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We investigated photoluminescence properties of Dyomics dyes DY650 and DY831 when incorporated into
solid thin films fabricated using two distinct sol-gel precursors, namely, tetraethoxysilane (TEOS) and 3-
glycidoxypropyltrimethoxysilane (GPTMS). Surprisingly, a significant enhancement in both photoluminescence
lifetime and quantum yield was observed in the films derived from GPTMS, contrasting conventional behavior
documented in literature for dyes dispersed within solid matrices. This phenomenon is attributed to the unique

molecular environment surrounding the dyes in the GPTMS matrix, which was inferred to suppress nonradiative
decay channels for the photoexcited dyes. Our findings provide valuable insights into the intricate interplay
between dye molecules and their host matrices, shedding light on the potential applications of GPTMS-based
systems in enhancing photoluminescence properties for various technological advancements.

1. Introduction

The sol-gel process finds extensive applications in coating prepara-
tion across various domains [1].

Notably, coatings derived from tetraethoxysilane (TEOS) and 3-
glycidoxypropyltrimethoxysilane (GPTMS) have garnered attention for
catalysis, anti-corrosion measures [2,3], self-healing capabilities [4],
tissue engineering scaffolds [5], sensors [6-8], unconventional envi-
ronments [9], and protective coatings [10]. Their stability against
photoluminescence (PL) processes makes them suitable as matrix ma-
terials for dye embedding, owing to their control over refractive index
[11-13], a parameter significantly influencing PL behavior, particularly
radiative lifetime [14-16]. Various interconnected matrix parameters,
such as viscosity and temperature, affecting PL, necessitate thorough
investigation [17,18].

Given our interest in elucidating dye-PL interactions with plasmonic
modes supported by 2D metasurfaces [19], our aim is to discern the
factors influencing dye emission. Understanding and minimizing inter-
actions between the dye and the molecules binding it to the active
plasmonic surface are crucial. A nanometric sol-gel layer emerges
as a promising solution for embedding the selected dye. This study
focuses on identifying a suitable commercial sol-gel precursor for time-
resolved PL emission of organic dyes. We assessed the influence of
the environment in terms of excited-state (PL) lifetime for two distinct
emitting molecules dispersed within two different silica matrices.
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During this analysis, we observed unexpected behavior in GPTMS
films concerning the typical matrix effect observed in solid samples,
particularly in comparison to TEOS ones. The selected dyes consist
of DY650 and DY831 from Dyomics. These dyes were chosen for
their absorption and emission features overlapping with the region of
interest defined by the plasmonic mode spectral position supported by
the aforementioned 2D metasurface. DY650 exhibits absorption and
emission features in the visible part of this region, while DY831 displays
absorption and emission more centered in its NIR part. Rhodamine-
6G (R6G, Sigma-Aldrich) was used as a reference dye for comparative
studies, owing to its well-established fluorescence properties.

2. Experimental details

For solution measurements, dyes were dissolved in ethanol (EtOH)
and distilled water (H,0) at a low concentration of 1.5 x 10~° mol
dm=3. This low concentration was deliberately chosen to mitigate
concentration quenching effects on photoluminescence (PL) efficiency
and lifetime. The two solvents were chosen being widely used, non-
toxic and environmental friendly (ensuring an easy implementation
in practical applications). Molecular structures of Dyomics dyes are
illustrated in Fig. 1, alongside those of the two sol-gel precursors. The
sols were synthesized by blending tetraethoxysilane (TEOS, purity >
99%) or 3-glycidoxypropyltrimethoxysilane (GPTMS, purity > 98%),
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Fig. 1. Sol-gel precursors and dyes. Upper line, GPTMS (left) and TEOS (right). Lower line, DY650 (left) and DY831 (right).
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Fig. 2. Scheme of the sol-gel layer fabrication process.

absolute ethanol (EtOH), and distilled water (H,O) under stirring,
with a molar ratio of 1:9.8:5.6, at room temperature (RT) for 24 h.
Subsequently, 3 mL of acetonitrile (MeCN) and 3 mL of EtOH were
added to 9 mL of the sol. Hydrochloric acid (HC]) was introduced until
the pH reached approximately 4, and the mixture was stirred at 50 °C
for 1 h. The resulting sol was transferred to a glass vial and cooled
to RT. The whole fabrication process is summarized in Fig. 2. Various
diluted solutions were prepared by adding further EtOH to the sol. As
substrates, soda-lime glasses were chosen and thoroughly cleaned using
water, soap, acetone, and finally rinsed with isopropyl alcohol. Dyes
were incorporated into the sols at different concentrations, and their
content was evaluated in terms of dye/sol-gel precursor molar ratio.

Following the method employed in [20], substrates were immersed
in the sol for 25 s. The resulting films were deposited through dip-
coating using an ND-R rotary coater (Nadetech Innovations) at a fixed
withdrawal speed of 500 mm min-1. The EtOH dilution was varied in
the range of 1:15-1:25 (vol vol~1). After deposition, the films were
dried at 70 °C for 10 h and then left at RT for 48 h. Film thicknesses
were checked by atomic force microscopy (AFM) and ranged from 30
to 50 nm.

Additionally, for control purposes, a further set of films were de-
posited by drop cast using the lower dye concentrations.

Subsequently, the three resultant doped sol-gel layers were optically
excited by frequency-doubled 150-fs pulses (at 392 nm wavelength)
from a Ti:Sapphire regenerative amplifier (Quantronix Integra C) oper-
ating at a 1 kHz repetition rate. PL signals were spectrally resolved us-
ing an Acton SpectraPro 3200i grating spectrometer and time-resolved
by a Hamamatsu C5680 streak camera. The PL signal was consistently
obtained around the spectrum peak, with a bandwidth of approximately
20 nm in all instances. PL quantum yields (PLQYs) were measured using
a Hamamatsu C11347-11 Quantaurus QY instrument. Dye absorbance
in thin films was evaluated by Transmittance measurements performed
with a UV-VIS-NIR photospectrometer Cary6i Varian.

3. Results and discussion

An investigation of PL lifetime was performed for two Dyomics
dyes incorporated in TEOS and GPTMS matrices. A range of dye-to-
organosilane molar ratio was explored between 1072 and 10~® mol
mol~!. Corresponding PL decay traces are illustrated in Fig. 3.



F. Floris et al.

—— EtOH solution ——— HZO solution —— TEOS 1x102 mol/mol
—+— GPTMS 4x10°® mol/mol —— GPTMS 1x102 mol/mol

14 . . :
A fosts
0.14
E wl
] i
0.01 +
2 1= t
‘D ER o PN Ay TSV PPV
c 3 i atadanshiina,an,a
2 1 "y
£ ]
T 0.1
Rl E
(0] 4
N 1
= i
g 0.01 : .
Z 1 =+ Llj{ir‘c;:&l-! ;-n-m ,,!,‘_',‘ “" A é"i A ’A‘;‘A
0.1
ocl+——v—r———1++—"—"—TT"
0.0 0.5 1.0 15 2.0
Time (ns)

Fig. 3. PL intensity decay traces of Dyomics dyes DY650 and DY831, along with
Rhodamine 6G (R6G), in highly diluted EtOH and H,O solution (1.5 x 10~° mol dm~3)
are represented by red and, respectively, green lines and symbols. The decay traces in
TEOS at a dye-to-organosilane molar ratio of 1072 mol mol~! are depicted by magenta
lines and symbols, while those in GPTMS at the same molar ratio and at a 4x10~® mol
mol~! molar ratio are shown by cyan and blue lines and symbols, respectively. Single
exponential decay constants and PLQYs are collected in Table 1.

Reference lifetimes were established for the dyes in highly diluted
EtOH solutions to mitigate concentration effects arising from the for-
mation of dimers and higher aggregates. To have a comparison with a
second, more polar solvent, results obtained in H,O solutions have been
measured too. In EtOH, both Dyomics dyes displayed a monoexponen-
tial PL decay with decay constants of approximately 1.03 ns and 0.30 ns
for DY650 and DY831, respectively. With respect to these values, an
increase in lifetime was observed in GPTMS for all the explored Dye
concentrations.

Concentration levels achieved in the solid state were validated by
assessing the PL lifetime of R6G dissolved in both EtOH and organosi-
lane matrices at identical concentrations used for Dyomics dyes. For
R6G a significant acceleration of the PL intensity decay, exhibiting a
nonexponential profile possibly fitted with a biexponential decay, in
the solid matrices at dye-to-organosilane molar ratio of 10~2 mol mol~!
clearly indicated concentration quenching of the PL emission, possibly
due to aggregation effects. The same quenching effect is noticeable for
any Dye in TEOS films. Instead, for low concentrations, the PL intensity
of R6G exhibits a monoexponential decay in all cases, indicating the
attainment of the low concentration limit within the GPTMS matrix.
Anyway, PL lifetimes approach, but not exceed the values observed for
EtOH solution. On the contrary, for Dyomics dyes, the PL lifetime was
confirmed to be longer in the GPTMS matrix compared to solution.

Given these observations, we chose to conduct a thorough evalua-
tion of the PL properties of Dyomics dyes within GPTMS. An evaluation
of PLQYs has been possible for DY650 on thick films at exceptionally
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Table 1

Monoexponential PL decay times and PLQYs (in brackets) of dyomics dyes in different
solvents and GPTMS matrix at different dye volume concentrations and dye-to-GPTMS
molar ratios.

Solvent/matrix DY650 DY831

(dye concentration/molar ratio)

EtOH (1.5 107° mol dm~3)

1.03 ns (21%) 0.30 ns (2.5%)

H,0 (1.5 107° mol dm~3) 0.50 ns (12%) 0.16 ns (-)
GPTMS (4 x 107 mol mol™) 2.90 ns (60%) 0.50 ns (-)
GPTMS (8 x 10-5 mol mol™1) 2.80 ns (56%) 0.49 ns (-)

low concentration levels. This strategy aimed to unequivocally elimi-
nate any potential dye-dye intermolecular interactions, enabling us to
isolate and analyze matrix-related effects with precision.

PLQYs were found to be roughly proportional to the PL lifetime (see
Table 1), demonstrating that enhancement in PL lifetime merely reflects
an enhancement in PLQY. This suggests that GPTMS is less effective
than liquid solvents in nonradiatively quenching the Dyomics dye PL
emission, as clearly occurs in H,O.

The PL emission spectra of the dye incorporated in GPTMS at two
distinct molar ratios are depicted in Fig. 4. At a low molar ratio of 4 x
1076 mol mol~!, the emission spectrum of DY831 closely resembles that
observed in EtOH, contrasting with the blueshifted spectrum for the
dye dissolved in H,0. Conversely, at much higher loading levels (1072
mol mol~1), the spectrum undergoes a noticeable blueshift, indicative
of intermolecular interactions between dye molecules rather than self-
absorption. This suggests the influence of dye concentration, with 7 —z
intermolecular interactions commonly recognized as the underlying
mechanism behind the pronounced hypsochromic shifts observed in
both dye absorption and emission spectra [21,22]. Spectral broaden-
ing coexists with blueshift as a potential outcome of configurational
disorder inherent in aggregation processes. Similar outcomes were also
noted in DY650, albeit to a lesser degree, probably due to its shorter
and less elongated molecular structure. To better understand the effect
of the molecular structure the Dye optical absorbance was investigated.
Fig. 5 reports the Optical Transmittance measured in thin films in
GPTMS at the concentration of 10~2 mol mol~!. The observed signal
is particularly low, but compatible, at least for DY650, with the molar
absorbance value of the Dye, its concentration and the small thickness
value of the film. In the case of DY831 the signal is even smaller, almost
one order of magnitude, meaning a lower Dye and film density. This is
consistent, on one side with the small PL signal measured for DY831
samples, on the other side is also consistent with a different molecular
arrangement of the (elongated) DY831 in the GPTMS matrix with
respect to DY650. Moreover, while the spectral position of the DY650
is in line with the literature data, the absorbance peak in DY831 film
appears to be slightly red shifted and becomes largely superimposed
with the PL spectra at the same concentration. Furthermore, the blue
shift observed in PL spectra indicates a low self absorption effect,
probably prevented by the low density of Dye molecules in the film.

Dye aggregation effects were comprehensively monitored through
the PL lifetime as a function of the dye-to-GPTMS molar ratio. The data,
summarized in Fig. 5, reveal that at molar ratios below 10~3 mol mol~1,
both Dyomics dyes exist in a low-concentration regime primarily influ-
enced by matrix-related effects. However, at larger molar ratios, the PL
lifetime progressively decreases as dye—dye intermolecular interactions
emerge due to dye aggregation, causing nonradiative relaxation and
hence PL quenching. Notably, an increase in the molar ratio leads to
a departure from monoexponential decay of the PL intensity versus
time, requiring the reporting of a generalized PL lifetime calculated
as the amplitude-averaged decay time of biexponential fit curves. This
phenomenon is characteristic of concentration quenching (see Fig. 6).

Based on our experimental results, the elongated structure of the
Dyomics dyes, coupled with the superstructure of GPTMS matrix, ap-
pears to hinder a close contact and interaction with the host matrix.
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Fig. 4. PL spectra of Dyomics dyes in EtOH and H,O solutions, and GPTMS matrix with two distinct dye-to- GPTMS molar ratios. The dye volume concentration in solution is

1.5% 107° mol dm™3.
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Fig. 5. Optical transmittance spectra of Dyomics dyes DY650 (left panel) and DY831 (right panel).

Consequently, this reduces the introduction of nonradiative deactiva-
tion channels for the photoexcited Dyomics dyes, even compared to the
EtOH solution. GPTMS appears to alleviate steric hindrance effects, ac-
commodating DY650 and DY831 dyes in a manner that minimizes their
interaction with the matrix. However, this effect vanishes as the molar
ratio increases, with concentration effects progressively outweighing
matrix-related ones.

Interestingly, an observed enhancement in PL intensity was at-
tributed to the hydrophobic nature of GPTMS, which facilitates the
creation of a non-polar environment favorable to increasing curcumin
solubility and thereby enhancing its PL emission [23]. A similar behav-
ior for GPTMS in the solid state was reported, indicating the absence
of the expected PL quenching.

4. Conclusions

In summary, our investigation unveils a remarkable increase in
the photoluminescence decay time of Dyomics DY650 and DY831
dyes upon their incorporation into solid thin films fabricated using a
sol-gel host matrix with 3-glycidoxypropyltrimethoxysilane (GPTMS)
as the precursor. This observed effect diverges from both the ex-
pected outcomes outlined in existing literature and the conventional
behavior associated with dye emission in solid-state films. The re-
vealed phenomenon provides a significant platform for unraveling
and analyzing the intricate interplay among sol-gel precursors, pho-
toluminescence characteristics, and other influential factors, including
plasmonic effects.
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