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Abstract: In this work, we investigate the TD-DFT simulation, optical, and mirrorless laser proper-
ties of conjugated polymer (CP) Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-diphenylene-vinylene-2-
methoxy-5-{2-ethylhexyloxy}-benzene)], also known as (PFO-co-PPV-MEHB) or ADS125GE. TD-DFT
calculations were performed for three monomer units with truncated tails using time-dependent
density functional theory (TD-DFT) calculations. The calculations showed a highest occupied and
lowest unoccupied molecular orbital (HOMO-LUMO) structure and a very high oscillator strength of
6.434 for the singlet-singlet transition at 374.43 nm. Experimentally, the absorption and fluorescence
spectra were examined at various concentrations in verity of solvents, such as benzene, toluene,
and hexane. The experimental results obtained in hexane were comparable with theoretical UV-VIS
spectra calculated under vacuum. Amplified spontaneous emission (ASE) spectra peaked at approxi-
mately 509 nm for CO PFO-co-PPV-MEHB in solution and were obtained at suitable concentrations
and pump energies. Additionally, the photochemical stability of this CP and coumarin (C510) were
compared. Time-resolved spectroscopy (TRS) studies with a sub-nanosecond resolution were per-
formed for the CO under various pump energies. These results showed the excited state dynamics
and single-pass optical gain of CO PFO-co-PPV-MEHB.

Keywords: CP PFO-co-PPV-MEHB; sub-nanosecond TRS; amplified spontaneous emission (ASE)
spectra; green emitter

1. Introduction

Since their discovery [1,2], four decades of research has been performed on conjugated
materials (polymers and oligomers) due to their captivating photophysical properties. The
properties of these special materials, such as high quantum yield, high chromophore den-
sity, large Stokes shift, wavelength tunability, and large optical gain, have been studied in
depth [3]. These extraordinary properties make these polymers ideal in many applications,
such as in laser-active media [4-8] flexible FET (field-effect transistors) [9], photovoltaic de-
vices [10], and photodiodes, as well as light-emitting diodes (LEDs) [9-11]. Both conjugated
polymers (CPs) and conjugated oligomers (COs) are appealing laser materials and can
produce lasing at proper concentrations in solid-state, thin-film, and liquid forms [12-16].
ASE is produced when the active medium is optically excited by an intense laser source.
Moreover, the ASE feedback can be converted to a laser when an optical cavity is combined
with the system [17]. In general, materials that can achieve ASE can produce lasing under
an optical cavity. However, some materials produce lasing in the cavity but cannot produce
ASE without a cavity.

Many CPs exhibit amplified spontaneous emission (ASE), mirrorless lasing with high
intensity, spatial coherence, and low temporal coherence. CPs as active gain media have
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produced ASE and lasing, which could be tunable over a wide range in the visible spec-
trum [18-20]. Broadband ASE is used as a light source, which benefits many applications
such as fiber sensing and telecommunications. These polymers are highly efficient in
energy transfer to other polymers, oligomers, and perovskite quantum dots.

The first report on ASE from CPs was presented by Moses et al. MEH-PPV produced
ASE via optical pumping in solution and film. The quantum efficiency of MEH-PPV was
compared to that of the conventional dye rhodamine 6G [21]. Another group reported laser
emission from TOP-PPV in solution [22]. Another CP, poly(9,9-dioctylfluorene) (PFO), was
also well studied and found to produce ASE at different wavelengths depending on the
concentration in solution. Thin films of PFO produce ASE from the (3-phase.

In 2007, Redmond’s team studied the first incidence of single-nanowire lasing under
optical pumping for CO PFO, in which nanowires were formed through the template
wetting method and exhibited a single Fabry-Pérot mode [23]. The threshold energy
was 100 nJ. Moreover, the M. S. AlSalhi group investigated the properties of a CP as an
active laser medium and proved the presence of excimeric and dimeric states of the CP.
They studied the spectral temporal profile as well as ASE from the CP under different
concentrations, solvent types, temperatures, and laser energy excitations using a Princeton
Instruments PI-MAX 4 ultrafast-gated emCCD with an Acton picosecond spectrograph [24].
R. H. Friend and his team organized an intensive research work on CP blend laser systems,
especially with the Forster energy transfer (FRET) mechanism [25,26].

Copolymerization is a technique that enables existing monomers to be combined to
achieve new bandgaps and emission properties. The ASE properties of copolymer PFO-co-
pX were studied by S.A Alfahd et al. There have only been minimal studies carried out on
copolymers with a combination of PFO and PPV derivatives.

However, in general, DFT simulation, optical, and laser studies of conjugated polymers
are rare [27-31] and in particular, none are about PFO-co-PPV-MEHB. To the best of our
knowledge, this work could be the first work on the TD-DFT calculation of CP PFO-
co-PPV-MEHB. We calculated electronic properties such as structure optimization; the
Enomo, ELumo, Egap; the dipole moment; and the oscillator strength of PFO-co-PPV-
MEHB for structures optimized under the three-monomer truncated-tail oligomer model
using the DFT/Coulomb-attenuated method at the B3LYP (CAM-B3LYP)/6-31G(d,p) level
by Gaussian 16 and other software. Furthermore, experimental studies of PFO-co-PPV-
MEHB spectral and mirrorless laser properties in toluene under transverse excitation were
performed. The pump source was the Nd: YAG laser of 355 nm. We demonstrate that under
a suitable concentration and a low pump energy, CO PFO-co-PPV-MEHB can produce ASE
at 508 in toluene. TRS studies display the ASE in 3D features, with the wavelength, spectral
amplitude, and time as the X-, Y-, and Z-axes, correspondingly.

2. Materials and Methods

The molecular structure of CP PFO-co-PPV-MEHB could be explained as a group
of bridged structures. The molecule (A) 1-methyl-4-[(1E)-prop-1-en-1-yl] benzene shown
in Seg. A is connected to both sides of the familiar CP poly[(9,9-dioctylfluorenyl-2,7-
diyl)] (PFO) shown in Seg. B. Molecular segment A is connected to another polymer
(1,4-diphenylene-vinylene-2-methoxy-5-{2-ethylhexyloxy}-benzene) resembling the MEH-
PPV structure, as shown in Seg. C. The cumulative structure becomes [(A)-(B)-(A)-(C)] n.
This approach is taken to modify the HOMO-LUMO gap. The calculated dipole moment is
1.4334525 Debye for n = 3, which is for the structure optimized using the DFT/Coulomb-
attenuating method (Becke-3 Parameter-Lee-Yang-Parr) CAM-B3LYP/6-31G(d,p) basis set
and the augmented structure is shown in Supplementary Figure S1. We used a workstation
that consisted of an Intel i7 processor, 64 GB RAM, and 1 TB SSD hard disk for all our
simulations.

The CP has 65,000 + 35,000 g mol ! as its molecular weight (Mw). American Dye
Source, Inc. (Baie-D’Urfé, Montreal, QC, Canada) provided the CP material. (ADS125GE)
The Coumarin 510 has an Mw of 318.4 g/mol and was precured from Exciton Luxottica. A
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Perkin Elmer Lambda 950 spectrophotometer (Llantrisant, UK) was utilized to record the
absorption spectra. The fluorescence spectra at an excitation wavelength of 355 nm from
a xenon flash lamp were investigated utilizing a spectrofluorometer (LS 55, Llantrisant,
UK). To achieve transverse pumping, the tripled frequency (355 nm) of a 5 ns Nd:YAG
laser was focused by a quartz cylindrical lens (5 cm focal length). The cylindrical lens
focused the pulse onto a horizontal strip of 1 cm x 2 mm (length x width). One fiber
was linked to an Ocean Optics spectrograph (Maybachstrasse, Ostfildern, Germany) to
record the spectra. Another fiber was linked to a Princeton Instruments PI-MAX 4 ultrafast-
gated emICCD, which had a gate delay of less than 500 ps. The camera had a high-speed
electrically controlled shutter that allowed events to be recorded with a sub-nanosecond
time resolutions (please see [32]).

The monomer of PF-co-MEH-PPV is very large and requires significant computa-
tional resources. The full-scale simulation of the complete polymer structure with many
monomers could be challenging. However, an oligomer structure with three connected
monomers is accepted in practice for simulating polymer properties; hence, we adopted
the n = 3 oligomer approach. To further reduce the computational burden, we cut short the
tail of PFO and MEH-PPV segments, as shown in Figure 1b, since its contribution to optical
properties is insignificant. However, practically, the long tail offers a higher solubility in
many common solvents [33]. The TD-DFT calculations were performed via the following
steps. The molecular structure was created using the Gaussian View 6 software. The struc-
ture was optimized with Gaussian 16 using the DFT/CAM-B3LYP/6-31G(d,p) basis set [34].
Next, the UV-VIS spectra, HOMO-LUMO structure, and dipole moment were calculated
using the CAM-B3LYP/6-31G(d,p) basis set. Other calculations, such as acceptor-donor
sites, polarizability, and charge distribution, were calculated using molecular dynamics
(HFF) in the MarvinSketch software, as shown in Figure S2a—c. The charge distribution
showed that the central ring structure was negative, more negative charges were found
at oxygen sites and the edge of the ring was mostly positive. The CP polarizability was
calculated for n = 3 was 229.15 A%, which shows that CP has a high polarizability for
external electric fields, such as optical pumping. The H bond acceptor and donor site were
calculated and it was found that each monomer contained 2 acceptor and 4 acceptor sites
at oxygen; hence, the CPs have more solubility in a medium polar solvent.

(b)

Figure 1. (a) Molecular structure of CP poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-diphenylene-
vinylene-2-methoxy-5-{2-ethylhexyloxy}-benzene)] (i.e., PFO-co-PPV-MEHB). (b) Tail-truncated
molecular structure utilized for the DFT calculation of PFO-co-PPV-MEHB.
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3. Results and Discussion
3.1. DFT Calculation

CPs consist of a large number of atoms; hence, the simulation of CPs is consid-
ered to be challenging. Thus, many studies have adopted an oligomeric model of the
compound [35-37]. The absorption spectra and energy gap of the PF-co-MEH-PPV were
simulated with three monomer units (n = 3) based on the HOMO-LUMO energy gap
calculations. Figure 2 shows the HOMO-LUMO structure of the three-monomer model.
The HOMO (Frontier orbital) densities are aligned vertically in the major part of the ring
structure; however, the density diminishes in the last monomer at one end (left). The
LUMO densities are highly delocalized and align horizontally along the molecular back-
bone. The LUMO density is higher at the end of the oligomer model where the HOMO
density is diminished. The movement of the orbital densities upon excitation significantly
improves the optical and electronic properties of the CP. The calculated bandgap is 2.91 eV.
The HOMO lies at —6.83 and the LUMO lies at —3.92 eV. In the same manner, the structural
and optoelectronic properties of CPs and CO (PCDTBT) have been examined by DFT and
TD-DEFT [38].

Figure 2. Frontier molecular orbital (HOMO-LUMO) structure of PFO-co-PPV-MEHSB (tail-truncated
and n = 3 model) calculated using the CAM-B3LYP/6-31G(d,p) basis set.

The UV-VIS spectrum for PFO-co-PPV-MEHB (n = 3) in vacuum was simulated using
the DFT/CAM-B3LYP/6-31G(d,p) basis set, as shown in Figure 3a. The results show three
singlet oscillator strengths at wavelengths of 341.66, 361.38, and 374.51 nm with high values
of f =0.633, 1.8254, and 6.8762, respectively.

Hexane has a very low dielectric contestant and is a nonpolar solvent; hence, its effect
on any molecule (solute) is much less than that of most solvents. Hence, it is optimal for
comparison with the results simulated in vacuum. The difference between the simulated
and experimental absorption spectra (Agxp — Asim ) is 30 nm, as presented in Figure 3b. This
difference could be attributed to the solvent dielectric constant and concentration of the
CP in hexane. However, the simulated singlet oscillator strengths matched the peaks and
shoulder of the hexane absorption spectra.
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Figure 3. (a) UV-VIS and oscillator strength profile of PFO-co-PPV-MEHB (tail-truncated and n = 3 model). (b) Absorption
of the low-concentration CP in hexane to identify the bandgap using the intersection principle and comparison with the

stimulated spectrum.

Figure 3b shows that the bandgap calculated using the absorption and fluorescence
intersection method is 2.756 eV. The purple dotted circle highlights the intersection of
the absorption and fluorescence spectra, which is zoomed in on and shown in an inset of
Figure 3b. This result is in good conformity with the simulated bandgap of 2.91 eV (in
hexane). The disturbance could be due to the approximation of the polymer structure and
repetition units (n = 3) and a change in the dielectric constant of the solvent. However, the
experimental results show two distinctive bands that correlate with the simulated singlet
oscillator strengths. Additionally, the experimental results contain three features, two
peaks and a shoulder, which could be attributed to the three singlet oscillator strengths
found using the simulation methods. The electronic circular dichroism (ECD) result is
shown in Figure S3.

Figure S4 shows an estimation of the HOMO—-LUMO gaps for PFO-co-PPV-MEHB
using the bandgap extrapolation of oligomers (n = 1 to 5). The calculation was performed
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(a)

using the same TD-DFT method for all repetitive monomer units (n = 1 to 5), but the
figures show only n = 3 for a clear presentation of the HOMO LUMO structure. The linear
fitting gives the equation Eg (eV) = 2.7667 + 0.3408 x (1/n). When the value of n is large,
the second term tends to become negligible. Thus, the calculated bandgap value of the
polymer is 2.7667 eV using the extrapolation method. This value is comparable with the
experimentally measured bandgap of 2.756 eV.

3.2. Absorption and Fluorescence Spectra of the CP in Toluene

Figure 4 presents the absorption spectra of the CP in toluene and benzene at different
concentrations from 195 x 1074-12.17 x 10~* mg/mL. It was found that there are three
diverse features. The first is a peak at approximately 355 nm and the second is the main
peak at 425 nm, with the third being a shoulder at 370 nm. The optical density decreased
from a high value to a low value as the concentration decreased. The absorption spectral
profile remained the same, and the full width at half maximum (FWHM) of the maximum
peak at 425 nm decreased with the decreasing PFO-co-PPV-MEHB concentration. The
absorption spectra in benzene are very close to those of PFO-co-PPV-MEHB in toluene.
Figure 4b shows the absorption features in benzene.

(b)

3.5
| =—10.0195 mg/ml. 3.0 o ===0.0195 mg/ml.
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Figure 4. (a,b) Absorption spectra of PFO-co-PPV-MEHB in (a) toluene and (b) benzene at various concentrations.

Figure 5a demonstrates the emission spectra of PFO-co-PPV-MEHB in toluene for
different concentrations ranging from 2.5 mg/mL to 195 x 10~* mg/mL. At low con-
centrations, fluorescence peaks occur at 485 nm and 510 nm, with a tail at 550 nm. Up
to a concentration of 0.078 mg/mL, the fluorescence increases; after that, when the con-
centration (0.156 mg/mL) is further increased, the fluorescence intensity redshifts and
the spectral profile shifts toward red. At higher concentrations, the primary peak of the
fluorescence spectrum becomes a shoulder and the 515.5 nm peak becomes dominant with
reduced intensity. This behavior is common to fluorescent organic molecules. At low
concentrations, the fluorescence output is low because the number of molecules is low in a
unit area of solution. As the concentration increases, the intensity also increases up to an
optimal concentration. Beyond this concentration, the fluorescence output intensity starts
decreasing due to the proximity of molecules, which suppress the certain singlet vibration
and increase the reabsorption. Figure 5b shows a spectral shift of the singlet peak at around
515.5 at higher concentrations, and the shift is due to reabsorption.



Polymers 2021, 13, 1430

7 of 13

Y
=¥}
N

Intensity(a.u.)

L TS AT N S T T . T P S T [T S [ T J
425 450 475 500 525 550 575 600 625 650 425 450 475 500 525 550 575 600 625

—
(@]
~

1 Toluene

(b)

= 2.5 mg/mL N w— 2.5 mg/mL
— Il}iismg/l;lLL 0.0195 mg/ml.
— () mg/m Gy

= _
— 0.313 mg/mL = 5 nm redshift
= 0.156 mg/mL -
—— 0.078 mg/mL =
— 0.039 mg/mL s

-

=

= A

Intensity(a.u.)

Benzene

Wavelength (nm) (d) Wavelength (nm)
2.5 mg/mL i (). 195 mg/ml
'\ e it Peak 1

— 1.25 mg/mL ] {'\ e Fit Peak 2
= ().625 mg/mL : 1 / \ — Fit Peak 3
——0.313 mg/mL o ; -Cumulative Fit Peak
—(0.156 mg/mL =
——0.078 mg/mL g =1
= 0,039 mg/mL 2

=

— e

425 450 475 500 525 550 575 600 625 650 425 450 475 500 525 550 575 600 625

Wavelength (nm) Wavelength (nm)

Figure 5. (a) Emission spectra of PFO-co-PPV-MEHB for various concentrations in toluene. (b) Redshift of the peak
fluorescence spectra of PFO-co-PPV-MEHB in toluene. (c) Fluorescence spectra in benzene from high to low concentrations.
(d) Deconvolution of the fluorescence spectrum of PFO-co-PPV-MEHB at 0.0195 mg/mL.

The solvent effect was studied in benzene and the trends of the fluorescence intensity
and spectral profile were very similar, with a 4 nm redshift in the peak wavelengths at
approximately 483 and 508 nm, as displayed in Figure 5c. This shift is due to the change in
the solvent dielectric constant.

Figure 5d shows the deconvolution fitting of the PFO-co-PPV-MEHB fluorescence
spectral profile using Gaussian functions. The peak positions are 483.3, 508, and 535.4 nm,
and the linewidths are approximately 19, 38, and 60 nm, correspondingly. These peaks
can be ascribed to the fluorescence counterparts of the singlet oscillators in the simulated
UV-VIS spectra. The Stokes shift was calculated in toluene and benzene and it was 98 nm
and 97 nm, respectively. The large Stokes shift could be useful to reduce light scattering
and self-absorption in optical materials [39].

3.3. ASE (Mirrorless Lasing) from CO PFO-co-PPV-MEHB in Toluene

Amplified spontaneous emission occurs due to the stimulated emission and ampli-
fication of spontaneously emitted photons under a high population inversion with the
single-pass gain of the laser media. ASE without feedback can be considered mirrorless
lasing, since most of the features are laser features [40]. Many CPs and COs are capable of
producing optically pumped ASE [41,42].



Polymers 2021, 13, 1430 8of 13

PFO-co-PPV-MEHB in toluene at a concentration of 2.5 mg/mL was transversely
excited with a 355 nm Nd: YAG laser. At a minimal pump energy density (3.2 mJ/cm?),
the laser-induced fluorescence (LIF) was verified and had two peaks at 507 and 481 nm,
as shown in Figure 6. After the pump energy density was increased to 4.5 mJ/cm?, the
spectrum became narrower and peaked at 508 nm with an FWHM of 20 nm. When the
pump energy density was 7.75 mJ/cm?, ASE was obtained with an FWHM of 8.75 nm and
a peak at approximately 508 nm, as presented in Figure 6.

- S — Jd
ASE |
e
S -
<
S’
g 490 500 510 530
& Wavelength(nm)
=
Threshold

LIF

I v ) M I i 1 | 4 I
400 450 500 550 600 650
Wavelength (nm)
Figure 6. LIF, threshold, and ASE spectra of PFO-co-PPV-MEHB in toluene.

Figure 7 shows the spectral narrowing and increasing of emission intensity of the CP
in toluene as a function of the input pump energy density. At 4.5 m]/cm?, the FWHM of the
spectrum reduced from 60 to 8.4 nm and the surge of intensity was linear. A additional rise
in the input energy density boosted the output strength, however the spectral bandwidth
(nm) of ASE was sustained. The reduction in bandwidth (nm) occurred due the net gain
maximization near the vibronic transition peaks of the fluorescence spectrum; so, the
spectrum displayed intensity surge as the pump energy density raised.
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Figure 7. Spectral narrowing and rapid output intensity increase in the CP in toluene as a function of

the input pump energy density.
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Commonly, photostability is estimated by recording the total ASE intensity emitted

under a constant pump energy as a function number of pulses or time. The photodegrada-
tion is predictable when a decline in the total ASE output intensity is detected [43]. The
ASE stabilities of PFO-co-PPV-MEHB (CP) and the laser dye Coumarin 510 (C510) in its
best solvent (methanol) were examined and related, as displayed in Figure 8. Both the CP

and C510 were kept at a concentration of 2.5 mg/mL, and the pump energy density was
12.75 mJ /cm?. The C510 shows signs of degradation, even though the output was high.
On the other hand, both the stability and high output of CP did not change much; this
shows that CP is a very stable laser material. The CP output was not significantly reduced
even after twenty thousand (20 x 10%) shots. The CP output was almost maintained, as

presented in Figure 8.

1 Linear fit of PFO-co-PPV-MEHB
Linear fit of C510

ASE Intensity (a.u)

v T ' T g T y T ;
0 4000 8000 12000 16000 20000
Number of Pulses
Figure 8. Photochemical stability of the PFO-co-PPV-MEHB ASE in toluene and C510 in methanol at
a pump energy density of 12.75 mJ /cm?.

4. Picosecond Time-Resolved Spectra of ASE in Toluene

We began the TRS studies with a PFO-co-PPV-MEHB solution at a concentration of
2.5 mg/mL and a pump energy density of 850 j1J /cm?, as shown in Figure 9. The solution
produced only laser-induced fluorescence (LIF) of the CP in the three dimensions when the
pump energy density was 3.2 mJ/cm?. The CP started fluorescing at 18 ns and maintained
this fluorescence until 69.8 ns. The LIF had two peaks at 507 and 481 nm, and the intensity
was unstable, fluctuated unsteadily, and reached a maximum value at 48.19 ns.

¢ ! e
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£ 4 =
=
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=
by, ¥ =
| &
e/lS'a J‘,"’ § 5
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Figure 9. Three-dimensional profiles of LIF, with the inset showing the temporal profile of LIF for a

pump energy density of 850 pJ /cm?.
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Figure 10a shows a few frames of the spectral profile from 20 ns after the Q-switch
trigger. The peak acquired was very broad, with an FWHM of 55 nm. As the photon flux
increased, the band at approximately 509 nm gained intensity due to the large stimulated
emission and single-pass optical gain. The FWHM was 21 nm at 22 ns. Threshold spectral
narrowing occurred in 2 ns. The full profile of the spectral narrowing spectra over time
is shown in Figure 10b. We can compare Figure 6 with Figure 10; the former gives the
transition from fluorescence to ASE as a function of pump energy, while the TRS study
shows that the transition from fluorescence to spectral narrowing and the onset of ASE
takes 2.5 ns at the same pump energy.

——20ns

Intensity (a.u)

L

s L s s s L
400 425 450 475 500 525 550 575 600

(b) Wavelength (nm)

Figure 10. (a) Time evolution of the CP threshold spectrum at different time. (b) Three-dimensional
profiles of the CP solution threshold spectrum for a pump energy density of 4.25 m]J/ cm?.

The ASE of the CP became intense for pump energy densities above the threshold
and was recorded using a picomax spectrometer. Figure 11a shows a Z-slice of the ASE
of the CP in toluene at a concentration of 2.5 mg/mL under transverse excitation for a
pump energy density of 7.75 mJ /cm?. The CP started fluorescing at 24 ns, and the intensity
increased with time. The CP produced ASE at 22 ns and reached a maximum intensity
at 25 ns. After 25 ns, the ASE intensity decayed up to 34.5 ns and stopped at 35 ns, as
displayed in Figure 11a. The ASE peaked at 508 nm with an FWHM of 8 nm, as shown in
Figure 11b.
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Figure 11. (a) Temporal profile of CP ASE for a pump energy density of 7.75 mJ/cm?. (b) Three-
dimensional profiles of CP ASE (1.55 mJ/ cm?).

Figure 11b shows the temporal dynamics of the CP in toluene at the aforementioned
concentration, but the pump energy density was increased to above 7 mJ/cm?. When the
pump energy density was 7.75 mJ/cm?, ASE was obtained at 520 nm with an FWHM of
8 nm. The entire ASE event became short due to rapid excitation, population inversion, and
stimulated emission. The ASE attained the peak in a rapid phase and lasted for only 4 ns.
In the pump pulse tailing phase, the photon flux was lower and produced fluorescence at
the vibrational band around 480 nm, producing LIF along with weak ASE 2 ns after the
maximum ASE peak intensity.

5. Conclusions

This report investigated the theoretical, optical, and mirrorless laser properties of
CP PFO-co-PPV-MEHB. The calculation showed a HOMO-LUMO structure and a very
high oscillator strength of 6.434 (a.u.) for the singlet-singlet transition at 374.43 nm. The
experimental UV-Vis spectra obtained for the nonpolar solvent hexane were analogous to
the simulated HOMO-LUMO structure. The simulation showed three oscillator strengths
that matched the two peaks and shoulder manifested in experimental UV-VIS spectra,
indicating that highly efficient fluorescence properties arise from singlet vibrational transi-
tions. Under an optimal solution concentration and pump energy, CP spectral narrowing
was achieved at 508 nm with an FWHM of 8.75 nm. The photochemical stability under
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pulsed laser excitation was excellent, without deuteration for up to 20 k pulses. TRS studies
showed a rapid intensity increase and spectral narrowing within 2 ns of fluorescence.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/polym13091430/s1. Figure S1: Optimized structure of the copolymer PFO-co-PPV-MEHB
Using DFT calculations. Figure S2: (a) Charge distribution of PFO-co-PPV-MEHB (tail-truncated
and n = 3 model), (b) Polarizability of PFO-co-PPV-MEHB is 229.15 A3 (tail-truncated and n = 3
model) and (c) H bond donor acceptor of PFO-co-PPV-MEHB (tail-truncated and n = 3 model).
Figure S3: Electronic circular dichroism (ECD) of PFO-co-PPV-MEHB (tail-truncated and n = 3 model)
calculated using the CAM-B3LYP/6-31G(d,p) basis set. Figure S4 Estimation of HOMO—LUMO gaps
for PFO-co-PPV-MEHB using bandgap extrapolation of oligomers (n =1 to 5).

Author Contributions: Conceptualization, M.J.A., M.S.A. and S.P,; software, M.].A. and S.P.; method-
ology, M.J.A. and S.P; validation, S.P., M.].A. and M.S.A ; investigation, R.H.A. and R.A.A.; formal
analysis, S.P, RH.A., M.J.A. and R.A.A., resources, M.S.A.; data curation, M.J.A. and S.P; writing—
original draft preparation, M.J.A. and S.P,; writing—review and editing, M.S.A.; visualization, S.P.
and M.J.A,; supervision, M.S.A.; project administration M.S.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This Project was funded by the National Plan for Science, Technology, and Innovation
(MAARIFAH), King Abdulaziz City for Science and Technology, Kingdom of Saudi Arabia, Award
Number (3-17-04-001-0002).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data is offered by corresponding author for reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Chénais, S.; Forget, S. Recent advances in solid-state organic lasers. Polym. Int. 2012, 61, 390-406. [CrossRef]

2. Scherf, U.; Riechel, S.; Lemmer, U.; Mahrt, R.F. Conjugated polymers: Lasing and stimulated emission. Curr. Opin. Solid State
Mater. Sci. 2001, 5, 143-154. [CrossRef]

3. Mcgehee, M.; Heeger, A. Semiconducting (Conjugated) Polymers as Materials for Solid-State Lasers. Adv. Mater. 2000, 12,
1655-1668. [CrossRef]

4. Ibnaouf, K.H. Photodynamic properties of poly [2-methoxy-5-(3', 7’-dimethyloctyloxy)-1, 4-phenylenevinylene] under pulsed
laser excitation. Opt. Laser Technol. 2020, 130, 106369. [CrossRef]

5. AlSalhi, M.S.; Almotiri, AR.; Prasad, S.; Aljaafreh, M.].; Othman, A.H.S.; Masilamai, V. A temperature-tunable thiophene polymer
laser. Polymers 2018, 10, 470. [CrossRef] [PubMed]

6.  McNeill, C.R.; Greenham, N.C. Conjugated-polymer blends for optoelectronics. Adv. Mater. 2009, 38-39, 3840-3850. [CrossRef]

7. Lin, Y.; Zhan, X. Oligomer Molecules for Efficient Organic Photovoltaics. Acc. Chem. Res. 2016, 49, 175-183. [CrossRef]

8.  Aljaafreh, M.],; Prasad, S.; AlSalhi, M.S.; Alahmed, Z.A. Ultrafast dynamics of laser from green conjugated-oligomer in solution.
Polymer 2019, 169, 106-114. [CrossRef]

9.  Sirringhaus, H; Bird, M.; Zhao, N. Charge transport physics of conjugated polymer field-effect transistors. Adv. Mater. 2010, 22,
3893-3898. [CrossRef]

10. Brabec, C.J.; Dyakonov, V.; Parisi, ].; Sariciftci, N.S. Organic Photovoltaics: Concepts and Realization; Springer: New York, NY,
USA, 2003.

11.  AlSalhi, M.S.; Alam, J.; Dass, L.A.; Raja, M. Recent advances in conjugated polymers for light emitting devices. Int. . Mol. Sci.
2011, 12, 2036-2054. [CrossRef]

12.  Son, D.I; Kim, H.H.; Cho, S.; Hwang, D.K,; Seo, ].W.; Choi, W.K. Carrier transport of inverted quantum dot LED with PEIE
polymer. Org. Electron. Phys. Mater. Appl. 2014, 15, 886-892. [CrossRef]

13. Prasad, S.; Ibnaouf, K.H.; Alsalhi, M.S.; Masilamani, V. Laser from the dimer state of a conjugated polymer (PFO) in solution.
Polymer 2014, 55, 727-732. [CrossRef]

14.  Murphy, E. The semiconductor laser: Enabling optical communication. Nat. Photonics 2010, 4, 287. [CrossRef]

15. Prasad, S.; Ibnaouf, K.H.; Alsalhi, M.S.; Devaraj, D.; Masilamani, V. High power amplified spontaneous emission from an
oligomer in solution. J. Lumin. 2015, 168, 109-113. [CrossRef]

16. Pisignano, D.; Anni, M.; Gigli, G.; Cingolani, R.; Zavelani-Rossi, M.; Lanzani, G.; Barbarella, G.; Favaretto, L. Amplified

spontaneous emission and efficient tunable laser emission from a substituted thiophene-based oligomer. Appl. Phys. Lett. 2002,
81, 3534. [CrossRef]


https://www.mdpi.com/article/10.3390/polym13091430/s1
https://www.mdpi.com/article/10.3390/polym13091430/s1
http://doi.org/10.1002/pi.3173
http://doi.org/10.1016/S1359-0286(01)00010-9
http://doi.org/10.1002/1521-4095(200011)12:22&lt;1655::AID-ADMA1655&gt;3.0.CO;2-2
http://doi.org/10.1016/j.optlastec.2020.106369
http://doi.org/10.3390/polym10050470
http://www.ncbi.nlm.nih.gov/pubmed/30966504
http://doi.org/10.1002/adma.200900783
http://doi.org/10.1021/acs.accounts.5b00363
http://doi.org/10.1016/j.polymer.2019.02.022
http://doi.org/10.1002/adma.200902857
http://doi.org/10.3390/ijms12032036
http://doi.org/10.1016/j.orgel.2014.01.014
http://doi.org/10.1016/j.polymer.2013.12.049
http://doi.org/10.1038/nphoton.2010.107
http://doi.org/10.1016/j.jlumin.2015.08.001
http://doi.org/10.1063/1.1519735

Polymers 2021, 13, 1430 13 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Aljaafreh, M.].; AlSalhi, M.S.; Prasad, S. Design of tunable liquid laser based on presence of the conjugated-polymer counter
influencing the spectral properties of the oligomer. Opt. Mater. 2021, 111, 110575. [CrossRef]

Holzer, W.; Penzkofer, A.; Pertsch, T.; Danz, N.; Brauer, A.; Kley, E.B.; Tillmann, H.; Bader, C.; Horhold, H.H. Corrugated neat
thin-film conjugated polymer distributed-feedback lasers. Appl. Phys. B Lasers Opt. 2002, 74, 333-342. [CrossRef]

Bauer, C.; Giessen, H.; Schnabel, B.; Kley, E.B.; Schmitt, C.; Scherf, U.; Mahrt, R.F. A surface-emitting circular grating polymer
laser. Adv. Mater. 2001, 13, 1161-1164. [CrossRef]

Jory, M.].; Barnes, W.L.; Samuel, LD.W,; Turnbull, G.A.; Andrew, P. Relationship between photonic band structure and emission
characteristics of a polymer distributed feedback laser. Phys. Rev. B Condens. Matter Mater. Phys. 2001, 64, 1-6. [CrossRef]
Moses, D. High quantum efficiency luminescence from a conducting polymer in solution: A novel polymer laser dye. Appl. Phys.
Lett. 1992, 60, 3215-3216. [CrossRef]

Brouwer, H.; Krasnikov, V.V.; Hilberer, A.; Wildeman, J.; Hadziioannou, G. Novel high efficiency copolymer laser dye in the blue
wavelength region. Appl. Phys. Lett. 1995, 66, 3404-3406. [CrossRef]

O’carroll, D.; Lieberwirth, I.; Redmond, G. Microcavity effects and optically pumped lasing in single conjugated polymer
nanowires. Nat. Nanotechnol. 2007, 2, 180-184. [CrossRef]

Mujamammi, W.M.; Prasad, S.; AlSalhi, M.S.; Masilamani, V. Relaxation oscillation with picosecond spikes in a conjugated
polymer laser. Polymers 2016, 8, 364. [CrossRef]

Hassan, M.U.; Liu, Y.C.; Butt, H.; Hasan, K.U.; Chang, J.F.; Olawoyin, A.A.; Friend, R.H. Low thresholds for a nonconventional
polymer blend—Amplified spontaneous emission and lasing in F81-x:SYx system. |. Polym. Sci. Part B Polym. Phys. 2016, 54,
15-21. [CrossRef]

Oki, O.; Kushida, S.; Mikosch, A.; Hatanaka, K.; Takeda, Y.; Minakata, S.; Kuwabara, J.; Kanbara, T.; Dao, T.D.; Ishii, S.; et al.
FRET-mediated near infrared whispering gallery modes: Studies on the relevance of intracavity energy transfer with Q-factors.
Mater. Chem. Front. 2018, 2, 270-274. [CrossRef]

Chilukuri, B.; Mazur, U.; Hipps, K.W. Structure, Properties, and Reactivity of Porphyrins on Surfaces and Nanostructures with
Periodic DFT Calculations. Appl. Sci. 2020, 10, 740. [CrossRef]

Han, D.; Li, J.; Zhang, Q.; He, Z.; Wu, Z.; Chu, J.; Lu, Y. Synthesis of m-Conjugated Polymers Containing Benzotriazole Units via
Palladium-Catalyzed Direct CH Cross-Coupling Polycondensation for OLEDs Applications. Polymers 2021, 13, 254. [CrossRef]
Aljaafreh, M.].; Prasad, S.; AlSalhi, M.S.; Alahmed, Z.A.; Al-Mogren, M.M. Optically pumped intensive light amplification from a
blue oligomer. Polymers 2019, 11, 1534. [CrossRef]

Zou, X.; Wen, G.; Hu, R.; Dong, G.; Zhang, C.; Zhang, W.; Huang, H.; Dang, W. An Insight into the Excitation States of Small
Molecular Semiconductor Y6. Molecules 2020, 25, 4118. [CrossRef] [PubMed]

Reyes, YI.A.; Ting, L.-Y,; Tu, X.; Chen, H.-Y.T.; Chou, H.-H.; Coluccini, C. Mechanistic Studies of Hydrogen Evolution Reaction on
Donor-Acceptor Conjugated Polymer Photocatalysts. Appl. Sci. 2020, 10, 7017. [CrossRef]

Why Must I Have an emICCD? Available online: https://www.princetoninstruments.com/products/pi-max-family /pi-max/
tech-notes/why-must-i-have-an-emiccd (accessed on 28 April 2021).

Wang, Y.; Tsiminis, G.; Yang, Y.; Ruseckas, A.; Kanibolotsky, A.L.; Perepichka, L.E; Skabara, PJ.; Turnbull, G.A.; Samuel, LD.W.
Broadly tunable deep blue laser based on a star-shaped oligofluorene truxene. Synth. Met. 2010. [CrossRef]

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16 C.01. 2016. Available online: https:/ /gaussian.com/relnotes/ (accessed on 28 April 2021).
Chattopadhyaya, M.; Sen, S.; Alam, M.M.; Chakrabarti, S. The role of relativity and dispersion controlled inter-chain interaction
on the band gap of thiophene, selenophene, and tellurophene oligomers. J. Chem. Phys. 2012, 136, 94904. [CrossRef]

Peach, M.].G; Tellgren, E.I; Salek, P.; Helgaker, T.; Tozer, D.]. Structural and electronic properties of polyacetylene and polyyne
from hybrid and coulomb-attenuated density functionals. J. Phys. Chem. A 2007, 111, 11930-11935. [CrossRef] [PubMed]

Zade, S.S.; Bendikov, M. From oligomers to polymer: Convergence in the HOMO—-LUMO gaps of conjugated oligomers. Org.
Lett. 2006, 8, 5243-5246. [CrossRef]

Franco, F.C,, Jr.; Padama, A.A.B. DFT and TD-DFT study on the structural and optoelectronic characteristics of chemically
modified donor-acceptor conjugated oligomers for organic polymer solar cells. Polymer 2016, 97, 55-62. [CrossRef]

Dutta, T.; Woody, K.B.; Parkin, S.R.; Watson, M.D.; Gierschner, J. Conjugated polymers with large effective stokes shift:
Benzobisdioxole-based poly (phenylene ethynylene)s. J. Am. Chem. Soc. 2009, 131, 17321-17327. [CrossRef]

Keppler, S.; Savert, A.; Korner, J.; Hornung, M.; Liebetrau, H.; Hein, J.; Kaluza, M.C. The generation of amplified spontaneous
emission in high-power CPA laser systems. Laser Photon. Rev. 2016, 10, 264-277. [CrossRef] [PubMed]

Lin, Z.; Zhang, Y.; Chen, W.; George, T.F,; Li, S. Transient Aspects and Ultrafast Dynamical Processes of Amplified Spontaneous
Emission in Conjugated Polymers. |. Phys. Chem. B 2018, 122, 10762-10766. [CrossRef]

Jiang, Y.; Fang, M.; Chang, S.; Huang, J.; Chu, S.; Hu, S.; Liu, C.; Lai, W.; Huang, W. Towards Monodisperse Star-Shaped
Ladder-Type Conjugated Systems: Design, Synthesis, Stabilized Blue Electroluminescence, and Amplified Spontaneous Emission.
Chem. Eur. ]. 2017, 23, 5448-5458. [CrossRef]

Calzado, E.M.; Boj, P.G.; Diaz-Garcia, M.A. Amplified spontaneous emission properties of semiconducting organic materials. Int.
J. Mol. Sci. 2010, 11, 2546-2565. [CrossRef]


http://doi.org/10.1016/j.optmat.2020.110575
http://doi.org/10.1007/s003400200821
http://doi.org/10.1002/1521-4095(200108)13:15&lt;1161::AID-ADMA1161&gt;3.0.CO;2-9
http://doi.org/10.1103/PhysRevB.64.125122
http://doi.org/10.1063/1.106743
http://doi.org/10.1063/1.113368
http://doi.org/10.1038/nnano.2007.35
http://doi.org/10.3390/polym8100364
http://doi.org/10.1002/polb.23947
http://doi.org/10.1039/C7QM00498B
http://doi.org/10.3390/app10030740
http://doi.org/10.3390/polym13020254
http://doi.org/10.3390/polym11101534
http://doi.org/10.3390/molecules25184118
http://www.ncbi.nlm.nih.gov/pubmed/32916920
http://doi.org/10.3390/app10207017
https://www.princetoninstruments.com/products/pi-max-family/pi-max/tech-notes/why-must-i-have-an-emiccd
https://www.princetoninstruments.com/products/pi-max-family/pi-max/tech-notes/why-must-i-have-an-emiccd
http://doi.org/10.1016/j.synthmet.2010.04.016
https://gaussian.com/relnotes/
http://doi.org/10.1063/1.3689860
http://doi.org/10.1021/jp0754839
http://www.ncbi.nlm.nih.gov/pubmed/17963369
http://doi.org/10.1021/ol062030y
http://doi.org/10.1016/j.polymer.2016.05.025
http://doi.org/10.1021/ja9068134
http://doi.org/10.1002/lpor.201500186
http://www.ncbi.nlm.nih.gov/pubmed/27134684
http://doi.org/10.1021/acs.jpcb.8b06903
http://doi.org/10.1002/chem.201605885
http://doi.org/10.3390/ijms11062546

	Introduction 
	Materials and Methods 
	Results and Discussion 
	DFT Calculation 
	Absorption and Fluorescence Spectra of the CP in Toluene 
	ASE (Mirrorless Lasing) from CO PFO-co-PPV-MEHB in Toluene 

	Picosecond Time-Resolved Spectra of ASE in Toluene 
	Conclusions 
	References

