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Summary

Silicon nanocrystals of the average diameter of 5 nm, functionalized with 4,7-di(2-thienyl)-2,1,3-
benzothiadiazole chromophores (TBT) and dodecy! chains, exhibit near-infrared emission upon
one-photon (1P) excitation at 515 nm and two-photon (2P) excitation at 960 nm. By using TBT
chromophores as an antenna we were able to enhance both 1P and 2P absorption cross-sections of
the silicon nanocrystals to more efficiently excite their long-lived luminescence. These results
chart a path to two-photon-excitable imaging probes with long-lived oxygen-independent
luminescence - a rare combination of properties that should allow for a substantial increase in
imaging contrast.

ETOC Blurb

Silicon nanocrystals with an average diameter of 5 nm have been functionalized with dye
molecules at their surfaces. The resulting nanostructures work as molecular light-harvesting
antennae: upon one-photon (1P) excitation at 515 nm or two-photon (2P) excitation at 960 nm of
the peripheral dyes, the excitation energy is funneled to the silicon core and results in the
sensitized emission in the near-infrared spectral region. The resulting emission is long-lived and
oxygen-independent: two important properties for a substantial increase in imaging contrast.
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Introduction

Silicon nanocrystals (SiNCs) are an emerging class of luminescent materials,[1-5] whose
optical properties can be tuned by varying the nanocrystal size.[1,2,6] The key features that
inspire interest in SiNCs include the high natural abundance of silicon, lack of any known
biological toxicity of Si nanoparticles [7-11] and ease of their surface passivation, which is
necessary to prevent nanocrystals’ oxidation and can be achieved by covalently linking
protecting layers directly to silicon.[12,13] The most interesting and perhaps the most
potentially useful feature of SiNCs is their bright long-lived (tens-to-hundreds of
microseconds) luminescence.[14-17] Presently, there are only three other types of
luminescent materials possessing this property: 1) phosphorescent complexes of some
transition metals (e.g. Pt and Pd porphyrins, [Ru(bpy)s]?* and alike etc); 2) molecular
complexes of lanthanides; and 3) lanthanide-based upconverting nanoparticles (UCNPS).
The emission of the first group of compounds is highly oxygen-sensitive, as it originates in
the triplet spin states. Consequently, the emission intensities and decay times vary greatly
with oxygenation, complicating quantitative imaging of probes’ distributions in
hetergeneously oxygenated biological environments. In addition, triplet emitters are
potentially phototoxic, since their excitation leads to generation of singlet oxygen. Emission
from lanthanide ions is oxygen-insensitive, but it is highly quenched by OH, NH and CH
vibrations. The luminescence of UCNPs is oxygen-insensitive and is much less quenched
than that of naked lanthanide ions, but the emission quantum yields of UCNPs are extremely
low (in the order of 1073-1074). It follows that SINCs occupy a unique niche,[1,5,18]
possessing simultaneously microsecond lifetimes, high emission quantum yields and being
insensitive to quenching neither by oxygen nor by bond vibrations. This rare combination of
properties provides a strong incentive for further development of SiNCs as a platform for
construction of imaging materials.

While having useful emission properties, SiINCs are rather weak light absorbers, which is
explained by the indirect nature of the band gap in silicon-based materials.[19,20] Low
absorption limits the luminescence brightness of Si nanocrystals, i.e. the product of the
molar absorption coefficient at the excitation wavelength and the emission quantum yield.
SiNCs are most efficiently excited in the UV region (300-400 nm; e =5 x 10° M~ cm™1 at
400 nm for SiNCs of 5 nm diameter),[6] while emitting in the red (Apyax = 650 nm). To
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enhance the absorption cross-sections, SiNCs can be decorated at the surface by antenna
chromophores capable of funneling excitation energy to the SINC core. Molecular light-
harvesting antennae have been widely explored in the area of colloidal semiconductor
nanocrystals, e.g. CdSe.[21,22] However, up to now only a few studies have examined
energy transfer as a means to induce light emission from SiNCs.[14,18,23,24]

Because UV radiation is damaging to biological tissues, development of methods for
excitation of SiNCs in the near-infrared (NIR) region of the spectrum is a necessary step
towards their application in bioimaging. To this end, one attractive possibility is presented
by two-photon (2P) excitation[25-28] - a non-linear optical technique, whose main
advantages include increased depth of imaging, higher spatial resolution and reduced tissue
photodamage. Unfortunately, SiNCs exhibit quite low two-photon absorption (2PA) cross
sections, as one would expect based on the indirect band gap nature of their electronic
transitions. For example, the 2PA spectrum observed for SiNCs (average diameter 3 nm) in
hexane (Figure S8) shows rather moderate 2PA cross-section values (o(?), which are
comparable to those of conventional fluorescent dyes,[29,30] while being 3-4 orders of
magnitude lower than the cross-sections of colloidal nanocrystals.[31-35]

One approach to increase 2PA cross-sections of SiNCs is to attach multiple two-photon
absorbing chromophores to their surfaces, forming a 2P light-harvesting antenna. This
approach has been successfully employed, for example, in construction of 2P-ehanced
dendrimeric scaffolds,[36—41] or porous silicon nanoparticles.[42,43] To the best of our
knowledge, no example exists today of emission of SiNCs sensitized by 2P antennae. In the
present paper, we demonstrate that covalently linking 2PA chromophores based on 4,7-di(2-
thienyl)-2,1,3-benzothiadiazole (hereafter named TBT) to SiNCs is a viable route to
enhance their luminescence upon NIR excitation. As a result, multiphoton excitation
becomes combined in SiNCs with their microsecond-scale luminescence, paving a path to
imaging probes with unprecendently high imaging contrast.

Results and discussion

Synthesis and structural characterization

TBT was synthesized and characterized as described in the Supporting Information (Figure
S1and S2).

SiNCs can be conveniently synthesized by thermal decomposition of hydrogen
silsesquioxane (HSQ) at 1200°C to give oxide-embedded silicon nanocrystals that are
liberated by etching and then passivated by thermal hydrosilylation using terminal alkenes
(Scheme 1).[44,45] Thus produced SiNCs have controllable size, high monodispersity,
passivated surface, good dispersibility in organic solvents and high stability.[14,45,46] In the
present study, the SINCs were passivated with a mixture of 1-dodecene and TBT
(dodecene: TBT molar ratio of 52:1), giving modified nanocrystals (hereafter named Si-
TBT). The length of the bridge which links the chromophore to the silicon nanocrystal is a
key parameter for the energy transfer efficiency, as we have previously investigated in the
case of pyrene chromophores.[23] The current length represents a good compromise to
obtain a high efficiency of energy transfer (see below) and a good degree of
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functionalization of SiNC surface. Indeed, chromophore molecules are bulkier than alkyl
chains, and when connecting linkers are short, coverage of the SiNC surfaces may be poor
due to the steric constraints, and the luminescence quantum yield may be strongly
diminished as a consequence.

For control and comparison, SiNCs were also passivated using 1-dodecene only (hereafter
named Si). The resulting materials were purified by centrifugation (8000 rpm for 5 min,
corresponding to a relative centrifugal force of 8230 G), after which the precipitate,
containing poorly capped and thus less soluble SiNCs was removed. The supernatant was
purified by several centrifugation/precipitation cycles using toluene/ethanol solvent-
antisolvent pair. The final samples were dispersed in toluene. A sample of SiNCs capped by
dodecyl chains and dispersed in hexane was used for measurements of 2P absorption
spectrum and it was available from previous studies.[23] Characterization of the silicon
nanocrystals was performed by transmission electron microscopy and FTIR spectroscopy
(see Figure S3 and S4).

Photophysical properties of TBT

Compound TBT is a rt-conjugated donor-acceptor-donor chromophore comprising two
thiophene donor units and a benzothiadiazole acceptor unit. The symmetry of TBT is
broken, since one of the thiophenes carries an additional electron-donating methoxyphenyl
substituent. TBT has high molar absorption coefficient in the blue region of the spectrum
(Figure 1a, black line) and strong fluorescence, e.g. in toluene with maximum at 620 nm and
the quantum yield of 83%. Upon increase in the solvent polarity, TBT exhibits a small shift
of the absorption band (Figure S7) and a large red-shift of the emission (Figure 1b), e.g.
from 580 to 674 nm in going from hexane to dimethylsulfoxide. This red shift of the
fluorescence is accompanied by a decrease in the quantum yield: from 92% to 42% in going
from hexane to dimethylsulfoxide. Such strong solvatofluorism as well as the large Stokes
shift between the absorption and emission maxima are an indication of a strongly polar
excited state.

2PA spectra were measured by the two-photon excitation method, whereby the sample was
excited by a continuous train of femtosecond pulses from a tunable Ti:sapphire laser
oscillator (80 MHz rep. rate), and the emission was registered by a CCD-based spectrometer
(see Sl and ref. [47] for details). After normalization and correction (see Sl for details), the
plot of the integrated emission intensity vsexcitation wavelength gave the relative 2PA
absorption spectrum. The latter was referenced to the 2PA spectrum of a standard
(Rhodamine B in MeOH), for which 2PA cross-sections was known from the literature.
[48,49] At each excitation wavelength, the dependence of the emission signal on the
excitation flux was confirmed to be quadratic (see Figure S9).

The 2PA spectrum of TBT is shown in Figure 1a, red line. The lowest energy transition
(So—S1, 480 nm) shows a small 2PA cross-section (o(®<10 GM), while there is a much
stronger 2P band ((?) = 150 GM) at 365 nm (A2P=730 nm).
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Modeling structural and optical properties of TBT

To assist the analysis of the 1P and 2P spectra of TBT, quantum chemical calculations were
carried out on a symmetric model, which lacks the alkoxybenzene moiety (hereafter named
mTBT), and on the target molecule (see Scheme 2).

To inspect the nature of the excited states and to evaluate the excitation energies, TD-CAM-
B3LYP/6-31G** calculations were carried out for mTBT and TBT. According to the
calculations, the lowest energy absorption band in the spectra of both chromophores is
dominated by the HOMO-LUMO (H—L) single-electron excitation. As shown in Figure S5,
the HOMO is substantially delocalized over the entire chromophore, while the LUMO is
localized primarily on the acceptor moiety, thereby conveying a partial charge transfer
character to the lowest excited state (S;). For TBT the static dipole moment of Sy is
calculated to be 7.25 D at the ground state geometry, compared to 1.97 D in the ground state.
The equilibrium structure of the lowest excited state of TBT was also computed (see Figure
S6), and the dipole moment in this geometry retains the large value of 6.69 D. Therefore, the
strong sensitivity to solvent polarity of the TBT emission energy can be associated with the
higher polarity of the lowest excited state compared to the ground state.[50]

For both mTBT and TBT, the second singlet excited state (S,) was found to be dominated
by (H-1—L) excitation. For TBT this excited state also exhibits charge transfer character
and a large static dipole moment of 6.77 D (computed for ground state geometry). The
computed oscillator strength 7(Sp—S) is negligible for mTBT (Table S1) and quite small
also for TBT (Table 1). The second experimentally observed intense transition in the linear
(one-photon) absorption spectrum of TBT is therefore attributed to a higher excited singlet
state (Sz) and similarly in mTBT. The S;—Sg transition is dominated by the (H—L+1)
excitation, having a weaker charge transfer character. The static dipole moment of TBT in
S3 is computed to be 4.60 D at the ground state geometry. A comparison of the experimental
and computed one-photon absorption spectra of TBT is shown in Figure 2.

Thus, the second absorption band in the 1P spectrum of TBT encompasses two electronic
transitions. In light of this observation we note that the maximum of the 2P transition
(Figure 1) overlaps with the shoulder of the broad 1P band (Anax=335 nm), suggesting that
the second of the three lowest excited states of TBT (and mTBT) can be more 2P-active.

Considering a chromophore with a centrosymmetrical structure, its 2PA properties may be
described by the well-known three-state model,[51] whereby the S; state plays the role of
the key intermediate state promoting 2P transition to a higher two-photon active state
(presumably Sp—S,).[52] The large value of the transition dipole moment for Sp—S;
excitation and the proximity of the laser energy to the S; energy when the laser is at
resonance with the 2P state (presumably S,) would both contribute to the enhancement of
2PA in symmetrical dyes, such as mTBT.[53,54] In addition, large difference between the
static dipole moments in the ground and final 2P states may also be a factor increasing the
strength of the corresponding transition as shown by the following simplified equation for
2PA:[55]
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where hw is the photon energy, s and ;i are permanent moments of the final and initial
states and Wpj and Wy are transition dipole moments involving the intermediate state p whose
excitation energy is Ep;.

The computed 2PA cross-sections for the four lowest excited states are collected in Table 1
for TBT and Table S1 for mTBT. The lowest excited states of both TBT and mTBT display
modest 2P activity, which agrees with our experiments. The transition to the second excited
state (Sp), which is characterized by a low oscillator strength, shows quite large 2PA activity,
that is further enhanced in going from symmetrical mTBT to less symmetrical TBT system.
The four lowest energy transitions of mTBT exhibit alternating 1PA/2PA pattern,[53]
indicating that the selection rules for centrosymmetrical molecules still prevails in spite of
the lack of an inversion center, as observed for other non-centrosymmetrical chromophores.
[56] The enhancement of the 2PA of S, in TBT vs mTBT may be attributed to the
contribution of the static dipole moment terms in eq. (1) considering that the transition
dipole moment to Sy is negligible for mTBT and not for TBT.

Photophysical properties of Si-TBT

Given that a large number of TBT moieties are attached to each nanocrystal in Si-TBT
conjugates, we set out to investigate whether TBT arrays can act as an antenna, capable of
sensitizing emission of SINCs. The linear absorption spectrum of Si-TBT in toluene (black
line in Figure 3a) is nearly a superposition of the TBT features (Figure 1a) and the typical
featureless absorption of SiNCs (red line in Figure 3a), suggesting that these two electronic
systems are not strongly coupled neither in the ground nor in the excited states. Based on the
molar absorption coefficients of the two components, on average eighteen TBT
chromophores were estimated to be associated with each nanocrystal.[6]

Upon excitation of the TBT chromophore at 515 nm, strong quenching (ca. 95%) of the
TBT fluorescence at 640 nm was observed in the Si-TBT system (black line in Figure 3b),
as compared to the TBT in an optically matched mixture containing TBT and Si (green line
in Figure 3b). Furthermore, the lifetime of the fluorescent excited state of TBT was found to
be strongly decreased (ca. 95%), i.e. from 7.9 ns for the free chromophore in toluene to 0.4
ns when TBT was bound to SiNCs.~ Concomitantly, sensitized NIR long-lived emission of
SiNCs was observed (Figure 3b, T=160 ps at 800 nm), confirming that the light absorbed by
TBT sensitizes emission of the SiNC core. The sensitization was further confirmed by
running time-delayed excitation spectra (Ae=800 nm) with emission collected 40 s after
the excitation pulse, when all the prompt signals have already decayed (inset of Figure 3a),
and only the long-lived emission signals last. The efficiency of the sensitization was
estimated to be ca. 75% (see Supporting Information and Figure S11 for details).

L The fluorescence decay of Si-TBT was fitted by a biexponential curve since a small fraction of free TBT was present in the sample
(ca. 10%).
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Excitation of Si-TBT at 390 nm, where most (>95%) of the light is absorbed by the silicon
core, resulted in the near-infrared emission with the quantum yield of 23%, as compared to
45% for dodecyl-capped Si.” A decrease in the quantum yield has been reported previously
for silicon nanocrystals modified with other organic dyes,[14,24] and it can be related to an
increase in the number of defects at the nanocrystals’ surfaces due to the steric bulk of the
chromophore moieties that preclude homogeneous passivation by an alkyl layer.

Upon excitation at 515 nm, the brightness of Si-TBT is 2 times higher compared to Si.

It is worth a note that TBT chromophore is not only an efficient sensitizer of the SINC
emission, but also its fluorescence maximum is indicative of the polarity of the environment,
e.g. shifting from 590 to 640 nm in going from hexane to dichloromethane.

Sensitization of the SINC emission upon excitation of Si-TBT near the maximum of the 2PA
spectrum (730 nm) turned out to be impossible to quantify because of the strongly
interfering one-photon absorption by the silicon core itself. Although the linear absorption
cross-section of SINC at 730 nm is very small, extremely high excitation flux produced by
the ultrafast laser pulses made the contribution of this linear absorption dominant and the
power dependence of the emission strictly linear. In contrast, excitation of Si-TBT at 960
nm (Figure S12), despite the low 2PA cross-section at that wavelength, resulted in a clearly
observable luminescence, characterized by a close to quadratic power dependence (see inset
in Figure 4). The decay of the luminescence intensity of the SINC core (emission integrated
for Aem<900 nm) upon excitation of Si-TBT at 960 nm is shown in Figure 4 (black line)
along with the decay of the luminescence of Si alone (red line). Although the latter emission
is observable, the luminescence of Si-TBT is much stronger due to the enhancement effect
of the TBT antenna. The average decay times of the luminescence of Si and Si-TBT were
found to be different, whereby the luminescence of Si-TBT was decaying faster, reflecting
its lower quantum yield.

In order to quantify the antenna effect, the decays were measured using sample solutions
containing equal concentrations of SiNCs, i.e. solutions isoabsorbing at 390 nm (Figure 3a).
Upon excitation by pulses of equal power, the initial intensities of the luminescence signals
of Si and Si-TBT in such samples should be proportional to the initially created excited state
populations and therefore to the absorption rate constants. The initial intensity of the
luminescence of Si-TBT was found to be two times higher than that of Si, demonstrating
two-fold increase in the 2PA. The increase in the power dependence slope in going from Si
to Si-TBT (Figure 4) indicates higher contribution of 2PA in the case of Si-TBT as result of
this antenna effect.

Because of the instrument limitations, it was not possible to measure the 2PA spectrum of
the Si and Si-TBT samples in order to make a comparison of 2P cross sections in a wide
spectral range. However, the low 2P cross-section of SINCs[25] is confirmed by the 2PA

ZIn order to compare the photophysical properties as a function of the dimension of the silicon core, the same experiments were
performed also for SINC with average diameter of 3 nm (see Sl and Figure S10 for details).
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spectrum measured from a sample of dodecyl capped SiNCs with 3 nm diameter dispersed
in hexane (Figure S8).

Conclusions

Silicon nanocrsytals have recently emerged as a new class of luminescent materials for light-
emitting diodes, sensing and bioimaging. In order to make them suitable for biomedical
applications a number of requirements have to be met, starting with increasing their
efficiency in absorbing light at the visible-NIR range limit as well as proving their stability
in water. Here, we demonstrated that surface functionalization of luminescent SiNCs with
multiple (18 per nanoparticle, as an average) dithienyl-benzothiadiazole chromophores
(TBT) effectively increases the SiNCs apparent 1P and 2P absorption cross-sections. Upon
excitation of the TBT antenna in the visible spectral region (Amnax = 480 nm) efficient
energy transfer (n=75%) sensitizes NIR emission of SINC (Anax= 920 nm). Moreover,
because TBT has relatively high two-photon absorption cross section in the red and NIR
spectral region, emission of the SINC core can be sensitized also upon 2P excitation at 960
nm. In contrast, direct 2P excitation of SiNC is inefficient.

To the best of our knowledge, the present system is the first example of a light-harvesting
two-photon antenna used to sensitize emission of SiNCs. This result opens up the potential
for bioimaging applications, such as increased depth of imaging, higher resolution and
reduced risk of photodamage, can be coupled with the bright, long-lived and oxygen-
insensitive NIR luminescence of SiNCs. It is thus a rare combination of properties that allow
for microsecond-scale time-gate detection: background autofluorescence and scattered
excitation light can be removed by low-cost equipment, resulting in an increase of contrast
and signal-to-noise ratio in images. Further studies will be devoted to optimization of the
antenna system for better emission sensitization as well as to obtaining solubility of SiINCs
in agueous environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The bigger picture

Silicon nanocrystals (SiNCs) occupy a niche in the realm of quantum dots, offering
several advantages: silicon is abundant, essentially non-toxic and can form robust
chemical bonds with ligands at the nanocrystal surface. From the optical point of view,
SiNCs are strong light emitters, but weak absorbers. The latter drawback was
circumvented by their surface functionalization with chromophores that are strong light
absorbers and are able to efficiently transfer the excitation energy to the silicon core.
Here, we present a step further: functionalization of SiNCs with multiple two-photon
absorbing chromophores, forming a 2P light-harvesting antenna. The 2P antenna enables
excitation of SiNCs in the near-infrared (NIR) region of the spectrum, charting a path to
applications in bioimaging. Long-lived oxygen-insensitive luminescence and two-photon
excitability is a rare combination of properties, which may allow unprecedentedly high
contrast in images from scattering biological tissues.
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Highligths
Silicon nanocrystals (SINCs) are weak light absorbers, but highly luminescent
Excitation of benzothiadiazole chromophores attached to SiNCs sensitizes core emission

An antenna by 2-photon excitation is coupled to long-lived SiNC luminescence
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Figure 1. Photophysical properties of TBT
(a) 1P (black line, referred to black axes) and 2P absorption (red line, referred to red axes) of

TBT in toluene at room temperature. (b) Normalized emission spectra of TBT in solvents of
different polarity. Ay = 470 nm.
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Figure 2. Computed and experimental absorption spectrum of TBT
TDDFT/CAM-B3LYP/6-31G** computed (bottom) and experimental (top) one photon

absorption spectrum of TBT. The simulated spectrum shows the lowest three electronic
transitions, broadened by Lorenzian functions chosen to facilitate visual comparison with
the experimental spectrum. The orbitals participating in the leading excitations are also

shown.
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Figure 3. Photophysical properties of Si-TBT
(a) Absorption spectra of Si-TBT (black line) and Si (red line) in toluene. (b) Emission

spectrum of Si-TBT (black line) (Aex=515 nm) compared to that of an optically matched
solution (at 515 nm) of Si and TBT (green line) in toluene. Inset shows time-delayed (At=40
us) excitation spectra of Si-TBT and Si in toluene (Aem = 800 nm).
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Figure 4. 2P excitation of Si-TBT vs Si
Decay of emission intensity of Si-TBT (black line) and Si (red line) at Agm<900 nm upon

two-photon excitation at 960 nm. Inset shows the dependence of the 2PA signal on the laser
power: slopes are 1.85 and 1.74 for Si-TBT and Si, respectively.
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Synthesis and functionalization of Si-TBT.
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Scheme 2.
Structures of the lowest energy conformers of mTBT and TBT.
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Table 1
One photon and two photon absorption properties of TBT from TD-CAM-B3LYP/6-31G** calculations.

Excited state | Az /nm@ | ¢@/G Mo fC Wavefunction composition
S, 494 54 0.74 (H—L)
S, 340 1010 0.26 (H-1—-L)
Sy 318 1710 0.56 (H—L+1)
S, 292 620 0.07 (H-2—L)

a. . . . o . . -
Owing to the well know overestimate of the CAM-B3LYP functional, the computed excitation energies were red shifted by 0,25 eV to facilitate
the comparison with experiment.

bTwo photon absorption cross-section for linearly polarized light (both photon with parallel polarization).

c .
One photon oscillator strength.
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