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ABSTRACT: Imposing chirality into nanoscale superstructures
is a major step forward toward systematic understanding and
utilization of nanomaterials. In an attempt to achieve tunable
chirality during in situ preparation of hybrid nanomaterials, we
here report a novel unimolecular strategy of employing a
coordinatable organogelator for the realization of chirality
control in the formation of gold nanoparticle superstructures.
The work takes advantage of thermally reversible sol−gel
transition of the chiral dispersion as template, which causes
different micelle properties that can influence the coordination
ability between the organogelator and Au(III) ions. Followed by a reduction reaction, gold nanoparticle superstructures with P-
helicity were prepared from the sol form of the template through a coordination-induced chiral inversion, whereas those with M-
helicity were obtained from the gel form with chiral holding. Such superstructures are solvent-stable and the chirality difference
between them could be observed in many solvent environments.

■ INTRODUCTION

Chirality has become a very important topic in nanoscience
since a chiral nano-object generally presents distinct properties
from those of the individual subunits or building blocks.1 In
particular, chiral hybrid nanomaterials having structure-specific
stability and morphological diversity exhibit promising
potentials for applications in asymmetric catalysis, selective
separation, chiral sensing, and novel photonics.2 The past
decade has witnessed extensive progress in the nanoengineering
of chiral composite nanomaterials,3 where a typical approach
developed thus far to impart chirality into nanoarchitectures is
to employ organic chiral molecules, for example, specifically
designed peptides,4 DNAs,5 surfactants,6 sol−gel systems,7

etc.,8 as template ligands or intermediates to be incorporated
with inorganic counterparts. However, facile tuning of chirality
in these materials is still difficult, and conformational alterations
for most of the superstructures are not readily accessible. To
the best of our knowledge, intentional control of chirality has
largely relied on either the employment of different enantiomer
templates9 or the assistance of specific treatments.10 A
straightforward approach for the control of chiral expressions
in an in situ preparation process remains a challenge.
On this basis, we propose a unimolecular strategy of

harnessing controllable interactions between functional organic
chiral template and the inorganic counterpart during the

preparation process for realization of the hypotheses. The
strategy is inspired by the chirality regulation of self-assembled
organic structures via certain external stimuli,11 especially by
the coordination-induced structural transformation.12 Our idea
is to employ the coordination approach to aid our design and
meanwhile to make use of an orthogonal factor (i.e.,
temperature) for the modulation of ordered self-assembly
properties through selective control of the coordination effect.
Thus, a novel organogelator was designed and synthesized by

covalently incorporating lipoic acid, azobenzene, and choles-
terol into a unimolecular platform (compound SAC, see Figure
1). Cholesterol is a highly efficient initiator for the construction
of chiral low-molecular-weight organogels.13 Azobenzene is
well-known for its photochemical characteristics,14 redox
properties,15 and the coordination ability toward heavy metal
species like auric chloride.16 It can also serve as a chromophore
label for the chiroptical outputs in this work.13 The disulfide
unit has a very high affinity for the surfaces of many inorganic
materials.17 Overall, the preparation of hybrid gold nanoma-
terials was designed to take advantage of the Au(III)−azo
coordination as well as the gold−thiol binding.18 With these
functions in mind, we envision that a chiral sol−gel system may
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be formed based on SAC and that the micelles of SAC could be
purposely used for the in situ construction of hybrid gold
nanoarchitectures under different temperatures with the
synergy of coordination reactions.
The synthetic route for preparation of SAC is outlined in

Figure 1 (see Experimental Section for synthesis details). The
intermediate compounds SA (azobenzene coupled with lipoic
acid) and AC (azobenzene conjugated with cholesterol) were
used as reference molecules for control studies. It has been well
documented that superstructures involving gold nanoparticles
possess fascinating plasmonic properties and promising
supportive features.19 In this way, it is necessary to employ a
series of characterization techniques to investigate the in situ
preparation process as well as chirality control.

■ RESULTS AND DISCUSSION
Gelation and Sol−Gel Transition. The solvent selectivity

for the gelation of SAC was investigated first by circular
dichroism (CD) spectroscopy, since it is an effective method-
ology to probe nanoscale chiral characteristics.20 Cotton effects
of a strong positive CD signal at ∼300 nm and a negative one at
∼350 nm, corresponding to the electronic transition of the
azobenzene unit, were observed when SAC was dispersed in n-
butanol at a relatively low concentration (Figure 2). Since there
is no CD signal observed from the cholesterol unit itself in the
spectral region above 250 nm, this phenomenon indicates that
the macrochirality of the achiral azobenzene skeleton emerges

upon the formation of the helically self-assembled nanostruc-
tures in a counterclockwise fashion (M-helicity). The self-
assembly properties of SAC were examined by the absorption
variation upon the concentration change. The critical
aggregation concentration (cac) of SAC in n-butanol was
determined to be 10.5 μM (Figure S1a in Supporting
Information), and the aggregates formed exhibit a fiber-shaped
morphology as visualized by transmission electron microscopy
(TEM) (Figure S2 in Supporting Information). SAC is prone
to be monodispersed in other organic solvents since no obvious
CD signals were observed (Figure 2). The critical micelle
concentration (cmc) of this kind of organogelators is usually 1
or 2 orders of magnitude higher than the corresponding cac.21

In this way, the cmc of SAC was also determined as 420 μM
(Figure S1b in Supporting Information).
SAC can completely gelate n-butanol above a certain

concentration regarded as the critical gelation concentration
(cgc = ∼0.3 wt %; Figure S3 in Supporting Information) at
room temperature. To ensure a favorable condition for phase
transition, a sol−gel system with a moderate concentration of
SAC (∼0.5 wt %) was optimized for the following experiments.
The gel-to-sol transition temperature at this concentration is 52
°C. Similar to most other low-molecular-weight gelators,22 the
sol state (SAC-sol) can be reversibly changed into its
corresponding gel state (SAC-gel) by cooling it to room
temperature and returned to the sol state by heating (Figure 1).
In our experiments, the micelles self-assembled from SAC
always display a counterclockwise helicity as indicated by the
Cotton effects in Figure 2 and Figure S4 in Supporting
Information, which is attributed to the molecular structure itself
and the sol−gel preparation procedure.23 The helical self-
assembly was prone to be disordered or dissociated upon
increasing the temperature, and the CD signal intensity of SAC
was reduced accordingly (Figure S4 in Supporting Informa-
tion). Therefore, temperature can serve as an orthogonal factor
to aid in the preparations of helical self-assembly as well as the
chirality control.

Coordination-Induced Chiral Inversion. To shed light
on the correlation between micelle formation and chirality
tuning, we turned to explore the interaction between the
micelle template and Au(III) ions. When HAuCl4 was

Figure 1. Chemical structures and synthetic routes of SAC,
photographs of thermoreversible sol−gel transition of SAC in n-
butanol, and representation of chirality control in the in situ
preparations of SAC-based gold nanoparticle hybrid superstructures
via corresponding micelle template. The superstructure Au@SAC-1
with P-helicity is prepared from the sol state (SAC-sol) through a
chiral inversion, whereas the superstructure Au@SAC-2 with M-
helicity is prepared from the gel state (SAC-gel) with chiral holding.
Reagents and conditions: (i) cholesteryl chloroformate; (ii) triethyl-
amine; (iii) (±)-α-lipoic acid; (iv) 4-(dimethylamino)pyridine and
dicyclohexylcarbodiimide.

Figure 2. Solvent selectivity for micelle formation: CD spectra of SAC
dissolved in different solvents. These spectra were determined at a
concentration of 0.03 mM calculated from the azobenzene unit in a
cuvette with path length 10 mm at 298 K.
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respectively introduced into SAC-sol and SAC-gel, different
apparent behavior was observed. The color of SAC-sol
immediately turned to red upon the addition of 5 equiv of
HAuCl4, and the mixture no longer gelated even upon cooling
down to room temperature (vial 1 in Figure 3a). In contrast,

the color of SAC-gel slightly changed after the addition of 5
equiv of HAuCl4, and the gel form was preserved after blending
and re-gelation (vial 2 in Figure 3a). More interestingly, dilute
solutions of the mixtures clearly exhibit chiral differences (see
CD spectra in Figure 3b). The Cotton effect of SAC-gel after
addition of 5 equiv of HAuCl4 retained a positive−negative pair
of peaks from 280 to 400 nm (M-helicity),24 while that of SAC-
sol after addition of 5 equiv of HAuCl4 became a negative−
positive pair of peaks (P-helicity).24 On the basis of these
observations, we infer that a significant interaction between
SAC-sol and HAuCl4 is responsible for the chiral inversion. For
SAC-gel, the micelles may not get enough contact with HAuCl4
in the gel state, so that the original chirality was kept
unchanged.
New absorption bands at around 380 and 470 nm emerged

after addition of HAuCl4 into SAC-sol (Figure S5 in Supporting
Information). Employing this signal change, we conducted a
series of control experiments to investigate the interaction
between SAC-sol and HAuCl4. Protonation of SAC was
excluded since no absorption change was observed when
SAC and excessive trifluoroacetic acid (TFA) are mixed (Table
S1 in Supporting Information). The addition of TFA did not
influence the chemical structure of SAC under the current
experimental conditions. Redox reaction was also ruled out as
no cyclic voltammetric (CV) signal was found in the micelle
dispersions. As these interactions were excluded, it was inferred
that this chiral inversion was caused by coordination of the
azobenzene unit with auric chloride, that is, chelation of a
phenyl group and a nitrogen atom on the azobenzene unit with
[AuCl2] (see the proposed structure in Figure 3c).16 Such a
coordination site on the azobenzenyl moiety is reasonable since
the disulfide unit is prone to bind with Au0 and Au(I) rather
than Au(III). From this aspect, we further explored that SAC is
able to coordinate with Au(III) to form a 1:2 complex,

2Au(III)−SAC, in n-butanol with a relatively high association
constant (6139 ± 255 M−2) (Figures S6 and S7 in Supporting
Information). Electrospray ionization mass spectrometry (ESI-
MS) provides additional evidence for formation of the bis-
coordinated complex (Figure 3c). Two peaks at m/z = 1313.42
and 1349.62 were observed in the mass spectrum of 2Au(III)−
SAC, corresponding to [M − Cl]+ and [M + H]+, respectively.
Titration experiments shown in Figure S8 of Supporting
Information clearly demonstrate the coordination-induced
chiral inversion process.
To gain further insight into the fine superstructures of the

aggregates formed from the organogelator and the coordinated
complex, we employed molecular dynamics (MD) simula-
tions25 to study the self-assembly behavior of compounds SAC
and 2Au(III)−SAC (see Supporting Information for simulation
details). A representative comparison between the M- and P-
helices is shown in Figure 4 by illustrating the stacking patterns

of the aromatic units in the self-assemblies of SAC and
2Au(III)−SAC, respectively. In the packing mode of SAC, the
azobenzenyl unit stacks over the phenyl ring through weak
interactions, where the macroscopic helicity is most likely
guided by the chiral cholesterol units.23a Notably, the stacking
pattern and helicity of the 2Au(III)−SAC self-assembly are
altered in the presence of gold atoms (Figure 4). Inspection of
the intermolecular interaction energies within the self-
assemblies (Figure S13 and Table S2 in Supporting
Information) indicates that the electrostatic attraction26

among the 2Au(III)−SAC molecules is significantly enhanced
as compared with that in the self-assembly of SAC, due to the
presence of gold and chlorine atoms. For both SAC and
2Au(III)−SAC self-assemblies, the vertical distance between
two adjacent stacking units is around 3.6 Å, typical of π−π
stacking character, and the relatively short distance between the
gold and chlorine atoms (3.33 Å in Figure 4) reflects that the
electrostatic attraction takes effect in altering the packing mode
and optical rotation of the 2Au(III)−SAC self-assembly.

Chirality Control for in Situ Preparation of Gold
Nanoparticle Superstructures. The hybrid gold nanostruc-
tures Au@SAC-1 and Au@SAC-2 were prepared from SAC-sol
and SAC-gel, respectively, through the addition of HAuCl4
followed by a reduction reaction using tetrabutylammonium
borohydride (TBAB) (see Experimental Section for details).
Through TEM studies, their superstructure morphologies were
observed. Au@SAC-1 with an average cross-sectional diameter
of 40 nm tends to curl, whereas Au@SAC-2 with an average

Figure 3. Coordination-induced chiral inversion of the micelle
template. (a) Photographs of SAC-sol (vial 1) and SAC-gel (vial 2)
after addition of 5 equiv of HAuCl4. (b) CD spectra of n-butanol
solutions of SAC-sol (curve 1) and SAC-gel (curve 2) after addition of
5 equiv of HAuCl4. (c) ESI-MS spectrum and chemical structure of
2Au(III)−SAC.

Figure 4. Representative (top) M-helical stacking pattern of SAC self-
assembly and (bottom) P-helical stacking pattern of 2Au(III)−SAC
self-assembly, extracted from trajectories of MD simulations.
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cross-sectional diameter of 200 nm is relatively widespread (see
TEM images in Figure 5 and microscopy images with relatively

large scale in Figure 6). In addition, it can be clearly seen from
the TEM images that these superstructures were formed
through the growth of small gold nanoparticles with diameter
less than 5 nm along the micelle surfaces via gold−thiol binding
(Figure 5). The distribution of gold nanoparticles in Au@SAC-
1 is more compact than that in Au@SAC-2. Formation of the
superstructures results in a significantly bathochromic shift of

their surface plasmon resonance (SPR) band to more than 570
nm (Figure 6a and Figure S14 in Supporting Information), as
compared to the ones observed from monodispersed gold
nanoparticles (ca. 520 nm).27 The shifting of the SPR band in
Au@SAC-1 shows a slight difference from that of Au@SAC-2,
which was also reflected by the corresponding colors of the
dispersions (inset in Figure 6a). Fourier transform infrared
spectroscopy (FT-IR) and energy-dispersive X-ray spectrome-
try (EDS) studies also confirm the formation of gold
nanoparticle hybrid superstructures (see the corresponding
spectra and discussions in Figures S15 and S16 in Supporting
Information).
When these nanostructures were further examined by CD

spectroscopy, an encouraging phenomenon was observed.
Dilute dispersions of the gold nanoparticle superstructures
exhibit similar chiral behavior as their corresponding
precursors, that is, mixtures of HAuCl4 and the SAC micelle
in sol and gel states, respectively (see CD spectra in Figure 6b).
The Cotton effect of Au@SAC-2 also reveals a positive−
negative pair of peaks at the electronic transition region of the
azobenzene unit, while that of Au@SAC-1 displays a negative−
positive pair of peaks. These results indicate that the difference
in chirality can be preserved with subsequent formation of gold
nanoparticle superstructures. Electron microscopy with rela-
tively large scale provides further insight into the chiral
character of these superstructures. It can be seen that Au@
SAC-1 normally adopts a clockwise helical stacking mode (P-
helix),24 whereas Au@SAC-2 exhibits an anticlockwise pattern
(M-helix)24 (Figure 6c−f). The pitch in these hierarchical
nanoarchitectures of Au@SAC-1 and Au@SAC-2 can also be
measured as 60 and 130 nm, respectively (Figure 6g,h). Such
pitch difference is in agreement with their cross-sectional
diameter difference shown in Figures 5 and 6. These interesting
results came from optimization of a series of parallel
experiments for preparation of the hybrid nanostructures
under different strategies (see Table S3 and Figures S4 and
S17 in Supporting Information for details). Although the
temperature and addition sequence of the reaction materials
can affect the chiral expression, it is clearly demonstrated that
chirality control for in situ preparation of the hybrid
superstructures can be realized by employing the sol and gel
states of SAC as template. In addition, chiroptical properties of
the hybrid superstructures in the plasmonic region (∼570 nm)
were also explored. The CD signals of Au@SAC-1 and Au@
SAC-2 around 570 nm are relatively weak as a result of low
chiral transfer efficiency in the systems as well as small oscillator
strength of the gold nanoparticles.28 Nevertheless, magnified
CD spectra feature the opposite plasmonic signals between
Au@SAC-1 and Au@SAC-2 (Figure S18 in Supporting
Information).

Solvent Stability of the Superstructures. The chiral
appearance of the unimolecular template is largely solvent-
dependent, as exemplified in Figure 2. However, such a
limitation was well overcome by the formation of gold
nanoparticle superstructures. Beyond n-butanol, the chirality
difference between Au@SAC-1 and Au@SAC-2 can also be
observed in several other solvents with different polarities (e.g.,
toluene, acetone, and water; see the corresponding CD signals
in Figure 7). This finding suggests that the whole nano-
architectures of Au@SAC-1 and Au@SAC-2 remain intact and
the inorganic−organic hybrid entities are retained in these
media, owing to the immobilization effect generated from the
equilibrium between destabilization of the organic components

Figure 5. TEM images of (a) Au@SAC-1 and (b) Au@SAC-2,
prepared from the corresponding n-butanol dispersions.

Figure 6. Formation of Au@SAC-1 and Au@SAC-2 and their chirality
difference. (a) Absorption spectra (SPR band) of n-butanol
dispersions of Au@SAC-1 (curve 1) and Au@SAC-2 (curve 2).
(Inset) Corresponding photographs of the dispersions. (b) CD spectra
of n-butanol dispersions of Au@SAC-1 (curve 1) and Au@SAC-2
(curve 2). (c, e) TEM images with relatively large scale for (c) Au@
SAC-1 and (e) Au@SAC-2, prepared from the corresponding n-
butanol dispersions. (d, f) SEM images with relatively large scale for
(d) Au@SAC-1 and (f) Au@SAC-2, prepared from the corresponding
n-butanol dispersions. Some clear helical twists of the nanostructures
in panels c−f are highlighted by red arrows. Scale bar = 100 nm. (g, h)
Model representations of (g) Au@SAC-1 and (h) Au@SAC-2.
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and the Hamaker attraction of gold nanoparticles.29 Thus, the
solvent stability of the nanoarchitectures is strengthened
through a rational combination of the organic component
with the gold component. This property broadens the potential
application scope of chiral hybrid nanomaterials.

■ CONCLUSION
Chirality control in the in situ preparation of hybrid gold
nanoparticle superstructures has been realized via the
unimolecular strategy of using a coordinatable organogelator
as template. Upon addition of HAuCl4 into the sol form of the
template, coordination between the azobenzene moiety and
Au(III) leads to chirality inversion of the helical micelles. Upon
introduction of HAuCl4 into the gel form, the thickness of the
micelles that cannot get enough contact with HAuCl4 prevents
the coordination, and thus the original chirality is maintained.
After subsequent reduction by TBAB, the chirality difference
between the resulting gold nanoparticle superstructures can be
preserved and cannot be disrupted in several solvents. These
observations have been well supported by multiple exper-
imental characterization techniques as well as by theoretical
calculations. The strategy demonstrated herein could thus be
valuable for potential exploitation toward the development of
smart chiral nanomaterials.

■ EXPERIMENTAL SECTION
General. 1H NMR and 13C NMR spectra were measured on a

Bruker BBFO-400 spectrometer. Electronic spray ionization mass
spectra were recorded on a ThermoFinnigan LCQ quadrupole ion trap
mass spectrometer. High-resolution mass spectrometry (HRMS) was
performed on a Waters Q-tof Premier MS spectrometer. Absorption
spectra were recorded on a Shimadzu UV-3600 UV−vis−NIR
spectrophotometer, while the CD spectra were recorded on a Jasco
J-810 CD spectrophotometer. All the optical spectra discussed in this
work were determined at a concentration of 0.3 mM calculated from
the azobenzene unit in a cuvette with a path length of 1 mm. TEM
images were collected on a JEM-1400 (JEOL) operated at 100−120
kV. SEM images were obtained on a JSM 6340 scanning electron
microscope (0.5−30 kV) equipped with cold cathode field-emission
gun (FEG) as electron source. Energy-dispersive X-ray spectra (EDS)
were collected from JED-2300F (JEOL) equipped with SEM of field-
emission JSM-6700F (JEOL) operated at 15 kV. FT-IR spectra were
recorded on a Shimadzu IR Prestige-21 spectrophotometer. Melting
points were determined by use of an OptiMelt automated melting

point system. The photo images were photographed by a Nikon
Coolpix S8000 digital camera.

Synthesis of Compounds A and SA. These compounds were
prepared according to our previous report.17b

Synthesis of Compound AC. A solution of cholesteryl
chloroformate (0.42 g, 0.93 mmol) in anhydrous acetone (10 mL)
was added dropwise into a mixed solution of compound A (0.2 g, 0.93
mmol) and triethylamine (0.1 mL) in anhydrous acetone (20 mL) at
room temperature. After the mixture was stirred at room temperature
for 16 h, the byproduct quaternary ammonium salt was removed by
filtration. The filtrate was concentrated under vacuum, and the residue
was washed with ethanol (20 mL) and petroleum ether (5 mL). Then
the crude product was purified through silica gel chromatography
(petroleum ether:ethyl acetate = 20:1) to afford yellow compound AC
(195 mg, 33.6%), mp 148−150 °C. 1H NMR (400 MHz, CDCl3, 298
K) δ = 7.93 (d, J = 8.8 Hz, 2H), 7.89 (d, J = 8.8 Hz, 2H), 7.35 (d, J =
8.8 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 5.44 (s, 1H), 4.62 (m, 1H), 2.48
(m, 1H), 2.04 (m, 1H), 1.59−0.71 (m, 41H). 13C NMR (100 MHz,
CDCl3, 298 K) δ = 149.80, 138.50, 125.01, 123.83, 123.75, 123.30,
121.63, 115.81, 83.03, 79.15, 77.22, 56.64, 56.13, 49.93, 42.31, 39.67,
39.52, 37.58, 36.76, 36.50, 36.18, 35.78, 31.89, 31.80, 28.21, 28.02,
27.37, 24.27, 23.83, 22.83, 22.57, 21.04, 19.22, 18.72, 11.86. HRMS
(ESI) m/z [M + H]+ calcd for C40H55N2O4, 627.4162; found,
627.4166.

Synthesis of Compound SAC. A solution of cholesteryl
chloroformate (1.26 g, 2.79 mmol) in anhydrous acetone (20 mL)
was added dropwise into a mixed solution of SA (585 mg, 1.45 mmol)
and triethylamine (0.1 mL) in anhydrous acetone (20 mL) at room
temperature. After the mixture was stirred at room temperature for 24
h, the byproduct quaternary ammonium salt was removed by filtration.
The filtrate was concentrated under vacuum, and the residue was
washed with ethanol (50 mL) and petroleum ether (15 mL). Then the
crude product was purified through silica gel chromatography
(petroleum ether:ethyl acetate = 40:1) to afford yellow compound
SAC (682 mg, 57.7%), mp 131−133 °C. 1H NMR (400 MHz, CDCl3,
298 K) δ = 7.97 (d, J = 8.8 Hz, 4H), 7.36 (d, J = 8.8 Hz, 2H), 7.25 (d,
J = 8.8 Hz, 2H), 5.45 (s, 1H), 4.62 (m, 1H), 3.65 (m, 1H), 3.20 (m,
2H), 2.64 (t, J = 7.2 Hz, 2H), 2.49 (m, 2H), 2.04 (m, 1H), 1.90 (m,
1H), 1.82 (m, 2H), 1.59−0.71 (m, 45H). 13C NMR (100 MHz,
CDCl3, 298 K) δ = 171.63, 153.03, 152.75, 152.54, 150.14, 139.07,
124.11, 123.31, 122.23, 121.71, 79.19, 77.23, 56.69, 56.30, 56.13,
49.99, 42.33, 40.26, 39.71, 39.52, 38.53, 37.93, 36.84, 36.57, 36.19,
35.79, 34.62, 34.18, 31.92, 31.85, 28.73, 28.23, 28.02, 27.65, 24.60,
24.29, 23.83, 22.83, 22.57, 21.06, 19.30, 18.72, 11.87. HRMS (ESI) m/
z [M + H]+ calcd for C48H67N2O5S2, 815.4491; found, 815.4503.

Gelation Test in Different Organic Solvents. SAC (10 mg) and
different solvents (0.5 mL) were placed in a capped vial, which was
heated until the solid was dissolved (SAC cannot be entirely dissolved
in some solvents even by heating). Then the solution was cooled
naturally to room temperature. In our study, we found that only n-
butanol can be effectively gelated by SAC. Once the gel was formed, it
can be reversibly transformed between the gel and sol states by heating
and cooling, respectively. For a batch sol−gel system with 0.5 wt %
SAC, the gel-to-sol transition temperature is 52 °C.

Preparation of Au@SAC-1. SAC (4.0 mg) and n-butanol (0.8
mL) were placed in a capped vial, which was heated until the solid was
entirely dissolved. The mixture was cooled to 55 °C and remained as a
fluid sol under stirring. Then HAuCl4 (8 mg) in n-butanol (0.2 mL)
was added into the sol, immediately accompanied by an obvious color
change of the mixture from yellow to red. After Au(III) was reduced
by the addition of tetrabutylammonium borohydride (TBAB, 2.4 mg)
in n-butanol (0.2 mL), the mixture was kept stirring for another 20
min. The resulted hybrid gold nanostructure Au@SAC-1 was isolated
by centrifugation (1500 rpm, 15 min) and washed by n-butanol to
sufficiently remove free ligand and excessive reagents. Au@SAC-1 was
either dried under vacuum or redispersed in different solvents for
further investigations.

Preparation of Au@SAC-2. SAC (4.0 mg) and n-butanol (0.8
mL) were placed in a capped vial, which was heated until the solid was
entirely dissolved. The mixture was cooled to room temperature and

Figure 7. Stability of Au@SAC-1 and Au@SAC-2 in different solvents:
CD spectra of Au@SAC-1 in (1) toluene, (2) acetone, and (3) water
and of Au@SAC-2 in (4) toluene, (5) acetone, and (6) water.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja403722t | J. Am. Chem. Soc. XXXX, XXX, XXX−XXXE



became the gel state. The gel was minced under stirring for better
interactions with additional agents. Then HAuCl4 (8 mg) in n-butanol
(0.2 mL) was added to the minced gel, and only the surface color of
the micelles slightly turned red. TBAB (2.4 mg) in n-butanol (0.2 mL)
was added under manual stirring for the Au(III) reduction, and the
resulting mixture was kept stirring for another 20 min. The obtained
hybrid gold nanostructure Au@SAC-2 was isolated by centrifugation
(1500 rpm, 15 min) and washed by n-butanol to sufficiently remove
free ligand and excessive reagents. Au@SAC-2 was either dried under
vacuum or redispersed in different solvents for further investigations.
Computational Details. The geometries of compounds SAC and

2Au(III)−SAC were optimized by density functional theory
calculations employing the hybrid B3LYP functional30 and the 6-
31G* basis set31 as implemented in the Gaussian 09 program.32 For
gold atoms in 2Au(III)−SAC, the Los Alamos effective core potential
basis set (LANL2DZ)33 was used. At the optimized geometry, the
electrostatic potential (ESP) was calculated at the Hartree−Fock level
of theory according to the Merz−Singh−Kollman scheme.34 Atomic
partial charges for subsequent molecular dynamics (MD) simulations
were derived on the basis of the restrained electrostatic potential
(RESP).35 The general Amber force field (GAFF)36 was employed to
model the organic part of the molecules, and the Hess2FF scheme37

was used to derive force field parameters for bonded interaction
involving gold atoms. Here, the equilibrium bond lengths and bond
angles as well as the force constants for dihedral potentials were
further refined so that the molecular mechanical force field could well
reproduce the quantum chemically predicted geometries. The
Lennard-Jones parameters for gold atoms were adopted from
literature.38 MD simulations were carried out with the GROMACS
program package.25 For each compound, 10 molecules were solvated
in TIP3P water39 and simulated under constant-NpT conditions (T =
298 K, p = 1 atm) for 50 ns. For comparison, simulations of SAC
molecules were also performed in methanol for 65 ns. Snapshots were
extracted from each simulation trajectory with an equal interval of 500
ps, and the computed electronic circular dichroism (ECD) spectra
were averaged over snapshots of the last 10 ns. The semiempirical
ZIndo/S method40 and time-dependent density functional theory
(TDDFT) calculations with the PBE0 functional41 were employed to
compute the ECD spectra.
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