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The 2,4,6-OMe-TCF dye, exhibiting the aggregation-induced emission (AlIE) phenomenon, is investigated
according to the generation of laser light. Light amplification is possible only for concentrated solutions
with dye amounts close to the saturation level, indicating that the aggregation process plays an essential
role in establishing light enhancement. Moreover, lasing is also achievable for the powdered form of the
dye, with the clearly evident presence of nano- and micro-crystals; however, in this case, the spectral
position of a gain profile is considerably red-shifted. The aggregation caused by a non-solvent addition
to a dye solution can increase the average random lasing (RL) emission intensity even by a factor of 170
for the band assigned to aggregates. The dye can serve as a very versatile lasing material; it could be
used in the form of a liquid solution as well as a dopant for polymeric matrices. It can be easily
processed from solutions; therefore, it perfectly matches the requirements of novel types of soft and
elastic materials for printed optoelectronics. Finally, the molecular disorder present in polymeric systems
involving the existence of the dye in molecular, aggregated, and crystalline forms can result in the
generation of two-photon excited laser emission. We believe that the synthesis of molecular systems
exhibiting increased emission quantum yields both in aggregated and crystalline forms may become a
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Introduction

Since the discovery of dyes exhibiting the aggregation-induced
emission (AIE) phenomenon, many scientific groups have
extensively studied these types of molecules. They can exhibit
many advantageous properties due to which they have found
many potential applications, for example, in optoelectronics as
materials for organic light-emitting diodes (OLEDs),"* solar
concentrators,”” light-emitting liquid crystal displays (LE-LCDs),®
or even as components for electrochromic devices.”® Next to
optoelectronics, AIE dyes also proved their utility in sensing,"*™*
bio-imaging,>** and anti-counterfeiting applications.*®

However, despite the great interest in these compounds, the
AIE effect on lasing properties is not well described yet. Some
papers report on light amplification'®™** but without general
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common strategy to obtain efficient, multiphoton-excited organic laser materials.

discussion on how this phenomenon can influence light
enhancement. Therefore, in this article, we want to investigate
how the AIE effect can affect the lasing properties of lumines-
cent materials. We hypothesize that this process might be
crucial in establishing light amplification, and if the lumines-
cent molecule is showing remarkable emission in the crystal-
line form, the crystallization of a dye might also be used to
tailor the lasing properties of the resulting material. Moreover,
what could be even more significant is that the AIE dopants
may play a key role in developing a strategy for designing
multiphoton-excited laser materials. The last hypothesis is
drawn based on the fact that AIE dyes have already proven
their outstanding nonlinear optical (NLO) properties, including
NLO absorption and excitation.****

We focused our attention on the 2,4,6-OMe-TCF dye to test
the above-mentioned hypotheses. The molecule is shown in
Fig. 1 (a), and it was previously described in ref. 26. It repre-
sents a group of small molecular systems with a typical push-
pull design, where one part of the molecule serves as a donor of
electrons, and the second one plays the role of an electron
acceptor. Such kinds of compounds are still attracting much
attention from the scientific community. The simple, efficient,
and cost-effective synthesis is one of the most important
advantages of these systems.
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Fig. 1 Absorption and emission spectra of 2,4,6-OMe-TCF dye in THF solution with its molecular structure (a). A photograph of the laser emission from
2,4,6-OMe-TCF in THF solution (b). Typical evolution of the RL spectrum upon increasing pumping energy, the inset shows peaks intensity of RL vs.
pumping pulse energy with the lasing threshold at around 270 pJ, which corresponds to 54 kW of pumping power (c). The energy threshold of the lasing
as a function of the dye concentration in THF, the blue curve, is a guide to the eye (d).

Nowadays, a vast number of dyes are designed in such a way
that they can exhibit many desired and attractive features like
AIE,*”?® photoisomerization,>®?*° ability to generate NLO
effects,’® etc. Among them, one can distinguish the dyes con-
taining the 2-dicyanomethylidene-3-cyano-4,5,5-trimethyl-2,5-
dihydrofuran or tricyanofuran (TCF) group, which is one of
the strongest electron-withdrawing moieties.** The title mole-
cule represents a wide family of TCF derivatives. Utilization of
this moiety in a molecule with the push-pull design can
significantly enlarge the Stokes shift of emission and introduce
a remarkable NLO response. As was recently shown by Ipuy
et al., such compounds can show excellent linear and nonlinear
optical properties, and what is more interesting is that they can
exhibit the AIE phenomenon as well.>

The 2,4,6-OMe-TCF dye was selected for measurements
because it shows a remarkable AIE behavior. It leads to a
significant increase in emission efficiency and a drastic change
in the emission spectrum™® as a result of aggregation and
further crystallization. This AIE-like behavior can be ascribed to
the formation of dye aggregates as well as recrystallization.
Both aggregated and crystalline forms exhibit relatively high
emission quantum yields equal to 7 and 22%, respectively.>®
Moreover, this compound can be used to fabricate so-called

4938 | J Mater. Chem. C, 2023, 11, 4937-4945

fluorescent organic nanoparticles (FONs), both in amorphous
and crystalline forms. Such FONs can be used as efficient two-
photon excited emitters, which are especially desirable for two-
photon imaging of biological tissues."?

This article shows that the 2,4,6-OMe-TCF molecule is a
versatile laser compound. It can be used to design laser materials
of outstanding performance, both in the form of liquid solutions
and polymeric solid layers. The aggregates formed during the dye
precipitation can even boost the lasing intensity up to ~170 times.
Moreover, the formation of mesoscopic-size crystals can be respon-
sible for two-photon excited lasing (2PEL) in polymeric layers.

Results

At first, the absorption and emission spectra of the tetrahydro-
furan (THF) dissolved TCF dye (2.6 x 10-> M) were investigated.
We monitored the absorption spectrum to select the appro-
priate excitation wavelength for one-photon excited lasing
(1PEL). The photoluminescence (PL) spectrum was recorded
to establish the spectral range of potential laser emission
occurrence. Experimental details are available in the Materials
and methods section in the ESI.f We found that the main

This journal is © The Royal Society of Chemistry 2023
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absorption band spans from nearly 400 nm to 550 nm, with a
maximum placed at around 477 nm. The fluorescence spec-
trum was measured from 500 nm to around 700 nm. In this
range, it has a maximum located at 548 nm, the full width at
half of the maximum (FWHM) of emission is equal to 75 nm
and the Stokes shift is 71 nm. The normalized absorption and
emission spectra are shown in Fig. 1 (a).

Next, we utilized the nanosecond pulse laser beam to excite
the THF solutions containing different amounts of the TCF dye.
The experimental setup is described in the Materials and
Methods section in the ESI.¥ An example of 1PEL from a cuvette
filled with a TCF solution is shown in Fig. 1(b). Our measure-
ments were carried out in a wide range of TCF dye concentra-
tions in the THF solvent (from 0.1 mg mL' to 8 mg mL™'). Such
highly concentrated solutions were selected because we wanted
to check the influence of the aggregation/crystallization effect
on laser emission. The stimulated emission was obtained
only for samples with dye concentrations higher or equal to
0.35 mg mL. Typically, the laser emission was evident above a
certain energy threshold level and was visualized as a band
(located at ~595 nm with FWHM ~20 nm) composed of
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multiple narrow modes randomly appearing in the spectrum.
According to the literature, for such highly concentrated solu-
tions, even the presence of small aggregates can be responsible
for random feedback formation.>*7*> Therefore, this type of
lasing was assigned to be coherent random lasing (RL).***”
As the obtained RL emission behavior was quite chaotic*®
(see Fig. S1 in the ESI}), we averaged RL spectra for each
pumping energy over 15 pulses. Then, averaged spectra were
plotted, as shown in Fig. 1(c), and from the peak intensity to the
excitation pulse energy relations, the threshold conditions were
estimated (see the inset in Fig. 1(c) with a characteristic
inflection point indicating the lasing threshold). However, even
for such an averaging procedure, the estimation of energy
thresholds is affected by significant standard deviations.®” In
Fig. 1(d), we depict the threshold conditions as a function of
the TCF dye concentration. The lowest threshold was obtained
for concentrations ranging between 0.5 and 1 mg mL—. We also
found that when the concentration crossed the value of
1.5 mg mL, the precipitation process was observed even by
the naked eye. After a while, for all of the samples with the TCF
dye concentration ¢ >1.5 mg mL"!, the precipitant settled down
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Fig. 2 Photograph demonstrating the difference in color and transparency of 2,4,6-OMe-TCF dissolved in THF at a 0.9 mg mL™! concentration with
different amounts of water (a). The average integrated intensity of RL spectra and the amplification factor as the function of the water content (b). Lasing
energy threshold dependency on the water content (c). The evolution of the averaged lasing spectrum with increasing water addition (d).
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in the form of sediment. Therefore, stirring solutions during
laser measurements was mandatory to obtain reproducible
results.

However, when the stirring is not enabled, we can clearly see
that the precipitate settles down to the vial's bottom for such
high concentrations. This process is visualized in the ESI¥
Fig. S2, where we depicted a photograph showing an 8 mg
mL-! solution of TCF just after shaking, with a clearly visible
suspension, and the same solution after 15 min. with the
clarified supernatant over the sediment. The differences are
also visible in the RL spectrum. The clarified supernatant
shows an RL spectrum comparable to those reported for our
previous measurements, with a maximum emission close to
595 nm. Interestingly, when we excite the suspension after
shaking, the RL spectrum is composed of two bands, one at
around 595 nm and the second close to 635 nm.

Next, we have focused on the influence of aggregation on the
lasing performance caused by the water added to the THF dye
solution. We decided to investigate the solution containing
0.9 mg mL* of the TCF dye because it is very close to the
saturation level, and the determined threshold of RL was also
relatively low (~270 pJ, which corresponds to ~54 kW). The
details of this experiment can be found in the Materials and
methods section. An exemplary photograph showing the differ-
ences in the solution clarity during the addition of different
water amounts is presented in Fig. 2(a). We can see that a
transparent orange solution in neat THF turns reddish and
hazy when water is added. For such conditions, the RL emis-
sion is even more chaotic (see Fig. S3 and Fig. $4 in the ESIt);
thus, the averaging was carried out over 600 pulses after each
dose of water was added. Fig. 2(b) shows how the integrated
intensity (red dots) over averaged RL spectra changes with water
addition. The pumping energy for this experiment was kept at
the same level and was above the threshold condition of a
pristine sample (~285 pJ, which is ~57 kW). We can see a
massive change in the RL intensity when water is added to the
cuvette.

To better visualize this effect, we have introduced the so-
called amplification factor. It is defined as the average inte-
grated intensity for a particular amount of water divided by the
average integrated intensity for a pristine solution. Therefore,
for no water addition, the value of this factor is equal to 1 by
definition. This factor is plotted in Fig. 2(b) with blue dots
when it takes values equal to or greater than one and with green
dots when its value is below 1. The maximum increase of the RL
intensity was reported for the sample that contained 25.9% of
water with an average amplification factor of 170. Those results
are in accordance with the energy threshold dependence on the
water content presented in Fig. 2(c). After crossing this value of
water amount, a drop in the integrated intensity was observed.
Finally, when the water content reached the value of 44.4%, the
integrated intensity was even lower than that reported for the
pristine sample, and moreover, another RL band located at a
wavelength of 634 nm started to appear. The color of the emission
becomes more reddish and dim; however, the light amplification
was nonetheless possible. The evolution of averaged RL spectra

4940 | J Mater. Chem. C, 2023, 11, 4937-4945
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with the addition of water is shown in Fig. 2(d). The blue spectra
represent all measurements for which the intensity was higher or
equal to that observed for the pristine sample. The green spectra
represent a measurement for which the integrated emission was
smaller than reported for the pristine sample. So on average, we
obtained two orders of magnitude enhancement of the RL emis-
sion for the highest amplification case.

As mentioned before, the previous analysis was carried out
for averaged emission spectra. For the dynamic case, when we
analyze emission spectra recorded pulse after pulse, the ampli-
fication factor can reach a value as high as 544 or as low as 17
for 25.9% of water addition. It must be mentioned that the
amplification factor for the dynamic case (Fig. S4, ESIT) was
calculated slightly differently. The value of each pulse inte-
grated intensity was divided by the averaged integrated inten-
sity over the whole period when water was not present in the
sample (first 600 pulses).

The addition of water is changing not only the RL emission
spectrum but also the PL spectrum. The comparison of the PL
spectrum of a solution (0.1 mg mL '), the same solution with
70% of added water, and a powder is shown in Fig. 3(a) with
black dashed, dotted, and continuous lines, respectively. The
change in the shape of the emission spectrum was observed
when water content crossed the value of 60%. This change was
also accompanied by a boost in the emission intensity, which is
visualized in Fig. S5 in the ESI.{ Unlike a solution without any

14
(a) PL in solution

1.2 +70%H,0 PL in powder
> PL in solution
B 1.04 RS RL in THF solution
< +485% H,0
L / :
£ 08+ )] 2PEL in PMMA
3 / RL in THF solution
N 0.6 4 /
T / RL in PMMA
E 04 RLin PS
S
z

0.2 4

0.0 1

500 550 600 650 700 750

Wavelength (nm)

4500 4 2-photon lasing 5x10°
3 4x10°
- o
4000 g threshold: 42.3 mJ/em”
g 3x10
’3? 3500 1 - 8
. > £ 3
g g = 2x10°
g 30004 & S
o = o 3,
i) 5 RS 100 | 200 300
5 2500 E Surface energy density (mJ/cmz)
- Q
c
— 2000
1500 4

640 650 660 670
Wavelength (nm)

630

620

Fig. 3 Comparison of PL and RL spectra obtained for different types of
samples (a). Evolution of 2PEL spectra with increasing pumping energy for
the PMMA sample with the threshold shown in inset (b).
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water addition, the spectrum is composed of two distinct
maxima at 592 and 612 nm. The blue-shifted shoulder has a
small hump at a wavelength of c.a. ~560-570 nm, which can be
assigned to the residual molecular emission of non-aggregated
TCF molecules. On the red-shifted shoulder, another small
hump located at the wavelength of c.a. ~680 nm is visible.
The further increase of the water amount results in complete
diminishing of the blue-shifted hump and the increase of the
red-shifted one. Interesting results are obtained for a powdered
(polycrystalline) sample; the emission is dominated by a con-
siderable maximum located at around 637 nm. The whole
spectrum extends between ~600 and 780 nm, with a small
hump at the red-shifted shoulder located at ~670-680 nm.

Another type of RL measurement was carried out for sam-
ples fabricated in the form of polymeric asymmetric slab
waveguides/quasi-waveguides made of polystyrene (PS), and
poly(methyl methacrylate) (PMMA) deposited on microscopic
support glass slides. The detailed procedure of their fabrication
process is available in the ESIf (Sample preparation section).
Both samples, made of PS via the spin coating technique and
made of PMMA via drop-casting, are shown in Fig. S6 (ESIt). It
is worth noting that both samples show relatively good optical
quality; however, the PS sample is more uniform in thickness.

We obtained the following thicknesses: 0.43 £ 0.03 pm and
5.26 + 0.41 pm for PS and PMMA, respectively.

Both samples were compared in the 1PEL experiment as
described in the Materials and Methods in section in the ESI.{
From Fig. S7 (ESIT), we can see that the RL threshold obtained
for the PS matrix is smaller than that for PMMA and is equal to
around 1.9 mJ em~> (3.8 x 10> kW em™>). In the case of the
PMMA matrix, for which the refractive index is lower than for
the glass substrate, the threshold is much higher and is around
15.9 mJ cm~” (3.2 x 10° kW cm™?). Moreover, it is clearly
evident that the lasing spectrum for the PS matrix is much
more red-shifted and spans between ~ 610 and ~ 650 nm with
FWHM = 22 nm. On the other hand, for PMMA, light ampli-
fication can be achieved for wavelengths ranging from ~ 590 to
~ 620 nm with FWHM =~ 15 nm.Here, we determine the thresh-
old conditions using slightly different units, namely mJ cm->
(or kW cm™?). As polymeric films are relatively thin with respect
to the Rayleigh length of the beam focus (cylindrical lens with
focal length f = 10 cm) we can assume that the excitation
volume of polymeric samples has the same cross-section across
the layer depth. Therefore the energy fluence or intensity are
good parameters to compare with other quasi-2D systems. In
previous cases, the 1 cm size of the cuvette, strong absorption,
and the scattering causing defocusing make it challenging to
determine the real area when the lasing phenomenon occurs.
Therefore, we decided to keep the cuvette at the same position
during all measurements and to determine thresholds in the
manner of total delivered pulse energy or pulse power (for
details, see the Materials and Methods section in the ESIT).

Another type of 1PEL measurement was carried out on
powdered samples only. The details of the experiment are
available in the ESI.{ Fig. S8 (ESI{) shows the evolution of the
typical RL spectrum upon increasing the pumping fluence. It is

This journal is © The Royal Society of Chemistry 2023
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worth noting that the gain profile is significantly red-shifted
with respect to those exhibited by non-saturated liquid samples
and occupies the spectral position at around 637 nm, the same
as that reported for powder PL spectrum maximum. The
threshold for the powdered sample was equal to 9.4 mJ cm—>
(1.9 x 10* kW ecm ™).

Finally, we decided to perform the 2PEL experiment using a
femtosecond excitation source and the experimental setup
described in the Materials and methods section. Additionally,
we decided to utilize the thicker sample, made of PMMA
instead of a PS-based system, as it exhibited better durability
against photodegradation (see the inset in Fig. S7, ESIT).
2PEL was observed above the pumping energy density of
42.3 mJ] ecm~> (385 GW cm~>) and appeared on the spectrum
as the peak located at a wavelength of 638 nm and FWHM
~ 10 nm (similar to the powdered sample). The evolution of
the 2PEL spectrum upon increasing pumping fluence is shown
in Fig. 3(b). The inset in Fig. 3(b) shows the peak intensity
dependence on the energy density of pumping light with a
clearly visible threshold.

In order to gain insight into the precipitation process and
types of formed aggregates, we measured the transmission of
He-Ne laser light (633 nm) through our liquid samples accom-
panied by measurements of light scattered at the right angle
with respect to the light propagation direction. The selected
wavelength of light is not absorbed by our dye, as shown in
Fig. 1(a). The details of the experiment are described in the ESIT
in the Materials and methods section. In Fig. 4(a), we can see
that the transmission for concentration ranging between 0 and
0.35 mg mL* is nearly constant and equal to ~92% (below
100%, mainly due to the specular reflections from cuvette
walls). However, when the concentration crosses the value of
0.35 mg mL (the threshold concentration for lasing), the
transmission drops down to ~86% (0.63 and 0.9 mg mL™).
Another sudden drop in the transmission is observed when the
concentration crosses 0.9 mg mL*, reaching a value of ~76%
for 1.1 and 1.2 mg mL. The analysis of scattering, presented in
Fig. 4(a), shows that the power of scattered light is growing
quasi-linearly up to 0.9 mg mL"?, with a very shallow inflection
at 0.35 mg mL . This inflection is not visible in Fig. 4(b) due to
the scale and is visualized in the ESIt in Fig. S9(a). When the
concentration of 0.9 mg mL~! is crossed, we observe a sudden
increase in the power of scattered light (from 300 nW to 1.5 uW)
due to the presence of macroscopic precipitates. Those results
clearly indicate that the oversaturation of solutions starts
between 0.9 and 1.1 mg mL.

Similar studies were performed for a sample with
0.9 mg mL' dye as a function of water content. From
Fig. 4(b), we see that the consecutive addition of water is not
significantly changing the transmission and scattering of up to
33.3% of water content. The changes are very weak; the trans-
mission decreases linearly from ~88% to ~85%, while the
power of scattered light increases from ~300 nW to ~400 nW
also in a linear manner. The further increase in the water
amount results in a drop in transmission and an increase in
scattering. The highest decrease in the transmission (and

J. Mater. Chem. C, 2023, 11, 4937-4945 | 4941
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highest increase of scattering) is reported for water amounts
between 44.4% and 53%. When 53% water addition is crossed,
we see once again the increase in sample transparency and a
decrease in light scattering, which is due to the sedimentation
of crystalline particles.

Finally, above mentioned studies were supported by
dynamic light scattering (DLS) measurements. The experi-
mental details are available in the ESI{ in the Materials and
Methods section, and results are also presented in the ESIf in
Fig. S9(b). The results carried out for samples with different
concentrations of dye have shown too weak scattering signals
for analysis, possibly due to the too-small size of aggregates for
this technique. Quality reports indicated the presence of sedi-
ment for samples with concentrations higher than 0.9 mg mL-.
In the case of measurements concerning water addition, the
detection limit crossed 20% of water addition. Small particles
of ~1 nm are observed in such cases. The further increase in
the water content up to 31% results in a slight growth of
particles up to around ~2 nm. When the water addition
crosses the value of 39%, FONs are formed, whose sizes vary
between 300-900 nm. For 46%, we see the bimodal curve; the
size of FONSs slightly decreases to around 200-500 nm, but also
we can observe the presence of micrometer size particles. For
51% water content, the solution is dominated by particles of
micrometer and submicrometer size.
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Discussion

The analysis of the lasing threshold dependence on the 2,4,6-
OMe-TCF concentration in THF solution indicates that the
lasing phenomenon occurs for high concentrations, relatively
close to the saturation level (~1.0 mg mL', see Fig. 4(a)). Of
course, the formation of small aggregates, like dimers, trimers,
etc., might start at concentrations far below 1.0 mg mL*, but
sufficient gain related to the formation of the aggregates can be
achieved when the concentration reaches or crosses the value of
0.35 mg mL*. The presence of aggregates was also proven by
scattering and transmission experiments, results of which are
shown in Fig. 4(a). They clearly indicate that transmission starts
to decrease exactly from 0.35 mg mL, and the scattering curve
has there an inflection point (see Fig S9 (a) in the ESIT).

On the other hand, when the solution becomes oversatu-
rated, the crystals present in the dye powder cannot dissolve. In
such cases, the supernatant consists of small aggregates and
molecules, while crystals can settle down at the bottom of the
cuvette after some time. For example, in the case of a sample
containing 8 mg mL of the TCF dye, the powder residue forms
a clearly visible sediment. When we compare the RL spectra of
the supernatant after the sedimentation of the precipitate for
this sample (15 minutes after turning off the stirring) with the
shaken solution, we will see that the RL spectra are substan-
tially different, as shown in Fig. S2(b) (ESIt). For the spectrum
of the supernatant, we can see the RL emission, with the
maximum located at ~595 nm, the same as that reported for
the solutions with concentrations below the saturation level.
However, the second band, located at~ 635 nm, appeared when
we acquired the RL spectrum from the shaken solution.

Therefore, we link the second band to the crystals’ amplified
emission, while the RL at 595 nm is due to the small aggregates.

This statement is justified by DLS measurements, which
were unable to detect any significant particles in the super-
natants, and quality reports indicated the presence of sedi-
ment. What is more, the PL and RL spectra shown in Fig. 3(a)
are also in accordance with this statement. We can easily see
that the PL spectrum of powder is significantly red-shifted with
respect to other samples, and its dominant band is exactly
matching the position of RL bands reported for powder (Fig. S8,
ESIt), sediment (Fig. 2S), and solutions with water fraction
higher than, and equal to 46% (Fig. 2(d)).

The results of experiments on RL regarding the influence of
water can also be explained in an aforementioned manner. The
AIE effect boosts the RL in the band located at 595 nm. The
analysis of Fig. 4(b) and Fig. S9(b) (ESI{) shows that in the range
of water fractions spanning between 0 and 39%, there are no
large aggregates present. In most cases, their sizes are below
the detection limit, and finally (for 39%), they grow up to 2 nm.
A further increase in water content results in FON formation.
Due to the high dispersity and, in general, molecular disorder,
we deal with a mix of amorphous and crystalline FONSs.
According to ref. 22 the emission spectra of both types of FONs
have the same shape; thus, they will contribute the same to the
resulting PL and RL spectrum. Once the critical water addition
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is reached (46% for a solution with 0.9 mg mL— of the TCF dye),
the formation of crystals starts to occur, resulting in an overall
drop of the emission intensity and band-switching (to
~635 nm). In order to better visualize this effect, we have
depicted the RL spectra acquired for different samples and
under different conditions together with PL of a solution, a
solution with 70% of water amount, and a dye powder (Fig. 3(a)).
The RL spectra almost perfectly match the PL bands that can be
assigned to small aggregates for lower amounts of water and the
powder PL when RL is obtained from a solution with high water
addition. The DLS measurements show the presence of micro-
meter and sub-micrometer size particles next to FONs. For
further increase of water content (51%), microparticles that
can be assigned as crystals are dominating the solution.

In general, adding water to the THF-dye mixtures signifi-
cantly influenced 1PEL intensity and stability. The emission
process became chaotic, and the average integrated intensity
can be increased even by a factor of 170 (for 25.9% of water
addition). Such a massive increase can be caused by the boost
of the emission quantum yield*® and multiple light scattering,
which can also provide positive feedback for RL operation.
Here, we deal with the RL effect, as the emission spectra are
typical for this phenomenon.?® Hence, the influence of the
feedback resulting from the multiple scattering must also be
considered in the simulated emission intensity enhancement.
Moreover, the disorder at the molecular level leading to a
complex interplay between different luminous species is also
crucial for the lasing performance. Therefore, the nature of
light amplification is not trivial; it involves all of the mentioned
mechanisms and cannot be explained only in terms of PL
quantum yield enhancement. For example, for a solution with
a concentration of 2,4,6-OMe-TCF equal to 0.02 mg mL*, the
147-fold enhancement of PL was reported.® In the ESL, 7 Fig. S5,
we show the PL intensity enhancement by the factor of 55 for
the solution with a dye concentration of 0.1 mg mL-.

Interestingly, a comparison of RL with transmission, scatter-
ing, and DLS results indicate that the biggest boost of RL
emission is due to the presence of small aggregates of sizes
between 1 and 2 nm.

It has to be underlined that the water fraction saturation
level (in our case, for a solution containing 0.9 mg mL* of dye,
itis equal to ~46%), the average boost of the RL emission, and
the optimal water content, will depend on the initial dye
concentration. Therefore, the results obtained for different
solution parameters may differ from those which are presented
here. Thus, it might be thought that it is still possible to
optimize the parameters of the dye solution to obtain much
higher amplification factors of the RL emission.

In order to clearly confirm if crystals are responsible for lasing
from the band located at around 637 nm, we performed the lasing
experiment for the powdered sample (in the form of microcrystals -
see Fig. S10 and S11(a) and (b) in the ESIt). This experiment clearly
confirmed our suspicion as RL was achieved from the powder at the
band located at ~637 nm (see Fig. S8 in the ESIT).

To summarize, small aggregates are responsible for light
amplification at the band centered at ~595 nm. Moreover, they
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are also responsible for the highest amplification, when 26% of
water is added to the liquid sample. Further aggregation up to
the formation of microcrystals results in band switching to
637 nm.

The 2,4,6-OMe-TCF dye can also be used as a very promising
lasing dopant in polymeric environments. In such a case, the
influence of the molecular disorder is even more striking as the
stimulated emission spectral position is dependent on
the matrix and layer deposition method. The analysis of
Fig. 3(a) and Fig. S7 (ESIt) indicates that 1PEL for the PMMA
sample was achieved at the wavelength of 600 nm, while for the
PS-based sample, it occurred at ~635 nm. The strong red shift
of emission for the PS sample is mainly due to the better
waveguiding effect and reabsorption, but the differences in
dye miscibility and matrix-dye interactions cannot be ruled out.

Interestingly, when 2PEL was investigated in the same
PMMA sample, the light amplification occurred at the band
previously assigned to crystals (~638 nm). It shows that all of
the different luminous species are present in polymeric sam-
ples (from single molecules to microcrystals) and might be
involved in light amplification. This statement can be con-
firmed by micrographs shown in Fig. S10 in the ESIL,{ which
present a comparison between TCF dye microcrystals in the
PMMA layer and the powder sample. However, from emission
spectra, we see that for 2-photon excitation, the PMMA-based
sample prefers to amplify the light from microcrystals. The
obtained threshold of 2PEL is relatively high but comparable to
other systems investigated before.’®™*

Finally, it is worth noting that our polymeric systems were
not optimized to exhibit the lowest possible thresholds for
1PEL as well as for 2PEL. Playing with such parameters as
different polymeric matrices, thickness, waveguide design, dye
concentration, excitation wavelength, scattering strength, etc.,
or using different resonators, it is possible to decrease the
lasing threshold much below the values reported here, as well
as to tune the emission wavelength of the resulting laser
system.

Conclusions

To conclude, the one- and two-photon excited laser emission
was evidenced in samples containing the 2,4,6-OMe-TCF dye,
indicating that this compound can serve as a versatile lasing
material. It can be used in liquid solutions and as dopants for
solid polymeric matrices. The aggregation can be successfully
used to boost the efficiency of the light amplification process as
the dye shows AIE-like behavior. The AIE phenomenon is
crucial and strongly influences threshold conditions, emission
intensities, and gain profile spectral positions. Moreover, dif-
ferent luminous species (aggregates and crystals) were evi-
denced to be responsible for the light enhancement in
different spectral regions.

We have shown that the emission intensity can be increased
even by a factor of 170. However, we believe that it is still
possible to increase this factor even more, as the rate equations
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were not yet proposed, and the disorder was also not optimized.
The same could be stated about threshold conditions; they can
also be optimized by changing the concentration, sample
morphology, etc. However, the reported ones are still satisfying,
e.g., for pumping conditions provided by cheap DPSS lasers of
pulsed operation. Moreover, the AIE effect can also coexist with
thermally activated delayed fluorescence (TADF),>* for which
ultra-low threshold conditions can be obtained.**** Therefore,
the AIE effect can be used next to others to improve the lasing
properties of the resulting materials.

The versatility of this compound can also be understood in
terms of tailoring of laser properties. For example, elaborating
methods that allow controlling the disorder at the molecular
level could be very beneficial in developing high-performance
and cheap laser materials. Additionally, aggregation-enabled
lasing/random lasing may find applications in diagnostics and
bio-imaging. Here, the selective ability of different cell orga-
nelles stained by AIE dyes could be used for this purpose.
Therefore, we believe that novel types of laser-based imaging
methods can be developed based on the proposed approach.

Finally, it has to be underlined that 2PEL is not a common
phenomenon in organic molecular systems. For typical organic
molecular systems, the rate of two-photon absorption becomes
significant only for very high concentrations; however, in such
cases, the aggregation emission quenching prevents the devel-
opment of the laser emission. AIE dyes are not affected by this
issue. The cross-sections for the two-photon excited fluores-
cence can thus be increased by aggregation and/or crystal-
lization. Therefore, they are promising candidates for novel
multiphoton-excited lasing materials. The presented approach
is somewhat different from others, where large molecules are
synthesized to fulfill the requirements of a high nonlinear
absorption cross-section to ensure laser emission.***>

Here, we have shown that the 2PEL occurs from the dye’s
crystalline form. This indicates that aggregation/crystallization
might be the key strategy to reach the mentioned goal.

Regarding our case, it could be stated that the sufficient gain
for 2PEL was due to the dye crystals’ involvement.
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