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Abstract: Sodium deoxycholate modified silver nanoparticles prepared in the presence of
sodium deoxycholate as a chiral inducer exhibit plasmonic circular dichroism (CD) signals.
The plasmon-induced chirality arises from the presence of chiral molecules (sodium deoxycholate)
on the surface of Ag nanoparticles, which transfer their chiral properties to the visible wavelength
range due to the Coulomb interactions between the chiral molecules and plasmonic nanoparticles.
The prepared Ag nanoparticles (NPs) exhibit distinct line shapes of plasmonic CD, which can be
tailored by varying the pH values of the solutions. A mechanism was proposed to explain the
generation of the distinct plasmonic CD shapes, which indicated that the arrangements of chiral
molecules in the plasmonic hot spots between Ag NPs are crucial for the induced plasmonic CD.
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1. Introduction

Noble metal nanoparticles (NPs) display unique optical properties due to their unusual surface
plasmon resonances (SPR) in the visible region, which makes them particularly promising for
applications in optical devices [1,2] and the biomedical field [3,4]. Surface modification of plasmonic
NPs with chiral organic molecules could create optical responses in the visible spectral range.
Chiral noble metal nanomaterials have attracted great interest in recent years because of their potential
applications in chiral catalysis [5,6], chiral discrimination [7,8], and high-sensitive detection [9–11].

Chiral templates such as DNA helical nanostructures [12–15] and chiral supramolecular
assemblies [16–18] are widely utilized to prepare plasmonic noble metal NPs with chiroptical
response in the visible region. Another choice for the fabrication of chiral noble metal NPs is to
use low-molecular-mass chiral thiols, including cysteine, glutathione and penicillamine as chiral
inducers. It has been well demonstrated that chiral thiol protected noble metal nanoclusters have a
chiral perturbation placed upon their metal-based electronic transitions and consequently display
chiroptical activity. Recently, cysteine was utilized to synthesize chiral plasmonic silver nanoparticles
that exhibit optical activities at the wavelengths of SPR of Ag NPs [19]. Optical activities were observed
after modification of Ag colloids with cysteine, a thiol-containing amino acid. Wang and co-workers
reported that plasmon-induced circular dichroism (CD) signals in the visible region are observed for
gold nanosphere clusters with cysteine molecules locating at the hot spots of the linear clusters [20].
The observed plasmon-induced CD responses show a significant correlation with the chiral nature of
molecules at the hot spots (the enhancement of the electromagnetic field occurring at the nanogaps
between the nanoparticles). It still remains a great challenge to use chiral small molecules without
thiol group as capping agents to prepare noble metal NPs with tunable plasmonic chiroptical response.
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Herein, we report on the plasmonic chiroptical responses of silver NPs prepared with a chiral small
molecule without thiol group, sodium deoxycholate (NaDC), as the inducing agent. The as-synthesized
NaDC-modified Ag NPs display optically tunable plasmonic CD features by varying the pH values
of the reaction mixtures. The Ag NPs prepared at high pH are arranged into short linear chains,
exhibiting a strong positive Cotton effect at the SPR region. For Ag NPs prepared at low pH values,
split plasmonic CD lines are achieved accompanied by the apparent changes in the absorption spectra.
It is suggested that the arrangements of chiral capping agents in the plasmonic hot spots between the
adjacent Ag NPs is responsible for the variations of the CD signals.

2. Materials and Methods

2.1. Materials

Silver nitrate (AgNO3), sodium deoxycholate (NaDC), deoxycholic acid (HDC), sodium citrate,
and sodium borohydride (NaBH4) were obtained from Sigma-Aldrich (Shanghai, China) and used
without further purification. Deionized water was used for all the experiments.

2.2. In Situ Preparation of NaDC-Capped Ag NPs

The synthesis of NaDC-modified Ag NPs was achieved by the reduction of the mixed solution of
AgNO3 and NaDC. In a typical synthesis, 100 µL of sodium deoxycholate solution (20 mM) and 100 µL
of AgNO3 solution (10 mM) were added to 4.8 mL of water and reacted for 30 min under magnetic
stirring (IKA-Werke GmbH & Co.KG, Guangzhou, China). Then 100 µL of NaBH4 solution (10 mM)
was added into the mixed solution of AgNO3 and NaDC under vigorous stirring. The samples with
other molar ratios of AgNO3 to NaDC were prepared in the same way by varying the volume of
silver nitrate or NaDC solution added. The pH values of the reaction mixtures were adjusted by using
solutions of sodium hydroxide and hydrochloric acid.

2.3. Preparation of NaDC-Capped Ag NPs by Ligand Exchange Reaction

Sodium citrate-stabilized Ag nanoparticles were synthesized by the reduction of the mixed
solution of AgNO3 and sodium citrate. 400 µL of AgNO3 solution (50 mM) and 200 µL of sodium
citrate solution (300 mM) were added to 18.4 mL of water. Then 500 µL of NaBH4 solution (50 mM)
was added into the reaction mixture under vigorous stirring. The prepared sodium citrate-modified
Ag nanoparticles were subsequently modified with NaDC molecules by adding NaDC solution to the
citrate-stabilized Ag NPs. A solution of 120 µL of NaDC (2 mM) was added to 0.75 mL of sodium
citrate-stabilized Ag NPs and the obtained mixture was aged for half an hour. Then NaDC-modified
Ag NPs prepared by ligand exchange reaction were collected by centrifugation (Changcheng
instruments Co., Ltd, Zhengzhou, China) at 12,000 rpm for 20 min and the precipitate was redispersed
in 1.5 mL of water.

2.4. Preparation of Ag NPs in NaDC and HDC Mixed Solutions

In a typical synthesis, 50 µL of sodium deoxycholate solution (0.2 mM), 30 µL of deoxycholic acid
in ethanol solution (5 mM), and 100 µL of AgNO3 solution (3 mM) were added to 3 mL of water and
reacted for 1 h under magnetic stirring. Then 100 µL of NaBH4 solution (3 mM) was added into the
reaction mixture under vigorous stirring. The samples with other molar ratios of NaDC to HDC were
prepared in the same way by varying the volume of NaDC or HDC solution added.

2.5. Ex Situ Preparation of NaDC-Capped Ag NPs under the Acidic Condition

0.25 mL of H2O was added to 0.75 mL of sodium citrate-stabilized Ag nanoparticles. This was
followed by addition of 75 µL of NaDC (10 mM) and the obtained mixture was aged for half an hour.
Then 200 µL of HCl solution (1.2 mM) was added to the above mixture.
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2.6. Characterization

UV-vis absorption spectra of the silver NPs prepared were recorded using a U-3010
spectrophotometer (Hitachi Ltd., Tokyo, Japan) at room temperature. CD spectra were measured with
a JASCO J-1500 CD (Japan Spectroscopic Co., Ltd., Tokyo, Japan) spectropolarimeter using a quartz
cell of 1 cm optical path length. Transmission electron microscopy (TEM) images were taken on a
JEM-2010 (Japan Electron Optics Laboratory Co., Ltd., Tokyo, Japan) electron microscope operated
at an acceleration voltage of 120 kV. The sample was dropped onto a carbon-coated copper grid and
allowed to dry at room temperature before being analyzed.

3. Results and Discussions

3.1. Chiroptical Property of In Situ Prepared NaDC-Capped Ag NPs at Neutral pH

Sodium borohydride (NaBH4) was added to the mixed solution of sodium deoxycholate (NaDC)
and AgNO3 which leads to the formation of Ag NPs modified by chiral NaDC molecules as seen in
the TEM image (Figure 1a). The prepared silver NPs are essentially spherical in shape with average
particle sizes of 7.5 ± 2.5 nm (Figure S1 in Supplementary Materials). They are arranged to form
short linear chains which are caused by the self-assembling of Ag NPs mediated by NaDC molecules.
The inter-particle distance, d, (the distance between the neighboring particles) in the assemblies is
approximately 2.5± 1.1 nm (Figure S2 in Supplementary Materials). Figure 1b,c display the absorbance
and CD spectra of NaDC, AgNO3, their mixture and the formed Ag NPs. The as-synthesized Ag
NPs in the UV-vis spectrum displays an intense peak centered at 390 nm (Figure 1b) in the surface
plasmon resonance (SPR) region. Figure 1c shows the CD spectrum of formed NaDC-modified
silver NPs after NaBH4 was added to the mixture solution of NaDC and AgNO3, exhibiting a strong
positive Cotton effect at 380 nm, which is associated with the SPR absorption of the silver NPs [21,22].
Before NaBH4 was added to the mixture solution, the solution did not show any CD signal in the
UV region. Due to the sensitivity limitation of the instrument, the CD signature of NaDC at the
concentration of 0.4 mM is not observable in the CD spectrum (Figure 1c). Observable CD signals
from chiral NaDC require a significantly higher concentration (Figure S3 in Supplementary Materials).
It should be noted that the CD signal of NaDC molecules that is absent in the mixture of NaDC
and AgNO3 solution before reduction appears in the prepared NaDC modified silver NPs (see the
inset of Figure 1c). Theoretical calculations demonstrate that the chiral property of a molecule can
be both strongly enhanced and transferred to the visible wavelength by using a plasmonic hot spot
in a nanoparticle dimer [23]. The mechanism of plasmonic CD comes from the Coulomb interaction,
which is greatly amplified in a plasmonic hot spot. Metal NPs’ assemblies are expected to have hot
plasmonic spots at gaps between nanoparticles. In our case, NaDC-modified silver NPs are arranged
into short assemblies where hot spots appear between the adjacent Ag NPs, which greatly enhances
the chiral properties of NaDC molecules located at the gaps and facilitates the transferring of the CD
signal from the UV to the SPR region of Ag NPs.
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Figure 1. (a) TEM image of NaDC modified Ag NPs prepared at pH 7.0 by reducing AgNO3 with 
NaBH4 in the presence of NaDC; (b) UV-vis absorption and (c) CD spectra of NaDC modified Ag 
NPs prepared at pH 7.0, AgNO3, NaDC, the mixture of AgNO3, and NaDC. The inset of (c) shows the 
magnified spectra in the wavelength region of 200–230 nm. The concentration of NaDC was 0.4 mM, 
and its molar ratio to AgNO3 was 2. 
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intrinsically chiral or the optical activity is induced by the chiral environment, silver NPs were 
prepared in an achiral environment in the presence of sodium citrate as the stabilizer. The sodium 
citrate-modified silver nanoparticles were then incubated with NaDC solutions. During the process 
of incubation, the NaDC molecules can be chemisorbed through carboxylate groups onto the surface 
of the silver particles by the ligand exchange reactions. After the incubation, NaDC-modified Ag 
NPs were collected by centrifugation and redispersed in water. Figure 2a exhibits the CD signal of 
NaDC-modified Ag NPs obtained by ligand exchange reactions, showing a strong positive Cotton 
effect at 390 nm. In contrast to ex situ prepared NaDC-modified Ag NPs, sodium citrate-modified 
silver particles did not exhibit any CD signal in the SPR region. Figure 2b indicates that the 
absorption peaks of Ag NPs become broader after NaDC modification, suggesting that NaDC 
modified Ag NPs slightly aggregate. This is confirmed by the TEM images of NaDC modified Ag 
NPs containing dimers and linear chain assemblies (Figure 2c). It has been reported that the 
plasmonic CD signals can be enhanced in aggregates composed of chiral molecule-metal 
nanoparticle conjugates, which creates hot spots between Ag NPs and remarkably amplifies the 
electromagnetic fields [24]. The mechanism of plasmonic CD signals is based on the Coulomb 
interaction between chiral molecules and plasmonic modes in the hot spot. 
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Figure 1. (a) TEM image of NaDC modified Ag NPs prepared at pH 7.0 by reducing AgNO3 with
NaBH4 in the presence of NaDC; (b) UV-vis absorption and (c) CD spectra of NaDC modified Ag
NPs prepared at pH 7.0, AgNO3, NaDC, the mixture of AgNO3, and NaDC. The inset of (c) shows the
magnified spectra in the wavelength region of 200–230 nm. The concentration of NaDC was 0.4 mM,
and its molar ratio to AgNO3 was 2.

3.2. Chiroptical Property of Ex Situ Prepared NaDC-Capped Ag NPs

In order to clarify the origin of the observed optical activity, whether the metal core is intrinsically
chiral or the optical activity is induced by the chiral environment, silver NPs were prepared in an achiral
environment in the presence of sodium citrate as the stabilizer. The sodium citrate-modified silver
nanoparticles were then incubated with NaDC solutions. During the process of incubation, the NaDC
molecules can be chemisorbed through carboxylate groups onto the surface of the silver particles
by the ligand exchange reactions. After the incubation, NaDC-modified Ag NPs were collected
by centrifugation and redispersed in water. Figure 2a exhibits the CD signal of NaDC-modified
Ag NPs obtained by ligand exchange reactions, showing a strong positive Cotton effect at 390 nm.
In contrast to ex situ prepared NaDC-modified Ag NPs, sodium citrate-modified silver particles
did not exhibit any CD signal in the SPR region. Figure 2b indicates that the absorption peaks of
Ag NPs become broader after NaDC modification, suggesting that NaDC modified Ag NPs slightly
aggregate. This is confirmed by the TEM images of NaDC modified Ag NPs containing dimers
and linear chain assemblies (Figure 2c). It has been reported that the plasmonic CD signals can be
enhanced in aggregates composed of chiral molecule-metal nanoparticle conjugates, which creates hot
spots between Ag NPs and remarkably amplifies the electromagnetic fields [24]. The mechanism of
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plasmonic CD signals is based on the Coulomb interaction between chiral molecules and plasmonic
modes in the hot spot.Materials 2018, 11, x FOR PEER REVIEW  5 of 12 
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Figure 2. (a) CD and (b) UV-vis absorption spectra of sodium citrate-modified Ag NPs and 
NaDC-modified Ag NPs. (c) TEM image of NaDC-modified Ag NPs prepared by ligand exchange 
reaction after the centrifugation. 

Note that the CD spectrum of NaDC-modified Ag NPs prepared ex situ (by the ligand exchange 
reactions) is very similar to that of in situ prepared NaDC-modified Ag NPs. If the chiral core is the 
main origin, core rearrangements will yield the possibility of changes in the CD signatures. Similar 
spectra seem to contradict a chiral core model, indicating that the metal core of silver NPs prepared 
in situ is not intrinsically chiral. The origins of optical activity of chiral molecule-capped metal 
nanoparticles have been discussed experimentally and theoretically. Three major mechanisms have 
been proposed to explain the observed optical activity: (a) The optical activity arises from an 
intrinsically chiral inorganic core. The presence of chiral ligands can favor the growth of one of the 
two possible enantiomers of the core [25]; (b) for the achiral inorganic core, optical activity is 
induced by a chiral organic shell through vicinal effects or through a chiral electrostatic field [26,27]; 
and, (c) for an achiral core, the relaxation of the surface atoms involved in the adsorption of the 
chiral ligand creates a chiral footprint (i.e., a chiral surface-atom distortion caused by at least a 
double interaction) [28,29]. Based on our experimental results, scheme (a) is unlikely for 
NaDC-modified silver NPs. Gautier and Bürgi proposed a chiral footprint model to explain the 
observed optical activity for gold NPs covered with N-isobutyryl-L/D-cysteine [28]. It was suggested 
that the surface chiral distortion caused by a double interaction through the adsorption of both 
carboxylate groups and thiolates was the origin. The NaDC molecule contains one carboxyl and two 
hydroxyl groups, which can be chemisorbed onto silver’s surface. Unlike the sulfhydryl group, the 
interactions between carboxylate group (or hydroxyl groups) and Ag NPs are not very strong. It 
seems unlikely that NaDC molecules can distort the Ag atoms on the surface of Ag NPs. 

Figure 2. (a) CD and (b) UV-vis absorption spectra of sodium citrate-modified Ag NPs and
NaDC-modified Ag NPs. (c) TEM image of NaDC-modified Ag NPs prepared by ligand exchange
reaction after the centrifugation.

Note that the CD spectrum of NaDC-modified Ag NPs prepared ex situ (by the ligand exchange
reactions) is very similar to that of in situ prepared NaDC-modified Ag NPs. If the chiral core
is the main origin, core rearrangements will yield the possibility of changes in the CD signatures.
Similar spectra seem to contradict a chiral core model, indicating that the metal core of silver NPs
prepared in situ is not intrinsically chiral. The origins of optical activity of chiral molecule-capped
metal nanoparticles have been discussed experimentally and theoretically. Three major mechanisms
have been proposed to explain the observed optical activity: (a) The optical activity arises from an
intrinsically chiral inorganic core. The presence of chiral ligands can favor the growth of one of the two
possible enantiomers of the core [25]; (b) for the achiral inorganic core, optical activity is induced by a
chiral organic shell through vicinal effects or through a chiral electrostatic field [26,27]; and, (c) for an
achiral core, the relaxation of the surface atoms involved in the adsorption of the chiral ligand creates
a chiral footprint (i.e., a chiral surface-atom distortion caused by at least a double interaction) [28,29].
Based on our experimental results, scheme (a) is unlikely for NaDC-modified silver NPs. Gautier and
Bürgi proposed a chiral footprint model to explain the observed optical activity for gold NPs covered
with N-isobutyryl-L/D-cysteine [28]. It was suggested that the surface chiral distortion caused by a
double interaction through the adsorption of both carboxylate groups and thiolates was the origin.
The NaDC molecule contains one carboxyl and two hydroxyl groups, which can be chemisorbed onto
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silver’s surface. Unlike the sulfhydryl group, the interactions between carboxylate group (or hydroxyl
groups) and Ag NPs are not very strong. It seems unlikely that NaDC molecules can distort the Ag
atoms on the surface of Ag NPs.

A theory presented by Govorov et al. demonstrated that a chiral molecule coupled with a
non-chiral metal NP can transfer its chiral property to the visible wavelength range [30]. The optical
responses at the plasmon frequency are associated with Coulomb interactions between the chiral
molecule and non-chiral plasmonic nanoparticles. Another theoretical study showed that a chiral
molecule placed in a plasmonic hot spot can induce the enhanced plasmonic CD signal [31].
The enhancement originates from the giant enhancement of the electric field at the chiral molecule.
These theories can be applied to our system. After the ligand exchange reactions, chiral molecules are
chemisorbed on the surfaces of Ag NPs via carboxylate groups. NaDC is an amphiphilic molecule,
which consists of a convex hydrophobic surface (the steroid ring) and a concave hydrophilic surface
(hydroxyl groups and carboxylate ion). NaDC molecules on the surfaces of Ag NPs have the tendency
to self-assemble via hydrophobic interactions, which promotes the aggregation of Ag NPs. The hot
spots appear in the small aggregates of Ag NPs, which greatly amplifies the plasmonic CD signal.

3.3. Chiroptical Properties of Prepared NaDC-Capped Ag NPs under the Acidic Conditions

The shapes of the CD spectra can be altered by reducing the pH values of the reaction solutions.
When the pH value of the solution is reduced to below the pKa of NaDC (approx. 6.29) [32], distinct
CD signals are observed at the SPR region for the prepared Ag NPs, as shown in Figure 3a. The CD
spectrum of the silver NPs prepared at pH 5.2 exhibits a splitting CD signal with two positive Cotton
effects at 390 nm and 543 nm, and a negative Cotton effect at 469 nm (Figure 3a), which is distinct from
those of Ag NPs prepared at a pH value higher than the pKa of NaDC. The characteristic splitting of
the CD signature of silver NPs prepared at a pH value lower than the pKa of NaDC strongly suggests
the existence of plasmonic dipole-dipole interactions between adjacent Ag NPs [33,34]. The absorption
of silver NPs prepared at pH 5.2 shows two peaks at 398 and 500 nm (Figure 3b). The appearance of
the new peak at the longer wavelength indicates that the aggregates of Ag NPs form in the solution
at the low pH value. The lowering of the pH values of the solution causes HDC to be generated by
the neutralization of NaDC. The obtained HDC molecules interact with NaDC molecules to form
associations through hydrophobic interactions and hydrogen bonds, which facilitate the aggregation
of Ag NPs.
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AgNO3 concentrations of 0.4, 0.6 and 1.0 mM, respectively. The inset of (d) shows the amplified TEM
image of Ag NPs prepared at pH 5.2 with AgNO3 concentrations of 0.6 mM.

The influence of the concentrations of AgNO3 on the chiroptical activities of the prepared Ag
NPs was investigated. For the Ag NPs prepared at pH 5.2, their absorption spectra exhibit two split
absorption peaks that are caused by the coupling between Ag NPs in the aggregates (Figure 3b),
which can be confirmed by TEM images (Figure 3c–e). The peak appearing at the longer wavelength
experiences a redshift accompanied by a slight blue shift of the peak at short wavelengths when
increasing the concentration of AgNO3 from 0.4 to 1.2 mM. The CD spectra of Ag NPs display, with
the increase of AgNO3 concentration, the negative and positive Cotton effects at long wavelength
exhibit redshifts that are corresponding to the changes of the absorption spectra. This phenomenon
suggests that upon increasing the concentration of AgNO3, the aggregation level of the formed Ag NPs
increases, which can be verified by TEM images. Figure 3c–e are the TEM images of Ag NPs prepared
at pH 5.2 with various concentrations of AgNO3, showing that most of the particles are spherical and
few are anisotropic in nature, with the average particle size of 12 ± 5 nm and the inter-particle distance
of 1.1 ± 0.5 nm (Figure S4 in Supplementary Materials). With the increase of the concentration of
AgNO3, the size of aggregates is gradually increased, which leads to the strengthening of the coupling
between the neighboring Ag NPs in the aggregates. It should be noted that decreasing the pH value
can also promote the aggregation of Ag NPs, enhancing the coupling of Ag NPs, and thus redshifting
the absorption and CD bands (Figure S5 in Supplementary Materials).

The CD response of Ag NPs prepared at low pH is different from that of Ag NPs prepared at
high pH (Figures 1b and 3a). The pH value has a great influence on the composition of the mixed
solution and the interaction between NaDC and Ag+. The decrease of pH of the solution causes NaDC
molecules to be neutralized, generating HDC molecules. The formed HDC molecules can strongly
interact with NaDC molecules due to the combination of hydrogen bonds and hydrophobic effects.
The presence of hydrogen bonds between NaDC and HDC affects their interaction with the formed Ag
NPs and thus has a great impact on the optical properties of Ag NPs.

To verify this hypothesis, Ag NPs were prepared by adding NaBH4 to the mixed solution
containing AgNO3, NaDC and HDC molecules. As shown in Figure 4a, the CD line shape of the Ag
NPs prepared in this case is similar to that of Ag NPs prepared at a low pH value, suggesting that the
mechanism of the plasmonic CD induction is identical. Their absorption spectra exhibit broad SPR
peaks, indicating that strong plasmonic coupling occurs between Ag NPs (Figure 4b). Figure 4c is the
TEM image of the Ag NPs prepared in this case, showing that Ag NPs are arranged in assemblies.
TEM analysis indicates that the average particle distance between neighboring Ag NPs is around
1.0 ± 0.5 nm. Upon increasing the HDC concentration, the absorption peak redshifts and a new peak
appears at a longer wavelength, suggesting that the plasmonic coupling is strengthened. The CD
spectra show similar redshifts of the CD bands corresponding to the changes of the absorption spectra.
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Figure 4. (a) CD and (b) UV-vis absorption spectra of Ag NPs prepared in the presence of NaDC and
HDC with molar ratios of NaDC to HDC of 1:8.5, 1:15 and 1:25, respectively. (c) TEM images of Ag
NPs prepared with molar ratio of NaDC to HDC of 1:15.

From the above results, it can be seen that the presence of HDC is crucial for generating the split
plasmonic CD lines. Our results show that this CD induction phenomenon relies on the synthesis
condition. When citrate-modified Ag NPs were mixed with NaDC solution for half an hour and then
acid was added, the produced Ag nanoparticles showed a positive Cotton effect at the SPR region in
the CD spectra (Figure 5a). As shown in Figure 5b, the corresponding absorption spectrum of produced
Ag NPs exhibits a shoulder at 430 nm in comparison with citrate-modified Ag NPs, indicating that the
plasmonic coupling occurs between Ag NPs. The plasmonic CD response in this case is similar to that
of NaDC-modified Ag NPs prepared by the ligand exchange reactions (Figure 2a). The differences in
CD lines of Ag NPs (prepared by ex situ and in situ methods) at low pH indicate the importance of the
interactions between Ag+, NaDC and HDC molecules. In the case of in situ preparation, the interactions
between them facilitate the specific arrangement of NaDC/HDC molecules at hot spots between the
formed Ag NPs, which is crucial for the induced split CD signals. This special oriented arrangement
cannot be achieved in the case of ex situ preparation where Ag nanoparticles already exist.
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Two distinct plasmonic CD features are observed for in situ prepared Ag NPs at different
pH values, indicating that different mechanisms dominate the plasmonic CD induction. For both cases,
aggregation occurs among Ag NPs that is mediated by NaDC molecules. For the synthesis at high
pH, Ag NPs were assembled through the hydrophobic interaction between NaDC molecules that are
on the surfaces of Ag NPs. However, the situation changes in the case of synthesis at low pH, where
HDC molecules appear and interact with NaDC molecules via hydrogen bonds and hydrophobic
interactions. The presence of the hydrogen bonds between NaDC and HDC molecules weakens the
interactions between the COO– groups of NaDC and Ag NPs, varying the arrangement of NaDC/HDC
molecules at gaps between Ag NPs. This can be verified by the varying inter-particle distances of
Ag NPs prepared in the two cases (2.5 ± 1.1 nm for Ag NPs prepared at high pH and 1.1 ± 0.5 nm
for those prepared at low pH). This clearly demonstrates that the inter-particle distance of Ag NPs
prepared at low pH is short, suggesting a different arrangement of NaDC/HDC molecules at the gaps
between the adjacent Ag NPs.

3.4. Mechanism of the Interactions between Chiral Molecules and Ag NPs

Based on the results of the experiments, a mechanism for the formation of Ag assemblies is
proposed (Figure 6). For the synthesis at high pH, NaDC molecules are bonded to the surfaces of Ag
NPs via COO– groups. The existence of NaDC molecules on the surfaces of Ag NPs facilitates the
assembly of Ag NPs via hydrophobic interactions between NaDC molecules (Figure 6a). In the case of
synthesis at low pH, the interactions between COO– groups of NaDC and Ag NPs are weakened due
to the strong hydrogen bonding between the COO– group of NaDC and the COOH group of HDC.
Consequently, in this situation OH groups of NaDC/HDC have the tendency to interact with Ag NPs
(Figure 6b).

Govorov et al. predicted that the sign and strength of the plasmonic CD depends on the orientation
of the molecular dipole with respect to the nanoparticle surface [31,32]. In addition to the orientations
of chiral molecules, the inter-particle distances may also influence the strength and shape of the
induced plasmonic CD. In the closely located metal nanoparticle system, the plasmonic coupling
between them can be much stronger, which will result in the splitting of the CD lines due to the
exciton coupling [35]. Hence, the mechanism for the distinct CD responses in the two cases would
probably be related to the arrangements of the chiral molecules in the plasmonic hot spots and the
inter-particle distances between Ag NPs. Compared with silver NPs prepared at high pH values, silver
NPs prepared at low pH values exhibit strong plasmonic coupling between silver nanoparticles due to
the short inter-particle distance, which results in the splitting of CD spectra.



Materials 2018, 11, 1291 10 of 12Materials 2018, 11, x FOR PEER REVIEW  10 of 12 

Materials 2018, 11, x; doi: FOR PEER REVIEW  www.mdpi.com/journal/materials 

 

Figure 6. Illustration of the interaction modes between chiral molecules and Ag NPs: (a) at pH 7.0 
and (b) at pH 5.2. 

4. Conclusions 

We report herein a facile synthesis of NaDC-capped silver NPs by chemical reduction method 
in aqueous solution. The as-synthesized Ag NPs display two distinct plasmonic CD features, which 
are pH dependent. The arrangements of the capping agents in the plasmonic hot spots and 
inter-particle distances are crucial for the induced CD signals. By varying the pH values of the 
solutions, the arrangements of NaDC between Ag NPs in the aggregates can be controlled. For Ag 
NPs prepared at pH 7.0, the in situ and ex situ prepared NaDC-modified Ag NPs have similar CD 
signals. For in situ prepared NaDC-modified Ag NPs at low pH value, the CD signal is distinct from 
that of ex situ prepared NaDC-modified Ag NPs, revealing the importance of the interactions 
between Ag+, NaDC and HDC molecules in the reaction solution that facilitate the specific 
arrangement of NaDC/HDC molecules at hot spots after the reduction reaction. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1: Size 
distribution of Ag NPs prepared at pH 7.0 (7.5 ± 2.5 nm, n = 400); Figure S2: Inter-particle distance distribution 
of Ag NPs prepared at pH 7.0 (2.5 ± 1.1 nm, n = 400); Figure S3: CD spectra of NaDC solutions with the 
concentrations of 0.4, 3.0, and 12.0 mM, respectively; Figure S4: Size distribution of Ag NPs prepared at pH 5.2 
(12 ± 5 nm, n = 400) (a) and inter-particle distance distribution of Ag NPs prepared at pH5.2 (1.1 ± 0.5 nm, n = 336) 
(b); Figure S5: (a) CD and (b) UV-vis absorption spectra of Ag NPs prepared at pH 5.0 and 5.2. 

Author Contributions: J.W. designed the experiments; K.-X.F., X.Y. and S.-S.Z. assisted with the experiments; 
J.W. and Y.-X.P. analyzed and interpreted the data; J.W. wrote the paper; Y.-X.P. helped revise the manuscript. 

Funding: This research was funded by the National Natural Science Foundation of China (21203079). 

Acknowledgments: The authors gratefully acknowledge financial support from the National Natural Science 
Foundation of China (No. 21203079). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Bjerneld, E.J.; Svedberg, F.; Käll, M. Laser-induced growth and deposition of noble-metal nanoparticles for 
Surface-Enhanced Raman Scattering. Nano Lett. 2003, 3, 593–596. 

2. Wang, X.J.; Wang, C.; Cheng, L.; Lee, S.T.; Liu, Z. Noble metal coated single-walled carbon nanotubes for 
applications in surface enhanced raman scattering imaging and photothermal therapy. J. Am. Chem. Soc. 
2012, 134, 7414–7422. 

3. Zhang, J.Z. Biomedical applications of shape-controlled plasmonic nanostructures: A case study of hollow 
gold nanospheres for photothermal ablation therapy of cancer. J. Phys. Chem. Lett. 2010, 1, 686–695. 

Figure 6. Illustration of the interaction modes between chiral molecules and Ag NPs: (a) at pH 7.0 and
(b) at pH 5.2.

4. Conclusions

We report herein a facile synthesis of NaDC-capped silver NPs by chemical reduction method
in aqueous solution. The as-synthesized Ag NPs display two distinct plasmonic CD features,
which are pH dependent. The arrangements of the capping agents in the plasmonic hot spots and
inter-particle distances are crucial for the induced CD signals. By varying the pH values of the solutions,
the arrangements of NaDC between Ag NPs in the aggregates can be controlled. For Ag NPs prepared
at pH 7.0, the in situ and ex situ prepared NaDC-modified Ag NPs have similar CD signals. For in
situ prepared NaDC-modified Ag NPs at low pH value, the CD signal is distinct from that of ex situ
prepared NaDC-modified Ag NPs, revealing the importance of the interactions between Ag+, NaDC
and HDC molecules in the reaction solution that facilitate the specific arrangement of NaDC/HDC
molecules at hot spots after the reduction reaction.
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