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ABSTRACT: Alkanethiolate protected gold nanoparticles are one of
the most widely used systems in modern science and technology, where
the emergent electronic properties of the gold core are valued for use in
applications such as plasmonic solar cells, photocatalysis, and photo-
thermal heating. Though choice in alkane chain length is not often
discussed as a way in which to control the electronic properties of these
nanoparticles, we show that the chain length of the alkyl tail exerts clear
control over the electronic properties of the gold core, as determined by
conduction electron spin resonance spectroscopy. The control exerted
by chain length is reported on by changes to the g-factor of the metallic
electrons, which we can relate to the average surface potential on the gold core. We propose that the surface potential is
modulated by direct charge donation from the ligand to the metal, resulting from the formation of a chemical bond. Furthermore,
the degree of charge transfer is controlled by differences between the dielectric constant of the medium and the ligand shell.
Together, these observations are used to construct a simple electrostatic model that provides a framework for understanding how
surface chemistry can be used to modulate the electronic properties of gold nanoparticles.

■ INTRODUCTION
Organic soluble, monolayer-protected metal nanoparticles have
become ubiquitous in science and engineering due to their ease
of synthesis, stability, and unique electronic properties; all of
which make them desirable for use in applications such as mo-
lecular electronics,1 plasmonic photocatalysts,2 and plasmon-
based chemical sensors.3 The breadth of this utility ultimately
rests upon the ability to rationally tune their electronic prop-
erties. At present, it is well established that changes in size,
geometry, and dielectric environment can be used in a rational
manner to tune the electronic properties of these particles,
which enables applications for nanoparticles in photovoltaics,
photocatalysis, and photothermal heating.4−6 Comparatively
little is known concerning how the surface chemistry of these
particles can be used to control their electronic properties,
despite the fact that a diverse set of chemical architectures exist
that are compatible with metal particle surfaces and that both
chemical intuition and the vast literature of inorganic chemistry
testify to the control that covalently bound ligands exert over
the electronic structure of metal centers.
Work examining the influence of surface chemistry over the

electronic properties of metal nanoparticles has been largely
performed on gold nanoaprticles (AuNPs), which are the pro-
totypical metal nanoparticle. At present, it is appreciated that
changes in the ligand binding group, such as amine to thio-
late, is capable of imparting profound changes to the physical
properties of AuNPs, including superparamagnetic behavior,
dampening of the surface plasmon resonance, and increased
electron−lattice coupling.7,8 Recent work from Portehault and

co-workers,9 as well as ourselves,10,11 demonstrates that changes
to the tail group of aromatic thiolate ligands produces mea-
surable changes in the electronic properties of the metallic core.
However, with one notable exception,12 very little is known
concerning electronic properties of AuNPs and the ligands that
dominate the literature of AuNPs: alkanethiols. This, in turn,
means that though AuNPs are often employed for their unique
electronic properties, these electronic properties are not
controlled to the full extent that they could be.
To a large extent, the lack of knowledge concerning the

impact of choice in alkanethiols is due to the lack of a probe
sensitive enough to detect changes; with plasmonic features13

or electrochemistry14 unable to resolve effects of changes in the
alkanethiolates. Recent work from our laboratory has shown
that conduction electron spin resonance (CESR) is a tool with
selectivity for electrons at the Fermi level (EF) in metals and
sufficient sensitivity to easily resolve the electronic effects of
changes in aromatic thiolates.10,11 Herein we show that CESR
also has the ability to resolve the effects of changes in alkane chain
length by using a series of AuNPs protected with butanethi-
olate (C4), hexanethiolate (C6), heptanethiolate (C7), octane-
thiolate (C8), nonanethiolate (C9), decanethiolate (C10), unde-
canethiolate (C11), or dodecanethiolate (C12). In particular,
we find that these ligands exert a clear electrostatic influence
over the surface potential of the particles, with the surface
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potential increasing as a function of alkane chain length
(Figure 1).

■ MATERIALS AND METHODS
The following chemicals were purchased from Sigma-Aldrich: but-
anethiol (97%), hexanethiol (95%), heptanethiol (98%), octanethiol
(98.5%), nonanethiol (95%), undecanethiol (98%), dodecanethiol
(98+%), sodium borohydride (98%), THF (>98%), and n-hexane
(97%). Tetraoctylammonium bromide (>98%) and chloroauric acid
trihydrate (99.999%) were purchased from Alfa Aesar, and toluene was
purchased from Aqua Solutions. All chemicals were used as received
without further purification.
Synthesis of AuNPs. AuNPs protected with butanethiolate (C4),

hexanethiolate (C6), heptanethiolate (C7), octanethiolate (C8), non-
anethiolate (C9), decanethiolate (C10), undecanethiolate (C11), and
dodecanethiolate (C12) were prepared via the Brust method. The
details of the general procedure may be found elsewhere;10 however,
it is important to note that for each synthesis a HAuCl4·3H2O-to-
alkanethiol ratio of 0.90:2.81 mmol was used in this study.
Characterization. CW-CESR measurements were performed

using a Bruker ESP 300 X-band spectrometer with an ER 041MR
microwave bridge and an ER 4116DM cavity operating in the per-
pendicular TE102 microwave mode (νmw = 9.623 GHz). Temper-
atures of 25 K were achieved using an ER 4112-HV Oxford Instru-
ments variable temperature helium flow cryostat. The following
parameters were used for collecting all spectra: microwave power,
200 mW; modulation amplitude, 2 G; time constant, 40.96 ms; con-
version time, 39.06 ms; number of points, 4096. Saturated solutions of
AuNP samples were prepared with n-hexane or THF, degassed by
sparging with argon, and sealed with paraffin wax tape in clear fused
quartz tubes with 4 mm O.D./3 mm I.D. Following CW-CESR ana-
lysis, the particles were sized using a JEOL2010 TEM with a LaB6

emission source and an accelerating voltage of 200 kV. Dilute samples
of the AuNPs in THF were drop-cast onto carbon-coated copper mesh
grids, purchased from Electron Microscopy Sciences. Figure 2 shows
representative images for C6 and C12 particles, along with the associated

histograms for all images of the two samples. Refer to the SI for full
TEM characterization of all samples.

Spectral Fitting Procedure. A detailed account of our spectral
fitting procedure can be found elsewhere;10 however, a brief overview
will be given. All CESR spectra were fit to an approximate Dyson-
ian line shape, composed of a linear combination of first derivative
Lorentzian dispersion and absorption lineshapes. The commercially
available Mathematica 10.0.0 was used to perform the computations,
where the Levenberg−Marquardt fitting algorithm with default
accuracy and precision goals was employed. Due to irregularities in
the baseline, a third order polynomial (neglecting the quadratic term)
was incorporated into the approximate Dysonian equation. Initial
guesses of 0.33 T and 1 × 10−9 s for the peak position and line width,
respectively, were used. All other parameters were given starting
guesses of 1.

Figure 1. Schematic of the experimental approach. (A) A series of gold nanoparticles were prepared with a protecting layer of alkanethiolates
(butanethiolate to dodecanethiolate) and were analyzed by conduction electron spin resonance (CESR) to observe the effect that changes to either
(B) the alkyl tail group or solvent have upon the electronic properties of the metallic core near the Fermi energy (EF). (C) Pauli paramagnetism of
the gold nanoparticles gives rise to the CESR signal. In the absence of an external magnetic field, the α and β spin-states of the valence band are
degenerate. Application of an external magnetic field breaks this degeneracy and leads to a number asymmetry in the α and β spin populations. Using
microwave radiation, a transition between the two spin states may be achieved. The spin-flip is sensitive to, and selective for, those electrons near the
EF, and can be used to report on the electronic properties of the metallic core near the EF.

Figure 2. Representative TEM Images and the associated size
distribution histograms for C6 (A and C) and C12 (B and D)
AuNPs, respectively. Refer to the SI for images and histograms of C4
and C7−C11.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b09586
J. Am. Chem. Soc. 2016, 138, 15987−15993

15988

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09586/suppl_file/ja6b09586_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09586/suppl_file/ja6b09586_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09586


Calculations. Ionization potentials of the free alkanethiols, in
n-hexane and THF, were calculated using a local version of the
Amsterdam Density Functional (ADF) program package at the BP86
functional level using a TZP basis set.15,16

■ RESULTS AND DISCUSSION

All AuNPs used in this study were prepared via the standard
Brust synthesis.17 Analysis of TEM images indicated that
the average gold core size ranged between 1.7 and 1.8 nm,
with standard deviations between 0.2 and 0.3 nm (Table 1).

Thus, within error, these particles are all the same diameter, and
sit near the molecule-to-metal transition for gold.
Response in n-Hexane. Continuous-wave (CW) CESR

measurements of these particles at X-band frequency (∼9.623
GHz) were acquired using n-hexane as the solvent. Figure 3A
shows the CESR spectra obtained for C6 and C12-protected
AuNPs, while the spectra for all of the AuNPs in this solvent
are presented in Figure S10. All signals obtained in this
study were asymmetric about their center of gravity and broad
(T2 ≈ 10−9 s; ΔB ≈ 12 mT), consistent with the signal
anticipated for metallic systems.18 Thus, though these particles
are small enough to lie within the metal-to-molecule transition,
the CESR line shape clearly identifies them as metallic. All
spectra were fit to an approximate Dysonian function:
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where χ″ is the imaginary part of the magnetic susceptibility,
B is the magnetic field, D is the dispersion coefficient, A is the
absorption coefficient, γ is the electron gyromagnetic ratio, B0 is
the resonance position, and T2 is the relaxation time. By fitting
experimental data with eq 1, B0 is extracted and converted into
the electronic g-factor using the relation, g = 714.4 νmw/B0
(Table 1; νmw in GHz and B0 in G). Details of fitting and extra-
ction of the g-factor are given in our previous publication,10 the
results of the fitting for this work are shown in Figure S10,
and the extracted g-factors are collected in Table 1. All of the
g-factors we obtain are less than those expected for pure gold
particles of 1.7−1.8 nm diameter (gbareAuNP

1.8nm = 2.067),19 with the
g-factor of our particles monotonically decreasing with increas-
ing chain length. The direction of this g-shift away from pure

gold is consistent with our prior results, and appears to be a
property of the gold−sulfur interface.10,11
Surprisingly, we find that the g-factor for the AuNPs is

responsive to the identity of the hydrocarbon tail group up to
12 carbons in length. A plot of the g-factor versus alkanethio-
late chain length (Figure 3B; see Supplementary Section 4 and
Figure S12 for calculation of ligand length) can be fit to a line
(dashed black line, R2 = 0.98). Remarkably, this means that the
effect of changing from C4 to C6 is the same as changing from
C10 to C12.
Given that ligand coverage on AuNPs is a function of chain

length,20 it seemed possible that changes in ligand coverage
were leading to our observed trend in g-factor. However, analysis
of the ligand coverage for our hexanethiol and dodecanethiol
protected AuNPs (see SI for details) revealed no difference in
ligand coverage for these two nanoparticle systems. This is in
agreement with prior work on surface coverage by acid-terminated
alkanethiols.20 Thus, we do not ascribe changes in g-factor to
changes in ligand coverage. Instead, we next sought to under-
stand how adding a carbon to the distal end of a ligand’s aliphatic
chain controls the properties of electrons within the metallic core.

Table 1. Summary of the Experimental Values Obtained
from the Characterization of the Particles and CESR
Experiments and Ionization Potentials for the Ligands in
Both n-Hexane and THFa

ligand size/nm IPligand
n‑hexane/eV IPligand

THF /eV gn‑hexane gTHF

C4 1.8 (0.3) 7.776 6.659 1.982 1.989
C6 1.8 (0.2) 7.704 6.648 1.975 1.978
C7 1.7 (0.2) 7.673 6.645 1.969 1.969
C8 1.8 (0.2) 7.644 6.643 1.965 1.966
C9 1.7 (0.3) 7.593 6.644 1.963 1.964
C10 1.8 (0.3) 7.543 6.641 1.961 1.963
C11 1.7 (0.2) 7.496 6.637 1.957 1.960
C12 1.8 (0.3) 7.454 6.631 1.955 1.959

aParentheses indicate standard deviation in size. Errors for all g-factors
are ±0.001.

Figure 3. CESR data in n-hexane and trends that result from them.
(A) Representative X-band CW-CESR spectra collected in n-hexane
for C6- (green) and C12-protected (magenta) AuNPs plotted as a
function of g-factor (measured at 25 K). (B) Plot of the extracted
g-factor as a function of the extended ligand length in n-hexane. The
data is fit to models which take into account the isolated effect of the
ligand effect (dashed black line) and a combined ligand/solvent model
(red solid line; eq 4). The inset shows the results of DFT-level
calculations (in n-hexane) for the IP of the free alkanethiol ligand as a
function of the ligand’s alkyl tail length. The dotted trace is the result
of a linear fit to the data using the formula IP = ml + b, where l is the
ligand length, b = 7.92 eV and m = −0.309 eV nm−1.
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In our prior work on the aromatic thiolates,11 we worked
from the fact that the g-factor is a characterization of spin orbit
coupling and proposed that both the electron−core Coulombic
attraction (ξ) and the orbital angular momentum (L̂) for the
electron contribute to the electron’s spin−orbit coupling
Hamiltonian (ĤSOC):

19,21−23

ξ̂ = ̂· ̂H L SSOC (2)

where S ̂ is the electron spin angular momentum operator. As
an initial approximation, we do not expect that changes to the
length of the alkane chain will significantly impact the elec-
tronic band structure of the AuNP’s core, because the orbitals
involved in the distal end of the alkane chain should not couple
into the orbitals found in the gold core. For this reason, we
neglect changes to the L̂ term. This places the focus on the ξ
term. The Coulombic attraction accounted for by this term is
related to many other concepts, including the surface potential,
charge density, work function, and position of the EF. In what
follows, we choose to use the term surface potential as a stand-
in for ξ, though it is important to keep in mind that all of these
common metallic properties are interconnected.
Framing the discussion in these terms, our question becomes

how does adding a carbon to the distal end of a ligand’s ali-
phatic chain control the surface potential of the metallic core?
Due to the σ-bonding nature of alkanethiolates on gold, it is
expected that a covalent interaction between the thiolate and
gold dominates the interfacial interaction.24,25 Invoking a mo-
lecular orbital view of this bond, the relative energy between
the d-band of the metal and the highest occupied molecular
orbital (HOMO) of the ligand will control the amount of charge
transferred between the ligand’s sulfur and the gold core through
the bond and, hence, the surface potential of the metal.9,26

To support the above reasoning, we calculated the ioniza-
tion potential (IP) of the isolated alkanethiols in n-hexane.
The IP of the bare AuNPs (without ligands) will be a con-
stant, and so the change in IP of the free ligand reflects the
expected change in the charge donation across the alkanethiol
series. The IPs were calculated in an n-hexane continuum
using DFT (see SI for details). We find an excellent linear
correlation (R2 = 0.97) between IP and alkane chain length
(Table 1, and inset Figure 3B), suggesting that this can be
used to explain the linear trend in g-values via charge transfer
at the interaface. This conclusion also highlights the critical
nature of the Au−S interaction and is satisfying, given the
simple line of molecular orbital-based reasoning that we took
to arrive at this model.
It is worth emphasizing the fact that our calculations support

the observation that the relative effect of increasing from C4 to
C6 is the same as the effect of increasing from C10 to C12.
Such changes in chain length are not often considered in
controlling the electronic structure of organic molecules, metal
centers in transition metal complexes, or supramolecular sys-
tems. Moreover, the importance of choice of chain length in the
synthesis of AuNPs is often also not discussed with respect to
the electronic properties of the gold core. However, both our
experimental observations and our calculations suggest that
changes in chain length are a valid and effective way in which to
control the electronic properties of metallic systems, via adjust-
ment of the orbital energy level of the ligand.
In addition to our calculations, the idea that the surface

potential of AuNPs might be linearly dependent on alkane
chain length is supported by work on self-assembled mono-
layers (SAMs) of alkanethiolates on a Au(111) surface. These

studies have shown that the surface potential is linearly related
to the alkyl chain length.27 Specifically, it was demonstrated
that the surface potential of the metal/SAM interface becomes
more negative by increasing the length of the chemisorbed
alkanethiol, an effect attributed to the formation of an increas-
ing dipole moment associated with the well-ordered monolayer
at the surface (Figure 1A), ascribed to increasing the magnitude
of the positive end of the dipole moment with chain length,
and ultimately leading to a decrease in the work function of
the metal.27,28 However, this interpretation rested upon the
assumption of well-ordered monolayers with a changing dielec-
tric constant.29−31 The fact that we observe similar effects on a
highly curved surface, where a high degree of ordering of the
alkanes is not necessarily expected,32,33 suggests that another
mechanism (e.g., chemical bonding) is responsible for changes to
the electronic properties of the metal. That is, it is the dipole of
the interfacial bond (arising from the change in HOMO energy
of the thiol) that underpins this change.

Response in THF. That the particle’s surface potential is
responding to changes in alkane chain length also suggests
AuNPs will respond to other subtle chemical changes that are
commonly employed for AuNP-based applications, such as
altering the dielectric constant of the solvent (Figure 1C).
Girault and co-workers have previously shown that the redox
potential relative to the absolute vacuum scale ([Eze/(z−1)e]AVS

NP )
for a metallic nanoparticle of radius r, protected with a ligand
shell of thickness l and dielectric constant ϵl, immersed in a
dielectric environment of ϵs, is given as

π
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where Φbulk is the work function for the bulk metal, ϵ0 is the
relative permittivity of vacuum, e is the elementary unit of
charge, and z is the integer charge statein this study, z will be
taken as 1 in order to model the IP of the AuNP.34 As follows
from this equation, unless ϵl = ϵs, the thickness of the ligand
layer (l) will produce a nonlinear response of the metal core’s
work function. Because of the connection between work func-
tion and surface potential, we should then also observe a non-
linear dependence of the g-factor upon the surfactant thickness.
The larger the difference between ϵl and ϵs is, the stronger the
nonlinear effect will be. Note that when ϵl = ϵs eq 3 becomes
independent of l, and reduces to a constant. In n-hexane, we
expect this equality to hold and the dielectric charging to have a
negligible influence on the particle. At the same time, the linear
response on chain length in n-hexane reminds us of the
importance of the direct charging from the ligand’s IP.
Taking eq 3 and our DFT calculations into consideration, we

propose that the g-factor dependence on the alkane chain
length should be modeled as

α
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In this equation, the terms between the curly brackets reflect
the change to the gold core’s work function, which is related to
the surface potential, g(l) is the observed g-factor of a AuNP
protected by a dielectric layer of thickness l, α is a conversion
factor between the work function in eV and the g-factor,
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ϕ is a factor that reflects how the IP of the ligands change the
work function of the gold core upon binding, and IPsolvent

ligand (l)
accounts for the changes in the IP of the ligand as a function of
the ligand length in a given solvent and which can be quantum
chemically calculated (Table 1). For this model, we expect both
α and ϕ to have a dependence on the size of the particle, via
changes to the surface area to volume ratio. The final parameter
to consider is g′, which is actually composed of several con-
tributions. The easiest of these contributions to define is the
contribution that comes from the g-factor expected for a bare
AuNP in vacuum (2.067 for 1.8 nm AuNPs).19 However, g′
also accounts for corrections needed due to uncertainties in
both the absolute values of the DFT calculations and the nature
of the metal/molecule interface. Though g′ is used to account
for uncertainties in our model, it does not influence the chain
length dependence.
Eq 4 makes it clear that, as the difference in dielectric con-

stant between the surfactant and solvent increases, the g-factor’s
dependence on chain length should deviate more strongly from
linearity. Acquiring CESR spectra of our nanoparticles in THF
(Figure 4A) does indeed yield a set of values for the g-factor

(Table 1) that are nonlinear with alkane chain length. This is
most readily seen in Figure 4B, where fitting the g-factor as a

function of chain length with a linear regression produces a
poorer linear correlation (R2 = 0.92) than that found for the
particles in n-hexane. It is important to recall that, under the
interpretation presented by eq 4, the linear response observed
in n-hexane is a result of the similarity in dielectric constant
between n-hexane (ϵ = 1.88) and the aliphatic ligands (esti-
mated as 1.9), which essentially removes the dependence on
the dielectric constant. Importantly, we can take advantage of
the linear correlation in n-hexane for interpreting our results in
THF since this presents us with an opportunity to iteratively
solve for the values of α and ϕ (see SI for details), using the
calculated IP values of the ligands to obtain IPsolvent

ligand (l).
The values we obtain from our iterative fitting are given in

Table 2, and the returned fits are shown as solid red (R2 = 0.98)

and blue (R2 = 0.97) lines in Figures 3 and 4, respectively.
Thus, we see that eq 4 produces better fits to the THF com-
pared to a simple linear model, where the dielectric contri-
bution is more pronounced, but similar fits to the linear model
for n-hexane, where the dielectric contribution is much less
important, are obtained. Thus, the simple electrostatic model
presented in eq 4 provides a rationale for our results in both
n-hexane and THF.
It is worth considering the connection between the electro-

static model represented by eq 4 and spin−orbit coupling.
Recall that eq 4 is a modification of eq 3, which is an expression
related to changes in the work function of a metal in a dielectric
medium. Because work function and surface potential are pro-
portional,35 eq 4 suggests that the g-factor for metallic nano-
particles is closely connected to the surface potentialan idea
consistent with previous work on the correlation between
surface potential and work function for self-assembled mono-
layers of alkanethiolates on gold.27,28 In addition, the good
agreement between the trends in our data and the electrostatic
model of eq 4 supports our original assumption that dominant
effects of changes in the alkyl tail group’s length would be
related to ξ, which can be approximated as a change in the
surface potential. Thus, despite the discrepancies between
experiment and theory that lead to the ambiguity in g′, and the
fact that we ignore changes to orbital angular momentum, we
find that the simple ionic model expressed in eq 4 provides
good quantitative agreement with both sets of data. This, in
turn, allows us to offer general comments on the impact of alka-
nethiolates over the electronic properties of the AuNPs.

Interpretation of Electrostatic Model. From the perspec-
tive of the direct effects of surface chemistry, our work indi-
cates that the primary mechanism behind the relative changes
in g-factor is thiolate-to-gold charge transfer, which results in an
adjustment of the EF of the metallic core (Figure 5). The results
in n-hexane reveal the importance of the IP of the ligands, as it
is the linear term in eq 4 which dominates the trend in Figure 3.
Following from Koopmans’ theorem, the trend from the DFT
calculations would indicate that the energy of the ligand’s
HOMO increases with an increase in chain length. Thus, we

Figure 4. CESR data in THF and trends that result from them.
(A) Representative X-band CW-CESR spectra of C6- (green) and
C12-protected (magenta) AuNPs in THF (measured at 25 K).
(B) The g-factor as a function of ligand length for the AuNPs, col-
lected in THF. Just as in the case of n-hexane, the data is fit to a model
which takes into account only the ligand effect (dashed black line), and
the combined ligand and dielectric effect (blue solid line; eq 4). The
inset depicts the DFT-calculated IP of the free ligand in THF,
fit to a line IP = ml + b, where l is a ligand length, b = 6.67 eV and
m = −0.023 eV nm−1 (dotted trace). The ordinate of the inset is set to
the same scale as in Figure 3B to emphasize the far more mild slope
for the THF data.

Table 2. Extracted Fitting Parameters Using Eq 4 to Fit the
g-Factor as a Function of Linear Ligand Length in n-Hexane
and THF

solvent α/eV−1 ϕ g′
n-Hexane −0.28 ± 0.01 −0.31 ± 0.01 2.111 ± 0.001
THF −0.28 ± 0.01 −0.31 ± 0.01 2.045 ± 0.006
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hypothesize that we are affecting the g-factor via a direct charge
transfer mechanism through increased interfacial mixing between
the gold core and the ligand headgroup. This increased mixing
should also be correlated with other nanoparticle/ligand prop-
erties such as the strength of the chemical bond between gold
and sulfur.36 Changes in bond strength might be expected, as the
energy of the HOMO of the thiol changes with chain length.
Specifically, increases in the HOMO energy could be expected
to lead to stronger binding to the gold surface and a resulting
larger degree of charge transfer from the ligand to the metal, in
turn leading to the monotonic decrease in g-factor from C4 to
C12 that we measure.
As for the dielectric medium, its effect is to modulate the

strength of charge transfer, where a solvent with a higher dielec-
tric constant would be capable of decreasing the charge density
at the interface. In turn, this decreases the strength of the inter-
facial bonding interaction and leads to the observed increase in
g-factor. In total, this would manifest itself as a decrease in the
EF of the metal, and thus a more positive surface potential (and
larger g-factor), as the length of the ligand decreases and the
dielectric constant of the solvent increases.
Though the alkyl tail group is not typically thought of as a

means to tune electronic properties, our results show it may
serve as a chemically inert “handle” to tune the EF of gold-
semiconducting nanoscopic heterodimers. Such systems have
garnered much attention in photocatalysis and plasmonic solar
cells due to the large extinction cross-section of AuNPs;4 how-
ever, electronic coupling between gold and semiconducting
substrates has been shown to be limited.2,37,38 Size, geometry,
and chemical identity of the solid-state materials are commonly
exploited as a means for improvement by tuning the relative
energies of the valence and conduction band edges in the semi-
conductor or the EF of the metal. Our study eludes to an alter-
native to such manipulations. The existing surface chemistry of
the AuNP can be exploited to modulate the relative position of
the EF and improve interfacial electronic coupling of metal−
semiconductor junctions, where the paradigm of structure−
function manipulation to control the electronic structure of
ligands, even beyond the alkyl tail group, would serve as an
invaluable tool in the rational design of materials.
Lastly, the solvents examined in this study represent

two cases for controlling the electronics properties of the
metallic electronics in AuNPs: (1) in n-hexane, a solvent similar

in dielectric to the ligand, the electronic mixing between the
covalently bound alkanethiolate and gold surface dominates the
electronic structure of the surface, while (2) in THF, the dielec-
tric of the solvent becomes apparent and provides a secondary
influence over the electronic properties of the gold core; in
total, the increase in dielectric constant of the environment
serves to lower the surface potential of the AuNPs. All of these
observations are explained in terms of a simple ionic model
(corrected with a linear term that takes into account the elec-
tronic structure of the ligands), which reproduces our observed
trends.

■ CONCLUSION
Previous experimental and theoretical work on gold surfaces
has suggested that thiolate adsorption leads to charge transfer
across the metal/ligand interface of AuNPs.39,40 We have now
directly probed this charge transfer for alkanethiolates on gold,
without accessing electronically excited or ionized states.
Additionally, though the effects of chain length upon electronic
properties of metals have been hinted at, our work isolates the
importance of direct effects of the interfacial chemical bond
(i.e., charge transfer) in tuning the electronic properties of the
metallic core in AuNPs. Our CESR measurements indicate that
as we increase the chain length of the appended alkanethiolate,
we increase the charge density of the metallic core, and thus,
raise the Fermi level. Furthermore, by changing the properties
of the dielectric environment (i.e., the solvent), the electronic
properties of the metallic core can also be modified, such that a
less polar solvent leads to an increase in the Fermi level. To the
extent that it is desirable to control electron/hole conductance
at molecule/metal junctions, extend the lifetime of excited spin
states through suppression of spin−orbit coupling for optom-
agnetic data storage in spintronics, or predict the relative redox
potential of nanoplasmonic materials for photocatalysis, our
findings provide new insight into how this can be accomplished
through surface chemical modification of the ligand sphere.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b09586.

TEM (images and log-normal) + CESR (spectra, fits, and
residuals), the experimental section, the ligand length
calculation, and determination of relative surface cover-
age of ligands (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*bul14@psu.edu
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the Pennsylvania State University for funding.
L.J. acknowledges support from the NSF award CHE-1362825.
B.J.L acknowledges funding from NSF award CHE-1609572.

■ REFERENCES
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