.72 Taking into account the evidence from the
literature, it is not unreasonable to think that the desulfurization
process of adsorbed GSH on Au(111) also proceeds via a
disulfide mechanism and that the strong adsorption of the
sulfide species on the (111) surface is the driving force. It can
be pointed out that, as adsorbed GSH degrades to yield a S
diluted layer, more molecules can reach the gold surface and in
turn desulfurize, thus explaining the S coverage. The fact that S
coverage never reaches that found when adsorption takes place
from sulfide solutions suggests that the GSH degradation
process should involve adjacent molecules. Also, it is possible
that the residues of desulfurization (probably γ-glutamyldehy-
droalanylglycine molecules) block the access of new GSH
molecules to the Au(111) surface. In any case, a detailed study
of the desulfurization reaction mechanism on Au(111) is clearly
beyond the scope of the present work. Whatever the
mechanism is, it remains to be studied whether GSH SAMs
on the other low Miller index faces of Au present the same
stability, especially on the Au(100) surface, as gold nano-
particles are formed mainly by {111} but also {100} facets.
DFT calculations have been performed to explore the

energetic and structural characteristics of GSH SAM on
Au(111). Data for 6MP SAM on Au(111) (Figure S5 in the
Supporting Information) have been included and will be

Figure 4. Top and side views of the optimized structures of the (3√3
× √3)R30° GS lattice on the unreconstructed Au(111) surface: (a
and c) tilted and (b and d) upright configurations of anionic GSH.
Color of the atoms: yellow, Au; green, S; gray, C; white, H; red, O
atoms; blue, N.
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addressed in the next section. As revealed from in air STM
imaging (see Figure S3 in the Supporting Information), no
long-range order is found for GSH SAMs on Au(111), in
resemblance to what it has been already reported for 6MP on
Au(111).6 In spite of this, in order to make calculations and
based on the CV for nondegraded SAMs (tSAM = 1 h) which
yield θGSH = 0.13, and also from XPS and STM imaging, a
(3√3 × √3)R30° unit cell with one molecule of GSH was
proposed which has been modeled on an unreconstructed
(111) surface (θGSH = 0.11). For clarity, in Figure 4c,d only the
topmost gold layer has been depicted. We have considered the
anionic form of GSH (Figure 4), and two different GS-Au
configurations have been analyzed: one which only interacts
with the Au(111) surface through the thiol group forming a
covalent thiolate-Au bond, termed “upright” GSH, and another
one that interacts with the surface not only through the S head
(as the other one), but also through the negatively charged O
atom of the carboxylate group of glycine, as already proposed
by Bürgi et al.,28 and which we have named “tilted” GSH.
Table 2 shows some energetic parameters of GS-Au for both

anionic GSH configurations. Comparison of the surface free

energies (γ) for the two configurations of GSH considered
shows that, as expected, the interaction of the COO- of glycine
with the Au surface yields a more stable structure. As reported
for other thiols on Au, the analysis of Bader charges for the
upright and tilted structures reveals that the Au(111) surface
atoms have a positive charge of 0.05, while the S atoms exhibit
negative charges −0.10 and −0.17, respectively. More
interesting, for the tilted molecule the O atom interacting
with the metal surface has a large negative charge (−1.63),
while the closest Au atom has the highest positive charge
(+0.16), suggesting that its better stabilization arises from an
electrostatic interaction in addition to the covalent S−Au
bonding.
Even if the “tilted” configuration of adsorbed anionic GSH is

energetically more stable, our IR results suggest the presence of
a certain amount of GSH molecules in the “upright”
zwitterionic form coexisting with “tilted” anionic GSH. This
zwitterionic form of GSH, which differs from that in Scheme 1a
in the protonation of the carboxylate of the amino acid Gly,
yields similar energetic parameters as the anionic “upright”
GSH (see Figure S5 and Table S1 in the Supporting
Information). In all cases, the shortest distances between S
heads of adjacent GSH molecules are 0.5 nm, while the distance

between amine and carboxylic acid groups is compatible with
the formation of hydrogen bonds, as revealed by PM-IRRA
spectra (which could be also formed with adsorbed water
molecules that remain on the surface even after drying).
In addition, for the purpose of comparison, DFT calculations

have been performed for the protonated form of anionic GSH
(which we will term physisorbed GSH; θ = 0.055) and for S
adlayers on Au(111) at different coverage (θ = 0.11, 0.17 and
0.33) (see Figure 5 and additional material in the Supporting

Information). In the case of S, we have considered θ = 0.11 and
0.17 because they correspond respectively to the coverage of
the lattices proposed for GSH and 6MP. It can be seen that, for
S coverage >0.11, γ values significantly increase (in absolute
value) compared to GS, thus showing that the formation of S
adlayers arising from the decomposition of GSH is
thermodynamically favored.

GSH/6MP Exchange Experiments on Au(111). As
mentioned before, a possible strategy to release biologically
relevant thiols (like 6MP) for nanomedicine applications,
particularly for drug delivery, is to immobilize them on AuNPs
and take advantage of the fact that GSH is found in the cell in
millimolar concentrations.73 In the case of 6MP-capped AuNPs,
ligand exchange with 11-mercaptoundecanoic acid and 11-
mercapto-1-undecanol has been studied by Pineda et al.74 The
exchange of 6MP (and other thiol-containing drugs) by GSH in
AuNPs has been addressed in recent in vitro and in vivo
studies.18,19 However, in those works the focus was in the drug
release process and in the resulting applications rather than on
the surface structure and chemistry of the resulting thiol-gold
surface. It was therefore interesting to study the thiol exchange
on Au(111). Moreover, these studies can help to shed
additional light on the stability of GSH molecules on Au(111).
Figure 6 shows a typical CV of the reductive desorption of a

6MP SAM on Au(111) (red line). As already reported, a
reductive desorption peak appears at −0.68 ± 0.01 V whose Q
value is 54 ± 4 μC cm−2 (θ = 0.25).6,75 Thus, exchange of 6MP
by GSH would in principle be feasible due to the difference in
peak potentials (E = −0.68 V for 6MP and −0.88 V for
GSH).74 6MP SAMs on Au(111) were therefore exposed to 5
mM GSH solutions (pH = 7) either for 1, 24, or 48 h, and the
resulting SAMs were studied by CV and PM-IRRAS.
After 1 h exposure to GSH solution (Figure 6, gray line) the

electroreduction peak E remains at −0.68 ± 0.02 V (as in the
blank 6MP CV curve, red line in Figure 6), and Q decreases to
47 ± 7 μC cm−2. Similar results are obtained for 24 h exposure
(Figure 6, green line): the peak potential barely changes and Q

Table 2. Energetic Parameters and Bader Charges for (3√3
× √3)R30°-GS and (3√3 × 2)-6MP Surface Structures on
Au(111)a

adsorbate GS (NH3
+/COO−/S*/COO−) 6MP

surface lattice (3√3 × √3)R30° (3√3 × 2)

upright tilted

(θ) 0.111 0.111 0.167
Eb/eV −4.35 −4.97 −2.93

γ/meV·A−2 −64.52 −73.51 −65.18
Bader charge/

e
S −0.10 −0.17 −0.12
O - −1.63 -
N - - −2.77
Au +0.05 (S) +0.16 (O) +0.12 (N)

+0.05 (S) +0.04 (S)
aEb: binding energy; γ: surface free energy; ⊖: thiol coverage

Figure 5. Surface free energies for glutathione species and S
monolayers on Au(111). GSHphys: physisorbed GSH (θ = 0.055);
GSup and GStilted: adsorbed GS in the upright or tilted configuration,
respectively (θ = 0.11); S0.11, S0.17 and S0.33: S adlayer with θ = 0.11,θ =
0.17 and θ = 0.33, respectively.
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decreases (43 ± 6 μC cm−2). Therefore, while the position of
the peak suggests that no significant thiol exchange has
occurred, the charge density decrease indicates that a certain
amount of the small 6MP molecules are removed when GSH
molecules are present, especially for tSAM = 24 h.
Thus, it is reasonable to assume that, in the case of 1 or 24 h

exposure of 6MP SAMs to GSH solutions, mixed 6MP/GSH
SAMs are formed whose composition, expressed as molar
fraction of 6MP (X6MP), is only slightly lower than 1. In order
to clarify this point we have prepared mixed GSH/6MP SAMs
by competitive adsorption on the clean Au(111) surface from
solutions containing different GSH/6MP compositions. To this
end, Au(111) substrates were incubated in different 1 mM
binary solutions for tSAM = 1 and 24 h. CV results (see Figure
S4 in the Supporting Information) show that, as X6MP
decreases, E moves slightly in the negative direction and Q
decreases, as expected for the higher GSH concentration in
solution. However, even for solutions with high GSH
concentration (e.g., X6MP = 0.15), the charge density and
peak potential of the pure thiol are not attained, in agreement
to what has been reported for the case of MBA/undecanethiol
mixed SAMs.76 Also, it is interesting to note that in the case of
binary SAMs with tSAM = 24 h desulfurization of GSH is not
evident, as there is no clear peak charge increase in comparison
to tSAM = 1 h.

We have made additional PM-IRRAS measurements in order
to further understand the thiol exchange results shown in
Figure 6 for different incubation times. The signature peaks of
GSH at ∼1725 and ∼1650 cm−1, which have been assigned to
CO stretching absorptions in free acid and amide,
respectively (vide infra), and appear in a region where the
6MP has no absorption peaks, were used to evaluate the
presence of GSH on the gold surface upon thiol exchange. On
the other hand, the presence of two peaks at ∼1570 and 1590
cm−1 (assigned to aromatic ring vibrations; see Table 1) was
indicative of the presence of 6MP.62 Moreover, both molecules
(especially 6MP) show strong absorption bands in the 1400
cm−1 region.
The PM-IRRA spectrum of a 6MP SAM exposed to 5 mM

GSH solution in PB (pH = 7) for 1 h (Figure 7, left, green line)
shows bands that match the signature peaks of both 6MP and
GSH, as it can be concluded by comparison with 6MP (red line
in Figure 7, left) and GSH (blue line) blank spectra. For a 24 h
exposure to GSH (Figure 6, center, green line line), the same
bands are present. However, the 6MP band at 1590 cm−1 is less
marked, in agreement with CV data (Figure 6b), which show a
slight decrease in the charge of the 6MP desorption peak. The
fact that PM-IRRA spectra for 1 and 24 h exposure show
characteristic features of both GSH and 6MP are consistent
with the formation of 6MP/GSH mixed SAMs mostly
composed of 6MP molecules and implies that the release of
6MP induced by GSH on the (111) surface of gold is
incomplete at short times. Moreover, the possibility that some
GSH molecules may be physisorbed on the remaining 6MP
layer, and thus detected by PM-IRRAS, cannot be precluded.
In the case of 6MP SAMs on Au(111) exposed to 5 mM

GSH BF pH = 7 for 48 h, cyclic voltammetry (black line in
Figure 6b) shows that the peak corresponding to 6MP
disappears and a new one appears at E = −0.91 V ± 0.04 V
with Q = 88 ± 17 μC cm−2, which can be assigned to the
desorption of adsorbed S/polysulfide species. This means that
the 6MP SAM is thoroughly removed from the Au(111)
surface only when a S adlayer is formed. The Q values are
significantly lower than those obtained when 6MP SAMs are
exposed to sulfide (H2S/HS

−) solutions at pH = 7 (see Figure
S2b in the Supporting Information), another evidence of the
fact that GSH desulfurization is not significant in the incubation
solutions.
The corresponding PM-IRRA spectrum (right panel in

Figure 7, green line) shows very intense bands characteristic of
GSH and the absence of bands characteristic of 6MP like the
one at ∼1400 cm−1 (those at 1570−1590 cm−1 are completely
masked by GSH bands). This reveals the presence of
physisorbed GSH molecules and/or GSH residues containing

Figure 6. (a) Cyclic voltammograms of 6MP (red line) and GSH
(blue line) (tSAM = 1 h; pH = 7) SAMs on Au(111). (b) CVs of 6MP
SAMs exposed to 5 mM GSH solution (pH = 7) for different times: 1
h (gray line), 24 h (green line), and 48 h (black line). Scan rate: 0.05 V
s−1. Electrolyte: 0.1 M NaOH.

Figure 7. PM-IRRA spectra of 6MP SAMs on Au(111) exposed to 5 mM GSH solutions in phosphate buffer (pH = 7) for different times (green
lines). Left: 1 h; center: 24 h; right: 48 h. Related blank spectra for 6MP (red lines) and GSH (blue lines) SAMs are also plotted. The spectra in blue
(green) in the right panel have been divided by a factor of 50 (10).
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carboxylate groups and amide bonds on the S/polymeric S
adlayer. In fact, the spectrum corresponding to the 48 h GSH/
6MP exchange is very similar to that of GSH on a S SAM on
Au(111) (Figure 3, green line).
In order to gain more insight into the 6MP/GSH exchange

results, additional DFT calculations have been performed for
6MP SAMs on Au(111) by employing a (3√3 × 2) unit cell
with two 6MP molecules oriented along the [110] direction (θ
= 0.17), even if no long-range order is found for these
monolayers.6 Results in Table 2 show that the γ for 6MP and
for anionic GSH adsorbed in the upright configuration are very
similar (−65.18 vs −64.52 meV Å−2, respectively), while a
(3√3 × √3)R30° lattice of anionic GS species on Au(111) in
the tilted configuration yields a more negative value, γ = −73.51
meV Å−2. Moreover, as mentioned before, the γ corresponding
to a zwitterionic GSH lattice is comparable to that for anionic
GSH in the upright configuration.
The question that now arises is why GSH molecules do not

displace a significant amount of the adsorbed 6MP molecules
from the Au(111) surface in the exchange experiments. As
revealed from γ values, while the (3√3 × √3)R30° lattice of
tilted anionic GS has a higher stability compared to the (3√3 ×
2) 6MP lattice, both upright anionic and zwitterionic GS (3√3
×√3)R30° lattices are similar in stability to the 6MP lattice. In
the case of anionic GS, a possible explanation is that the species
that arrive at the gold surface cannot attain the most favorable
tilted configuration in the presence of a dense, though highly
disordered, monolayer of adsorbed 6MP. Indeed, it is possible
that, due to sterical hindrance, GSH molecules initially
chemisorb in the upright configuration (with similar energetic
parameters to 6MP). Eventually, with increasing time (>24 h)
more anionic GSH species can attain a tilted configuration and
thus induce the removal of some additional 6MP molecules.
The adsorbed GSH molecules degrade with time to yield
adsorbed S and polysulfide species. In addition, some sulfide
species possibly formed by decomposition of the GSH
molecules in the vicinity of the Au(111) surface could displace
other 6MP molecules due to their strong affinity for this
surface, as revealed from DFT calculations. The residues of
GSH degradation (and a small amount of intact GSH
molecules) adsorb on the S SAM, as revealed by XPS and
PM-IRRAS. In summary, the whole process (6MP removal and
GSH desulfurization) is rather slow in the presence of a dense
6MP SAM (it takes more than 24 h) because 6MP molecules
hinder the approach of GSH to the surface, a requisite for the
formation of S species.
The situation is somehow different for the competitive

adsorption experiments (see Figure S4 in the Supporting
Information), where both species compete for a clean Au(111)
surface and GSH/6MP mixed monolayers are formed. In this
case more GSH molecules are adsorbed, a fact that can be
concluded from the peak shift and the decrease in charge
density. Although the adsorption of GSH in the more stable
tilted anionic configuration should be energetically favored, the
presence of some 6MP molecules on the gold surface and the
fact that there are always additional 6MP molecules available
from solution are an impediment for the adsorption of a
complete GSH monolayer (and for glutathione desulfuriza-
tion), and thus even at 24 h there are no traces of S species.

■ CONCLUSIONS
In this paper we have studied GSH SAMs on Au(111) prepared
by incubation from neutral phosphate buffer solutions, which

has turned out to be a complex system among thiol SAMs on
gold. We have found that GSH degrades on Au(111) with
increasing immersion time to yield adsorbed S and polysulfide
species, a process that is additionally favored by increasing the
pH of the incubation solution. The lack of stability of GSH
SAMs on the {111} planes of gold at neutral pH has direct
relevance for biomedical applications that make use of GSH-
capped AuNPs and to understand the physical and chemistry
properties of GSH etched nanoclusters. Moreover, it is worth
to mention that the presence of the characteristic bands of
GSH in the vibrational spectra does not imply that the
molecules are adsorbed intact, i.e., without degradation. The
stability of GSH was also evaluated in GSH/6MP thiol
exchange experiments on Au(111): it was found that a
significant displacement of 6MP molecules occurs only for
times longer than 24 h and that a S/polysulfide adlayer is
formed instead of a GSH SAM. For shorter times, mixed SAMs
are formed, a situation that can be accounted for in terms of the
surface free energies obtained from DFT calculations. This is of
interest for the controlled release of thiol-bearing drugs
triggered by GSH when using AuNPs as vehicles. It remains
to be determined whether the stability of GSH at physiological
pH in other gold planes (e.g., {100}) and/or in surfaces with a
high defect density is similar to that of Au(111).
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(4) Azcaŕate, J. C.; Corthey, G.; Pensa, E.; Vericat, C.; Fonticelli, M.
H.; Salvarezza, R. C.; Carro, P. Understanding the Surface Chemistry
of Thiolate-Protected Metallic Nanoparticles. J. Phys. Chem. Lett. 2013,
4, 3127−3138.
(5) Maksymovych, P.; Voznyy, O.; Dougherty, D. B.; Sorescu, D. C.;
Yates, J. T. Gold Adatom as a Key Structural Component in Self-
Assembled Monolayers of Organosulfur Molecules on Au (111). Prog.
Surf. Sci. 2010, 85, 206−240.
(6) Pensa, E.; Carro, P.; Rubert, A. A.; Benítez, G.; Vericat, C.;
Salvarezza, R. C. Thiol with an Unusual Adsorption-Desorption
Behavior: 6-Mercaptopurine on Au(111). Langmuir 2010, 26, 17068−
17074.
(7) Hakkinen, H. The Gold-Sulfur Interface at the Nanoscale. Nat.
Chem. 2012, 4, 443−455.
(8) Bürgi, T. Properties of the Gold-Sulphur Interface: From Self-
Assembled Monolayers to Clusters. Nanoscale 2015, 7, 15553−15567.
(9) Reimers, J. R.; Ford, M. J.; Halder, A.; Ulstrup, J.; Hush, N. S.
Gold Surfaces and Nanoparticles Are Protected by Au(0)−Thiyl
Species and Are Destroyed When Au(I)−Thiolates Form. Proc. Natl.
Acad. Sci. U. S. A. 2016, 113, E1424−E1433.
(10) Fischer, J. A.; Zoldan, V. C.; Benitez, G.; Rubert, A. A.; Ramirez,
E. A.; Carro, P.; Salvarezza, R. C.; Pasa, A. A.; Vela, M. E. Sulfidization
of Au(111) from Thioacetic Acid: An Experimental and Theoretical
Study. Langmuir 2012, 28, 15278−15285.
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(76) Gonzaĺez, M. C. R.; Orive, A. G.; Carro, P.; Salvarezza, R. C.;
Creus, A. H. Structure and Electronic and Charge-Transfer Properties
of Mercaptobenzoic Acid and Mercaptobenzoic Acid−Undecanethiol
Mixed Monolayers on Au(111). J. Phys. Chem. C 2014, 118, 30013−
30022.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b12643
J. Phys. Chem. C 2016, 120, 14597−14607

14607

http://dx.doi.org/10.1021/acs.jpcc.5b12643

