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Highly Efficient Photoninitiators Based on 4H-Pyranylidene
Derivatives for Two-Photon Laser Printing

Raquel Royo, Philipp Mainik, Carlos Benitez-Martin, Raquel Andreu,* Eva Blasco,*

Francisco Najera,* and Belén Villacampa

A series of four donor—acceptor—donor derivatives bearing 4H-pyranylidene
and 4-methylcyclohexan-1-one units as donor and acceptor groups
respectively is designed, synthesized, and photophysically characterized. Both
experimental and theoretical studies reveal good two-photon absorption (2PA)
properties for these systems. Decoration of the exocyclic position of the
4H-pyranylidene moiety with a thiophene ring results in high 2PA
cross-section values (6,p,) ~#700 nm, and remarkably, in the region between
900 and 1000 nm. Furthermore, all chromophores are evaluated as
photoinitiators (Pls) for two-photon-laser printing at 780 nm, showing
superior performance compared to the commonly used commercially
available P, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide. Among the
studied Pls, the ones equipped with a thiophene unit at the exocyclic position
of the 4H-pyranylidene moiety exhibit the highest efficiency, enabling fast
printing using low laser powers with even lower concentrations of Pl. Overall,
this study shows the great potential of this new class of Pls for application in

and a photoinitiator (PI), is cured at the
focal spot of a pulsed near-infrared laser.
2PLP has aroused greatinterestin the last
years for applications requiring 3D struc-
tures with high spatial resolution.[!?]

In this context, two-photon absorption
(2PA) active PIs play a paramount role
to obtain efficient and spatially controlled
polymerization, leading to high-quality
structures. With 2PA being a third-order
nonlinear optical (NLO) phenomenon,
its rate depends quadratically on the
light intensity.l}] Most applications mak-
ing use of 2PA processes, such as 3D mi-
crofabrication or nonlinear imaging mi-
croscopy, build on this intensity depen-
dence. The 2PA cross section (o,p,) iS
the parameter commonly used to quan-

the field of 3D nanoprinting.

1. Introduction

Two-photon laser printing (2PLP), also known as 3D direct laser
writing or 3D nanoprinting, is a solid free-form fabrication tech-
nique where a resin, containing both a multifunctional monomer

tify the nonlinear absorption ability. Sim-
ilar to the molar extinction coefficient ()
for one-photon absorption, the o,,, value
accounts for the probability of reaching
an excited state but does not give any
information on subsequent photochemistry. Therefore, a high
0,pa 18 1ot the only criterion for a PI to show good performance
in 2PLP. Other essential requirements are the solubility, stabil-
ity, and initiation efficiency of the PI and its excited states in the
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monomer composition.!! Moreover, low fluorescence quantum
yields are usually desired as this leads to a higher population of
the active state for initiating the polymerization.!*>]

Rational design strategies for 2PLP PIs have allowed for great
advances in the last 20 years,!%’] paving the way for efficient 2PLP.
Following one of these strategies, powerful 2PA chromophores
have been designed and evaluated!”#! by combining strong donor
(D) and acceptor (A). Among them, symmetric quadrupolar chro-
mophores with two donor moieties and an electron-withdrawing
core (D-z—A-z-D) have been found to have high o,,, val-
ues in combination with good initiating efficiency.’'" As re-
gards to donor groups, dialkylaminoanilines!'®'271*] together
with triarylamines!'>!¢ have been extensively studied.

Concerning the z-spacer, there are two main parameters di-
rectly affecting the 2PA properties: 1) the rigidity, and 2) the size
or length, often represented by the number of z-electrons pro-
vided to the electronic system. Among the different alternatives
that have been thoroughly studied,®) the incorporation of aro-
matic heterocycles, such as thiophene, has given rise to extended
n-conjugated systems, yielding materials with high o,p,.[*°! In-
deed, the use of this heterocycle fulfills the previous criteria, as it
provides a considerable number of electrons to the z-relay within
a rigid and condensed structural unit.

Finally, looking for low fluorescence materials, carbonyl
moieties*111718] and recently triazine moieties!'’! have been ex-
plored as good electronic acceptors.

Despite the significant progress in the design of 2PA active
photoinitiators,!®”] the availability of efficient systems for 2PLP is
still limited.l”! To promote two-photon 3D printing into the mar-
ket, the development of efficient two-photon PIs is highly desir-
able to guarantee fast printing rates, and, finally, to address struc-
tures with a high resolution."*]

The 4H-pyranylidene moiety is a proaromatic electron-
donating unit that gains aromaticity on charge transfer.[?”) Due to
this promoted donor ability, it is a building block often used in the
design of z-conjugated systems in different areas, like second-
order NLO applications(?!] or dye-sensitized solar cells.[??]

In this context, and taking advantage of our consolidated ex-
perience in D-z—A systems with the 4 H-pyranylidene as a donor
unit,?*23-261 in the present work, its excellent donor ability has
been applied in the design of derivatives with a D-A-D structure
as 2PLP PIs. The novelty of using the pyran moiety as a donor
unit for the application in 2PLP is worth noting. 2PA activity has
been reported for some pyran derivatives!???] featuring mainly
this moiety as z-spacer!?! but, the potential of this donor moiety
as 2PLP PIs has, to the best of our knowledge, not been investi-
gated before.

Thus, we present the synthesis, optical characterization, and
photoinitiation potential in 2PLP of the series of molecules
shown in Figure 1. Chromophores were built according to the
following approach: i) the novelty of using the pyran moiety as
a donor unit for 2PLP PIs; ii) the good results achieved with a
carbonyl group used as acceptor unit, and iii) the incorporation
of aromatic heterocycles (namely thiophene) in the z-relay. Two
structural variations (R, and R, groups) are proposed and stud-
ied.

The linear and nonlinear optical properties of the chro-
mophores were investigated by means of spectroscopic tech-
niques and quantum chemical methods. Finally, the photoiniti-
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1a: Ry =H; R, = {Bu

1b: Ry =H; R, = EOBU

2a:R; = E/Q ; R, =1Bu

2b: R, = Eﬂ 'R, =§OtBu

S

Figure 1. Chemical structures of the photoinitiators under study.

ation ability of these systems was evaluated in a series of 2PLP
experiments.

2. Results and Discussion

2.1. Synthesis

Compounds 1a-b and 2a-b (Figure 1) were prepared from our
previously reported aldehydes 3a,3%! 3b,3!) and 4a,1%] as well as
the novel 4b (Figure 2).

Aldehyde 4b was synthesized in overall good yield by follow-
ing a methodology similar to that used to obtain analog 4a,!°]
which consists of two steps as represented in Scheme 1. First,
intermediate 7 was obtained by a Wittig reaction between trib-
utylphosphonium perchlorate 53! and commercially available

3a: Ry =H; R, =1Bu

3b:R; = H; Ry = %@—mu

4a: R, = E/@ ; Ry =tBu

4b: R1 = ‘7?1/@ ) Rz =§Ot8u

S

Figure 2. Precursor aldehydes.
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Scheme 1. Synthesis of aldehyde 4b.
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Scheme 2. Synthesis of chromophores 1a-b and 2a-b.

dithienylketone 6. Subsequent formylation of 7 under classical
Vilsmeier—Haack conditions resulted in the desired 4b.

Photoinitiators 1a-b and 2a-b were afforded (Scheme 2) by
Knoevenagel condensation between commercially available 4-
methylcyclohexan-1-one and the previously prepared aldehydes
(2 equiv.) (Figure 2) in ethanol, with yields ranging from 47% to
61%.

Reactions were monitored by TLC, and more portions of aque-
ous sodium hydroxide were added during the reaction time until
the completion of the starting materials. Compounds 1a-b and
2a-b were eventually isolated by filtration, and purified by tritu-
ration with cold mixtures of solvents (more details are provided
in the Experimental Section).

Regarding the configuration of the newly formed C=CH
bond, the observed chemical shift indicates that these derivatives
present an E configuration. More specifically, this proton signal
is in all cases ~7.90 ppm, due to the deshielding effect induced
by the adjacent carbonyl group.!”!

2.2. Optical Properties

The photophysical properties of compounds la-b and 2a-b
were investigated by UV/Vis absorption and fluorescence spec-
troscopy in two representative solvents, namely toluene and
dichloromethane (data and spectra in toluene are summarized
in Table 1 and Figure 3; those in dichloromethane are shown in
the Table S1, Supporting Information).

All PIs are characterized by broad and intense absorption
bands in toluene with maxima in the green spectral region
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(55%) 1a: Ri=H; Ry, =tBu
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Figure 3. UV/Vis absorption (solid lines) and fluorescence spectra
(dashed lines) of compounds Ta-b and 2a-b in toluene (~107> wm, air-
equilibrated solutions).
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Table 1. UV/Vis absorption and emission data in toluene (=%10~> w, air-equilibrated solutions).

Compound Abs € Aem Stokes shift @q9) Aaps 20 (NM)©) Aemap
[nm}? M em™] [nm]?) [em™]9 [o2pn (GM)]) [nm]®)
1a 521 39300 590 2245 0.071 700 600
[46]
1b 542 28 300 623 2399 0.013 700 630
[70]
2a 506 43500 585 2669 0.003 700 585
[2497]
950
[649]
980
[639]
2b 515 33300 614 3131 0.001 710 612
[1863]
950
[556]
980
1362]

a)

Lowest-ednergy electronic absorption maxima; ) Fluorescence emission maxima; © Stokes shift as the difference (in wavenumber units) between the emission and absorption

maxima; ) Fluorescence emission quantum yield, ~10% error; 9 Maxima from the 2PA spectra; ' 2PA cross-section values determined by the 2PIF method, ~15% error.
® Fluorescence maxima under two-photon excitation at the maximum of the corresponding 2PA spectra.

Table 2. Calculated electronic and photophysical data for photoinitiators 1a to 2b at PCM (toluene)/M062X/6-31G(d) level.

Compound Transition? 9 Dominant component [%]°) Ecale Emaxe,,
[eV]® [eV])
1a S,—S, 1539 HOMO — LUMO (84) 2.61 2.38
HOMO - 1= LUMO + 1 (12)
Sp—S, 0.819 HOMO — 1 - LUMO (80) 2.99
HOMO — LUMO + 1 (17)
1b So—S, 1.497 HOMO — LUMO (81) 2.49 2.29
HOMO - 1— LUMO + 1 (14)
oS, 1271 HOMO — 1 — LUMO (74) 2.85
HOMO — LUMO + 1 (23)
2a So—S, 1.268 HOMO — LUMO (81) 2.71 2.45
HOMO — 1— LUMO + 1 (13)
5,5, 0.619 HOMO — 1 LUMO (77) 3.00
HOMO — LUMO + 1 (19)
2b 5,5, 1.050 HOMO — LUMO (77) 2.60 2.41
HOMO — 1 - LUMO + 1 (16)
S,—S, 1.170 HOMO — 1 — LUMO (69) 2.87

HOMO — LUMO + 1 (25)

3 Corresponding to the Sy—S; and Sy—S, absorption transitions; ®) Oscillator strength; 9 Percentage of the contribution approximated by 2¢i? x 100%; 9 Calculated energies
values determined in toluene; © Experimental values of the lowest energy maxima in toluene.

(Figure 3). According to time-dependent density functional the-
ory calculations at two different levels of theory (i.e., CAM-
B3LYP/6-31G(d) and M062X/6-31G(d), considering also solvent
effects by including polarizable continuum medium (PCM)),
these bands result from the overlap between S;—S,; and S,-S,
transitions (See Table 2 and more details available in the
Tables S2—S4, Supporting Information).

Delving deeper into these transitions, both are intricate and
involve multiple one-electron excitations according to the nat-
ural transition orbitals (NTOs) analysis (see Table S5, Support-
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ing Information). The S,—S; combines HOMO—LUMO and
HOMO — 1-LUMO + 1 transitions, whereas S,—S, implies
HOMO — 1-LUMO and HOMO—LUMO + 1 ones. Addition-
ally, the fact that HOMO and HOMO - 1 are distributed over
the arms of these molecules together with that LUMO and
LUMO + 1 are centered over the central unit, suggests an in-
tramolecular charge transfer (ICT) character for these transi-
tions. A better understanding of this behavior is given by the
corresponding electron density difference plots (See Tables S6,
S7, Supporting Information), where the ICT character is clearly

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

95UB017 SUOLUWIOD 3A 111D 3[cedl|dde 8Ly Aq peusenol a1e sajolie YO 9SN Jo Sa|nJ 10} ARiq1T 8UUO /8|1 U (SUORIPUOD-pUE-SWLBIALI0O" A 1M AleIq 1jBulUO//SdNy) SUOTIPUOD pue sWwie 1 84} 88S *[€202/90/2T] uo Akeiqiauliuo A8)im ‘ABojouyos | JO AisAIUN SBWRYD AQ T2S00£202 IPe/Z00T OT/I0P/W0D" A8 |1 Aeiq1puljuo//Sdny woj pepeoiumod ‘0 *X60.59€2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

a)

80

—e—1a
2500 - —e—1b
—e—2a
s —e—2b
2000 (P
s &
g 1500 20
<
&
51000+ %26 750 8% 50 s%0 9% 1000
2(nm)
500 m
0

P * * ; ¢ y
700 750 800 850 900 950 1000

A (nm)

www.advmattechnol.de

b) 354
30
25 24.3
=
Qo 20 16.9
<
15—, . —
g 14.4 T
10
5 4.8 : -
0 T 1
760 780 800
A(nm)

Figure 4. a) 2PA spectra of dyes Ta-b and 2a-b. The inset amplifies the 2PA spectra of 1a and 1b for better visualization; b) Zoom-in of the 2PA
cross-sections of the dyes at 780 nm, the wavelength used for the 2PLP process.

detected as significant electron density shifts are drawn from the
donor groups to the central acceptor moiety in both electronic
transitions.

Noteworthy, the results obtained at both levels of theory are
comparable and consistent with the experimental behavior.

In relation to the trends in the absorption energy values, these
are directly related to the effective conjugation along the chro-
mophores and are ultimately dictated by the structural compo-
sition. In this regard, two different effects are noted. On one
hand, the presence of the thiophene moiety as R, in series 2
(see Figure 1), nearly orthogonal to the extended z-system,[26:32]
imposes a slight deviation from planarity when compared with
compound 1. This fact translates into less efficient conjugation
and subsequent hypsochromic shifts in the absorption of se-
ries 2. This observation is in agreement with the behavior of re-
cently reported compounds devised as donor materials for or-
ganic photovoltaics®?] or second-order NLO-phores.33! On the
other hand, and associated with the influence of substituents at
positions 2 and 6 of the pyranylidene ring (R,, see Figure 1),
the more extended conjugated systems in compounds of series
b (with R, = 4-tert-butylphenyl) lead to a red shift of 4, ,, versus
those of series a, this being even more pronounced in derivatives
1.

Additionally, systems 2 presented higher molar extinction co-
efficients (¢) than those of analogs 1.

Akin to the absorption spectra, broad and structureless bands,
with maxima between 585 and 623 nm, are observed in the flu-
orescence spectra. Their relative spectral position is also con-
ducted by the structural differences, and, a similar reasoning
as for the absorption bands can be applied. Accordingly, com-
pounds of series 1 have red-shifted emissions compared to those
of series 2 (Table 1), and within each series, analogs b emit at
larger wavelength. In addition, these compounds show increased
Stokes shifts from 1a to 2b, varying between 2245 and 3131 cm™!.
The fluorescence quantum yields are low and attend to the en-
ergy gap law in photochemistry,**! as the nonradiative deactiva-
tion pathways are more competitive for the lower energy emis-
sive states (Table 1). In general, low fluorescence quantum yields
are preferred for chromophores designed to act as PIs in 2P
polymerization.”]

Adv. Mater. Technol. 2023, 2300571 2300571 (5 of 10)

2.3. Two-Photon Absorption Properties

The 2PA properties of these compounds in toluene between 700
and 1000 nm were explored by the two-photon-induced fluores-
cence (2PIF) method.?*! The data are summarized in Table 1,
and the complete 2P-excitation and 2PIF emission spectra can
be found in Figure S2 (Supporting Information).

The 2PA spectra of these derivatives are shown in Figure 4,
where a large difference is observed between the two-photon
cross-section (6,p,) values of compounds of series 1 and 2. Al-
though all compounds under study displayed similar 2PA spectra
in terms of shape, dyes 2 showed high o,,, (2497 GM at 700 nm
and 1863 GM at 710 nm, for 2a and 2b respectively), and inter-
estingly, significant ones at 950 and 980 nm. Conversely, com-
pounds belonging to series 1 exhibit considerably lower o, val-
ues in the whole spectral range (Figure 4). It is worth noting that
in all cases there is two-photon absorption at 780 nm, that is, the
wavelength used for the 2PLP process.

The biphotonic nature of the excitation in all cases is ensured
by the observed quadratic dependence of the emission intensity
on the laser excitation power (Figure S3, Supporting Informa-
tion), and the fluorescence spectra acquired under these condi-
tions resembled also those acquired under conventional excita-
tion (see Table 1). This last fact proves that the same electronic
states are involved in the emission process without relying on
the excitation process mechanism or the excited state reached.

To further explore the performance of these compounds, ad-
ditional computational calculations were carried out. These stud-
ies based on the 2PA process do not provide accurate o,p, val-
ues but are very useful to elucidate trends in the 2PA of these
molecules (see Table S7, Supporting Information). These calcu-
lations showed that under two-photon excitation conditions, as
anticipated for other analog symmetrical molecules,*®! the tran-
sition to the first excited state has a very low cross-section value.
Instead, biphotonic excitation is only allowed when accessing
higher electronic excited states, as discussed later.

As an illustrative example, the analysis of the 1PA and 2P-
excitation spectra of 2a is shown in Figure 5 (the corresponding
analysis on 2b and 1a-b is detailed in Figure S1, Supporting In-
formation).

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Comparison between 1PA (solid line) and 2P-excitation (solid line+triangles) spectra of 2a, and assignment of the main electronic tran-
sitions; b) NTOs for transitions from the ground state to the fourth excited states in compound 2a. The contributions of the NTOs to the respective

transitions are indicated for each case. (Isosurface: 0.01 e bohr=3).

As abovementioned, it is important to note that S;—S, and
So—S, transitions are close in energies and have high oscilla-
tor strength values under 1P conditions. These transitions are
included under the band marked in blue for 2a. Even if the tran-
sition to the first excited state is practically forbidden under two-
photon excitation, the transition to the second one is relatively al-
lowed. This explains the small shoulder observed at #960 nm in
both cases. However, according to the 2P-calculations, the S,—S,
transition (highlighted in purple), is expected to exhibit a much
greater o,p, versus that of S;—S,. Indeed, this is observed in
Figure 5, where the most active transition involves the higher ex-
cited state. These observations can be extended to 2b, although in
this case, the S,—S, transition is the most prominent 2P-active
transition (see Figure S1, Supporting Information). Transitions
to higher excited states with important o, are also predicted, be-
ing these appreciated at shorter wavelengths (marked in orange).
On the other hand, compounds of series 1 display a similar be-
havior (Table S8, Supporting Information).

The NTOs analysis of compounds 2, which are a proportional
combination of the different elementary orbitals that participate
in an electronic transition,*”! is described in Figures 5 and S1 for

Adv. Mater. Technol. 2023, 2300571 2300571 (6 of 10)

So—S, and for S;— S transitions for 2a and 2b respectively. In
both NTOs analysis, the extra thienyl moieties incorporated into
these compounds (in the exocyclic C=C of the pyranylidene unit)
have an appreciable electronic density in the NTO-Hole, which
could assist electronically to the NTO-Electron favoring the ICT
along the Donor—Acceptor systems.

2.4. Photoinitiation in Two-Photon Laser Printing (2PLP)

Exploring the two-photon absorption properties of 1a—b and 2a—
b was followed by a study on the photoinitiation ability in 2PLP,
using a commercially available set-up with a laser wavelength
of 780 nm. For this purpose, 1 and 2 were dissolved in pen-
taerythritol triacrylate (PETA) as crosslinker by ultrasonication
for 3 h while heating to 55 °C to ensure complete dispersion of
the PIs. The printability of the homogeneous photoresists with
1 and 2 in 2PLP was carefully investigated by varying the laser
power between 5 and 15 mW and the scanning speeds between 2
and 20 mm s7'. The quality of the printed 3D microstructures
was evaluated by scanning electron microscopy (SEM). SEM
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Figure 6. A) SEM image of the array with benchmark structures printed by 2PLP of PETA photoresist with BAPO as reference photoinitiator. The printing
parameters were varied between 15 to 25 mW laser power in 1.0 m\W increments (bottom—top) and 2 to 20 mm s~' scanning speed in 2 mm s~! steps
(right—left). B),C) SEM image of the array with benchmark structures printed by 2PLP of PETA photoresists with new photoinitiators 1a in (B) and 2a in
(C). The printing parameters were varied in both cases between 5to 15 mW laser power in 1.0 mW increments (bottom—op) and 2 to 20 mm s~ scanning
speed in 2 mm s~ steps (right—eft) The black rectangle in (C) shows a zoomed region with a laser power of 13 to 15 mW in 1.0 mW steps (bottom—op)
and scanning speed of 2 to 10 mm s~' in 2 mm s~ increments. Furthermore, an SEM image of a printed benchmark and Buckminsterfullerene-like
structure with 2a using a laser power of 15 mW and scanning speed of 2 mm s~ is shown in (C). The black and white scale bars are 100 and 10 pm,

respectively.

images of the array with printed benchmark structures with 1a-b,
2a-b, and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) as photoinitiators are shown in Figure 6 (and S4). BAPO
is a commercially available PI commonly used in formulation for
2PLP and here used as a reference.’®**! Comparing the print-
ing parameters of the 3D printed microstructures using the chro-
mophores with the reference photoresist containing BAPO reveal
the significantly higher efficiency of 1a-b and 2a-b (Table 3).
First, the employed molar concentration of la-b and 2a-b
was significantly lower (37 pmol g=!) than BAPO (120 pmol g1)
to achieve stable microstructures by 2PLP.*®¥] In addition, even
at the 3.3 times lower molar concentration, photoresists with 1

Adv. Mater. Technol. 2023, 2300571 2300571 (7 of 10)

and 2 could be photopolymerized with significantly lower laser
powers than the BAPO photoresist while maintaining the same
scanning speed. The 2PLP printed benchmark structures and
Buckminsterfullerene-like structures could be achieved with an
excellent resolution (Figure 6).

Overall, the final order in printing efficiency for the studied
PIs was BAPO < 1b < 1a < 2b < 2a (Table 3). Importantly, two
trends are observed by linking the molecular structure to the pho-
toinitiation efficiency in 2PLP. First, the printing of photoresists
with the additional thiophenyl group in the exocyclic C=C of the
pyran moiety (2a and 2b) requires less irradiation dose than 1a
and 1b. Second, additional phenyl groups in positions 2 and 6
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Table 3. Results of 2PLP of benchmark structures in arrays with varying
laser power and scanning speed.

Decreasing Photoinitiator ¢ [umol g=']  Minimum laser power for stable
efficiency in printed structures with 2
2PLP mm s~ scanning speed [mW/]
1 2a 37 10
2 2b 37 12
3 Ta 37 22
4 1b 37 26
5 BAPO 320 -2

30

9 2PLP was not possible with BAPO in a concentration lower than 100 pmol g=1.138]
of the pyranylidene ring in 1b and 2b reduce the 2PLP efficiency
compared to their tert-butyl counterparts 1a and 2a. It is difficult
to relate these results with the ¢,,, measurements: regarding the
o,pa Values at 780 nm (Figure 4b), higher o,,, values were en-
countered for 2 than 1, but derivatives b show higher ¢,,, data
than their analogs a. This is a clear indication that high o,p, is
not the only criterion!!! affecting to the resolution/performance.
That is, the ability of a 2PA PI eventually depends on a delicate
balance between all the parameters participating in the process,
mainly high o,,, and good radical generation ability among oth-
ers. Thereby, the lower TPA for compounds of series a might be
partly compensated by a possible better radical generation abil-
ity, as it has been reported for other z-conjugated PIs suitable for
2PLP.[*2

3. Conclusion

Four D-A-D systems featuring a 4 H-pyranylidene donor moiety
have been designed and synthesized, showing absorption max-
ima between 506 and 542 nm. Low fluorescence quantum yields
were encountered, as desired for devising PIs, and in all cases,
2PA at 780 nm, the wavelength used for subsequent writing tests,
was observed. The incorporation of a thiophene moiety in the exo-
cyclic C=C bond of the pyranylidene unit leads to a hypsochromic
shift of the absorption maxima, together with higher extinction
coefficients, increased Stokes shifts and high 2PA cross section
values, especially at 950 and 980 nm.

The 2PLP experiments performed to evaluate the photoinitia-
tion ability of these systems in a pentaerythritol triacrylate resin
formulation revealed higher efficiency, as compared to that of
the commercially available BAPO: a lower concentration (until
3.3 times) and significantly lower laser powers were required for
achieving stable microstructures. It is worth highlighting that the
presence of a thiophene ring in the exocyclic C=C bond of the
pyranylidene unit gave rise to the best initiation properties.

All these results render these chromophores especially
promising as new 2PA photoinitiators.

4. Experimental Section

For General experimental methods, see Supporting Information.

Aldehydes 3a,13%! 3b,[3"l 4al?6] and compound 5[3" were prepared
as previously described. 4-methylcyclohexan-1-one and di(thiophen-2-
yl)methanone (6) are commercially available.
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5-((2,6-bis (4- (tert-butyl) phenyl)-4H-pyran-4-ylidene (thiophen-2-
yl)methyl)thiophene-2-carbaldehyde (4b)

The tributyl phosphonium 5 (760 mg, 1.2 mmol) was dissolved in an-
hydrous THF (15 mL) under an argon atmosphere and cooled down to
—78 °C. n-BulLi (1.6 M in hexanes) (0.53 mL, 1.33 mmol) was added drop-
wise to this solution, and the resulting mixture was stirred for 20 min.
Ketone 6 (183 mg, 0.94 mmol) in anhydrous THF (8 mL) was then drop-
wise added, and the reaction crude was kept stirring at this temperature
for an additional 20 min. Then, the reaction was progressively warmed up
to r.t. and stirred overnight.

A saturated NH,Cl solution was added to quench the reaction, then
the desired product was extracted with CH,Cl, (2 x 30 mL) and dried over
anhydrous MgSOy. The resulting solid was purified by column chromatog-
raphy on silica gel with hexane/AcOEt (9.5:0.5) as eluent. An orange solid
(474 mg, 96%) was obtained and identified by 'TH NMR (see below) as
2,6-bis (4-(tert-butyl) phenyl)-4- (di(thiophen-2-yl)methylene)-4H-pyran (7).
It was used hereafter.

This solid was dissolved under an argon atmosphere in anhydrous 1,2-
dichloroethane (13 mL) and anhydrous DMF (89 uL, 1.15 mmol) was
added. The solution was cooled down to 0 °C and then, phosphorus
oxychloride (107 pL, 1.08 mmol) was added dropwise. The reaction was
stirred at 80 °C overnight. Then, it was slowly added under stirring over
a saturated CH;COONa solution for 20 min. The aqueous layer was ex-
tracted with AcOEt (3 X 25 mL) and dried over anhydrous MgSO,. After-
ward, the solvent was evaporated and the solid was purified by silica gel
column chromatography (hexane/AcOEt 9.5:0.5). Yield: red oil (340 mg,
68% from compound 7)

IR (KBr): v (cm~1) = 2900, 2870 (O=C-H), 1650 (C=0), 1563, 1533,
1515 (C=C). "H NMR (300 MHz, CD,Cl,) & (ppm) 9.82 (s, 1H), 7.76-7.72
(m, 2H), 7.69 (d, ] = 4.0 Hz, TH), 7.64-7.60 (m, 2H), 7.53-7.49 (m, 2H),
7.47-7.44 (m, 2H), 7.42 (dd, J = 5.2 Hz, J' = 1.2 Hz, TH), 7.24 (d, ] = 2.2
Hz, TH), 7.12 (dd, ) = 5.2 Hz, J' = 3.5 Hz, TH), 7.08 (d, ] = 4.0 Hz, TH),
7.05 (d,J =3.5 Hz, J' = 1.2 Hz, TH), 6.70 (d, J = 2.2 Hz, 1H), 1.36 (s, 9H),
1.33 (s, 9H). 3C NMR (75 MHz, CD,Cl,) 6 (ppm) 182.8, 156.1, 154.9,
154.2, 154.0, 153.8, 143.6, 141.4, 137.3, 133.4, 130.5, 130.4, 128.7, 127.9,
127.8, 126.6, 126.4, 126.2, 125.5, 125.3, 109.3, 105.5, 104.1, 35.3, 35.2,
31.5, 31.4. HRMS (ESI*): m/z calculated for C35H3,0,S, M 550.1994;
found 550.1974.

2,6-bis (4-(tert-butyl) phenyl)-4-(di(thiophen-2-yl)methylene)-4H-pyran
)

TH NMR (300 MHz, CDCly) 6 (ppm) 7.66-7.63 (m, 2H), 7.46-7.43 (m,
2H), 7.30-7.28 (m, TH), 7.06-7.03 (m, 2H), 6.90 (s, TH), 1.35 (s, 9H).

(2E,6E)-2,6-bis((5-((2,6-di-tert-butyl-4H-pyran-4-ylidene) methyl)-
thiophen-2-yl)methylene)-4-methylcyclohexan-1-one (1a)

To a suspension of 103 mg (0.326mmol) of aldehyde 3ain EtOH (7 mL)
under argon atmosphere, 4-methylcyclohexan-1-one (0.163 mmol) and
aqueous NaOH 3.33 M (6.6 mg in 50 uL of water) were added. The mixture
was stirred at 80 °C (TLC monitoring: Hexane/AcOEt 7:3) for 24 hours,
adding after 3 h 30 min another portion of 4-methylcyclohexan-1-one and
aqueous NaOH. Saturated NH,Cl solution (20 mL) and 20 mL of chloro-
form were added, and the mixture was stirred for 10 min. Then, the organic
layer was separated and washed with water (2 x 20 mL), dried over anhy-
drous MgSQy,, and evaporated. The resulting solid was washed with cool
pentane, then a cool mixture of pentane/EtOH (9.5:0.5), finally with a cool
mixture of pentane/CH,Cl, (9.5:0.5), to afford 1a, a garnet-brown solid
(64 mg; 55%).

Mp (°C): 208-212. IR (KBr): v (cm~1) = 1666 (C=0), 1582, 1560 (C=C).
TH NMR (400 MHz, CD,Cl,) & (ppm) 7.86 (d, J = 1.7 Hz, 2H), 7.26 (d,
J = 4.0 Hz, 2H), 6.86 (d, J = 4.0 Hz, 2H), 6.55 (d, J = 1.5 Hz, 2H), 5.88
(s, 2H), 5.74 (d, J = 1.9 Hz, 2H), 3.23 (dd, ] = 16.3 Hz, J' = 3.9 Hz, 2H),
2.48-2.40 (m, 2H), 2.04 (brs, TH), 1.28 (s, 18H), 1.21-1.19 (m, 21H). 3C
NMR (75 MHz, CD,Cl,) 6 (ppm) 166.3, 163.7, 148.8, 136.3, 134.1, 131.8,
131.0, 129.9, 125.3, 105.3, 104.8, 100.0, 37.1, 36.3, 35.8, 29.1, 28.1, 28.0,
22.2. HRMS (ESI*): m/z calculated for C45H5;03S, (M + H)* 709.3744;
found 709.3744.

(2E,6E)-2,6-bis ((5-((2,6-di-tert-butyl-4H-pyran-4-ylidene) (thiophen-2-
yl) methyl)thiophen-2-yl)methylene)-4-methylcyclohexan-1-one (2a)
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To a suspension of 100 mg (0.25 mmol) of aldehyde 4a in EtOH (6 mL)
under argon atmosphere 4-methylcyclohexan-1-one (0.125 mmol) and
aqueous NaOH 3.33 m (5 mgin 37.5 uL of water) were added. The mixture
was stirred at 80 °C (TLC monitoring: Hexane/AcOEt 8:2) for 6 h, adding
after 2 h 30 min another portion of 4-methylcyclohexan-1-one and aque-
ous NaOH. Saturated NH4Cl solution (20 mL) and 20 mL of chloroform
were added, and the mixture was stirred for 10 min. Then, the organic layer
was separated and washed with water (2 x 20 mL), dried over anhydrous
MgSO,, and evaporated. The resulting solid was washed with cool pen-
tane, finally with a cool mixture of hexane/EtOH (9:1), to afford a garnet
solid (51 mg; 47%).

Mp (°C): 210-218. IR (KBr): v (cm~1) = 1664 (C=0), 1580, 1539, 1514
(C=C). TH NMR (300 MHz, CD,Cl,) & (ppm) 7.85 (br s, 2H), 7.31 (dd,
J=5.2Hz,J = 1.1 Hz, 2H), 7.25 (d, | = 4.0 Hz, 2H), 7.05 (dd, ) = 5.2 Hz,
J/=3.5Hz, 2H), 6.92 (dd, J = 3.5 Hz, J' = 1.1 Hz, 2H), 6.85 (d, / = 3.9 Hz,
2H), 6.53 (d, J=2.1Hz, 2H), 6.01 (d,J = 2.1 Hz, 2H),3.11 (dd, J = 16.5 Hz,
J/ = 3.8 Hz, 2H), 2.46-2.36 (m, 2H), 2.03 (br s, 1H), 1.2 (s, 18H), 1.16—
1.15 (m, 21H). 13C NMR (75 MHz, CD,Cl,) 188.3, 165.5, 164.8, 151.2,
144.6, 138.0, 133.8, 132.3, 131.8, 130.1, 127.7, 127.4, 127.4, 125.6, 107.3,
102.1, 101.3, 36.9, 36.2, 36.1, 29.0, 28.1, 28.1, 22.2. HRMS (ESI*): m/z
calculated for C53Hg03S, (M + H)* 873.3498; found 873.3484.

(2E,6E)-2,6-bis((5-((2,6-bis (4-tert-butylphenyl)-4H-pyran-4-ylidene)-
methyl)thiophen-2-yl)) methylene)-4-methylcyclohexan-1-one (1b)

To a suspension of 155 mg (0.33 mmol) of aldehyde 3b in EtOH (7 mL)
under argon atmosphere 4-methylcyclohexan-1-one (0.165 mmol) and
aqueous NaOH 3.33 m (6.6 mg in 50 uL of water) were added. The mix-
ture was stirred at 80 °C (TLC monitoring: Hexane/AcOEt 7.5:2.5) for 48 h,
adding after 3 and 24 h another portion of 4-methylcyclohexan-1-one and
aqueous NaOH. Saturated NH,Cl solution (20 mL) and 20 mL of chloro-
form were added, and the mixture was stirred for 10 min. Then, the organic
layer was separated and washed with water (3 x 20 mL), dried over anhy-
drous MgSQOy,, and evaporated. The resulting solid was washed with cool
pentane, finally with a cool mixture of pentane/EtOH (9:1), to afford a dark
brown solid (102 mg; 61%).

Mp (°C): 270-277. IR (KBr): v (cm~) 1655 (C=0), 1581, 1566, 1556
(C=C). '"H NMR (400 MHz, CD,Cl,) & (ppm) 7.91 (br s, 2H), 7.84-7.82
(m, 4H), 7.75-7.72 (m, 4H), 7.55-7.49 (m, 8H), 7.33 (d, ] = 3.9 Hz, 2H),
7.27 (d,J = 1.6 Hz, 2H), 7.01 (d, ] = 3.9 Hz, 2H), 6.49 (d, ] = 1.6 Hz, 2H),
6.14 (s, 2H), 3.30 (dd, J = 15.8 Hz, J = 3.5 Hz, 2H), 2.59-2.52 (m, 3H),
1.38-1.35 (m, 39H). 3C NMR (75 MHz, CD,Cl,) 6 (ppm) 187.9, 154.6,
153.9, 153.3, 152.3, 148.0, 137.2, 134.2, 131.6, 130.8, 130.6, 130.5, 129.9,
126.4,126.3, 126.2, 125.4, 124.9, 108.4, 107.5, 102.9, 37.1, 35.3, 35.2, 31.5,
31.4,29.1,22.3. MS (MALDI*): 1013.5 (M + H)*.

(2E,6E)-2,6-bis((5-((2,6-bis (4-tert-butylphenyl)-4H-pyran-4-ylidene)-
(thiophen-2-yl)  methyl)thiophen-2-yl)methylene)-4-methylcyclohexan-1-
one (2b).

To a suspension of 150 mg (0.27 mmol) of aldehyde 4b in EtOH (10 mL)
under argon atmosphere 4-methylcyclohexan-1-one (0.135 mmol) and
aqueous NaOH 3.33 m (5.4 mg in 40.5 uL of water) were added. The mix-
ture was stirred at 80 °C (TLC monitoring: Hexane/AcOEt 7:3) for 48 h,
adding after 7, 24, and 30 h another portion of 4-methylcyclohexan-1-one
and aqueous NaOH. Saturated NH4Cl solution (20 mL) and 20 mL of chlo-
roform were added, and the mixture was stirred for 10 min. Then, the or-
ganic layer was separated and washed with water (3 x 20 mL), dried over
anhydrous MgSQ,, and evaporated. The resulting solid was washed with
a cool mixture of pentane/EtOH (9.5:0.5), to afford a dark brown solid
(91 mg; 57%).

Mp (°C): 250-255. IR (KBr): v (cm~) 1651 (C=0), 1580, 1537, 1517
(C=C). 'H NMR (300 MHz, CD,Cl,) & (ppm) 7.91 (br s, 2H), 7.74-7.70
(m, 4H), 7.65-7.62 (m, 4H), 7.50-7.44 (m, 8H), 7.39 (dd, J = 5.1 Hz,
J =12 Hz, 2H), 7.34 (d, ] = 4.0 Hz, 2H), 7.19 (d, J = 2.1 Hz, 2H), 7.11
(dd, J = 5.1 Hz, J' = 3.5 Hz, 2H), 7.07 (dd, J = 3.5 Hz, J' = 1.2 Hz, 2H),
7.04 (d, ] = 3.9 Hz, 2H), 6.79 (d, J = 2.1 Hz, 2H), 3.14 (dd, J = 16.5 Hz,
J/=3.7 Hz, 2H), 2.52-2.43 (m, 2H), 2.03 (brs, TH), 1.35 (s, 18H), 1.34 (s,
18H), 1.21 (d,J = 6.5 Hz, 3H). 3C NMR (75 MHz, CD,Cl,) 6 (ppm) 188.4,
154.0, 153.7, 153.5, 153.4, 150.7, 144.3, 139.0, 134.0, 132.3, 131.4, 130.8,
130.1, 128.2, 128.1, 127.6, 126.3, 126.2, 126.1, 125.3, 125.2, 110.1, 105.3,

Adv. Mater. Technol. 2023, 2300571 2300571 (9 of 10)

www.advmattechnol.de

104.5, 41.4, 35.4, 35.3, 31.5, 29.0, 22.2. HRMS (ESI*): m/z calculated for
Cy7H7603S, M* 1176.4672; found 1176.4709.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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