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In the framework of density functional theory (DFT), we have studied the electronic properties of alkene/alkyne-
hydrosilylated silicon nanocrystals (Si NCs) in the size range from 0.8 nm to 1.6 nm. Among the alkenes with all kinds
of functional groups considered in this work, only those containing -NH; and —C4H3S lead to significant hydrosilylation-
induced changes in the gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of an Si NC at the ground state. The quantum confinement effect is dominant for all of the alkene-
hydrosilylated Si NCs at the ground state. At the excited state, the prevailing effect of surface chemistry only occurs at the
smallest (0.8 nm) Si NCs hydrosilylated with alkenes containing -NH; and —-C4H3S. Although the alkyne hydrosilylation
gives rise to a more significant surface chemistry effect than alkene hydrosilylation, the quantum confinement effect remains
dominant for alkyne-hydrosilylated Si NCs at the ground state. However, at the excited state, the effect of surface chemistry
induced by the hydrosilylation with conjugated alkynes is strong enough to prevail over that of quantum confinement.
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1. Introduction

It is well known that the properties of semiconductor
nanostructures are often dependent on their sizes.[!~191 One
of the most prominent examples of this is the confinement
of electrons and holes in a silicon nanocrystal (Si NC) with
a size smaller than the Bohr radius of an exciton (~ 5 nm),
leading to the bandgap of the Si NC being larger than that
of bulk Si.l''-!*I This so-called quantum confinement effect
has been evidenced for Si NCs synthesized by all kinds of

15-22] The rather small size of a Si NC also greatly

approaches. !
enhances the sensitivity of the electrons/holes of the NC to the
NC surface, given a very large ratio of surface area to volume
for the NC. It has been found that both inorganic and organic
species at the NC surface may indeed impact the electronic and
optical properties of Si NCs, signifying the critical role of the
surface chemistry.[>3-34! Previous works have shown that both
quantum confinement and surface chemistry need to be taken
into account in the analysis of the properties of Si NCs with
inorganic species, such as O and F at the NC surface.[3>-40]
Wang et al. have recently systematically investigated the ef-
fect of hydrosilylation-induced organic species at the NC sur-
face on the electronic and optical properties of 1.4 nm Si NCs
by using models that closely simulate the experimentally ob-
tained Si NCs.!*!! Although the importance of hydrosilylation-
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induced surface chemistry for Si NCs was highlighted, the in-
terplay between surface chemistry and quantum confinement
for hydrosilylated Si NCs was not examined.

In this work, we investigate hydrosilylated Si NCs in the
size range from 0.8 nm to 1.6 nm in the framework of den-
sity functional theory (DFT). The size variation enables the
manifestation of the quantum confinement effect for these Si
NCs.
groups are considered for the hydrosilylation of Si NCs. The

Both alkenes and alkynes with a variety of functional

names and formulas of alkenes and alkynes considered in this
work are listed in Table 1. The resulting hydrosilylation-
induced surface chemistry facilitates a comprehensive evalu-
ation on the interplay between surface chemistry and quan-
tum confinement for hydrosilylated Si NCs. We clearly show
that the quantum confinement effect is dominant for all of the
alkene/alkyne-hydrosilylated Si NCs at the ground state. For
the alkene-hydrosilylated Si NCs at the excited state, the pre-
vailing effect of surface chemistry only occurs at the smallest
(0.8 nm) Si NCs hydrosilylated with alkenes containing -NH,
and —C4H3S. The effect of surface chemistry induced by the
hydrosilylation with conjugated alkynes is strong enough to
prevail over that of quantum confinement for Si NCs at the

excited state.
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Table 1. Names and formulas of alkenes and alkynes considered in this

work.
Name Molecular formula
1-propylene CH,=CH-CH3
ethenol CH,=CH-OH
acrylic acid CH,=CH-COOH
Alkenes vinylamine CH,=CH-NH,
styrene CH,=CH-C¢Hj
2-ethenylpyridine CH,=CH-CsH4sN
2-ethenylthiophene CH,=CH-C4H3S
allylene CH=C-CH3
ethynol CH=C-OH
propiolic acid CH=C-COOH
Alkynes ethynamine CH=C-NH,
phenylacetylene CH=C-CgHs
2-ethynylpyridine CH=C-CsH4sN
2-ethynylthiophene CH=C-C4H3S

2. Model and method

A Si NC is constructed by cutting out the spherical por-
tion from an optimized bulk Si model.*?*3 A Si atom at the
NC surface is passivated by one, two, or three hydrogen (H)
atoms. Si®, SiB, and Si€ are used to denote the Si atoms
that are passivated by one, two, and three H atoms at the
NC surface, respectively. Alkenes and alkynes with differ-
ent functional groups (-CHs, -OH, -COOH, -NH;, —C¢Hs,
—CsH4N, —C4H3S) are employed to hydrosilylate Si NCs. Re-
cent works have shown that the bonding between Si¢ and the
exterior alkene/alkyne carbon (C%) is thermodynamically fa-
vored during hydrosilylation.[*!4443] The length and the cov-
erage of a type of alkyl/alkenyl ligand hardly affect the ener-
gies of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of a Si
NC, and the HOMO-LUMO gap of the Si NC at both the
ground and the excited states.[*!) Therefore, we attach one
ligand derived from a model alkene/alkyne molecule in the
form of HyC=CHX/HC=CX (X = CHs, OH, COOH, NH,,
C¢Hs, CsHyN, or C4H3S) to the NC surface via the bonding
of Si¢—C?.

Our calculation is performed by using the modeling
The Becke-Lee—Yang—Parr (BLYP)
exchange—correlation function at the generalized gradient ap-

program of DMol3.

proximation (GGA) level in the frame of all-electron den-

[46] Double numerical basis sets

sity functional theory is used.
augmented with p-polarization functions (DNP basis sets) are
used as the atomic orbital basis functions. In the DNP basis
sets, the orbital cutoff radius is 0.47 nm. In order to ensure
accurate calculations, we have selected a high self-consistent
field (SCF) convergence threshold (10’6).

forces on all of the atoms in the optimized Si NCs are less

The maximum

than 0.05 eV/A. The spin polarization is included to determine
the spin multiplicities for Si NCs at both the ground and the
excited states. The HOMO-LUMO gap of the Si NC at the

ground state is readily calculated once the structural and elec-
tronic optimization of the NC is finished.

The excited state of the Si NC is initiated by moving an
electron in the HOMO to the LUMO and leaving a hole in the
HOMO. The structural and electronic optimization is then car-
ried out. We find that the optimization for a 1.2/1.6 nm Si NC
hydrosilylated with vinylamine and a 1.6 nm Si NC hydrosily-
lated with 2-ethenylthiophene at the excited state cannot be
converged. However, the resulting absence of certain data
should not prevent us from drawing conclusions by means of a
comprehensive analysis. Please note that the HOMO-LUMO
gaps reported in this work are underestimated by ~ 1-2 eV be-
cause of the BLYP-based DFT employed in this work.!! How-
ever, the relative order among the HOMO-LUMO gaps is not
affected by the underestimation. We calculate the percentage
of the HOMO (LUMO) density residing at a ligand at the sur-
face of a hydrosilylated Si NC by the C-squared population
analysis (CSPA) method. The sum of squares of molecular
orbital (MO) coefficients from all the elements in the hydrosi-
lylated Si NC (Sy) and that from the elements in the ligand
(S1) are first calculated. The ratio of the resulting two val-
ues (S)/Syw) is the percentage of the HOMO (LUMO) density
residing at the ligand. Please note that the HOMO (LUMO)
density residing at the H atoms in the ligand is not included
in Sj. Hence, the percentage of the HOMO (LUMO) density

residing at the ligand is somewhat underestimated.

3. Results and discussion
3.1. Alkene-hydrosilylated Si NCs

Figure 1 shows the HOMO energy, the LUMO energy,
and the HOMO-LUMO gap of an alkene-hydrosilylated Si
NC at the ground state. The NC size changes from 0.8 nm
to 1.6 nm. Si NCs with full hydrogen passivation (FHP) are
also incorporated for comparison. As the size of the fully H-
passivated Si NC decreases, its HOMO decreases (Fig. 1(a))
and LUMO increases (Fig. 1(b)). This leads to the increase
in the HOMO-LUMO gap of the Si NC with the decrease of
the NC size, which is consistent with the quantum confine-
ment effect. It is clear that the alkene hydrosilylation does
not affect the LUMO energy. Except the hydrosilylation with
alkenes containing —NH; and —-C4H3S, the alkene hydrosi-
lylation considered here hardly affects the HOMO energy.
Therefore, we can see that the dependence of the HOMO-
LUMO gap on the NC size for the Si NCs hydrosilylated with
alkenes that do not contain -NH; and —C4H3S is basically sim-
ilar to that for the fully H-passivated Si NCs.
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Fig. 1. (color online) (a) The HOMO energy, (b) the LUMO en-
ergy, and (c) the HOMO-LUMO gap of alkene-hydrosilylated (propy-
lene, ethenol, acrylic acid, vinlamine, styrene, 2-ethenylpyridine, and
2-ethenylthiophene) and fully H-passivated (FHP) Si NCs in the size
range from 0.8 nm to 1.6 nm at the ground state.

Figure 2 representatively shows the distributions of the
electron wave functions of the HOMO and the LUMO for
0.8 nm and 1.4 nm fully H-passivated Si NCs and those hy-
drosilylated with propylene (~CH3), vinylamine (-NH;), and
2-ethenylthiophene (—-C4H3S) at the ground state. The per-
centages of the HOMO/LUMO density residing at the lig-
ands are listed in Table 2. It is found that both HOMO and
LUMO are mainly located inside the Si NC when it is hy-
drosilylated with propylene (-CH3), ethanol (-OH), acrylic
acid (-COOH), and styrene (-CgHs) (only the case for propy-
lene hydrosilylation is shown in Fig. 2 and Table 2), similar
to that in the fully H-passivated Si NC. However, the HOMO
is significantly localized at the ligand (> 80% of the HOMO
density) when an Si NC is hydrosilylated with vinylamine
and 2-ethenylthiophene. It is this localization that leads to
the increase in the HOMO energy for the Si NC hydrosily-

lated with vinylamine and 2-ethenylthiophene (Figs. 1(a) and
1(b)). In fact, the localization of the HOMO at the ligand de-
rived from vinylamine or 2-ethenylthiophene results in little
change of the HOMO energy with the variation of the NC
size. However, the increasing trend for the HOMO-LUMO
gap with the decrease of the NC size for the vinylamine- or 2-
ethenylthiophene-hydrosilylated Si NC is maintained because
the hydrosilylation does not affect the increase of the LUMO
energy with the decrease of the NC size. This means that the

quantum confinement effect remains dominant.

0.8 nm

HOMO

LUMO

HOMO -«

g/\/ NH2

LUMO

Y/

TN

N ek
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HOMO
g/\/ C4H38

LUMO -

Fig. 2. (color online) Distributions of the electron wave functions of
the HOMO and the LUMO for 0.8 nm and 1.4 nm fully H-passivated
Si NCs and those hydrosilylated with propylene (-CH3), vinylamine
(—NH_) and 2-ethenylthiophene (-C4H3S) at the ground state. Si, C,
N, S, and H atoms are denoted by green, red, cyan, dark yellow, and
white balls, respectively.

Figure 3 shows the HOMO energy, the LUMO energy,
and the HOMO-LUMO gap of alkene-hydrosilylated and
fully H-passivated Si NCs in the size range from 0.8 nm
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to 1.6 nm at the excited state. As shown before, the quan-
tum confinement in extremely small Si NCs may be seriously

1361 The weakened quantum con-

weakened at the excited state.
finement results in the increase in the HOMO energy and the
decrease in the LUMO energy (Figs. 3(a) and 3(b)). Thus, the
HOMO-LUMO gap decreases when the size of the fully H-
passivated Si NC decreases from 1.4 nm to 0.8 nm (Fig. 3(c)).
The percentages of the HOMO/LUMO density residing at
the ligands are also listed in Table 2. The percentages of the
HOMO/LUMO density residing at the ligands of the 1.4 nm Si
NC hydrosilylated with any alkenes are less than 0.1 %. This
leads to rather small changes in the HOMO energy, the LUMO
energy and thus the HOMO-LUMO gap for the 1.4 nm Si NC
after alkene-hydrosilylation. The changes will diminish as the
NC size increases (e.g., 1.6 nm). However, the changes are
enlarged when the NC size decreases to 1.2 nm and 0.8 nm.
This is due to the transfer of the HOMO and the LUMO to
the ligands for small hydrosilylated Si NCs, evidenced by
the increase of the percentage of the HOMO/LUMO den-
sity residing at the ligand as the NC size decreases from
1.4 nm to 0.8 nm (Table 2). For the 0.8-nm Si NC hydrosi-
lylated with the alkene containing —C4H3S, the localization
of the HOMO/LUMO at the ligands is so significant that the
HOMO/LUMO energy is enormously changed. This gives
rise to a large increase of the HOMO-LUMO gap with the
decrease of the NC size from 1.2 nm to 0.8 nm. We find that
the HOMO/LUMO energy and thus the HOMO-LUMO gap
are also significantly changed for the 0.8-nm Si NC hydrosily-
lated with vinylamine (-NH,), although both the HOMO and
the LUMO are only slightly transferred to the ligand. These
changes are actually due to the improved quantum confine-
ment, as evidenced by the increased distribution of the elec-
tron wavefunction of the HOMO/LUMO under the surface
Si atoms. The underlying mechanism for the enhancement
of the quantum confinement by vinylamine for a very small
(0.8 nm) Si NC needs further investigation. The fact that with
the decrease of the NC size from 1.2 nm to 0.8 nm, the change
of the HOMO-LUMO gap for the Si NC hydrosilylated with
vinylamine (-NH,) or 2-ethenylthiophene (-C4H3S) is con-
trary to that for the fully H-passivated Si NC indicates that
the effect of surface chemistry induced by the hydrosilylation
with alkenes containing —-NH; and —C4H3S prevails over that

Table 2. Percentages of the HOMO/LUMO density residing at the
ligands for 0.8-nm and 1.4-nm Si NCs hydrosilylated with propylene,
vinylamine, and 2-ethenylthiophene at the ground and the excited states.

HOMO/% LUMO/%
—-CH3 -NH,; -C4H3S -CH; -NH; -C4H3S
0.8nm 395 8148 91.12 096 0.84 1.34
4nm 0.80 81.08 94.78 0.09 0.09 0.28
0.8nm 092 841 9261 0.69 028  66.04
4nm 051 218 3.49 0.01 0.01 0.01

Ground state

Excited state

of quantum confinement for the 0.8 nm Si NCs at the excited
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Fig. 3. (color online) (a) The HOMO energy, (b) the LUMO en-

ergy, and (c) the HOMO-LUMO gap of alkene-hydrosilylated (propy-
lene, ethenol, acrylic acid, vinlamine, styrene, 2-ethenylpyridine, 2-
ethenylthiophene) and fully H-passivated Si NCs in the size range from
0.8 nm to 1.6 nm at the excited state.

3.2. Alkyne-hydrosilylated Si NCs

The HOMO energy, the LUMO energy, and the HOMO-
LUMO gap of an alkyne-hydrosilylated or fully H-passivated
Si NC in the size range from 0.8 nm to 1.6 nm at the ground
state are shown in Fig. 4. Except for propiolic acid, the
alkynes considered in this work lead to the hydrosilylation-
induced changes in the HOMO energy being larger than
those in the LUMO energy. The distributions of the elec-
tron wave functions of the HOMO and the LUMO for 0.8-
nm and 1.4-nm fully H-passivated Si NCs and those hy-
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drosilylated with allylene, propiolic acid, ethynamine, and
2-ethynylthiophene are representatively shown in Fig. 5.
The percentages of the HOMO/LUMO density residing
at the ligands are also listed in Table 3. The transfer
of the HOMO to the ligands causes the increases of the
HOMO energy for the Si NCs hydrosilylated with allylene,
ethynol, ethynamine, phenylacetylene, 2-ethynylpyridine,
and 2-ethynylthiophene, while the transfer of the LUMO
to the propiolic-acid-derived ligand leads to the decrease
of the LUMO energy for the propiolic-acid-hydrosilylated
Si NC. In spite of all of the changes, the HOMO-LUMO
gap of the alkyne-hydrosilylated Si NC still increases with
the decrease of the NC size. This indicates the dominant
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Fig. 4. (color online) (a) The HOMO energy, (b) the LUMO energy, and
(c) the HOMO-LUMO gap of alkyne-hydrosilylated (allylene, ethynol,
propiolic acid, ethynamine, phenylacetylene, 2-ethynylpyridine, 2-
ethynylthiophene) and fully H-passivated Si NCs in the size range from
0.8 nm to 1.6 nm at the ground state.

0.8 nm 1.4 nm
HOMO
LUMO
HOMO
LUMO
HOMO
9/\/ COOH
LUMO
HOMO
9/\/ NH,
LUMO
HOMO
?N C4H3S
LUMO

Fig. 5. (color online) Distributions of the electron wave functions of
the HOMO and the LUMO for 0.8-nm and 1.4-nm fully H-passivated
Si NCs and those hydrosilylated with allylene (-CH3), propiolic acid
(—COOH), ethynamine (-NH;), and 2-ethynylthiophene (—-C4H3S) at
the ground state. Si, C, O, N, S, and H atoms are denoted by green, red,
purple, cyan, dark yellow, and white balls, respectively.

role of quantum confinement for the alkyne-hydrosilylated Si
NCs at the ground state.

Figure 6 shows the distributions of electron density for:
(a) a 0.8 nm Si NC hydrosilylated with propiolic acid, (b) a
1.2 nm Si NC hydrosilylated with propiolic acid (~COOH),
(c) a 0.8 nm Si NC hydrosilylated with ethynol (-OH), and
(d) a 0.8 nm Si NC hydrosilylated with ethynamine (-NH,) at
the excited state. It is seen that the back bond of Si—C (i.e.,
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1-2 Si-Si bond) is significantly elongated in each case. The
electron densities at the 1-2 Si—Si bonds are extremely small.
This means that the ligands may actually be detached from the
NC surface when these Si NCs are excited. Therefore, their
corresponding data for the HOMO/LUMO energies and the
HOMO-LUMO gaps are voided.

Table 3. Percentages of the HOMO/LUMO density residing at
the ligands for 0.8-nm and 1.4-nm Si NCs hydrosilylated with ally-
lene (—CH3), propiolic acid (-COOH), ethynamine (-NH;), and 2-
ethynylthiophene (—-C4H3S) at the ground state. Percentages of the
HOMO/LUMO density residing at the ligands for 0.8-nm and 1.4-nm
Si NCs hydrosilylated with allylene (-CH3 ), phenylacetylene (-C¢Hs ),
2-ethynylpyridine (-CsH4N), and 2-ethynylthiophene (-C4H3S) at the
excited state.

HOMO/% LUMO/%
0.8nm 1.4 nm 0.8nm 1.4 nm
—CHj3 13.42 3.24 2.00 0.22
Ground state —-COOH 4.94 0.80 71.56 58.78
-NH, 72.65 71.73 1.04 0.20
—-C4H3S 80.67 78.31 69.16 15.15
—CHj3 5.71 1.94 4.20 0.08
Excited state —CgHs 66.87 60.76 66.47 54.33
-CsH4N  62.63 55.36 68.92 57.16
—C4H3S 76.70 75.29 75.10 67.35

Figure 7 shows the available HOMO energy, LUMO en-
ergy, and HOMO-LUMO gap of the alkyne-hydrosilylated Si

NC in the size range from 0.8 nm to 1.6 nm at the excited
state. The fully H-passivated Si NCs are also considered for
comparison. We now focus on the hydrosilylation with con-
jugated alkynes (i.e., phenylacetylene, 2-ethynylpyridine, and
2-ethynylthiophene), since the changes in the HOMO energy,
the LUMO energy, and the HOMO-LUMO gap induced by
the hydrosilylation with other alkynes are basically similar to
those for the case of alkene hydrosilylation. By examining the
distributions of the electron wave functions of the HOMO and
the LUMO and the percentages of the HOMO/LUMO density
residing at the ligand for the conjugated-alkyne-hydrosilylated
Si NC (Table 3), we find that both the HOMO and the LUMO
are significantly localized at the ligand for the Si NC hy-
drosilylated with a conjugated alkyne, regardless of the NC
size. Hence, the HOMO and the LUMO are characteristic of
the conjugated-alkyne-derived ligand. This explains that the
HOMO energy and the LUMO energy hardly change with the
varying size of the conjugated-alkyne-hydrosilylated Si NC,
disabling the dependence of the HOMO-LUMO gap on the
NC size. It is apparent here that the effect of surface chem-
istry induced by the hydrosilylation with conjugated alkynes

prevails over that of quantum confinement.

0.0000

Fig. 6. (color online) Distributions of electron density for: (a) 0.8-nm Si NC hydrosilylated with propiolic acid, (b) 1.2-nm Si
NC hydrosilylated with propiolic acid, (c) 0.8-nm Si NC hydrosilylated with ethynol, and (d) 0.8-nm Si NC hydrosilylated with
ethynamine. All the hydrosilylated Si NCs are at the excited state. Si, C, O, N, and H atoms are denoted by green, red, purple, dark

yellow, and white balls, respectively.
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Fig. 7. (color online) (a) The HOMO energy, (b) the LUMO energy, and
(c) the HOMO-LUMO gap of alkyne-hydrosilylated (allylene, ethynol,
propiolic acid, ethynamine, phenylacetylene, 2-ethynylpyridine, 2-
ethynylthiophene) and fully H-passivated Si NCs in the size range from
0.8 nm to 1.6 nm at the excited state.

4. Conclusion

The electronic properties of hydrosilylated Si NCs in the
size range from 0.8 nm to 1.6 nm have been investigated by
means of DFT. The interplay between quantum confinement
and hydrosilylation-induced surface chemistry for Si NCs is
manifested on the changes in the HOMO/LUMO energy and
the HOMO-LUMO gap. We find that alkenes containing the
functional groups of -NH; and —C4H3S lead to significant
hydrosilylation-induced changes in the HOMO-LUMO gap of
the Si NC at the ground state. For all the alkene-hydrosilylated
Si NCs at the ground state, the quantum confinement effect is
dominant. At the excited state, the prevailing effect of sur-

face chemistry only occurs to the smallest (0.8 nm) Si NCs

hydrosilylated with alkenes containing the functional groups
of -NH; and —-C4H3S. The quantum confinement effect is
also dominant for alkyne-hydrosilylated Si NCs at the ground
state. However, at the excited state, the effect of surface chem-
istry induced by the hydrosilylation with conjugated alkynes
prevails over that of quantum confinement. The current re-
sults should contribute to the design and optimization of hy-
drosilylation schemes for the processing of the originally H-

passivated Si NCs that are routinely produced in experiments.
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