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Pyrazine-decorated benzotriazole cores allow the orthogonal combination of two dipolar systems within a single
molecule. A series of this type of derivatives was synthesized and their photophysical features were studied. The
properties of these compounds showed remarkable differences in function depending on the substitution in the
pyrazine ring of the benzotriazole core. Furthermore, the two-photon absorption property (2PA) was studied to
determine the structure-properties relationship for the reported compounds. The best dye achieved a cross-

section of 1532 GM, which was higher than values previously obtained for similar D-n-A-n-D benzotriazole de-
rivatives. TD-DFT calculations, which supported the experimental observations, indicating the interaction be-
tween the two dipolar systems was responsible for enhancing the 2 PA properties and favoring bathochromic

shifts.

1. Introduction

Owing to the three-dimensional control of the excitation process, the
use of two-photon absorption (2PA) has featured in multiple applica-
tions, including bioimaging [1-3], microfabrication [4-7], optical
storage [8-12], and others [13,14]. Accordingly, major research efforts
have been focused on the development of specifically designed organic
two-photon (2P)-chromophores. These type of dyes, resulting from the
dipolar approach of the 2PA process [15], consists essentially of push--
pull architectures in which electron-donor (D) and electron-acceptor (A)
groups are usually connected via a n-conjugated system. Hence, ac-
cording to this model, an association between intramolecular charge
transfer [16] and 2PA properties can be inferred [17-19], although this
is not the only key element that provides the 2P-chromophore with
useful features. Other elements, such as the enlargement of the conju-
gation, the increment in the coplanarity in the D-n-A system [20] and
even the formation of rigid structures between the donor and acceptor
together in a single system have to be taken into account [21]. The

symmetry of the structure is also a determinant of the 2PA cross-section
(o2pp), and structural schemes, such as quadrupolar (D-n-D, A-m-A,
D-A-D, A-D-A, D-n-A-n-D, A-n-D-n-A, etc.), octopolar (dendrimer-like
combinations of dipolar motifs) and multi-branched molecules, have
been demonstrated to confer excellent 2PA ability. By following these
guidelines, a large number of dyes with improved 2PA features have
been described, and these studies have consequently guided the design
of new 2P-dyes [22,23].

Among this wide variety of structural models devised for 2P-chromo-
phores, benzoazole derivatives have been well studied in recent years,
especially those based on 1,2,5-benzothiadiazoles (BTDs) [24-28].
These compounds stand out from others mainly owing to their synthetic
versatility and readily tunable photophysical properties, which permit
diverse uses, such as 2P-bioimaging [29,30], optical limiting [31,32],
and others [33-35]. Although less well explored, 2H-benzo[d] [1-3]
triazole (BTz) derivatives are an interesting alternative to BTD, offering
comparable synthetic and optical flexibility [36,37]. In addition, we
have recently described D-n-A-n-D alkynyl-BTz derivatives with large
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Stokes shifts and good fluorescence quantum yields (¢r) together with
o2pa Values of up to 1510 GM [28].

Encouraged by these precedents, we have reported herein a new
family of alkynyl-BTz dyes combining two dipolar chromophores in the
same structure, i.e., a unique BTz acceptor core electronically encoun-
ters two different donor groups through the two axes of the molecule
(Fig. 1). Thereby, in these dyes, we can distinguish a D-n-A-7-D pattern
in the horizontal axis, and a D-A system in the vertical axis. To allow this
orthogonal combination, as well as the incorporation of new donor
groups to the structure, the BTz unit was decorated at the top with a
pyrazine ring, resulting in a [1-3]triazolo[4,5-g]quinoxaline core
(hereinafter referred as TzQ). The integration of this TzQ moiety implies
the increased acceptor character of the central core, and consequently,
enhanced n-conjugation along the scaffold.

Although the incorporation of a pyrazine ring to BTD derivatives has
been reported [38-41], its effect on the 2PA properties has not yet been
described. Therefore, this work aims to explore the structure-property
relationships that are derived from this relatively unexplored concept
for building 2P-chromophores. That is, we intend to evaluate the
possible mutual influence between the diverse dipolar motifs integrated
in the same structure, and its outcomes on the overall optical properties.
Theoretical calculations are performed to achieve better understanding
about the behavior of these systems.

2. Results and discussion
2.1. Synthesis

Derivatives 6 were prepared starting from our previously described
dibromo benzotriazole derivative 1 (Scheme 1) [42]. To build the pyr-
azine moiety, nitration of this compound with HNO3/CF3SOsH was
performed to afford derivative 2. The nitro compound was reduced to
the diamine intermediate 3 in excellent yield (94%) by the use of Fe in
acetic acid at room temperature [43]. The condensation of 3 with 1,
2-diketones 4a-e formed the pyrazine moiety, giving the tricyclic
compounds 5a-e in acceptable to good yields (62%-88%) (Scheme 1)
[44].

Compounds 4b and c are available from commercial suppliers, and
diketones 4a, d, and e are known substrates and were prepared in
accordance with following procedure: from freshly distilled oxalyl
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Fig. 1. General structure of the multidonor-acceptor systems based on TzQ
presented in this work. A range of electron-donor groups (highlighted in green
and red) can be linked to a same electron-acceptor core (blue), leading to two
electronically connected orthogonal dipolar chromophores.
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chloride: a Friedel-Crafts reaction with commercially available dode-
cylbenzene afforded diketone 4a in 50% yield [45], whereas an aro-
matic substitution with the readily available 3-bromothiophene gave 4d
in 16% yield [46]. Finally, an oxidative ring closing of 4d using iron
tribromide in dichloromethane allowed us to obtain 4e in 66% yield
[46].

In the last step, the microwave-assisted Stille C-C cross-coupling
reaction [47], which is well-established by our research group, was
performed between 5a-e and tributyl(phenylethynyl)stannane in the
presence of Pd(Phg)2Cly/LiCl and allowed us to prepare the alkynyl
[1-3]triazolo[4,5-glquinoxaline derivatives 6a—e within 20 min in
acceptable to good yields (51%-92%) (Scheme 1). These compounds
were purified by means of column chromatography on silica gel
employing hexane/ethyl acetate as the eluent. The known derivatives
were characterized on the basis of their reported data. Satisfactory
analytical MS and NMR spectroscopy data for the new compounds, 2, 3,
5a-e, and 6a-e, were obtained. (Experimental data and NMR spectra are
incorporated in the Supporting Information).

2.2. Photophysical properties under one-photon excitation conditions

The photophysical properties of compounds in series 6 were exam-
ined in chloroform solution. The corresponding data are summarized in
Table 1, while the representative absorption bands and the emission
spectra of these compounds are presented in Fig. 2.

These dyes are characterized by their intricate absorption spectra,
which are composed of multiple contributions from the two integrated
chromophores; the complete absorption spectra are in Fig. S1. With
regard to the spectral position, the longest-wavelength (LW) absorption
bands are centered between 529 and 633 nm according to effective
n-conjugation. Dyes 6a, ¢, and d, which have vertical donor groups that
can rotate, have peaks at higher-energy wavelengths. Among them, the
weaker electron-donor character of phenyl vs. thiophene results in the
largest blue-shifted absorption for 6a. Furthermore, compound 6c¢ ex-
hibits a slight bathochromic shift compared with 6d, which is in
accordance with the character of n-excessive heterocycles and the effect
of the connecting position of thiophene. In contrast, rotation is pre-
vented in 6b and 6e by covalently linking the donor groups on the
vertical axis. Consequently, these dyes achieve improved electronic
movement, and their absorptions occur in the red spectral region. De-
rivative 6e, bearing the best electron-donor group, has a LW absorption
maximum at 633 nm.

With regard to the emission spectra, these analogs display bands with
maxima between 595 and 670 nm. It is worth noting that in terms of
spectral position, the observations made above for the absorption bands
also apply for the emission ones. Thus, the most red-shifted emissions
were observed for 6b and 6e (Table 1). Moreover, the fluorescence
quantum yields of these derivatives were moderate to good (ca.
0.2-0.7), and were complemented by fluorescence lifetimes that range
from approximately 6 to 11 ns (Table 1) Additionally, the rates of
radiative and non-radiative rates were calculated for each compound
(Table S1), these explaining the trends drawn in fluorescence quantum
yields (see Supporting Information, Section 5.1).

From these data, it appears that the influence of the vertical dipolar
system on the optical properties of 6a, ¢, and d is mild, with no sub-
stantial differences observed between their features. In contrast, the
remarkable bathochromic shifts noted in 6b and 6e could be partially
explained by the electronic communication between the chromophores
at the different axes (see Table 1). To gain insights into this behavior,
DFT and TD-DFT calculations were performed. The geometries were first
optimized at the PCM(CHCl3)/CAM-B3LYP/6-31G(d) level, and ab-
sorption and emission energies were then calculated at the PCM
(CHCl3)/CAM-B3LYP/6-311+G(2d,p)//PCM(CHCl3)/CAM-B3LYP/6-
31G(d) level. The comparison between experimental and theoretical
absorption and emission energies is summarized in Table 2.

This methodology is extremely accurate for the prediction of
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Scheme 1. Synthetic route for the preparation of compounds 6a-e from BTz 1.

Table 1 - 6a
Photophysical properties of dyes 6a—e in chloroform (10 pM, air-equilibrated A ‘\
solutions). » . ...
Compound Aabs,1p (nm)” AR, 1PE oF TF Aabs,2p (111"1'1)I AF,2PE . . . . . = £ : .
[e V! (m)” )" [opa (am)"
em™h)] (GM)]# 6b
6a 529 [4700] 595 0.67 8.9 700 [178], 595 -
890 [11] [ -
6b 602 [3250] 646 0.39 10.4 700 [491], 640 o ! !
900 [12] 8
6c 544 [3100] 616 0.27 5.9 700 [204], 610 < %is ’.‘ Gc
900 [5] o * =S
6d 532 [12200] 603 0.70 9.1° 700 [284], 595 ﬂj') . Craa,
890 [14] TT! T T T T 1 | B T 1
6e 633 [7300] 670 0.19 10.8 710 [1532], 660 =
890 [21] S A TN ‘:fﬂ
2 Maximum of the LW absorption band in one-photon conditions. =z =N s
b Fluorescence maximum recorded upon one-photon excitation at the LW
absorption wavelength. ' ! ! ! ! ! ! ! !
¢ Fluorescence quantum yield, error ca. 15%.
4 Fluorescence lifetime, error ca. 5%. > : . Be
¢ Average fluorescence lifetime obtained from the two components of the > e .
decay: 7,1 = 8.6 ns, 66% and 75,2 = 9.6 ns, 34%. . . : . P . ' 'I' es ;
 Maxima observed in the 2PA spectra. 400 450 500 550 600 650 700 750 800 85
8 Corresponding 2PA cross-section values determined by a 2P-excited fluo-
rescence method. A (nm)
" Fluorescence maximum recorded upon two-photon excitation at the
maximum of the corresponding 2PA spectra. Fig. 2. Normalized absorption (solid lines) and emission (dashed lines) spectra

of dyes 6a—e in chloroform (10 pM, air-equilibrated solutions).

absorption energies, although its precision is somewhat reduced for the . .
estimation of emission spectra (see Table 2). However, the differences were below +0.25 eV) [48,49], and the experimentally

experimental-theoretical differences were acceptable in all cases (i.e., observed trends in the emission bands were well reproduced.
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Table 2
Calculated electronic and photophysical data for dyes 6a—e.”
Compound Absorption Emission
il Dominant component (%)° Emax, cale ev)? Enmax, exp (€V)° Vil Dominant component (%)“ Emax, cale e Emax, exp (€V)°
6a 0.820 HOMO—-LUMO (97) 2.32 2.34 0.784 HOMO<+LUMO (98) 1.84 2.08
6b 0.708 HOMO—-LUMO (98) 2.14 2.06 0.681 HOMO<-LUMO (98) 1.70 1.92
6¢c 0.752 HOMO-LUMO (97) 2.27 2.28 0.729 HOMO<LUMO (98) 1.80 2.01
6d 0.815 HOMO—-LUMO (97) 2.31 2.33 0.774 HOMO+LUMO (98) 1.83 2.06
6e 0.706 HOMO—-LUMO (97) 2.02 1.96 0.665 HOMO<-LUMO (98) 1.61 1.85

@ Calculated by means of TD-DFT at the PCM(CHCl3)/CAM-B3LYP/6-311+G(2d,p)//PCM(CHCl3)/CAM-B3LYP/6-31G(d) level, corresponding to the So—S; (ab-

sorption) and Sp«<S; (emission) transitions.
b Oscillator strength.
¢ Percentage contribution approximated by 2ci? x 100%.
4 Calculated energies determined in chloroform.
¢ Experimental energies determined in chloroform.

Deepening of the Sp—$; transition, ascribed to the respective LW
absorption band in these dyes, this exclusively involves HOMO and
LUMO frontier orbitals, as shown in Fig. 3 (see also Table 2). The HOMO
is mainly spread out along the horizontal axis, although some contri-
bution can also be noted in the vertical direction in 6b—e. Nevertheless,
this electronic density at the vertical donors was not important in dyes
6¢ and 6d, which contrasts with the observations of 6b and 6e. The
contribution from the vertical system is especially prominent in the case
of 6e, where both the vertical and horizontal donor groups exhibit
similar electron densities and therefore account for the electronic
coupling between the two dipolar units. As is common in push-pull dyes,
the distribution of the electronic density at the LUMO is substantially
different from that in the HOMO, with a higher energy molecular orbital
placed along the TzQ core.

2.3. Two-photon absorption properties

To ascertain the effectiveness of this novel design concept for the
development of 2P-chromophores, the 2PA properties of series 6 in
chloroform solution were examined using a 2P-excited fluorescence
method [50,51]. In this method, the 2PA cross-section of a chromophore
is determined by comparing its 2P-induced fluorescence against a
standard compound, whose 2PA cross-section and one-photon fluores-
cence quantum yield are known (further details are indicated in the
Supporting Information) [52,53].

From the 2PA spectra of dyes 6a—e shown in Fig. 4, it can first be
concluded that these are considerably more straightforward than the
conventional absorption spectra (cf. Fig. 2 and Fig. S1). Moreover, the
shape of these spectra was similar for all the derivatives and the most
intense 2PA transitions were situated at approximately 700 nm, where
o2pa Values above 170 GM were achieved (see Table 1). Notably, the best

&/

HOMO

I B g

700 750 800 850 900 950 1000
A (nm)

Fig. 4. 2PA spectra of dyes 6a—e. The inset shows a zoom-in for a better
visualization of the 2PA spectra of 6a-d.

performing dye was 6e, yielding an important oopa of 1532 GM at 710
nm. As reasoned above for the photophysical properties under 1P con-
ditions, the 2PA properties of these derivatives apparently correlate with
the n-conjugation grade attained in the backbones.

Importantly, not only is compound 6e the stronger 2P-absorber
among these analogs, its 2PA properties are also superior to those of
our previously reported alkynyl-BTz derivatives. Specifically, the deco-
ration performed over the TzQ core in 6e results in a 170-fold increase in
the o9pa when comparing this dye with the most similar derivative of our
recent work (i.e., alkynyl-BTz with phenyl groups as donor elements in

Fig. 3. HOMO and LUMO frontier orbitals associated to the transition So—S; in dyes 6a-e (isosurface: 0.02 e/bohr?).
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the horizontal axis, and without incorporating the TzQ moiety), which
demonstrated a discrete oops of 9 GM at 700 nm [28].

In addition, the quadratic dependence of the fluorescence intensity
on the laser power applies for all dyes at the corresponding 2P-absorp-
tion maxima, thus ensuring the biphotonic nature of the excitation
process under the employed experimental conditions (see Fig. S2). The
fluorescence spectra obtained under these conditions also resemble
those obtained in the conventional regime, as detailed in Table 1 (the
2P-excitation and 2P-excited fluorescence spectra are in Fig. S3); that is,
the emissions of these compounds were not dependent on the number of
photons involved in the excitation process. Thus, it can be safely
assumed the same electronic states are involved in the fluorescence
process, regardless of the nature of the excitation process or the attained
excited state.

To better understand the optical behavior of these compounds,
additional computational calculations were performed. These studies,
focused on the 2PA process, do not provide of accurate o2pp values but
offer extremely useful data for elucidating trends in the characteristics of
these dyes (see Table S2). These calculations showed that the transition
to the first excited state is not allowed under the 2P-regime. Instead,
biphotonic excitation results in the attainment of higher electronic
excited states. The examination of the calculations reveals two pre-
dominant transitions in the 2PA spectra of these compounds, as detailed
below.

The analysis of the 1PA and 2PA spectra of 6a is shown in Fig. 5a; the
corresponding analysis on the other dyes are detailed in Figs. S4-S7.

From the previously performed calculations of the absorption en-
ergies in 1P-conditions, the Sp—S; transition can be recognized as the
band marked in blue for dye 6a. According to the 2P-calculations, the
first calculated 2P-active transition relates to Sp—Sy (highlighted in
purple), and this is active under both excitation conditions. The oscil-
lator strength determined for this transition is higher than that calcu-
lated for Sp—S;, which is manifested experimentally through a more
intense Sop—S, band in the conventional absorption (Table 2). In general,
calculations also show that this transition is not the most notable in 2P-
conditions, which is supported by the experimental o9ps values deter-
mined for the different compounds at the corresponding wavelengths
(see Table 1). These observations can be extended to almost all the se-
ries, except with 6e. In this particular case, the same principles apply but
over the Sy—S3 transition, which is the first 2P-active transition in this
dye (see Fig. S7).

With regard to 6a, the Natural Transition Orbitals (NTOs), which are
a proportional combination of the different elementary orbitals that
participate in an electronic event [54], are described in Fig. 5b for So—S,
transition. As both NTOs are placed in the vertical axis, this transition

a
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appears to be uniquely correlated with the D-A system of the dye.
Furthermore, the electronic density over the donor groups in the NTO
Hole is displaced to the center of the molecule in the NTO electron,
resulting in an almost cyanine-like behavior.

The second 2P-active transition in the theoretical approach is linked
to higher excited states. This transition relates to the fourth excited state
in 6a, ¢, and d, and is associated to the fifth excited state for 6b and 6e. It
should be noted that this transition is at roughly twice the energy of the
Sp—$S; transition in all the cases, which implies a small detuning energy,
i.e., the energy difference between the first excited state and the virtual
one is slight. This fact would translate into favoring the overall 2P-
driven transition as observed in other type of dyes such as squaraines
[55,56], and would explain partially the high cross-section values
determined for this higher lying transition. However, and as reasoned
below, its interpretation is far more entangled. When considering the
NTO hole of these transitions (see Fig. 5b, corresponding to 6a; see
Figs. S4-S7 for other dyes), it is generally observed that this is distrib-
uted over the phenyl donor groups and the bis(trifluoromethyl)phenyl
moiety. Thus, this transition appears to be associated with the D-r-A-1-D
system on the horizontal axis. Nevertheless, the exhaustive analysis of
the molecular orbitals that comprise the transition in the different dyes
revealed interesting contributions from the vertical dipolar system (see
Figs. S8-512). Remarkably, higher experimental ogps values were
reached as long as these contributions were significant, that is, the in-
fluence of the vertical dipolar system on this transition appeared to
underpin the 2PA properties of these dyes. This second 2PA transition
was also predicted to be more intense than in previous analyses, which
was confirmed by the experimental data.

3. Conclusions

We have proposed an innovative concept for devising improved 2P-
chromophores. The orthogonal combination of two dipolar systems
within a unique alkynyl-TzQ dye (D-A and D-n-A-zn-D at the vertical and
horizontal axes, respectively), synthesized through a Stille C-C cross
coupling reaction using microwave irradiation as energy source, results
in the enhancement of the overall optical properties. This design also
incorporates new synthetically tunable positions, which translates into
higher versatility. The presence of an improved electron-acceptor core
yielded important bathochromic shifts in the both absorption and
emission bands relative to our previously reported derivatives. Dyes 6b
and 6e are especially interesting, with emissions in the red region of the
spectrum (almost in the near-infrared), and suggest the potential
application of this type of dyes in fields such as bioimaging. Moreover,
this strategy has resulted in a remarkable improvement of the 2PA

b
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NTO weigth: 93%  NTO weigth: 81%
g
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Fig. 5. (a) Comparison between 1PA and 2PA spectra of 6a, and assignment of the main electronic transitions. (b) NTOs for transitions from the ground state to the
second and the fourth excited states in 6a. The contributions of the NTOs to the respective transitions are indicated for each case (isosurface: 0.02 e/bohr?).
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properties of the dyes. Our best performing dye, 6e, demonstrated su-
perior 2PA properties that were associated with major electronic
communication between the two dipolar systems. This design strategy,
which can be readily adapted to other type of scaffolds, may open new
avenues for devising new chromophores with powerful 2PA properties.
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