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Hydrazides generate phototautomers and thus, a mechanistic interpretation to uncover the excited
state dynamics of such systems is highly necessary to theorize principles based on experimental
speculations. Accordingly, focus on the proton transfer barrier, which is a questionable step-wise or
hypothetical simultaneous double proton transfer on structurally favored species, is quintessential;
however, to the best of our knowledge, theoretical insights into such findings remain rare. Thus, TX,
PX and FX (where X = 2 and 3) were designed and synthesized by incorporating hydrazides, which
exhibit the phenomenon of excited state intramolecular proton transfer (ESIPT). Some of the
molecules exhibited electroluminescence when employed as an active emitter material in fabricated
OLED devices. Theoretical predictions support the presence of extended conjugation in TX, PX and FX
(where X = 2 and 3) to support ESIPT efficiently in comparison with TX, PX and FX (where X = 1). The
solvatochromic study revealed that TX, PX and FX (where X = 2 and 3) exhibit a distinct double peak in
THF solvent, characteristic of ESIPT. Interestingly, for some of the molecules, emission in thin film form
showed a double peak, which indicates ESIPT in the solid state. However, it was found that aggregation
induced emission (AIE) was inactive in these molecules. The geometrical attributes of the molecules and
the nature of electronic orbital distribution well underline the principle supporting excited state proton
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translocation. The theoretically estimated energy transitions exhibited good correlation with the
experimental results. Also, the potential energy scans revealed the molecules possess a lower forward
barrier at their excited state in comparison with that of their ground state, promoting ESIPT. The potential
energy surface scans performed on structurally favored species confirmed the impossible double proton
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rsc.li/njc transfer and highly difficult step-wise double proton transfer.

connecting these two points provides the activation kinetics for
the system.”>”” Tautomer structures exhibit exceptional photo-

Introduction

Tautomerism in hydrazides in the excited state is characterized
by translocation of a proton from a proton donor (-NH) to a
proton acceptor (-C—O0) moiety with pre-linked intramolecular
hydrogen bonding." The energy gap between the locally excited
state and relaxed excited state of the system is responsible
for efficient proton transfer and the gradient of the surface
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physical properties, which are highly unique for systems
supporting excited state intramolecular proton transfer
(ESIPT).> ™ The intramolecular hydrogen bond in its normal
form (N), when excited (N*) triggers proton transfer, leading to
the formation of a structural transformation tautomer (T*). The
tautomer T* relaxes to its tautomer ground state (T) either by
fluorescence emission or internal conversion, ensuring the
tautomer rolls back to the normal (N) form via reverse
ground-state proton transfer (RGSPT), realizing a four level
photocyclic process (N - N* — T* — T — N),"*! as presented
in the Fig. 1. Tautomeric emissions are often highly red-shifted
from normal absorption, leading to large Stokes shifts, which
rule out the probability of self-absorption of generated
photons.'>!¢718273% pyal fluorescence emission is highly
unusual in molecules exhibiting ESIPT, which is highly fasci-
nating for practical applications in UV filters,**® fluorescence
sensors’®*>*® and aggregation-induced emissive materials.*”"°
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Fig.1 Generic mechanism of keto—enol tautomerism exhibited in acid
hydrazides.

Fine tuning and systematic control over the dual emission
energies has opened up research in developing single mole-
cules that generate while light emission for OLED device
applications.*”*%7%?

Hydrazides are a class of organic systems that supports the
thermodynamically stable keto form and kinetically inert enolic
tautomer upon photoexcitation. One of the possible reasons for
this is that the -C=N group possesses a low bond energy of
615 k] mol ™!, making the hydrazine N-H bond stronger,
which results in the stable keto form at its ground state. The
introduction of heterocyclic rings viz. thiophene, furan, and
pyridine tends to alter the electronic density of the system,
which in turn effectively governs the ESIPT of the system.®?
The photophysical attributes of the studied substituted
hydrazides were enhanced by covalently linking thiophene
and bithiophene moieties to investigate their practical
applications as solid state emitters in OLEDs. The ease of
synthetic modification and environmental stability of thio-
phene- and bithiophene-based materials have demonstrated
their potential as versatile conjugated systems for practical
applications.®®®> Hence, here, we attempted to study the
nature of excited state properties with meticulous initiation
of proton transfer by incorporating extended conjugation
into structures. Theoretical predictions validate the presence
of extended conjugation to specifically activate proton
transfer efficiently in comparison with T1, P1 and F1. To the
best of our knowledge, theoretical aspects uncovering the
remarkable excited state proton transfer properties of hydra-
zides remain a topic of discussion. Information relating to
structures that favor simultaneous double proton transfer
or step-wise double proton transfer is highly necessary to
understand some of the underlying principles relating to the
kinetics of hydrazides.
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Experimental
Materials and methods

All chemicals used were procured from Sigma-Aldrich and used
as received without further purification. All solvents were
purchased from SD Fine, India, and were of HPLC grade and
used without further distillation. Infrared spectra were
recorded on a Bruker Apex FTIR spectrometer. UV-vis spectra
of all the molecules were measured using an Ocean Optics
SD2000 spectrometer, and photoluminescence studies were
carried out using a Horiba Jobin Yvon spectrofluorometer.
Cyclic voltammograms were recorded on an IVIUM electro-
chemical workstation at a scan rate of 20 mV s ' in the
maximum potential range of —5 V to 5 V. Device fabrication
was performed using physical thermal vapor deposition at a
base pressure of 5 x 10~° Torr. Layers were deposited onto
patterned indium-tin oxide (ITO) coated glass substrates with a
sheet resistance of 15 Q square cm™'. ITO substrates were
cleaned with soap solution followed by ultra-sonication in
isopropyl alcohol for 20 min, which was followed by vapor
degreasing using acetone. UV-ozone treatment was performed
on the ITO substrates for 20 min to enhance their work
function. The layers as per the device architecture were sequen-
tially deposited under high vacuum condition. The deposition
rate of organic materials was kept at 0.1 As™" to 0.5 As™", and
for aluminium the rate was maintained at 5 A s™*. The total
active device area was measured to be 1.6 mm?®. EL spectra and
current density-voltage-lumens (J-V-L) characteristics of the
devices were measured using a Keithley source meter (Keithley
2400) and calibrated Si photodiode (SM1PD2A) equipped with
an integrating sphere. All measurements were carried out at
room temperature under ambient conditions.

Computational calculation for all the molecules was conducted
using the Gaussian 09 package.®® Ground state calculations S, were
carried out using DFT Becke’s three-parameter hybrid exchange
function with the Lee-Yang-Parr gradient-corrected correlation func-
tional (B3LYP)*"*® with the 6-311+G(d,p)**”° basis set and excited
state calculations S; were carried out using the TD-DFT Coulomb-
Attenuated Method B3LYP”' method with the same basis set used
for the ground state. The self-consistent field (SCF) convergence
thresholds pertaining to energy minimizations for both the Sy and S;
state optimization was set to 10~ °. The effect of solvent on the energy
parameters of the system was studied using the self-consistent
reaction field based on the polarizable continuum model (PCM)"
using the integral equation formalism variant (IEFPCM).”>”” The
IEFPCM model studies the effect of solvent by placing the solute in a
cavity of overlapping solvent, which reproduces the electrostatic
potential arising due to the polarized dielectric created by the
apparent charges surrounding the solute.”® The functional was
selected in accordance with previous numerous benchmarks validat-
ing its accuracy in predicting ground state energies and excited state
energies.””®" Initially, ground state optimizations were carried out at
vacuum and the resultant geometry was further optimized in the
solvent medium. The experimental results revealed the ESIPT
mechanism occurred in solvents of lower dielectric medium, and
thus to corroborate this effect theoretically, THF was chosen as the
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solvent medium for all the theoretical calculations. Frequency
calculations were performed for the optimized geometry to confirm
this geometry corresponds to a true local minimum on the S, and S;
potential energy surface. Geometry optimizations were carried out
without any constraints on bond lengths, bond angles or dihedral
angles; however, these constraints were used while constructing
potential energy surfaces (PESs) and potential energy curves (PECs).
The PESs and PECs in the S, and S; states were scanned by
constraining the O-H bond length fixed for a series of values with
other degrees of freedom optimized without any constraint. The
calculation of vertical excitation energy of the first six singlet excited
states, S;, was estimated from the ground state optimized structure
based on TDDFT with the IEFPCM solvation model. The optimized
geometry and the electronic orbital distribution of all the molecules
were visualized using the Avogadro software.®”

Synthesis

Molecules T2 [(E)-N'-([2,2'-bithiophen]-5-ylmethylene)thiophene-
2-carbohydrazide], P2 [(E)-N'-(]2,2’-bithiophen]-5-ylmethylene)nico-
tinohydrazide] and F2 [(E)-N'-([2,2/-bithiophen]-5-ylmethylene)-
furan-2-carbohydrazide] were synthesized via the Schiff base
condensation of 2,2’-bithiophene-5-carboxaldehyde (0.1 g,
0.51 mmol) with 2-thiophene carboxylic acid hydrazide (0.073 g,
0.51 mmol), nicotinic acid hydrazide (0.071 g, 0.51 mmol) and
2-furoic hydrazide (0.071 g, 0.51 mmol), respectively. Molecules T3
[N',N"'-((1E,1'E)-thiophene-2,5-diylbis(methaneylylidene))bis-
(thiophene-2-carbo hydrazide)], P3 [N',N"’-((1E,1’E)-thiophene-
2,5-diylbis(methaneylylidene))di(nicotinohydrazide)] and F3
[N',N"'-((1E,1'E)-thiophene-2,5-diylbis(methaneylylidene))bis-
(furan-2-carbo hydrazide)] were synthesized via the Schiff
base condensation of 2,5-thiophenedicarboxaldehyde (0.1 g,
0.71 mmol) with 2-thiophene carboxylic acid hydrazide (0.2 g,
1.42 mmol), nicotinic acid hydrazide (0.196 g, 1.43 mmol) and
2-furoic hydrazide (0.18 g, 1.43 mmol), respectively. All the
reactions were performed in ethanol in the presence of acetic
acid as a catalyst. The structures of the representative mole-
cules are shown in Scheme 1.

Results and discussion
Photophysical studies

The UV-vis spectra of all the molecules exhibited two main bands.
The lowest lying absorption band centered at 360-370 nm can be
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Scheme 1 Synthesized molecular structures of T2, P2, F2, T3, P3 and F3.
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attributed to the m—r* transition of the aromatic rings. The second
band at 400-450 nm corresponds to the n-n* transition of the
C—0 and C=N groups. The second band is split and broad,
indicating intramolecular hydrogen bonding, which induces the
-NH proton to be acidic and the carbonyl oxygen to be basic with
respect to their ground state driving the proton-transfer reaction.**
The UV-vis spectra of all the molecules in solvents with different
dielectric constants are provided in [S19-S24, ESIt]. The observed
bathochromic shift in the polar protic solvents is indicative of
strengthening of the intermolecular hydrogen bonding between the
solute and solvent molecules in their excited state.®*
Fluorescence emission studies were carried out in solvents
of varying polarities to gain a better understanding of the
nature of ESIPT in different solvents. The molecules in the
series exhibited a general photoluminescence response of
a double peak, which is related to keto (k*) and enol (e¥)
emissions characterized by a four-level photo cyclic process
triggered due to intramolecular H-bonding. The photophysical
property of the molecules in solvents of varying polarity is sum-
marized in Table 1 and the spectra are provided in [S26-S31, ESIt].
Specifically, THF possessing a very low dielectric constant supports
ESIPT with a distinct keto—enol emission for all the molecules in
the series, as evident from their spectra. The conjugation-
enhanced structural backbone of T3, P3 and F3 with acyl sub-
stituted hydrazides on both the arms showed a red-shifted keto
emission in all the solvents in comparison with the others in the
series. Methanol, a polar protic solvent has a tendency to form
H-bonding with solute molecules; thus, the molecules in the series
did not show dual emission in methanol. In polar solvents, besides
intramolecular H-bonding, intermolecular H-bonding is quite
probable between solute and solvent molecules.>® Polar solvents
acting as hydrogen bond acceptors can impede the ESIPT process
by bonding with the proton donor species, resulting in suppres-
sion of the tautomer emission.*” The emission energy of organic
systems is based on the nature of H-bonding occurring between
the solute and solvent molecules.””®® If the solvent induces a
bathochromic shift in the emission energy, this indicates strength-
ening of the intermolecular hydrogen bonds; whereas, a hypso-
chromic shift indicates weakening of the hydrogen bonds.®* This
was highly prevalent in this study, where the molecules showed a
red-shifted emission in comparison with other solvents, super-
seding the trend, which was expected. All the molecules showed a
bathochromic emission wavelength from THF to ACN, excluding
methanol, exhibiting positive solvatochromic behavior. Polar
solvents inducing positive solvatochromism in solute-solvent
interactions substantiates better stabilization of the excited
state compared to that of the ground state. Consequently,
redistribution of the charges occur, supporting multi-
dimensional intramolecular charge transfer (MDICT) between
the core and peripheral moieties.®” T2, F2, and F3 exhibited a
positive solvatochromic effect in DMF in contrast with the
others in the series, which exhibited negative solvatochromism.
P2 and P3 possessing a nicotinic hydrazide moiety exhibited
similar emission patterns, supporting positive solvatochromism,
neglecting the slight changes due to the close dielectric con-
stants of ACN and DMF. F3 exhibited a peculiar emission
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Table1 Photophysical parameters of the molecules in solvents of different
polarities

Jemi (NM)

Aexe ——————— Normal Stokes Large Stokes
Jabs (NM) (nm) Keto (k) Enol (e) shift (nm) shift (nm)

THF

T2 372, 438 372 418 450 46 32
P2 368, 435 368 413 444 45 31
F2 372, 436 372 415 441 43 26
T3 382, 401, 449 382 425 447 43 22
P3 373, 388, 438 373 417 451 44 34
F3 407 407 456 484 49 28
MeOH

T2 378, 435 378 461 — 83 —
P2 370, 435 370 463 — 93 —
F2 370, 435 370 450 — 80 —
T3 381, 400, 443 381 506 — 125 —
P3 380, 391, 433 391 481 — 90 —
F3 413 413 535 — 122 —
ACN

T2 372, 440 372 422 450 50 28
P2 370, 432 370 423 450 53 27
F2 364, 440 364 446 — 82 —
T3 378, 396, 438 378 510 — 132 —
P3 370, 390, 434 370 465 486 95 21
F3 405 405 517 — 112 —
DMF

T2 385, 440 385 462 490 77 28
P2 376, 440 376 420 460 44 40
F2 376, 440 376 459 483 83 24
T3 387,402,455 387 484 505 97 21
P3 378, 398, 441 379 463 487 84 24
F3 410 410 518 — 108 —
DMSO

T2 379, 439 379 432 461 53 29
P2 374, 439 374 427 453 53 26
F2 374, 439 374 426 451 52 25
T3 381, 448 381 455 — 74 —
P3 378, 446 378 478 503 100 25
F3 415 415 508 — 93 —

characteristic and failed to show tautomer emission in all the
solvents except THF. The sensitivity of the emission energy due
to the changes in solvent polarity was highly evident for all the
molecules in the series. Solvent polarity induces a greater charge
separation in the excited state, which in turn, provokes a higher
dipole moment at the excited state than that in the ground
state.®®®" The normal Stokes shift measured considering the
excitation energy and keto emission is roughly 132 nm for T3 in
ACN solvent. The so-called large Stokes shift recorded between
the keto emission and enol emission is around 30 nm in the
series, and the highest observed for P2 is 40 nm in DMF solvent.

An enormous amount of work in the literature covers the
ESIPT mechanism of molecules in the solvent medium. How-
ever, solid state emitters undergoing ESIPT have not been
explored much to date. The mechanism supporting excited
state proton transfer in the solid state remains unclear.’® The
molecules in the series were deposited onto chemically and
ultrasonically cleaned glass substrates via vacuum thermal
vapor deposition at a base pressure of 5 x 10~° mbar. Thin
films with a thickness of 50 nm were obtained after deposition
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Fig. 2 Solid state PL spectra of the molecules. Inset shows their solid state
emission under UV illumination.

and investigated for their photophysical responses. The
solid state UV-vis spectra of all the molecules are provided in
[S25, ESIT], and their fluorescence spectra shown in Fig. 2 with
the inset showing their fluorescence emission under UV irra-
diation. The solid state photophysical parameters of the mole-
cules are provided in Table 2. The solid state emission of T2,
P2, P3, and F2 exhibited a small Stokes shift between keto and
enol emission. T3 exhibited a clear well-resolved double peak
with a yellow emission and F3 exhibited a single emission peak
centered at 690 nm with the highest normal Stokes shift of
270 nm. A large Stokes shift was only observed for T3, which
exhibited a value of 106 nm; whereas, the rest of the molecules
showed a value of ~25 nm.

The fluorescence quantum yields (¢s) were evaluated accord-
ing to eqn (1), where Coumarin 153 in cyclohexane was con-
sidered as the reference (R) for T3, P3, and F3, while for T2, P2
and F2, 9,10-diphenyl anthracene was taken as the reference.
The samples for which QY needs to be determined is denoted
as S. Grad corresponds to the gradient from the plot of
integrated fluorescence intensity vs. absorbance at the excita-
tion wavelength, and # the refractive index of the solvent for the
standard and reference.’’°> As observed from Table 3, the value
of QY increased with an increase in the number of thiophene
core units. The highest QY was recorded for T2 with a value
of 1.8% and with the lowest recorded for F2 with 0.014%,
as given in Table 3. However, in the series, the thiophene

Table 2 Photophysical parameters of the molecules in thin film form

Jeemission (MM
Femission (NM1) Normal Stokes Large Stokes FWHM

Aexcitation

(nm) Keto  Enol  shift (nm) shift (nm) (nm)
T2 385 451 475 66 24 102
P2 376 463 491 87 28 104
F2 376 459 482 83 23 100
T3 435 504 610 69 106 78
P3 387 494 523 107 29 98
F3 420 690 — 270 — 136

10416 | New J. Chem., 2019, 43, 10413-10428 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019


https://doi.org/10.1039/c9nj01503e

Published on 30 May 2019. Downloaded by National Institute of Technology - Surathkal on 9/24/2019 10:42:03 AM.

NJC

Table 3 The measured quantum yield of all the molecules

Molecule T2 P2 F2 T3 P3 F3

QY (%) 1.80 0.15 0.014 0.273 0.02 0.08

substituent present on the side chain of the central core gave a
better quantum yield in comparison with that for furan and
pyridine.

Grads} Lsz ()

Gradg | ng?

The restriction of the vibrational and rotational components
in a system upon aggregation enhances the emission intensity in
the solid state over solution. However, the solid-state molecular
packing and aggregation type decide the quantum efficiencies of
ESIPT chromophores.’® To better understand the effect of aggre-
gation on the emission intensity of the molecules, AIE studies
were performed for the series at different ratios of H,O/THF
mixture. Solutions were prepared with a concentration of 10~> M
in THF, and their mixtures in varying water fractions f, were
used for AIE studies. Fig. 3 shows the fluorescence emission of
the series with different H,O/THF mixtures under UV irradiation
of 365 nm. Herein, 10% for f,, implies a 10:90 mixture with
10% of H,0O and 90% of THF and 20% for f;, implies 20: 80 with
20% of H,0 and 80% of THF, and so on. F3 exhibited good AIE
characteristics, as shown in Fig. 4, in contrast with the others in
the series, which showed aggregation-caused quenching (ACQ),
as shown in [S32-S36, ESIt]. The aggregation of F3 in a poorer
solvent medium resulted in an enhancement in emission inten-
sity and reached the maximum at 80% H,O/THF ratio and then
decreased rapidly upon a further increase in f,. The drop in
emission intensity at higher ratios of H,O/THF mixture is due to
the poor solubility of the solute in solvent mixture.”® The polarity
of the mixture increases upon an increase in the ratio of f,,
which lowers the energy bandgap in the system, and hence, a
redshift was observed at a higher f,.”* The redshift is highly
predominant in F3, and the shift of 45 nm observed in the

(I)S:¢'R|:

~ —10%
1o & F3 —20%
Tl e —30%
* ——40 %
104 —50%
g ——60%
S 08 T 0 2 4 e 8 100 —70%
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K7)
c
19}
€ 041
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Fig. 3 Fluorescence emission spectra of F3 with varying f,, and inset
shows the intensity value with varying f,.
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Fig. 4 Photographs of the molecules in THF/water mixtures with different
fw under UV illumination.

emission wavelength with an increase in f, is indicative of
positive solvatochromism.’® On the other hand, F2 at the initial
ratios exhibited an increasing trend in intensity and stabilized to
a fixed value with an increase in f, and decreased at higher f,,
ratios. The absence of double peaks at higher ratios of f, is
indicative of the absence of proton transfer in the excited state
owing to an increase in the solvent polarity.

Cyclic voltammetry

The electrochemical properties of the molecules were studied
by cyclic voltammetry to estimate their electronic energy levels
and bandgap. T2, P2, and F2 showed a good quasi-reversible
oxidation and reduction peak, as shown in Fig. 5; whereas, T3,
P3 and F3 exhibited quasi-irreversible curves, as shown in Fig. 6
with their estimated energy level given in the inset plot.
The enhanced conjugation for T3, P3 and F3 with hydrazides
on both arms chemically connected with the thiophene
di-aldehyde group hampered the peaks during the reduction
cycle. Oxidation peak corresponds to the involvement of the
-NH functionality in oxidation and reduction peak corresponds
to the -C=O0 functionality involved in the reduction process of
the series. The HOMO and LUMO energy levels and band gap
of T2, P2 and F2 are analogous, and hence the substituted
hydrazides on the bi-thiophene moiety had no significant role
in altering the energy levels of the molecules. The energy
bandgap of all the molecules was estimated using the equation
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Fig. 5 Cyclic voltammograms of the T2, P2, and F2 molecules with their
energy levels.
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Fig. 6 Cyclic voltammograms for the T3, P3, and F3 molecules with their
energy levels.

Exomo = —(I, + 4.4) eV and LUMO by E;ymo = —(Ea + 4.4) eV,
with the results tabulated in Table 4. The HOMO energy level
for T3, P3, and F3 was obtained from their cyclic voltammo-
grams using the equation mentioned above. The LUMO energy
levels of the series were derived from the energy gap of the solid-
state photoluminescence spectra and the estimated HOMO level

Table 4 Electrochemical parameters and the electronic energy levels of
all the molecules

I, (V) E, (V) HOMO (eV) LUMO (eV) Eg (eV)
T2 1.38 —0.89 —5.78 —3.51 2.27
P2 1.27 —0.86 —5.67 —3.54 2.13
F2 1.13 —0.93 —5.69 —3.47 2.22
T3 1.95 “ —6.35 —4.16 2.16
P3 2.25 @ —6.65 —4.85 1.80
F3 1.92 @ —6.32 —4.34 1.98

“ Reduction not obtained from the cyclic voltammogram.

View Article Online

NJC

from the cyclic voltammogram. The HOMO of T3 and F3 showed
a similar energy value of around ~—6.3 eV with T3 having a
LUMO level of —4.16 eV and that of F3 was —4.34 eV. P3
exhibited a slightly more negative HOMO value of —6.65 eV in
comparison with that of T3 and F3 and a shallow LUMO level of
—4.85 eV. The highest energy bandgap, Eg, obtained in the series
was for T2 with 2.27 eV, and the lowest obtained for P3 of 1.8 eV.

DFT studies

Fig. 7 shows the possible normal and tautomeric structures of
all the molecules, where specifically, T2, P2, and F2 can solely
support a single proton translocation. The keto form is
believed to be the thermodynamically stable structure, which
is denoted as k, while the enol form (e) is believed to be the
kinetically stable entity, corresponding to the tautomeric form
occurring after photoexcitation of the molecules. T3, P3, and
F3 possessing dual hydrazides may undergo three different
possible structures, firstly, both arms exhibiting the keto form
(k); secondly, one of the arm exhibiting the keto form and the
other exhibiting the enol form, which is represented as (e).
The third is the hypothetical tautomeric form, denoted as o,
with both arms showing the enol form, which is strictly
impossible. Supposing, if such a transformation occurs in a
system, the system may mutate to the keto and enol forms
across the arms (i.e., the e form), and hence a double enol
structure is difficult to realize. Zhang et al. provided proof for
the impossible double proton transfer concurrently occurring
in a system, despite its structural attributes supporting double
proton transfer.*

Structures possessing a single substituted hydrazide
covalently linked with a single thiophene moiety, which were
denoted as T1, P1 and F1, were also studied. T1 and F1 were
designed and synthesized to investigate their practical
cation sensing applications.’” T1, P1, and F1 exhibit extremely
weak fluorescence emission in solution and the solid
state, and hence it is difficult to ascertain their keto-enol
transition energies. The theoretical aspects dealing with the
excited state dynamics of these molecules have not been
reported to date, and are solely discussed herein for compar-
ison with the present study. The computed ground state
vibrational spectra of T1, P1, and F1 in comparison with their
excited state was redshifted by a finite value, as shown in
Fig. 8. This redshift indicates the weakening of the intra-
molecular hydrogen bond in their excited state, and hence
confirm a difficult excited state proton translocation. The
emission energy transition estimated for the k-form is around
~340 nm and for the e-form is ~375 nm. The probability of
enolic transition is greater in comparison with that of the keto
transition, and hence the oscillator strength of the e-form is
higher than that of the k-form. Thus, potential energy scans
were attempted to verify any possibility of proton transfer in
the excited state. However, repeated attempts failed to
estimate the transition structure of these molecules in the
excited state. Due to the above-mentioned reasons, we con-
cluded that T1, P1, and F1 do not support excited state
intramolecular proton transfer.
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states, specifically focusing of the N-H stretching frequency.

Geometry

The ground state geometry optimized normal form (k) of all the
structures is shown in Fig. 9 and their structural attributes are
summarized in Table 5. The N-H distance of the normal form
(k) for all the structures remained unaffected to a value of
1.020 A in both S, and S;. However, the intramolecular hydro-
gen bond distance d and d’, was shortened at the excited state
S; in comparison with that of the ground state, S,. The value of
R was reduced from 2.340 A and 2.378 A to 2.324 A and 2.359 A

T3

F3

-

Fig. 9 Intermolecular associations of the molecules of the series with
O-H bond distances. Color code: O-atoms, red; C-atoms, grey; N-atoms:
blue, and S-atoms, green.
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Table 5 Geometrical parameters of the molecules at Sg and S;

N-H distance (A) d(A) d (&)

So S1 So S1 So S
T2 1.019 1.018 2.401 2.401 — —
P2 1.020 1.020 2.340 2.324 — —
F2 1.020 1.020 2.378 2.359 — —
T3 1.019 1.020 2.396 2.377 2.396 2.380
P3 1.020 1.020 2.404 2.369 2.406 2.370
F3 1.019 1.020 2.375 2.353 2.377 2.359

for P2 and F2, respectively, while there was no change observed
for T2 in Sy and S;. Similarly, the value of d and d’ showed a
reduction in the intramolecular hydrogen bonding distance for
T3, P3 and F3 at S; in comparison with that at Sy; however, a
single proton is expected to translocate from the donor to
acceptor. The lowering of the hydrogen bond distance at the
excited state, S;, in comparison with S, is highly supportive of
possible excited state intramolecular proton transfer.>® Inter-
estingly, P3 showed a phenomenal reduction in d and d’ in
comparison to the other five-membered ring in the series. One
of the possible reasons is that the effect of a six-membered
heterocyclic ring tends to stabilize the structure by gaining
greater control over the distance of the H-bonding interaction.
P3 possesses a dihedral angle of 39° at Sy, which is reduced to
32.6° at S; between the extended thiophene core and pyridine
moiety. The molecules in the series with a bithiophene moiety
possess a certain minimal dihedral angle between the bithio-
phene core, and at their excited state, this angle becomes to
zero to support ESIPT in the system. T2 and F2 possess a
dihedral angle of 19° and 27° between the bithiophene rings
at S,, respectively, which changes to 0.1° at S;. Structural
planarity may better support and ease proton transfer in a
system than a non-planar structure.’®

Spectral quality and frontier molecular orbitals

Molecular orbitals, especially the highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO), play an essential role in governing the overall
chemical reactivity of a system.’® The energy gap between the
HOMO and LUMO determines dynamic stability, chemical
hardness, and chemical reactivity, and it further provides an
overall understanding of the reaction pathway and molecular
activity of a complex. The theoretically estimated HOMO and
LUMO levels and energy band gap of all the molecules in THF
solvent are provided in Fig. 10. The significant contribution of
electronic transitions (CI ~93% to 97%) occurring within the
system for both the normal form and the tautomeric form is
governed by the HOMO and LUMO. Hence, herein, the discus-
sion is restricted to the HOMO and LUMO, which correspond to
n-n* orbitals. The energy band gap values of all the molecules
lie around ~3.3 eV, except for T2, showing a slightly higher
value of 3.62 eV. The significant contribution of HOMO and
LUMO is from the = orbitals and the core moiety. The theore-
tical estimation of the energy bandgap for the conjugation-
enhanced structure of T3 and F3 exhibited a seemingly small
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energy reduction in comparison with that for T2 and F2,
supporting the experimental results, while, these differences
were not distinguishable in P3. The HOMO and LUMO of T2 are
completely distributed on its entire molecular network, while,
for T3, P3, and F3 they are mainly centered on the thiophene
and a portion is on the keto moiety. The orbitals of the series
exhibited a size reduction in the electron cloud engulfing the
proton donor moiety (N-H) in the LUMO level in comparison
with that of the HOMO, while there was almost no change in
the electron density on the O atom belonging to the carbonyl
moiety."® These changes in electron density suggest an
enhanced interaction between the hydrogen donor and acceptor
moiety at the excited state and can better induce alienation of a
proton from a donor moiety.’®'°* The effect of intramolecular
charge transfer (ICT) is highly evident in P2 and F2, which
further helps easy separation of a proton from a donor
moiety.”® Further, upon comparing the HOMO and LUMO
electronic distributions of all the systems, it can be seen that
the proton acceptor oxygen exhibits a o-type orbital; whereas,
-NH exhibits a n-n*-type distribution. The observed distribution
around -NH at the HOMO level clearly indicates the strong
electron withdrawing capability of the nitrogen moiety, readily
giving up a proton upon photoexcitation from the S, to S, state.>*

Analysis of the vibrational stretching frequencies of the
proton donor moiety involved in intramolecular hydrogen
bonding can provide effective information on the dynamics of
hydrogen bonding at the excited state.>'°'* The stretching
vibrational frequencies of the N-H moiety in S, and S; were
analyzed to predict the ESIPT mechanism occurring in the
system. The vibrational spectra revealed that the peak corres-
ponding to the N-H stretching was red-shifted in the excited
state in comparison with the ground state, as shown in S32 and
Table S1 (ESIt) provides the -NH stretching frequency in the S,
and S; state. Han and co-worker proposed the strengthening of
the intramolecular hydrogen bond in the excited state is
strongly related to the observed red-shift in the stretching
vibrations of the proton donor moiety.”>'% The redshift
observed for the bithiophene series is higher in comparison
with that for the thiophene series. This may be attributed to the
extended conjugation in the thiophene series, which enhances
their influence over hydrogen bonding compared to that for the
bithiophene moieties. The higher the red-shift observed in the
excited state, the lower the potential energy barrier for efficient
proton transfer.'®> The N-H stretching vibration was relaxed in
the excited state compared with that of the rigid stretching
in the ground state, which is evident from the higher intensity
of the N-H stretching vibration in the excited state in compar-
ison with the ground state.

The calculations yielding the six lowest lying singlet vertical
excitations and the energy of that transition together with the
oscillator strength for all the molecules in the series are
reported in Table S2 (ESIt). The electronic transitions asso-
ciated with the keto absorbance (k abs), keto emission (k emi)
and tautomer enol emission (e emi) for all the molecules are
presented in Fig. 11, where k abs*, k emi* and e emi* represent
the experimental values, respectively. The discrete transition
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Fig. 10 Electronic orbital representations of all the molecules in the series with their energy levels.

energies obtained after the calculations were broadened by
setting the value of FWHM to 50 nm to better accommodate
the experimental parameters in the spectra. The results reveal
the major transition in the emission spectra occurring in the
system is mainly from S; — S,, suggesting m-n* nature. The
spectroscopic nature of the absorption spectrum for the k form
follows a similar trend to that obtained experimentally, and the
absorption peak centered at around 350-370 nm for all the
molecules is close to the experimental figures. The emission
energy obtained from the k form and e form correlate well with

the experimentally observed spectra with a slightly overestimated
energy difference of ~0.3 eV.'*>'%19%1%7 The oscillator strength
of the e form estimated theoretically is higher in comparison with
that of the k form for a few of the molecules, which is consistent
with the experimental evidence. Moreover, it is essential to note
that the energy emission of the k form for all the series is higher
in energy in comparison to that of e form, establishing the k form
as the thermodynamically stable state. The energy difference of
the emission spectrum between the k form and the e form of the
series is analogous to the experimentally obtained values.
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Fig. 11 Experimentally observed and theoretically estimated absorption
and emission spectra for the keto and enol forms of all the molecules.

Potential energy curve of ESIPT reactions

Since the molecules in the series support single proton transfer
alone in the excited state, the potential energy curves (PECs) for
both the ground and the excited state were estimated. The PEC
is a useful technique that nurtures the subtleties of molecular
properties and gives information about the nature of hydrogen
transfer reactions along the proton transfer path. The PEC was
simulated using the B3LYP functional with the 6-31G basis set
for a complete rotation of 0°-~180° between the carbonyl and
-NH group. The variation in potential energy as a function of
dihedral angle for all the molecules is provided in Fig. 12 and
13. The optimized structures with zero dihedral angles between
the plane connecting -NH and -C=O0 seem to be energetically
more stable than that with a dihedral angle of 180°, as evident
from the values at the extremities of the curve. The results show
that F3 tends to acquire a geometry that does not favor optimal
intramolecular hydrogen bonding between the donor and
acceptor moieties, which hinders ESIPT in comparison with
the other types.

The potential energy scans were acquired on the constrained
optimized geometry at the corresponding electronic states with
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Fig. 12 Single point energies of T2, P2 and F2 molecules as a function of
rotation of the dihedral angle for both Sg and S;. Black colored atom:
thiophene, furan or pyridine.
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Fig. 13 Single point energies of T3, P3, and F3 molecules as a function of
rotation of the dihedral angle for both Sg and S;. Black colored atom:
thiophene, furan or pyridine.

a fixed O-H bond length. The consistency in the reproduction
of the results by DFT with the experimental results may not be
precise; however, previous calculations proved to be effective in
providing qualitative results for accurate pathways supporting
proton transfer.®'°¥11° The potential energy curve of molecule
T2 is provided in Fig. 14 and that for the rest of the molecules is
provided in S38-S42 (ESIt), where the term FB indicates
forward barrier and the RB indicates the reverse barrier for
both the S, and S, states. FB refers to the difference between
the stable keto state and the point at which the potential
reaches the maximum along the proton transfer pathway.
Similarly, RB refers to the difference between the maximum
potential and the stable enol tautomer along the proton trans-
fer pathway. Estimation of the transition structure for F3 on the
potential energy curve at the excited state was difficult to
realize. The molecules in the series in their ground state prefer
the keto form, and upon excitation changes to the tautomer
e-form undergoing ESIPT. The scans pertaining to proton
transfer were estimated using DFT to realize the FB and RB
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calculated using B3LYP and CAM-B3LYP.

potential in both the S, and S; states. The results illustrate that
the FB for all the molecules in the series in their excited state
was comparatively less in magnitude than that in the ground
state. The lower FB at their respective excited state indicates
possible proton transfer at S; in comparison with S,. On
average, ~3.57 to ~3.78 kcal mol™" of energy barrier is
required for a molecule to undergo ESIPT to adopt a tautomer
form. The reverse barrier at the ground state for all the
molecules is lower in energy in comparison with that of the
FB, which reveals the possible ground state intramolecular
proton transfer (GSIPT). T3 showed a RB higher to FB in its
S, which may account for the stringent GSIPT. Further, we
summarized the whole ESIPT mechanism for the present
system with -C—O0O acting as the proton acceptor and -NH
acting as the proton donor. Initially, -C—O is capable of
capturing a proton from the nearest -NH donor and forms an
intramolecular hydrogen bond in the ground state. Upon
photo-excitation, the intramolecular hydrogen bond is
strengthened, and a proton translocates from -NH to the
-C=O0 group through a significant forward energy barrier. At
an approximate O-H distance of 1.35 A, the system exhibits the
maximum potential energy, and beyond this point, the energy
minimizes, and the system possesses the desirable tautomeric
structure. The tautomeric structure at S; undergoes a sponta-
neous emission, which is either radiative or non-radiative, to
reach its ground state S, and reverts to the normal form by
crossing a significant RB potential.

PES scans were performed on the system to verify the
possibility of double proton translocation arising due to the
presence of substituted hydrazides present on both the arms of
the thiophene core. The potential energy scans were performed
using the DFT-B3LYP functional with the 6-31G basis set for
the ground state and CAM-B3LYP with the same basis set for
the excited state. The selection of the function is expected
to estimate qualitative energetic pathways for the ESIPT
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process.??>"17113 The potential energy surface of T3 and P3
for both the ground and excited state is provided in Fig. 15 and
16, with the inset providing the surface contour profile. A high
amount of symmetry exists on the surface along the diagonal
line connecting the ends of the normal and double enol form. It
is important to note that the potential energy surface remains
the same irrespective of the change in the heteroatom present
in the ring. Four minima exist on the PES surface, which are
related to the k-form, e-form and o-form, where the estimated
potential energy follows the order of Ex < E. < E,, signifying
GSIPT is an endothermic process. A very high potential barrier
of value ~8 kecal mol ™! exists for the molecules at S, and S;
traced along the path (a — d). This high potential barrier
exhibited by the system validates the impossible simultaneous
double proton transfer at the excited state. The system after
photoexcitation induces a proton to translocate from the pro-
ton donor to the proton acceptor species guided along the path
(@ » c¢) or (@ —» b) with a minimal potential energy barrier,
attaining the tautomer e-from. A second proton transfer or step-
wise double proton transfer can occur if the system gets much
higher external energy to overcome the significant barrier
potential of ~4.2 kcal mol™" along the path (¢ — €) or (b — e).
The higher barrier potential traversed along the path (¢ — e) or
(b — e) does not support the second proton transfer, thus
hindering the step-wise double proton transfer kinetically.
Further, supposing a step-wise double proton transfer occurs
in the system (a > b — eora — ¢ — e), the reverse barrier of
~2.8 kecal mol ™! from (e — c) or (e — b) is significantly less
compared to the forward barrier and the system quickly achieves
the e-form. Based on the above discussion, we conclude that the
system with hetero-substituted hydrazides support single proton
transfer in its excited state and an impossible double proton
transfer or step-wise double proton transfer.

Device fabrication and characterization

In the series, T2 exhibited a good quantum yield of value 1.8%,
and the energy levels determined from cyclic voltammetry
signifies that T2, P2, and F2 can function as emitter materials
for organic light emitting diode applications in comparison to
T3, P3 and F3, which possess a high HOMO level. To evaluate
the electroluminescence performances of the synthesized materials,
non-doped OLEDs were fabricated with the device structure: ITO/
N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzidine [TPD] (40 nm)/T2
or P2 or F2 (60 nm)/4,4’-bis(N-carbazolyl)}-1,1"-biphenyl [CBP] (6 nm)/
tris(8-hydroxyquinolinato)aluminum [Alqs] (35 nm)/lithium fluoride
[LiF] (1 nm)/aluminium (150 nm), as shown in Fig. 17. The adopted
device architecture is well reported to result in good charge injection
and recombination at the emitter material."** TPD acts as a hole-
injection and hole-transport layer, CBP acts as a hole blocking
layer, Alqg; acts as an electron transport layer and aluminium was
used as the cathode material. Fig. 18 shows the voltage vs.
current density plots for the devices with T2 and P2 as emitters,
with the inset showing the electroluminescence and device
emission. As observed, the device required a very high turn-on
voltage of ~15 V for initiating electroluminescence. The voltage
vs. luminous flux for T2 and P2 is shown in Fig. 19, where it can
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Fig. 17 Device architecture for T2, P2, and F2 molecules as an emitter

layer.
g4 = T
€
2 08
©
& S os
£ 4 P2
o w
04
<
> =
g g 0.2
¢ 0044 2
2 R 500 600 700
E Wavelength (nm)
E
=
(&)
0.00 T T T T T
0 10 20 30 40
Voltage (V)

Fig. 18 J-V characteristics of the device with T2, P2, and F2 as the
emitter material. Inset showing the EL spectrum and image showing the
light emission from the device.
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be observed that the device exhibited a maximum luminous flux
of value 0.035 and 0.015 lumens for T2 and P2, respectively.
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However, F2 possessing the lowest quantum yield in the series
failed to produce any light. The current efficiency of 0.94 Cd A™*
and power efficiency of 0.94 Im W~ were exhibited by the T2
molecule while P2 exhibited a current efficiency of 0.23 Cd A"
and power efficiency of 0.18 Im W™, as shown in Fig. 20 and 21,
respectively.

Conclusions

Six heterocyclic substituted hydrazides were designed and
synthesized, which initiate intramolecular excited state proton
translocation. Their photophysical characterization in solvents
of varying dielectric constants signifies the occurrence of a
double peak, which correlates to keto and enol transitions. The
molecules in the series exhibited good ESIPT in solvents of
lower dielectric constants, and thus exhibited a distinct double
peak in THF solvent. The AIE studies revealed the molecules
without the furan moiety have their emission intensity
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quenched upon aggregation. F3 possessing furoic hydrazide
exhibited a good AIE effect and failed to support ESIPT in the
solid state. T2 exhibited the highest quantum yield of 1.8%
in the series, which decreased upon aggregation. The cyclic
voltammetry study revealed bithiophene covalently linked with
substituted hydrazide possesses an energetically favorable
HOMO-LUMO level for efficient device application. OLEDs
were realized using T2 and P2 as emitter materials embedded
in the device architecture of ITO/TPD/T2 or P2/CBP/Alq;/LiF/Al.
The current efficiency of 0.94 Cd A" and 0.23 Cd A" for T2
and P2 together with the power efficiency value of 0.94 Im W™"
and 0.18 Im W' were obtained, respectively. The energy-
optimized ground state geometry of all the tautomers and their
electronic orbital distribution well support the excited state
intramolecular proton transfer phenomenon. The theoretically
derived vibrational spectra of T1, P1 and F1 did not favor ESIPT.
However, the conjugation-enhanced structure in the syn-
thesized molecules supports ESIPT. The theoretical energy
transitions of the keto-enol tautomer well correlate with the
pertinent energy transitions experimentally observed. The
potential energy scans performed on the molecules revealed
the existence of a lower forward barrier in their excited state in
comparison with their ground state, suggesting excited-state
proton translocation. Also, the potential energy surface scan
performed on T3, P3 and F3 confirm the impossible double
proton transfer and difficult step-wise double proton transfer.
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