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ABSTRACT: The efficiency of multidentate ligands as digestive ripening (DR)
agents for the preparation of monodisperse Au nanoparticles (NPs) was investigated.
This systematic investigation was performed using ligands possessing one, two, or
three thiol moieties as ligands/DR agents. Our results clearly establish that among
the different ligands, monodentate ligands and the use of temperature in the range of
60−120 °C offer the best conditions for DR. In addition, when DR was carried out at
lower temperatures (e.g., 60 °C), the NP size increased as the number of thiol groups
per ligand increased. However, in the case of ligands possessing two and three thiol
moieties, when they were heated with polydispersed particles at higher temperatures
(120 or 180 °C), the etching process dominated, which affected the quality of the
NPs in terms of their monodispersity. We conclude that the temperature-dependent
strength of the interaction between the ligand headgroup and the NP surface plays a
vital role in controlling the final particle sizes.

■ INTRODUCTION
In the realm of bottom−up approaches to nanoparticle (NP)
synthesis, the preparation of monolayer-protected particles
using two-phase reduction methods with organic molecules/
ligands as capping or passivating agents has made a huge
impact.1−3 The convenience with which these monolayer-
protected particles can be purified/handled, and more
importantly, the possibility of modifying the surface with
many different ligands has made this procedure one of the most
widely used. The range of monolayer-protected NP syntheses
has been further extended/strengthened with procedures such
as size focusing, digestive ripening (DR), or inverse Ostwald
ripening, which lead to the formation of nearly monodispersed
particles.4−6 Quite interestingly, with these methods, the size
distribution of a polydispersed NP system becomes narrower
with a concomitant reduction in the average particle size. The
fact that these procedures offer tremendous control over the
size and size distributions of NPs, without requiring any further
size-selective separation, renders them attractive and useful.
Furthermore, these procedures seem to involve a step/process
in which the smaller particles grow in size and the larger
particles dissolve, which is in contrast to traditional mechanisms
such as Ostwald ripening. Thus, there is tremendous interest in
understanding the mechanism of size and size control via these
methods because they cannot be explained completely with the
conventional nucleation and growth mechanisms or surface
energy arguments alone.7

Although reports on the preparation of NPs of different
kinds via DR are ubiquitous in the literature, systematic studies
carried out to understand the mechanism are comparatively
few.9,10 Furthermore, a convincing theory/model that ration-
alizes all of the features of DR is yet to appear. Among the few
theories/models that try to describe the mechanism of DR, one

is centered on the argument that DR arises from a competition
between the surface charge and the curvature-dependent
surface energy. Incorporating contributions from both of
these effects, Lee et al. developed a modified Gibbs−Thompson
equation that rationalizes the conversion of the polydisperse
system into a monodisperse one.10 However, this model
ignores many factors such as the influence of surface-active
ligands on the final size of the NPs. Another model that has
appeared more recently tries to account for the role of organic
ligands in a more comprehensive way by suggesting that the
growth rates of nanocrystals having different sizes are affected
to different extents because the solubility/diffusibility of
monomers of the NP species is different in the layer of ligand
molecules attached to the NPs compared with that of the bulk
solution.11 Such differences will have a great influence on the
mobility of monomers to and from the NP surface, thereby
influencing their size.
Here, the aspects that could have greater impact on the

mobility of monomers are (1) the strength of interaction
between the functional group of the ligand and the surface of
the NP and (2) the strength of van der Waals (vdW) attractive
forces existing between the organic ligands present on the
surface of the NPs.12,13 We hypothesized that we could gain
useful insight into the influence of these two factors on the NP
size by performing DR using multidentate ligands. In this
context, Lee and co-workers have systematically studied the
formation of self-assembled monolayers (SAMs) on Au(111)
surfaces using three model ligands consisting of mono-, di-, and
trithiol groups attached to one alkyl chain (Figure 1; L1, L2,
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and L3, respectively).14−16 Their research led to the conclusion
that among these three ligands, the tridentate ligands exhibited
the lowest packing densities of alkyl chains as compared to the
SAMs of bidentate and monodentate analogues.14 However,
the tridentate ligands showed the highest chain tilt from the
surface normal so that the alkyl chains maintained vdW contact.
In fact, the thermal stability of the tridentate ligand SAMs was
found to be significantly higher than the thermal stability of
those formed from bidentate and monodentate ligands, with
the bidentate SAMs in turn being more thermally stable than
the monodentate SAMs.15 An analogous trend in thermal
stability (i.e., tridentate > bidentate > monodentate) was also
observed on colloidal gold particles.16

Given this context, the purpose of this study was to
understand and compare the DR ability of n-alkanethiols (L1)
with those of chelating bidentate and tridentate thiols (L2 and
L3, respectively), with the goal of providing a new insight into
the influence of the temperature-dependent strength of the
ligand surface binding on the NP size. It is important to note
here that although the relationship between the size narrowing
of NPs and the nature of the functional group of the organic
ligand has been investigated via systematic studies,17−19

information regarding the influence of binding strength
variation on the NP size by using multidentate ligands in the
DR process does not exist to the best of our knowledge.

■ EXPERIMENTAL PROCEDURE
Synthesis of Ligands. L1 was purchased from Sigma-Aldrich and

used as received; L2 and L3 were synthesized following reported
procedures.14,16

Preparation of Au NPs. Au NPs were prepared using a well-
known DR method.8 A 0.025 g aliquot of didodecyldimethylammo-
nium bromide (DDAB) was dissolved in 2.5 mL of 4-tert-butyltoluene

(tbt). The gold salt AuCl3 was dissolved in this solution through
sonication to make a 0.01 M solution. This dark orange solution was
reduced by dropwise addition of aqueous NaBH4 (25 μL, 9.4 M)
under vigorous stirring, which was continued for 1 h to ensure
complete reduction. The NPs formed at this point will be referred to
as the “as-prepared” system in the remainder of the text. Ligands were
added to this as-prepared system maintaining the metal-to-ligand
molar ratio at 1:20 and stirring the solution for 15 min at room
temperature. Subsequently, these ligand-coated NPs were separated
from the excess ligand, DDAB, and other reaction side products by
precipitating with the addition of excess ethanol (7.5 mL). The
precipitate was then dried and again redispersed in 2.5 mL of tbt.
Another dose of respective ligands was added, maintaining a 1:20
metal-to-ligand molar ratio. The colloidal dispersions in tbt were then
heated at selected temperatures (i.e., 60, 120, and 180 °C) for 1 h. The
resultant NPs were characterized using transmission electron
microscopy (TEM) and UV−visible (UV−vis) spectroscopy. For
TEM, NP dispersions were drop-cast on a TEM grid after heating at
different temperatures, and approximately 300 particles were analyzed
for the calculation of the particle size distribution (PSD).

■ RESULTS

Gold NPs were synthesized using a well-known DR
procedure.4,8 The first step of this procedure involved
preparation of a colloidal gold dispersion, termed “as-prepared”
particles, in nonpolar organic solvents in the presence of the
surfactant DDAB. These were separated into three portions,
and to each portion of these particles, an aliquot of ligand L1,
L2, or L3 was added, maintaining a ligand/gold molar ratio of
20:1. These ligand-coated particles were then separated from
the reagents and any reaction side products by precipitation.
They were then subjected to the DR process by adding another
portion of the respective ligand (again at a 20:1 ratio) followed
by heating in an organic solvent (tbt) at a selected temperature.
Interesting trends in particle sizes were observed after the
addition of ligands and after heating the particles with the
ligands, depending on the type of ligand used and the
temperature at which the DR process was conducted. The
details are presented below.
The TEM Analysis of the initial as-prepared Au NPs revealed

that the particles were highly polydispersed (Figure 2). The
presence of irregularly shaped particles was also evident. The
first interesting observation in our experiments was the
significant narrowing of the size distribution of the particles
(Figure 3) when the ligands were merely added to the as-
prepared particles. Subsequently, when L1 was used as the
ligand, upon heating the system at 60 °C, a significant decrease
in the polydispersity of the NPs was observed, and smaller

Figure 1. Structure of ligands used in this study for Au NP synthesis
using DR.

Figure 2. (A,B) TEM images and (C) particle size histograms of the as-prepared NP systems (i.e., before the addition of any thiol capping ligand).
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particle sizes of 4.8 ± 0.4 nm were obtained (Figure 4A−C),
when compared with those obtained by the simple addition of
L1 at room temperature. With increasing coordination sites on
the ligand, heating at 60 °C caused a decrease in the
polydispersity of the system, but comparatively larger particles
were obtained. For example, particle sizes of 9.3 ± 0.6 nm were
obtained with L2 (Figure 4D−F), and particle sizes of 10.3 ±
0.9 nm were obtained when L3 was used (Figure 4G−I).
Additional representative TEM images of the Au NPs obtained
from the DR experiments with ligands L1, L2, and L3 at 60 °C
are provided in Figure S1. Compared with the data at 60 °C, an
increase in the temperature to 120 °C caused a slight increase
in the particle size (5.6 ± 0.5 nm) when L1 was used as the
ligand (Figures 5A−C and S2A−C); however, with L2 and L3,
significant decreases in the particle size were observed, which is
quite interesting. For example, with L2, upon increasing the
temperature from 60 to 120 °C, the particle sizes decreased
from 9.3 ± 0.6 to 5.3 ± 0.7 nm (Figures 5D−F and S2D−F).
Concurrently, a population of smaller particles (∼3−5 nm) was
observed to develop (highlighted portion of the image in Figure
5E). Similarly, with L3, the sizes of the particles decreased from
10.3 ± 0.9 to 5.3 ± 0.8 nm (Figures 5G−I and S2G−I). Here

again, similar to the results from L2, small particles (∼3−5 nm)
were also observed to appear (highlighted portion of the image
in Figure 5H). A further increase in the temperature to 180 °C
caused a small increase in the particle size and polydispersity
(7.4 nm ± 0.7) when L1 was used as the ligand (Figures 6A−C
and S3A−C). However, with L2 and L3, there were no
significant differences in the sizes of both the large and small
particles compared with those obtained at 120 °C, but the
number of the smaller particles and the overall polydispersity
increased significantly (Figures 6D−I and S3D−I).
We also recorded the UV−vis spectra after performing DR

with the different ligands at different temperatures. In the case
of the as-prepared particles, a peak at 530 nm corresponding to
the localized surface plasmon resonance was observed.20

However, heating the as-prepared particles with L1, L2, and
L3 led to a small blue shift in the peak position at all
temperatures. Furthermore, we did not observe any clear trend
with respect to the position of the peak or its full width at half-
maximum (Figure S4).

Figure 3. TEM images and particle size histograms of the Au NP systems obtained by adding ligands L1 (A,B), L2 (C,D), and by L3 (E,F) at room
temperature.
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■ DISCUSSION

The as-prepared particles are polydisperse in nature, with their
sizes varying from 5 to 40 nm (Figure 2C). For all ligand
systems, the mere addition of ligands L1, L2, or L3 to DDAB-
capped NPs at room temperature leads to a decrease in the
polydispersity (Figure 3). The narrowing size distribution of
the gold particles is due to the well-known etching process that
thiols are known to cause.21 However, the size distributions
(5.2 ± 1.1 nm for L1, 8.4 ± 1.3 nm for L2, and 9.5 ± 1.9 nm
for L3) obtained at this stage are not as narrow as expected
from the DR process.5 Thus, room temperature etching itself
cannot plausibly explain the formation of monodisperse
particles. In an earlier study, we established that temperatures
of 60−120 °C offered conditions suitable for the DR process to
operate, which leads to a significant narrowing in the PSD.22

Consistent with the previous studies, we found that heating the
as-prepared polydisperse NPs at 60 °C in the presence of all
three ligand types led to a decrease in the NP size and a
significant narrowing of the size distribution. We wish to note
here that the changes observed in the peak position of the UV−
vis spectra (from ∼530 to ∼520 nm) also indicate the
narrowing of the size distribution when the DR process was

carried out at all of the temperatures (Figure S4).
Unfortunately, it is difficult to deduce small changes in particle
sizes using the UV−vis spectral analysis. Therefore, we relied
on the particle size analysis using the TEM images. From these
analyses, it can be concluded that carrying out the DR process
at 60 °C induces a significant narrowing of the size distribution,
although the sizes of the NPs obtained in each case vary and
display some interesting trends, wherein smaller particles are
obtained with L1 when compared with those obtained with L2
or L3.
Although a complete understanding of the DR process still

eludes us, the available evidence suggests that it involves the
modification of both smaller and larger particles to a certain
extent. Among them, the larger particles, featured with defects
such as twinning boundaries and stacking faults, facilitate the
ligands to access the interior sites of the particles, first leading
to their breaking into smaller particles. Second, an oxidation
reaction between the thiol molecules and the NPs occurs at the
surface of the particle, forming thiolates of gold/gold clusters
that dissolve in the solvent. Similarly, the smallest (more
reactive) particles get completely dissolved, concomitantly
forming thiolates because of their higher surface energies.

Figure 4. TEM images and the respective particle size histograms of NPs obtained at 60 °C using ligands L1 (A−C), L2 (D−F), and L3 (G−I).
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These dissolved thiolates get deposited on other relatively more
stable smaller particles, which leads to their growth.17

Of the ligands examined in the present study, L1 has been
known to display the least thermal stability on both planar and
three-dimensional gold surfaces.23 Therefore, it can desorb
from the surface easily and plausibly etch readily, suggesting
that it might be the most effective DR agent. On the contrary,
L2 and L3 bind strongly to the NP surfaces, which might limit
their ability to etch.24 Thus, we conclude that when the DR
process is carried out at 60 °C with L2 and L3 ligands, larger
particles are preferentially formed because of the poor etching
and the hampered diffusibility of the small number of Au
clusters/atoms that have been etched out through the strongly
bound bidentate and tridentate ligands on the surface of the
NPs.24,25

Interesting trends in the particle size variations were
observed on heating the NPs at higher temperatures. More
specifically, increasing the temperature to 120 °C with L1 did
not alter the particle size or the size distribution in any
significant way. On the other hand, at 120 °C, with L2 and L3,
the formation of many small particles was observed along with

the decrease in the mean particle size. It has been suggested
that in the case of DR, for a given metal−ligand system, one
preferred size exists when the reaction is carried out at relatively
mild temperatures. In the case of gold−monodentate thiols
(especially dodecanethiol), the preferred size is ∼5 nm in the
temperature range of 60−120 °C.17 Our results also clearly
support this conclusion, and 60 °C and 120 °C, the particle
sizes obtained with L1 were around 5 nm. Interestingly, the
particle sizes obtained with L2 and L3 were also around 5 nm
when the DR was carried out at 120 °C. We surmise that at this
temperature, the bidentate and tridentate ligands also begin to
desorb from the surface of the NPs, and while doing so, they
act as gold surface etchants and carry with them atoms/clusters
of Au from the large particles (digestion) into solution.26 We
propose that with L2 and L3 molecules, the ∼5 nm size
observed with the majority of particles is mainly due to the
enhanced etching of the larger particles. This contention is
supported by the presence of smaller particles observed with
these two ligands at 120 °C. Our earlier study revealed that
with monodentate thiol, the time taken for the realization of
best results with DR in the temperature range of 60−120 °C is

Figure 5. TEM images and the respective particle size histograms of NPs obtained at 120 °C using ligands L1 (A−C), L2 (D−F), and L3 (G−I).
The circled portions in (E) and (H) show the presence of smaller particles.
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∼1 h. Increasing the time of heating at lower temperatures does
not cause much change in the size or the size distribution.22

As we increased the temperature to 180 °C, an increase in
the particle size and size distribution was observed with L1. As
mentioned previously, L1 has the least thermal stability on gold
surfaces, and thus when particles capped by L1 are heated at
180 °C, more thiol molecules are able to desorb from the gold
surface,21 which leads to the formation of particles that are
devoid of capping ligands that undergo coalescence and particle
aggregation. This rationalizes the increase in the particle size
when the DR process is carried out with L1 at elevated
temperatures and is consistent with our previous observa-
tions.22 With L2 and L3, the increase in temperature to 180 °C
led to a decrease in the mean particle size. This decrease in the
particle size and the formation of smaller particles at 180 °C
can be largely attributed to the dominant etching process
effected by these ligands. In a traditional DR process carried
with monodentate alkanethiols at lower temperatures, these
clusters/atoms are deposited on a smaller particle leading to an
increase in size (ripening). In the present case with the L2 and
L3 molecules, the etching process does seem to occur at

elevated temperatures, leading to the observed decrease in the
mean particle size of the larger particles. Our previous results
indicate that at a higher temperature, the monodispersed state
is reached much faster with the monodentate ligands, but
continuing the heating at a higher temperature for longer
periods of time leads to aggregation and increased polydisper-
sity, indicating a cross-over from the traditional DR process to
Ostwald ripening process.
Interestingly, in the present instance with L2 and L3 ligands,

the smaller particles do not seem to grow in size, but their
number density seems to increase as the temperature is
increased from 120 to 180 °C. This observation suggests that
whereas the etching (digestion) process is still proceeding, the
ripening process is compromised with the L2 and L3 ligands,
even at elevated temperatures, which gives rise to the remnant
small particles. This phenomenon could be ascribed to the fact
that as soon as a naked gold surface site is formed via the
desorption of a bidentate/tridentate ligand, the same site is
passivated by other thiol groups present on the surface. In fact,
it has been found with these multidentate ligands that a
significant portion of the anchoring groups is still not bound to

Figure 6. TEM images and the respective particle size histograms of NPs obtained at 180 °C using ligands L1 (A−C), L2 (D−F), and L3 (G−I).
The circled portions in E and H and the inset in (E) show the presence of smaller particles.
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the gold surface.27,28 These free chelating arms might passivate
the naked gold surfaces being formed, thus preventing the
deposition of small atoms/clusters on the existing NP surface,
hampering their growth. This increase in the number of small
particles is reflected as an increase in the polydispersity around
1 h. We did not continue heating for a longer time duration
because reaching the polydispersed state indicates the onset of
Ostwald ripening process, as noted in our previous study.22

The loss in the stabilization energy, if any, due to the
desorption of these ligands and the resulting sparse packing
density of the alkyl chains could be compensated by a higher
chain tilt from the surface normal, as has been previously
reported.14 The remnants of the gold atoms/clusters present in
solution, which are not deposited on the existing gold NPs,
rationalize the presence of small particles and their increased
number density at higher temperatures. Formation of such
small particles/clusters can be of interest in the background of
extensive literature that is emanating from studies related to
thiolate-protected ultrasmall gold nanoclusters29−31 and
warrants further study.

■ CONCLUSIONS
We have unambiguously demonstrated that compared with
multidentate thiol ligands, monodentate thiols are better DR
agents. This study revealed that the final particle size after DR is
influenced by the chelating strength and thermal stability of the
thiol groups of the multidentate ligands on the NP surface and
the associated ability/disability of the thiol-etched gold atoms/
clusters to be deposited on the existing particle surfaces.
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