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In this study, we use a combination of (time-dependent) density functional theory and many-body
perturbation theory methods to study the impact of alkyl termination on the optical and electronic
properties of silicon nanoparticles (SiNPs), as well as the effect of increasing particle size. A comparative
study of hydrogen and methyl-terminated SiNPs reveals that replacing hydrogen atoms with methyl
groups results in a reduction of the fundamental gap, optical gap, and exciton binding energy. The effect
of replacing hydrogen by methyl diminishes with the increasing size of the silicon core of the particles,
which can be attributed to the decreasing surface-to-volume ratio. Larger hydrogen-terminated SiNPs,
therefore, serve as increasingly accurate models for alkyl-terminated SiNPs. The size of the lowest
energy excited-state (exciton) increases when replacing (more of the) hydrogen atoms with methyl
groups for a given silicon core size, suggesting that the exciton delocalises onto the methyl groups.

Analysis of the relevant natural transition orbitals confirms that both the excited electron and hole
Received 9th May 2025 ts of the excit tially delocali to the methyl ith | d delocalisation |
Accepted 13th May 2025 components of the exciton partially delocalise on to the methyl groups, with increased delocalisation in
the case of the excited electron. The reduced fundamental and optical gaps and exciton binding energy

DOI: 10.1039/d5ra03272e in methyl-terminated SiNPs, and probably by extension alkyl terminated SiNPS in general, are likely due
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Introduction

Silicon nanoparticles (SiNPs), either embedded in a solid matrix
or as colloidal particles, find use in a range of applications. They
are used, for example, in light emitting diodes, lasers, solar-
cells, data storage, as well as in bioimaging and sensing.'”?
These applications exploit the fact that the optical and elec-
tronic properties of such nanoparticles can be tuned by
changing the size (distribution) of the particles and are different
from those of bulk silicon. The optical gap, corresponding to
the onset of light absorption, and the fluorescence maximum
both shift to higher energies, and thus shorter wavelengths,
with decreasing particle size, while the exciton lifetime
decreases. As such, SiNPs are also the structurally and chemi-
cally simplest realisation of the concept of semiconductor
nanoparticles, often referred to as quantum dots colloquially.
The structure of these SiNPs consists of two parts: (i) a silicon
core in which silicon has the same diamond structure as bulk
silicon and (ii) a layer of capping groups that cap or terminate
the otherwise undercoordinated atoms on the surface of the
silicon core.* Because of the covalent bonding in silicon, the
absence of such capping groups would result in dangling bonds
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to the electron-donating nature of methyl groups combined with exciton delocalisation.

and a large reconstruction of the surface of the silicon core to
eliminate these dangling bonds.

The simplest capping group is a hydrogen atom. While
silicon SiNPs can be capped with hydrogen atoms, many silicon
nanoparticles, especially colloidal particles synthesized for
sensing and imaging applications, are capped with more
complicated organic capping groups. Such organic groups are
generally specifically introduced during the synthesis of the
silicon nanoparticles, for example, so that the synthesised
nanoparticles have a special affinity to a biomolecule they will
be used to sense” or to improve the stability of the SiNP against
oxidation, as hydrogen-terminated SiNPs are prone to oxidise.?

Most computational work in the literature focusses on
hydrogen capped SiNPs nanoparticles because of their higher
symmetry and simpler structures.®>* However, it is important to
understand the effect of larger capping groups than a hydrogen
atom on the optical and electronic properties of the SiNPs, and
the extent to which the electronically and optically excited states
of the particles involve these capping groups.

Previous computational work in this area includes a study by
Reboredo and Galli,”® who showed that the energy difference
between the highest occupied and lowest unoccupied Kohn-
Sham orbitals for a SiNP, which they use as a proxy for the
optical gap of their particles, does not significantly change
when replacing hydrogen atoms by alkyl chains. The highest
occupied and lowest unoccupied Kohn-Sham orbitals them-
selves, which can be thought of as a proxy for the ionisation
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potential and electron affinity of the particle, show a more
dramatic change and shift to less negative values. The same
group later revisited the absorption spectrum of these hydrogen
and alkyl terminated SiNPs with time-dependent density func-
tional theory (TD-DFT),"* which allows one to predict the optical
gap directly, and similarly report a negligible change in the
onset of light absorption, even if the spectrum above the optical
gap is predicted to change. Li and co-workers studied the
absorption spectrum of SiNPs in which part of the capping
hydrogen atom have been replaced by propionic acid groups
using time-dependent tight-binding density functional theory
and again predict only a modest shift in the optical gap.*
Finally, Dohnalova and co-workers studied the effect of replac-
ing hydrogen atoms by organic capping groups on the exciton
lifetime and radiative rates for SiNPs using separately tight-
binding calculations,* and density functional theory (DFT)*
and predicted that the exciton lifetime reduces and radiative
rates increase when replacing hydrogen atoms, as well as again
that the gap between occupied and unoccupied Kohn-Sham
states does not significantly change.

Here, we use a combination of (TD-)DFT, and many-body
perturbation theory, GW and GW combined with solving the
Bethe-Salpeter equation (BSE), to understand the changes in
the optical and electronic properties of SiNPs when replacing
the capping hydrogen atoms with organic groups. We build on
our previous work on hydrogen terminated SiNPs, in which we
also used the same combination of (TD-)DFT and GW(-BSE).*
Use of GW-BSE allows us to calculate internally consistent
optical and fundamental gap values, as well as exciton binding
energy values, which would be impossible with (TD-)DFT. The
exciton binding energy (EBE) is a measure of how much the
exciton (the excited electron-hole pair) corresponding to the
lowest singlet excited state, the optical gap, is stabilised by the
electrostatic interaction between excited electron and hole. The
EBE is defined as the difference between the particle's funda-
mental and optical gaps (see Fig. 1). TD-DFT on the other hand
allows us to calculate properties for particles too big for GW-BSE
or spectra with more excited-states than tractable with GW-BSE.
We consider three particles with cores containing 10, 35 and 84
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silicon atoms, respectively, and consider particles where we
have replaced all hydrogen atoms by methyl groups and parti-
cles where only the corner hydrogen atoms or only the hydrogen
atoms on the faces of the particles have been replaced with
methyl groups, as shown in Fig. 2.

Methodology

In this paper we build upon our previous work on hydrogen-
terminated SiNPs. The starting structures for the methyl-
terminated SiNPs were obtained by replacing the hydrogen
atoms in the optimised hydrogen-terminated SiNP structures by
methyl groups. The starting structures for the hydrogen-
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Siyo %5‘5;‘

Sizs P, 4\?/}/

Sigs 355854

Sites

Fig. 2 Structures of the partially and fully methyl-terminated SiNPs,
optimised in C; using the B3LYP functional and the def2-SVP basis-set.

Optical absorption
spectrum

Fig.1 A schematic illustrating the quasiparticle and optical spectra, highlighting the definitions of the ionisation potential (IP), electron affinity
(EA), fundamental gap (Af), optical gap (Ao) and exciton binding energy (EBE), which is the difference between Af and Ao. In this context, HOQS
represents the highest occupied quasiparticle state, LUQS the lowest unoccupied quasiparticle state, Sg the electronic ground state, and S; the

first singlet electronic excited state.
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terminated SiNPs in turn were obtained in our earlier study.*
Here the Nanocut code was used,*® which cut the silicon cores of
the nanoparticles out of a supercell of bulk diamond silicon,
based on structural data obtained from the Materials Project,*
after which we manually terminated any undercoordinated
atoms on the surface with hydrogen atoms.

The structures of the methyl-terminated SiNPs were opti-
mised using DFT calculations, employing the B3LYP hybrid
density functional,®®*° in combination with the D3 dispersion
correction by Grimme and co-workers,* along with Becke-
Johnson damping, and the def2-SVP or def2-TZVP basis sets.**
All calculations on the methyl-terminated SiNPs were per-
formed in the absence of any enforced symmetry (C;). The
hydrogen-terminated SiNPs have T4 symmetry, but the methyl
groups reduce this symmetry to C; for all particles other than
Si;o(CH3)16, even if the silicon core remains approximately Ty.
Harmonic frequency calculations were performed, where
feasible, to ensure that the optimised structures correspond to
minima with only positive and no imaginary frequencies.

Subsequently, the quasiparticle spectrum, specifically the
highest occupied and lowest unoccupied quasiparticle states, or
the ionisation potential and electron affinity, and the gap
between them, the fundamental gap, of the DFT-optimised
particles were predicted using GW. Different GW variants
exist: single-shot Go,W,, eigenvalue-only self-consistent GW
(evGW), and quasiparticle self-consistent GW (qsGW)
calculations,**¢ where here we will focus on evGW calculations.
These evGW calculations utilised the B3LYP orbitals as starting
points and again used the def2-SVP or def2-TZVP basis sets. The
results of these evGW calculations served as inputs for solving
the Bethe-Salpeter equation (BSE) to obtain vertical excitation
energies, oscillator strength values, and ultimately the nano-
particles’ optical gap values.*”

For G,W,, and by extension G,W,/BSE, the predicted prop-
erties will show a dependency on the functional used in the
underlying DFT calculation. evGW and gsGW reduce and
practically eliminate, respectively, this starting-point depen-
dency by iterating the eigenvalues or the underlying ground
state, respectively, until self-consistency is achieved.** More-
over, in the case of finite-sized systems as studied here, the
results of evGW and qsGW and solving the Bethe-Salpeter
equation agree well with coupled-cluster benchmarks, as
explicitly shown for singlet excitation energies for organic
molecules,* and yield excitation energies there that are clearly
superior to those obtained from G,W,-BSE. The reason we focus
here on evGW instead of qsGW is that the implementation of
the former in Turbomole, where only the highest occupied and
lowest unoccupied quasiparticle states are calculated explicitly
using GW while the remainder of the quasiparticle states are the
Kohn-Sham states, or more strictly the generalised Kohn-Sham
states as we use a hybrid functional, shifted accordingly, is
computationally much more efficient.

Additionally, time-dependent density functional theory (TD-
DFT) calculations were carried out on the DFT-optimised SiNPs,
again using the same B3LYP functional and def2-SVP basis set
to predict the particle's absorption spectrum. These TD-DFT
calculations, in contrast to the BSE calculations, make the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Tamm-Dancoff approximation to avoid TD-DFT stability
issues.*® We also compare the GW fundamental gap value and
IP and EA to the DFT Kohn-Sham, or more strictly generalised,
Kohn-Sham, as we use a hybrid density functional, gap and
energies of the highest occupied and unoccupied orbitals.

B3LYP was used throughout as in previous work use of this
functional was found to yield good results for hydrogen-
terminated SiNPs. Specifically, we found that the results of
qsGW(-BSE) and evGW(-BSE) for these particles agreed well,
suggesting a minimal residual starting point dependence when
using B3LYP. Similarly, TD-DFT calculations with the B3LYP
functional yielded excitation energies that were similar to those
obtained using evGW/BSE and qsGW/BSE.

Throughout all these calculations, version 7.5 of the Turbo-
mole code was employed in combination with a tight integra-
tion grid (m5), stringent SCF convergence criteria (denconv. set
at1 x 10~ 7), and the resolution of identity (RI-J) approximation,
which accelerated the computation of the Coulomb
integrals.**** Additionally, the RI-K approximation was applied
in all BSE calculations.

The bandlike nature of the frontier orbitals and natural
transition orbitals (NTOs) was studied by carrying out a discrete
Fourier transform on the orbitals or NTOs.*”” This Fourier
transform was performed using an inhouse Python code based
around routines from the numpy library and with a cube file of
the orbitals/NTOS as an input.*® The Fourier transform was
plotted as a function of k, and k, defined as:

kx/y = ZTC/Ix/y (1)

with the information along the z-direction projected on the xy
plane by summing up the contributions along the z-axis for each
xy value.

Results
Fundamental and optical gap

Fig. 3 and 4 show how the fundamental and optical gap values
of the SiNPs change when replacing hydrogen capping atoms
with methyl groups and/or increasing the size of the silicon
core. In both cases introducing methyl groups results in
areduction of the gap, where this reduction is most pronounced
when all the hydrogen atoms are replaced by methyl groups.
The effect of introducing methyl groups is also the most
pronounced for the smallest particle, probably because this is
effectively all surface, and gets progressively smaller with
increasing particle size. The predicted magnitude of the change
in gaps upon introduction of methyl groups is in line with
previous work,*>** in the sense that it is small and could easily
be interpreted as no change when only studying larger particles.
The predicted optical gaps are also consistent with the lowest
absorption edge (320-280 nm/3.87-4.4 eV) reported experi-
mentally for 1-2 nm alkyl terminated silicon nanoparticles.***
Switching our focus to the effect of particle size; the funda-
mental and optical gap of the (partly) methyl-terminated parti-
cles display a similar trend as their fully hydrogen-terminated
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Fig. 3 Predicted quasiparticle spectrum for the hydrogen and methyl-terminated SiNPs studied, showing the four highest occupied and the four
lowest unoccupied Kohn-Sham orbitals/quasiparticle states obtained from DFT and evGW, respectively. For each particle the evGW predicted
fundamental gap values and the DFT Kohn—Sham gap are also shown, the latter in between parentheses. All results obtained with the def2-SVP
basis-set. To aid visualisation, the results are divided into coloured sections based on the number of silicon atoms in the nanoparticle (blue,

yellow, green and grey for 10, 35, 84, and 165 silicon atoms, respectively).

counterparts, where both gaps increase with decreasing particle
size.

Focussing in on the positions of the highest occupied and
lowest unoccupied quasiparticle state relative to vacuum, here
introduction of methyl groups results in an upward shift of
both, i.e. they both become shallower. The ionisation potential
and electron affinity of SiNPs hence both becomes less negative
when replacing hydrogen atoms by methyl groups, where
generally the shift is larger for the ionisation potential than the
electron affinity. Again, this effect is most pronounced for the
smaller particles and qualitatively in line with previous
predictions in the literature for the change in Kohn-Sham

orbital energies upon replacing hydrogen atoms by alkyl
groups.”

For SizsHjze and SigyHe,, we found in our previous work that
the excited state responsible for the optical gap was bright in
both cases and symmetry allowed, even if for Sig,Hg, this bright
state is effectively degenerate with a non-bright symmetry
forbidden excitation. Concentrating on the evGW-BSE results,
we find that the lowest excited state for SizsH,4(CHj)q, is also
bright, while for Sig,Hs,(CHs), we find, just as for Sig,He,, that
the lowest two excited states are an effectively degenerate pair of
a bright and non-bright state. However, for SizsH;,(CHj),4,
Siz5(CH3)se, SigaHi2(CHs)sp an Sigy(CHj)es, the optical gap
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Fig. 4 Plot of the optical gap values predicted using TD-DFT, evGW-BSE and qsGW-BSE for the different SiNPs considered. In instances where
the lowest optical excitation has a low enough oscillator strength to be considered dark (~1077), the lowest lying excitation plus the first
excitation which has a high enough oscillator strength to be considered bright (~1073, open symbol), is plotted. All results obtained with def2-
SVP. To aid visualisation, the results are divided into coloured sections based on the number of silicon atoms in the nanoparticle (blue, yellow,
green and grey for 10, 35, 84 and 165 silicon atoms, respectively).
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Fig. 5 Predicted exciton binding energy values for the lowest excited states of the hydrogen and methyl-terminated SiNPs. Additionally, in the
instances where the lowest lying excitation is dark, the exciton binding energy of the lowest energy bright excited state is also shown with an
open symbol. All results obtained with def2-SVP. To aid visualisation, the results are divided into coloured sections based on the number of
silicon atoms in the nanoparticle (blue, yellow, green and grey for 10, 35, 84 and 165 silicon atoms, respectively).

corresponds to a clearly non-bright state, probably derived from
what would be a symmetry forbidden state for the hydrogen-
terminated SiNP. The first bright state for these particles lies
~0.1 eV higher in energy and the gap between the non-bright
and lowest bright state appears to decrease with particle size.
Just as we previously observed for the hydrogen-terminated
SiNPs, evGW-BSE and (TD-)DFT give comparable results and
predict very similar trends. The main difference is that the DFT
Kohn-Sham gap underestimates the fundamental gap relative
to the values predicted by evGW-BSE. Linked to that, the highest

occupied and lowest unoccupied Kohn-Sham states are also
consistently more shallow and less shallow, respectively, than
their evGW counterparts. For Si;e5(CH3)100, where only TD-DFT
calculations are tractable, these calculations show that just as
for the smaller fully methyl terminated SiNPs the lowest excited-
state is non-bright but that the first bright state is essentially
degenerate (difference <0.05 eV), as well as that the optical gap
of the hydrogen and methyl-terminated particles is essentially
the same. Finally, just as the hydrogen-terminated SiNPs,
qsGW(-BSE), here only tractable for Si;o(CHj)i6, gives very
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Fig. 6 Predicted exciton size of the lowest energy exciton for the hydrogen and methyl-terminated SiNPs. All values calculated with def2-SVP.
To aid visualisation, the results are divided into coloured sections based on the number of silicon atoms in the nanoparticle (blue, yellow, green

and grey for 10, 35, 84 and 165 silicon atoms, respectively).
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similar results to those obtained with evGW(-BSE) (see Fig. 4,
Tables S1, S2, S4 and S57).

Excitonic character

Fig. 5 shows how the exciton binding energy, the difference
between the fundamental and optical gap, of the SiNPs changes
when replacing hydrogen capping atoms with methyl groups
and/or increasing the size of the silicon core. The trend in
exciton binding energy mirrors that of the fundamental and
optical gap, discussed above, increasing as the size of the silicon
core decreases. Similar, as observed in our previous work, while
evGW-BSE and TD-DFT predict very similar trends, the absolute
values are rather different, with the TD-DFT values being
significantly smaller. The latter is likely caused by an accumu-
lation of errors, arising from the fact that the fundamental gap,
as approximated by the Kohn-Sham gap, is not necessarily
internally consistent with the optical gap from TD-DFT. Overall,
both evGW-BSE and TD-DFT predict that the excitation corre-
sponding to the optical gap and other low-energy excitations for
the methyl-terminated SiNPs are, just as those of their
hydrogen-terminated counterparts, clearly excitonic in nature.

The evGW-BSE predicted exciton binding energy of
Sig4H15(CHj3)s, and the TD-DFT predicted exciton binding
energy of SizsH;,(CHj),, are slightly higher than expected from
their respective trends. The origin for this, at least in the case
SigsH1,(CH3)s, is that this particle has a slightly larger funda-
mental gap than Sig;Hs,(CH3);, but a smaller optical gap and
that the exciton binding energy being a difference magnifies
this.

(De)localisation

Fig. 6 shows how the exciton radius, defined as the root-mean-
square separation of the electron and hole component of the
exciton, of the SiNPs changes when replacing hydrogen capping
atoms with methyl groups and/or increasing the size of the
silicon core. Comparing SiNPs with similar degrees of methyl-
ation then just as for hydrogen-terminated SiNPs the exciton
radius increases with increasing size of the silicon core. Addi-
tionally, the fully methyl-terminated particles always have
a larger exciton radius than their hydrogen-terminated coun-
terparts, even if for Sig, the difference is small.

Fig. 7 shows the leading natural transition orbitals for the
hole and excited electron component of the lowest excited state
corresponding to the optical gap of the fully hydrogen and fully
methyl-terminated SiNPs. As expected from the exciton size data
discussed above, these natural transition orbitals are generally
well delocalised over the volume of the particles for both the
hydrogen and methyl-terminated particles.

The natural transition orbitals in Fig. 7 also show clear
evidence of delocalisation of the excited state not only over the
silicon core, but also, depending on the specific SiNP, a signifi-
cant fraction of the methyl groups. This involvement of the
methyl groups is also apparent from Fig. 8 which shows the
contribution of the methyl groups and the silicon core to the
hole and excited electron component of the lowest excited state.

20458 | RSC Adv, 2025, 15, 20453-20463
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Fig. 7 Leading natural transition orbitals (NTOs) for the pristine and
fully-methyl-terminated SiNPs calculated via evGW-BSE, B3LYP, def2-
SVP using C; symmetry. Because the calculations were performed
using the C; symmetry group for the hydrogen-terminated nano-
particles, instead of the T4 point group, the triply degenerate T, excited
state is represented as three separate degenerate C; excited states. For
each hydrogen-terminated particle, only the NTOs of one of these
degenerate states are shown here. See Fig. S1 and S27 for the corre-
sponding figures for partially methyl substituted particles.

Based on Fig. 8 (and its TD-DFT equivalent S71), typically 8-
14% of the hole is localised on the methyl groups and 10-36%
of the excited electron. The contribution of the methyl groups to
the excited electron increases with increasing replacement of
hydrogen capping atoms by methyl groups. Similarly, the
contribution of the methyl groups to the hole decreases with
increasing replacement of hydrogen capping atoms by methyl
groups. The contribution of the methyl groups to the excited
electron and hole also appears to decrease with the size of the
silicon core and hence the capping ligands to silicon atoms in
the core ratio.

(De)localisation in reciprocal space

Fig. 9 shows Fourier transforms of the orbitals corresponding to
the highest occupied and lowest unoccupied quasiparticle state

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Contribution of the silicon core and methyl ligands to the hole and electron component of the lowest exciton of the methyl-terminated
SiNPs. Results obtained from a TheoDORE analysis of the lowest excited states in evGW-BSE calculations on top of DFT calculations with the
B3LYP functional and def2-SVP basis set. See Fig. S371 for the TD-DFT equivalent.

of SigsHe, and Sigy(CHj)e4. In our previous study on hydrogen-
terminated silicon particles, we demonstrated that with
increasing nanoparticle size, the Fourier transform of the
frontier molecular orbitals and thus the frontier quasiparticle
states and hence their delocalisation in reciprocal space,
become less diffuse and sharper. Here, we consider the impact
of methyl ligands on the delocalisation of the frontier quasi-
particle states in reciprocal space. The comparison between the
Fourier transforms for the pristine SigsHes and Sigs(CHj)es
nanoparticles in Fig. 9 shows that the latter are more diffuse
and less sharp than the former. The frontier orbitals and hence
quasiparticle states thus become more smeared out in recip-
rocal space when replacing hydrogen atoms by methyl groups.
Moreover, as can be seen from Fig. S87 there is still a variation
in the extent of how smeared out the frontier molecular orbital
are in reciprocal space as function of the size of the methyl-
terminated nanoparticles; the Si;o(CHj);6 orbitals are still the
most smeared out in line with the fact that it’s the smallest
nanoparticle.

Spectra

Fig. 10 shows the TD-DFT predicted spectra of the hydrogen and
(partially) methyl terminated particles approximated by
Gaussian functions centred at the vertical excitation energies
with heights proportional to the excitations’ oscillator strengths
(i.e. neglecting vibronic effects, which would be computation-
ally intractable to include for particles of this size). The spectra
of the fully methyl-terminated nanoparticles exhibit a red shift
compared to their hydrogen-terminated counterparts, in line
with the reduction of the optical gap discussed above. There is
an observable overlap in absorption at lower energies between
both types of nanoparticles. Also, the spectra of the fully methyl-

© 2025 The Author(s). Published by the Royal Society of Chemistry

terminated nanoparticles show similar oscillator strengths as
their hydrogen-terminated counterparts, implying a similar
absorption of light. Like the hydrogen-terminated nano-
particles, the trend of a red-shift in the spectra with increasing
particle size persists for the methyl-terminated nanoparticle.
In previous experimental studies, it was observed that when
going from hydrogen to alkyl terminated SiNPs, the exciton
lifetime decreases and the radiative rate increases.>® Subse-
quent tight-binding and DFT calculations discussed in the
introduction also predicted that switching hydrogen atoms for
alkyl groups reduces exciton lifetimes and improves radiative
rates.”*** We observe that for all (partially) methyl-terminated
particles studied, the oscillator strength of the lowest bright
excited state increases relative to the corresponding hydrogen-
terminated SiNPs, again neglecting vibronic effects. Such an
increase in oscillator strength would fit with the experimentally
observed reduced lifetimes and improved radiative rates, if it
was not for the fact that for the fully methyl-terminated SiNPs
and SiNPs terminated with methyl groups on only the faces
there is always, as discussed above, a non-bright excited-state
lying slightly lower in energy. Moreover, while the oscillator
strength increases when replacing hydrogen atoms by methyl
groups, the optical gap also decreases, as discussed above, and
as the radiative rate is proportional to the optical gap squared,
this decrease in the optical gap might more than compensate
for the increased oscillator strength. As exciton lifetimes and
radiative rates are inherently measured by emission, it is
possible that excited state relaxation results in the bright state
becoming the lowest state before emission. This might be more
likely to be the case for larger particles as the gap between the
lowest non-bright and bright states deceases with increasing
particle size and the states end up effectively degenerate for
larger particles. The difference in the optical gap when

RSC Adv, 2025, 15, 20453-20463 | 20459


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03272e

Open Access Article. Published on 17 June 2025. Downloaded on 4/2/2026 3:03:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

| ! |
15 R e 4
] '
101 - -+---
} 10’
5 b |
’
O ) 2
=~ ) ¢ 10
s 0 .
= ’
-5 __-;- et 101
-10 )X ! XX OGN |
5RO S0 9900 SOKES| 10°
' ]
-15 e e
-5 -10 -5 0 5 10 15
k(x)/ G
15
oy S
| 10°
51 — ——"
(0] [ | 2
b 10
3 T 1 E
= \
\ ) ,
ST - am 10
-104— e
L 100
-15
-5 -10 -5 0 5 10 15

k(x)/ G

View Article Online

Paper
15
10 { - 2 —
! pielaid | 103
5 ;¢ ) 'I IO. : $ |
O ' 7. -‘- | 2
- - | 10
s ¢ = S
= P E
-5 = " '94 | ‘|01
T * |
10— } |
v ! 10’
-15
-5 -10 -5 0 5 10 15
k(x)/ G
15 ~
10
; 10’
5 -
o 2
- 10
S 0
<
ST 10’
-10 '
10°
-15
-5 -10 -5 0 5 10 15

k(x) I G

Fig.9 Fourier transform of the highest occupied quasiparticle state (left) and lowest unoccupied quasiparticle state (right) for Sig4He4 (top row)
and Sig4(CH3)g4 (bottom row). In the case of Sig4He4 the highest occupied quasiparticle state is triply degenerate and the Fourier transform of only

one of the three is shown.

replacing hydrogen atoms by methyl groups also gets smaller
with increasing particle size meaning that effect of the intro-
duction of methyl groups on the radiative rate and lifetime is
more likely to be dominated by the change in oscillator strength
for these larger particles. As the oscillator strength values for
both hydrogen and (partially) methyl-terminated SiNPs are
small, finally, vibronic effects on the predicted absolute values
of the oscillator strengths can be significant. However, there's
no a priori reason to believe that these effects will be more
significant for either hydrogen or (partially) methyl terminated
SiNPs and hence change the relative oscillator strength values
of SiNPs with different surface terminations.

Discussion

From the results above it is clear that changing the termination
of the surface of SiNPs, and hence the nature of their

20460 | RSC Adv, 2025, 15, 20453-20463

passivation, influences the electronic and optical properties of
the nanoparticles. The methyl group firstly lower the symmetry
of the particles. However, the symmetry of the silicon core of the
particles stays approximately tetrahedral. The splitting of what
would be triply degenerate excited states for the hydrogen-
terminated particles, is typically less than 0.005 eV for the
fully methyl-terminated particles. That said, the disorder of the
methyl group clearly results in a smearing out of the frontier
orbitals of the methyl-terminated particles in reciprocal space
and in that sense, makes these particles less ‘bulk like’, less
‘crystalline’, than their hydrogen-terminated counterparts.
Beyond geometrical changes, it is tempting to explain the
reduction of the optical and fundamental gaps of the methyl-
terminated particles relative to their hydrogen-terminated
particles in terms of the fact that methyl groups are a stronger
electron donor than hydrogen atoms. This explanation would
be in line with the observation that the ionisation potential and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Absorption spectra of the hydrogen-terminated SiNPs versus their partially methyl-terminated and fully methyl-terminated counterparts
as predicted using TD-DFT, C; symmetry, the B3LYP functional, def2-SVP basis set and a Gaussian broadening of 0.05 eV.

electron affinity both shift up to less negative, shallower, values
when gradually replacing hydrogen atoms by methyl groups, as
well as the fact that generally, the shift for the ionisation
potential is larger than that for the electron affinity.

The electron donating property of the methyl group,
however, cannot be the whole story. Both the change in exciton
size, implicitly, and the analysis of the character of the natural
transition orbitals, explicitly, show that the excitons delocalise
not only over the silicon core, but also partially over the termi-
nating methyl groups. The methyl capping groups hence are not
only not innocent, in the sense that their presence changes the
particles properties, but this non-innocence also is not simply
the effect of the capping groups being an external perturbation
to the particles. The methyl groups clearly partake in the exci-
tons, something that cannot be explained in terms of their
electron donating ability, which is a ground state property.

Based on the contribution of the methyl groups to the
natural transition orbitals, as shown in Fig. 8, both the hole and
excited electron partly delocalise over the methyl groups. Even if
more of the excited electron than the hole delocalises, it is clear
that these excitons are not charge-transfer excitons. As such, the
underlying occupied and unoccupied methyl orbitals must have
a similar energy as those for the silicon core so that the exciton
can spill over onto the methyl groups. The increase in the size of
the exciton resulting from the spill-over then should reduce the
exciton binding energy when replacing hydrogen atom by
methyl groups, which indeed can be seen in Fig. 5, and the
change in the optical gap should be smaller than that in the
fundamental gap, which indeed generally seems to be the case.
In summary, the reduction in fundamental gap is mostly likely
due to just the electron donating effect of the methyl groups.
However, to explain why the optical gap of the methyl-
terminated particles is smaller than their hydrogen-
terminated counterparts and why this change in the optical

© 2025 The Author(s). Published by the Royal Society of Chemistry

gap is smaller than that for the fundamental gap requires
a combination of the electron donating effect of the methyl
groups and the spill-over of the exciton on the methyl groups.

Finally, the effect of replacing hydrogen atoms with methyl
groups is largest for the smallest particle. Both the shift in the
fundamental and optical gap of the methyl-terminated particles
relative to their hydrogen capped counterparts and the relative
contribution of the methyl groups to the natural transition
orbitals decreases with increasing size of the silicon core. This
is most likely simply the result of the decreasing surface to
volume ratio with increasing core size and the fact that there is
thus increasingly more silicon core relative the methyl capping
groups. The decreasing effect and contribution of the methyl
groups with increasing particle size also means that hydrogen-
terminated silicon nanoparticles become increasingly good
models of methyl-terminated silicon nanoparticles with
increasing particle size. Moreover, while we haven't explicitly
studied termination with larger alkyl groups here, the effect is
probably similar for them, other than steric effects which will
increase with increasing alkyl chain lengths.

Conclusions

Switching from hydrogen to methyl surface termination of
SiNPs is found to result in a reduction of the fundamental gap,
optical gap and exciton binding energy of the particles. This
effect of changing the capping groups becomes smaller with
increasing size of the silicon core, which is probably simple the
result of the decreasing surface to volume ratio. As a result,
hydrogen-terminated SiNPs become increasingly good models
of methyl-terminated and more generally alkyl-terminated
silicon nanoparticles with increasing particle size.

The exciton-size increases when replacing hydrogen atoms
with methyl groups for the same silicon core, which is

RSC Adv, 2025, 15, 20453-20463 | 20461
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suggestive of the exciton spilling over from the silicon core onto
the methyl groups. This interpretation is supported by an
analysis of the character of the leading natural transition orbital
for the lowest energy exciton for the different particles which
shows that that the methyl groups contribute to both the excited
electron and hole component of the exciton. While the contri-
bution to the excited electron component is larger than to that
for the hole, it is also clear that these lowest energy excitons do
not correspond to charge-transfer states. We finally propose
that the smaller fundamental gap, optical gap and exciton
binding energy values of the methyl-terminated particles rela-
tive to their hydrogen-terminated counterparts is due to
a combination of the electron donating nature of methyl groups
and the spill-over of the exciton on the methyl groups.

Data availability

The data supporting this article have been included as part of
the ESLt

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

EM acknowledges the UK Engineering and Physical Sciences
Research Council (EPSRC) for a DTP scholarship (EP/T517793/

1).

References

1 K. Dohnalova, T. Gregorkiewicz and K. Kusova, Silicon
quantum dots: surface matters, J. Phys.:Condens. Matter,
2014, 26, 173201.

2 C. M. Gonzalez and J. G. C. Veinot, Silicon nanocrystals for
the development of sensing platforms, J. Mater. Chem. C,
2016, 4, 4980-4987.

3 D. Beri, Silicon quantum dots: surface matter, what next?,
Mater. Adv., 2023, 4, 4032-4040.

4 H. F. Wilson, L. McKenzie-Sell and A. S. Barnard, Shape
dependence of the band gaps in luminescent silicon
quantum dots, J. Mater. Chem. C, 2014, 2, 9451-9456.

5 K. Dohnalova, K. Kusova and I. Pelant, Time-resolved
photoluminescence spectroscopy of the initial oxidation
stage of small silicon nanocrystals, Appl. Phys. Lett., 2009,
94, 211903.

6 L. W. Wang and A. Zunger, Electronic Structure
Pseudopotential Calculations of Large (approx. 1000
Atoms) Si Quantum Dots, J. Phys. Chem., 1994, 98, 2158—
2165.

7 I. Vasiliev, S. Ogiit and J. R. Chelikowsky, Ab initio
absorption spectra and optical gaps in nanocrystalline
silicon, Phys. Rev. Lett., 2001, 86, 1813-1816.

8 E. Degoli, G. Cantele, E. Luppi, R. Magri, D. Ninno, O. Bisi
and S. Ossicini, Ab initio structural and electronic
properties of hydrogenated silicon nanoclusters in the

20462 | RSC Adv, 2025, 15, 20453-20463

View Article Online

Paper

ground and excited state, Phys. Rev. B:Condens. Matter
Mater. Phys., 2004, 69, 155411.

9 F. Trani, G. Cantele, D. Ninno and G. Iadonisi, Tight-binding
calculation of the optical absorption cross section of
spherical and ellipsoidal silicon nanocrystals, Phys. Rev.
B:Condens. Matter Mater. Phys., 2005, 72, 07542.

10 E. Luppi, F. Iori, R. Magri, O. Pulci, S. Ossicini, E. Degoli and
V. Olevano, Excitons in silicon nanocrystallites: the nature of
luminescence, Phys. Rev. B:Condens. Matter Mater. Phys.,
2007, 75, 033303.

11 A. Gali, M. V6r0s, D. Rocca, G. T. Zimanyi and G. Galli, High-
energy excitations in silicon nanoparticles, Nano Lett., 2009,
9, 3780-3785.

12 R. Q. Zhang, A. de Sarkar, T. A. Niehaus and T. Frauenheim,
Excited state properties of Si quantum dots, Phys. Status
Solidi B, 2012, 249, 1643-1651.

13 D. Rocca, M. Voros, A. Gali and G. Galli, Ab initio
optoelectronic  properties of silicon nanoparticles:
excitation energies, sum rules, and Tamm-Dancoff
approximation, J. Chem. Theory Comput., 2014, 10, 3290-
3298.

14 A. Nurbawono, S. Liu and C. Zhang, Modeling optical
properties of silicon clusters by first principles: from a few
atoms to large nanocrystals, J. Chem. Phys., 2015, 142,
164301.

15 W. M. L. Hassan, M. P. Anantram, R. Nekovei, M. M. Khader
and A. Verma, Tailoring optical absorption in silicon
nanostructures from UV to visible light: a TDDFT study,
Sol. Energy, 2016, 126, 44-52.

16 R. Derian, K. Tokar, B. Somogyi, A. Gali and 1. Stich, Optical
Gaps in Pristine and Heavily Doped Silicon Nanocrystals:
DFT versus Quantum Monte Carlo Benchmarks, J. Chem.
Theory Comput., 2017, 13, 6061-6067.

17 N. L. Matsko, Optical Gaps in Pristine and Heavily Doped
Silicon Nanocrystals: DFT versus Quantum Monte Carlo
Benchmarks, Phys. Chem. Chem. Phys., 2018, 20, 24933-
24939.

18 A. Foerster and N. A. Besley, Quantum Chemical
Characterization and Design of Quantum Dots for Sensing
Applications, J. Phys. Chem. A, 2022, 126, 2899-2908.

19 Y. Cho, S. J. Bintrim and T. C. Berkelbach, Simplified GW/
BSE Approach for Charged and Neutral Excitation Energies
of Large Molecules and Nanomaterials, J. Chem. Theory
Comput., 2022, 18, 3438-3446.

20 E.Madden and M. A. Zwijnenburg, The effect of particle size
on the optical and electronic properties of hydrogenated
silicon nanoparticles, Phys. Chem. Chem. Phys., 2024, 26,
11695-11707.

21 F. A. Reboredo, A. Franceschetti and A. Zunger, Dark
excitons due to direct Coulomb interactions in silicon
quantum dots, Phys. Rev. B:Condens. Matter Mater. Phys.,
2000, 61, 13073-13086.

22 F. A. Reboredo and G. Galli, Theory of Alkyl-Terminated
Silicon Quantum Dots, J. Phys. Chem. B, 2005, 109, 1072-
1078.

23 Q. S. Li, R. Q. Zhang, T. A. Niehaus, T. Frauenheim and
S. T. Lee, Theoretical Studies on Optical and Electronic

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03272e

Open Access Article. Published on 17 June 2025. Downloaded on 4/2/2026 3:03:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Properties of Propionic-Acid-Terminated Silicon Quantum
Dots, J. Chem. Theory Comput., 2007, 3, 1518-1526.

24 K. Dohnalova, A. N. Poddubny, A. A. Prokofiev, W. D. de
Boer, C. P. Umesh, J. M. Paulusse, H. Zuilhof and
T. Gregorkiewicz, Surface brightens up Si quantum dots:
direct bandgap-like size-tunable emission, Light Sci. Appl.,
2013, 2, e47.

25 K. Dohnalova, P. Hapala, K. Kisova and I. Infante, Electronic
Structure Engineering Achieved via Organic Ligands in
Silicon Nanocrystals, Chem. Mater., 2020, 32, 6326-6337.

26 B. Aradi, Nanocut, https://github.com/aradi/nanocut.

27 A. Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards,
S. Dacek, S. Cholia, D. Gunter, D. Skinner, G. Ceder and
K. A. Persson, Commentary: The Materials Project: A
materials genome approach to accelerating materials
innovation, APL Mater., 2013, 1, 011002.

28 A. D. Becke, Density-functional thermochemistry. III. The
role of exact exchange, J. Chem. Phys., 1993, 98, 5648-5652.

29 C. Lee, W. Yang and R. G. Parr, Development of the Colle-
Salvetti correlation-energy formula into a functional of the
electron density, Phys. Rev. B:Condens. Matter Mater. Phys.,
1988, 37, 785-789.

30 P. ]J. Stephens, F. ]J. Devlin, C. F. Chabalowski and
M. J. Frisch, Ab Initio Calculation of Vibrational
Absorption and Circular Dichroism Spectra Using Density
Functional Force Fields, J. Phys. Chem., 1994, 98, 11623—
11627.

31 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, A consistent
and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94
elements H-Pu, J. Chem. Phys., 2010, 132, 154104.

32 F. Weigend and R. Ahlrichs, Balanced basis sets of split
valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy,
Phys. Chem. Chem. Phys., 2005, 7, 3297.

33 M. J. van Setten, F. Weigend and F. Evers, The GW-Method
for Quantum Chemistry Applications: Theory and
Implementation, J. Chem. Theory Comput., 2013, 9, 232-246.

34 D. Golze, M. Dvorak and P. Rinke, The GW compendium:
a practical guide to theoretical photoemission
spectroscopy, Front. Chem., 2019, 7, 1-4.

35 X. Gui, C. Holzer and W. Klopper, Accuracy Assessment of
GW Starting Points for Calculating Molecular Excitation
Energies Using the Bethe-Salpeter Formalism, J. Chem.
Theory Comput., 2018, 14, 2127-2136.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

36 C. Holzer and W. Klopper, Ionized, electron-attached, and
excited states of molecular systems with spin-orbit
coupling: Two-component GW and Bethe-Salpeter
implementations, J. Chem. Phys., 2019, 150, 204116.

37 K. Krause and W. Klopper, Implementation of the Bethe-
Salpeter equation in the TURBOMOLE program, J. Comput.
Chem., 2017, 38, 383-388.

38 M. J. G. Peach and D. Tozer, Overcoming Low Orbital
Overlap and Triplet Instability Problems in TDDFT, J. Phys.
Chem. A, 2012, 116(39), 9783-9789.

39 F. Furche, R. Ahlrichs, C. Hattig, W. Klopper, M. Sierka and

F. Weigend, Turbomole, Wiley Interdiscip. Rev.: Comput. Mol.

Sci., 2014, 4, 91-100.

G. Balasubramani, G. P.
. Diedenhofen, M. S. Frank, Y. J. Franzke, F. Furche,
Grotjahn, M. E. Harding, C. Hattig, A. Hellweg,
Helmich-Paris, C. Holzer, U. Huniar, M. Kaupp,

40 S.
M
R.
B.
A. Marefat Khah, S. Karbalaei Khani, T. Miiller, F. Mack,
B.
K.
E.
F.

Chen, S. Coriani,

D. Nguyen, S. M. Parker, E. Perlt, D. Rappoport,

Reiter, S. Roy, M. Rickert, G. Schmitz, M. Sierka,

Tapavicza, D. P. Tew, C. van Wiillen, V. K. Voora,

Weigend, A. Wodynski and J. M. Yu, TURBOMOLE:
Modular program suite for ab initio quantum-chemical and
condensed-matter simulations, J. Chem. Phys., 2020, 19,
6859-6890.

41 Y.]. Franzke, C. Holzer, J. H. Andersen, T. Begusic, F. Bruder,
S. Coriani, F. Della Sala, E. Fabiano, D. A. Fedotov, S. Fiirst,
S. Gillhuber, R. Grotjahn, M. Kaupp, M. Kehry, M. Krstic,
F. Mack, S. Majumdar, B. D. Nguyen, S. M. Parker,
F. Pauly, A. Pausch, E. Perlt, G. S. Phun, A. Rajabi,
D. Rappoport, B. Samal, T. Schrader, M. Sharma,
E. Tapavicza, R. S. Tref3, V. Voora, A. Wodynski, J. M. Yu,
B. Zerulla, F. Furche, C. Hittig, M. Sierka, D. P. Tew and
F. Weigend, TURBOMOLE: Today and Tomorrow, J. Chem.
Theory Comput., 2023, 19, 6859-6890.

42 R. L. Martin, Natural transition orbitals, J. Chem. Phys., 2003,
118, 4775-4777.

43 E. Madden, Fouri-yay,
zenodo.10377882.

44 J. H. Warner, A. Hoshino, K. Yamamoto and R. D. Tilley,
Water-Soluble Photoluminescent Silicon Quantum Dots,
Angew. Chem., Int. Ed., 2005, 44, 4550-4554.

45 M. Rosso-Vasic, E. Spruijt, B. Van Lagen, L. De Cola and
H. Zuilhof, Alkyl-Functionalized Oxide-Free Silicon
Nanoparticles: Synthesis and Optical Properties, Small,
2008, 4, 1835-1841.

GitHub, 2023, DOI: 10.5281/

RSC Adv, 2025, 15, 20453-20463 | 20463


https://github.com/aradi/nanocut
https://doi.org/10.5281/zenodo.10377882
https://doi.org/10.5281/zenodo.10377882
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03272e

	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...

	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...

	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...
	The effect of alkyl termination on the optical and electronic properties of silicon nanoparticlesElectronic supplementary information (ESI) available:...


