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Abstract: Cyanines covering the absorption in the near in-
frared (NIR) are attractive for distinct applications. They
can interact either with lasers exhibiting line-shaped focus
emitting at both 808 and 980 nm or bright high intensity
NIR-LEDs with 805 nm emission, respectively. This is draw-
ing attention to Industry 4.0 applications. The major deac-
tivation occurs through a non-radiative process resulting
in the release of heat into the surrounding, although a
small fraction of radiative deactivation also takes place.
Most of these NIR-sensitive systems possess an internal ac-
tivation barrier to react in a photonic process with initia-
tors resulting in the generation of reactive radicals and
acidic cations. Thus, the heat released by the NIR absorber
helps to bring the system, consisting of an NIR sensitizer
and initiator, above such internal barriers. Molecular
design strategies making these systems more compatible
with distinct applications in a certain oleophilic surround-
ing are considered as a big challenge. This includes varia-
tions of the molecular pattern and counter ions derived
from super acids exhibiting low coordinating properties.
Further discussion focusses on the use of such systems in
Chemistry 4.0 related applications. Intelligent software
tools help to improve and optimize these systems com-
bining chemistry, engineering based on high-throughput
formulation screening (HTFS) technologies, and machine
learning algorithms to open up novel solutions in material
sciences.

Introduction

Nowadays, the number of applications focusing on the use of
NIR absorbers and sensitizers”’ has been growing in many
areas.” Digital imaging applied in computer to plate (CtP)
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technology represents one modern application.”’ Direct pat-

terning of lithographic plates for 2D printing becomes possible
by using semiconductor lasers emitting at 830 nm. However,
specially designed absorbers®™ are a prerequisite, having the
capability to sensitize the generation of reactive intermediates
such as radicals and/or stable acidic cations resulting in the ini-
tiation of radical and/or cationic crosslinking.*® Laser weld-
ing, laser drying of offset printing inks using temperature
sensitive substrates such as paper,” laser marking of plastics®
or thermal curing™ can be seen as additional applications ben-
efiting from the main property of the NIR-sensitive materials;
that is the on-demand release of heat as the main deactivation
route, turning reactions ON and/or OFF."”

Many NIR initiators absorbing between 750-850 nm result in
a non-radiative deactivation of more than 85%, whereas fluo-
rescence decays for some examples in sub-ns time with <15%
efficiency.”'® Sometimes, fluorescence appeared only as
traces, that is <1%.™ Moreover, absorbers with A, >
900 nm deactivate almost only non-radiative (>99%)." Al-
though fluorescence occurs with less efficiency, there exists a
probability for bimolecular reactions in the excited state
having a lifetime in the sub-nanosecond time frame;"* that is
photoinduced electron transfer resulting in the formation of
reactive intermediates."% "%

One benefit of NIR radiation is the deeper penetration of ra-
diation into matter due to its lower scattering coefficients
compared to UV radiation.® Furthermore, excitation occurs at
an energy decoupled from the UV and visible range. This facili-
tates embedding of UV filter materials into coatings to protect
them against solar weathering.'"¥ Additive manufacturing” in-
cluding volumetric printing"® additionally benefits from this
technology in particular when the printing process requires
embedded functional materials absorbing in the UV and/or
visible range. This is also suitable for ceramics.""”

Applications relying on NIR radiation depict a certain com-
petition compared to well established UV or visible light-sensi-
tive systems. Nevertheless, the latter exhibit a higher sensitivity
because non-radiative deactivation resulting in release of heat
is not the major pathway in either UV or visible light sensitive
systems. Consequently, the release of heat relating to non-radi-
ative deactivation promotes physical events such as melting of
powder coatings,” % suggested as sustainable green technol-
ogy. For comparison, UV curable powder coatings have been
already available, but they still require thermal treatment in an
oven™ to melt the powder. This can be overcome with NIR-
based systems, in which physical events (melting) and chemi-
cal reactions just occur in one step.*'®" They are also of more
general interest for physical drying of aqueous dispersion in a
short time offering the opportunity to replace undesired oven
techniques by photonic sources resulting in ON/OFF heat sen-
sitive systems. This has also opened up new patterning oppor-
tunities utilizing intense diode lasers exhibiting spatial modula-
tion resulting in 2D exposure pattern.*'" Furthermore, ex-
tension of an exposure scan along the z-axis can facilitate 3D
printing.

Since high-power NIR LEDs have complemented available ra-
diation sources,” there is a growing demand for absorbers
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and sensitizers for applications benefiting from NIR excitation.
Requirements include i) absorption is matching with the emis-
sion spectrum of the radiation source, ii) material is compatible
with the matrix material, and iii) a certain energy threshold al-
lowing handling of this light sensitive material at moderate
room light conditions. The latter depicts a challenge for indus-
trial applications related to Chemistry 4.0.

Chemistry 4.0

The term Chemistry 4.0 is following the concept of Industry 4.0
and the German association VCI (“Verband der Chemischen In-
dustrie e.V.") describing its development over time starting
with Chemistry 1.0."" The industrial revolution started in the
18th century by using fossil energy (coal) and chemical pro-
cesses (firing) to generate mechanical power for industrial pro-
cesses. In the 19th century the chemical industry began its first
period called Chemistry 1.0, also known as founder’s time or
“Grinderzeit”, heavily based on coal chemistry. Followed by
petrochemistry using oil as raw material, Chemistry 2.0
brought scale up of production and new classes of materials
such as polymers. Globalization and the production of fine
chemicals have opened the doors to a new area of industrial
chemistry in the early 1980s, that is Chemistry 3.0. In the last
years, the growth of the internet as well as new hard- and soft-
ware tools have shifted the focus to developing digital-based
production technologies also named Chemistry 4.0. This digital
revolution of the chemical industry is aiming for a sustainable
recycling or circular economy using waste as renewable source
or feedstock of new production cycles. By 2040, the global pro-
duction volume of the chemical industry will almost double—
digitalization will help to achieve these goals. It also includes
the use of artificial intelligence—software tools learning from
huge amounts of experimental data. A sub-group of this is ma-
chine learning—which allows an adaptive approach of the
classical design of experiment (DoE).

Chemical systems responding to NIR radiation also fit in this
concept.?2Pf31 Fast replacement of energy-wasting light sourc-
es such as mercury lamps (requested by law in the EU) or ther-
mal sources such as ovens, drive and support Chemistry 4.0
solutions. Exposure based on NIR sources also results in photo-
chemical reactions controlling several parameters including
emission range, intensity, exposure time, absorber concentra-
tion and their photonic properties. This also addresses the ne-
cessity to readjust well-examined systems 2791011

High-throughput formulation screening (HTFS) represents
one feasible opportunity for systematic study of chemical sys-
tems using advanced robotic systems.”” Here, many experi-
ments can be carried out under controlled and repeatable con-
ditions providing valuable, good data. The automation, which
still relates to Industry 3.0 standards, of radiative-sensitive for-
mulations and exposure of them in the workflow shown in
Figure 1 creates a data set based on hundred or more samples
per day varying and identifying all key parameters crucial for
processing and performance. Nevertheless, a classical design of
experiments can easily fail due to inadequate choice of factors
or variables and their value combinations. A more sophisticat-
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Figure 1. Workflow to design and process new materials in a setup based
on an intelligent DoE to develop technologies.

ed approach is the use of machine learning algorithms running
the analysis right on time, directly linked to the responses
(measured output data) and suggesting new experiments
based on the digital model uncertainty created from the actual
data. Machine learning relates to Industry 4.0 standards to
grow up artificial intelligence. Several approaches in theoretical
chemistry® and engineering® have already started in this
field to find new algorithms for optimizations of materials al-
though both come from different fields.*"*? Experimental
studies complemented research in material sciences applying
HTFS-techniques but with no application of machine learning
algorithms.”® Big improvements will be expected by combina-
tion of HTFS with machine learning in the near future.

In the future, machine learning algorithms will automatically
control the HTFS equipment and stop the experimental pro-
cess when the digital model reaches a certain prognosis quali-
ty threshold. This prognosis quality continuously improves by
adding experiments, proposed by the machine learning algo-
rithm. This drastically reduces the number of experiments and
surpasses the classical DoE especially for large numbers of fac-
tors and responses. This combination of automation and ma-
chine learning results in a new methodology, which is called in
this contribution “intelligent design of experiments” (iDoE).

Absorber parameters based on concentration, absorption,
and geometry together with the radiation source providing
both variable excitation wavelength and intensity importantly
affect the overall performance of the system. Processing using
HTFS equipment requires steps including mixing, application,
exposure with either LED or laser, and characterization. All vari-
ables, parameter settings, and measured data train the digital
model, which correlates input factors and characterization re-
sponses. Data analysis of this huge set of data is performed in
a relatively short time with each experiment contributing to
the model and improving it. A classical DoE would end at this
point giving the information whether the experiment was suc-
cessful or not. However, intelligent DoE uses advanced algo-
rithms and iteratively improves the model and reduces its un-
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certainty. This helps to predict results in a smaller confidence
interval and improves the model facilitating to define new for-
mulations with desired properties. This approach is generally
referred to the field of artificial intelligence and big data scien-
ces. Besides a general model of the chemical system, it is also
possible to build a model predicting for example peak per-
formance with regard to one specific attribute (optimization),
or aiming for a robust formulation that is very tolerant to varia-
tions in the production cycle.”® First trials of iDoE show prom-
ising results that will be published elsewhere 229

NIR Light as Reagent and Tool

Many efforts in photochemical sciences resulted in the devel-
opment of new technologies representing a part of the entire
technology.”” 2D and 3D printing based on UV or visible light
excitation depict some representative examples.®'® Moreover,
cw-lasers emitting in the NIR facilitated easy spatial modulation
enabling many applications in the graphic industry.®* Using
appropriate NIR absorbers/sensitizers opens up new directions
for global control of manufacturing processes just by changing
exposure intensity, that is remotely through internet.”

Nowadays, NIR light can be found in some applica-
tions.>>¥ This surprises since the development of NIR sources
emitting in the range from 750 to 1000 nm also brings certain
benefits. Representative sources are cw-lasers with emission at
808, 830, 940 and/or 980 nm.?*>3<°711 They have received at-
traction for industrial uses, in which many repetitive steps ad-
dress the demand of high process robustness and reliability.”’
Pulsed lasers are not considered as an option.

High-intensity NIR LEDs™ emitting at 805 nm depict an alter-
native radiation source in the NIR. Recently, cyanines derived
heptamethines, comprising indolenine as terminal group, dem-
onstrated the feasible generation of radicals and the first cat-
ionic photopolymerization.”’ The LED provided a power densi-
ty of 1.2 Wem™ from 3.5 cm. The NIR radiation absorbed leads
to both the release of heat and initiation of photochemical re-
actions as a result of non-radiative deactivation and photoin-
duced electron transfer (PET), respectively.'” Particular genera-
tion of heat by light absorption overcomes the necessary inter-
nal activation barrier of PET in cyanine-based systems.”’ A
main advantage is the handling of such NIR sensitive systems
at ambient light conditions. Attempts to use traditional low-in-
tensity NIR LEDs emitting with an intensity of <100 mWcm 2
failed™” because they cannot facilitate the necessary exposure
intensity moving the reaction across the internal activation
barrier. Future developments of high-intensity NIR-LED sources
focus on much stronger emitting sources. This also enables ex-
citation of up-conversion nanoparticles (UCNPs) resulting in
generation of UV light with NIR lasers.”*”

Such strong emitting sources also result in faster bleaching
of the sometimes-greenish colored absorbers, whose absorp-
tion resides around 800 nm. Alternatively, spectral shift to
higher wavelength, preferentially above 900 nm, facilitates to
use fewer strong colored absorbers. From our best knowledge,
the number of available NIR-sensitive components exhibiting
an absorption maximum between 840-950 nm is very limited.
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There is a need to develop more appropriate absorbers. The
emission of NIR sources separates well from the absorption of
additives whose absorption covers the UV and/or visible
region, Figure 2. This enables to embed such materials in coat-
ings for printing in 2D as well as 3D applications.

uv yellow magenta cyan NIR LED
filter additives, additives, additives, A
pigments pigments pigments

A/nm
_—

350 400 450 500 550 600 650 700 750 900 1000

line-shape focussed laser

line-shape
v focussed lasers

digital imaging

(CtP)

Figure 2. Schematic summary of the absorption for UV filter materials and
additives covering the absorption in the visible range. They do not interfere
the emission of NIR sources derived from LEDs with high emission intensity
and NIR lasers used for manufacturing.

The fact that NIR-sensitive systems generate heat and reac-
tive intermediates makes them attractive for technologies rely-
ing on physical and/or chemical processes.”"" Physical pro-
cesses include melting of powder coatings as shown by treat-
ment with lasers exhibiting line-shaped focus,”'? drying of
aqueous dispersions as demonstrated for laser drying of offset
printing inks” or drying of wet surfaces in general, Figure 3.

rel. Intensity [%]

Figure 3. Laser with line-shaped focus (left) with emission at 808 and
980 nm and its intensity profile (right). An up-converting phosphorescent
material visualized the laser light.

The heat released by the absorber in the deactivation process
enables fast evaporation of volatile components with high spa-
tial selectivity without the use of traditional furnace tech-
nigues. Chemical processes include generation of reactive in-
termediates resulting in crosslinking of monomers/prepolymers
based on a thermal reaction® and/or a photonic mechanism.”!

Nevertheless, NIR LEDs with very high exposure density can
be seen as an alternative.” Figure 4 depicts the temperature
of such a device released into the environment on the left
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Figure 4. Temperature in the surrounding of a high power NIR LED (left).
The absorber placed as powder depicts the hottest point. The right side de-
picts the spectrum emitted while a photopolymer composition was ex-
posed.”

side, whereas the spectrum emitted is shown on the right side.
The highest temperature is measured at the absorber applied
as powder.

NIR-Sensitive Components

Nowadays, several structural patterns of NIR absorbers were
successfully introduced absorbing in the range from 700 to
1100 nm. This includes either cyanines,""2*"?% rylenes,?"?” por-
phyrines?? or conjugated polymers?’—just to mention a few
of them.

Enough compatibility with the surrounding matrix used in
the process is a challenge. Most of the aforementioned molec-
ular approaches failed due to limited compatibility in practical
systems (solubility, chemical stability), that is laser drying and
CtP, in which cyanines and some rylenes showed the most
promising practical performance.?*?3%7:°1.271 Nevertheless, un-
desired events such as H-aggregation and the aforementioned
lower performance (solubility, crystallization under critical con-
ditions, and shelf life in products caused by insufficient chemi-
cal stability) resulted in discontinuation of many promising in-
dustrial R&D projects.

Cyanines (A1-A3) may overcome some of these disadvan-
tages. The substitution pattern uptakes a crucial function in
this point. A1-A3 can easily adjust the necessary absorber
properties on demand for practical use. This includes introduc-
tion of bulky groups?~"" or distortion of planarity."" Bridging
of R; and Ry" with a CH,-group results in a flexible cyclohexene
moiety resulting in a distortion of planarity. This leads to an
improved compatibility with the surrounding matrix."" On the
other hand, direct bridging of Rs; and Rs results in a cyclopen-
tene moiety. This keeps the conjugated backbone almost
planar resulting in less compatibility with the surrounding
matrix."™

Bulky groups with large steric demand can be easily intro-
duced with R,.""" Ry, Ry, R, and R, have been mostly presented
by hydrogen. Replacement by alternative substituents might
result in structures exhibiting a better photostability even
under oxygen but the accessibility is limited by available pro-
cedures. The substituent A in the meso-position can exhibit
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either electron-withdrawing or electron-donating properties re-
sulting in the expected shift with no big changes of the redox
potentials." A1-A3 can exhibit either a symmetric or an asym-
metric pattern. The latter often improves compatibility with
the surrounding matrix.

1-6 represent some examples of A1-A3 with potential for
extension to more structures. 1-4 were successfully applied for
negative digital imaging in CtP in which the R, and R/ form the
structures shown. They differ regarding their absorption,
whereas the redox potentials exhibit a rather modest
change.®>" Surprisingly, the largest bathochromic absorption
of about 200 nm occurred by exchanging the terminal group
of either indolenine (A1) or benzindolenine (A2) with benzo-
[cdlindolium moiety (A3)™ " while the number of unsaturated
carbons in the polymethine chain remains the same. 6 worked
excellently for laser drying of offset printing inks applying
980 nm laser radiation.” The respective counter ion resulted in
a giant increase of solubility in organic solvents and mono-
mers!"" facilitating the transfer to oleophilic printing inks.”’ Ry-
lenes, although mentioned in patents,” were not able to com-
pete with those cyanines. Future research might focus on cya-
nines with cationic structural pattern because the respective
anion possesses more potential to affect absorber properties
regarding compatibility compared to anionic absorbers bear-
ing a cationic counter ion. On the other side, cyanines compris-
ing SO;~ groups exhibit enough water solubility while the net
charge of the molecule depicts an overall negative charge.
This transfers these absorbers to physical drying of aqueous
dispersions applying the high-intensity LEDs and lasers with
line-shaped focus mentioned in the previous section. In gener-
al, such combinations of absorbers and light sources also helps
to get rid of old furnace techniques for drying technologies.

Comparison of solubility between the less planar absorbers
such as 2-4, and 6 with the more planar pattern shown in 1,
and 5 shows a huge increase of the solubility in reactive sol-
vents by switching the geometry from a planar (1, 5) to a dis-
torted one (2-4, 6). This was concluded considering structures
1 and 2. Embedding of 1-6 in reactive solvents comprising
acrylic groups showed acceptable compatibility with 2, 5 and
6."" As a result, change of the anion preferentially with those
exhibiting low coordination properties and distortion of pla-
narity of the conjugated system helps to improve the per-
formance of NIR absorbers in industrial processing, in particu-
lar, to those related to Industry 4.0 standards.
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The issue of incompatibility with a surrounding matrix is
possible to overcome using an approach proposed for UV ab-
sorbers such as distyrylbenzenes comprising an alternating
block pattern of aliphatic and conjugated moieties. This result-
ed in a polymer structure.”® The amorphous material obtained
exhibited a molecular weight of several kilo Daltons.”® Thus,
the final absorber becomes part of a polymer, which may help
to solve the issue of migration, being critical for radiation cur-
able printing inks used for food packaging.

Scheme 1 fits in this frame. Alkylation of 7 results in 8, in
which anion exchange improves the compatibility of the pre-
cursor with the surrounding matrix. 8 reacts with the chain
builder 9 resulting in 10. Following this approach, Z comprises
urea moieties based on reasonable available starting materials
carrying amino groups needed in step (a) or (b), respectively.
Thus, a variation of Y results in a library of different precursors

Scheme 1. Sketch for the synthesis of polymeric NIR sensitive materials com-
prising aliphatic block components to improve compatibility with many sur-
roundings. This may occur according to ref. [28].
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(7) exhibiting, depending on Y, variable properties of the final
product Y.

A broad variety of absorbers has been proposed, although
the choice for counter anions is not showing many variations.
Halides, in particular chlorides, and tosylates were the most
preferred anions. Dodecylbenzene sulfonate (C;,H,s-Ph-SO;7)
as introduced in 6 improved the solubility of this cationic ab-
sorber in oleophilic printing ink for laser drying.”'" Recently,
bis(trifluoralkyl)sulphonyl imides such as [(CF,SO,),N]"""*? or
aluminates such as [Al(O-t-C,F,),] ® resulted in cationic ab-
sorbers with improved solubility in a variety of monomers
used for radical and cationic polymerization.®*’ These anions
represent interesting alternatives compared to PF,~, which
brings the issue of HF-release under certain conditions.®” This
has also brought the FAP-anion ([P(F;(C,Fs);)1 as an alternative,
resulting in materials exhibiting excellent compatibility with
different oleophilic surroundings.®? Anions derived from super
acids may fit in this framework.??

Tetraphenyl borates [B(Ph),]- were sometimes applied for
NIR-sensitized radical polymerization.?'* However, compatibil-
ity in solidified coatings limits its broader use.*'* In addition,
tetraphenylborate salts also showed a certain cytotoxicity,*”
whereas no issues have been reported about the comparable
fluorinated material yet; namely, [B(PhF;),]”. This anion was in-
troduced as an alternative in onium salts to improve their com-
patibility in different resins.?¥ It possesses a high molecular
mass, similar to [Al(O-t-C,F,),]~,*® requiring a higher loading in
the application if equimolar amounts would be requested.
From this point of view, low molecular weight anions exist as
alternatives; that is [(CF,SO,),N]",®*® [(CF,S0,);C1 ¥ or
([P(F5(C,F5)5) 1.1

Bridging of R; and Ry’ in A1 led to the examples 1 and 5.
NIR exposure in the presence of 13 resulted in oxidation of the
central moiety by PET and yielded a photoproduct exhibiting a
hypsochromic shift of about 100 nm, Scheme 2.52%37 This
might surprise since 11 possesses an additional double bond
in the conjugated backbone compared to 10. Nevertheless, 10
belongs to cyanines, whereas 11 is partially a substituted ful-
vene. The chemistry of this reaction, however, still needs fur-
ther examination. Color on demand applications may benefit

kmax

<700 nm

+ acidic cations 12

Scheme 2. Oxidation of NIR sensitizers with light and without light leads to
fulvene type patterns.®!
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from this reaction because the final material appears deep
blue, whereas the greenish color of the starting material disap-
peared. Future research will bring more impetus in this field.

Near Infrared Sensitive Materials with Internal
Barrier

NIR sensitive materials used for sensitized generation of reac-
tive intermediates follow a photoinduced electron transfer
(PET), which often includes an internal activation barrier result-
ing in a system having a certain energy threshold. Equation (1)
discloses the temperature dependence of the rate constant for
electron transfer k., in which the free activation enthalpy
AG?"? determines the size of internal activation barrier."? This
also requires knowledge about the free enthalpy of electron
transfer (AG,) and the reorganization energy 1.'”

# 2
ke =y - K X exp (—ARGT“) =V K Xexp <_ (4Ge —I;T/l) /4/1>
(1)

(vy: theoretical maximal available rate, i:probability coeffi-
cient).

Many NIR sensitive systems exhibit an internal activation
barrier while AG,< 0 using either an iodonium salt (13) or tria-
zine (14) as acceptor. Experimentally, there is often no reaction
under ambient light conditions. whereas strong sources such
as lasers or high power NIR LEDs result in photochemical reac-
tions. Thus, the positive charge of the absorber and the onium
salt is likely not the reason for the internal activation barrier
because 14 exhibits no charge. Both possess similar reduction
potentials but the efficiency to initiate radical polymerization
in combination with 2 was higher in the case of 13."

. ClsC.__N._CCl
OO T
\r
R

13 14

Crossing of the potential energy curves of the educts com-
prising the NIR sensitizer (Sens) and the acceptor (13) with
those of the products Sens™* and 137", respectively, obtained
after electron transfer results in the scenario shown in
Figure 5."? It demonstrates the necessity to introduce addi-
tional energy such as heat also under conditions in which
AG, < 0. NIR-sensitive systems comprising sensitizers selected
from either A1, A2 or A3 and an acceptor (13 or 14) possess
AG,, values being either slightly positive, neutral or slightly
negative; that is +/—0.5 eV.>" Outer sphere (dielectric con-
stant of the surrounding) and inner sphere coordinates con-
tribute to 1. This may reside between 1-1.5 eV."? Non-radiative
deactivation of the NIR sensitizer being the main deactivation
route additionally provides enough thermal energy to over-
come the activation barrier. It can easily achieve temperatures
>120°C.7
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a) b) c)

Figure 5. Energetic relations of photoinduced electron transfer with internal
barrier resulting in threshold systems in which G, is +/— 0.5 eV. a) Endother-
mal conditions with G/, and G,,> 0. b) Thermoneutral conditions with G, 0.
) Exothermal conditions with G, <0. G/, is higher than zero in all cases ex-
plaining the internal barrier and, therefore, threshold of such systems.

Surprisingly, only a few of the absorbers showed chemical
reactivity applying a low intensity (< 100 mWcm~2) NIR-LED re-
sulting in radicals and acidic cations."" They possess no net
charge as shown for 1, 2 or 15. On the other hand, positively
charged sensitizers (3-6) showed no reactivity with the afore-
mentioned low intensity LED."” Switching the LED source to a
device providing significant higher exposure intensity resulted
in a remarkable reactivity of even positively charged sensitiz-
ers.” This helped the system to travel over an internal activa-
tion barrier. Moreover, it also facilitated the handling of such
NIR sensitive materials under ambient room light conditions in
which the formulations appeared as stable. This can be seen as
a huge benefit in practical systems.

Future developments should also focus on systems resulting
in less yellowing upon exposure in the presence of an accept-
or. Some of the current systems absorbing around 800 nm
shift their green color toward a strong yellow/brownish ap-
pearance.”® Photoproducts formed cause this color, which
limits their use for diverse applications.

Furthermore, the synthesis of new NIR absorbers may addi-
tionally focus on the availability of materials exhibiting a suffi-
cient intersystem crossing, resulting in population of the triplet
state. Nowadays systems operate from the first excited singlet
state. Replacement of some hydrogens by heavy atoms in
either A1, A2 or A3 improves accessibility to the triplet state.
This easily prevents electron back transfer requiring no design
of three-component systems.”! Definitively, photodynamic
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therapy would benefit from such materials due to the availabil-
ity of NIR absorbers with the capability to form singlet oxygen.

NIR Sensitizers for HTFS Intelligent Machine
Learning

Figure 6 shows a general Scheme for the design of NIR sensi-
tive materials used in applications related to Industry 4.0. It
covers broad applicability starting from molecular properties

Objective
+ Absorption efficiency r—/%
+ Geometry 1. 0@
» Compatibility @ v~ \/\g\ N

- Secondary Reactions

Theoretical Chemistry

« Electron density

+ Interactions with surrounding
+ Reaction rates

Synthetic Chemistry
« HTFS synthesis of NIR absorbers

v

Intelligent HTFS processing module (Fig.2)
+ HTFS engineering of NIR absorbers
» Machine Learning

Engineering Performance

No

Final Design

Finish

Figure 6. Combination of chemistry (theoretical and synthetic chemistry), en-
gineering and informatics creating artificial intelligence results in intelligent
tools for the development of new materials. NIR technology may benefit
from these developments.

available by tools in theoretical chemistry, transfer of the best
candidates to synthetic chemistry, although only a few of them
will end in iDoEs (see Figure 1, applied in engineering). Ma-
chine learning helps to move the system in each direction.
Only a combination of them results in fast success. This also in-
cludes the special example shown in Figure 6.

1) Tailor-made absorption by choosing the appropriate conju-
gation length, terminal group or substitution at the meso-
position.

2) Establishing a molecular pattern with good compatibility in
the surrounding matrix and negligible aggregation.

3) Tailor-made design of absorbers with an internal barrier en-
abling processing at ambient light conditions.

4) Secondary reactions as shown for example in Scheme 2 re-
ceive importance in color on demand applications.

Molecular design starts with molecular modeling to predict
chemical properties of NIR-sensitized materials on the molecu-
lar scale. Molecular modeling provides a pattern for electron
density, charge distribution, and reactivity. Theoretical chemis-
try introduced promising results for machine learning,*'¥ in
which for example kernel ridge regression was used to approx-
imate the kinetic energy of non-interacting fermions in a one
dimensional box as a function of their density. However, it
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needed many samples to build this model because the ad-
vanced concept of iDoE was not used. Typically, the imple-
mented algorithms learn from failure in DoE open up the feasi-
bility to grow up artificial intelligence to enhance iDoE.

The initial results suggest combining molecular theory with
HTFS-based synthesis to generate a library of materials along
with a model of structural information related to application
properties. Intelligent HTFS as shown in Figure 1 processes
them to demonstrate the proper functionality for selected ap-
plications. In general, machine learning reduces the number of
experiments required by ensuring that all proposed experi-
ments provide a maximum amount of information.”?® It also
assures that the number of failed experiments is minimized
and enhances therefore the efficiency of the R&D process.

The implemented algorithms autonomously reduce the
number of factors from the theoretical prediction to the most
important ones. This reduces the density of the possible
design space and lowers the amount of required experiments
to build an accurate model.

Conclusions

Modern material research and development using advanced
machine learning algorithms in conjunction with HTFS robotic
tools will enhance:

1) The engineering performance by utilizing intelligent HTFS
screening (Figure 1),

2) the chemical performance by reentering the synthesis HTFS
module to understand the function of each moiety and the
impact for the application (Figure 6), and

3) the molecular design process applying theoretical model-
ling thereby advancing the understanding of structure-
property-relationship (Figure 6).

In the future, more special software tools will be needed to
answer questions resulting from the combination of theoretical
chemistry, synthetic chemistry, and molecular engineering of
NIR sensitive materials in combination with HTFS processing.
New machine learning algorithms, in part, will help to answer
these questions. Intelligent HTFS together with modelling will
result in best material and processing parameters using a mini-
mum number of lab experiments. A major challenge will be
the appropriate databases and handling/sharing of data. Al-
though such HTFS systems possess the charm to pursue many
experiments under well-defined conditions, the ultimate goal
is to perform the least number of experiments to build the ap-
propriate model of the chemical system investigated and use
the model to predict the best formulation for a given applica-
tion.

A first experiment to optimize a coating system using ma-
chine learning for color matching showed promising results.?*!
With more experiments planned it is likely that our results will
start convincing the chemical community that many experi-
ments as performed in classical HTFS experiments are not
needed to build up a good model. In the future, intelligent
HTFS will drive material research and development where arti-

12862 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ficial intelligence and machine learning will show with only a
reasonably small number of experiments how molecular varia-
tions will result in the optimal formulations needed in an appli-
cation.
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