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Lasing in Crystals Based on 7-Azaindole-Phenylhydrazone

Organoboron Compounds

Javier Alvarez-Conde, M. Paz Ferndndez-Liencres, Sonia B. Jiménez-Pulido,
Cristina Martin, Amparo Navarro,* Juan Cabanillas-Gonzdlez,*

and Eva M. Garcia-Frutos*

The development of efficient organic solid-state lasers requires an in-depth
understanding between chemical structure, intermolecular interactions in the
crystal phase, and optical and electronic properties. This study highlights
these closed dependencies in novel 7-azaindole phenylhydrazone derivatives
and their corresponding boron complexes, by deploying a combined approach
of experimental techniques and theoretical calculations (Density Functional
Theory and Time-Dependent Density Functional Theory) in the solvated and
solid-state phase. Notably, it is found that when these compounds, which are
weakly emissive in solution, are processed into crystalline microfibers, they
experience a sharp emission enhancement and exhibit laser action at low
pump fluence thresholds. This is achieved by partially inhibiting structural
relaxation, which drives non-radiative decay, a critical factor for effective
lasing, highlighting the potential of these materials for future optoelectronic

low-temperature processing, and mechan-
ical flexibility."?! As a result of these
properties, organic semiconductors have
been key in various applications, includ-
ing sensors,’l organic solar cells,*! or-
ganic light emitting diodes (OLEDs),l!
and organic solid-state lasers (OSSLs).[5!

Organic optoelectronics is widely recog-
nized as a solution-based processing tech-
nology and although the primary building
block is a molecular entity, the device per-
formance is largely determined by molec-
ular packing. This packing is driven by
intermolecular interactions, such as dis-
persion forces, electrostatic interactions,
and hydrogen bonding, which play a cru-

applications.

1. Introduction

At a time when semiconductor technology is indispensable
to our daily lives, organic semiconductors have gained popu-
larity mainly due to their light weight, low production cost,

cial role in defining their macroscopic
properties.'>12l An important pitfall for
solid state light emission is aggregation-
caused quenching (ACQ),['*! where the
strong coupling between the electronic and vibrational degrees
of freedom of the organic moieties quenches the emission de-
spite strong luminescence in the parent molecule in solution.
Significant progress has been made in improving emission in
the solid state by reducing the non-radiative pathways in favor of
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Scheme 1. Synthetic route to obtain 7-azaindole-hydrazone organoboron complexes 7 and 8.

the radiative ones, leading to a new generation of fluorogens with
aggregation-induced emission (AlEgens).l1*15]

Up to this point, all endeavors for the conversion of ACQ
systems into AIEgens could be categorized into two principal
strategies: (a) chemical modification of the chromophore and
(b) aggregation control."8 The modification of chromophores,
as exemplified by side-chain engineering, and the facilitation
of radiative pathways by restriction of intramolecular vibrations
(RIV) have been widely discussed in the scientific literature.[%-2!]
Nevertheless, although research into the manipulation of chro-
mophores during aggregation or subsequent processes has re-
cently increased, it is still limited, hindering the full development
and optimization of AIEgens.

The insufficient research about the aggregation process cannot
be limited to the physical properties of these materials compared
to their amorphous counterparts due to a reduction in the disor-
der arrangement. There is also a lack of understanding regarding
the molecular platform and processes required to facilitate the
necessary molecular interactions for achieving long-range homo-
geneity and highly ordered molecular packing, which are essen-
tial for optimal carrier mobility and quantum efficiency in the
solid state.[?2"2*] Unravelling this information will also facilitate
the assembly of organic platforms into different crystal geome-
tries, allowing anisotropic behavior along different axes.[?!! This
is crucial for optical applications such as optical waveguides or
lasers.[]

Herein, a previously known core in AlEgens, 1H-pyrrolo(2,3-
b)pyridine (7-azaindole),22%! has been used to elucidate how op-
toelectronic properties can be tuned simultaneously by chemi-
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cal modification and manipulation during or after aggregation.
Specifically, side-chain engineering combined with boron com-
plexation in the hydrazone were the approaches used to enhance
the chemical platform, while molecular precipitation was em-
ployed to induce the crystalline structure. The combined experi-
mental and theoretical approach (DFT and TD-DFT) probes that
the incorporation of boron complex controls the isomerization of
the double bond through E-to-Z or trans-to-cis transformation in
the final complexes. Furthermore, the control of the solvent pre-
cipitation through the antisolvent method allows to form needles
with notable luminescence and random lasing properties.

2. Results and Discussion

2.1. Synthesis

The synthesis of 7-azaindole-phenylhydrazone organoboron
complexes (7 and 8) was achieved by a coordination of BF, to
previous hydrazone derivatives (Scheme 1, see Supporting In-
formation). To prepare 7-azaindole-hydrazone derivatives (5 and
6), commercially available 7-azaindole was first N-alkylated to in-
crease the solubility of the scaffold under regular conditions us-
ing 1-iodobutane or benzyl bromide in the presence of KOH and
Bu,N(HSO,) in acetone affording 1 and 2. Then, an oxidation by
1,05 in DMSO was achieved to obtain the azaisatines 3 and 4.
The synthesis of hydrazone derivatives was performed by a con-
densation reaction of azaisatines 3 and 4 with phenylhydrazine
hydrochloride in DMF at room temperature affording hydrazone
derivatives 5 and 6 with a 91% and 93% of yield, respectively.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWILLIOD SAIERID 3ot |dde ay) Aq peusenob ale saie VO 85N J0 Sa|NI o} ARIq1T 8Ul|UO AB|1/M UO (SUOIPUOD-PpUe-SWLBIALOD A3 1M Ale.q Ul |uo//:SdNY) SUONIPUOD pue WS | 81 89S *[6Z02/€0/2T] Uo Aleldiaulluo A8|IM ‘PLPRIN 9 wouoINy PepsIAIUN Aq 65820202 WIPR/Z00T OT/I0p/LL0d™A8 |1 Akeiq 1jpuljuo"peoeApe//Sdny Woi) papeojumod 'S 'S0z ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Absorption and Photoluminescence (norm.)

300 400 500 600 700
Wavelength (nm)

Figure 1. Normalized absorption and PL spectra of a) 5, b) 6, c) 7, and d)
8 in THF. Solution concentrations were 10 um in all cases.

Finally, the BF, coordination was accomplished by treatment
with (BF; OEt)) and Et;N as the base in CH,Cl, leading to the
desired 7 and 8 compounds yielding 13% and 10%.

2.2. Molecular Structure and Photophysical Properties in Solution

The absorption and photoluminescence (PL) spectra of the four
compounds (Figure 1 and Table 1) in THF do not exhibit vibronic
progressions, being the maxima of the dominant bands located
in the 415-430 and 510-562 nm spectral range respectively. Note
that BF, coordination in 7-8 manifests in a clear absorption and
PL bathochromic shift (13 nm / 98 meV and 53 nm / 225 meV)
respect to 5-6, which can be understood as due to an enhanced
planarity forced by boron coordination. Similar effects were re-
ported by Zheng et al.?% in isatin-phenylhydrazones upon BF,
coordination. It is worth noting that even in this case, the pho-
toluminescence quantum efficiency (®) for the four compounds
is rather low (<1%) indicating a dominant non-radiative decay

Table 1. Absorbance (4,ps), PL excitation (Ae) and PL emission (Aemis)
peak wavelengths (in nm) and Stokes shift (in cm™') of compounds 5-8
in THF solution.

Compound Aabs Aexe (NM) Aemis Stokes shift
5 260/295/415 415 510 4488
6 260/295/414 415 510 4547
7 274428 428 562 5570
8 274428 428 562 5570
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pathway, as it was previously observed for other BODIHY series
where the lowest S, is a dark state.[?]

DFT and TD-DFT calculations were carried out consider-
ing THF solvation implicitly in order to assign the absorption
and photoluminescence bands to specific electronic transitions.
Table 2 lists the vertical electronic transitions calculated for these
compounds. TD-DFT calculations are in good agreement with
the experimental maximum absorption wavelengths with devi-
ations <0.2 eV for PBEO, and ~0.4 eV for M06-2X and CAM-
B3LYP. According to the theoretical calculations, the main band
observed ~415 nm (428 nm) in 5(6) and 7(8), was assigned to
the lowest S,— S, transition with high oscillator strength values (f
~0.7-0.8), showing a high HOMO—LUMO contribution (>97%)
and charge transfer character. The frontier molecular orbitals are
represented in Figure S1 (Supporting Information). In general,
the HOMO is delocalized throughout the molecule, regardless of
the R substituent at the N1 position, whereas the LUMO is less
extended toward the phenyl attached to the hydrazone. There-
fore, the electronic transition is nearly independent of the N1 sub-
stituent, which explains why the alkyl versus phenyl substitution
did not translate into significant spectral changes in solution.

Figures S2-S6 (Supporting Information) show some selected
dihedral angles of the optimized molecular geometry in THF so-
lution for the ground and first excited state. Table S1 (Support-
ing Information) lists their relative energies considering Z and
E isomers in the case of compounds 5 and 6. Z configuration is
predicted to be more stable than E isomer in the ground state
with energy differences ~5 kcal mol~!, resulting in planar struc-
tures in both Z and E isomers regardless of the functional used.
The higher stabilization of the Z isomer for compounds 5 and 6
in the ground state could be favored by the intramolecular hydro-
gen bonding between the carbonyl and the hydrazone group with
O---H-N distance in the 1.9-2.0 A range, in agreement with the ex-
perimental X-ray crystal structure. It should be noted that 7 and
8 can only be obtained from the Z configuration although the E
isomer could be present in solution during the coordination reac-
tion of BF, in 7-8 at 40 °C. Compounds 7 and 8 show non-planar
geometries in the ground state with dihedral angles between the
phenyl ring and the azaindole-hydrazone-organoboron platform
in the 26°-29° range. These compounds become completely pla-
nar in solid-state, as confirmed from the X-ray crystal structure.

Table 3 shows the calculated emission using state-specific sol-
vation approach (SS) along with the maximum PL emission
wavelengths for comparison. Once again, the functional PBEQ
reproduces more accurately the experimental data with energy
differences ~0.2 eV, and ~0.4 eV for M06-2X and CAM-B3LYP.
As shown in Table 3, PBEO predicts different values for the S, —S,
transition in compounds 5 and 6, (501 and 486 nm, respectively),
when the SS approach is employed, despite both compounds dis-
playing PL with maxima at 510 nm. In turn, the linear response
approach (LR) was used with PBEO resulting in similar values for
the S;—S, transition, 511 and 512 nm for 5 and 6, respectively.
Figures S2-S6 (Supporting Information) show the optimized
molecular geometries in the first excited state S;. Compounds
5 and 6 (Z isomer) in S, remain planar as in the S, ground state
using PBEQ and CAM-B3LYP. However, M06-2X twists the hydra-
zone group ~90° from S, to S;. Compounds 7 and 8 planarize in
the first excited state with almost zero dihedral angle between the
phenyl ring and the azaindole-hydrazone-organoboron platform
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Table 2. Experimental absorption (4,,%*P) and calculated vertical electronic transitions (Ayep. a\,,“"c) (innm and eV in parenthesis), oscillator strength (f)

and main components of the electronic transitions (% contribution) at the TD-M06-2X/6-3 1+G**

©, TD-PBEQ/6-314+G**, and TD-CAM-B3LYP/6-31+G**

levels of theory in THF solution. A,,**P corresponds to the wavelength of the absorption maximum.

Comp. Agp P Avembca‘c Transition f % Contribution
MO06-2X/6-31+G**
5 415 (2.99) 367 (3.38) So—Sy 0.82 H — L (98)
299 (4.14) So—S3 0.11 H-1— L (90)
256 (4.85) N 0.15 H — L+1(57), H-1 = L+1(19)
6 414 (2.99) 368 (3.37) So—=Sy 0.84 H— L (98)
298 (4.16) So—S3 0.10 H-1— L (90)
256 (4.85) So—=S4 0.13 H — L+1(55), H-1 = L+1 (17)
7 428 (2.90) 377 (3.29) So—Sy 0.79 H — L (98)
289 (4.29) So—S3 0.10 H-1— L (88)
254 (4.89) So—=Ss 0.21 H — L+1 (65), H-1 - L+1 (17)
8 428 (2.90) 377 (3.29) So—=Sy 0.79 H— L (97)
288 (4.31) So—S; 0.06 H-1— L (73)
254 (4.89) So—=Ss 0.21 H — L+1(65), H-1 = L+1 (13)
PBE0/6-31+G**
5 415 (2.99) 398 (3.17) So—=Sy 0.71 H— L (98)
341 (3.63) So—S; 0.21 H-1— L (96)
6 414 (2.99) 399 (3.17) So—=Sy 0.74 H— L (98)
340 (3.65) So—S; 0.19 H — L+1 (96)
7 428 (2.90) 400 (3.10) So—Sy 0.71 H — L (100)
338 (3.67) So—S; 0.10 H-1—- L (97)
8 428 (2.90) 400 (3.10) So—=Sy 0.71 H — L (100)
338 (3.67) So—S; 0.10 H-1— L (92)
CAM-B3LYP/6-31+G**
5 415 (2.99) 367 (3.38) So—Sy 0.82 H— L (97)
301 (4.12) So—S; 0.10 H-1— L (77), H-3 = L (16)
256 (4.84) So—=Ss4 0.17 H — L+1 (54), H-1 - L+1 (25)
6 414 (2.99) 368 (3.37) So—=Sy 0.84 H— L (97)
299 (4.15) So—S; 0.10 H-1— L (59), H-4 — L (28)
256 (4.85) N 0.14 H — L+1(52), H-1 = L+1 (27)
7 428 (2.90) 374 (3.32) So—Sy 0.76 H— L (98)
295 (4.27) So—S; 0.03 H-1— L (68), H-5 — L (23)
253 (4.89) So—=Ss 0.19 H — L+1(53), H-1 - L+1 (23),
H-1—- L (14)
8 428 (2.90) 374 (3.32) So—Sy 0.77 H— L (98)
294 (4.22) So—S; 0.02 H-1— L (53), H-7 = L (34)
254 (4.89) So—=Ss 0.19 H — L+1(53), H-1 = L+1 (17)

regardless the functional used (see Figures S4 and S5, Support-
ing Information). This result could justify the larger Stokes shift
observed in 7 and 8 compared to 6 and 7, which do not undergo
strong geometric relaxation in the excited state.

The calculated Huang-Rhys factors (HR) are shown in Table S2
(Supporting Information) and Figure 2. Figure 2 depicts the HR
values for a wide range of different modes for compounds 5 and
6, exhibiting in all cases low HR factors (<0.7) characteristic of
moderate electron-phonon coupling. Compounds 7 and 8 denote
instead the appearance of low frequency vibrational modes with
large HR values (HR = 6 at 20 and 25 cm™ in 7 and HR ~8 at
18 cm™! in compound 8). According to the atomic displacements
associated with those vibrational modes represented in Figure 2

Adv. Funct. Mater. 2025, 35, 2402859 2402859 (4 of 13)

for compounds 7 and 8, these are wagging vibrations that involve
the phenyl in the hydrazone moiety and the C,H, and CH, Ph lat-
eral substituents and could somehow preponderate. This result is
in concordance with the geometry changes described above when
going from S, to S;.

The low emission quantum yields of 5, 6, 7, and 8 could be
ascribed to different mechanisms. In 7 and 8, luminescence
quenching could be attributed to excited state de-activation due
to strong coupling with wagging vibrations, whereas photoiso-
merization could be the more likely reason for the low emission
nature of 5 and 6, in view of the low HR factors of the active vibra-
tional modes predicted in these compounds. Indeed, reversible
Z<E hydrazone isomerization has been widely reported and
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Table 3. Maximum fluorescence emission wavelengths (4e,™), quantum yield (@) and calculated emission wavelengths (Ayer.em<) (in Nm and eV
in parenthesis) for the S;—Sj transition in THF solution calculated at the TD-M06-2X/6-31+G**, TD-PBE0/6-31+G**, and TD-CAM-B3LYP/6-314+G**

levels of theory.

Comp. Aem ™ (%) Mvertem € f % Contr.
MO06-2X/6-31+G**

5 510 (2.43) <0.0 1459 (0.85) 0.00 H — L (90)
6 510 (2.43) <0.01 1505 (0.82) 0.00 H — L (90)
7 562 (2.21) <0.01 475 (2.61) 0.79 H— L (99)
8 562 (2.21) <0.01 478 (2.60) 0.80 H— L (99)
PBE0/6-31+G**

5 510 (2.43) <0.01 507 (2.48) // 482 (2.57) 0.70 H — L (99)
6 510 (2.43) <0.01 486 (2.55) // 480 (2.58) 0.75 H — L (100)
7 562 (2.21) <0.01 506 (2.45) // 511 (2.43) 0.73 H — L (100)
8 562 (2.21) <0.01 508 (2.44) [/ 512 (2.42) 0.74 H — L (100)
CAM-B3LYP/6-31+G**

5 510 (2.43) <0.01 443 (2.80) 0.83 H — L (98)
6 510 (2.43) <0.01 448 (2.79) 0.85 H — L (98)
7 562 (2.21) <0.01 483 (2.57) 0.77 H— L (98)
8 562 (2.21) <0.01 485 (2.56) 0.77 H — L (98)

*Z isomer in compounds 5 and 6. SS // LR approach in PBEO.

exploited in many applications such as molecular switches, sen-
sors, and photoreactive materials with appreciable changes in
photoisomerization quantum yield.}'34 Table S1 (Supporting
Information) includes the relative energies of the optimized first
excited state for compounds 5 and 6 (both Z and E isomers) and
compounds 7 and 8. Unlike the ground state in which the Z iso-
mer is more stable than E isomer for compounds 5 and 6, in the
first excited state the E isomer becomes more stable with energy
differences ~9 kcal mol~! using PBEO and ~6 kcal mol~' using
CAM-B3LYP with respect to the Z isomer (except in compound
6 using M06-2X for which the Z isomer is more stable in S;).

These mechanisms could be altered in solid-state, since
photoisomerization and vibrational relaxation could be steri-
cally hindered. The characterization of the single crystal struc-
tures and their effect on the optical properties are discussed
next.

2.3. Single-Crystal X-Ray Structures of 5-8

Single-crystal X-ray diffraction experiments were conducted with
the aim of understanding the nature of intra- and inter-molecular
interactions present in the ligands 5 and 6 and the boron com-
pounds 7 and 8. Compounds 5, 7, and 8 crystallized in monoclinic
P2,,. and compound 6 in triclinic P1 symmetry with two crys-
tallographically independent molecules in the asymmetric unit.
Crystallographic data for these compounds and the most signifi-
cant bond distances and angles are listed in Table S3 and Figures
S7-S10 (Supporting Information).

The crystal structure shown in Figure 3 reveals a nearly pla-
nar molecular conformation with between 9.97° (5), 7.81° (6),
8.98° (7), and 2.17° (8) azaindole-phenyl dihedral angles. On the
other hand, the alkyl chain (phenyl) substituent in N1 show di-
hedral angles with respect to the azaindole platform of 88.5°
(77.9°) in 5 (7) and 74.9° (87.9°) in 6 (8). The ligands 5 and 6

Adv. Funct. Mater. 2025, 35, 2402859 2402859 (5 of 13)

present an intramolecular hydrogen bond between the ketone
and N—-H group. The O--H-N distance shows a value of 2.787
A in compound 5 and 2.805 and 2.778 A in compound 6 for the
two molecules in the asymmetric unit, respectively.

The boron atom adopts a slightly distorted tetrahedral geom-
etry (N4, O1, F1, F2) in the 7 and 8, with bond angles ranging
from 105 to 111°, deviating from the ideal value of 109.5°. In
addition, it is displaced with respect to the 01-C1-C2-N3-N4-B1
plane in 0.108(3)° and 0.081(3)° in 7 and 8, respectively. On the
other hand, the formation of N,O-chelate six-membered rings
contributes to the construction of the rigid three-ring-fused z-
conjugated skeletons in compounds 7 and 8.

The C1 = O1 bond length in 5 and 6 (1.227 A) is similar
to typical C = O bond lengths (ca. 1.20 A). However, this dis-
tance is longer in 7 and 8 (1.28 A) which is attributed to the in-
fluence of the O-B coordination bond. The O1-B1 and N4-B1
bond distances are similar in both complexes, 1.50 A (7) and
1.58 A (8), respectively, and close to those of other related four-
coordinate boron compounds.l*S! The C-N (1.32 A), N-N (1.31
A), and C—C (1.42 A) bond lengths within the boron heterocycle
are between those expected for single and double bonds of the re-
spective atoms, indicating that the z-electron systems are highly
delocalized.

The supramolecular structures in all compounds are formed
by z—r interactions and intermolecular interactions classified as
C—H--X(X=F,N, O, Cg) and C—H---H—C hydrogen bond. Table
S4 (Supporting Information) shows the geometrical parameters
associated with these z-x interactions. In complex 7, the pres-
ence of the bora-cycle favors z—r interactions compared to com-
pound 5, since interplanar interactions decrease, increasing the
#-z overlap. Compound 5 assembles in a slip-stacked arrange-
ment with inter-plane distances ~3.4 A (Figure S7b, Supporting
Information). These columns are interconnected by two hydro-
gen bonds C—H--N and C—H---O, with distances of 2.732 and
2.587 A, respectively (see Figure S7, Supporting Information),
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Figure 2. Huang-Rhys factors versus normal mode wavenumbers (in cm™") calculated for compounds 5, 6, 7, and 8 in THF at the TD-PBE0/6-31+G**
level of theory. The atomic displacements of some selected vibrational modes were included for compounds 7 and 8.

Figure 3. Asymmetric units and numbering scheme of compounds 5-8.

Adv. Funct. Mater. 2025, 35, 2402859

2402859 (6 of 13)

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB0 1 SUOWILLIOD BAIEBID) B(qedl|dde au) Aq peunob a1e sapile O 88N JOSaINI 104 ARiq 1T 8UIUO AB]IA UO (SUORIPUOD-PUR-SULBY/WIOD" A3 IM A Req 1 BU|UO//SHRY) SUORIPUOD PUB SIS 1 84} 885 *[G20Z/E0/LT] UO A%1gI 8UIIUO 4811 ‘PUPRIN @ BWOUOINY PepIIRAIIN AQ 658201202 WPe/200T 0T/I0p/wod /8| im:Afeid1jpu|uo"peoLieApe//Sdily Woi) pepeojumod ' ‘5202 ‘82069T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Figure 4. Crystal packing in compounds a) 5 and b) 6.

endowing the crystal with a 3D nearly sandwich herringbone
with weak z-7 interactions between the pyrrol and phenyl rings
and distances ~4.222 A (see Figure 4).

As shown in Figure 4, 6 molecules are instead cofacially
stacked through head-to-head z—r stacking interactions with the
phenyl group substituted in N1 atom in trans position to min-
imize steric interactions. The 3D network is stablished by two
hydrogen bonds C—H--N (2.720 A) and very weak C—H---H—C
and C—H--Cg interactions (2.614 A) (Figure S8, Supporting
Information).

In the molecular packing of 7 and 8, a weak overlapping
through head-to-head z—= stacking interactions was observed in
both complexes (Table S4, Supporting Information) in which the

www.afm-journal.de

3686 o5

six membered ring was formed by the presence of the boron
atom. For complex 7, the molecules stack through z— interac-
tions and B-F2.---CgA bonds (see Figure 5). The 3D structure is
formed through C12-H12---CgB interactions in which the angle
of the C12-H12 bond with the z-plane is 82° so that the adja-
cent molecules are quasi perpendicular (Figure S9, Supporting
Information).

In compound 8, the supramolecular structure is dominated by
two weak contacts between the phenyls rings in N4 substitution
of neighboring molecules (C—H--H—C, distance 2.320 A), and
C—H-F bonds (d = 3.325(3) A and <(F2--H5-C5) = 148°). The
7—7 interactions in 8 are weaker than in the other studied com-
pounds with distances ~3.8 A (see Figure 5), which may be due to

Figure 5. Crystal packing in compounds 7 and 8.
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Table 4. Experimental emission (e, ®P), quantum yield (@), and calculated S;—S, transition (Ayepem <) (in M and eV in parenthesis) in solid state

calculated at the ONIOM (TD-PBEQ/6-31+G**/UFF) level of theory.

One active molecule

Two active molecules

Comp. Aem P D (%) Avertem f % Contr. Aemis 21 f % Contr.
5 515 (2.47) 21 532(2.33) 0.085 H— L (89)

6 519 (2.39) 7 535(2.32) 0.090 H— L (89)

7 550 (2.25) 19 495(2.57) 0.486 H — L (100) 662(1.88) 0.004 H— L (99)
8 582 (2.13) 19 484(2.56) 0.541 H — L (100) 672(1.85) 0.001 H— L (99)

the perpendicular arrangement of the phenyl group in N1 which
shifts the molecular planes increasing the interaction between
adjacent molecules (Figure S10, Supporting Information).

2.4. Photophysical Properties in Solid State

Figure S11 (Supporting Information) shows UV-vis and PL spec-
tra of the four compounds measured in solid-state. The PL peak
wavelengths are collected in Table 4 along with the quantum
yields (®). Compared to solution, we observe enhanced lumi-
nescence in solid-state with quantum yields of 21%, 7%, 19%,
and 19% for compounds 5, 6, 7, and 8, respectively. The time-
correlated single photon counting revealed that the average life-
times are enlarged from 1.51 and 0.65 ns for compounds 5 and 6
respectively to 1.67 and 1.85 ns for 7 and 8, respectively. This be-
havior can be explained in terms of structural rigidity and when
the boron cycle is presented.

In order to gain further insight into the photophysical prop-
erties in the solid state, theoretical calculations were performed
using the time-dependent density functional theory (TD-DFT)
method on the crystal structures. ONIOM methodology was used
defining a cluster with enough molecules extracted from the ex-
perimental X-ray crystal to mimic the crystalline environment as
described in Computational Details Section. Figure 6 shows the
ONIOM clusters built for each compound. Initially, the molecu-
lar geometry of a central active molecule in the ground and first
excited state was optimized (high level with DFT) while the crys-
tallographic positions of the surrounding molecules were kept
frozen (low level with UFF). The model clusters are represented
in Figure 6a—d, for compounds 5, 6, 7, and 8, respectively. Table 4
lists the calculated emission from the first excited state S, obtain-
ing a good concordance between experimental and theoretical re-
sults with energy differences <0.3 eV. As already observed in the
calculations in solution, the greater differences between experi-
mental and theoretical data are obtained for compounds 7 and 8.
Although discrepancies are within the typical deviation range in
this type of photophysical studies, it is striking that the exper-
imentally observed red shift in the solid state emission, (from
515-519 nm in 5-6 to 550-582 nm in 7-8), is not predicted by
the model cluster (from 532-535 nm in 5-6 to 495-484 nm in
7-8) (see Table 4). Instead, a different approach was followed
to account for the electronic couplings ascribed to z-z stacking
in 7 and 8 crystals, which involved considering two central ac-
tive molecules selected and optimized in the ground and first
excited state (see Figure Ge,f). As a consequence, to ensure that
the two central molecules are totally surrounded by neighboring

Adv. Funct. Mater. 2025, 35, 2402859 2402859 (8 of 13)

molecules, the number of neighboring molecules increased from
15 to 21 in 7 and from 12 to 17 in 8. Table 4 shows the calcu-
lated S, — S, energy transition according to the two active molecules
model. As observed, the new model cluster predicts a red shift
from 532-535 nm to 667-672 nm for 5-6 and 7-8, respectively,
in agreement with the experimental observations, (see Table 4).

2.5. Photophysical Properties in Microcrystals

Microcrystals from 5, 6, 7, and 8 were obtained as described in
the materials and methods section. This protocol afforded clus-
tered needles of #100 pm length scale (Figure 7a—d). Remarkably,
the end facets from these needles display stronger luminescence
than in the bulk, confirming that the luminescence in these struc-
tures is efficiently waveguided and out-coupled at the needle tips.
The p-PL spectra from individual crystals of each type were ob-
tained and compared with the corresponding PL spectra in solu-
tion. The PL spectra of a 5(6) needle is composed of a 0-0 vibronic
shoulder at 480 nm, a PL peak at 515(519) nm and a smeared
out shoulder at 550 nm (Figure 7). The weaker 0-0 PL transition
in the crystal compared to solution is most likely related to self-
absorption.?®¥] Indeed, the spectra from 5 and 6 needles differ
significantly from the PL spectra in solution, but match with the
ones observed in solid state, where the red shift was explained as
a result of strong electronic inter-molecular coupling. BF, com-
plexation in 7 and 8 is translated into needles exhibiting a PL
red-shift of 36 nm (16 meV) and 56 nm (230 meV), with respect
to the PL spectra of 5 and 6 needles (Figure 7) respectively, and
in the same way align with the solid state spectra.

The PL from a 7 needle depicts a maximum at 550 nm with a
shoulder at 582 nm, whereas the PL from an 8 needle is broader
being centered at 582 nm. These slight differences could indicate
that the different peripheral groups in 7 and 8 lead to changes in
the crystal structure. Noteworthy, in contrast to 5 and 6, the PL
spectra of needles in 7(8) resemble the PL in solution, despite
spectral broadening and minor dielectric spectral shifts. A possi-
ble explanation could be based on the same planar S; molecular
geometries in 7(8) in solution and solid state, as already described
in the previous sections. This scenario is different in 5(6) due to
photoisomerization, which gives rise to a different S; conforma-
tion in solution respect to solid-state, where photoisomerization
remains hindered. Notably, the PL spectra of compound 8 show
less vibronic structure compared to compound 7. The reason for
this difference is unclear. Considering that changes in vibronic
coupling can occur in the solid state, we hypothesize that the wag-
ging vibrations in compound 8 might be partially restricted due
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Figure 6. QM /MM model clusters for the studied compounds. The active molecule (in red) is treated as high level (PBE0/6-31+G**) and the surrounding
molecules (in blue) as low level (UFF). Clusters a), b), ) and d) define one central active molecule for 5, 6, 7 and 8, respectively. Clusters €) and f) define

two central active molecules for 7 and 8, respectively.

to molecular packing and the larger displaced volume associated
to the phenyl substitution. This effect could result in the loss of
vibronic features in the spectrum.

2.6. Random Lasing in 7 and 8 Needles

Needles based on 7 and 8 displayed in addition stimulated emis-
sion in contrast to 5 and 6 where only spontaneous emission
was observed. Stimulated emission in 7 and 8 manifested in
the form of random lasing when pumped at sufficiently high
fluences. Lasing experiments were performed by pumping an
ensemble of crystals with 0.3 ns laser pulses of variable en-
ergy at 355 nm and detecting the emission spectra as function
of pump fluence. Upon gradual rising the pump fluence, nar-
row linewidth peaks emerge from the characteristic PL spec-
tra, (Figure 8a,c). Linewidth narrowing and super-linear fluence
dependence of emission in both compounds are illustrated in
Figure 8b,d, each panel featuring the dependence of the out-
put intensity and full width at high maximum (FWHM) with
pump fluence. When the pump fluence is increased, an abrupt
drop in FWHM appeared (Figure 8b,d) accompanied by a sud-

Adv. Funct. Mater. 2025, 35, 2402859 2402859 (9 of 13)

den change in the slope of the excitation input versus emission
output curve, (triangles, Figure 8b,d). According to Figure 8a,c,
the dominant lasing modes appear centered at 599 nm in both
microneedles, whereas secondary peaks appear upon further ris-
ing the pump fluence, being red shifted in 8. Note that there
is not an equal spacing between the lasing modes, ruling out
the possibility of them being ascribed to Fabry-Perot oscilla-
tions, and more in line with a random lasing origin. The ran-
dom cavity could be supported by the presence of scattering cen-
ters at the crystals or boundaries between many crystals. Since
random lasing emerged from clustered instead of isolated mi-
croneedles, we conjecture that the random cavity could be the
result of multiple reflections from randomly distributed scat-
tering centers within the clusters, leading eventually to closed
loops.[38-40]

The obtained random lasing thresholds are comparable to
others found in the literature. Varghese et al. reported ran-
dom lasing in platelets and wires based on distyrylbenzene
derivatives“'*?] with 2.4 and 4.8 m] cm™? fluence thresh-
olds. Yoon et al. reported random lasing with 2.1 m] cm™
threshhold in a-MODCS(needle) distyrylbenzenes.[**! Lasing
thresholds of 0.5 m] cm™ or lower were instead reported

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWILLIOD SAIERID 3ot |dde ay) Aq peusenob ale saie VO 85N J0 Sa|NI o} ARIq1T 8Ul|UO AB|1/M UO (SUOIPUOD-PpUe-SWLBIALOD A3 1M Ale.q Ul |uo//:SdNY) SUONIPUOD pue WS | 81 89S *[6Z02/€0/2T] Uo Aleldiaulluo A8|IM ‘PLPRIN 9 wouoINy PepsIAIUN Aq 65820202 WIPR/Z00T OT/I0p/LL0d™A8 |1 Akeiq 1jpuljuo"peoeApe//Sdny Woi) papeojumod 'S 'S0z ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED

SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Photoluminescence (norm.)

550 600 650 700

Wavelength (nm)

Photoluminescence (norm.)

450

500 550 600 650 700
Wavelength (nm)

750

750

Photoluminescence (norm.)

450

Photoluminescence (norm.)

450

www.afm-journal.de

-

(b)

550 600 650
Wavelength (nm)

500

700 750

(@)

\

550 600 650 700
Wavelength (nm)

500

750

Figure 7. a—d) Normalized photoluminescence of single 5-8 needles. The photoexcitation wavelength was 365 nm. Fluorescence microscopy images
are shown in the insets with a 100 um length scale bar.
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a function of pump fluence for 7 and 8, respectively, upon 355 nm photoexcitation.
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in 1,14 4-tetraphenyl-1,3-butadiene  platelets,*] in 2,7
diphenyl-9H-fluorene needles,®) or in para-sexyphenyl
nanofibers.[*¢]

3. Conclusion

This study reports on the synthesis and characterization of novel
7-azaindoles and their processing into crystalline AIE structures
with stimulated as well as spontaneous emission properties. The
optical properties in solution were measured and a large redshift
in the emission is observed upon the BF, complexion whereas
N1-alkyl chain led to unsubstantial PL changes. All crystals ex-
hibit green luminescence with slight PL spectral changes likely
attributed to the different molecular packing and optical waveg-
uiding properties. By deploying a combination of X-ray diffrac-
tion, steady state, and time resolved PL spectroscopy and DFT as
well as TD-DFT calculations, we provide insights into the interre-
lation and interdependence between structure and luminescence
properties. Furthermore, 100 um long needles displayed optical
waveguiding and notable random lasing performance. This is
achieved by partially inhibiting structural relaxation which drives
non radiative decay, a critical factor for effective lasing, high-
lighting the potential of these materials for future optoelectronic
applications.

4. Experimental Section

General:  All chemicals used were purchased from an available com-
mercial source and used without further purification. Nuclear magnetic
resonance ('"H and '3C) spectra were recorded on a Bruker AVANCE
300 MHz spectrometer. Chemical shifts (5) are quoted in parts per mil-
lion (ppm) in reference to the residual peak of CDCl; (7.26 ppm).

Single-Crystal X-Ray Diffraction: ~Single Crystal X-Ray Diffraction
(SCXRD) of 6 and 8 was performed using a Bruker Kappa Apex Il diffrac-
tometer using graphite-monochromated molybdenum Ka radiation (4 =
0.71073 A). The structural models were analyzed with PLATON and the
crystal structures were obtained using a MERCURY software. Single Crystal
X-Ray Diffraction (SCXRD) of 5 and 7 was performed using XtaLAB Syn-
ergy R, HyPix-Arc 100 diffractometer. The crystal was kept at 150.00(10)
K during data collection. Using Olex2,[*’] the structure was solved with
the SHELXTI*8] structure solution program using Intrinsic Phasing and
refined with the SHELXLI*?l refinement package using Least Squares min-
imization.

The powder of compounds 5 and 6 were enclosed in a vessel under vac-
uum conditions and heated at 200 °C for some time to gradually vaporize
the powder which consequently condensed at the water-cooled walls of the
vessel forming the crystals. Crystals from 7 and 8 were produced by slow
solvent evaporation in two solvents by dissolving 2 mg of the compound
in the minimum amount of CH,Cl, and then pouring 2 mL of petroleum
ether in a vial. Crystals from 7 and 8 can slowly grow by evaporation of
excess solvents at room temperature.

Optical Spectroscopy Measurements: UV-Steady-State Optical Proper-
ties were recorded with a Perkin-Elmer Lambda 950 and a 150 mm
integrating sphere. Barium sulfate was used as a 100% reflection ref-
erence, while carbon black was used as a 0% reflectance reference.
The reflectance was then converted to either Kubelka-Munk or appar-
ent absorbance values for easier interpretation. Steady-state photolumi-
nescence spectra were recorded with a FLS980 (Edinburgh Instruments)
photoluminescence spectrometer using a 450 W Xenon arc lamp and
a R298P photomultiplier as detector. The absolute photoluminescence
quantum yields were determined using the same instrument equipped
with an integrating sphere from LabSphere connected through an optical
fiber.
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Time-Resolved Photoluminescence were accomplished through the
time-correlated single photon counting (TCSPC) technique, by using the
same FLS980 (Edinburgh Instruments) photoluminescence spectrometer.

Fluorescence microscopy images were acquired with a Nickon Eclipse
Ti inverted microscope with dry objectives (100X N.A. 0.8 and 20X N.A.
0.45) coupled to a Shamrock spectrometer (Andor Technology) with a ther-
moelectrically cooled Newton EM (Andor) CCD. Excitation was provided
by a Xenon Lamp (Nikon corp.) model C-SHG1.

Optical waveguide and lasing measurements were conducted with a
pulsed Nd:YAG laser (TEEM photonics) at 355 nm and the emission was
collected in a free-space configuration by the Princeton Instruments spec-
trometer (Acton Research) equipped with a liquid nitrogen cooled deep-
depleted CCD (Spec-10:400BR, Princeton Instruments). For calculation of
optical loss coefficients, the excitation line was scanned along the crystals
with the assistance of micrometer control linear stage.

Computational Details: The molecular geometry of the ground state
and excited state was performed using the Gaussian 16 (revision A.03)
suite of programs.[%] Since this is the first theoretical study of these com-
pounds, we use two global hybrids functionals with different fraction of
Hartree-Fock exchange (HF), PBEO (25% of HF),[5"] and M06-2X (54%
of HF),52] and the range-separated CAM-B3LYP functional (HF of 19%
(short range) and 65% (long range)[*®] in combination with 6-31+G#*
basis set. The initial geometry for the Density Functional Theory (DFT)
calculations and subsequent optimization was extracted from the X-ray
structure. The vibrational frequencies were computed to check the nature
of the ground state and excited states being all real in all cases. The sol-
vent THF was treated implicitly using the Polarizable Continuum Model
(PCM).[54-%¢] Time-Dependent DFT calculations using TD-PBEO, TD-MO6-
2X and TD-CAM-B3LYP functionals and 6-31+G** basis set were per-
formed to calculate the vertical electronic transitions. The theoretical emis-
sion in solution was calculated as AE,,, = E(S1//S1) — E(S0//S1) where
E(S1//S1) is the energy of the S; excited state at its equilibrium geome-
try (using both state-specific solvation approach (SS), and linear response
approach (LR))37] and E(S0//S1) is the energy of the S ground state at
the S, excited state geometry and with the static solvation from the ex-
cited state.[>!] The emission in solid-state was computed using a two-layer
ONIOM approach!®**-61] building a model cluster from the X-ray crystal-
lographic data. The central active molecule was treated with PBEO (high
level) and both Sy and S, electronic state geometries were fully optimized
in gas phase. The central molecule was surrounded by 12, 16, 15, and 12
molecules (low level) in compounds 5, 6, 7, and 8, respectively, treated by
molecular mechanics (MM) using the UFF force field®?] to alleviate the
computational cost and with their molecular geometries frozen.

The non-radiative vibrational relaxation was estimated by calculating
the reorganization energy, 4, using the program DUSHINI®3] according
to: A=Y, A =Y, h oS, 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 dis-
placements (AQ), and force constant (k), of the normal mode i according

= 1A
toS,‘—zkhw{.

Supporting Information

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