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1. Introduction

Gold nanoparticles (GNPs) as silver and copper ones exhibit Surface Plasmon
Resonance (SPR) given vibrant colors produced by their interaction with visible
light [1]. The unique optical-electronics properties of GNPs have been used for
smart technological applications such as organic photovoltaic cells, sensors, drug
delivery [2], electronics and catalysis.

Recently, Zhao et al. [3] and De Souza et al [4] listed the methods used to ob-
tain GNPs. These two reviews focus on synthesis pathways by chemical reduc-
tion. The most frequently cited is Turkevich’s method, simple and fast, using the
citrate function as the reducer and stabilizer. Many methods are derived from it,

and, depending on the synthetic route, monodispersed GNPs of various sizes
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ranging between 4 and 186 nm are obtained.

The techniques commonly used for the characterization of shape and size dis-
tributions of colloid sols are Dynamic Light Scattering (DLS), UV-vis spectros-
copy and microscopies. DLS and UV-Vis are practical techniques for the rapid
characterization of colloid sols. Microscopy techniques such as Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) are used
for the fine characterization of the size distribution of GNPs. However, these sols
evolve with time and aggregation of GNPs occurs before the visual observation
of the sols degradation in the form of a black suspension, identified as filaments
of intertwined nanoparticles [5], which eventually precipitate. Thus, to be ri-
gorous, before each use of such GNPs sols, they need to be characterized again to
control their quality, although it costs time and human resources [6] [7] [8].

Thin-Layer Chromatography (TLC) is a universal chromatography technique
used to separate non-volatile mixtures. It consists of a plate made of a thin layer
of silica gel deposited on an aluminum or glass sheet. When dipping the bottom
of a plate into a mixture, the solvent is drawn up into the plate via capillary ac-
tion. It allows one to carry out almost every type of separation by suitably
choosing the mobile phase. In this article, we present the applicability of TLC
(hereafter named “Colloid Thin-Layer Chromatography”—CTLC) to follow the
states of GNPs sols in water. The GNP’s sol imprint on the TLC is time stable.
Then, once a GNPs sol is freshly prepared, its imprint is usable as a reference.
Thus, before using a sol after having to store it, the comparison between its
CTLC and the reference sample ensures that it is suitable or not for further in-
vestigations. This work reports a detailed study about the pertinence of CTLC on
GNPs sols prepared by Turkevitch’s method.

2. Experimental

Trisodium citrate dihydrate (HOC(COONa)(CH,COONa),-2H,0, Sigma Aldrich,
>99%), tetrachloroauric acid (HAuCl,, Aldrich, 99.99% purity), hydrochloric
acid (HCI, ACS reagent, 37%), sodium hydroxide (NaOH, ACS reagent, 97%
purity, pellets), citric acid (C¢HgO,-H,O, Acros, 99.5%) and sodium chloride
(NaCl, Aldrich, 99% purity) were used in this work.

2.1. Synthesis of Colloidal GNPs

GNPs sol syntheses were based on the classical Turkevich’s method. All glass
vessels used in the following procedures were cleaned with aqua regia and
rinsed thoroughly in Milli-Q grade water before use. 100 mL of Milli-Q water
was stirred (500 rpm) and was heated to its boiling temperature (100°C) under
reflux. 0.2 mL of trisodium citrate solution 0.5 mol-L™' (as reducing and stabi-
lizing agent) and 4 mL of tetrachloroauric acid (HAuCl,) solution 0.1 mmol
Au-L™" were added and the solution was agitated for 60 minutes. The intrinsic
size of gold nanoparticles is measured at 30 nm by Transmission Electron Mi-

Croscopy.
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2.2. Aggregation/Agglomeration of the Sols

Aggregation/agglomeration of colloidal nanoparticles may be induced by a
change in the pH, temperature or ionic state of their surrounding medium. Time
aging was studied on sols after a long storage (6 and 24 months in the dark at
4°C). The pH effects were investigated by acidic and basic treatments (0.1 mL of
HCl (0.12 or 1.2 mol-L™); citric acid (0.1 or 1 mol-L™"); or NaOH (0.25 or 2.5
mol-L™") solution in 1 mL of gold sols). The ionic strength effect was studied by
addition NaCl (0.1 mL of NaCl (1 mol-L™") in 1 mL of gold sols) and finally the
temperature effect by heating the GNPs sols during 5 h under reflux at 100°C.

2.3. Characterization of Colloidal GNPs

Photographs of the deposition of gold sols were obtained by Drop Shape Kriiss
(Drop shape analyzer DSA25). UV-vis absorption spectra were performed in the
range of 300 - 800 nm (Perkin Elmer—Lambda 25 spectrometer) by using a
quartz cell. Dynamic Light Scattering characterizations were performed using a
Malvern Zetasizer (Nano ZS) in dual mode (173° and 13°) [9]. The parameters
used for DLS characterization are: 25°C, viscosity 0.8872 cP, material absorption
3.32, refractive index 0.2, measurement duration extend duration for large par-
ticles x1000. The reported relative intensities (I/I;) have been determined by fit-
ting the experimental curves with Gaussian fits. Transmission Electron Micro-
scopy (TEM) imaging was carried out using a Technai G2 microscope (FEI) at
200 kV. Images were acquired with an Eagle2K ssCCD camera (FEI), five micro-
liters of the gold colloidal sol were deposited onto a freshly glow discharged
carbon-covered copper grid (400 mesh). The suspension was left for 2 min and
finally dried at room temperature using filter paper. Scanning Electron Micro-
scopy (SEM) analyses were carried out on a JEOL 6700F microscope working at
10 kV accelerated voltage.

2.4. Colloid Thin-Layer Chromatography (CTLC)

The CTLC test was made on a thin layer of silica gel TLC Silica Gel 60 F254 from
Merck, often used for following organic reactions. Specifications of the TLC sili-
ca gel are given in Table 1. In our case, the use of TLC is different from the one
used in organic chemistry. One droplet (20 pL) of the colloid sol was deposited
onto a dry TLC plate lying flat on the bench.

Table 1. TLC specifications (Merck KGaA)

aluminum support; silica gel 60 matrix;

Material fluorescent indicator
Layer thickness 210 - 270 ym
d 50 (laser diffraction, size distribution) 9.5-11.5 ym
Pore volume (N,-isotherm) 0.74 - 0.84 mL-g™!

Specific surface area

480 - 540 m2.g™!
(according to BET; 5-Pt. measurement) &
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3. Results and Discussion

Typical CTLC test and terminology are reported in Figure 1. The first step is the
contact between the droplet and silica gel on an area defined by the volume of
the droplet. The deposition of the droplet causes the formation of an initial wet
area named “initial contact zone”. The initial contact zone of the deposited
droplet has a diameter of about 0.5 cm for a droplet of 20 puL. With time, the
diffusion of the solution is observed and a “moist-dry boundary” is formed at
the interface between the wet area and the rest of the dry plate. The final obser-
vation of the plate is possible after complete drying, about 30 minutes.

The CTLC test of GNPs sol at different times of the synthesis was realized and
presented on the top of Figure 2. One droplet is deposited on CTLC and once
the plate is dry, a uniformly weakly colored disk limited by a single circular dark
red-violet colored boundary (diameter of about 1 cm for a droplet of 20 uL) is
observed whatever the reaction time. This can be explained by the fact that, after
the droplet deposition, the free particles present in the solution are moving by
diffusion of the solvent. During this process, they distribute uniformly within
the volume of the layer of the silica gel, most of them being in the solvent to fi-
nally accumulate at the moist-dry boundary. This analysis confirms that the so-
lution is indeed a colloidal suspension of gold nanoparticles.

The UV-vis spectra of the kinetics of GNPs formation are shown at the bot-
tom of Figure 2. After one minute of reaction, the solution displays a grey color,

with a corresponding UV-vis spectrum centered at 532 nm. For larger times of

(a)

Droplet of sol ~ Sol deposition  Sol diffusion

O

Cross-section view| | [ a 11 .. || Air Drying

Initial Contact Moist
Zone | Zone |

Top view

I |
Initial Contact Boundary Moist-dry Boundary
(b)
Figure 1. (a) Photography and (b) schematic illustration of typical CTLC test.
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Figure 2. Images of TLC plates and UV-vis spectra in function of the reaction time of
gold nanoparticles.

reaction, all GNPs sols display a wine-red color and a single absorption peak at
519 nm characteristic of spherical and small nanoparticles [10] [11]. The high
citrate amount allows a quick reduction (<3 min) and then the stabilization of
the gold nanoparticles by the citrate salt. These observations are in full agree-
ment with those already reported [12]. A representation of protected gold na-
noparticles in the sol during the GNPs formation, is presented in Scheme 1.

Citrate protection may be effected either by a change in the pH, temperature
or ionic state of their surrounding medium.

Figure 3(a) displays the results of CTLC tests of GNPs sol freshly prepared
and after modification of its pH by addition of acid or base. For a pH modifica-
tion at 3 or 10, GNPs sol does not change in color or aspect and shows the same
CTLC profile as the freshly prepared one: one single circle at the moist-dry
boundary. This indicates that the layer of citrate continues to protect the gold
nanoparticles and the sol remains stable under these conditions, the corres-
ponding state of gold nanoparticles and citrate species is presented in Scheme 2.

At pH 1 and pH 12 the link between citrate and gold was completely broken
thus aggregation takes place and the color of the GNPs sol changes (from red to
grey). The corresponding representation is given in Scheme 3. Due to the ag-
gregation, GNPs are not available to migrate to the moist boundary of the TLC
plate and a single circle (diameter 0.5 cm for a droplet of 20 pL) at the initial
contact boundary is presented on the CTLC (Figure 3(a), pH = 1 by HCI addi-
tion and pH = 12 by NaOH addition). Grys et al [13] showed that the citrate
coordination is mostly bidentate and controlled by its protonation state. At pH
10 or 12, which is considerably higher than the three pKa values of sodium ci-
trate (pKa, = 3.14, pKa, = 4.75 and pKa, = 6.39), all carboxylate groups are de-
protonated [14]. NaOH addition increases the interaction between sodium ca-

tions and carboxylate sites from the citrate protection layer (Scheme 2(b) and
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Scheme 1. Representation of gold nanoparticles freshly prepared (pink color) surrounded
by citrates (blue color) and the carboxylate functions involved in the protection of the

nanoparticles.
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Scheme 2. Representation of a gold nanoparticle (pink color) surrounded by citrates
(blue color) and the carboxylate functions involved after modification of pH by addition
of (a) HCI, pH = 3 or (b) NaOH, pH = 10.
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Figure 3. (a) CTLC tests of GNPs sol freshly prepared and after modification of its pH by
addition of acid or base. (b) UV-vis spectra of gold sols after acid or base additions.
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Scheme 3. Representation of a gold nanoparticles (pink color) aggregation and the citric
acid or the trisodium citrate form involved after modification of pH by addition of (a)
HCL, pH =1 or (b) or (b) NaOH, pH = 12.

Scheme 3(b)). Similar behavior may explain the CTLC profile for acid condi-
tions, the total protonation of carboxylate sites promotes the aggregation at pH
=1.

The addition of citric acid favors a special case with the creation of a double
layer of citrate which forms on the free functions between the citrates fixed to
the gold and the citric acid contained in the aqueous phase of the sol citrate as
presented in Scheme 4. With a moderate addition of citric acid, the sol remains
stable due to the repulsion of nanoparticles loaded with double layers of citrate.
As the acid concentration increases, the pH decreases to 1, given the loss of their
surface charge and particles agglomerate (Scheme 4(b)).

At pH values on either side of a neutral (3 and 10) compared to the limit val-
ues at pH = 1 and 12, the inner ring is not visible because the amount of particles
fixed in the first ring is not sufficient. The differences in spectra between mod-
ification of pH by addition of HCI or C;H,O, are due to the difference between
aggregated and agglomerated particles. In the case of HCI, the metallic gold par-
ticles aggregate and the plasmon resonance presents a band of asymmetrical
elongated particles higher than 600 cm™ by UV-vis spectroscopy (Figure 3(b)).
This band indicates that of the aggregate with visible interactions between the
nanoparticles. For the C;H O, aperture, the resonance of each particle is pre-
served over the spectrum, despite the overall size of the aggregate. This indicates
that the protective layer prevents the plasmon of the gold core particles from in-
teracting and that the nanoparticles are agglomerated and not aggregated. Ulloa
et al. [12] present a model in agreement with these observations as alternating
charge density sign around the NPs, corresponding to electrical double layer.

To check the effect of the ionic state of the surrounding medium of the GNPs,
NaCl has been added into a freshly prepared sol and CTLC tests have been per-
formed on the sol after 30 s and 5 minutes (Figure 4). 30 seconds after NaCl ad-
dition, two colored circular boundaries are observed on CTLC test, a first one

corresponds to the initial contact boundary (diameter 0.5 cm for a droplet of 20 pL)
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Scheme 4. Representation of a gold nanoparticle (pink color) surrounded by double lay-
ers of citrate (blue color) and the carboxylate functions involved in the protection of the
nanoparticle after modification of pH by addition of citric acid (a) pH =3 or (b) pH = 1.
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Figure 4. (a) CTLC profile during the kinetics of GNPs formation. (b) UV-vis spectra of
gold nanoparticles as prepared and after addition of NaCl (5 min of contact).

and a second one to the moist-dry boundary (diameter 1 cm for the same drop-
let). The CTLC test of the same solution 5 minutes after the addition of NaCl
displays a colored single circle (diameter 0.5 cm for a droplet of 20 L) at the ini-
tial contact boundary. The UV-Vis spectrum evidences two surface plasmon re-
sonances at 530 nm and 670 nm, characteristic of asymmetrical elongated par-
ticles.

The change in the sol color from red (as prepared) to grey (5 min after NaCl

addition) is due to the modification of particle interactions (Scheme 5). Indeed,
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Scheme 5. Representation of a gold nanoparticle (pink color) surrounded by citrates
(blue color) and the carboxylate functions involved by NaCl addition (a) 30 s later and (b)
5 min later: Aggregation of GNPs and formation of trisodium citrate.

sodium cations interact with the carboxylate functions altering the protection of
the stabilizing citrate capsule. As a consequence, the gold nanoparticles aggre-
gate.

SEM observations of the CTLC test of the initial contact boundary after 5 min
of NaCl addition (Figure 5) show that the quasi totality of the matter is concen-
trated in the initial contact boundary. Typical SEM images clearly show huge
aggregates of very small gold nanoparticles whose intrinsic size does not change
(30 nm, DLS measure). In this case, the GNPs aggregates are unable to diffuse in
the TLC and give a colored initial contact boundary and zone of CTLC.

The stability of GNPs sols before aggregation can vary from few days to
months (for the most stable solutions). Before the sol presents a visible deposi-
tion, the stability can be lost. To show this fact and the advantages of following
the sols by CTLC, gold nanoparticles in solution are presented by the compari-
son of “as prepared” (60 minutes) and after spontaneous (6 and 24 months) and
induced (aggravated conditions of heat) aggregation. CTLC test allows a rapid
response about the stability of nanoparticles and is really helpful for selecting
batches for complementary control by DLS and TEM analyses.

The results of UV-vis spectra for aged GNPs’ solution are presented in Figure
6. The profiles are not significantly changed with time only the intensity of the
peak decreases with time and increases with heating. The plasmon band from
UV-vis spectra and the color of the solutions do not reveal clearly the variation
among fresh and agglomerated (6, 24 months and heated) GNPs’ colloids.

At a scattering angle of 173" (Figure 7), except the NaCl addicted one, all
samples have a DLS signature of small diffusing particles, of about 30 nm for the
fresh and the heated sample and higher than 70 nm for the aged samples. This
result is consistent with UV-Vis absorption spectra. At a scattering angle of 13°,
for which the contribution of large particles to DLS is enhanced, it is noticeable

that the intensity of the scattered light by small particles is the dominant owned
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Figure 5. SEM images of the gold deposition on TLC (GNPs after 5 minutes of NaCl ad-
dition) and its zoom. EDX result corresponding to the area crossed.
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Figure 6. Evolution of CTLC and UV-vis spectra of colloidal sols with time and heating.
(a) 6 months; (b) 24 months; (c) Heated.
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Figure 7. DLS of colloidal sols freshly prepared (60 minutes) and after ageing processes for both angles (173" and 13°).
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in the freshly prepared sample while no traces of particles smaller than 500 nm
contribute to the DLS of aged solutions. Moreover, as shown by UV-vis spectra,
the absorbance at 633 nm which is the DLS laser wavelength is increased for
aged samples with respect to the fresh one resulting into a decrease of the con-
tribution of large particles to the DLS intensities. These results suggest that, ex-
cept for the freshly prepared sample, all aged samples contain very large particle
systems in a non-negligible amount. However, one has to keep in mind that the
estimated diameters are hydrodynamic ones based on the assumption that the
particles are spherical, which is not the form of aggregates as is revealed by Fig-
ure 8 and fractal systems are usually reported in the literature for gold.

The morphologies of gold colloids are observed with TEM technique by depo-
siting the sol on the grid in Figure 9. TEM images of GNPs’ colloid “as pre-
pared” (Figure 9(a)) show nanoparticles independents or in small groups
around 30 nm. Aged colloids after 6 or 24 months and by heating (Figures
9(b)-(d)) contain small groups of NPs but do not show aggregates bigger than
200 nm as observed by DLS at 13°. The sample deposition onto a substrate to
perform microscopic techniques may change the particle state and induce addi-
tional agglomeration or agglomeration rupture during and after drying [15].
TEM images may not deliver a reliable indication of gold agglomeration in solu-
tion. Gold colloid aggregated by NaCl contains only tridimensional groups of
nanoparticles around 500 nm (Figure 9(e)).

GNPs’ sol after 6 months presents a CTLC image similar to the colloid freshly
prepared, Figure 10. The other images of CTLC for aged colloid solutions are
different to those observed previously and the results are more complex. Two
colored boundaries appear in Figure 4(b) and Figure 4(c): one in the same
place as those previously observed and one inside this circle (placed about % of
the big diameter). GNPs display one large zone (ring) with a very red color and
deep boundary, as well as one small inside disk with red color and a very light
red boundary. It is inferred that great change occurs in colloid sols clearly visible
with the CTLC test compared to UV-Visible and TEM. The limit of the size of

30 50
0=173" 0=13
251 « As prepared 40| * As prepared
- * Heated —_ * Heated
220 * 6 months S = 6 months
~ * 24 months ~ 30} * 24 months
> >
s 15} 7] FF'
5 820}
L C
10 % 3 - &
« ¥ 10}
51 +
s
0 L I 0 L L
10 100 1000 10 100 1000

Diameter (nm) Diameter (nm)

Figure 8. DLS intensities at scattering angles of 173° and 13°. Comment: for the “As pre-
pared” sol, as the intensity varies as diameter a power of six [9], we can estimate a num-
ber of small particles of about 2 x 10° that of the larger ones.
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Figure 9. TEM micrographs of GNPs “as prepared” (60 minutes) (a), after 6 months (b),

24 months (c), heated (d) and NaCl addition (e).

Top view

Stable sol of free
nanoparticles

Partial aggregation

(a) (b) (c)

Large aggregates

Figure 10. The CTLC limit profiles obtained with spherical gold sols in water: (a) Visible
particles on the moist-dry boundary; (b) Visible particles on the moist-dry boundary and
the initial contact boundary; (c) Visible particles on the initial contact boundary and zone.

the aggregation system is not able to move far that the initial circle is estimated

around 1 pm regarding the texture of TL. This limit can change with the ligand

(nature and charge). In the case of citrate, any gold nanoparticles adsorption on

silica limit the migration on the plate. The water diffuses on the silica plate
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charged with the individual gold nanoparticles (or small agglomerates/aggregates)
and transports them until the Moist-dry Boundary. The aggregated systems be-
tween about 1 um to visible particles (e.g. 24 months, heated or NaCl-induced)
present in the mixture stay on the initial contact zone, mainly an intense color is
observable on the initial contact boundary (inside circle). In presence of one in-
side circle, we can conclude directly by Colloid Thin-Layer Chromatography: the
bath must be discarded. If not, the batch can be used when the evaluation by
DLS technique at 13° shown major distribution for free particles.

Figure 10 summarizes the boundary profiles and corresponding CTLC ob-
servations for GNPs sols prepared by Turkevich’s method. The fresh and stable
sol shows free nanoparticles, mobile in the water drop, diffusing under the silica
plate and concentrating on the boundary between the wet and dry boundary.
The CTLC observation (Figure 10(a)) indicates that the sol is stable and can be
considered for use. Unstable sols may exhibit CTLC profiles between Figure
10(b) with no deposition and no change in UV-visible spectra. The CTLC test
(b) indicates that the nanoparticles are partially aggregated in solution. Visual
precipitation in solution gives a profile with the borderline case being profile
(Figure 10(c)). In this case, the deposit may fall directly onto the plate or form
the coffee effect [16] with a deposit at the edge of the drop.

4. Conclusion

CTLC test is a new, easy and rapid method to control the production and con-
servation of handmade or commercial batches. The simple and inexpensive
analysis on a silica plate is very useful to know and save the state of the solution.
This test is useful for making screening with low utilization of sophisticated
techniques. CTLC test is powerful when the UV profile of aged sol does not
change significantly or the agglomerates/aggregates are greater than measure

limits for DLS but not visible to a trained eye.
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