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Silica nanoparticles (NPs) are versatile materials with unique
properties. Since the first reports of their colloidal fabrica-
tion? and functionalization®! with light-emitting mole-
cules, their photophysical properties have been extensively
studied.*” One of the most fascinating advances in this area
of research deals with the incorporation of multiple dyes in
one nanoparticle, which allows the formation of ultrabright
nanoobjects.’! From the accumulation of different photo-
responsive molecules inside the silica core, complex photo-
physical events may arise, such as excimer formation,*!"
photoswitchable fluorescence emission,'! or resonance
energy transfer.'>1! Ag a result, new luminescent nanoobjects
with multiple color emission under a single excitation wave-
length are accessible and find applications in sensors,'**!
biolabeling,"! and emitting displays.

In the meantime, much attention has been directed to the
fabrication of white-light-emitting devices. In most devices,
the white fluorescence arises from the mixing of various dyes
having blue, green, and orange fluorescence simultane-
ously."?2 Such displays require a careful control of each
color contribution and of the energy transfer between the
different dyes to obtain the pure white color according to the
CIE standards. This issue has been overcome by Park et al.®!
by blocking any energy transfer between two linked fluoro-
phores with blue and yellow emission. Multiple dye-doped
silica NPs may be an interesting alternative to prepare such
white displays, as many different light-emitting fluorophores
can be hosted in the same unit.

s-Tetrazines are aromatic heterocycles that have a struc-
ture similar to a benzene ring, where four carbon atoms are
replaced by nitrogen. Wel?! and others™! have explored the
photophysical and electrochemical properties of these mole-
cules. Indeed, some tetrazines substituted with heteroatoms?!
showed a high fluorescence quantum yield, a good photo-
stability, and a long fluorescence lifetime. Furthermore, s-
tetrazines are extremely electron-deficient and can be rever-
sibly reduced, leading to nonfluorescent species.’” These
photophysical and electrochemical properties make these
fluorophores attractive candidate for sensing purposes.”® In
a recent study, we attached tetrazine derivatives onto the
surface of silica nanoparticles and evaluated the sensing
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properties of these nanoobjects.””! Another recent study from
our group® showed that a naphthalimide chromophore
covalently linked to a tetrazine was able to act as an antenna,
increasing the brightness of the tetrazine. Herein we report
a new white-light-emitting system based on bichromophoric
silica NPs doped by a naphthalimide dye in the inner core and
by a tetrazine derivative on the outer shell.

Reaction between 1,8-naphthalic anhydride and ethanol-
amine provided N-(hydroxyethyl)-1,8-naphthalimide 1 rapidly
and in good yield. Intermediate 1 was reacted with trie-
thoxy(3-isocyanatopropyl)silane, providing the desired
silane-functionalized naphthalimide derivative (designated
Napht). The corresponding tetrazine derivative was obtained
as described in our previous study (Scheme 1; see also the
Supporting Information).
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Scheme 1. Naphthalimide (Napht) and tetrazine (Tz) derivatives.

The co-functionalized NPs are prepared in two steps. First,
the naphthalimide dye is incorporated inside the silica matrix
following an existing method,'” which involves the prehy-
drolysis of Napht before the onset of colloid formation, to
provide naphthalimide doped silica nanoparticles (denoted
NPO0). After the reaction, the samples were washed by
successive centrifugations and redispersions in dry CH;CN.
The NPs thus obtained present a diameter of 80 nm measured
by dynamic light scattering (DLS). A value of 0.18 mmol of
Napht per gram of silica was calculated from TGA. In the
second step, a NPO suspension in dry CH;CN is reacted with
the dye Tz in the presence of acetic acid, as described in our
previous work.*)

Aliquots of the grafting reaction mixture were isolated
after 2, 24, and 40 h, providing three different sets of NPs,
which are respectively denoted NPA, NPB, and NPC. The
amount of tetrazine grafted as well as the DLS size
distributions are shown in Table 1.

The photophysical properties of the new silane derivative
Napht were investigated in CH;CN. The absorption spectrum
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Table 1: Diameter and composition of the nanoparticles.

System Reaction Diameter?! Dye loading®
time [h] [mmolg™]

NPO initial 77 0.180/0

NPA 2 96 0.180/0.035

NPB 24 97 0.180/0.083

NPC 40 102 0.180/0.092

[a] Measured by DLS. [b] Loading of Napht/Tz was measured by TGA.

shows two bands at 332 and
344 nm and the emission spec-
trum shows two weak (quan-

o Weakly emissive dye

varying between 25 and 30 ns for NPA, NPB, or NPC. With
time, the yellow fluorescence increases as more tetrazine is
grafted onto the silica surface (Supporting Information,
Figure S4). In the meantime, the fluorescence intensity of
the excimeric band decreases drastically. A close look at the
fluorescence excimeric band and at the n—* absorption band
of the tetrazine reveals a strong spectral overlap meaning that
a fluorescence energy transfer (FRET) is possible between
the naphthalimide excimer (donor) and the tetrazine
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a large fluorescence band at
565 nm (quantum yield 26 %)
with a long fluorescence life-
time (148 ns). Again, those
properties are typical of chlor-
oalkoxytetrazines compounds.

In contrast with the free dye in solution, the new NP0
system presents two well-separated emission bands at 390 and
472 nm. The excitation spectra at 472 nm matches the
absorbance spectra of the chromophore Napht in solution
(Supporting Information, Figure S5), suggesting the forma-
tion of a very emissive excimer. The fluorescence decay of the
first emission band (390 nm) exhibits an average lifetime of
0.79 ns, while the excimeric band shows a much longer
average fluorescence lifetime of 19.74 ns. The overall fluo-
rescence quantum yield of this new hybrid system reaches
20%. Excimer formation has already been described in the
case of two naphthalimide moieties linked by an aliphatic
chain,®¥ but the intensity of the excimeric band never
exceeds the single molecule emission. In our system, the
encapsulation of Napht inside silica greatly favors the
formation of excimers and strongly enhances their fluores-
cence.

The steady-state fluorescence spectra of NPA, NPB, and
NPC (Figure 1; Supporting Information, Figure S4) all pres-
ent a new fluorescence band centered at 565 nm, which
corresponds to the emission of the tetrazine moiety. The
photostability of this sytem is comparable to a tetrazine
covalently linked to a naphthalimide(NITZ)® (Supporting
Information, Figure S12) and is noticeably better than the one
of the parent N-(hydroxyethyl)-1,8-naphthalimide. Fluores-
cence decay in the tetrazine emission band can be fitted by
a bi-exponential decay, with an average fluorescence lifetime
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Figure 1. Representation of the co-grafting process: 1) formation of NPO; 2) Tz grafting reaction. Emission
spectra (A =330 nm) of Napht (blue), NPO (green), and NPB (orange).

(acceptor). This is confirmed by the excitation spectrum of
NPC at 565 nm (tetrazine fluorescence), which shows con-
tributions from tetrazine and naphthalimide absorptions
(Supporting Information, Figure S6). Furthermore, excitation
of NPC at 355nm (donor only) provides the tetrazine
fluorescence (Figure 2). Meanwhile, the quantum yield of
the excimeric band decreases from 12.4% to 3.9% upon
tetrazine grafting, and its average fluorescence lifetime
decreased from 19.74 to 7.87 ns (Table 2). Finally, careful
examination of the fluorescence decay of NPB (4., =360 nm,
Aem =600 nm; Supporting Information, Figure S10) reveals
a rise time of 0.53 ns, which further confirms the energy
transfer. Altogether, this confirms there is an energy transfer
between the naphthalimide excimer and the tetrazine
enhancing the brigthness of the tetrazine. The quantum

Table 2: Spectroscopic properties of the NP and the excimer.

System Global @, Excimer @ Excimer
lifetime [ns]

NPO 0.20 0.124 19.74

NPA 0.21 0.098 14.30

NPB 0.17 0.062 9.00

NPC 0.16 0.039 7.87

[a] defined as the ratio of the number of photons emitted in this band
(430 <A <520 nm) and the number of photons absorbed
(Aexe=330 nm).
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Figure 2. a) Spectral overlap between NPO emission (donor, full line)
and Tz absorption (dotted lines). b) Emission spectra of NPC
(Aexe=355 nm, donor only).

yield of the bichromophoric NPs decreases slightly from 0.21
to 0.16 between NPA and NPC: the intermolecular quenching
between grafted tetrazines that was observed in our previous
work® remains limited in this new system. Indeed, while
silica NPs grafted only with Tz exhibit a fluorescence
quantum yield of 2.7% the quantum yield of NPB under
515 nm excitation (excitation of Tz only, neither Napht nor
excimer contribution) reaches 4.8%.%1 Apart from being
FRET donors, the naphthalimide on the surface of the NPs
may act as spacers, decreasing the intermolecular quenching
between tetrazines and thus affording a brightly emissive
system.

Such energy transfer in the couple tetrazine—naphthali-
mide has already been described by us. Indeed, there is
a small spectral overlap between the emission band of the
naphthalimide free dye and the n-m* transition of the
tetrazine, leading to a mixed Forster-Dexter energy transfer
type when the two chromophores are covalently linked.""!

In our system, the spectral overlap is greatly enhanced by
the formation of the naphthalimide excimer, the emission of
which is red-shifted. We suggest that a long range energy
transfer is therefore possible between tetrazines on the
surface of the nanoparticles and encapsulated excimers
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close to the surface. Calculation of the Forster radius for
this FRET pair gives a value of 1.7 nm (for calculation details,
see the Supporting Information). This distance is short
compared to the nanoparticle radius (50 nm), which explains
why the excimeric band is still persistent even after 40 h of
grafting on the surface: the excimeric rich core is too far from
the surface for an efficient energy transfer to occur.

Upon UV irradiation (330 nm), the co-functionalized
system exhibits a change of color emission along with the
increasing amount of tetrazine linked on its surface. The
tetrazine free dye exhibits in acetonitrile a deep yellow color
(x=0.47,y =0.52) located on the yellow edge of the 1931 CIE
chromaticity diagram (Figure 3). On the other hand, under
UV irradiation, suspensions of NP0 in acetonitrile provide
a green fluorescence (x =0.16, y =0.19) on the other edge of
the diagram. With an increasing quantity of tetrazine grafted,
our nanoparticles gradually change their photoluminescence
to a pure white emission (x =0.29, y =0.32).

0 NP0(0:16,0:19)

0.0 0.2 0.4

X

0.6 0.8

Figure 3. a) Emission colors in a CIE 1931 chromaticity diagram; ideal
white: x=0.33, y=0.33. b) Suspensions of NPs in CH,CN
(Aexe=365 nm, UV lamp).

This white photoluminescence arises from the addition of
the contributions of three different emitting species. The blue
emission comes from the free naphthalimide dyes still
emitting at 390 nm. The remaining excimers, which cannot
be quenched by tetrazine, are shielded inside the silica core
and still emit a green fluorescence centered at 472 nm. Finally,
the tetrazines grafted on the surface of the nanospheres
provide the last yellow contribution.

In summary, the encapsulation of silane-appended naph-
thalimide Napht in the core of silica NPs afforded highly
emissive monodisperse nanospheres with a strong green
excimeric emission, together with the blue emission of the
monomeric naphthalimide. A tetrazine derivative was then
grafted on the surface of these NPs. Energy transfer between
naphthalimide excimers and tetrazines is observed, enhancing
the brightness of the tetrazine acceptors. The added contri-
butions of the monomeric emitter (blue fluorescence)
together with the green emitting excimeric core and the
yellow fluorescence of tetrazine provides new bichromo-
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phoric silica nanoparticles displaying an intense (¢ =0.16)
pure white (x =0.29, y =0.32) fluorescence emission.
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Into the white: Encapsulation of a naph-
0 o r thalimide moiety in the core of silica
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nanoparticles afforded nanospheres with
a strong green excimeric emission.
Together with the blue emission of the
monomeric naphthalimide and the yellow
fluorescence of the tetrazine acceptor on
the outer shell, the added contributions
provide intense white fluorescence upon
H . .
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