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A method for correlating reaction conditions with device performance was developed by combining
Design-of-Experiments and machine-learning strategies in multistep device fabrication processes. This
method allowed the “from-flask-to-device” optimisation of a macrocyclisation reaction yielding
a mixture of methylated [n]cyclo-meta-phenylenes, and a crude raw material was directly applied to the
fabrication of Ir-doped organic light-emitting devices via spin-coating. The method succeeded in

eliminating energy-consuming and waste-producing separation and purification steps during device
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Accepted 20th December 2024 fabrication. The device using the optimal raw mixture material recorded a high external quantum
efficiency of 9.6%, which surpassed the performance of purified materials. The raw material method was

DOI: 10.1039/d45c07039a also found to be applicable to screen-printing processes, and image-transferred OLEDs were fabricated
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Introduction

Optimising reaction conditions in flasks for high-yield
synthesis is a common process that is performed ubiquitously
in synthetic laboratories. The most popular method of optimi-
sation is known as one-factor-at-a-time (OFAT) optimisation,*
where each factor is examined one at a time. The OFAT opti-
misation is particularly useful for reactions with simple path-
ways, which can also lead to mechanistic insights."” For
reactions with complicated pathways, however, Design-of-
Experiments (DoE) optimisation can often be superior
because it more effectively covers the parameter space for
optimisation.® Recently, we augmented the DoE optimization
data with machine-learning (ML) predictions, which allowed us
to find an optimal condition for a reaction passing through
complicated pathways with a heatmap representation of the
yields in the parameter space (Fig. 1).* Observing that the “DoE
+ML” method was able to correlate the reaction conditions with
the yields (outcome of a single experimental process, i.e., reac-
tion) despite the complicated pathways, we came up with the
idea of correlating the reaction conditions with the outcome to
be derived after multiple experimental processes using the DoE
+ ML method. Thus, using the DoE + ML method, we correlated
the reaction conditions with the performance in organic light-
emitting devices (OLEDs) and optimised the device
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using the low-cost, environmentally benign materials.

performance by searching for the optimal reaction condition. As
a result, the present study allowed us to optimise the perfor-
mance of OLEDs, following some important principles of green
and sustainable chemistry.’

Results and discussion
DoE + ML method

Previously, we developed a method for the one-pot synthesis of
[n]cyclo-meta-phenylenes ([#]CMPs) by adopting the Ni-mediated
Yamamoto coupling reaction for macrocyclisation.*” The
method was used to synthesise unique nanocarbon molecules,*®
which also allowed us to develop multipotent OLED materials.*
For example, using dihalotoluene (1) as a starting material, we
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Fig. 1 "DoE + ML" method. Optimisation of reaction conditions
traditionally correlates the conditions with the yields, but the present
work demonstrates that the optimisation can correlate the reaction
conditions with the performances of organic devices obtained through
multistep processes.
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synthesised a series of [n]CMPs to fabricate single-layer OLEDs
doped with Ir emitters (Fig. 2a).’* The highest performance of
external quantum yield (EQE) = 22.8% was achieved with the
methylated [5]CMP congener, while the performance of other
congeners was inferior." Considering the growing importance of
developing low-cost, energy-saving and environmentally benign
OLEDs for low-end consumables, we envisioned that the [#]CMP-
based OLEDs can provide an interesting test case for develop-
ment. Thus, the Yamamoto macrocyclisation afforded a series of
[7]CMP congeners from n = 5 (¢f Fig. 2a for a MALDI mass
spectrum) without any other noticeable byproducts, and, albeit
with a range of EQE performance, the methylated [#n]CMP
derivatives generally acted as host materials for the Ir emitter.'**
Therefore, we reasoned that we could directly use the crude raw
material from the reaction for the Ir-doped OLEDs, skip energy-
consuming and waste-producing processes such as separation
and purification and thus optimise the conditions of the mac-
rocyclisation reaction for the high-performance devices with the
DoE + ML method (Fig. 2b).

Our DoE + ML method starts by deciding factors and levels
for the optimisation to select an appropriate table from Tagu-
chi's orthogonal arrays.>* Three factors, i.e., equivalent of
Ni(cod), (M), dropwise addition time of 1 (7) and final
concentration of 1 (C), which were previously found to be
influential in Yamamoto macrocyclisation, were also adopted in
this study,*** and additional two factors, i.e., % content of
bromochlorotoluene (1b) in 1 (R) and % content of DMF in
solvent (S), were adopted to tweak the product distribution by
changing the kinetics at the oxidative addition step and the
disproportionation step, respectively.® Since we decided to
examine three levels for each factor, there were 5 factors and 3
levels for the optimisation, and the DoE parameter space was
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(@) Lz (2'x 37 (b)
23456 M, T, C, R, S) EQE (%)

1 11111 (2, 1, 1, 0,17)1.4+0.0
2 12222 (2, 5, 10, 50, 50) 2.4 +0.0
3 13333 (2, 20, 40, 100, 83) 5.4 +0.1
4 21122 (5, 1, 1, 50, 50) 2.3+0.0
5 22233 (5, 5, 10, 100, 83) 3.0+0.0
6 23311 (5, 20, 40, 0, 17) 89x0.1
7 31213 (10, 5, 1, 100, 17) 25+0.6
8 32321 (10, 20, 10, 0, 50) 2.7 +0.0
9 331832 (10, 1, 40, 50, 83) 4.9+0.0
10 11332 (2, 20, 1, 50, 83) 1.6+0.0
11 12113 (2, 1, 10, 100, 17) 5.4 +0.0
12 13221 (2, 5, 40, 0, 50) 8.4=+0.2
13 21231 (5, 5 1, 0, 83) 06+0.2
14 22312 (5, 20, 10, 50, 17) 4.9+0.0
15 23123 (5, 1, 40, 100, 50) 8.0 +0.1
16 31323 (10, 20, 1, 100, 50) 4.4 +0.0
17 32131 (10, 1, 10, 0, 83) 2.0+0.0
18 33212 (10, 5, 40, 50, 17) 5.3 +0.1
3levels M(eq.): 2,5, 10

T (min): 1, 5, 20

C (mM): 1, 10, 40

R (%): 0, 50, 100

S (%): 17, 50, 83

Fig. 3 DoE-guided experiments. (a) The “Lig (2! x 37)" table of Tagu-
chi's orthogonal arrays. (b) Reaction conditions and EQE data (exper-
imental values), covering 18 parameter sets of the “Lg (21 x 37)" table.

set by referring to the “Lyz (2' x 37)” table of Taguchi's
orthogonal arrays (Fig. 3a).> Among the 8 x 18 cells of the Ly
(2" x 37) table, 5 x 18 cells were selected to cover the 5 factors,
and the 3 levels for each factor were set as shown in Fig. 3a to
complete the experimental design. We carried out the 18

(a) Me
O device performance
n tamil. sublimation
Sci?f,‘[ﬁzﬁ," iilivise 2 e 9 Me  with Ir emitier EQE
. grapny x o
Ni(cod), (2.0 eq.) wourification — N 22.8%
Me voR/2 A Me puritication™ high
t 2,2-bipyridyl, COD sublimation O O (high)
Br Br 17% DMF/toluene Me Me
1a 80 °C Me yield 15%
40 mM [nlCMP i i
dropwise MALDI (crude e € sublimation
addition (n & )n=6 O O with Ir emltler EQE
60 min n= 5.3%
l l l n=8 n=9 pn=10 (low)
I T 1 AI I T - 1 T T T 1 -
300 = 400 = 500 600 700 80 900 1000 ¢ yleld 24%
z
b
® e
reaction conditions = 5 factors
Br Br Ni(cod), Me spin-coating M (eq.) = equivalent of Ni(cod),
1a 2,2-bipyridyl, COD "no separation” | With Ir emitter T (min) = dropwise addition time of 1
I\-'/.I F— . . C (mM) = final concentration of 1
e oluene " ification" R (%) = %content of 1b in 1
p no purification
80 °C w P S (%) = %content of DMF in solvent
Br cl [nICMP device performance = EQE
1b

Fig. 2 Fabrication of [nN]CMP-based OLEDs. (a) Multistep, stepwise processes used in traditional device fabrication protocols.** (b) Simplified
multistep processes used in the present study, which eliminated energy-consuming and waste-producing separation and purification steps.
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reactions of Yamamoto macrocyclisation of 1 under the
designed conditions, and 18 sets of crude raw materials were
obtained after aqueous workup and passing the mixture
through a short-path silica gel column to remove metal and
polar residues (see ESIt for details).

The device performance of each of the 18 raw materials was
evaluated by fabricating double-layer OLEDs, which was further
supplemented by ML predictions.”® Thus, the double-layer
OLED was fabricated by first spin-coating a solution of
a crude raw mixture of methylated [#n]CMPs mixed with the Ir
emitter (3; 14 wt% in the layer)** as the emission layer (EML; 20
nm) and then sublimating 1,3,5-tris(1-phenyl-1H-benzimidazol-
2-yl)benzene (TPBi, 2) as the overlaid electron transport layer
(ETL; 60 nm) (cf: Fig. 4b). The device performance was evaluated
by EQE in quadruplicate to correlate the five reaction factors of
(M, T, C, R, S) with the EQE performance (Fig. 3b). For the ML
predictions based on the EQE data, we investigated three ML
methods, ie., support vector regression (SVR), partial least
squares regression (PLSR) and multilayer perceptron (MLP), to
obtain the EQE heatmaps to fill the five-dimensional parameter
space of (M, T, C, R, S) (Fig. S6t).* As representative heatmaps,
the (M, T, C) heatmaps at (R, S) = (50, 50) are shown in Fig. 4a.
The ML predictions of the three methods were then evaluated
by the mean square errors (MSE) obtained via leave-one-out
cross-validations (LOOCV)***® to decide the SVR model as the
most appropriate predictor (MSE: SVR = 0.0368, PLSR = 0.0396,
MLP = 0.2606). Finally, the SVR model was validated by running
two test runs (Fig. 4b). The grid search of the five-dimensional
SVR model found the highest EQE spot of 11.3% at (M, T, C,
R,S)=(2,9, 64, 5,33), and the actual test run at this spot yielded
a comparable EQE value of 9.6 £ 0.1%. Another high EQE spot
at (2, 11, 50, 8, 29) was arbitrarily selected to record the exper-
imental EQE value of 9.3 £ 0.0%, which also agreed well with
10.2% of the SVR model. The results confirmed that the SVR
model, which successfully correlated the reaction conditions
with the device performance, was credible.

An advantage of the raw-material OLEDs was found by
comparing the EQE performance with that of the pure-material
OLEDs. When the double-layer OLED was fabricated using the
methylated [n]JCMP congener after separation and purification
as a single compound, the device performance was much infe-
rior to record EQE = 0.9 £ 0.1% and 0.8 & 0.3% with n = 5 and
6, respectively (Fig. 4b). As found with the single-layer OLEDs
using methylated [n]CMPs,*> the device performance is
dramatically affected by the well-ordered packing of the host
molecules, and the pure-material OLED would be affected by
the crystalline character facilitated by the spin-coating process.
On the other hand, the raw material is composed of a mixture of
the methylated congeners and should maintain the amorphous
character to retain the performance as a host material even
through the solution process of the spin coating. When we
analysed the “hit” raw material obtained at (M, T, C, R, S) = (2, 9,
64, 5, 33), the population of methylated [#]CMP congeners were
found as n = 5: 19%, n = 6: 26%, n = 7: 18%, n = 8: 8%, n = 9:
11%, n = 10: 5%, n = 11: 5%, n = 12: 4%, n = 13: 2%, n = 14: 1%
and n = 15: 0.4% by using the signal intensities of the MALDI
spectrum (Fig. S31)."” Formulation of such an elaborate mixture

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

(a) @(R, S) = (50, 50)

SVR: MSE =0.0368 PLSR: MSE = 0.0396

(mM) 1C (mM) |C
100 | 100 .I
| —— ’
| e — ~
| — e
50 — 50 | - a—
s
[ [ R
M 010 20 59 105 M 010 20 39 105
(min) 20 30 (eq.) (min) 20 30 (eq.)
MLP: MSE = 0.2606
(mM) | €
100 =R EQE
e 2
‘,, 9 o
50 — 6 (%)
3
—_ — 0
il —
0 10 29 an 102
M (min)20 80 (ea.)

(b) Q
Oy )
cathode ETL(60nm): N )\(P/ N
O Lo

r\/ NN

@ TPBi (2)
Me
\ N TR

~

EML: host + IrZ

(20 nm) | M
Me M ’N |
€ N Ir emitter (3)

|Ilu
m host

n=mixture@(2, 9, 64,5,33) 9.6 +0.1 (predicted: 11.3)
n=mixture@(2, 11, 50, 8, 29) 9.3 = 0.0 (predicted: 10.2)
1
3

anode

)

EQE (%)

n=5 0.9

0.
0.
n=6 0.8 +0.

HH H

Fig. 4 Performance of raw-material OLEDs with [n]CMPs. (a) ML-
derived heatmaps in the (M, T, C) parameter space at (R, S) = (50, 50).
Three ML methods (SVR, PLSR, MLP) were evaluated with MSE to
assign the SVR model as the best model. (b) Test runs to validate the
SVR model with reference data using pure materials in the identical
settings of OLEDs. A double-layer device architecture is also shown
with molecular structures of the materials. Device architecture:
cathode = LiF (2 nm)/AL (100 nm), ETL = 2 (60 nm), EML = 14 wt% 3 in
a host material (20 nm), anode = PEDOT:PSS (60 nm)/ITO (120 nm).

of the [n]CMP congeners after standard separation/purification
processes should not be easy,'® which was succinctly achieved
by a one-pot reaction without purification via ML-assisted
design of the raw mixture material. Additional datasets of the
[7]CMP population were also obtained by MALDI analysis of the
raw materials from other (M, 7, C, R, S) coordinates (Fig. S27),
which showed that the EQE changes of the device were origi-
nated from subtle changes in the [#]CMP population. The NMR
spectra of the raw materials were also obtained, which allowed

Chem. Sci., 2025, 16, 3045-3050 | 3047
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Fig.5 Processes and images of screen-printed OLEDs using the raw-
material mixture of methylated [nN]CMPs from (M, T, C, R, S) = (2, 9, 64,
5, 33). The screen-printed images were created by copying kanji
characters ((left): moon, (right): dream) written by a Japanese poet,
Basho Matsuo.?°

us to determine the yield of [n]CMP with n = 5, 6 and 7 by using
an internal standard. The comparison of the MS and NMR
populations of the congeners then confirmed (Fig. S47), to
a certain extent, that the MS population qualitatively reflected
the [n]CMP population.

Screen-printed OLED

Finally, we applied the raw-material OLEDs via the flask-to-
device processes to the screen-printing fabrication'® (Fig. 5).
Thus, the Yamamoto macrocyclisation of 1 was performed at
the hit spot of (M, T, C, R, S) = (2, 9, 64, 5, 33) to afford the crude
raw material consisting of the mixture of methylated [n]CMPs.
The mixture was dissolved in chlorobenzene at 0.34 wt%
together with 0.06 wt% of 3. A glass coated with anode materials
was covered with a metal mask bearing an image, and the EML
solution was drop cast on the substrate. After removing the
metal mask, the device was finished by coating with ETL (2; 60
nm) and cathode materials. The screen-printed device fabri-
cated with raw-material [#]CMPs emitted light with images of
kanji characters as shown in Fig. 5, demonstrating the appli-
cability of the present strategy for the development of low-cost,
environmentally benign OLEDs.

Conclusions

In summary, we have successfully demonstrated that the reac-
tion conditions in the flask can be correlated with the

3048 | Chem. Sci., 2025, 16, 3045-3050
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performance in devices using the DoE + ML method. The crude,
raw material from the reaction was found to be applicable as
a host material in double-layer OLEDs, which succeeded in
eliminating waste-producing, energy-consuming processes of
separation and purification of small molecules. Although this
“from-flask-to-device” optimisation strategy could not provide
information on structure-performance relationships, the ML
method provided a unique model that represented “reaction
condition-performance relationships” in the five-dimensional
parameter space. Importantly, the raw-material mixture was
found to be superior to the pure material in terms of the device
performance in the double-layer OLEDs, demonstrating the
uniqueness and advantages of the “from-flask-to-device”
strategy in generating elaborate mixture for materials. The
development of small-molecule materials usually considers
structure-performance relationships to a considerable extent,
which indeed deepens our understanding of molecular mate-
rials,” but the direct connections made by the from-flask-to-
device strategy with the help of growing ML technologies can
also lead to the development of low-cost, environmentally
benign organic devices in general. Design of a house-of-cards
assembly of graphene-like molecules by using a mixture from
the DoE + ML method, for instance, could be of interest to be
applied for battery electrodes.*
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