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ABSTRACT: Silica nanoparticles with a surface functionalized
by two-photon absorbing (=SiO)Zn(0Si(O'Bu);)(DEAS-
bipy) chromophores are prepared via surface chemistry con-
trolled at the molecular level. This involves the grafting of
{Zn[0Si(O'Bu)3],}, on the surface silanols of a silica partially
dehydroxylated at 700 °C followed by the coordination of
DEAS-bipy. The spectroscopic and photophysical properties
of the grafted species (=Si0)Zn(0Si(O'Bu);)(DEAS-bipy)

Two-photon excitation
(900 nm) Emission

Ultrabright nanoparticle

compare well with that of the molecular model {DEAS-bipyZn(OAc),} with the advantage of allowing a high density of
chromophores on a nanometric object (ca. 200 chromophores per silica particle of 12 nm). These particles are luminescent and
exhibit a giant two-photon cross-section of about 90 x 10° GM; such two-photon brightness allows the imaging of a single

nanoparticle using two-photon scanning microscopy.
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B INTRODUCTION

Nowadays, two-photon absorption (TPA), a resonant third-
order nonlinear process, has become an alternative excitation
method enabling the promotion of chromophores to their excited
state." The TPA intrinsic advantages, i.e., long-wavelength and
confocal absorption, combined with the larger accessibility of
femto-second-tunable lasers, triggered the development of 3D
resolved spectroscopy, microscopy, or photochemistry with a
broad scope of apphcatrons * ranging from brormagrn% tracking,
or sensing,”*~ 4 photodynamic therapy, “® uncaging,” ' optical
limiting from the visible to the NIR,” ™ or microfabrication.”® 4
All these advanced technological applications imposed their own
molecular specifications, but all contributed to the design of
chromophores featuring enhanced two-photon Cross- -section (0?
in Géppert-Mayer; 1 GM = 10 ° cm* s+ photon™ ' - molecule ).
These engineering endeavors resulted in the preparation of
optimized molecular dyes with 0” in the range of 1000 to several
10000 of GM.®> To further improve the TPA efficiency, an
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alternative strategy has consisted in taking advantage of local
concentration effects by confining a large number of chromo-
phores in nanoscale size objects, i.e., micellar nanoemulsion,*
(hyperbranched or cyclic) oligomers,® dendrimers,® polymers,”
and silica nanoparticles.® These latter particles have already been
used as pH sensors;™ they can be multimodal, combining mag-
netic and TPEF properties,* or can specifically target cancer cells,
thanks to the additional coating of the silica particles' surface.*™ All
these particles were prepared using a rather similar method: the
TPA dye was embedded into a silica matrix using Stober or
ORMOSIL emulsion sol—gel method and was consequently in
interaction with this silica matrix. The above-mentioned nano-
objects contain a large number of chromophores and consequently,
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Chart 1. Schematic Representation of Luminescent Silica Nanoparticles Functionalized at the Surface with Two-Photon Excited

Luminescent Zn(II) Complexes”
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*Molecular formula of DEAS-bipy and DEAS-bipyZn(OAc),.

using a simple additive model, exhibit giant two-photon cross-
section up to 100000 GM.*~®

These nano-objects should therefore be extremely promis-
ing for two-photon microscopy bioimaging, which requires
generally ultrahigh dilution where most often a single isolated
nanoparticle is present in the focal volume of a microscope
objective. Surprisingly, in spite of their giant cross-section, the
observation of single nano-objects using a two-photon excita-
tion is relatively scarce in the literature, and to the best of our
knowledge, only four examples of the two-photon fluorescence
correlation spectroscopy using nanodiamonds, polymer nano-
beads, or quantum dots have already been reported.”’

Here, we describe a different approach, in which the chro-
mophores are regularly dispersed at the surface of silica
nanoparticles by means of surface reactions controlled at a
molecular level, often termed Surface Organometallic Chem-
istry (SOMC).'® This implies first a control of the OH density
of oxide supports and then the selective grafting on these
surface OH groups, which can be followed by a post-treatment
or functionalization (reaction with ligands/molecules under
thermal or photochemical conditions). Such an approach
has been particularly successful to prepare the so-called
single-site heterogeneous catalysts,'”"'" which usually display
higher performances than both well-defined homogeneous
catalysts and classical heterogeneous catalysts; this approach
has also been used to control the dispersion of supported
nanoparticles.'?

Here, we apply this approach to obtain bright luminescent
silica nanoparticles by controlling the density of Zn(II) centers
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Scheme 1. Formation of [(=Si0)Zn(0Si(OtBu);)] by
Grafting of {Zn[OSi(O#Bu);],}, with the Isolated Silanols of
$i0;,.(700)

Cl)tBu
,Si:OBu
_O OBu
,H /Zn
o ((Bu0)5Si0),Zn 0
oSt —— -Si-g
T <|3,§w - (tBuO)3SiO-H W Clh\m

through grafting {Zn[OSi(OtBu);z],}, on the surface silanols
of 200 m”*-g ™! silica nanoparticles partially dehydroxylated at
700 °C (ca. 1 OH/nm” or 400 sites/nanoparticles) followed by a
postfunctionalization via the coordination of 4,4’-(diethyla-
minostyryl)-2,2-bipyridine (DEAS-bipy, Chart 1). At each step,
the surface species were fully characterized by chemical analysis,
FTIR, and CP-MAS NMR spectroscopy. The photophysical
properties (absorption, emission, and two-photon absorption)
of the nanoparticles are described and compared to that of the
corresponding molecular ligand (DEAS-bipy) and complexes
{DEAS-bipy Zn(OAc),},"* whose second and third order NLO
(nonlinear optical) properties have been widely studied.'*"
This finally allowed the imaging of these nanoparticles using
two-photon scanning microscopy, and their excellent brightness
permitted one to reach single nanoparticle detection at low
incident intensity.
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Figure 1. [Zn(II)/SiO,] via grafting of {Zn[ OSi(OtBu)3],}» on SiO5 (70)-
(a) IR spectroscopy: (i) SiO, (700) and (ii) after grafting of
{Zn[OSi(OtBu);],},. (b) Proton magic angle spinning (MAS) solid-
state NMR spectrum under a MAS frequency of 10 kHz; 8 scans were
recorded at a recycle rate of 4 s. (c) CP-MAS carbon-13 solid-state NMR
spectrum under a MAS frequency of 10 kHz; 32000 scans were recorded
at a recycle rate of 2 s and a CP time of 2 ms.

B RESULTS AND DISCUSSION

Synthesis of Luminescent Silica Nanoparticles. Step 1:
Controlled Doping of Silica with Zn(ll) via Grafting of {Zn[OSi-
(OtBu)sl>}> on SiOs. (700 (Scheme 1) . Reaction of {Zn[OSi-
(OtBu)3)5},,"¢ on silica partially dehydroxylated at 700 °C,
SiO,_(700), dispersed in pentane yielded a solid called [Zn(II)/
$iO,] containing 1.81%,, of Zn, which corresponds to 0.27
mmol Zn/g of silica and thereby to the consumption of ca. 100%
of the surface silanols (0.26 mmol OH/g for SiOz_(mo)).” This
was confirmed by IR spectroscopy (Figure 1a) with the complete
disappearance of the band at 3747 cm ™" associated with surface
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Figure 2. [DEAS-bipy/Zn(II)/SiO,] by reaction of [Zn(II)/ SiO,)]
with DEAS-bipy. (a) IR spectroscopy: DRIFT spectra before (i) and after (i)
the reaction. (b) Proton MAS solid-state NMR spectrum under a MAS fre-
quency of 10 kHz; 8 scans were recorded at a recycle rate of 4 s. (c) CP-MAS
carbon-13 solid-state NMR spectrum under a MAS frequency of 10 kHz;
26500 scans were recorded at a recycle rate of 2 s and a CP time of 2 ms.

silanol ¥(SiO—H) bands: this reaction leads to the concomi-
tant appearance of new IR bands in the 3000—2700 and
1500—1350 cm ™" regions, which were associated with the
v(C—H) and 6(C—H) of perhydrocarbyl ligands, respectively.
Additional IR signals were also observed between 3000—3700 cm ™',
which were assigned to small amounts of residual OH groups
interacting with perhydrocarbyl ligands (fBuO)."® Moreover, 1.1
equiv. of HOSi(OtBu); per grafted Zn was released during
grafting according to quantitative NMR analysis of the super-
natant, in agreement with the cleavage of one of the Zn—0O
bonds of Zn[OSi(OtBu);], by surface silanols. Carbon elemen-
tal analysis on [Zn(I1)/SiO,] (5.04%,.) shows that the surface
species contain an average of 15 = 4 carbons per zinc, a value
close to that expected for [ (=Si0)Zn(O0Si(OtBu);)], ie, 12 C/
Zn. The 'H magic-angle spinning (MAS) solid-state NMR
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Table 1. Photophysical Data in Solution and in the Solid
State

DEAS- DEAS- [DEAS-bipy/Zn(11)/
bipy bipyZnOAc, Si0, ]
compounds CH,Cl, CH,Cl, nanoparticle
Amax/NM 397 432 460
g/L-mol '-em™* 40000 53000
Aem/Nm 495 601 634
@0 0.11 0.36
A® /nm“F 770 890
o®/GM ¢ 225 435 87000%

“Determined in solution. * Coumarin-153 as standard (® =045 in
MeOH, A, = 417 nm). © Coumarin-307 and fluorescein as reference.
4 Calculated value using an additive approximation with 200 active
surface species.

spectrum displays a single resonance at 1.2 ppm associated with
the methyl group of the tBuO ligand (Figure 1b) and the "*C cross-
polarization (CP) MAS solid-state NMR spectrum (Figure 1c)
show two carbon signals at 74 and 30 ppm, which are assigned to
the quaternary and the methyl carbons of the tBuO ligands.
Overall, mass balance analysis, IR, and NMR spectroscopies are
consistent with the formation of [ (=Si0)Zn(OSi(OtBu);)], with
a density of ca. 1 Zn(IT)/nm” or ca. 400 Zn(II) centers per silica
particles considering the mean size diameter of these silica
nanoparticles, i.e., 12 nm."”

Step 2: Reaction of 4,4'-Diethylaminostyryl-2,2"-bipyridine
with [Zn(ll)/SiO5]. Contacting a bright yellow-orange solution
of DEAS-bipy (1 equiv) in dichloromethane with the white
[Zn(I1)/Si0,] solid led to the rapid discoloration of the super-
natant and to the red-orange coloration of the solid. After stirring
the reaction mixture for 3 h at 25 °C, subsequent washing with
CH,Cl, and drying, a red-orange solid [DEAS-BiPy/Zn(II)/
8i0, ] was obtained, which contains 1.36%.,, of Zn, 7.70%.,. of C,
and 0.75% of N. This elemental analysis corresponds to 31 &+ 4
C/Zn and 2.6 &= 1 N/Zn and can be interpreted in terms of the
formation of 55% of [(=SiO)Zn(OSi(OtBu);)(DEAS-bipy)]
along with 45% of unreacted [(=SiO)Zn(OSi(OtBu);)]. Further
increasing the reaction time did not change the outcome of this
reaction. IR spectroscopy showed the incorporation of DEAS-
bipy (Figure 2a). "H MAS NMR of [DEAS-bipy/Zn(1I)/SiO,]
presents signals at 7.3 (CH,,, CH=), 6.6 (CH,,, CH=), 3.1
(CH,), and 1.2 (CHj), consistent with the presence of the
DEAS-bipy and tBuO ligands (Figure 2b). Further characteriza-
tion was performed by *C CP MAS spectroscopy (Figure 2c).
The signals associated with DEAS-bipy and tBuO ligands are
observed at the exception of the C, carbon expected at 156 ppm,
which is replaced by a signal at 150.2 ppm, characteristic of the C,
resonance of the 2,2-bipyridyl ligand coordinated to Zn(II). In
fact, a similar upfield shift is observed upon the coordination of
DEAS-bipy to Zn(II)."** This was further corroborated using
two zinc-free solids [DEAS-bipy/SiO,] and [DEAS-bipy/SiO,.
tms), prepared by adsorption of the DEAS-bipy ligand on either
SiO,_(700) or a passivated silica covered with trimethylsilyl moieties
in place of surface silanols,* respectively. In both cases, the co-
rresponding solids have an orange-yellow color in marked contrast
with [DEAS-bipy/Zn(I1)/SiO,] (orange-red), and they only
display the typical C, resonance of free DEAS-bipy at 155.6
ppm (Figures S1—2, Supporting Information). This comparison
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Figure 3. Absorption (dotted red lines) and emission (bold red line) of
(a) DEAS-bipy (black line) and DEAS-bipyZn(OAc), (red) in CH,CL,
solution and (b) [DEAS-bipy/Zn(II)/SiO,] nanoparticles in the
solid state.

unambiguously established the complete coordination of the
DEAS-bipy ligand to Zn(II) centers in [DEAS-bipy/Zn(II)/
Si0,]. Finally [DEAS-bipy/Zn(II)/SiO,] was further charac-
terized by absorption and emission spectroscopies, that are also
in agreement with a complete Zn coordination of DEAS-bipy in
the solid (vide infra). In contrast, DEAS-bipy coordinates only
ca. 55% of Zn(Il) surface sites (1.0 Zn/nm”) because, when
coordinated (adsorbed), the size of this ligand prevents access to
some of the ligand-free Zn(II) sites. In fact, while it is not possible
to precisely evaluate how this ligand lies on the surface of the
silica nanoparticle, the projected surface area of coordinated
DEAS-bipy is 1.7—2.3 nm” so that a silica nanoparticle of 12 nm
diameter (450 nm” of external surface assuming a perfect sphere)
should not be able to accommodate more than 190—270 ligands
in agreement with experimental findings. Overall, each silica
nanoparticle (ca. 12 nm) presents at the surface ca. 200 DEAS-
bipyZn(II) centers along with ca. the same amount of uncoor-
dinated Zn(1I) species.

Photophysical Properties in Solution. The photophysical
properties of free DEAS-bipy and DEAS-bipyZn(OAc),, used as
amolecular model for [ (=Si0)Zn(0Si(OtBu);) (DEAS-bipy) ],
were studied in dichloromethane solution, and the results are
compiled in Table 1. Both compounds present broad intense and
structureless absorption and emission in the visible (Figure 3,
top)"**'* assigned to intramolecular charge transfer (ICT) from
the diethylamino donor group to the electron withdrawing
bipyridine moieties."*? Since the coordination to Zn(II) re-
enforces the accepting character of the bipyridine ligand, both
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Figure 4. Two-photon cross-sections measured using the TPEF meth-
od in dichloromethane solution for DEAS-bipy (®) and DEAS-bipy-
Zn(OAc), (red triangle).

absorption and emission are red-shifted upon coordination (AA™*-
(CH,Cl,) = 35 nm, and AA*™(CH,Cl,) = 106 nm). In addition, a
strong increase of the quantum yield efficiency from 0.11 to 0.36
is observed upon coordination due to the suppression of the free
rotation around the intercycle bond reducing nonradiative de-
excitation processes.ma’14C The two-photon cross-sections were
determined by external calibration of the two-photon excitation
fluorescence spectra (the TPEF method) with coumarin-153 as
standard and are depicted in Figure 4. As expected, the two-
photon excitation spectra match well the wavelength-doubled
one photon absorption spectra indicating that the same excited
state, here charge transfer excited states, are excited via one- or
two-photon processes. The bathochromic shift induced by the
coordination, initially observed in the absorption spectra, is also
present in the two-photon excitation spectra with AP =
120 nm. DEAS-bipy exhibits an important maximal two-photon
cross-section (0% = 225 GM at 770 nm) of the same order of
magnitude as that of the related dibutylamino-functionnalized
ligand (0(2) =278 GM at 780 nm) reported by Roberto and co-
workers.">* In addition, Zn(II) coordination results in a 2-fold
increase of the two-photon cross-section (0(2) = 435 GM at
890 nm). Similar metal induced TPA exaltation has been already
described,'**?! and the high NLO activity of DEAS-bipyZn-
(OAc), makes such a family of complexes very attractive chro-
mophores for the corresponding grafted entities.
Photophysical Properties in the Solid State. The photophy-
sical properties of the nanoparticles were also investigated. Because
of the loading of active species in the [DEAS-bipy/Zn(II)/SiO,]
solid (less than 10%.,, of the solid), no dilution in neutral matrix is
necessary. The spectrum is dominated by a broad absorption
spectrum centered at 460 nm. Upon excitation between 400 and
550 nm, a single emission band centered at 634 nm is observed,
similar to that of DEAS-bipyZn(OAc), (Figure 3, bottom). This
confirms that every DEAS-bipy present at the surface of the
nanoparticle is coordinated to a Zn(II) center. The two-photon
cross-section of the nanoparticle cannot be experimentally deter-
mined using the TPEF method because it is not possible to
disperse the nanoparticle in organic solvents. However, the cross-
section of the [DEAS-bipy/Zn(II)/SiO,] particle can be estimated
using an additive model:***" the particle contains 200 NLO

active species [(=Si0)Zn(OSi(OtBu);)(DEAS-bipy) whose

TPA cross-section can be estimated on the basis of the molec-

ular model DEAS-bipyZn(OAc), to 435 GM. Consequently,

the global grafted nanoparticle can be assumed to exhibit a giant

TPA cross-section of ca. 90 x 10° GM, which falls in the same

:Iange2 as those reported for doped nano-objects® or quantum
ots.

Single Nanoparticle Imaging by Two-Photon Microscopy.
The two-photon properties of isolated nanoparticles were stu-
died in the solid state, simply by dispersing the powder on a
microscope plate using a very low amount of material in order to
favor single nanoparticle observation. Two-photon microscopy
imaging was performed using a femto-second tunable Ti:sap-
phire laser (100 fs, 80 MHz) excitation source, in which the
excitation wavelength was fixed at 900 nm at the maximum of the
two-photon absorption spectrum (Figure 4). The excitation was
focused by a high numerical aperture objective (NA 1.2, x60),
which was also used to collect the two-photon fluorescence signal
from the nanoparticles. The emission, detected by avalanche
photodiodes, was furthermore filtered spectrally in the visible
region in order to avoid any scattering light from the incident
laser. The scanning of the sample over a large area reveals bright
luminescent spots, a signature of the presence of the [DEAS-
bipy/Zn(II)/SiO,] nanoparticles in regions of different sizes
(Figure Sa). A close-up of this image (Figure Sb) shows that
larger regions correspond to brighter aggregates (which are ex-
pected from the sample fabrication), while a large population is
made of smaller spots corresponding to dispersed nanoparticles
as shown in Figure Sc. The two-photon fluorescence signal from
these isolated particles is stable in time over minutes in the
intensity regime used for this measurement (60 4W averaged
power at the focal spot of the microscope objective). Figure Sc
shows that the image spot from a single nanoparticle exhibits a
diameter of the order of the diffraction limit size of the objective
(about 300 nm lateral, 600 nm axial), which is expected from an
object of size lower than 100 nm typically. A spectral analysis of
the luminescence of the smaller spots, measured from a spectro-
meter at the exit of the microscope, is depicted in Figure 5d and
shows an emission band similar to that observed upon one-
photon excitation (Figure 3b), which is also similar to that of the
molecular complex DEAS-bipyZn(OAc), (Figure 3a), clearly
establishing that the grafted chromophores are responsible for
the nanoparticle NLO activity. Furthermore, the intensity of this
single nanoparticle emission exhibits a quadratic dependence with
the incident laser power. These results unambiguously establish
that the measured signals originate from the two-photon excited
emission of [DEAS-bipy/Zn(I1)/SiO,] nanoparticles.

Since a large population of spots in the recorded images
exhibits a diffraction-limited size, we studied the level of signal
from this population considering that they may represent
isolated nanoparticles (considering their size, the presence of
a few-particle aggregates, not detectable in the diffraction limit
size, would lead to an overestimation of the efliciency by a
factor of 2 to 8). The level of signal emitted from these
diffraction-limited spots is reproducible over a large population
of nano-objects, as shown by the histogram of maximum
intensities measured on 47 particles (Figure Se). Since the
two-photon fluorescence signal is proportional to the volume
of the particle (and therefore its diameter to the power 3), a
deviation of a factor of 2 in the signal leads to a deviation of
less than a factor of 1.3 for the particle size, which shows
the homogeneity of the detected population. The average

3232 dx.doi.org/10.1021/cm2010852 |Chem. Mater. 2011, 23, 3228-3236
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900 nm). (b) Close-up at a 6 4m range showing the presence of aggregates and of isolated nanoparticles. (c) Close-up of a single nanoparticle (exhibiting
a diffraction-limited spot). The square a and b represent the zoomed-in region. (d) Emission spectrum of a single nanoparticle (the removed part of the
curve corresponds to a spectral region where scattering by the incident laser remained unfiltered in the spectral detection path). (e) Histogram of the
intensity maxima measured over 47 identified single nanoparticles imaged in the same incident intensity conditions. Incident averaged power at the

entrance of the objective: 60 uW.

two-photon fluorescence intensity signal over this population is
typically 2 x 10° photons/s when illuminated by a 60 uW
averaged power at the focal spot of the microscope objective
(which corresponds to a 70 KW+ cm ™~ intensity). This signal is
about 3 to 4 orders of magnitudes higher than the emission
previously measured from single molecules of rhodamine
derivatives in the same instrumental conditions (for which
0@ is about 150 GM) at a similar excitation intensity (see
Experimental Section for the calculation details).”*** It also
surpasses by 2 to 3 orders of magnitude the signal previously
obtained in single nanoparticles of similar sizes, made from the
conjugated polymer PFPV for which 0 was estimated to
about 10" GM (see Experimental Section).”® The observed
efficiency is also consistent with the number of active molecules
per nanoparticles, on the basis of a pure additive model and
supposing that the observed diffraction limit spot is made of
isolated single nanoparticles. The final single particle signal
makes these nanoparticles, some of the brightest ones already
described in the literature.
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B CONCLUSIONS

Overall, here was presented a novel design, the synthesis and
the complete characterization of silica nanoparticles functionalized
by two-photon absorbing (=Si0)Zn(OSi(OtBu);) (DEAS-bipy)
surface chromophores, which are bright and luminescent nano-
objects of ca. 10 nm. This was possible via a controlled grafting of a
Zn(1I) molecular complex directly at the surface of silica nano-
particles dehydroxylated at 700 °C by a selective reaction with the
surface silanols, whose density is fixed to ca. 1 OH per nm’,
followed by coordination of DEAS-Bipy on these isolated Zn(1I)
centers. This approach, usually called surface organometallic
chemistry and reserved for the preparation of supported single-
site catalysts,'° allows the formation of silica nanoparticles having
ca. 200 Zn(Il) centers coordinated to DEAS-Bipy, which thus
display giant two-photon cross-sections (about 90 x 10> GM)
and which can thereby be successfully imaged using two-photon
scanning microscopy. The very high two-photon brightness of
these particles unambiguously validate the new site isolation
surface grafting synthetic approach and make these nano-objects

dx.doi.org/10.1021/cm2010852 |Chem. Mater. 2011, 23, 3228-3236
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Table 2. Comparison of Two-Photon Fluorescence Efficiencies of Single Nanoparticles”

I(W/em®)  measured TPEF signal (ph/s) fluorescence signal ratio relative to [DEAS-bipy /Zn(I1)/SiO,] particles

[DEAS-bipy /Zn(I1)/SiO,] particles” 70 x 10° 2 x 10°
tetramethylrhodamine single molecules® 1000 x 10° 7 x 10°
Rhé6G single molecules” 3 x 10° 1 x 10*
PFPV 10 nm nanoparticles® 300 x 10° 3% 10°

1

~1/6500
~1/50000
~1/375—1/1120

“ In these works similar excitation source are used: incident wavelength 800 nm, 100 fs, 80 MHz repetition rate. ®In our experiment, the excitation area is

of diameter 300 nm, with an averaged incident power of 60 4W. “ o )

=150 GM at 800 nm for anologous Rhodamine B. The fluorescence signal from a

single isolated tetramethylrhodamine molecule is estimated to be about 7 photons/ms for an illumination intensity of 1000 kW/cm?> ! The
fluorescence signal from a single isolated Rhodamine 6G molecule is estimated to be about 200 photons/20 ms for an illumination power of 3 mW using
asimilar focusing objective as in our experiment (therefore, a diameter of 300 nm is used in the calculation of the incident intensity).>* ¢ 10 nm size PEPV
nanoparticles (& ) =10* GM at 800 nm)”® are said to emit about 10° photons before photobleaching, with a decay time estimated to be about 100—300
s. The two relative fluorescence signals are given for these two decay times. The incident power is 260 (W with similar focusing conditions as in our work.

very promising for bioimaging applications. To that long-term
end, high brightness is necessary but not sufficient, and many
other requirements such as stability, solubility, targeting, etc. will
have to be taken into account and are actually in progress in our
groups.

B EXPERIMENTAL SECTION

General Procedure. All organometallic syntheses were carried out
under dry and oxygen free Ar using either standard Schlenk or glovebox
techniques. For the syntheses and the treatments of the surface com-
plexes, all reactions were carried out using high vacuum lines (1.34 Pa)
and glovebox techniques. 4,4'-(Diethylaminostyryl)-2,2'-bipyiridine
(DEAS-bipy),"** Zn(OAc),(DEAS-bipy),"** and Zn[0Si(OtBu);],"
were synthesized according to the literature procedure. Silica (Aerosil
Degussa, 200 ng_l) was compacted with distilled water, calcined at
500 °C under air for 2 h, and treated under vacuum (1.34 Pa) at 500 °C
for 12 h and then at 700 °C for 4 h (support referred to as SiO» (790) and
containing 0.26 mmol OH/g as measured by titration with MeMgCIZS).
Pentane was distilled from NaK?® under N,. C¢Dg (SDS) and benzene
were distilled from sodium benzophenone ketyl under N,. Elemental
analyses were performed at the University of Bourgogne, Dijon (C and N),
and at the Mikroanalythisches Labor Pascher.

Infrared Spectroscopy. Infrared spectra were recorded on a
Nicolet 550-FT by using an infrared cell equipped with CaF, windows,
allowing in situ studies. Typically, 16 scans were accumulated for each
spectrum (resolution, 2 cmfl).

Nuclear Magnetic Resonance Spectroscopy. Solution Nu-
clear Magnetic Resonance Spectroscopy. Liquid state NMR spectra
were recorded in C4Dg using a Bruker AC 300 and DRX 500 spectro-
meter and referenced to the residual protonated solvent peak (‘H 0y =
7.1S ppm).

Solid State Nuclear Magnetic Resonance Spectroscopy. All solid
state NMR spectra were recorded under MAS on a Bruker Avance 500
spectrometer with a conventional double resonance 4 mm CP-MAS
probe. The MAS frequency was set to 10 or 12.5 kHz for the experiments
reported here. The samples were introduced in a 4 mm zirconia rotor in
the glovebox and tightly closed. Proton and carbon chemical shifts are
reported in ppm downfield from liquid SiMe, (0 ppm).

Reaction of [Zn(0Si(OtBu)s),] with SiO5.(700). Preparation of
[Zn(11)/Si0;’. A mixture of {Zn[OSi(OtBu);],}, (154 mg, 0.13 mmol)
and SiO, (700) (500 mg, 0.13 mmol SiOH) dispersed in pentane (20 mL)
was stirred at 25 °C for 3 h. The resulting white solid was washed three
times with pentane (around 10 mL), and the resulting white powder
[Zn(11)/Si0,] was dried under vacuum (1.34 Pa) at 25 °C for 2 h. All
the filtrate solutions were collected and analyzed by quantitative 'H
NMR spectroscopy (in C¢Dg) using Cp,Fe (49 mg, 152 umol, 10 H) as

internal standard: 164 umol of HOSi(OtBu); (1.1 H for the HOSi-
(OtBu);) was formed during grafting (1.1 equiv of HOSi(OfBu);/
Zng.). 'H MAS NMR: 1.2. *C CP MAS NMR: 74 and 30 ppm.
Elemental analysis: 1.81 &= 0.05%,, Zn, 5.04 £ 0.10%.,; C, 15 £ 4 C/Zn
(12 expected).

Reaction of [Zn(1l)/SiO5] with DEAS-bipy. Preparation of [DEAS-
BiBy/Zn(ll)/ SiO,]. A mixture of [Zn(II)/SiO,] (500 mg, 0.14 mmol
Zn) and DEAS-BiPy (70 mg, 0.14 mmol) in CH,Cl, (20 mL) was
stirred at 25 °C for 3 h. The resulting orange solid was washed three
times with CH,ClL, filtered, and dried under high vacuum (1.34 Pa) at
25 °C for 1 h, thus yielding [DEAS-bipy/Zn(II)/ SiO,]. "H MAS
NMR: 7.3 (CHar, CH=), 6.6 (CHar, CH=), 3.1 (CH,), 1.2 (CH;). *C
CP MAS NMR: 150.2 (C2), 149.4 (C4, C6, C12), 138.2 (C8), 128.5
(C10), 122.6 (C3, CS, C7,C9), 111.1 (C11), 43.5 (C13), 30.4 (OtBu),
10.2 (C14) ppm. Elemental analysis: 1.36 % 0.05%, Zn, 7.70 = 0.10%.,,
C, 31 & 4 C/Zn (12 expected), 0.75 =+ 0.4%,, N, 2.57 N/Zn.

Preparation of [DEAS-bipy/SiO.]. A solution of DEAS-bipy (30 mg,
0.06 mmol) in CH,Cl, (8 mL) was added to SiO,_ o0 (300 mg, 0.078
mmol OH), which immediately turned orange. The solvent was
removed under reduced pressure giving an orange solid. Extensive
washing with CH,Cl, does not alter the orange color. "H MAS NMR:
6.8 (CHar, CH=), 3.1 (CH,), 0.9 (CHj3). '*C CP NMR: 155.6 (C2),
148.0 (C4, C6,C12),132.8 (C8), 128.3 (C10), 120.9 (C3, C5,C7, C9),
111.1 (C11), 43.4 (C13), 10.3 (C14). Elemental analysis: C: 6.38%; H:
0.64%; N: 0.82%.

Preparation of [DEAS-bipy/Passivated_SiO,]. To a slurry of SiO, 70
(400 mg) in pentane (6 mL), hexamethyldisilazane (0.25 mL) was added.
After stirring the resulting suspension at room temperature for 4 h, the
solvent was removed under reduced pressure, and the solid (passivated
silica)'® was dried under high vacuum (1.34 Pa) at 150 °C for 8 h. 'H
MAS NMR: —0.3 (SiMe;). Then, a solution of DEAS-bipy (20 mg, 0.04
mmol) in CH,Cl, (6 mL) was added to the passivated silica (200 mg),
which immediately turned orange. The solvent was removed under
reduced pressure and dried under high vacuum for 2 h. "H MAS NMR:
6.4 (CHar, CH=), 3.1 (CH,), 1.5 (CH;), —0.2 (SiMe;). *C CP NMR:
155.3 (C2), 149.3 (C12), 147.5 (C4), 145.5 (C6), 132.6 (C8), 125.7
(C10), 123.6 (C9), 121.3 (C7), 119.6 (C5), 112.0 (C3), 110.9 (C11),
43.0(C13),11.6 (C14), —2.6 (SiMe;). Elemental analysis: C: 4.77%; H:
0.59%; N': 0.49%.

Luminescence. The luminescence spectra were measured using a
Horiba-Jobin Yvon Fluorolog-3 spectrofluorimeter, equipped with a
three slit double grating excitation and emission monochromator with
dispersions of 2.1 nm/mm (1200 grooves/ mm). The steady-state lumi-
nescence was excited by unpolarized light from a 450 W xenon CW lamp
and detected by a red-sensitive Hamamatsu R928 photomultiplier tube.
Spectra were reference corrected for both the excitation source light
intensity variation (lamp and grating) and the emission spectral re-
sponse (detector and grating). Measurements were performed at an
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angle of 90° for the diluted solution in a 10 mm quartz cuvette and at an
angle of 22° (front face detection) in a solid-state microholder for solids.
In the case of the [DEAS-bipy/Zn(I1)/SiO,] solid, measurements were
also carried out under inert atmosphere in airtight cells at an angle of 45°.

Two-Photon Excited Luminescence Measurements. The TPA cross-
section spectra were obtained by up-conversion fluorescence using a Ti:
sapphire femtosecond laser in the range 700—900 nm. The excitation
beam (S mm diameter) is focalized with a lens (focal length 10 cm) at the
middle of the fluorescence cell (10 mm). The fluorescence, collected at
90° to the excitation beam, was focused into an optical fiber (diameter
600 um) connected to an Ocean Optics $2000 spectrometer. The incident
beam intensity was adjusted to S0 mW in order to ensure an intensity-
squared dependence of the fluorescence over the whole spectral range.
The detector integration time was fixed to 1s. Calibration of the spectra
was performed by comparison with the published 700—900 nm Cou-
marin-307 two photon absorption spev.:tlrumé0 (Coumarin-307 quantum
yield 0.56 in ethanol). The measurements were carried out at room
temperature in CH,Cl, at a concentration of 1074 M.

Two-Photon Microscopy Imaging. The two-photon microscope
imaging uses an excitation source from a Ti:Sa laser (pulse width,
100 fs; repetition rate, 80 MHz) set at a wavelength of 900 nm. The light
is focused on the sample using a water immersion high numerical
aperture objective (NA 1.2, X 60), after reflection on a two-photon dichroic
mirror. The fluorescence emission, collected by the same objective, is
filtered spectrally using a large visible band-pass filter (350—600 nm)
and focused on an avalanche photodiode working in the photon
counting mode with a dark rate of 200 counts per second. The sample
is mounted on a piezo-electric scanner which can scan up to 200 x 200
um areas, with a step of down to 1 nm. The imaging setup leads to a
lateral resolution of about 300 nm and to an axial resolution of about
600 nm. Therefore, a lateral scan step of 100 nm is chosen on the piezo-
electric scanner.

Comparison of TPA Efficiency of Single Nanoparticles with Existing
Systems. The comparison of two-photon fluorescence efficiencies of
single nanoparticles with existing systems is obtained considering the
quadratic dependence of this effect relative to the incident intensity. The
comparison is given in Table 2. In order to calculate the normalized
fluorescence signal used for comparison with [DEAS-bipy /Zn(II)/
SiO,] particles (last column), all measured two-photon fluorescence
signals are divided by the squared intensity I.

B ASSOCIATED CONTENT

© Supporting Information. CP-MAS 'H and *C NMR
spectra of [ DEAS-bipy/SiO,] and [ DEAS-bipy/Passivated SiO,]
(PDF). This material is available free of charge via the Internet at
http://pubs.acs.org.
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