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Several ligands, such as alkylthiols, -amines, -silanes, -phosphines, -halides, and simple
alkanes, were employed for digestive ripening, a process in which a colloidal suspension in
a solvent is refluxed at the solvent boiling temperature in the presence of a surface-active
ligand to convert a highly polydisperse colloid into a nearly monodisperse one. Apart from
thiols, which are the only established digestive-ripening ligands, amines, silanes, and
phosphines were found to be similarly efficient for this purpose. The important steps involved
in the digestive ripening were identified to be (1) breaking the polydisperse colloid into
smaller size particles upon addition of the ligand, (2) isolating this colloid from the reaction
side products, and finally (3) heating this isolated colloid in the presence of the ligand to
form a nearly monodisperse colloid. The successful ligands could be differentiated from the
others based on their effectiveness to perform the different tasks in each step. Namely, they
broke the bigger nanoparticles into smaller ones in the first step, formed a stable
redispersable colloid in toluene after the second step, and at the end of the third step lead
to a nearly monodisperse colloid. The ability of the different ligands to break the bigger,
prismatic as-prepared particles in the first step varied as RSH ~ RNH, ~ R;P ~ RSiH; >
Rl > ROH ~ RBr and simple alkanes completely failed to induce any changes in the size
and shape of the as-prepared colloid. Ligands such as RI, RBr, and ROH failed in the second
step, possibly because of the poor ligand—gold interaction. The ligand—gold interaction trends
observed here could be rationalized semiqualitatively by invoking the hard and soft acid
and base theory, which suggests that a soft acid-like gold likes to interact with softer bases
such as RSH and R3P rather than hard bases such as ROH. After the third step, the sizes
of the nearly monodisperse particles depended on the ligand used for digestive ripening and
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correlated well with the ligand—gold interaction trends.

Introduction

The motivation for the preparation of gold nanopar-
ticles include their potential utility in nanoelectronics,
sensors, and the vast basic knowledge we can gain from
these novel materials.! Colloids of gold nanoparticles are
also one of the most stable and easiest to manipulate.
However, preparing monodisperse gold particles is still
not easily accomplished on a useful synthetic scale,
especially if the stabilizing ligand of these particles is
changed from the often used alkylthiols.

The general synthetic procedure to prepare nearly
monodisperse gold colloids involves the reduction of
metal salts in the presence of surfactants and then
stablizing their sizes with a capping ligand already
present in the solution.2 The size distribution is further
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narrowed by size-selective precipitation.® Recently, we
demonstrated the advantage of a “digestive-ripening”
procedure to prepare monodisperse colloids directly,
avoiding the size-selective precipitation.* In this proce-
dure a polydisperse colloid is refluxed at the solvent
boiling temperature in the presence of a capping ligand,
resulting in the narrowing of the size distribution to a
great extent. This protocol has already been established
to work very well when alkanethiols are used as
digestive-ripening agents.* A host of alternative proce-
dures have been reported for the synthesis of monodis-
perse gold and other metal nanoparticles including
dissociation of metal salts with lasers, using heteroge-
neous seeds to prepare monodisperse particles and even
utilizing biological methods to produce metal nanopar-
ticles.®> Similarly, several reports have also appeared on
the capping of gold nanoparticles, prepared through the
standard micelle and inverse micelle techniques, with
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ligands other than the thiols. The list includes several
modified thiols,® the other chalcogenides,” amines,®?
phosphines,89 phosphine oxides,! carboxylates,!! xan-
thates,'? porphyrines,'® polymers,’* and dendrimers.1®
However, the synthetic conditions used in these reports
are quite different from each other and some even
involve the usage of highly toxic chemicals, rendering
the scaling up an arduous task. Since “digestive ripen-
ing” offers great promise in scaling up the synthesis?®
of monodisperse nanoparticles, it would be interesting
to study whether any ligands other than thiols could
be used as digestive-ripening agents. Moreover, because
a fundamental explanation of how digestive ripening
works is lacking, more empirical data involving other
ligands will be useful in finding an explanation. In this
study we present our results when thiols, amines,
phosphines, alcohols, halides, silanes, and simple al-
kanes were used as digestive-ripening ligands. Only
thiols, amines, silanes, and phosphines were found to
be effective digestive-ripening agents. It was also ob-
served that the final sizes of the particles stabilized by
these ligands and the ability to form superlattices varies
greatly from ligand to ligand, suggesting a qualitative
dependency of these functionalities on the ligand—gold
interaction.
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Experimental Procedure

Because detailed synthetic procedures have appeared ear-
lier,* they are not reported here. Briefly, AuCl; (34 mg) was
dissolved in 10 mL of toluene solution of 0.02 M didodecyldim-
ethylammonium bromide (DDAB). The metal salt solution was
then reduced under vigorous stirring by dropwise addition of
36 uL of 9.4 M aqueous NaBH4. The original orange-red
DDAB—AuUCI;—toluene solution turned very dark bluish-red
within a few minutes, indicating the formation of gold nano-
particles. The stirring was continued for 15 min to ensure the
completion of reaction. All the above steps were performed in
anaerobic conditions in the presence of Ar. All the solvents
were degassed by bubbling with Ar gas for 4 h prior to use.
All the reagents mentioned above and the ligands used in this
report were procured from Aldrich and were used without any
further purification. The specific ligands used were dode-
canethiol (RSH), dodecylamine (RNH), octadecyl silane (RSiHs3),
trioctyl phosphine (RsP), dodecyl bromide (RBr), dodecyl iodide
(RI), dodecanol (ROH), and decane (RH).

The “as-prepared” colloid was split into 2.5-mL portions and
the ligands to be tested for digestive ripening were added to
these portions by keeping the molar ratio of Au:ligand as 1:30.
To this an excess amount of ethanol or acetone was added to
isolate the ligand-capped gold particles from DDAB and the
reaction side products by precipitation. In the cases of thiols,
amines, and silanes, the colloids retained their red color and
the reaction side products were removed by decanting and
vacuum-drying. The precipitated colloids were then re-
dispersed into 2.5 mL of toluene, mixed with another dose of
the ligand (with the same molar ratio of Au:ligand = 1:30) and
were allowed to reflux for about 90 min. Phosphine and other
ligand-stabilized colloids resulted in the irreversible precipita-
tion of the colloid after ethanol or acetone addition, and they
could not be re-dispersed in toluene. However, we could adopt
a slightly different procedure in the phosphine-stabilized
colloid case and carry out digestive ripening. Here, the ligand-
capped as-prepared colloids were shaken with 1 mL of water
three or four times and this effectively removed all the
unwanted side products into the water. To the remaining
colloid a second dose of phosphine was added with the same
molar ratio of 1:30 (based on the initial gold concentration in
the as-prepared colloid) and was refluxed for 90 min. In all
the other cases (ROH, RBr, RI, and RH) both ethanol or
acetone addition caused rapid de-colorization of the red colloid
and formed a greenish black precipitate that could not be re-
dispersed in toluene, even at elevated temperatures. On the
other hand, water addition led to the formation of emulsions,
again destabilizing the colloid very rapidly.

TEM images were taken with a Phillips EM100 microscope
operating at 100 kV by casting 3-uL portions of the colloids
on a carbon-coated Formvar-copper grid after vigorously
shaking the sample vials. The particle size distributions were
determined from a sample of a minimum of 300 particles and
were determined from several samples.

Results and Discussion

We used the inverse micelle procedure to synthesize
the gold colloid and we intentionally prepared a highly
polydisperse colloid.}” This was done (i) to mimic the
larger quantity preparations of gold nanoparticles,
which generally result in a polydisperse colloid, and (ii)
to validate the ligand’s capacity as a digestive-ripening
agent. We consistently obtained the as-prepared colloid
as prismatic-shaped particles with sizes ranging from
a few nanometers to a few hundred nanometers (Figure

(17) Borohydride reduction of AuClz in a 0.35 M DDAB micelle
solution leads to a fairly monodisperse colloid. See Lin, X. M.; Sorensen,
C. M.; Klabunde, K. J. Chem. Mater. 1999, 11, 198. However, taking
0.02 M DDAB micelle solution makes the as-prepared gold colloid
highly polydisperse.
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Figure 1. Pictorial demonstration of digestive ripening. The ligand used was dodecanethiol.
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Figure 2. Flowchart of the different steps involved in the
digestive-ripening procedure and the results obtained with
different ligands.

1a). Figure 1 also depicts the effect of digestive ripening
with dodecanethiol as the ligand and the results were
similar for phosphines, amines, and silanes. As can be
seen from this figure, mere addition of the ligands at
room temperature induces drastic changes in the ap-
pearance and sizes of these prismatic particles, resulting
in more narrowly size-distributed smaller spherical
particles (Figure 1b). Refluxing these particles with
additional ligand causes these particles to grow and
further narrows the size distribution, and the monodis-
perse particles start to self-assemble into long-range
lattices (Figure 1c).

The extension of the digestive-ripening process to
other ligands is summarized in the flowchart in Figure
2. The entire process from an as-prepared colloid to a
digestively ripened one can be categorized into three
steps, namely, (1) addition of the ligand to the as-
prepared colloid to break the bigger particles into

smaller ligand-capped particles, (2) isolation of the
ligand-capped particles from reaction side products, and
(3) refluxing the isolated colloid from step 2 with
additional ligand to obtain the digestively ripened
colloid. There are two important steps in the above
process, which differentiate useful ligands from the rest.
In the first step the ligands (except alkanes) break the
big prismatic-shaped as-prepared particles into nearly
spherical and relatively monodisperse colloids (Figures
3 and 4) and the ability varies as RSH ~ RNH, ~ R3P
~ RSiH3; > Rl > ROH ~ RBr with simple alkanes failing
to make any impact. The sizes of the particles after the
addition of RSH, RNH,, R3P, and RSiH3; and after
digestive ripening are given in Table 1.

The next step involves the isolation of these ligand-
stabilized small spherical particles from the reaction
side products. Two slightly different protocols were
employed for this. In the first one the ligand-stabilized
colloids were precipitated by adding excessive amounts
of ethanol or acetone. This worked well for thiol-,
amine-, and silane-coated particles. In all the other
cases the ligands were probably not securely attached
to the particle surface, leading to the coagulation of
particles when ethanol or acetone were added, and they
could not be re-dispersed in toluene. Alternative meth-
ods like extracting the side products and surfactants
with water were effective for only phosphine-stabilized
particles. In all the other cases shaking with water
formed emulsions and the colloids decomposed rapidly,
making them useless for digestive ripening.

The successfully isolated colloids were either re-
dispersed in toluene (thiol-, amine-, and silane-capped)
or were taken as it is (phosphine); a second dose of
ligand was added to them and were subjected to reflux,
resulting in the formation of a nearly monodisperse gold
nanoparticles in all the cases. The average size of the
colloidal nanoparticles for the dodecanethiol-, trio-
ctylphosphine-, octadecylsilane-, and dodecylamine-
capped cases were 4.7, 7.2, 7.2, and 8.6 nm, respectively,
after this final step (Table 1). It was also observed that
whereas dodecanethiol-capped particles formed large
superlattices, no such ordering was observed in the
other cases. Representative figures of the resulting
colloids digestively ripened with RSH, R3P, RNH,, and
RSiH;3 are all presented in Figures 5, 6, 7, and 8,
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Figure 3. Effect of the addition of different ligands on the
as-prepared colloid (Representative picture of as-prepared
colloid is shown in Figure 1a.) (a) C12H25SH, (b) (CsH17)3P, (c)
C12H25NH2, and (d) C18H37SiH3.

respectively. These figures clearly establish the efficacy
of the digestive-ripening procedure as the final colloids
are more monodisperse compared with the as-prepared
colloid.

It is not clear presently whether our ripening proce-
dure is completely different from Ostwald ripening or
something similar is occurring in one of the steps. Heat-
induced size evolution of gold nanoparticles in the
presence of surface-capping ligands has been observed
by other groups.® It is argued that the capping ligand
is ripped off the surface of the nanoparticle under heat
treatment and small spherical particles coalesce to-
gether, leading to bigger particles. These are then re-
stabilized by the ligand.18® This mechanism is similar
to Ostwald ripening where larger particles, which are
favored due to their lower surface energies, grow at the
expense of smaller particles. On the other hand, there
is also evidence that thiol causes etching of the surface
of bulk gold or gold nanoparticles upon heat treament.®
In the case of gold nanoparticles heating with neat thiol
under an inert atmosphere led to the stabilization of

(18) (a) Maye, M. M.; Zhong, C.-J. J. Mater. Chem. 2000, 10, 1895.
(b) Maye, M. M.; Zheng, W. X.; Leibowitz. F. L.; Ly, N. K.; Zhong, C.-
J. Langmuir 2000, 16, 490. (c) Zhong, C.-J.; Zheng, W. X.; Leibowitz,
F. L.; Eichelberger, H. H. Chem. Commun. 1999, 1211. (d) Teranishi,
T.; Hasegawa, S.; Shimizu, T.; Miyake, M. Adv. Mater. 2001, 13, 1699.

(19) (a) Edinger, K.; Golzhauser, A.; Demota, K.; Woll, C.; Grunze,
M. Langmuir 1993, 9, 4. (b) Schaff, T. G.; Whetten, R. L. J. Phys. Chem.
B 1999, 103, 9394.
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Figure 4. Effect of the addition of different ligands on the
as-prepared colloid. (Representative picture of as-prepared
colloid is shown in Figure 1a.) (a) Ci2Hzsl, (b) Ci2H2sBr, (c)
C12H250H, and (d) CioHz.. Although the pictures show here
the regions on the grid where broken particles were only
observed, there are several other places on the grid where
prismatic particles were intact.

Table 1. Size Analysis of the Gold Nanoparticles after the
Addition of RSH, R3P, RNH3, and RSiH; and after
Digestive Ripening

size range (nm) average size (nm)

ligand added  after addition of ligand after digestive ripening
dodecanethiol 2-6 47+0.4
trioctylphosphine 6—12 7.2+1.1
dodecylamine 4-12 8.6 +1.3
octadecylsilane 3-20 7.2+1.0

smaller sizes.1% In our case both these mechanisms are
possibly working side by side, influencing the size of the
particles. Initial addition of ligand to as-prepared
particles results in the formation of an assorted size of
particles both bigger and smaller than the final size
obtained after digestive ripening. Among these, the
smaller particles could come together to form bigger
particles as the capping agent is removed from their
surfaces by heat treatment. At the same time, the
surfaces of the bigger particles might be etched by the
excess thiol, leading to a smaller equilibrium size. Thus,
numerous factors are also possibly influencing the size
of our particles apart from Ostwald ripening. A more
detailed explanation on these is presented later in the
text. Below, we discuss briefly the details of our diges-
tive-ripening procedure step by step.
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The first remarkable observation is the ability of the
ligands to break the big as-prepared particles into
smaller particles. This, in itself, is very interesting as
the mere addition of a ligand is able to induce such
drastic changes. In the usual synthetic conditions the
nanoparticles are synthesized in the presence of a
capping ligand, usually thiol.2 These stabilize the na-
scent metal clusters to particular sizes by arresting their
growth. The size of the resulting nanoparticles are
usually restricted by carefully controlling the amount
and nature of surfactant, water, the rate of the reaction,
and the reaction temperature. In our synthetic condi-
tions we do not have any capping ligand in the solution,

avarage size =4.7 nm b)
SD=038
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and we use a lower quantity of the surfactant, which
leads to larger polydisperse nanoparticles. Defects? in
these particles probably result from the rapid coales-
cence of smaller “as-prepared” particles in the dynamic
synthetic environment as there is not enough surfactant
to protect their entire surfaces. Then, the resulting
bigger prismatic-shaped particles might also possess
many sites, which are not protected by DDAB, making
them amenable to attack by the ligands. The ligands
are expected to interact with the gold surface through
the lone pairs of electrons available on their headgroup.
This explains the failure of simple alkanes to induce any
changes in the as-prepared colloid. The addition of
ligands listed in Figure 3 produce smaller, spherical-
shaped particles and no prismatic particles remain in
the colloid. The size distribution is already narrowed
to a considerable extent in these cases and digestive
ripening further improves the situation, as can be
gauged by the sizes given in Table 1. Although the other
three ligands employed in Figure 4 could break the big
as-prepared particles to some extent, they were not as
good as the set of ligands in Figure 3. In fact, no bigger
prismatic particles remained when RSH, R3P, RNHy>,
and RSiH; were added whereas the addition of RI, ROH,
and RBr leaves some prismatic particles intact and the
size analyses of these cases were not undertaken. These
differences among the ligands could be directly related
to the stronger interaction of gold with thiols, amines,
phosphines, and silanes as compared with the halides
and alcohols, as will be discussed in the subsequent
paragraphs.

The next step of the digestive ripening involves the
removal of the surfactant and the reaction side products
from the ligand-capped gold nanoparticles. In some
control studies we did not remove the surfactants and
refluxed the colloid directly by adding the ligand to the
as-prepared colloid. In such cases the resultant particles
retained the prismatic shapes and even grew somewhat
larger in some cases. In an independent study we

(20) Stoeva, S. I.; Zaikovski, V. Unpublished results.



940 Chem. Mater., Vol. 15, No. 4, 2003

N

Prasad et al.

Figure 7. Au colloid digestively ripened with Ci12H2sNH,. (a) and (b) are pictures taken from different samples. The different

types of ordering observed are highlighted.

50 nm

Figure 8. Au colloid digestively ripened with CigH37SiHs.

observed that even spherical ~5-nm-size gold particles
(prepared by alternative methods as described in ref 16)
could be converted to prismatic-shaped particles when
they were refluxed with excess cationic surfactants such
as DDAB.?! These results indicate that when gold
particles are refluxed with both the surfactant and
ligand present, bigger prismatic-shaped particles are
favored. In such instances, there probably is competition
between the added ligand and the surfactant for the gold
particle’s surface. Here, the ligand is trying to make the
particles smaller and the surfactant favors bigger
particles, and the surfactant most likely prevails at
elevated temperatures. It could also be possible that the

(21) Stoeva, S. I.; Prasad, B. L. V. Unpublished results.

added ligands form some kind of adduct with the
surfactants present in the solution, making it unavail-
able for digestive ripening. Then, at elevated tempera-
tures, the unprotected gold nanoparticles might come
into contact with each other and coalesce, resulting in
the big prismatic-shaped particles. Thus, the step of
isolating the pure ligand-capped gold particles free of
any surfactant or reaction side products becomes crucial
for the digestive ripening.

The observations in the first two steps suggest that
some of the ligands used in this study are more strongly
attached to the gold’'s surface than other ligands and
that they possess a better chance of succeeding as
digestive-ripening agents. It is difficult to obtain quan-
titative estimates on the ligand—gold binding energy
because the nature of the ligand—gold bonding is still
poorly understood. For example, even in the most
studied thiol—Au case, there is uncertainty as to whether
thiol is bound to the gold surface as a thiolate?? or it
retains the hydrogen, binding just as a thiol.22 However,
the trends in some of the ligand’s interaction with a gold
surface are well reflected in their ability to form self-
assembled monolayers on an Au(111) surface. It was
reported that the potential to form self-assembled
monolayers on Au(11l) surfaces varies in a fashion
similar to that observed here, that is, RSH > R3P >
RNHo>, although the exact reasons for such behaviors
are not clear.?*

Empirical guidelines for identifying potential diges-
tive-ripening ligands could be obtained from semiquali-
tative theories such as hard and soft acids and bases.
Gold or any metal in the zero oxidation state is usually
considered a soft acid and interacts well with soft
bases.?> Among the ligands we selected, RSH and R3P
are listed as soft bases and ROH and RNH> are hard

(22) Biebuyck, H. A.; Bain, C. D.; Whitesides, G. M. Langmuir 1994,
10, 1825.

(23) Hasan, M.; Bethell, D.; Brust, M. 3. Am. Chem. Soc. 2002, 124,
1132.

(24) (a) Bain, C. D.; Evall, J.; Whitesides, G. M. J. Am. Chem. Soc.
1989, 111, 7155. (b) Ulaman, A. Chem. Rev. 1996, 96, 1533. (c) Ulman,
A. An introduction to ultrathin organic films: from Langmuir-Blodgett
to self-assembly; Academic Press: NewYork, 1991.

(25) Huheey, J. E. In Inorganic Chemistry: Principles of Structure
and Reactivity; Harper and Row: Cambridge, 1983; p 321.
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bases. Thus, it is easy to understand the stronger
affinity of RSH and R3P toward gold as opposed to ROH.
The main exception is RNH,. Contrary to expectations,
RNH; was found to work very well as a digestive-
ripening agent even though it is considered a hard base.
This illustrates the difficulty in understanding such
complex phenomenon, and it is important to remember
that the terms hard and soft are only relative and there
is no sharp dividing line. Several other factors might
be working in tandem, and pinpointing the exact reason
for the observed trends could be highly difficult.

Another ligand which acts as a good digestive-ripen-
ing agent (but offering a reasonable explanation is
difficult) is RSiH3z. However, it is known that when
silanes are attached to the gold surface, the silicon
hydrogen bond becomes very weak.?® In our studies
when ethanol was added to the silane-capped gold
particles, rapid evolution of hydrogen gas was observed.
Thus, it could be possible that the silanes are attached
in a more covalent fashion to the gold surface, unlike
the other cases. Similar observations have been made
when alkylsilanes were adsorbed on a bulk gold
surface.?®® The easy evolution of hydrogen gas from
silanes when adsorbed on gold could have important
ramifications in catalysis and other areas, and we are
currently undertaking more studies to understand this
feature.

Among all the digestively ripened colloids, thiol-
capped particles are the best in terms of monodispersity
or their nature to self-assemble into superlattices
(Figure 5). The nanoparticles, after digestively ripened
with dodecanethiol, have an average size of 4.7 nm and
form a fcc structure with an ABCABC... type ordering.
Digestive ripening by amines, phosphines, and silanes
generally lead to larger particles with the average size
varying as RNH; > R3P = RSiH3 > RSH as shown in
Table 1. Simple reasoning like “lengthier ligands sta-
bilize larger particles”427 fails to explain this phenom-
enon because ligands with similar lengths (dodecy-
lamine and dodecanethiol) lead to very different sizes.
The rationale for this size dependency could be the
strength of the ligand attachment to the gold surface
with weaker ligands such as amines stabilizing larger
particles. There are some reports in the literature
proposing that the stabilization of a particular size of
nanoparticles is controlled by thermodynamics rather
than by the kinetics of nucleation and crystal growth.?8
They argue that the free-energy minimum resulting
from a combination of a curvature-dependent surface
energy and the ligand—gold binding energy leads to the
particular size of nanoparticle observed. Here, the
surface free energy increases with the surface curvature
(smaller particle—larger curvature) and favors larger
particles. The ligand—gold binding energy, on the other
hand, favors larger surface area, that is, smaller par-
ticles. Therefore, these two opposing effects lead to a

(26) (a) Nicholson, K. T.; Zhang, K. Z.; Banaszak Holl, M. M. J.
Am. Chem. Soc. 1999, 121, 3232. (b) Owens, T. M.; Nicholson, K. T.;
Banaszak Holl, M. M.; Suzer, S. 3. Am. Chem. Soc. 2002, 124, 6800.
(c) Marchenko, A.; Katsonis, N.; Fichou, D.; Aubert, C.; Malacria, M.
J. Am. Chem. Soc. 2002, 124, 9998.

(27) Whitesides, G. M.; Love, J. C. Sci. Am. 2001, 285, 39.

(28) (a) Chikan, V.; Kelley, D. F. J. Phys. Chem. B 2002, 106, 3794.
(b) Sugimoto, T. Adv. Colloid Interface Sci. 1987, 28, 65. Leff, D. V.;
Ohara, P. C.; Heath, J. R.; Gelbart, W. M. J. Phys. Chem. 1995, 99,
7036.
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Figure 9. High-magnification TEM images of (a) C12H2sSH
and (b) C12H2sNH; digestively ripened colloids highlighting the
interparticle distances.

free-energy minimum preferring a thermodynamically
favored size for each of the ligands used. Among the
ligands we have used, thiol is strongest and amine is
the weakest attached to the gold surface. Therefore,
thiol should favor the smallest particles and amines the
largest, which is exactly the trend we observed.

Itis also interesting to note that the coherence in the
packing order as observed for the thiol-coated particles
is absent for the other three cases (see the highlighted
images of amine-coated particles in Figure 6 showing
the coexistence of different types of ordering), although
they should have more attraction between the par-
ticles?® considering their larger sizes, and hence should
form better superlattice structures. It is clear from the
literature that the thiols are firmly attached to the gold
surfaces, leading to the fixation of the alkyl chain in an
all trans conformation.3® This makes it easy for two
alkanethiols on adjacent gold particles to interdigitate,
paving the way to the superlattice structures observed.
Amines and phosphines on the other hand may not be
as firmly attached to the gold surface,?* allowing more
rapid exchange, and therefore less tendency to form
ordered alkyl chains. This could also lead to the forma-
tion of multilayers of these ligands on a gold nanopar-
ticle surface, with some ligands not directly attached
to the particle surface. Thus, it becomes difficult for the
alkyl chains on the adjacent particles to interdigitate
and to form superlattices. Partial evidence for this could
be found from the interparticle separation of thiol- and
amine-coated particles. Dodecanethiol (alkyl chain length
~1.6 nm) coated gold particles are separated from each
other by about 1.9 nm, suggesting a strong interdigita-
tion of alkyl chains on adjacent particles. For dodecy-
lamine-coated particles, which has a similar alkyl chain
length, the separation is more than 3.5 nm, suggesting
end-to-end separation of ligands on adjacent amine-
coated particles (Figure 9).

Another point to consider is the different shapes of
the particles. In all the successful cases, digestive
ripening leads to spherical particles within the resolu-
tion of our TEM, except for phosphines where many
triangular or polyhedral shapes are observed. The main
difference between the phosphine and all the other
ligands used in this study is their bulkiness. Trio-

(29) (a) Hamaker, H. C. Physica (Utrecht) 1937, 4, 1058. (b) Ohara,
P C.; Leff, D. V,; Heath, J. R.; Gelbart, W. M. Phys. Rev. Lett. 1995,
75, 3466.

(30) Badia, A.; Singh, S.; Demers, L.; Cuccia, L.; Brown, G. R.;
Lennox, R. B. Chem. Eur. J. 1996, 2, 359.
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ctylphosphine is much bulkier than the other monoalkyl
ligands. Whereas all the other ligands could be assumed
to have a cylindrical shape, the trioctylphosphine will
definitely have a more conical shape. Thus, it will be
difficult for the trioctylphosphine to have an ordered
packing on the surface of the spherical particles, and
therefore the driving force for the formation of spheres
is diminished. It has been reported in the literature that
ligands such as phosphonic acids and phosphine oxides
allow the growth of specific lattice planes, leading to
the formation of different shapes of nanoparticles,3!
which is consistent with our results.

Conclusions

The effectiveness of digestive ripening with thiols,
amines, silanes, and phosphines has been demonstrated.
The important steps in the digestive-ripening process
have been delineated. It was also shown that it is
important to reflux the colloid only in the presence of
the digestive-ripening agent without surfactant or other
impurities. To achieve this, different protocols for
separating the colloid from reaction side products were
employed. Although the reasons for the success of
different ligands in the digestive-ripening process could
not be exactly established, this study clearly shows that
these features are crucially controlled by the strength

(31) Hu,J.; Li, L.-S.; Yang, W.; Manna, L.; Wang, L.-W.; Alivisatos,
A. P. Science 2001, 292, 2060.
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of the Au—ligand interaction. Useful guidelines for the
gold—ligand interactions could be obtained from the
hard and soft acid—base theory. This is also the first
study that proves the efficacy of silanes as capping
ligands for gold nanoparticles. The stabilization of
differently sized particles with different ligands is
recognized to be thermodynamical in nature with weaker
ligands stabilizing larger particles and vice versa.
Overall, this study demonstrates that different ligands
other than thiols can be employed to give nearly
monodisperse gold nanoparticles. Efforts are currently
underway to apply these results to large-scale synthesis
of gold nanoparticles and also to extend this digestive-
ripening procedure to other metals.
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