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ABSTRACT: Phenylacetylene capped silicon nanoparticles
(Phenyl-SiNPs) have attracted interest as a novel thermo-
electric material. Here we report a combined muon
spectroscopic (USR) and computational study of this material
in solution to investigate microscopic electronic structure in
this system. For comparison, the model molecular compound
tetrakis (2-phenylethynyl) silane has also been investigated.
USR measurements have shown that the muon isotropic hyper-
fine coupling constant, A, which depends on spin density at the
muon, is greatly reduced for the Phenyl-SiNPs system when
compared to the model compound. Results have also demonst-
rated that the temperature dependence of Ay for the Phenyl-
SiNPs is of opposite sign and proportionally larger when com-
pared to the model compound. Ab initio DFT methods have
allowed us to determine the muon addition site in the model
compound, while a wider computational study using both
DFTB+ and CASTEP offers a qualitative explanation for the
reduced coupling seen in the Phenyl-SiNPs system and also the
contrasting temperature dependence of Ay for the two materi-
als. Calculations suggest an increase in the density of electronic
states at the energy level of the highest occupied molecular
state for the Phenyl-SiNPs, even in the presence of an organic
cap, suggesting a mechanism for enhanced electron transport

in this system when compared to the tetrakis model compound.

Introduction

Energy shortage and climate change are two of the most seri-
ous problems threatening our society. The US Department of
Energy (DOE) recognizes thermoelectric technology as one of
several potential technological solutions. Specifically, thermoe-
lectric (TE) technology could help to solve the vehicle electrifi-
cation problem and thus contribute to significantly reducing
COz emissions. The DOE continues to commit public money to
TE technology development.!

A TE device is a solid-state energy converter that converts
thermal energy directly into electricity. The efficiency of a TE
device depends on the performance of its component materials,
and it is embodied in a dimensionless figure of merit ZT, which
is given by the following expression:2
aS?T
k

ZT = (D)
where o is the electrical conductivity, S is the Seebeck coeffi-
cient, k is the thermal conductivity and T is the absolute tem-
perature.

Nanostructured silicon is a promising semiconductor material
for thermoelectric devices. Silicon has major advantages in its
low cost, relative abundance and low toxicity,3-* and many sili-
con-based materials have been investigated for potential ther-
moelectric applications.>7 In particular, phenylacetylene
capped silicon nanoparticles (Phenyl-SiNPs), synthesized via
the micelle reduction method,? 8 have the potential to become
efficient thermoelectric materials, where transport of electrons
is possible via conjugated ligands. Because of the characteristic
nature of Phenyl-SiNPs, it is possible to improve the electrical
conductivity while minimizing thermal conductivity with the
same system. Previous characterization measurements for this
system provided electric conductivity in the region of 18 S-m-1,
thermal conductivity 0.1 Wm-1K-1 and a Seebeck coefficient of
3228 pVK-1at 300 K.2

The experimental work reported here centres on the applica-
tion of muon spectroscopy (uSR), where beams of 100% spin
polarised positive muons are produced by high energy colli-
sions between protons in particle accelerators and stopped in
the sample under study. Muons are unstable particles with a
mean lifetime of ~2.2 pus, with their decay positrons emitted
preferentially in the polarisation direction. The time evolution
of the polarisation can therefore be followed with great sensi-
tivity simply by monitoring the time dependence of the decay
positron distribution. Muons may thermalize in materials ei-
ther as the positive muon, with a spin of %2 and a mass of ap-
proximately one ninth that of a proton, or may bind an electron

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

to form muonium (Mu), a light isotope of the H atom. Both spe-
cies may then undergo further reactions to form alternative
diamagnetic or paramagnetic states. Chemically, Mu is almost
identical to H and will undergo the same chemical reactions in
the sample material. In this experiment it is the addition reac-
tion that is of interest, to form a final state muoniated species.

uSR is a powerful technique that has been used for a wide
range of investigations, including magnetic materials,? super-
conductors,10 functional materials!! and energy materials,!2
and is a technique that can provide unique information about
sample structure and dynamics. In uSR experiments, the local
magnetic field felt by the muon is estimated by monitoring the
state of the muon spin. When the muon’s final state is a para-
magnetic muoniated radical, this local magnetic field is domi-
nated by the unpaired electron and the information obtained in
the experiment reflects what happens to this electron. There-
fore, the uSR technique can be used to study properties such as
the dynamics of molecules and radicals,!3 reaction rates!4 and
electron transfer/conduction.t5

A number of muon spectroscopic methods are available, the
choice depending on the information required. In this study,
both avoided level crossing muon spin resonance (ALC-pSR)16-
17 and transverse field muon spin rotation (TF-uSR) experi-
ments have been carried out.

ALC-pSR is a technique where an external magnetic field is
applied along the direction of the muon spin polarisation. This
polarisation is monitored as the applied field is scanned, with a
loss of polarisation defining a level crossing resonance. Reso-
nances occur when states with opposite muon spin become
near-degenerate in energy, and are characterized by the selec-
tion rules (AM = 0, 1, 2), where M is the quantum number for
the z-component of the total angular momentum of the muon,
electron, nuclear system. For the case when AM = 0 (Ao), a mu-
on-proton spin flip-flop, the resonance field (B29) given by the
formula below:5

1|Au-4p  Ay+ap
217, Ye

B = )

These resonances are seen for radicals in solid, liquid and gas-
eous phases, where for isotropic media A, and Ay are the iso-
tropic muon and proton hyperfine coupling constants (in MHz),
and can be used to estimate the vibrationally averaged electron
spin density at the nucleus,!8 while vy}, yp, and ye are the muon,
proton, and electron gyromagnetic ratios, 135.5 MHz T-1, 42.57
MHz T-1, and 2.8025x104 MHz T-1, respectively.18 Since the
peak position is related to the hyperfine couplings of the muon
and the proton in the radical, and the hyperfine coupling con-
stants are characteristic of a particular muoniated radical, one
can use these lines for assigning the observed resonances to a
particular radical species.19 A muon spin flip transition, AM = 1
(A1), may also be observed; however, in the absence of anisot-
ropy (as for these compounds in solution) this resonance will
be absent.5

In our previous work,20 the ALC-puSR technique was employed
to investigate Phenyl-SiNPs system in the solid state. These
preliminary measurements showed clear resonance lines
around 2.2 T for both the Phenyl-SiNP and model molecular
compound, with a reduction in the resonance line width above
room temperature, suggesting an activated behaviour for the
system.20 Ap initio DFT simulations were carried out to calcu-
late the hyperfine parameters for the model molecular system.
Predictions suggested a radical species being formed with a
value for Ay ~ 400 MHz by the addition of muonium to the car-
bon C7, with the measured lines corresponded to Ao resonanc-
es associated with protons on the Phenyl ring. Curiously, the

associated A1 resonances appeared to be weak and very broad,
and difficult to reliably determine from the baseline. We there-
fore decided to continue the study by investigating both sys-
tems in solution, where motional averaging would be expected
to give narrow lines and better resolution of radical species for
ALC-pSR measurements, while allowing A, to be straightfor-
wardly determined by carrying out a TF-puSR measurement.

For TF-uSR measurements, relatively high fields are used that
fall within the so-called Paschen-Back regime. The frequency
spectrum of a system under these circumstances is typically
characterised by a single peak at the muon’s Larmor precession
frequency seen for all diamagnetic muon states. This peak is
known as a diamagnetic peak, and it appears together with a
pair of resonance peaks placed approximately symmetrically
about this diamagnetic peak. The value of Ay can simply be
determined from the splitting between these two satellite lines.
Specific muon analysis software, WIMDA, was used to correlate
these line pairs in the measured data to obtain values for A,.21

Knowledge of the microscopic conduction rates and mecha-
nisms in these materials would be useful in our attempt to im-
prove these materials by design. uSR has been shown to be an
elegant method for measuring microscopic conduction rates
and mechanisms in conducting organic polymers,15 which are
materials structurally similar to the ligands found in phenyla-
cetylene functionalized SiNPs. Further, muonium adducts to
carbon-carbon triple bonds in other organic compounds have
already been characterized.22

In this work, Phenyl-SiNPs in solution state are investigated by
both ALC-uSR and TF-puSR, while a solution of the model com-
pound tetrakis (2-phenylethynyl) silane is employed as a refer-
ence for comparison. Key to interpreting the data has been the
extended computational modelling, allowing us to assign the
Mu addition site in these systems and to gain insight into the
electronic structure of the Phenyl-SiNPs. The results have ena-
bled us to propose a mechanism for the thermoelectric behav-
iour seen in these materials.

Experimental

Synthesis of Tetrakis (2-Phenylethynyl) Silane

Phenylacetylene and n-Buty-lithium were added to distilled
tetrahydrofuran (THF) and stirred for 30 min to give a yellow
suspension. This suspension was added to a fully dispersed
solution of silicon tetrachloride in THF and was refluxed over-
night. The residue was filtered and dissolved in toluene, fil-
tered and dried to get the model compound. Recrystallisation
using dichloromethane gave white needle-like microcrystals.

Synthesis of Phenylacetylene capped silicon nanoparticles

A mixture of sodium metal and naphthalene were sonicated for
two hours in distilled THF and immediately added to the fully
dispersed solution of silicon tetrachloride in THF to give a
white cloudy suspension. Tetrakis (2-Phenylethynyl) silane
was added to the reaction medium and refluxed for 8 hours.
Deionized water was added to the final solution to react with
any surplus lithium. The organic layer was evaporated to give a
yellow-orange powder. The residue was heated in an oil bath
and pumped under vacuum to remove the residual naphtha-
lene. The final product was an orange crystalline solid powder.

FTIR

The FTIR spectra were collected using a Perkin-Elmer 100 ATR
FTIR spectrometer. The solid sample was placed on the crystal
to take the measurement and the background was corrected by
taking a spectrum of the clean crystal.
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The ALC-uSR measurements were undertaken using the HIFI
spectrometer at the ISIS muon facility of the Rutherford Ap-
pleton Laboratory (RAL), Oxfordshire, UK,23 while the TF data
was measured using the GPD spectrometer at the Paul Scherrer
Institute (PSI), Villigen, near Zurich, Switzerland.24 Samples
were redissolved in spectroscopic grade THF with concentra-
tions of 200 mM for the model compound and 115 mg/ml for
the SiNPs. At least three cycles of freeze-pump-thaw were car-
ried out to remove O3 in the solution. For measurements at ISIS,
the solutions were loaded into titanium sample cells (with a 35
mm diameter foil beam window) inside a glovebox purged with
high purity argon. The sample environment was provided by a
closed cycle refrigerator. At PSI, a high momentum muon beam
was available, and samples were sealed immediately after de-
gassing in a glass sample holder, which was placed directly in a
gas flow cryostat. In both experiments, the temperature range
available for the study was limited by the freezing and boiling
points of the THF solvent.

Computer Simulations

Computer simulations were used for interpreting data meas-
ured for radicals formed by muonium addition. The muon
stopping sites in both the model compound and the Phenyl-
SiNPs were studied using Density Functional Tight Binding
(DFTB) calculations, as implemented in the DFTB+ code,25 and
standard DFT calculations, as implemented in the CASTEP code
(see supporting information).26 The combination of these com-
putational results with the ALC-pSR and TF-pSR experimental
data provides a unique insight into electronic structure of these
materials.

In the case of the model compound, there are eight possible
sites of addition for Mu in each of the phenylacetylene mole-
cules bonded to the silicon atom, which might result in poten-
tially eight different organic radicals. These radicals might be
computationally distinguishable from one another depending
on the symmetry of the system. As regards the Phenyl-SiNPs,
the potential addition sites for Mu are in the same phenylacety-
lene molecules, which are now attached to the silicon nanopar-
ticles.

The molecular structure of the model compound, with its po-
tential muon addition sites indicated in red, is shown in Figure
1. The eight potential addition sites for Mu correspond to all
the regions of unsaturation in the organic ligand. When Mu
reacts with one of these unsaturated centres, it forms a muon-
iated radical, which has an unpaired electron that may be dis-
tributed throughout the molecule and may interact with the
muon by the hyperfine coupling. In this work, the focus was
placed on the calculation of the Fermi contact term part of the
hyperfine tensor, Ay, which can be compared to experimental
results.
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Figure 1. The tetrakis (2-phenyethynyl) silane molecule with
the potential muon addition sites shown in red.

In contrast, applying similar DFT codes to study the Phenyl-
SiNP system is computationally difficult. The mean diameter of
the experimentally produced Phenyl-SiNPs is 6 nm and the
surface ligands occupy 25 wt% estimated from TGA data ob-
tained in our previous work;2 however, nanoparticles of this
size are well beyond the simulation capabilities of current DFT
codes. Hence, it was necessary to develop an adequate model
for the Phenyl-SiNP that was large enough to represent the
properties that were experimentally observed and yet small
enough to be computationally manageable (see supporting
information).

To test this methodology, a series of calculations on Si nanopar-
ticles of different sizes, with different numbers of muoniated
ligands attached to them, were performed. The model nanopar-
ticles were built by using the Wulff construction method,25 27
and given a certain target radius. Their geometry was relaxed
with DFTB+, the ligands were attached radially to some surface
atoms, and the geometry was relaxed again. Finally, for the
systems simulated with CASTEP, the geometry was relaxed a
third time to compensate for the small differences in potential
between DFT and DFTB+ calculations. Particles were generated
with radii between 3 and 6 A, and with 1 to 5 organic ligands
attached to them. Figure 2 and 3 show the schematic pictures
of the type of systems that were simulated.

Figure 2. Muonated tetrakis (2-phenyethynyl) silane molecule,
with the muon on C8.
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Figure 3. Nanoparticle systems simulated with DFTB+, to de-
termine an appropriate nanoparticle size to be simulated with
CASTEP. The sequence shows how different systems were con-
structed with differing numbers of organic ligands attached.

These initial calculations were carried out with the DFTB+ code
because it allows for the efficient treatment of relatively large
systems. The modelled nanoparticles proved to have well-
converged electronic charges in their organic ligands and their
hydrogen atoms and were relaxed reasonably fast. The
average Mulliken charges for the whole organic ligands and for
the hydrogens in the organic ligands were converged with
respect to the size of the Si nanoparticle and the number of
organic ligands attached to it (see supporting information).
Since the aim was to investigate the changes in the values of A,
in both the model compound and the Phenyl-SiNPs, it was im-
portant to secure a size for the Phenyl-SiNPs that would not
introduce size-related effects into the electronic densities of
the hydrogens and the attached muon, which are related to the
value of A,. Hence, nanoparticles of 6 A. with six ligands were
adopted as the systems used to simulate the Phenyl-SiNPs.

DFTB+, however, does not have a module to calculate values of
hyperfine coupling tensors. Hence, to investigate the changes in
values of Ay for the muon in the model compound and the Phe-
nyl-SiNPs, CASTEP calculations were also performed on a 6 A
Phenyl-SiNPs with six ligands attached to them. Modelling of
the 6 A. Phenyl-SiNPs was carried out with the muon placed on
the same carbon as determined to be the addition site for the
model compound.

Results and discussion

FTIR spectra provide evidence of successful capping of SiNPs
with phenylacetylene. In Figure 4, the data shows a peak at
3052 cm-! which is characteristic of aromatic C-H bonds. The
peaks at both 1596 and 1487 cm! are indicative of aromatic C-
C bonds. Also, the clearly visible sharp peak at 2159 cm! is
characteristic of the C=C bond, suggesting that the terminal
side of the alkyne is attached to silicon. Further supporting
evidence are the peaks characteristic of Si-C=C at 1451 and
1220 cm-L. The model compound has the same rings attached
to silicon, and its features are, therefore, similar to those of the
SiNPs, see the inset in Figure 4.

100

——PASINPs

Transmittance %

T T T
4000 3000 2000 1000

Wavelength (cm™)

Figure 4. FTIR of phenylacetylene capped SiNPs, Inset, FTIR of
tetrakis (2-phenylethynyl) silane, both obtained using an ATR
FTIR spectrometer.

The Fermi contact term for the muon, Ay, can be directly de-
termined from the high transverse field (TF-uSR) experiments.
Figures 5 (a) and (b) show representative frequency correla-
tion spectra at 300 K for the Phenyl-SiNPs and the model com-
pound, respectively. The peak position indicates the value of A,.
Figures 5 (c) and (d) show the temperature dependence of A,
for the two compounds. From the TF-uSR spectra shown in
Figures 5 (a) and (b), it can be seen that the peak positions at
300 K are around 350 MHz for Phenyl-SiNPs and around 450
MHz for the model compound. However, as the temperature
increases, the TF-uSR peaks for the Phenyl-SiNPs move to-
wards lower frequency values, whereas those for the model
compound move slightly towards higher frequency values.
From linear fits to the data shown in Figures 5 (c) and (d), one
can see that the gradients are -0.08 MHz/K and 0.036 MHz/K
for the Phenyl-SiNPs and model compound, respectively. This
corresponds to a change in A, for Phenyl-SiNPs and model
compound of approximately 10 MHz and 4 MHz, respectively,
measured over a similar temperature range.

Changes in A, are therefore not only opposite in value, they are
also very different in size, with that for the Phenyl-SiNPs being
considerably more signifcant. Correlation spectra for all the
temperatures considered are displayed in Figure S1 in the sup-
porting information.

Table 1. Calculated values for the Fermi contact term (Ay)
for the muon in the addition sites 1-8 of the structurally
relaxed model compound. The values of Aydo not include
dynamical corrections.

Sites Contact Term A, (MHz)
1 483.89

530.82

517.88

423.03

504.20

380.04

508.30

436.59

X[ ||| | W DN
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To provide insight as to the Mu addition site in these materials,
computer simulations have been carried out to calculate the
Fermi contact terms, A, for Mu addition to sites 1-8 of the
model compound. Results are shown in Table 1.
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Figure 5. TF-uSR frequency correlation spectra for Phenyl-
SiNPs (a) and tetrakis (2-phenylethynyl) silane (b) at 300 K.
The temperature dependance of A, is shown for Phenyl-SiNPs
(c) and tetrakis (2-phenylethynyl) silane (d). For the Phenyl-
SiNPs, A, decreases by ~10 MHz with increasing temperature,
suggesting a ~3% reduction in the unpaired spin density at the
muon site. In contrast, for the model compound, A, increases
by ~4 MHz for a similar temperature step, representing an
increase in the unpaired spin density at the muon of <1%.

The comparison of these calculated values with the experi-
mental results from TF-uSR (Figure 5), suggests that Mu is like-
ly to be attached at position C8 in the model compound (see
Figure 1). The values obtained from the experimental results
from TF-uSR also allow us to rule out the addition of the muon
to any part of the silicon nanoparticle. Table 2 presents and
compares the CASTEP results obtained for the model com-
pound and the 6 A Phenyl-SiNPs. It can be seen that, in agree-
ment with the experimental results, the computed value of A,
for the Phenyl-SiNPs is smaller than the computed value of A,

The Journal of Physical Chemistry

for the model compound. The modelling results also show that
this decrease in the value of the A, is correlated with a de-
crease in the total electronic and spin populations at the muon
site when we go from the model compound to the Phenyl-SiNPs.

ALC-pSR results for both the Phenyl-SiNPs and the model com-
pound are shown in Figure 6. Clear Ao resonances are seen,
associated with addition of Mu to the ring at position C8 and
the coupling to ring protons. Interesting temperature effects,
including line broadening and a shift in the resonance peak
with temperature, have been measured. Figures 6 (a) and (b)
show representative ALC-uSR spectra measured at 300K for
the Phenyl-SiNPs and model compound, respectively. Gaussian
fitting to the lines shown in the Figure was performed using the
Mantid analysis software.28 The ALC-uSR resonances are ob-
served at values of the magnetic field of around 1.75 T for the
Phenyl-SiNPs and at around 1.65 T for the model compound.

Assignment of the ALC peaks, and the implication this has on
our understanding of spin density across the molecule, can be
investigated by combining the TF-uSR measurement of A, (Fig-
ure 5) with the results of the ALC-pSR study (Figure 6), to de-
termine values for Ap from Equation 2. For the Ao lines meas-
ured at 300K, calculations performed using the experimental
results give values for Ap of 28.7 MHz and 147.9 MHz for the
Phenyl-SiNPs and the model compound, respectively. Experi-
mental values, calculated in the same manner, at other temper-
atures, are given in the supporting information. Insight into
this surprising difference in the values of Ap determined from
experimental data for the two systems is provided by DFT cal-
culations and is shown in Table 3. The signs of the calculated
values for Apare relative to the initial spin polarisation chosen
for the muon at the beginning of the DFT calculation, i.e. a
change in the sign of the initial spin polarisation would cause
all signs to flip. However, considering the sign convention
adopted in this work, the experimentally calculated values of
Ay for the Phenyl-SiNPs (28.7 MHz) and the model compound
(147.9 MHz) can be associated with the values of -25.54 MHz
for site 5 in the Phenyl-SiNPs, and with the value of 129.85
MHz for site 8 in the model compound. Hence, the values in
Table 3 show that while the Ao line measured close to 1.65 T
for the model compound arises from hyperfine coupling of
electrons with the ipso-proton, the Ao line measured close to
1.77 T for the Phenyl-SiNPs is instead likely to be due to the
hyperfine coupling of electrons with the ring proton bonded to
C5 in Figure 1. Table 3 also shows that the values of Ay, due to
the hyperfine coupling of electrons with all the protons in the
ring, are reduced in the Phenyl-SiNPs with respect to the model
compound: a result that is consistent with the earlier conclu-
sion that there is a reduced unpaired spin density in the Phe-
nyl-SiNPs.

The temperature dependence of these ALC-uSR resonance
peaks in the range 200 K to 325 K are shown in Figure 6 (c)
and (d) for the Phenyl-SiNPs and model compound, respective-
ly. Very similar trends with temperature are observed for the
two compounds, with the peak position moving to lower fields
as the temperature is increased. From linear fits to the data,
shown in Figures 6 (c) and (d), gradients of -2.7 G/K and -2.2
G/K are determined for the Phenyl-SiNPs and model compound,
respectively. Parameters obtained from fitting the ALC spectra
at all temperatures are presented in Figure S2 of the support-
ing information.
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Table 2. CASTEP results for the tetrakis (2-phenylethynyl) silane and the Phenyl-SiNPs with Mu added at carbon atom C8.
The charges and spin densities shown were computed at the Mu position and are expressed in atomic units (a. u.).

System Total Mulliken pop- o Mulliken B Mulliken Total Mulliken A, (MHz)
ulation (a. u.) spin popula- spin popula- spin population
tion (a.u.) tion (a.u.) (a.u.)
6 A Phenyl-SiNPs 0.680 0.360 0.320 0.040 323.97
Tetrakis (2-
phenylethynyl) silane 0.694 0.388 0.322 0.066 436.59

There is a distinct change in the form of the ALC spectra obser-
ved between 300 K and 325 K for the model compound. Stri-
kingly, at the higher temperature, the intensity of the reso-
nance peak more than doubles, while the width is reduced by
approximately one third. In contrast, all other temperatures
appear to show very similar resonances to within the signal to
noise of the present data. This observed change for the model
compound is thought likely to be due to differences in dynam-
ics of the two samples, particularly the barrier to rotation of
the phenyl group, which is dependent on the bond order of the
bonds between the phenyl ring and the nanoparticle or the Si
atom in the model compound. Even though one tends to write
these chemical formulae with the bonds between the phenyl
ring and the silicon centre as a single bond followed by a triple
bond and another single bond, the bond order in reality will be
different due to any delocalisation of electrons. The difference
in A, suggests a smaller amount of delocalisation of the un-
paired electron in the model compound compared to the Phe-
nyl-SiNPs, one would expect a higher barrier to phenyl rotation
in the case of the nanoparticle compared to the model com-
pound. Therefore, it is likely that we are observing this energy
barrier around 325 K in the case of the model compound, while
that for the Phenyl-SiNPs this would be predicted to be at high-
er temperatures.

Table 3. Calculated theoretical values of the isotropic hy-
perfine couplings of the protons with electrons, Ay, for pro-
tons bonded to the addition sites 4-8. The muon is attached
to site 8. The negative and positive signs of these values are
relative to the initial spin polarisation chosen for the muon
in the DFT calculations.

Sites A, Model A, Phenyl-SiNPs (MHz)
Compound
(MHz)
4 8.164 7.35
5 -29.78 -25.54
6 6.490 5.62
7 -22.24 -18.852
8 129.85 127.26

The TF-puSR measurements shown in Figure 5 provide values
for A, that allow an estimate of the unpaired electron density at
the muon site. These experiments show that the trends with
temperature, for the values of Ay in the model compound and
the Phenyl-SiNPs, are different. In the case of Phenyl-SiNPs, the
value of Ay decreases by 10 MHz with increasing temperature,
which indicates a decrease in the unpaired electronic density at
the muon site. In the case of the model compound, Ay increases
by only 4 MHz. The decrease in unpaired electron density at
the muon site with decreasing temperature for the Phenyl-
SiNPs may be interpreted as an increase in conduction away
from the muon site, which is similar to what is observed for
conduction in metals, due to a reduction in the phonon excita-
tions.2?

To investigate this phenomenon further, we used computa-
tional modelling to propose a plausible model for the experi-
mentally observed effects of the temperature on the values of
A, in the model compound and the muoniated Phenyl-SiNPs.

Figure 7 shows the calculated electronic energy states of the
model compound (left) and those of the muoniated 6 A Phenyl-
SiNPs with six ligands attached to it (right). These calculations
were carried out with CASTEP. The red and blue vertical
stripes represent the electronic energy states for the o and
spin channels and the grey vertical stripes represent the un-
noccupied electronic energy states in both channels. The black
plots superimposed on these electronic energy states represent
the projected electronic density of states (PDOS) associated to
the muon, namely which is obtained in CASTEP by projecting
the total density of states onto the orbitals associated with the
muon.3% Hence, this PDOS is connected to the spatial distributi-
on of the spin density associated with the muon.

The electronic structure of the model compound shows a peak
on the PDOS associated to the muon at the energy level of the
highest occupied molecular state in both channels, which indi-
cates that there is a strong component of muon states at those
energy levels. As the muoniated model compound tetrakis (2-
phenylethynyl) silane is a radical, we can identify a singly oc-
cupied molecular orbital (SOMO) that is associated with the
unpaired electron density at the muon site. This high electron
density at the muon site is what explains the relatively large
values of the A, in this model compound.

Furthermore, the electronic structure of the model compound
shows a minimum energy-gap, between occupied and unoccu-
pied states, of approximately 1 eV in the down spin channel. No
sensible increase in temperature will be able to allow the elec-
trons in the SOMO to jump to the next energy levels and, there-
fore, the value of the A, of the muon is unlikely to go down.
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Figure 6. ALC-uSR, showing clear Ao lines for Phenyl-SiNPs (a) and tetrakis (2-phenylethynyl) silane (b). The temperature de-
pendence of the resonance peak position for Phenyl-SiNPs (c) and tetrakis (2-phenylethynyl) silane (d). Note that for the Phenyl-
SiNPs the Ao line likely arises from coupling to the ring proton bonded to C5 in Figure 1, while for the model compound coupling is
to the ipso-proton.
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Figure 7. The calculated electronic energy states of the tetrakis (2-phenylethynyl) silane muoniated molecule (left) and those of
the muoniated 6 A Phenyl-SiNPs with six ligands attached (right). The red and blue vertical stripes represent the occupied electro-
nic energy states for the o and  spin channels. The grey vertical stripes represent the unoccupied electronic energy states in both
channels. The black plots superimposed on these electronic energy states represent the projected electronic states associated to
the muon.

As regards the muoniated Phenyl-SiNPs, their electronic energy =~ smeared above and below the energy of this highest occupied
states are closer together in energy in its electronic structure. = molecular level. This combination of distributed muon states
We expect these discrete states to come closer, reach a contin- and the phenyl-SiNPs having their electronic energy states
uum and become energy bands as the nanoparticles get bigger  closer together helps to explain why A, for muoniated Phenyl-
and more bulk-like, since metallic behaviour at the surface of Si SiNPs is smaller than in the model compound.

nanoparticles is a known phenomenon.3! Regarding the pro-
jected density of states associated with the muon in the muoni-
ated Phenyl-SiNP, this is not exclusively at the energy level of
the highest occupied molecular state anymore, rather it is

The electronic structure of the muoniated Phenyl-SiNPs system
may also offer a qualitative explanation of the temperature
dependence of Ay. For the real nanoparticles, the energy states
around the energy level of the highest occupied molecular state
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will likely form a continuum of energy bands and, as the tem-
perature increases, it would be easier for an electron in a band
close to that energy level to jump to the next energy level, as
the levels will all be quite close to each other. If the new occu-
pied level had a smaller contribution to the hyperfine coupling
it would end up reducing the total coupling. However, this pro-
cess would need to be considered alongside effects arising
from molecular dynamics, which have not yet been investigat-
ed for this system.

This model for the electronic structure for the two systems also
helps explain the form of the ALC-uSR spectra presented in
Figure 6. The electronic structure of the Phenyl-SiNPs is corre-
lated with a larger electronic delocalisation of its unpaired
electron when compared to the unpaired electron in the
tetrakis (2-phenylethynyl) silane model compound, whose
electronic structure has a relatively large energy-gap between
occupied and unoccupied states that would make electronic
delocalisation more difficult. The larger electronic delocalisati-
on in the Phenyl-SiNPs can affect the the bonds between the
phenyl ring and the Si nanoparticle: rather than having a sin-
gle-triple-single bond order, the electronic delocalisation may
produce a different bond order that will likely affect the single
bonds and increase the energy barrier for the phenyl rotation
in the Phenyl-SiNPs, which is what is observed in the ALC-uSR
results presented in Figure 6. Table 4 shows the lengths of the-
se single-triple-single bonds between the phenyl ring that has
the attached muon and the Si atom where the organic ligand
attaches to. It can be seen that, when going from the model
compound to the Phenyl-SiNPs, the single bonds between Si-C1
and C2-C3 get shorter, while the triple bond between C1-C2 get
longer. This is an indication that the single-triple-single bonds
may be turning into double-double-double bonds, which may
make the phenyl rotation more difficult.

Table 4. Change in the lengths of the bonds that link the phenyl
ring to a silicon atom in both the model compound and the
Phenyl-SiNPs. The change in the bond lengths indicates an in-
creased energy barrier for phenyl ring rotation in the Phenyl-
SiNPs.

Bond Bond length Bond lenght  Change in
model com- Phenyl- Bond length
pound (&) SiNPs (A) A
Si-C1 1.817 1.812 -0.005
C1-C2 1.232 1.239 0.007
C2-C3 1.399 1.389 -0.01
Conclusions

In summary, pSR measurements have shown that there is a
difference in the electronic structure of the Phenyl-SiNPs and
the tetrakis (2-phenylethynyl) silane model compound. In par-
ticular, the experimental results demonstrate that the spin
density on the muon is significantly reduced for the Phenyl-
SiNPs system compared to the model compound. The low tem-
perature values of Ay are of the order of 450 MHz and 350 MHz
for the model compound and the Phenyl-SiNPs, respectively.
Furthermore, the changes of the relative values of Ay with tem-
perature in the Phenyl-SiNPs are significantly larger than in the
model compound. ALC measurements confirm the reduction of
unpaired spin density in the Phenyl-SiNPs, and suggest a future
study to create a detailed map of unpaired spin density across
this molecular system.

Compared to our previous work studying polycrystalline sam-
ples, measurements of the two systems in solution show a sig-
nificantly greater separation in hyperfine parameters (based
on the shift to low field of the ALC line positions for the Phenyl-
SiNPs). Further study would be of merit; however, this may be
complicated by broad lines and the difficulty of determining A,
directly in the solid.

A computational study using both DFTB+ and CASTEP supports
these results, while also offering a qualitative explanation for
the change in the bonding between the Si nanoparticles and the
phenyl rings, and for the temperature dependence of A, in both
the Phenyl-SiNPs and the model compound. Calculations indi-
cate that the Phenyl-SiNPs have electronic states that are closer
in energy than those in the model compound. This variation in
the electronic structure of both systems suggests a mechanism
for the temperature dependence of the values of A, in the mo-
del compund and the Phenyl-SiNPs system.

This combined pSR and computation study has therefore pro-
vided insight into the processes that affect the microscopic
electronic structure of these systems. By contrasting results
from the Phenyl-SiNPs and the tetrakis model compound we
have gained an insight into how the electronic properties are
modified by incorporating a Si NP into the molecular system.
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