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1. Introduction

Versatile BODIPY dyes for advanced
optoelectronics: random lasing, harmonics
generation, and OLED application
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b

Piotr Lesniak, 1% Paulina Wojcicka, +© Adam Szukalski,
Bouchta Sahraoui, © ¢ Dorota Zajac,” Przemystaw Kula,? Jarostaw Mysliwiec
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Organic optoelectronic materials are advancing rapidly, opening new possibilities for the design of
efficient and multifunctional photonic systems. While most studies on boron-dipyrromethene (BODIPY)
derivatives have focused on biomedical and sensing applications, their potential in advanced
optoelectronics remains largely unexplored. Furthermore, previous reports have typically addressed
single functionalities rather than integrated performance across diverse photonic regimes. Here, we
introduce three newly synthesized BODIPY derivatives that demonstrate remarkable versatility as
optically active materials. We demonstrate their nonlinear optical (NLO) activity through both second
and third harmonic generation, supported by quantum chemical calculations. Moreover, these dyes
exhibit strong amplified spontaneous emission and efficient random lasing without the need for external
resonators, along with excellent photostability and compatibility in liquid crystalline and polymer
matrices. Additionally, organic light-emitting diode (OLED) devices incorporating BDPs showed light
emission, suggesting potential for further investigation. By combining stimulated emission, NLO, and
OLED perspectives in one class of emitters, we provide a rare example of multifunctional organic
materials. This versatility positions BODIPY dyes as promising candidates for integrated photonics and
scalable optoelectronic technologies.

which are flexible, widely accessible, and compatible with a variety
of systems.>® This enables the integration of diverse organic

In recent years, research in optoelectronics has progressed
rapidly, particularly in the field of organic materials. Although
inorganic systems remain highly valuable, they present several
challenges. Careful material selection during growth and poor
lattice compatibility complicate the fabrication process. Moreover,
inorganic devices typically rely mostly on crystalline forms and
require large-scale equipment under stringent conditions such as
ultra-high vacuum. Addressing these limitations often demands
substantial time, effort, and financial resources.'™ Thanks to
advances in materials engineering and targeted synthesis, these
limitations can now be addressed using organic compounds,
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materials into scalable systems without the need for specialized
equipment.

Fluorescent dyes constitute a key subgroup of organic mate-
rials, serving as emitting dopants and gain media in lasers.” ™
These molecules are readily accessible, widely commercialized,
and exhibit excellent emission properties, including high quan-
tum yields of 0.56-0.98"" and broad emission wavelength
ranges.’®'” Their favorable characteristics have driven extensive
research in biological applications, such as fluorescent markers
in medicine,"®" in photodynamic therapies (PDT)'®***! as a
fluorescent probe for gas or ion detection'®** and as chemical
sensors.”>** Among these, boron-dipyrromethene (BODIPY), has
attracted special attention, as it can be applied across all of the
previously mentioned fields.>*** Less commonly, these com-
pounds are utilized in optoelectronic applications, such as lasers
and organic light-emitting-diode (OLED) devices. Accordingly,
the following text focuses on BODIPY dyes and their unconven-
tional applications in optoelectronics.

The family of BODIPY (Fig. 1) belongs to the class of organic
fluorescent dyes, with fluorescence quantum yields in the range
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Fig. 1 Chemical structure of BODIPY with IUPAC atom numbering.

of 0.86-1.00."**>% They are chemically and photostable, and
tunable across emission wavelengths,*>*® and relatively easy to
synthesize'” with low production costs. These combined advan-
tages make BODIPY dyes excellent candidates not only for bio-
related applications but also for optoelectronic technologies,'*>%**
including laser systems,***?*¢ NLO,*”"** and OLEDs.**™*® Despite
extensive studies, most BODIPY derivatives have been explored for
single-function applications, and their potential as multifunctional
materials combining lasing, NLO activity, and electroluminescence
remains largely unexplored. Here, we report newly synthesized
BODIPY dyes that address this gap, demonstrating efficient per-
formance across a range of laser spectroscopic studies as well as in
OLED devices.

Firstly, we present computational and experimental NLO
studies of three newly synthesized BODIPY dyes, namely BDP1,
BDP2, and BDP3. Experiments reveal efficient second and third
harmonic generation (SHG, THG, respectively). These results
indicate that the compounds are promising candidates for NLO
applications,®® including frequency conversion,*** optical
switching,”** and signal processing.”>>* The empirical studies
are complemented by quantum-chemical calculations, which
demonstrate excellent NLO properties. In particular, BDP2 exhi-
bits significantly higher hyperpolarizability and ground-state
dipole moments than p-nitroaniline derivatives, commonly used
as reference models in spectroscopic studies.’®® Moreover, all
BDPs exhibit efficient light emission and amplification when used
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as laser dyes in these systems. Compared to traditional lasers,
where the active medium is solid or gaseous, BODIPY-based
random lasing (RL) systems are more compact, cost-effective,
easier to fabricate and maintain, and provide a broader range of
emission wavelengths. All these outstanding properties encour-
aged us to use BODIPYs in the construction of OLEDs, which we
demonstrate in our studies as perspectives.

2. Results

2.1. Synthesis process

In this work, three BODIPY dyes with different aromatic sub-
stituents at the meso position were synthesized (Fig. 2), includ-
ing two novel compounds, BDP2 and BDP3, and BDP1, which
was prepared following previously reported procedures.””’”®
The target compounds were synthesized using the Lindsey-
Wagner method, starting from the corresponding aldehydes.*
The synthetic procedures are described in Section S1 (Fig. S1-S9)
of the SI, including the preparation of the dyes and key inter-
mediates, as well as their characterization by MS, '"H NMR, and
3C NMR spectroscopy. This method relies on a condensation
reaction that occurs between electron-rich pyrroles and nucleo-
philic aldehydes to form dipyrromethanes. This is similar to the
Rothemund reaction used for porphyrin synthesis,*® but with the
use of excess pyrrole (1a) or by blocking the second o position of
the ring, the condensation can slow down after the dipyrro-
methane stage, limiting the formation of higher condensed
products. Dipyrromethanes 2.1a and 2.2a were synthesised from
the corresponding aldehydes using excess pyrrole (1a) and
isolated with a 7.5% and 52% yield, respectively. The low yield
of dipyrromethane 2.1a was likely due to decomposition during
the attempt to purify the compound by high vacuum distillation.
For dipyrromethane 2.2a, column chromatography afforded a

BDP2
(30%)

Fig. 2 Synthesis of BODIPY dyes BDP1, BDP2, and BDP3. Reagents and reaction conditions: (i) 1a, 4-bromobenzaldehyde, TFA, r.t., 2.5 h; (ii) 1a,
2'-fluoro-4"-pentyl-[1,1";4’,1"-terphenyl]-4-carbaldehyde, TFA, r.t., 20 h; (i) 1b, 2,6-dimethoxybenzaldehyde, DCM, TFA, r.t., 20 h; (iv) DDQ, DCM,

rt., 0,25-15 h, then DIPEA, r.t., 5 min, then BFz-Et,O, 0 °C-r.t,, 1.5-20 h.
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Fig. 3 Optimized ground-state geometries of the studied compounds:
(a) BDP1, (b) BDP2, (c) BDP3.

higher yield. Using the known procedures,®® the synthesised
dipyrromethanes were then oxidized to transitional dipyrrins at
room temperature using 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ) in dichloromethane (DCM). After a short reaction
time, a large excess of diisopropylethylamine (DIPEA) was added
to the same reaction flask, followed by cooling and the addition
of excess trifluoroboron in diethyl ether (BF;-Et,0O). After reac-
tion workup, BDP1 and BDP2 were isolated using column
chromatography with a 27% and 30% yield, respectively. The
synthesis of BDP3 was done similarly, but starting from 2-
methylpyrrole (1b) to limit side product formation during the
dipyrromethane stage. This was used in an attempt to carry out
the reactions in a “one-pot” fashion without the isolation of the
dipyrromethane intermediate (2b). The condensation was car-
ried out using the corresponding 2,6-dimethoxybenzaldehyde,
and after standard DDQ oxidation, followed by boron complexa-
tion, the final product was purified using column chromatogra-
phy and isolated with an 11% yield.

2.2. Quantum-chemical calculations

The following theoretical calculations, encompassing both
linear and NLO properties, provide a predictive framework for
comparison with the experimental results presented in Section
2.3. Nonlinear optical effects: SHG and THG.

Theoretical calculations were performed for the BODIPY
derivatives, with their optimized ground-state geometries
shown in Fig. 3(a)—(c).

These optimized structures served as the basis for all sub-
sequent spectroscopic and NLO property predictions. In all
studied structures, the S, — S, electronic transitions exhibit
consistently strong oscillator strength values (f ~ 0.64-0.71,
Table 1), which is aligned with the high molar absorptivity of
BODIPY derivatives (¢ > 70000 M~ cm ") and their intense
fluorescence even in aqueous and biological media.®**

The absorption wavelengths predicted by theoretical calculations
(A ~ 458-480 nm, Table 1, and spectra in SI, S2, Fig. $10) fall within
the typical range reported for standard BODIPY derivatives (approxi-
mately 470-520 nm), which are well known for their characteristic
absorption maxima in the blue-green region of the spectrum.®
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Table 2 Calculated energies of Frontier molecular orbitals (Enomo, ELumo)

and molecular orbital energy gap (AET™©)

Compound Enomo (eV) Erumo (eV) AE™© (ev)
BDP1 —7.015 —2.718 4.297
BDP2 —6.980 —2.686 4.293
BDP3 —6.498 —2.352 4.146

Particularly noteworthy is BDP3, which displays the largest
red shift in absorption and the lowest HOMO-LUMO energy
gap (4.15 eV, Table 2).

This behaviour is consistent with reported observations for
structurally extended BODIPYs bearing donor-acceptor substi-
tuents (see frontier molecular orbitals in Fig. 4a-c).>*°"

Regarding the Stokes shift, the highest values (up to 20 nm)
were observed for BDP3, indicating greater geometrical reorga-
nization in the excited state (highest root-mean-square devia-
tion (RMSD), SI, S3, Fig. S11). This is consistent with literature
reports attributing shifts of 10-30 nm to charge-transfer (CT)
effects or molecule-environment interactions.?**"*?> For BDP2,
which shows the highest change in dipole moment (Au = 1.96 D),
the HOMO — LUMO transition may possess partial CT character
- this has also been reported for systems with donor groups in
the meso position (Fig. 4b).°>** Notably, BDP1, characterized by
the smallest Au and the smallest Stokes shift, resembles classi-
cal, rigid BODIPY systems. Such molecular arrangements are
described in the literature as optimal candidates for fluorescent
labeling due to their high quantum stability and minimal
geometrical reorganization.’® The theoretical data are consistent
with experimental observations for both basic and functiona-
lized BODIPY dyes. The distribution of Au and A5 para-
meters correlates well with the type of substituents and the
degree of molecular rigidity. BDP3 exhibits features typical of
dyes with potential for optoelectronic applications (e.g., OLEDs),
whereas BDP1 appears most suitable for biological applications,
where high stability and minimal spectral shifts are required.

The NLO properties of the three studied BODIPY systems
were assessed through the calculated first (f,) and the average
second hyperpolarizability (y,y) (see Table 3).

BDP2 exhibits the highest . value, which can be attributed
to the presence of a more effective donor-n-acceptor system
and greater charge delocalization in the excited state. The o
for BDP2 reaches 17 174 a.u., corresponding to ~1.49 x 10 2®
esu, which is comparable to classical NLO dyes such as DANS
(B ~ 55-70 x 10° esu) or stilbene derivatives with strong
donor and acceptor groups.®® For comparison, the B value for
BDP1 is 393 a.u. (~7 x 10>° esu), which corresponds to typical

Table 1 Calculated one-photon absorption parameters for the BDP compounds: vertical excitation energies (E), oscillator strengths (f), ground- and
excited-state dipole moments (ug, ug), and Stokes shift (A15°K%%). All data refer to the So — S; transition

Compound / (nm) E (eV) ) 1| (D) |pe| (D) Ap = |ug| — |uc| (D) AZ%* (nm)
BDP1 459 2.703 0.654 5.27 3.58 1.69 17
BDP2 458 2.706 0.644 9.97 8.01 1.96 17
BDP3 480 2.584 0.705 7.84 6.59 1.25 20

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Frontier molecular orbitals (HOMO and LUMO) involved in the lowest-energy one-photon transition (So — S;) for (a) BDP1, (b) BDP2, and
(c) BDP3. The distance between the barycenters of electron density transfer.

Table 3 Total first hyperpolarizability (1), average second hyperpolariz-
ability (yayg) at the static and dynamic (4 = 1064 nm) regime, and f-electric
field induced second harmonic generation (Bgrsy) for BDP1-3

Bioe (a.u.) o (@) g (au) Yavg (a.U.)
BDP1 393 116 25398.06 353874.40
BDP2 17174 39055 375027.96  5692689.93
BDP3 13346 18582 —6948.57 225633.30

values for symmetric n-conjugated systems such as nitroaniline
or azobenzenes.®® The value obtained for BDP3 - 13346 a.u.
(~4 x 1028 esu) - suggests a balanced donor-acceptor effect
and moderate electronic anisotropy, comparable to selected
BODIPY derivatives modified at the meso position.

To evaluate the potential of the investigated molecules for NLO
applications, particularly for SHG, the fgrisy parameter ~ - fior for
BDP2 was analysed. This parameter directly corresponds to the
measurable signal in the electric field induced second harmonic
generation (EFISH) technique, which is widely employed to assess
the NLO properties of organic compounds in solution.®”””*® These
values suggest that BDP2 possesses particularly high NLO potential
(Berisu = 5.82 x 10~ esu), significantly exceeding that of classical
compounds such as p-nitroaniline derivatives (8-21 x 10~ esu) or
DANS (~55 x 10*° esu).”*"*

The calculated second hyperpolarizability values (}ay,) for the
studied BDP compounds reveal significant differences among
the molecules and a pronounced dispersion effect. In particular,
BDP2 exhibits a substantial increase in y at a wavelength of
1064 nm, indicating an enhancement of the NLO response
under dynamic conditions This enhancement may be linked to
near-resonant optical or two-photon effects, characteristic of
systems with pronounced charge-transfer (CT) -character.
Although the photon energy employed in the dynamic

J. Mater. Chem. C

calculations (1064 nm, 1.165 eV) is below the electronic excita-
tion energies of the molecules, two-photon processes could still
contribute to the observed enhancement of NLO responses. The
obtained values highlight the potential of BDP2 as an active
material for NLO applications.®*

The calculated absorption properties of the studied BODIPY
derivatives show good consistency with their potential NLO
responses. BDP1, with an absorption maximum at 459 nm and
a modest dipole moment change upon excitation (Ax = 1.69 D),
represents a classical, rigid BODIPY core with minimal CT
character. This is reflected on its low fy value, in agreement
with literature reports for symmetric n-conjugated systems.®®”*
In contrast, BDP2, with a similar absorption wavelength
(458 nm), but the highest Au value (1.96 D) and an extended
n-conjugated system, results in significantly higher B, and
Perisu parameters. These findings indicate an efficient CT
character, typical of push-pull systems with extended -
conjugation.”>”* BDP3, on the other hand, is characterized by a
red-shifted absorption maximum (480 nm) and an intermediate Ay
value (1.25 D), displaying NLO properties that lie between those of
BDP1 and BDP2. The presence of methoxy groups in BDP3 likely
introduces a localized CT character, which justifies the moderately
high f value observed.®®”® The next section focuses on the
experimental SHG and THG responses of the studied compounds
to evaluate predicted trends. In the SI (S3, Tables S1-S5), we provide
supporting data, including the calculated second- and third-order
hyperpolarizability tensor components in both static and
frequency-dependent regimes, as well as the full Cartesian coordi-
nates of the optimized structures.

2.3. Nonlinear optical effects: SHG and THG

The NLO activity of the investigated BODIPYs was further
confirmed through SHG and THG experiments, with the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Maker fringes representing SHG signals recorded in two orthogonal polarizations: S (a)—(d) and P (e)—(h), for quartz (a, e), BDP1 (b, f), BDP2 (c, g),

and BDP3 (d, h), respectively.

corresponding results presented in Fig. 5 and 6, respectively.
Since the studied molecules are centrosymmetric, deliberate
symmetry breaking was necessary to induce SHG. This was
accomplished using corona poling, a thermo-electric technique
that generates non-centrosymmetry in the samples. Angular-
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characteristic Maker fringes in Fig. 5a-h. SHG measurements

were analysed using a comparative approach based on the Lee
model, starting with a quartz reference measured under two
orthogonal polarization configurations, S and P (Fig. 5a and e).
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Fig. 6 Maker fringes representing THG signals, shown alongside theoretical model curves (blue solid lines), for silica (a), BDP1 (b), BDP2 (c), and BDP3 (d),

respectively.
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Additionally, since quartz is a strongly anisotropic material
with respect to S-polarization, and the samples exhibit
enhanced signals under P-polarization, we decided to adjust
the experimentally determined y® values obtained for the
P-polarization configuration by applying a Fresnel factor
correction.”®”” This correction was introduced because the
calculated second-order susceptibility could otherwise be over-
or underestimated, depending on the polarization used (S or P)
when quartz is employed as the reference material. Subse-
quently, all three BODIPY derivatives were investigated under
identical conditions. In each case, the SHG signal exhibited
pronounced modulation as a function of the incident angle of
the fundamental laser beam. Among the series, BDP1 exhibited
the lowest 2nd order NLO response, with 1® values of 0.063
and 7@ of 0.749 pm V~* for S and P polarizations, respectively.
BDP2 demonstrated the highest response in S-polarization
(#® = 0.136 pm V1), while BDP3 exhibited the strongest perfor-
mance under P-polarization, reaching )((ezt)f = 2.447 pm V
approximately 2.5 times higher than the quartz reference (X(Z) =
1.0 pm Vv ").”® Although the overall SHG signals were modest, the
sensitivity to molecular structure and angular variation under-
scores the potential of BODIPY systems in 2nd order nonlinear
optics. A detailed summary of the extracted y® and ;% values is
provided in Table 4.

The 3rd order NLO properties of the BODIPY compounds
were subsequently investigated, with the results displayed in
Fig. 6a-d. The recorded signals exhibited Maker fringe pat-
terns, characteristic of phase-matched harmonic generation,
but at higher frequencies than those of SHG. Fused silica
served as the reference material, while data analysis and
extraction of 3rd order susceptibilities (1(3)) were performed
using the Kubodera-Kobayashi theoretical model.

In contrast to the SHG measurements, the THG response
from the studied BODIPYs was pronounced even without any
symmetry-breaking treatment, underscoring the intrinsic 3rd
order NLO activity of these centrosymmetric molecules. All
compounds exhibited 3 values exceeding that of the silica
reference (¥ = 2.0 x 107* m? v 2).”° Among them, BDP1
showed the weakest response, with 3 = (3.698 + 0.024) x
107>> m* V> BDP3 demonstrated an enhanced value of (4.116 +
0.024) x 10~** m® V2, while BDP2 exhibited the strongest 3rd
order response, reaching (5.190 £ 0.032) x 10~ ** m®> V2,
approximately 2.5 times higher than the silica benchmark.
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These findings highlight the strong 3rd order NLO potential of
BODIPY-based materials, achieved without requiring external
poling or symmetry manipulation. This stands in contrast to
SHG, which requires symmetry-breaking techniques to activate
2nd order responses. A comprehensive overview of the 1) values,
along with the morphological characteristics of the samples, is
provided in Table 4.

When comparing the 5 values obtained in this study with
those reported in the literature for BODIPY-based materials,®® it
is essential to consider differences in sample composition and
experimental conditions. Literature values typically range from
approximately 5.0 x 107>° to 1.3 x 10~'° m* V2 (SI units),
measured in polymer films containing significantly higher
chromophore concentrations, up to 30% w/w in polystyrene
matrices. In contrast, the BODIPY compounds investigated
here were incorporated at a substantially lower concentration
of 2% w/w in polymethyl methacrylate (PMMA), yet still exhibit
significant 3rd order nonlinear susceptibilities. Furthermore,
the reported studies employed nanosecond pulsed lasers,
which can induce thermal effects and free-carrier generation,
potentially leading to artificially enhanced ) values. The
present measurements utilized a picosecond pulsed laser,
minimizing such thermal contributions and providing a more
intrinsic evaluation of the 3rd order NLO response of the
BODIPY chromophores.

Notably, a recent study employing a comparable experi-
mental setup with approximately 5% dye concentration
reported 2nd order nonlinear coefficients (3') in S polarization
of 2.75 and 5.86 pm V' for BODIPYs B1 and B2, respectively,
and in P polarization of 3.61 and 5.42 pm V~.*° Their 3rd order
nonlinear susceptibilities (5*)) were found to be 3.2 x 1072
and 1.79 x 10~ %° m® V2 for B1 and B2, respectively, which are
higher than those obtained in this work, consistent with their
higher dye loading and material-specific properties. This com-
parison highlights the impact of dye concentration and mole-
cular structure on the NLO response.

These factors collectively explain the observed lower )
magnitudes in this work, while highlighting the robustness
and relevance of the results under more controlled,
low-concentration, and low-thermal-loading conditions. A
detailed summary of the 2nd and 3rd order susceptibilities
alongside morphological parameters is presented in
Table 4.

Table 4 Summary of the 2nd and 3rd order nonlinear optical susceptibilities, along with morphological characteristics, of the measured and cited

BODIPY compounds

Dye conc. vs. polymer  Thickness o at355nm 5 x 1072 Ay® x 1072 gat532nm  4® S pol. 74 P pol.
Compound  mass %(w/w) (nm) (em™) (m v~ 1)? (m v~ 1)? (em™) (pm v (pm V)
BDP1 2.0 1544 2042.09 3.698 0.024 388.23 0.063 0.749
BDP2 2.0 1622 556.04 5.190 0.032 204.61 0.136 1.102
BDP3 2.0 1681 669.04 4.116 0.024 1295.89 0.107 2.447
2a%° 30.0 77-170 63 000 500 — — — —
1a*° 30.0 77-170 82000 1300 — — — —
B1° ~5.0 30-1200 — 32 — — 2.75 3.61
B2*° ~5.0 30-1200 — 179 — — 5.86 5.42
Silica — — — 2.0 0.2 — — —
Quartz — — — — — — 1.0 1.0
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The experimental SHG and THG measurements are in good
agreement with the quantum-chemical predictions: BDP2 con-
sistently displays the strongest third-order NLO response, while
BDP1 remains the weakest across all methods. Notably, the
particularly strong SHG activity of BDP3 under P-polarization
suggests additional structural and orientational factors not fully
captured by the theoretical models, underscoring the comple-
mentarity of computational and experimental approaches. These
findings establish a direct correlation between molecular struc-
ture, calculated NLO parameters, and experimental responses,
which will be further explored in the context of spectroscopic
properties and RL performance in the following section.
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2.4. Basic spectroscopic properties and RL performance

Beyond their NLO activity, the fundamental spectroscopic
properties of the studied BODIPY derivatives were investigated
to provide a comprehensive overview of their photophysical
behaviour. Absorption and fluorescence spectra of all BDPs,
measured in LC and PMMA matrices, are presented in Fig. 7.
Corresponding studies in solution (DCM) are provided in the SI
(Section S4, Fig. S12), along with Table S6 summarizing the
relevant optical properties.

The absorption and emission spectra of the studied BODIPY
derivatives show similar spectral ranges in both LC (E7) and
PMMA matrices, allowing for a straightforward comparison of

d
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Fig. 7 The absorbance (lines) and emission (coloured areas) spectra of the investigated BODIPY dyes doped to the LC (a—c) PMMA matrix (d—f).
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their photophysical behaviour in different environments. In the
LC environment, the absorption range spans 450-550 nm, with
maximum peaks at 508 nm, 507 nm, and 518 nm for BDP1,
BDP2, and BDP3, respectively (Fig. 7a-c). In contrast, the
PMMA-doped thin films exhibit a broader absorption range,
from 335 nm to 550 nm, and show additional peaks likely
associated with S, — S, transitions. Maximum absorption peaks
in PMMA were observed at 502 nm, 501 nm, and 514 nm, for
BDP1-3, respectively (Fig. 7d-f).

Fluorescence spectra for BODIPY in the LC matrix extend
from 500 to 650 nm, with peak maxima at 541 nm, 542 nm, and
543 nm for BDP1, BDP2, and BDP3, respectively (Fig. 7a-c). In
PMMA, the fluorescence range is slightly broader, from 490 to
660 nm, peaking at 523 nm, 528 nm, and 532 nm, for BDP1-3,
accordingly (Fig. 7d-f). The red shift in emission observed within
the LC matrix may be attributed to the polarity of the anisotropic
environment, which is further pronounced by the dense packing
of the molecules, which efficiently stabilizes the excited state,
shifting the emission towards longer wavelengths compared to
the isotropic environments of DCM (see SI, S4). However, in the
examined PMMA-based systems, the postulated rigidity might be
even greater than in LC according to combined polarizability and
molecular packing effects, which results in lower energetic excited
states. Considering measurements in DCM, all of the synthesised
BODIPY dyes exhibit absorption/emission spectra characteristics
(SI, S4, Fig. S12 and Table S6), which are similar to those of the
unsubstituted BODIPY,*” indicating the little influence meso-
phenyl substituents have on the electronic structure of the core.
The photophysical parameters for the synthesized dyes in DCM
are presented in SI, S4, Table S6. As demonstrated, the most
intense absorption bands, at 503 nm, 502 nm, and 515 nm,
correspond to the S, — S; transitions of BDP1-3 dyes, respec-
tively. For BDP1 and BDP2, the values of peak maximum are
similar, but for BDP3, there is a slight shift of the band. This is
caused by the presence of methyl substituents in the 3,5-positions,
which, through inductive effects and o-n hyperconjugation,
donate electron density to the BODIPY core. This leads to stabili-
zation of the excited state and a decrease in its energy, resulting in
a redshift of the absorption and emission bands.** Among the
synthesized compounds BDP3 has the highest quantum yield of
fluorescence in DCM (0.66). The significantly lower ¢epem (0.02)
observed for BDP2 may be attributed to the possibility of free
rotation of the BODIPY core in relation to the terphenyl ring
system.*? For BDP1 the ¢y value (0.004) is even lower, which
may result from the heavy atom effect caused by the presence of a
bromine atom, as well as free rotation of the bromophenyl ring.
The highest ¢ value (0.66) obtained for BDP3 confirms the
effectiveness of ortho-methoxy groups in restricting ring rotation.
Interestingly, in rigid PMMA films, the fluorescence quantum
yields (¢epnma) Of the three BODIPY derivatives increase substan-
tially, reaching 0.45 for BDP1, 0.27 for BDP2, and 0.88 for BDP3.
These values represent a dramatic enhancement compared to the
solution, suggesting that rigid environments strongly suppress
non-radiative relaxation channels, favouring more efficient emis-
sion. This trend is expected to directly impact the lasing behaviour
discussed in the following sections, since higher fluorescence
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quantum efficiency is generally correlated with lower lasing
thresholds and improved operational stability.

After characterizing the absorption and fluorescence proper-
ties of the BODIPY derivatives in DCM solution as well as in LC
and PMMA matrices, their potential for stimulated emission
was investigated, leading to the observation of light amplifica-
tion. The stimulated emission spectra and estimated energy
thresholds for the studied dyes in LC (Fig. 8a-f) and PMMA
(Fig. 8g-1) matrices are presented below.

For all three BODIPY derivatives in both matrices, emission
was observed in the green region of the spectrum (530-570 nm).
As the pump energy increased, a systematic reduction in the
full width at half maximum (FWHM) was observed for all
samples (Fig. 8a—f). A comparison of the FWHM values between
the stimulated emission spectra at maximum excitation energy
and the corresponding fluorescence spectra is provided and
discussed in the SI (Section S5, Table S7).

Distinct RL behaviour, characterized by the appearance of
sharp and well-defined modes, was identified in the emission
spectra of the samples shown in Fig. 8b, e and f. In contrast, the
stimulated emission from the samples in Fig. 8a and c dis-
played features more characteristic of amplified spontaneous
emission (ASE), where only spectral narrowing without discrete
lasing modes was observed. The classification, therefore, stems
from the spectral shape: ASE corresponds to smooth emission
bands with reduced FWHM (SI, S5, Table S7), whereas RL is
confirmed by multimodal structures. For LC, the thresholds,
designated with the light-in/light-out (Li-Lo; see Methods),
were 259 pJ for BDP1 (Fig. 8g), 145 pJ for BDP2 (Fig. 8h), and
188 pJ for BDP3 (Fig. 8i). In PMMA, the thresholds were
significantly lower: 96 pJ for BDP1 (Fig. 8j), 65 pJ for BDP2
(Fig. 8k), and 158 pJ for BDP3 (Fig. 81). When compared in pairs,
it is clear that for each dye the threshold in PMMA is consistently
lower than in LC: approximately 2.7 times lower for BDP1, 2.2
times lower for BDP2, and 1.2 times lower for BDP3. This trend
reflects the higher rigidity of the polymeric environment, which
enhances quantum efficiency by suppressing non-radiative relaxa-
tion. Consequently, PMMA hosts provide a more favourable plat-
form for low-threshold lasing than LC systems, particularly for
BDP1 and BDP2. BDP2 exhibits the lowest lasing threshold,
consistent with its strong push-pull character. As shown in
Table 1 and Fig. 4, it has the largest ground- to excited-state
dipole moment difference (Ax = 1.96 D) and the greatest HOMO-
LUMO charge-transfer distance (dcr = 1.123 A), indicating the
most efficient intramolecular charge separation. Its high calcu-
lated first and second hyperpolarizabilities (Table 3) further reflect
a highly polarizable electronic structure, promoting optical gain
by reducing nonradiative losses and facilitating population inver-
sion. Importantly, the obtained threshold values are not only
lower than those observed in LC matrices, but they also compare
very favourably with previously reported thresholds for other
organic dye lasers, placing these BODIPY-based systems among
the efficient low-threshold organic gain media reported to
date.>*>®* Moreover, in the context of comparing these specifically
to other BODIPY derivatives, various publications report laser
threshold energies around 0.8 mJ.*** 1In another study,
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Fig. 8 The lasing spectra of BODIPY dyes in LC (a)—(c), and PMMA (d)-(f). The lasing thresholds for all measured systems (g)—(l). Morphological studies
with the use of fluorescence microscopy in all samples (lexc = 360 nm); (m)—(s).
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thresholds of 0.36 mJ, and subsequently 0.6, up to 1.1 m]J, were
obtained respectively.®® The fluorescence-lasing inflection values
in the range of 0.19-1.8 mJ® for boron-substituted BODIPY dyes
can be also found.

It is therefore essential to complement the spectral analysis
with a direct examination of sample morphology, as the presence
and distribution of scattering centers provide crucial information
about the underlying feedback mechanism. In the LC matrices,
microscopic images show only a few small aggregates or crystal-
lites for BDP1 (Fig. 8m) and BDP3 (Fig. 80), whereas BDP2
(Fig. 8n) contains a much larger number of such structures
distributed throughout the volume. These observations support
the spectral classification: ASE dominates in BDP1 and BDP3 due
to the low density of scattering centers, while the higher aggregate
density in BDP2 provides the conditions necessary for construc-
tive feedback, resulting in RL.

For BODIPY-doped PMMA films, stimulated emission was
consistently assigned to RL across all samples. In these thin
films, the microscopic analysis reveals a dense distribution of
scattering centres, ranging from aggregates to well-developed
microcrystals, as well as highly characteristic micro-crack path-
ways observed under fluorescence microscopy (Fig. 8p-s). All
these morphological features, formed within the polymer
matrix, contribute to enhanced light scattering and feedback.
It results in more coherent lasing, as RL requires the presence
of multiple constructive scattering centres®® formed by the
host/guest interactions to further amplify light. Additional
microscopic inspection in bright field performed with a Nikon
ECLIPSE Ti2-E inverted microscope (see SI, Section S6 and
Fig. S13) further confirms the observations for both BODIPY-
PMMA and BODIPY-LC systems. The images reveal pronounced
surface irregularities, microcrack networks, and crystalline
domains up to tens of micrometres in size, all contributing to
the dense scattering centers responsible for the RL feedback in
PMMA. In the LC samples, a markedly higher density of larger
aggregates is observed for BDP2 compared to BDP1 and BDP3,
providing the structural inhomogeneity necessary for efficient
scattering and the onset of RL.

To quantify matrix-induced spectral shifts, we calculated the
Stokes shifts (maximum fluorescence — maximum absorption)
and compared absorption maxima with lasing maxima (see SI,
S7, Table S8). In LC, the Stokes shifts are 33 nm (BDP1), 35 nm
(BDP2), and 25 nm (BDP3), whereas in PMMA they are 21 nm
(BDP1), 27 nm (BDP2), and 18 nm (BDP3). Lasing maxima
relative to absorption are close to the Stokes shifts in LC (4 =
25-32 nm) and nearly coincident with the fluorescence maxima
(difference < 4 nm), indicating that stimulated emission in LC
originates from the same emissive states as steady-state fluores-
cence. In PMMA, however, lasing maxima are substantially red-
shifted with respect to both absorption and fluorescence (4(lasing-
fluorescence) &~ +20-29 nm for BDP1-3). This pronounced red-
shift in PMMA likely reflects the combined influence of increased
local rigidity, aggregate/microcrystal formation, and possible self-
absorption/selection effects in the polymer films, which produce
emission from lower-energy emissive sites and/or spectrally selec-
tive feedback. We therefore conclude that the matrix modifies not
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only the absolute spectral positions but also the effective Stokes
behaviour observed under stimulated emission; these distinctions
should be considered when selecting host media for targeted
lasing wavelengths and low-threshold operation.

Finally, photostability measurements were carried out for
both matrices, with the results shown in Fig. 9. These data
confirm the operational stability of the systems under contin-
uous excitation.

RL photostability of all BODIPY derivatives was assessed at
pump energies approximately 1.5-2 times above the lasing thresh-
old (Fig. 9a—f). For BDP1 and BDP3, the LC matrix significantly
enhanced photostability: the emission intensity dropped to 50%
after 1911 (Fig. 9a) and 1930 laser pulses (Fig. 9¢c), respectively,
whereas in polymer matrices, the corresponding values were 751
(Fig. 9d) and 819 (Fig. 9f) pulses. In contrast, BDP2 exhibited
greater stability in the polymer environment, with 4909 pulses to
reach 50% emission (Fig. 9¢), compared to only 647 pulses in the
LC matrix (Fig. 9b). These observations indicate that the photo-
stability of RL emission is strongly dependent on the interplay
between molecular structure and the matrix environment. In
particular, the rigid polymer matrix enhances stability for BDP2
by suppressing non-radiative relaxation, while for BDP1 and
BDP3, the LC domains appear to provide more favourable stabili-
zation. Overall, the measured lifetimes are consistent with those
typically reported for organic fluorescent dyes.**°’ The most
resilient sample was found to be BDP2 in PMMA.

2.5. Perspectives - OLEDs

Preliminary experiments were conducted to evaluate the
potential of BODIPY derivatives in simple OLED structures.
The single-layer devices were fabricated following a procedure
detailed in the Methods section to evaluate the individual
potential of BODIPYs and also for reliable comparison with
the poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV): BODIPY-doped films (2 wt%), respectively. The
simple device also incorporated indium tin oxide (ITO) as the
anode, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) as the hole injection layer, and eutectic gallium-
indium alloy (Galn) as the cathode.

Therefore, the OLED structure employed consisted of either
ITO/PEDOT:PSS/BODIPY/Galn or ITO/PEDOT:PSS/MEH-PPV/
BODIPY/Galn. The energy level diagrams with indicated OLED
components of the complete devices (both where only BODIPY
as well as together with MEH-PPV layer applied) are presented
in Fig. 10a and b, respectively. In these configurations, PED-
OT:PSS was used as the hole injection layer due to its highest
occupied molecular orbital (HOMO) being closely aligned with
the work function of the ITO electrode.

Eutectic gallium-indium (Galn), a liquid metal with a work
function of approximately —4.2 eV, served as the cathode. One
advantage of using Galn is that it eliminates the need for metal
evaporation during the device fabrication process.”” Photos
illustrating the electroluminescence phenomenon collected
during investigations on OLED performance with ‘pure’ and
MEH-PPV-functionalized BDP2 are shown in Fig. 10a and b as
insets.
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Fig. 9 RL photostability of the BODIPY dyes in LC (a)—(c), and PMMA (d)—(f) matrices.

A typical current-voltage (I-V) characteristics of the well-
known MEH-PPV-based OLED is shown in Fig. 10c. In OLEDs,
electrons are injected from the cathode and holes from the
anode. In this case, ITO functioned as the anode, while Galn
acted as the cathode. CT in the organic layers occurs primarily
through hopping mechanisms along the polymer chains.
Recombination of electrons and holes within the emissive layer
depends on the charge carrier mobilities and the thickness of
that layer. The color of emitted photons is determined by the

This journal is © The Royal Society of Chemistry 2025

energy gap between the HOMO and the lowest unoccupied
molecular orbital (LUMO) of the electroluminescent
material.®>®* For that reason, the observed emission colours
of the MEH-PPV-based OLED (Fig. 10d), but also pure BDP2-
based OLED (Fig. 10a inset), and finally ITO/PEDOT:PSS/MEH-
PPV/BDP2/Galn (Fig. 10b inset) are slightly different, which is
clearly visible. The similar current-voltage characteristics for
the investigated BDP1 and BDP3 are shown in the SI (S8,
Fig. S14). Although I-V characteristics were recorded only in a
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Fig. 10 Energy level diagram of the OLEDs with BODIPY compounds (a), MEH-PPV:BODIPY-doped film (2 wt%) (b) as emitter layer; (c) the current/
voltage characteristic of MEH-PPV; (d) observed emissions from MEH-PPV, MEH-PPV + BDP1 and MEH-PPV + BDP2.

preliminary and qualitative manner, the observation of light
emission itself is noteworthy, demonstrating that the investi-
gated BODIPY derivatives are capable of electroluminescent
behaviour. These findings open promising avenues for further
studies, including the extension of these materials to other
emission colors and the optimization of device performance.

Finally, the last panels present snapshots corresponding to the
applied voltage levels at which the measured current-voltage
characteristics are (i) below the electroluminescence threshold
(top), (ii) around the threshold (middle), and (iii) above the
threshold, where the devices operate at their highest efficiency
(bottom), for the MEH-PPV-based OLED, MEH-PPV/BDP1, and
MEH-PPV/BDP2 devices, respectively (Fig. 10d-f). These observa-
tions demonstrate that (1) BODIPY can serve as the active emis-
sion layer and (2) structural variations can induce electrolumi-
nescence in simple device configurations. They provide a founda-
tion for further studies aimed at optimizing OLED architectures
and quantitatively evaluating device performance.

3. Conclusions

As demonstrated by the spectroscopic analysis above, the
BODIPY dyes exhibited excellent performance in NLO, basic
spectroscopic, and lasing studies, indicating their versatility,
further supported by quantum-chemical calculations. Interest-
ingly, compound BDP2, theoretically predicted to be the

J. Mater. Chem. C

strongest push-pull system (Ax = 1.96 D, Pfgpisu = 5.82 X
10® esu), exhibits the lowest lasing emission threshold (Eg,
= 65 pJ) and the highest photostability in PMMA, which con-
firms its efficient CT character and optoelectronic potential. In
contrast, BDP1, with the lowest Ay value and first hyperpolar-
izability, corresponds to a classical, rigid BODIPY core and
shows the weakest RL activity - consistent with theoretical
predictions for systems lacking CT character. BDP3, containing
methoxy groups and exhibiting moderate NLO properties,
occupies an intermediate position in terms of both the calcu-
lated first (f) and second (y) hyperpolarizabilities and the RL
intensity. Overall, the observed trends in the absorption para-
meters (4, Ap) correlate well with the predicted and computed
NLO activities for BDP1-BDP3, highlighting a close relation-
ship between molecular structure, linear absorption, and NLO
response.

The combined analysis of the photophysical, lasing, and
photostability data highlights the central role of the host
environment in regulating the optical performance of BODIPY
derivatives. The quantum yields in PMMA (¢¢ppva) are markedly
enhanced relative to those in DCM solution, with values of 0.45,
0.27, and 0.88 for BDP1-3, respectively. This increase is directly
reflected in lasing performance: the dyes with the strongest gain
in quantum yield (BDP1 and BDP2) exhibit the lowest lasing
thresholds in PMMA (96 uJ and 65 pJ, respectively), while BDP3,
which was already highly emissive in solution, shows a smaller
relative improvement. BDP1 and BDP3 are more durable in LC

This journal is © The Royal Society of Chemistry 2025
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than in PMMA, and BDP2 constitutes an exception, showing
markedly better stability in PMMA. The superior photostability
of BDP1 and BDP3 in the LC host can be attributed to the hybrid
nature of this medium, which combines features of both liquids
and solids. On the one hand, the orientational order of the LC
phase provides a degree of structural organization that can
mitigate nonradiative decay and suppress direct photodegrada-
tion pathways. On the other hand, the inherent fluidity of the LC
allows for molecular diffusion and exchange, which can redis-
tribute locally degraded species and thereby reduce the cumula-
tive impact of photodamage. This dual character, ordered yet
dynamic, supports enhanced photostability compared to a rigid
polymer matrix. In contrast, the exceptional behaviour of BDP2,
which shows higher stability in PMMA, may be rationalized by
the formation of more stable, microcrystalline domains in the
polymer matrix. Such ordered aggregates can stabilize molecular
conformations and restrict detrimental relaxation channels,
effectively shielding the dye molecules from photodegradation.
As a result, BDP2 benefits more from the rigid, semi-crystalline
environment of PMMA than from the fluid LC host.

Importantly, preliminary OLED experiments incorporating
BODIPY dyes revealed indications of electroluminescent behav-
iour in both pure and MEH-PPV-doped configurations. These
initial observations suggest that the structural features
enabling efficient lasing and NLO activity may also be relevant
under electrical excitation, pointing to the potential of these
dyes as multifunctional materials bridging optical gain and
electroluminescence.

In conclusion, the present study provides one of the rare
demonstrations of BODIPY systems combining efficient lasing,
good NLO response, and preliminary results of electrolumines-
cence within a single molecular platform, highlighting their
exceptional promise for future integrated photonic and opto-
electronic technologies.

4. Methods

4.1. Synthesis

All reagents were either prepared following synthetic methods
found in literature or purchased from commercially available
suppliers and used without further purification. The reaction
progress and conversion were monitored using gas chromato-
graphy (GC) (Agilent 6890N equipped with a flame ionization
detector (FID) and a mass spectrometer with electron ionization
(EI), model: Agilent MSD5973N, USA), as well as thin-layer
chromatography (TLC) (silica gel 60 with fluorescent indicator
on aluminium, Macherey-Nagel, Germany). Intermediates and
final products were purified using short-path vacuum distilla-
tion, column chromatography (normal-phase system with silica
gel 100-200 mesh) and crystallization. Structural analysis and
purity of the intermediates were determined using gas chro-
matography. Structural analysis and purity of BODIPY deriva-
tives were determined using "H and *C NMR spectra in CDCl;
collected with a Bruker model Avance III spectrometer (Bruker,
USA) and high-performance liquid chromatography (HPLC),
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Shimadzu Prominence series, model LC20 (Shimadzu, Japan),
equipped with two detectors: a diode array detector SPD-M20A
and a mass detector LC-MS 2010EV with atmospheric pressure
ionization using electrospray ionization technique.

4.2. Calculation protocols

The geometry of the ground state (S,) was fully optimized using
density functional theory (DFT) with the MN15 functional®® and
the 6-31+G(d) basis set.”® Solvent effects (DCM) were accounted
for using the polarizable continuum model (PCM) in the integral
equation formalism variant (IEFPCM).°” All optimizations were
performed without symmetry constraints, and vibrational fre-
quency calculations confirmed that the obtained structures corre-
spond to minima (no imaginary frequencies). The geometry of the
first excited state (S;) was optimized using time-dependent DFT
(TD-DFT) at the MN15/6-31+G(d) level with IEFPCM (DCM).
Frequency calculations ensured that the S; geometries were true
minima on the excited-state potential energy surface. Vertical
excitation energies (absorption) were calculated at the optimized
So geometries using TD-DFT (MN15/6-31+G(d), IEFPCM/DCM).
Emission wavelengths were obtained as vertical S; — S, transi-
tions calculated at the optimized S; geometries. All calculations of
geometry, frequency, absorption, emission, dipole moments, and
first hyperpolarizability f ($(0;0,0) and p(-2w;w,w)) were per-
formed using Gaussian 16 Rev C.01.°® Second hyperpolarizabil-
ities 7 (7(0;0,0,0) and y(-3w;mw,w,w)) were calculated using Dalton
(release Dalton2020.1).°>'% Both f and y values were computed
with the range-separated hybrid functional CAM-B3LYP.'*! Calcu-
lated second- and third-order hyperpolarizability tensor compo-
nents (S and 7;), at both static and frequency-dependent
regimes, as well as the full Cartesian coordinates of optimized
structures, are summarized in the SI (Tables S1-S5).

4.3. Sample preparation

4.3.1. BODIPY dyes in PMMA. Chosen polymer (PMMA,
Aldrich, average M,, ~ 350000, GPC) was first dissolved in
dichloromethane to obtain a 5 wt% stock solution. Each of the
BODIPY dyes (BDP1-3) was then incorporated individually at a
loading of 2 wt% relative to the dry polymer mass. The resulting
mixtures were deposited onto glass substrates by drop-casting.
After deposition, the films were left to dry in a saturated solvent
atmosphere, which facilitated slow evaporation and led to
uniform, defect-free thin layers. The measured thicknesses of
our solid-state samples were: 28.2, 34.2, and 31.7 um for BDP1,
BDP2, and BDP3 in PMMA, respectively. The measurement was
performed using the Veeco Dektak-3 Profilometer.

4.3.2. BODIPY dyes in LC matrices. The BODIPY dyes were
dissolved in the E7 LC mixture in the following ratio: 1.5 mg of
BODIPY dye per 0.3 mL of E7 mixture. E7 is a widely used nematic
mixture due to its high optical anisotropy and broad temperature
range of the nematic phase, which extends from room tempera-
ture up to the nematic-to-isotropic transition at 58 °C. The mixture
consists of four constituents: 51% 4-cyano-4’-n-pentyl-1,1’-
biphenyl (5CB), 25% 4-cyano-4’-n-heptyl-1,1’-biphenyl (7CB), 16%
4-cyano-4'-n-octyloxy-1,1"-biphenyl (80CB), and 8% 4-cyano-4”-n-
pentyl-1,1’,1"-terphenyl (5CT) by weight. At room temperature,
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5CB and 7CB are viscous liquids, whereas 80CB and 5CT are
solids. This composition ensures the formation of a stable
nematic phase at ambient conditions suitable for optical experi-
ments and laser studies.’®>™%*

The host-guest solution was combined, mixed, and heated
to a temperature of 70 °C, then injected with a microliter
pipette into an LC cell with homogeneous orientation, made
from two ITO glass slides measuring 11 x 11 mm, with a 30 pm
gap between the slides (purchased at the Military University of
Technology, Warsaw, Poland).

4.4. Basic spectroscopy

Absorption measurements of LC cells and PMMA thin films
were carried out at room temperature using a Shimadzu UV-
1800 spectrophotometer. Steady-state fluorescence spectra were
collected with a Horiba Fluoromax-4 spectrofluorometer. The
instrumental resolution was set to 0.5 nm for absorption and
1.0 nm for emission scans.

For DCM solutions, the spectral analyses were carried out at
room temperature and in spectrally pure DCM (Thermo Fisher
Scientific, USA) with a concentration of approximately 10~> mol
dm ™ using a UV-Vis-NIR 3600 spectrophotometer (Shimadzu,
Japan) and a FS5 spectrofluorometer (Edinburgh Instruments,
UK). The spectral resolution was set to 0.5 nm for absorption
and 1.0 nm for emission measurements. The excitation wave-
length for emission measurements was set to 485 nm for BDP1-
2 and 490 nm for BDP3. Absolute quantum yield of fluores-
cence measurements in DCM solutions were performed using a
calibrated integrating sphere (SC-30 module for FS5 spectro-
fluorometer) in quartz cuvettes with an optical path of 1 c¢m,
from solutions in spectrally pure DCM with an absorbance of
0.1 £ 0.01. The excitation wavelengths were set to 477 nm for
BDP1-2 and 485 nm for BDP3.

Fluorescence quantum yields of the PMMA thin films con-
taining BDP1-3 were determined using a calibrated integrating
sphere system (GigaHertz Optik, UPB-150-ARTA; 150 mm dia-
meter, BaSO, coating) designed for reflection, transmission,
and absorption measurements. The relative measurements
were carried out directly on the prepared thin-film samples
under continuous-wave excitation with a 405 nm diode laser
(MDL-C-405, 50 mW).

4.5. Light amplification

For the lasing studies, a triple-frequency Nd:YAG pulsed laser
(Surelite II, Coherent) was used, featuring a pulse duration of
6 ns and a repetition rate of 10 Hz, in combination with a highly
efficient mid-band optical parametric oscillator (OPO, Horizon
by Continuum). Dyes embedded in PMMA matrices were
excited using a 405 nm laser, whereas in LC, the excitation
wavelengths were 465 nm for BDP1 and 475 nm for BDP2 and
BDP3. The excitation beam was shaped into a stripe of 6.5 x
0.8 mm using a slit and a cylindrical lens to focus the light, and
then directed onto the sample. For each measurement, the
emission spectrum was derived as the average of five consecu-
tive laser shots to ensure reproducibility. The incident laser
power was recorded with a calibrated energy meter (Coherent
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Field Max II) equipped with a J-10MB-HE sensor. To reduce
losses and reabsorption, the emitted light was collected from
the sample edge via an optical fiber and examined using a high-
resolution spectrometer (Andor Shamrock SR-500i-B1-R, 0.1 nm
resolution) connected to a computer.

The Li-Lo technique determines the lasing threshold by
comparing the integrated emission intensity to the input light,
using linear fits to the pre- (fluorescence) and post-lasing regions
to locate the inflection point marking the onset of lasing.'%’

4.6. Harmonics of light generation

To examine the SHG and THG responses of the studied materials,
we utilized an experimental setup similar to that reported in our
earlier work.'®® In summary, a picosecond Nd:YAG laser (EKSPLA,
PL2250 Series) operating at a wavelength of 1064 nm (pulse
duration: 30 ps, repetition rate: 10 Hz) served as the excitation
source. The beam was directed onto the sample and simulta-
neously routed to optoelectronic components to trigger signal
acquisition. Beam polarization and power were adjusted using a
combination of polarizers and a half-wave plate. The materials were
prepared as thin films via spin-coating and mounted on a motor-
ized stage that allowed precise angular rotation from —70° to +70°
with respect to the beam’s normal incidence. In addition, before
performing the SHG measurements, a corona poling process, a
thermo-electric technique used to induce non-centrosymmetry in
all samples, was applied. The procedure involved first heating the
samples to 100 °C, then applying an electric field of 7 kv for 10
minutes while maintaining the temperature. After switching off the
heating system, the samples were kept under the same DC field for
an additional 1-2 hours until they reached room temperature.
Subsequently, the SHG measurements were carried out. This
configuration enabled the use of the Maker fringes technique for
quantitative analysis, employing suitable reference samples and
theoretical fitting models.

4.7. Morphological studies

Optical imaging was carried out using a combination of tech-
niques, including crossed-polarization and photolumines-
cence, with an Olympus BX60 microscope fitted with a
UplanFL 10x objective and a 360 nm excitation source. This
approach enabled a detailed morphological characterization of
the samples. All imaging was performed at room temperature
using the same instrumentation employed for spectroscopic
analyses (lasing, absorption, and fluorescence), ensuring con-
sistent and optimal illumination of the excitation region.

Morphological characterization of BODIPY-doped PMMA
and LC systems was performed in bright-field mode using a
Nikon ECLIPSE Ti2-E inverted microscope. A Nikon CFI60 Plan
Fluor 10x objective (N.A. 0.30, W.D. 16 mm) was selected to
provide high spatial resolution (~1 pm) while maintaining a
long working distance, allowing safe imaging of fragile or non-
planar samples without physical contact. Images were recorded
with a monochrome Nikon Qi2 camera (16.25 MP), enabling
detailed visualization of microcracks, aggregates, and crystal-
line domains.
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4.8. Simple OLED structure

PEDOT:PSS (conductive grade, 1.3 wt% aqueous dispersion),
ITO coated glass substrates (surface resistivity 70-100 Q sq™ %),
MEH-PPV (average molecular weight M, 40000-70000), and
eutectic gallium-indium alloy (Ga 75.5%, In 24.5%) were all
obtained from Merck.

Before use, the ITO substrates were cleaned by sequential
ultrasonication in detergent, deionized water, isopropyl alcohol
(IPA), and acetone for a total of 30 minutes. PEDOT:PSS was
deposited onto the cleaned ITO substrates via spin coating at
8000 rpm for 30 seconds, followed by thermal annealing at
100 °C for 15 minutes in ambient air. For the BODIPY solution
(5 mg mL™" in chloroform) was spin-coated onto the PED-
OT:PSS layer at 2000 rpm for 30 seconds and left to dry for
10 minutes. For the MEH-PPV:BODIPY blend film (2 wt%
BODIPY), BODIPY was added to the MEH-PPV to create a
homogeneous 5 mg mL™ " solution in chloroform and then
spin-coated onto the PEDOT:PSS layer at 2000 rpm for
30 seconds and left to dry for 10 minutes. Finally, a droplet
of Galn alloy was applied as the top electrode. The current-
voltage (I-V) characteristics of the electroluminescent OLED
devices were recorded using a Keithley 2280S-60-3 source
meter unit.
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