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Abstract

Electron spin resonance (ESR) spectroscopy is used to probe the electronic prop-
erties of the metallic cores of small (ca. 2 nm) gold nanoparticles protected by 1-
hexanethiol and 1-dodecanethiol, suspended in either n-hexane or THF. Analysis of
the ESR spectra allow extraction of the principal components of the g-tensor for the
metallic electrons in the core. We find that the values associated with the g-tensor
are sensitive to the identity of both the ligand and the solvent. We also find that
the handling of the samples can affect the measured g-values, with common manipula-
tions such as freezing and thawing the sample, or precipitating and resuspending the
nanoparticles, increasing the measurement-to-measurement distributions in the mea-
sured g-values. The degree of these perturbations also depends on the identity of the
ligand and solvent. These results stress the importance of the design and handling of

colloidal systems when seeking to use their electronic behaviors.
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Introduction

Gold nanoparticles are an important component of modern science, used by chemists, mate-
rials scientists, physicists, and biologist in order to address a range of fundamental questions
regarding the nature of metallic systems! and as a platform for cutting-edge applications
ranging from lasers?? to sensors*® to cancer treatments.®” The popularity of gold nanopar-
ticles is a result of at least two properties: exciting electronic behaviors that emerge when
gold is confined to the nanoscale and the relative robustness of gold particles under typical
ambient conditions. For the latter, it is particularly valuable that gold nanoparticles do not
experience the oxidation that is common for many other metallic systems, such as copper
and silver. However, it is worth acknowledging that this oxidative-centric view of stability is
somewhat narrow. Indeed, except for a very few known metallic atomically precise clusters,®
synthesis of metallic gold nanoparticles results in a heterogeneous population of particles,
in terms of size, shape, and surface chemistry—a fact that testifies to a relatively flat en-
ergetic landscape for the configuration space. A flat landscape, in turn, implies that gold
nanoparticles should be relatively mutable in terms of size, shape, and surface chemistry,
post-synthesis.

=14 are all known to affect the elec-

Importantly, size,? shape,!® and surface chemistry
tronic properties of particle’s metallic core; the very properties for which the systems are
valued. Though they receive less attention in general, effects of surface chemistry are strong
enough to affect even the properties of bulk gold.'® Furthermore, low-barrier restructuring
gold surface and absorbates is known to occur for both bulk and nanoscale materials. 1618
Given the flat configuration landscape for gold nanoparticles, it is reasonable to expect that
the structure, and electronic properties, of these particles could be changed during handling
of the samples and that even manipulations typically viewed as benign could effect subtle
changes in the particle that will manifest as significant changes to the particles electronic

properties. These manipulations could even include those routinely employed to preserve

the particles, such as the freezing (and associated thawing) of samples, and the drying (and



associated resuspension) of colloidal suspensions.

Guided by this line of reasoning, we undertook a study of the electronic properties of small
(ca. 2 nm diameter) gold nanoparticles for two different surface chemistries (hexanethiol and
dodecanethiol) in two different solvent environments (n-hexane and THF). Below, we will
refer to the hexanethiol protected nanoparticles as AuSC6 and the dodecanethiol protected
nanoparticles as AuSC12.

The small size of the nanoparticles was chosen to maximize the effect of small changes
in structure and surface chemistry. Using these particles, we could determine the effects of
changing ligands and solvents on the electronic properties of metallic core. In addition, we
wished to determine how stable these properties were. Alkanethiols were chosen because
they are commonly employed as stabilizing agents for colloids in non-aqueous media. Both
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experiment and theory show more favorable absorption energies for longer ligands
we were curious if this would translate to particles that were more resistant to perturbation.
The solvents were chosen, because THF is known to promote ligand loss,?! while hexane was
expected to be relatively innocent. It was unclear if these differences in solvent would trans-
late to a difference in the degree of perturbation induced by manipulations of the particles.
Using pairs of nanoparticles and solvent, we sought to measure how the electronic prop-
erties of these systems would change when the samples underwent manipulations common
to nanoscience. Specifically, we examined the effects of freezing and thawing the colloidal
suspensions and drying and re-constituting the particles (Figure 1).

In order to ascertain changes in the electronic properties of the metallic core, a technique
is needed that provides a sensitive and selective measurement of the properties of the metallic
core. Though the surface plasmon resonance is often used as a marker for electronic prop-
erties of the core, we did not consider using this behavior here, for several reasons. Perhaps
most importantly, the plasmon is very strongly damped for the size of the nanoparticles we
employed, and it is hard to extract meaningful information from the UV-visible spectrum.

An exemplar of the plasmon for our particles can be seen in the SI, which illustrates the
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Figure 1: The perturbations to which we exposed our nanoparticles. The first was removal
of the frozen sample, and then replacement in the instrument. The second was a thawing of
the sample between measurements. The third was removal of the solvent and reconstitution
between measurements.

difficulty in analyzing this feature for particles of the size considered herein. However, even
if information about the plasmon could be readily extracted, the plasmon resonance is not
selective for the electronic structure of the core. For instance, change in the dielectric of
the medium surrounding the nanoparticle can produce changes in the plasmon, even if the
electronic structure of the metallic core were unaffected. Thus, changes in the plasmon are
not a clear indication of changes to the electronic properties of the core. Instead, we turned
to electron spin resonance (ESR) to provide a method that would be applicable to particles
of our size, and which is are selective for the core properties.

Though metallic gold nanoparticles are often thought of as diamagnetic, paramagnetism
can be induced by placing the particles in a magnetic field.?? This affect is known as Pauli
paramagnetism, and results from Zeeman splitting of the band structure, which raises the
energy of one electron spin state and lowers the energy of the other. Since metals have
partially filled band structures, this will place filled states above empty ones, and electrons
will be transferred between spin manifolds, generating a paramagnetism that can be probed
via ESR. Importantly, this effect is valid for any metallic system, even for those that have
strongly damped plasmons. This makes this approach applicable for our small systems.
In addition, because the paramagnetism is a result of the properties of the metallic core,
changes in the ESR are directly reporting on changes to the these properties. Perhaps

the most direct probe of these electronic properties is the g-value of the unpaired electrons.



Though a detailed discussion of the interpretation of the g-value lies beyond the scope of this
report, it is worth noting that its value is connected to both the energy and the nature (e.g.,
angular momentum) of the electronic state holding the unpaired electron.?? Thus, changes
to the observed g-value indicate changes to the nature of the electronic states within the
core. Herein, we use this as a selective probe of metallic properties in order to understand

the purturbative nature of common sample manipulations.

Results

We prepared the AuNPs using a modified Brust-Schiffrin method.?? After synthesis, parti-
cles were collected via precipitation and filtration, and then stored as dry powders until the
start of the studies, thus, it is worth noting that at least one of the manipulations under
consideration occurred prior to the study. More details on the synthesis, sample preparation,
and handing can be found in the SI. Particle sizes were determined using TEM. Represen-
tative TEM micrographs and the histograms of particle sizes obtained from 200 particle
measurements are shown in Figure 2 for particles at the start and end of our studies. In
this figure, we also show log-normal fits to these histograms. The mean geometric diameter
and geometric standard deviation of the mean obtained from these fits are also given in the
figure. More details of the fitting are provided in the SI.

Between the collection of the initial and final TEM images for each particle:solvent pair,
we performed 15 EPR measurements. The EPR was collected on a Freiburg Instruments
MS-5000X X-band spectrometer with an ER 041MR microwave bridge using a dual-mode
ER 4116DM cavity operated in perpendicular TE102 microwave mode with a microwave
frequency of 9.623 GHz. Spectra were collected at 25 K in frozen suspensions of either n-
hexane or THF. Freezing was performed by slow immersion of an EPR tube containing the
AuNP solution into a bath of liquid nitrogen. The sample, approximately 4 cm in height,

was immersed into the liquid nitrogen over the course of a minute. The 15 measurements
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Figure 2: TEM images and histograms of A) AuSCG6:n-hexane, B) AuSC6:THF, C)
AuSC12:n-hexane, and D) AuSC12: THF particle diameters obtained from the TEMs, for all
four particle:solvent pairs. For each pair, the top image and histogram are of the particles
at the start of the manipulations and the bottom image and histogram are of the particles
after all 15 manipulations. Also shown are the results of log-normal fits to the histograms,
and the geometric mean and geometric standard deviations obtained from these fits, as well
as the standard errors in these parameters obtained from the fit.



can be assigned to three sets of 5 measurements each. These sets, shown in Figure 1, can be

described, in the order that they were performed, as:

Set 1: Repositioning:

In this set, the EPR tube was removed from the instrument between measurements. The
sample remained frozen the entire time. Thus, this condition probes the perturbation asso-
ciated with sample position within the EPR resonance cavity. Because this is not expected
to produce a change in the sample, this set provides a baseline for the variation in spectra

collection, to which we can compare the following two sets.

Set 2: Freeze-thaw:

In this set, the EPR tube was removed from the instrument and allowed to thaw between
measurements. The sample was then frozen and re-inserted into the resonance cavity to
collect the new spectra. As above, freezing was performed by slow immersion of an EPR
tube containing the AuNP solution into a bath of liquid nitrogen. Thus, this set probes
the perturbation induced simply from moving between liquid and solid states of the sample.
Often times, samples are preserved by freezing them. While this is often effective for atomi-
cally precise samples that are relatively stable, it is unclear how effective this method would

be for heterogeneous nanoscale materials that reside on a much flatter energetic landscape.

Set 3: Resuspension

In this set, the sample was thawed and the solvent removed by rotary evaporation between
measurements. The sample was then resuspended before being frozen and the next spectra
acquired. As for the first two sets, freezing was performed by slow immersion of the sample
in a liquid nitrogen bath. The removal of solvent to store samples as powders is also common
practice in nanoscience. However, the process of solvent removal is likely more perturba-
tive than simple freezing of samples, and this set tests that hypothesis with respect to the

electronic properties of the metallic core.

In total, across the four nanoparticle:solvent pairs, we collected 60 different EPR spectra



(a) AuSCé6:n-hexane (b) AuSC12:n-hexane (c) AuSCE:THF (d) AuSC12:THF
9: 9, (@ 9 9: 9,49 9 9:9,(9) 9 9:9,(9) g
e _
trial 1 trial 1 trial 1 N trial 1
34 repositioning
4 <
54 (
@ 6
£ 77 *
2 8- freeze-thaw ®
= 94
£ 10+
114
124 _
134 resuspension
144
15_ H H -
trial 15 trial 15 k: trial 15 - ftriaHS
—T——T T T T T T T - T T T T T T T T T T T T T T T T
24 22 20 18 16 24 22 20 18 16 24 22 20 18 16 24 22 20 18 16
g-value g-value g-value g-value

Figure 3: ESR spectra and extracted g-values for all samples, grouped by nanoparticle:solvent
pair. For each, the starting ESR spectra are at the top and the final ESR spectra are at
the bottom. For these spectra, the experimental data is the colored line, the fit is the
white line, and the residuals are the grey line. Also indicated are the position of g, gy,
g., and (g), extracted from the fit. Between the two spectra are shown the values for these

parameters for each trial.

The shaded regions indicate the nature of the trial, for three

different perturbations performed between measurements: repositioning of the ESR tube,
thawing and re-freezing of the EPR tube, and drying and re suspension of the nanoparticles.
For clarity, the standard errors of these parameters are not shown, though they can be found
in Table S1 and seen in Figure 4 for (g) and the SI for the remaining parameters.



and fit them to an EPR powder pattern built from individual Gaussian band shapes, using a
home-built Python program described in detail elsewhere.?* Each spectrum and its fit can be
seen in the SI. Figure 3 shows the initial and final spectra for each nanoparticle:solvent pair.
These are the spectra most closely associated with the TEM distributions shown in Figure
2. In Figure 3, the experimental spectra are shown as the colored line, the fit as the white
line, and the residual of the fit as the grey line. Fitting of the spectra allows extraction of
the g-value. Because we are working with frozen solutions, the tensor nature of the g-value
is manifest in the line shape and we extract positions for the three principal components,
9z, Gy, and g., shown as the vertical lines in Figure 3. Using these principal components, we
can calculate the value of the isotropic g-value, (g), which is given by the arithmetic mean
of the principal values and is the value expected for a rotationally averaged spectra (i.e., in
liquid state). We note that we used frozen colloidal suspensions in our experiments, because
the ESR spectra becomes too lifetime broadened to observe at temperatures where either
hexane or THF are liquid. However, (g) is a value that will have relevance for researchers
employing nanoparticle suspensions in the liquid state, and so we also report it here. The
(g) value are shown in Figure 3 using vertical dashed lines.

Between the first and last spectra in Figure 3, we show the evolution of g,, g, ., and (g)
values for each measurement. All of these values, and the errors associated with them, are
given in Tables S1-S4. Our fits also yields values of the widths associated with the principal
g-tensor values, and these are also presented in Tables S1-S4. Here, we focus on the values
associated with the g-tensor, rather than the widths, as they are more directly connected to

the electronic structure of the nanoparticle.

Discussion

Examination of Figure 3 reveals several trends in the parameters extracted from the ESR

spectra. First, it is clear that, for all samples, the values of (g) experience less fluctuation



than the individual principal components of the g-tensor. In other words, changes in the
different g-tensor values tend to offset one another. This makes sense if one assumes that
changes to the g-tensor reflect restructuring of the particles. The standard explanation for
different values of ¢,, g,, and g, in molecules that they reflect asymmetries in in the structure
of the molecule. We have recently suggested that a similar interpretation should be used for
nanoparticles.?* This implies that the values of g¢,, g,, and g, are tied to physical morphology
of the particle. Because there is a fixed amount of gold and ligand in the sample, a change
along one dimension of the particle will invoke a change along another. For instance, growth
along the particle z-axis will come at the expense of material along either the x- or y-axes—
or both. While it is important to note that the particle’s geometric axes need not correspond
directly to the g-tensor axes, a similar logic will follow if the alignment between the g-tensor
and molecular geometry was known. This line of reasoning suggests a rational for why the
changes in g, g,, and g, tend to offset. If this hypothesis is true, then the value of g, — g,
could function as a measure of a sort of aspect ratio of the particle, though more work is
needed to firmly establish such a quantitative relationship. Of course, there does not need
to be a linear relationship between morphological changes, and this could account for why
there is still some change in the observed (g), as the g¢,, g,, and g, change.

Though these changes are cast in terms of changes to the morphology of the core atoms,
it is worth acknowledging that ligands and solvent play a role. In particular, it is expected
that the solvent interaction with the ligands helps to facilitate re-arrangements of the ligands
and, through the strong bonds to the gold, the gold atoms of the core. Thus, we believe
that both the core atoms and the ligand structure is changing. However, as ESR probes the
metallic electrons, which should be localized on the core over the ligands, our measurements
are anticipated to be more sensitive to the properties of the core, and so we frame our
interpretation with respect to the core.

Another feature that stands out is that the values present for the particles in n-hexane

(Figure 3a,b) experience less fluctuation than for the same particles in THF (Figure 3c,d).
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In addition, we also find that for a particular solvent, the AuSC6 particles (Figure 3a,c) have
more variation in their g-values than the AuSC12 particles (Figure 3b,d). To make these
behaviors easier to see, Figure 4 shows just the (g) values for all four nanoparticle:solvent
pairs. Also shown are the errors associated with the fit. In this figure, the shaded regions
represent the 90% confidence intervals for the collection of 5 measurements for each set.
Analogous figures for the g,, g,, and g, values, as well as G, G, and G, are given in the
SI.

From Figure 4, it is immediately clear that, when comparing changes in solvent alone, the
distributions in n-hexane are more narrow than in THF. Similarly, when comparing changes
in ligand alone, distributions for particle protected in dodecanethiol are more narrow than
for particles protected by hexanethiol. Again, if one is attempting to preserve electronic
properties, our results suggest that long-chain ligands are to be preferred, as are non-polar
solvents.

Another feature that becomes clear from examination of Figure 4 is that the first and
second sets of conditions (repositioning and freeze-thaw) are equally pertabative. On the
other hand, the condition under which we remove solvent and then resuspend particles
between measurements is more purturbative, especially for the AuSC6 particles. It is worth
noting, that, using an f-test, the change in the spread of values as one moves through the
manipulations for a particular solvent:solvent pair is only significant at the 95% confidence
limit for the AuSC6 particles. Nevertheless, if one wishes to preserve the electronic properties
of nanoparticles, it seems that freezing is to be preferred to drying.

It is worth noting that, especially for the AuSC6:THF sample the individual spectra
(Figure S3) are clearly noisier than for the other nanoparticle:solvent pairs, and this noise
will introduce additional uncertainties and fluctuations in the the extracted parameters.
However, the increased uncertainty in the parameter values is unlikely to explain the entire
increase in the distribution of values, especially those seen when the particles undergo drying

and re-suspension. Thus, the uncertainty due to increased spectra noise is unlikely to explain
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Figure 4: Collected values of (g) for all samples. The individual points and bars indicate
the mean value and standard error from the fit. The shaded regions indicate the 90%
confidence intervals associated with each grouping of 5 measurements. The bottom figure
gives the Gaussian distributions associated with the mean value of all 15 measurements for
each sample, and the width of the distribution is given by the standard error of this mean.
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all of the increased fluctuation the extracted values of the parameters.

Interestingly, though the distribution of values does change between sets of measurements,
the mean value for a particular particle:solvent pair does not. If we use a t-test to compare
the values for all of the g-tensor components, the (g), and the FWHM values, we find that
none of these parameters experience a change in their mean values, within a 95% confidence
limit. This is true in two ways.

First, we can compare the first and final measurements. These are the measurements for
which we have TEM images. For this we assume an error in a single measurement defined by
the value for the first 5 measurements, as this standard error is larger than that estimated
from the fit. Doing so, we find that none of the final values vary significantly from the initial
values, according to the results of a ¢-test at the 95% confidence limit.

The second way in which we can see that values do not change is to compare the means
of the first, second, and third sets of measurements, using the standard deviations of each
set to provide a standard error for the mean value. Doing so, we again find that none of
the means are significantly different, again using a t¢-test at the 95% confidence limit. In
other words, though the values do fluctuate more when the samples undergo resuspension
from the solid state, they continue to fluctuate about the mean value attained in the first set
of measurements. This also suggests that the perturbations associated with sample drying
are more of a concern if one is considering individual usages of the particles, rather than
an average across multiple usages. This highlights the need to consider the use case of
nanoparticles, when choosing how to store and manipulate them.

The result that all measurements for each nanoparticle:solvent pair fluctuate about a
common mean is important for this study, as it allows us to group all 15 measurements for a
nanoparticle:solvent pair together and calculate the common mean value and standard error
associated with this mean. Gaussian distributions plotted using these values are shown on

the bottom of Figure 4 for (g). From the values in Figure 4, we find the following to be true:
1. A change in ligand produces a statistically significant change in (g) at 95% confidence

13



using a t-test. In other words, we again see that changes as subtle as ligand length

produce significant differences in the electronic properties of the metallic core.

. For the ligands studied here, a change in solvent from hexane to THF, produces a
larger shift in (g) than a change in ligand. In other words, changes in the solvent can

produce changes in the electronic properties of the metallic core.

. The distribution of values for (g) is significantly (95% confidence, using an f-test)
narrower for AuSC12 than AuSC6, when in the same solvents. In other words, AuSC12

produce particles with more stable properties of the metallic core.

. The distribution of values for (g) is significantly (95% confidence, using an f-test) nar-
rower for both particles in hexane, as compared to THF. In other words, the electronic

properties of the metallic core are more stable in hexane than THF.

. The change in the width of the distributions (¢g) between AuSC12 in THF versus hexane

is roughly the same as between AuSC12 and AuCS6 in THF or hexane.

Similar trends are found for the principal components of the g-tensor, as shown in the SI.

In other words, the ligand and solvent provide similar power in controlling the stability of

the electronic properties of the metallic core. This is a testament to the ability of the ligand

and solvent to mediate and promote changes to the core structure which, as noted above, is

primarily were the electrons we probe are localized.

Conclusions

Using electron spin resonance, we demonstrate the nature of environmental control over the

electronic properties of the core of metallic nanoparticles. In particular, we have shown that

the electronic properties of nanoparticles respond to even subtle changes in environment, such

as changing the ligand length from hexanethiol to dodecanethiol while in n-hexane. These
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results also suggests that, while guidance can be given in how to best preserve nanoparti-
cles, it may be that the best choice of ligand and solvent with regard to stability are not
the best in terms of electronic properties. It remains up to the researcher to balance the
relative importance of these behaviors. However, our results here demonstrate that both
environmental and ligand parameters are important, when seeking to leverage the behaviors

of mutable nanoparticle systems.
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