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igand-stabilized nanoparticles (NPs)

consist of crystalline, inorganic cores,

coated with an organic shell. The com-
bined novel physics of nanosized cores and
the chemistry of the organic ligands present
many opportunities for using the ligands to
control NP properties, delivery, or assembly
for many applications, including electronics,
catalysis, medicine, and environmental re-
mediation. An important issue in the synth-
esis of ligand-stabilized NPs is how the
chemical properties of the ligand alter the
size and chemical reactivity of the NP cores.
In addition to other chemical effects (e.g.,
bonding, charge, and polarity), the bulki-
ness of the ligand is expected to alter the
reactivity of ligands during NP synthesis and
affects the ability of the ligands to pack
around the NP core. Here, we report a com-
prehensive study of the effects of bulky
thiols on the synthesis of Au NPs, which
results in smaller average NP sizes with a
narrower size distribution and alters the
discrete sizes to give fewer ligands per core
atom. The term, discrete sizes, refers to
small, stable NPs with molecular formulas,
M (L), (M = core atom, L = ligand), where
certain pairs of integers m and n impart
stability arising from geometrical and pos-
sibly electronic effects. Many mathemati-
cally plausible molecular formulas give
clusters that lack stability and will usually
decompose into molecular precursors or
may be incorporated into larger NPs. For
certain kinds of ligands, libraries of mol-
ecules with vastly differing bulkiness are
commercially available, which include
primary, secondary, and tertiary thiols,
amines, and carboxylic acids. For phosphines,
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Use of bulky ligands (BLs) in the synthesis of metal nanoparticles (NPs) gives smaller core sizes,

sharpens the size distribution, and alters the discrete sizes. For BLs, the highly curved surface

of small NPs may facilitate growth, but as the size increases and the surface flattens, NP

growth may terminate when the ligand monolayer blocks BLs from transporting metal atoms

to the NP core. Batches of thiolate-stabilized Au NPs were synthesized using equimolar
amounts of 1-adamantanethiol (AdSH), cyclohexanethiol (CySH), or n-hexanethiol (C6SH). The

bulky CyS- and AdS-stabilized NPs have smaller, more monodisperse sizes than the (6S-

stabilized NPs. As the bulkiness increases, the near-infrared luminescence intensity increases,

which is characteristic of small Au NPs. Four new discrete sizes were measured by MALDI-TOF
mass spectrometry, Auzo(SAd)1g, Ausg(SAd)y3, Augs(SCy)so, and Aug(SCy)s. No Au,s(SAd)qg
was observed, which suggests that this structure would be too sterically crowded. Use of BLs

may also lead to the discovery of new discrete sizes in other systems.
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however, only tertiary structures are typically
employed as ligands for NPs.

How steric effects in tertiary phosphines
determine their chemistry in binding to
metal ions and small metal clusters (typi-
cally containing fewer than 20 metal atoms)
is well-known.'™ Bulkier groups on the
phosphines generally decrease the cluster
core size>* However, by controlling the
reaction conditions, bulky groups on
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phosphines can enable the synthesis of larger clusters,
such as Schmid's Auss and Rhss clusters.>~” Murray
and coworkers have reported evidence that use of
bulky thiols in the synthesis of Au NPs alters the core
size, but their investigations were chiefly concerned
with other issues. Their results do not allow for a simple
conclusion about the effects of bulky ligands. In com-
parison with linear alkanethiols, use of poly(ethylene
glycol) thiol or tiopronin causes a reduction in the Au
core diameter,2? but phenyl-terminated thiols result in
larger sizes.'® Another study utilizing water-soluble
thiols showed that different thiols gave different NP
size distributions but did not significantly affect the
average size."" In addition to ligand bulkiness, many
reaction conditions (e.g., concentrations, reducing
agent, manner of addition and mixing, and temperature)
also strongly affect the NP size, which limits the conclu-
sions that can be drawn from comparing studies or
reactions within the same study, where any of the other
reaction conditions differed. There have also been several
studies of how use of large, dendrimeric ligands affects
the growth of metal NPs, which include comparisons of
different dendrimer generations.'”>”"” Some of these
studies report decreased NP core sizes as the generation
increases,”>™"” while others report increased core
sizes.'>'* The steric sizes of dendrimeric ligands are much
larger than simple alkyl or aryl groups. Moreover, the branch
points in dendrimeric ligands are several carbons removed
from the o-carbon adjacent to the NP core, whereas the
branch points in primary, secondary, and tertiary functional
groups occur as close to the NP core as possible.

The aim of this study is to show significant effects
that can only be attributed to differences in the bulki-
ness of the ligands (rather than to other chemical
features of the ligands or to other variations in the
reaction conditions). We show that use of bulky thiols
in the synthesis of Au NPs results in smaller core sizes,
sharpens the size distribution, and alters the discrete
sizes. The finding of altered discrete sizes introduces
important questions about their structure and stability.

Thiolate-stabilized Au NPs have been thoroughly
studied'® because of their novel structures,’®~%* elec-
trochemical and optical properties,®*2% and well-
established surface chemistry?’ —3° that bears some
similarity to Au-thiolate self-assembled monolayers.®’
Thiolate-stabilized Au NPs can also serve as a model
system for other kinds of ligand-stabilized NPs that are
composed of air-sensitive core materials. The synthesis
of Au-thiolate-stabilized NPs was first developed by
Brust et al., > in which successive addition of a thiol and
NaBH,; to Au(lll) drives formation of Au NPs. This
procedure can be performed with many different kinds
of thiols, but it is known that chemical properties of the
thiol can modify the thermodynamics and kinetics of
NP growth. For example, thiophenols often exhibit be-
haviors different from aliphatic thiols**~3° that could
arise from differences in their electronic properties and
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steric sizes. In the formation of mixed-ligand mono-
layers, the monolayer composition can differ from the
mole ratio of the precursors, which implies different
chemical behaviors that depend on the nature of the
ligand side chain.3®

Bulky ligands (BLs) are routinely employed for
synthesizing many kinds of NPs, which suggests that
steric effects are important and often beneficial: Two
common BLs are trioctylphosphine (TOP) and trioctyl-
phosphine oxide (TOPO), which have been routinely
used in the synthesis of semiconductor quantum
dots®”3® and Co3*** and Ni**~* NPs. Other bulky
phosphines have been used for stabilizing small Ag, Cu,
Cd, Hg, and Zn chalcogenide NPs.*®~>2 Selected bulky
thiols have been used for synthesizing metal NPs, such as
functionalized'®>*~>* or unfunctionalized thiophenols®>~3°
and amino acid derivatives (glutathione''*®*’ and
tiopronin®?’). In a few studies, some combinations of
adamantane carboxylic acid, adamantane acetic acid,
and adamantylamine have been used to synthesize
highly monodisperse, small CoPt;*® and anisotropic,
star- or flower-shaped magnetite®® and PtRu®® NPs.

This project was motivated by recent reports from
Weiss and coworkers on the formation and chemistry
of admantanethiolate (—SAd) self-assembled mono-
layers (SAMs) on Au surfaces.®’ ~®® Four main charac-
teristics distinguish the novel properties of NPs
stabilized by BLs (BL-NPs) from those of many conven-
tional NPs stabilized by non-BLs (non-BL-NPs): (1) The
steric hindrance of BLs is much greater than for non-
BLs. BL-NPs are predicted to typically have smaller sizes
than non-BLs because steric overlap for BLs increases
as the NP size (radius of curvature) increases. In prin-
ciple, growth of BL-NPs should terminate at small sizes
because the large steric size of incoming BLs transport-
ing inorganic precursors to the NP core during growth
should prevent these incoming BLs from penetrating
through the BL monolayer already covering the NP
(Scheme 1). (2) The numerical density of ligands in the
monolayer is lower for BLs than for non-BLs, corre-
sponding to the differences in steric size.5"%”%® For
some small NPs, the ligand density is determined
primarily by electronic stabilization (number of ligand
head groups) rather than by the steric size.®’ In con-
trast, for BL-NPs, steric effects become significant.”® (3)
The interligand interactions in BL monolayers are
weaker than for non-BL monolayers.5? (4) The inter-
stitial spaces in BL monolayers are larger than in non-BL
monolayers,”’ which may facilitate the displacement of
BLs by non-BLs.

We have chosen 1-adamantanethiol (AdSH), cyclo-
hexanethiol (CySH), and n-hexanethiol (C6SH) as re-
presentative tertiary, secondary, and primary thiols,
respectively. Aliphatic thiols were selected in order to
isolate steric effects by minimizing chemical differ-
ences in the Au—S bond that would become more
significant if aromatic thiols were used. Indeed, use of
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Scheme 1. Graphical depiction of the effects of bulky ligands (BLs) on nanoparticle size.

Figure 1. TEM images of Au nanoparticles synthesized
using (a) n-hexanethiol (C6SH), (b) cyclohexanethiol
(CySH), and (c) 1-adamantanethiol (AdSH).

BLs in the synthesis of Au NPs results in smaller core
sizes, sharpens the size distribution, and alters the
discrete sizes. Batches of Au NPs were synthesized
using equimolar amounts of AdSH, CySH, or C6SH.
Analysis by transmission electron microscopy (TEM)
reveals that BLs provide smaller, more monodisperse
sizes. As the bulkiness increases, the near-infrared
luminescence increases, which is characteristic of the
smallest Au NPs.”>”3 Four new discrete sizes were
measured by MALDI-TOF mass spectrometry, Ausg-
(SAd)1g, Auso(SAd)23, Aues(SCy)so, and Aug7(SCy)so. No
Au,s(SAd),g was observed, which suggests that this
structure would be too sterically crowded.

RESULTS AND DISCUSSION

Effects of Bulky Ligands. Size measurements by TEM
(Figure 1) reveal larger average diameters and relative
standard deviations (in parentheses) for the C6S-stabi-
lized NPs of 2.18 nm (0.36), compared with 1.53 nm
(0.26) and 1.47 nm (0.28) for the CyS- and AdS-
stabilized NPs, respectively. Histograms of the di-
ameter measurements are presented in the Support-
ing Information, Figure S1. Both the average size and
relative standard deviation are smaller for the bulky
CyS- and AdS-stabilized NPs than for C6S-stabilized
NPs, which is consistent with the proposed mechanism
for termination of growth when the radius of curvature
increases such that additional BLs cannot be accom-
modated. This mechanism assumes that a high density
of Au—S bonds is favorable, which would tend to
sterically block delivery of Au to the core. If a high
density of Au—S bonds was not favored, then more
sparse coverage of the bulky thiolates might compensate
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Figure 2. Absorbance and photoluminescence spectra
(450 nm excitation) acquired in toluene. The small dip in
the luminescence near 1150 nm arises from absorption
caused by the third overtone of the C—H stretching vibra-
tion. The luminescence intensities were normalized to the
absorbance at 450 nm.

for the large steric size, thus allowing the NPs to continue
growing. Given that growth terminates at small sizes, we
conclude that a high density of Au—S bonds is indeed
favored. According to the TEM measurements, the sizes
and size distributions of CyS- and AdS-stabilized NPs are
quite similar, which implies that the core size may be
reduced in more of a stepwise rather than continuous
manner as the ligand bulkiness increases. Mass spectro-
metry measurements, however, show that stabilization
by —SCy gives larger discrete sizes than —SAd.
Measurements of the optical absorbance (Figure 2)
are consistent with the TEM size analysis. The C6S-
stabilized NPs show the emergence of a weak surface
plasmon resonance absorbance band, and the absor-
bance spectra for —SCy and —SAd stabilization are
featureless and nearly identical. The CyS- and AdS-
stabilized samples luminesce in the near-infrared (NIR)
spectrum (Figure 2), and the luminescence intensity
correlates with the steric size of the ligand: —SC6 <
—SCy < —SAd. Such NIR luminescence is characteristic
of the smallest thiolate-stabilized Au NPs (generally
consisting of fewer than ~100 Au atoms), and the lumines-
cence intensity generally increases as the size decreases.”®
Therefore, the AdS-stabilized sample appears to be
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TABLE 1. Assignments of Parent and Fragment lons

experimental mass (Da) assignment theoretical mass (Da) n*=n —m
11536° a = Auso(SAd) 11529 16
114007 a’ = Auzo(SAd)5,(5) 11394
9891° a" = Augs(SAd)s 9905
89137 b = Auso(SAd)qs 8920 12
8777° b’ = Auso(SAd);(S) 8785
16652° € = Aug (SCy)so 16653 37
16572° ¢ = Augs(SCy)(S) 16570
16263° d = Augs(SCy)s 16259 35
16183° d = Augs(SCy)(S) 16176

? Measured at 53% laser fluence. ° Measured at 50% laser fluence.

particularly enriched in smaller NPs, even though TEM
shows a similar size to the CyS-stabilized sample. Dia-
meter measurements by TEM of ~1.5 nm are consistent
with NPs consisting of roughly 100 Au atoms.”® Such
large Au NPs generally have rather weak luminescence,”®
and the stronger luminescence for the AdS-stabilized NPs
is suspected to arise from smaller sizes. Accurately mea-
suring the sizes of such small NPs by conventional TEM is
challenging, and mass spectrometry (MS) was performed
to search for discrete sizes and to assign precise molec-
ular formulas. TEM, MS, and luminescence spectroscopy
are highly complementary techniques because they are
sensitive to different parts of the sample. Larger sizes are
easier to image and measure with TEM, but MS measures
the smallest NPs that also luminesce most intensely.
Assignments of Discrete Sizes. MS is ideally suited for
assigning the molecular formulas of discrete sizes,”*7®
which are summarized in Table 1. MALDI-TOF-MS
measurements were performed using the DCTB matrix,
which is known to minimize fragmentation.3® Systema-
tic variation of the laser pulse intensity in positive linear
mode gave spectra showing different regimes of be-
havior, including threshold ionization and fragmenta-
tion. The ion counts increased with the ligand
bulkiness (—SC6 < —SCy < —SAd), which is fully con-
sistent with the luminescence spectra and suggests
increased content of discrete sizes with increasing
bulkiness. Discrete sizes were identified for AdS- and
CyS-stabilized NPs (Figure 3 and Supporting Informa-
tion, Figures S2 and S3), but no discrete sizes were
identified for C6S-stabilized NPs (Supporting Information,
Figure S4). The parent ions were identified at the
threshold laser fluence (46% for —SAd and 50%
for —SCy). As the laser power was increased, substan-
tial fragmentation occurred, thus depleting the parent
ions and increasing the counts for the fragment ions.
For AdS-stabilized NPs, we have identified two distinct
parent ions with masses (measured at 53% fluence) of
~11536 and ~8913 Da, which are assigned as a =
Auszo(SAd),3 and b = Auszg(SAd)qs. Three fragments,
with masses of ~11400, ~9891, and ~8777 Da, are
assigned as @’ = Auzo(SAd),5(S), @” = Auzs(SAd)qg, and
b’ = Auso(SAd);/(S). For CyS-stabilized NPs, two parent
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Figure 3. Positive-mode mass spectra of (a) AdS- and
(b) CyS-stabilized Au nanoparticles using DCTB as the
matrix for different laser powers. For —SAd, the counts for
46—58% were scaled by between 4 and 52 x. For —SCy, the
counts for 44—58% were scaled by 10x. Peaks a, b, c,and d
indicate parent ions, and primed labels are for fragments.

ions with masses (measured at 50% fluence)
of ~16 652 and ~16 263 Da were assigned as ¢ = Aug;-
(SCy)30 and d = Aug5(SCy)3o. Fragments were assigned as
¢ = Aug;(SCy),o(S) and d’ = Augs(SCy),o(S). Assignments
are given only for peaks that can be clearly distinguished
as parent or fragment ions. Some of the peaks at lower
masses may also be parentions, but we cannot confidently
distinguish these peaks as parents rather than fragments.

Rationale for Assignments. Given limitations in the
mass resolution and high-mass calibration, we have
deduced no more than four possible assignments for
each peak, of which only one is physically reasonable
and consistent with assignments for related, discrete
thiolate-stabilized Au NPs. Possible assignments for the
parent ions were generated by first assuming singly
charged ions (a standard assumption when analyzing
MALDI-MS data of NPs). The NP composition was
assumed to be Au,(SR),,, where m was varied between
extremes of low to high ligand coverage and decimal
values of n were calculated from the remainder of the
mass not assigned to the ligands. Values of m and n are
recorded in the Supporting Information, Tables S1 and
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S2. For each value of m, if n was not near to an integer,
no assignment was deemed possible. If n was within
+0.05 of an integer, then such an assignment was
deemed to be possible, though not necessarily physi-
cally reasonable. This threshold of +0.05 corresponds
to an error of 10 Da, which is reasonable given the TOF
detection and the high masses. It should be noted that
repeating the analysis with data acquired at other laser
intensities gives the same assignments.

In every case, only one of the possible assignments
was physically reasonable. Only assignments having
more Au atoms per ligand than non-BLs were consid-
ered due to the bulkiness of the —SAd and —SCy
groups. For AdS-stabilized NPs, two mathematically
possible assignments were determined for the peak
at ~8913 Da, b = Au3o(SAd),g and Au,4(SAd),s, but the
latter is physically implausible. Two possible assign-
ments were also derived for the peak at ~11536 Da,
Auys(SAd) 6 and a = Auzg(SAd),s. The first assignment
is quite unlikely because it has a large number of
additional Au atoms per ligand and significantly de-
viates from known trends for thiolate-stabilized Au
NPs. Moreover, there is little reason to expect this
heavier ion to have fewer ligands and many more Au
atoms than b. Assignments a and b are consistent with
general trends in ligand coverage for discrete-sized,
thiolate-stabilized NPs, yet they show a modest enrich-
ment in Au atoms per ligand, as predicted from the
large steric size of the adamantyl group.

For the CyS-stabilized NPs, the difference in mass
between the peaks at ~16263 and ~16652 Da is
389 Da, which can only correspond to two Au atoms. No
combination of —SCy and Au atoms is close to 389 Da.
For the peak at ~16 263 Da, three assignments may be
initially considered, Au;,(SCy) g, d = Augs(SCy)30, and
Ausg(SCy)4z. Auzx(SCy)qg is rather implausible, espe-
cially in consideration of b = Auso(SAd)g, which has
the same number of bulkier ligands but many fewer
Au atoms. Ausg(SCy)s, is also unlikely since Augg-
(SCH,CH,Ph)s4”7 is known, and —SCH,CH,Ph is less
bulky than —SCy. Therefore, ¢ = Aug,(SCy)s30, based on
the assignment of d.

Significance of New Discrete Sizes. Species a, b, c,and d
are new discrete sizes that have more Au atoms per
thiolate than previously known discrete sizes. These
assignments are consistent with the expectation that
fewer BLs rather than non-BLs could fit around a given
number of core atoms. For comparison with b = Auszo-
(SAd)qg, we note that Au,5(SR);g is a common discrete
size.2"?275 Au,o(SR),o has also been reported.>” Simi-
larly, for comparison with a = Auzo(SAd),3, we note that
AU36(SR)23,35 AU38(SR)24,23'78_81 AU39(SR)24,57 and Auge-
(SR),4%* have been reported. For comparison with ¢ =
Aus7(SCy)3o and d = Aues(SCy)so, Auss(SR)3;* and
Augs(SR)34”” are known. Several of these reports uti-
lized somewhat bulky thiols, such as glutathione,
phenylethanethiol, and thiophenol, but none of
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these are as bulky as AdSH. Notably, Ause(SR),3
was reported from use of thiophenol, but the effect
might possibly be attributed to differences in
thiolate bonding for aromatic and aliphatic
thiolates.>> Aliphatic thiols were selected for this
study in order to separate the effects of bulkiness
from aromaticity.

Discrete sizes can be stabilized by both geometrical
and electronic stabilization. For assessing the elec-
tronic stabilization of a thiolate-stabilized, discrete-
sized Au NP ion, Au,(SR),,", the outermost electron
shell contains n* = n — m — x electrons. Electronic
stabilization is conferred for electron shell closings
when n* = 2, 8, 18, 34, 58,.%* Values of n* for the
parent ions as neutrally charged species are given in
Table 1. Closed electron shells might be achieved if the
NPs exist as appropriately charged species, such as a as
a dianion or d as a monocation, but a, b, ¢, and d
otherwise have open electron shells. Here, we use the
term “discrete” rather than “magic” sizes because
magic sizes correspond to species with closed electron
shells. Such nonmagic, discrete sizes nevertheless have
sufficient thermodynamic or kinetic stability to provide
for the existence of a relatively small number of highly
abundant sizes rather than a broad distribution, where
certain sizes would not be strongly favored over others.
The relative importance of geometric and electronic
stabilization for discrete-sized, thiolate-stabilized Au
NPs in general has yet to be fully clarified. For example,
Auys(SR)1g™ is @ magic size (n* = 8), but other oxidation
states (0, +1, and +2) have been observed that do not
have closed electron shells.5>758> We further note that
Ausg(SR)»42>78 78" is a commonly observed, nonmagic
size (n* = 14).

Remarkably, Au,5(SAd),g (7935 Da) and Au,5(SCy)1g
(6998 Da) do not appear in the mass spectra, which
suggests that these structures would be too sterically
crowded. Therefore, use of BLs can completely alter the
discrete sizes by introducing new discrete sizes and
destabilizing a well-known magic size. It is important to
note, however, that Au,s(SC6)g is well-known® 8% but
was not observed in the mass spectra, likely because
the reaction conditions favored larger sizes. For this
reason, the existence of Au,s(SCy);g cannot be ruled
out; another set of reaction conditions might favor
smaller sizes, potentially including Au,5(SCy)1s.

Fragmentation. Loss of adamantyl and cyclohexyl
groups appears to be the mechanism of fragmentation
for @, b/, ¢, and d'. Scission of S—C bonds has
previously been observed as a mode of fragmentation
of thiolate-stabilized NPs in MALDI-MS.3¢ Fragment a”
results from loss of Au,(SAd)s from a. Loss of Au,(SR),*°
is a common mode of fragmentation of thiolate-
stabilized Au NPs.36749192 | oss of an additional —SAd
might be related to its large steric size. An alternative
possible assignment for a” is Auz4(SAd)qo(S), which
differs from Auss(SAd);g by 2 Da and would arise
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from loss of Aus(SAd)s(Ad), but this alternate assign-
ment is less probable because the fragment does not
include a complete Au,(SAd),4 unit.

Structures of the Discrete Sizes. Comparison with the
known structures of Au NPs stabilized by nonbulky
thiolates and SAMs composed of bulky thiolates gives
insight into the structural changes that may be antici-
pated in BL-NPs. For example, the surface density of
thiolate bonds in —SAd SAMs on Au{111} surfaces
is reduced to about 55% of that of linear alka-
nethiolates.®"* The surfaces of small Au NPs stabilized
by nonbulky thiolates are covered by linear —SR—Au—
SR— or —SR—Au—SR—Au—SR— chains'® ?* anchored
to the Au core at both ends, which are called “staples”.
The absence of Au,5(SAd), 5 indicates that the Au,5(SR-
)1s structure®’?? would be too compact for —SAd
ligands. Steric overlap between ligands within different
staples might force greater spacing between the sta-
ples. Steric overlap could also occur within the same
staple, resulting in a strained conformation, thereby
modifying (most likely, increasing) the distance be-
tween the anchor points to the core. Alternatively,
steric overlap between neighboring —SAd ligands
might be severe enough to prevent the formation of
staples; a recent study of —SAd SAMs on Au{111}
showed that —SAd binds to only one surface Au
adatom, whereas nonbulky thiolates bind to two
adatoms.”® Each of these possibilities would expand
the volume of the Au core. It should be noted that b
accommodates five more Au atoms than Au,s5(SR);s,
while having the same number of thiolates, though it
remains unclear how closely the structures are related.

Further studies are needed to predict and under-
stand the structures of BL-NPs. Many cage molecules®®
are available for investigating how the steric size or
shape alters the discrete sizes,®> and use of 2-adaman-
tanethiol could reveal how the orientation of the
adamantyl groups affects the NP structure. An addi-
tional study could also investigate the use of mixtures

EXPERIMENTAL SECTION

Nanoparticle Synthesis. A solution of 288 mg (0.731 mmol) of
HAuCl,-3H50 (99.99%, Alfa Aesar) in 9.0 mL of distilled water
was vigorously mixed with a solution of 468 mg (0.856 mmol) of
tetraoctylammonium bromide (Oct4NBr, 98%, Acros) in 18.0 mL
of toluene. The mixture was stirred for 30 min at room tem-
perature, during which the aqueous phase changed from
yellow to colorless, and the toluene phase became colored
red. After removing the aqueous phase, the toluene mixture
was fractionated into 6.0 mL aliquots that were transferred into
three flasks. One of the following thiols was added to each flask
in a 10:1 thiol/Au molar ratio: 1-adamantanethiol (AdSH, 95%,
Sigma-Aldrich), cyclohexanethiol (CySH, 99%, Alfa Aesar), or
n-hexanethiol (C6SH, 97%, Alfa Aesar). Each mixture was stirred
for 30—60 min, during which the solution became colorless, and
then each flask was cooled to 0 °C in an ice bath. A solution of
390 mg (10.3 mmol) of NaBH, (98%, J.T. Baker) was prepared in
0.9 mL of distilled water at 0 °C. The NaBH, solution was loaded
into three syringes in amounts of 0.3 mL each, and one syringe
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of BLs and non-BLs in the NP synthesis. Since non-BLs
are less sterically demanding, could use of even a small
amount of non-BLs relax steric strain and make the
discrete sizes for non-BLs favorable?

CONCLUSIONS

In summary, the use of BLs in the synthesis of
thiolate-stabilized NPs results in smaller sizes and
improves the monodispersity, but perfect monodis-
persity is not achieved. Optimization of the reaction
conditions for each ligand may further improve the
monodispersity. Use of AdSH yields a mixture of discrete-
sized NPs, from which two predominant sizes, Auso(SAd) g
and Ausg(SAd),3, have been identified by MALDI-TOF-MS.
Two larger discrete sizes, Aues(SCy)so and Aug7(SCy)so,
have been obtained using CySH. As a consequence of
the large size of the —SAd and —SCy moieties, these
discrete sizes have more Au atoms per thiolate than
previously known discrete-sized Au NPs that utilized
less bulky ligands. No Au,s(SAd),g was observed in the
mass spectra, which underscores the ability of BLs to
stabilize new discrete sizes and to destabilize a well-
known magic size for less bulky ligands. Use of BLs in
other systems may also lead to the discovery of new
discrete sizes.

An assumption implicit in the mechanism of size
reduction using bulky thiolates is that a high density
of ligand coverage and thus of Au—S bonds is favor-
able, which exacerbates the steric overlap of BLs. In
addition to the standard geometrical and electronic
effects that must be considered for all kinds of discrete-
sized NPs, the energetic balance between high
ligand density and steric overlap has an important
role in determining the molecular formulas and
structures of discrete-sized NPs stabilized by BLs.
There is a great need for theoretical studies of BL-
NPs that will give additional insight into how the
optimal size and ligand coverage for BL-NPs are
determined.

was quickly injected into each reaction flask while stirring
vigorously. Each solution became dark brown or black in color
and was stirred for 1 h at 0 °C.

Purification. Upon completing each reaction, the toluene
was separated from the aqueous layer. An excess of methanol
was added to each toluene solution to flocculate the NPs. In
some instances, flocculation was incomplete; concentrating the
NP solution using a rotary evaporator before adding the
methanol ensured complete flocculation. The NPs were repeat-
edly (4—5 times) isolated by centrifugation, resuspended in a
small amount of toluene, and flocculated again. The final
product was stored as a solid in the dark after removing the
toluene using a rotary evaporator. Specimens for TEM were
prepared by allowing a drop of the NP solution placed on an
ultrathin, amorphous carbon and Formvar substrate to evaporate.

Transmission Electron Microscopy (TEM). Bright-field TEM images
were acquired using a JEOL 2000FX microscope. The average NP
diameters were obtained from measurements of 100 NPs from
each sample using publicly available Image) software.”*
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Absorbance and Luminescence Spectroscopy. Dilute solutions of
NPs in toluene were measured in a quartz optical cell. Optical
absorbance spectra were acquired using an Ocean Optics
CHEMUSB4-VIS-NIR spectrophotometer. The concentrations
were adjusted such that the absorbance at the excitation
wavelength (450 nm) would be near 0.1. Emission spectra were
acquired using a Photon Technology International Inc., Quanta-
Master 4SE-NIR5 spectrometer equipped with Hamamatsu
R928P PMT and InGaAs detectors for the visible and near-
infrared (NIR) regions of the spectrum, respectively. The emis-
sion spectra were corrected for the spectral response of each
detector. All excitation and emission slits were set to 2.5 mm. A
550—2000 nm band-pass filter was placed before the PMT
detector, and a 760 nm long-pass filter was placed before the
InGaAs detector. The luminescence spectra were normalized to
the absorbance at 450 nm, and the spectra from the PMT and
InGaAs detectors were manually joined together between 798
and 802 nm.

Matrix-Assisted Laser Desorption lonization Time-of-Flight Mass Spec-
trometry (MALDI-TOF-MS). Solutions of the 100 mM trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene]lmalononitrile
(DCTB) matrix*® and analyte (7.4 mg/mL) were prepared in
toluene and were mixed in microcentrifuge tubes at a 100:1
matrix/analyte volume ratio. For each sample, 1 uL of this
solution was applied to the sample plate and allowed to dry
under ambient atmosphere. Positive-mode mass spectra were
acquired using a Shimadzu AXIMA Assurance laser desorption
linear time-of-flight (MALDI-TOF) mass spectrometer equipped
with a nitrogen laser (337 nm). The accelerating voltage was
held at 19.9 kV. For AdS-stabilized NPs, standards of bovine
insulin (5734 Da), human insulin (5808 Da), and cytochrome ¢
(12362 Da) were used for a three-point calibration. For CyS-
stabilized NPs, standards of insulin B (3494 Da), cytochrome ¢
(12362 Da), and apomyoglobin (16952 Da) were used for a
three-point calibration. The mass spectra presented in Figure 3
and Supporting Information Figure S4 were not smoothed, and
the expanded mass spectra in the Supporting Information,
Figures S2 and S3, were smoothed using boxcar averaging with
a width of 10 data points.
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