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ABSTRACT: The very high brightness and photostability of silica nanopar-
ticles (NPs) encapsulating organic fluorophores have been demonstrated
recently and have opened up new exciting opportunities for a number of
biotechnological and information technological applications. However, a
systematic theoretical study of fluorescent core—shell NPs remains a chal-
lenge, and as a result, the understanding of the fundamental interaction and
microscopic dynamics of the dye/NPs assembly is still lacking. In the present
work, different computational methods, as classical molecular dynamics
simulations based on purposely tailored force-fields and TDDFT quantum
mechanical calculations, are combined in an integrated strategy to elucidate
the mechanisms behind the brightness enhancement of realistic models of
rhodamine (TRITC) based C-dots (Cornell dots) for the first time. TD-
B3LYP/MM calculations on the S; excited state dynamics of the dye show that

crossing between the low lying (bright) 7777* and (dark) nst* states occurs both in solution and in silica NPs albeit in the latter case it
is reduced by the caging and screening effect played by the silica matrix. Moreover, our calculations show that the negligible
solvatochromic shift between free-TRITC in solution and TRITC-based C-dots observed experimentally is because of seizure and

incorporation of water molecules during the synthetic process that mediate the dye-silica interaction.
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B INTRODUCTION

Fluorescent nanoparticles (NPs) hold considerable promise
for technological applications in biochemical, bioanalytical, and
medical areas."”” Current medical and biological fluorescent
imaging methods are mainly based on dye markers, which have
limited light emission per molecule, as well as photostability.” In
the last decades, semiconductor quantum dots (Q_dots) have
emerged as possible bright and photostable substitutes, but
because of their high price, toxicity, and difficult disposal, their
use is sometimes impractical.

Recently, it has been shown that an enhancement of fluores-
cence properties, such as quantum efliciency and particle bright-
ness, can be obtained encapsulating covalently single or multiple
dyes in silica-based materials and making small changes to the
internal architecture of the formed particles.”~” More specifi-
cally, the effective building process leading to the formation of
highly fluorescent monodisgerse silica NPs, as described by
Wiesner and co-workers,® ' consists essentially of two distinct
phases, namely, the formation of a fluorophore-rich core inside
a silica precursor and the addition of a siliceous shell to the
system to protect the fluorescent core material from external
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perturbations, such as solvent interactions, which can affect
negatively the photostability of the complex.

The examination of the photophysical characteristics of these
complex systems at each stage of the synthesis, performed by
means of fluorescence correlation spectroscopy (FCS),'" re-
vealed that the cores had a lower brightness in comparison with
the core—shell particles and the free dyes. Conversely, the
addition of a silica shell to the core significantly enhanced the
brightness of the particles causing, at the same time, an increase
in the radiative and a decrease in the nonradiative decay rates of
the dye upon encapsulation. Beside the absence of any inter-
molecular quenching mechanisms, because of the lack of inter-
actions between the dye and the surrounding solvent, silica
caging effects, which reduce the mobility and flexibility of the
encapsulated dye, could be another cause of C-dot enhanced
brightness. This hypothesis originally stems from the findings
obtained by incorporating multiple tetramethylrhodamine
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isothiocyanate (TRITC) dye molecules into uniform monodis-
perse 25 nm diameter core—shell particles,® which provided a
reduction of photobleaching kinetics of approximately an order
of magnitude and gave brightness levels in solution similar to the
ones shown by quantum dots of the same size.

Since then the behavior of multiple encapsulated-dyes from
several families (Alexa fluor, courmarins, cyanines, perylenes,
rhodamines, and fluorescein) that cover the entire UV—vis adsorp-
tion and emission spectrum have been investigated to create near-
infrared fluorescent and large Stokes-shift fluorescent NPs for single
excitation multiplexing.” Moreover, the coating of the silica surface
with neutral and cationic polymers has been shown to facilitate
efficient urinary excretion'” and entrance to the cytoplasm,"* which
is very important for in vivo applications. Despite the wide use of
inorganic matrices as shields between the solvent and the dyes, their
radiative properties are not yet completely understood and are the
subject of continued investigations.

For example, Wiesner and co-workers'® suggested that the
overall brightness enhancement of the particle, relative to the free
dye, could be due to both the number of dye molecules inside the
particle and to the relative quantum efficiency enhancement of
the encapsulated dye.

Another class of dye-doped silica NPs were synthesized with a
slightly different route by Prodi and colleagues'* confirming that
the number of dye molecules inside the particle is a fundamental
factor affecting the final brightness.

Theoretical studies can provide valuable information on the
photophysical and spectroscopic properties of fluorophores
embedded into different chemical environments. In fact, their
ability to simulate absorption and emission spectra of dye-
doped NPs not only allows of interpretation of experimental
results but also becomes fundamental to the design of new
nanoarchitectures with improved performances. Accurate
quantum mechanical (QM) calculations, based on Density
Functional Theory (DFT) and its extensions to excited states
(time-dependent DFT, TD-DFT)"® have been used for the
simulation of spectral properties of isolated dyes (in gas phase
or in solution),lé_18 dimeric species,19 and dyes adsorbed on
inorganic surfaces,*”*! but none of these studies dealt with
dye-doped NPs.

Indeed, modeling the properties of NPs such as those de-
signed by Wiesner’s and Prodi’s groups is very challenging from a
computational point of view because of the difficulty of coupling
the accuracy of the calculations with the system dimensions.

At present ab initio MD simulations cannot be employed on
excited states of for systems containing more than hundreds of
atoms and for periods longer than hundreds of picoseconds while
the excited state lifetimes of the dye molecules commonly
employed in the bioimaging field are of the order of nanose-
conds. The temporal and spatial scale can be expanded by
employing low level semiempirical method, but at the price of
reducing the reliability of the calculations.

For this reason, we have adopted a new computational multi-
level approach, that integrates classical molecular dynamics
(MD) simulations with accurate QM-tailored force-fields and
mixed quantum-mechanical/molecular mechanical (QM/MM)
methods.”>**

Therefore, a delicate and important step required for succeed
in the simulation of dye-doped NPs is the development of
sophisticated classical force-fields which reproduce the QM
potential energy surface of both the ground and the excited state
of the dye-silica assemblies.**

{
TRITC based C-Dot

Figure 1. Structural model of the TRITC based C-dot generated and
subsequently used throughout the manuscript. Red, gray, blue, yellow,
and white spheres represent oxygen, carbon, nitrogen, sulfur, and
hydrogen atoms of the organic dye, respectively. Red and yellow sticks
represents oxygen and silicon atoms of the silica NP.

In this work, this multilevel approach is applied to the
study of the conformational flexibility, spectroscopic, and
photophysical properties of rhodamine (TRITC) based
C-dots. Our aim is to describe the physicochemical proper-
ties of these assemblies, which have not been theoretically
investigated to date, through realistic models and to explain
how these properties are influenced by the surrounding
environment, being it mere solvent or a complex supramo-
lecular system.

Bl COMPUTATIONAL DETAILS

As a first step of our approach, we used classical MD simulations to
investigate the dynamics and the structural properties of the ground (S)
and excited (S,) states of the TRITC based C-dot model displayed in
Figure 1. A nanoparticle of 42 A diameter with structural characteristics
similar to a silica glass,> was cut out from a 8 x 8 x 8 cubic supercell of
relaxed fB-cristobalite and saturated with hydroxyl groups. Subsequently,
the TRITC molecule conjugated to 3-aminopropyltriethoxysilane was
covalently bound to the —OH terminated walls of the particle hosting
cavity.

Our structural model containing a single dye molecule could repre-
sent with good accuracy experimentally tailored homogeneous particles
produced by the Wiesner group'® containing sparse dyes and showing a
more pronounced decrease in the nonradiative decay rate.'’

That is, in NPs where the formation of dimeric species is avoided or at
least reduced. This is not always true as demonstrated by several papers
from the Prodi’s group where the fluorescence quenching between
dimeric species into the silica matrix were investigated.® A different
model should be created to study the interesting behavior of two
molecules inside the particle, a topic that will be covered in future
works.

Since it is likely that during the synthesis of these NPs a small amount
of water molecules could remain trapped, along with the dye, inside the
nanoparticle cavity, we increased further the complexity of our proto-
type, to take into account this effect, and defined another model
where the cavity contained not only the dye but also a few (24) water
molecules.

This is the number of water molecules able to fill the empty space into
the hosting cavity without creating overlaps with other molecules.
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Figure 2. Perspective view of the hosting cavity of the wet C-dot
containing the dye and 24 water molecules. The yellow spheres
represent the atoms of the silica shell. The TRITC molecule is bonded
to the silica shell through a Si—C bond.

A partial view of the cavity for the structural model of the core—shell
NP containing the dye and the 24 water molecules which highlights the
chemical bond between the dye and the silica shell is reported in
Figure 2.

From now on we will refer to the first system as dry C-dot and to the
second system as wet C-dot.

All MD simulations were performed with the GULP code®” by using
accurately tuned force fields and effective simulation protocols.®*® In
particular, the intra-molecular force-fields of both the ground and excited
states of TRITC were derived through the Joyce™ parameterization proce-
dure, which was based on B3LYP and TD-B3LYP calculations with purposely
tailored basis set,'*® whereas a self-consistent rigid-ionic pairwise interatomic
potential, developed by Pedone et al.** was used for the silica shell

Whereas the dyes FF's have been successfully employed to simulate the
conformational flexibility and spectroscopic UV—vis parameters such as
solvatochromic shifts and Stokes shift of the free molecule in solution,'®**
the latter one was parameterized on the experimental structure and elastic
constants of oxides and silicates”*” and validated in a number of papers
dealing with the simulation of the structure, transport, and mechanical
properties of silica based glasses.>'

A Buckingham potential was used to describe the interaction between
the hydrogen atoms (Ho) of the hydroxyl groups at the silica surfaces
and the oxygen atoms (Oc) of the carboxylate group of the TRITC
molecule. The relative parameters were fitted by reproducing the
binding energy and the optimized structure of TRITC molecules
adsorbed onto silica surfaces. The remaining intermolecular interac-
tions were modeled by a using Lennard-Jones potentials whose para-
meters were taken from the OPLS force field available in literature.>*

Full details on the force-field parameters and the calculations
performed in the present work are given in the Supporting Information.

After a full geometry optimization of the whole models, MD simula-
tions in the ground state have been carried out by allowing both TRITC
and the first shell of SiO, tetrahedra (and the water molecules inside the
cavity for the wet C-dot system) surrounding it to move freely, whereas
the rest of the system was kept fixed at the atomic positions previously
relaxed. The excited state trajectory was generated starting from the last
snapshot of the ground state dynamics so as to mimic the light
absorption within the Franck—Condon approximation.

As better explained in the Supporting Information the UV—vis
absorption and emission spectra were simulated employing 100 frames
randomly extracted from the above-mentioned Sy and S; classical MD
simulations.

Figure 3. TRITC/silica assembly optimized at the BSLYP/NO7D level
and used to fit the Ho—Oc interatomic potential parameters.

For each frame the peak positions and oscillator strengths of the
absorption S; <= Sy and emission S; — S, transitions were calculated by
using TD-DFT(B3LYP)/MM simulations, broadened with Gaussian
functions and coadded to yield the final spectrum.

v fi (A—A)
() = i; ey ( 27735 )
where f; is the oscillator strength of the i-th transition, N is the number of
transitions (here one because we studied the S; <— Sy and S; — S,
transitions for the absorption and emission spectra, respectively), A; is
the wavelength of electronic transitions energies in nm and ¢ is the half-
bandwidth which has been taken equal to 15 nm.

To take into account the effects due to the electronic reorganization of
the surrounding environment on the new electronic distribution of the
dye during the electronic transition, the molecules directly coordinated
to the carboxyl group (water or silica tetrahedra) have been included
into the quantum mechanical description (together with the TRITC
molecule) while the rest of the system has been treated through force
field parameters within the ONIOM electronic embedding scheme. All
the TDDFT/MM calculations have been carried out by means of the
Gaussian09 code.*

B RESULTS AND DISCUSSIONS

Development of the FF Parameters for the TRITC—Silica
Interaction. In a recent work, the interaction between the
TRITC molecule and silica surfaces has been investigated by
adsorbing the fluorophore on a realistic model of amorphous
silica surface and performing QM/MM calculations to study the
structural, energetic, and electronic features of the TRIT C-silica
assembly.>

The structural properties and the binding energies of the
TRITC/silica assembly reported in Figure 3 have been computed
at the B3LYP/NO7D level of theory and then employed to fit
interatomic potential parameters between the carboxylate group
of the dye and the silanols group at the silica surface.

As described in the Computational Details, this interaction has
been modeled by employing a Buckingham function whose
parameters are reported in Table 6 of the Supporting Information.

A first validation of the proposed FF was obtained by
performing an MM minimization on the TRITC molecule
adsorbed on the silica slab. The comparison between the most
relevant internal coordinates optimized at the QM and MM
levels as well as the binding energies (reported in Table 1), shows
that the two sets are in remarkable agreement.
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Table 1. Structural, Energetic Parameters and Vertical
Transition Energies Calculated on the Sy and S; Geometry of
the TRITC/Silica Assembly (see Figure 3) Optimized with
the B3LYP/NO7D and at the Molecular Mechanics Level of
Theory

QM(So)  MM(S,) QM(Sy) MM(S,)

dpy (A) 1.650 1.658 1.633 1.666
dips (A) 1.747 1.740 1.715 1.659
dips (A) 1.652 1711 1.649 1.627

7 (deg) 81.2 82.7 62.1 63.5

y (deg) 15.7 14.0 28.9 434

0 (deg) 124.7 125.8 124.4 122.6
Epinding (€V) —122 —1.20 —1.25 —1.24

VE(S, < Sp) (nm) 474.1 (0.9) 475.9 (0.9)
VE(S; — Sp) (nm)

*ﬁj g

5042 (0.78)  506.3 (0.80)
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Figure 4. Shape of the Khon—Sham orbitals involved in the & — 7*
(HOMO — LUMO) and n — 7t* (HOMO—1 — LUMO) transitions.

Finally, the optimized Sp and S; MM geometry has been used
to calculate the vertical S; <= Spand S; — S, transition energies at
the QM level, accounting for bulk solvent effects at PCM level.*
The S; < Sg and the S; — S transition energies of 475.9 and
506.3 nm compare fairly well with the one calculated using the
structure optimized at the QM level.

Therefore, these results show that the new FF seems robust
enough to be employed in MD simulations to study dynamical
effects and the structural properties of the TRITC molecule in
the silica NPs.

Molecular Dynamics and Photophysical Properties of
TRITC-Based C-Dots. Earlier studies, focusing on the photo-
physical properties of the TRITC molecule in solution,'®'”*!
have revealed that this molecule has two low lying excited states,
namely S; and S, with (7277*) and (n7r*) character, respectively.
S; is a bright state given by the transition between the HOMO
—LUMO Kohn—Sham orbitals, while S, is a dark state involving
the HOMO—1 and LUMO orbitals reported in Figure 4.

Our calculations showed that the new functional groups of the
conjugated dye have no effect either on the enhancement of the
dye brightness or on the 777* excited state in agreement with
previous experimental findings,** whereas the molecular orbitals
localized on the carboxylate group and on the xanthenes moiety
are more influenced by the surrounding environment.*
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Figure S. Probability distribution functions of the 0, 7, and y dihedral
angles of free-TRITC in water solution (black lines), dry C-dot (red
lines), and wet C-dot (blue lines) for both the ground and the 7zzt*
excited states.

According to the extensive literature, which describes the
effects of various environmental quenchers (oxygen, solvent
relaxation, etc.) that decrease both the steady state fluorescence
emission intensity and the excited state lifetime by merely
increasing the nonradiative decay rate, internal rotations often
provide additional channels for nonradiative de-excitation. In this
respect, the conformational flexibility of the TRITC molecule in
C-dot has been investigated by analyzing the probability dis-
tribution functions of the flexible dihedral angles d, 7, and y
shown in Figure 1, and comparing them with those extracted
from the dynamics of the molecule in water solution.'®**

The ground and the 777" excited state probability distribution
functions of the aforementioned dihedral angles of TRITC free
in water and bound in the NPs (TRITC-based C-dot) are shown
in Figure S.

As it can be observed, while 7 distributions in water are quite
different in the ground and excited states, they are very similar
when TRITC is embedded into the dry NP and shifted when
trapped water molecules are present.

As expected, the distributions of all the torsion angles are
broader in water than in the NPs, but the encapsulation effect is
more pronounced for the excited state, which becomes more
rigid both in the xanthenes and carboxyl portions of the
molecule. This is confirmed by the remarkable decrease in both
T and y distribution widths and by the disappearance of double
peaks present in solution. On the contrary, the overall conforma-
tion of the ground state appears less affected by the silica cage.
However, also in this case peak values are shifted and the rotation
of the carboxyl group, not surrounded by water molecules,
becomes wider and biased by the location and motion of the
nearby OH moieties of the NP surface.
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Figure 6. Radial distribution functions between the oxygen atoms of the
carboxylate group (Oc) and the hydrogen atoms of silica (HSi) and
water (Hw) for both the ground and excited states dynamics of the
TRITC molecule in wet C-dot, dry C-dot, and water solution.

The most stable conformation of the ground state in water is
the one where 7 and 7 are centered at about 93 and 0°,
respectively, while in the excited state the molecule explores four
different conformations.'®*®

As for the 7 and 0 dihedral angles distributions in C-dots, our
results show that they are similar for both the ground and the
excited states, in the latter case the molecule assumes only one
configuration where 7 and y are centered at about 60 and 0° for wet
C-dot and at about 60° and 50° for dry C-dot, respectively. The
single peaked distribution found for the y angle in the excited state
confirms that the silica-TRITC interaction in the dry NP or the
silica-water-TRITC interaction into the wet NP is stronger in the
excited state than in the ground state were this angle can assumes
two conformations. Instead, O remains close to 0° in all cases.

These data suggest that after absorption of light the silica shell
interferes with the rotation of the torsion angles hampering the
geometric relaxation that occur in water solution after excitation.

The rigidity of the silica shell can also be envisaged by
analyzing the radial distribution functions between the oxygen
atoms (Oc) of the carboxylate group and the hydrogen atoms
(HSi and Hw) of the silanol groups and water molecules for the
TRITC-based C-dot models and free-TRITC in their ground
and excited states.

The RDFs (Figure 6) show a first peak at about 1.8 A for both
So and S; in agreement with the fact that the negative charge on
the carboxyl oxygens (Oc) is similar in the two states and that the
TRITC molecule strongly interacts with both the silica shell and
water molecules essentially through these atoms. However, the
distributions computed for the molecule embedded into the dry
and wet NPs are narrower than those found in water. This is a
consequence of the rigidity of the surrounding environment,
which prevents major conformational changes of the dye. The
carboxyl moiety of TRITC in the dry-NP is coordinated by two
hydroxyl groups during the whole simulation time, whereas in
water solution it is surrounded by 4—35 water molecules.

Figure 7. Hydrogen bond network formed by the water molecules
interposed between the TRITC molecule and the silica shell.

——dry C-dot
—— wet C-dot
—— water

Arb. Units

@

350 400 450 500 550 600
wavelengths / nm

Figure 8. Absorption (solid lines) and emission (dashed lines) spectra
of the TRITC molecule embedded into a dry C-dot (black lines), a wet
C-dot (red lines), and in water solution (blue lines).

It is interesting to note the role played by the water molecules
included into the hosting cavity of the wet C-dot.

During the MD equilibration phase, five water molecules
move toward the carboxylate group mediating the interaction
between the silica shell and TRITC through the formation of a
network of strong hydrogen bonds as shown in Figure 7. These
molecules are not able to exchange with a second coordination
sphere as it happens in water and they remain coordinated to the
carboxylate group also in the excited state.

In Figure 8, the absorption and emission spectra of the dry and
wet C-dot models are compared to the ones of free-TRITC
in water.

In both cases, the simulated absorption and emission spectra
are shifted by about 80 nm with respect to the experimental data,
a discrepancy which has already been reported for rhodamine
derivatives in several computational works."”*?%*

The peaks of the absorption spectra of the dry C-dot and free-
TRITC lie at around 443 and 470 nm, respectively, and they
show a 27 nm solvatochromic shift in contrast with the negligible
shift issuing from experimental evidence.®

A similar solvatochromic shift is seen also in the emission
spectra, whose maxima lie at around 478 and 500 nm for dry
C-dot and free-TRITC, respectively.

Interestingly, the solvatochromic shift almost disappears for
the wet C-dot model demonstrating that the five water molecules
interposed between the carboxylate group and the silica shell play
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Figure 9. Time evolution of the energy difference between the (nz*)
and (777*) excited states along the (7777*) trajectories of the TRITC
molecule in solution (blue line) and embedded into wet C-dot (red line).

a major effect on the UV—vis spectra. Therefore, our results
suggest that during the synthesis of dye-doped NPs a few water
molecules remain trapped into the cavity. This fact was never
discussed in previous experimental works and in our opinion it
should be better investigated in future experiments.

A fair agreement is also obtained in reproducing the experi-
mental Stoke shift, which is about 25 nm. In fact the calculated
Stokes shift of free-TRITC in water solution is around 30 nm
while that computed for the wet C-dot is around 33 nm.

Finally, the UV—vis spectra of both the C-dot models are
slightly narrower than the ones of free-TRITC in water, in
agreement with the reduced mobility already demonstrated by
analyzing the MD trajectories.

The results of this investigation confirm the experimental
hypothesis that the decreasing of the nonradiative decay rate of
the dye embedded into the NP might be due to a constraining
action that the NP performs on TRITC geometry (caging effect)
which could avoids intramolecular channels of nonradiative
decay, thus enhancing device brightness.

To corroborate this hypothesis we have analyzed the (77*)
and (n77*) low lying excited states through TDDFT/MM
calculations on one hundred configurations randomly extracted
from the (7777%) excited state dynamics of free-TRITC in water
and into the wet C-dot.

Figure 9 shows the time evolution of the energy difference
between the (n7*) and (77*) states along the excited state
trajectory for free-TRITC and wet C-dot, respectively. From the
figure it can be inferred that the adiabatic energies of the (77*)
and (nzr*) states in water solution are very close to each other
during the entire simulation and, in three cases, the (n77*) state
happens to lie at a lower energy with respect to the (7777%) state
(when the difference between the two states is negative). This
suggests that a competition between a bright and a dark state,
whose average energy gap is around 0.3 eV, can lead to a
quenching of fluorescence thanks to the nonradiative decay
through crossing points of the two potential energy surfaces. In
fact, about 3% of the snapshots, extracted from the MD simula-
tions performed in water, present intersection points between
these two states. Instead, only one crossing point is detected
when the fluorophore is encapsulated in the wet C-dot and in this
case the TDDFT calculations show that there is a mixing
between the pure (n7r*) and (7z77*) states which results in two
low-lying bright states.

Recently, Larson et al.'"’ determined the quantum yield of
TRITC molecules encapsulated into NPs with different internal
architectures. They stated that the measured brightness of the
silica NPs is due both to the incorporation of multiple dye

molecules and to enhancement of the quantum efficiency of the
incorporated dye molecules.

The latter was ascribed to a uniform 2-fold increase of the
radiative rate (independent of the NP architecture) and a variable
reduction of the nonradiative rate (up to a factor of 3 for
homogeneous particle with dye molecules sparsely embedded
within) which varied inversely with the degree of rotational
mobility of the dye allowed by the architecture.

Instead, Prodi and co-workers™* argued that the high bright-
ness of the NP, which is defined as the product of the molar
absorption coefficient and the fluorescent quantum yield,” is due
to the presence of a large number of absorbing moieties in a
single NP.

However, it is worth noticing that they use different synthetic
procedures and that the architecture of their NPs are different
with respect to that produced by the Wiesner group.

In fact, Prodi and colleagues have also investigated the energy
transfer occurring between different dyes present into the NPs or
the fluorescent quenching between similar dyes into the silica
matrix, a fact that demonstrate that a high amount of dimeric
species might be present into some of their NPs.

This interesting topic was not covered in the present paper
which confirm the caging effect played by the silica shell to the
dye mobility in good agreement with the experimental findings
reported by Wiesner and coworkers."®

Our results show that the energy gap between the ground and
the first (7777%) excited state is quite large (2.3—2.8 eV) during the
whole trajectory and thus a de-excitation involving the ns*
excited state is possible. Albeit, the crossing between the bright
(7w7*) and the dark (n7t*) excited states is reduced into the NPs
the very similar energy gap between the two states in both water
solution as well as into the wet-NP cannot rule out a partial (7777*)
— (n7r*) population transfer even into the NP. A quantitative
investigation of the nonradiative rate and thus the mechanism of
de-excitation would require the computation of the nonadiabatic
coupling between these three states along the ground and excited
state dynamics. However, we have not yet implemented such a
calculation in our general tool and it will be the subject of future
efforts.

B CONCLUSIONS

In conclusion, on the basis of accurate MD simulations and
TDDFT/MM calculations, we have provided a detailed charac-
terization of the electronic structure as well as the absorption and
emission spectra of possible models of rhodamine (TRITC)
based C-dots. To the best of our knowledge, this is the first work
in which a multiscale computational approach is used to investi-
gate the electronic and dynamic effects which lead to increased
fluorescence quantum yield of fluorophores encapsulated in
silica NPs.

It is worth noticing that an accurate calculation of the
absorption and fluorescence spectra with respect to its experi-
mental counterpart depends on the quality of the MD simula-
tions, hence on the reliability of the employed force field (FF).
To this end, a careful parametrization of the ground (S,) and the
first bright excited state (S;) is necessary as well as the develop-
ment of reliable force-field for the investigation of the TRITC-
silica interaction. Despite there being a lot of FF parametrizations
for the ground state geometries of organic molecules,* this is the
first one that involves all internal degrees of freedom of an excited
state simultaneously. Moreover, also in the case of the simulation
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of the absorption spectra, the transition energies are so strongly
dependent on the S, geometry that standard classical force-fields
reported in literature can yield misleading results.

TDDFT/MM calculations on the dye-doped NPs studied in
this work show that crossing between the low-lying (bright) 7z7t*
and (dark) nst* states occurring in solution is reduced by the
more rigid environment offered by the silica shell. As for the
negligible solvatochromic shift observed experimentally between
free-TRITC in water solution and TRITC-based C-dots, our
results indicate that this is imputable to a few water molecules,
which remain entrapped into the silica NPs during their synth-
esis. These molecules form a strong hydrogen bond network,
which mediates the TRITC-silica interaction leading to UV—vis
spectra very similar to that observed in water solution.

Finally, the conceptual simplicity of the theoretical foundation
of the approach proposed in this paper leads to a procedure easily
accessible to not specialists and fully transferable to investigate
the photophysical properties of different families of dye-doped
NPs, which are of particular technological interest for a large
variety of interesting applications.
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