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ABSTRACT: Most syntheses of thiolate-protected metal
nanoparticles (NPs) include a thermochemical step in which
the as-prepared, polydisperse NPs are transformed to a
narrower size distribution in a poorly understood process
known as digestive ripening (DR). Previous theoretical
approaches considered either surface and electrostatic
contributions or surface and ligand-binding contributions.
We show that the three contributions are needed to obtain
theoretical predictions in agreement with experimental
observations. Although statistical thermodynamics does not
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clarify mechanistic details, it certainly provides valuable insights on the DR process. Remarkably, a relatively simple theory with
no fitting parameters satisfactorily explains the roles of the metal:ligand ratio, the NP charge, the relative permittivity of the
solvent, the ripening temperature, the binding energy, and the ligand chain length.

B INTRODUCTION

Ligand-stabilized metal nanoparticles (NPs) have become
essential in many active areas of research. Although quite a
number of chemical methods are currently available for their
synthesis, only a few have an established position due to their
facility to produce large quantities, not only with narrow size
distributions but also with well-defined surface chemistry.'
Three well-known methods are (i) Brust—Schiffrin,"”* which
uses an aqueous—organic two-phase system to reduce a gold
salt in the presence of alkyl thiols, (i) Turkevich,” which
involves boiling a gold salt with citrate, and (iii) solvated metal
atom dispersion (SMAD), which involves the growth of clusters
by co-condensation of metal and solvent vapors.*® In spite of
extensive research in metal NP synthesis, a rationale for the
control of the size distribution is still lacking, and this control is
more empirical art than science.”*™®

A narrow size distribution is essential for increasing the
degree of ordering in NP superlattices.”'’ The conditions for
narrowing the size distribution when the particles grow under
diffusion control were studied by Reiss."' Ostwald ripening and
coalescence induce polydispersity in NP synthesis; remarkably,
Ostwald ripening does not lead to a thermodynamically stable
size." Colloid-based synthesis of metal NPs limit these two
processes by providing a confined environment to carry out the
metal reduction reaction.” Thus, colloid-based synthesis enables
production of smaller sizes of metal NPs in larger bulk
quantities than other techniques. The reverse micelle synthesis”
usually produces NPs whose average size depends somewhat on
the micelle size,'”'> but many surfactants are only weakly
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bound to the surface of the NPs and they can grow much larger
than the micelle size."

Digestive ripening (DR) is an established procedure for
preparing narrow size distributions of ligand-stabilized NPs of
noble metals, transition metals, lanthanide oxides, metal sulfides
and halides, and II-VI semiconductors, as well as alloys and
core—shell bimetallic NPs.*"®%!3~'7 Most often, it leads to
spherical NPs, but not always.'® Essentially, DR is a
thermochemical step that follows the SMAD,** the Turkevich®
or the reverse micelle synthesis'”'*" in which a ligand-
exchange reaction induces the redistribution of atoms from
polydisperse NPs and leads to a much narrower size
distribution; typically with smaller average size, although the
opposite has also been observed.””' The term DR introduced
by Klablunde and co-workers'’ is often associated with heating
the as-prepared, polydisperse colloidal solution in the presence
of excess strong capping liGgand at or near the boiling point of
the solvent under reflux.”® The process can also take place at
room temperature if the concentration of capping ligand is large
enough.zz_26 The choice of ligands is certainly important and
thiols, amines, silanes, phosphines, mercaptopropionic and oleic
acids, etc., have been used as DR agents.4 The DR process is
often carried out in toluene or other organic solvents, but
aqueous media have also been used.”"’

In spite of the experimental efforts to provide insights,
most authors stress that the mechanisms of the DR process are
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4,10,18,22-25,27-31 . .
not yet known.” ™" ’ Hence, there is a pressing need

for thermodynamic studies that identify the factors determining
the size distribution. Well-established facts are (i) etching-type
mechanisms by some capping ligands underlie the DR
transformations of noble metal NPs, (ii) the mean of the
equilibrium size distribution is specific to each metal—ligand
pair, (iii) NPs are the necessary starting material as normal
metal powder is not susceptible to DR, and (iv) a large amount
of ligand, much in excess than required for a monolayer
coverage of the NP surfaces, is required for the DR
process.”'>** From an experimental point of view, conditions
such as temperelture,21’24’26’32 refluxing time,>'***5% metal—
ligand interaction, "**#*>3* ligand:metal ratio, >/ 2935738 go.
quence of reactants,”> added surfactant,’ etching ions such as
bromide,’ efc., have an influence on the final size distribution
after DR. A recent investigation into the role of oxygen and
other radicals in Au NP synthesis strongly suggests that the
necessity for oxygen in the thiol-etching of colloidal gold and in
the Brust—Schiffrin synthesis arises from the formation of the
0, diradical.””

The Gibbs—Thomson equation predicts the existence of a
critical size for the growth of NPs, which corresponds to a
maximum of the free energy, and hence an unstable NP size.”?
A significant step forward toward a theory of DR was achieved
when the existence of a thermodynamically stable NP size was
demonstrated by considering the electrostatic energy in
addition to the interfacial energy.‘“’”'2 However, the major
drawback of this theory of DR is that it neglects the role of
most important agent in the DR process, the capping
ligand.>"** A DR theory that explains the stabilizing role of
the ligands and its pivotal role in determining the NP size
distribution is missing.4’10’22_25’27_31 Moreover, such theory
should explain the observations of increasingly smaller NPs
produced when the concentration of ligands increases and
when ligands with stronger binding energy to the NP surface
are used.”

The Brust—Schiffrin synthesis of thiol-stabilized Au NPs of
(2 £ 1) nm diameter provided a striking evidence of the
control that the capping ligand exerts on the NP size.” The
control of the thiol:Au ratio and the reaction temperature
proved to be very effective for synthesizing core sizes ranging
from 1.5 to 5 nm. Soon after this landmark in Au NP research,’
Gelbart and co-workers presented a statistical thermodynamic
theory for the thiol-meditated size control of uncharged Au
NPs.” This theory successfully explained that the mean NP size
could be sensitively controlled by varying the thiol:Au mole
ratio. These authors also provided experimental data that
confirmed the theoretical predictions, and other authors®~*
obtained similar results (Figure 1). However, an extension of
the theory to incorporate the stabilizing effects of both the
chemisorption of the capping ligand and the solvation energy of
the charged NPs has remained elusive. In this work, we present
the underlying statistical thermodynamics of the DR of ligand-
stabilized, charged metal NPs. We show that the electrostatic
energy is relevant for very small NPs but the capping ligand
plays the decisive role in determining the equilibrium size
distribution. The theoretical predictions are in qualitative
agreement with the experimental observations on the role of
the ligand:metal ratio and provide valuable insights on the DR
process.
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Figure 1. Experimental results of the average NP core radius as
determined by the thiol:metal mole ratio during the two-phase Brust—
Schiffrin synthesis using dodecanethiolate”**””*® or 3-mercaptopro-
pionate ligands% (corresponding reference numbers given on the
curves).

B THEORY

There is a widespread conviction that the size distributions after
the DR process are determined by the thermodynamic
stability.>'*'%*¥*%** We present here an equilibrium theory
that can enhance our understanding of this process as it
generalizes previous models and is consistent with experimental
observations. Thermodynamic models are suited to describe
the observed NP size distribution, but their predictions should
be considered with caution in the case of nanoclusters below
1.5 nm in diameter, if electronic or geometric shell closings are
not considered in the model.

Thermodynamic studies of NP stabilization most often
consider spherical geometry instead of fcc polyhedra. Both,
theoretical and experimental results indicate that the under-
coordinated atoms at edges and corners relax with inward
displacements while terrace atoms are displaced outward so
that the NPs assume a nearly spherical shape upon relaxation.*
In addition, the influence of the adsorbed ligands on the NP
structure further supg)orts the spherical approximation the
ligand-stabilized NPs. #6 The number of metal atoms and
bound ligands in a NP of radius r, are n = k’r,> and L, ~ Lin*3,
respectively, where k = (47/3Vyy) "3, L, = 47/ (KPAy), Vi is the
volume per metal atom in the NP, and A; is the area per ligand;
ie. A, = LA, ~ 4zar, is the total NP surface area (see
Supporting Information). There is no need to include the slight
size dependence of the volume per atom that is observed in
very small NPs.

Strong capping ligands play a dual role as stabilizing
adsorbates and as efficient etchants.”® The chemisorption
process induces strong changes in the substrate with the
formation of vacancy islands (“etch pits”) of monatomic depth
in the case of aliphatic thiols and of gold islands of monatomic
height (“adatoms”) in the case of most of the aromatic thiols.**
In the colloidal solution, a distribution of differently sized,
monolayer-protected NPs coexists in equilibrium with the free
ligands. The ligand-mediated transfer of metal atoms between
the NPs allows for establishing the thermodynamic equilibrium
and gives meaning to the concept of chemical potential y of
free atoms in solution. The bulk metal is chosen as the standard
state for the metal atoms, and ;° is the corresponding chemical
potential. The chemical potential y, of a NP with n metal atoms
and L, ligands is

bind

W= p + ,uns‘"f +u + ,M:I + kT In «, (1)
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where y,, = nu® + L7 is the standard chemical potential of the
NPs, £, 48", and pe are, respectively, the contributions of
surface tension (interfacial free energy), ligand chemisorption
and electrostatic solvation energy, x, = N, /N, and N, are the
mole fraction and number of NPs with n metal atoms, and N,
is the total number of solvent molecules, ligand molecules, NPs
and metal atoms in the colloidal solution. Under equilibrium
conditions, NPs of different sizes have different probabilities,
ie. different mole fractions x,(n). Solving for x,(n) from eq 1
and using the condition p, = nu + L,y that ensures the
minimization of the free energy of the colloidal solution over all
possible distributions,*” the NP size distribution under
thermodynamic equilibrium is

x,(n) = A" exp[— (™ + ™™ + u) /kT] @)
where A = exp[(u — p°)/kT] is the saturation parameter (with
respect to bulk metal). The total amount of metal atoms in the
colloidal solution, Ny; = N,,Z,nx,, determines the chemical
potential  of the metal atoms. Similarly, the amount of free
and bound ligands in the solution, Ny = Ny (x + Z,Lx,),
increases with increasing mole fraction x = exp[ (s — pf)/kT]
of free ligands, where p; is their chemical potential. The
ligand:metal mole ratio N} /Ny and the average NP radius (r) =
%, rx,/Zx, (not counting the monolayer-protecting shell) can
be evaluated from A and «x;.

The interfacial free energy is a very important characteristic
of NPs, as most effects on their physical properties are related
to the Gibbs—Thomson equation of nanothermodynamics."’
The interfacial free energy contribution to the chemical
potential is given by ut =y, A, which simplifies to ™ =
Yoodnr,” in the case of very large NPs. Recent molecular
dynamics (MD) simulations data®™ can be accurately fitted to
w1t = an?? and allow us to calculate a & 47y, /K> = 1.8765 €V,
which corresponds to a surface tension y,, = 0.980 J/m? for
very large Au NPs, in agreement with the experimental values."
The expression y,A, ~ an*’* does not imply that the interfacial
free energy y, of Au NPs is size independent. On the contrary,
7, increases with decreasing NP size because of the associated
increase in the fraction of edge and corner sites (see Supporting
Information).

Like any other aggregation process, the nucleation and
growth of NPs from metal atoms is entropically unfavorable.
Disregarding 4> and p¢, supersaturation conditions 4 > 1 are
required to observe non-negligible values of x, because w0,
Then, the function Inx, = nlnd + LJnx, — p*/kT has a
minimum as a function of n, so that there is no peak in the size
distribution. The NPs with radii larger than the critical one
grow continuously at the expense of the dissolution of those
with lower radii (Ostwald ripening).

The Au—thiolate particles obtained by DR are either neutral
or negatively charged overall.” Charge numbers of around z =
—5 have been measured for glutathione—Au hydrophilic NPs
with a diameter of 3 nm.*® Actually, the charge on the NP due
to excess or deficiency of electrons in the metallic core is
determined by its Fermi level equilibration with the
solution.””*” The DR theory by Lee et al,""** does not
incorporate the term 2™ < 0 in eq 2. A minimum of the free
energy as a function of the NP radius, ie., a charge-stabilized
NP size appears in the absence of capping ligands because x5
> 0 increases with increasing n and 4 > 0 decreases. Hence,
their sum exhibits a minimum for some value of n, which
depends on the saturation parameter A. However, the

corresponding NP size distribution is extremely narrowed and
peaked over a very small, stable size.

By considering NPs with charge number z = 20 in vacuum at
120 °C, Lee et al. showed that the stable size was ca. 1.5 nm in
radius."’ An alleged, direct experimental verification of this
theory was based on the only observation that the size
reduction from (3.7 + 1.8) to (2.7 + 0.5) nm after DR of ZnO
NPs with triethanolamine was accompanied by an increase of
their zeta potential from +6 to +21 mV.>' However, this theory
predicts the opposite trend, i.e., that the stable size increases
with increasing NP charge number. Recently, some skepticism
has been manifested on the basis that there is no experimental
support for the assumption made in this theory that the charge
number is independent of the particle size.”>**** More
importantly, for low NP charge numbers in a dielectric solvent,
this theory predicts an extremely narrow distribution with such
a small average size that electronic and geometric shell closing
effects on nanocluster stability would have to be taken into
account.

For the sake of comparison with the DR theory by Lee et
al,*! the contribution of the electrostatic solvation energy to u,
is estimated as u = z%e?/(87eye,r,), where €, is the relative
electrical permittivity. This expression applies when the ligand
chains have no charged functionalities and there are no
adsorbed ionic surfactants or specifically adsorbed ions (e.g.,
bromide ions). In addition, this expression of #&' does not take
into account the jonic cloud that surrounds a charged NP in an
electrolyte solution;*> which would contribute with an
additional factor 1/(1 + r,/Lp), where Ly, is the Debye length
of the colloidal solution.

Although the existence of a stable size is very interesting, it
should be emphasized that DR is based on the use of stabilizing
ligands and that the electrostatic stabilization of the NPs
synthesized by the Brust—Schiffrin method is due to the ionic
surfactants employed and the electrical double layers around
the thiol-metal NPs.>*> None of these aspects is considered in
the DR theory by Lee et al.*"*

The contribution of ligand chemisorption can be estimated
as o™ = —E I ~ — E_L;n*? + c where E, = E_, — kTAg/r,? is
the binding energy per ligand and ¢ = 47kTAg/A;. The term
kTAg/r,> accounts for the bending energy of the ligand
monolayer,” and describes the preference of the cappin; ligand
for a less curved surface, as observed in DR studies.”” Under
isothermal conditions, the constant c is practically irrelevant for
the NP size distribution.

Both, £ and ut™ are essentially proportional to the NP
surface area, u™ + ™ = a'n? + ¢ It is often stated that the
chemisorption of capping ligands lowers the interfacial free
energy of the metal NPs because p2™ < 0.**** Indeed, the
effective interfacial free energy is y.¢ = a'/L1A; = o, — E/AL
The decreased thermal stability of NPs with respect to their
partner bulk materials, as reflected for instance in their
decreased melting temperature, is due to the free energy of
the NP surface.”” The reduction .4 — 7o = —Ec/Ay, < 0 in the
effective interfacial free energy leads to an increased thermal
stability of the NPs induced by the capping ligands.™

Large metal—ligand binding energies are involved during the
DR process, as evidenced by the fact that the as-prepared metal
NPs are etched by thiols.””* The ligand stabilization of NPs in
solution requires a sufficiently large binding energy, and this
implies that y.¢ and a’ must be negative.7 (This point marks the
difference between theoretical models including or not the
effect of the ligand.) Nucleation can then occur in under-
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saturation conditions,” 4 < 1 and 1 > &y > exp(y.5A; /kT). In
the case of uncharged NPs, Inx, = nlnl + L,Inx; — (a'n*> + ¢)/
kT has a maximum as a function of n that describes the most
likely, stable NP size. In the case of charged particles, uS > 0
reduces the mole fraction x, of the smaller NPs (as the
solvation energy is non negligible only for small NPs) and,
hence, shifts the distribution peak toward larger radii.

The NP size distribution is described by eq 2, — kTlnx, = p¢!
+ ot 4 pbind — L kTlnx, — nkTlnd (Figure 2). The term p¢!
scales as n~1/3, the sum g + 2™ — L kTlnx; — c scales as n*/3

and the term nkTInA obviously scales as n. The sum of these
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Figure 2. Arrow marks the minimum of — kTlnx,(n) (thick black
curve) which corresponds to the mode of the equilibrium size
distribution x,(n) (eq 2 and inset). The function — kTlnx, is the sum
of a contribution ¢! scaling as n~13 (blue), a contribution gt + pbind
— L, kTinx, that is the sum of the constant ¢ and a term scaling as n*
(solid green, sum of the two dashed green curves), and the
contribution n(u® — u) (red). Parameter values are 120 °C, z = +
S, & =18.11,1 — 2 = 0.004115, and x = 6.3544 X 107%; others given
in the main text. The metal:ligand ratio is then equal to 6.06 and the
average radius is (r) = 2.79 nm (vertical line at (n) = S519 in inset).

/3

contributions shows a minimum for some value of n. It
corresponds to the peak of the size distribution ,(n) (Figure 2
inset), but not to a peak of the chemical potential u,(n).
Indeed, as exp[ (i, — p2)/kT] = /l"xf", U,(n) is a monotonously
decreasing function of n when A < 1 and %, < 1. The conditions
for observing the typical equilibrium size distributions are 4 —
1— and x; — exp(y.4A./kT) +, so that the coefficients of the
terms that scale as #n*/> and n are both small.

Our theoretical model, eq 2, satisfactorily describes the
experimental observations of the variation of the average size
(Figure 1) and the width of the size distribution, as well as the
influence of the relevant DR parameters. In particular, parts a—
d of Figure 3 analyze the influence of the solvent dielectric
constant, the NP charge number, the ligand binding energy, the
ripening temperature and the ligand chain length. These figures
have in common the leftmost curve, which is taken as a
reference. It corresponds to uncharged NPs with the density of
bulk Au Vi = 0.01695 nm?>,>"*" the interfacial free energy v, =
0.980 J/m? as determined from recent MD simulations of Au
NPs* (equivalent to 7,4, ~ an®® with a = 1.8765 eV, see
Supporting Information), the dodecanethiol binding area A; =
0.1764 nm?® as determined from experimental data®”'® (see
Supporting Information), a binding energy per ligand E,, = 1.60
eV estimated from experimental observations (see Supporting
Information), and a temperature of 120 °C commonly used for
DR with boiling solvent or silicon oil baths.”>*! In other words,
the reference curve includes no fitting parameter but only
values estimated from recent publications. The capping
ligand:metal mole ratio vs average radius plots (Figure 3)
clearly show that no further narrowing of the size distribution is
observed above a certain ligand:metal ratio,” as the minimum
size is determined by the thermodynamic stability of the capped
NPs.” When observed in the metal:ligand mole ratio vs average
radius plot (insets of Figure 3b—d), the reference curve is fully
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Figure 3. Average NP radius decreases with increasing thiol:metal mole ratio. The equilibrium distribution results from two opposing tendencies: the
average size tends to increase in order to reduce the interfacial free energy and tends to decrease in order to increase the number of thiol-metal
bonds. (a) For fixed A; = 0.1764 nm?, E, = 1.60 eV and 120 °C, the effect of the NP charge is shown by considering the relative permittivities of
typical DR solvents: toluene (g, = 2.38), 2-butanone (g, = 18.11) and acetonitrile (¢, = 36.01). In addition to shifting the distribution toward larger
cores, the NP charge also narrows the distribution (the insets correspond to the two points with (r) & 3 nm marked on the curves). (b and c) For
fixed metal:ligand ratio, the average core size increases with increasing ripening temperature and with decreasing strength of the metal—ligand
interaction. (d) For fixed metal:ligand ratio, larger chain lengths slightly reduce the ligand packing density (larger A;) and shift the average size

toward larger values.
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consistent with that derived by Gelbart et al. (see Figure 2 of ref
7), except for quantitative changes due to the different
parameter values used.

B RESULTS AND DISCUSSION

Effect of Charge on the Particle Size Distribution. The
Au—thiolate particles obtained by DR are either neutral or bear
a small negative charge.”””*® The DR process is often carried
out in solvents with low relative permittivity, such as toluene (¢,
= 2.38) and 2-butanone (&, = 18.11). The effect of the NP
charge of the equilibrium size distribution is 2-fold: it increases
the average radius (Figure 3a) and narrows the size distribution
(Figure 3a insets). In any case, the effect of the NP charge is
less noticeable for larger sizes, as it should be expected from the
1/r dependence of the electrostatic energy. One of the
questions that have intrigued scientists acquainted with the
DR process is that when using very high ligand:metal ratio and
boiling toluene, all the particles become similar in size, with
average diameters typically in the range 4—S5 nm.>> The
thermodynamic theory presented above clearly predicts a
relatively narrow equilibrium size distribution, and hence, it
explains why the particles become similar in size. Moreover, the
observed diameters are consistent with the predictions of
Figure 3 for low relative permittivity solvents such as toluene
and 2-butanone. In any case, the range 4—5 nm mentioned
above should be considered a typical one, as the DR process
can lead to both larger and smaller sizes (e.g., when surfactants
are used in addition to the capping ligands).6

Effect of Ligand on the Particle Size Distribution. The
capping ligand exerts a key role in the DR process. Stronger
binding ligands give rise to smaller average sizes, while weaker
ligands, such as amines, lead to larger sizes.'"* For fixed
metal:ligand ratio, the thermodynamic equilibrium of ligand-
stabilized NPs predicts that a decrease in binding energy
increases the average size (Figure 3b inset), in agreement with
the experimental observations.”***> Moreover, the effect of the
binding energy described in Figure 3b also helps to understand
the observations for dodecanethiol-stabilized Ag, Au, and Pd
NPs. Thiol possess the strongest attraction for Ag, intermediate
for Au and the weakest for Pd. For fixed metal:ligand ratio, the
theoretical prediction (Figure 3b inset) agrees with exper-
imental observations: smaller average size for Ag NPs (higher
binding energy), intermediate for Au NPs and larger for Pd
NPs.*

The influence of the chain length of the capping ligands is
not as important as the other factors mentioned above, but
experimental observations indicate that larger chain lengths lead
to larger cores after the DR process. For example, Prasad et al.
studied the DR of Au NPs in toluene using the series CgH,,SH,
C,oH,,SH, C,H,;SH, and C,H;3;SH of stabilizing ligands and
observed that respective average diameters were 4.5, 4.7, 4.7,
and 5.5 nm.”” This trend has been confirmed in later studies for
both alkanethiols and alkylisothiocyanates.’*® With amines,
the tendency is not observed so clearly. Using dodecylamine,
hexadecylamine, and octadecylamine as (relatively weak)
capping ligands of Au NPs, Jagirdar and co-workers observed
average diameters in the ranges 10—12, 7.5-9.5, and 10—13
nm, respectively.”* The chain length affects the packing density
of the ligand57 and can be described as an increase of the
effective ligand area A, (lower packing density) with increasing
chain length. Considering the experimentally observed variation
of Ay with the chain length, the thermodynamic theory also
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predicts that the average NP size increases with increasing chain
length for constant metal:ligand ratio (Figure 3d inset).

Effect of Temperature on the Particle Size Distribu-
tion. The ripening temperature affects the final size
distribution, with higher temperatures producing larger
NPs.”"** Some authors discuss these observations in terms of
the size dependence of the NP melting temperature.”” Our
point is that the equilibrium size distribution is determined,
among other parameters, by temperature. The width of the
distribution is also observed to increase with temperature, at
least for some concentrations of dodecanethiol.” Similarly, for
NPs in solid state Teranishi et al. found that the heat treatment
of dodecanethiol-stabilized Au NPs increased the mean
diameter from 3.4 nm at 150 °C, to 5.4 nm at 190 °C, and
further to 6.8 nm at 230 °C.>* With typical parameter values
used in the experiments (ie, no fitting parameters), the
thermodynamic equilibrium for ligand-stabilized NPs predicts
that the average size increases with temperature for constant
metal:ligand ratio (Figure 3c inset), in agreement with the
experimental observations.”">%**

Bl CONCLUSIONS

In spite of the experimental efforts to provide insights on
DR,”*"** many authors stress that the DR process is still poorly
understood. ™' *'#?*7*>*7731 The DR studies often cite the
theory proposed by Lee et al.*' which considers the
electrostatic energy of charged NPs as one of the key
contributions. However, the DR studies also consider that
this theory is not satisfactory as it neglects the role of the DR
agent, the capping ligand.”"** Gelbart and co-workers
presented a statistical thermodynamic theory of thiol-mediated
size control of uncharged Au NPs that explained how the
average value of the NP size distribution could be sensitively
controlled by varying the thiol:Au mole ratio, in agreement with
the experimental observation by Schiffrin et al. as well as their
own.” In order to better understand the different factors
involved in the DR process, it seems necessary to generalize the
theories by Lee et al." and Gelbart and co-workers” to include
the effects of both NP charge and binding of the stabilizing
ligand; as well as to make it more comprehensible by explaining
its foundations. We have presented the underlying statistical
thermodynamics of the DR of ligand-stabilized, charged metal
NPs and showed that the theoretical predictions are in
qualitative agreement with the experimental observations, not
only on the role of the metal:ligand ratio but also on the effects
of the NP charge, the relative permittivity of the solvent, the
ripening temperature, the binding energy, and the ligand chain
length (Table 1).

Although thermodynamics does not clarify mechanistic
details, it certainly provides valuable insights on the DR
process. The theoretical predictions made in this study only

Table 1. Summary of the Effects of Increasing One
Parameter on the Average Particle Radius
increasing parameter effect on (r)
ligand:metal mole ratio
absolute particle charge
relative permittivity
ligand binding energy
ligand chain length

- S e > —

temperature
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make use of parameters determined by recent experimental and
simulation studies of the systems under consideration. It is then
remarkable that a relatively simple theory with no fitting
parameters describes so satisfactorily the different factors
experimentally influencing the DR process. Our theoretical
model is compatible with and extends previous models, while
remaining simple and clear. Additional effects might be
incorporated but at the expense of increasing complexity. For
example, more refined models might be used for evaluating the
electrostatic energy,” the probability distribution in eq 2 might
include a factor describing the influence of mass on the
translational and rotational partition functions of the NPs,
and that Hill's subdivision potential might be taken into
account to slightly modify eq 1.*
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Ligand packing density on Au NPs. The number of bound ligands on a NP of radius 7 is

2/3 _ 2 _ 1/3 : :
L ~Ln™ ,where L =4n/(k"A, ), k=(4n/3V,,)", and V,, is the volume per metal atom in

theNP;ie. 4 ~L A ~ 471;rn2 is the total NP surface area. The self-assembled monolayers of
dodecanethiol on Au(111) surfaces have an area per ligand>.7.10-57.61 4 =0.214-0.216 nm’
(equivalent to a thiolate packing density of 4.63 nm™), which corresponds to three gold surface
atoms per thiolate adsorbate. In the case of Au NPs, the number of surface atoms per thiolate is
lower. Gelbart et al. suggested using the same value of 4, for Au(111) and Au NPs, because the

lower number of surface atoms per thiolate could be explained by curvature effects, e.g. to 2.3
Au:thiolate for 1.0 nm radius NPs.” However, experimental results and MD simulations suggest

a greater packing density on NPs so that the actual ratio of surface atoms to thiolate is ca. 1.6 for
1.0 nm radius Au NPs. Thus, a range 4, =0.15-0.17 nm’ seems justified for very small

NPs.46.62-64 A recent study on the effect of the ligand chain length ¢ (in nm) on their packing

density on Au NPs concluded that L has a linear dependence with /,
1/ 4 =(6.7453-0.69977) nm ;57 that is, slightly higher coverages of Au NPs can be achieved
using short-chain ligands. This expression predicts 4, ~0.18 nm’ for ¢~ 1.8, the estimated

chain length in nm of dodecanethiol. In this work, the coefficient L, has been obtained by fitting
the literature datal®35.39.44,63-67 on the number of adsorbed thiolates as a function of the number

of gold atoms to the expression L = Lan/ 3, with the result L =1.810%£0.012 and

A =4n/ (Kle) =0.1764+0.0012 nm’. This value of A, accurately describes a wide range of

NP sizes (Figure S1) and is very close to those used in the literature.62-64.68 However, the
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functional dependence L = Llnz/ ? is so simple that experimental data for nanoclusters and very

small NPs (with less than 100 ligands) show some minor deviations (Figure S1 inset).
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Figure S1. Determination of the effective area per ligand A4, . The solid line is the fit of the

experimental data on alkanethiolate-Au NPs to [ = Llnz/ 3.

Surface energy and size dependence of the surface tension of Au NPs. The contribution of the

surface free energy to the chemical potential of the NPs is given by luzu‘f =y A , which

surf

simplifies to x™ =y _ 4nrn2 in the case of very large NPs. MD simulations data%> can be

n

accurately fitted to ,uf]“'f =y A4 = an®” with a=1.8765+ 0.0085 ¢V (Figure S2). The parameter

a=4ny |/ x* corresponds to a surface free energy 7., =0.980 J/m?, in agreement with

2/3

experimental observations.> The expression y 4 ~an™" does not imply that A oc n*” and that

7, 1s size independent. On the contrary, the MD simulations evidence that y increases with

decreasing NP size because of the associated increase in the fraction of edge and corner sites.4>

S3



However, this effect is partly compensated by the fact that A4 has other size-dependent

2/3

contributions in addition to the leading term oc n**, and hence 7, A ~an”" turns out to be a

simple yet accurate expression.

n /1000

Figure S2. Surface contribution (from MD simulations43) to the chemical potential of NPs
estimated as the difference between the potential energy of an icosahedral NP and that of a bulk

system containing the same number n of atoms.

A large number of theoretical and experimental studies have established that the interfacial free

energy ¥, of nanocrystals is size dependent. Although the Tolman equation

vy, =v./(1+25/r)) is often cited,40 its validity has been questioned for very small NPs.69:70

Moreover, in addition to the seminal contributions by Tolman, Guggenheim, and Kirkwood and

Buff that predict a positive Tolman length §, another rigorous derivation’! predicts negative o .
With special focus on nanocrystals, studies concluding both the decrease’? and the increase*S of
interfacial free energy with decreasing size can be found. To the best of our understanding, these

apparently contradictory results simply reflect two different conventions. When the surface
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atoms are compared to those in the NP core, a decrease in the NP size reduces their energy
difference,’0 and hence 0 > 0. However, when the surface atoms are compared to those in bulk
metal, a decrease in NP size increases their energy difference4> and hence ¢ <0. In our

theoretical model the bulk metal has been chosen as the standard state of the metal atoms.
Consistently, we have evaluated ,ufl“rf =y A from surface free energy calculated with respect to

the bulk metal (Figure S2).

Finally, it is reasonable to neglect the facet effects because the values reported for the interfacial

free energy of Au NPs may differ by up to several J/m?,73 while the difference between y ., for

bulk Au(111) and bulk Au(100) is only about 0.1—0.3 J/m”.43

Alkanethiol binding energy on Au NPs. The sulfur head of alkanethiols strongly binds to Au
substrates and forms a metal thiolate. Although the monolayers of alkanethiols on both Au NPs
and Au(111) substrates have been intensively studied, both in experiments and computations,
there remain many uncertainties in the binding energies.”* The theory of ligand-stabilized metal
NPs developed by Gelbart, Heath and coworkers estimated this chemisorption binding energy as
1.0 eV.7 Lavrick et al. estimated the chemisorption enthalpy of alkanethiols on Au(111) as

126 kJ/mol (equivalent to 1.31 eV per sulphur head) independently of the alkyl chain length.7>
However, other experimental results on planar substrates have lead to estimate the alkanethiol-
gold binding energy as®4.76 1.91 eV or within the range 1.7 — 2.1 eV.4* Moreover, while sulphur
sits on three gold atoms when chemisorbed on planar Au(111), it sits on a lower number of gold
atoms on NPs (ca. 1.6 for 2.0 nm diameter63) and it must definitively affect the binding energy.

Thus, using atomistic MD with a force field optimized from DFT calculations, Heath and
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coworkers estimated the binding energy of ethanethiol on a Auj, nanocluster as 1.06 eV.74 The
value 1.6 eV for the binding energy of thiolate on Au NPs that we have used seems quite
reasonable for the range of NP sizes observed after the DR process because it is intermediate

between the experimental estimates of 1.31 eV and 1.91 eV.

The binding energies of different capping ligands have been estimated from DFT calculations.5¢
Thus, accepting the value®3.76¢ 184.1 kJ/mol (1.91 eV) as an upper estimate for the binding
energy of butanethiol on planar substrates, the binding energies of trimethylphosphine,
butylamine, and buthyl thiocyanate can be estimated as 81.7 kJ/mol (0.85 eV), 58.8 kJ/mol

(0.61 eV), and 28.8 kJ/mol (0.30 eV), respectively. When used to estimate ligand binding to NPs,
these energies should be reduced by a factor of ca. 0.8 to take into account that the bonds are
weaker when the head interacts with a lower number of metal atoms due to the NP curvature. In
any case, these values reflect that the covalent bond in gold-thiolate is more stable than dative

bond in gold-phosphine and amine.”?
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