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The design and synthesis of 1,3-dithiol linked acridinedione functionalized gold nanoparticles (ADDDT-
GNP) is described. ADDDT-GNP was characterized by transmission electron microscopy (TEM), Fourier
transform infrared (FT-IR), UV–vis, steady-state and time-resolved fluorescence techniques. Conforma-
tional analysis of 1,3-dithiol ligands using density functional theory (DFT) reveals that they can cap on
gold clusters through 1,2-capping mode, in which the two sulfur atoms of the dithiol bind covalently with
two adjacent gold atoms on the surface of the cluster. The present study shows that three conformers of
the ligand can cap in the 1,2-mode of capping. The triexponential fluorescence decay observed in the
capped nanogold complex with fluorophore-labeled 1,3-dithiol may originate from the three conformers
of the complex in the 1,2-capping mode.

� 2010 Elsevier Ltd. All rights reserved.
Metal nanoparticles play an important role in many different
areas such as electronic, magnetic, catalysis, and biology.1,2 They
have also been widely exploited for their use in catalysis,3 biolog-
ical labeling,4 photonic,5 optoelectronic,6 and information storage
devices.7 Various organic and biological sulfur-based compounds8,9

are used to functionalize the gold nanoparticles. Mirkin and
co-workers reported that the use of multithiolated species
improves the stability of colloid gold nanoparticles.10 The remark-
able properties associated with nanoparticles can be rationalized, if
the behavior of quantum-confined electrons in the nanometer
scale is explored.11,12 Gold nanoparticles are stabilized through
capping with a wide variety of organic ligands such as amine,
thiol,8–10 dithiol, etc. A number of studies have investigated the
nature of bonding between the nanometal and the ligand mole-
cules.13–21 The metal–ligand interactions in the organic-capping
layer play a crucial role in the high performance materials.22–25

In the recent years, several studies have been focused on the
sulfur–gold bonding in alkanethiol self-assembled monolayers on
Au(1 1 1).23–33 However, the exact nature of the S–Au bond is still
debated. In the case of dithiol ligands, it is found that gold nano-
particles are bound by both sulfur ends.21

In this work, we have synthesized the ADDDT-GNP (Scheme 1),
with a fluorophore-labeled acridinedione derivative of 1,3-dithiol
(ADDDT) and they were characterized. In order to understand
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the nature of bonding between the ligand sulfur atoms and the
gold atoms in the capping layer, we have performed a simple
modeling of the complex formation of 1,3-dithiol on gold cluster.
We have examined in detail the different conformations of the
simple 1,3-dithiol (1,3-dimercaptobutane) (DTDMB) and its molec-
ular complex with gold atoms Au-DTDMB by density functional
theory (DFT) calculations using B3LYP functionals.33,34 We have
also studied the conformations of ADDDT, and its gold complex
Au-ADDDT. Based on the inferences of the conformational study,
the capped complexes Au-cap-DTDMB are modeled using the li-
gand DTDMB in a cluster of eight Au atoms. The DFT predictions
are corroborated with the experimental findings.

The synthesis of acridinedione disulfide (ADDDS), (precursor of
ADDDT) and the ADDDT-GNP, were carried out as outlined in
Scheme 1. Nitroacridinedione dye (NADD) was synthesized from
tetraketone (TK) using the procedure reported in the literature.35,36

Refluxing a mixture of NADD with Zn and CaCl2 in ethanol yielded
the aminoacridinedione (AADD). An equimolar mixture of AADD
and a-lipoic acid in dry dichloromethane in the presence of dicy-
clohexylcarbodiimide (DCC) on refluxing, afforded the ADDDS.
Synthesis of gold nanoparticles functionalized with ADDDS
was carried out by a modified procedure involving the biphase
synthesis reported15 by Brust et al. The details of the synthesis
and characterization of acridinedione derivatives and its function-
alized gold nanoparticles are given in the Supplementary data
(Fig. S1 and S2).

The synthesized ADDDT-GNP, and ADDDT, were characterized
by IR and 1H NMR spectral studies. IR spectrum of the ADDDT-
GNP showed no S–H stretching band. ADDDT showed the S–H
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Scheme 1. Synthesis of ADDDT-GNP.
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stretching vibration band at 2560 cm�1. The computed S–H
stretching frequencies for the dithiol comformers ADDDT a–f at
B3LYP/6-31G* level are in the range of 2567–2581 cm�1 and are
in good agreement with the experimental value of 2560 cm�1. In
the 1H NMR study of the ADDDT–GNP, multiplicity of S–CH (C60)
and S-CH2(C80) are shifted towards up-field as compared with
ADDDS. The IR and NMR spectral studies confirm S–Au bond for-
mation in the ADDDT-GNP.20

The HR TEM image was recorded by drop-casting a dilute sus-
pension of ADDDT-GNP on a carbon-coated copper grid and the
images are presented in Figure 1. Three-dimensional approach in
TEM images indicates that ADDDT is anchored on the surface of
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Figure 1. Typical HR-TEM image of ADDDT-GNP. (a) The size la
the gold nanoparticle (GNP). The GNP is found to have an average
diameter of 2.5 nm and a total surface area of 19.625 nm2.

The absorption and emission maxima of acridinedione dyes are
centered around 380 and 430 nm, respectively.35,36 The peak at
380 nm is attributed to the intramolecular charge transfer (ICT)
from nitrogen to carbonyl oxygen in the acridinedione moiety,
and the emission at 430 nm to that of the local excited (LE) state.
Absorption spectrum of ADDDS is centered around 365 nm as
shown in Figure S3 (see in Supplementary data) and the absorption
spectrum of ADDDT-GNP (Fig. S3) consists of two bands: (i) the
additive absorption spectrum of ADDDS due to ICT around
365 nm and (ii) a broad band in the visible region around
2.0 2.2 2.4 2.6 2.8 3.0
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bel is 5 nm. (b) Size-dependent histogram of ADDDT-GNP.



Figure 3. B3LYP optimized type I and type II conformers Au-DTDMB a–f. Ligand
atoms were treated using 6-31G* basis set and the gold atoms were treated using
LANL2DZ basis set. The labeling of atoms is shown.
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529 nm, which is attributed to the surface plasmon resonance
(SPR) for the stabilized gold nanoparticles.

Fluorescence is an excellent probe for revealing the electronic
characteristics of nanomaterials. In Figure S4, the emission spectra
of free acridinedione and adsorbed species on gold nanoparticles
taken in toluene are displayed. Free acridinedione exhibits a max-
imum emission peak around 440 nm, when excited at 365 nm.
Similarly, the functionalized acridinedione on nanogold surface
also exhibits a maximum emission at the same wavelength with
a decrease in the fluorescence intensity as seen from Figure S4.
The absorbance of acridinedione is the same in both cases. It is
well-known that gold nanoparticles lead to quenching of fluores-
cence.37–39 Drexhage et al. have observed a distance-dependent
quenching of excited states of chromophores on metal sur-
faces.40,41 Since metals in the nanoparticles are more electronega-
tive than the bulk material, they can also participate in the electron
transfer process.

The ADDDS and ADDDT-GNP have been investigated by the
time-resolved fluorescence technique. Figure 2 presents the fluo-
rescence decay of ADDDS and ADDDT-GNP monitored at 430 nm.
The fluorescence decay of ADDDS in toluene exhibits triexponen-
tial behavior with lifetimes of 0.46, 1.0, and 3.0 ns with the ampli-
tudes of 6.5%, 87% and 6.5%, respectively. The ADDDT-GNP also
exhibits triexponential fluorescence decay with lifetimes of 0.7,
2.33 and 5.83 ns with amplitudes of 29%, 36% and 34%, respec-
tively. The increase in the lifetime is attributed to the suppression
of PET in ADDDT-GNP by nanogold. That is, electron transfer from
the donor (–NH) moiety to the acceptor (nanogold). Increase in the
lifetime of acridinedione derivatives was observed by suppression
of PET in the interaction of acridinedione derivatives (–NH moiety)
with metal (to form complexes) as reported by our group.42,43 The
observation of triexponential fluorescence decay reveals the pres-
ence of three major conformations in the ADDDT-GNP.

The two thiol groups in the 1,3-dithiol ligands ADDDT and
DTDMB adopt different orientations leading to different conforma-
tions of the gold complexes Au-ADDDT and Au-DTDMB, respec-
tively. The conformational features in the region of the thiol
groups are similar in the corresponding conformers of ADDDT and
DTDMB. The gold complexes Au-DTDMB and Au-ADDDT also exhi-
bit similar orientations in the S–Au bonding regions. The different
low-lying conformers of the gold complexes Au-DTDMB and Au-
ADDDT are shown in Figures 3 and 4, respectively. It is seen that
the relative stabilities of the conformers show the same trend at
the different levels of the calculations performed (Table 1). Selected
structural parameters in the gold complexes are shown in Table 2.
Figure 2. Fluorescence decay profile of ADDDT-capped nanogold in toluene;
kexc = 375 nm and kemi = 480 nm: (a) laser profile; (b) ADDDS dye alone; (c)
ADDDT-GNP.

Figure 4. B3LYP optimized type I and type II conformers Au-ADDDT a–f. Ligand
atoms were treated using 6-31G* basis set and the gold atoms were treated using
LANL2DZ basis set.
The optimized geometries of the Au-dithiol complexes show
that the Au-sulfur bond lengths are typical of single bond having
covalent bond orders of about 1 (Table 2). Thus the Au–S lengths
in complexes Au-DTDMB a–f and Au-ADDDT a–f are predicted in
the range 2.31–2.34 Å and the covalent bond orders are found to
vary from 0.9 to 1.0. This observation reveals that the gold–dithiol
complexes are stabilized by the formation of covalent Au–S single
bonds. Stability in the Au-alkanethiol monolayers is attributed to
the formation of strong Au–S bond and the interactions among



Table 1
Total energies (in hartree) of the molecular gold complexes Au-DTDMB and Au-ADDDT and capped complexes Au-cap-DTDMB in the gold cluster

Systema B3LYP/6-31G*b B3LYP/6-31+G* B3LYP/6-31G* (toluene)/B3LYP/6-31G*

Au-DTDMB a �1224.571890 (0.0) �1224.581510 (0.0) �1224.586744 (0.0)
Au-DTDMB b �1224.571637 (0.2) �1224.581248 (0.2) �1224.586439 (0.2)
Au-DTDMB c �1224.563019 (5.6) �1224.571980 (6.0) �1224.579349 (4.6)
Au-DTDMB d �1224.563121 (5.5) �1224.574627 (4.3) �1224.581633 (3.2)
Au-DTDMB e �1224.562504 (5.9) �1224.573386 (5.1) �1224.580990 (3.6)
Au-DTDMB f �1224.565710 (3.9) �1224.576744 (3.0) �1224.584784 (1.2)
Au-ADDDT a �2647.220394 (0.0) �2647.277214 (0.0) �2647.252362 (0.0)
Au-ADDDT b �2647.218861 (1.0) �2647.275420 (1.1) �2647.251323 (0.7)
Au-ADDDT c �2647.210303 (6.3) �2647.266347 (6.8) �2647.243895 (5.3)
Au-ADDDT d �2647.211662 (5.5) �2647.270118 (4.5) �2647.246937 (3.4)
Au-ADDDT e �2647.210881 (6.0) �2647.268783 (5.3) �2647.245791 (4.1)
Au-ADDDT f �2647.214190 (3.9) �2647.272328 (3.1) �2647.249611 (1.7)
Au-cap-DTDMB a — �2037.420150 —
Au-cap-DTDMB b — �2037.415533 —
Au-cap-DTDMB c — �2037.405200 —

Relative energies in kcal/mol are given inside parentheses. The gold atoms are treated using LANL2DZ basis in all the conformers. Single point energy calculations were
performed in the toluene medium and also in the cluster complexes Au-cap-DTDMB.

a Energy of gold atom in LANL2DZ basis-135.439785 hartree.
b In Au-DTDMB c the energy corresponds to single-point energy obtained using the structure optimized at B3LYP/6-31+G* level.

Table 2
Selected bond lengths in the gold complexes (in Å) using 6-31G* basis set for ligand
atoms and LANL2DZ basis for gold atoms

Conformer Au1–S1 Au2–S2/Au3–
S2

Au1� � �Au2/
Au1� � �Au3

S1� � �S2

Au-DTDMB a 2.332
(0.86)

2.337 (0.87) 2.921 (0.15) 4.725

Au-DTDMB b 2.338
(0.87)

2.329 (0.85) 2.916 (0.15) 4.709

Au-DTDMB
ca

2.341
(0.90)

2.319 (0.96) 2.936 (0.19) 3.943

Au-DTDMB d 2.311
(0.97)

2.312 (0.97) 5.860 5.095

Au-DTDMB e 2.312(0.97) 2.315 (0.96) 5.731 5.409
Au-DTDMB f 2.312

(0.97)
2.314 (0.96) 5.860 5.626

Au-DTDMB g 2.308 2.311 8.330 4.910
Au-DTDMB h 2.313 2.311 6.450 4.990
Au-DTDMB i 2.316 2.325 7.465 3.115
Au-DTDMB j 2.313 2.311 7.332 4.526
Au-ADDDT a 2.332

(0.86)
2.336 (0.87) 2.920 (0.15) 4.711

Au-ADDDT b 2.335
(0.89)

2.337 (0.83) 2.876 (0.16) 4.867

Au-ADDDT c 2.343
(0.91)

2.325 (0.96) 2.933 (0.19) 3.893

Au-ADDDT d 2.312
(0.97)

2.310 (0.97) 6.084 (0.0) 5.116

Au-ADDDT e 2.312
(0.96)

2.314 (0.96) 6.109 (0.0) 5.399

Au-ADDDT f 2.312
(0.97)

2.315 (0.96) 5.963 (0.0) 5.613

The numbering of atoms follows the same order as in Figure 3. Covalent bond orders
are inside parentheses.

a Structure optimized using 6-31+G* basis.
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hydrocarbon chains.23–27 Our study shows that the gold–sulfur
bonding is covalent in origin.

The different structures of the gold complex Au-DTDMB (Fig. 3
and Table 2) reveal that they can be grouped into three types based
on their Au� � �Au distances. In type I structures Au-DTDMB a–c the
two gold atoms of the complex are separated by about 0.293 nm,
which is close to the sum of atomic radii of the two gold atoms (ra-
dius = 0.144 nm). In type II structures Au-DTDMB d–f, the two gold
atoms are separated by about 0.58 nm. Incidentally this distance is
roughly four times the atomic radius of Au and smaller than the
sum of van der Waals radii of four gold atoms (0.62 nm). In the
structures Au-DTDMB g–j, the Au� � �Au distances are >0.64 nm.
We have classified them as type III structures.

Analysis of the various conformations of the gold complex
Au-ADDDT, also leads to the three types as seen in the case of
system Au-DTDMB (Fig. 4 and Table 2). The Au� � �Au distances of
0.292, 0.288 and 0.293 nm, respectively, in Au-ADDDT a, Au-ADD-
DT b and Au-ADDDT c are very similar to the values predicted in
Au-DTDMB a, Au-DTDMB b and Au-DTDMB c. The conformers
Au-ADDDT d–f, have typical type II structures but the mean
Au� � �Au distance is about 0.605 nm, which is on an average
0.02 nm longer than that observed in Au-DTDMB d–f. Overall
conformational features in the two systems Au-DTDMB and
Au-ADDDT are similar and are not influenced by the acridinedione
substituent to any significant extent.

The low-lying conformations of the dithiol molecules remain
the same till they interact with two isolated gold atoms or with
two atoms on the surface of a cluster or with nanogold. Thus, the
gold complex resulting from a suitable thiol conformer is expected
to exhibit a similar structure in the molecular as well as the capped
environments though some additional reorganization is expected
to take place in the region of thiol groups in the capped complex.
Since the capped gold atoms are in a uniform environment of other
gold atoms on the surface, it is reasonable to assume that the
geometries of the complexes in the two environments are
comparable.

The structural analysis reveals that the two gold atoms are ori-
ented away from the remaining part of the complex in the type I
structures. From the distance of about 0.29 nm between the two
gold atoms in the type I complexes, it may be inferred that they
form the adjacent atoms on the surface of the gold cluster or nano-
gold. Thus, the complex structures Au-DTDMB a–c can be used to
simulate the capped complexes involving S–Au bonding, without
interference from the remaining part of the dithiol ligand. Since
two neighboring gold atoms Au1 and Au2 on the surface of the clus-
ter or nanogold interact and bind with the sulfur atoms of the
dithiol, we refer it to as 1,2-capping mode (Fig. 5A and B). The sep-
aration of about 0.58 nm between the two gold atoms in the type II
structures Au-DTDMB d–f leads to the inference such that in the
corresponding capped structures another gold atom Au2 can be
placed in-between the capped gold atoms Au1 and Au3 in a linear
arrangement (Fig. 5A and B). Since the capped gold atoms are alter-
nate atoms on the surface we refer to the above as 1,3-capping
mode. The orientations of gold atoms in the type III structures
Au-DTDMB g–j are unsuitable to simulate the capped complexes



Figure 5. (A) Schematic illustration of 1,2-capping and 1,3-capping between dithiol and gold atoms. (B) The surface of the gold cluster used for modeling the two modes of
capping. (C) Structures of 1,2-capped complex Au-DTDMB in gold cluster. Binding energies (in kcal/mol) of the capped complex in the gold cluster are shown.
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as there is interference from the remaining part of the ligand. In
the present work, we attempted to model the two modes of cap-
ping corresponding to the molecular complex structures Au-
DTDMB a–f in a cluster of eight gold atoms.

Figure 5B depicts the model of the surface of gold cluster with
the capped gold atoms labeled as Au1 and Au2 in the 1,2-mode of
capping. We have modeled the 1,2-capped complexes of the gold
cluster starting from the optimized type I conformers Au-DTDMB
a–c, generated using 6-31+G* basis set on the ligand atoms. The
resulting capped complexes Au-cap-DTDMB a–c (Fig. 5C) are sub-
jected to single point computations at the same level. In Au-cap-
DTDMB a–c the gold cluster is taken in a planar arrangement
and the gold atoms adjacent to the capped gold atoms are at a dis-
tance of 0.293 nm (which is the mean Au� � �Au distance in Au-
DTDMB a–c). The binding energy BE(x) in the capped complexes
with Au6 cluster surrounding the molecular complex is calculated
as follows:

BEðxÞ ¼ EðAu-cap-DTDMB xÞ � ½EðAu-DTDMB xÞ þ 6EðAuÞ�

where x = a, b, c; E(Au-cap-DTDMB x) is the total energy of Au-cap-
DTDMB x; E(Au-DTDMB x) is the total energy of Au-DTDMB x;
E(Au) is the energy of gold atom at LANL2DZ level. It is seen that
the molecular complex is stabilized significantly by 122–125 kcal/
mol in the presence of the surrounding six gold atoms. Thus the
present modeling study reveals the feasibility of 1,2-capping of
two adjacent gold atoms on the surface of the cluster by 1,3-dithiol
ligand. However, we could not model the 1,3-capped complexes in
the gold cluster environment due to hindrance from a hydrogen
atom of the second methylene group. The conclusion arrived above
regarding the feasibility and stability of the three 1,2-capped com-
plex structures Au-cap-DTDMB a–c in the gold cluster can indeed
be extended to the nanogold system.
Structural information from experimental studies on nanome-
ter-sized gold particles has been limited, due in part to the problem
of preparing homogeneous material. X-ray structure determination
of a p-mercaptobenzoic acid (p-MBA)-protected gold nanoparti-
cle30 showed 102 gold atoms and 44 p-MBAs. We have estimated
that 265 gold atoms are present on the surface of nanogold of
diameter 2.5 nm (Supplementary data), considering a hexagonally
close packed model (Fig. 5A). The mean radius of 0.146 nm for the
gold atom in the 1,2 capping mode (Fig. 5A), as predicted from the
mean Au1� � �Au2 distance in conformers Au-ADDDT a–c, is used in
the above computation. Number density of 13.89 atoms/nm2 in the
hexagonally closed packed nanogold surface44 leads to 272 atoms,
which shows that our theoretical model is quite reliable.

In summary, we have synthesized the ADDDT-GNP, and studied
their photophysical properties. The conformational features of the
ligand moieties and their gold complexes were examined using the
DFT method. The present DFT modeling reveals that the 1,3-dithiol
ligands form three conformers of capped complexes with gold
cluster through 1,2-capping mode. The observation of tri-exponen-
tial fluorescence decay in the ADDDT-GNP reveals the presence of
three conformers. The modeling study leads to the inference that
the tri-exponential fluorescence decay in ADDDT-GNP originates
from the three conformers of the 1,2-capped complex with ADDDT.
The present results show that the gold–sulfur bonding in the
molecular complexes of ADDDT with gold atoms is covalent in
nature.
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