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S
ilicon is a semiconductor that has al-
ways dominated the microelectronics
industry.1�4 For no less than two dec-

ades, there has been a concerted effort to
develop silicon-based photonics that could
exploit existing silicon micro- and nano-
fabrication technologies to create optical
devices. Furthermore, Si-based materials
are even more attractive given their bio-
compatibility5�7 and its abundance in the
Earth's crust.8 Following the discovery of
luminescent porous silicon by Canham,9

nanostructured Si has held great promise
in thedevelopment of Si-based light-emitting
devices.10 Today, both porous silicon and
freestanding silicon nanocrystals (Si-NCs)
have demonstrated proof-of-concept appli-
cations in sensors,11�13 bioimaging,7,14�16

optical devices,17�20 photovoltaics,21�23

water-splitting,24 batteries,25,26 among others.
Despite the beneficial qualities of Si-NCs,
they are still generally viewed as a poor
optical material when compared to direct
band gap III�V27�29 and II�VI30�32 semi-
conductor quantum dots. Nanocrystalline

Si with particle sizes above ∼1.5 nm exhibit
an indirect band gap,33 rendering the emis-
sion of light from the material relatively
inefficient: a significant amount of energy
is often lost via nonradiative relaxation
processes, and the photoluminescence (PL)
quantum yield is dramatically reduced.9,34�36

Reports of photoemission from free-
standing Si-NCs spanning the entire
visible spectrum are scant and have been
shown extensively for hydride terminated
Si-NCs.37�39 Unfortunately the hydride
surface is prone to oxidation and requires
further surface protection. Upon surface
functionalization with alkyl groups the PL
from Si-NCs often switches to the orange-
red visible region.40,41 The vast majority of
reports on Si-NCs emit in the blue visible
region irrespective of particle size.42�46

While such emission has been attributed
to oxide defects,47�50 our group recently
demonstrated that this results from an oxy-
nitride species.51�53 Emissions of this type
exhibit short-lived excited-states and often
show higher photoluminescent quantum
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ABSTRACT The syntheses of colloidal silicon nanocrystals (Si-NCs) with dimensions in the

3�4 nm size regime as well as effective methodologies for their functionalization with alkyl, amine,

phosphine, and acetal functional groups are reported. Through rational variation in the surface

moieties we demonstrate that the photoluminescence of Si-NCs can be effectively tuned across the

entire visible spectral region without changing particle size. The surface-state dependent emission

exhibited short-lived excited-states and higher relative photoluminescence quantum yields compared

to Si-NCs of equivalent size exhibiting emission originating from the band gap transition. The Si-NCs

were exhaustively characterized using transmission electron microscopy (TEM), X-ray photoelectron

spectroscopy (XPS), and Fourier transformed infrared spectroscopy (FTIR), and their optical properties

were thoroughly investigated using fluorescence spectroscopy, excited-state lifetime measurements, photobleaching experiments, and solvatochromism

studies.
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yields. It is becoming increasingly evident that surface
states and interfacial defects play crucial roles in
determining the optical properties of Si-NCs.
In recent years, doping of Si-NCs with shallow im-

purities has been explored as a potential route to
enhance the PL properties. Si-NCs have been doped
or codoped with phosphorus, boron, and nitrogen
atoms.54�61 While researchers initially observed im-
provement in PL properties of phosphorus and boron
doped Si-NCs, it quickly became evident that the
enhancement was sensitive to dopant concentrations,
fabricationmethods, and location of the dopant atoms.
These factors are not easily controlled, hence doping is
not a straightforward method to tailor the optical
properties of Si-NCs. Surface engineering can offer a
means of creating brighter Si-NCs with tunable PL and
shorter lifetimes. Recently, Nie et al. reported tunable
full-color emission in carbon nanoparticles originating
from surface states.62 While such reports of enhance-
ment have appeared, none exist describing a systema-
tic effort to alter the surface groups to tune the PL
maxima in Si-NCs.
Herein, we report the syntheses of Si-NCs with an

average diameter of 3�4 nm and surfaces passivated
with different functional groups. In doing so, we have
tuned the PL across the visible spectrum without
altering the particle size. The excited-state lifetimes
of these emissions are short-lived (nanosecond) and
their relative PL quantum yields are higher than those
observed for equivalent Si-NCs emitting from a quan-
tum confined state. Photoluminescence excitation
(PLE) was also conducted to characterize the excitonic
processes/electronic energy levels in the functiona-
lized Si-NCs. The relative stability of the Si-NCs under
ambient conditions and under illumination was also
investigated.

RESULTS AND DISCUSSION

We demonstrated previously that oxide-embedded
Si-NCs are readily obtained via disproportionation of
commercially available HSQ at high temperature (ca.
1100 �C).39 Hydride terminated Si-NCs are routinely
obtained following removal of the oxide matrix upon
treatment with an alcoholic HF acid solution. Because
hydride terminated Si-NCs are prone to oxidation and
not colloidally stable, their surfaces are frequently
passivated with alkyl groups by way of various hydro-
silylation strategies employing terminal alkenes.

Inert Atmosphere Dodecyl Functionalization of Si-NCs. For
the present study dodecyl groups were installed via

thermally induced hydrosilylation using established
literature procedures (Scheme 1).51

A representative FTIR spectrum (Figure S1, Support-
ing Information (SI)) of dodecyl functionalized Si-NCs
prepared in inert atmosphere shows characteristic
C�H and C�C stretching features at ca. 2900 and
1450 cm�1, respectively. There is no evidence of Si�H
(ca. 2100 cm�1), CdC (ca. 1600 cm�1) or Si�O (ca.
1100 cm�1) at the sensitivity of FTIR analysis consistent
with effective functionalization and negligible oxida-
tion. Figure 1A shows a typical bright field TEM image
of oxide free dodecyl functionalized Si-NCs. The aver-
age NC diameter is 3.5 ( 0.6 nm. The fit XP spectrum
(Figure 1B) shows presence of Si(0), Si(I), and Si(II) with
the 2p3/2 peaks centered at approximately 98.5, 99.8,
and 101.0 eV, respectively. The Si(I) and Si(II) contribu-
tions have previously been ascribed to surface Si atoms
covalently attached to the more electronegative C
atoms linking the NC surface to pendant alkyl groups.

Dodecyl functionalized Si-NCs prepared in this way
show characteristic red PL centered at ca. 730 nm
(Figure 1C). The peak intensity of the PL emission

Scheme 1. Schematic representation of synthesis of alkyl functionalized Si-NCs in inert atmosphere.
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increases with excitation wavelength, there is no de-
tectable shift in the PL maximum. The PLE spectrum
(Figure 1D) shows amaximumat ca. 420 nm. Previously
we determined the excited-state lifetimes of these
NCs to be in the microsecond regime (i.e., 19 μs).51

The optical properties of dodecyl functionalized Si-NCs
prepared in inert atmosphere are consistent with the
effective mass approximation (EMA);63 upon the basis
of these observations we conclude the PL results from
a band gap transition. The colloidal solution of Si-NCs
prepared in this way did not photobleach upon con-
tinuous excitation at 400 nm for ca. 200 min (Figure S2
(SI)), the PL maximum is independent of the solvent
polarity, and the relative quantum yield was found to
be ca. 12%. Thus, prepared alkyl-functionalized Si-NCs
are stable under ambient conditions for at least three
years, which was concluded by monitoring the PL and
FTIR spectrum of the NCs overtime.

Dodecyl Functionalization of Si-NCs in Air. When the
hydrosilylation of Si-NCs is performed in air the reac-
tion proceeds readily at 110 �C. Under these condi-
tions, it has been proposed oxygen acts as a radical
initiator that facilitates reaction at temperatures lower
than 190 �C.64 In addition to promoting the hydrosily-
lation reaction, oxygen reacts with Si-NC surfaces
leading to partial surface oxidation (Scheme 2) which
is apparent in the FTIR spectrum (Figure S3 (SI)) where
a Si�Ostretch is noted at ca. 1100 cm�1. Other features
in the IR spectrum include characteristic alkane C�H

and C�C stretching at ca. 2870 and 1470 cm�1; there
is no evidence of alkene absorptions (i.e., dC;H at
∼ 3050 cm�1 and CdC at ∼1600 cm�1) following
functionalization. Complete reaction of all silicon hy-
dride surface groups with either dodecene or oxygen
is consistent with the absence of Si�H stretch at ca.
2100 cm�1. Bright field TEM analysis of these partially
oxidized Si-NCs yielded an average diameter of 3.6 (
0.7 nm (Figure 2A). Oxidation of the Si surface is further
confirmed using XPS analysis (Figure 2B). The high
resolution Si 2p spectrum shows emissions at 100.1,
101.0, and 101.8 eV corresponding to Si(I), Si(II), and
Si(III) oxidation states, respectively. The presence of
Si(0) is confirmed by the presence of an emission at
99.2 eV.

The PL spectrum obtained from a toluene solution
of partially oxidized Si-NCs showed a maximum emis-
sion significantly blue-shifted from that of equivalent
dodecyl Si-NCs surface functionalized under inert
atmosphere (vide supra) centered at ca. 630 nm
(Figure 2C). A shoulder is observed at ca. 710 nm.
Similar to the red-emitting dodecyl Si-NCs, only the

Figure 1. Characterization summary for dodecyl functionalized Si-NCs under inert atmosphere. (A) Brightfield TEM image. (B)
High resolution XP spectrum of Si 2p region. (Black line corresponds to the fitted peak. For clarity purposes only 2p3/2 peak
fittings are shown.) (C) PL spectra at indicated excitation wavelengths and (D) PLE spectrum at emission maximum (730 nm).

Scheme 2. Schematic representation of alkyl functionaliza-
tion of Si-NC surface in air.
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intensity of the luminescence changed with excitation
wavelength. The PLE spectrum showed a single broad
asymmetric absorption peak centered at 340 nm
(Figure 2D). PL excited-state lifetime measurements
afforded short-lived excited-states with τ1 = 0.4 ns and
τ2 = 2.9 ns (Figure S4 (SI)) at 650 nm; however, no
microsecond component was observed. The short-
lived excited-state and blue-shifted PL have previously
been attributed to a SidOmoiety based upon compu-
tational models;65 however, to our knowledge no
molecular equivalent of this functional group exists
without substantial stabilization. In this context, and
that no conclusive evidence can be obtained from
the presentedmethods, it is not possible to confidently
confirm presence of SidO. While the origin of this
emission (e.g., band gap or surface mediated transi-
tion) is difficult to conclusively identify; however, in
light of the excited-state lifetime it likely results from
a hereforeto unidentified surface state. The present
oxide/alkyl surface modified Si-NCs solution showed
no detectable photobleaching upon continued excita-
tion at 340 nm for 250 min (Figure S5 (SI)) and were
found to be stable over one year under ambient con-
ditions (determined using PL and FTIR spectroscopy).
The relative photoluminescent quantum yield was
found to be 18%, and the PL maximum was indepen-
dent of the solvent polarity.

Surface Modification of Si-NCs upon Reaction with Trioctyl-
phosphine Oxide. Molecular silanes reduce phosphine

oxides to their parent trisubstituted phosphine.66,67

It is reasonable similar reactivity will be observed for
hydride terminated Si-NCs. In this vein, hydride termi-
nated Si-NCs were reacted with trioctylphosphine
oxide (TOPO). Under the presented conditions, hydride
surface moieties on the Si-NCs are expected to reduce
TOPO to trioctylphosphine (TOP); because the reaction
is carried out in air any TOP produced by the reaction is
oxidized back to TOPO (Scheme 3). The particles are
subsequently stabilized by TOPO and rendered soluble
in organic solvents. Of important note, upon reaction
of hydride terminated Si-NCs with TOPO under inert
conditions TOP is formed (confirmed using 31P NMR,
Figure S6 (SI)). TOP does not coordinate to the Si-NC
surface and the oxidized particles are insoluble in
organic solvents.

Unfortunately, following reaction with TOPO it is
not possible to conclusively identify the exact identity
of the oxidized Si-NC surface. It is reasonable upon the
basis of XPS and FTIR data that it consists of bridg-
ing Si�O�Si moieties. Figure S7 (SI) shows the FTIR
spectra of neat TOPO and TOPOSi-NCs. In both spectra,
PdO stretching at ca. 1120 cm�1, C�H stretches
ca. 2870, 1470, and 1370 cm�1 are observed. A weak
Si�O stretch is observed in TOPO Si-NC sample at
1080�1040 cm�1 consistent with the presence of
oxide. The oxidation of the particles is more obvious
in the features XPS analysis. The high resolution XP
spectrum of Si 2p region shows Si(I) and Si(II) peaks

Figure 2. Characterization summary for dodecyl functionalized Si-NCs (functionalization performed in air). (A) Bright field
TEM image. (B) High resolution XP spectrum of Si 2p region. (Black line corresponds to the fit spectrum. For clarity only 2p3/2
peak fittings are shown.) (C) PL spectra at indicated excitation wavelengths and (D) PLE spectrum at emission maximum
(630 nm).
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ca. 100 and 100.8 eV, respectively (Figure 3B). The Si(0)
peak is at 99 eV confirms the particles are not com-
pletely oxidized.

Bright field TEM imaging shows Si-NCs with an
average diameter of 3.2( 0.5 nm; however, the quality
of the image is poor due to the presence of large excess
of organic ligand (Figure 3A). Attempts to remove the

excess TOPO via selective precipitation and low tem-
perature crystallization resulted in agglomeration/
precipitation of the Si-NCs.

TOPO surface modified Si-NCs show a PL maximum
at 590 nm (Figure 3C) that exhibits excitation wave-
length dependent intensity. The PLE spectrum shows
maximum centered at 315 nm when measured at the

Scheme 3. Schematic representation of reactivity of Si hydride surface with TOPO.

Figure 3. Characterization details for TOPOSi-NCs. (A) Brightfield TEM image. (B) High resolutionXP spectrumof Si 2p region.
(Black line corresponds to the fit data. For clarity only 2p3/2 peak fittings are shown.) (C) PL spectra at indicated excitation
wavelengths and (D) PLE spectrum at emission maximum (590 nm).
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emission maximum (Figure 3D). The excited-state life-
time analysis confirmed presence of bothmicrosecond
and nanosecond components (Figure S8 (SI)). As was
the case for the orange-emitting dodecyl functiona-
lized Si-NCs (vide supra), it is reasonable the nanose-
cond lifetime originates from an oxide-based defect
state and the microsecond lifetime from the band gap.
Upon continuous excitation at 315 nm for 250 min,
the TOPO stabilized Si-NCs solution show decreased
photoluminescence intensity (Figure S9 (SI)). The rela-
tive quantum yield was determined to be 17% and the
PL maximum was independent of the solvent polarity.
Of particular importance to the present discussion,
we found the oxidation of TOPO Si-NCs continues
and proceeds slowly over a year. XPS analysis shows
an increase in Si oxidation state as the Si 2p peak
shifts toward higher binding energies with prolonged
aging time (Figure 4A) and no signal was observed for
Si(0) after 8 months. Initially a moderate blue-shift of
the PLmaximum is observed, followed by complete PL
quenching (Figure 4B).

CO2 Reaction with Si-NCs. To further explore the reac-
tivity of hydride terminated Si-NCs, toluene solutions
of particles were exposed to high pressure (10 bar)/
temperature (150 �C) CO2 for 3 h. Spectroscopic analysis
indicates the resulting Si-NCs were surface terminated
with acetal groups as shown pictorially in Scheme 4.
Longer reaction times (i.e., > 12 h) yielded formalde-
hyde and oxide coated Si-NCs. Previously, CO2 has been

converted to methanol upon reaction with silane redu-
cing agents; however, these homogeneous molecular
reactions were catalyzed using carbenes or ammonia-
borane complexes at room temperature.68,69 In the
present study, CO2 reduction proceeds without an
external catalyst; however, a minimum temperature of
150 �C and 10 bar pressure are required. Figure S10 (SI)
shows key spectral regions within the FTIR spectrum of
Si-NCs as the reaction with CO2 proceeds. The Si�H
stretches ca. 2100 and 920 cm�1 are dominant features
in freshly prepared hydride terminated Si-NCs. After 3 h,
C�H stretch ca. 2920 cm�1 and C�O, Si�O�C,
Si�O�Si stretches between 1300�1080 cm�1 appear.
After 12 h the Si-NCs precipitate from the reaction
mixture due to complete surface oxidation and the
IR of this solid shows spectral features corresponding
to Si�O�Si stretching at ca. 1100 cm�1. A weak C�H
stretch is also observed at 2900 cm�1. The acetal
stabilized Si-NCs have an average diameter of 3.4 (
0.5 nm as determined from TEM analysis (Figure 5A).
The high resolution XP spectrum of Si 2p region for
acetal Si-NCs show, Si(0), Si(I), Si (II), and Si(IV) oxidation
states with peaks at 98.8, 100.3, 101.4, and 103.5 eV,
respectively (Figure 5B).

The present acetal terminated Si-NCs photo-
luminesce in the blue-green spectral region and
exhibit excitation wavelength dependent PLmaximum
(Figure 5C). It is reasonable this excitation wavelength
dependence arises frommultiple surface states consistent

Figure 4. (A) High resolution XP spectra of Si 2p region for TOPO Si-NCs at various intervals over a year. (B) Evolution of the
PL spectra of TOPO Si-NCs over one year. Spectra were collected for a freshly prepared sample and then after 2, 4, 6, 8, 10, and
12 months.

Scheme 4. Reaction of hydride terminated Si-NCs with CO2.
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with thepresenceofdifferentmaxima in thePLE spectrum
(Figure 5D). Similar luminescence has been observed
in carboxylic acid functionalized Si surfaces70,71 and
oxidized silicon carbide (SiC) NCs.72,73 Upon the basis
of literature reports, we tentatively attribute the blue-
green PL to a charge transfer state involving a silicon
carboxy site. To further confirm this phenomenon,
solvatochromic studies were performed and the PL
showed red-shift with increasing solvent polarity con-
sistent with a charge transfer process (Figure S11 (SI)).
Excited-state lifetime analysis at 485 nm showed short-
lived states, with τ1 = 1.4 and τ2 = 5.4 ns (Figure S12 (SI)).
The relative quantum yield was 22%. The acetal func-
tionalized Si-NCs solution showed significant photo-
bleaching upon exposure to constant illumination of
300nm light (Figure S13 (SI)); however, theywere found
to be stable under ambient conditions for extended
period of time (>6 months).

N-Bonded Dodecylamine Functionalized Si-NCs. Reaction
of hydride terminated Si-NCs with PCl5 affords chloride
terminated Si particles.53 These particles offer a con-
venient platform with which to react alkyl amines.
Because PCl5 etches Si surfaces,74 d�5 nm hydride
terminated Si-NCs were used for this reaction to allow
direct comparisonwith hydrosilylated and TOPOmodi-
fied Si-NCs (vide supra). No effort was made to isolate
the chloride terminated particles; following removal of

excess PCl5 particles were reacted directly with dode-
cylamine undermild heating (i.e., 40 �C) as summarized
in Scheme 5.

The FTIR spectra of neat dodecylamine and dode-
cylamine modified Si-NCs are shown in Figure S14 (SI).
Characteristic N�H stretches (ca. 3300�3100 and
1600 cm�1) are observed in neat dodecylamine but
are absent from the Si-NC spectrum consistent with
amine group reacting with silicon surface. Absorptions
attributable to C�H stretches from the alkyl chain are
observed at ca. 2900 and 1470 cm�1 in neat dodecy-
lamine and functionalized Si-NCs. Partial oxidation of
Si-NCs is evidenced by Si�O�Si stretch features
ca. 1120 cm�1. The high resolution XP spectrum of Si
2p region shows two distinctive peaks corresponding
to Si(0) core atoms with peak at 98.8 eV and surface Si
atoms attached to either N or O with peak at 102 eV
(Figure 6A). The N 1s region can be fit to two peaks.
The peak at 397.8 eV is characteristic of bridging
nitrogen atoms (Si�N�Si). The species responsible
for the emission at 399.5 eV remains unclear; however,
we tentatively assigned to silicon oxynitride type of
species (Figure 6B).51

TEM analysis indicates the present dodecylamine
functionalized Si-NCs possess an average particle size
for 3.8 ( 0.7 nm (Figure 6C). The dodecylamine Si-NCs
photoluminesce in the blue spectral region (Figure 6D)

Figure 5. Characterization details for acetal functionalized Si-NCs. (A) Bright field TEM image. (B) High resolutionXP spectrum
of Si 2p region. (Black line corresponds to fit data. For clarity only 2p3/2 peak fittings are shown.) (C) PL spectra at indicated
excitation wavelengths and (D) PLE spectrum at emission maximum (470 nm).
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and the excited-state lifetimes showed fast decay with
τ1 = 1.5 ns and τ2 = 6.5 ns (Figure S15 (SI)) measured at
470 nm. These NCs also show excitation wavelength
dependence and multiple local maxima in the PLE
spectrum (Figure 6E). Previously, we have proposed
the blue PL results from a charge transfer state invol-
ving silicon oxynitride type species and solvatochromic
studies further confirm the presence of charge transfer
state (Figure S16 (SI)).51 The relative quantum yield for
these NCs was 32%. Like other Si-NCs presented here,
blue-emitting Si-NCs solutionphotobleachesupon con-
stant excitation at 300 nm; however, the emission was
never completely lost (Figure 6F). Thus, functionalized
Si-NCs are stable for few months (3�4) but succumb to
oxidation over time and precipitate out of the solution.

N-Bonded Diphenylamine Functionalized Si-NCs. Recently,
Li et al. reported green luminescent diphenylamine
functionalized Si-NCs via reduction of SiCl4 followed by
modification with diphenylamine.75 The authors re-
ported oxygen is crucial to the appearance of green
PL with nanosecond (5 ns) lifetimes. A similar reaction
was explored for the chloride terminated Si-NCs ob-
tained from PCl5 reaction. Again, the chlorination of
Si surface was performed by reacting 5�6 nm hydride
Si-NCs with PCl5 followed by reaction with diphenyla-
mine (Scheme 6).

The FTIR spectra of neat diphenylamine and diphe-
nylamine functionalized Si-NCs are shown in Figure S17
(SI). The N�H stretch ca. 3400 cm�1 disappears after
functionalization. The aromatic C�H stretches are
observed at ca. 3050 and 1000�700 cm�1 and CdC
stretches at ca. 1600�1400 cm�1 in both spectra.
A weak broad feature is observed at ca. 1040 cm�1 that
is confidently assigned to Si�O�Si stretching. The high
resolution XP spectrumof Si 2p region shows twopeaks
corresponding to Si(0) core at 98.9 eV and surface Si
attached to N and O atoms with a peak centered at
101.4 eV (Figure 7A). The N 1s region (Figure 7B) can
be fit to three components corresponding to Si�N�Si
(398 eV), Si�N�O (399.6 eV), and free diphenylamine
(400.8 eV). The average Si-NC size was found to be
3.9 ( 0.5 nm (Figure 7C) from TEM analysis.

The PL maximum of diphenylamine functionalized
Si-NCs appears in the green at 512 nm (Figure 7D),
red-shifted compared to the emission from alkyl-amine
stabilized Si-NCs. Solvatochromic studies showed that
the PL maximum is dependent upon solvent polarity
(Figure S18 (SI)). As was the case for Li et al., oxidation
was crucial for the appearance of green PL. Without
surface oxide (which was achieved by longer reaction
time, i.e., 48 h), the PLwas quenched. Higher degrees of
oxidation characteristic of short reaction times (i.e., 6 h)

Scheme 5. Schematic representation of synthesis of dodecylamine functionalized Si-NCs.

Figure 6. Characterization details for dodecylamine functionalized Si-NCs. High resolution XP spectra of (A) Si 2p region and (B)
N1s region. (Black line corresponds to thefit data.) (C) Brightfield TEM image, (D) PL spectra at indicatedexcitationwavelengths,
(E) PLE spectrum with emission at 410 nm, and (F) emission overtime under continuous illumination (λex = 300 nm).
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afforded NCs that were not colloidally stable; further
analysis of these materials was not performed. PLE
spectrum of the green-emitting Si-NCs obtained after
12 h of reaction with diphenylamine shows a max-
imum at 305 nm (Figure 7E). Evaluation of excitation
wavelength dependent PL shift was precludedby rapid
photobleaching (Figure 7F). Unfortunately, solutions
of diphenylamine Si-NCs did not exhibit long-term
colloidal stability and precipitated from solution after
approximately 1 week.

All the Si-NCs prepared for this study had an
average particle diameter between 3�4 nm. The
widely accepted effective mass approximation (EMA)
predicts particles of this size should emit in the
spectral region between 670 and 810 nm if the emis-
sion arises fromaband gap transition. This is consistent
with our recent STS investigation of individual Si-NCs.52

Furthermore, upon the basis of the indirect band
gap of bulk Si, it is also reasonable these particles
will exhibit microsecond excited-state lifetimes. Clearly
this is not the case here: only dodecyl Si-NCs functio-
nalized under inert conditions show the predicted
PL properties. Si-NCs that possess oxide-based defect
states (i.e., TOPO Si-NCs and dodecyl Si-NCs functiona-
lized in air) show nanosecond and/or micro-
second excited-state lifetimes and the PL maximum

is blue-shifted compared to EMA predictions. The
PL maximum of these Si-NCs does not change
with excitation wavelength or the solvent polarity.
The emission from these samples likely originates
from a composite of surface state and band gap
processes.

Alternatively, Si-NCs functionalized with alkyl and
aryl amines as well as acetal groups exhibit excitation
wavelength dependent photoluminescent with amax-
imum that red-shifts with increasing solvent polarity.
The origin of PL from these functionalized particles can
be tentatively attributed to surface group mediated
charge transfer processes based upon the nanosecond

Scheme 6. Schematic representation of synthesis of diphenylamine functionalized Si-NCs.

Figure 7. Characterization details for diphenylamine functionalized Si-NCs. High resolution XP spectra of (A) Si 2p region and
(B) N 1s region. (Black line corresponds to the fit data.) (C) Bright field TEM image, (D) PL spectrum (λex = 350 nm), (E) PLE
spectrum with emission maximum (510 nm), and (F) emission overtime under continuous illumination (λex = 350 nm).

Figure 8. Photograph of 3�4 nmSi-NCs functionalizedwith
various surface groups dispersed in toluene, under UV
illumination. From left to right the Si-NC functionalization:
blue, dodecylamine; blue-green, acetal; green, diphenyla-
mine; yellow, TOPO;orange,dodecyl (air); red, dodecyl (inert).
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excited-state lifetimes and solvatochromic studies.
Thesematerials are subject to significant photobleach-
ing upon prolonged excitation. Figure 8 shows the
photograph of 3�4 nm Si-NCs with various surface
groups under UV-illuminations.

CONCLUSIONS

In conclusion, this is the first report of Si-NC emission
where the PL maximum has been tuned across the

visible spectrum via surface engineering without
changing the NC size. We have shown new reactivity
of hydride terminated Si-NCs with TOPO and CO2.
Surface state emission allows for fast radiative recom-
bination rates and high relative PL quantum yields.
While the specific nature of various emissive sites
remains unknown, this study highlights the impor-
tance of surface states and the crucial role they play
in the optical properties of Si-NCs.

EXPERIMENTAL SECTION
Materials. Hydrogen silsesquioxane (HSQ) was purchased

from Dow Corning Corporation (Midland, MI) as FOx-17.
1-Dodecene (97%, Sigma-Aldrich), trioctylphosphine oxide
(TOPO, 97%, Sigma-Aldrich), phosphorus pentachloride
(PCl5, 98%, Sigma-Aldrich), dodecylamine (98%, Sigma-Aldrich),
diphenylamine (99%, Sigma-Aldrich), hydrofluoric acid (HF,
49%, J. T. Baker), toluene (ACS grade, BDH), anhydrous toluene
(Sigma-Aldrich), methanol (MeOH, ACS grade, Sigma-Aldrich),
and ethanol (EtOH, ACS grade, Sigma-Aldrich) were used with-
out further purification.

Syntheses of Oxide Embedded Si-NCs. Procedures developed in
the Veinot Laboratory that afford well-characterized materials
were employed to prepare oxide-embedded silicon nano-
crystals (Si-NC/SiO2). Briefly, solid HSQ (ca. 3 g) was placed in a
quartz boat and transferred to a Lindberg Blue tube furnace
and heated from ambient to a peak processing temperature
of 1100 �C at 18 �C min�1 in a slightly reducing atmosphere
(i.e., 5% H2/95% Ar). The sample was maintained at the peak
processing temperature for 1 h. Upon cooling to room tem-
perature, the resulting amber solid was ground into a fine
brown powder using an agate mortar and pestle. This yields
oxide embedded Si-NCs with an average diameter of ca.
3 nm (Composite 1). To obtain larger particles, 1.0 g of 1 was
transferred to a high temperature furnace (Sentro Tech Corp.)
for further thermal processing under argon atmosphere. The
composite was heated to 1200 �C at 10 �C/min and maintained
at that temparature for an hour and cooled to room tempera-
ture. This yielded Composite 2 consisting of Si-NC exhibiting
average diameters of ca. 6 nm embedded in silica matrix.

Preparation of Hydride Terminated Si-NCs. Freestanding hydride
terminated Si-NCs were liberated from their oxide matrix via
hydrofluoric acid etching. Approximately 0.30 g of Si-NC/SiO2

composite was transferred to a polyethylene terephthalate
beaker and 3 mL of deionized water, EtOH, and 49% HF acid
were added with stirring in subdued light. (Caution: Hydrofluo-
ric acid can be extremely dangerous and must be handled with
great care.) The resulting dark brown, cloudymixturewas stirred
for 1 h. Hydrophobic hydride terminated Si-NCs were extracted
from the aqueous etching mixture using three 20 mL toluene
extractions. All remaining HF was neutralized using an excess
of aqueous saturated solution of calcium chloride. The cloudy
dark brown Si-NC/toluene extracts were placed into glass test
tubes and centrifuged using a low speed (7000 rpm) centrifuge
for 5 min. After centrifugation, the toluene supernatant was
decanted leaving a precipitate of hydride terminated Si-NCs.

Synthesis of Dodecyl Functionalized Si-NCs under Inert Atmosphere.
Hydride terminated Si-NCs (obtained from 1) were redispersed
in 50 mL of 1-dodecene, and transferred to an oven-dried
Schlenk flask. The cloudy brown suspension was degassed
using three freeze/pump/thaw cycles and maintained under a
dry argon atmosphere. The flask was placed in a silicone oil bath
and heated in subdued light to 190 �C for 15 h. Following the
reaction, a transparent orange-brown solution was obtained
consistent with effective surface modification. The product
mixture was divided equally among four 50 mL PTFE centrifuge
tubes. NCs were precipitated using a 3:1 mixture of EtOH:MeOH
(20mL). Particleswere centrifugedat 14000 rpm for 20minusing
a Beckman J2�21 high-speed centrifuge and the supernatant

was decanted. Three subsequent dissolution/precipitation/
centrifugation cycles were performed using a toluene/MeOH/
EtOH mixture (1:3:1). After the final precipitation cycle, the
dodecyl functionalized Si-NCs were dispersed in dry toluene,
filtered through a hydrophobic PTFE filter, and stored in a glass
vial until further use.

Synthesis of Dodecyl Functionalized Si-NCs in Air. Hydride termi-
nated Si-NCs (obtained from 1) were redispersed in 5 mL of
1-dodecene and 25 mL of toluene. The reaction mixture
was refluxed in air and subdued light at 110 �C for 12 h. After
reaction, a transparent orange-brown solution was obtained
consistent with effective surface functionalization. The reaction
mixture was divided equally between four 50 mL PTFE centri-
fuge tubes. Functionalized NCs were precipitated using a
3:1 mixture of EtOH:MeOH (20 mL). Particles were centrifuged
at 14000 rpm for 20 min using a Beckman J2�21 high-speed
centrifuge, followed by decanting of the supernatant. Three
dissolution/precipitation/centrifugation cycles were performed
using a toluene/MeOH/EtOH mixture (1:3:1). After the final
precipitation the functionalized Si NCs were dispersed in to-
luene, filtered through a hydrophobic PTFE filter, and stored in a
glass vial until further use.

Synthesis of Trioctylphosphine Oxide (TOPO) Surface Terminated Si-NCs.
Hydride terminated Si-NCs (obtained from 1) were redispersed in
50 mL of toluene containing 2.0 g of TOPO. The reaction mixture
was stirred for 8 h under ambient conditions. A clear orange
solution was obtained and the NCs were stored in a glass vial
until further use. Attempts to remove excess TOPO ligand led
to precipitation of the surface oxidized Si-NCs. Therefore, we
conclude TOPO is required for stabilization and dissolution of
the oxidized Si-NCs in organic solvents.

Reaction of Carbon Dioxide (CO2) with Si-NCs. Hydride terminated
Si-NCs (obtained from 1) were dispersed in 10 mL dry toluene
and transferred to a 100 mL Bergoh high pressure steel reactor
maintained under Ar atmosphere. The reaction flask was evac-
uated and filled with 10 bar CO2. This was followed by heating
at 150 �C for 3 h. The reaction flask was cooled to room tem-
perature and the pressure was released. The reaction mixture
consisted of yellow solution containing soluble particles and an
orange precipitate. The precipitate was removed via centrifuga-
tion at 8000 rpm. The supernatant was collected and filtered
through a hydrophobic PTFE filter, and stored in a glass vial until
further use.

Synthesis of Dodecylamine Functionalized Si-NCs. Hydride termi-
nated Si-NCs (obtained from 2) were dispersed in 5 mL anhy-
drous toluene and transferred to a Schlenk flask containing
15 mL dry toluene. 0.35 g of PCl5 was added to the hydride
Si-NCs and stirred together for an hour at 40 �C under Ar
atmosphere. Toluene and byproducts including PCl3 were
removed in vacuo leaving an orange precipitate. Dry toluene
(15 mL) was added to the reaction flask, followed by 0.25 g
of dodecylamine. The reaction mixture was heated at 40 �C
for 8 h under an Ar atmosphere. The flask was cooled to
room temperature and the clear light yellow solution was
transferred to a separatory funnel and washed with distilled
water thrice to remove excess dodecylamine and hydrochloride
salt. The toluene layer was filtered through a hydrophobic
PTFE filter, and the particles were stored in a glass vial until
further use.
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Synthesis of Diphenylamine Functionalized Si-NCs. Hydride termi-
nated Si-NCs (obtained from 2) were dispersed in 5 mL dry
toluene and transferred to a Schlenk flask charged with 15 mL
anhydrous toluene. 0.35 g of PCl5 were added to the hydride
terminated Si-NCs and the mixture was stirred for 1 h at 40 �C
under an Ar atmosphere. Toluene and byproducts including
PCl3 were removed in vacuo leaving an orange precipitate. Dry
toluene (15 mL) was added to the reaction flask, followed by
0.30 g of diphenylamine. The reaction mixture was heated at
40 �C for 12 h under Ar atmosphere. The flask was cooled to
room temperature and the clear light brown solution was
transferred to a separatory funnel and washed with distilled
water thrice to remove the hydrochloride salt. Excess dipheny-
lamine was removed via crystallization at �20 �C and the
crystals were removed by vacuum filtration. The particles were
filtered through a hydrophobic PTFE filter, and stored in a glass
vial until further use.

Characterization. Fourier transformation infrared spectroscopy
(FTIR) was performed using a Nicolet Magna 750 IR spectrometer.
Samples were drop coated onto a Si wafer from the respective
solutions. Phosphorus nuclear magnetic resonance spectra
(31P NMR) were collected using a 500 MHz Varian Inova instru-
ment. UV�vis absorbance spectra were recorded on Cary 400
UV�vis spectrometer.

Transmission electron microscopy (TEM) images were ob-
tained using a Hitachi-9500 electron microscope with an accel-
erating voltage of 300 (low magnification) and 400 kV (high
resolution). TEM samples were prepared by drop coating the
Si-NC suspension onto a carbon coated copper grid with a
400 μm diameter hole. The NC size was averaged over 200
particles determined using ImageJ software (version 1.45). The
HRTEM images were processed using Gatan DigitalMicrograph
software (version 2.02.800.0).

Photoluminescence (PL) and photoluminescence excitation
(PLE) spectra of the solution phase samples were acquired using
a Varian Cary Eclipse fluorescence spectrometer. Nanosecond
(ns) lifetimemeasurements were performed using an excitation
pulse of a 400 nm second harmonic signal from a BBO crystal
pumped by 800 nm pulses from a Ti:sapphire laser (Coherent
RegA900 with 65 fs pulse width and 250 kHz repetition rate)
with average excitation power of 1.88 mW. Time-resolved PL
was recorded using a time-correlated single-photon-counting
(TCSPC) unit (Picoharp 300, Picoquant) equipped with a single-
photon avalanche photodiode (SPAD, PDM Series by Micro
Photon Devices) and coupled to a monochromator (Acton
SP2500, Princeton Instruments). The TCSPC system has a time
resolution of 54 ( 1 ps. A 435 nm long pass filter (Edmund
optics) was placed at the entrance of the spectrometer to block
scattered laser pulses. For microsecond carrier recombination
lifetime measurements, 1 kHz frequency-doubled 400 nm
pulses from another Ti:sapphire laser (Coherent Legend Elite,
45 fs pulse width) were used to excite the PL at an average
excitation power of 4.5 mW. A fast silicon photodiode (Thorlabs,
PDA36A, rise time 20.6 ns) coupled to a 300 MHz oscilloscope
(Tektronix) was used to measure the microsecond carrier re-
combination lifetime. The photodiode was placed at a path
perpendicular to the excitation beam and 10 nm bandpass
filters (EdmundOptics) were used to select a particular emission
wavelength. The carrier recombination lifetimes were accu-
rately fitted by double exponential decay:

y(t) ¼ Ae�t=τ1 þ Be�t=τ2 (1)

where τ1 and τ2 are the decay times and A and B are the
respective amplitudes of the decay components.

XPS analyses were performed using a Kratos Axis Ultra
instrument operating in energy spectrum mode at 210 W. The
base pressure and operating chamber pressure were main-
tained at 10�7 Pa. A monochromatic Al KR source (λ = 8.34 Å)
was used to irradiate samples, and spectra were obtained with
an electron takeoff angle of 90�. To minimize sample charging
the charge neutralizer filament was used as appropriate. Survey
spectra were collected using an elliptical spot with major and
minor axis lengths of 2 and 1mm, respectively, and 160 eV pass
energy with a step of 0.33 eV. CasaXPS software (VAMAS) was
used to interpret high-resolution (HR) XP spectra. All spectra

were internally calibrated to the C 1s emission (284.8 eV). After
calibration, the background was subtracted using a Shirley-
type background to remove most of the extrinsic loss structure.
The full width at half-maximum (fwhm) for all the fitted peaks
was maintained below 1.2 eV.

Photoluminescence Quantum Yield Measurements. Photolumines-
cence quantumyieldswere determined usingmethods adapted
from the work of Williams et al.76 9,10-biphenylanthracene in
cyclohexane, Coumarin 1 in absolute ethanol, fluorescein in
methanol, rhodamine B in ethanol, and rhodamine 6G inmetha-
nol were used as reference dyes. Si-NCs were dissolved in
toluene. All organic solvents were passed through a column of
anhydrous magnesium sulfate to remove trace moisture prior
to preparing the solutions. Stock solutions were prepared by
dissolving 10 mg of organic dye in the appropriate solvent
with stirring until the solid was completely dissolved. Solutions
were filtered through a 200 μmPTFEmembrane filter to remove
suspended impurities and a series of diluted solution were
made with absorbances ranging from 0.1 and 0.01. PL spectra
were acquired for the identical solutions and the slit width was
maintained from 5�10 depending on the species. The slopes of
plots of the integrated fluorescence intensity versus UV�vis
absorbance curves were determined and compared to ensure
the highest quality reference curves. In all cases, experimentally
determined photoluminescence quantum yields of the organic
dyes were in good agreement with literature values. Slopes of
plots of the integrated PL intensity versus absorbance were
determined for all Si-NC samples and the quantum yields were
calculated using the following equation:

φx ¼ φst
mx

mst

� �
η2x
η2st

 !
(2)

where φ is the photoluminescence quantum yield, m is the
slope of the integrated PL intensity vs absorbance curve, and η is
the refractive index of the solvent. The subscript st refers to
the standard organic dye, and x indicates the unknown species
being evaluated. The excitation wavelength, slit widths and
reference for Si-NC evaluations are listed in the Supporting
Information in Table S1.
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