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ABSTRACT The gold nanoparticles (AuNPs) stabilized with amine ligands are converted into robust

thiolate-protected AuNPs in the presence of xanthates. This enables decoration of the AuNPs with a

diversity of important functional groups, in particular, to introduce the thiol-sensitive unsaturated (—C

bonds. The "H NMR study on the reaction mechanism provides a new insight into the great mystery of

nanoscience—the fate of hydrogen upon the formation of the Au—S$ bond.
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fate of hydrogen

gold—thiolate bonding is one of
Athe fundamentals of nanoscience.' 3

The attachment of a functional ligand
to a surface via a covalent gold—sulfur bond
has enormous significance in view of gold
nanoparticle (AuNP) applications in many
nano(bio)technology fields* ® The thiolate
bonding is routinely afforded in the reaction
of a gold surface atom with a thiol (RSH),
although a few alternative methods are also
known.”~? Herein, we explored a novel route
to attach the ligand to the AuNP surface with
no use of thiol.

We found that organic xanthates (RSC-
(S)OEt), when directly mixed with amine-
capped AuNPs, assemble as thiolates on the
NP surface. The study on the reaction mech-
anism provided new insights and solutions
for two major issues of thiol—gold surface
chemistry. The first issue concerns the in-
compatibility of thiol with many important
functional groups. An enhanced nucleophi-
licity of the SH group, especially in basic
conditions, makes the synthesis of a wide
range of functionalized thiol molecules im-
possible and hence excludes their use in NP
modification. The incompatibility problem
can be overcome by protecting a functional
group'® that, however, is not convenient or
even applicable as in case of unsaturated
C—Cbonds. Here, by employing the xanthate
approach, we were able to dress AuUNPs with
ligands containing thiol-sensitive olefin and
acetylene functional groups. The second
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issue is the fate of hydrogen upon chemi-
sorption of thiol to the gold surface—the
fundamental issue of gold—thiol interaction,
which has puzzled scientists for more than
two decades. The scission of the S—H bond
is widely believed to proceed with evolution
of molecular (or atomic) hydrogen that re-
cently was confirmed experimentally."' '3
We discovered an alternative mode for the
hydrogen loss and demonstrated that in the
reaction of thiol with amine-capped AuNPs
the hydrogen releases as a proton.

RESULTS AND DISCUSSION

In our studies, we used dodecylamine
(DDA)-capped AuNPs with a core size about
5 nm prepared according to the procedure
by Jana et al.'* The AuNPs obtained by this
method have recently proved to be a versa-
tile “stock” for on-demand functionalization
allowing preparation of the mono- and
mixed ligand shell AuNPs with precisely
controlled chemical composition and inter-
facial/solvation properties.'> ' The organic
xanthates were readily obtained from corre-
sponding organic bromides or mesylates in
reaction with potassium ethyl xanthate, which
is a cheap flotation agent. Importantly, the
preparation of xanthate requires one step less
than the synthesis of the respective thiol.

In a typical experiment, the xanthate
ligand was added to the dispersion contain-
ing amine-capped AuNPs and the mixture
was left stirring for 24 h. The resulting NPs, if
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needed, were precipitated with a suitable solvent, next
collected by centrifugation, and finally purified using a
redispersion—precipitation technique. Following this
procedure, we introduced into the AuNP ligand shell a
variety of functional groups differing by solvation
properties (Figure 1). For more details on the experi-
mental procedure, see the Supporting Information.
The information on structure and chemical compo-
sition of the resulting NPs was acquired using "H NMR
and XPS spectroscopy methods. The analyses were
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Figure 1. Schematic illustration for the preparation of
thiolate-protected AuNPs using amine-capped NPs and
organic xanthates with hydrophobic and hydrophilic termini.

performed on the AuNPs obtained from vinyl xanthate
2, as the prepared NPs appeared the most suitable for
the NMR experiments. The NMR study is schematically
presented in Figure 2. The 'H NMR spectrum of the
selected NPs, dispersed in CDCls, exhibited a broa-
dened structure (which is common for gold colloids)
where only the resonances from vinyl protons can be
clearly recognized. The addition of iodine to the analyzed
dispersion led to desorption of the ligands from the NP
surface, which facilitated reading out the NMR infor-
mation. After the release of the ligands into the solu-
tion, the NMR spectral profile was narrowed and aug-
mented in new signals. The resonances in the 3—6 ppm
region are attributed to an intact and iodinated olefin
bond. A triplet at 2.73 ppm corresponds to protons of
the methylene group adjacent to the S—S bond, that is,
to the disulfide group. The conversion to disulfides is a
well-known property of thiolate ligands desorbing
from the AuNP surface and serves as a quick indicator
to the presence of gold—thiolate bonding. Neverthe-
less, the most precise information on the nature of
ligand—gold bonding was drawn by comparing the
XPS spectra of the AuNPs derived from the xanthate
2 and its thiol analogue (Figure 3). The XPS analysis re-
vealed that the product of xanthate assembly resembled
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Figure 2. NMR evidence for the formation of thiolate assembly on the AuNP surface. Xanthate 2 reacts with amine-capped
AuNPs, yielding the thiolate-protected NPs which contain the vinyl groups in their ligand shell. The presence of gold—thiolate
bonding was confirmed by treatment of resulting NPs with iodine that led to desorption of ligands and appearance of
resonance at 2.73 ppm corresponding to the disulfide bond. The formation of disulfides upon desorption from the NP surface
is a characteristic feature of the thiolate ligands.
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Figure 3. XPS evidence for the formation of thiolate assembly on the NP surface. The spectra represent the S2p and Au4f

Binding Energy (eV)

regions for NPs generated from xanthate 2 and the corresponding thiol analogue. The experimental and fitted data are
depicted as dotted and solid lines, respectively. Binding energies were set relative to the Au4f peak (84.0 eV). For both
samples, in the S2p region, the sulfur signal consists of two components which correspond to chemisorbed and physisorbed
thiol. The formation of the Au—S bond is also confirmed by the presence of oxidized gold species (Au®*) in the Au4f region.

that obtained from the thiol. The S2p region for both
samples shows the sulfur signal composed of two
components with identical binding energies and simi-
lar intensities. Each component consists of a doublet
with a peak width of 1.2 eV and the peak area ratio of
1:2. The S2ps/, band with binding energy of 162.0 eV
corresponds to chemisorbed thiol on the gold surface
(thiolate), whereas the S2ps,, band with binding en-
ergy of 163.3 eV can be assigned to physisorbed thiol 3
Importantly, the S2p spectrum showed no evidence for
oxidized and atomic sulfur, which typically appear at
167 and 161 eV, respectively. The strong incorporation
of the free thiol molecules into the NP ligand shell was
confirmed by "H NMR analysis that showed the lack of
unbound thiol in the AuNP dispersions. The presence
of physisorbed thiol indicates its production in the
reaction of amine-capped AuNPs with xanthates. The
fitting—deconvolution procedure for the Au4f region
revealed the gold in three chemical states. The Au4f;,,
bands with binding energies of 84.0 and 84.4 eV cor-
respond to bulk (Au® and oxidized gold (Au’H),
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respectively.® The presence of oxidized gold species
indicates the formation of thiolate—gold bonding on
the NP surface. The negatively shifted Au4f;,, band
(green line, Figure 3) with a binding energy of 83.3 eV
may be assigned to gold atoms in the topmost surface
layer of the NPs® or related to electron transfer from
ligand or solid substrate to gold.

It is noted that a quite different behavior was ob-
served recently for xanthates of general formula ROC-
(S)S™K™, which cap metal NPs in a noncleavable man-
ner, giving colloids of limited stability.'®

To gain insight into the mechanism of formation of

the thiolate assemblies from organic xanthates, we
harnessed the NMR technique. Since the xanthate
is cleaved by amine to thiocarbamate and thiol,'® we
conjectured first that the excess dodecylamine remain-
ing in the dispersion after the NP synthesis is solely
responsible for generating thiol species and, subse-
quently, for the formation of a thiolate-protective layer
around the NP. The cleavage of the xanthate group by
the surface-bound amine seemed initially unfeasible.
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Figure 4. Plausible mechanism for thiolate—gold bond formation in the reaction of amine-capped NPs with xanthate. The
reaction proceeds by two pathways simultaneously: (i) in the bulk phase, the unbound amine ligand cleaves the xanthate,
generating thiol which next adsorbs to the NP surface forming a Au—S bond; (ii) cleavage of xanthate with formation of a
Au-—S bond occurs on the NP surface and is mediated by the surface-bound amine ligand. In both cases, the hydrogen
generated upon the formation of a Au—S bond leaves the NP surface as a proton (protonated amine).

Presumably, the amine binds to the NP surface via
Lewis acid sites (Au—Cl)®° that should suppress its
nucleophilic capability. Surprisingly, having performed
a set of experiments, we ascertained that the formation
of the gold—thiolate bond is mediated by the amine
ligands coming from both the solution and the surface.
A plausible mechanism for the formation of the Au—S
bond is represented in Figure 4. In order to follow each
pathway independently, we split the original reaction.
We studied the interaction of xanthate with amine-
capped AuNPs (surface-bound ligand) and bulk-phase
amine (unbound ligand) in two separate model experi-
ments. The changes that occurred in both processes
were monitored using 'H NMR spectroscopy. In the
reaction of unbound amine with xanthate, the molar
ratio of reagents was adjusted so that it was in the
original reaction. In the second experiment, due to a
low content of surface-bound amine on a single NP, we
had to increase a total concentration of the amine-
capped NPs to facilitate quantifying the reaction pro-
gression. The concentration of xanthate in both experi-
ments left the same, which enabled the comparison of
the two pathways. We found that the rate of xanthate
cleavage by the amine-capped NPs was faster than that
by the bulk-phase amine, despite the fact that the
concentration of the unbound amine exceeded 10-fold
that bound to the NP surface. This result suggests
that the cleavage of xanthate by the amine-capped
NPs is rather a surface-mediated process. The amount
of thiolate generated by the surface-bound amine,
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however, is not sufficient to fully cover the NP surface
(vide infra). This means that the generation of thiol by
an external (unbound) amine is necessary to complete
the formation of a thiolate monolayer on the NP sur-
face. Using the kinetic data of xanthate cleavage by
unbound and surface-bound amine, we estimated that
the formation of the thiolate monolayer is completed
within 2 h. However, to be sure that a well-ordered
structure of monolayer was formed, a prolonged reaction
time (24 h) was typically applied for the preparation of
thiolate-protected AuNPs shown in Figures 1 and 7.
When studying the pathway (i) (Figure 4), that is, the
reaction of the thiol with the amine-capped AuNPs, we
found that the formation of the thiolate monolayer
proceeds instantly and is accompanied by the release
of the amine in a protonated form. This finding in-
dicates that the thiol, while adsorbing to the NP sur-
face, leaves hydrogen as a proton. Our result differs
from those reported recently where the scission of the
S—H bond led to the formation of molecular hy-
drogen.""™"® The differences in hydrogen behavior
can be caused by a surface composition of AuNPs
and local chemical environment. A slow kinetics of
xanthate cleavage by the amine-capped NPs (pathway
(ii), Figure 4) allowed us to monitor the formation of
thiolate monolayer and hence the fate of hydrogen in
“slow motion”. It was found that only ca. 33% of the
surface-bound amine undergoes the reaction with
xanthate that consequently leads to partial coverage
of the NP surface with thiolate ligands. No release of
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Figure 5. STEM micrographs of amine-capped AuNPs (a) and thiolate-protected AuNPs generated from the xanthate 2 (c) and
its thiol analogue (b). The insets show the average diameter and size distributions of the AuNPs.
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Figure 6. Time-resolved UV—vis spectra of the reaction of amine-capped AuNPs with xanthate 2 and its thiol analogue. The
insets show the time evolution of absorbance at 518 nm (4,,,x for the amine-capped AuNPs).

amine ligands was observed at this stage. After the
cleavage reaction ceased, the NPs aggregated (most
likely due to incomplete thiolate coverage on the
surface) and released the amine ligands (protonated
and nonprotonated ones) into the solution. Although
we were not able to unravel the origin of ligand release,
the obtained data set enabled us to draw the following
important conclusions: The first is that the protons, after
the thiolate bond is created, accumulate in the ligand
shell by protonating the surrounding amine ligands.
Since the protonated amine forms a weak bonding with
the NP surface,”° the release of amine ligands at the initial
stage of formation of the thiolate monolayer was not
observed. Second, the protonation of amine leads to the
loss of its nucleophilic properties. This accounts for the
fact that only a part of surface-bound amine is able to
cleave the xanthate molecules. More details on the NMR
studies are presented in the Supporting Information.
Finally, the transformation of amine-capped AuNPs
into thiolate-protected AuNPs was examined using
scanning transmission electron microscopy (STEM)
and ultraviolet—visible (UV—vis) spectroscopy. STEM
analysis revealed that NPs, after treatment with xanthate
or thiol, have become more monodisperse and their
mean core size decreased. The STEM micrographs
and corresponding statistical analysis are provided in
Figure 5. The amine-capped AuNPs had an average
diameter of 450 nm (with dispersity o = 31%). In
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contrast, the thiolate-protected AuNPs had average
diameters of 4.26 nm (0 = 21%) for thiol-derived par-
ticles and 3.83 nm (o = 19%) for the particles derived
from the xanthate. The observed decline of NP mean
size with simultaneous improvment of monodisper-
sity can be rationalized by the thiol etching of the NP
surface.”’

The UV—vis study of the reaction of the amine-
capped AuNPs with xanthate and thiol has shown
the decrease of absorbance intensity of the surface
plasmon resonance band that mostly is related to the
formation of NP agglomerates as evidenced by visual
observation (Figure 6). The degree of the agglomera-
tion can be roughly estimated from the intensity de-
crease plot of absorbance versus time (see insets,
Figure 6), affording the similar value of about 9% for
both xanthate and thiol. The agglomeration of the NPs
resulted probably from the inhomogeneous ligand cov-
erage in the course of the thiolate monolayer formation
when different types of ligands are present on the NP
surface. Hence, the agglomeration process can serve as a
measure of the reaction progress of the formation of the
thiolate monolayer. Indeed, the agglomeration time
frame (see insets, Figure 6) coincides well with that of
the thiolate monolayer formation estimated on the basis
of 'H NMR analysis.

Thanks to xanthate approach, we can introduce
into the NP ligand shell the functionalities which are

\
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Figure 7. Introduction of thiol-sensitive unsaturated C—C
bond functionalities into a AuNP ligand shell using the
xanthate approach.

sensitive to thiol group. We envisioned that a gradual
generation of thiol (thiolate), which instantly adsorbs
to the NP surface, would prevent the self-reaction of
functionalized thiol. In the present study, we explored
the molecules incorporating unsaturated C—C bonds.
The presence of olefin or acetylene groups can offer
powerful tools for performing chemical transformations
on the NP ligand shell under mild conditions, which is
particularly important for environment-sensitive self-
assembled and biological systems. The possible chemi-
cal toolkit for such transformations covers recently
developed olefin/enyne metathesis*? and a family of
click methodologies including thiol-ene,?® thiol-yne,**
and azide—alkyne reactions.?®> Normally, the olefins and
acetylenes require external triggers, such as radical in-
itiator or catalyst, to react with a thiol. However, the
addition of a SH group to an unsaturated bond can also
occur spontaneously. A considerable example of a thiol-
sensitive group is a styrene moiety.?® Noteworthy, the
styrene moiety, in addition to aforementioned metath-
esis and click tools, also provides a versatile scaffold for
polymerization chemistry. We found that the styrene-
terminated thiol once isolated oligomerizes very
quickly. Notably, we revealed that the thiol sensitivity
problem becomes more universal and extends also to
phenylacetylene functionality. Whether the addition of
a thiol group to the unsaturated bonds occurs via a
radical mechanism or Michael-type reaction is not clear
but naturally limits the practical applicability of these
important compounds. On the contrary, the molecules

EXPERIMENTAL SECTION

Materials and Instrumentation. Chemicals and materials were
purchased as reagent grade from commercial suppliers and
used without further purification. The solvents used were of
analytical grade quality. DDA-capped AuNPs with a core size of
about 5 nm were prepared according to the literature procedure.'*

Column chromatography was performed using Merck silica
gel 60 (230—400 mesh ASTM). TLC was performed by using
Merck silica gel 60 F,s4 (0.2 mm) on alumina plates. NMR spectra
were recorded on a Varian (400 MHz) instrument. The chemical
shifts (0) are given in parts per million relative to TMS, coupling
constants (J) are in hertz. MS spectra were recorded on a LCT
(TOF) spectrometer. XPS spectra were recorded on PHI 5000
VersaProbe X-ray photoelectron spectrometer using an Al Ka
X-ray source. STEM images were recorded on Hitachi S5500
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protected with a xanthate group show no sign of
decomposition upon storage for over 1 year. Employing
the xanthate approach, we were able to readily intro-
duce the styrene and phenylacetylene moieties into the
NP ligand shell (Figure 7). Importantly, the NMR analysis
has shown no traces of oligomerization products in the
protective layer of modified NPs.

Finally, we note that the xanthate chemistry is not
only limited to AuNPs but also can be applied for other
NP systems. To demonstrate this, we successfully func-
tionalized the amine-capped CdSe/ZnS quantum dots
with a thiol-sensitive styrene group. The structure of
modified NPs was confirmed on the basis of NMR
analysis.

CONCLUSIONS

In summary, we discovered that the xanthate mol-
ecules, when brought into contact with amine-capped
AuNPs, have been deposited as thiolate ligands on the
NP surface. The formation of thiolate assemblies was
unambiguously corroborated by NMR and XPS analyses.
The mechanism underlying this process was elucidated
from tracking the reaction progress using NMR spec-
troscopy. The complementary kinetic data were ob-
tained using UV—vis spectroscopy. The information on
the change of NP size during the transformation was
provided by STEM microscopy. On the basis of the
discovered phenomenon, we have developed a versa-
tile “thiol-free” method that enables decoration of
metal and semiconductor NPs with a variety of func-
tional groups. Of particular importance and practical
potential of the elaborated approach is the possibility
to integrate the thiol-sensitive functionalities into the
NP ligand shell that has been successfully demon-
strated for styrene and phenylacetylene moieties.
Moreover, the study on the reaction mechanism re-
vealed that hydrogen upon chemisorption of thiol to
the gold surface is released as a proton. This finding
brings an unexpected twist to the current under-
standing of gold—thiol interaction. The issue that
might seem to be already solved requires a thorough
re-examination.

instrument equipped with DuoStem detector. UV—vis spectra
were recorded on Thermo Scientific Evolution 201 spectro-
photometer.

Synthesis of Xanthate 2. Solid potassium ethyl xanthate
(1.2 equiv, 6 mmol, 0.96 g) was added to a solution of 11-bromo-
1-undecene (1.0 equiv, 5 mmol, 1.17 g) in acetone (15 mL) at room
temperature and stirred for 6 h. The reaction mixture was passed
through a short pad of silica to remove the inorganic material. After
that, the solvent was evaporated and the residue was purified
by column chromatography (hexanes/EtOAc 19:1) to give the
product as a colorless oil (1.07 g, 78%). "H NMR (400 MHz, CDCly):
0 5.80 (ddt, J=17.0,10.2, 6.7 Hz, 1H), 5.04—4.86 (m, 2H), 4.64 (q,
J=17.1Hz 2H), 3.10 (t, J = 7.4 Hz, 2H), 2.03 (m, 2H), 1.68 (quint,
J=74Hz,2H), 141 (t,J=7.1 Hz,3H), 1.46—1.18 (m, 12H). *CNMR
(100 MHz, CDCl5): 6 215.2,139.1, 114.1,69.7, 35.9, 33.7, 29.3, 29.3,
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29.0,28.9,28.8,28.3, 13.8. HRMS (ESI): m/z calcd for C;4H,60S,Na
297.1323 [M + Na], found 297.1329.

Preparation of Thiolate-Protected AuNPs. A solution of xanthate 2
(1 equiv, 0.2 mmol, 54 mg) in toluene (1 mL) was added to the
dispersion of DDA-capped AuNPs (26 g, 0.2 mmol in terms of
gold atoms), and the resulting mixture was stirred at room
temperature for 24 h. The obtained NPs were precipitated with
methanol and collected by centrifugation (3000—5000 rpm).
The NP precipitate was dispersed in a minimal amount of
n-hexane, precipitated with methanol, and collected by centri-
fugation. The redispersion—precipitation procedure was re-
peated six times to remove organic contaminants from the NPs.

For the preparation of the thiolate-protected NPs from thiol,
the same procedure was applied.

NP Characterization by NMR. The purified NPs (~0.1 mmol in
terms of gold atoms) were dissolved in CDCl, and 'H NMR
spectrum was recorded. After that, the ligands were desorbed
from the surface of NPs by adding a few crystals of iodine
directly to the NMR tube, and the spectrum was re-recorded.

NP Characterization by XPS. The purified NPs (~0.1 mmol in
terms of gold atoms) were dissolved in a small amount of
n-hexane and filtered through a short pad of cotton. The con-
centrated NP solutions were drop-cast onto clean silicon wafers
(five depositions). Each droplet was allowed time to dry be-
tween depositions. The spectra were recorded with a pass
energy of 23.5 eV and a photoelectron takeoff angle of 45° from
the surface. The base pressure in the chamber during measure-
ments was 1 x 10~° Torr, and the spectra were collected from a
spot of 250 x 250 um at room temperature.

NP Characterization by STEM. The purified NPs were dissolved in
chloroform and next drop-cast on a copper grid, and STEM
images were recorded at an accelerating voltage of 30 kV.
(The purified DDA-capped AuNPs were obtained by the pre-
cipitation from the original AuNP dispersion using methanol
followed by extensive methanol rinsing.)

UV—Vis Experiments. The original AuNP dispersion (100 mg,
~0.77 umol in terms of gold atoms) was added to each cuvette
and diluted with 3 mL of a stock solution. The stock solution was
prepared by dissolving DDA (1.00 g) and dimethyldidodecy-
lammonium bromide (1.13 g) in toluene (40 mL). The use of the
stock solution aimed to maintain the original concentration of
amine and surfactant in the AuNP dispersion after its dilution.
The solutions of thiol and xanthate (77 mM in toluene, 10 uL)
were added to each cuvette, and the UV—vis spectra were
recorded in 1 and 2 min intervals.
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