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Gold nanoparticles prepared by chemical reduction in sodium dodecyl sulfate (SDS) solution are size-
controlled with the addition of pyrene. Micellar electrokinetic capillary chromatography (MEKC) is applied
to the system to examine the size and polydispersity of gold nanoparticles and to show that pyrene has
the extraordinary effect in decreasing the size and narrowing the dispersity of gold nanoparticles. The
MEKC electropherograms further suggest that pyrene could be oxidized by the aqueous Au(III) complexes
first. All the reduced Au complexes were then solubilized in the pyrene-SDS micelles. The growth of gold
nanoparticles beyond the embryonic stage was subsequently inhibited by the encapsulating SDS and
electrophilic pyrene.

Introduction
The current interests in metal nanoparticles (NPs) are

driven by their unique chemical and physical properties,
which are strongly related to their size and shape.1 In
particular, gold NP has received intense recent attentions
for its applications in biological tagging,2 optoelectronics,3
and catalysis.4 Great efforts have been spent on developing
methods for the preparation of gold NP.5-13 The stabilizer
which protects gold NP plays an important role for
controlling the particle size and shape. Organothiols,5-7

polymers,8-10 and ionic surfactants11-13 have been em-
ployed as the capping agents in aqueous solution. For
ionic surfactants, the usual approach is to match the
opposite charges of metal ions and surfactant ions and to
perform the chemical reduction. Therefore, for the stan-
dard gold source of AuCl4

-, one often employs cationic
surfactant such as cetyltrimethylammonium bromide
(CTAB).11 On the other hand, additives such cyclohexane
and acetone that could be solubilized in micellar forms of
CTAB are usually used to promote the formation of Au
nanorods.12,13 In contrast to CTAB, sodium dodecyl sulfate
(SDS), a typical anionic surfactant, has been only used
against cationic metallic source such as Pd2+ in making
Pd nanoparticles.14 For the preparation of gold NP, SDS

has been used only in physical methods such as laser
ablation,15 sonication,16 and seed growth.17 This is due to
the weak solubilization ability of negatively charged
AuCl4

- and the weak protecting ability of gold NP with
regard to SDS.

However, small gold NP encapsulated by anionic
surfactant such as SDS is much desired in many applica-
tions that require the surface charge to be negative. For
example, negatively charged gold NPs could be deposited
on the specific pattern by electrostatic interactions with
positively charged surfaces.18 Its elimination of nonspecific
binding with negatively charged biological molecules may
be exploited in bioanalytical technique such as electro-
phoresis. In particular, SDS-protected gold NPs could
suppress their interaction with the capillary wall in
capillary electrophoresis (CE) because of electrostatic
repulsion; strong interaction usually results in the ad-
sorption of the analytes on the capillary wall.19,20

In this paper, we report that pyrene was used as an
additive in the aqueous SDS micellar solution for the
synthesis of gold NP. It is found that pyrene has the
extraordinary effect not only in decreasing the size of gold
NPs but also in narrowing their size distribution. The
interesting effect of pyrene on the control of particle size
is quite different from other additives reported.12,13 We
then show CE can be applied for the characterization of
the nanoparticle analytes on the basis of their differences
in charge-to-size (or mass) ratios. So, we employ micellar
electrokinetic capillary chromatography (MEKC),21,22 a
powerful hybrid technique of electrophoresis and chro-
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matography, to monitor the size distribution of gold NPs
during its synthesis. MEKC exploits the ability of certain
ionic surfactants, such as SDS, above critical micelle
concentration (CMC) to spontaneously form mobile ag-
gregates or surfactant-encapsulated nanoparticles. In our
system, an adequate amount of SDS was added to the
reaction solution to stabilize gold NP. The mobility of the
aggregates would depend on the charge and the size of
the SDS-protected gold NP. Therefore, MEKC seems to
be the best choice for studying the growth and size
distribution of gold NP.

Experimental Section
All starting materials and reagents were purchased from Arcos

and were used as received. For the preparation of gold NP in the
SDS system, 5 mL of 100 mM SDS solution was used as the
mother solution. The preparation involves repeating the same
mixing action for many runs. In each run, 0.01 mL of an aqueous
solution of 25 mM HAuCl4‚3H2O was added to the mother
solution. Next, 0.03 mL of an aqueous solution of 13 mM NaBH4
was added. UV-vis absorption spectrum is taken between each
run of adding reactants.

For the preparation of gold NP in the pyrene-SDS system, an
adequate amount of pyrene was added to 100 mM SDS solution
with stirring until the pyrene powder completely dissolved. Then,
5 mL of the solution was used as the mother solution, followed
by the same procedure mentioned above in the SDS system. For
electronicabsorptionand fluorescencemeasure, theconcentration
of pyrene in the mother solution was 0.7 mM. The absorption
spectra were recorded on a Hitachi model U-3010 UV/Vis
scanning spectrophotometer. Emission spectra were recorded
on a Hitachi 4500 spectrofluorometer. For transmission electron
microscopy (TEM) studies, a drop of gold NP solution was placed
on a carbon-coated copper grid and the solvent was allowed to
evaporate. Specimens were examined on a Hitachi H-7100
transmission electron microscope operating at 100 K eV.

All the capillary electrophoresis experiments were carried out
on the P/ACE-MDQ system (Beckman Coulter Inc., Fullerton,
CA) with photodiode-array detector. Before CE experiments, the
100-µm-i.d. and 365-µm-o.d. fused-silica capillary (Polymicro
Technologie, Phoenix, AZ) with 10-cm effective length was
sequentially rinsed with methanol, 1 M HCl, deionized water,
and 1 M NaOH. The separation buffer containing 20 mM SDS
was made by titrating 10 mM sodium tetraborate and 10 mM
sodium dihydrogen phosphate with concentrated HCl to pH 8.0.
Diluted formamide (1:10 000) was used as neutral marker for
electroosmotic flow (EOF) measurement. The sample was
hydrodynamically injected into the capillary for 3 s at 0.5 psi.
Separations were performed with the anode at sample injection
end by applying an electric field strength of 300 V/cm, and the
capillary was maintained at 25 °C. Between each run, the
capillary was rinsed with deionized water for 3 min, then with
1 M NaOH for 4 min, and finally was filled with the running
buffer. For polyacryamide (PA) coating experiments, the effective
length of the capillary was 20 cm and the applied electric field
was 200 V/cm. The pH value of the separation buffer was 8.8.
The detection wavelength was 254 nm. All the gold NPs were
prepared in 5 mL 20 mM SDS solutions. The concentration of
pyrene in the mother solution was 0.12 mM. Other reagents
were used as those in the preparation of gold NPs.

Results and Discussion

Figure 1a showed the UV-vis absorption spectra of 5
mL of 100 mM SDS solution (the mother solution) and
after the consecutive 18 runs of adding HAuCl4 and
NaBH4. In each run, 0.01 mL of an aqueous solution of 25
mM HAuCl4‚3H2O was added to the mother solution. Next,
0.03 mL of an aqueous solution of 13 mM NaBH4 was
added. UV-vis absorption spectrum is taken between each
run of adding reactants. In Figure 1a, the intensity for
the 520-nm surface plasmon resonance (SPR) band
gradually increases as the reaction proceeds (only runs
1-9 and the last one are shown). Similar results may be

obtained by changing SDS concentration from 100 mM to
20 mM in the preparation of gold NP. However, if the SDS
concentration was below CMC (8 mM), one would instead
obtain gold precipitates. When pyrene was added to the
aqueous 100 mM SDS solutions, the same procedure of
mixing was followed. Figure 1b shows the absorption
spectra of each run in which the concentration of pyrene
was 0.7 mM in the mother solution. In Figure 1b, the SPR
absorption bands are much broader indicating a very small
size gradually appearing as the HAuCl4 solution was
gradually added to the mother solution. On the other hand,
two unusual bands at 410 and 470 nm appear.

Figure 2a and Figure 2b shows TEM images of gold
NPs for the samples in Figure 1a and Figure 1b,
respectively. The gold NPs obtained in the SDS solution
have an average diameter of 14.1 nm (Figure 2a), but the
average diameter of the gold NPs in the presence of pyrene
appears to be 3.7 nm (Figure 2b). Unexpectedly, the
additive pyrene shows an unusual ability to decrease the
size of gold NP. It was found that the effect depends on
the concentration of pyrene in SDS micellar solution.
Figure 2c and Figure 2d shows the particle size distribu-
tions obtained from the TEM analysis of gold NPs for the
samples in Figure 2a and Figure 2b, respectively. From
the size distribution in Figure 2d, it is prominent that
pyrene has the extraordinary effect in narrowing the size
distribution of gold NPs besides decreasing the size of
gold NPs.

The fluorescence spectrum (Figure 3), with excitation
wavelength of 340 nm of the gold NP prepared in the
pyrene-SDS solution showed the characteristic pyrene
emission band between 380 and 460 nm and the excimer
band from 430 to 600 nm. The fluorescence intensities of
the two bands are about equal for the SDS/pyrene/gold

Figure 1. Absorption spectra of solutions of SDS without (a)
and with (b) pyrene after the consecutive runs. In a, the dash
line was obtained before the first run reduction and only runs
1-9 and 18 are shown. In b, the dash line represents the
absorption of pyrene in solution and runs 1-10 are shown.
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NP assembly system (the sample of Figure 1b). However,
when comparing with the emission spectrum for the same
SDS/pyrene/NaBH4 concentration but without HAuCl4
(dash line in Figure 3), the emission of the sample with
gold NPs is strongly quenched. We propose the quenching
results from electron transfer from gold NP to pyrene.
Furthermore, the I1/I3 ratio of the pyrene fluorescence
fine structure is a good indicator of the polarity of the
local environment.23 We obtain a value of I1/I3 ) 0.6
indicating no water penetration into the region of residence
of pyrene. This shows that the pyrene molecules are

intimately in contact with the SDS protected gold surface
where the environment is hydrophobic.

We then examine the electrophoretic behaviors of the
SDS protected gold NPs. Figure 4a shows the electro-
pherograms, detected at 254 and 520 nm wavelength,
respectively, of the reaction mixture in the pyrene-SDS
solution. Since the SPR absorption of gold NPs is at 520
nm, the peak at about 3.3 min is assigned to the SDS
protected gold NPs and the other peak at 4 min is assigned
to the pyrene-solubilized SDS micelle. The shorter elution
time of the neutral marker at around 1 min indicates a
high EOF velocity toward the negative electrode. The
negatively charged pyrene-solubilized SDS micelles hav-
ing the electrophoretic flow toward the positive electrode
are also carried toward the negative electrode by EOF,
but at a lower velocity. The fact that gold NP elutes after
neutral marker shows the formation of the negatively
charged SDS-capped gold NP. The gold NP possesses a
lower charge-to-size ratio than the bare micelle. To probe
the embryonic gold NP and its size distribution, electro-
phoretic analyses of the reaction solutions between each
mixing run are performed and these results are shown in
Figure 4b. It can be clearly seen that shorter migration
time of gold NP was obtained at increasing runs from the
beginning of the synthesis reaction. Their electrophoretic
mobility decreased from 3.60 to 3.49 × 10-4 cm2 V-1 s-1.
These results indicate a decrease in the charge-to-size
ratio of the growing gold NP in the embryonic period. The
differences in migration time of gold NP become negligible

(23) Kalyanasundaram, K.; Thomas, J. K. J. Am. Chem. Soc. 1977,
99, 2039.

Figure 2. (a) and (b) are TEM images of gold NPs prepared in the reaction solutions in Figure 1a and Figure 1b, respectively.
The scale bars indicate 25 nm. (c) and (d) are the particle size histograms from the analysis of the gold NPs in a and b, respectively.

Figure 3. Fluorescence spectra of the reaction solution in
Figure 1b before (dash line) and after (solid line) gold NPs are
formed.
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after the sixth run. It is apparent that the peaks of gold
NP in Figure 4b (Au1-Au6) always maintain symmetrical
shapes without broadening at increasing runs, but a very
broad peak (Au′6) is observed for the gold NP sample
prepared in the reaction solution without the addition of
pyrene. The results clearly show that pyrene has the
extraordinary effect on decreasing the size and narrowing
the dispersity of gold NP (also supported by those results
shown in Figure 2). MEKC provided a method of studying
the size and dispersity of gold NP.24 From the comparison
of MEKC electropherograms and size distributions ob-
tained from the TEM image in Figure 2d, we estimate
that the resolution limit of MEKC is about 1 nm. For
example, the mean size of gold NP in Au1 of Figure 4b,
where the gold NP can be just barely resolved, is 1 nm.
Also, the peak width would reflect size distribution.
However, this requires careful calibration in future work.

On closer inspection of Figure 4b, the shapes of the
peaks at about 4 min seemed asymmetric. There could be
some unresolved peaks enveloped in the pyrene peak. To
resolve these peaks, PA coating on the inner wall of the
capillary column was employed to eliminate the negative
charge on the surface of the capillary. Better resolution
of electrophoretic separation could be expected because of

the suppressions of both EOF and possible solute-inner
wall interactions. Figure 5a showed electrophoretic analy-
ses of the reaction solutions between each run in PA-
coated capillary. Because the separation of the sample
depends on the electrophoretic flow, the elution order in
Figure 5a is opposite to that in Figure 4b. The peak that
was unresolved in the bare capillary gradually appeared
at increasing runs and eluted just after pyrene. The
appearance of the new peak suggests that pyrene could
undergo some chemical reaction with Au(III) during the
preparation of the gold NP.

If only HAuCl4 and pyrene were added to the SDS
solution, without the addition of NaBH4, two new bands
in the UV-vis absorption spectrum of the reaction solution
were observed 2 days after mixing. One peak ranging from
400 to 500 nm was very broad (similar to that in Figure
1b), and the other peak had the maximum absorption near
550 nm. Figure 5b-2 and Figure 5b-3 show, respectively,
the electropherograms of the pyrene-SDS solution ob-
tained 5 min after and 2 days after mixing with HAuCl4.
In Figure 5b-2, in addition to the pyrene peak as in Figure
5b-1, the two peaks around 6 min elution times are due
to solution species of Au(III). In Figure 5b-3, there are a
major peak exhibiting a small shoulder and a minor peak

(24) Templeton, A. C.; Cliffel, D. E.; Murray, R. W. J. Am. Chem. Soc.
1999, 121, 7081.

Figure 4. (a) Electropherograms of the SDS solution with
pyrene after 10 runs. (b) After consecutive 1-6 runs (Au1-6)
and without pyrene after 6 runs (Au′6). The peak labeled with
an asterisk (/) is the neutral marker.

Figure 5. Electropherograms of the solution of SDS with
pyrene (a) after consecutive 1-6 runs (Au1-6). (b) Without
NaBH4; before any addition of HAuCl4 (line 1), 5 min after
adding 0.06 mL HAuCl4 (line 2), 2 days after (line 3), seed NP
of Au1 (line 4) and 25 min after adding 0.05 mL HAuCl4 to the
sample in line 4 (line 5). Electrophoresis conditions: PA-coated
capillary.
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eluted at shorter time. The unsolubilized solution Au(III)
species at higher elution time disappear, suggesting that
the new Au(III) species produced by the interaction with
pyrene are solubilized in the SDS micelles. Without the
reducing agent NaBH4, the changes were obviously much
slower than those, which occurred in several minutes, in
our original preparation method (as in Figure 4). To show
that gold NP accelerates the reduction process, embryonic
gold particles (sample Au1 in Figure 4a) were first formed
inpyrene-SDSsolution (electropherogramshowninFigure
5b-4) and then HAuCl4 was added to the above solution.
Figure 5b-5 showed that the Au NP peak appeared quickly
in a few minutes, indicating that gold NP could accelerate
the interaction of Au(III) with pyrene. It seems pyrene
could reduce Au(III) to Au(0) in the presence of gold NP.
Similar reduction was also reported in the preparation of
gold NP in the aqueous poly(ethylene glycols) solution
without any reducing agents.8

On the basis of the above results, we can sketch a picture
accounting for the formation of gold NPs in SDS and
pyrene-SDS micelle solutions. When HAuCl4 was added
to the aqueous SDS solution, it dissociated into [AuCl4

-]
and [AuCl3(H2O)] species. The latter subsequently dis-
sociated into proton and [AuCl3(OH)-].25 The [AuCl4

-] and
[AuCl3(OH)-] complexes were observed at longer elution
times (5.76 and 6.19 min) in Figure 5b-2. The neutral
[AuCl3(H2O)] complex existed in low abundance, so it could
not be detected in the PA-coated capillary. Compared with
the shorter elution time of the pyrene-solubilized SDS
micelles, both [AuCl4

-] and [AuCl3(OH)-] were unsolu-
bilized in the aqueous phase because of their negative
charge. Gold NP rapidly forms when the [AuCl4

-],
[AuCl3(OH)-], and NaBH4 react in the aqueous phase.
Subsequent capping by the SDS molecules quenches the
growth. If gold NP forms too fast for the surfactants nearby
to trap during the period of nucleation, then the particle
would grow to a larger size. The step-by-step addition of
HAuCl4 also slows down somewhat the formation rate of
gold NP to let the weak interacting surfactant SDS to
encapsulate the NPs.

These Au(III) complexes are reduced by aryl alcohol26

and poly(ethylene glycols) in the formation of gold NP at
room temperature.8 So, it is possible that pyrene could be
oxidized by the Au(III) slowly in the pyrene-SDS micelle
solution before the addition of NaBH4. The oxidized
product of pyrene appeared with the concomitant con-
sumption of these gold complexes (no residual HAuCl4
was observed). The absorption peak from 400 to 500 nm
in the UV-vis (Figure 1b) can be attributed to oxidation
product of pyrene because its intensity apparently in-
creased with the amount of pyrene added in our pyrene-

SDS system. The absorption peak was also observed 2
days after only HAuCl4 and pyrene were added to the
SDS solution, without the addition of NaBH4. The other
absorption peak at 550 nm in the same solution could be
contributed to the reduced Au complexes. Because these
reduced Au complexes have shorter retention times
(Figure 5b-3) than those of free ion species (Figure 5b-2),
it suggests that all the reduced Au complexes were
solubilized in the SDS micelles finally. Thereafter, the
reduced Au complexes evenly distributed in the micelles
could interact with the added NaBH4 in the preparation
of gold NPs to result in very small gold NPs which were
easily capped and stabilized by the outer SDS. The
reduction of the Au complexes around the gold NP may
be assisted by electron transfer through the gold NP. The
electrophilic pyrene and its oxidized derivative may be
taking away electrons to inhibit further reduction reaction.
The inhibition of growth allows continuous nucleation to
form gold NP of really small size. The extraordinary effects
of pyrene on both decreasing the size and narrowing the
dispersity of the gold NP are due to the chemical reaction
of pyrene with the Au complexes and subsequent inhibition
of the growth of gold NPs at the embryonic stage.
Peculiarly, other aromatics such as naphthalene and
anthracene do not exhibit the same size-reduction effect
as pyrene does. The difference may be due to the different
reduction potentials.

Conclusions
In conclusion, we have successfully synthesized gold

NPs in SDS micellar solution by chemical reduction using
NaBH4. The addition of pyrene in SDS micellar solution
results in the formation of gold NPs in smaller size and
narrower distribution. We have demonstrated MEKC
technique can be applied to analyze the size distribution
of SDS protected gold NPs. The combination of pyrene
and SDS provides an excellent method for controlling the
size and dispersity of negatively charged monolayer
protected NPs in aqueous solution. We not only find a
method in controlling the size in Au@SDS, which is very
difficult to do because of the same charge of SDS and
AuCl4

-, but we also studied the mechanism of the
formation process of gold NP. This understanding would
be useful in developing general strategies for size control
of metallic nanoparticles in the future. With our method,
other anionic stabilizers27 for nanocluster formation may
also be developed.
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