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Ladder-Type Benzene-Perylene Dyes with Efficient Laser
Properties in the Near-IR by Detracting/Activating

Low/High Frequency Vibronic Modes

Marcos Diaz-Ferndndez, Alex Farrando Pérez, Fernando Gordillo Gdmez, Pedro G. Boj,
José M. Villalvilla, José A. Quintana, Yanpei Wan, Daniel Aranda,
José Manuel Marin-Beloqui, Jishan Wu,* Zebing Zeng,* Maria A. Diaz-Garcia,*

and Juan Casado*

Organic lasers are very attractive light sources for various applications, which
have propelled the search for organic compounds showing good performance
as active laser units. Here, a family of ladder-type oligomers (named as
NNR-n with n = 1-4), constructed by benzene and perylene is presented.
These molecules show outstanding amplified spontaneous emission
properties in terms of threshold and photostability, being particularly

noticeably the larger size molecules emitting in the near infrared (NIR) region.

The origin of this behavior is elucidated through comprehensive
spectroscopic and theoretical characterization investigating the underlying
photophysical processes using steady-state absorption and emission
measurements at both room temperature and cryogenic conditions,
complemented by transient absorption spectroscopy spanning the visible to
near-infrared (vis-NIR) regions. The results demonstrate that the excited-state
electronic dynamics are governed by high-frequency vibrational modes. The
rigid ladder-type structure suppresses low-frequency vibronic coupling
modes, thereby significantly reducing internal conversion, which enhances
NIR emission by promoting efficient radiative pathways. Finally, distributed
feedback lasers have been made to exploit such optical properties resulting in
devices with lasing up to 758 nm.

1. Introduction

Photophysical properties of benzene-based
polycyclic compounds are of permanent in-
terest due, among other reasons, to the
presence of light absorption and emis-
sion bands in the visible spectral region
thus providing a unique platform for “chro-
mophoric” applications.!'3] Benzenoid or-
ganic molecules can be divided in sev-
eral classes (Scheme 1), namely: i) ben-
zene fused systems such as polycyclic aro-
matic compounds or nanographenes,*! in-
cluding acenes;P’! ii) benzene oligomers
or oligophenyls!® in which the repeating
phenyl rings are connected by CC single
bonds; iii) fluorene and oligofluorenes,”!
in which the biphenyl repeating unit is
conformationally fixed to be planar by
the inclusion of two CC single bonds
through the benzene ortho positions in
the monomeric units (i.e., keeping the in-
termonomer connections with CC single
bonds); and iv) ladder-type oligophenyls
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Scheme 1. Chemical structures of the typical benzene-based oligomers
with different interunit connectivities (highlighted in red and grey) and
NNR-n compounds under study. R: alkyl/phenyl solubilizing groups.

or oligofluorenes,®! in which the rigidity through CC single
bonds like fluorene is extended among all pairs of consecutive
benzene rings of the molecule. To diversify the optoelectronic
properties, benzene-based oligomers have been also prepared by
mixing different aromatic units, conforming the so-called hetero-
oligomers (i.e., in contrast to homo-oligomers with equal repeat-
ing units). A relevant example of hetero-oligomers are those with
alternating benzene and fluorene moieties, and these functional-
ized with donor and acceptor groups, which have been exploited
in a variety of applications in organic electronics, such as organic
light emitting diodes,°! organic field effect transistors,!1%! elec-
tron transfer systems for organic photovoltaics,'!l sensors,!] or-
ganic lasers,!% etc.

An aspect that has received recently great interest in the area
of organic chromophores concerns the attainment of optical ab-
sorption and emission of light in the near infrared (NIR) region
of the electromagnetic spectrum. Many potential benefits of NIR
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Scheme 2. Chemical structures of the main chromophores in which am-
plification of light emission is reported, and DFB laser is fabricated. R:
alkyl/phenyl solubilizing groups.

photonic applications are in the field of energy storage with flu-
orescence up-conversion, analysis of biological tissues with bio-
imaging, etc.'*1%] In this regard, nanographenes have appeared
as promising candidates in NIR applications, given that their op-
tical gaps can be efficiently narrowed by elongating the planar
molecular fragment in 2D dimensions (i.e., PP-Ar and FZ3 in
Scheme 1).[1617) This strategy is however, limited by the solubil-
ity and processability of the flat z—x interacting systems. Fur-
thermore, the use of oligomeric compounds (more processable
oligophenyls and oligofluorenes) for NIR optical applications ap-
pears also limited by the quick saturation of the optical (i.e.,
~500-550 nm) and HOMO-LUMO gaps with the chain length
(i-€., coalescence of the mean conjugation length).[*®! Finally, the
last adverse situation in order to manipulate light emission in
the NIR region with organic chromophores consists with the
increasing efficiency of non-radiative processes (band gap law),
which all work to quench emission."?] In this scenario, the class
of ladder-type oligomers, in which backbone rigidity is imposed
in the interbenzene connections to block conformations, is ef-
fective to mitigate non-radiative quenching. This is the case for
fluorene and ladder-type oligofluorenes and, more recently in our
group, carbon-bridged oligophenylenevinylenes!?*221 (COPV6 in
Scheme 1 as the prototypical example). In this latter family, out-
standing emission and lasing behavior was discovered, although
the optical emission range is limited to 600 nm far from the NIR
part of interest.

Another alternatives to achieve laser performance toward
the NIR region, assessed through amplified spontaneous emis-
sion (ASE) studies, have been reported, such as: i) by means
of excited-state intramolecular proton transfer (ESIPT) which
enabled multicolor ASE extending up to 900 nm when incorpo-
rating these molecules into polystyrene (PS) microspheres;2>-%°]
and ii) by incorporation of heteroatom-containing units into the
organic framework.[26?’] Nonetheless, extending conjugation
is the most recurrent approach to get NIR ASE emitters, and
Scheme 2 shows the nanographene extending conjugation
approaches investigated by our groups in which ASE was
successfully found in the NIR region.['®1]

Another important aspect of organic chromophores display-
ing ASE is the viable implementation in the construction of
distributed feedback (DFB) lasers with very narrow (<1 nm)
single-mode emissions. A particular device architecture which
offers various advantages is including a laser resonator made of
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Figure 1. Left: Absorption and emission spectra of NNR-n in methyl THF at 80 K (10~> m), from the top to the bottom: NNR-1, NNR-2, NNR-3 and
NNR-4. Right: Vibrational structure of the ground electronic (Sy) state and of the first singlet optically active excited state (Sy) according with the vibronic

structure of the Sy—S; absorption and of the S;—S; emission.

dichromated gelatin (DCG) with an engraved surface relief grat-
ing fabricated by holographic lithography (HL) and located on top
of the active film.[?8-3% For instance, i) the optical properties of the
active film remain preserved thanks to the deposition of the DCG
layer from a water solution, avoiding the use of organic solvents
that can damage the film; and ii) the versatility of HL and the
uniform thickness of the active film (h) enable the realization of
devices emitting at different wavelengths while maintaining the
respective low thresholds, enhancing overall device performance.
The good laser tuning characteristics exhibited by the devices fab-
ricated arise from their considerable size (i.e., centimetres), the
versatility facilitated by HL method, and the constant value of h
maintained across the entire device.

In this article, we propose to use new hetero-oligomers with
ladder-type connections based on benzene and perylene as alter-
nating repeating units of increasing molecular size (compounds
named as NNR-n with n = 1-4, see Scheme 1), which shows
light emission in the NIR region.?!] The dual combination of
ladder-type and hetero-oligomeric functionality is effective to par-
tially overcome the limiting factor of optical gap saturation of 1D
oligomers thus reaching the NIR optical gaps, at the same time
that restricts the adverse emission quenching effects by deacti-
vation of low frequency vibrational modes to the point of obtain-
ing outstanding yields of NIR fluorescence emission. Herein, a
complete photophysical study at 298 and 80 K, including steady-
state and time-resolved spectroscopies, is carried out in conjunc-
tion with quantum chemical calculations. Besides, a complete
characterization of the ASE properties of the NNR-n oligomers
dispersed in polystyrene (PS) films is performed to assess their
potential as active materials for NIR laser purposes. Finally, the
work is culminated with the fabrication of all-solution-processed
DFB lasers with top-layer DCG resonators.

2. Experimental Results

2.1. Absorption and Emission Properties

Figure 1 displays the absorption and emission spectra of the four
compounds at 80 K in methyl-THF (results at higher temper-
atures are shown in Figure S1, Supporting Information). For
NNR-1, the absorption spectrum displays a lowest energy elec-
tronic band owing to the HOMO-LUMO one-electron excitation,
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which is composed of three well-resolved contributions pertain-
ing to the 0-0, 0-1, and 0-2 vibronic transitions with the 0-0 one
being the most intense. These vibronic absorption bands get
more resolved upon cooling at 80 K and their vibronic spacings
can be easily measured as 1431 cm™" [vy; g = v(0-1)-v(0-0)] and
1441 cm™ [vyy 01 = v(v(0-2)=v(0-1)] resulting in a sole vibronic
progression or two of very similar high frequency. This is un-
common as the typical organic chromophores display vibronic
structures accounted by different vibronic wavenumber progres-
sions revealing different vibrational states coupled to the elec-
tronic transition. This dominant 1440-1430 cm™! vibronic pro-
gression can be related to the existence of several intense Ra-
man bands in the same region ~1400 cm™" (see Figure S2, Sup-
porting Information). By increasing the length of the oligomers,
the same situation is observed, where one sole vibronic progres-
sion dictates the form of the spectra 1379/1385 cm™! in NNR-2,
1331/1360 cm™" in NNR-3 and 1314/1384 cm™' in NNR-4. The
existence of one or several similar vibronic progressions, all of
them associated with high frequency vibrational states, can be
explained by the effective conformational rigidity.

As for the photoluminescence (PL), the emission spectrum of
NNR-1 is broad and, contrarily to its parent absorption, vibroni-
cally unresolved at 298 K, while, upon cooling, it becomes greatly
resolved giving rise to three distinctive vibronic components due
to the 0-0, 0-1, and 0-2 transitions in decreasing order of energy
which are equally spaced by vyq/o; = Vgy/0, = 1361 cm™ as a result
of the activation of one or two (i.e., with very similar frequency) vi-
bronic progressions such as in the absorptions. A similar descrip-
tion is valid for NNR-2, with the new finding that a third vibronic
peak in the emission spectrum (762 nm), which is not observed
at 298 K, gets resolved at 80 K. The vibronic spacings between the
three peaks are vy, = 1221 cm™ and vy, 4, = 1454 cm ™', reveal-
ing that, again, the two vibrational progressions involved in the
electronic transition are relatively high-frequency modes, though
not identical, such as in NNR-1 (i.e., 1361 cm™!).

Quantum chemical calculations with DFT and TD-DFT using
the Gaussian 163?] code with the CAM-B3LYP functional®! and
6-31G™ basis set?*%] have been carried out. In order to support
the assignments of the experimental electronic absorption and
emission spectra, vibronic calculations were performed with the
FCclasses3 code,*® utilizing the Vertical Hessian Model*”] in in-
ternal coordinates(*®! to account for frequency changes on the
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excited states and radiative rate constants.*>*%! Figure S3 (Sup-
porting Information) compares these experimental and theoreti-
cal electronic spectra both including their vibronic progressions
(i-e., in the theoretical cases, dimensionless normal coordinates
displacement parameters -AQ;- in Table S1 (Supporting Infor-
mation), simulate the vibronic activity), revealing a nice agree-
ment between theory and experiments. It is observed (Table S1,
Supporting Information) that the low energy vibronic modes in
general reduce their activity on enlarging the z—conjugated sys-
tem (modes at 70-210 cm™ for NNR-1 with larger AQ; (0.85-
1.16) evolve at only one relevant mode at 19 cm~! in NNR-2 and
70 cm~! in NNR-3 with an even smaller AQ, of 0.70, see mo-
tion animations for some selected vibrational modes in the addi-
tional Supporting Information files). This means that for these
soft vibronic modes, the higher AQ; values become more local-
ized for the frequencies below 70 cm™' on going from NNR-
1-NNR-3. Conversely, the high energy modes (1200-1500 cm™)
turn out to be the most active (AQ; ranging in the 0.66-0.76
interval for the three compounds), then undergoing no major
changes with molecular size. This theoretical prediction seem-
ingly indicates the activation in the vibronic progressions of high
frequency modes at the expense of the softer vibronic modes,
which might be the result of the ladder-type structure of the NNR-
n compounds.

Going back to the experimental spectra and comparing the
absorptions and emissions, the wavenumber of the v, in ab-
sorption of NNR-2 (i.e., 1379 cm™) is higher than the vy, in
emission (i.e., 1221 cm™'). However, this trend is reversed in
the second vibronic component, where the absorption wavenum-
ber (i.e., 1385 cm™!) is smaller than the corresponding emission
wavenumber v, o, (i.e., 1454 cm™). In the NNR-3, the emission
spectrum at 80 K has two vibronic bands only (due to the instru-
ment detection limit), therefore, only one vibronic progression is
measured (i.e., 1279 cm™), which is smaller than the equivalent
component in the absorption (i.e., 1331 cm™) such as in NNR-
1 and in NNR-2. In NNR+4, again, only two vibronic bands are
detected in the emission spectrum resulting in a vibronic pro-
gression wavenumber of 1312 cm™" which is now very similar
to the same progression in absorption, 1314 cm™. This compari-
son between the absorption and emission behavior reveals three
important aspects:

i. In the first vibronic progression of the emission, the
wavenumber increases from NNR-2 (1221 cm™?!) to NNR-3
(1279 cm™') and to NNR-4 (1312 cm™1).

ii. Increasing the molecular size produces a convergence of the
absorption and emission vibronic progressions to the same
values, such as in NNR-4.

iii. Vibrational spacings are larger in the optically active excited
state (i.e., S; obtained from the absorption spectra) than in
the ground electronic state (i.e., S, obtained from the emis-
sion spectra), which is unusual since the less overall bonding
character of excited states compared with the ground state.
This situation has been previously described for benzene and
some of its derivatives/**?] a phenomenon ascribed to the
presence of a particular vibrational coordinate, the so-called
kékulé CC stretching mode of benzene, which couples the
excitation between the S, and S; and whose force constant
increases in the excited state. This arises because alongside
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this vibronically coupling kékulé CC stretching mode, the
excited state shows a greater potential energy slope than in
the ground state, revealing the existence of an excited state
stiffening effect that, in our NNR-n molecules, could be as-
sociated with the presence of ortho-substituted benzenes in
analogy with this effect being found previously in benzene
and ortho-disubstituted benzenes. On the other hand, the
stokes shift (i.e., difference between the 0-0 vibronic peaks
in absorbance and in emission) in the four compounds pro-
gressively decreases upon increment of the number of re-
peating units and, at 80 K, it is almost vanishing in NNR-
4 (i.e., 152 cm™). This is in agreement with the increase of
the fluorescence quantum yields (®5) from NNR-1-NNR-
3/NNR-4 which is a very important property with a dual ori-
gin; on one hand, the same behavior has been found out in
oligophenyls where @ increases with increasing length as-
cribed to the decrease of the intersystem crossing rate re-
sulting in reduced interference with fluorescence with the
increase of the molecular size.[*¥] The lifetimes for the flu-
orescence emissions slightly decrease as NNR-1 (3.23 ns)—
NNR-2 (2.97 ns) — NNR-3 (2.07 ns) — NNR-4 (2.11 ns) in
agreement with the increase of ®@;. On the other hand, the
most unique aspect of the studied compounds is related to
the ladder-type structure which blocks conformational flexi-
bility and reduces the stokes shift. Aside of pure electronic
effect and taking into the experimental low temperature vi-
bronic progressions in absorption and emission together
with theoretical calculations of the vibronic progressions, it
turns out that the particular ladder-type structure removes
the low frequency vibrational modes from the electronic exci-
tations. These vibrational modes represent efficient channels
of emission quenching and thus their absence in the NNR-
n compounds promotes the increment of ®; with size (i.e.,
this will be very valuable for attaining ASE in the vicinity of
the NIR region).

2.2. Femtosecond Transient Absorption Spectroscopy (fs-TAS)

Fs-TA spectra of the four compounds have been obtained. They
were excited with the same power (0.25 mW) at their absorbance
maxima, at 540, 620, 660, and 680 nm for NNR-1, NNR-2, NNR-
3, and NNR-4, respectively. Figure 2 shows the fs-TAS spectra of
the four NNR-n obtained at certain time delays upon population
of the first optically active excited state, by the pump pulse. The
main aspects of these data are: i) a positive feature correspond-
ing to the excited state absorbance or ESA band spreading mostly
in IR range accompanied by two negative features in the visible
region owing either to the ground state bleaching (GSB) or to
stimulated emission (SE) given the resemblance with the ground
state absorbance and fluorescence spectra, respectively. However,
since the almost negligible Stoke shifts of these molecules, the
maximum of the ground state bleach and the stimulated emis-
sion almost merged together in the form of a very intense neg-
ative signal at 550, 625, 670, and 680 nm, for NNR-1, NNR-2,
NNR-3, and NNR-4, respectively. We extract the lifetimes from
the stimulated emission 0-1 vibronic band (i.e., despite this 0-1
most intense emission SE band might have contribution from
the GSB). These lifetimes were 4 ns in NNR-1, 2 ns in NNR-2,
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Figure 2. Fs-TA spectra of a) NNR-1, b) NNR-2, ¢) NNR-3, and d) NNR-4 solutions in toluene. Excitation wavelength was modified to match their 0-0

maximum absorbance. Excitation power was 0.25 mW.

1.5 ns in NNR-3, and 1 ns in NNR-4, which show the same de-
creasing behavior with the enlargement of the chain length than
the fluorescence lifetimes obtained by the single photon count-
ing experiments. From quantum chemical calculations, we have
been able to obtain the theoretical kinetic constants for the ra-
diative (k,) and non-radiative (i.e., K, internal conversion only)
relaxation processes (Table S2, Supporting Information). The k,
theoretical values increase by increasing the z—conjugated size
as they evolve as 1.41 10® s~ in NNR-1, 3.47 10® s~! in NNR-
2 and 5.17 10% s7! in NNR-3 in line with the decrease of their
fluorescence lifetimes on NNR-1— NNR-4 from steady-state and
transient measurements. Concomitantly, the k. theoretical val-
ues decrease from 0.87 108 s7! in NNR-2 t0 0.23 10% s~! in NNR-3
(0.0083 108 s~! in NNR-1), revealing the impediment for internal
conversion between vibronic states upon removing the vibronic
activity of soft frequency modes. On the other hand, the increase
of fluorescence efficiency also reveals the decrease of the compet-
ing relaxation channels.

It turns out that the lifetimes of the stimulated emission are
of the same order of magnitude than those of the spontaneous
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emissions, an uncommon result given that stimulated emission
is conventionally detected in fs-TAS experiments of organic ma-
terials with picosecond timescale.[*#¢] This delayed stimulated
emission in our dyes can also be associated with the effects men-
tioned above to account for the larger fluorescence quantum
yields.

The excited state stiffening (i.e., the higher frequency vi-
bronic progressions) together with the absence of low frequency
quenching modes provide a smaller density of states, which ham-
pers non-radiative decays. In addition, the similar values of stim-
ulated and spontaneous emission lifetimes are good indications
of ASE, as reported in the literature.?**’*1 The ASE proper-
ties of the compounds will be analyzed in the following sec-
tions. The main ESA bands of these benzene-perylene ladder-
type oligomers are placed in the NIR region, so well separated
from the SE bands avoiding interference of the two, a fact which
is more marked for NNR-3 and NNR-4. The state population from
the ESA bands remains constant until it decays following the
same kinetics as the GSB and the SE, then associated with the
optically active singlet excited state described for NNR-1/4.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Optical properties of investigated NNRs dispersed in polystyrene films. a) Absorption coefficient (; solid lines, left axis), PL (dashed lines,
right axis), and ASE (shaded area, right axis) spectra at room temperature of PS films doped with 1 wt.% of NNR-1 (top panel, green), NNR-2 (middle
panel, red), and NNR-3 (bottom panel, maroon). b) Emission output intensity (I,,; right axis) and linewidth, defined as the FWHM (left axis) as a
function of the pump energy density (E,,m,) for PS films doped with 1 wt.% of NNR-1 (green triangles), NNR-2 (red circles), and NNR-3 (maroon
squares). Lines are guides to the eye. Inset: ASE threshold (Ey, asg) versus fluorescence quantum efficiency in solution, ®¢ for each NNR. @ data
correspond to previously reported values.[?®] c) Net gain coefficients, g,;, versus the pump energy density, E for a Twt.% NNR-3-doped PS film.
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versus
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2.3. Amplified Spontaneous Emission Properties

The detection in the fs-TAS experiment of stimulated emission
in the same time range than spontaneous emission aims us to
carry out experiments of ASE and to explore potential lasing ap-
plications. Figure 3 shows the results of the optical (absorption
and PL) and ASE experiments in polystyrene (PS) films con-
taining 1 wt.% of NNR-1, NNR-2, and NNR-3. Only some data
could be obtained for NNR-4 (see Figure S4 and Table S3, Sup-
porting Information), due to the impossibility to grow suitable
films (i.e., due to the large molecular weight and the presence
of many flexible alkoxy groups).?*#-*] The ASE phenomenon
is shown as a sudden increase in the output intensity (I,) ac-
companied by a narrowing of the PL spectrum when a certain
pump energy density (E,,,,) value is exceeded, which is known
as ASE threshold (E, _ ,sg). The three investigated materials have
shown ASE activity. The spectra for NNR-n-doped PS films (dis-
persed at 1 wt.%) are shown in Figure 3a and their most im-
portant optical parameters are gathered in Table 1. ASE peaks
(Aasp) appear at 610.6 nm for NNR-1, 702.5 nm for NNR-2, and

Adv. Funct. Mater. 2025, e06356 €06356 (6 of 11)

749.9 nm for NNR-3, the latter representing an outstanding ASE
emission in the NIR region. It is valuable to compare these find-
ings to those reported for COPV6 (Schemes 1 and 2), which can
be viewed as representative examples of highly efficient ladder-
type oligomers with ASE emission. The spectral emission range
ofladder-type COPVs spans from 385 to 583 nm in COPV6. In the
case of the NNR-n compounds, a much more red-shifted portion
of the spectrum (ranging from 610.5 to 749.95 nm) is achieved.
To put this result in context, other nanographenes (fused poly-
cyclic aromatic compounds expanding with 2D z—conjugation in
Scheme 2 not based on the ladder type concept) with ASE emis-
sions near 800 nm have been reported.[?*47-#]

ASE emission in the three NNR-n compounds occurs close to
the 0-1 vibronic peak of the corresponding PL spectrum in so-
lution. The detection of ASE in this second (0-1) vibronic peak,
which is associated with a progression owing to CC stretching
skeletal modes, is interesting since the high frequency associ-
ated mode allows this secondary 0-1 emission to be well separated
from the main 0-0 peak, reducing the adverse effect of reabsorp-
tion in the proximity of the 0-0 peak.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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The ASE thresholds, E, _ ,qp, of the investigated NNR-based
films, were determined through plots of I, and linewidth (de-
fined as the full width at half maximum, FWHM) versus pump
energy density (see Figure 3b). For a given film, the E; _ 5 value
corresponds to the pump energy density at which the FWHM
reaches the midpoint value between those observed at low and
high excitation density, which is approximately coincident to that
at which a significant slope change in I, is observed. The re-
sults for all the films are included in Table 1. For the 3 wt.%
doped film, the ASE for NNR-1 is 600 pJ cm=2 (140 kW cm™2)
which is considerably improved in the larger compounds, with
values as low as 38 yJ cm™ (8 kW cm~2) for NNR-2, and 28
pJ cm=? (6 kW cm™2) for NNR-3 (see Figure S5, Supporting In-
formation for a comparison of the thresholds taking into account
film absorbance at the pump wavelength). This large difference
in the threshold of the NNR-1 film with respect to the other com-
pounds (more than an order of magnitude of difference), is likely
due to a greater overlap between the NNR-1 stimulated emission
and the absorption of its excited state, with a band at 650 nm
(Figure 2).

The detrimental impact on ASE of such overlap between SE
and ESA has been well-documented in the literature.* It is in-
teresting to compare these values with those reported for similar
compounds.[2026:2752] Particularly, the E,, _ g, values for NNR-
1 and NNR-2 are similar to those obtained with highly efficient
laser dyes, such as perylene orange (PDI-O), COPV6 or some
blue and green emitting nanographenes (FZ2 in Scheme 2).['7]
Nonetheless, it must be highlighted the very low ASE thresh-
old of the NNR-3 film with emission at A, = 749.9 nm, sig-
nificantly better than those reported for other NIR emitting
nanographenes, with an even shorter ASE wavelength (Ey, _ xsx
=270p] cm~? and A, = 712 nm).5?] This finding of improved
ASE action by enlarging the molecular size is not common, since
ASE is usually deteriorated when the emission is red-shifted to
the NIR. As for NNR-3, we have characterized both the gain and
losses, crucial parameters for providing a comprehensive under-
standing of the ASE performance. The net gain coefficients, g, ..
(see the ESI file for further details on how these values are ob-
tained) are illustrated in Figure 3c at several pump energy den-
sities, Ej,,. For instance, at E,,,,, = 55 pJ cm™2, a net gain of
Zoe = 6.4 cm™! is measured. Although this value is slightly lower
than those of state-of-the-art dyes used in laser applications (with
PLQY =~100%), it is very good considering the low dye doping
ratio in the case of NNR-3 (1 wt.%).

Nevertheless, the g, ., value achieved for the NNR-3 film is in
line with those measured for other PDI derivatives dispersed at
similar doping rates,**! which have been effectively utilized in
various types of DFB lasers. The total loss (k) was determined
from Figure 3c by extrapolating the g, to E,,, = 0resulting in
avalue, k = 4.3 cm™!, which aligns closely with that of other laser
dyes dispersed at a similar concentration in PS.* This suggests
that, at this low concentration, the propagation characteristics are
primarily governed by the polymer host. The ASE threshold de-
pendence with the doping ratio in the matrix was analyzed by
fabricating films with 3 wt.% of NNR-n" (see results in Table 1).
Small variations of the ASE threshold with the weight ratio are
observed; only in NNR-2 there is barely an improvement of this
figure of merit. These results suggest that some dye aggregation
and/or deactivation by intermolecular interactions might occur.
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Therefore, DFB devices were constructed with films with 1 wt.%
compound load (i.e., next section).

Furthermore, the stability and photostability of the NNR-n
films were tested. Remarkably, the NNR-n films exhibit similar
ASE performance after exposition to air, moisture, and ambi-
ent light for several months revealing the high stability of the
samples against chemicals and photodegradation. We also per-
formed photodegradation experiments under extreme pumping
conditions (i.e., energy flow is much higher than that attained at
Ey, _ asg in particular, E,,.. = 2500 kW cm™ > 20 Ey, _ 5q5), see
Figure 3d. The ASE intensity of NNR-2 and NNR-3-based films is
kept practically unaltered after 10° pump pulses, while the ASE
intensity decays in NNR-1 after 2.9 x 10* pump pulses. Again,
the robustness to photodegradation is remarkable and in the or-
der of the best reported for highly photostable dyes like COPVn
or PDIs, which keep similar performance under excitation of two
times above the threshold, while for NNR-n the excitation is over
100 times the threshold.[?*%] The corresponding ASE half-lifes,

rf/SZE are collected in Table 1.

2.4. Fabrication of Distributed Feedback Lasers Based on NNR-n

The potential of these compounds for laser applications is show-
cased through the fabrication of DFB lasers (Figure 4) which ex-
hibit lasing spanning a broad range of wavelengths, all achieved
at low threshold intensities. The device architecture (inset in
Figure 4b) incorporates a top-layer polymeric resonator deposited
on top of the NNR-doped PS film. This resonator consists of a 1D
relief grating created on a DCG photoresist layer by HL and fol-
lowed by a dry etching process.[>]

All the DFB devices prepared have 1D gratings and operate

in the second order of diffraction, that is m = 2 in the Bragg
condition (Equation (1)):
Mgy = 2 A (1)
where n g is the effective index of the multilayer system, which
depends on h, the grating depth (d ~110 nm in all devices), and
the refractive indexes of substrate, active film, resonator, and
cover; and A is the grating period. In second-order DFBs, light
emission occurs through perpendicular out-coupling from the
device surface, via first-order diffraction, at a wavelength App,
close to Ap,,,,. For light propagating in a specific waveguide mode
(in the designed devices, either the fundamental transversal elec-
tric TE, or magnetic, TM,) and considering a pure index grat-
ing in a separated layer (as in the present case), coupled mode
theory predicts the formation of a photonic stop-band (a dip)
centred at Ag,,.,, and lasing occurs at two wavelengths, one at
each edge of the dip.I*"! Therefore, A is adjusted to ensure that
Apragg @PProximately matches 4,g;, where the gain is maximum,
and consequently the threshold is minimised. In the case of
second-order devices, only the peak emitting at the longer wave-
length is observed, attributed to higher radiation losses at shorter
wavelengths.l%]

The geometric and operational parameters for the different
fabricated DFB devices are collected in Table 2. For each NNR-
n, various devices, with different A, were prepared, all emit-
ting at wavelengths close to 4,¢; (emission spectra depicted in

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Distributed feedback (DFB) lasers based on NNR-n. a) Spectra of DFB lasers (solid lines) based on NNRs doped PS films (four devices for each
compound with different grating periods, see Table 2): NNR-1 (green), NNR-2 (red), and NNR-3 (maroon). Dashed lines with shaded areas correspond
to the ASE spectra indicating the main laser emission region for each NNR. b) High-resolution spectrum of one the laser peak of one of the NNR1
devices on an expanded scale. The sketch of the DFB device architecture is show as an inset figure, including the excitation and collection geometries
(see arrows). The device consists of a top-layer polymeric resonator with an engraved relief grating (A, grating period; d, grating depth), located over an
active film (h, film thickness) of NNR dispersed in polystyrene (PS), deposited on top of a fused silica substrate.

Figure 4b). The four lasers created with NNR-1 emit within the
range of 603.5 to 619.3 nm, the four lasers corresponding to
NNR-2 exhibit peaks from 697.0 to 711.3 nm, and lastly, the
four lasers fabricated using NNR-3 present the most red-shifted
range from 744.8 to 758.8 nm. All these peaks correspond to TE,
waveguide modes. This was determined analyzing the polariza-
tion properties of each peak, which resulted in all cases parallel
to the grating lines, which correspond to the TE, mode of the
waveguide. The prepared waveguides also support TM,, modes,
thus laser peaks related to them also appear, whose polarization is
perpendicular to the grating lines. However, because their thresh-
olds are generally higher, often they are not detected. One of the
main characteristics of the laser peaks of the prepared NNR-n de-
vices is that they are very narrow (< 0.2 nm FWHM), as illustrated
in Figure 4b.

The DFB threshold values (Ey, _ppg) were determined fol-
lowing the same method employed for the ASE threshold de-
termination. Similarly, upon reaching the threshold, the emis-

sion spectrum condenses into a narrow peak. Especially note-
worthy are the devices fabricated with NNR-3, as their emis-
sion falls entirely within the NIR range, spanning from 744.8
to 758.8 nm. Additionally, all the DFB devices fabricated present
a lower E, _ppp than the corresponding E,, _ zqp (see Table 2).
In particular, the devices of NNR-3 (i.e., already with the low-
est By, _ asp) Present an exceptionally low E, _ prg, of 7.5 puJ cm™2
(1.6 kW cm™2), a result that is notable among the reported or-
ganic DFB devices and even more outstanding considering that
this effect is observed in the NIR region.

3. Discussion and Conclusion

A series of benzene-perylene oligomers with rigidified ladder-
type m—conjugated structures (imparted by the fourfold link
between the benzene and the perylene basic units), has been
studied by steady-state photophysics and transient absorption
spectroscopy. According to the results, it is concluded that these

Table 2. Parameters of top-layer resonator DFB lasers based on NNR-n*-doped (1 wt.%) PS films as active media.

Device  h°) [nm]  4p%) [nm]  a[Ap]?) (x10° em™")  £,[Ap]®) [ns] f) [nm] Aorg & [nm] E,, — DFB[u cm~2]") 1,, — DFBkW cm~2]"
NNR1 471 544 1.29 4.4 389.8 603.5 250 57
392.9 608.7 220 50
474 544 1.29 4.4 396.3 613.3 300 68
399.6 619.3 310 70
NNR2 480 625 2.40 45 453.6 697.0 25 5.6
456.8 704.1 18 4.0
480 625 2.40 4.5 460.1 706.5 19 4.2
463.4 7113 22 4.8
NNR3 540 662 2.88 46 485.0 744.8 8.0 1.7
488.3 749.8 7.5 1.6
570 662 2.88 4.6 491.6 755.7 9.1 2.0
494.9 758.8 9.3 2.0

¥ Error 0.1%; ® Film thickness (error 2%)
9 DFB wavelength (error is £0.7 nm); ") DFB threshold (error ~10%).

Adv. Funct. Mater. 2025, e06356 €06356 (9 of 11)

Pump wavelength; )Absorptlon coefficient at 4, (error ~ 2%);

Pump pulse width at 4,; )Grating period (error ~ +0.5);
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organic semiconductors are great candidates to extend the
application of lighting into the highly desired NIR region of the
electromagnetic spectrum. Special emphasis has focused on the
vibronic structure of the longer NNR-n compounds as we prove
that this is pivotal to develop emission extending toward 800 nm
in NNR-3. This is based on the existence of high-frequency
vibronic modes #1300 cm™! (~+ 20-30 nm at 700-750 nm) that
dictate the structure of the electronic absorption and emission
bands. Typically, in most z—conjugated molecules, the absorp-
tion and emission spectra are controlled by several main vibronic
progressions associated with high and low frequency energy
modes (i.e., #1300 and 300 cm™!, respectively). Noticeably, in
the investigated NNR-n family, the vibronic shapes are dictated
only by high-frequency vibronic modes, which allows to extend
the vibronic bands into the NIR by 20/30 nm. The absence
of low-frequency vibronic modes in the electronic bands of
the NNR-n hinders non-radiative processes that often rely on
low-energy vibrations (flexing, torsional modes, etc.). In other
words, the existence of large vibronic spacings in the excited
states for the relevant vibrational modes that couple the ground
and excited state along the S;— S, and S;—S, excitations could
indicate a significant energy separation between the vibrational
states in the excited state. This could provide reduced density
of vibronic states in S, acting against internal conversion with
the subsequent minoring of non-radiative quenching. In this
way, the decrease in non-radiative processes largely increases
the yield of photonic processes.

ASE has been found out in NNR-1, NNR-2, and NNR-3 (dis-
persed in PS films), appearing in the 0-1 vibronic bands of the
fluorescence emission, which are associated with the high fre-
quency 1330-1350 cm™' modes. This fact produces, in the case
of NNR-3, an ASE band in the near-IR region (750 nm). An-
other consequence of the exciton dynamics controlled by the high
frequency modes is the mitigation of non-radiative effects, thus
permitting more efficient light emission even in molecules with
such low band gap as those optically active in the NIR region.
This is particularly the case of NNR-3, wherein ASE at 750 nm
relates to a significantly low ASE threshold. In this regard, COPV
compounds also show ASE bands in the 0-1 modes, all associated
with high-frequency modes, which provide the further extension
of the bands. However, given the 1D nature of COPVn, their op-
tical bands quickly saturate with length before reaching the NIR,
while the ASE thresholds decrease, effects which are not found
in the NNR-n. On the other hand, regarding polycyclic benzenoid
molecules, the elongation of the chain produces the mutation
of the ASE bands from the high-frequency modes, in smaller
molecules, to the low vibronic peaks, in the longer molecules.
The efficient ASE emissions in the three compounds address
their excellent performance shown in this work as DBF lasers.
Exceptionally, NNR-3, with ASE in the near-IR region, allows to
construct devices with responses up to 758 nm.

In contrast to the most typical way of pushing the absorp-
tions and emission into the far red and NIR by chemical mod-
ification, we propose here an alternative mode of extending the
relevant excitations into the NIR by 0.15-0.20 eV by means of
high-frequency modes. Simultaneously, another benefit of such
dynamic excited state effects is the intrinsic increments of the ef-
ficiency of the emissions when placed in the NIR region, which is
of great relevance and beneficial for low ASE threshold materials
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such as NNR-n. We show here how the ladder-type functional-
ization provoking the unique rigidification of the structure of the
NNR-n appears to be key for such findings.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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