-

P
brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by RERO DOC Digital Library

//doc.rero.ch

http

Reversible formation of gold nanoparticle—surfactant composite
assemblies for the preparation of concentrated colloidal solutions

Natallia Shalkevich,” Andrey Shalkevich,” Lynda Si-Ahmed® and Thomas Biirgi**¢

We have developed a simple method for the preparation of nearly mono-dispersed stable gold
colloids with a fairly high concentration using a two step procedure. First we synthesize citrate
capped gold nanoparticles and then exchange the citrate ions with triethyleneglycolmono-11-
mercaptoundecylether (EGMUDE). This leads to the immediate precipitation and formation of
composite assemblies. The gold nanoparticles were successfully self-redispersed after a few days.
The prepared gold colloid can be easily concentrated up to 20 times by separation of the
flocculated part. UV-visible spectra, transmission electron microscopy (TEM), and dynamic light
scattering (DLS) were used to characterize the products thus formed.

Introduction

During the past years, the synthesis and characterization
of nanoparticles has become a focus of both fundamental
science and technical applications because of their unique
characteristics such as catalytic activity, optical, electronic,
thermal, magnetic' and other properties.? In particular, gold
nanoparticles are currently being explored for example in
catalysis,” chemical sensing,** molecular labeling,® gene delivery,’
and photonics.”

There are many established methods for gold colloid
syntheses, such as conventional chemical reduction,®
heat-treatment,” microwave irradiation,'®'! sonochemical,'?
photolytical'® and seeding growth approach,'* to mention a
few. Most of these methods utilize thiols as capping agents in
order to improve nanoparticle stability. Thiolated modifiers
provide enhanced stabilization through the sterical interaction
between surface layers and/or their charge repulsion. Never-
theless only relatively dilute colloids can be obtained by direct
reduction because concentrated solutions result in the formation
of a precipitate. Another problem arises from the fact that
larger gold nanoparticles (above 15-20 nm) require significantly
stronger stabilization to prevent agglomeration.

In this paper, we report the facile synthesis of gold
nanoparticles by using the Turkevich—Frens'> method with
further ligand exchange. We have made the discovery that
triethyleneglycolmono-11-mercaptoundecylether (EGMUDE)
in the presence of citrate capped gold in an aqueous medium is
able not only to yield highly stable nanoparticles but also
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segregate them into a concentrated phase. In contrast to previous
syntheses where the prepared colloid needs to be additionally
concentrated, the current synthesis provides suspensions of
highly stable gold nanoparticles at high concentration.

Experimental section
Materials

Hydrogen tetrachloroaurate(i) solution was supplied by Metalor
Technologies SA, Neuchatel, Switzerland. Trisodiumcitrate
dihydrate and triethyleneglycolmono-11-mercaptoundecylether
(95%) (EGMUDE) were purchased from Sigma-Aldrich.
Ethanol (99.9%) was purchased from Merck. All reagents
were used as received. Milli-Q (Millipore) water with a
resistivity of 18.2 MQ was employed throughout. Dialysis
membranes (3.5 kDa, Spectra/Por CE) were obtained from
Spectrum.

Instrumentation

UV-visible spectra (200900 nm) were recorded on a Cary
300 spectrometer using a quartz cell of 1 cm path length.
Transmission electron micrographs (TEM) were obtained with
a Philips C 200 microscope in bright field mode at a voltage of
200 kV. The samples for TEM study were prepared by casting
a few drops of the gold colloid onto carbon-coated copper
grids (300 mesh) and used after solvent evaporation in air.
Dynamic light scattering (DLS) was performed with an
ALV-5000 spectrophotometer equipped with an argon-laser
(Coherent, model Innova 300, 2 = 488 nm), a digital auto-
correlator (ALV) and a variable angle detection system.
Measurements were made at a fixed scattering angle of 90°
and a temperature of 25.0 + 0.1 °C. The individual correlation
functions were analyzed using a second-order cumulant fit.

Synthesis of gold nanoparticles

17 nm gold nanoparticles were prepared by the classical
method described by Turkevich and Frens.!>'® 50 ml
of Milli-Q water slightly stirring were heated to 90 °C in a
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flat-bottomed flask closed by a cover-glass. 6.5 ul of hydrogen
tetrachloroaurate(ir) solution (0.028 mmol) were quickly
added into hot water and then heated to 97-98 °C. 24.9 mg
of sodium citrate (0.084 mmol) were dissolved in 1.25 ml of
Milli-Q water and rapidly introduced into the boiling gold
solution. A color change from pale yellow through colorless to
red took place in 15 s. The mixture was kept boiling for 15 min
and then cooled to room temperature.

Preparation of EGMUDE-modified gold nanoparticles

Gold colloid was purified via dialysis before ligand addition.
For this, 50 ml of gold—citrate colloid were transferred to a
3.5 kDa membrane and dialyzed against Milli-Q water in a
2 1 beaker. The water was changed every 10 h over the course
of a week. After dialysis not more than 10% of the gold was
lost, as was determined by UV-visible spectroscopy from the
absorption of the plasmon band.

Functionalization of the gold nanoparticles with EGMUDE
was accomplished by ligand addition to dialyzed citrate
stabilized gold colloid in a 1 : 2.5 molar ratio of Au atoms
to thiol molecules. EGMUDE was added as a colloidal
solution (micellar solution), which was prepared in the
following way: 0.07 mmol of thiol were added to 5 ml of
Milli-Q water and stirred for 2 min. The emulsion was
injected into 50 ml of well-stirred gold colloid (initial gold
concentration of 0.55 mM was diminished to 0.5 mM after
dialysis). The color of the mixture quickly turned to black,
the particles seemed to agglomerate. Without the stirring
the particles were precipitated at the bottom of the flask.
After one day, on shaking the slightly colored sediment,
the particles were back into solution indicating that the
agglomeration process was reversible. After 5 days, the
particles were completely redispersed without any need to
stir them.

The water was rotary evaporated and EGMUDE-modified
gold particles were washed with a small quantity of ethanol
to remove the excess thiol. This purification method relies
on the fact that the free thiol is soluble in ethanol, whereas
the particles are hardly soluble. The gold nanoparticles
were redispersed in a small volume of water, up to a
concentration of 1 vol%. Under these conditions the particles
could be kept at least for several months without noticeable
change.

Use of the gold colloid without dialysis for the modification
with EGMUDE was not successful. In fact, the thiol exchange
took place but no formation of supramolecular agglomerates
was observed. The effect of the dialysis is a reduction of
the ionic strength (citrate and sodium ions), which leads
to an increase of the width of the electrical double layer.
The gold-EGMUDE nanoparticles formed without the
dialysis (in the absence of supramolecular assemblies)
were less stable than the ones formed within the assemblies,
i.e. with the dialyzed sample, which indicates incomplete
ligand exchange. In fact, during the cleaning with ethanol a
part of the particles prepared with the undialyzed gold colloid
showed irreversible agglomeration, whereas the sample
prepared within the supramolecular assemblies was perfectly
stable.

Results and discussion
Citrate stabilized gold colloid

The thermal citrate reduction of gold(i) in a 1 : 3 Au : citrate
molar ratio produced homogeneous spherical particles with a
diameter of ca. 17 nm (Fig. 1a). The particles exhibited one
narrow absorbance band at 523 nm in the UV-visible spectra
which is attributed to the surface plasmon resonance (SPR)
band of monodisperse and well-separated gold nanoparticles
(Fig. 2a). The dialysis of citrate stabilized gold colloid was
performed to eliminate the byproducts, such as sodium ions,
excess citrate and its oxidation product.

The purified gold colloid (Fig. 3a) displayed UV-visible
spectra with a maximum at 524 nm. No signals were observed
in the UV-region that could be attributed to byproducts
(excess citrate and its oxidation products). This shows that
the latter were successfully removed from the sample during
the dialysis (Fig. 2a). The small broadening of the SPR band
can be related to slight agglomeration of gold nanoparticles.

Gold surface modification via triethyleneglycolmono-11-
mercaptoundecylether (EGMUDE)

Modification of the gold surface with EGMUDE was carried
out by the addition of thiol (EGMUDE) into dialyzed gold
colloid in a 1 : 2.5 Au : thiol molar ratio. EGMUDE was
mixed with a small quantity of water forming a turbid solution
due to limited solubility of EGMUDE in water. While the
EGMUDE was injected, the gold nanoparticles aggregated,
which could be easily observed by eye, and rapidly precipitated
(Fig. 3b and ¢). Four minutes later almost no absorption band
could be found in UV-visible spectra shown in Fig. 2b. The

@ (b)

Fig. 1 Transmission electron microscopy graphs of gold nano-
particles with a diameter of ca. 17 nm before ligand exchange (a) and
after EGMUDE addition at different time intervals: 4 minutes (b), 1 day
(c) and 7 days (d). Inset is a magnified part of the corresponding image.
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Fig.2 UV-visible absorption spectra (a) of citrate covered 17 nm gold colloid before (1) and after (2) dialysis, (b) of 17 nm gold colloid before (1)
and after EGMUDE addition at different time intervals: after 4 minutes (2), 15 hours (3), 1 day (4), 2 days (5), 7 days (6) and purified with EtOH
(7), and (c) of 40 nm gold colloid before (1) and after EGMUDE addition at different time intervals: after 30 minutes (2), 1 day (3), 2 days (4),

3 days (5), 7 days (6) and purified with EtOH (7).

electron micrograph (Fig. 1b) demonstrates as well very
compact and dense aggregates without any separation between
particles.

The position of the surface plasmon band directly reflects
the distance between the metal particles.!” It has been shown
that there is a significant shift of the surface plasmon band
at relative distances between the nanoparticles d/(2R) (R is
the nanoparticle radius, d is the center-to-center distance)
smaller than about 1.4. Therefore, for particles of 17 nm in
diameter strong shifts due to the interaction of the plasmons
are expected for center-to-center distances smaller than
d = 238 nm (= 1.4 x 17 nm), which corresponds to

(a) (c)

=

)
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Fig. 3 Vials with different gold colloids: (a) citrate covered, (b) just
after EGMUDE addition, (c) after 10 min and (d) after 1 day.

a separation of the nanoparticle surfaces of 6.8 nm
(= 23.8 — 17 nm). For comparison, the fully extended
EGMUDE molecule has a length of 2.76 nm, as determined
by energy minimization using HyperChem. For example,
Fig. 2b shows a secondary plasmon band with a shift of about
100 nm after 15 h. According to the work of Schiffrin and
co-workers!” a shift of 100 nm corresponds to a relative
distance d/(2R) of less than 1.1 and therefore a distance
between the surfaces of adjacent gold nanoparticles of less
than 1.7 nm. This is more than the interparticle distance of
2 x 03 nm = 0.6 nm caused by adsorbed citrate ions
but significantly less than the distance expected for gold
nanoparticles fully covered by EGMUDE but touching each
other, where a distance of 2 x 2.76 nm = 5.52 nm is expected,
assuming no interpenetration of the two stabilizer layers on
adjacent nanoparticles. For the latter distance a shift of less
than 20 nm would be expected. It should be noted that these
values change quantitatively for different particle sizes. Indeed
we observed qualitatively the same phenomena for 40 nm
particles (Fig. 2c) upon functionalization by EGMUDE,
however with correspondingly more pronounced shifts of the
secondary plasmon band. This is due to the fact that for the
40 nm particles the relative distances d/(2R) are correspondingly
smaller due to the larger particle size.

Interestingly, a slightly red-colored layer above the precipitate
was noted one day after ligand addition (Fig. 3d). The gold
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nanoparticles “‘self-redispersed” under a gentle shaking and
formed a homogeneous colored solution. Analysis of the
electron micrograph (Fig. 1c) of the sample one day after
EGMUDE addition shows that the gold nanoparticles
distribute more homogeneously without any agglomeration.
The broadened SPR band appears again (Fig. 2b) however
with a small shift of 3 nm to longer wavelength. It is
well-known'®1? that the exact position of the plasmon band
is extremely sensitive both to particle size and shape and to the
optical and electronic properties of the medium surrounding
the particles. The red-shift of the plasmon band can be
explained by an increase in the local refractive index of the
surrounding medium of gold nanoparticles i.e. by adsorbed
EGMUDE. The secondary plasmon band becomes less
pronounced with time (Fig. 2b, 2 days) and after one week it
coincides with the one observed for the initial gold colloid
except for the slight red-shift by 3 nm due to the adsorbed
EGMUDE (Fig. 2b, 7 days). This observation shows that the
citrate layers of gold nanoparticles were replaced by a new
EGMUDE protecting layer, which stabilizes the particles and
prevents them from aggregation. A TEM micrograph (Fig. 1d)
shows the gold nanoparticles a week after EGMUDE was
added. The particles are well-separated from each other and
they can form ordered structures on the surface of the TEM
copper grid under the pinning effect and entropy-driven
ordering tendency upon solvent evaporation.? No UV-band
in the absorption spectra of the gold colloid purified by
ethanol is observed that could be attributed to EGMUDE
(Fig. 2b) showing that the latter was removed from solution
during purification.

In order to directly study the cluster formation and further
re-dispersion of gold nanoparticles at different times after
ligand addition dynamic light scattering measurements were
performed.

Fig. 4 shows the correlation functions for the gold colloids
at different stages. Initial citrate capped gold nanoparticles
exhibit a correlation curve with the smallest decorrelation time
and relatively low polydispersity. Cumulant analysis gives a
hydrodynamic radius of the particles of around 10 nm. This is
slightly larger than that determined from TEM analysis most
likely due to the hydrodynamic layer on the particles.
EGMUDE solution was directly added into the cylindrical
cell containing gold colloid and was kept in the sample
chamber for 10 minutes in order to stabilize the temperature.
The correlation curve of this sample showed drastic changes
with respect to the initial colloid: the decorrelation time shifted
to much higher lag times and the baseline became unstable and
deviated from zero. These changes indicate the formation
of very large clusters (with hydrodynamic radii larger than
150 nm) usually observed in destabilized suspensions. The
sample was afterwards kept in a thermostat for one day and
measured again. The correlation curve obtained from this
sample exhibited significant shift to the lower lag times due
to decreasing cluster size. The same tendency was observed for
the samples measured even later: the correlation curves of the
system approached the one of the initial colloid. The small
discrepancy at low intercept close to the baseline arises from a
few small clusters in the system. Therefore it can be concluded
that after six days the system does not contain large clusters

lag time, ms

Fig. 4 The normalized electric field autocorrelation functions of gold
colloids before ligand exchange ([J), just after EGMUDE addition
(O), after 1 day (A), 3 (V) and 6 days ().

anymore and only individual EGMUDE coated gold
nanoparticles are present. The observed self-re-dispersion of
the nanoparticles indicates the remarkably high efficiency of
the EGMUDE protection.

We considered the possibility that the clusters of gold
nanoparticles are organized within the big micelles or the
lamellas formed by the EGMUDE, which consists of hydro-
philic (triethyleneglycol chain) and hydrophobic (hydrocarbon
C;1—chain) blocks and which can be considered as a non-ionic
surfactant. Critical micelle concentration (CMC) of EGMUDE
is not described in the literature but can be estimated by
comparison with a linear ethoxylate surfactant with a similar
structure i.e. triethyleneglycolundecylether (EGUDE). There
are several empirical relationships in the literature’® > to
predict CMC for linear alkyl ethoxylates. The CMC of
EGUDE which is equal to 1.42 x 10™* mol 17! was calculated
using the three-parameter empirical model proposed by
Ravey?!

log;oCMC = 1.904 — 0.524C# + 0.000442C# x EO#

where C# is the number of carbon atoms in the hydrocarbon
chain and EO# is the number of ethylene oxide groups.

The EGMUDE concentration in the gold colloid was
1.27 x 1072 mol 1"!, which is 9 times higher than the CMC
of EGUDE. Under these conditions the surfactant molecules
form assemblies, for example micelles, to reduce system
energy. The formation of such assemblies is in fact indicated
by TEM measurements (Fig. 5). Clearly the EGMUDE-
nanoparticle composite shows some hierarchical organization.
Within the entire entity with a diameter of about 6 pum
domains of about 1 um are visible with very high local
concentration of gold nanoparticles. Similar nanoparticle
composite structures have been observed recently when
flocculating citrate stabilized gold nanoparticles with a poly-
cation.?* However, in contrast to our case, the changes
observed, for example in the UV-visible spectra, were
not reversible. Note that the preparation method of gold
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Fig. 5 Transmission electron microscopy graph of the assemblies of
EGMUDE and gold nanoparticles, 10 min after ligand addition.

nanoparticles presented here relies on the fact that the thiol
(EGMUDE) forms micelles in water.

The ligand exchange on the gold nanoparticle surface takes
place within these structures and therefore at locally extremely
high EGMUDE concentrations. The ligand exchange process
is a critical point with respect to nanoparticle stability. The
gold nanoparticles are initially charge stabilized due to the
adsorbed citrate. Once the particles are fully covered by
EGMUDE they are sterically stabilized. During the exchange
there is however a critical point where the charge diminishes
but the sterical stabilization is not yet fully established. To
avoid agglomeration at this point the exchange is normally
done in dilute solutions in order to minimize particle collisions
during the critical phase. In contrast, the results presented
above show that in our system the exchange is taking place
within supramolecular assemblies where the nanoparticle
concentration is locally extremely high. This is a strong
indication that within these assemblies the EGMUDE leads
to an organization of the nanoparticles that prevents them
from irreversible agglomeration. The surface functionalization
goes hand in hand with a structural change within the
composite assemblies. This is clearly indicated by the changes
in the UV-visible spectra. The position of the shifted plasmon
band shows that at the beginning of the process the distance
between fractions of the gold nanoparticles is very small, in
agreement with TEM. This distance then increases with
time until the particles are fully separated. At the same time
the supramolecular assemblies are destroyed (dissolved) as
shown by DLS. Reasons for this might be a decrease of the
concentration of free EGMUDE in solution due to the binding
to the gold nanoparticle surface and/or a destabilization of the
assemblies by the functionalized nanoparticles itself.

Conclusions

In conclusion, we have shown that EGMUDE not only acts as
a stabilizing or protecting agent but also as a reversible
flocculator in an aqueous medium. Such a combination does
not only provide proof of effective stabilization but also allows
the direct concentration of the gold colloid by separation of
the sediment. Consequently, we can easily produce gold
colloids of up to 0.01 vol%. During the exchange of citrate
with EGMUDE the nanoparticles are organized in supra-
molecular nanoparticle-EGMUDE assemblies, preventing
irreversible agglomeration. Furthermore, we demonstrated
that the current synthetic protocol is highly valuable to
prepare well-dispersed and stable gold colloids.
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