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Abstract

Ligand-stabilized colloidal metallic nanoparticles are prized in science and tech-
nology for their electronic properties and tunable surface chemistry. However, little
is known about the interplay between these two aspects of the particles. A particu-
larly glaring absence concerns the density of electronic states, which is fundamental
in explaining the electronic properties of solid-state materials. In part, this absence
owes to the difficulty in the experimental determination of the parameter for colloidal
systems. Herein, we demonstrate the density of electronic states for metallic colloidal
particles can be determined from their magnetic susceptibility, measured using nuclear
magnetic resonance spectroscopy. For this study, we use small alkanethiolate protected
gold nanoparticles and demonstrate that changes in the surface chemistry, as subtle as
changes in alkane chain length, can result in as much as a three-fold change in the den-
sity of states at the Fermi level for these particles. This suggests that surface chemistry
can be a powerful tool for controlling the electronic behavior of the materials to which
they are attached, and suggests a paradigm that could be applied to other metallic

systems, such as other metal nanoparticles, doped semiconductor systems, and even



2D metals. For all of these metallic systems, the Evans method can serve as a simple

means to probe the density of states near the Fermi level.
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Ligand-stabilized metallic nanoparticles are a fixture of modern science, enabling ap-
plications that include advanced spectroscopy, sensors, cancer treatments, and catalytic
transformations. ™" There are two reasons for this ubiquity. First, these particles possess
unique electronic properties which can be tuned—most commonly through physical changes
to the metallic core’s size and shape.® Equally important are the particles’ tunable surface
chemistry, which enables their dispersion within a wide range of aqueous and non-aqueous
environments. Despite the importance of both these properties, and the fact that ligand
control over metal centers is the dominant paradigm in molecular inorganic chemistry,? rel-
atively little is known about how surface chemistry may be used to control the electronic
properties of the metallic core of nanoparticles. Particularly striking is the absence of dis-
cussion regarding how surface chemistry can influence the density of electronic states at the
Fermi energy, g(Er), which is a fundamental parameter for describing metals in solid-state
physics. In part, this absence is due to difficulty in measuring g(FEr) for the colloidal systems
of interest. Here, we introduce a method for measuring g(Er) for colloidal nanoparticles and
then report g(Er) for nanoparticles protected with a series of alkanethiols. We observe that
these subtle chemical changes exert a strong influence over the density of states and that
this influence is fundamentally different from that attainable by physical changes. Thus, our
work suggests the rational use of surface chemistry could produce additional, finely tuned
behaviors in these ubiquitous nanoparticles. Furthermore, our findings should be applica-
ble to other metallic nanoscale systems, such as doped semiconductor nanoparticles and 2D
metals.

Importantly, the current lack of research connecting surface chemistry to g(Er) is not
due to a lack of interest, as g(Er) is known to control behaviors such as electronic and
thermal conductivity? as well as catalytic activity.!! Instead, the knowledge gap is a result
of difficulties in applying conventional methods for measuring g(Er) to colloidal systems.
Techniques such as x-ray photoemission spectroscopy,'? angle-resolved photoemission spec-
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troscopy,® and x-ray magnetic circular dichroism'* require high vacuum conditions that



preclude the use of the solvents inherent to colloidal suspensions. At the same time, the
organic ligands that enable widespread use of the nanoparticles are insulating and can lead
to charging effects that complicate the use of measurements based on scanning probe!® elec-
tron microscopy, !¢ and photoemission.'?!® This is particularly problematic when changing
ligands, which could confuse changes in these charging effects with changes in electronic
structure. Moreover, all of these techniques convolve high energy electronic states in the
measurement, complicating unambiguous isolation of the ground state g(Er).

Herein, we demonstrate an NMR-based measurement of Pauli paramagnetism that allows
the determination of g(FEr) while avoiding all of the above complications (Figure 1). Pauli
paramagnetism arises from the partially-filled electronic band that is a defining characteristic
of metallic systems. Figure 1 depicts generalized o and 8 spin bands, drawn with the com-
monly assumed Gaussian profile. Application of a magnetic field produces Zeeman splitting
of the spin bands and electrons are then transferred to maintain a constant Fermi energy,
Er. The number of electrons transferred, and associated volumetric Pauli paramagnetic
susceptibility, xy5eu is directly related to g(Er) by:'"

X" = pophg(Er) (1)
where 1o is the permeability of free space and up is the Bohr magneton. It is important
to note that this treatment assumes only a partially filled electronic band, and does not
consider the band’s identity.

Our interest in ligand control of g(Fr) was inspired by the long-standing work of Ulman
and co-workers, who reported the surface potential (directly related to Er) of gold under
a series of self-assembled monolayers of alkanethiols with different lengths. They found the
surface potential increased at a linear rate of 9.3 meV per methylene unit.'® We noticed this
result correlated well with the calculated ionization potential of alkanethiols, 7 P"9™ (Table

calc

1),'? suggesting these same ligands might also be used to adjust the energy of Er in colloidal



metallic nanoparticles. A brief consideration of the structure of electronic bands (Figure 1)
will show that increasing Er will produce a change in g(Er). Indeed, if alkanethiols were
to exert the same control for nanoparticles as for bulk gold, then moving from butanethiol
to dodecanethiol could adjust g(Er) by as much as 3-fold!?° and this effect should be

observable as a concomitant change in Pauli paramagnetic susceptibility (Equation 1).
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Figure 1: Graphical depiction of the hypothesis guiding the work. Pauli paramagnetism
arises for metals placed in a magnetic field, where Zeeman splitting lifts the degeneracy
of the o and S spin bands, leading to the transfer of electrons between bands to preserve
a constant Fermi level. The excess electron population in one spin manifold produced by
this transfer produces the Pauli paramagnetism. This behavior is expected of any metallic
system and so we leave the bands drawn as unidentified, generic, bands. Germane to this
paper: the magnitude of the Pauli paramagnetic susceptibility, xy7*, of a metallic system,
depends on the position of Er within the electronic band structure, which we hypothesized
might be influenced by surface chemistry. (a) If the Fermi level resides at a region of high
density of states, this will produce a larger magnetism than if (b) the Fermi level resides
at a region of low density of states. Thus, the observed y"** functions as a probe of the
density of electronic states and can be used to follow the influence of surface chemistry. In
this figure, the surface chemistry is not drawn to be accurate, but to allow easy comparison
of differences in ligand length.

Results/Discussion

To test the hypothesis outlined in the introduction, we synthesized a series of AuNPs bearing
alkanethiols with even-numbered carbon chains, from butane to dodecane, following a mod-

ified Brust method,?! and then measured the magnetic susceptibility for each particle set.



For each ligand, we synthesized two batches, for a total of twelve independently synthesized
particles. The o-electron donor strength of these ligands increases with increasing ligand
length, as reflected by their calculated ionization potential in hexane (I P4 Table 1),
which should function to adjust Er. Figure 2 shows a schematic representation of a particle,
the spread of diameters determined using TEM, thermogravimetric analysis (TGA), and
their UV-vis spectra for all twelve particles. Table 1 reports the mean diameter and stan-
dard deviation obtained from fits of log-normal functions to the distributions of diameters.
Exemplars of the micrographs analyzed to yield these distributions, as well as histograms of
the diameters and the log-normal fits to these histograms, are shown in the SI. The mean
particle sizes we obtain are all between 2.5 nm and 5.0 nm, with a mix of both broad and
narrow distributions. Additionally, some of the particles are far from spherical, while others
approach spherical. This spread in particle shapes and distributions highlights a particular
advantage of the approach outlined below: that neither particle size nor shape is explicitly
involved in the analysis. Though size and shape may very well exert control of the electronic
properties, we do not require tight control over these parameters to perform our analysis.
While this means that the population will be represented by a single value and that potential
effects of size and shape across a distribution will be obscured, the analysis below will show
striking success across all twelve particle samples. This result demonstrates our approach
should be applicable to the messy systems common in practical nanoscience and highlights
the potential power of ligands for controlling the electronic structure of colloidal metallic
nanoparticles.

Though neither size nor shape of the particles is involved in our analysis of Pauli-
paramagnetism that follows, in order to maximize the ligand influence, we targeted particles
that were small, while remaining within the metallic regime.?? However, as shown in Figure
2d, this maximized ligand influence comes at the expense of a prominent plasmonic feature.
Even for particles with the broadest distributions that extend to large sizes, the plasmonic

feature is not strong. However, the lack of plasmon does not pose a problem for our analysis,



nor is the plasmon an ideal probe of the electronic structure of the core, which is the focus
of our measurements. Though plasmon resonances are arguably the current dominant tool
for investigating electronic behaviors of nanoscale metals, they can experience changes in
position and intensity, even in the absence of changes to the electronic structure of the core,
and so are not a selective tool for measurement of this property of the particles. Instead, we

Pauli " wwhich is selective for electronic structure (Equation 1),

seek to use measurements of x
and only requires the particle be metallic. Though our particles display a strongly damped
plasmon, the particles we obtained are large enough to place them firmly within the metallic
regime, ?? rendering Equation 1 valid.

We measured the magnetic susceptibility of our particles using the Evans NMR method
(Figure 3),% modified in order to allow resolution of the small susceptibilities expected for
our systems. Our variation remains a differential measurement, utilizing two measurements
made with coaxial NMR tubes. A thorough description of the technique is provided in the
SI, but the basics of the approach are outlined here. In both measurements, the inner tube
contained CDCl3, spiked with CHCI;3. For the first measurement, the outer tube contained
pure hexanes (Figure 3a). For the second measurement, the outer tube contained a sus-
pension of nanoparticles in hexanes (Figure 3b). The presence of the nanoparticles alters
the magnetic field within the outer tube, producing a shift in the resonance position of the
hexanes that is measured in reference to the inner tube’s CHCI3. In our measurements, this
shift occurred without a broadening of the NMR line shapes (Figure 3c). The shifts we
observe from these measurements are recorded in Table 1, in terms of ppm shift per unit
concentration (g/mL) of the nanoparticles, or Appm,,, ...

There are two things to note from these measurements. First, the value of Appm,, .,
depends on ligand identity. Second, the shifts we observe are in the direction of lower ppm,
indicating that the overall magnetic response upon adding nanoparticles to our solvent is

diamagnetic, and the susceptibility associated with our measurement is negative. We can



(a) (b) ED
i c4
I! (000 ()
2
2
Q
E
[
2
R: Structure = |_|:|Z’—mp
Ch: HSANAN - B e cio
C6: HSSNASNN
C10: HSANASASNANAN u - C12
——————
0 5 10
© d) wavelength /nm
100 r c4 ca
80
100
g 807 g
£ 100 - i
= k=
c
8 80 e
) -
S 100 === co| s 10
A
80 N—
100 “\\ C12 C12
80 N
1 i 1 v 1 v 1 1 1 1
100 200 300 400 500 600 700
temperature / °C wavelength /nm

Figure 2: A summary of the chemical structure and physical properties of the nanoparticles.
(a) The colloidal nanoparticle system can be divided into the solvent, ligand shell, and metal
core. The alkanethiols we use for this study are known to bind to the metal core in a large
number of possible arrangements, and this cartoon depicts a few of these arrangements. (b)
Box and whisker plots of the diameters for the metal core of all nanoparticles reported in this
manuscript, as measured from TEM. In this figure, the box encloses the interquartile range
(IQR), the median diameter is indicated by the vertical line within the box, the arithmetic
mean is indicated by the small dot in the box, the whiskers extend to 1.5 the IQR, and outliers
beyond the whiskers are drawn with circles. For each ligand, two batches of nanoparticles
were synthesized, one batch is represented with colored lines on the box, while the other is
represented with white lines on the box. Geometric means and standard deviations are also
obtained for these particles by fitting log-normal function distribution to the distributions.
These values are given in Table 1. (¢) Curves obtained from thermal gravimetric analysis
showing the temperatures associated with ligand loss. The percent mass loss allows the
determination of the relative masses of the ligand shell and metal core, as summarized in
Table 1. Here, solid curves correspond to the same particles that were represented by the box
and whisker plots with colors lines. (d) UV-visible spectra of the particles in hexanes, each
normalized to the intensity at 400 nm. Each spectrum shows a strongly damped plasmonic
feature. Again, solid lines correspond to the same particles that yielded the solid curves for
TGA as well as the box and whisker plots with colored outlines on the boxes.
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convert Appm,, ., to an observed mass susceptibility, x°%__ using:?
3Appm
obs — PP 455 (2)
mass 471—106

obs
mass

The resulting x are plotted in Figure 3d and recorded in Table S5

Perhaps the most striking feature of Figure 3d is the non-monotonic nature of the data.
This, in part, reflects the trends in sizes of the particles and the trend in the fractional mass
of the ligands, each of which contributes their own magnetic behaviors beyond the Pauli
paramagnetism of interest. In fact, we find it convenient to decompose the value of y°

mass

into a linear combination of five magnetic susceptibilities:

Xobs — XPauli + XLandau + Xcore + Xshell o Xsolvent (3)

Pauli 7

from which x can be isolated. These susceptibilities are:!

xF@di;  resulting from Zeeman splitting of the partially filled electronic band (Figure 1),

this contribution is paramagnetic

yFandav.  clagsically, this is explained by Lenz’s law, whereby mobile electrons placed in a

magnetic field will produce a ring current, with a magnetic moment that opposes
the applied field (diamagnetic). Though this is not active for particles of our size,
there are quantum-mechanical orbital effects that can also produce diamagnetism

and are also termed Landau magnetism

X" in addition to the conduction electrons, each gold atom possesses filled core or-
bitals (1s through 5d), whose contributions are diamagnetic

¥l the core is surrounded by a ligand ‘shell,” composed of atoms with complete
electronic shells, yielding a contribution that is diamagnetic

x*vent:  this contribution to Equation 3 is negative because the solvent is displaced by

the nanoparticle. We used hexanes as our solvent, which is diamagnetic



Notably absent from Equation 3 is any contribution from isolated paramagnetism on
the nanoparticles. Despite many intriguing examples of paramagnetism in AuNPs in the
literature,?* isolated paramagnetism is not uniformly observed for gold nanoparticles, and

so we must verify that its absence from Equation 3 is warranted in our case.

Initial evidence for the lack of any significant contribution from isolated paramagnetism
is the simple fact that the overall behavior of our particles is diamagnetic. The susceptibility
of isolated paramagnetic centers is several orders of magnitude stronger than any of the
other contributions discussed above.!” Thus, if isolated paramagnetism was present, the net

response should be paramagnetic. However, stronger evidence is found in the temperature

core shell solvent

dependence of our samples. The diamagnetic contributions from x“"¢, y*"*. and yx
are expected to be nearly temperature independent.!'” Though Y7 for a free electron
gas is often treated as temperature-independent, real metals can show direct temperature
dependence, due to expansion of the metal lattice with increasing temperature. The increased
distance between metal atoms decreases the electronic coupling and the associated band

Pauli jncrease with temperature.? On the other hand,

dispersion. As a result, g(Fr) and x
isolated paramagnetism follows Curie-Weiss behavior, with y decreasing with increasing
temperature.!” and, though real metals can also show such inverse temperature dependencies,

they are much weaker than for isolated paramagnetic systems.

This last point is not actually needed, as Figure 3e shows that our hexanethiol nanopar-

obs
mass

ticles in THF possess a direct temperature dependence of x over the range 180 K to
250 K in THF. THF was used, as opposed to hexanes, in order to provide access to lower
temperatures in the liquid state. The plotted values can be found in Table S1. The increas-

%) with increasing temperature not only indicates that

ing paramagnetism (more positive y
isolated paramagnetism cannot be a dominant contributor to x°°*, but also that x7** must
be the dominant source of paramagnetism in our system.

We are now ready to isolate x7? by determining the value of each other term in Equa-

tion 3. The SI provides a detailed walk-through of our method, but we can summarize the
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Figure 3: Measurements of the magnetic properties were performed using the Evans method
of NMR. (a) First, an NMR spectrum is taken using a pair of coaxial NMR tubes, in which
the inner tube contains CDCIl3 and the outer tube has pure hexanes. For visual clarity, we
illustrate this for n-hexane. (b) Next, a new outer tube is used which contains a colloidal
suspension of nanoparticles in hexanes, and a new spectrum acquired. (c¢) The difference in
chemical shift, relative to the chloroform in the inner tube, is determined and Equation 2
is used to convert this shift to x°% . (d) A plot of x5, for our AuNPs in hexanes, as a
function of carbon count. Here, filled markers correspond to the particles represented by
the solid lines and box and whisker plots with colored outlines in Figure 2. (e) Temperature
dependence of x%__ for nanoparticles protected with hexanethiol in THF. THF was used to
provide access to lower temperatures in the liquid state, as compared to hexanes. The error

bars represent the propagation of the errors in concentration.
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Landau

overall approach here. First, we use the fact that y is directly related to x©* via:'7

)
; m
XPaulz = _3 ( ) XLandau (4)
m

e

where m, is the mass of a free electron and m* is the effective mass of an electron in

the metal. Though this may not be quantitatively accurate for our samples (for instance,

yrandau could be close to zero), we do not think that its value will change dramatically from

sample to sample, and so the observed relative differences between samples are valid, while
the mean value about which they change could be shifted by assuming a different Landau
magnetism (see below). Given the size of our particles, we assume that the effective mass

is the same as for bulk gold (m* = 1.1m,).2® The appropriateness of this approximation, as

core

well as of the other approximations we use, is discussed in the SI. Next, y is estimated

from the experimentally determined diamagnetic component of bulk gold,?” weighted by

the relative mass of gold in the nanoparticle. This relative mass is obtained by thermal

shell

gravimetric analysis shown in Figure 2c and reported in Table 1. Similarly, x is obtained

by weighting the susceptibility of the pure ligands by the relative mass of the shell. Finally,

solvent

we use a literature value for y and assume that the volume of solvent displaced equals

the nanoparticle volume. It is important to note that neither the gold core size nor particle

shape enters into any of these calculations.

Pauli

The values of y obtained from this analysis are given in Table 1, and plotted in

Figure 4 against the calculated energy of the ligand ground state with respect to that of

butanethiol ([ ptutanethiol _ | pligand) 19 Tncreasing the energy of the ligand ground state is

Pauli Pauli

accompanied by a decrease in y . For reference, the value of y for bulk gold is also

indicated by the dashed grey line.
Remembering that these particles are well within the metallic regime, the similarity of our

Pauli

yFaui to that of bulk gold is satisfying. The fact that some of our y values are larger for

our particles than for bulk gold could indicate a property unique to these nanoscale systems,
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Figure 4: Plots of the dependence of magnetic and electronic properties on surface chemistry
for gold nanoparticles. (left) Plot of xZ4u versus the energy of the ligand ground electronic
state. (right) Plot of g(EFr), versus the energy of the ligand ground electronic state. In
both cases, the value of the property for bulk gold is shown as a dashed grey line and the
energy of the ligand ground state is with reference to that of butanethiol. Also shown as the
solid black line is a fit of our data using the Gaussian distribution shown for the density of
states in Figure 1. The error bars presented are the errors associated with each experimental
measurement. As discussed in the SI, we estimate that our assumptions made in the analysis
could lead to a 10% error in the obtained values. The shaded grey regions about the fit line
indicate the region of 10% confidence in fit parameters.

or could be a result of the assumptions and approximations we used, as discussed above and
in the SI. For instance, if we instead assumed x' %9 was zero, all of our values for y'*u
would fall below that of bulk gold. Thus, we feel it is best to focus, not on the absolute
values, but the trends in x7?  which show a clear dependence on ligand identity, with the
effect being consistent across all particles.

The motivation for our work was using Equation 1 to follow the change in ¢g(Er) with
changes in surface chemistry. The values of g(Er) obtained from this equation are given in
Table 1 and plotted in Figure 4. The closeness to the value for bulk gold is again satisfying,
though we offer the same caution regarding the value rising above that of the bulk. However,
we wish to draw attention to the clear dependence of g(FEr) on the ligand identity, experi-
encing a nearly 3-fold change, which is in agreement with the prediction outlined earlier in
this manuscript.

This ligand dependence can be explained as follows. Based upon the atomic electronic

structure of gold, [Xe] 4! 5d'° 6s', the partially filled band for pure gold is half-filled and,
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according to the simplified picture shown in Figure la, g(FEr) is at a maximum. Attaching
alkanethiol to gold will adjust the Er of the gold, with longer ligands pushing the Er up

18,19 and to areas of lower density of states. As depicted in Figure 1, the density

in energy
of states is expected to have a Gaussian profile with respect to energy. Thus, as Er moves
upward from the halfway point, the measured g(Er) should follow the sigmoidal-like curve
associated with the side of a Gaussian profile. This expectation is verified by the solid black
lines in Figure 4, which were generated by fitting a Gaussian function to our data. The need
for a non-linear model for fitting this data is verified in the SI.

While it is satisfying that the trends shown in Figure 4 match the expected behavior
for changing the energy of the Ep, it is worth noting that these systems are complex, and
changes in ligands may also result in changes in ligand structure,?” surface chemistry,® or
core symmetry,?? all of which could produce changes to the DOS. In addition, it is worth
acknowledging that all of our particles have different mean diameters and widths of the size
distributions. While our analysis does not take into account the sizes, one could reasonably
expect that the changes in the surface-area-to-volume ratio that changes as a function of
size would affect the strength of the ligand influence over the density of states. This may
account for some of the scatter in our data.

Pauli and g(EFr), none of

Though the above factors could affect our measured values of x
them are expected to produce the Gaussian-shaped dependence seen in Figure 4. Thus, while
it is important to acknowledge these possible contributions to the ligand-induced control
exerted over the electronic structure of the metallic core, we propose that the ligand-induced
change in Fr through a Gaussian-shaped electronic band is the most likely explanation of
our observed non-linear trend. Nevertheless, we stress that the primary focus of this work is
not an establishment of the mechanism of action, but the demonstration of dramatic ligand
influence over the density of states in metallic systems and the ability to clearly measure it.

We hope that subsequent work will allow elucidation of a clear mechanism of action.

With regard to the ability to make these measurements, the NMR approach demon-

14



strated here provides a much more sensitive probe of changes in the electronic structure of
these particles than does the UV-vis spectrum. The SI provides an analysis of the nascent
plasmonic features seen in Figure 2d. In particular, the position of the plasmon, often used
as a gauge of changes in particle behavior, shows no strong trend with ligand length. The
lower sensitivity of the plasmonic feature to changes in g(Fr), as compared to the NMR-
based approach, could be a result of the weakness of the features in our particles, a lack
of selectivity for probing electronic structure, the relative breadth of the plasmon bands, or
some combination of these limitations. However, this study does show the advantages of
using NMR to probe the electronic structure of metallic systems and highlights the applica-
bility to a wide range of metallic systems, many of which may not exhibit strong plasmonic
features.

It is also particularly noteworthy that the nearly 3-fold change in g(Er) that we observe
is mot accessible by the physical changes that currently dominate attempts to tune the
electronic behaviors of nanoscale metals. At diameters significantly larger than the metallic
threshold, and in the absence of environmental effects, a metallic core will have a g(Er) near
that of the bulk, no matter changes in size and shape. Thus, our results demonstrate that
the tunability offered by surface chemistry complements and extends the tunability provided
by physical means and should be applicable to other metallic systems. More importantly,
the large change to the electronic structure we have demonstrated here was accomplished
using alkanethiols. These ligands are by no means optimal for exerting influence over gold,
and the conceptual frameworks and ligands developed by molecular inorganic chemists over
the past century? should provide fertile ground for exploration.

Finally, we wish to reiterate that the approach to measuring the density of states is
expected to be applicable in general for metallic systems. These include colloidal metal
nanoparticle systems that lie in the same size-regime, or larger, as those we have reported
on here. Indeed, the fundamental requirement for our analysis is that the systems under

consideration have no appreciable band-gap so that they exhibit Pauli-paramagnetism. This
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is a property that is shared not only by other metal nanoparticles but by a diverse and
growing array of materials, such as 2D metals and doped semiconductors. All of these
systems should fall under the purview of the technique we have demonstrated above, though
sample preparation may prove challenging in some cases.

We also expect that ligand control over metallic properties should be similarly general.
Though the precise response to changes in ligands may vary from system to system, in all
cases the binding of ligands to metal interfaces is a chemical event that should perturb the
electronic states within the metal and which will allow chemical control over the properties of
metals. Given the diverse array of ligand available, a proper understanding of ligand design
and effects will provide us a precisely tunable means of controlling the electronic behaviors

of metallic systems, including metal nanoparticles, 2D metals, and doped semiconductors.

Conclusions

Using the Evans method of NMR, we measured the magnetic susceptibility of small metallic
gold nanoparticles protected with alkanethiolate ligands. We then demonstrated that this
susceptibility changed with the chain length of the alkane and that, in particular, the Pauli
paramagnetism of the metallic core is inversely proportional to the length of the alkane
chain. Because it is known that increasing the chain length of alkanethioates will increase
the energy of the HOMO of the sulfur atom, we postulate that increasing chain length
causes more charge donation across the Au-S bond, which pushes the Fermi energy higher
in the electronic band structure and to regions of lower density of electronic states. It is
the movement of the Fermi energy to regions of lower density of electronic states that gives
rise to the observed reduction in the magnetic susceptibility. Taken as a whole, this work
demonstrates that ligands can be used to rationally tune the electronic structure of metallic

systems to which they are attached.

16



Methods/Experimental

Nanoparticle synthesis

The AuNPs used in this study were prepared using a modified two-phase Brust method?!
with a HAuCly-3H,0 to alkanethiol molar ratio of 1.0: 1.83. HAuCly-3H,O (180 mg, 0.46
mmol) was dissolved in 30 mL of deionized H2O. To the aqueous gold solution, tetraoctyam-
monium bromide (1.09 g, 2.00 mmol), dissolved in toluene (20 mL), was added. The mixture
was stirred until the transfer of gold to the organic layer was complete. Phase transfer com-
pletion was indicated by the emergence of an interface between the aqueous and organic
layers, and the transition of the aqueous layer from red/orange to colorless.

The aqueous layer was discarded. Alkanethiol (0.84 mmol) was added to the organic layer
via syringe, and the mixture immediately transitioned in color from red-orange to cloudy
white. NaBH, (180 mg, 4.8 mmol) dissolved in deionized H,O was added in a drop-wise
manner. The mixture changed in color from cloudy white to black. The gold-alkanethiol
mixture stirred for 3 hours. The aqueous layer was discarded and 250 mL of MeOH was
added to the organic layer. The mixture was placed in the freezer overnight (or for at least
10 hours).

The particles precipitated out of solution after 10 hours. The precipitate was collected
over a fritted filter and suspended in toluene. AuNPs in 1:19 toluene to methanol (MeOH)
solution were centrifuged for 15 min at 10,000 RPM. This washing process was repeated twice
using the same toluene — MeOH ratio. Finally, the AuNPs were collected with tetrahydro-
furan (THF) and dried via a rotary evaporator. Final yields ranged between 95.1 and 131.5

mg per synthesis.

Thermograviemtric analysis (TGA) preparation

“Dry” AuNPs (especially those capped with longer alkanethiols), were found to be quite

waxy and difficult to place on TGA pans. To overcome this difficulty, the particles were
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molded into a “pellet” via centrifugation.

Similar to the washing method (see above), AuNPs suspended in toluene were placed in
centrifuge tubes. MeOH was added until the volumetric ratio of toluene to MeOH came to
be 1:19. The tubes were run through one cycle in the centrifuge at 10,000 RPM for 15 min.

The supernatant was decanted and the “pellet” collected.

Instrumentation

Transmission electron microscopy (TEM) images were collected using an FEI Tecnai G2 20
XTWIN microscope with a LaB6 source operating at 200 kV. All Evans measurements were
performed using a Bruker AV-III-HD-500 MHz nuclear magnetic resonance spectrometer.
TGA measurements were performed using TA Instruments Discovery Series TGA Q5500
coupled with Discovery MS. Samples were heated from room temperature to 700 °C at a

rate of 20 °C/min under Ny atmosphere using a high-temperature platinum pan.

Data availability
All data used in this report are found in the main manuscript and the supplemental infor-

mation. Raw NMR, TGA, and TEM data are available upon request.
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Table 1: Calculated and measured parameters of the nanoparticles. Reported here are the
calculated ionization potential of the isolated ligand, the measured mean core diameter and
associated standard deviation, the measured ligand to core mass ratio, the measured NMR
Evans shift, normalized by the mass concentration of the particles, the volumetric Pauli
paramagnetism determined using Equation 3, and the density of states associated with the
Pauli paramagnetism, as determined from Equation 1. Errors for the Appm,, .. come from
fits of the experimental data. The remaining errors come from propagating the experimental
errors during calculations.

Paulz

ligand IPLigana  Batch deere ogome % Appmeconc Xovol 9(EFr)
/ nm / nm / mL.g—?! /10~° /104731 . m—3

1-butanethiol 776 A 4.13 + 0.35 1.78 + 0.015 0.109 -0.391 £ 0.004 1.285 £+ 0.013 1.190 £ 0.012
) B 3.75 + 0.04 1.29 + 0.01 0.115 -0.698 + 0.010 1.174 + 0.017 1.087 £+ 0.016
1-hexanethiol 7704 A 3.26 £+ 0.08 1.48 £+ 0.03 0.153 -0.648 £+ 0.012 0.948 £+ 0.018 0.878 £ 0.016
B 2.50 £+ 0.05 1.37 + 0.03 0.193 -0.160 + 0.011 0.855 + 0.059 0.791 £+ 0.054
l-octainethiol 7644 A 5.00 £+ 0.16 1.32 £+ 0.04 0.157 -0.697 £+ 0.007 0.928 £+ 0.019 0.859 £ 0.017
. B 3.11 + 0.04 1.23 + 0.01 0.223 -0.432 £+ 0.012 0.704 £+ 0.020 0.652 £+ 0.018
1-decanethiol 7.543 A 2.64 £+ 0.12 1.40 £+ 0.06 0.242 -0.715 £+ 0.007 0.648 + 0.064 0.600 £ 0.059
i B 2.86 + 0.09 1.41 + 0.04 0.445 -0.156 + 0.013 0.542 £+ 0.045 0.502 £ 0.042
1-dodecanethiol 7.454 A 3.20 + 0.05 1.16 £ 0.02 0.325 -0.941 £ 0.013 0.481 £ 0.007 0.445 £ 0.006
i B 2.75 + 0.06 1.32 £+ 0.03 0.406 -0.689 + 0.007 0.413 £+ 0.004 0.382 + 0.004
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