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Introduction

Metal nanoparticles are microcrystalline aggregates of a few thousand metal atoms, a
few nanometers in diameter, frequently modified with organic capping ligands to which they
are chemically bonded. The properties of such ligated nanoparticles have been the subject of
many studies over the last several decades due to their novel optical'™3 and electronic*®
properties and the ease with which they self-assemble into long-range ordered two-
dimensional (2D) films when deposited on a liquid or solid surface’=. These features lead to
numerous applications of nanoparticle films in a wide range of fields ranging from
nanotechnology'®2 to biology*3-1¢. Further development of these applications requires a deep
understanding of how and by what forces the nanoparticle structure of a film is determined,
and of methods with which the film structure can be tuned so as to embody specific properties

for particular scientific applications.

The ligands that dress a metal nanoparticle play a crucial role in determining the
properties of the ligated particle films, because the ligand-ligand interactions are mainly
responsible for the nature of the interparticle interactions in the film. Several studies of the
influence of ligand length'’-2% and composition®21-23 on the nanoparticle-nanoparticle pair
interaction and on the properties of nanoparticle films have been reported, but we have only
partial understanding of the molecular and structural origins of these properties; a review of
the current interpretation of the role of soft ligands in determining nanoparticle superlattice
structure is presented in Ref. 24%%. However, the issue of particular interest to us, which is the
variation of film properties with the fractional coverage of the nanoparticle surface, is
incompletely examined.

It is commonly assumed, without presentation of verification, that the nanoparticle
surface is maximally covered with ligands. Maximum packing density for alkanethiols adsorbed
to a flat Au (111) surface is about 4.6 alkanethiols/nm? (corresponding to an area per molecule

of 21.6 A2/alkanethiol?5:26); here, we assume that this value is the same for our Au spheres, as it
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is conventional to do so for alkanethiol binding to Au cores with diameters larger than about 4
nm?2’. Using this value, we can conclude from reviewing studies of adsorption of various thiols
to Au that surface coverage rather remains below the maximum amount of 4.6 thiols/nm?, even
for thiol concentrations considered relatively high in experimental settings, as the free energy
of binding of an alkanethiol to the Au core is not so large that its surface is always fully covered
with ligands according to these studies. Put another way, we expect the fractional coverage of
the surface of the Au core by thiol ligands to vary with variation of the thiol concentration in

the solution used in the preparation.

We utilize previous studies of thiol adsorption on Au to estimate the way in which
ligands coat the surface of our NP samples?®-32; however, we note that studies of thiol binding
to a flat microcrystalline film of gold, or to a gold nanoparticle, are subject to a number of
experimental difficulties, amongst which the cleanliness of the surface and the heterogeneity of
the surface are prominent. Small Au cores, say with linear dimensions of the order of 1 nm, are
faceted crystals that expose several crystal planes and edges that have different affinities for
the SH group of the thiol ligand. Large Au cores, say with linear dimensions of the order of 5
nm, are nearly spherical with many small area facets, hence statistically almost homogeneous
and can be plausibly modelled to have a uniform affinity for the SH group of the thiol ligand. As
with all studies of surface chemistry, the cleanliness of the surface plays a large role in the
processes that occur. Studies of the adsorption of thiols on flat Au films rarely report
verification of the existence of a clean surface, and studies of thiol adsorption to Au
nanoparticles must contend with the preparation scheme, which often employs conditions that
utilize capping molecules to protect the core surface. In the latter case the adsorption of the
thiol molecule on the core surface must be an exchange reaction that may have a complex
mechanism. It is not surprising that reports of the kinetics of thiol adsorption on Au, while
displaying overall qualitative agreement, differ somewhat from one another?8-32,

We employ Langmuir kinetic models to determine the equilibrium fractional surface
coverage of our thiol-coated Au-NP systems; comparable studies by Karpovich and Blanchard3?

as well as Durning and Turro?® demonstrate that alkanethiols binding to gold are described by
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Langmuir kinetics, but there are notable differences between these studies. Karpovich and
Blanchard’s study, which uses quartz crystal gravimetry to study dodecanethiol binding to a flat
surface of gold, reports that adsorption is well described by Langmuir kinetics; the Langmuir
kinetics fit to their data implies that full coverage corresponds to a monolayer of ligands. The
secondary implication of that fit is, obviously, that the equilibrium fractional surface coverage
depends on the concentration of dodecanethiol to which the surface is exposed. The study by
Durning and Turro, using the same technique, reports that although the gross aspects of the
adsorption kinetics follow the Langmuir model there are two important deviations from that
model: the equilibrium (asymptotic) coverage of the surface is greater than a monolayer,
specifically about 1.2 monolayers, and the character of the deviation of the data from the
Langmuir model fit suggests that the adsorption is a two-stage process, fast in the early stage
and slow in the later stage. That the adsorption of thiols on Au is a two-stage process was first
hinted at in an earlier study reported by Bain et al'®. Another uncertainty in the data in the
literature is the time scale for the adsorption process, which differs considerably in the several
reports?83133, These differences in time scale are attributed to variations in the conditions used
in the solution deposition process (e.g. stirring vs no stirring), to different choices of solvent for
the thiol and to different surface contaminations. However, the two-stage nature of the
adsorption mechanism is supported by the majority of the studies and the accuracy of the
description of the second stage with Langmuir kinetics has been cleanly verified by the work of
Cheng et al** in a study of dodecanethiol adsorption to AuNPs.

Understanding the nature of the adsorption process offers additional insight into the
morphological behavior of Langmuir monolayers; Griesemer et al*> have shown that the
mechanical properties of Au-ligated nanoparticle films supported at the air—water interface are
greatly influenced by the ligand concentration, specifically by a marked reduction of the
compressive and shear moduli as the ligand concentration increases. TEM images of films
derived from these monolayers reveal that increasing the ligand concentration results in a
greater NP-NP separation and the nucleation of clusters of excess ligands. They also show that
increasing the ligand concentration results in a shift in the monolayer collapse mode from

wrinkling and folding at low concentrations to multilayer formation and subsequent wrinkling
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and folding at higher concentrations, with the change in monolayer morphology accompanied
by decreasing pressure during monolayer and buckling stages. Although these changes in
morphology and mechanical properties obviously are generated by changes in the ligand
mediated NP-NP interactions the experiments do not distinguish between the roles played by
change in ligand fractional coverage, change in ligand-ligand interpenetration and the
distribution of excess ligand molecules. We report, in the following, grazing incidence X-ray
diffraction (GIXD) measurements from water supported films of AuNPs ligated with
dodecanethiol, tetradecanethiol, hexadecanethiol, and octadecanethiol. The water supported
Langmuir monolayers are formed from solutions with different concentrations of the respective
thiols, which enables us to examine the way in which varying thiol concentration affects the NP-
NP separation.

To interpret our experimental data, we must determine how the fractional coverage of
the AuNP core depends on the thiol concentration. A qualitative analysis of the dependence of
AuNP surface coverage on the thiol concentration in a monolayer can be developed despite the
uncertainties in the adsorption studies described above. We have opted to use the free
energies of adsorption reported by Karpovich and Blanchard3! to estimate, for the systems
studied in this paper, the free energies of adsorption and thereby the fractional nanoparticle
surface coverage as a function of thiol concentration in solution. Our findings demonstrate that
the NP-NP separation and correlation length of particles in these films increases linearly with
thiol concentration in the parent solution, indicating that the bulk thiol is in equilibrium with
the thiol on the core surface, and that excess thiol can be found in the space between

particles.

Experimental Details
A. Nanoparticle Samples

The AuNP samples ligated with dodecanethiol (12 carbons) in these studies were the
same as used by Griesemer et al3®. “Batch 1” was purchased from Ocean Nanotech (Lot
#081715); these NPs have a core diameter of 5.4£0.1 nm. “Batch 2” was synthesized using a

digestive ripening technique3®; these NPs also have a core diameter of 5.4+0.1 nm. The samples
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of Au particles ligated with tetradecanethiol (14 carbons), hexadecanethiol (16 carbons), and
octadecanethiol (18 carbons) used in these studies were synthesized using the same digestive
ripening technique as for the dodecanethiol ligated Au particles; these NPs had core diameters
of 5.240.1 nm, 6.6+0.1 nm, and 6.7+0.1 nm respectively. The Au core diameters quoted were
determined from fits of the respective GIXD pattern to the form factor of a sphere (see

Experimental Results and Discussion section for details).

Prior to use to prepare Langmuir monolayers for GIXD studies, the AUNP samples were
washed extensively (three to four times) with ethanol to reduce the concentration of the
unbound ligands and any remaining reaction agent in the solution, then centrifuged to separate
the AuNPs from the supernatant liquid (see Supplementary Information in Ref. 3737 for detailed
procedure). The S and Au concentrations in the extensively washed AuNP preparations were
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) using an
Agilent 700 Series spectrometer to determine the initial Au and thiol concentrations. A sample
for ICP-OES analysis was prepared by drying the centrifugate, then completely dissolving it in a
mixture of aqua regia and de-ionized water. The concentration of AuNPs in all extensively
washed samples is 1 mg/mL (about 7 x 10* AuNPs/mL), and the solvent was toluene in each
case. Specific amounts of thiols were then added to the washed samples to generate AuNPs of
different thiol concentrations in solution, resulting in different surface coverages of thiols on Au
cores, which were used to prepare Langmuir monolayers for GIXD studies.

B. Estimated AuNP Fractional Surface Coverage by Ligands

As we have noted above, there is considerable uncertainty in the results obtained from
the several studies of the kinetics of thiol adsorption to Au. Nevertheless, we argue that a
gualitative analysis of the dependence of AuNP surface coverage on the thiol concentration in a
monolayer can be developed from those data, and that said analysis is useful in the
interpretation of the thiol concentration dependence of the GIXD data. We have opted to use
the free energies of adsorption reported by Karpovich and Blanchard3?, as well as Ansar et al®?,
to estimate the free energies of adsorption for the systems studied in this paper, and thereby

the fractional nanoparticle surface coverage as a function of thiol concentration in solution.
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We assume that the characterization of the second stage of the kinetics of adsorption by the
Langmuir adsorption model is sufficiently accurate that the thiol concentration in solution, C,

and the time dependent surface coverage, §t), can be represented in the form

C
————[1 —exp (—(koC + ka)?)],
kq (1)
C+ (k—

oa(t) =

with k, and k4 the rate constants for adsorption and desorption, respectively, and K.s=k./k; the
equilibrium constant for adsorption3!. Then, the fractional surface coverage of the Au core by

ligands when equilibrium with the bulk solution is established has the simple form
C

Ly (2)
o+ (z)

Oeq =

Values of the adsorption equilibrium constants have been reported for three systems similar
to ours. These are octane thiol binding to a microcrystalline flat gold surface in hexane and
toluene3?, octadecane thiol binding to a microcrystalline flat gold surface in hexane and
toluene3!, and dodecane thiol binding to gold nanoparticles in toluene32. The free energies of
adsorption of a particular thiol, 4G,q4; = —RTInK,, are not overly sensitive to the solvent
provided that solvent is not miscible with water. For example, the free energies of adsorption
of dodecane thiol onto a flat microcrystalline gold surface from hexane and similarly from
cyclohexane are -23.4+0.8 kJ/mole and -23.0+1.7 kJ/mole, respectively3!. Therefore, we
assume it is valid to use the equilibrium constants obtained for adsorption from hexane to
make predictions about the equilibrium constants for adsorption from toluene. Studies of the
heats of desorption from Au of linear alkanes and alkane thiols are known to be linear in the
number of carbons in the chain and we assume that the equilibrium constant of adsorption will
likewise be linear in the number of carbons in the ligand chain. As a result, the equilibrium
constants for the adsorption of tetradecanethiol and hexadecanethiol on AuNP can be
determined through a linear fit of the three equilibrium constants found in the references. A
least-squares linear fit to the equilibrium constants of adsorption for the three systems
identified above3!3? leads to K., = 1296n — 7355, with n being the number of carbons in the

ligand chain. Reference and fitted values of K., and AGgys for alkane thiols with 8 <n <18 are
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displayed in Table 1. As indicated above, AG,4s for the samples used in this work is not large,

and, therefore, fractional surface coverage of alkanethiols is expected to accompany variation
of the thiol concentration in solution. With the values of the adsorption equilibrium constants
we are able to calculate the fractional surface coverage of the AuNP as a function of bulk thiol

concentration.

Nthiol Reference K., (M) | Fitted K., (M) | Reference AG,4 (kJ/mol) | Fitted AG,q (ki/mol)
8 1.93E+03 + 8.4E+02 - -18.4 -
12 1.00E+04 - -22.4 -
14 - 1.08E+04 - -22.6
16 - 1.34E+04 - -23.1
18 1.53E+04 + 7.3E+03 - -23.5 -

Table 1. Reference and fitted equilibrium constants, K., and free energies of adsorption, AG,gs,
of several alkanethiols to Au.

The ICP-OES analysis yields the mass of Au and the sum of the masses of S in the
solution as free thiol and adsorbed to the Au cores; the former sum must be parsed into its
contributions to calculate the surface overage of the AuNP. This is particularly important when
calculating the surface coverage of AuNPs of extensively washed AuNP solutions in which the
mass of the thiols in the solution is comparable to that adsorbed to the Au cores (Fig. 1b). If
N, is the maximum number of thiols that can adsorb on the Au cores (corresponding to 4.6
thiols/nm?2), N; and N, the numbers of thiol molecules in solution and adsorbed on the Au
cores, respectively, N,cp the total numbers of thiol molecules in the sample, then, N;cp=N;+N,,
Goq = N2/ Near, and Ny = Nicp — Ny = Nicp — Natboq. Converting N to concentration of thiols, C, we
have Cicp=C1+C;, Boq = C3/Csar, and Cy = Cicp — G = Cicp — CoatGoq=Cicp — CsatC1[C1+(1/Keg)] 72, which

results in a quadratic function for the bulk thiol concentration, C;,

) 1 1
Ci° + (Csat —Cicp+ K_eq)C1 — (K_eq)(CICP) =0. (3)

With the value of the equilibrium constants given in Table 1 and Cicp from the ICP-OES analysis,

this equation can be solved for C;, and noting that C; = Cin Eq. (2), we can calculate 6,4 The
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dependence of 6,4 and C1/Cicp on C; is displayed in Figs. 1a and b, respectively, for all the AuNP
samples used for this work.

We find that at the bulk thiol concentration used in most experiments the Au cores are
not fully covered with ligands. Indeed, it takes a much greater concentration of thiol than
commonly used in the AuNP solution to generate within 1% of full coverage, hence the
assumption that the Au nanoparticle cores are always fully covered at any bulk thiol
concentration is not valid. It follows that increasing the thiol concentration of a solution of
AuNPs that then is used to form a self-assembled monolayer or other structure is likely to lead
to a thiol dependence of the NP-NP separation and, at sufficiently high thiol concentration, to

formation of islands of excess thiol.
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Figure 1. (a) The calculated fractional surface coverage of the AuNP as a function of thiol
concentration in solution, C;, for dodecane thiol ligated nanoparticles, using Eq. (3). (b) The ratio
of C/Cicp as a function of C; for dodecane thiol ligated nanoparticles, where Cc, determined
using ICP-OES, is the sum of the thiols in solution, C;, and that adsorbed on Au cores, C,. Data
points represent thiol concentrations which were used for the GIXD measurements in this work.

C. Nanoparticle Film Preparation, GIXD Measurements and TEM Imaging
GIXD scattering experiments were performed at NSF's ChemMatCARS 15-ID beamline at the

Advanced Photon Source, Argonne National Laboratory. A schematic of liquid surface X-ray

10
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scattering measurements for an AuNP film on the surface of water is shown in the TOC, and
details of the experimental setup can be found elsewhere3839, Briefly, a monochromatic X-ray
beam of wavelength 1 = 1.24A is directed onto the air-water interface (defined by the x-y
plane) at a grazing incident angle (&). Two-dimensional (2D) GIXD patterns are measured along
the interface () in a range of out-plane angles (/f), and plotted in the Q,,-Q, plane, where Q,,,
= 2ksin (0/2), Q, = k(sin a + sin ), and k = 27/},

Monolayer films of AUNPs were prepared on a custom-made Langmuir trough. All trough
experiments were conducted at 20° C. The trough was first cleaned with chloroform and then
filled with de-ionized water. A mechanical barrier that confines the air-water interface can
freely move along the x-axis of the trough and vary the trough area with the width of the
trough fixed. A NIMA balance at the fixed end of the trough holds a paper 2 x 1 cm? Wilhelmy
plate pressure sensor oriented parallel to the barrier. To ensure cleanliness of the water
surface a test run is performed by compressing the barrier while the pressure is maintained
below 0.1 mN/m.

A sample of AuNPs is slowly deposited on the surface of the water by touching a drop of
solution from the tip of a syringe. After allowing the solvent to evaporate for a few seconds,
another droplet is deposited, and the process is repeated until the trough appears to be evenly
filled with the dark-purple particles. The surface pressure at this point is typically around
1mN/m. It is important to note that the vapor pressures of the thiols we have used are
sufficiently low that the unbound thiol in the AuNP suspension in toluene does not evaporate
when a drop of the suspension is deposited on the water surface of the Langmuir trough; only
the toluene evaporates. After deposition, the trough is sealed and flushed under helium for 15
minutes, and the sample is then compressed by the trough barrier at a rate of 5cm2/min until
the surface pressure reaches at 5mN/m. GIXD measurements were performed at a constant
trough area, and the surface pressure was essentially constant throughout the measurements.

It has been reported that, upon spreading onto the surface of water, AuNPs self-
assemble into a close-packed 2D crystalline monolayer, and that the monolayer buckles into
multilayers at a surface pressure higher than about 8-10 mN/m3>383° The isotherms of

monolayers of fully compressed AuNPs from Batches 1 and 2 were reported by Griesemer et

11
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al®. In addition, these studies have shown that the spacing between AuNPs, determined using
GIXD, does not depend on the surface pressure.

For TEM studies, monolayers of AuUNPs were transferred, by the Langmuir-Schaefer
deposition method, to a 15 nm silicon nitride substrate over a 200 mm silicon wafer with a 0.25

x 0.25 mm? window (Ted Pella) for TEM imaging (see Ref. 353 for details).

Experimental Results and Discussion

Fig. 2a shows a typical 2D GIXD pattern for a monolayer of dodecanethiol ligated AuNPs
at the air-water interface. As reported previously3?, the diffraction pattern shows truncation-
rod type of Bragg peaks of a hexagonal ordering to the 5t order, indicating that the AuNP films
form well-ordered 2D hexagonally packed crystal domains at the interface. The center-to-
center NP-NP separation, Dc.c, can be determined from the Bragg peaks to within 1A. The white
lines on the plot trace the minima of the form factor from the diffraction of the Au cores, which
can be used to determine the average size of the Au cores, D, to within 1A. Fig. 2b shows 1D
GIXD data (integrated over Q,) for monolayers of dodecanethiol ligated AuNPs from sample

Batch 2 with different thiol concentrations in the monolayers.

12
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Figure 2. (a) Typical 2D GIXD pattern for a monolayer of dodecanethiol ligated AuNPs at the air-
water interface. (b) GIXD data integrated over Q, for dodecane thiol ligated AUNP monolayers
with different bulk thiol concentrations.

13



Soft Matter

It is apparent from Fig. 2b that both the Bragg peak positions and the width of the peaks
change as the thiol concentration changes, indicating that both the AuNP particle separation,
Dc.c, and the domain size of the AuNPs (which are inversely proportional to the width of the
diffraction peak) change as the thiol concentration changes. As show in Fig. 1, change of thiol
concentration in the AuNP solution, C;, leads to change in the surface coverage of the thiols on
the Au cores, 6.4, as dictated by the equilibrium constant. Therefore, we plot the GIXD results
as a function of the surface coverage, 6,,.

Fig. 3a shows the edge-to-edge NP-NP separation, D, (De.e = Dc.c — Dcore), @s a function
of 6,4 for dodecanethiol ligated AuNPs (for batch #1 and batch #2), and the error bar was
determined from repeated GIXD measurements on each monolayer (the schematic for D, is
illustrated in the TOC figure). As the surface coverage is increased, D,.. increases at a similar
rate for both batches of AuNPs. Fig. 3b shows D, as a function of 6., for samples of AuNPs
ligated with tetradecanethiol, hexadecanethiol, and octadecanethiol, along with that of
dodecanethiol ligated AuNPs for comparison. Note that the lengths of our fully extended thiol
molecules, Lge, are 1.77nm, 2.03 nm, 2.28 nm, and 2.54 nm, respectively, for dodecanethiol,
tetradecanethiol, hexadecanethiol, and octadecanethiol; L¢, (nm) = 0.25 + 0.127n, where n is
the number of CH, groups, is determined by the empirical formula given by Bain et al183340,
Our GIXD results show that even as 6., approaches 1, the edge-to-edge NP-NP separation is still
less than 80% of twice that of Ly,, indicating that the thiols are not fully extended between the
AuNPs.

We also examined the correlation length, L., of the crystalline AUNP monolayers as a
function of the surface coverage of the thiols on the Au cores as shown in Fig. 4a, where L is
inversely proportional to the width of the first order Bragg peak (Fig. 4b) and proportional to

the size of AuNP crystal domains.

14
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Figure 3. (a) Increasing NP-NP edge-to-edge distance with increasing fractional surface coverage
of dodecane thiol ligated Au nanoparticles. (b) Increasing NP-NP edge-to-edge distance with
increasing fractional surface coverage of Au nanoparticles with thiols with chain lengths n =12 —
18.
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Figure 4. (a) The correlation length as a function of surface coverage inferred from the widths of
the first order diffraction peaks. (b) The shape of the first-order Bragg peaks of GIXD patterns for
the NP monolayers examined in Fig. 2b. The raw data is fitted with a superposed gaussian and
inverse quadratic function, and subsequently normalized and translated such that the points are
centered at the origin.
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Liu, Lu and Zhai reported molecular dynamics simulations of the edge-to-edge NP-NP
separation, D,_, in a three-dimensional nanocrystal of 2.83 nm Au cores ligated with hexane
thiol, octane thiol and decane thiol as a function of surface coverage?*!. Their results show that
all of these ligands generate the same rate of increase in D, with surface coverage, namely
0.10 nm —0.12 nm per 10% increase in thiol concentration. Molecular dynamics simulations of
the potential of mean force between dodecanethiol ligated 5 nm Au cores carried out in this
laboratory predict that the minimum in the potential of mean force increases 0.60 nm per 10%
change in surface coverage®?. Our data for D, of the dodecane thiol capped Au cores of both
batch #1 and batch #2 show, as a function of surface coverage, an increase of about 0.32 nm
per 10% increase in thiol coverage (Fig. 3a). The increase in D... with thiol surface coverage in
these same samples was detected by Griesemer et al3> from analysis of TEM images, but a
guantitative relationship was not then established.

The simulations of the pair potential of mean force between dodecanethiol ligated Au cores
reported by Liepold et al*? also show that even at 96% surface coverage the ligands are not
quite fully extended, and that the ligands bend away from overlap at the equilibrium NP-NP
separation. These calculations do not reveal the occurrence of crystal-like of ordering of the
ligands even at the highest surface coverage. They show that order along the ligand chain is lost
after the first few C-C bonds at low ligand coverage (11%) and after about 8 C-C bonds at high
ligand coverage (96%). The effective thickness of the calculated ligand envelope does increase
with increased surface coverage and, therefore, it is reasonable to expect that the edge-to-edge
NP-NP separation will increase with increasing ligand surface coverage and slowly approach an
asymptotic value somewhat less than 3.54 nm for dodecanethiol depending on the extent of
ligand bending and ligand shell interpenetration. As seen in Fig. 3, our GIXD data show that the
edge-to-edge NP-NP separation increases slowly for surface coverage less than about 0.90, and
very rapidly for larger surface coverage. In the systems we have studied we find that the edge-
to-edge NP-NP separation never reaches the asymptotic value corresponding to non-

penetrating fully extended ligand chains.
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We find a similar trend upon examining TEM images of monolayers with the same thiol
concentrations as used for the GIXD data displayed in Fig. 2b. We identify the irregular holes in
these images to be the residues of thiol islands which increase in size as the thiol concentration
increases (see Figs. 5a, 5b and 5c). Put another way, excess ligands aggregate in the space
between NPs in the monolayer in the form of microdroplets, thereby contributing to isolation
of ordered domains of fully ligated NPs without increasing the NP-NP separation.

Our GIXD data reveal an increase in the correlation length in the ordered domains of the NP
monolayer as the thiol concentration increases (Fig. 4a). This result is consistent with the
notion that the smaller the ligand fractional coverage the less uniform the ligand distribution on
the Au core, likely leading to a less well-ordered NP solid. It is also consistent with segregation

of the system into slightly larger excess lipid and ordered NP domains as the excess lipid

concentration increases.

Figure 5. TEM im .69, and (c) 6.97
mM of thiol concentrations in solution of dodecanethiol ligated AuNPs from sample Batch 2. Two-
dimensional Fourier transforms of TEM images are shown in the right-hand corner. Scale bars are
50 nm. An increase in thiol island size is evident with increasing thiol concentration.

Conclusions
We have shown that under conventional conditions for their synthesis only partial coverage of

Au cores with thiol ligands is generated. The rate of formation and the equilibrium coverage of
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AuNPs is adequately (but not perfectly) described by Langmuir adsorption kinetics. The
consequences of partial coverage of the Au core are exhibited in the corresponding AuNP
monolayer, specifically in the nanoparticle-nanoparticle interactions and long-range order in
the monolayer. The clear gaps shown in the TEM images, which we suggest are holes that are
the residues of islands of excess thiol in the monolayer, are consistent with GIXD
measurements that reveal an increase in edge-to-edge spacing of the AuNPs. The GIXD data
also reveal an increase in the correlation length in the monolayer with increasing excess thiol.
The important observation used in this paper to describe packing effects in thiolated AuNP
monolayers is that the free energy of binding of a thiol to an Au core implies that under usual
conditions the surface of the Au core is partially covered by thiol molecules, and that the
fractional coverage can be varied by changing the thiol concentration in the bulk. This
important feature of the equilibrium between thiol concentration and surface coverage of the

Au core has not been addressed previously.
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This study examines the way in which fractional surface coverage on a nanoparticle surface affects
nanoparticle interactions and the long-range order of Langmuir monolayers.

Abstract

We report the results of grazing incidence X-ray diffraction (GIXD) measurements from water
supported Langmuir monolayers of gold nanoparticles ligated with dodecanethiol (12 carbons),
tetradecanethiol (14 carbons), hexadecanethiol (16 carbons), and octadecanethiol (18 carbons).
These monolayers are formed from solutions with varying concentrations of the respective
thiols. We show that equilibrium between adsorbed thiol molecules and the thiols in the bulk
solution imply fractional coverage of the Au nanoparticle core. We also show that the
nanoparticle-nanoparticle separation and the correlation length of particles in these ordered
films increases with thiol concentration in the parent solution, and that excess thiol can be
found in the space between particles as well as in islands away from the particles. Using the
equilibrium constant relating ligand solution concentration and nanoparticle surface coverage
of the gold core by the ligand molecules, we interpret the way in which varying thiol
concentration affects the nanoparticle-nanoparticle separation as a function of surface

coverage of the gold core by the ligand molecules.



