2022 2023

Investigation of donor/accegtor interactions toward high-performance organic
near-infrared (NIR) lasers beyond 900 nm

Investigation of donor/accegtor interactions toward high-performance organic
near-infrared (NIR) lasers beyond 900 nm

TANG, XUN

2,200,000

0)- A
D-A
900nm DFB

The research achievement clarifies the underlying mechanism of electron donating and accepting
interactions to achieve high efficiency and radiative rate. Thus, potential strategies are proposed
to realize high performance organic light emitting devices and near-infrared organic lasers.

This research is focusing on the understanding and manipulating the
electronic donor (D) and acceptor (A) interactions for realizing organic lasers with longer
wavelength. By incorporating strong donor and acceptor moieties, the emission can be shifted to
near-infrared (NIR) region. Furthermore, after rationally inserting the functional spacers between D

and A moieties, the molecules can obtain large gain coefficient. In general, this research proposes
stable organic laser cores with multiple-resonance effect, which has a low lasing threshold and the
triplet upconversion property. Furthermore, this research achieved high performance organic
distributed feedback lasers with the wavelength exceeding 900 nm. During this research, three papers
have been published on Angew. Chem., Adv. Mater., and Nat. Commun., also, three oral (including one
invited presentation) and one poster presentation have been taken in the international conferences.
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Organic semiconductor lasers have obtained considerate attention since their first
demonstration in the 1960s. Specifically, long wavelength, such as near-infrared, organic
lasers hold distinct promise in applications such as optical communication, optical storage,
healthcare surgery, and biological sensing. Currently, the recorded lasing wavelength limit
remains around ~850 nm, which was obtained by excited state intramolecular proton transfer.
A primary challenge hindering the red-shifting of lasing wavelengths is the intrinsic
nonradiative decay rate governed by the "energy-gap law" in narrow band-gap NIR emitters.
Additionally, organic NIR gain materials face difficulties in harnessing triplets efficiently.

Therefore, achieving organic NIR lasers with low thresholds is both crucial and demanding.

Electronic donor (D) and acceptor (A) interaction is the fundamental to induce the charge
transfer (CT) state. The emissive wavelength can be feasibly tuned by adjusting the strength
of D and A moieties. However, a distinct D/A separation would largely decrease the oscillator
strength and suppress the radiation process. Thus, the understanding and manipulation of
D/A interaction is the key to simultaneously realize the significant red-shifting and high
radiative rate, leading to NIR organic lasers. Also, the CT state has been convinced to utilize
the triplets by decreasing the singlet-triplet splitting, therefore, manipulating CT state is

also potential to harvest triplets in organic laser system.

Regarding to the dilemma, the research was inspired by the following transition rate and
energy-gap law mechanisms:
Transition rate in D/A type molecules: ky o CE,HZ1? (@h)
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From equation 1, it is evident that k, is proportional to the D/A electronic coupling and
effective distance in the D/A type molecules. Therefore, the connection between D and A
moieties would be significant to control the D-A distance and wavefunction overlap. For
equation 2, the rigidity of molecular skeleton is crucial to reduce the reorganization energy,
thus, suppress the nonradiative process. Additionally, CT-type emission commonly possesses
broad spectrum with multiple vibronic transition modes. Under the identical energy gap, the
utilization of the vibronic transition modes would also be crucial to realize the color tunable

organic lasers.

In this research, we focus on the comprehension of electronic D/A interactions to realize the
organic lasers with longer wavelength. We have proposed three strategies to investigate the
intrinsic properties: (1) tuning the electron-donating strength to tune the emission
wavelength; (2) extending the conjugation length; (3) figuring out the function of spacers. As

shown in Figure 1, we chose benzo[1,2-c:4,5¢ Ibis[1,2,5]thiadiazole as the strong A moiety, and



fluorene with alkyl chains as the spacer, and first designed and synthesized the S-A-S type
molecule. However, this S-A-S molecule has high amplified spontaneous emission (ASE)
thresholds (>15 pJ cm=2) and relatively short wavelength (<800 nm). To improve the
performance, incorporating the strong donor moiety (TPA) and its derivatives was proposed
to establish the D-S-A-S-D type molecules. Consequently, the target molecule exhibited a
reduced ASE thresholds (<5 pJ cm—2) and a longer wavelength ASE peak (close to 830 nm).
Additionally, the D-S-A-S-S-S-A-S-D type molecule with longer conjugation length could also
red-shift the ASE wavelength with promising lasing performance. However, when further
increasing the donor strength, the lasing performance became worse, indicating the stronger
electron donating strength would significantly change the wavefunction distribution. The

next research focused on understanding the functional spacers between D and A.
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Figure 1. Molecular structures of the fragments of acceptor (BBTD), donor (TPA), and spacer
(fluorene) in this research. Molecular design by incorporating D, A, and fluorene moieties

with different donating strength and conjugation length.

To further understand the role of the functional spacer between D and A, spacers with
different conjugation lengths were designed as shown in Figure 2. The distance between D
and A moieties was increased from 5.73 to 18.31 A. The density functional theory (DFT)
calculation was conducted to indicate the change of wavefunction distributions. As can be
seen, the lowest unoccupied molecular orbital (LUMO) was localized at the BBTD, while the
highest occupied molecular orbital (HOMO) would be shifted to the end-capped D moiety as
increasing the spacer length. Thus, when the spacer length is 18.31 A, there is almost no
wavefunction overlap between LUMO and HOMO, the oscillator strength and radiative rate
also largely reduced. Resultantly, the molecule with the fluorene spacer has the better

balance of CT and locally-excited (LE) state.
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Figure 2. Molecules with different functional spacers between D and A fragments. Density
functional theory calculation of LUMO and HOMO wavefunction distribution for molecules

with difference spacer lengths.

Benefitting from the involvement of CT state, the molecule exhibited a broad spectrum with
the full-width at half maximum (FWHM) around 100 nm, indicating multiple vibronic modes
contribute to the radiation process. Therefore, distributed feedback resonators with different
grating sizes were subsequently designed and fabricated to extract lasing output at a wide-
range wavelength regime. As shown in Figure 3, by utilizing the wide-spread radiative modes,
organic lasers can be achieved from around 800 nm to exceeding 900 nm, which is one of the
organic solid-state lasers with the longest wavelength. The manuscript of this work is under
preparing. Moreover, the potential use of triplets in organic lasers is important, organic
molecules with multiple-resonance (MR) effects exhibited lasing and triplet upconversion
properties. The preliminary research has proposed a robust MR-lasing core to convince the
suppression of excited-state absorption. Strategies for red-shifting MR-lasing core would be

further explored in the future research.
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Figure 3. NIR organic lasers based on D-S-A-S-D molecules in this research.
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