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ABSTRACT: We report here on the design and synthesis of red-absorbing fluoran leuco dyes
(LD). An essential part of the present dye development process is a computational screening
of the candidate molecules, which allows for both time-efficient and accurate in silico
characterization of the dyes. We focus our study here on the robust benzo[a]fluoran scaffold
frequently used in leuco dyes. For the computational screening of LD candidates, an
automated DFT-based simulation protocol has been developed and applied. The protocol
consists of a combinatorial generation of the molecular structures of possible LD candidates,
followed by simulations of their optimized molecular geometries, with their UV−Vis spectra as
the main figure of merit. In the present application of the simulation protocol, more than 1600
structures of possible LD candidates have been evaluated. Finally, two structures, LD01 and
LD02, have been chosen from the list of the best computed LD candidates to be synthesized
and characterized. Our study demonstrates how the synergy between experiment and
simulation can facilitate the design of novel leuco dyes.

■ INTRODUCTION
Leuco dyes (LD) are materials that undergo controlled color
changes resulting in a shift from a colorless (leuco) state to an
intense color state that absorbs in the visible (λ = 380−700
nm), or even in the near−infrared region (λ = 700−1200 nm),
depending on the molecular structure of the dye.1−4 The
change from the colorless to the colored state can be triggered
by an acidic environment, which causes modifications of the
molecular structure of the dye, i.e., by opening the lactone ring.
Thereby a quinoidal system is formed, extending the
conjugation length within the molecule, resulting in absorption
at longer wavelengths, and thus, the dye appears colored.
Figure 1 shows both the open (colored) and closed (colorless)
forms in the switching process and photographs of a
commercial dye dissolved in methyl ethyl ketone (MEK)
with and without the addition of an acid. This process is
reversible; upon proton subtraction, the lactone ring closes,
and the molecule becomes transparent again.
For most commercial applications, the key features of leuco

dyes are the absorption spectra of colored and colorless
structures. Therefore, the design and synthesis of a new LD
must be tailored for each desired color, with the color
determined by its molecular structure. There are several classes
of leuco dyes, with spiro[isobenzofuran- 1,9-xanthen]-3-one
(also known as fluoran dyes) being one of the most popular,
due to the versatility of their molecular structure modifications
as well as the variety of applications, e.g. in thermo-printing,5−7

textile,8−11 biological applications,12−14 etc.

A typical dye development protocol consists of several major
steps, which are schematically depicted in Figure 2. The very
first step is the molecular design, i.e., the creation of the
molecular structures of the possible candidates. Considering
the possible variations of substituents in the molecular
structure, it is trivial to generate a list of candidates containing
thousands of molecules. However, because it is not trivial to
synthesize and characterize all these candidates, due to
chemical, environmental, economic, and, of course, time
constraints, computational screening can be used for in silico
characterization of the candidate molecules. Such a screening
can expedite the whole development process, resulting in
marked improvements in terms of the development time and
LD materials themselves, as the choice of promising candidates
becomes more evident. In the next step of the development
process, the computational results are analyzed and compared
with the desired, targeted, specifications. The most suitable
candidates are thus selected for synthesis and further detailed
experimental analysis. Finally, if one or several of the selected
candidates fulfill the specifications, the development process is
deemed completed.
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Over recent decades, there are a plethora of examples of how
computational screening methods have had a significant impact
on how modern chemistry is conducted; such computational
screening approaches were initially developed in pharmaceut-
ical chemistry15,16 and have expanded nowadays to fields as
diverse as rapid COVID-19 antiviral drug discovery,17−20

semiconductor development of organic21−25/ perovskite26

solar cells, metal−organic framework discovery for gas
storage/filtration,27−29 or lithium ion batteries,30 to name but
a few examples in the field of (organic) materials
chemistry.31−35

At the initial stage of our project to design and synthesize
new LDs, it was already obvious that accurate computational
methods of quantum chemistry (QC) would play an essential
role in accelerating the dye design and development process.
While a wealth of empirical knowledge on the tailoring of the
LD absorption properties has been accumulated, it was
expected that fast and efficient QC simulations could provide
valuable information when selecting the synthesis targets. To
this end, the position of the LD absorption maximum has been
selected as a key dye property for computational screening.
However, as the QC simulations have limitations in their

accuracy, one may run into the risk of missing or excluding
viable candidates. Thus, it becomes indispensable to validate
and calibrate the simulation methods by comparing the
available experimental data to the simulation results. If
necessary, the molecular design rules can also be readjusted
accordingly. Thus, this development is purposefully an
iterative, circular, process−as shown in Figure 2.
For a QC simulation engine in the computational screening,

the Turbomole Program Package for electronic structure
calculations was chosen.36 The simulation protocol was
developed iteratively to balance the predictive power of the
simulations against the computational cost. The electronic
structure calculations were performed at the density functional
theory (DFT) and time-dependent DFT (TD-DFT) levels of
theory as implemented in Turbomole version 7.6.36,37

As a first step, an initial version of the simulation protocol
for the calculation of the absorption spectra of LDs was
developed and validated by using commercial materials. After

that, a two-step automated design and screening protocol was
developed and applied for the simulation of hundreds of
molecular structures that, to the best of our knowledge, are
neither commercially available nor found in the literature. The
target is to predict the desired features that will then support
and facilitate the selection of a few, very targeted, candidates
for synthesis (see the Results and Discussions part).
As such, finally, two structures, LD01 and LD02, were

chosen from the list of the best computed candidates to be
synthesized and characterized (see the Results and Discussions
part). Initially, dye LD01 was prepared due to it having the
most promising properties predicted by the simulations,
whereas LD02 was selected due to its design containing
additional withdrawing and donating groups. It was found by
this simulation that the bis(trifluoromethyl)phenyl moiety
does not adversely affect the absorption properties. Further-
more, from our prior experience, this moiety is expected to
significantly improve the solubility.

■ EXPERIMENTAL SECTION
Chemicals and Methods. Unless otherwise specified,

reagents were purchased from TCI, Sigma-Aldrich, and 2022
VWR International, LLC and used without further purification.
Intermediate 12 was purchased from ChiroBlock GmbH and
used as received. Solvents were of high purity grade as well as
anhydrous in some cases and were used as obtained. All
reactions were carried out under a nitrogen atmosphere.
Column chromatography was carried out over either silica gel
Merck-60, or irregular silica from VWR (60−200 μm). Thin
layer chromatography (TLC) was performed on aluminum or
plastic sheets precoated with silica gel 60 F254. 1H NMR and
13C NMR spectra were recorded on a Bruker AMX 400 MHz
spectrometer. UV−Vis spectra were recorded on a Varian Cary
spectrophotometer. Electron ionization mass spectra were
obtained using the Agilent GC-MS system. Atmospheric solids
analysis probe measurements with atmospheric pressure
chemical ionization were performed on an Advion system
ExpressionS CMS.

Computational Details. The structure libraries for dye
screening were built by using a combinatorial approach. Our

Figure 1. Leuco dye CD05(TCI) color switching.

Figure 2. Iterative leuco dye design and development workflow.
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simulation workflow is shown in Figure 3. For initial
combinatorial structure generation, the freeware package
Datawarrior due to its high operational speed and easy-to-use
interface. The database entries was exported as 3D models. The
libraries of the structures were then prepared for DFT-based
simulations by converting them into a compatible file format
using Openbabel. The quantum chemical simulation suite in
this work is Turbomole providing swift and high-quality (TD)-
DFT simulations (see below for details). Simulated UV−Vis
results were analyzed with an automated script, selecting
candidates according to the wavelength of the highest oscillator
strength transition. A detailed presentation of the workflow can
be found in Figure S1.

■ RESULTS AND DISCUSSION
Simulation Protocol. As the first step, an unautomated

version of the simulation protocol for the simulation of LD
structures by using the Turbomole Molecular Simulation suite
was developed and validated for commercial materials. A so-
called “simulation template” was created in TmoleX (the GUI
for Turbomole) to perform reliable and reproducible
simulations of LD molecules. The key simulation output is
the UV−VIS absorption spectrum (simulated by TD-DFT
using a hybrid B3-LYP functional and the def2-TZVP basis
set); furthermore, information on the frontier orbital energies
and dipole moments was also obtained as significant outputs.
An implicit solvent model (COSMO) was included in the TD-
DFT UV−Vis spectrum simulation, to better predict the ex-
silico leuco dye UV−Vis spectra. As model compounds, we

used seven commercial LDs. The steps for the simulation are
depicted below in Figure 4 (upper part) along with the
molecular structures of the commercial dyes (middle part). In
this case, the generation of structures was done manually using
Chemdraw 20.0 (2D and 3D), and the simulation spectra were
compared with experimental data obtained in methyl ethyl
ketone solutions (10−5 M) in the presence of 1.0%
trifluoracetic acid (v:v). The absorption spectra of molar
extinction coefficient (ε) against wavelength were determined
by a spectrophotometer, and ε was determined by ϵ = A/cl,
where A is absorbance (obtained by UV−Vis scan 320−750
nm), c is concentration, and l is the cuvette path length (equals
1.0 cm). From comparisons of the simulated and experimental
absorption maxima, we observed a regular, consistent blue shift
of the simulated maxima by about 50−80 nm. The comparison
is presented in Figure 4, bottom part.
Therefore, for the usage of the current DFT simulation

results with the current input parameters for reliable
predictions, one can assume that the corresponding exper-
imental results will be around 50−80 nm red-shifted for this
class of materials. The consistency of this outcome is a very
important consideration, because it supports the selection of
new and unknown candidates, avoiding unnecessary synthesis,
especially when there is no experimental evidence for
comparison.
A further important comment is given regarding the results

obtained for dye CD-03. This dye presents two absorption
peaks, the first with the maximum around 430 nm and the
second at 670 nm in the simulation, whereas in solution, the

Figure 3. General Simulation Workflow of this Work.

Figure 4. Simulation protocol scheme (top), molecular structures of simulated commercial leuco dyes (middle), and simulated spectra (bottom
left) compared to experimental data (bottom right).
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two peaks are located at 450 and 590 nm, respectively, with a
broad absorption band covering essentially the entire visible
spectrum. Thus, by applying the aforementioned empirical
correction of 50−80 nm, it is possible to obtain rather reliable
predictions from the simulated absorption spectra, and hence,
the simulation protocols can support the design of new
molecules. However, the direct comparison between simulated
and experimental results and finally the decision of which
structure should be synthesized must be done carefully and
with caution. It is important to note that there are more
aspects that could be addressed while comparing simulation
and experimental results, such as the usage of different solvents
for a more detailed study of the optical properties or preparing
solid state samples to evaluate aggregation effects, electro-
chemical analysis, as well as the study of thermal and electronic
properties, but these aspects are out of the scope of this paper.
In addition, we stress that in the present work, we

concentrate on the comparison of the simulated and observed
absorption maxima as the primary figure of merit. To compare
the calculated and experimental oscillator strengths, an
additional analysis would be needed, and this is out of the
scope of the present study.
The next development step was to automate the computa-

tional screening process. This simulation protocol for system-
atic and efficient screening of leuco dyes consists of two main
steps, as shown in Figure 5. First, combinatorial generation of
LD molecular structures was performed. If this was done fully
automatically, allowing the whole gamut of possible combina-
tions, then the list of possible candidates could become

intractably long, containing at least many thousands of entries.
Therefore, the initial choice of the molecular building blocks
was constrained from the very beginning by our internal expert
evaluation, that finally resulted in a set of slightly more than
1600 structures where we expected to have the greatest
promise of success. After a library of molecular structures was
prepared, we proceeded with the QC calculations for all the
selected LD candidate molecules.
The computational screening itself is done in two steps: first

the coarse screening and, if this is passed, then the second fine
screening. Each step consists of DFT geometry optimization
followed by TD-DFT calculation of the UV−Vis spectra for
the optimized structure. This workflow is based on the
validated, manual procedure outlined in Figure 4. The (TD)-
DFT simulations are automated by bash scripting as well as the
subsequent data extraction of the most relevant simulation
results (HOMO/LUMO energies, the position of the main
absorption peak, etc.). Only vertical UV−Vis transitions were
considered, as this was deemed sufficient for the synthesis
candidate selection, and additionally, the simulations including
electron-vibronic coupling have a much higher computational
cost. Finally, the simulation results were collated and provided
to the user in the form of a Microsoft Excel table. This
procedure allows for fast evaluation of the key simulation
results, even for users with limited experience in computational
chemistry.

Results of the Computational Screening. The selection
of the model compound and the definition of the structural
variations is a key step because it determines where the dye will

Figure 5. Main automated simulation workflow; see the text for more detail of the basic blocks.

Figure 6. Creation of the structure library for red-absorbing leuco dyes.
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absorb.1 Considering the general structure of fluoran dyes (see
Figure 6), as well as keeping open the possibility of any
structural modification, one can easily generate thousands of
substructures.
Moreover, as our objective here is not to screen as many

structures as possible but instead to develop a simulation tool
that reliably predicts absorption spectra of unknown, but still
relevant, structures, we therefore decided to specify some parts
of the structure and to generate a reasonable, tractable number
of molecules based on this model. As such, we decided to focus
on unknown structures to create a method to predict
absorption spectra of dyes. Therefore, we chose an indoline
structure containing benzo[a]fluorans that, to the best of our
knowledge, have not been reported yet. It is important to note
that the structure could have been benzo[b]fluoran or a
different amine instead, yet the crucial point for us was to
create new or unknown structures. Moreover, we know that
the indoline moiety promotes a redshift in the absorption
spectra,38 and our expectation, prior to simulations, is that any
such structure would have absorption in the red, or even in the
near-infrared region.
Keeping this in mind, we established our target to obtain

experimental absorption maxima in the range between 550 and
650 nm, with the expectation that the absorption band could
reach 700 nm. Practical considerations mean that although
simulation tools give us freedom to simulate thousands of
molecules, from the synthesis point of view, we should keep
the structure feasible; that is, for the design of a new molecule,
one should keep in mind the availability of reagents, solvents,
etc., as well as their cost, toxicity, and last, but not the least, to
combine the information found in procedures and protocols
for synthesis available in the literature, in other words, to be
sure that the molecule can be synthesized. By taking into
consideration the above arguments, a library with ca. 1600
structures, containing electron donating and withdrawing
groups (see Figure 6), has been created, and the corresponding
absorption spectra have been simulated.

For the molecular structure generation, the combinatorial
chemistry tools Chemf inder (component of PerkinElmer
ChemOff ice20 Suite39) and the freeware package Datawarrior40

were used. From our experience, Datawarrior was better suited
for the combinatorial generation of fluoran-type leuco dyes.
Furthermore, the software performance when generating large
combinatorial libraries was superior to that of Chemf inder (we
found that libraries containing around 1 M structures can be
created by Datawarrior within 30 min on a standard laptop).
Three-dimensional not-optimized structures corresponding to
the colored states of the leuco dyes of interest were
straightforwardly generated by the software in XYZ format
(Figure 7).
It is important to bear in mind that the size of a structure

library will depend on only the number of building blocks that
are used. However, some of those blocks may cause only
miniscule changes in the electronic structure (sometimes far
from the desired color) with only slight changes in the
absorption spectra. On the other hand, e.g., the solubility and
therefore later processability may be significantly affected by
this modification. Furthermore, in this work, we decided to
skip the use of, for instance, alkoxy, amine, or sulfur-based
building blocks directly attached to the xanthene moiety of the
fluoran dyes, since they would bring more complexity to the
list, resulting in a strong cost for the simulation time, as well as
an undesired and expected red-shift of the absorption spectra
due to electron-donating effect. This proves that the
modifications to the molecular structure proposed in the
structure library may change the color of the dyes, but with a
proper selection criterion, we can select the structures that are
more suitable to the project’s targets and needs.
In the simulation protocol, the molecular structure of each

LD candidate is optimized in three steps, starting from the
structures generated by Datawarrior. An initial preoptimization
is performed semiempirically (AM1), followed by two-step
optimization at the density functional theory level of theory. In
the first, coarse, DFT geometry optimization the PBE GGA

Figure 7. Screenshot from some of the sample structure sequences resulting from the combinatorial structure generation.
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functional and the def2-SV(P) basis set are used.41 The
optimization is followed by the simulation of the UV−Vis
absorption spectra on a TD-DFT level with the same choice of
the functional and the basis set (usually 5 transitions are
calculated). For the transitions with λ ≥ 400 nm in the visible
region, a weighted average wavelength is calculated according
to λ̅ = ∑iλi f i/∑i f i, where λi is the calculated excitation
wavelength and f i is the corresponding oscillator strength.
After the first coarse screening step, we observed a large

number of structures with simulated absorption maxima above
700 nm (some even beyond 800 nm). This means that the
maximum corrected for the simulation offset would lie in the
near-infrared region after the aforementioned considerations
and comparisons with the results obtained for the commercial
dyes presented in Figure 4. Thus, we decided to restrict the list
of the relevant structures for a second high fidelity simulation
run by limiting the potential candidates to those that absorb
within the visible range.
In the second, high fidelity, simulation run, fine geometry

optimization is performed using a hybrid B3-LYP functional
and the def2-TZVP basis set, with the COSMO solvent model
activated (the dielectric constant is set to ε = 18 to emulate the
solvent methyl ethyl ketone).42 The UV−Vis absorption
properties are simulated on a TD-DFT level (B3-LYP/def2-
TZVP/COSMO). During this simulation run, we observed
that, as expected, as the accuracy of the simulations increased,
so did the computational cost; therefore, we decided to restrict
the range of absorption even further, and therefore only the
structures with the mean absorption wavelength 540 nm < λ̅ <
580 nm from the first screening step were considered as
suitable candidates (see Figure 8). As mentioned at the
beginning of this section, the extraction of the main simulation
results from the stdout Turbomole files and their collation
in a tabular form was automated by bash scripting. The final
automatically generated tabulated text file was imported into
an Excel overview table to facilitate the rapid selection of
appropriate LD candidates, even for users with limited
experience in computational chemistry.
As discussed in the previous subsection, the simulation

protocol was validated by comparison of the simulated UV−
Vis spectra with experimental spectra for eight commercial
LDs; because a systematic blueshift of Δλ ≈ 50−80 nm of the
calculated absorption maxima versus experiment was observed,
a broader specification region was defined, in order not to
exclude potentially valuable candidates. In the result, ca. 400
structures from the original database meet the selection

criterion of 540 nm < λ̅ < 580 nm (see Figure 8). Then, the
simulation protocol described in the previous subsection was
applied, and the UV−Vis spectra were calculated and analyzed.
Currently, no clear structure−property correlation leading to
the offset can be identified.
Further narrowing the targeted predicted mean absorption

wavelength interval to, for instance, 540 nm < λ̅ < 560 nm, still
yields slightly above 300 hits (keeping in mind that the number
of known red-absorbing benzo[a]fluoran leuco dyes is
limited); this large number of suitable candidates illustrates
that the initial selection of building blocks (Figure 6) for this
screening was well justified.
It is noteworthy that the automated QC simulation protocol

devised in the present work can be easily modified to screen for
some different molecular properties, e.g., IP, EA, or similar, and
also for other families of organic molecules different from leuco
dyes. The actual bottleneck for the computational screening of
the current work is the combinatorial choice of all possible
candidates, as it leads to such a huge list of molecules that
makes the computational screening of all of them intractable
given the currently available simulation capabilities. This is
why expert intervention was needed in this work in order to
limit the initial huge plurality of candidates to a tractable
number. Maybe, in the future, some ML approaches will assist
in overcoming this current restriction.

Synthesis and Structure Determination of the
Selected Leuco Dyes. The choice of the relevant
substituents in this work was guided by “chemical intuition”,
and for the decision whether to attempt the test-scale
preparation, the candidates were assessed further for synthetic
complexity and number of steps, solubility, reactivity, cost,
availability of building blocks, and literature results and
intellectual property status. Internally, project-specific develop-
ment needs were best met by LD01 and LD02, and these two
structures were selected for synthesis (Figure 9).

Figure 8. Left: Results of first screening iteration. 531 structures meet the selection criterion. Right: Results of second screening iteration show that
ca. 400 structures meet the restrictive selection criterion.

Figure 9. Molecular structures of LD01 and LD02.
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For the preparation of LD01, a four-step synthesis route was
employed (Figure 10). First, dihydroxybenzoylbenzoic acid
(2) was synthesized by the partial hydrolysis of fluorescein (1)
under alkaline conditions. The building block was received in
excellent yield and reacted with naphthol to provide benzo-
[a]fluoran (4) in a condensation step with reasonable yields.
The remaining hydroxy function was converted to the
corresponding triflate (6) in excellent yields. The required
indoline donor unit (9) was prepared by reaction of the
respective toluidine hydrazine hydrochloride and aldehyde
precursors.43 Yield from the unoptimized reaction was rather
low; however, the received amount of material was sufficient
for the following reaction steps.

Buchwald−Hartwig-type cross-coupling reaction conditions
were applied for reacting triflate (6) with indoline (9)
providing target leuco dye LD01 in moderate yields. The
synthesis was completed after five steps.
For the synthesis of LD02, the route previously applied for

LD01 was revised (Figure 11). The bromo-chloro-benzo[a]-
fluoran (10) was chemo-selectively reacted with boronic acid
(11) under Suzuki-type cross-coupling conditions using
Pd(PPh3)4 as a catalyst. Intermediate (12) was obtained in
good yields. For the final step, we tested the Buchwald−
Hartwig-type cross-coupling reaction with the same conditions
used for LD01. However, the results were very disappointing,
with conversion yields around 3% after purification.

Figure 10. Synthesis of LD01.

Figure 11. Synthesis of LD02.

Figure 12. UV−Vis spectra of LD01 (left) and LD02 (right) recorded in MEK before (black curve) and after the addition of 1% TFA (red curve).
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Clearly, the catalytic system applied for this reaction with
chloride did not work as it did for triflates. From literature
search, we found that different catalysts could be applied, but
we decided to test a procedure that uses zinc chloride (a
Lewis-acid mediated reaction) under elevated temperatures,
also for indolines, and by applying these conditions, LD02 was
obtained with better conversion yields.44,45 We confirmed the
presence of the target material in larger amounts with a
reasonable purity. There were not many impurities or side
products visible on TLC. An important note here is that,
although simulation protocols optimize the selection of new
candidates, the laboratory challenges remain and sometimes
cannot be overcome, and as mentioned before, the decision on
which route is most suitable always depends on the costs, time
constraints, yield, etc.

Leuco Dye Optoelectronic Characterization. The UV−
Vis absorption spectra of LD01 (left panel) and LD02 (right
panel) are shown in Figure 12. The absorption spectra of
LD01 in leuco and colored form were recorded in 10−5 M
solution in MEK. Due to company internal guidelines and
MEK being a common organic solvent for technical processing,
it was chosen for photophysical characterizations in this work.
The absorption maximum of the leuco state is in the UV
region, below λ = 350 nm. Upon addition of trifluoroacetic
acid (TFA), the colored state is formed, and its absorption
maximum is located at λ = 604 nm with an extinction
coefficient of ca. ε = 2.2 × 104 M1 × cm1 and a fwhm = 131
nm.
Analogous to LD01, the absorption spectra of LD02 in

leuco and colored form were determined in a 10−5 M solution
in MEK. The absorption maximum of the leuco state is in the
UV region, below λ = 350 nm. Upon the addition of TFA, the
colored state is formed. The absorption maximum of the
colored state is located at λ = 608 nm with an extinction
coefficient of ε = 1.4 × 104 M−1 × cm−1 and a fwhm = 135 nm.
Both dyes are virtually colorless in the leucostate; extinction
coefficients exceeding the noise level are observed only below λ
= 400 nm. In the colored state, intense absorption in the red
region is observed. The absorption maxima are located at
similar positions with comparable fwhm, and LD01 shows
about 50% higher extinction coefficient.
The comparison between simulation and experimental

spectra is shown in Figure 13. A reasonable agreement
between those is achieved using the screening protocol. For
LD01 (black) and LD02 (red), TD-DFT simulations predict

the absorption maximum of the colored state to be located at λ
= 554 and λ = 558 nm (Δλ = 4 nm), respectively. The
oscillator strength is 1.47 au compared to 0.84 au (∼43%
intensity for LD02 compared to LD01). The experimental
results in MEK + 1% TFA show a redshift of the main
absorption signal of about Δλ ≈ 50 nm. Nevertheless, the
predicted differences between the two dyes are also found in
the experiment. The LD02 absorption maximum is red-shifted
by Δλ = 4 nm, and its intensity is 36% lower.

■ CONCLUSIONS
In this paper, we report on design and synthesis of red-
absorbing fluoran leuco dyes. An essential part of the dye
development process is a computational screening of the
candidate molecules that allows time-efficient and at the same
time accurate in silico characterization of the dyes.
We focus our study here on the robust benzo[a]fluoran

scaffold frequently used in leuco dyes, with the indoline-
containing benzo[a]fluoran, as it is expected that this moiety
should promote a redshift in the absorption spectra.
For the computational screening of LD candidates, an

automated QC simulation protocol was developed and applied.
The protocol consists of a combinatorial generation of
molecular structures of possible LD candidates, followed by
two-step, coarse and fine, (TD-)DFT simulations of optimized
molecular geometries and their UV−Vis spectra as the main
figure of merit. In the present application of the simulation
protocol, more than 1600 structures of possible LD candidates
have been evaluated.
Finally, two structures, LD01 and LD02, were chosen from

the list of the best computed LD candidates to be synthesized
and characterized. Initially, the former dye was prepared as
having promising properties predicted by the simulations,
while LD02 was designed to contain additional withdrawing
and donating groups.
Our study shows how the synergy between experiment and

simulation can facilitate the design of novel leuco dyes.
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