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ver the past two decades, numer-
ous studies have documented the
nucleation and growth of “island”-
like ligand-shell domains during the self-
assembly of alkanethiolate monolayers on
planar gold surfaces.” The first direct images
of these nanoscale domains were obtained
by scanning tunneling microscopy (STM)
after the exposure of planar Au(111) to
alkanethiols® under ultrahigh vacuum.® For
the more common solution deposition? of
alkanethiols, STM, atomic force microscopy
(AFM),%” and kinetic data from numerous
macroscopic methods* show that mono-
layer self-assembly® involves two distinct
phases: nuclei formation, followed by two-
dimensional growth of island domains.
Much less is known about alkanethiolate
self-assembly on gold nanoparticles in solu-
tion."?'° Notably, direct measurements of
self-assembled monolayer formation ki-
netics on gold nanoparticles are “rarely seen
in the literature”."" For gold nanoparticles with
completed ligand shells, high-quality studies
address alkanethiolate coordination,'® the
physical properties of neutral'® and charged
ligand shells,"'>'* and the kinetics of ligand
“place exchange””'® At the same time, gold
nanoparticles with ligand shells tailored for
applications'*'® in biomedicine,'”'® as sen-
sors,'® in catalysis,'>*°~2* and as building blocks
for nanoparticle-based assemblies®*~% are
frequently prepared by reacting functiona-
lized alkanethiols with electrostatically
stabilized gold nanoparticles.'® 9242830
However, due to the difficulty of obtaining
direct images®' 33 of intermediate ligand-
shell structures and problems associated
with particle aggregation in solution, little
is known about the mechanism(s) and inter-
mediate ligand-shell structures involved in
the self-assembly of alkanethiolate mono-
layers on colloidal gold nanoparticles. Yet, it
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ABSTRACT The metal oxide cluster
a-AW,05°~ (1), readily imaged by
cryogenic transmission electron micro-
scopy (cryo-TEM), is used as a diagnostic
protecting anion to investigate the self-
assembly of alkanethiolate monolayers on
electrostatically stabilized gold nanopar-
ticles in water. Monolayers of 10n 13.8 £

0.9 nm diameter gold nanoparticles are
displaced from the gold surface by mercaptoundecacarboxylate, HS(CH,);,C0,~ (11-MU).
During this process, no aggregation is observed by UV—vis spectroscopy, and the intermediate
ligand-shell organizations of 1 in cryo-TEM images indicate the presence of growing
hydrophobic domains, or “islands”, of alkanethiolates. UV—vis spectroscopic “titrations”, based
on changes in the surface plasmon resonance upon exchange of 1 by thiol, reveal that the 330
=+ 30 molecules of 1 initially present on each gold nanoparticle are eventually replaced by 2800
= 30 molecules of 11-MU. UV—vis kinetic data for 11-MU-monolayer formation reveal a slow
phase, followed by rapid self-assembly. The Johnson, Mehl, Avrami, and Kolmogorov model
gives an Avrami parameter of 2.9, indicating continuous nucleation and two-dimensional island
growth. During nucleation, incoming 11-MU ligands irreversibly displace 1 from the Au-NP
surface via an associative mechanism, With Kuydeation = (6.1 £ 0.4) x 10°M~'s~",and 19 £ 8
nuclei, each comprised of ca. 8 alkanethiolates, appear on the gold-nanoparticle surface before
rapid growth becomes kinetically dominant. Island growth is also first-order in [11-MU], and its
larger rate constant, kyroun (2.3 & 0.2) x 10° M~ s™", is consistent with destabilization of
molecules of 1 at the boundaries between the hydrophobic (alkanethiolate) and the
electrostatically stabilized (inorganic) domains.

KEYWORDS: alkanethiol - monolayer - gold nanoparticle - island growth -
cryo-TEM - kinetics

is these intermediate ligand-shell structures
that determine the particles' tendency to-
ward aggregation and, hence, the reprodu-
cibility of this important class of “place-
exchange” reactions.

Recently, cryogenic “trapping” was used
in conjunction with transmission electron
microscopy (i.e., cryo-TEM) to obtain the first
direct images of self-assembled monolayers
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of inorganic anions on electrostatically stabilized silver®
and gold®® nanoparticles in water. The inorganic ligands
are metal-oxide cluster anions®”3° or polyoxometalates
(POMs; e.g., 0-X""W;50408 ", X" = AP+ or 2H"", and
a_Xn+W11039(12—n)—, Xt = P5+, Si4+' or A|3+)40—42 that
possess large negative charges for association with
the gold surface, and W atoms (Z = 74) for TEM imag-
ing. We now use the undecatungstoaluminate anion,
a-AlW;05°~ (1, X"" = AP),%"* as a diagnostic
stabilizing ligand for investigating the self-assembly
of alkanethiolate ligand shells on a gold nanoparticle
(Figure 1).

First, ligand exchange is used to assemble mono-
layers of 1 (Figure 1, bottom center) on the surfaces of
13.8 + 0.9 nm gold nanoparticles (Figure 1, B).>® During
alkanethiolate-monolayer formation, molecules of 1
are then displaced by mercaptocarboxylates such as
3-mercaptoproprionate  (3-MP), 11-mercaptounde-
canoate (11-MU) (Figure 1, right), and 16-mercapto-
hexadecanoate (16-MH), and the nanoscale domains
resulting from this hydrophobic “etching” of the inor-
ganic monolayer are revealed in cryo-TEM images.
Because replacement of the inorganic (tungsten-oxide)
by organic (alkanethiolate) ligands results in substantial
decreases in the SPR absorbance, cryo-TEM images can
be correlated with kinetic data obtained from time-
dependent changes in the UV—vis spectra.

This combined use of cryo-TEM imaging and UV—vis
spectroscopy, both facilitated by use of the metal-
oxide cluster-anion ligand, 1, provides unique access
to remarkably detailed structural and mechanistic in-
formation, leading to a model that—for the first time—
describes the nucleation and growth of hydrophobic
nanodomains involved in the self-assembly of alka-
nethiolate monolayers on the surfaces of electrostati-
cally stabilized gold nanoparticles.

RESULTS AND DISCUSSION

Correlating cryo-TEM Imaging with UV—Vis Spectroscopy.
Cryo-TEM imaging was combined with UV—vis spectra
of the surface plasmon resonance (SPR) to reveal the
ligand-shell domains and growth mechanism(s) asso-
ciated with the formation of alkanethiolate monolayers
on electrostatically stabilized gold nanoparticles (Au
NPs). This approach is demonstrated in Figure 2.

As aliquots of sodium 11-mercaptoundecanoate
(11-MU, 500 uM stock solution) are added to a solution
of a-AlW;;035°~ (1)-protected Au NPs (Figure 2, A and
B), the SPR absorbance maximum decreases from 1.00
to 0.84 and is blue-shifted slightly from 526 to 520 nm
(Figure 2, C and D). The change in SPR absorbance is
due to the displacement of 1 and the large difference in
refractive index between the metal-oxide cluster anions
and the organic thiols. Hence, once all the inorganic
ligands, 1, have been displaced by the alkanethiolate,
no further changes in the UV—vis spectra are observed.
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Figure 1. Use of metal-oxide cluster anions as “reporter”
ligands for cryo-TEM imaging and UV —visible spectroscopic
analysis of alkanethiolate-monolayer self-assembly. The
structures of the three anionic ligands at the bottom of
the figure are drawn to the same scale. Citrate-stabilized
13.8 £+ 0.9 nm diameter gold nanoparticles (A; the citrate
anion is shown below) are reacted with a-KgAIW;,039 (Ko1)
to give monolayers of the heteropolytungstate (B; mol-
ecules of 1 are shown in blue, with the counter-cations
omitted for clarity). Bottom center: The cluster anion, 1,
shown in polyhedral notation, includes 11 hexacoordinate
W(VI) atoms (green polyhedra, with oxygen atoms at their
vertices) encapsulating a tetrahedral-symmetry (formally)
aluminate oxo-anion, AI"O,°~ (red tetrahedron). During
alkanethiolate-monolayer formation, molecules of 1 are
displaced from the gold surface by mercaptocarboxylates,
such as 11-mercaptoundecanoate (C, 11-MU, right). Resul-
tant changes in the inorganic monolayer—revealed in cryo-
TEM images—are used to locate the bound alkanethiolate
ligands, and corresponding changes in the surface plasmon
resonance (SPR) are quantified by UV—vis spectroscopy.

Relative to the W atoms in 1, the alkanethiolate ligands
are much less effective at scattering electrons and,
therefore, are not seen in cryo-TEM images of the
thiolate-protected NPs (Figure 2, E and F).

The UV—vis spectra in Figure 2D show the relatively
large change in SPR absorbance associated with com-
plete conversion of the inorganic monolayer of 1
(Figure 2A) to the organic ligand shell comprised of
11-MU (Figure 2E). As a result, smaller changes in the
SPR absorbance could be used to quantify degrees of
surface coverage by molecules of 11-MU during their
self-assembly on the nanoparticle surface, while cryo-
TEM was used in tandem to directly observe intermedi-
ate nanoscale ligand-shell domains. Once these inter-
mediate structures were identified, stopped-flow kinetic
methods were used to define the rates and mechanism(s)
of the reactions associated with their formation and
growth.

Quantitative Replacement of Inorganic Ligands by Alka-
nethiolates. A solution of Au NPs, stabilized by mono-
layers of 1 (Figure 2A), was titrated® with small aliquots
of 500 uM solutions of 11-MU, and UV—vis spectros-
copy was used to quantify the gradual replacement of
1 by alkanethiolates on the Au NP surface. After adding
each aliquot of 11-MU, the intensity of the SPR absor-
bance maximum, initially at 526 nm, decreased rapidly
to a new value (Figure 3A), and a slight blue-shift was
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Figure 2. Replacement of inorganic stabilizing anions, 1, by
11-mercaptoundecanoate (11-MU). (A) Cryo-TEM image of a
1-protected Au NP. The illustration in panel B depicts a
monolayer of 1 on the gold surface, as indicated by the two-
dimensional-projection image in panel A. Panel C shows
UV—vis spectra obtained before (black) and after (red)
replacement of 1 by 11-MU, and an enlarged view of the
region near the SPR absorbance maxima is given in panel D.
Panel E is a cryo-TEM image of a Au NP after complete
replacement of 1 by 11-MU, and space-filling models of the
thiolate ligands (not observed by TEM) are illustrated in
panel F. For simplicity, counter-cations are omitted from B
and F.

noted, which rules out aggregation as the source of the
decrease in absorbance. After providing time for com-
pletion of reaction (about 10 min; see Figure S1), the
new absorbance value was recorded, and an additional
aliquot was added. A plot of each new absorbance
value as a function of the total 11-MU concentration
revealed a linear relationship (Figure 3B; R? > 0.998).
Because changes in the SPR result from the displace-
ment of 1 from the Au surface, this linear relationship
argues against the alkanethiolates initially “lying
down” on the gold-nanoparticle surface (see Sl for
more discussion). After the total concentration of
11-MU reached 8.7 uM, further additions of 11-MU did
not cause significant changes in absorbance. This “break
point” (at 8.7 uM), therefore, indicates the alkanethiol
concentration at which all the molecules of 1 have been
displaced from the Au-NP surface (see Figure 2, E).
Titration plots were obtained for two additional
mercaptocarboxylates, 3-mercaptopropionate (HS-
(CH,),CO,~, 3-MP) and 16-mercaptohexadecanoate
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Figure 3. UV—vis profiles of Au NPs during displacement of
1 by 11-MU. (A) SPR absorbance spectra of the Au-NP
solution after incremental additions of 11-MU. Absorbance
maxima decreased after each addition, and spectra were
recorded after equilibration (ca. 10 min). (B) Absorbance
values at 526 nm as a function of total 11-MU concentration.

(HS(CH;)10CO,~, 16-MH) (see Figures S2 and S3). For
all three mercaptocarboxylates, the plots are linear
before and after the breakpoints, which occur at similar
alkanethiol concentrations (see Table S1).

Meanwhile, the linear relationship in Figure 3B in-
dicates that the binding constant for association of
11-MU with the Au-NP surface, K;1.mu, should be at least 6
orders of magnitude larger than that for 1, K; (this is
shown in Figures S4—56 in the Supporting Information).
The ratio of K;° to the binding constant for citrate, i.e.,
Ki/Keitrater is ca. 27,% such that Kq1_mu/Kitrate = 107, a
reasonable value given the large (>14.0 kcal-mol™")
energies™* estimated for the adsorption of alka-
nethiolates to the surfaces of gold nanoparticles. More
significantly, the magnitude of K;;_yy indicates that at
11-MU concentrations less than or equal to the break-
point in Figure 3B at least 99.9% of the 11-MU ligands
are bound to the Au NPs. Hence, the average number
of molecules of 11-MU present on the surface of each
13.8 + 0.9 nm Au NP at the breakpoint is known with
remarkable precision. This makes it possible to calculate
the average number of ligands on each Au NP after
complete replacement of 1 by 11-MU. (Because some
additional thiol may add to the Au-NP surface after the
breakpoint, the 8.7 uM value in Figure 3 provides a
lower limit for the number of thiols on each Au NP
upon complete displacement of the POMs.)

From the total concentration of Au(0) (0.25 mM) and
the average diameter of the Au cores (13.8 nm), the
concentration of Au NPs is 3.1 x 10~° M. The average
number of 11-MU molecules on the surface of each Au
NP at the breakpoint (8.7 uM) is given by the ratio of
their concentrations: [11-MU]/[Au NP], or 2.8 x 10°
molecules of 11-MU per Au NP. This gives a molar
surface density of 7.8 x 107'° mol cm™2. By dividing
the surface area of the approximately spherical Au NPs
(47r*, with the radius, r, in A) by the number of 11-MU
molecules on each particle, one obtains a value of 21.3
A? for the “footprint” of each 11-MU molecule.

Each 1-protected 13.8 nm diameter Au NP contains
a ligand shell of 330 + 30 molecules of 1, whose
“footprint” is therefore 181 + 16 A%3% Hence, the
alkanethiolate footprint of 21.3 A indicates that each
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molecule of 1 is replaced by ca. 8.5 equivalents of
11-MU. In addition, the footprint of 11-MU is close to three
times the 7.2 A? area® occupied by a single Au atom on
the nanoparticle's largely Au(111) surface, suggesting
that, on average, each alkanethiolate is bound to three
Au atoms. This is consistent with the +/3x+/3R30°
structure established for bonding of alkanethiolates
to planar Au(111) surfaces,' while not excluding other
bonding arrangements that may give a similar average
footprint, such as the RS-Au-RS-Au-RS “staple” motifs
found in X-ray crystal structures of nanometer-sized gold
clusters,*”*® as well as on flat surfaces.* The relatively
small footprint of the alkanethiolate also requires that its
alkane chain and end group extend outward from, rather
than lie down on, the Au-NP surface.

More generally, the “footprints” of alkanethiolates
on gold surfaces vary with the structures and proper-
ties of the ligand and with the shape and size of the
metal surface. For example, reported footprints for
n-octanethiolates on small Au NPs in organic solvents
range from 13to 14t0 16 A%, on 1.5,°°2.4,>" and 5.2 nm
NPs,>%%2 respectively, while a footprint of 21.4 A% has
been reported on planar Au(111). For alkanethiols with
polar end groups, however, e.g., 6-mercaptopurine
(6MP) on small, Ausso(6MP)g,, nanoparticles in water,
a footprint of 29 A? is obtained.’® Hence, the 21.3 A2
value obtained for 11-MU is consistent with both the
polar nature of this alkanethiolate ligand and the size
and less acute surface curvature of the 13.8 nm Au NPs
used in the present work.

Alkanethiolate “Island” Domains on Gold Nanoparticles.
Precise numbers of mercaptocarboxylate ligands were
assembled on the surfaces of the Au NPs by adding
ligand concentrations associated with specific degrees
of displacement of 1 (see Figure 3B and Table S1). For
this, solutions of 11-MU (as Na™' salts in water) were
added with vigorous stirring to 1-protected Au-NP
solutions, after which the homogeneous solutions
were stored for 24 h at room temperature. Cryo-TEM
was then used to observe the corresponding inorgan-
ic-anion domains.

Final 11-MU concentrations corresponding to 20%,
50%, and 70% displacements of 1 gave the cryo-TEM
images shown in Figure 4. (See Figure 2E for an image
obtained after 100% displacement of 1.)

The POM ligand (1) contains W atoms (Z = 74),
which provide better amplitude contrast than do
alkanethiols. At the same time, the POM:s are relatively
small (ca. 1 nm in diameter) and are present as a dilute
(thin) shell on the Au NPs, such that the very large
amplitude contrast arising form the Au cores makes it
difficult to use this contrast mechanism to image the
POMs on their surfaces. To observe the POM ligands,
“phase” contrast is used. For this, “under focus” is
applied to the objective lens of the microscope. This
adds additional phase shift to the transmitted electrons,
providing additional contrast for imaging. An inherent
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Figure 4. Cryo-TEM images obtained after adding mercap-
toundecanoate (11-MU) to 1-protected gold nanoparticles.
The images in panels A—C were obtained after titrating
to 20%, 50%, and 70% surface coverage, respectively, by
11-MU. Panels A'—C' illustrate the peripheral inorganic and
organic ligand-domain organizations. The bar is 10 nm in
length. Additional cryo-TEM images are provided as Sup-
porting Information; see Figures S7—S12.

consequence of using “under focus” is the presence
of thin “white” regions at the perimeters of the more
electron dense Au cores. This can sometimes be mini-
mized by repeated image acquisition using slightly
different degrees of phase contrast. (An example
of this is provided in Figure S7 in the Supporting
Information.) Overall, if the objects of interest are
clearly discernible, definitive information regarding
the presence and relative locations of the smaller
(1—2 nm), less electron dense objects can be ob-
tained despite the presence of the white regions
inherent in the use of phase contrast.

Compared with the complete “rings” of cluster
anions in cryo-TEM images of 1-protected Au NPs
(cf. Figure 2A), discrete “strand”-like regions of 1 are
now observed around the perimeter of the Au core.
The majority of the cluster anions, 1—located on the
superior and anterior hemispheres of the Au NPs—
are obscured by the Au atoms and are not seen in the
cryo-TEM images. Nevertheless, the intact “strands” of
1 observed at the peripheries of the Au cores are
indicative of “island”-like domains of the inorganic ligand
on the nanoparticle surface. The peripheral regions that
no longer contain molecules of 1 are now occupied by
the alkanethiolate ligands, as illustrated in panels
A'—C', and these regions are similarly indicative of
complementary “island” domains of the organic li-
gands on the particle surface. For 70% surface cover-
age by 11-MU, for example (panel C), the inorganic
domains of 1 occupy ca. 30% of the gold-core circum-
ference. While the precise numbers of molecules of 1in
the peripheries of each gold core depend on orienta-
tion of the particle relative to the electron beam, a
definitive trend is observed, as shown in the represen-
tative images selected for inclusion in Figure 4. Similar
results were obtained for 3-MP and 16-MH (see Fig-
ures S13 and S14, Supporting Information). Consistent
with these findings, phase-separated nanodomains
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Scheme 1. Use of a-AlW,;03,° (1) to reveal alkanethiolate
domains on citrate-stabilized gold nanoparticles.

were recently observed by FTIR spectroscopy after
alkanethiols (including mercaptoundecanoic acid)®*
were added to Au NPs stabilized by diphenylphosphin-
nine (phosphinnine being the phosphorus analogue of
pyridine).>> While the ligand organizations in the cryo-
TEM images in Figure 4 are limited to two dimensions,
they clearly demonstrate the formation of separate
“island” domains. This makes it possible to definitively
interpret UV—vis kinetic data associated with alkanethio-
late-monolayer formation (below), so as to provide a
quantitative picture of nucleation and island growth.

Meanwhile, to assess the stabilities of the organic-
ligand island domains, an amount of 11-MU designed
to give 37% alkanethiolate coverage was added to a
solution of 1-protected Au NPs, and the resultant
solution was heated to 80 °C for 4 h. These conditions
are sufficient to equilibrate adsorption/desorption of
the inorganic ligands, 1 (see data in refs 36 and 43).
Cryo-TEM sampling was performed immediately after
cooling to room temperature. The resultant images
(Supporting Information, Figure S15) revealed island
domains that, with respect to their general features,
were similar to those observed in unheated samples.
Hence, the “island” domains in Figure 4 possess sub-
stantial kinetic stabilities relative to perfectly mixed or,
alternatively, to Janus-like arrangements of the two
ligand types.>®

Similar island domains are likely formed when
alkanethiols are reacted with Au NPs electrostatically
stabilized by other, more typical, protecting ions. Direct
evidence for this was provided using the procedure
summarized in Scheme 1, in which citrate serves as a
typical anionic ligand.

First, 11-MU was reacted with citrate-protected Au
NPs (A in Scheme 1), for which Ky1-mu/Keitrate = 107.
Based on the titration curve in Figure 3B, the amount of
11-MU used was designed to give 18% coverage by
the alkanethiolate (B in Scheme 1; the thiolates are
shown in green). After 5 h, citrate ligands remaining on
the gold surface were replaced by 1 (Ky/Keitrate = 27),%
to give C (molecules of 1 are shown in blue). For this, an
excess of Ko1 was added, the solution was stored at
room temperature for 18 h, and cryo-TEM samples
were then prepared. The resultant mixed ligand-shell
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Figure 5. Alkanethiolate “island” domains on citrate-stabilized
Au NPs. Citrate-stabilized Au NPs were reacted with 11-MU
(18% calculated coverage) followed by the addition of 1 as
shown in Scheme 1. Cryo-TEM samples were prepared after
18 h. (A) Representative cryo-TEM image; (B) illustration show-
ing the incomplete peripheral “necklace” of 1. See Figure S16
for additional images.

structures, with 1 in the regions previously occupied by
citrate, were then imaged by cryo-TEM (Figure 5).

The incomplete peripheral “necklace” of 1, illus-
trated for clarity in Figure 5B, is consistent with island
domains of 11-MU in the mixed alkanethiolate/citrate
ligand shell of particle B in Scheme 1 (see Supporting
Information, Figure S16, for images featuring multi-
ple “island” domains). This suggests that similar
island domains may be present in the mixed-ligand
shells of numerous functional gold nanoparticles
prepared by reacting biologically or chemically ac-
tive thiol derivatives with electrostatically stabilized
Au NPs in water,%19:24.28-30,55

Kinetics of Alkanethiolate-Monolayer Formation. The large
change in SPR absorption intensity that accompanies
replacement of 1 by 11-MU (Figures 2 and 3) was used
to investigate the kinetics of alkanethiolate-monolayer
self-assembly. For this, solutions of 11-MU were re-
acted with 1-protected 13.8 4= 0.9 nm diameter Au NPs
using a stopped-flow apparatus for rapid mixing.

To assess the dependence of monolayer-growth
rates on [1] and [11-MU], each was varied while
keeping the other constant (Figure 6). Specifically, final
concentrations of 1 were varied from 1.0 to 4.0 mM at
8.0 uM 11-MU (panel A), and final concentrations of
[11-MU] were varied from 4.0 to 16.0 uM at [1] =
1.0 mM (panel B). For both sets of experiments, the
absorbance versus time curves displayed sigmoidal
profiles indicative of two kinetically distinct processes:
a slow initial phase, followed by a rapid-growth phase.

When [1] was varied at constant [11-MU] (panel A),
the kinetic traces were superimposable within experi-
mental uncertainty. The reaction is thus zero-order in
[1], ruling out a rate-limiting pre-equilibrium involving
reversible dissociation of 1 from the Au-NP surfaces.
However, when [11-MU] was varied (at constant [1]), a
series of different curves was obtained (panel B).

Because island domains were revealed in cryo-TEM
images (Figure 4), the sigmoidal curves in Figure 6 were
evaluated using the JMAK model for nucleation and
growth.>” Originally derived for phase transitions in
metal alloys, this model was recently used by Weiss®’
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Figure 6. Stopped-flow UV—vis spectral traces of SPR ab-
sorbance values (at 526 nm) upon reactions of 11-MU with
1-protected Au NPs. (A) Effectively identical traces obtained
as final concentrations of 1 were varied (in 0.5 mM
increments) from 1.0 to 4.0 mM at (constant) 8.0 uM
11-MU. (B) Traces corresponding to final 11-MU concentra-
tions at (constant) 1.0 mM 1. The black curves in B are fits to
the Johnson, Mehl, Avrami, and Kolmogorov (JMAK) model
(see text).

to describe the displacement of 1-adamantanethiolate
monolayers from planar gold surfaces. To apply the
JMAK model, the traces in Figure 6B were written in
terms of the time-dependent absorbance, A(t), as
shown in eq 1. Here A; and A, are the initial and final
absorbance values, respectively, kyuak is an apparent
rate constant, and n is an adjustable exponent, referred
to as the “Avrami” parameter (see Supporting Informa-
tion for more details).

Alt) = Ay +(Ar — Ay) expl — (kymakt)"] (1)

When kinetic data for the nucleation and growth of
two-dimensional films are fitted to eq 1, the Avrami
parameter varies from n = 2 for cases in which satura-
tion of nucleation sites occurs early in the reaction, ton =3
for cases in which nucleation rates remain constant
throughout film formation.>® Using eq 1, excellent fits to
the kinetic traces were obtained (black curves in Figure 6B),
and an Avrami parameter of n = 2.9 + 0.3 indicated a two-
dimensional continuous-nucleation and island-growth
mechanism (see Figures $17 and $18).%” >

The constant, kyak, in €q 1 can be treated as an
apparent rate constant.>” When the kyyax values from fits
to the curves in Figure 6B were plotted as a function of
[11-MU], a linear relationship was obtained (Figure 7).

This first-order dependence on [11-MU] indicates
that monolayer formation occurs via associative dis-
placement of 1 by incoming molecules of 11-MU.
Importantly, this associative mechanism is consistent
with the “continuous-nucleation” process indicated by
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Figure 7. Rate constants, k;uak, from the JMAK model for
nucleation and island growth, eq 1, as a function of [11-MU].
Uncertainties (error bars) were determined by repeated
measurements.

the Avrami parameter of n=2.9 + 0.3.For the exchange
of 1-adamantanethiolate by n-dodecanethiolate on
planar-gold surfaces, Weiss>” found an Avrami para-
meter of n = 2, and rather than the expected first-order
dependence of kjuak on [n-dodecanethiol], an unam-
bigously half-order dependence was observed.

The JMAK model applies here (i.e., in Figures 6 and 7)
because two criteria are met. First, the ligand exchange
is slow enough to permit kinetic resolution of the
nucleation phase of the reaction. Second, the surface
area of each 14 nm Au NP particle is large enough
(330 POM ions replaced by at least 2800 thiolates) for
multiple nucleation sites to occur during the more rapid
“island” growth. However, the excellent fit to the JMAK
model observed in Figure 6 may not be obtained if the
nucleation phase is too rapid or if the surface area of the
particle is too small. This was noted in the present work
when the JIMAK model was applied to the displacement
of 1 from smaller (6 nm) Au NPs. There, reasonable fits
were obtained, but the Avrami parameter was ca. 1.2,
smaller than the range of 2—3 allowed for by the model
(see Table S3). It thus appears that the nucleation rate
and total surface area are more significant with respect
to application of the JMAK model than are the relative
footprints of the incoming and displaced ligands. For
the common situation in which relatively weakly bound
citrate ligands are displaced from 3 to 5 nm core
nanoparticles, nucleation should be more rapid than
for displacement of 1, and the surface area is relatively
small. In those cases, although “island growth” during
place-exchange is suggested by cryo-TEM (Figure 5), an
analytical approach to the kinetic data, involving in-
dependent measurements of the nucleation and
growth rates (as shown immediately below), is likely
to prove more informative.

The sigmoidal curves in Figure 6 arise from a
substantial difference in rates between (slow) nuclea-
tion and (more rapid) growth processes. Each of these
kinetically distinct regions is now analyzed in more
detail using data from cryo-TEM and UV—vis spectros-
copy that reveal how the numbers of each ligand
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Figure 8. Kinetic analysis of 11-MU-monolayer formation
on colloidal gold nanoparticles. The representative absor-
bance versus time curve in the figure was obtained using 16
#M 11-MU and 1.0 mM 1. The experimentally measured
curve (black) was smoothed using the function y = 37=0°
a,x" (red curve, R? = 1.0000). The “maximum” in the first
derivative of this function (the pink curve in the inset, with
units of au s ') is the maximum rate achieved during the
rapid phase, while the “maximum” in its second derivative
(the blue curve in the inset) was used to identify the end of
the slow phase.

(1 and 11-MU) vary with time on the Au-NP surface,
leading to a detailed model for self-assembly of the
alkanethiolate monolayer.

Nucleation and island-growth rates were deter-
mined using the method demonstrated in Figure 8
(see caption for details). The method and results are
discussed below, first for nucleation and then for island
growth.

Nucleation. The duration of each slow phase was
obtained as the maximum in the second derivative of
each absorbance versus time trace (blue curve and
arrow in the inset to Figure 8). (This is referred to below
as the “nucleation” phase, recognizing that it actually
represents the nucleation that occurs before rapid
growth becomes kinetically dominant.) The average
rates associated with the nucleation phase, in units of
au s ', were obtained by dividing changes in SPR
absorbance by the corresponding nucleation times.
Molar rates, i.e., in units of M~' s, were calculated
using data from the UV—uvis titration curve for the
displacement of 1 by 11-MU. From the breakpoint in
Figure 3B, the change in the SPR absorbance for
complete replacement of all molecules of 1 by 11-MU
is 0.13 £ 0.01 au. This corresponds to an 8.7 uM con-
centration of adsorbed 11-MU, giving a conversion
factor of 1 au per6.69 x 10~> M 11-MU. This conversion
factor was used to obtain molar rates for the nucleation
phase, which are plotted in Figure 9 as respective
functions of [1] (panel A) and [11-MU] (panel C).

Consistent with the data in Figure 6A, the rate is
invariant as [1] is increased from 1.0 to 4.0 mM (panel A).
Increase in [11-MU], however, results in a linear
increase in rate, revealing a first-order dependence
on [11-MU] (Figure 9C). Linear fitting (R* = 0.988) gives an
apparent rate constant of k,p, = (53 £ 0.3) x 10 s .
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Figure 9. Nucleation and island-growth rates as functions
of [1] and [11-MU]. Nucleation and maximum island-growth
rates are zero-order in [1] (panels A and B, respectively) and
first order in [11-MU] (panels C and D). The uncertainty in
reported values is +-14% and was estimated from statistical
analysis of repeated measurements.

Dividing k,pp by the concentration of available alka-
nethiolate binding sites (8.7 x 10~ ° M, the concentra-
tion of 11-MU associated with the breakpoint in
Figure 3B) gives a second-order rate constant for the
nucleation phase of knyceation = (6.1 & 0.4) x 10> M~
s '. These data are consistent with an associative
mechanism for the nucleation of 11-MU on the Au-
NP surface. The rate constant for nucleation is relatively
modest, consistent with the (net) negative charge of
the electric double layer near the Au NPs,*5*35% which
decreases the rate of diffusion of the negatively
charged mercaptocarboxylates to the gold surface, in
combination with a kinetic barrier to associative dis-
placement of 1 from the NP surface.

For ligand place-exchange of 6-mercapto-1-hexanol
thiol on 1.6 nm hexanethiolate-capped Au NPs, Murray
has demonstrated that exchange initially occurs (to ca.
10%) at the edge and vertex sites.®’ This does not seem
to be the case in the present study. If it were, nuclea-
tion would likely result in rapid site saturation. Rather,
the kinetic stability of the anion-ligand monolayer®®
appears to be more important. This kinetic stability,
consistent with the first-order dependence on [11-MU],
is likely responsible for the continuous nucleation
mechanism indicated by the JMAK model analysis. In
addition, the kinetic data indicate that monolayer
growth occurs at a time scale significantly shorter
than that associated with alkanethiolate migration
on the gold surface.

Island Growth. The first derivative of the absorbance
versus time plot (pink curve and arrow in the inset to
Figure 8) was used to determine the maximum island-
growth rate in units of au s '. These values were
converted to units of M s™' as described above.
The maximum rate is zero-order in [1] (Figure 9B), but
first-order in [11-MU] (Figure 9D; see also Figure S19).
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electrostatic
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hydrophobic
domain

gold nanoparticle

Figure 10. Interface between a hydrophobic “island” do-
main of 11-MU (space-filling models) and close-packed
arrays of 0-AlW;;035°~ (1, in ball-and-stick notation). Green
spheres in the inorganic domain are structurally integrated
counter-cations and their hydration shells. For simplicity,
the 11-MU molecules are drawn perpendicular to the sur-
face. The rate constant, kgrowtn, for associative displacement
of 1 at the domain boundaries—at which molecules of 1 are
destabilized by proximity to the hydrophobic n-alkyl chains
of 11-MU—is more than 35 times larger than the rate
constant, Knycieations fOr displacement of cluster anions from
within intact arrays of 1.

From the linear plot in panel D, the rate constant for island
growth, kgrowtn at its most rapid point (approximately
50% surface coverage) is (2.3 + 0.2) x 10°M ™" s~', more
than 35 times larger than that for nucleation, k,ugeation
(see calculations in the Supporting Information).

The larger rate constant for Kgrouen likely results
from destabilization of 1 at the boundaries between
the organic and inorganic domains. Despite their
carboxylate end groups, the relatively long n-alkyl
chains of the mercaptoundecanoate (11-MU) ligands
form a largely hydrophobic domain. In contrast to this,
the inorganic domains of 1 are stabilized by electro-
static interactions and by hydrogen bonding involving
1 and its hydrated counter-cations.>*3%° This differ-
ence plays an important role in formation of the
“island” domains of 11-MU observed in cryo-TEM
images (Figures 4 and 5). At the same time, the physical
properties of these two ligand types are likely respon-
sible for the larger rate constant for kgoweh. Nucleation,
which is slower, involves the displacement of 1 from
within intact, probably hexagonally packed, arrays of
the cluster anion. During growth, however, molecules
of 1 at the interfaces between the growing 11-MU
islands and the electrostatically stabilized arrays of
inorganic cluster anions*® are made more labile by
proximity to the hydrophobic n-alkyl chains of the
organic ligands (Figure 10). This should decrease the
activation barrier to associative displacement of 1 by
11-MU at the domain boundaries, rendering Kgrowth
substantially larger than knycieation-

Self-Assembly of the Alkanethiolate Ligand Shell. The rate-
constant ratio, Kgrowth/Knucleations is large enough to
observe distinct nucleation and island-growth phases,
yet not so large as to obscure the nucleation process by
early onset of a kinetically dominant growth phase.
Nevertheless, due to some contributions from island
growth, the nucleation rate constant calculated above,
i, Knucleation = 6.1 x 10> M~' s™, is probably some-
what larger than the actual value for nucleation alone.
To assess this uncertainty, the percent changes in SPR
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Scheme 2. Nucleation and growth of an alkanethiolate
ligand shell on a 14 nm gold nanoparticle.

absorbance associated with the nucleation phases of
the plots in Figure 6B were evaluated (see Supporting
Information, Figure S20). The percent-change values
were fairly constant, equaling 5.5 + 2.2% of the total
SPR change, AA, associated with the complete removal
of 1 from the NP surface. Hence, a proportional un-
certainty of 40% (i.e., 2.2/5.5 x 100) must be assigned
to the reported value for kpycleation- MOre importantly,
this percent-change value can be used to better under-
stand the nucleation process itself.

From cryo-TEM images (e.g., Figure 2A), each 1-
protected 13.8 nm diameter Au NP contains a mono-
layer comprised of 330 molecules of 1 (top left in
Scheme 2). On the basis of the data in Figure 3B and
Table S1, these are replaced by 2800 molecules of 11-
MU (bottom left in Scheme 2). The 5.5 + 2.2% absor-
bance change associated with nucleation thus corre-
sponds to the binding of 150 =+ 60 molecules of 11-MU
to each Au NP. In addition, the 2800/330 ratio indicates
that each molecule of 1 is replaced by ca. 8 molecules
of 11-MU. Once a molecule of 1 is displaced from
the Au-NP surface by a single equivalent of 11-MU
(consistent with the first-order dependence on
[11-MU]), the exposed surface area is rapidly occupied
by an additional 7 equivalents of the alkanethiolate.
(The kinetic barrier to addition of these to the Au
surface should be substantially smaller than that for
the associative displacement of 1.) Hence, each nu-
cleus formed by associative displacement of a single
molecule of 1 contains 8 molecules of 11-MU (top right
in Scheme 2), and 19 =+ 8 of these nuclei appear before
rapid island growth becomes kinetically dominant.

Once formed, the growth of these nuclei into
“island” domains, and continued growth at their
boundaries, is considerably more rapid. Nevertheless,
the Avrami parameter of n = 2.9 indicates that nuclea-
tion continues during island growth. This is entirely
consistent with—and in fact required by—the associa-
tive mechanism for nucleation indicated by the first-
order dependence of nucleation rates on [11-MU] in
Figures 7 and 9C. Namely, the associative displacement
of 1 from within remaining inorganic domains of 1

36,60
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continues at the same (slow) rate during the more rapid
growth of the organic domains (right in Scheme 2). At
the same time, island growth, kinetically facilitated by
the destabilizing influence of the growing hydrophobic
domains on the electrostatically stabilized array of
inorganic anions (Figure 10), results in rapid growth of
the alkanethiolate ligand shell. Finally, rates decrease
abruptly as the number of molecules of 1 available for
displacement from the Au-NP surface decreases to a
small value, and the alkanethiolate domains coalesce to
give a complete monolayer (bottom of Scheme 2).

CONCLUSION

The metal oxide cluster anion o-AlW;;035°~ (1),
readily observed in cryo-TEM images, was used as a
diagnostic protecting ligand for investigating the self-
assembly of alkanethiolate monolayers on electrosta-
tically stabilized gold nanoparticles in water. For this,
monolayers of 1 on 13.8 + 0.9 nm diameter gold nano-
particles were partially displaced from the gold surface
by a series of mercaptocarboxylates, HS(CH,),CO,™
(3-MP), HS(CH,)10CO,~ (11-MU), and HS(CH,);5CO,~
(16-MH). Cryo-TEM images of intermediate structures
revealed localized regions of 1 that decreased in size as
self-assembly of the alkanethiolate monolayer pro-
gressed. Hence, rather than intimate mixing of the two
ligand types, the alkanethiolates formed nanoscale hydro-
phobic domains, or “islands”, on the gold-nanoparticle
surface. The generality of this phenomenon was sug-
gested by the observation of similar island domains in
cryo-TEM images obtained after using 1 to selectively
displace citrate from the surfaces of nanoparticles pro-
tected by mixed, citrate/11-MU, ligand shells.

Quantitative information regarding monolayer for-
mation was obtained by correlating cryo-TEM images
with the decrease in the surface plasmon resonance
absorbance that accompanied the replacement of 1 by
11-MU. Notably, spectroscopic “titrations” revealed
that the 330 + 30 molecules of 1 initially present on
each Au NP are eventually replaced by 2800 + 30
molecules of 11-MU. This information was then used to
evaluate kinetic data obtained by stopped-flow mea-
surements of changes in the SPR absorbance as a
function of time during 11-MU-monolayer formation.

The absorbance versus time curves revealed two
distinct processes: a slow phase involving a small

MATERIALS AND METHODS

Materials. a-KoAIW;,035 (Kg1) was synthesized according to
the literature method.**~*? HAuCl, (99.9+%), trisodium citrate,
CeHsNazO5+2H,0 (analytical grade), 3-mercaptopropanoic acid
(HOOC(CH,),SH), 11-mercaptoundecanoic acid (HOOC(CH,),SH),
and 16-mercaptohexadecanoic acid (HOOC(CH,),5SH) were pur-
chased from Sigma-Aldrich. For simplicity, the salt forms of the
mercaptocarboxylic acids are abbreviated as 3-MP, 11-MU, and
16-MH, respectively. All solutions were prepared using highly
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number of alkanethiolate ligands, followed by rapid
self-assembly. The kinetic curves were first evaluated
using the Johnson, Mehl, Avrami and Kolmogorov
(JMAK) model for nucleation and growth. Weiss®’
recently applied this “universal” model to the place-
exchange of alkanethiols on planar-gold surfaces, and
data from the present study show it can provide insight
into the two-dimensional growth of ligand shells on
gold nanoparticles. The JMAK model gave good fits
with an Avrami parameter of 2.9, indicative of a con-
tinuous-nucleation and island-growth mechanism.

Kinetic data for each phase were then evaluated
using traditional solution-state methods, providing
molar rate constants for nucleation and growth, and
orders of reaction with respect to concentrations of 1
and 11-MU during each of these processes. During
nucleation, incoming mercaptocarboxylate ligands
irreversibly displace 1 from the Au-NP surface via an
associative mechanism, with a rate constant of K deation =
(6.1 £ 04) x 10> M~" s™". This associative mechanism is
consistent with the continuous-nucleation model indicated
by the Avrami parameter. Namely, nucleation—uvia displa-
cements of 1 from inorganic domains—continues even as
previously formed hydrophobic islands grow at the phase
boundaries. Using the ligand-"titration” data noted above, it
was found that 19 + 8 nuclei, each comprised of ca. 8
alkanethiolates, form on the Au-NP surface before rapid
growth becomes kinetically dominant. The larger rate
constant for island growth (kgrown = (23 £ 02) X 10*
M~" s~ at the rate maximum) likely arises from destabiliza-
tion of molecules of 1 at the interfaces between the
inorganic and growing alkanethiolate (hydrophobic) do-
mains, leading to more rapid associative displacement of 1
at the phase boundaries. Finally, an abrupt decrease in rate
is observed as the hydrophobic islands coalesce to give a
complete monolayer.

These conclusions represent a detailed model that
for the first time describes the self-assembly of alka-
nethiolate monolayers on a gold nanoparticle. This
model, which includes the formation of discrete alka-
nethiolate nuclei by associative displacement of stabi-
lizing ions from the gold surface, followed by the rapid
growth of hydrophobic “island”-like domains, provides
valuable insight into how tailored ligand shells might
evolve during reactions of functional thiol-containing
ligands with colloidal gold nanoparticles.

purified water (Millipore Direct-Q), added salts or buffers were
of the highest purity available, and all glassware used for the
synthesis and storage of gold-nanoparticle solutions was pre-
treated with fresh aqua regia (3:1 v/v ratio of HCl to HNOs). All
gold-nanoparticle solutions were stored at ambient tempera-
ture in the dark.

Instrumentation. UV—vis spectra were obtained using a Hew-
lett-Packard 8453 diode array spectrophotometer. Cryogenic
sample preparation for transmission electron spectroscopy
(cryo-TEM) was as previously described.>**¢ TEM and cryo-TEM
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images were captured on a FEI Tecnai 12 G? instrument
(120 kV) using a Gatan slow-scan camera. Kinetic data were
obtained using an SX20 stopped-flow spectrometer (Applied
Photophysics Ltd., UK) equipped with a photomultiplier. The
reaction temperature was maintained by a JULABO F12-ED
circulating bath at 24.3 £ 0.1 °C. The cell path length was 10
mm. Zeta potential data were obtained using a particle
electrophoresis instrument (ZEM 3600, Zetasizer, Malvern
Instruments Ltd.). Dynamic light scattering (DLS) data were
collected at 25 °C on an ALV-CGS-8F instrument (ALV-GmbH,
Germany).

Preparation of 1-Protected Gold Nanoparticles. Citrate-protected
Au nanoparticles (Au NPs) were prepared by minor modifi-
cation (published elsewhere)®® of the Turkevich method.®?
The Au NPs were close to spherical and relatively mono-
disperse in size, with an average diameter of 13.8 & 0.9 nm,
based on TEM images (measurements of more than 100
particles)*® and DLS data. Thus, for typical solutions contain-
ing 5.0 x 107* M Au (from HAuCl,), the concentration of
(on average) 13.8 nm Au NPs is 6.2 x 10~° M. According
to previous cryo-TEM analyses,>® monolayers of 1 on each
13.8 nm Au NP are comprised (on average) of 330 + 30
cluster anions. At effectively full surface coverage of the Au
NPs, the concentration of bound anions, 1,in 6.2 x 107° M
solutions of the AuNPs is 2.0 x 10~° M. To obtain this surface
coverage, solutions of 4.0 mM Kg1 were added to equal
volumes of the citrate-protected Au NPs. The mixture was
stored at 23 +2 °Cin the dark for ca. 24 h to ensure complete
formation of monolayers of 1.3° The pH values of citrate- and
1-protected Au NPs were 6.0 and 7.2, respectively.

Reactions of 1-Protected Gold Nanoparticles with Alkanethiols. HS-
(CH,),CO,H was dissolved in pure water, while for the less
water-soluble thiols, HS(CH,);,CO,H and HS(CH,);5CO,H,
2 and 4 equivalents, respectively, of NaOH were added to
achieve complete dissolution by converting the mercaptocar-
boxylic acids to their salt forms, 11-mercaptoundecoate,
HS(CH3)10CO,~ (11-MU), and 16-mercaptohexadecanoate,
HS(CH,):5CO,~ (16-MH). Because the dissolved mercapto-
carboxylates were oxidized slowly by ambient O,, all solu-
tions were prepared just prior to use. A UV—vis titra-
tion procedure, based on changes in SPR absorbance,3®
was used to quantify the replacement of 1 by thiolates
on the surfaces of the Au NPs. For this, aliquots of the
thiol-ligand solutions (5—10 uL of the 5.0 x 107* M
solutions) were added sequentially to a spectrophot-
ometer cell (path length = 1 ¢cm) that contained 2 mL of
the 1-protected Au NPs. The temperature was maintained
at 25.0 £ 0.1 °C.

Because final added mercaptocarboxylate concentra-
tions were in the uM range, the added Na™ (from neutra-
lization of HS(CH;);oCO,H and HS(CH;);5CO,H by NaOH
noted above) did not noticeably change the SPR spectra
of the Au NPs. (Note: The pH values of the 1-protected gold
nanoparticle solutions were near neutral, and the small
concentrations of added HS(CH,),CO,H were effectively
neutralized to HS(CH,),CO, (3-MP) by the inherent buffer-
ing capacity of the ca. 4 mM concentrations of 1. This same
buffering capacity maintained the larger mercaptocarbox-
ylates in their salt forms prior to reaction with the Au-NP
surface.) After each aliquot was added, the system was
allowed to equilibrate until the absorbance at 526 nm
decreased to a plateau value (ca. 10 min). Because the
SPR absorbance of the Au NPs was negligible at wave-
lengths > 750 nm, the absorbance at 780 nm was routinely
subtracted from the final absorbance of 526 nm to elim-
inate small changes in baseline values upon additions of
the thiols. Once the mercaptocarboxylates have become
bound to the Au-NP surface, the pK, values of the corre-
sponding carboxylic acids can increase to values of 7 or
greater.®® Hence, the carboxylate groups of the bound
alkanethiolates might be substantially protonated at the
prevalent pH values of the Au-NP solutions (i.e., at pH
values between 6 and 7). Upon complete replacement of
1 by thiolates, zeta-potential values decreased from —62 mV
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(for the 1-protected Au NPs)*® to —42, —47, and —57 mV
respectively for 3-MP, 11-MU, and 16-MH.

Kinetic Stabilities of Alkanethiolate-Ligand Domains on 1-Protected
Gold Nanoparticles. A solution of 1-protected Au NPs was pre-
pared as described above. On the basis of UV—vis titration data
(see above), 11-MU (3.2 uM after mixing) was added to achieve
37% coverage of the Au NPs by the thiolate ligand. Ligand
exchange was completed within 10 min at room temperature
(based on UV—vis spectroscopic analysis), after which the
mixture was heated to 80 °C for 4 h. Immediately after cooling
to room temperature, samples were prepared for cryo-TEM
analysis.

Reactions of Alkanethiols with Citrate-Protected Gold Nanoparticles.
Citrate-stabilized Au NPs were prepared as described above
(0.5 mM in Au and an estimated NP concentration of 6.2 x 10~°
M). Then, 11-MU was added to give a concentration of 3.2 uM.
On the basis of data from titrations of 1-protected Au NPs and
the [Au] used here, this corresponded to 18% coverage by the
thiolate. The mixture was kept at ambient temperature for 5 h,
after which it was rapidly mixed with an equal volume of 4 mM
Ko1. After 18 h at ambient temperature, samples were taken for
cryo-TEM analysis.

Nucleation and Growth of Alkanethiolate Ligand Shells. Kinetic data
were obtained at 24.3 + 0.1 °C using a stopped-flow apparatus.
The volume ratios of the Au NPs and alkanethiol solutions
(prepared as described above) were 1:1. The absorbance
change after mixing was followed at the initial absorbance
maximum of the 1-protected Au NPs, ie., 526 nm. UV—vis
analysis®® of changes in the SPR gives the fractional coverage
of the Au NPs by 1 (©,) as

d® = —dA/AA @)

In eq 2, A is the time-dependent absorbance at 526 nm and
AA = A, — A, where A; and A, are SPR absorbance values
corresponding to fractional surface coverage by 1, ©4, of 1
and 0, respectively.

To determine the dependence of rate on [11-MU], the
concentration of 1 was set at 2.0 mM before mixing, corre-
sponding to >97% coverage,*® while concentrations of 11-MU
were varied from 8.0 to 32 uM. To determine the dependence of
rate on [1], a single solution of 1-protected Au NPs was used in
the first syringe (2.0 mM 1 before mixing), while the second
syringe contained 16.0 #M 11-MU and variable concentrations
of 1, ranging from 0 to 6.0 mM. Each experimental run was
repeated >20 times. After discarding small numbers (if any) of
obviously erroneous traces, the remaining traces were aver-
aged. The averaged trace was smoothed by the polynomial
equation y = >7=}° a,x" using Qtiplot software, and from the first
derivative of the fitted curve, the rate maximum of the rapid-
growth phase was calculated (see Results and Discussion
section). The uncertainty in reaction-rate values, based on the
signal-to-noise ratio of the traces, was estimated to be +0.004
au s~ '. From the second derivative of the fitted curve, the
durations of the slow phases were also measured, and uncer-
tainties were estimated to be +0.4 s based on repetitive kinetic
runs. The relative absorbance drop over the slow phase (from
statistical analysis of data obtained from all kinetic runs) was
5.5 4+ 2.2% of AA (from eq 2). This value was used in calculations
of nucleation rates and numbers of nucleation sites.
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