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Reconciling vivid coloration and low oxidation potential in electro-
chromic materials—essential for functional devices such as displays,
sensors, and energy systems—remains a key challenge due to
intrinsic electronic trade-offs. Here we establish a generalizable
design strategy based on electronic-state informatics, integrating
quantum chemical calculations with machine learning, to identify
and experimentally validate a triphenylamine-based compound
that exhibits pure yellow color (h = 93.6°) and low oxidation
potential (E,x = 0.12 V). While demonstrated here for electrochro-
mic materials, our interpretable, data-driven framework is broadly
applicable to the multi-objective design of n-conjugated mole-
cules, including emitters, absorbers, and charge-transporting mate-
rials. This approach moves beyond empirical trial-and-error,
offering a rational and generalizable methodology for property-
driven molecular engineering.

Functional molecular materials that undergo tunable redox-
driven transformations are essential for next-generation optoe-
lectronic devices. Among them, organic electrochromic (OEC)
materials have attracted considerable attention due to their low
energy consumption, high color contrast, and compatibility
with flexible substrates.’™ While significant progress has been
made in expanding the color gamut and improving device
durability,*** a central design challenge remains: the simulta-
neous optimization of color purity and device-compatible oxi-
dation potential (E,x)—two properties that are often
electronically at odds."? Here, color purity is the color deviation
in CIE space,'* and device-compatibility refers to a low oxida-
tion potential for stability and low power consumption.

This trade-off is particularly severe in the case of yellow
electrochromism, which requires the radical state to absorb in
the long-wavelength visible region (4 = 570-600 nm) without
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destabilizing the material through excessively low oxidation
potentials (E,,) that exceed practical thresholds. As a result, no
single molecular scaffold has yet enabled the simultaneous
realization of all three subtractive primaries—cyan, magenta,
and yellow (CMY)—with both high color purity in their respec-
tive radical states and electrochemically stable low E, values.

Triphenylamine (TPA) has emerged as a versatile redox-
active scaffold for OEC applications. Its moderately flexible,
nitrogen-centered three-dimensional geometry supports a wide
HOMO-LUMO gap and optical transparency in the reduced
state. Upon oxidation, TPA derivatives exhibit SOMO-induced
color transitions, which can be precisely tuned through sub-
stituent and bridging modifications on the aryl rings,"”™” as
guided by electronic state informatics'®>* (see Fig. 1). However,
although high color purity had been achieved in previous
studies, the oxidation potential had not been simultaneously
optimized for device compatibility. In this study, we report an
advancement by demonstrating that pure yellow coloration and
a device-compatible E,, can be simultaneously realized in a
TPA-based electrochromic material, thereby completing the
CMY color palette both optically and electrochemically.

We developed a six-stage design and screening workflow to
achieve the simultaneous optimization of coloration and elec-
trochemical stability required for practical OEC devices (Fig. 2).
This approach integrates large-scale chemical space explora-
tion, semiempirical electronic structure calculations, and
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Fig. 1 Target of this study: OEC materials with a single scaffold.
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Fig. 2 Screening scheme.

machine learning (ML) predictions to optimize both coloration
and E., in a data-driven manner.'”

Specifically, we constructed a virtual molecular library of
over 1.2 million TPA derivatives by combining 11 crosslinking
groups (X;-X3; Table S1) with 53 m-substituent groups (R;-Rs;
Table S2). Initial molecular structures were generated from
SMILES using Open Babel,” labels consisted of hue angles
(h) and E, obtained at the TD-CAM-B3LYP/6-31G(d) level, with
all structures confirmed to be energy minima by frequency
analysis.

For descriptors, we adopted frontier orbital energies calcu-
lated at the PM62® level and eigenvalues of the Coulomb
(CM) to represent the electronic and structural char-
acteristics of candidate molecules (Fig. S3 and S4). Based on
these, we constructed ML models including linear regression
(LR), support vector regression (SVR), and gradient boosting
decision trees (GBDT) to predict molecules that would exhibit
pure yellow coloration (2 = 93.5°) upon oxidation with E,, of
approximately 0.15 V (vs. Fc/Fc'). For E,, prediction, we
achieved a coefficient of determination R* = 0.88 (Fig. S5-S7
and Table S5).

The narrowed-down molecular candidates were reevaluated
using TDDFT at stage 3, and design principles were extracted
through MACCS key structure analysis at stage 4. Based on the
obtained insights, structurally simple TPA-based chromo-
phores were synthesized and evaluated at stage 5 (SI, Sections
S2 and S3). Finally, spectroelectrochemical measurements were
performed to demonstrate the OEC properties at stage 6.

Among the LR, SVR, and GBDT, GBDT performed the best
for the color prediction, with CMAE = 30° (conditional mean
absolute error; Fig. S6). In the oxidized states, 150000
candidate molecules were predicted to exhibit yellow (88.5°
< h < 98.5°).
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Fig. 3 (top) Predicted E. distribution. (bottom) Substituents’ statistics at
Eox = 0.15/0.33 V (5231/10 052 compounds).

Introducing radical cation features, we could also obtain the
Eo, model with enough chemical accuracy (R* = 0.88, Fig. S7, S8
and Table S4). The model predicted a wide distribution of E
from —0.05 to +0.7 V (Fig. 3, top). The broadness implies that
appropriate bridging and substituents introduction must be
required to control the E, of yellow OEC materials to be 0.15 V.
These results underscore the complexity of molecular design in
achieving specific electrochemical properties while maintain-
ing the desired optical characteristics. Focusing on the optimal
E,y range (0.14 < E,, < 0.16 V), the number of candidates was
further narrowed to 5231.

The substituents’ statistics of the candidate molecules indi-
cate that nitrogen-containing substituents would give the
desired oxidation potential (Eox = 0.15 V) for the yellow OEC
material (Fig. 3, bottom). After double-checking for the yellow
coloration and E., of the molecules with TD-CAM-B3LYP/6-
31G(d) calculation, the number of candidates was reduced
to 887.

To ensure the structural motifs identified in this narrowed
set of 5231 candidates were statistically significant—and not
simply a result of sampling from the much larger population of
150 000 yellow candidates—we performed a rigorous statistical
comparison. Specifically, by comparing molecules with optimal
potential against those arbitrarily sampled using Fisher’s exact
test of MACCS keys (Table S6), we obtained a clear and robust
guideline for molecular design that exhibits yellow coloration
with optimal E,, (Fig. 4).

Introducing a phenyl/biphenyl group sandwiched between
two nitrogen atoms without introducing any cross-linking
group would reproduce yellow coloration upon oxidation near
Eox =0.15 V. Along the guideline, 25 non-crosslinked molecules

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 MACCS key analysis (Table S4) for the candidates with optimal oxidation potential and arbitrary sampled (O01-25 and A01-25; Chart S1). The
p-substituent (R;—R,) and cross-linking (X;—X3) groups are defined in Tables S1 and S2.

that are easy to synthesize were selected, and their 2 and E.
were evaluated using TD-DFT (Chart S1 and Table S7).

Investigating known OEC materials satisfying the above
molecular design guideline, two compounds of particular inter-
est, PDA and DDATA, were identified.?>*® However, it had been
experimentally reported that both PDA and DDATA do not
exhibit pure yellow but do a greenish-yellow coloration in their
oxidized states (Fig. 5).
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Fig. 5 NTO (TD-CAM-B3LYP/6-31G(d)) for the oxidized PDA, DDATA,
and Y1. Experimental data of Y1 for the oxidized/reduced Y1 are also
depicted with solid/dashed lines.
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Using natural transition orbital (NTO) analysis,”” we clar-
ified that the undesired coloration originated from a set of
intervalence charge transfer (IVCT) bands tailing the visible
region. In pursuit of our goal to create pure yellow OEC
materials with optimal E,,, we focused on molecules incorpor-
ating N,N-diethylaniline—the second most frequent motif
among optimal hits, which had not been studied previously.
To enhance electrochemical stability,*® methyl substitutions at
the R, and R; positions were introduced (Y1). TDDFT calcula-
tion for Y1 did not predict any IVCT-derived absorption in the
visible region in the oxidized state. The IVCT band for Y1 was at
1050 nm due to a longer N-N distance than PDA and DDATA.
These results suggest that Y1 would have more potential to
function as yellow OEC materials with excellent contrast
(Fig. 5).

Finally, the target synthesis of the candidate compound Y1
was performed in a single step using the Suzuki-Miyaura
coupling from commercially available reagents. The yield was
over 80% (SI, Section S2 and Fig. S9-S12). Spectroelectrochem-
ical experiments corroborated the TDDFT calculations, show-
ing that Y1 is completely transparent in its reduced state (Fig. 5
and Fig. S13). Upon oxidation, IVCT band of Y1 does not extend
into the visible region (1180 nm), resulting in a pure yellow (& =
93.6°; Table 1, Fig. 5 and Fig. S14). Cyclic voltammetry and
differential pulse voltammetry revealed that Y1 has an E,, of
0.12 V (vs. Fe/Fc'), confirming its suitability for device operation
(Fig. S15 and S16). Compared to previously known OEC materi-
als, the approach combining electronic structure informatics
with subsequent organic synthesis and spectroelectrochemistry
experiments has successfully realized an OEC material that
meets all required conditions for practical OEC devices
(Table 1).

The novelty of Y1 lies in its balanced optoelectronic perfor-
mance, simultaneously achieving a pure yellow hue and device-
compatible E,,. This co-optimization, realized through informed
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Table 1 Comparison of electrochemical and optical properties

Material E IV h/deg. Ref.

Y1 0.12 93.6 (92.9) This study

ACE3 0.347 95.9 Christiansen et al.*°
M5 0.15 108.0° Wang et al.’°

“ Converted by Eo(Fc/Fc') = E.,(Ag/AgCl) — 0.44 V. ? Chemical oxida-
tion data.

motif selection and rigorous statistical and electronic-state ana-
lyses, overcomes the trade-offs that have hindered previous
systems and is validated by both theoretical and experimental
evidence.

In summary, we reconcile the intrinsic trade-off between
color purity and low oxidation potential in organic electrochro-
mic materials using electronic-state informatics. By integrating
semi-empirical/ DFT quantum chemical calculations with
machine learning and statistical validation, we uncovered an
interpretable design rule—favoring nitrogen-centered substitu-
ents and non-crosslinked frameworks—that enables the simul-
optimization of competing optical
properties. This rule guided the successful synthesis and spec-
troelectrochemical validation of a pure yellow molecule with
ultra-low E,, (0.12 V), underscoring the practical utility of the
method.

Beyond the scope of electrochromics, the proposed strategy
establishes a general framework for multi-objective molecular
design applicable to a wide range of organic electronics. Its
interpretable nature and statistical rigor offer an advancement
over conventional trial-and-error or heuristic approaches, con-
tributing to a more rational and transferable molecular design
paradigm across materials science.
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