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There is a continuous interest in the development of advanced materials with tunable photophysical
properties, among which white light emission represents a major challenge. Indolizines are a kind of aza-
heterocycles that have gained a great deal of attention in the recent past due to their intriguing photo-
physical behavior. We report herein on the synthesis of new push-pull indolizines bearing amino and
electron-withdrawing groups at positions 1 and 7, respectively, and on their optical response in acidic

medium. Exclusive protonation on the amino group has led to a hypsochromic shift in the emission spec-
tra. Interestingly, white photoluminescence can be attained by adjusting the amount of acid as a result of
color complementarity between neutral and charged species. Moreover, Density Functional Theory (DFT)
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calculations on the molecular structure and photophysical properties of these compounds are in agree-
ment with the experimental results, providing very useful information about the main electronic transi-

tions and the influence of protonation on the optical transitions.

© 2023 The Author(s). Published by Elsevier B.V.

1. Introduction

In the last years, organic push-pull chromophores with
extended m-conjugated structure have been intensively studied
due to their promising optoelectronic properties [1,2]. In this con-
text, m-deficient azaheterocycles have been widely used as
moderate-to-strong electron-withdrawing groups. In such cases,
some molecules proved to be highly sensible to environmental
stimuli. In addition to polarity, the presence of acids, metal cations,
or diverse biomolecules can induce substantial changes in the pho-
tophysical properties due to the potential for protonation, com-
plexation, and hydrogen bonding with the nitrogen atoms, which
increases the electron-withdrawing character and the intramolec-
ular charge transfer [3]. This phenomenon has enabled the devel-
opment of a broad variety of new sensors and optical switches.
On the other hand, there is a general upsurge of interest in the
development of white light emitting materials which, although
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E-mail addresses: falonso@ua.es (F. Alonso), julian.rodriguez@uclm.es (J. Rodri-
guez-Lopez).
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challenging, when incorporated into proper devices can find multi-
ple and appealing applications in a variety of fields [4].

Indolizines are nitrogen-fused bicyclic heteroaromatic com-
pounds containing both m-rich and m-deficient five- and six-
membered rings [5,6], respectively, which are very attractive scaf-
folds in materials science because of their diverse and useful appli-
cations. For instance, materials based on indolizine dyes have been
applied in laser-based reading and recording devices [7], optical fil-
ters [8], thermography and photothermography [7a], elec-
trochromic devices [9], and photoelectric converters [10].
Particularly, the past decade has witnessed a growing interest in
the photophysical properties of indolizines, because those featur-
ing fluorescent character (Fig. 1, I-VI) [11] can exhibit a great
potential in the field of sensors and bioimaging [12].

The indolizine nucleus turned out to be a strong electron-
donating group that contributes to electron density more signifi-
cantly than the commonly employed arylamine-based donors. This
fact can be rationalized through several factors, including the pla-
narization of the nitrogen atom, the reduced charge-transfer
energy barriers to access the excited state by generation of a stabi-
lized aromatic pyridinium upon light absorption, and the good
directionality of the electron donation [13].
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Fig. 1. Structure of indolizines showing prominent photophysical properties.

For the vast majority of conjugated push-pull molecules based
on m-deficient azaheterocycles, protonation involves enhanced
intramolecular charge transfer (ICT) and red-shifting of the ICT
absorption and emission curves [3,14]. In contrast, protonation of
indolizine decreases its electron-donating character, leading to a
hypsochromic (blue) shift. Indolizine is exclusively protonated at
3-position, giving a pyridinium salt (pK, = 3.9) [15], but the proto-
nation of pH-responsive groups introduced at specific positions in
accordance with their pK, values allows to control the direction of
the emission shift and the desired emission color [16]. In some
cases, a blue shift in emission upon protonation is desirable.

Our ongoing interest on the photophysical properties of hetero-
cyclic compounds [3] and on the reactivity of 1-amino indolizines
[17] has led to the discovery of a new family of indolizine dyes
with solvatochromic properties and application in plastic col-
oration (Fig. 1, VII) [18]. In this context, we describe herein the
synthesis of a new family of 3-arylindolizine derivatives bearing
tertiary amino groups at 1-position as pH-responsive elements
and electron-withdrawing moieties at 7-position. Protonation of
the amino groups reduces the electron-donating character and
prompts the appearance of hypsochromically shifted emission
bands of complementary colors. White photoluminescence can
be obtained by an accurate control of the amount of acid added.
The molecular structure and photophysical properties of this new
family of compounds have been characterized by Density Func-
tional Theory (DFT) at the M06-2X/6-31+G** level of theory. The
theoretical insights have allowed us to deepen into the nature of
the main electronic transitions observed in the experimental spec-
tra and the impact of protonation on the different optical
transitions.

2. Results and discussion
2.1. Synthesis of indolizines

All the indolizines in this study were previously synthesized by
some of us. The starting indolizines 1 were obtained according to a
three-component reaction of pyridine-2-carbaldehyde, a sec-
ondary amine, and a terminal alkyne, catalyzed by copper
nanoparticles supported on activated carbon (CuNPs/C)
(Scheme 1a) [19]. These indolizines were subjected to a novel
formylation method, based on the use of the Eschenmoser’s salt
in the presence of a base at room temperature (Scheme 1b) [20].
The corresponding indolizinecarbaldehydes 2 were obtained in
moderate yields. Finally, the m-conjugation of the indolizine 2a
was extended through a mono-condensation reaction with ace-

tone. The expected product 3a was obtained in almost quantitative
yield under standard conditions (Scheme 1c) [20].

2.2. Photophysical properties

Table 1 summarizes the absorption and emission data for com-
pound 2 and 3, registered in CH,Cl, at room temperature (see
Figs. S1-S4 in the Supplementary data). All the compounds
absorbed light in the blue region of the spectrum (more intense
bands of higher energy were also observed) and showed a typical
orange-red emission when irradiated (597-657 nm). Compared
to 2a-c, compound 3a exhibited the most red-shifted spectra due
to its extended conjugation. In general, large Stokes shifts occurred
in all cases. Although many indolizine derivatives show relatively
low stability under ambient conditions, blocking the most reactive
positions 1 and 3 of the indolizine nucleus can provide more stable
compounds [21]. In our case, all compounds were thermally and
photochemically stable over the experimentation span, and did
not undergo changes in the emission intensity after continuous
irradiation for 1000 s (Figs. S5-S8).

In addition, the emission maxima showed a significant solvent
dependence. Thus, a positive solvatochromism was observed in
all cases when the polarity of the solvent was increased, which is
characteristic of chromophores that experience an intramolecular
charge transfer (ICT) upon excitation (Fig. 2, Table S1 and
Figs. S9-11) [23].

The molecular structure and photophysical properties of 2a-c
and 3a were optimized at the TD-M06-2X/6-31+G** level of theory
in CH,Cl, solution to characterize the electronic transitions
involved in the experimental absorption and emission spectra
(see Computational details in the Experimental Section). The verti-
cal electronic transitions calculated for these compounds collected
in Table 2 are in good agreement with the experimental absorption
wavelengths (differences < 0.14 eV). As observed experimentally,
the most red-shifted transition is predicted for compound 3a in
accordance with the more extended m-conjugation. For all com-
pounds, the lowest energy electronic transition Sy — S; shows a
high contribution HOMO — LUMO, and therefore charge transfer
character. Fig. 3 shows a representation of the frontier molecular
orbitals. The HOMO is spread over the amino group and the indo-
lizine nucleus, while the LUMO is mainly located on the indolizine,
showing in both cases a low participation of the aryl ring.

The large Stokes shifts observed for these compounds in solu-
tion could be justified on the basis of significant changes in the
molecular geometry when the molecule is photoexcited. Fig. 4
shows some selected dihedral angles predicted for the ground
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Scheme 1. (a) Synthesis of the starting indolizines 1. (b) Formylation of the indolizines 1 with the Eschenmoser’s salt. (c) Synthesis of the n-extended indolizine 3a.

Table 1
Photophysical properties of compounds 2 and 3 in CH,Cl, and acidified CH,Cl, (102 M TFA)*
Compd CH)(Cl, CH,CI, + TFA
abs [nm] (¢ [mM~'.cm™]) hem [NM]® (¢5)  Stokes shift [cm1]¢ Aabs [nm] (¢ [mM'.cm™"]) tem [NM]® ($5°)  Stokes shift [cm ]
2a 304 (20.2), 375 (3.7), 449 (8.1) 604 (0.06) 5715 273 (27.0), 330 (5.8), 384 (8.6) 480 (0.15) 5208
2b 307 (18.7), 371 (3.8), 450 (8.3) 607 (0.04) 5748 275 (16.4), 334 (3.1), 391 (6.3) 491 (0.07) 5209
2¢ 311 (20.1), 455 (8.2) 597 (0.06) 5227 272 (30.7), 325 (7.6), 382 (11.1) 476 (0.34) 5169
3a 318 (7.7), 478 (5.6) 657 (0.06) 5700 289 (6.5), 411 (4.5), 583 (0.7) 503 (0.08) 4450°

2 All spectra were registered at room temperature (c = 1.0-3.0 x 1075 M). ® Excitation at the lowest energy absorption band. ¢ Fluorescence quantum yield determined relative
to that of 9,10-bis(phenylethynyl)anthracene in cyclohexane (¢ = 1) [22]. ¢ Stokes shift calculated using the absorption band of lowest energy. ¢ Calculated using the
absorption band at 411 nm.
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Table 2

Experimental maximum absorption wavelength (A$XP) and calculated vertical electronic transitions (A$5<), oscillator strength (f), and main components of the Sy — Sy, transition (%

contribution) at the TD-M062X/6-31+G** level of theory in CH,Cl; solution.

Compd 25hP eV(nm) A3 eV (nm) Transition f % Contribution
2a 2.76 (449) 2.63 (472)3.79 So = S 0.27 H - L(95)

(327) So — Sy 0.17 H-L+1(69)

432 (287) So — Ss 0.50 H-1 - L(60), H —» L+1 (16)
2b 2.76 (450) 2.62 (473)3.85 So = S 0.27 H - L(95)

(322)4.33 So — S3 0.18 H-5 - L (75)

(287) So = Ss 0.83 H-1 - L(69),H —» L+2(10)
2c 2.72 (455) 2.78 (445)3.97 So — S 0.25 H - L(95)

(313)4.36 So — S3 0.14 HoL+1(69),H—H-1-L(11)

(284) So — Sa 0.51 H-1 > L(62),H > L+1(19)
3a 2.59 (478) 2.55 (485)3.56 So — Sy 0.71 H - L(94)

(348)4.13 So - S» 0.22 H-L+1(50),H-L+2(37)

(301) So — Ss 0.58 H-1 > L(67),H > L+1(16)

+ TFA

2aH* 3.23 (384) 337 (368)4.01 So - S 0.26 H - L(95)

(309)5.33 So — Sa 0.83 H-1 > L(47),H - L+1(39)

(233) So > S7 0.22 H-L+3(38),H—>L+5(27),H > L+4(11)
2bH* 3.17 (391) 3.32(374)4.74 So - Si 0.27 H - L(92)

(261)5.16 So — Sa 0.78 H-1 - L(50), H > L+1(34)

(240) So - Se 0.20 H-3 > L(24), H-1 > L(21), H-2 > L (12), H > L+ 2 (12)
2cH* 3.25(382) 3.34 (369)4.30 So — Sy 0.25 H - L(96)

(255)4.61 So — Sa 0.82 H-1 > L(45), H - L+ 1 (42)

(233) So — Se 0.1 H-L+3(38),H— L+2(24), H-5 - L (20)
3aH" 3.02(411) 334 (371)4.30 So - Sy 0.74 H - L(94)

(288) So — S3 0.16 H— L+1(81),H-1 > L(10)

4.61(269) So — Sa 0.51 H-1 - L (59), H-3 - L (21)

and first excited state. Large values are predicted for the dihedral
angle t,; between the amino group and the indolizine nucleus,
which decreases between 17 and 28° upon photoexcitation. The
variations of the dihedral angles t,, T3, and T4 are much smaller.
According to previous studies [24], stable conformations may
be obtained in the excited state by a twisted intramolecular charge
transfer (TICT) process. In the TICT state, the amino group twists
out the central nucleus by almost 90° upon photoexcitation. In
alternative to the TICT process, the photoexcitation may cause a
decrease in the dihedral angle, as occurs in the systems studied
in this work, generating a more planar conformation in the excited
state through a planar intramolecular charge transfer (PICT) path-
way [25]. In the case of polar solvents, the resulting charge separa-
tion would be stabilized, giving rise to dark states in solution. For

nonpolar solvents, the emission arises from the so-called locally
excited state (LE), whose geometry is usually similar to that of
the ground state, yielding bright states upon excitation.

By studying systems in which charge transfer states can be sta-
bilized after photoexcitation, it has been shown that the relative
stabilization of the LE and ICT (TICT or PICT) states depends on
the functional used to calculate the S; potential energy surface
(PES) profile [25,26]. Therefore, global hybrid functionals with high
fraction of Hartree-Fock exchange such as M06-2X (HF = 54%) and
range-separated functionals are recommended to avoid computa-
tional artifacts and achieve good agreement with experimental
data. In addition, the methodology chosen to describe the solvation
as linear response (LR), corrected linear- response (cLR), or state-
specific (SS) is also crucial for a correct description of the S; PES
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Fig. 3. HOMO and LUMO molecular orbitals (isocontour plots 0.02 a.u.) calculated for 2a, 2b, 2c, and 3a at the M06-2X/6-31+G** level of theory in CH,Cl; solution (see energy

levels in Table S2).
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Fig. 4. Selected dihedral angles (in degrees) for the ground (Sp) and excited state (S;) at the M06-2X/6-31+G** level of theory in CH,Cl; solution. 1, (a,b,c,d), T2 (a’,b,c,d"), T3 (e,f,

g h), and T4 (ijk,1I).

profile. In this sense, the SS formalism combined with hybrid func-
tionals with high HF% and range-separated functionals may prob-
ably be the best strategy for reliable results. Fig. 5 shows the S,
PES profile of 2a in CH,Cl, at the TD-M06-2X/6-31+G** level of
theory using the cLR and SS formalisms for comparison. The initial
molecular geometry for the S; state was that in which t; was
approximately —25° (PICT) and then the amino group was rotated

relative to the indolizine nucleus (TICT around -90°). There is a sta-
bilization of the PICT state with respect to TICT state. In principle,
the greater stabilization of the PICT state would not justify the low
emissive character of this compound in CH,Cl, solution, with a
quantum yield of around 6%. Therefore, the contribution of non-
radiative vibrational relaxation could be a mechanism to consider
in electronic relaxation (see below).
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Table 3 lists the theoretical emission and oscillator strength (f)
for the electronic vertical transitions calculated at the M06-2X/6-
31+G** level of theory in CH,Cl, solution. There is a good agree-
ment between experimental and theoretical values with differ-
ences around 0.1-0.2 eV. The Huang-Rhys factors (HR) were
calculated to quantify the non-radiative vibrational relaxation
from the excited state (see Table S3). Fig. 6 shows that the largest
values were calculated for compound 2c¢ with HR = 8.1, for the
vibrational mode associated to the twisting of the butylamino
group calculated at 16 cm™". For the rest of compounds, the HR val-
ues were around 1-2.5, involving the twisting of the piperidinyl
group and also of the aryl ring. The branched nature of the dibuty-
lamino group compared to the cyclic nature of the piperidinyl
group could favor a greater vibrational relaxation in the first case.
On the other hand, the sum of the HR factors is 24.0 for compound
2c¢, while for 2a, 2b, and 3a it is 6.3, 6.2, and 14.4, respectively.
Despite these differences, similar small quantum yields were mea-
sured for all compounds, which suggests that vibrational relax-
ation is not the only non-radiative relaxation pathway.

2.3. Effect of protonation

The photophysical study was also performed on a 102 M solu-
tion of trifluoroacetic acid (TFA) in CH,Cl, (Table 2). A hyp-
sochromic shift of both the absorption and emission bands was
observed for all compounds through the protonation of the differ-
ent pH responsive elements of the structure and, consequently, the

Table 3

Journal of Molecular Liquids 380 (2023) 121758

reduction of the electron-donating character. It is worth noting
that the acidified solutions emitted blue-cyan light with higher
¢r than the neutral counterparts. Similar results were obtained in
solvents such as n-heptane, toluene, and acetonitrile (Table S1). A
less extended emission solvatochromic range is observed, indicat-
ing that ICT is less important for the protonated forms.

The effect of protonation was studied in more detail by titration
of the CH,Cl, solutions with TFA. As an example, the changes
observed in the absorption and emission spectra for 2b are illus-
trated in Fig. 7.

The UV-vis spectra showed the progressive disappearance of
the charge transfer absorption band of the neutral form, whereas
a blue-shifted band for the protonated form progressively
appeared. The presence of an isosbestic point is evident and this
is characteristic of an equilibrium between two species. At low
concentration of acid, only the piperidinyl group at position 1 is
expected to undergo protonation (pK,; ~ 10.1). The same trend
was observed in the fluorescence spectra: the progressive disap-
pearance of the emission band of the neutral form was associated
with the enhancement of a new blue-shifted band corresponding
to the emission of the protonated form. These changes were found
to be fully reversible by neutralization with a base such as 1,8-dia
zabicyclo[5.4.0Jundec-7-ene (DBU). A similar behavior was
observed for all indolizines 2a-c and 3a (see the Supplementary
data, Figs. S12-S14). The disappearance of a well-defined isoemis-
sive point at high concentration of acid might be attributed to a
significant change in polarity or, most likely, to the loss of stability
shown by the protonated compounds upon continuous irradiation,
in contrast to the photochemical stability mentioned above in the
absence of acid (Figs. S5-S8). The coexistence of diprotonated spe-
cies by further protonation of the indolizine nucleus (pK, ~ 3.9) is
hardly plausible.

The effect of protonation was also studied by '"H NMR spec-
troscopy. The gradual addition of TFA to a CDCl3 solution of 2a
resulted in a progressive deshielding of all signals, except those
of the phenyl group (Fig. 8). After the addition of 2 equivalents of
acid, this deshielding effect was clearly more pronounced for the
o-hydrogens to the piperidinyl nitrogen and the B-hydrogen to
the formyl group (the & values are indicated on the molecular
structures). This result suggests that the piperidinyl N is proto-
nated at this stage. Protonation breaks the resonance involving
the conjugated 5-aminodienecarbaldehyde unit, which makes the
electron-withdrawing action of the formyl group on the B-H stron-
ger. A higher amount of TFA affects the aliphatic signals more than
the aromatic signals of the compound. According to the literature,
the absence of signals at 4.1-4.3 ppm and 5.2-5.6 ppm denotes
that there is no protonation at C1 and C3 of the indolizine nucleus,
respectively [15a].

The molecular geometry and photophysical properties of the
protonated compounds were also calculated at the M06-2X/6-31
+G** level of theory in CH,Cl; solution. Tables 2 and 3 collect the
wavelength for the vertical electronic transitions and the corre-

Experimental maximum emission wavelength (A&XP) and calculated emission wavelength (AS2) for the S; — Sg transition in CH,Cl, solution calculated at the TD-M06-2X/6-31

+G** level of theory.

Compd rend nm(eV) [0 283 nm(eV) I % Contribution
2a 604 (2.05) 0.06 665 (1.87) 027 H — L(96)
2b 607 (2.04) 0.04 666 (1.86) 027 H — L(96)
2c 597 (2.08) 0.06 678 (1.83) 0.25 H — L (96)
3a 657 (1.89) 0.06 616 (2.01) 0.85 H — L(96)
+ TFA
2aH* 480 (2.58) 0.15 491 (2.53) 0.36 H <~ L(97)
2bH* 491 (2.53) 0.07 518 (2.40) 0.40 H < L(95)
2cH* 476 (2.60) 0.34 491 (2.53) 0.35 H«— L(97)
3aH* 503 (2.46) 0.08 504 (2.46) 1.03 H — L(95)
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sponding oscillator strength. A hypsochromic shift of both absorp-
tion and emission transitions was predicted compared with the
neutral species along with a higher oscillator strength for the
S1 — So transition, in agreement with the experimental observa-
tions. The large Stokes shifts measured for the protonated species
were also due to the significant variation of some dihedral angles
upon photoexcitation. Fig. 9 shows some selected dihedral angles
for the optimized protonated compounds. As a consequence of
the protonation, the amine nitrogen becomes pyramidal (sp®)
and the dihedral angle t; between the amino group and the indo-
lizine nucleus increases significantly (80-94°) compared with the
neutral compounds (42-68°). In addition, a significant change is
found for t3, which decreases 17-22° upon excitation while the
variations were only 5-7° for the unprotonated forms. Therefore,
the m-conjugation between the indolizine and the aryl ring is
increased upon excitation to a greater extent than in the neutral
species, favoring the increase of quantum yield. Fig. 10 shows a
representation of the frontier molecular orbitals for the protonated
compounds. The HOMO is delocalized on both the indolizine
nucleus and the aryl ring, while the LUMO is primarily localized
on the indolizine. In addition, unlike the neutral species, there is
an appreciable decrease of the electron density around the amino
group in the HOMO. As a consequence, the ICT would disappear
upon excitation. This result is in agreement with the increase in
¢r for the protonated species compared with the neutral
counterparts.

The Huang-Rhys factors (HR) were also calculated to quantify
the non-radiative vibrational relaxation from the excited state

(see Table S4). In general, higher HR factors values were predicted
for the protonated compounds compared with the neutral species,
except for compound 2cH*. The sum of the HR factors was 17.2,
11.1, and 16.7 for 2aH", 2bH*, and 3aH", respectively, whereas a
value of 7.3 was obtained for compound 2cH". This fact can justify
that although the ICT from the amino group to the indolizine
decreases, expecting a higher emission with respect to neutral spe-
cies, the quantum yield increases only slightly due to the greater
non-radiative vibrational relaxation (except for 2cH®). Fig. 11
shows that the largest values were calculated for compound
2aH" (HR = 7.4) and 3aH" (HR = 5.3) for the vibrational mode asso-
ciated to the twisting of the piperidine group calculated at 57 cm™!
and 67 cm™!, respectively. For the rest of compounds, several
modes with HR factors around 1.5-2.6 were predicted, involving
the twisting of both the amino group and the aryl ring. The lowest
contribution to the vibrational relaxation was found for compound
2cH*, in agreement with the largest increase in quantum yield after
protonation (from 6% to 34%, Table 1).

The coexistence of both neutral and protonated species with
complementary emitting colors in the solution enabled white light
emission to be achieved under UV irradiation. Thus, a 2.2 x 10> M
solution of 2b in CH,Cl, emitted orange light at A,.x = 605 nm and
this turned to cyan at Amax = 491 nm upon protonation. Excitation
at 400 nm led to the obtention of white light after the addition of 5
equivalents of TFA. The change in the emission color could be
easily seen with the naked eye, as shown in Fig. 12. Except for
3a, the same phenomenon was also observed for all other com-
pounds, obtaining chromaticity coordinates close to those of pure
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(see energy levels in Table S2).
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Fig. 12. Changes in the color of a CH,Cl, solution of 2b (c = 2.2 x 10~ M) after
addition of 0 (left), 3 (middle), and 20 equivalents (right) of TFA. Photographs were
taken in the dark upon irradiation with a hand-held UV lamp (365 nm).

white light (Table 4, Figs. S15-S17 of the Supplementary data).
Controlled protonation is an efficient way to attain a mixture of
species with complementary emitting colors in the appropriate
ratio to ultimately grant access to white light photoluminescence
[3].

10

Table 4
CIE coordinates in CH,Cl, solution (c = 1.6-2.2 x 10> M).

Compd Chromaticity coordinates (x,y)

Neutral Protonated Mixture of neutral and protonated
form form forms

2a (0.58,0.41) (0.22,0.33) (0.34, 0.36)*

2b (0.57,0.42) (0.24,0.41) (0.32, 0.43)°

2c (0.55,0.43) (0.21,0.27) (0.32, 0.30)°

3a (0.64, 0.36) (0.28, 0.46) (0.32, 0.47)¢

230 equiv. of TFA, Aexc = 400 nm. ® 5 equiv. of TFA, hexc = 400 nm. € 4 equiv. of TFA,
Aexc = 400 nm. ¢ 100 equiv. of TFA, Aexc = 430 nm.

3. Conclusions

A series of trisubstituted indolizines bearing 1-amino, 3-aryl,
and 7-formyl groups have been synthesized by regioselective
formylation of the parent 1,3-disubstituted indolizines, using the
Eschenmoser’s salt as a formylation agent. The conjugation of
one of them has been further extended by condensation with ace-
tone. All indolizines are push-pull chromophores that exhibit
selective protonation at the amino group, as demonstrated by 'H
NMR titration. Contrary to what is generally observed for push-
pull n-deficient azaheterocycles upon protonation (i.e., bathochro-
mic shift in the emission curves), the protonation of the 1-amino
group in the mentioned indolizines leads to a hypsochromic shift
in the emission spectra. Furthermore, white photoluminescence
could be achieved through a precise control of the amount of acid
added, as a consequence of chromatic complementarity in the
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emission of the neutral and protonated species. In addition, Den-
sity Functional Theory (DFT) calculations in CH,Cl, solution at
the M06-2X/6-31+G** level of theory performed on the neutral
and protonated species support the hypsochromic shift of both
the absorption and emission transitions, according to what was
observed experimentally. The relatively large Stokes shifts
recorded for the protonated species have been rationalized in
terms of the variation of some dihedral angles by photoexcitation.
The results of this study underpin controlled protonation in push-
pull dyes as one of the avenues to accomplish challenging white
light photoluminescence.

4. Experimental section
4.1. General

All the indolizines in this study were prepared as described
elsewhere by some of us [19,20]. Compound preparation proce-
dures and their analytical and spectroscopic characterization are
given in the Supplementary data. UV-visible and fluorescence
spectroscopy studies in solution were conducted on a Spex
Fluoromax-3 Jobin-Yvon Horiba spectrofluorometer. All solutions
were measured with optical densities below 0.1. Fluorescence
quantum yields were determined relative to 9,10-bis(phenylethy
nyl)anthracene in cyclohexane (¢r = 1.00) [22]. Quartz cuvettes
(10 mm, Hellma Analytics) were employed for all spectroscopic
measurements.

4.2. Computational details

Full geometry optimization of the ground and first excited state
was performed using the Gaussian 16 (revision A.03) suite of pro-
grams [27] at the M06-2X/6-31+G** level of theory [28]. The vibra-
tional frequencies were computed to check that all are real. The
solvent was treated implicitly using the Polarizable Continuum
Model (PCM) [29]. The vertical electronic transitions (absorption
and emission) were computed using Time-Dependent DFT calcula-
tions (TD-M06-2X/6-31+G**) in CH,Cl, solution. The vertical elec-
tronic transition for the emission was calculated as AEe,, = E(S1//
S1) - E(SO//S1) where E(S1//S1) is the energy of the S; excited state
at its equilibrium geometry (state-specific solvation approach) [30]
and E(S0//S1) is the energy of the Sy ground state at the S; excited
state geometry and with the static solvation from the excited state
[31]. The vibrational reorganization energy associated to the non-
radiative relaxation of excited electronic states, A, was computed
using the  program  DUSHIN [32] according  to:
A=Yk =Y ;hw:S;. w; is the wavenumber associated to the vibra-
tional mode i which assists the internal conversion process, and S;
is the dimensionless Huang-Rhys (HR) factor calculated from the
atomic displacements (AQ), and force constant (k), of the normal

mode i according to S; = %k%. The S; relaxed potential energy
curve was calculated in CH,Cl, solution as a function of the rota-
tional angle between the piperidinyl moiety and the indolizine
platform at the TD-MO06-2X/6-31+G** level of theory. Geometry
optimizations were made at each point using the LR formalism.
Then, corrected linear-response (cLR) and state-specific (SS)
single-points were computed on this LR-relaxed scan. The dihedral
angle was changed by 10° in each step while the other geometry
parameters were freely relaxed.
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