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ABSTRACT: X-ray photoelectron spectroscopy (XPS) is a nearly universal

method for quantitative characterization of both organic and inorganic layers on
surfaces. When applied to nanoparticles, the analysis is complicated by the strong
curvature of the surface and by the fact that the electron attenuation length can be
comparable to the diameter of the nanoparticles, making it necessary to explicitly
include the shape of the nanoparticle to achieve quantitative analysis. We describe
a combined experimental and computational analysis of XPS data for molecular
ligands on gold nanoparticles. The analysis includes scattering in both Au core and
organic shells and is valid even for nanoparticles having diameters comparable to
the electron attenuation length (EAL). To test this model, we show experimentally
how varying particle diameter from 1.3 to 6.3 nm leads to a change in the 2
measured Ac/Ay, peak area ratio, changing by a factor of 15. By analyzing the data
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in a simple computational model, we demonstrate that ligand densities can be
obtained, and, moreover, that the actual ligand densities for these nanoparticles are a constant value of 3.9 + 0.2 molecules nm ™.
This model can be easily extended to a wide range of core—shell nanoparticles, providing a simple pathway to extend XPS

quantitative analysis to a broader range of nanomaterials.
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B INTRODUCTION

Organic ligands play a key role in controlling stability and other
properties of many kinds of nanoparticles, as well as guiding
their interactions in aqueous matrixes and in the environment.
Yet, determination of ligand coverage, a key parameter, remains
challenging."* Prior studies have used a number of methods to
determine ligand densities including Mie scattering,3 thermog-
ravimetric analysis,4 heteronuclear nuclear magnetic reso-
nance,” inductively coupled plasma mass spectroscopy,®’
fluorescence,® and X-ray photoelectron spectroscopy (XPS).”
Among these, XPS is unique in its ability to be applied to nearly
any kind of nanoparticle—ligand combination; this universality
is a primary reason for its widespread use characterizing organic
monolayers on planar surfaces.'®™*° In XPS studies of
monolayers, the bulk substrate typically acts as an internal
standard, and from a knowledge of the intensity of chemical
species unique to the surface and bulk, an absolute coverage can
be easily obtained.*"** However, when applied to nano-
particles, analysis of XPS data is complicated by the fact that the
curvature of the particles alters the effective number of surface
and core atoms physically sampled by the instrument, leading
to geometric effects that must be taken into account.>”’
These effects are particularly important when the nanoparticle
diameter is comparable to the electron inelastic mean free path
(IMFP).>*¢ Early work by Frydman and co-workers analyzed
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emission from spherical particles of different diameters and
derived an analytic integral expression for the emission from a
single particle with a thin (nonscattering) shell.*® Yet, most
experimental studies>®??*7>%?873! have used simplified
approaches®®*>*7528731 that neglect the possibility of shell
electrons traversing through the entire nanocrystal. These
simplified approaches are applicable to nanoparticles with
diameters that are large as compared to the IMFP (which is ~2
nm under conditions of most XPS experiments) but fail for
smaller nanoparticles.*>>%*

Here, we describe a combined experimental and computa-
tional study of the XPS spectra of core—shell nanoparticles that
explicitly includes scattering in both core and shells, and that is
valid for nanoparticles having diameters comparable to the
electron attenuation length (EAL). We show how varying
particle size directly changes predicted shell/core ratios and
compare them to experimental results to obtain meaningful
densities of organic ligands. Our results show that large
variations in changes in XPS peak intensities can be accurately
modeled to yield quantitative ligand densities that are
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independent of particle size and in good agreement with values
reported on planar surfaces.

B METHODS

Functionalized gold nanoparticles with different diameters and capping
ligands were synthesized using previously published methods. Detailed
procedures are described in the Supporting Information. During
synthesis, the nanoparticle diameter was estimated from the
wavelength of the peak in the plasmon absorption band; after
synthesis, the actual size distributions were measured using trans-
mission electron microscopy. For TEM analysis, the particles were
diluted 10-fold in ethanol, dried onto a 300 mesh pure carbon grid
(Ted Pella), and viewed with a Philips FEG CM200 Ultra Twin TEM
at 200 kV accelerating voltage. Images and size distributions are shown
in the Supporting Information.

After the nanoparticles were drop-casted onto planar Si substrates,
X-ray photoelectron spectra were obtained using a custom-built,
ultrahigh-vacuum Phi XPS system with a base pressure of <2 X 107
Torr. X-rays were provided by an Al Ka source with a quartz-crystal
monochromator. Typical measurements used pass energies of 47 eV
(yielding analyzer resolution of 0.64 €V). An electron collection angle
of 45° with respect to the surface normal was used for all
measurements.

B RESULTS

Gold Nanoparticle XPS Data. To evaluate the application
of the simulation method to nanoparticles of different types,
XPS spectra were obtained of Au nanoparticles with diameters
of 1.3 + 03, 2.1 + 0.6, and 4.1 + 1.3 nm that were
functionalized with HS—(CH,),,—(EG)¢—COOH ligands (see
the Supporting Information for more detail). XPS spectra were
also obtained of Au nanoparticles with diameters of 6.1 + 1.
and 18 + 6 nm with HS—(CH,);;—(EG)s—OH ligands. As a
reference point, we also acquired XPS spectra of a planar metal
film functionalized with HS(CH,);;—(EG),—OH. Here, “EG”
refers to the ethylene glycol group, —OCH,CH,—.

Figure 1 shows representative spectra of HS—(CH,);—
(EG)¢—OH-modified samples: one sample of a planar gold film
and the other consisting of a film of 6.1 nm gold nanoparticles
functionalized with HS—(CH,);;—(EG)s—OH, extensively
cleaned, and then made into a nanoparticle film by drop-
casting. The two spectra shown here were obtained under
identical experimental alignment geometries; thus, the absolute
intensities can be directly compared. The data in Figure 1 show
that for the nanoparticle film, the Au(4f) signal is substantially
lower than that of the planar film. In the C(1s) region of the
spectra, the peak at 284.7 eV is attributed to the alkyl portion of
the ligand, while the peak at 286.7 eV arises from C atoms
within the ethylene glycol region of the ligand.**** Detailed
curve-fitting (not shown) reveals an additional contribution at
287.8 eV from the carbon within the carboxylic acid for HS—
(CH,),;—(EG)s—COOH-functionalized particles.’® Similar
experiments were performed with Au nanoparticles with several
different diameters and with two different ligands. The areas of
the Au(4f) and C(1s) regions were determined, and atomic
sensitivity factors specific for our electron energy analyzer were
applied to get peak corrected area ratios Ac/A,,.

Table 1 summarizes data from experimental measurements
of several different sizes and with two slightly different ligands,
along with the results of numerical modeling described below.
Comparing HS—(CH,),;—(EG)¢—OH-functionalized samples
of planar gold and gold nanoparticles, the data show that the
peak area ratio Ac/A,, measured on the 1.3 nm diameter Au
NPs (143.8) is nearly 80 times the value (1.86) measured on
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Figure 1. (a) Au nanoparticle functionalized with HS—(C;,H,,)—
(EG)s—R where EG = —OCH,CH,—, and R = OH or R = COOH.
(b) XPS spectra showing Au (4f) and C (1s) regions of planar gold
and 6.1 nm gold nanoparticle samples, both functionalized with HS—
(C11Hyp)—(EG)s—OH.

the planar film. While this large difference could be interpreted
as an indication that the nanoparticles have a higher coverage as
compared to the planar film, our analysis below shows that this
difference is almost entirely due to the high curvature of the
nanoparticles.

Modeling of XPS Data. Previous studies have used a
simple spherical model to simulate the spectra of core—shell
nanoparticles.*”***! As typically implemented, spherical
models neglect electrons emitted from the shell that traverse
the entire NP before escaping.®’ This “back-side” contribution
is important for very small NPs and for cores that scatter only
weakly.?® We therefore developed our model to properly
include all contributions to the total observed signal. For
convenience, we model the system in cylindrical coordinates,
with the axis corresponding to the line-of-sight between the
nanoparticle and the detection system (i.e., the electron energy
analyzer in the “Z” direction). Figure 2 shows a cross-sectional
view through the center of the cylinder, revealing a two-
dimensional array in which each grid unit at position (r, z) is
defined in terms of discrete distances MAr and NAgz,
respectively. Each grid unit at location (M,N) is assigned to a
specific material (gold, carbon, vacuum, etc.) to correspond
with the physical dimensions of the particle that determine its
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Table 1. Sensitivity Corrected C/Au Ratios Measured for Various Particle Types and Final Calculated Ligand Densities Using

the Numerical Modeling Approach Described Below”

material and ligand Ac/Ay,
planar Au + HS(CH,),,—(EG)s—OH 2.18 + 0.12
18 + 6 nm Au + HS(CH,),,—(EG)s—OH 2.37 £ 0.30
6.1 + 1.5 nm Au + HS(CH,),,—(EG)s—OH 895 + 110
4.1 + 1.3 nm Au + HS(CH,),,—(EG),—COOH 16.3 £ 2.2
2.1 + 0.6 nm Au + HS(CH,),,—(EG)s—COOH 672 + 6.9
13 + 0.3 nm Au + HS(CH,),;—(EG),~COOH 1438 + 63.1

ligand area density, molecules nm™2, and estimated error limits
32 (3.1-3.3)
2.6 (2.3-2.8)
37 (3.5-3.9)
3.8 (3.6-4.0)
42 (4.0-4.4)
3.8 (3.1-4.3)

“Also shown are the minimum and maximum error limits based on the uncertainty in the XPS data.
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Figure 2. (a) Two-dimensional cross-section of nanoparticle model.
(b) Comparison of two molecular layers with identical areal densities,
but differing in the degree of compression of the monolayer. The
products of volumetric density and thickness, which together
determine scattering efficiency and photoelectron creation, are
identical for these two cases.

role in creating electrons at a particular energy, as well as its
scattering properties. The detected signal for each element is
defined as the total signal measured along the positive Z
direction. To arrive at the summed signal, each grid unit is
iteratively summed in the Z direction, with the signal at the
location (M,N) given by expression 1.

— —Az/ Ay au
Lyun) = Laaun—1y € o + Al

(1)
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In this equation, I,y is the intensity of Au electrons at a
particular radius (r = MAr) from the axis, and vertical position
(z = NAz). Lau(un-1) is the intensity of electrons leaving grid
member (M,N—1) and entering grid member (M,N). Within
grid member (M,N), these electrons are scattered by a small
amount corresponding to the thickness of the element (Az)
and the appropriate EAL for electrons of the proper kinetic
energy in the given materials (Aggmaeria), thus reduced by an
amount ¢ A% M oA e gmAZ dce o g A don corresponding
to the EAL for electrons scattering in the different materials.
Here, we assume that the elastic scattering is negligible, so the
EAL is equivalent to the IMFP. Values used for electron
scattering were of Au(4f) photoelectrons in gold (s, = 1.63
nm),** Au(4f) photoelectrons in carbon (ly,c = 4.2 nm),*
C(1s) photoelectrons in carbon (Acc = 3.8 nm), or C(1s)
photoelectrons in gold (Aca, = 1.46 nm). Values of Acc and
Aca, Were obtained from the known values of 4, c and Ay, Ay
respectively, and using the modified Wagner relation (2) for
hydrocarbons to correct for a small change in escape depth with

36,37
)0.67

energy.

The grid member (M,N) itself is also a source of electrons,
adding to the intensity propagating along the Z direction by an
amount Al Starting at the origin, this process is iterated for
each grid member N, effectively integrating the scattering of
electrons as they propagate through a nanoparticle. This
process is then repeated for each radius r = MAr, using a
volume element in cylindrical coordinates, dV = dr d¢ dz. The
net result is a final intensity of electrons emitted from the core
and organic layer (or other shell) along the Z direction. Such a
model can be expanded to include multiple shells as needed.
Instead of explicitly modeling the complete sphere as a three-
dimensional matrix, the calculation can be speeded up by
noting that the system has cylindrical symmetry about the Z
axis. Consequently, the nanoparticle is represented internally as
a planar semicircle, and the numerical values at each radius are
multiplied by 27r, thereby generating the spherical nanoparticle
as a volume of revolution about the Z axis.

In this model, the organic monolayer is treated as a
homogeneous shell of an assumed volumetric density and
unknown thickness. The calculation is run to give predicted
XPS emission yields (Age/Acoe = Ac/Ap,) for different
organic layer thicknesses. The calculated thickness that yields
best agreement between experimental and calculated values of
Ac/A,, is then used as the effective thickness of an equivalent
homogeneous layer, and the product of the density and
thickness yields a number density of C atoms (atoms nm™2).

KE,

AKEzrel = AKEl’el.( KEI

)
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This can be divided by the number of C atoms per molecule to
convert to a molecular coverage.

It is essential to note that while the calculation requires that
we assume a volumetric density of the organic ligands,
reasonable errors in the assumed density are not important.
For a material with a given electronic structure, the emission of
electrons from and the scattering of electrons within the
material both scale with the density of the material*®
Consequently, a calculation using a shell with an assumed
density that was lower than the true value would require a
corresponding larger thickness to match the experimental data.
The net effect is that the variations in density and thickness self-
compensate in such a way that the product of the two (which is
the number density per unit area) remains essentially identical.
Figure 2b illustrates this concept. The two samples depicted in
Figure 2b have the same molecular coverage and thus attenuate
electrons in a very similar manner. In our calculations, for each
molecule we used C atom densities based on the known density
of HS(CH,),;—(EG)¢—OH (1.01 g cm™) at room temper-
ature. However, we also validated that final ligand densities are
not sensitive to modest variations in the assumed density.

To determine the number of ligands per unit area, we
calculated the anticipated C/Au XPS intensity ratio for Au
nanoparticles of a given diameter with carbon shells of varying
thicknesses. Figure 3 shows a typical curve, here for a gold
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Figure 3. Plot of calculated area ratio Ac/A,, for a 4 nm diameter gold
nanoparticle.

nanoparticle 4 nm in diameter. The C/Au ratio that matched
the experimental value (here, Ac/A,, = 16.3) thus provides an
average thickness of the organic layer (3.1 nm) of the assumed
density. Once a C atom density is obtained, division by the
number of C atoms per molecule yields the number of
molecules per unit area.

Comparison with Experimental Data. Figure 4 shows
how the predicted C/Au area ratio varies as a function of
particle diameter for organic layers of different discrete
thicknesses (here, 1, 2, 3, and 4 nm), as a function of the
diameter of the nanoparticle core, along with superimposed
experimental measurements for nanoparticles of different core
diameters and an experimental data point for a planar sample.
For each organic layer thickness, the calculated C/Au area ratio
increases rapidly at small core diameters, especially as the
organic layer thickness becomes comparable to or even thicker
than the diameter of the nanoparticle core.
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Figure 4. Superimposed experimental data (points) and predicted
peak area ratios (curves) Ac/A,, for functionalized Au nanoparticles
with different ligand thicknesses. The rightmost data point is from a
planar film. The experimental data points fall closely on a line
corresponding to a constant effective thickness of 3.0 nm.

In Figure 4, the experimental data for nanoparticles with
diameters between 1.3 and 6.1 nm all fall almost exactly on the
single line corresponding to a 3 nm organic layer thickness,
corresponding to a ligand density of 3.9 molecules nm™>. The
data point corresponding to the 18 nm diameter particles lies
slightly below this same curve, and is indistinguishable from the
planar sample. Notably, the 18 nm diameter sample was
synthesized by a different route, and TEM data (see the
Supporting Information) show that it is the most heteroge-
neous in its size distribution. What is more important is that Au
nanoparticles in the 1.3—6.1 nm range all yield molecular
densities that are identical within the experimental error, even
though the XPS A/A,, area ratio varies from 8.95 (for 6.1 nm
NPs) to 143.8 (for 1.3 nm NPs), representing a factor of 15
difference; moreover, the molecular densities (3.9 + 0.2
molecules nm™?) are higher than those obtained on a planar
surface (3.2 molecules nm™2).

Figure 5 summarizes the apparent enhancement Ac/A,, for
organic layers on gold nanoparticles as a function of
nanoparticle diameter, for organic layer thicknesses ranging
from 1 to 4 nm. These data are normalized relative to what
would be observed from a 100 nm diameter particle. For
nanoparticles of about S nm diameter, the curvature effect leads
to enhancements in the Ac/A,, ratio by factors between 3 and
6. Even at 10 nm diameter with a 1 nm layer, the effects are
significant and cannot be ignored.

B DISCUSSION

The data in Table 1 and in Figure 4 show that the NP films
yield a significantly higher A-/A,, ratio, with the smallest 1.3
nm particles yielding a ratio nearly 80 times the value observed
on the planar sample. Analysis of such data without including
the proper corrections would vastly overestimate the inferred
molecular density. With the numerical evaluation used here, we
obtain realistic values that are independent of nanoparticle size.
Prior studies have shown that thiolated ligand densities are
highest on the Au(111) crystal face, and here the maximum
ligand density is 4.6 ligands nm™2>* Our data in Figure 4 show
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Figure S. Enhancement Ac/A,, for organic layers on gold nano-
particles as a function of nanoparticle diameter, for organic layer
thicknesses ranging from 1 to 4 nm; these data are normalized relative
to what would be observed from a 100 nm diameter particle.

that the ligand density is nearly constant for nanoparticles of
different diameters, following a line of constant thickness of 3.0
nm, which correlates to a ligand density of 3.9 & 0.2 molecules
nm™2 The data indicate that the ligand density does not change
appreciably with nanoparticle diameter. One set of particles (18
nm) is slightly outside of the error bounds established by the
other particles. Notably, due to stability problems with such
large nanoparticles, the 18 nm diameter particles were prepared
by a different route than the other particles, with ligand
exchange taking place after formation of the nanoparticle film
rather than during initial synthesis. The fact that the 18 nm
particles fall slightly below the 3.0 nm thickness line suggests
that ligand exchange on these particles may be less complete
than on the other particles.

The area density of 3.9 + 0.2 molecules nm™ we obtain is
slightly lower than the expected maximum packing of 4.6
molecules nm™ and near the values of 3.46 molecules nm™
reported previously for HS(CH,),,—(EG),—OH on planar
gold.® This difference between our value of 3.9 molecules
nm™? and the previous value of 3.46 molecules nm™ could arise
from the fact that the previous study does not appear to have
corrected for scattering of electrons that were generated within
the organic layer, thereby underestimating the coverage. Our
method properly takes care of scattering in both core and
overlayers.

Another important point to observe from Figure 4 is that the
nanoparticle diameter where a particle will appear flat is
dependent on the nature of a ligand. For example, Hill et. al
reported that hybridization of oligo(DNA) oligomers did not
resemble a planar surface until nanoparticle diameters
approached 60 nm.® Following the observed trend, for example,
a thick organic layer of 10 nm or greater would need curvature
corrections at a deceivingly large size that might otherwise be
treated as being planar.

B CONCLUSIONS

The above results demonstrate that XPS can be used as a
quantitative tool for evaluating ligand densities on nanoparticles
even at very small diameters where nanoparticular curvature is
important. The influence of electron scattering in the core and
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in the ligand layer are both included in the model. Small (~1.3
nm) diameter nanoparticles exhibit C/Au ratios more than 15
times those of larger particles and 80 times larger than a flat
surface. After applying suitable corrections based on a simple
numerical model, our results show that the ligand densities are,
within experimental error, identical for all nanoparticle
diameters measured. The influence of nanoparticle curvature
and the errors introduced using planar-surface models are large
for nanoparticles <20 nm diameter and can be significant for
larger particles with more extended ligands. The model
outlined here can be used with a wide range of core—shell
nanoparticles with other types of shells.

B ASSOCIATED CONTENT
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Details of nanoparticle synthesis and functionalization. Trans-
mission electron microscopy (TEM) images and size statistics.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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