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ABSTRACT: Ag and Au nanoparticles (NPs) were used as color indicators to
determine the monomer/micelle adsorption on the NP surface. A simple
methodology based on the color change of Ag/Au NPs upon interacting with
surface-active molecules was developed. A contrasting color change occurred when
NPs interact with the monomer/micelle. This was demonstrated by monitoring the
adsorption behavior of a series of Gemini surfactants. UV−visible measurements
showed a large change in the intensity and wavelength of Ag/Au NP absorbance
upon the surface adsorption of the monomer/micelle of Gemini surfactants. The
mechanism of surface adsorption and molecular orientation on the solid−liquid
interface of NPs was determined by performing the FT-IR and XPS measurements.
Results demonstrated that sharp color changes from yellow to red for Ag NPs and
red to purple for Au NPs happened when the Gemini surfactant monomer/micelle
adsorbs on the NP surface. This colorimeter-based methodology highlighted the
applicability of Ag/Au NPs in complex media where such NPs frequently encounter
surface-active molecules.

■ INTRODUCTION
Ionic surfactants are known for their shape-controlled synthesis
of noble metal nanomaterials, which is governed by the solid−
liquid interface adsorption of surfactant molecules.1−4 Surface
adsorption of surfactant molecules provides colloidal stabiliza-
tion as well as shape-controlled crystal growth.5,6 It happens
due to the preferential adsorption of surfactant molecules on
{100}/{110} rather than on {111} crystal planes of face-
centered cubic (fcc) geometry, which restricts the availability
of {100}/{110}, thereby leaving {111} crystal planes to
produce anisotropic morphologies.7,8 This process is very well
accomplished when the concentration of the surfactant is much
higher than its critical micelle concentration (cmc). The
presence of the micellar phase during the crystallization growth
kinetics plays an important role in the appropriate solid−liquid
interface adsorption of surfactant molecules.7 It makes
available enough surfactant molecules for preferential surface
adsorption through specific interactions on different crystal
planes, thus driving the shape-controlled growth of the
nucleating centers into desired morphologies. In this process,
both hydrophilic and hydrophobic functional groups of
surfactants play an important role.7 Stronger hydrophilicity
ensures effective surfactant binding on the crystal lattice,
whereas stronger hydrophobicity produces a compact
surfactant double-layer coating that passivates the crystal
plane from participating in further growth process.9−11 This
dual property is very well demonstrated by the Gemini
surfactants,12−14 and hence, they prove to be better shape-
directing agents in comparison to their conventional

monomeric homologues. In this work, we exploit the surface
adsorption of Gemini surfactants on tiny Ag/Au nanoparticles
(NPs) to understand the solid−liquid interface adsorption as
well as micelle formation by using the surface plasmon
resonance (SPR) of Au/Ag NPs as an indicator. Although dyes
are the common color indicators for tracing the micellar
properties,11,15 the use of Ag and Au NPs as color indicators
provides an additional advantage to understand the adsorption
of the monomer/micelle on the solid−liquid interface.
Ag/Au NPs depict the absorbance due to SPR in the visible

region, which is highly sensitive to the colloidal nature of NPs.
It is significantly affected by the surfactant adsorption on the
NP surface that induces a strong influence on SPR, which in
turn is reflected by the variation in intensity as well as
wavelength.15−17 Thus, both latter parameters act as strong
indicators of the surfactant−NP interactions as well as micelle
formation behavior of the surfactant in the presence of NPs.
These properties are important to understand the appropriate
applicability of Ag/Au NPs in complex media where NPs
frequently encounter the presence of surface-active molecules
and their aggregated assemblies.18,19 We demonstrate this by
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choosing a series of highly surface-active Gemini surfactants
whose micelle formation and solid−liquid interfacial behavior
significantly depend on the head group as well as hydrocarbon
tail modifications. The strong surface activity of Gemini
surfactants stems from the dimeric ionic nature of the head
group and highly hydrophobic nature of double-hydrocarbon
chains. This dual combination of polar and nonpolar functional
groups makes Gemini surfactants highly surface-active and
drives their solid−liquid interface adsorption. Thus, Gemini
surfactants are considered to be the best model amphiphiles of
complex media20−22 where noble metal NPs are frequently
employed for diverse applications.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate (AgNO3), chloroauric acid (HAuCl4),

sodium dodecylsulfate (SDS), cetyltrimethylammonium bromide
(CTAB), octyl-β-D-glucopyranoside (OGP), and n-dodecyl-β-D-
maltoside (DDM) were purchased from Aldrich. Gemini surfactants
dimethylene- (16-2-16), trimethylene- (16-3-16), tetramethylene-
(16-4-16), pentamethylene- (16-5-16), and hexamethylene bis-
(hexadecyldimethylammonium bromide) (16-6-16), α,ω-bis(3-tetrad-

cylimidazolium-1-yl) ethane bromide (C14S2), -propane bromide
(C14S3), and -butane bromide (C14S4) (where “S” stands for the
methylene group), and 1,1′-(1,2-diemethylenethio)bis[1-methyl-3-(2-
dodecyl)imidazolium] dibromide (12-2-S-2-12), -(2-tetradecyl)-
imidazolium] dibromide (14-2-S-2-14), and -(2-hexadecyl)-
imidazolium] dibromide (16-2-S-2-16) (where “S” refers to the thio
functional group) were synthesized as reported elsewhere.17−21 All
Gemini surfactants were repeatedly purified from ethanol before use.
Table S1 lists the cmc value of each surfactant. Molecular structures of
different categories of surfactants used are shown in Figure S1.
Double-distilled water was used for all preparations.

Methods. Ag and Au NPs as Indicators. Ag NPs were synthesized
as a light yellow-brown suspension by taking [AgNO3] = 0.25 mM
and stabilizer [SDS] = 0.25 mM in 20 mL of total aqueous solution
followed by the addition of 0.3 mL of ice-cold aqueous NaBH4

([NaBH4] = 0.1 M) solution under constant stirring at room
temperature.12,23 The use of equal amounts of both AgNO3 and SDS
is to allow a maximum amount of SDS for colloidal stabilization of Ag
NPs while leaving a minimum amount in the aqueous bulk because
0.25 mM is a much lower concentration than the cmc of SDS (Table
S1). A similar reaction produced a ruby red suspension of Au NPs by
using HAuCl4. The samples were kept in the dark for at least 1 h

Figure 1. (a) UV−visible scans of a titration of 16-6-16 with a colloidal suspension of Ag NPs at 70 °C. The absorbance close to 400 nm belongs to
Ag NPs. The dotted arrow shows the variation in the absorbance with respect to the concentration of 16-6-16. Each addition is carried out after a
constant interval of time of 4 min so that the random time effect is excluded. (b) Similar UV−visible scans with Au NPs. (c, d) Plots of variation in
the intensity and wavelength of absorbance of Ag NPs upon titrating with CTAB, 16-2-16, and 16-6-16. (e) Sample photos of the color change
during the titration of 16-6-16 with Ag NPs. Note the color change from light yellow to dark red and back to light yellow during the titration. (f, g)
Plots of variation in the intensity and wavelength of absorbance of Au NPs upon titrating with CTAB, 16-2-16, and 16-6-16. (h) Sample photos of
the color change during the titration of 16-6-16 with Au NPs. Note the color change from red to dark purple and then to light purple during the
titration.
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before use to provide maximum colloidal stability. Both suspensions
were titrated with stock solutions of Gemini surfactants at precise 70
°C to understand the monomeric and micellar phase interactions with
NPs. The purpose of choosing 70 °C was simply to get better and
prominent results, which are usually not expected at low temperature.
All experiments were simultaneously monitored with different
techniques.
Characterization. UV−visible measurements were performed by

using a Shimadzu-Model No. 2450 double-beam instrument, which
was equipped with a TCC 240A thermoelectrically temperature-
controlled cell holder that allowed one to measure the spectrum at a
constant temperature within ±1 °C. Multi-angle particle sizing and
low-angle zeta potential analyses were done by using dynamic light
scattering (DLS) and electrophoretic light scattering (ELS),
respectively, with a minimum number of optical components in an
apparatus (NICOMP Nano Particle Size Analyzer system, model
Z3000 ZLS). It was equipped with a Peltier thermoelectric element,
which regulated the temperature of the sample cell within ±0.2 °C
with a lower limit of 0 °C and an upper limit of 90 °C. Particle size
analysis was calibrated with nanosphere size standards of 90 and 240
nm and recorded for both the Gaussian system and NICOMP
distribution, while zeta potential was calibrated using zeta reference
standards. All measurements were made using a quartz cuvette with a
path length of 1 cm. Infrared absorption measurements were recorded
with an FT-IR spectrometer (Shimadzu) in the range of 4000−400
cm−1. Each spectrum was measured in transmission mode with 256
scans and 4 cm−1 resolution. The surface chemical composition of
NPs was confirmed with the help of X-ray photoelectron spectroscopy
(XPS) measurements. For the XPS analysis, Ag and Au NP samples
were properly purified from pure water to remove the free surfactant
so that the chemical composition of the surface-adsorbed surfactant
on NPs could be determined accurately. Each sample was analyzed by
using a Kratos Axis Ultra X-ray photoelectron spectrometer. XPS can
detect all elements except hydrogen and helium and can probe the
surface of the sample to a depth of 7−10 nm. Survey scan analyses
were carried out with an analysis area of 300 μm × 700 μm. The
shape and size of NPs were characterized by transmission electron
microscopy (TEM). Samples were prepared by mounting a drop of a
sample on a carbon-coated Cu grid and were allowed to dry in air.
The experiments were performed with a JEOL 2010F field emission
gun (FEG) operated at 200 kV.

■ RESULTS AND DISCUSSION
SPR Response of Ag/Au NPs as an Indicator.

Tetraalkylammonium Gemini Surfactants. The first category
of Gemini surfactants tested for surfactant−NP interactions is
the derivatives of tetraalkylammonium bromide, which possess
strong solid−liquid interface adsorption on the noble metal NP
surface.12,23,24 Their micellization behavior is compared with
that of CTAB because CTAB is a monomeric homologue of
Gemini surfactants and is the most versatile surfactant
frequently used for the shape- and size-controlled synthesis
of noble metal NPs.25,26 Figure 1a,b shows UV−visible
titrations of Ag and Au NP suspensions with an aqueous
solution of 16-6-16, respectively. The initial absorbance of pure
Ag and Au NPs is sharp. It becomes broad and red-shifts as the
color change appears during the course of titration and again
reverts to the original shape. The sharp absorbance is related to
the SPR of individual monodisperse NPs in the aqueous phase,
whereas the broad and red-shifted absorbance is usually due to
the NP−NP interactions and is the consequence of self-
aggregation among NPs.7,8 A unique behavior is observed
where a decrease in the intensity of Ag NPs and an increase in
the intensity of Au NPs along with a red shift happen upon the
addition of the surfactant before reverting close to their
respective initial values (see dotted circular arrows in each
figure). This is more prominent for 16-6-16 than 16-2-16 and

the least for CTAB (Figure S2). Since the amount of NPs is
constant, the increasing amount of the surfactant simply
induces the micellization in the aqueous phase, which affects
the surfactant adsorption on the NP surface. The latter effect
alters the colloidal properties of NPs, which are reflected in the
variation of the intensity and wavelength of Ag and Au NPs
(Figure 1c,d and Figure 1f,g, respectively). The intensity passes
through a strong minimum for Ag NPs (Figure 1c) and
maximum for Au NPs (Figure 1f), whereas the wavelength in
both cases (Figure 1d,g) produces a strong maximum. A red
shift of ∼50 nm in both cases results in the contrasting color
change of Ag NP suspension from light yellow to bright red
and that of for Au NPs from red to purple before reverting to
their original colors, which is quite clear in the former rather
than in the latter case (see respective sample photos in Figure
1e,h). The color change produces highly stable suspensions
and no NPs settle at the bottom in both cases. This unique and
contrasting behavior between Ag and Au NPs is the most
pronounced with 16-6-16, followed by 16-2-16, and is the least
with CTAB, indicating a significant spacer effect on monomer/
micelle−NP interactions.
The origin of this remarkable behavior is related to the SPR

response of colloidal NPs upon their interactions with micelles
in the aqueous phase. The absorbance at 400 nm of Ag NPs
(Figure 1a) and at 520 nm of Au NPs (Figure 1b) in the
absence of the Gemini surfactant is due to the SPR of
individually dispersed NPs in aqueous bulk. Addition of the
Gemini surfactant promotes its solid−liquid interface adsorp-
tion27,28 on the Ag/Au NPs surface, which affects SPR.
Surprisingly, the SPR response is completely opposite in both
cases.29 Surface adsorption of the Gemini surfactant on Ag
NPs screens SPR, whereas it promotes that of Au NPs with the
resulting intensity passing through a strong minimum (Figure
1c) and maximum (Figure 1f), respectively. More importantly,
the minimum (Figure 1c) and maximum (Figure 1f) are
appearing at the same concentration of the surfactant, i.e., 16-
2-16 = 0.072 mM and 16-6-16 = 0.11 mM in both cases, but
higher than the respective cmc values of 0.02 and 0.043 mM in
pure water (Table S1). These values are termed as the critical
aggregation concentration, cac, where stable micelle−NP
aggregates are produced in the aqueous phase and are also
listed in Table S1. The cac value denotes the “end point” here
just like the one usually represented in conventional titrations
leading to a marked color change. The identical values of cac in
both cases indicate that the amount of surfactant adsorbed on
Ag or Au NPs remains the same, which is fully supported by
the identical variation of wavelength profiles (Figure 1d,g). But
the contrasting variation in intensity (i.e., Figure 1c,f) is the
consequence of the mode of surfactant adsorption on Ag and
Au NP surfaces, which is due to the opposite plasmon-induced
photoelectric effect of Ag and Au NPs of the same shape and
size.29,30 This directional charge transfer behavior, which
originates from the plasmoelectric potential effect, allows the
electrons to exit from the Ag NPs, while they enter into the Au
NPs.31 It promotes the stronger adsorption of the cationic
Gemini surfactant on Ag NPs rather than on the Au NP
surface. The stronger adsorption results in the formation of a
compact bilayer on the Ag NP surface, which effectively
passivates the surface, impeding the resonance effect of a free
electron cloud with incoming light photons. On the other
hand, the increase in intensity in the case of Au NPs is usually
associated with colloidal stabilization16,17 that reduces the
NP−NP interactions and hence promotes the SPR. Interest-
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ingly, both contrasting factors equally depend on the spacer
effect and increase with the increase in spacer length (Table
S1).
Imidazolium Gemini Surfactants. Similar contrasting

behavior among the SPR responses of Ag and Au NPs is
observed when, instead of tetraalkylammonium, imidazolium
surfactants are used (Figure 2). Again, the intensity shows a
shallow minimum for Ag NPs (Figure 2a), whereas a
pronounced maximum is observed for Au NPs (Figure 2d).
Both intensity and wavelength variations show a clear spacer
effect for C14S2, C14S3, and C14S4 (Figure S3 for Ag NPs
and Figure S4 for Au NPs). The cac values (dotted arrows in
each case) thus obtained from the intensity and wavelength
profiles agree with each other as well as for Ag and Au NPs and
increase with spacer length as noted previously (Table S1).
Imidazolium surfactants with the thio ether (−S−) spacer
functional group, i.e., 12-2-S-2-12, 14-2-S-2-14, and 16-2-S-2-
16, are also tested (Figure S5 for Ag NPs and Figure S6 for Au
NPs). The thio functional group is expected to have much
stronger interactions with Ag/Au nanometallic surfaces. It
causes a clear departure from the shallow minimum (Figure
2a) to the sign curve of intensity (Figure 3a), indicating a
much stronger adsorption of the n-S-2-S-n surfactant in
comparison to that of C14Sn on the Ag NP surface. In the
sign curve, there is no tendency for the absorbance to revert to
its original value because all incoming n-S-2-S-n molecules tend
to complex with Ag NPs. This is not the case with Au NPs
where the intensity passes through a strong maximum, thus

further discriminating the plasmoelectric potential effect
among the Ag and Au NPs. The cac values obtained (dotted
arrows in Figure 3) are also listed in Table S1.
Finally, we treat Ag/Au NP suspensions with non-ionic

ORG and DDM (Figure S7) to demonstrate the fact that
solid−liquid interface adsorption on nanometallic surfaces is
mainly facilitated by the ionic surfactants rather than the non-
ionic surfactants. The presence of the ORG/DDM monomer/
micelle does not depict a similar change in the intensity or
wavelength profiles of Ag/Au NPs within the comparable
concentration range (Figure S8) as observed for ionic
surfactants, hence showing little monomer/micelle−NP
interactions. Although both ORG and DDM are water-soluble
non-ionic surfactants that contain polar functional groups in
their head group region (Figure S1), the low polarity and
bulkiness of their head groups induce steric hindrances for an
effective solid−liquid interface adsorption.

Aggregation and cac. Size and zeta potential (ζ) studies
are the most appropriate quantitative measurements for
exploring the aggregation behavior of ionic surfactants32,33 as
well as their adsorption on Ag/Au NPs. Figure 4 shows the size
and ζ profiles of adsorption of 16-2-16/16-6-16 on Ag and Au
NPs. Similar results for imidazolium surfactants are shown in
Figure S9. The variation is identical in Figure 4a−c for Ag and
Au NPs despite the opposite variation of intensity in Figure
1c,f. For both kinds of NPs, the size and ζ become maximally
close to cac before reverting to the original value,
supplementing our earlier discussion that cac is the

Figure 2. (a, c) Plots of variation in the intensity and wavelength of absorbance of Ag NPs upon titrating with C14S2, C14S3, and C14S4. (b)
Sample photos of the color change during the titration of C14S4 with Ag NPs. Note the color change from bright yellow to yellow brown and back
to light yellow during the titration. (d, f) Plots of variation in the intensity and wavelength of absorbance of Au NPs upon titrating with C14S2,
C14S3, and C14S4. (e) Sample photos of the color change during the titration of C14S4 with Au NPs. Note the color change from red to dark
purple and then to light purple during the titration.
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consequence of monomer/micelle adsorption on the NPs
surface. Both SDS-stabilized Ag NPs (Figure 4a) and Au NPs
(Figure 4c) exhibit less than 50 nm size in the absence of the
Gemini surfactant. Addition of the Gemini surfactant leads to a
gradual increase in size, which becomes highly prominently
close to cac. Likewise, the ζ value of Ag NP (Figure 4b) and
Au NP (Figure 4d) suspensions is less than −50 mV, which
remains more or less constant upon the addition of the cationic
Gemini surfactant but becomes significantly positive34,35 and
reaches close to 250 mV at cac. Such a huge increase in ζ is
due to the formation of large positively charged aggregates
whose charge density is much higher for 16-2-16/16-6-16 in
comparison to that produced by CTAB. Both the size and ζ
indicate that the adsorption of the Gemini surfactant on Ag
and Au NP surfaces takes place in an identical manner in
contrast to the opposite variation of intensity depicted in
Figure 1c,f, respectively. Thus, the opposite variation of
intensity is happening only due to the opposite plasmon-
induced photoelectric effect of Ag and Ag NPs.
cac and Surfactant Molecular Structure. Figure 4e shows

the relationship between the molecular structure of the Gemini
surfactant and the cac. The cac varies linearly with spacer
length. The micellar behavior of the ionic surfactant is
significantly affected by the head group modification.36,37

The bulky ionic head group or introduction of the nonpolar
methylene spacer in the head group region usually leads to the
delay in the micelle formation, which is also reflected in Figure
4e with spacer length. At a fixed spacer length (dotted arrow in
Figure 4e), imidazolium produces a higher cac than

alkylammonium Gemini surfactants. However, the cac drops
significantly when a thio ether spacer is introduced in the
imidazolium head group (e.g., compare cac between C14S4
and 16-S-2-S-16 in Figure 4e). Solid−liquid interface
adsorption is facilitated by the strong binding of the thio
ether spacer group on the Ag/Au NP surface, which promotes
the self-aggregation among the micelles and NPs. A shorter
hydrocarbon chain further helps in the surface adsorption by
reducing the overall nonpolarity of the surfactant molecule,
which in turn promotes the surface adsorption and leads to a
further decrease in cac (Figure 4e).

Morphology of Surfactant−NPs. Microscopic analysis
illustrates the shape and size of the Ag/Au NPs and their
mode of aggregation. Figure 5a−d supports the surfactant
adsorption on the NP surface and compares the adsorption of
16-2-16 on Ag and Au NPs, respectively. In both cases (Figure
5a,c), roughly spherical NPs of less than 50 nm undergo a high
degree of self-aggregation caused by the surface adsorption of
the Gemini surfactant, which is in fact the consequence of the
large size depicted in Figure 4a,c. Self-aggregation also
promotes the interparticle fusions (see black arrows in Figure
5b,d), but most of the NPs are well separated by a thin
surfactant coating, which is not the outcome of an image
artifact under a high-intensity electron beam. Such large
aggregates in the colloidal state produce a large value of ζ for
both kinds of NPs in Figure 4b,d. Similarly, TEM images of
Figure 5e−h belong to Ag NPs in the presence of C14S2 and
16-S-2-S-16. Although a similar kind of aggregation behavior is
observed, interparticle fusions are more prevalent, which

Figure 3. (a, c) Plots of variation in the intensity and wavelength of absorbance of Ag NPs upon titrating with 12-S-2-S-12, 14-S-2-S14, and 16-S-2-
S-16. (b) Sample photos of the color change during the titration of 16-S-2-S-16 with Ag NPs. Note the color change from bright yellow to deep
yellow and back to bright yellow during the titration. (d, f) Plots of variation in the intensity and wavelength of absorbance of Au NPs upon
titrating with 12-S-2-S-12, 14-S-2-S14, and 16-S-2-S-16. (e) Sample photos of the color change during the titration of 16-S-2-S-16 with Au NPs.
Note the color change from red to light purple and then to dark purple during the titration.
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produce NPs of larger dimensions. A smaller cac than the
respective cmc value of both surfactants (Table S1) seems to
be the contributing factor that allows less number of surfactant
molecules to adsorb on the NP surface, thus leaving some of
the crystal planes of fcc geometry unpassivated. The uncoated
crystal planes are the active sites for the NP−NP interactions
and hence produce NPs of larger dimensions. On the other
hand, when the cac is larger than the cmc as in the case of 16-
2-16/16-6-16 (Table S1), adsorption of a greater amount of
surfactant in the form of micelles rather than the monomers is
expected to occur on the NP surface. It generates a thick
coating of micellar phase, which passivates different crystal
planes of fcc geometry from further participation in crystal
growth and hence provides a stronger energy barrier for NP−
NP fusions (Figure 5b,d). Furthermore, the microscopic
analysis does not differentiate between the modes of Gemini
surfactant adsorption and aggregation behavior on Ag and Au
NP surfaces because it is carried out in the dried state.
Modes of Surface Adsorption. Solid−liquid interfacial

adsorption of surfactant molecules on the Ag/Au NP surface is
best determined by the IR analysis. After each titration,
surfactant-complexed NPs are centrifuged and purified from

pure water to remove the uncomplexed surfactant and are
analyzed (Figure 6a). SDS is a colloidal stabilizer for Ag/Au
NPs; hence, it is already adsorbed on the NP surface. The
vibrational frequencies of SDS-stabilized Ag/Au NPs are listed
in Table S2 along with that of pure SDS. Surface-adsorbed
SDS depicts the following prominent bands at 2955 cm−1

(CH3)as, 2873 cm−1 (CH3)s, 2917 cm−1 (CH2)as, 2849 cm−1

(CH2)s, 1468 cm−1 (CH2)scis, 720 cm−1 (CH2)rock, 1341 cm−1

(CH2)wagg, 1084 cm−1 (SO2)s, and a doublet composed of
1219 and 1249 cm−1 (SO2)as. When this sample is treated with
CTAB or 16-n-16 (spacer, n = 1−6), vibrational bands arising
from the head group region of SDS (SO2) and 16-n-16 are
significantly affected because of the interactions between the
oppositely charged head groups of SDS and CTAB/16-n-16
(Figure 6b). Such an orientation of the surfactant molecules
(Figure 6c) leaves the vibrational bands of the hydrocarbon
chain due to different alkyl groups largely unaffected, while that
of (CH2)wagg at 1341−1360 cm−1 completely disappears. It
happens due to a change in the angle of atoms of the
methylene group versus the plane of the SDS molecule in the
event of compact bilayer formation among the hydrocarbon
chains.38,39 Since the interactions are happening through

Figure 4. (a, b) Plots of variation in the size and ζ of Ag NPs upon titrating with CTAB, 16-2-16, and 16-6-16. (c, d) Plots of variation in the size
and ζ of Au NPs upon titrating with CTAB, 16-2-16, and 16-6-16. (e) Plots of variation in cac with spacer length for different Gemini surfactants.
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oppositely charged head groups of SDS and 16-n-16, the
frequency of the doublet of SDS (SO2) depends on the spacer
length of 16-n-16 (Figure 6b), which even merges into a single
peak for 16-2-16 as well as 16-3-16, indicating much stronger
adsorption due to a better compatibility between the SDS layer
and the spacer length of two to three methylene groups of 16-
n-16. The effect is minimum for CTAB, supplementing our
earlier conclusion that surface adsorption of 16-n-16 is much
stronger than that of CTAB. Such interactions cause a dramatic
change in the head group vibrational frequencies of (N−

CH3)as, (N−CH3)s, and (C−N) at around 3016, 1394, and
911 cm−1, respectively. The vibrational bands of (N−CH3)as
and (C−N) disappear, while that of (N−CH3)as shifts to
higher frequency (Table S2), indicating a compact arrange-
ment of the quaternary ammonium head group upon
interacting with SDS molecules (Figure 6c).
Similar results are obtained for the imidazolium (C14Sn)

series of surfactants (Figures S10−S13). Although we do not
see any change in the C−H stretching frequencies of (CH3)as,
(CH2)as, (CH2)s, (CH2)scis, and (CH2)rock, the peaks due to

Figure 5. (a−d) TEM images of the 16-2-16 surface adsorbed on Ag (a, b) and Au NPs (c, d), respectively. Block arrows indicate the interparticle
fusions in some cases. (e−h) TEM images of C14S2 (e, f) and 16-S-2-S-16 (g, h) surfaces adsorbed on Ag NPs, respectively. Block arrows indicate
the interparticle fusions in some cases. See details in the text.
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(CH3)s, (SO2)s, and conjugated π-bonds at 2873, 1084, and
2050 cm−1, respectively, completely disappear (Table S3). A
doublet of Ar-H at 3106 and 3037 cm−1 with a frequency
difference of 70 cm−1 shows a marked decrease with spacer
length, and eventually, both peaks merge when n = 4 in the
case of C14S4 (Figure 6b). It shows a significant involvement
of the aromatic system of the imidazolium head group in
association with SDS during the solid−liquid adsorption with
the results showing that the vibrational band due to the π-bond
at 2050 cm−1 disappears and that of CN shows a marked
decrease from 1688 to 1653 cm−1.40 The oppositely charged
interactions between the imidazolium and SDS head groups

even cause the CC band frequency to increase from 1559
cm−1 for C14S2 to 1569 cm−1 for C14S4 with the spacer
length (Table S3). As indicated by UV−visible studies, the
surface adsorption becomes even much stronger when the thio
ether functional group is introduced in the spacer of the
imidazolium surfactant head group region. Such a strong
adsorption mainly driven by the thio ether association on the
Ag/Au NP surface completely eliminates the vibrational bands
due to CN+ and the conjugated π-bond and hence induces a
complete merger of the doublet of (SO2)as (Figures S14−S16
and Table S3).

Elemental Analysis of Surfactant-Adsorbed Ag/Au
NPs. XPS analysis is used to determine the elemental
composition of the Gemini surfactant adsorbed on Ag/Au
NPs. The high-resolution spectra of C-1s, O-1s, S-2p, N-1s,
and Ag-3d of a sample consisting of 16-2-16 adsorbed on the
Ag NP surface in Figure 1a are shown in Figure 7, whereas the
binding energies are listed in Table 1. The survey scan spectra
of samples in Figure 1b (16-2-16/Au NPs), Figure 2a (C14S2/
Ag NPs), and Figure 3a (16-S-2-S-16/Ag NPs) are presented
in Figures S17−S20. Among all the important species, the
major relative abundance of about 85% is contributed by C-1s
of C−C and C−H functional groups,41 which is the main
source of single- and double-hydrocarbon chains of SDS and
the Gemini surfactant, respectively, adsorbed on the NP
surface (Figure 6c). There is a little difference between the
relative abundance of C-1s among different samples (Table 1),
indicating the fact that all Gemini surfactants show significant
surface adsorption on Ag and Au NPs. The second largest
contribution is provided by O-1s with a relative abundance
close to 9%. Note a significantly less amount of O-1s in
comparison to that of C-1s, which indicates the presence of a
thick surface coating due to long double-hydrocarbon chains of
Gemini surfactants. O-1s is mainly contributed by the sulfate
groups of SDS, which are instrumental in creating a surfactant
membrane on the NP surface with a binding energy close to
531 eV. XPS provides a characteristic peak of oxygen in surface
sulfate around 531 eV, revealing that the NP surface is
predominantly covered by sulfate species.42,43 In all samples,
the main contribution of O-1s is due to the surface-adsorbed
sulfate species, but its amount is relatively much less than that
of “O-1s lattice oxide” located around 530.1 eV44 for 16-S-2-S-
16/Ag NPs. It happens because of the much stronger surface
adsorption of 16-S-2-S-16 due to the presence of thiol ether
functional groups, which reduce the relative abundance of
sulfate species.
XPS studies produce different species of S-2p with the

overall relative abundance close to 2%. Among them, the
contribution of sulfate species with a binding energy close to
168 eV45 is the maximum, with a relative abundance of 66% in
“16-2-16/Ag NPs” and “16-2-16/Au NPs” (Table 1). It
decreases to 33% for “C14S4/Ag NPs” and “16-S-2-S-16/Ag
NPs” due to their much stronger surface adsorption as
depicted from UV−visible studies in Figures 2a and 3a,
respectively. The “16-S-2-S-16/Ag NPs” surface-adsorbed
sample also shows an additional relative abundance of 33%
due to thio ether functional groups with binding energies at
162.9 and 164.1 eV and an area ratio of 2:1 representing the
two spin−orbits.46 This is in agreement with 163.5 eV assigned
for the physisorbed thiols.47 Since all Gemini surfactants
possess either tetraalkylammonium or imidazolium head
groups, the XPS analysis of N-1s with the overall relative
abundance of 4% and binding energy close to 401 eV provides

Figure 6. (a) FT-IR spectra of the CTAB/16-2-16/16-6-16 surface
adsorbed on Ag NPs. Identification of vibrational bands is specified in
Table S2. (b) Plots of variation of vibrational frequencies of SO2(as)
and Ar-H functional groups with the spacer length. Sample codes
(circles) refer to the following samples: (1) SDS-stabilized Ag NPs,
(2) CTAB adsorbed on Ag NPs, (3) 16-2-16, (4) 16-3-16, (5) 16-4-
16, (6) 16-5-16, and (7) 16-6-16 adsorbed on Ag NPs. Sample codes
(diamonds) for the following samples: (1) pure C14S2, (2) C14S2,
(3) C14S3, and (4) C14S4 adsorbed on Ag NPs. (c) Schematic
representation of SDS-stabilized NPs with a surface coating of 16-2-16
Gemini surfactants. Note the head group orientations as a result of
oppositely charged interactions between SDS and 16-2-16 and bilayer
formation by the double-hydrocarbon chains due to hydrophobic
interactions. The label C-1s refers to 80% and Ag-3d/Au-4f refers to
less than 1% atomic percent from XPS analysis. See details in the text.
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valuable information about their surface adsorption. Two
major species due to NH4

+ with a binding energy of around
401 eV and a relative abundance of more than 70% and N−C
with a binding energy close to 399 eV are observed.48 Both
represent the relative abundance of N-1s contributed by the
head group region of Gemini surfactants (see Figure 6c), and it
is the third highest among all the species studied.
The most significant part of this analysis is the overall

relative abundance of both Ag-3d and Au-4f with binding
energies of 368 and 83.5 eV, respectively, in their respective
samples (Table 1). Both show less than or close to 1% relative
abundance, which is the minimum among all species studied.
The origin of such a low relative abundance is the presence of a
thick blanket of Gemini surfactant coating on the Ag/Au NP
surface (Figure 6c). Although XPS can analyze surface
properties of about 10 nm in thickness, a relative abundance
of less than 1% clearly indicates the presence of several layers
of coating on the Ag/Au NP surface. Two species of Ag-3d,
i.e., Ag-3d5/2 and Ag-3d3/2, appear around 367 and 373 eV,
respectively, indicating the surface-bound SO4 or −S−
functional groups and the metallic nature of silver,

respectively.49 The relative abundance of the former is about
60%, whereas that of the latter is close to 40%. It shows that
more than half of the nanometallic surface of Ag NPs is coated
with SDS molecules that provide colloidal stabilization,
whereas 40% of the nanometallic surface is devoid of SDS
coating. On the other hand, the binding energies of Au-4f5/2
and Au-4f7/2 species located around 87.7 and 84.1 eV,
respectively, correspond to the bulk Au14 for “16-2-16/Au
NPs” with a relative abundance of just 0.31%, which is the one-
third equivalent of the Ag-3d sample. Such a low relative
abundance of Au in comparison to that of Ag is due to the
greater adsorption/aggregation of 16-2-16 on the Au NP
surface rather than the Ag NP surface as observed earlier from
the UV−visible studies where the purple color does not revert
to the original red color (Figure 1h).

Mechanism. Surface Adsorption. Ag/Au NPs as indicators
used in this study are stabilized with SDS to achieve colloidal
stabilization. The amount of SDS used for this purpose is equal
to the amount of metal salt used in the synthesis of Ag/Au NPs
(see Experimental Section) to ensure that the maximum
amount of SDS remains adsorbed on the NP surface for

Figure 7. (a−e) High-resolution XPS spectra of C-1s, O-1s, S-2p, N-1s, and Ag-3d of the 16-2-16 surface adsorbed on Ag NPs. See details in the
text.
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Table 1. XPS Analysis of Surface-Adsorbed Gemini Surfactants on Ag and Au NPsa

16-2-16/Ag NPs 16-2-16/Au NPs C14S2/Ag NPs 16-S-2-S-16/Ag NPs

species atomic % area % atomic % area % atomic % area % atomic % area %

C-1s 85.4 (285.4) 84.7 (284.5) 83.5 (284.5) 83.6 (284.1)

C−C, C−H 84.3 (284.5) 85.9 (284.5) 81.7 (284.5) 81.0 (284.5)

C−OH, C−O−C 15.6 (286.0) 14.1 (286.0) 18.2 (286.0) 18.9 (286.0)

O-1s 8.64 (531.4) 9.93 (531.5) 4.91 (400.5) 9.74 (530.1)

O-1s
(adventitious)

13.31 (530.2)

O-1s (SO4
2−) 86.8 (531.3) 86.6 (531.1) 100.0 (530.7) 24.1 (531.6)

O-1s (oxide) 13.2 (530.4) 75.8 (530.2)

S-2p 1.03 (168.4) 2.45 (168.5) 2.06 (168.5) 2.00 (168.1)

S-2p3/2 (SO4
2−) 66.6 (168.1) 66.6 (167.8) 33.3 (167.9) 33.7 (168.1)

S-2p1/2 33.3 (169.3) 33.3 (169.1) 33.3 (169.1) 16.8 (169.2)

S-2p3/2 (S−C) 32.9 (162.9)

S-2p1/2 (−S−C) 16.45 (164.1)

N-1s 3.36 (401.7) 2.59 (401.5) 4.91 (400.5) 4.12 (400.1)

N-1s (NH4
+) 73.3 (401.7) 76.3 (401.3) 71.6 (400.8) 76.3 (400.7)

N-1s (organic N) 26.6 (399.2) 23.6 (398.6) 28.3 (399.4) 23.6 (398.8)

Ag-3d 0.85 (367.4) 1.16 (368.5) 0.46 (367.1)

Ag-3d5/2 (S) 60.1 (367.4) 60.1 (367.9) 60.1 (367.4)

Ag-3d3/2 39.8 (373.3) 39.8 (373.8) 39.8 (373.4)

Au-4f 0.31 (83.5)

Au-4f7/2 57.2 (84.1)

Au-4f5/2 42.7 (87.7)
aAll binding energies/eV are listed in parentheses along with atomic % and area % entries.

Figure 8. (a) SDS-stabilized Ag NPs. Adsorption of anionic SDS molecules on the NP surface takes place in the form of a bilayer so that polar head
groups are in contact with the aqueous phase. (b) Interactions between anionic SDS-stabilized Ag NPs and cationic 16-n-16 micelles, leading to the
self-aggregation at cac. (c) Desorption of 16-n-16 micelles from Ag NPs due to micelle transitions or micelle−micelle interactions, leading to a
contrasting color change from yellow to deep red and back to yellow. 16-n-16 micelles are not shown in this part of the diagram. (d−f) Similar
corresponding steps of the diagrams for anionic SDS-stabilized Au NPs. See details in the text.
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colloidal stabilization. It provides ζ of less than −50 mV on
both Ag NPs (Figure 4b) and Au NPs (Figure 4d) in aqueous
suspensions that attract cationic Gemini surfactant molecules
for surface adsorption. Usually, the NP surface is not expected
to be entirely coated with SDS molecules because of the
unequal preferences of different crystal planes of fcc geometry.
XPS analysis (Table 1) indicates that about 60% of the Ag/Au
NP surface is only occupied with SDS, leaving the rest available
for the adsorption of Gemini surfactant molecules. The Gemini
monomer/micelle mainly encounters SDS-stabilized Ag/Au
NPs along with few free SDS molecules in aqueous bulk. That
alters the SPR response of NPs (Figures 1−3) and
consequently generates a contrasting color change in Ag NP
(Figure 1e) and Au NP (Figure 1h) suspensions, making them
potential indicators for surfactant−NP interactions. Figure 8
shows different steps of this mechanism. The surface-adsorbed
bilayer of SDS molecules (Figure 8a) leaves anionic head
groups in the aqueous phase for oppositely charged electro-
static interactions with the Gemini monomer/micelle (Figure
8b).
Color Change. In either case, Ag/Au NPs exhibit

remarkable indicator behavior with a strong color contrast,
which works well when micelles adsorb and desorb from the
NP surface. Adsorption of micelles on Ag NPs brings several
NPs in close vicinity that alters the SPR response and induces a
sharp color change from yellow to red (Figure 8b). Desorption
sets in at higher surfactant concentration where either micelle
transitions or micelle−micelle interactions predominate and
reverts the red color to yellow (Figure 8c). When adsorption is
predominant over desorption as in the case of Au NPs (Figure
8d,e), some of the micelles remain associated with NPs (Figure
8f) and the original color is not achieved. The same is true for
C14Sn and n-S-2-S-n even for Ag NPs where monomer
adsorption is much stronger than desorption, and hence, no
contrasting red color is achieved. Nevertheless, all titrations of
Figures 1−3 clearly indicate a color change due to the change
in the SPR response of both Ag and Au NPs, and hence, both
kinds of NPs act as excellent indicators for the monomer/
micelle−NP interactions.

■ CONCLUSIONS
The above results show a successful implementation of Ag/Au
NPs as fine indicators for tracing Gemini surfactant
interactions with NPs. A sharp color contrast for both Ag
and Au NPs without using any external indicator precisely
demonstrated the mechanism of how monomer/micelles
adsorb on the NP surface. The strong polarity of the Gemini
surfactant is the driving force for an effective adsorption,
although polar head group modifications in the form of
methylene and thio ether spacers leave a marked effect. The
stronger the amphiphilicity of the Gemini surfactant, the
greater the degree of its adsorption on the NP surface, and
hence, the larger the monomer/micelle−NP aggregates are
produced. Such an association entraps a large number of NPs,
thus bringing a large shift from the singly dispersed colloidal
NP state to an aggregated assembly, resulting in a sharp color
contrast due to a change in the SPR response. It is precisely
demonstrated by UV−visible and DLS measurements,
suggesting a straightforward way of implementation of this
methodology to determine monomer/micelle−NP interactions
in complex media where strong amphiphilic molecules and
their aggregated assemblies are frequently encountered by Ag/
Au NPs.
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