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1. Introduction

Unravelling the photobehavior of a 2,1,3-
benzothiadiazole-based HOF and its molecular
units: experimental and theoretical insights into
their spectroscopic properties in solution and in
the solid statef

Mario de la Hoz Tomas,
Taito Hashimoto, (2° Ichiro Hisaki

@ Juan Angel Organero, (2@ Maria Rosaria di Nunzio, {22

© and Abderrazzak Douhal (2 *?

2,1,3-Benzothiadiazole (BTD) acid derivatives have emerged as versatile new building blocks for the
fabrication of smart porous materials. Herein, we report experimental and theoretical studies on a
BTD-based H-bonded organic frameworks (HOFs) and its methylated ester and carboxylic acid
molecular units in solutions and in solid state. BTIA-ester and BTIA-COOH in solutions display a large
Stokes-shifted emission (~6000 cm™) as a result of an intramolecular charge-transfer (ICT) reaction in
the excited species, followed by a twisting of phenyl moieties. Femtosecond (fs) experiments on the
ester and acid derivatives in N,N-dimethylformamide (DMF) reveal that an ICT reaction takes place in
~300 fs while the phenyl twisting occurs in ~6 ps. BTIA-ester shows a single emission lifetime of
7.52 ns, while BTIA-COOH displays lifetimes of 390 ps and 1.15 and 7.75 ns assigned to different
emitting species. Theoretical calculations on the ester compound agree with experimental observations.
Flash photolysis experiments on both samples in DMF and under ambient conditions show a triplet state
population living for ~500 ns and a charge-separated species living for ~2 ps. In solid state, BTIA-ester
shows an abnormally slow ICT event (80 ps) leading to ICT aggregates with lifetimes of 1.20 and 2.87 ns,
whereas BTIA-HOF exhibits fast ICT and intermolecular proton-transfer (PT) reactions (<15 ps),
producing ICT and ionic species with lifetimes of 0.52 and 1.23 ns, respectively. At the single-crystal
level, BTIA-HOF displays fluorescence properties not dependent on the interrogated point under
fluorescence microscopy, suggesting a homogeneous distribution of the molecular units of the HOF.
These results provide new findings for a better understanding of the photobehavior of BTD derivatives
and related HOFs and will help in the development of new HOFs for photonic applications.

luminescent metal-organic frameworks (MOFs) have been exten-
sively studied over the last two decades.””">'* However, the

The design and fabrication of new materials with luminescence
properties are one of the main research interests in the field of
smart materials for advanced optoelectronics.”™ In particular,
luminescent porous materials have attracted considerable atten-
tion owing to their large surface area, high porosity, thermal
stability, and chemical tunability, allowing their possible use in a
wide range of applications.”** Among these porous materials,
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spectroscopic properties of other porous materials, such as cova-
lent organic frameworks (COFs) and hydrogen-bonded organic
frameworks (HOFs), are not yet fully understood.'®*>*>7

In the last decade, HOFs have emerged as new porous
materials with diverse possible applications, such as in gas
storage and separation, catalysis, luminescent sensing, and
optoelectronic devices.'**'®'823 HOFs are assembled from
organic units through intermolecular hydrogen (H) bonding
interactions, and the resulting frameworks can be further
strengthened via other interactions, such as n-n stacking, van
der Waals, dipole-dipole and/or C-H-= interactions.''*17,2%23
The inherent features of H-bond interactions, such as
reversibility and directionality, endow these materials with
unique properties, including crystallinity, flexibility, structural

This journal is © The Royal Society of Chemistry 2024
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diversity, and easy recovery via recrystallization,'"'>1071824.25
These properties, together with a large n-conjugated system of
the involved aromatic moieties, H-bonding interactions, and
n-n stacking, provide HOFs with interesting luminescent
properties, which may include proton- and charge-transfer
reactions for different photoinduced applications, from sen-
sing to lighting.'®*?073°

Thus, the design of HOFs for fine tuning their optical
properties has been the focus of many researchers. In recent
years, 2,1,3-benzothiadiazole (BTD) derivatives have emerged as
a versatile building block due to their easy functionalization
and remarkable fluorescence properties. BTD is a typical
electron-withdrawing aromatic group which when combined
with an electron-donating one forms a “push-pull” system.*>*
BTD derivatives are characterized by a high molar extinction
coefficient, high fluorescence quantum yield, large Stokes
shift, and the feasibility to tune the absorption/emission
wavelength to the near-infrared region.***° In addition to that,
it is also well documented that these ‘“push-pull” chromo-
phores undergo intramolecular charge-transfer (ICT) reactions
upon photoexcitation.’”*® When functionalized with thiophene
groups, the ICT reaction in non-planar conformers is followed
by a twisting/rotation motion of the involved moieties, leading
to a planar conformation known as a planarized ICT (PLICT)
structure.**3%*1*2 Thys, these photoinduced properties make these
systems very attractive materials to investigate for their possible
applications in organic light-emitting diodes (OLEDs)**™** and
organic photovoltaic cells***” and for use in the construction of
novel porous materials with enhanced luminescent properties.*s~>*

HOFs with possible applications based on light (e.g:, light-
ing, photosensing, photochromism, photocatalysis, to name a
few)'" offer several advantages over normal chromophores. For
example, the presence of m-m, dipole-dipole, and H-bonds
interactions in the HOF network leads to the observation of
different photophysical processes (e.g., intermolecular charge-
and proton-transfer reactions) that might not be observed with
molecular chromophores. These photoinduced reactions lead to
significant changes in the luminescence properties, prompting
the search for new HOFs for specific applications,'**'®18723
Also, HOFs can serve as a host for guest molecules (drugs, ions,
chromophores) with specific capabilities. This multifunctional-
ity expands the potential applications of HOFs in a wide variety
of fields, not limited to photonics, such as sensing, catalysis, and
drug delivery. Among the organic linkers used to synthesize
luminescent HOFs, to the best of our knowledge, there are
not many examples in which the fundamental unit contains
donor-acceptor (D-A) groups. Indeed, only a few HOFs based on
hexaazatriphenylene®®**°”* and dehydrobenzoannulenes®>®
with ICT reactions have been reported. Recently, a two-
component HOF based on BTD and an electron-donor group
was synthetized, showing an efficient energy-transfer process,
which allowed modulating the fluorescence emission colour by
modifying the content of BTD.?” Furthermore, two new two-
dimensional HOFs constructed from BTD derivatives have been
reported, although their photophysical properties have not been
extensively explored.”>>® Thus, elucidating their photophysics
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would be of great interest to deeply understand their photobe-
havior for possible applications in lighting or photosensing.
Here, we report on detailed studies of a HOF based on 5,5’
(benzo[c][1,2,5]thiadiazole-4,7-diyl) diisophthalic acid (BTIA-
HOF) and its molecular units (BTIA-ester and BTIA-COOH)
(Fig. 1A). The emission spectra of the ester and acid com-
pounds in N,N-dimethylformamide (DMF) are characterized
by large Stokes-shifted bands (~ 6000 cm ') due to the occur-
rence of a photoinduced ICT reaction in ~ 300 fs coupled to the
twisting motions of the phenyl rings that happen in ~6 ps.
These observations are in agreement with the theoretical
calculations on BTIA-ester suggesting the formation of a planar
conformation at S;. The ICT species of BTIA-ester in DMF has
a lifetime of ~7.5 ns, while those of BTIA-COOH are 350 ps
(H-bonding complex), 1.15 ns (anionic species), and 7.75 ns
(planar ICT species). Flash photolysis experiments on both
samples in DMF reveal the existence of triplet and charge-
separated states with lifetimes of 500 ns and 2 ps, respectively.
In solid state, BTIA-ester exhibits a slow ICT reaction (80 ps)
producing emissive aggregates with lifetimes of 1.20 and
2.87 ns, while BTIA-HOF undergoes ultrafast ICT and inter-
molecular proton-transfer reactions (<15 ps), giving rise to ICT
and ionic species with lifetimes of 0.52 and 1.23 ns, respec-
tively. Moreover, fluorescence microscopy experiments on
BTIA-HOF single crystals suggest a homogeneous distribution
of the molecular acid units forming the network of the HOF as a
result of the growth in the direction of n-stacking and H-bonds
between the BTD moieties. These results provide new findings
for a deeper understanding of the photobehavior of BTD
derivatives and related HOFs and will help for developing
new HOF materials based on BTD with improved emission
properties for application in lighting and sensing devices.

2. Materials and methods

The synthesis of BTIA-ester, BTIA-COOH, and BTIA-HOF com-
pounds have been already described.>® Fig. S1 and S2 (ESIt) show
the "H-NMR spectra of BTIA-ester and BTTA-COOH in CDCl; and
DMSO-dg, respectively. The computational details are given in the
ESL{ The photophysical properties of the three systems were
characterized by a combination of complementary spectroscopic
techniques, including steady-state absorption and emission,
time-correlated single-photon counting, flash photolysis, fs up-
conversion and fluorescence microscopy systems. Information
about the used setups is provided in the ESLt

3. Results and discussion
3.1 Theoretical calculations

For the theoretical study, we performed calculations on the
BTIA-ester molecule in the gas phase, and in DCM and DMF as
solvents (Fig. 1). Since we did not find a big differences between
the results in the gas phase and in DCM and DMF solvents, we
only discuss the results obtained in DMF.

J. Mater. Chem. C, 2024, 12, 9112-9129 | 913
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Fig. 1 (A) Molecular structures of BTIA-ester, BTIA-COOH, and BTIA-HOF.
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(B) DFT optimized structure of BTIA-ester at Sg state, where 0, and L, are the

twisting angle and rotatable bonds connecting aromatic moieties. Frontier molecular orbitals involved in the S;, S,, T; and T, electronic excited states of
BTIA-ester molecule; f corresponds to the oscillator strength. (C) Schematic representation of energy levels, in electron volts (eV), of the different
electronic states of the BTIA-ester molecule when using the continuum method with DMF. The dashed levels correspond to Franck—Condon excitation.
Energy gaps between Si/T; (AE51/T1)' S/To (AE51/T2)' So/To (AEsz/Tz)' and T,/T» (AEWTZ) states are also given.

The full optimization of BTIA-ester in DCM and DMF (conti-
nuum model) was carried out at the S, Sy, S,, Ty and T, states. The
main structural difference observed in the different states corre-
sponds to the twisting angle (0;) which defines the planarity
between the BTD core and the two dimethylbenzoate (MBZ) rings
in BTIA-ester (Fig. 1B). The obtained values of 6, are 41.3°, 18.9°,
31.4° 23.4° and 36.4° for Sy, Si, S,, Ty and T,, respectively. No
significant differences were found in the gas phase, and in DCM
and DMF solvents (Table S1, ESIT). It is noteworthy that there is a
decrease in the torsional angles of the BTIA-ester in both the excited
singlet and triplet states. This leads to an enhanced electronic
coupling and conjugation gain, especially in the S; state, where
the BTD and phenyl branches act as a significant m-conjugation
skeleton. This phenomenon promotes the existence of the locally
excited (LE) and charge-transfer (CT) states in molecules.*® This fact
is also manifested in the decrease in the bond lengths connecting
the phenyl branches to BTD at their S, (1.447 A) and T, (1.452 A)
states with respect to those at the S, (1.479 A) state (Table S2, EST+).

Fig. 1B depicts the shape of the orbitals involved in
the electronic transitions and the vertical (Franck-Condon)

9114 | J Mater. Chem. C, 2024, 12, 9112-9129

excitations for the S;, S,, T; and T, states. The results also
show that all the orbitals implied in these electronic excitations
are m-type orbitals. The symmetry of the BTIA-ester molecule
corresponded to the C, group, where the C, axe passes through
the sulphur atom parallel to molecular plane of the BTD core
in all the studied electronic states. This is reflected on the fact
that the shape of their molecular orbitals spread symmetrically
over the full structure. The vertical Franck-Condon excitation
reveals a significant oscillator strength for S, — S; transition at
405 nm (f = 0.473). This indicates a pronounced photoactive
nature of the S; state which, along with the T, one, predomi-
nantly originates from HOMO — LUMO excitations, suggesting
a m-n* character for both states. The large oscillator strength
values of the vertical S, — S, transition is due to the noteworthy
spatial overlap between the HOMO and LUMO orbitals, respec-
tively, as well as the change in electron density distribution
across the molecular framework upon the electronic transitions.
In addition to that, the population analysis of these orbitals
reveals the occurrence of a n-n* charge-transfer process upon
excitation (Fig. 1B). This analysis shows that the corresponding

This journal is © The Royal Society of Chemistry 2024
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Table 1 Contributions (%) from the molecular fragments of bis-
methylbenzoate (MBZ), benzene ring (BZ) belonging to the benzothiadia-
zole moiety, nitrogen atoms (N) and sulphur atom (S) to some selected
molecular orbitals of BTIA-ester, calculated according to Mulliken popula-
tion analysis using TDDFT-B3LYP/cc-pVTZ with the IEF PCM continuum
solvation model in DMF. Energies of those orbitals are given in electron
Volts (eV)

Orbital Energy/eV Fragmental contributions/%
LUMO+1 -1.99 MBZ (98)

LUMO —2.81 MBZ (11) BZ (41) N (27) S (21)
HOMO —6.44 MBZ (37) BZ (51) N (11) S (1)
HOMO—1 —7.51 MBZ (7) BZ (63) N (1) S (29)

HOMO—2 —7.61 MBZ (85) BZ (6) N (4) S (5)

fragmental contributions for MBZ, the benzene ring (BZ) belong-
ing to the benzothiadiazole moiety, nitrogen atoms (N) and
sulphur atom (S) account for 37%, 51%, 11% and 1% in the
HOMO orbital, and 11%, 41%, 27% and 21% in the LUMO
orbital, respectively (Table 1). As a result, the observed spatial
separation between the wave functions of the frontier orbitals,
along with a certain degree of overlap, indicate a hybridized local
and charge-transfer excited state (HLCT) nature for the S, state,
which shows a mixed locally excited (LE) and charge-transfer
(CT) character.>® The greater value of the dipole moments in the
excited states compared to the ground state also indicates
polarized S; and S, states resulting from a CT process after
photoexcitation in DMF (Table 2). Similar results were found in
DCM, while the dipole moments found in the gas phase are
significantly lower. Thus, the excited states are characterized by a
significant redistribution of the electron density, leading to a
more polar state compared to the ground state. This increased
polarity of the excited state results in a stronger interaction with
the solvent, which further increases the dipole moment value in
polar solvents. On the other hand, the S, — S, Frank-Condon
transition (322 nm, f= 0.030) predominantly arises from HOMO
— LUMO+1. The small orbital overlap between these pairs of
orbitals provokes a low oscillator strength of this transition. This
suggests that the probability of populating the S, state is very
low. Notably, the LUMO+1 orbital is predominantly localized in
the MBZ moieties (98%), indicating the CT character of S,, which
is also reflected as a large dipole moment value (Table 2). Finally,
the T, state mainly comes from HOMO—1— LUMO excitation.

Fig. 1C shows the energy levels of the stationary points of
BTIA-ester at the Sy, S,, T; and T, states, while Table S3 (ESIY)
displays the energy gaps between the involved states. The

Table 2 Theoretical values of dipole moments, in Debye, of BTIA-ester in
the gas phase and in DCM and DMF solvents using TDDFT-B3LYP/cc-pVTZ
with the IEF PCM continuum solvation model

u/D
Molecule Electronic states GAS DCM DMF
BTIA-ester So 1.20 1.91 2.13
S, 4.24 5.72 6.07
S, 15.79 19.65 20.17
Ty 2.83 4.29 4.64
T, 1.49 2.59 2.93

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

calculations of the optimized low-lying excited states show
low energy values for T; and a large energy gap between T,
and Ty (AEr /r, = 1.383 eV), which may suppress the internal
conversion (IC) decay from T, to T, as the rate of IC is inversely
related with the energy gap.®® In addition to that, the large
energy gap between S; and T, states (AEs /r, = 1.048 eV) does
not favour the occurrence of intersystem crossing (ISC) and
reverse intersystem crossing (RISC) processes from T; to S;. On
contrary, the significant smaller energy gap between T, and S;
states (AEs,r, = 0.326 eV) may induce an ISC process and
enhance the RISC between these states, as predicted by the
Fermi golden rule.®* Comparable energy gap values (AEs /v, =
0.277 €V and AEr /r, = 0.972 eV) have been observed in other
BTD derivatives, which undergo a RISC process.®? The
HOMO-1 transition involved in the T, state exhibits signifi-
cantly higher contributions from the BZ fragment and sulphur
atom, with a lesser contribution from the MBZ moiety com-
pared to the HOMO transition associated with the S; state.
This results in considerable differences in the CT character of
the S; and T, states. Such distinction facilitates the ISC process
between the two states. This phenomenon is in agreement
with El Sayed’s rule, which predicts highly efficient spin-flip
processes between two states involving a change in orbital
components, thereby resulting in strong spin-orbit coupling.®?
Furthermore, the nearly negligible energy difference between the
So — S; vertical transition energy (3.06 eV) and the diabatic
excitation energy of the T, state (2.98 eV) indicate the potential
for overlap between the vibrational states of both singlet excited
states and T, states, thereby increasing the probability of the
occurrence of an ISC process.

In brief, the theoretical calculations of BTIA-ester in DMF
suggest that: (i) the optimized geometry of the molecule in the
ground state is not planar, while it is more planar in the
electronically excited state with a larger electronic conjugation;
(ii) a photoinduced ICT reaction occurs in the S, state from the
peripheral phenyl rings to the BTD core; (iii) the existence of an
HLCT nature at the S, state, which is a combination of LE and
CT states; (iv) the energy gaps between T, and S;, along with the
vertical transition energy value of the latter, may contribute to
ISC and RISC processes; (v) the notable differences observed
between the character of the transition orbitals involved in S;
and T, favour the existence of strong spin-orbit coupling
between these states. These theoretical calculations will help
for a better understanding of the experimental findings that
will be shown and discussed in the following section.

3.2 Steady-state absorption and emission studies in DMF
solutions

To get a preliminary understanding of the photobehavior of
BTIA-HOF, we first studied the spectroscopic properties of the
fundamental units that constitute the HOF (BTIA-ester and
BTIA-COOH). To begin with, we selected DMF as a solvent to
investigate the photophysical behaviour of the molecular units
and the HOF, since BTIA-HOF was crystallized using a mixed
solution of DMF and methyl benzoate. In this way, we aimed to
compare the photophysical processes that occur in the linkers

J. Mater. Chem. C, 2024, 12, 9112-9129 | 9115
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and the HOF in the same solvent. BTIA-ester and BTIA-COOH
samples were prepared in DMF solutions, while BTIA-HOF was
studied as synthesized, removing part of the solvent containing
the dissolved BTIA-COOH molecules and taking the suspended
HOF crystals (see the ESIt). Fig. 2A shows the UV-visible
absorption and emission spectra, while the relevant informa-
tion is given in Table 3.

To begin with, the absorption spectrum of BTIA-ester in
DMTF solution shows two intense broad bands centred at ~280
and ~ 370 nm, and a well-defined narrow band at ~320 nm, all
assigned to = — ©* transitions of the BTD moiety (Fig. 24).°4°
As we discussed in the theoretical part, BTIA-ester displays a
high oscillator strength for the S, — S; transition. Therefore,
we assign the lower energy absorption band (370 nm) to the S,
(m) —» S4 (m*) transition, which should have an ICT character as
suggested by the theoretical calculations (Fig. 1B), and as
previously reported for other BTD systems.”>™® To further
investigate the photophysical properties of BTIA-ester, we also
measured the absorption spectra in methylcyclohexane (MCH),
dichloromethane (DCM), triacetin (TAC), and in a rigid matrix
(poly(methyl methacrylate): PMMA) (Fig. S3 and Table S4, ESIT).
The absorption spectra in the selected media are similar and
comparable to the one observed in DMF, indicating that the
ground-state species are not influenced by the solvent proper-
ties. The absorption spectrum of the acid, BTIA-COOH, in DMF
shows a shape similar to that of the ester derivative, while that
of BTIA-HOF exhibits a broad lower energy band (Fig. 2A). We
assign the observed bands to the S, (1) — S; (n*) transition.

A
3 1.0 N\, —BTiAester [ 1.0
= ! % A\ —BTIA-COOH
2 + v\ —BTIA-HOF
8 y \‘ .\
.Q \}
< v
B 0.5 5. 0.5
N LA
© “ ‘\
-4 so %
001 o , SERAL YY)
300 400 500 600 700
Wavelength / nm
C BTIA-COOH
1.0
O Obs 420 nm
" O Obs 450 nm
b O Obs 480 nm
g O Obs 510 nm
S05 O Obs 540 nm
O Obs 570 nm
O Obs 600 nm
xexc =371 nm
0.0 -
0 10 20 30 40
Time/ns

Fig. 2
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Table 3 Summarized photophysical properties of BTIA-ester, BTIA-
COOH and BTIA-HOF in a DMF solution or suspension and in solid state.
Aaps and Zem are the wavelengths of the absorption and emission intensity
maxima, Avg is the Stokes shift value, FWHM is the full width at half
maximum of the emission spectra and & is the fluorescence quantum
yield upon excitation at 370 nm (A®r ~ 10-15%)

Jem! Aved FWHM/
Medium Sample Jabs/NM nm cm ' em ' Pp/%
DMF solution BTIA-ester 278, 318,370 477 6060 3259 63

BTIA-COOH 275, 318, 385 502 6050 3533 11
BTIA-HOF 286, 323, 415 530 5230 3511 —
Solid state BTIA-ester 294, 377 504 6680 3456 1
BTIA-HOF 302, 380 540 7800 3810 —

Compared to BTIA-ester, the lower energy band is shifted to
longer wavelengths (by 15 and 45 nm, respectively, Table 3),
which suggests the presence of different species in the ground
state (So). The presence of carboxylic acid groups in the latter
can lead to the formation of anionic species or H-bonded
complexes by interaction with DMF molecules. To investigate
this possibility, we recorded the UV-visible absorption spectra
of BTIA-COOH in DMF solution at different concentrations
[optical densities (ODs) in a 1 cm path at 380 nm were 0.8,
0.3, and 0.02] (Fig. S4, ESIT). For the concentrated and inter-
mediate samples, the absorption spectra are very similar in
terms of their shape and position (+3 nm), while upon dilution
we observe a red-shift of the 370 nm band by 10 nm. BTIA-
COOH behaves like a weak acid, increasing its dissociation with

B BTIA-ester

1.0+

O Obs 430 nm
O Obs 460 nm
O Obs 490 nm
O Obs 520 nm
O Obs 550 nm
O Obs 600 nm

kexc =371 nm
OMRE o —

Time /ns

D BTIA-HOF

0.5

Normalized Intensity
Counts

1.0

O Obs 470 nm
O Obs 500 nm
O Obs 530 nm
O Obs 560 nm
O Obs 590 nm
O Obs 620 nm
O Obs 650 nm

0.5

Counts

Aexc = 433 nm

e
o
.L‘
‘—
A
m

o
N
»H
o

Time/ns

(A) Normalized UV-visible absorption (solid line) and emission (dashed line) spectra of BTIA-ester (black), BTIA-COOH (blue) and BTIA-HOF (red)

in a DMF solution or suspension. For the emission spectra, the excitation wavelength was 370 nm. Magic-angle ps-emission decays of BTIA-ester (B),
concentrated sample of BTIA-COOH (C) and BTIA-HOF (D) in a DMF solution or suspension, upon excitation and observation as indicated in the inset.
The solid lines are from the best multiexponential fits, and the IRF is the instrumental response function (~70 ps).
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dilution (Ostwald’s law) and leading to the formation of anionic
species. A similar photobehaviour has been previously reported
for other molecules with carboxylic acid groups, which can
generate H-bonded complexes and anionic species with the
used solvent.*®>>°¢

Fig. 2A shows the emission spectra of BTIA-ester, BTIA-
COOH and BTIA-HOF in a DMF solution, while Table 3 gives
the values of the parameters related to the absorption and
emission spectra. The three samples display a single fluores-
cence band, with the maximum intensity at 477, 502, and
530 nm, respectively. The fluorescence spectra are character-
ized by a large Stokes shift (6060, 6050, and 5230 cm
respectively). We anticipate that this shift is the result of the
occurrence of an ICT process (from the peripheral phenyl rings
to the BTD core), probably coupled to twisting motions of
the phenyl rings in the electronically first excited state (S;).
The theoretical calculations at the S, and S, states indicate the
occurrence of an ICT event and twisting of the phenyl moieties
(Tables S1 and S2, ESIt). It is well known that BTD systems
undergo PLICT reactions resulting in a large electronic cou-
pling and conjugation gain, and thus exhibiting high fluores-
cence quantum yields (®5).>*® The obtained @ value for
BTIA-ester in DMF solution is high, ie. @ = 0.63, following
the behaviour of BTD derivatives. To further investigate the ICT
process, we also recorded the emission spectra of BTIA-ester
in different media with changing the polarity and viscosity
(MCH, DCM, TAC, and PMMA film). Fig. S3 (ESI{) shows that
the absorption spectra do not show significant changes, while
the positions for the emission ones are influenced by the
properties of the solvent. In apolar (MCH) and rigid media
(PMMA), the emission spectra maxima are at shorter wave-
lengths (456 and 446 nm, respectively), while we observe
comparable spectral positions in DCM and TAC solutions
(465 and 463 nm, respectively) and a red-shift in DMF
(477 nm) (Table S4, ESIt). Compared to MCH, the red-shift in
DMF (~20 nm) indicates a polarity effect on the relaxed
emitting species, in agreement with the theoretical calculations
showing a change of the dipole moment value from 2.0 to 6.4 D
upon excitation to S; and reflecting a clear ICT process. It is
well known that upon increasing the environment polarity
around a polar fluorophore, the emission band will shift to
longer wavelengths. The observed blue-shift in TAC [polar and
highly viscous solvent, # (25 °C) =17.4 cP] and in the PMMA film
could be explained in terms of a restriction of the twisting
motion of the phenyl rings, which prevents the molecule
relaxing to more stable levels at S;. A similar photobehaviour
has been observed in many BTD derivatives encapsulated in
polymer matrices.*>”%”*

In agreement with the absorption spectra, the red-shifted
emission bands of BTIA-COOH and BTIA-HOF in DMF, when
compared to the ester one, indicates the presence of several
emitters, most likely anionic species and/or H-bonded com-
plexes with DMF molecules, as discussed above. The large value
of the full width at half maximum (FWHM) of the emission
intensity (~3530 cm™ ') suggests that the emission originate
from more than one species (Table 3). To further investigate the

This journal is © The Royal Society of Chemistry 2024
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emission properties of BTIA-COOH, we also recorded the
emission spectra in DMF solution at different concentrations
(ODs at 380 nm were 0.8, 0.3, and 0.02) (Fig. S4, ESIt). For the
concentrated and intermediate samples, the emission spectra
display their intensity maxima at ~480 nm, while that of diluted
one is at ~500 nm. The obtained spectra for the former are very
similar to that of the methylated derivative (477 nm), indicating
that the electronic structures of the emitting species are not very
different, with an ICT character. The red-shifted emission of BTIA-
COOH observed upon dilution indicates the emission of different
structures, most likely anionic species that should emit at longer
wavelengths than the neutral one, as observed in other molecules
having carboxylic acid groups.*®**® The fluorescence quantum
yield of BTIA-COOH (&r = 0.11) is lower than that obtained for
its methylated ester derivative (®r = 0.63), as a consequence of
the H-bond interactions with DMF molecules enhancing the non-
radiative transitions. Finally, BTIA-HOF in DMF shows an intense
yellow emission (535 nm), which is slightly red-shifted when
compared to BTIA-COOH. In addition to the existence of anionic
species, the structural arrangements and the resulting intermole-
cular interactions (H-bonds and dipole-dipole) present in the
HOF network led to changes in their photobehaviour, resulting in
a shift of the emission spectra towards longer wavelengths."'>>?

To further characterize the spectroscopic properties of BTIA-
ester, BTIA-COOH and BTIA-HOF in DMF, we recorded their
excitation spectra (Fig. S5, ESIT). The spectra of BTIA-ester do
not depend on the observation wavelength, and display bands
similar to those of the absorption one, indicating a common
ground-state for the emissive species. However, the excitation
spectra of BTIA-COOH and BTIA-HOF show a clear difference
in spectral positions, in which the lower energy band is shifted
to shorter wavelengths with respect to the absorption one.
This difference suggests that the visible part of the absorption
spectra contains absorbing species that are not emissive,
possibly due to the establishment of H-bonds with DMF
molecules or the presence of anions. To get more details on
the photobehaviour of BTIA-ester, BTIA-COOH and BTIA-HOF,
we performed picosecond (ps) time-resolved emission experi-
ments in DMF solutions.

3.3 Picosecond time-resolved emission experiments in
solutions

3.3.1 Fluorescence emission lifetimes in DMF solutions.
To unravel the photophysical behaviours of BTIA-ester, BTIA-COOH
and BTIA-HOF in DMF and in a ps-ns time scale, we performed
picosecond (ps) time-resolved emission experiments, exciting at
371 or 433 nm and recording the signals at different wavelengths
(Fig. 2 and Fig. S6-S8, ESIt). Table 4 contains the values for the
time constants (r,), pre-exponential factors (a;), and relative con-
tributions (c;) normalized to 100 for the most representative
observation wavelengths, while Tables S5-S13 (ESIt) give the data
from the best fits at all the observation wavelengths.

To begin with, the emission decays of BTIA-ester in MCH,
DCM, and DMF solutions were well-fitted (single wavelength
and global fits) by a monoexponential function over the entire
spectral range with time constants of 5.32, 6.87, and 7.52 ns,
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Table 4 Values for the time constants (t;), normalized (to 100) pre-exponential factor (a;), and contribution (c;) to the signals obtained from the fit of the
emission decays of BTIA-ester, BTIA-COOH and BTIA-HOF in a DMF solution or suspension upon excitation and observation as indicated. The estimated

error was about 10-15%

Sample Aobs/NM T,4/n8 a, c1 T,/nS a, Cy T3/nS as C3
BTIA-ester Ae,. = 371 nm 430 — — 7.52 100 100
460 100 100
550 100 100
600 100 100
BTIA-COOH /., = 371 nm 420 0.39 13 1 — 7.75 87 99
450 15 1 85 99
570 37 3 63 97
600 41 3 59 97
BTIA-HOF /., = 433 nm 470 0.38 67 31 1.12 33 69 —
500 69 46 31 54
620 68 44 32 56
650 70 48 30 52

respectively (Fig. 2B and Fig. S6, Table 4, and Tables S5-S7,
ESIY). It is clear that its value increases with the solvent polarity.
According to the theoretical calculations, which suggest the
occurrence of an ICT process coupled to twisting motions, and
considering our previous results and discussion in the steady-
state experiments, we suggest the occurrence of an ultrafast ICT
process leading to the formation of long-living planar (less
twisted) species. Therefore, we assigned this time constant to
the lifetime of these PLICT species (Scheme 1A). With a ~15 ps
time resolution of the used set-up (see ESIt), we could not
observe any rising component in the red part of the emission
spectrum, suggesting that the ICT is an ultrafast process. How-
ever, we could resolve the issue using a fs-set-up (vide infra). To
explore to what extent the viscosity and rigidity of the medium
affect the emission decays, we also collected the decays in TAC
and PMMA film upon excitation at 371 nm (Fig. S6, ESIT). The
photobehaviour of BTIA-ester in TAC, a highly viscous solvent (i
= 17.4 cP at 298 K), is more complex and the emission decays
were well fitted by a biexponential function with time constants
of 0.24 ns and 7.34 ns (Table S8, ESIt). The longest component
decays over the entire spectral range, reaching its maximum
contribution at 490 nm. Considering the value of the longest
component, which is similar to that observed in DCM and DMF
solutions, we assign its value to the lifetime of planar ICT
species. On the other hand, the shortest component (240 ps)
decays at the blue part of the emission spectrum and rises at the
reddest one (Fig. S7, ESIf). This is an indication that a photo-
induced process occurs at S;, and according to our previous
discussion, we assign it to a PLICT event that is slow due to the
high viscosity of the medium. Last and least, the emission decays
of BTIA-ester in a rigid medium (PMMA film) show a biexpo-
nential behaviour with time constants of t; = 3.19 ns and 1, =
6.73 ns (Table S9, ESIT). Both components are decaying through-
out the entire spectrum, with the shortest one displaying its
highest contribution in the bluest part of the emission spectrum
and the longest one in the reddest region. Knowing that PMMA
cavities can trap molecules, we propose that the short and long
components are due to conformations having restricted and not
restricted motions, respectively.

9118 | J Mater. Chem. C, 2024, 12, 9112-9129

The photodynamics of BTIA-COOH in DMF is more complex
and depended on the concentration of the sample, in agree-
ment with the steady-state observation. Fig. 2C displays the
emission decays of a relatively highly concentrated sample of
BTIA-COOH [ODs (380 nm) = 0.8], while those of the inter-
mediate and diluted samples are shown in Fig. S8 (ESIt). The
data obtained from the best multiexponential fit are given in
Table 4 and Tables S10-S12 (ESIT). We first focus the discussion
on the results obtained for the concentrated sample, in which
anionic species were not observed in the steady-state spectrum.
The emission decays exhibit a biexponential behaviour with
time constants of 0.39 and 7.75 ns. Both components decay
throughout the entire spectral range (420-600 nm) with the
shortest component displaying its highest contribution in the
reddest part of the emission spectrum and the longest one in
the bluest region (Table S10, ESIT). Based on the steady-state
explanation where no anionic species were found at this
concentration, we suggest the presence of neutral BTIA-COOH
species and BTIA-COOH molecules having H-bonded interac-
tions with DMF molecules. The longer component (7.75 ns),
which is very similar to that of BTIA-ester (7.52 ns), reflects the
emission lifetime of planar ICT species that do not interact or
are less interacting with DMF molecules, while the shortest
component is assigned to the emission lifetime of BTIA-
COOH- - -DMF complex. With a ~15 ps time resolution of the
set-up, we did not observe any rising component in the red part
of the emission spectrum, suggesting that the ICT process takes
place on a shorter time scale. Next, we discuss the photobeha-
viour of the intermediate and diluted samples (Fig. S8, ESIT).
The emission decays show comparable behaviours and depend
on the observation wavelength, being shorter when observed at
longer wavelengths. The emission decays of both samples
were fitted with a multiexponential function, giving three
time constants: 7; = 0.27, 17, = 1.29, and 73 = 7.72 ns for the
intermediate solution, and 7, = 0.35, 7, = 1.15, and 73 = 7.64 ns
for the diluted one (Tables S11 and S12, ESIY). Although the time
constants are very similar for both samples, the contributions of
each component to the global signal depend on the sample
concentration. All the components decay over the entire spectral

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Proposed photodynamic schemes for BTIA-ester (A), BTIA-COOH (B) and BTIA-HOF (C) in a DMF solution or suspension, in which PLICT is
the planarized intramolecular charge-transfer process, 7|ct is the ICT reaction time, tph-pn is the time of the twisting motions of the phenyl rings, and tpt is

the time of the intermolecular PT process. The scheme is not to scale.

range, with the longest one displaying its maximum contribu-
tion in the blue part of the emission spectra, and the shortest
ones in the red one. The shortest and longest components
(~0.3 and ~7.7 ns) are comparable to those observed for the
concentrated sample (0.4 and 7.8 ns), and which we assigned to
the lifetimes of H-bonded complexes and PLICT species, respec-
tively. Therefore, we assign these components to similar species

This journal is © The Royal Society of Chemistry 2024

of BTIA-COOH in DMF. However, we obtained an additional
component (1.15 ns), which was not observed in the concen-
trated sample. This component displays its maximum contribu-
tion in the reddest part of the emission spectrum and reaches its
higher contribution in the diluted sample. Anionic species of
this kind of molecules display their emission at longer
wavelengths.?®*>°¢ Based on the literature and on the discussion
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in the steady-state section, we assign this component to the
lifetime of anionic species, which may have ICT character.
Scheme 1B summarizes the proposed photodynamical beha-
viour of BTIA-COOH in DMF.

Last but not least, we investigated the photodynamic beha-
viour of BTIA-HOF in a DMF suspension, exciting at 433 nm
where the visible absorption band shows its maximum of
intensity, and recording the signal at different wavelengths
(from 470 to 650 nm) (Fig. 2D). Surprisingly, the emission
decays do not depend on the observation wavelength and show
a biexponential behaviour with time constants of 0.38 and
1.12 ns (Table 4 and Table S13, ESIt). Both components are
decaying throughout the emission spectrum without any varia-
tion in their contribution, being ~70% that of the shortest
component. The presence of H-bond interactions in the HOF
plays a key role in the stability and photobehaviour of the
network. The interactions of two carboxylic acid groups of
neighbouring BTD molecules might lead to the occurrence of
intermolecular proton-transfer (PT) reactions at the electroni-
cally first excited state. As a result, it is possible to form ionic
structures that may have protonated carbonyls and deproto-
nated OH groups, and thus the formation of anionic, cationic,
and zwitterionic species. On the other hand, the possible
presence of “free” COOH groups in the network may lead to
the formation of intermolecular H-bonds with DMF molecules,
and therefore open the door to forming anionic species. Based
on the previous discussion of the results for BTIA-ester and
BTIA-COOH, where ICT and anionic species were observed, we
suggest that the shorter component reflects the lifetime of the
initially excited species, which are susceptible to undergo an
ultrafast ICT reaction (below instrumental resolution, <15 ps),
while the longest one, which is similar to that observed for
anionic species of BTIA-COOH (1.15 ns), corresponds to the
lifetime of anionic species with an ICT character (Scheme 1C).
Similar photobehaviour have been previously reported for other
HOFs based on hexaazatriphenylene and dehydrobenzoannu-
lenes derivatives containing carboxylic acid groups.”®>>

To conclude the ps part, the initially electronically excited
species of BTIA-ester in DMF undergo an ultrafast ICT reaction
(<15 ps) leading to long-living planar species (7.52 ns). However,
BTIA-COOH shows a complex behaviour due to the existence
of different species coexisting in the ground state (neutral,
H-bonded complexes, and anionic species). The neutral BTIA-
COOH species undergo a photoinduced ICT reaction (<15 ps)
leading to planar structures with a lifetime of 7.75 ns. On the
other hand, the excited H-bonded complexes (BTIA-COOH.: - -
DMF) can relax to the S, state with a lifetime of 390 ps, while the
excited anionic molecules emit at longer wavelengths with a
lifetime of 1.15 ns. The photobehaviour of BTIA-HOF reflects the
presence of two different emitters: excited species which
undergo an ICT process and relax with a lifetime of 0.38 ns,
and anionic ones with a lifetime of 1.12 ns. Scheme 1 illustrates
the discussed photobehaviours of BTIA-ester, BTIA-COOH and
BTIA-HOF in DMF.

3.3.2 Time-resolved anisotropy measurements. To get further
information on the dynamics of BTIA-ester and BTIA-COOH in
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solutions, and their friction with the solvation shell, we carried
out time-resolved emission anisotropy (r(¢)) measurements in
DMF solutions to get the rotational time (¢). Fig. S9 (ESIt) shows
the representative r(¢f) decay upon excitation at 371 nm and
observation at 475 and 490 nm, respectively. Table S14 (ESIt)
gives the values of ¢, anisotropy at ¢t = 0 (7{0)) and the angle
(0) between the transition moments of the absorption and emis-
sion transitions obtained from monoexponential analysis of the
anisotropy decays. For BTIA-ester in DMF, the r(¢) intensity decay
could be fitted to a single-exponential function giving a rotational
time of 248 ps, while for BTIA-COOH in the same solvent, ¢ is
391 ps (Table S14, ESIt). The longer value of ¢ for BTIA-COOH
compared to that of its ester analogue is due to the H-bond
interactions of the former with DMF molecules which led to the
formation of H-bonded complexes, slowing down the rotation of
the acid within the solvation shell. We also recorded the aniso-
tropy decays of BTIA-ester in DCM to study the effect of the solvent
viscosity. The obtained rotational relaxation time value is 140 ps,
which indicates that the lower viscosity of DCM compared to that
of DMF (n = 0.41 and 0.79 cP at 298 K for DCM and DMF,
respectively) permitts a decrease in the rotational motion time of
the molecule (Table S14, ESIt). The values of r(0) are, in all the
studied cases, different from the ideal one (0.4), suggesting very
fast emission depolarizations. We got 1{0) values between 0.22 and
0.28, which give angles between the transition moments for
absorption and emission ranging from 33.5° and 26.6°. This
observation can be explained by the formation of the ICT state
coupled to a twisting of the phenyl moieties in the excited
molecules, leading to an emitting electronic structure different
from the absorbing one. To get more information on the effect of
solvent friction, we modelled the molecular systems as spheroid,
non-hydrated rotors using the Stokes-Einstein-Debye hydrody-
namic theory under both stick- and slip-boundary conditions.”>”
These limits are defined by the coefficient of sliding friction
between a diffusion particle and its surrounding. The calculated
rotational times, Tyic and g, are reported in Table S14 (ESIf).
Additional parameters obtained from the model are shown
in Table S15 (ESIf). The result clearly shows that the values
of ¢ under stick conditions for BTIA-ester in DCM and DMF are
similar to the experimental ones. However, that of BTIA-COOH in
DMF is largely shorter than the experimental rotational time,
reflecting the effect of the specific H-bonding interactions of the
COOH groups with DMF molecules. All these observations and
related discussions are in agreement with the steady-state and
time-resolved emission decays.

3.4 Femtosecond dynamics of the BTIA-ester and acid in DMF
solutions

To explore the ultrafast photoevents in BTIA-ester and BTIA-
COOH, we performed fs-emission experiments on both mole-
cules in DMF solution, upon excitation at 360 nm and probing
at different emission wavelengths (from 420 to 580 nm). Fig. 3
shows the representative transient emission decays in a short
time scale, while Fig. S10 (ESIt) exhibits the selected emission
decays in a longer window. The obtained time constants (t;)
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and pre-exponential factors (a;) normalized to 100 are shown in
Table 5.

To record the fs-transient decays, we used concentrated
samples of BTIA-ester and BTIA-COOH, thus excluding or low-
ering the possibility of having anionic species. The collected
signals of both molecules show similar complex photobeha-
viours. The best fit of the data using a multiexponential
analysis needs three components (Table 5): two short time
constants (~300 fs and ~6.5 ps for BTIA-ester, and ~400 fs
and ~ 6.0 ps for BTIA-COOH) and an offset component of 7 ns
(fixed from the values obtained from the TCSPC experiments),
which correspond to the lifetime of ICT planar species. The two
shortest components decay at the bluest part (420-450 nm) and
rise at the reddest part of the emission spectrum (from 490 nm)
(Fig. 3 and Table 5). This photobehaviour is a clear indication
of the occurrence of an ultrafast event in the S, state. Hence,
following our previous discussion (steady-state and picosecond
sections), we ascribed this process to a PLICT process. Previous
studies on BTD derivatives functionalized with thiophen
groups have reported that these molecules undergo an ICT
process followed by twisting motions of the phenyl rings,
occurring both in coupled processes in the picosecond
timescale.>*° It should be expected that the ICT event takes
place faster than the twisting motions of the phenyl rings, with
the former occurring in the fs time scale. Therefore, we assign
the ~300 fs component to the ICT process, while the ~6 ps
component reflects the twisting motion of the phenyl rings
(Scheme 1A).

We also recorded the ultrafast photodynamics of BTIA-ester
in DCM solution upon excitation at 360 nm. Fig. S11 (ESIt)
displays the representative transient decays, and Table S16
(ESIT) gives the time constants and pre-exponential factors
obtained from the best multiexponential fitting. The fs-
emission transients in DCM solution behaves as we observed
in DMF, with time constants of t; = ~300 fs, 7, = ~2 ps and an

A Obs 580 nm

Counts

Time / ps
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Table 5 Values of time constants (r;) and normalized (to 100) pre-
exponential factors (a;) obtained from the fit of the fs-emission transients
of BTIA-ester and BTIA-COOH in DMF solutions upon excitation at
360 nm and observation as indicated. The negative sign of a; indicates a
rising component in the emission signal

Sample Aobs/MM  T{/PS a4 T,/ps T3/ns  az

BTIA-ester 420 0.26 68 6.26 25 7¢ 7
450 — 5.94 35 65
550 0.29 —62 6.43 —38 100
580 0.31 —54 6.48 —46 100

BTIA-COOH 420 0.44 55  4.57 32 7° 13
450 — 5.12 28 72
550 0.35 —57 5.93 —43 100
580 0.42 —55 6.07 —45 100

¢ Fixed values in the fitting considering the TCSPC experiments.

offset component of 6 ns. The similarity of the time constants
and the behaviour (decay in blue and rise in red) allowed
assigning these components to the processes described above
in DMF, with the only difference in the value of the time
constant assigned to the twisting motions of the phenyl rings,
which is shorter (~2 ps in DCM vs. ~6 ps in DMF) due to the
lower viscosity of DCM solvent compared to DMF. Note that,
this time becomes longer up to 240 ps in highly viscous solvent
(TAC, n9sx = 17.4 cP) (Table S8, ESIt). The assignment of the
obtained components in DCM solution is the same as that
given previously for DMF solutions.

According to the results described above, we can present a
global and also a detailed picture of the fs-ns photodynamics of
BTIA-ester and BTIA-COOH in DMF. Upon photoexcitation to
S, the initially excited species undergo an ultrafast ICT reac-
tion (~300-400 fs) accompanied by a twisting motion of the
phenyl rings, which depends on the solvent viscosity: ~2, ~6,
and 240 ps in DCM, DMF, and TAC, respectively. The results of
both processes lead to the formation of a long-lived planar ICT

B Obs 580 nm

Time / ps

Fig. 3 Representative fs-emission transients of (A) BTIA-ester and (B) BTIA-COOH in a DMF solution. The samples were excited at 360 nm and recorded
at the indicated wavelengths. The solid lines are from the best multiexponential fit and the IRF is the instrumental response function (220 fs).
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species (~7 ns), emitting with a large Stokes-shifted emission.
Scheme 1 presents an illustration of the photobehaviour of
BTIA-ester and BTIA-COOH in DMF solutions.

3.5 Flash photolysis transient absorption studies

BTD derivatives also display slow photodynamics due to the
existence of accessible triplet states.’>°>®”"* Our results from
the theoretical calculations on BTIA-ester in DMF (Section 3.1)
show the possibility of an ISC process between the S; and T,
states (AEs, /1, = 0.326 €V), leading to species which may populate
the T, state. To explore the slow relaxation of BTIA-ester and
BTIA-COOH in DMF solutions, we carried out ns-ms flash
photolysis experiments upon excitation at 355 nm in presence
and absence of molecular oxygen. Fig. 4(A) and (C) show the
transient absorption spectra (TAS) at different delay times, while
Fig. 4(B) and (D) display the related decays at the maximum
intensity of the transient absorption band, and collected under
different atmospheric conditions (air, nitrogen, and oxygen).
Table 6 gives the values of the obtained time constants from
the best fits of the decays.

At delay times longer than 50 ns, the TAS of BTIA-ester and
BTIA-COOH display a single positive band covering a spectral
range from 410 to 650 nm with the maximum intensity around
475 nm, while we record a negative band at shorter delay times
(Fig. 4). Based on the spectral position of the latter, which
coincides with the emission spectra of both molecules (Fig. 2),
we assign it to a stimulated emission from the S; state. The
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Table 6 Values of the time constants (r), normalized (to 100) pre-
exponential factors (a;) obtained from the fitting of the transient absorption
decays of BTIA-ester and BTIA-COOH in DMF solutions upon excitation at
355 nm and observation as indicated. The error of 1; value was within 10-15%

Sample Conditions 1/ns a; 1T/us  a,
BTIA-ester/DMF /s = 470 nm Air 490 21 210 79
O, 140 31 2.08 69
N, 840 12 1.97 88
BTIA-COOH/DMF /o = 480 nm  Air 520 19 212 81
O, 135 23 212 77
N, 790 13 2.07 87

positive band arises from the transient absorption of triplet
states as their decays are sensitive to the presence or absence of
molecular oxygen, as shown below. The transient absorption
decays of both BTIA-ester and BTIA-COOH molecules in DMF
equilibrated with air exhibit a biexponential behaviour with
time constants of ~500 ns and ~2.1 ps (Table 6). To support
the explanation of the existence of triplet states, we recorded
the transient decays in DMF, saturated with O, and N, gases. At
first glance, the transient decays become shorter and longer
under oxygen and nitrogen conditions, respectively, confirming
the existence of a triplet state (Fig. 4). The recorded transient
decays in the presence and absence of molecular oxygen exhibit
a biexponential behaviour, and the analysis gives time con-
stants of ~150 ns and ~2.1 ps, and ~800 ns and ~2.0 us,
respectively (Table 6). Interestingly, only the shorter component

B 1.0 BTIA-ester
1.0 =N,
—AR
_02
0.5
o
S 0.5:
d
05 1.0 1.5 2.0
—N, Time / us
R Obs 470 nm
004 * : : :
0 2 4 6 8 10
Time / ps
D 1.0 BTIA-COOH
1.0
o
9 051
05 1.0 15 20
—N, Time / ps
:g“‘ Obs 480 nm
F . B ...
0 2 4 6 8 10

Time / ps

Fig. 4 Time-resolved transient absorption spectra (TAS) of BTIA-ester (A) and BTIA-COOH (C) in a DMF solution at different delay times. Transient
absorption decays of BTIA-ester (B) and BTIA-COOH (D) in DMF solutions probed at 470 nm and 480 nm under different atmospheric conditions: air
(blue), oxygen (red), and nitrogen (green). The excitation wavelength was 355 nm.
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is influenced by the presence of oxygen, while the longer one
remains unchanged. Based on this observation, we suggest that
the shorter component (~500 ns under air conditions) reflects
the lifetime of a triplet state. Our theoretical calculations
suggest that an ISC process may occur between T, and S;
states, and the calculated large energy gap between T, and T,
(AEr /1, = 1.383 eV) may suppress the interconversion process
from T, to Ty, as reported for other BTD systems.®®®” Therefore,
we assign the shortest component to the lifetime of a non-
emissive T, state. On the other hand, the longest component is
not influenced by the presence of oxygen and has a similar value
in all the studied environments (~2 ps). It is well known that a
push-pull system (such as the one studied here) can generate
long-lived charge-separated (CS) states after photoexcitation.”>™””
Based on that, it is possible that the ~2 us component reflects the
lifetime of a long-lived CS state, which is produced after the
photoexcitation and as a consequence of the ultrafast ICT. Finally,
we also recorded the TAS and the transient decays of BTIA-ester in
DCM solution under different atmospheric conditions (Fig. S12
and Table S17, ESIt). The obtained results are similar to those
obtained in DMF, indicating that the solvent properties do not
affect the slow photodynamics of BTIA-ester.

3.6 Steady-state and picosecond time-resolved emission
studies in solid state

To elucidate the photophysical properties of the present HOF in
solid state, relevant to its possible applications in light-based
devices, we also investigated the photobehaviours of BTIA-ester

Normalized K-M

0.0l el . .
300 400 500 600
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Normalized Intensity
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and BTIA-HOF in solid state (Fig. 5). While BTIA-ester forms an
amorphous solid, BTIA-HOF has an ordered fibrous crystalline
structure due to the inter-unit H-bonds, and dipole-dipole
interactions in the network.>?

To begin with, the diffuse reflectance (transformed to a K-M
function) spectra of both samples consist of a broad spectrum
with two clear bands with maximum intensities at ~295 and
~380 nm, which reflects the presence of several absorbing
structures (Fig. 5A and Table 3). We also recorded the emission
spectra of BTIA-ester and BTIA-HOF in solid state (Fig. 5A).
BTIA-ester displays a green emission with a maximum at
504 nm, while BTIA-HOF shows a yellow one (540 nm). The
emission spectra in solid state are red-shifted compared to
those in DMF solution. The structural arrangements and inter-
actions (dipole-dipole and H-bonds in the HOF) between
neighbouring BTD molecules in solid state result in the for-
mation of aggregated or crystal structures that emit at longer
wavelengths.”® This behaviour is also reflected in the lower @y
value in solid state for BTIA-ester (@r = 0.01 vs. $r = 0.63 in
DMF, Table 3). In both cases, the emission results in a large
Stokes shift value, which reflects the occurrence of an ICT
reaction, as previously discussed in DMF solution. The larger
value of Stokes shift obtained for BTIA-HOF (~7800 cm™ '),
compared to methylated ester derivative (6680 cm '), indicates
that the former can undergo additional photoinduced pro-
cesses, most likely intermolecular PT reactions between the
acid units. The H-bond interactions between neighbouring
molecules may originate the formation of ionic species, which

1.0

Counts

02 04

"00 o0
Time / ns

0 5 10 15
Time/ns

Counts

0.2
Time / ns

0.4

Time / ns

Fig. 5

(A) Normalized diffuse reflectance (converted to K—M function, solid line) and emission (dashed line) spectra of BTIA-ester (black) and BTIA-HOF

(red) in solid state. For the emission spectra, the excitation wavelength was 370. Magic-angle ps-emission decays of BTIA-ester (B) and BTIA-HOF (C) in
solid state, upon excitation at 371 nm and observation at 430, 460, 490, 520, 550, 580, 610, and 640 nm. The solid lines are from the best

multiexponential fits, and IRF is the instrumental response function (70 ps).
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28,29,55 Note that the interactions

emitts at longer wavelengths.
between the neighbouring carboxylic acid groups may produce
structures with protonated carbonyls, deprotonated OH groups,
and the possible formation of zwitterionic species.”® The larger
FWHM value (3800 cm ™) of the emission spectrum of BTIA-
HOF also confirms the presence of several emitting species.

The excitation spectra of BTIA-ester show a clear different
spectral shape between 450 and 550 nm compared to that of the
absorption one (Fig. S13, ESIT). The additional band observed
(~475 nm) in the excitation spectra increases in intensity when
gating the emission at longer wavelengths. This agrees with the
slight red-shift observed in the emission spectrum upon excita-
tion at longer wavelengths (Fig. S14, ESIt). This difference
could be due to the presence of a small fraction of emissive
aggregates with different conformations that absorb in this
region and emit at longer wavelengths, most likely aggregates
with an ICT character. In contrast to what is observed in the
amorphous BTIA-ester sample, the excitation spectra of BTIA-
HOF display similar bands and shapes to those obtained in
the absorption one, indicating a common ground-state for the
emissive species (Fig. S13, ESIt). The directionality of the
H-bonds between the carboxyl groups and the dipole-dipole
interactions between the BTD moieties lead to the formation of
a crystalline structure, excluding the formation of aggregated
structures.

To further investigate the photobehaviour in solid state, we
carried out ps-experiments exciting at 371 nm. Fig. 5 shows the
emission decays at different wavelengths (from 430 to 640 nm).
While Fig. 6 displays the time-resolved emission spectra (TRES)
at different delay times. Table 7 gives the obtained data from
the best fit of the most representative wavelengths, while those
at all observed wavelengths are shown in Tables S18 and S19
(ESIT).

In contrast to the monoexponential decay observed in DMF
solutions, the emission decays of BTIA-ester in solid state show
a complex behaviour that depends on the observation wave-
length (Fig. 5B). The decays were fitted using a multiexponen-
tial function, obtaining time constants of 80 ps, 0.38, 1.20, and
2.87 ns (Table 7 and Table S18, ESIt). We could not get an
accurate fit using less components. The shortest component

BTIA-ester
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decays at the bluest part and rises at the reddest one (from
510 nm), while the other components are decaying throughout
the entire spectral range. The 0.38 ns component displays its
maximum contribution at the blue part of the emission spec-
trum, while it almost disappears from 510 nm. The 1.20 ns
component scarcely contributes to the bluest part and reaches
its maximum contribution at the reddest region of the emission
spectra. Finally, the longest component (2.87 ns) displays its
maximum contribution at 510 nm, contributing less to the
global signal at the beginning and end of the spectrum (Table 7
and Table S18, ESI{). To get more insights into the photody-
namics of BTIA-ester, we recorded the TRES in solid state
(Fig. 6A and Fig. S15, ESIt). The TRES displays a clear spectral
shift to longer wavelengths when the time increases. At ¢ = 0 ps,
the TRES shows an emission band with the intensity maximum
at 480 nm and a shoulder around 530 nm. As the gating time
increases (¢ = 250 ps), the initial band shifts to longer wave-
lengths (~500 nm) and the shoulder located at 530 nm
increases in intensity. At longer delay times (>250 ps), the
TRES evolves towards longer wavelengths and the contribution
of the 530 nm band increases. Based on these observations, the
contributions obtained from the fit of the ps-emission decays
and considering the solution results and explanation, we
propose the following picture to explain the photobehaviour
of BTIA-ester in solid state. The initial emission band recorded
at early times reflects the emission of the initially excited
species, which emit at 480 nm with a lifetime of 380 ps. These
species undergo an ICT reaction from the peripheric phenyl
groups to the BTD core, which takes place in 80 ps, producing
ICT structures which emit at longer wavelengths with lifetimes
of 1.20 and 2.87 ns. The heterogeneity of the sample (amor-
phous solid) gives rise to different types of aggregates of
different conformations, and thus emits at different
lifetimes.*** The 500 nm emission band recorded in the TRES
corresponded to ICT species emitting with a lifetime of 2.87 ns,
while those emitting at longer wavelengths (~ 530 nm) had a
lifetime of 1.20 ns.

Fig. 5C exhibits the collected ps-emission decays of BTIA-
HOF, while Table 7 gives the obtained values from the best
global fits. The decays also exhibit a complex behaviour, being

B BTIA-HOF
1.0 0ps
—0ps 1ns
—20ps —2ns
—50ps —3ns

Counts

0.0 ==

500 550 600
Wavelength / nm

Fig. 6 Normalized time-resolved emission spectra (TRES) of BTIA-ester (A) and BTIA-HOF (B) in solid state, upon excitation at 371 nm and gating at the

indicated delay times.
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Table 7 Values of time constants (;), normalized (to 100) pre-exponential factor (a;), and contribution (c)) to the signal obtained from the fitting of the emission
decays of BTIA-ester and BTIA-HOF in solid state upon excitation at 371 nm and observation as indicated. A negative sign of a; indicates a rising component in

the emission signal. The estimated error was about 10-15%

Sample Aobs/NM T,/n8 a, c1 T,/n8 a, Cy T3/nS as C3 T4/08 a, Cy
BTIA-ester 430 0.08 64 10 0.38 16 12 1.20 11 27 2.87 9 51
460 53 7 20 13 17 35 10 45
610 —100 —100 16 4 62 51 22 45
640 —100 —100 16 5 69 62 15 33
BTIA-HOF 460 0.14 64 22 0.52 18 23 1.23 18 55 —
490 34 8 37 32 29 60
610 1 1 45 26 54 73
640 — 46 26 54 74

shorter at the blue side of the emission spectrum. However, we do
not observe a ps-rising component. The emission decays were well
fitted using lifetimes of 0.14 ps, 0.52 and 1.23 ns. The components
are decaying over the entire spectral range, with the shortest
component displaying its maximum contribution at the bluest
part and disappearing at the reddest, while the longer ones exhibit
the opposite behaviour. The 0.52 ns component reaches its
maximum contribution at ~500 nm and remains unchanged at
longer wavelengths. On the other hand, the 1.23 ns component
displays its maximum contribution at the reddest part of the
emission spectrum (Table 7 and Table S19, ESIY).

A

: 7
Me0,C N CO,Me

MeOC BTIA-cster  COzMe

o8o

380 nm

s
HO.C N N COH

Ho.L  BTIA-cOOm COM

o8o

380 nm

We also recoded the TRES of BTIA-HOF in solid state (Fig. 6B
and Fig. S15, ESIt), which shows differences with respect to that
of BTIA-ester. At t = 0 ps, we observe an emission spectrum with
two bands located at ~500 and ~550 nm, with the intensity of
the former decreasing at longer gating times (5 ns) and the latter
increasing. The 500 nm band recorded for BTIA-HOF is similar to
that previously observed for its ester derivative, and which we
assigned to ICT species; whereas the 550 nm band is red-shifted
(~15 nm) compared to the one observed in BTIA-ester, indicating
the presence of different emitting species. Interestingly, we do not
observe the 480 nm band that was recorded in the BTIA-ester.

[onic

Scheme 2 Proposed photodynamic schemes for BTIA-ester (A) and BTIA-HOF (B) in solid state, in which ICT is the intramolecular charge-transfer
process and PT is the intermolecular proton-transfer reaction. The emission wavelengths were chosen based on the time-resolved spectra and the
contributions obtained in the fit of the picosecond emission decays. The schemes are not to scale.
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This is an indication that the initial species evolves very fast to ICT
structures (sub-picosecond time scale), a result consistent with the
absence of a ps-rising component in the emission decays (Table 7
and Table S19, ESIY).

Based on these observations, we propose the following picture
for BTIA-HOF in solid state. The shortest component, which dis-
plays its maximum contribution at the bluest part of the emission
spectra (450-480 nm), reflects the lifetime of the initially excited
species (0.14 ns). These undergo an ultrafast ICT reaction, which
takes place below the instrument resolution (<15 ps), giving rise to
ICT structures with a lifetime of 0.52 ns. In addition to the ICT
process, the presence of carboxylic acid groups in the structure may
lead to the observation of intermolecular PT reactions between
neighbouring and H-bonded molecules, producing ionic species
that cannot be formed in BTIA-ester. Therefore, we suggest that the
longest component (1.23 ns), which reaches its maximum contri-
bution at the reddest side of the emission spectrum, corresponds to
the lifetime of these ionic species in the HOF structure. We cannot
exclude the possibility that ionic species also have an ICT character
in their structure. Scheme 2 illustrates the photophysical processes
occurring in the S; state of the amorphous BTIA-ester solid and the
ordered crystalline structure of BTIA-HOF.

3.7 Single-crystal fluorescence microscopy of BTIA-HOF

To obtain further information on the solid-state fluorescence of
the HOF and explore the effect of the crystals size and possible

7.500

[sulawnayi isey
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defects in the crystalline structure, we carried out time and
space fluorescence microscopy experiments on BTIA-HOF sin-
gle crystals (Fig. 7).

To begin with, Fig. 7A displays the fluorescence image
(FLIM) of two crystals of BTIA-HOF. All the examined crystals
have a needle-shaped structure and are 5-10 pm in length and
0.5-1 um in thickness (see also ESI{). From the lifetime distribu-
tion (mostly green with a large fraction of yellow colour), we
suggest that the fluorescence lifetimes are the same over the
crystals. However, we observe an intense red colour distribution in
some crystals, which may indicate the presence of possible
molecules adsorbed or adhered on the surface of the single
crystals (Fig. S16, ESIt). Aiming for more information on the
single crystals photophysical properties, we also recorded the
fluorescence spectra at different points for the same crystal
(Fig. 7B). The spectra display a broad band with intensity maxima
at ~550 nm regardless of the examined point. The FWHM of the
emission band (~ 3300 cm ") scarcely changed with the recording
position, indicating that the fluorescence emission comes from
the same emitting species. We also studied other crystals with
different sizes and thicknesses, and they show similar photobe-
haviours (Fig. S16, ESIT). The fact that the emission spectra and
FHWM do not change with the interrogated position (middle or
corner) or crystals indicates that the defects, if they exist, do not
affect the photophysical properties of the crystalline structure, at
least under the used experimental and resolution conditions.
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Fig. 7

(A) FLIM of BTIA-HOF crystals. (B) Normalized emission spectra of BTIA-HOF at different points of the crystals. (C) Fluorescence emission decays

of BTIA-HOF crystals in the selected spectral range using two different filters (D1 and D2 in (B)). The solid lines are from the best fit using a
multiexponential function. Inset shows the histogram of the emission anisotropy for BTIA-HOF crystals. The excitation wavelength was 371 nm.
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Table 8 Values of time constants () and normalized (to 100) pre-
exponential factors (a;) obtained from the fit of the emission decays of
the different points of BTIA-HOF crystals shown in Fig. 7A

Point Detector 71/08 a, T,/n8 a,
1 1 0.59 95 1.65 5
2 0.63 92 1.80 8
2 1 0.59 95 1.72 5
2 0.61 91 1.70 9
3 1 0.56 96 1.64 4
2 0.56 90 1.78 10
4 1 0.58 95 1.75 5
2 0.59 92 1.67 8
5 1 0.63 95 1.84 5
2 0.62 91 1.73 9

To shed more light on the single crystals photobehaviour, we
also collected the ps-emission decays in two different regions of
the emission spectrum using two different filters to select the
signal: detector 1 (D1) for the blue-green emission region (475-
525 nm) and detector 2 (D2) for the red one (620-670 nm)
(Fig. 7C and Fig. S16, ESIT). The results show a small difference
between the interrogated points in the crystal, with the emis-
sion decays showing a biexponential behaviour with time
constants of ~0.6 and ~1.7 ns (Table 8 and Table S20, ESIT).
Both components are decaying over the whole spectral range,
with the shorter component displaying its maximum contribu-
tion at the blue part and the longer one at the red side of the
emission spectrum. The obtained values are comparable to those
observed for the crystals ensemble (0.14, 0.52, and 1.23 ns). Note
that we do not observe the shortest component (0.14 ns) as it is
within the instrumental response function of the set-up (IRF =
~200 ps). Therefore, we assign the ~ 0.6 ps component to species
with an ICT character and the ~1.7 ns one to the lifetime of ionic
species formed after an intermolecular PT reaction in the crystal.

Finally, to get information on the alignment and molecular
order in the HOF, we studied the anisotropy properties of single
crystals using fluorescence microscopy (Fig. 7C, Inset). BTIA-
HOF shows a high anisotropic emission behaviour caused by
growth in a direction of n-stacking due to dipole-dipole inter-
actions between the BTD moieties. The emission anisotropy
distribution displays one broad band with the maximum
intensity at 0.2, suggesting that the crystal structure of BTIA-
HOF do not have a preferential orientation for the emitters. It is
worth to mentioning that the anisotropy distribution histogram
is very broad. When crystallizing the HOF, we used methyl
benzoate (MB) as a solvent, and thus the obtained HOF crystals
contained a few MB molecules, disturbing the dipole-dipole
interactions of the HOF molecular units and causing an aniso-
tropic crystal growth.>® This leads to a heterogeneous distribu-
tion of the molecular interactions between the molecular
building units. We also determined the anisotropy properties
of crystals of different sizes, and we observe the same aniso-
tropic behaviour (Fig. S16, ESIf), with a broad anisotropy
distribution located at 0.2. To conclude this part, fluorescence

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

microscopy experiments on BTIA-HOF single crystals indicate
that the photobehaviour does not depend on the interrogated
point reflecting a comparable homogeneity, and they show a
high anisotropic behaviour as a result of the growth in the
direction of m-stacking due to the dipole-dipole interactions
and intermolecular H-bonds between the BTD moieties.

Based on the above results, we can provide a comparison of
the spectroscopic properties of the molecular units and the
HOFs in solution and in the solid state. The main spectral
difference between the emission spectra of the ester and HOF
in the solid state is a red-shift in the emission of the latter
(~1100 cm™ ") as a result of ICT and PT events. The presence of
H-bond interactions between the neighbouring molecules of
the HOF leads to the formation of ionic species with longer
lifetimes. Furthermore, the structural arrangement and the
outcome of the main intermolecular interactions (n-m, dipole-
dipole, and H-bonds) between the units forming the network
are behind the changes in the optical properties and lifetimes
of the HOF when compared to their molecular units in solution.
In solid state, we show that both ICT/PT processes in BTIA-HOF
are ultrafast (<15 ps), while the ICT event observed in the
amorphous solid BTIA-ester is slow (~80 ps). This indicates
that the ordered structure in the network and the above
interactions favour the occurrence of both processes and make
them faster events. Both ICT/PT photoreactions together with
the ordered structural arrangement are the origin of the
changes in the luminescence properties of the HOF when
compared to the molecular units. The combination of these
characteristics present in BTIA-HOF gives this network differ-
ent luminescent properties and will serve as guiding knowledge
for the development of smart HOFs with improved optical
properties, allowing the use of these for specific applications,
such as lighting and sensing.

4. Conclusions

In this contribution, we report on studies of a new HOF based
on a 2,1,3-benzothiadiazole (BTD) derivative and their molecu-
lar units in DMF solutions and in solid state. The absorption
spectra of BTIA-HOF and its molecular units in DMF exhibit an
intense broad band located at ~400 nm assigned to S, (1) — S;
(m*) transition with an ICT character. The emission spectra of
both BTIA-ester and BTIA-COOH in DMF are characterized
by a large Stokes shift due to the occurrence of an ICT
reaction followed by twisting of the phenyl moieties, which is
in agreement with the theoretical calculation results. The fs-
experiments on BTIA-ester and BTIA-COOH in DMF solutions
show an ICT process taking place at ~300 fs, and twisting
motions of the phenyl rings in ~6 ps. The photophysical
properties of BTIA-ester in DMF reflect the occurrence of a
single planarized ICT (PLICT) process giving rise to a long-lived
species (7.52 ns). However, the photobehaviour of BTIA-COOH
in DMF is more complex, producing different emitting species:
H-bonded complexes (390 ps), planar ICT species (7.75 ns), and
anion structures (1.15 ns). Flash photolysis experiments in
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DMF reveal a population of a triplet state with a lifetime of
~500 ns, and the formation of a long-lived charge-separated
state living for ~2 ps. In solid state, BTIA-ester shows an ICT
reaction occurring in 80 ps and producing ICT aggregate struc-
tures with lifetimes of 1.20 and 2.87 ns. On the other hand, BTIA
HOF displays a rich photochemistry due to ICT and intermole-
cular PT reactions (<15 ps), giving rise to ICT and ionic species
with lifetimes of 0.52 and 1.23 ns, respectively. Fluorescence
microscopy experiments on BTIA-HOF single crystals show that
their photobehaviour does not depend on the interrogated point,
reflecting a homogeneity of the crystal formation. We believe
that the present work provides new findings on HOFs photo-
chemistry for the development of new HOFs based on benzothia-
diazole derivatives with improved fluorescence properties for
application in lighting and sensor devices.
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