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Abstract:

Conventional materials discovery is a laborious and time-consuming process that can
take decades from initial conception of the material to commercialization. Recent
developments in materials acceleration platforms promise to accelerate materials
discovery using automation of experiments coupled with machine learning. However,
most of the automation efforts in chemistry focus on synthesis and compound
identification, with integrated target property characterization receiving less attention. In
this work, we introduce an automated platform for the discovery of molecules as gain
mediums for organic semiconductor lasers, a problem that has been challenging for
conventional approaches. Our platform encompassed automated lego-like synthesis,
product identification, and optical characterization that can be executed in a fully
integrated end-to-end fashion. Using this workflow to screen organic laser candidates,
we have discovered 8 potential candidates for organic lasers. We tested the lasing
threshold of 4 molecules in thin-film devices and found 2 molecules with state-of-the-art
performance. These promising results show the potential of automated synthesis and
screening for accelerated materials development.
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Introduction

Lasers have unique light-emitting properties such as coherence, directionality,
monochromaticity, and high intensity. Consequently, lasers have become important in
many fields, such as communication, data storage, medicine, and industrial
manufacturing. A key component of a laser device is the gain medium. Solid-state gain
mediums benefit from their compact size, ease of operation and high intensity. Until
recently, solid-state lasers typically employ inorganic materials. Considerable research
efforts have been directed at the development of organic semiconductor lasers (OSL).
OSLs offer significant potential for color tunability, low-cost fabrication, and mechanical
flexibility'. For instance, various classes of organic semiconductors® exhibit high
optical gain, thus enabling their application as organic lasers and optical amplifiers.
However, further breakthroughs in the development of organic molecules as a laser gain
medium are still needed for continuous-wave operation and electrically pumped
devices®®.

Finding appropriate organic molecules for OSLs has proven to be challenging®'® due to
thermal degradation' and gain losses from triplet excitons'>'® or charge carriers. While
traditional materials discovery is a slow process, recent developments in self-driving
labs can accelerate the optimization process dramatically by combining automated
experimental systems with data-driven workflows. Along with the machine learning
revolution, research groups and industries have been developing better and more
reliable automated systems for use in the fields of chemistry'2°, biotechnology®*'-* and
electronics®*%, For example, Li et al.”® developed an automated and modular building
block-based synthesis platform based on iterative Suzuki—Miyaura cross-coupling
reactions. This synthetic strategy utilizes an iterative deprotection, coupling, and
purification sequence for repeated additions of MIDA boronate-functionalized building
blocks, creating complex functional molecules via a lego-like approach. However, most
automated systems for chemistry have been developed for synthesis and compound
identification, but rarely end-to-end integration with target property characterization.

In this work, we developed an end-to-end automated platform to screen organic
molecules as potential laser gain mediums. Our platform encompasses organic
synthesis, product identification, and optical characterizations of potential laser gain
mediums, wherein all parts run automatically from start to finish. The target molecular
space in our screening consisted of 40 candidates, which were derived from the
state-of-the-art laser molecule 4,4'-Bis[(N-carbazole)styryl]biphenyl (BSBCz)?"~°.
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End-to-end Automated Screening Platform

Our organic laser screening platform consists of three main parts, all of which are
automated: (i) organic synthesis, (ii) product purification and identification, and (iii)
optical characterization. An overview of our platform is provided as an action flow chart
in Figure 1a. Apart from preparing the starting materials, the platform is fully automated
without manual interruption.

The candidate laser molecules were synthesized in the Chemspeed platform. After the
synthesis, the obtained reaction mixtures were diluted and automatically transferred to
our high-performance liquid chromatography mass spectrometry (HPLC-MS) equipment
through the Chemspeed injection valves for subsequent purification and product
identification. With the target molecules identified, the Chemspeed injected the mixture
for a second time to the HPLC-MS and the purified materials were transferred to our
optical characterization setup based on their retention time.

The optical characterization setup was custom built for our organic laser property
screening. Using the optical flow cells, we measured the absorption and emission
spectra, as well as transient emission from the molecules. Based on these results, the
cross-section gains, Oy, (Equation S1), were estimated to assess whether the
candidates might be appropriate laser gain materials.

All the automated steps were controlled through separate Python programs. To manage
the synchronization between all the programs such as transferring materials from the
Chemspeed platform to the HPLC-MS and diverting the product stream to optical
characterization setup, the programs on different computers exchange communication
files through Dropbox. Additional details are provided in Section S1.8 and Figure S9.

Organic Laser Molecule Synthesis

The synthesis of BSBCz has been reported by others® through a Buchwald-Hartwig
cross-coupling followed by a Witting-Horner reaction. Although the reaction yields are
good, the purification steps on these synthesis sequences can be a limiting factor to the
generation of molecular libraries to molecules with similar optical properties quickly. As
an alternative, iterative Suzuki couplings were selected to be able to automate the
synthesis®*® of BSBCz derivatives in a single step. The intermediate carbazolyl
styryl-BMIDA 1a was synthesized manually in large scale by Suzuki-Miyaura
cross-coupling (Figure 2a), where the carbazolyl phenyl boronic acid pinacol ester was
coupled with  trans-2-bromovinylboronic acid MIDA ester in good vyield. In the
automated step performed using the Chemspeed platform, the target BSBCz derivatives
were synthesized employing a one-pot in situ deprotection and Suzuki-Miyaura
cross-coupling reaction sequence. This one-pot strategy reduces the time and
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resources required for work-up and purification making it highly amenable to
automation. This approach also obviates isolating the labile vinylboronic acid
intermediate derived from 1a. The 40 dihalide starting materials used to synthesize the
BSBCz derivatives are depicted in Figure 2b. The selection of the dihalides was based
on our goal to investigate a large variety of aromatic rings and functional groups, as well
as on considerations of commercial availability and pricing. The BSBCz derivatives
resulting from the selected dihalides are shown in Figure S3. Notably, the original
BSBCz molecule was also included in our target compounds so that we could directly
compare the optical characterization results of the novel molecules to it.

Organic Laser Molecule Screening

The 40 BSBCz derivatives were synthesized and tested using the autonomous
screening workflow. An example video of our automated reactions can be viewed in
Video S1. Overall, the entire automated process took almost 2 days, requiring
approximately 20 hours for synthesis and 24 hours for characterization. Across the 40
syntheses carried out, 33 yielded the corresponding products as confirmed via
HPLC-MS. The remaining 7 products could not be detected, most likely due to either
low product yields or low solubilities of the corresponding products in the solvents used
(tetrahydrofuran for synthesis and acetonitrile for HPLC-MS). For all the molecules
detected, our platform automatically recorded chromatograms, mass specitra,
absorption spectra, emission spectra, excitation (UV) absorptions, and transient
emissions. From these results, we determined relative PLQYs, emission rates, and the
relative maximum cross-section gains, 0y, of the molecules. All the optical parameters
are summarized in Table S1.

For good organic lasers, we need to find molecules that maximize the stimulated
emission cross-section gain, 0g,,. Using our automated optical characterization setup,
we approximated this figure of merit based on the emission spectra, relative PLQYs,
and emission rates measured in acetonitrile solutions. Figure 3a shows the
cross-section gains and maximum cross-section gain wavelengths of the 33
successfully identified molecules. The cross-section gain of BSBCz (1¢), which to date
is believed to be the state-of-the-art organic laser molecule, is labeled in green. Notably,
in the top left corner of the plot, there are 8 molecules labeled red that we found to have
larger cross-section gains than BSBCz. Taking a closer look into one of our
best-performing candidates, 5¢ (Figure 3b), the corresponding optical absorption and
emission spectra are superimposed in Figure 3c and the emission lifetime data is
depicted in Figure 3d. Additionally, in Figure S18, we plotted the relative PLQY values
against the emission lifetimes of the molecules. All the 8 top-performing molecules have
both high relative PLQYs and short emission lifetimes (<1.4ns), similar to BSBCz. This



is consistent with our target to maximize cross-section gains, which mainly relies on
both high PLQY's and fast emission rates.

In addition to fully automated synthesis and optical characterization, we performed
quantum chemical simulations to gain valuable insight into the structure-property
relationships of the 33 synthesized and characterized products. We simulated the
optical spectra accounting for Franck-Condon factors via a path integral method at the
B3LYP/6-31G* level of theory®'?*2, The comparison of the simulated and experimental
first absorption and emission peaks are depicted in Figure 4a and Figure S19. We
observed excellent agreement for the absorption spectra and a systematic offset but still
an acceptable correlation for the emission spectra. This shows that our computations
properly reflect the experimental optical properties of these compounds.

Since direct simulation of laser performance parameters was challenging, we looked for
other decisive computed parameters to achieve high cross-section gains, which could
help us establish principles for designing better laser molecules. Indeed, we identified
some properties that might be required for high cross-section gains as illustrated in
Figure 4c-e. Importantly, none of these properties alone seem to be sufficient to effect
high performance which points towards dependencies on multiple factors and causes
direct correlations to be small. Future work is necessary to verify these design leads.

When decomposing the candidates into cores, including the vinyl moieties, and donor
fragments, as illustrated in Figure 4b, and investigating the corresponding highest
occupied molecular orbital (HOMO) energies, we found the molecules with the highest
cross-section gains to have a core HOMO energy that equals the HOMO energy of the
donor (Figure 4c). This suggests that a donor-acceptor-donor design scheme, which is
prevalent in other organic electronic materials like organic light-emitting diodes®*=¢, is
not effective in organic lasers, and rather points towards adopting a molecular design
strategy where the core and donor units share similar HOMO levels. Nevertheless,
matching the HOMO levels alone does not suffice for a good laser candidate as can be
seen in molecule 23c (cf. Table S2). Whereas corresponding HOMO levels of the core
and donor unit are essentially identical (within less than 0.001 eV), the cross-section
gain is only intermediate (0.10 x 107" cm™). However, the decreased cross-section gain
could be caused by the free aromatic amine. Hence, the analysis of more derivatives is
required to understand these trends better.

Additionally, we observed that the oscillator strength between the first excited singlet
state S, and the ground state S, is high for all the candidates with high cross-section
gains (Figure S20). This is expected as the oscillator strength influences the
fluorescence rate, which in turn affects the cross-section gain (Equation S1). However,
our data also shows that a high oscillator strength alone is insufficient for good organic
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lasers, as demonstrated for instance by molecule 34c. It has one of the highest
oscillator strengths (3.86) but one of the lowest cross-section gains (0.02 x 10" cm™).

Finally, looking into excited state descriptors based on the physics of correlated
electron-hole pairs®’, we found that the candidates with the highest cross-section gains
have a linear electron-hole separation of close to zero (Figure 4d). Due to the symmetric
donor-core-donor construction, values close to zero indicate that the corresponding
structures have a linear 3-dimensional geometry with the two donor units spatially as far
apart as possible. Hence, a linear 3-dimensional arrangement seems favorable for good
organic lasers. Additionally, candidates with high cross-section gains have a large
root-mean-square electron-hole separation (Figure S21). This not only shows that the
linear electron-hole separation is close to zero due to symmetry but also indicates a
significant separation between electron and hole. This was corroborated by the
charge-transfer numbers which indicate a mixed locally excited and charge-transfer
character in the corresponding transitions. The locally excited character stems from
local excitations situated on the donor fragment. The charge-transfer character stems
from significant contributions from a charge-resonance state, i.e., simultaneous
charge-transfer excitations from the donor to the core and vice versa. Importantly, we
found this charge-resonance character to be high in the best organic laser candidates
(Figure 4e). Hence, we hypothesize that the design of molecules with significant
charge-resonance character is relevant to achieve good organic lasers. Further
theoretical and experimental studies are required to build a better understanding of this
observed structure-property trend. Overall, every top-performing molecule in this work
has matching HOMO levels between core and donor units, high oscillator strength for
the transition between the ground state and the first excited singlet state, and a high
charge-resonance character in the corresponding excited state.

Lasing in Thin-Film Devices

Four of the top-performing molecules (Figure S22) were selected for further
investigations in thin films. The molecules were doped in a host of
4,4'-Bis(N-carbazolyl)-1,1-biphenyl (CBP), which was fabricated by thermal
co-deposition. The corresponding optical measurements we performed include
determinations of PLQY, emission rate, and amplified spontaneous emission (ASE)
threshold which is a direct measure to test whether a molecule is suitable for organic
lasers.

From the thin film results, 3¢ and 5¢ are the most promising organic laser candidates
with low ASE thresholds of 1.2 and 1.4 pJ/cm?, respectively. These ASE thresholds are
comparable to that of BSBCz at 1.1 puJ/cm?. The input-output characteristics that show
the lasing thresholds of 3¢ and 5c¢ are depicted in Figure 5a-b, with the other measured
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results shown in Figure S23. The emission spectra at different excitation energies are
shown Figure 5c-d. Additionally, detailed thin-film optical properties of the molecules,
such as PLQYs, emission rates, ASE thresholds, and emission cross-section gains are
summarized in Table S3.

Conclusions and Outlook

High-throughput virtual screening and machine learning are already revolutionizing
chemistry, and materials acceleration platforms represent the next frontier for
accelerating materials development. We have built an end-to-end automated screening
platform encompassing organic synthesis, product identification and optical
characterization to identify promising laser candidates. We have demonstrated the
capabilities of our platform by both synthesizing and characterizing various BSBCz
derivatives in our system. We synthesized the molecules in our Chemspeed synthesis
robot. Then, we used HPLC-MS for purifying and identifying our target products, which
allowed us to perform online product analysis, streamlining our workflow significantly.
Finally, our custom-built optical characterization setup enables immediate measurement
of important optical properties. While conventional approaches require manual
synthesis, purification and characterization using a number of different tools, our system
performs all these steps in a single, fully automated workflow. Since it requires minimal
manual intervention, it frees up researchers time for higher level tasks and can be
integrated with high-throughput virtual screening or machine learning approaches.

The automated screening allowed us to identify 8 laser candidates with larger
cross-section gains than BSBCz. Among these candidates, we tested the lasing
threshold of 4 molecules in thin-film devices, and found 2 molecules with state-of-the-art
performances. These promising results demonstrated the potential of automated
screening for accelerated materials development. Further expansion to a larger
screening space and the use of machine learning to propose candidates could
potentially find even better organic laser molecules. This work has been started and is
currently under development.

Our organic laser screening platform synthesized and characterized 33 molecules under
identical conditions providing valuable insight to understand the underlying
structure-property relationships of good laser molecules. Based on our simulations, we
suggest that matching the HOMO level of the donor with the HOMO level of the core is
beneficial. Furthermore, a larger oscillator strength and linear molecular geometries
may be important to achieve high cross-section gains. Finally, we found that substantial
charge-resonance contributions might be essential for good organic lasers.
Nevertheless, future screening of more diverse structures and additional
characterization methods is essential to establish them as robust design parameters.



Overall, this work is a demonstration of the substantial potential of end-to-end
automated systems to accelerate materials discovery. Our platform can readily be
expanded to screen organic molecules for applications such as OLEDs, organic solar
cells, and organic redox flow batteries. We plan to expand our automated workflow
further and integrate machine learning with quantum chemistry simulations directly into
the platform to enable genuine computer-driven closed-loop materials discovery.
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Figure 1. Synthesis workflow and implementation of the experimental platform. (a)
Schematic representation of automated workflow for screening organic molecules. (i)
synthesis in Chemspeed, (ii) identification and separation in HPLC-MS, and (iii) optical
property characterization in custom built setup. (b) Top-down view of the Chemspeed
deck, which includes ISYNTH (vortex mixing, heating, reflux), vial racks, and overhead
liquid handler. (c) Front view of the automated system of identification and
characterization of target molecules (HPLC-MS). (d) Custom built optical measurement.
Here the product (in solution) is transferred through a flow cuvette (bottom left corner).
The excitation is from a PicoQuant laser diode (LDH series; 100 picoseconds) and the
transient photoluminescence intensity is measured by time-correlated single photon
counting from PicoQuant TimeHarp 260.
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Figure 2. One-pot Suzuki cross-coupling applied in the automated synthesis in the
Chemspeed. (a) Generic scheme for the cross-coupling synthesis of BSBCz using a
MIDA boronate and 4,4 dibromobiphenyl core. (b) Commercially accessible dihalide
cores selected as molecular scaffolds in the synthesis of BSBCz derivatives.
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Figure 3. (a) Measured peak cross-section gains compared to their corresponding
wavelengths. 33 out of 40 samples are successfully synthesized, isolated, and
measured. 8 samples (labeled in red) are the potential laser candidates that
demonstrate a larger cross-section gain than BSBCz (labeled green). (b) Example of
the top organic laser molecule candidate 5c. (c) The photoluminescence spectra and
absorption spectra of molecule 5c. It has a peak emission at 445 nm. (d) The transient

emission of molecule 5¢c. The orange line is the fitted exponential decay, with 1.01 ns of
emission lifetime.
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Figure 4. (a) Comparison of experimental first absorption maxima against simulated first
absorption maxima. The solid line indicates what would be a perfect simulation that
matches the experimental data exactly. (b) Donor and core of BSBCz-derivatives used
in theoretical studies. (c) Scatter plot of relative cross-section gain against the HOMO
energy of the core fragment capped with hydrogen atoms. The vertical gray line
indicates the HOMO energy of the donor fragment capped with hydrogen. (d) Scatter
plot of relative cross-section gain against the linear electron-hole separation in the first
excited singlet state. (e) Scatter plot of relative cross-section gain against the
charge-resonance parameter in the first excited singlet state.
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Figure 5. The amplified spontaneous emission (ASE) threshold of thin-film devices for
3c and 5¢ molecules. (a-b) Emission intensity of 3c and 5c against excitation energy.
(c-d) Emission spectra of 3c and 5¢ under different excitation energies are shown.



Methods

Automated Synthesis in Chemspeed

The coupling for synthesizing the BSBCz derivatives (Figure 2a) was automated in our
customized ISYNTH Chemspeed platform. Details of the synthesis are provided in
Section S1.2 and S1.5. First, we manually prepared stock solutions of all substrates,
i.e., intermediate 1b, dihalide, catalyst and base. The resulting solutions were placed on
the vial racks of the Chemspeed platform. All subsequent steps were executed
automatically without human intervention. First, the 4-needle liquid handler distributed
the appropriate amount of each reagent into the ISYNTH reactor, which was then
sealed for the reaction. The reactor was heated to 65 °C and agitated using a vortex at
400 rpm. After 16 hours of reaction, the reactor was cooled down to room temperature
and the agitation was turned off allowing the reaction mixtures to both cool down and
settle.

To characterize the products, the 4-needle liquid handler of the Chemspeed platform
sampled the organic phase of the reaction mixtures and diluted the samples 10-fold in
separate vials using tetrahydrofuran. The solutions were homogenized by repeated
rounds of draw and dispense operations. After dilution, the samples were injected into a
Chemspeed injection valve, and then transferred to the HPLC-MS.

Separation and Identification in HPLC-MS

All the product mixtures were separated and identified using an HPLC-MS
(ThermoFisher, Vanquish and Q Exactive). When the injection valve from Chemspeed
switches position, it triggers an electrical signal which starts a predefined HPLC-MS
method that uses acetonitrile/water solvent mixtures (see Section S1.6). The following
analyses were used to detect the target BSBCz derivatives and obtain their retention
times. All target compound peaks were identified using selected ion chromatograms
(XIC) based on the masses of the molecular ions or their respective
protonated/deprotonated species. Chemical identities were further confirmed by
comparing predicted against observed isotope patterns for the molecular ions in the
mass spectra. After successful confirmation of peak identities, the corresponding
retention times were recorded.

To estimate the concentrations of the BSBCz derivatives suitable for subsequent optical
characterizations, we used the 3D chromatograms obtained from the HPLC diode array
detector (DAD). First, the target peak in the DAD chromatogram was located using the
retention time determined as described above using MS. Then, the absorbances at the
wavelength of the absorption maximum and at the wavelength for subsequent PL
excitation (i.e. 365 nm) were calculated for the target peak. This information was used
to estimate the required injection sample concentration for the optical characterization.



Then, the 4-needle liquid handler samples more reaction mixture and transfers it to the
HPLC-MS for a second separation. Using the retention time from the first injection, the
target compounds eluting from the HPLC-MS are redirected selectively into collection
vials using a flow selector. These collected samples are then used for the optical
characterization.

Custom-built automated optical characterization

Using a syringe pump, the collected samples are transferred into an additional vial for
dilution with ACN. Subsequently, the diluted samples are transferred to flow cuvettes
(Helma flow-through cuvettes) for all the optical property measurements. Detailed
descriptions of the characterizations are provided in Section S1.7.

For the absorption spectra, we used a white light lamp (Ocean Insight, DH-MINI) and a
spectrometer (Ocean Insight, QEPro XR), which was also used for measuring the
emission spectra. This setup can measure the absorption spectra from 260 to 980 nm.
For characterizing photoluminescence, we used a 365 nm solid-state LED (Thorlabs,
M365FP1 with DC4100HUB) for the excitation and a photodetector (Thorlabs, S120VC
with PM100D) for measuring the excitation transmission. From the integration of the
emission spectrum and the absorption of the excitation source, we could calculate the
relative photoluminescence quantum yield (PLQY) of the sample.

To measure the transient emission of the sample, we used a picosecond laser
(PicoQuant, LDH-D-C-375 with PDL800-D) for excitation and an avalanche photodiode
(Micro photon device, PDM) for detection. The transient emission statistics were
collected by a time-correlated single photon counting (TCSPC) board (PicoQuant,
TimeHarp 260). The transient emission optical measurement had a minimal detection
limit of 200 picoseconds, which is suitable for the range of emission rates in the BSBCz
derivatives.

Calculations and Simulations of Optical Properties

Ground state conformational ensembles were generated using the CREST computer
package® (version 2.11.1) with the iMTD-GC***° workflow (default option) at the
GFN2-xTB*'** level of theory. The lowest energy conformers were first reoptimized
using xtb* (version 6.4.1) at the GFN2-xTB level of theory, followed by another
reoptimization using Q-Chem*® (version 5.4) at the B3LYP*%/6-31G***>" |evel of
theory. Absorption and emission spectra and fluorescence rate calculations were
performed using Franck-Condon calculations via a gradient-based method, which was
described previously®'*?, at the previously benchmarked>** B3LYP/6-31G* level of
theory using Q-Chem* (version 5.4). Both experimental and simulated spectra were
evaluated using the standard signal processing algorithms implemented in
scipy.signal for peak detection®>. HOMO and LUMO orbital energies were taken
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directly from ground-state single point calculations at the B3LYP/6-31G* level of theory
of the optimized geometries. Exciton parameters were simulated using TheoDORE®®’
(version 2.0.2) based on the Q-Chem outputs of the B3LYP/6-31G* excited state
calculations of the full organic laser candidates. More details of the corresponding
simulations are provided in Section S4.1.

Device Fabrication and Characterization

To fabricate the films for photo-physical measurements, the quartz and glass substrates
were cleaned by sonication with alkali detergent, pure water, Acetone, Isopropanol (IPA)
subsequently for 10 minutes each, followed by UV-ozone treatments for 15 minutes.
Next, the thin-film devices were vacuum deposited at the pressure of ~10° Pa with 6%
weight of laser molecules doped in CBP for 200 nm. The absorption spectra were
measured using a UV-VIS spectrometer (LAMBDA950-PKA PerkinElmer) and the
photoluminescence spectra were obtained using a spectrofluorometer (FP-8600 Jasco).
In addition, the PLQY's and the emission lifetimes of the laser molecules were measured
with a PLQY spectrometer (HAMAMATSU C11347) and a fluorescence lifetime
spectrometer (HAMAMATSU C11367), respectively. These photo-physical
measurements were conducted under air.

The ASE thresholds of the organic laser molecules were measured by optical excitation
of films with a nitrogen gas laser (Stanford Research Systems NL100) at an excitation
wavelength of 337 nm with a 3 ns pulse width and pulse frequency of 20 Hz. The input
excitation laser beam was focused through a cylindrical lens into a stripe resulting in a
0.43 cm x 0.11 cm beam area. All ASE measurements were performed under nitrogen
atmosphere to prevent degradation. Output light emission was detected with a
spectrometer (Hamamatsu Photonics PMA-12), where the emission was collected from
the edge of the sample with an optical fiber. Finally, the ASE thresholds were obtained
from the input-output intensity characteristic figures.
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