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Tetra-coordinated organoboron complexes with
triaminoguanidine-salicylidene based ligands:
aggregation induced enhanced emission and
mechanoresponsive features+i

§*° Rajendran Kishore Kumar, ( §°
9and

Balamurugan Tharmalingam,
Ottoor Anitha, (¢ Werner Kaminsky,“ Jan Grzegorz Malecki
Balasubramanian Murugesapandian (=) *?

Organoboron complexes have garnered significant attention due to their remarkable optical properties
and diverse applications. However, synthesizing stable fused five-, six- and seven-membered organo-
boron complexes possess significant challenges. In this study, we successfully developed novel mono-
nuclear (6—8 & 10) and di-nuclear (9) organoboron complexes supported by triaminoguanidine-salicyli-
dene based Cs-symmetric Schiff base ligands via one-step condensation reaction with excess phenyl-
boronic acid. Single-crystal X-ray diffraction analysis revealed that in the mononuclear complexes (6—8 &
10), boron atoms adopt tetrahedral geometry with fused five-membered N-B—N and six-membered O-
B—N chelate ring whereas in the dinuclear complex (9), two boron atoms exist in distinct coordination
environment, forming four fused boron-incorporated rings, including six-membered N-B-N, six-mem-
bered O-B-N, seven-membered N-B-O and five-membered N-B-N chelate rings. Our findings provide
a unique family of mononuclear organoboron complexes and dinuclear organoboron complex with ESIPT
unit. Aggregation induced enhanced emission features of the compounds were established in THF-water
mixture and supported by DLS and SEM analyses. Interestingly, compound 6, 9 and 10 shows interesting
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Introduction

Compact organic solid-state fluorescent molecules, exhibiting
photoluminescence, have garnered considerable interest due
to their potential applications in the fields of biomedical
science and material science."™ Persistent efforts to develop
new fluorescent dyes for diverse applications have resulted in
the creation of novel fluorescent molecules and the refinement
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mechanoresponsive features upon grinding.

of existing ones.® Notably, aggregated-state fluorescent mole-
cules have gained considerable attention.*” Conventional
fluorophores often exhibit fluorescence in solution state
experiences aggregation-caused quenching (ACQ), limiting
their practical applications. To address this issue, Tang et al.
pioneered the concept of aggregation-induced emission (AIE)
or aggregation induced enhanced emission (AIEE) by develop-
ing a molecule that shows fluorescence in the solid or aggre-
gated state.>® Organic fluorophores exhibiting excited-state
intramolecular proton transfer (ESIPT) have garnered signifi-
cant attention due to their potential applications in laser dyes,
optical sensors, and optoelectronic devices."”'" These mole-
cules typically display distinct spectral characteristics, includ-
ing spectral sensitivity to the surrounding medium and dual
emission bands corresponding to enol and keto forms,
accompanied by large Stokes shift. A crucial requirement for
ESIPT behavior is the formation of hydrogen bonding between
a hydroxyl or amine group (proton donor) and the nitrogen of
an imine group or oxygen of a carbonyl group (proton accep-
tor) within the molecule."®"* Fluorescent materials with AIEE
features and ESIPT have found various applications in
different field."*'® The rise of organoboron as a key element in
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creating novel fluorophores with stable tetrahedral structures
have significant implications for various applications in the
field like sensors, organic light-emitting diodes (OLEDs), self-
assembly, and catalysis."®'® Within the realm of organic
fluorophores, organoboranes stand out as promising candi-
dates owing to their exceptional responsiveness to various
stimuli, including mechanical stress (mechanochromism/
mechanoluminescence)'®*° and aggregation-induced emission
(AIE).>** Among the developed organoboron dyes, the
BODIPY  (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dye,
characterized by its rigid structure with BF,— units, has gained
popularity due to its versatile structure alteration, promising
and adjustable spectroscopic properties.>**®> Serving as a
vibrant fluorophore, the BODIPY dye quickly became a versa-
tile platform for further modifications. Subsequent modifi-
cations of the BODIPY dye have resulted in the creation of
n-extended molecules with shifted absorption and fluo-
rescence towards the red spectrum.*® However, these BODIPY
dyes often suffer from poor solubility and a lack of emission in
the solid or aggregated state, primarily due to their planar
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structure and the n-m stacking arrangement of the ring
systems.>” Hence, modified organoboron dyes (Chart 1) such
as boronic-acid derived salicylidenehydrazone®®>' (BASHY)
and its modified derivatives, boronic acid derived salicylidene-
hydrazinopyridine (BOSPY)** and its modified derivatives,
boronic-acid-derived pyrrolide salicyl-hydrazone (BPSHY)*?
and Schiff-base coupled phenyl boronic acid derivatives®*>*
featuring substituted aromatic groups attached to the boron
atom, which provide steric shielding and prevent potential n-n
stacking arrangements and other coordination provided by
different salicyl-hydrazone framework®®>° exhibits various
interesting optical features and few of them showed bright
solid-state emission.*’

Another class of boron-based dyes, BOPHY (bis(difluoro-
boron)1,2-bis((1H-pyrrol-2-yl)methylene)hydrazine) and modi-
fied BOPHY supported by pyrrole-hydrazine conjugate showed
interesting optical behaviour.*>**  Salicylaldimine-based
another family of boron complexes have emerged as promising
candidates for mechanochromic applications due to their
exceptional responsiveness to mechanical stress.**** Recently,
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Chart 1 Structure of few example of boron based dyes and designed strategy of current work.
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tetra-coordinate boron-based organic fluorescent compounds
with aggregation-induced emission (AIE) properties have been
extensively developed and utilized for numerous
applications.®>*>*®  Organoboron derivative supported by
salicyl-hydrazone framework bearing ESIPT unit has not
received much attention. In this context, we have chosen tria-
minoguanidinium-salicylidene as scaffold to develop organo-
boron derivative. Triaminoguanidine is a versatile building
block for constructing star-shaped Cj;-symmetric ligands or
probes with ESIPT unit.*’*° Our group and others have devel-
oped diverse multi-functional luminescent materials, hydro-
gen bonded supramolecular network, magnetic materials and
sensors based on C;-symmetric triaminoguanidinium chlor-
ide, incorporating various salicylidene moieties.’*® These
compounds exhibit intriguing AIE,”" ICT-coupled excited-state
intramolecular proton transfer (ESIPT),>® and mechanochro-
mic properties.’® The triaminoguanidinium-salicylidene
derivative features three binding sites, each consisting of phe-
nolic hydroxyl, imine nitrogen, and NH groups from triamino-
guanidine units and it can accommodate three metal ions
using three NNO donors.>®>* They can be synthesized via
facile condensation reactions on a multi-gram scale. Inspired
by this potential, here we would like to integrate organoboron
into the triaminoguanidinium-salicylidene framework, lever-
aging its ability to accommodate three boron atoms via three
ONN donor sets (Chart 1) may results interesting optical fea-
tures. In this context, organoboron compounds with aggrega-
tion induced emission features are well known, whereas orga-
noboron compound featured with ESIPT unit are rare
(Table S1%).

Utilizing a simple one-step condensation strategy, we devel-
oped a new series of AIEE-active organoboron-derived C;-sym-
metric triaminoguanidine-salicylidene Schiff bases (6-10) from
the respective parent Schiff bases (1-5). Four mono-nuclear
(-8 & 10) and one di-nuclear (9) organoboron compounds
were synthesized, supported by this framework through
NNO-B chelate rings. The design incorporates two key features
like tetracoordinated organoboron with axial aromatic groups,
mitigating potential aggregations®” and tunable functionalities
on the Cz;-symmetric triaminoguanidinium-based Schiff base
ligand. Compounds 6 to 10, represents a unique example for
family of compounds where it contain an organoboron moiety
with an ESIPT unit. All five synthesized compounds (6-10)
display distinct aggregation-induced enhanced emission
(AIEE) properties in THF-H,O mixtures. Notably, compounds
6, 9 and 10 showed mechano responsive behavior when sub-
jected to grinding as an external stimulus.

Experimental section
Material and instruments

4-Diethylaminosalicylaldehyde, 2-hydroxy-1-naphthaldehyde,
ortho-vanillin, and phenylboronic acid were purchased from
Sigma Aldrich. Salicylaldehyde was purchased from Loba
chemie. 3,5-Di-tert-butyl-2-hydroxybenzaldehyde was purchased

This journal is © The Royal Society of Chemistry 2025
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from TCI India. All the other reagents and solvents were analyti-
cal reagent grade and used without any further purification for
the current analysis. Star-shaped triaminoguanidine Schiff base
compounds 1-5 were synthesized as previously reported
method.”*>*3%°% Absorption spectral measurements were per-
formed with a JASCO V-630 UV-vis spectrophotometer using sol-
vents as reference. Quartz cuvettes of path length 1.0 cm were
used to record the absorption spectra. All emission spectral
measurements were performed with JASCO FP-6600/JASCO
FP-8300 spectrofluorometer equipped with a 1.0 cm quartz
cuvette. Fluorescence lifetime were measured with an IBH time-
correlated single photon counting (TCSPC) system. The size and
morphologies of the aggregates and its parent compounds were
identified on a FEI Quanta-250.

Single crystal XRD analysis

Single crystal X-ray structural analysis for all the compounds (6,
8-10) were collected at —173 °C and compound 7 was measured
at 25 °C on a Bruker APEX II single crystal X-ray diffractometer
using Mo-radiation as source. The data was integrated and
scaled using SAINT, SADABS within the APEX2 software package
by Bruker. Solution by direct methods (SHELXS>® or SIR97 >
produced a complete heavy atom phasing model consistent
with the proposed structure. The structure was completed by
difference Fourier synthesis with SHELXL.®"% Scattering factors
are from Waasmair and Kirfel. Hydrogen atoms were placed in
geometrically idealized positions and constrained to ride on
their parent atoms with C---H distances of 0.95-1.00 A. Isotropic
thermal parameters U,y were fixed such that they were 1.2U,q of
their parent atom U.q for CH’s and 1.5 U,q of their parent atom
Ueq in case of methyl groups. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares. The contri-
bution of disordered water or other solvent molecules to the
diffraction pattern was removed with SQUEEZE program. Data
collection and refinement parameters are summarized in
Table S6.f The crystallographic data for the compounds 6-10
are available in CCDC with deposition numbers 1996722 (com-
pound 6), 2370980 (compound 7) 1996724 (compound 8),
1996723 (compound 9), 1996725 (compound 10).%

General method for the synthesis of the boron complexes (6-10)

The general procedure for the preparation of these boron com-
pounds is as follows. The preparation of the boron compounds
were adopted by simple condensation reaction of corres-
ponding ligands with phenylboronic acid. The solution of
phenylboronic acid in dry acetonitrile was slowly added to the
ligand in dry acetonitrile and the mixture was stirred at 80 °C
for 2 days in nitrogen atmosphere. After the completion of
reaction, the reaction mixture was slowly cooled to room temp-
erature, allowed to evaporate slowly, in 6-10 days crystals were
obtained. The crystallized compounds were washed several
times in cold ethanol.

Characterization data of boron compounds

Compound 6: Yield (80%): '"H NMR (400 MHz, DMSO-d,)
(Fig. S1f) &:11.24 (s, 1H), 11.01 (s, 1H), 9.89 (s, 1H), 8.82 (s,
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1H), 8.56 (s, 1H), 8.52 (s, 1H), 7.99 (dd, J = 1.6 Hz, J = 1.6 Hz,
1H), 7.84-7.82 (m, 4H), 7.62 (dd, J = 1.6 Hz, 1H), 7.52 (t, J = 8
Hz, 1H), 7.47 (t,J = 8 Hz, 1H), 7.43 (t,J = 8 Hz, 1H), 7.39 (d, ] =
4 Hz, 2H), 7.31 (d, J = 4 Hz, 2H), 7.26-7.20 (m, 1H), 7.16-7.11
(m, 1H), 7.00-6.97(m, 1H), 6.89-6.84 (m, 1H) ppm; *C NMR
(100 MHz, DMSO-d¢) (Fig. S2) & 160.29, 157.25, 156.07,
155.07, 147.69, 142.02, 139.08, 134.39, 134.13, 131.92, 131.33,
130.88, 130.18, 130.09, 129.10, 127.43, 126.77, 120.68, 120.38,
119.51, 119.34, 119.18, 119.00, 118.72, 116.50, 116.07 ppm; ''B
NMR (128 MHz, DMSO-d) (Fig. S3}) &: 3.47 ppm. HRMS [M +
1] (Fig. S4%) calculated for CygH,,BNgO; 503.1925; found:
503.2002.

Compound 7: Yield (80%): "H NMR (400 MHz, CDCls)
(Fig. S5%) &: 10.97 (s, 1H), 10.03 (s, 1H), 9.35 (s, 1H), 8.27 (s,
1H), 8.20 (s, 1H), 7.93 (s, 1H), 7.37-734 (dd, J = 2.0 Hz, 2H),
7.10-7.09 (m, 3H), 7.00 (t, J = 5.20 Hz, 1H), 6.93 (dd, J = 1.6 Hz,
1H), 6.84-6.80 (m, 4H), 6.78-6.75 (m,3H), 3.98 (s, 3H), 3.92 (s,
3H), 3.79 (s, 3H) ppm; *C NMR (100 MHz, DMSO-d)
(Fig. S6%) 6:160.33, 149.36, 148.08, 147.94, 147.5, 146.94,
145.66, 145.01, 141.86, 138.94, 134.11, 131.71, 127.41, 121.00,
120.39, 120.13, 119.70, 119.33, 119.18, 118.83, 113.78, 112.67,
56.46, 56.01, 55.97 ppm; ''B NMR (128 MHz, CDCl;) (Fig. S7})
5: 4.17 ppm, HRMS [M + 1] (Fig. S8}) calculated for
C31H30BNgOg 593.2242; found: 593.2317.

Compound 8: Yield (80%): "H NMR (400 MHz, DMSO-d,)
(Fig. S9%) &: 11.80 (s, 1H), 11.68 (s, 1H), 9.90 (s, 1H), 8.70 (s,
1H), 8.58 (s, 1H), 8.53(s, 1H), 7.52 (s, 1H), 7.19 (d, J = 8 Hz, 2H),
7.09 (d, J = 4.0 Hz, 2H), 6.90 (d, J = 4 Hz, 1H), 2.06 (s, 2H), 1.57
(s, 9H), 1.41 (s, 19H), 1.28 (d, J = 8 Hz, 19H), 1.23 (s, 9H) ppm;
C NMR (100 MHz, DMSO-d,) (Fig. $10%) &: 158.65, 154.45,
152.90, 151.65, 151.28, 150.25, 141.69, 141.06, 140.62, 136.39,
136.10, 135.65, 134.11, 131.11, 131.66, 127.89, 127.73, 127.40,
126.02, 125.55, 118.29, 117.29, 117.18, 35.04, 34.71, 34.04,
33.96, 33.75, 31.35, 31.21, 31.14, 29.65, 29.39 ppm; "B NMR
(128 MHz, CDCl,) (Fig. S11}) &: 4.08 ppm, HRMS (Fig. S12}) [M
+ 1] calculated for Cs5,H;,BNO; 839.5789; found: 839.5776.

Compound 9: Yield (80%): "H NMR (400 MHz, DMSO-d,)
(Fig. S13%) (8, ppm); 11.21 (s, 1H), 10.61 (s, 1H), 9.65 (s, 1H),
8.48 (s, 1H), 8.44 (s, 1H), 8.33 (s, 1H), 8.22 (s, 1H), 8.15 (s, 1H),
8.03 (s, 1H), 7.95 (s, 1H), 7.79 (d, J = 4 Hz, 1H), 7.77 (d, J = 4
Hz, 1H), 7.76 (s, 1H), 6.71 (t, 2H), 6.55 (t, 2H), 6.42 (s, 1H),
6.28 (d, J = 4 Hz, 1H), 6.35 (d, J = 4 Hz, 2H), 6.03 (d, J = 4 Hz,
1H), 5.98 (s, 1H), 2.88 (s, 3H), 2.73 (s, 3H), 1.16 (s, 6H), 1.10 (t,
18H):"*C NMR (100 MHz, DMSO-d¢) (Fig. S14}) (5, ppm)
162.39, 159.35, 158.91, 157.64, 152.46, 149.84, 149.52, 134.11,
132.03, 131.91, 131.28, 130.06, 127.58, 127.40, 127.18, 107.86,
106.82, 103.64, 97.65, 44.05, 43.84, 35.83, 30.82, 12.06 ppm;
"B NMR (128 MHz, CDCl;) (Fig. S15}) &: 28.61, 4.67 ppm;
HRMS (Fig. S161) [M + 1] calculated for Cy4cHs53B,NoO3-CH3CN
843.4867; found: 843.4796.

Compound 10: Yield (80%): "H NMR (400 MHz, DMSO-d,)
(Fig. S17%) &6: 12.46 (s, 1H), 11.54 (s, 1H), 10.66 (s, 1H), 9.60 (s,
1H), 9.17 (s, 1H), 9.05 (s, 1H), 8.31 (d, J = 8.4 Hz, 1H), 8.23 (d, /
= 8.4 Hz, 1H), 8.14 (dd, J = 3.2 Hz, J = 2.8 Hz, 2H), 7.95-7.89
(m, 4H), 7.86 (t, J = 8.8 Hz, 2H), 7.63-7.54 (m, 4H), 7.41-7.38
(m, 4H), 7.27 (d, J = 8.8 Hz, 1H), 7.20 (d, J = 8.8 Hz, 1H), 7.12
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(t,J = 7.2 Hz, 2H), 7.04 (t, ] = 4.0 Hz, 1H); ">*C NMR (100 MHz,
DMSO-dg) (Fig. S18%) 8: 162.37, 159.49, 157.77, 155.90, 154.88,
146.94, 145.03, 136.95, 135.68, 132.62, 132.17, 132.03, 131.06,
131.58, 130.84, 128.73, 128.13, 128.04, 127.93, 127.88, 127.79,
127.74, 127.60, 124.48, 123.62, 123.50, 122.14, 120.98, 120.28,
118.99, 118.35, 112.26, 110.06, 108.76 ppm; ‘B NMR
(128 MHz, DMSO-ds) (Fig. S19%) &: 4.45 ppm; HRMS [M +
CH;O0H] (Fig. S20%) calculated for C,oH,9BN¢O3-CH;0H
684.2656; found: 684.2032.

Results and discussion
Design and synthesis of boron complexes

Recently organoboron compounds received significant atten-
tion due to their considerable application in different fields
like optical property, solar cells, medicinal chemistry and so
on. Organoboron compounds can be easily prepared by the
simple condensation reaction between Schiff base ligands and
phenylboronic acid. As it can be easily prepared, it is possible
to synthesis on the gram scale. Due to the availability of three
binding sites in the triaminoguanidinium-salicylidene deriva-
tive, it can accommodate three boron atoms via NNO donors.
Further, to evaluate the substituent dependent emission
feature of boron complexes, here we have synthesized five
different triaminoguanidinium based Schiff base ligands 1
(salicylidene derivative), 2 (o-vanillin derivative, -OCH;3 group
substitution at o-position), 3 (3,5-di-tert-butyl salicylidene
derivative), 4 (4-(N,N-diethylamino)salicylidene derivative) and
5 (2-naphthol derivative) (Scheme 1) and their respective orga-
noboron complexes were synthesized in good yields by simple
condensation reaction. Formations of all the five boron com-
plexes were confirmed by spectral characterizations such as
"H-NMR, *C-NMR, ""B-NMR and mass analysis (Fig S1-S20).
The expected tetra coordinated boron was confirmed by
"B-NMR, which shows signal around 3.37 to 4.67 ppm com-
pounds 6-8 and 10 [3.47 ppm (6), 4.17 ppm (7), 4.08 ppm (8)
and 4.45 ppm (10)] whereas compound 9 shows two signal at
28.61 and 4.67 ppm which indicate the presence of two dis-
tinct boron atom in compound 9 and it has different structure
features than the other compounds 6-8 and 10. The solution-
state stability of the complexes were confirmed by mass spec-
trometry, as evidenced by the presence of the molecular ion
peak. Further, the structures of the complexes were authenti-
cally confirmed by single crystal X-ray measurements.

Solid state structure of boron complexes 6-10

Single crystal structure analysis is a significant method to
confirm the molecular structure of the compounds as well as
important to understand the molecular packing which is sig-
nificant to correlate the photophysical properties of com-
pounds in solid state. Suitable crystals of boron compounds
6-9 were obtained by the slow evaporation from their CH;CN
solution and crystals of 10 was obtained through slow
diffusion of MeOH solvent into DMF solution of 10. The crys-
tallized boron compounds 6 and 8-10 belong to triclinic cell

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of organoboron complexes 6—10 from triaminoguanidine-salicylidene Schiff bases (1-5).

system with the P1 space group, whereas boron compound 7
belongs to the monoclinic cell system with P2(1)/c space
group. The crystal structures of compounds 6-10 reveal the fol-
lowing compositions in their asymmetric units, two boron
molecules and two water molecules in compound 6, one boron
molecule, two acetonitrile molecules, and one water molecule
in compound 7, one boron molecule and 1.5 acetonitrile
solvent molecules in compound 8, two dinuclear boron mole-
cules in compound 9 and one boron molecule and one DMF
solvent molecule in compound 10.

The molecular structure of boron compounds 6 to 10 is shown
in Fig. 1A-E and it shows that the structure consists of a three-
ring fused framework in compounds 6-8 and 10, whereas a six-
ring fused skeleton was observed in compound 9. In compounds
6-8 and 10, boron is present in the tetracoordinate environment
and surrounded by a phenyl carbon atom, imino nitrogen atom,
deprotonated phenoxy oxygen atom (O~) and deprotonated hydra-
zino nitrogen atom (N~). Hence the coordination of ligand occurs
via N, O, N to the boron atom in a dianionic fashion which pro-
vides fused six-membered O-C-C-C-N-B and five-membered N-
N-C-N-B heterocycles with salicylidene ring results three-ring
fused framework. In compound 10, inclusion of naphthyl rings
results fourring fused framework. Here, in all the compounds,
boron atom is coordinated with salicylidene moiety via phenoxy

This journal is © The Royal Society of Chemistry 2025

oxygen and imino nitrogen from the one wing and deprotonated
hydrazino nitrogen from the other wing.

Interestingly, the asymmetric unit of compound 9 com-
prises two molecules and each molecule contains two boron
atoms present in different coordination environments and
both of them adopt tetrahedral geometry [Fig. 1D and F].
Among the two boron atoms, one of the boron atom (B4) fuse
the six-membered N15-B4-N13 chelate ring and six membered
06-B-N15 chelate ring and another boron atom (B3) fuse the
seven membered N12-B-O5 chelate ring and five membered
N12-B3-N11 chelate ring and over all its forms four fused
boron incorporated rings provides a unique example. The
coordination of the boron atom with ligand results in the for-
mation of one five, two six and one seven-membered fused het-
erocycles. In all the compounds, boron atoms are present in
the outside plane of hydrazone moiety. The bond distances of
B-Cphenyly B=O phenoxys B-Nimine and B-Nyydrazino are analogous
to the reported bond distances and characteristics of the four
coordinated boron compounds.***> The important bond dis-
tances for all the compounds are provided in the Table 1. The
average bond distance between the boron atom to the oxygen
atom, B-Oppenoxy, 1S 1.450(4)-1.469(4) A and the bond distance
between the boron atom to imino nitrogen are in the range of
1.578(3)-1.564(3) A, the bond distance between the boron

Dalton Trans., 2025, 54, 3897-3910 | 3901
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Fig. 1 (A—E) Molecular structure of compounds 6—-10. (F). View of boron fused two six membered, one five membered and seven membered het-
erocycles of compound 9, here phenyl group on boron atoms are omitted for clarity.

atom to hydrazine nitrogen atom is in the range of 1.542(5)-
1.558(4) A and boron atom and its phenyl carbon bond dis-
tance in the range of 1.597(3)-1.607(2) A. The observed bond
distances are well agreed with the reported four coordinated
boron molecules which indicate the strong interaction
between the boron atom and coordinated nitrogen atoms.
Notably, in all the boron compounds, only one (6-8 and 10)
or two deprotonated phenolic OH (9) participated in the
coordination with the boron atoms and the uncoordinated
phenolic OH were involved in the strong intra-molecular
hydrogen bonds with the imine nitrogen from the same wing
except in compound 7. In compound 7, one of the OH is
involved in hydrogen bonding with an imine nitrogen atom
and other OH is not involved in hydrogen bonding interaction.
Hence the existence of strong hydrogen bond interaction
between the phenolic hydroxyl group and nitrogen atom (O-

3902 | Dalton Trans., 2025, 54, 3897-3910

H--N) in the entire series of boron compounds is as indicated
in the molecular structure which is shown in Fig. 1A-E, which
stimulates the occurrence of proton transfer in the exited state.
The whole boron compound becomes somewhat partly rigid
compare to the parent ligands.

All the compounds involved in weak interactions with neigh-
boring molecule and solvent molecules which results interest-
ing supramolecular network. In compound 6, the intra-
molecular hydrogen bond was observed between the H atom of
OH and N atom of imine moiety [bond distance and bond
angles: 02-OH2---N4 1.895(2) A and 02-OH2-N4 145.5(2)°, 03—
OH3---N6 1.845(3) A and 03-OH3-N6 146.3(2)°, O5-OH5---N10
1.904(2) A and 0O5-OH5-N10 145.9(2)°, 06-OH6---N12 1.834(2)
A and 06-OH6-N12 146.4(2)°]. Water molecules are involved in
hydrogen bonding via OH---N [08-PH2---N7 2.029(3) A and 08~
PH2-N7 159.0(3)°], N-H---O [N5-N5H--O7 1.951(3) A and N5-

This journal is © The Royal Society of Chemistry 2025
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Table 1 Important bond distances around the boron atom in com-
pounds 6-10

Compound  Bond distance (A) Compound  Bond distance (A)
6 B,-N; 1.566(4) 9 B,-N; 1.520(3)
B,-N,  1.583(4) B,-Ng  1.571(5)
B,-0O, 1.450(4) B,-0, 1.462(4)
B,-C23  1.597(3) B,-C35  1.592(1)
B,-Nj 1.578(3) B,-N, 1.573(3)
B,-N, 1.558(4) B,-Ng  1.566 (2)
B,-O,  1.453(3) B,-0, 1.444(3)
B,-C50  1.60(4) B,-C41  1.599(2)
7 B,-N; 1.574(2) B;-N;;  1.578(4)
B,-Nj 1.561(2) B;-N;,  1.521(3)
B;-0,  1.459(3) B;-O5  1.469(4)
B;-C26  1.611(3) B;-C81  1.596(4)
8 B,-N; 1.542(5) B+-N;;  1.578(4)
B,-N, 1.567(3) B4+N;s  1.568(3)
B0,  1.454(3) B,-06  1.451(2)
B,-C47  1.605(5) B,~C87  1.592(4)
10 B,-N, 1.564(3)
B,-N;  1.561(1)
B,-0O, 1.463(1)
B,-C35 1.607(2)

N5H-07 166.0(3)°] interaction results in water molecule bridged
dimers. The neighboring molecules were connected by different
weak interactions which led to the formation of the 2D supra-
molecular network (Fig. S211). In compound 7, one of the phe-
nolic hydroxyl groups is not involved in the intramolecular
hydrogen bonding with imine nitrogen atom instead it is
involved in hydrogen bonding with a solvent water molecule
[05-H5---07 2.066(3) A and 05-H5---07 154.3(3)°]. In addition,
two acetonitrile nitrogen atoms were involved in hydrogen
bonding interaction with hydrazine H-N [N7---H5A-N5 2.200(1)
A and N7-H5A-N5 162.4(2)°] and water molecule hydrogen
[N8---H7BO7 2.147(3) A and N8-H7B-07 166.7(1)°]. Further, it
forms a two-dimensional network through various weak inter-
actions (Fig. S22%). The intramolecular hydrogen bonding inter-
action present in compound 8 is similar to the compound 6.
Further, via various weak interactions, compound 8 also forms
two-dimensional polymeric network structures (Fig. S23%). In
compound 9, two molecules are connected by C-H---O [C44-
H44-.-04 2.693(2) A and C44-H44-04 157.8(1)°] which results
in a dimeric structure (Fig. S24%). In this dimer, all the phenyl
groups are present inside the dimeric unit. These dimeric units
are connected to neighboring molecules via various weak inter-
actions like C-H-r interaction [C11-H11B---x 2.814 A] and end
up with interesting supramolecular two-dimensional networks
(Fig. S25%). Intramolecular hydrogen bonding interaction
present in the molecule 10 is similar to other molecules 6 and
8. The compound 10 is connected to neighboring molecules via
multiple weak interactions like C-H-r interactions and results
in the formation of supramolecular two-dimensional networks
(Fig. S261).

Photophysical behaviors of boron compounds

Incorporation of the donor-acceptor unit, besides proton
transfer moieties in the molecules, will provide the photo-

This journal is © The Royal Society of Chemistry 2025
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physical properties that are more dominated by ICT or ESIPT
or ICT coupled ESIPT phenomena. Further, the existence of
dual emission in different solvents is a characteristic of ESIPT
behavior present in the molecules. Photophysical properties of
organoboron compounds 6-10 were investigated in various sol-
vents with different polarity at room temperature by using UV-
visible absorption and emission measurements at a concen-
tration of 5 x 107> M. UV-visible absorption spectral results of
all the boron complexes in various solvents were displayed in
Fig. S271 and exhibited two absorption bands and the shorter
wavelength band was assigned to n-n* (around 340 nm) elec-
tronic transition and the longer wavelength band was assigned
to n—n* (around 440 nm) electronic transition. The results indi-
cate that the position of the absorption band was not altered
much when changing the polarity of the solvent and it
suggests the solvent-independent absorption feature of the
compounds. Further, alteration in the electronic and steric fea-
tures in the periphery of the ligands results in a minor change
in the position of absorption bands.

Like UV-visible absorption spectral measurements, emis-
sion measurements for all the boron complexes 6-10 were
carried out in various solvents with different polarities with
excitation at 420 nm and the results are provided in Fig. 2. All
the organoboron compounds contain strong hydrogen
bonding between OH and imino nitrogen, hence we envi-
sioned for excited state intramolecular proton transfer reaction
in the excited state and it results in the appearance of dual
emission in emission measurements. Compound 6, a simple
salicylaldehyde derivative, shows a broad emission peak of
around 500 nm with shoulder around 485 nm. Upon increas-
ing the polarity, the intensity of the emission peak was
decreased it might be due to intramolecular charge transfer
phenomenon. Whereas for compound 7, organoboron derived
o-vanillin derivative exhibits broad emission in highly polar
DMF and DMSO and strong emission at 500 nm with shoulder
around 540 nm in toluene. Compound 8 showed an emission
peak around 502 nm to 536 nm with a shoulder peak around
480 nm, here changes in polarity induced a shift in the longer
wavelength emission peak. The emission spectra of compound
9 in different solvents with varying polarity showed interesting
features. In toluene and CHCI;, strong emission was observed
at 510 nm with a shoulder around 540 nm, whereas in THF,
DMF and DMSO solvents, a predominant peak appeared
around 550 to 560 nm with a shoulder around 490 nm.
Naphthyl appended boron compound 10 shows dual emission
in all the solvents, the shorter wavelength emission peak cen-
tered on 505 nm and the longer wavelength emission peak
appeared around 540 to 550 nm. In all the compounds, the
shorter wavelength peak is attributed to the enol emission and
the longer wavelength peak is attributed to keto emission. In
all the compounds, the polarity of the solvents significantly
influences the optical properties and notably affecting the
position and intensity of the emission peaks. As illustrated in
Fig. 2, compound (6-10) exhibits a pronounced solvatochromic
shift upon UV irradiation. This positive solvatochromism was
confirmed by the decrease in the emission intensity and red
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Fig. 2 Emission spectra of boron compounds 6—10 (A—E) in various solvents with different polarities at room temperature.

shifted with increasing solvent polarity which suggests that the
compounds excited state is stabilized by interactions with
polar solvents. Thus, changes in solvent polarity can influence
electron density distribution within the molecule and facilitate
intramolecular charge transfer (ICT) processes. Thus, the com-
pounds (6-10) exhibit different intensities in different solvents
due to ICT process.®® To understand the molecular behavior of
organoboron complexes, we conducted a theoretical analysis
using density functional theory (DFT). As shown in Tables S2 &
S3,1 the calculated bond lengths of organoboron complexes
6-10 align well with the values determined from X-ray crystal-
lography. Theoretical calculation results are shown in Fig. S28
and S29% which illustrate the molecular orbitals and their
corresponding energies for the organoboron complexes 6-10.
The electron density is predominantly concentrated on the
triaminoguanidine-salicylidene ligands in all the organoboron
complexes. Additionally, the UV-vis spectra for complexes 6-10
were calculated using the same theoretical approach. The pre-
dicted absorption bands, ranging from 370 to 420 nm, are in
good agreement with the experimental data. These absorption
bands are attributed to the Sy-S; transitions, driven by m-n*
electronic transitions across the molecule.

To further validate the ESIPT features, lifetime measure-
ments were performed for all compounds across various sol-
vents. Notably, a bi-exponential decay was observed, compris-
ing two distinct lifetime components. One component exhibi-
ted a longer lifetime of around 50 picoseconds (ps), while the
other component was too short to be detected with our current

3904 | Dalton Trans., 2025, 54, 3897-3910

instrumentation due to limitations in time resolution.®*®> The
unresolved shorter life time component indicated that the
ESIPT process is indeed occurring, resulting in the population
of the proton-transferred keto form. The above results support
the presence of excited state intramolecular proton transfer
reaction in the excited state of compound 6-10.

Normally, the enol form was stabilized in a non-polar
solvent like toluene and the keto form was stabilized in a polar
solvent and the same feature was seen in compound 9.
Furthermore, the presence of electron donating groups such as
—-OMe and NEt,, steric hindrance (-t-butyl) groups, n-extended
system groups together influence the emission feature of the
organoboron compounds.

The quantum yield values for 6-10 in different solvents were
calculated and the corresponding values were tabulated
(Table S4}) with emission and UV-visible absorption maximum.
The boron complexes 9 showed a maximum quantum yield
value in comparison with other boron complexes.

Aggregation-induced enhanced emission behavior of boron
compounds

Nowadays, the development of AIEE-active organic materials
has been a fascinating area due to their potential applications
in modern fields of biotechnology and optoelectronics.®®™¢®
Most of the ESIPT-active compounds display aggregation-
induced enhanced emission (AIEE).>' In general, compounds
encompassing freely rotatable and easily isomerisable groups
deactivate their excited energy via non-radiative phenomenon
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easily. Thus, restricting molecular motions through molecular
aggregation suppresses non-radiative relaxation pathways,
leading to enhanced emission behavior. Due to the presence of
easily rotatable N-N bond, freely isomerisable CH=N group and
photo-tautomerisable group CH=N---HO (ESIPT-active unit) in
all the compounds 6-10, the consequence of molecular aggrega-
tion on photophysical properties was explored. To understand
the photophysical properties of boron complexes 6-10 in the
aggregated state, emission measurements were carried out in
THF-H,O mixture with varying water fractions. Stock solutions
of boron complexes 6-10 were prepared in pure THF with a con-
centration of 1 x 10~ M. Addition of increasing amounts of
water fractions f,, was deliberated for the UV-visible absorption
and emission spectral analysis. The emission spectral results for
the boron complexes 6-8 are given in Fig. S30-S32,1 and emis-
sion spectral data for the compounds 9 and 10 are given in Fig. 3
and 4. Compounds 6-10 exhibited weak emission in pure THF.
Upon increasing the water fraction in the THF-H,O mixture, the
emission intensity was not altered much up to 60%, where emis-
sion intensity reached a maximum and then intensity was found
to decrease when water content attained 99%. The results indi-
cate that highly emissive species were formed in the range of
70% to 90% water content in the THF-H,O mixture. Depending
on the nature of the compound, the enhancement in emission
intensity varied from 3-fold to 11-fold (3-fold for 6 and 7, 5-fold
for 8, and 11-fold for 9 and 10). A high fold enhancement was
achieved only in compounds 9 and 10, which were visible to the
naked eye under a UV lamp (Fig. 3C & 4C). Significant changes
in the fluorescence wavelength (red shift of 10 nm) were noted
for complexes 9 and 10 upon aggregation.

Further evidence for the aggregate formation was obtained
from UV-visible absorption measurements. When the water

A -

1004 90%

Emission intensity (a.u.)

450 600 750
Wavelength (nm)

View Article Online
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fraction was low (0-50%), the UV-visible absorption spectra of
the boron complexes remained the same as in pure THF
solvent. When water fraction was increased beyond 50% (i.e.
from 60%) noticeable changes were observed in the UV-visible
spectra for the entire boron complexes. The bathochromic
shift in the absorption spectra, accompanied by a significant
decrease in the UV-visible peak (Mie light scattering), confirms
the formation of nano-aggregates (Fig. S331). This bathochro-
mic shift in the UV-visible spectra is a characteristic feature of
J-aggregate formation, indicating the AIEE characteristics of all
boron complexes in the THF-H,O mixture.

To confirm the aggregate formation, DLS measurement was
performed for the complexes 6-10 (Fig. S34%). The complexes
6-10 in pure THF solvent did not show any particle size, when
the water content is increased the particle size was also found
to be increased. The percentage of water and particle size from
DLS data for the boron complexes 6-10 was summarized in
Table S5.1

In addition, field emission scanning electron microscopy
(FE-SEM) analysis for the compounds in the aggregated state
was measured at their respective water fraction and the results
were displayed in Fig. 5. The morphology of compounds 6-10
indicates the formation of aggregates. Entire boron complexes
show weak emission in highly soluble solvents like THF. This
is due to the presence of easily rotatable N-N bond, easily iso-
merizable CH=N unit and ESIPT unit CH=N---HO unit in the
organoboron compounds 6-10. These molecules deactivate
their energy from their excited state to the ground state via a
non-radiative pathway and end up with weak emission. When
poor solvent like water was added to the THF solution, it
resulted in the emissive aggregated state, which is due to the
restriction of molecular motion in the aggregated state where

Emission intensity (a.u.)
h
1

T T T T T
0 20 40 60 80 100

Water Fraction (%)

Fig. 3 (A) Emission spectra of 9 in different water fractions in THF and water mixture; iex = 420 nm. (B) Plots of emission intensity vs. water fraction.
(C) Images of compound 9 in THF—water mixture with different water fractions under UV light.
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Fig. 4 (A) Emission spectra of 10 in different water fractions in THF and water mixture; 1o, = 420 nm. (B) Plots of emission intensity vs. water frac-
tion. (C) Images of compound 9 in THF—water mixture with different water fractions (under UV light).

Fig. 5 (A) FESEM images of aggregates of compound 6 in 90% THF-H,O mixtures, (B) FESEM images of aggregates of compound 7 in 90% THF—
H,0O mixtures, (C) FESEM images of aggregates of compound 8 in 70% THF—H,O mixtures, (D) FESEM images of aggregates of compound 9 in 90%
THF-H,O mixtures and (E) FESEM images of aggregates of compound 10 in 90% THF—H,O mixtures.

the motion of molecules got arrested and the molecules are
deactivated to their ground state from excited state via a
radiative pathway. These observations deliberately describe
that AIEE features of all boron complexes might be due to
the restricted intramolecular motion. Further evidence for
the occurrence of restricted intramolecular motion was
obtained from the emission measurements of the com-

3906 | Dalton Trans., 2025, 54, 3897-3910

pounds in THF-glycerol (10 : 90), which shows high emission
intensity, compared to emission features in THF-H,O
(10:90) mixture (Fig. S35}). Furthermore, all the molecules
exhibited various weak interactions in their solid state,
which play a crucial role in restricting intramolecular
motion. This restriction leads to enhanced emission in the
aggregated or solid state.
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Mechanoresponses of boron complexes

Organic compounds that modify their emission properties
when exposed to external stimuli have drawn considerable
attention for their potential applications. In general, AIE and
ESIPT-active molecules show a stimuli-responsive behavior.
Our previous work established that the ICT-coupled ESIPT-
active star-shaped AIE emissive compound®® is a valuable
approach for constructing mechanoresponsive materials.
Hence, the mechanoresponsive emissive behavior of five boron
complexes was investigated by solid-state emission measure-
ments. The solid-state emission was performed for boron com-
plexes 6-10 before and after grinding, but the compounds 7 &
8 did not demonstrate the mechanoresponsive features. As
depicted in Fig. 6, crystals of compounds 6, 9, and 10 initially

Grinding
\—/

Grinding

Grinding
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emit weak green, orange, and yellow fluorescence, respectively,
under UV light. Upon mechanical grinding with a pestle, their
emission intensifies and shifts: compound 6 showed tran-
sitions from weak green to bright green, compound 9 shift its
emission from yellow to intense yellowish-orange, and com-
pound 10 move from weak yellow to vibrant yellow colour emis-
sion under UV light. This observation highlights the mechan-
oresponsive behavior of boron complexes 6, 9, and 10. To
confirm the visible emission color changes, solid-state emis-
sion spectra were recorded. The emission peaks for com-
pounds 6, 9, and 10 under grinding conditions are shown in
Fig. 6 and Fig. S37%, while the solid-state emission spectra for
compounds 7 and 8 are provided in Fig. S36.1 The solid-state
emission spectra of the boron complex (6) in the crystal exhibit
dual emission peaks around 490 nm and 525 nm. Mechanical
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Fig. 6 (A, C and E). Images of the boron compounds (6, 9 & 10) before and after grinding under UV-lamp. (B, D, and F) Solid state emission spectra

of compounds (6, 9 & 10) crystals and ground samples.
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grinding of the crystal resulted in an approximately 3-fold
increase in emission at shorter wavelength, along with decline
in the emission peak at 525 nm. For boron complex 9, the
solid-state emission spectrum displayed a peak at 610 nm,
which, upon grinding, exhibited a 5-fold enhancement in
emission intensity and a blue shift of around 20 nm. Then the
solid-state emission spectral studies were also performed for
the complex (10). The crystal displayed a weak emission at
575 nm initially. After grinding the crystal, 100-fold enhanced
emission with blue shift in emission wavelength by almost
30 nm was observed.

Additionally, SEM analysis was also exhibited to confirm
the morphological changes from the crystal state to the
ground state after grinding of compounds 9 and 10 (Fig. S38%).

Conclusion

In summary, a series of new, cost-effective fluorescent boronic
acid derived triaminoguanidine-salicylidene complexes were
synthesized through a simple one-pot condensation reaction
employing C; symmetric Schiff base with phenylboronic acid.
The molecular structure of compounds 6-10 was verified using
single-crystal X-ray analysis. Single-crystal X-ray diffraction ana-
lysis revealed that in the mononuclear complexes (6-8 & 10),
boron atoms adopt tetrahedral geometry with fused five-mem-
bered N-B-N and six-membered O-B-N chelate ring. Notably,
the crystal structure of boron compound 9 reveals the presence
of two boron atoms in distinct coordination environment,
forming four fused boron-incorporated heterocyclic rings,
including six-membered O-B-N, six-membered N-B-N, seven-
membered N-B-O and five-membered N-B-N chelate rings in
the solid state. All these compounds displayed ESIPT behavior
and AIEE properties. AIEE feature of the organoboron deriva-
tive in a THF-H,O mixture due to the prevention of intra-
molecular rotation and C=N isomerization as well as rigidifi-
cation of ligand by organoboron coordination. More precisely,
compound 9 and 10 exhibit a red-shifted AIEE effect in binary
solvents of THF and water, attributed to the formation of
J-aggregation. Remarkably, compounds 6, 9 and 10 also
demonstrate mechanoresponsive behavior when subjected to
grinding as an external stimulus. This designed approach
demonstrates that how easily tune the fluorescent feature of
organoboron derivative by varying the periphery of C; sym-
metric Schiff base.
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