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Organic lasers with broad emission bands in near-infrared (NIR) region are crucial for their applications
in laser communication, night-vision as well as bioimaging owing to the abundance of selectable lasing
wavelengths. However, for most organic gain materials, gain regions are limited in a small wavelength
range because of the fixed energy level systems. Herein, we design a strategy to realize NIR organic lasers
with broad emission bands based on tunable energy level systems induced by cascaded excited-state
intramolecular proton transfer (ESIPT). A novel gain material named DHNN was developed, which can
undergo a cascaded double-ESIPT process supporting four-level and six-level systems simultaneously. By
doping DHNN into polystyrene microspheres, NIR lasers with tunable emission bands can be achieved
based on the careful modulation of microcavities. Finally, organic lasers with an ultra-broad emission
band ranging from 700nm to 900nm was successfully achieved by harnessing four-level and six-level

Molecular design systems simultaneously.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since solid-state lasers (SSLs) initially suggested in 1960, they
have developed quite quickly [1]. Organic SSLs (OSSLs) have been
recognized as a promising alternative to conventional lasers due
to their numerous advantages including compact and durable
structure [2], affordability [3], various active medium [4], and
a relatively simple fabrication process. Near-infrared (NIR) lasers
(780-2526 nm) hold significant promise in various fields such as
laser communication, spectroscopy, night vision, and more, making
them a compelling choice for numerous applications, with excel-
lent tissue penetration and low waveguide loss, have drawn a lot of
attention [5-7]. In recent years organic solid-state lasers have also
been combined with OLEDs to develop indirect electroluminescent
organic solid-state lasers. Nevertheless, most NIR OSSLs proposed
so far can only lase in a very narrow wavelength range because of
the fixed energy level systems [8-12]. In this case, at least two or
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three different lasers should be adopted in attempting to change
the emission wavelength in abroad wavelength region, which re-
sult in ahigh cost and device complexity. Therefore, NIR OSSL with
a broad emission band is in high urgent need.

In most OSSLs, stimulated emission can only occur between
specific energy levels, in which population inversion can be effec-
tively constructed. For most organic gain materials, laser emission
can only be achieved at 0-1 peak built upon quasi-four-level sys-
tems, resulting in a narrow emission band (Fig. 1, left part). In
ESIPT-active organic gain materials, it is possible to create a real
four-level system that not only lowers the lasing threshold but also
redshifts the emission band [13-19]. More importantly, compared
with the emission band in normal form, a new emission band
can be realized in tautomer form [20-24]. Therefore, constructing
multi-energy level systems can be an effective means of regulat-
ing the emission band of OSSLs. However, the resulting emission
band is still very narrow, because stimulated emission can only oc-
cur in tautomer form with easier population inversion (Fig. 1, right
part). Recently, by harnessing a cascaded double ESIPT process, we
achieved a six-level system lasing beyond 850nm [10]. Although
there are two tautomer forms in the six-level system, stimulated
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Fig. 1. (a) The sketch of single laser emission band based on quasi-four- and four-
level systems. (b) The sketch of two laser emission bands on six-level system. (c)
Chemical structures of HMNN and DHNN: proton transfer sites are labelled by green
arrows.

emission can only be achieved in the last tautomer form leading
to a narrow emission band [25,26]. In our recent work, the emis-
sion wavelength was further red-shifted by carefully designing the
ESIPT parent core [11]. It is worth noting that a four-level system
laser can also be established in such a system through a meticu-
lous molecular design. We have been inspired by this work to pro-
pose the possibility of four-level laser generation and the simulta-
neous existence of six-level lasers. Consequently, the combination
of these two distinct emission bands may lead to the generation of
a broad emission spectrum (Fig. 1b).

Herein, based on above considerations, we developed an
novel ESIPT-active organic matter (E)—1-(1,8-dihydroxynaphthalen-
2-yl)—3-(6-(dimethylamino)naphthalen-2-yl)prop-2-en-1-one
(DHNN) featured with two adjacent intramolecular hydrogen
bonds. When doped in polystyrene (PS) microspheres, laser emis-
sion based on ESIPT four- and six-energy systems can be achieved,
and the laser emission bands can be tuned form narrow to wide
by changing the size of the resonators. Moreover, HMINN and
DMNN were also synthesized by respectively introducing one
and two methyl groups in DHNN to eliminate the proton transfer
site. Further comparison shows that the molecule DHNN can be
used as a gain medium to achieve a wide wavelength range of
laser emission. This organic solid-state laser enables selectable
laser emission over a long wavelength range from deep red to
near-infrared in a single laser device, which can be further applied
in wavelength-tunable NIR organic lasers in theory.

In order to enable the generation of four-level lasers and the
simultaneous existence of six-level lasers in a gain medium, we
firstly designed DHNN with a 6-dimethylamono-2-naphthyl group
as electron donor for our studies. The naphthyl group can also
expand the conjugated system and thus tune the energy lev-
els of excited states. In addition, HMNN, which allows only one
possible ESIPT process, was designed as a control compound.
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DHNN and HMNN were synthesized from commercially available
1,8-naphthalenediol through a five-step method (Scheme 1). At
first, after the protection of hydroxyl groups, compound 2 can be
converted into compound 4 by a two-step acetylation reaction.
Then, DMNN can be obtained as a key intermediate compound
through the Claisen-Schmidt reaction of compound 4 and 6-
dimethylamino-2-naphthaldhyde. As a fully methylated compound
of DHNN, DMNN can be used as a control compound to study the
optoelectronic properties before ESIPT process. Finally, DHNN was
be obtained by a demethylation reaction with boron tribromide,
and DMNN was obtained by a selective demethylation with boron
trichloride. Every compound underwent characterization through
analysis of TH NMR spectra and 3C NMR spectra (Figs. S1-S8 in
Supporting information).

As shown in Fig. 2a, a two-step cascaded ESIPT process in
DHNN was proposed according to our previously reported work.
Following the initial proton transfer step, tautomer A (TA) can be
produced, and subsequently, tautomer B (TB) can be generated
through the second proton transfer process. To prove this stepwise
ESIPT process, density functional theory (DFT) calculations were
performed at first. Fig. 2b illustrates the calculated energies of the
So and the S; for the normal form (N), tautomer A (TA), tautomer
B (TB), and their corresponding transition states. The proton trans-
fer from N* to TA* was calculated to be barrierless, indicating the
spontaneous process. But on the contrary, TA* has a lower relative
energy than TB* by 11.7 kcal/mol. Additionally, we can see that the
relative energy of TB* is lower than N* by about 9.4 kcal/mol. It
means that TA* is more stable than TB* in thermodynamics and
thus the proton transfer form TA* to TB* is quite difficult. After
carefully optimization, a transition state can be obtained between
TA* and TB*, and the relative energy of TS* is 1.4 kcal/mol lower
than TB* and 10.3 kcal/mol higher than TA*. Although the energy
barrier is a little higher than that can be crossed spontaneously,
the proton transfer can still proceed under thermal activation at
room temperature [27]. In Sy, all ground state proton transfer pro-
cesses were calculated to be barrierless. From above analyses, the
four-level system in DHNN is proved to be preferred and the six-
level system is also possible.

Next, the UV-vis absorption and PL spectroscopy were per-
formed on HMNN and DHNN, respectively. As shown in Fig. S10
(Supporting information), both of absorption and PL of DHNN and
HMNN exhibited dramatically redshift when increasing to polarity
of solvents, indicating the intramolecular charge transfer interac-
tions in these two materials. Comparing PL spectra of DHNN with
HMNN in dichloromethane, the main PL peak of DHNN is a little
redshift maybe because of the extended absorption. More interest-
ingly, there is a new PL peak around 760 nm for DHNN which is
absent in PL spectrum of HMNN. This new peak can be attributed
to the emission of TB*, since the ESIPT proceeds more easily in
solvents with a higher polarity [28]. To further study the opto-
electronic properties of our well-designed materials, the absorp-
tion and PL spectra were acquired by doping them into PS films.
As displayed in Fig. 3a, the absorption and PL of HMNN showed
dramatically redshift compared with that of DMNN, which is in-
duced by the ESIPT process in HMNN. For DHNN, the absorption
and PL further red-shifted on the basis of HMNN. Considering that
there is only one ESIPT can proceed at maximum in HMNN accord-
ing to the inherent limitations imposed by proton transition sites,
the redshift of the PL of DHNN may be assigned to TB* emission.

Evidences can be found in time-resolved fluorescence spectra.
Fig. S11 (Supporting information) showed that there is only one
Excited state in DMNN since the lifetimes of DMNN at 420 nm,
540nm and 640nm are calculated to be same (7 =2.2ns). When
we test the lifetime of HMNN, the data at 640 nm and 750 nm are
almost same (Fig. 3b), too. Differently, two lifetimes can be ob-
tained at each wavelength indicating two transition channels. The
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Fig. 2. (a) Schematic process of two step-by-step proton transfers in the molecule DHNN. (b) The calculated relative energy levels of DHNN during the ESIPT.

shorter lifetimes were less than 1ns which may be relation to the
ESIPT process according to previous reports [10,29]. For DHNN, the
lifetimes at 700nm, 750nm (the wavelength at maximum) and
850 nm were calculated respectively. The results are displayed in
Figs. 3c—e. Similar lifetimes can be obtained at 700nm (71 =0.7ns,
T,=>5.5ns) and 750nm (71 =0.7 ns, T, =5.8 ns), showing the same
excited state. However, different lifetimes at 850nm (7 =0.6ns,
7, =38.9ns) were obtained, displaying that the PL at 850 nm may
originate from a different excited state. Combined with above anal-
yses, we can conclude that the PL at 850 nm of DHNN should be
contributed by TB* emission. Therefore, the cascaded double ESIPT
process can be proved to proceed in PS film at room temperature.
It should be noted that the PL of DHNN mainly comes from TA*
emission, which is accordance to the results of DFT calculations.
For the study of the properties of laser, microspheres are made
by doping target molecules into PS in a certain ratio [30]. Initially,
to ascertain the level of doping, PS films doped with HMNN and
DHNN with varied doping agent concentrations ranging from 0.1%
to 2.0% were prepared. Based on the UV-vis absorption and PL
spectra displayed in Figs. S12-S15 (Supporting information), the
absorption and PL properties are almost same in different dop-
ing concentration for both of HMNN and DHNN. Thus, 1.0% was

chosen as the doping concentration in the preparation of PS mi-
crospheres. Next, based on previously reported work, a micro-
emulsion method (Fig. S16 in Supporting information) was em-
ployed and PS microspheres doped with DMNN, HMNN and DHNN
were successfully fabricated [31]. As demonstrated in Fig. S17 (Sup-
porting information), the resulting PS microspheres exhibited uni-
form morphologies and smooth surfaces. These characters of the
well-prepared microspheres endowed them with the ability to con-
fine photons by continuous total internal reflection, forming whis-
pering gallery mode (WGM) resonators. Therefore, WGM laser de-
vices were successfully fabricated.

Subsequently, using a previously described technique, laser per-
formances of the selected microspheres were tested (Fig. S18 in
Supporting information). As shown in Fig. 4a, the target molecule
HMNN was doped with PS to create microspheres with a diameter
(D) of 5.6um, which were used for laser testing. When pumped
with a 532-nm pulse laser, we can observe laser emission and its
central wavelength is about 710 nm. From Fig. 4b, the threshold
was calculated as 13.6 uJ/cm?. For a DHNN-doped microsphere (in-
set in Fig. 4c), laser emission was proved to occur around 770 nm
(Fig. 4a). From Fig. 4b, it is easy to see the threshold is 27.61
pJ/cm? at which the microspheres produce laser light. Although
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there is a 60-nm redshift compared with HMNN, the laser emis-
sion of DHNN is still in the range of TA* emission according to
the PL spectra in Fig. 3a. The events showed that, the four-level
system lasing is preferred within DHNN although a six-level sys-
tem can also be formed. It indicated that, the real four-level sys-
tem is crucial for the realization of laser emission in our prepared
materials. Finally, the stability test showed that both of the lasers
based on HMNN and DHNN showed good stability in 5000 pump-
ing shots (Figs. S19 and S20 in Supporting information). And the
organic molecule DMNN, which was used for comparison, was also
prepared into PS spheres by us using the above method for laser
testing, and it was finally found that there was indeed no laser
signal generation as we initially suspected (Fig. S21 in Support-
ing information). From the experimental results we can clearly see
that the molecule DMNN is not able to generate laser light in the
WGM resonance cavity by optical pumping and thus particle num-
ber inversion compared to the two organic molecules in the main
text.

Although NIR laser emission can be achieve by HMNN, the
emission band was still very narrow and only a four-level system
lasing can be realized. As shown in Fig. 5a, for HMNN only a four
system can be formed resulting a red lasing with emission band
about 80 nm. However, for DHNN, a six-level system can also exist.
If six-level system lasing is able to be established simultaneously,
the laser emission band can be dramatically broadened. As the res-
onator engineering is an effective method to tune laser emission in
tunable lasers, we start to investigate the laser performance of mi-
crospheres with different sizes [24]. The size of PS microspheres
can be easily tuned based on previously reported work. We can
clearly observe that the laser produced a certain redshift with in-
creasing the sphere diameters. It is noteworthy that for HMNN-
doped microspheres, with the increase of the diameter, the cen-
tral wavelength can reach 760nm (Fig. 5b). But the laser wave-
length can not be further extended because of the limitation of
the gain region based on the four-level system. On the contrary,

for DHNN-doped microspheres, with the increase of the diameter
a new laser emission band can be observed with the central wave-
length around 870 nm (Fig. 5c). And thus, an ultra-broad emission
band can be achieved reaching about 200nm. According to the
above analyses, the new lasing band should be derived from TB
emission.

To add to the above changes caused by changing the modulus
of the microspheres, we have done the following. Figs. S22 and
S23 (Supporting information) show the plots of the mode spacing
AMm versus 1/D of HMNN and DHNN microspheres, demonstrating
clearly linear relationships, which matched well with the following
formula.

)\‘2
Ln—-2(3)]

The results proved that the lasers were achieved based on WGM
resonators. We aim to highlight the excellent light limiting charac-
teristics in the self-made microsphere WGM resonant cavity, the
electric field stitching inside the microspheres of different sizes
was simulated, which can also prove the laser emission in WGM
(the right insets of Figs. 5b and c). Therefore, we successfully
achieved four-level system laser and six-level system laser using
only one gain material through resonator engineering.

In summary, an organic molecule DHNN which is distinguished
by two adjacent intramolecular hydrogen bonds serving as the
building block of the cascaded ESIPT process was designed and
synthesized. The cascaded ESIPT process was proved to be able
to proceed in DHNN using spectroscopic analyses and theoreti-
cal calculations. It showed that laser emissions from both TA*-TA
and TB*-TB at the same time are possible. Additionally, laser emis-
sions were made based on a four-level and six-level energy system
under stimulation by doping the molecule into PS microspheres.
Importantly, DHNN allows for selective laser emission in a sin-
gle solid-state laser over a wide wavelength range, from deep red
to near-infrared. In conclusion, we have successfully developed an

Alm = (1)
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NIR organic laser with an ultra-broad emission band by harnessing
four-level and six-level systems simultaneously, which will greatly
facilitate the development of organic lasers in practice in the near
future.
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