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Dithiafulvene (DTF) derivative compounds were used as reducing agents to synthesize capped gold
nanoparticles (AuNPs). DTF derivatives had shown good capability to reduce Au(III) to Au(0) without fur-
ther addition of common reducing agents, and at the same time they were able to act as good capping
agents. Because of their spectroscopic characteristics we were able to follow the AuNP formation by
UV–Vis spectroscopy. Raman and NMR experiments were also performed in order to estimate the
composition of the final capped AuNP species.

� 2015 Elsevier Ltd. All rights reserved.
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Introduction

Gold nanoparticles (AuNPs) feature a wide range of potential
applications in fields such as medicine,1 biotechnology2 and catal-
ysis,3 and are thus among the most intensely studied nanoscale
materials.4 AuNPs can be prepared via various synthetic routes
including chemical, sonochemical or photochemical approaches.5

The most common chemical procedure for the synthesis in aque-
ous solution is the reduction of a dissolved gold precursor, for
example HAuCl4, by a reducing agent such as sodium citrate,
ascorbic acid, sodium borohydride (NaBH4) or block copolymers.6

On the other hand, the synthesis in organic medium was also
developed since the first report by Brust et al.7,8 Formation of
AuNPs via the reduction of HAuCl4 in the presence of the thiol
ligand has been a widely used technique in preparing ligand-stabi-
lized AuNPs. In this sense, the Brust–Shiffrin two-phase method
(BSM) is the most popular method to prepare organic ligands
(mostly thiolate) stabilized AuNPs.8 Schiffrin and co-workers pro-
posed a two-step mechanism for the formation of AuNPs from
HAuCl4. The first step involves the conversion of Au(III) salt to
the Au(I) state (as thiolate salt). The second step involves the
reductive decomposition of the polymeric Au(I) thiolate to form
AuNPs by the addition of a reducing agent as NaBH4.9

The dithiafulvene unit (1,3-dithiole-2-ylidene group Scheme 1)
is a good electron donor used in the design and synthesis of new
organic materials, especially in the search for extended tetrathia-
fulvalene derivatives.10

DTF are widely used for switchable processes, furthermore they
are also found as part of push–pull donor–acceptor dyads and
cruciforms with unprecedented non-linear optical and redox-con-
trolled characteristics.11 Those interesting electronic properties
can be explained by their resonance structures in the ground state
(Scheme 2).

DTF are able to interact with ions, metal surfaces, metal car-
bonyl fragments,12 and they could also reduce metal ions
according to the redox potential reported.13 Andreu et al.14 have
informed the redox potential for different 6,6-disubstituted 1,4-
dithiafulvenes varying from �1.50 to �1.20 V (in CH2Cl2 vs
Ag/AgCl) when stronger electron-withdrawing groups are used.
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Scheme 2. 1,3-Dithiol-2-ylidene rings ground state resonance structures.
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Figure 1. Spectra of the mixture of HAuCl4 and DTF at 48 �C (CAu/CDTF: 10) after (a)
0 min; (b) 60 min; (c) 120 min; (d) 330 min; (e) 1360 min; and (f) 7130 min.
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Thus, they could be used on the reduction of AuCl4
� to Au0

(0.99 V vs SHE).15 In this work, we present the capacity of
DTF molecules to reduce Au(III) leading to stable AuNPs capped
with DTF oxidized species (AuNP@DTFox). The synthesis of these
particles in MeCN is described using different concentrations of
both Au(III) (CAu) and DTF (CDTF). The AuNPs have shown great
stability in the colloidal dispersion, and they can also be resus-
pended in solvents of different polarities such as water and
toluene, a feature very useful for different applications. A kinetic
study using UV–Vis spectroscopy has been also performed. The
analysis of the evolution of the different UV–Vis bands
evidences the presence of an intermediate attributed to DTF oxi-
dized species formed during the redox process. A critical
amount of this intermediate is necessary to achieve the AuNP
formation. Additional experiments using Raman and 1H NMR
spectroscopy at different stages during AuNP formation give fur-
ther indications about the structure of the oxidized DTF cover-
ing AuNPs.
Figure 2. TEM images of AuNP@DTFox (CAu/CDTF: 10). Left: after two hours of reaction onl
a mixture of spherical AuNPs of ca. 5–10 nm and coral shape NP of around 30–40 nm w
Results and discussion

The AuNPs formed at different CAu/CDTF were a well stable col-
loid solution of AuNP@DTFox in MeCN. Droplets of this suspension
analysed by TEM showed particles with different shapes and sizes
depending on the reaction time in which they were collected.
These colloids can easily be transferred to aqueous solution by
evaporation of the organic solvent (Fig. S1) and could be extracted
from water with toluene (Fig. S2). In all cases, the colloids showed
great stability for several weeks.

In order to study the ability of DTF as reducing agent, the syn-
thesis of AuNP@DTFox has been performed with solutions at differ-
ent CAu/CDTF (see Table S1). The UV–Vis spectrum of pure DTF
compounds in MeCN depicts two characteristic absorption peaks,
the first one at �350 nm, due to the p–p⁄ transition, and the sec-
ond one at 454 nm corresponding to the n–p⁄ transition of the
DTF. After mixing with the metal precursor the band at 454 nm
decreases while another band at 485 nm emerges (Fig. 1). We
attributed this process (ad hoc) to the oxidation of the DTF and
the possible formation of a complex between the oxidized DTF
and Au(I) (DTFox–Au(I)), respectively (vide infra). After this com-
plex has reached a certain concentration, another band centred
at 580 nm appears, which is associated to the Localized Surface
Plasmon Resonance (LSPR) of an anisotropic shaped AuNP (see
inset in Fig. 2). The gradual blue-shifts of this band observed after
five days of reaction (Fig. 1) are consistent with the formation and
reshaping of the anisotropic AuNPs to spherical ones (confirmed by
TEM). These morphological changes could be related to the ther-
modynamic control of the shape and size of the particle formation.
Experiments performed at different CAu/CDTF show almost the same
general features (cf. Figs. 1, S3 and S4).

Up to this point, the results showed DTF was able to reduce the
Au(III) to form AuNPs without any additional reducing agent. The
kinetic of the formation of AuNPs was studied by UV–Vis spec-
troscopy at different temperatures and CAu/CDTF; and analysed at
two different stages (Fig. 6). The first stage of the reaction analysed
between 0 and 125 min after mixing of the reactants involves a
y coral shape particles of around 50 nm were found. Right: after five days of reaction
ere observed (reshaping).



Table 1
Rate constants (kobs) obtained under pseudo-first order conditions at different
concentrations and temperatures

CAu/CDTF CAu(III) (lM) k (nm) kobs (10�5 s�1)

i 10a 100 454 7.0 ± 0.9
485 6.4 ± 0.7

ii 15a 150 454 10 ± 1
485 14 ± 2

iii 20a 200 454 17 ± 2
485 25 ± 2

iv 30a 300 454 20 ± 3
485 37 ± 4

v 35a 350 454 33 ± 5
485 53 ± 6

vi 10b 100 456 20 ± 3
485 15 ± 2

vii 10c 100 456 120 ± 30
485 50 ± 30

CDTF: 10 lM.
a 20 �C.
b 27 �C.
c 48 �C.
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decrease of the band at 454 nm, along with the formation of a band
at 485 nm (DTFox–Au(I)). Interestingly, there is an isosbestic point
at 469 nm which suggests one step for the transformation of DTF to
the intermediate (Fig. 3, left). Note that, in case that another inter-
mediate exists, its concentration is undetectable within the detec-
tion limits of this technique. In the second stage of the reaction,
between 133 and 1200 min, the band at 485 nm decreases and
the band at 580 nm (the LSPR band) emerges causing a second isos-
bestic point around 510 nm. Again, this suggests that the conver-
sion from the intermediate into the AuNPs should take place in
only one step. Figure 4 shows the time evolution of the absorption
at 454, 485 and 580 nm; corresponding to the maximum absorp-
tion wavelength of DTF, DTFox–Au(I) and AuNP@DTFox, respec-
tively. Noticeably, there is a threshold concentration of DTFox–
Au(I) needed to observe the formation of the LSPR band of the
AuNP@DTFox. This concentration could be achieved at different
times depending on the CDTF/CAu and the temperature (Fig. S5). In
the case of CDTF/CAu equal to 2.5, it takes place after �20 min, as
it can be observed in Figure 4.

The dependency of temperature and concentration ratio influ-
ences on the formation of the intermediate was likewise evaluated.
The spectra were recorded before the appearance of the band at
580 nm where only the formation of the DTFox–Au(I) intermediate
is detected. Assuming a stoichiometry of 1:1 between Au(III) and
DTF (see SI), the reaction could be described by Eq. (1).

AuðIIIÞ þ DTF! DTFox � AuðIÞ ð1Þ
300 400 500 600 700
0.0

0.4

0.8

1.2

1.6

A
bs

Wavelength (nm)

Figure 3. Spectra evolution of the CDTF/CAu: 2.5 in MeCN at 48 �C. Left: Spectra from 0 to
Note the isosbestic point at 510 nm.
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Figure 4. Time evolution of the absorption at (d) 454 nm, (j) 485 nm and (s) 5
If the above reaction takes place under pseudo-first order con-
dition, for example by using an excess of Au(III), the apparent
kinetic constant (kobs) of this step of the reaction could be esti-
mated (Table 1 and SI for further kinetic discussion16).

The data recorded in Table 1 show good agreement between the
kobs for the decay of the DTF compound (absorbance at 454 nm)
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125 min. Note the isosbestic point at 469 nm. Right: Spectra from 133 to 1200 min.
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80 nm (CDTF/CAu: 2.5; MeCN (1% H2O), 48 �C). Right: zoom in the left graph.



Scheme 3. Mechanism proposed for the AuNP@DTFox synthesis.
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Scheme 4. E (left) and Z (right) isomers of DTF.
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and for the growth of the DTFox–Au(I) intermediate (absorbance at
485 nm) in the cases where the CAu(III) is low enough (entries i, ii
and vi). This is in agreement with the fact that the intermediate
is formed from DTF in one step, and explains the isosbestic point
observed. On the other hand, at higher CAu(III) (entries iii, iv, v), or
at higher temperatures (entry vii), the first step of the reaction
becomes more difficult to study, which is reflected by the differ-
ence between the kobs obtained. Under these conditions the forma-
tion of AuNPs has been accelerated and the separation of the two
processes becomes more difficult (see SI Fig. S5). This is in agree-
ment with the several effects that affect the disproportionation
of Au(I), such as the temperature and the excess of Au(III).17

According with these results, the mechanism of the formation of
AuNP@DTFox could be a multiple-step process and involve at least
these two steps (Scheme 3): the initial step is the reduction of
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Figure 5. Left: Raman spectrum of the DTF in solid state (a) and SERS spectra obtained af
UV–Vis spectra of DTF in MeCN (a), solution in entry iii, Table S1 after five hours (b) an

Figure 6. 1H NMR spectra of: (1) 1.25 mM DTF in MeCN-d3, (2) DTF solution few minute
40 �C.
Au(III) by DTF to form a DTFox–Au(I) complex. The second step is
the disproportionation of aurous species to gold atoms and it
was observed even at room temperature, or lower (15 and 20 �C).
The disproportionation step combines three Au atoms. This may
be promoted by the oxidized DTF species, which play the role of
organizer through the formation of the complex that we were able
to follow by UV–Vis spectroscopy. At this point, the mechanism of
the reduction of Au(III) with DTF could be compared to the synthe-
sis of AuNPs using citrate18 rather than the mechanism involving
thiol protected AuNP synthesis (BSM).19 Thus, likewise citrate,
using DTF the AuNPs can be obtained in homogeneous medium
without addition of any other reducing compound due to its dual
function as reducing and capping agent.
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Figure 7. 1H NMR spectrum obtained after 66 h of reaction between DTF and HAuCl4 (CDTF/CAu: 2). Signals are labelled to their identification in the selective TOCSY
experiment.
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Scheme 5. Suggested structure of AuNPs@DTFox.
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In order to characterize these nanoparticles, we performed SERS
spectra of AuNPs (CAu/CDTF: 10) five hours and five days after mix-
ing DTF and HAuCl4. These spectra were compared with the Raman
spectrum of pure DTF (Fig. 5). First, we noticed the bands at 1551.5
and 1448.3 cm�1 in Raman spectrum of pure DTF (a) assigned to
C@C stretching and C–C aromatic ring stretching, respectively,
are shifted in spectra (b) and (c) keeping the same intensity ratio.
Thus, the aromatic ring seems to be preserved in the final oxidized
DTF species. Second, spectrum b shows the coexistence of both DTF
(band at 465 cm�1) and oxidized DTF species (band at 501 cm�1) at
the AuNP surface. After five days of reaction the band at 465 cm�1

has completely disappeared, suggesting only oxidized DTF species
remain at the surface. This is further supported by the UV–Vis
spectrum obtained at the same time. Finally, spectrum c also
shows a strong band at 276 cm�1 that was assigned to the Au–S
stretching.20

The reaction was also performed in MeCN-d3 at 40 �C and mon-
itored by 1H NMR until no changes were observed (ca. 72 h). The
1H NMR spectrum of the pure DTF is shown in Figure S6. After mix-
ing with the metal precursor, the aromatic region showed the most
significant changes during the reaction (Fig. 6). Concisely, few min-
utes after the addition of HAuCl4 to the DTF solution H2 signals
completely disappeared (d 7.76 y 7.70). In addition, signals corre-
sponding to H15-19 lost resolution (broadening). After 2.5 h of
reaction H6 signals became too small and they are fused into the
noise. On the other hand, the aliphatic region (Fig. S7) shows a
splitting of H12 and H13 signals, which suggests the butyl moiety
remains and two isomers could be present. It is known this kind of
DTF can easily isomerize in solution,21 therefore the resulting com-
pound structure can also have different isomeric forms. With the
aim to get more structure information of the resulting protected
AuNPs, selective TOCSY experiments were performed. A 1.25 mM
solution of pure DTF in MeCN-d3 was carried out under selective
TOCSY experiments. In this condition, DTF can be in two isomer
forms, E and Z, as it is shown in Scheme 4. Briefly, when the H2 sig-
nal (or H6 signal) is irradiated, two signals appearing in the TOCSY
spectrum, one belongs to the irradiated H and the other one to the
H coupled by W coupling,22 which is only observed in E isomer. As
it was expected the spectrum resulting in irradiation of H20 and H60

signals (Z isomer) only presents one signal due to the uncoupling
system (Fig. S8). The same procedure was performed with a blend
of DTF and HAuCl4 (CDTF/CAu: 2) following the reaction for 66 h
(Fig. 7, bottom). Selective TOCSY spectra were obtained after irra-
diation of each signal A, B, C, D and E and collected in Figure 7
(spectra A to E). Only signals C and D were coupled. Other experi-
ment, not shown here (selective COSY experiment), indicates that
this is a short scalar coupling, which can take place in the remain-
ing aromatic ring. Accordingly, the results suggest the resulting
molecule structure has lost the W coupling at all.

Considering the analysis of the Raman and 1H NMR spectra
precedent, on the one hand a plausible structure of the oxidized
DTFox (Z isomer) could be as shown in Scheme 5. Another possibil-
ity would be that both E and Z DTFox isomers interact with the sur-
face of the nanoparticle, and the lack of coupling can be due to the
proximity of the dithioate to the gold surface and therefore the
expected ionization of the structure. The remainder coupling
between protons of the phenyl ring is observed because it occupies
a far position from the surface of the gold nanoparticle, where
there is a lower interaction.�

Beyond what is the exact explanation of the lack of coupling, it is
clear, according to all spectroscopic data, that DTFox has not lost its
molecular identity which remains very similar to its predecessor.

Conclusions

We developed a new method to synthesize capped AuNPs using
dithiafulvene derivate compounds as a reducing agent. These



4876 A. E. Lanterna et al. / Tetrahedron Letters 56 (2015) 4871–4876
compounds demonstrated to have a strong capability to reduce
Au(III) to Au(0), and reach AuNPs without addition of any other
reducing agent. At the same time, these DTF derivative compounds
can act as a passivant agent of the NPs formed. We were able to
study some aspects of the mechanism involved in the AuNPs for-
mation by UV–Vis spectroscopy. We found the formation of
AuNPs takes place after a threshold concentration of the DTFox–
Au(I) is reached. The DTF behaviour during NP formation could
be compared with the role of citrate previously described.18 It is
fascinating how the bottom-up synthesis of nanoparticles has been
followed by UV–vis spectroscopy as easy as we can follow a regular
molecular reaction, thanks to the spectroscopic changes of DTF.
The intrinsic properties of DTF and its derivative species suggest
the capped AuNPs obtained by this method have potential applica-
tions in the electronic field. Additionally, some preliminary results
indicate DTF redox ability can also be extended to other metal ions,
such as Ag+ and Pd2+, generating either homogeneous or supported
NPs.
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