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Abstract The photo-physical behaviour of bis-2,5-(2-
benzoxazolyl) hydroquinone and 2,5-bis (benzo[d]oxazol-2-
yl)-4-methoxyphenol was studied using the Density
Functional Theory (DFT) and Time-Dependent Density
Functional Theory (TD-DFT). All the possible rotamers were
optimized to obtain global minimum optimized structure. The
theoretical absorption and emission values of rotamers esti-
mated by using TD-DFT [TD-B3LYP/6-31G(d)] are in good
agreement with experimental absorption and emission wave-
lengths. Based on the absorption values, the contribution of
respective rotamer is determined theoretically.

Keywords ESIPT - DFT - TD-DFT -
Bis-2,5-(2-benzoxazolyl) hydroquinone -
2,5-di(benzo[d]oxazol-2-yl)-4-methoxyphenol

Introduction

Vital importance has emerged recently in the investigation of
compounds exhibiting excited-state intermolecular proton
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transfer (ESIPT) phenomenon [1-5]. Spectral compassion of
these compounds to the surrounding environment and a large
Stoke’s-shifted fluorescence is of great interest [6]. A com-
bined experimental and theoretical approach has been utilized
to understand the four-level photo physical scheme [7] exem-
plified in the ESIPT process. ESIPT is photo tautomerization
progression which usually involves transfer of the hydroxyl or
amino proton to an acceptor such as carbonyl oxygen or ni-
trogen atom. The hydroxyl proton is more acidic and the ac-
ceptor group is more basic in the excited state keto than in the
ground state enol [8]. The basic acceptor can receive a proton
from the acidic group in extremely fast sub-picoseconds time
scale and through delocalization of the positive charge about
the heterocyclic ring to form a keto species that has large
Stokes-shifted tautomer emission [9]. After the relaxation of
the keto form to the ground state, the energetically favoured
enol form is regained spontaneously by reverse proton transfer
in a non-radiative process, to complete the cyclic four-level
scheme. Subsequently, this process gives rise to the transient
chemical change from enol to keto tautomer, leading to the
transient rotation of the electronic properties such as electron
density distribution, energies of electronic states, and dipole
moments [10].

Emission from the keto state is attributed to a large Stokes-
shift, which provides long-wavelength fluorescence by UV-
Visible excitation [11]. Presence of this second red shifted
emission makes such compounds appealing, and they find a
wide range of applications as laser dyes [12], fluorescent
probes [13], photochromic dyes [10], sensors [14], organic
electroluminescence optical materials [15], photo-stabilizers
[16, 17] as well as in fluorescence recording techniques [18].
The development and photo physical characterization of
ESIPT organic compounds is of leading interest [19]. ESIPT
is largely characterized by the energy level changes of excited
states, and only a small energy barrier or even barrier less
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transition is allowed. So far, one of the most investigated
ESIPT compounds, because of their proficient ESIPT fluores-
cence, are 2-(2’-hydroxyphenyl)benzoxazole (HBO) [20] and
its analogues. ESIPT based benzoxazole derivatives have
been potentially used in the application of medicine as cyto-
toxic agents [21], HIV reverse transcriptase inhibitors, estro-
gen receptor agonists, anticancer agents. They have also found
application as herbicides, as fluorescent-whitening agent dye
[22], in bio-conjugation. Density Functional Theory (DFT)
has been comprehensively explored for the ground state ge-
ometry optimisation and Time Dependent-Density Functional
Theory (TD-DFT) and Configuration Interaction Singles
(CIS) for exploring excited state behaviour of ESIPT based
benzoxazole compounds.

However, there are very few reports unfolding bis-2,5-(2-
benzoxazolyl) hydroquinone [23-28] where two hydroxyl
groups are available for the ESIPT phenomenon. Out of these
two hydroxyl groups, only one can be a part of keto-enol
tautomerism, which leads to the possibilities of various con-
formers. The existence of more than one conformer can be
predicted from complicated nature of UV-Visible absorption
spectrum which shows five major absorption peaks. To support
our observation we have compared absorption spectra with
absorption of bis (benzo[d]oxazol-2-yl)-4-methoxyphenol
where one of the hydroxyl proton is replaced by methyl group.
This replacement leads to simplified nature of absorption spec-
trum with three absorption peaks in-spite of having more num-
ber of possible conformers [23]. The substantial change in
number of major peaks in the absorption spectrum upon re-
placement of one acidic proton by methyl group leads to the
curiosity to find out which of the conformers is responsible for
the complicated absorption spectrum of bis-2,5-(2-
benzoxazolyl) hydroquinone. Therefore, taking into account
various possibilities of conformers and their contributions to

Scheme 1 Syntesis of Bis-2,5-

(2-benzoxazolyl) hydroquinone Br
(Compound 4) and 2,5-

Bis(benzo[d]oxazol-2-yl)-4- Br
methoxyphenol (compound 5)

absorption spectra and in continuation of our research work on
ESIPT based fluorescent materials, herein, we report Time
Dependent Density Functional Theory (TD-DFT) explorations
to enlighten the geometry of different conformers of bis-2,5-(2-
benzoxazolyl) hydroquinone and 2,5-di(benzo[d]oxazol-2-yl)-
4-methoxyphenol along with their environmental dependence
of absorption and fluorescence maxima.

Synthesis Strategy

The preparations of bis-2,5-(2-benzoxazolyl) hydroquinone
and its monomethoxy derivative 2,5-di(benzo[d]oxazol-2-
yl)-4-methoxyphenol are represented in Scheme 1. 2,5-
Dibromo-1,4-dimethylbenzene is oxidized by KMnQOy, pyri-
dine and H,O by using modified procedure [29, 30] to get the
compound 2. The compound 3 was obtained by treating 2
with Na,COj in the presence of catalytic amount of pyridine
+ CuBr complex in H,O. Compound 3 was heated with 1 eq
of 2-aminophenol and 10 eq. PPA to get compound 4 bis-2,
5-(2-benzoxazolyl) hydroquinone [24]. It was purified by sev-
eral crystallization in DMF. Compound 4 on controlled
monomethylation with Mel in DMF in presence of NaOH
gives 2,5-di(benzo[d]oxazol-2-yl)-4-methoxyphenol [27].
This was further purified by using column chromatography.

Computational Methods

The ground state geometry optimization of the various
rotamers and their respective keto tautomers of the com-
pounds 4 and 5 in their Cs symmetry were performed in gas
phase and in six different solvents using Density Functional
Theory (DFT) [31]. The B3LYP hybrid functional was
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Reaction conditions:

a) KMnO, 6 equiv. (2 equiv. 1" lot + 0.5 equiv. each in 8 lots) , Pyridine, H,0, 81%.
b) Na,CO;, Pyridine, CuBr, H,O, 60%.

¢) 2-aminophenol 1 equiv., PPA 10 equiv., 190 °C, 24 h, 58%.

d) Mel (1 equiv.), NaOH (1.05 equiv.), DMF, 80 °C, 55%
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utilized which is a combination of Becke’s three parameter
exchange functional (B3) [32] with the nonlocal correlation
functional by Lee, Yang, and Parr (LYP) [33]. The 6-31G(d)
basis set [34] was employed for all atoms for the comparable
exploration. To determine local minima on the energy surface
of each rotamer, the vibrational frequencies for all optimized
rotamers and their tautomer structures were computed using
the same method [35]. The vertical excitation energies of each

rotamer at the ground state equilibrium geometries were cal-
culated with TD-DFT [36]. The low-lying first singlet excited
state of each conformer was estimated using the TD-DFT to
obtain its optimized minimum energy geometry in excited
state. These minimum energy geometries at excited state were
used to estimate emission frequencies by TD-DFT. All the
computations in solvents of different polarities were carried
out using the Polarizable Continuum Model (PCM) [37, 38].

Fig. 1 Rotameric and
tautomeric species of
bis-2,5-(2-benzoxazolyl)
hydroquinone

Compound 4 (Enol)

Compound 4 (Keto)
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All electronic structure computations were carried out using
the Gaussian 09 program [39] running on GridChem [40].

Result and Discussion
Compound 4

2,5-Bis(benzo[d]oxazol-2-yl)benzene-1,4-diol contains two
hydroxyl groups at one and four position with respect to
benzoxazole ring has two acidic protons. These acidic protons
are in close vicinity of the two benzoxazole rings which leads
to the possibility of various interconvertable conformational
isomers arising from rotamerism and tautomerism. The possi-
ble conformers of the compound 4 with their respective keto
tautomers were optimized by using B3LYP functional and 6-
31G (d) basis set to determine the most stable low energy
conformer. All the possible conformers of the compound 4
in enol-keto form are represented in Fig. 1. These conformers
can co-exist with each other and with their tautomers in solu-
tion depending upon their relative energy difference. Relative
energy difference of the different planar conformers and their
tautomeric structures (Fig. 1) optimized in vapour phase by
using B3LYP/6-31G (d) is given in Table 1. Enol-Keto tau-
tomer of rotamer R1 where both hydroxyl groups are in close
vicinity of N = C bond where acidic proton can have intermo-
lecular hydrogen bond with basic nitrogen atom (OH "N = C)
is thermodynamically most stable according to B3LYP/6-31G
(d) calculations in all polar and non-polar solvents. DFT cal-
culation showed that in all the solvents keto form is less stable
than the enol form due to higher energy which indicates keto is
not a preferred geometry at ground state.

The thermodynamically most stable optimized structure of
Compound 4 in its enol- keto form is illustrated in Fig. 2. The
rotamer R1 on photo-excitation shows redistribution of charge
densities which gives rise to different geometries in the

Table 1  Relative energies (kJ/mol) of the different planar conformers
of compound 4 and their tautomeric structures in the gas phase
Rotamer Compound 4 (Enol) Compound 4 (Keto)
(kJ/mol) (kJ/mol)

R1 0.00 0.00

R2 25.71 26.24

R3 50.55 97.98

R4 49.09 0.00

R5 96.46 45.88

R6 91.32 120.05

R7 86.05 119.81

R8 46.66 44.78

R9 91.32 44.78
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excited state. The change in bond distance and bond angle in
DMF leading to the formation of excited state keto which
contributes to the major red shifted emission peak is represent-
ed in Table 2. Mulliken charges on N31, H34, and O33 of the
ground and excited state optimized geometries of the enol
form as well as the excited state geometry of keto form are
given in Table S1 (supporting data) respectively. Molecular
planarity of R1 rotamer plays a significant role in ESIPT fa-
cilitating the proton transfer in the excited state from O33 to
N31. In the case of DMF N31 to H34 hydrogen bonding
distance decreases by 0.089 A from Enol (1.793 A) to Enol*
(1.704 A) while the distance between H34 and O33 was in-
creased by 0.019 A from Enol to Enol*, respectively. This
suggests that in excited state (Enol*) the H34 approaches near
to the N31 via hydrogen bonding for transfer of proton to
enable ESIPT. The bond distance C4-C20 decreases from
Enol (1.449 A) to Enol* (1.415 A) by 0.034 A while O33-
C5 bond distance decreases by 0.023 A from Enol (1.354 A)
to Enol* (1.331 A), which is further decreased by 0.062 A in
case of Keto* (1.269 A). In addition to this, the bond angle
H34-033-C5 increases by 0.5° from Enol (108.5°) to Enol*
(109.0°). In this way, H34 approaches nearer to N31 in Enol*
and further transfer to N31 leads to Keto* with N31-H34 bond
distance 1.025 A and 033-H34 hydrogen bonding distance of
1.911 A. The Keto* returns to ground state Keto conformer
with N31-H34 bond distance of 1.045 A and 033-H34 hydro-
gen bonding distance of 1.718 A. As H34 approaches to 033
the Keto* hydrogen bonding distance decreases by 0.193 A
from 1.911 to 1.718 and it immediately converts to the Keto
conformer and then to the Enol.

Photo-Physical Data for Compound 4

Photo-physical interaction of the compound 4 is represented
in Table 3. Compound 4 is sensitive to solvent polarity which
absorbs at 419 nm in n-hexane shows very slight
hypsochromic shift with increase in solvent polarity and ab-
sorbs at 407 nm in DMF. In n-hexane it shows five absorption
maxima at 419 nm, 389 nm, 333 nm, 320 nm and 304 nm
which are in good agreement with the reported values 414 nm,
392 nm, 335 nm, 319 nm and 305 nm [26]. There is a good
agreement with theoretical vertical excitation values obtained
from TD-DFT/B3LYP 6-31G (d) calculations. A similar trend
is observed in case of other non-polar and polar solvents. The
largest difference in wavelength between the computed and
experimental absorption maxima was 7 nm in heptane with
2.3 % deviation. In all the solvents, the prominent intense
absorption can be assigned to HOMO to LUMO, HOMO to
LUMO +1 and HOMO to LUMO +2 transitions of R1-enol
rotamer. The frontier molecular orbital (FMO) 89 is HOMO
and FMO 90 is LUMO in all the cases. The two benzoxazole
rings act as an acceptor which upon excitation undergo
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R1 (Enol)

Fig. 2 Optimized structure of most stable isomer of compound 4 in DMF

HOMO to LUMO transition by the migration of electron to-
wards one of the electron withdrawing benzoxazole ring. The
electron density is mainly distributed on phenyl ring and two
1,4-hydroxy groups attached to phenyl ring in HOMO. On
excitation to the LUMO, the electron density is redistributed
on two benzoxazole rings which all are in one plane at excited
state. Figure 3 represents the orbital distribution of electron
density of compound 4 in chloroform. HOMO-LUMO elec-
tronic transition (98.7 %) for vertical excitation situated at
418 nm with oscillator strength (f) 0.6958 (Fig. 3), which
corresponds to the experimentally observed absorption
410 nm with 1.95 % deviation. The HOMO to LUMO +1
(97.7 %) transition is responsible for the vertical excitation
at 336 nm with oscillator strength (f) 0.9387, which corre-
sponds to the experimentally observed absorption peak at
335 nm with 0.3 % deviation whereas HOMO to LUMO +2
(89.9) electronic transition appears at 301 nm, which cor-
responds to experimentally observed absorption peak at
304 nm with 0.99 % deviation. In polar solvents also sim-
ilar trend is observed. This confirms that the experimentally
observed short wavelength absorption in the range 304—
307 nm is due to the HOMO to LUMO +2 and 333-
337 nm is due to HOMO to LUMO +1 transition whereas
longer wavelength absorption in the range of 404—414 nm
is due to HOMO-LUMO transition.

R1 (Keto)

The solvatofluorism study reveals that compound 4 shows
three emissions in all polar and non-polar solvents. The long
wavelength emission in all ESIPT molecules is due to the
excited state keto tautomer obtained due to migration of acidic
proton to basic nitrogen atom in enol excited state. The proton
transfer occurs due to extra stabilization of the keto tautomer
at the excited state than excited enol tautomer which is con-
firmed by computational calculations. The energy of excited
keto form obtained from TD-DFT is lower than corresponding
excited enol state in solvents, this suggest that the stabilization
is solely intrinsic. TD-DFT calculation reveals that the longer
wavelength emission in the range 606—631 nm is due to
LUMO-HOMO transition from excited state keto to ground
state keto in all solvents which corresponds with the observed
emissions in the range 604—619 nm with 1.94 % of maximum
deviation. Usually ESIPT compounds show single shorter
wavelength emission in polar solvents attributing to LUMO-
HOMO transition from excited state enol to ground state enol
suggesting the exclusive presence of enol state. In case of
compound 4 longer wavelength emission is also observed in
polar solvents irrespective of polarity of solvents. This sug-
gests the presence of keto tautomer in polar solvents which is
further confirmed by lower energies of excited state keto con-
formers over respective excited state enol conformer
(Supporting data Table S2). The second emission of

Table 2 Structural parameters of

conformer R1 of compound 4 Enol Eq Enol E, Keto Ko Keto K
obtained by optimizing at
B3LYP/6-31G(d) in DMF Bond Length (in A) N31- H34 1.793 1.704 1.045 1.025
H34-033 0.991 1.010 1.718 1.911
033-C5 1.354 1.331 1.280 1.269
C5-C4 1.423 1.459 1.457 1.477
C4-C20 1.449 1.415 1.410 1.410
C20-N31 1.310 1.337 1.340 1.352
Bond Angle (in ©) N31-H34-033 146.0 148.4 134.0 126.4
H34-033-C5 108.5 109.0 106.1 108.8
033-C5-C4 1232 120.9 123.4 120.9
C5-C4-C20 119.2 119.0 116.6 118.7
C4-C20-N31 71.126.1 126.2 125.0 127.6
C20-N31-H34 97.0 96.4 114.8 117.8
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Table 3  Observed UV-visible photo-physical data and computed photo-physical data of compound 4 in different solvents

Solvent Experimental Theoretical
Aabs Aem Vertical Excitation Emission
nm nm
nm Orbital Contribution %D %D
(Oscillator Strength)
n-Hexane 419 (414) 619 422 (R1-Enol) 98.80 1.93 631 (R1-Keto) 1.93
H — L (0.6328) L — H(0.3024)
389 (392) 458 483 (R1-Enol) 545
L — H (0.5834)
333 (335) 434 335(R1-Enol) 97.7 0.60
H — L + 1 (0.9900)
320 (319)
304 (305) 300(R1-Enol) 79.6 1.32
H — L + 2(0.0125)
Heptane 416 (414) 617 (621) 422 (R1-Enol) 98.8 1.44 631(R1-Keto) 2.26
H — L (0.6370) L — H(0.3042)
389 (392) 458 (456) 483(R1-Enol) 545
L — H (0.5879)
336 (335) 434 (440) 335(R1-Enol) 97.7 0.30
H — L + 1 (0.9900)
327 (316)
307 (304) 300 (R1-Enol) 80.2 2.28
H — L +2(0.0212)
Chloroform 410 612 418(R1-Enol) 98.7 1.95 619 (R1-Keto) 1.11
H — L (0.6958) L — H (0.3300)
390 451 478 (R1-Enol) 5.98
L — H(0.6773)
335 439 336(R1-Enol) 97.7 0.30
H — L + 1(0.9387)
322
304 301(R1-Enol) 89.9 0.99
H — L +2(0.0110)
Methanol 409 608 413(R1-Enol) 98.6 0.98 605 (R1-Keto) 0.49
H — L (0.6987) L — H (0.3325)
389 451 472 (R1-Enol) 4.6
L — H (0.7089)
333 433 335(R1-Enol) 974 0.60
H — L + 1 (0.8870)
321
304 302(R1-Enol) 91.6 0.66
H — L + 2 (0.0089)
DMF 407 (408) 604 414(R1-Enol) 98.1 1.47 609 (R1-Keto) 0.82
H — L (0.7281) L — H (0.3454)
391 (390) 455 474 (R1-Enol) 4.1
L — H (0.7404)
337 (338) 432 336(R1-Enol) 97.5 0.30
H — L+ 1(0.8929)
320 (322)
307 (308) 302(R1-Enol) 92.7 1.63
H— L +2(0.0134)
DMSO 408 604 414(R1-Enol) 98.7 1.47 608 (R1-Keto) 0.66
H — L (0.7281) L — H (0.3444)
389 456 474 (R1-Enol) 39
L — H (0.7390)
337 432 336(R1-Enol) 97.5 0.30
H — L + 1 (0.8906)
319
304 302(R1-Enol) 92.6 0.66

H— L +2(0.0168)
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Fig. 3 Excited State
Intramolecular Proton Transfer
(ESIPT) pathway in chloroform:
The vertical excitation related
calculations were based on
optimized ground state geometry
and the emission based
calculations were based on
optimized excited state geometry
at B3LYP/6-31G (d). The HOMO
and LUMO energy levels in the
excited state are different from
those in the ground state. The
FMO involved in the vertical
excitation (UV-visible absorption:
Three blue lines and emission:
three red lines)

compound 4 in 472-483 nm corresponds to LUMO-HOMO
transition from excited state enol to ground state enol which
matches with observed emission in the range of 451-458 nm
with maximum deviation of 6.0 %. Whereas third observed
emission in the range of 432-439 nm may be a vibronic emis-
sion from enol excited state to enol ground state.

Compound 5

2,5-bis(benzo[d]oxazol-2-yl)-4-methoxyphenol (compound
5) has one acidic proton and one methyl group in close vicin-
ity of two benzoxazole rings which leads to the possibility of
various interconvertable conformers. All the possible con-
formers of the compound 5 in their enol and keto forms
(illustrated in Fig. 4) are optimized by using B3LYP function-
al and 6-31G (d) basis set to determine the most stable low
energy conformer. The relative energies of the different planar
rotameric and tautomeric structures (Fig. 4) optimized in the
ground and first excited states by using B3LYP/6-31G (d) are

given in Table 4.

Energy
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gen bonding distance of 1.748 A.

DFT optimized rotamer R16 among all sixteen rotamer is

thermodynamically most stable rotamer. The optimized enol-

keto geometry of stable conformer R16 in DMF is replicated

in Fig. 5 along with structural parameters are tabulated in
Table 5. In R16 the hydroxyl group is in vicinity of N = C
bond of one the bezoxazole ring to felicitate intramolecular
hydrogen bond formation with basic nitrogen atom
(OH N = C) and methyl group is moving away from other
benzoxazole ring to minimise the steric hindrance.

Change in Mullikan charges on N31, H34, and O33 atom
of compound 5 in ground and excited of Keto-Enol tautomer
of R16 is given Table S3 (Supporting data). The most stable
rotamer R16 of compound 5 shows complete planarity in a

Photo-Physical Data for Compound 5

@ Springer

region where hydrogen from O33-H34 is in close vicinity of
N31. The planarity in this region promotes proton transfer
upon photo excitation. The change in bond distance in opti-
mized keto-enol tautomeric structures proves the successful
transfer of acid proton H34 on photo excitation. The bond
distance between N31- H34 decreases by 0.065 A from Enol
(1.797 A) to Enol* (1.732 A) whereas the distance between
H34 -033 was enhanced by 0.013 A from Enol to Enol*
suggesting the approach of H34 to N31 via hydrogen bonding
for transfer of proton during photo excitation. The decrease in
bond distances C4-C20, and O33-C5 from Enol to Enol* and
further decrease from Enol* to Keto* confirms the possibility
of ESIPT upon absorption of light. In addition to this, the bond
angle H34-033-C5 increases by 0.4° from Enol (108.4°) to
Enol* (108.9°). The H34 approaches nearer to N31 in Enol*
and further transfer to N31 to give Keto* with N31-H34 bond
distance 1.027 A and 033-H34 hydrogen bonding distance of
1.904A. The Keto* returns to ground state Keto conformer
with N31-H34 bond distance of 1.040 A and 033-H34 hydro-

Table 6 shows the interaction of compound 5 with light in
presence of different solvents. Compound 5 shows sensitivity
to solvent polarity and shows negative solvatochromism and
positive solvatofluorism from non-polar to polar solvent. It
shows absorption at 402 nm in n-Hexane whereas in case of
DMSO the absorption peak was observed at 380 nm. In com-
parison with compound 4 introduction of methyl group in
compound 5 shows blue shift in absorption maxima in all
solvents as well as it shows only three prominent absorption
peak in all the solvents. The ratio of intensity of three
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Fig. 4 Different possible Enol-Keto conformers of compound 5

absorption peaks remains almost constant in all the solvents.
In heptane it shows absorption maxima at 402 nm, 378 nm,
318 nm which are in good agreement with the reported values
308 nm, 376 nm, 315 nm [28]. The theoretical values obtained
from vertical excitation using TD-DFT/B3LYP 6-31G (d) cal-
culations show very good agreement with observed values in
all solvents. The maximum deviation in theoretical vertical
excitation from observed value is 10 % observed in n-hexane.

In all the solvents, the prominent intense absorption can be
assigned to HOMO to LUMO, HOMO to LUMO + 1 and
HOMO to LUMO + 2 transitions of R16-enol rotamer. The

@ Springer

frontier molecular orbital (FMO) 93 is HOMO and FMO 94 is
LUMO in all the cases. The two benzoxazole rings act as an
acceptor which upon excitation undergo HOMO to LUMO
transition. The electron density is mainly distributed on phe-
nyl ring along with hydroxyl and methoxy group attached to
phenyl ring in HOMO. On excitation the electron density is
redistributed on two benzoxazole rings which all are in one
plane at excited state. Fig S1 (Supporting data) represents the
orbital distribution of electron density of compound 5 in chlo-
roform. HOMO-LUMO electronic transition (98.4 %) for ver-
tical excitation situated at 406 nm with oscillator strength (f)
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Fig. 4 (continued)

0.8897 (Fig. 3), which corresponds to the experimentally ob-
served absorption 383 nm with 6.0 % deviation. The HOMO
to LUMO + 1 (97.0 %) transition is responsible for the vertical
excitation at 340 nm with oscillator strength (f) 0.6565, which
corresponds to the experimentally observed absorption peak at
368 nm with 7.6 % deviation whereas HOMO to LUMO + 2
(89.9) electronic transition appears at 305 nm, which corre-
sponds to experimentally observed absorption peak at 320 nm
with f4.6 % deviation. In polar solvents also similar trend is
observed. This confirms that the experimentally observed

short wavelength absorption in the range 317-320 nm is due
to the HOMO to LUMO + 2 and 361-379 nm is due to
HOMO to LUMO + 1 transition whereas longer wavelength
absorption in the range of 380402 nm is due to HOMO-
LUMO transition.

The solvatofluorism study reveals that compound 5 shows
three emissions in all polar and non-polar solvents. The longer
wavelength emission is obtained due to migration of acidic
proton to basic nitrogen atom in enol excited state. The proton
transfer occurs due to extra stabilization of the keto tautomer

@ Springer



J Fluoresc

Table 4  Relative energies (KJ/mol) of the different planar conformers
of compound 5 and their tautomeric structures in the gas phase

Table 5 Structural parameters of conformer R16 of compound 5
obtained by optimizing at B3LYP/6-31G(d) in DMF

Rotamers Compound 5 Enol Compound 5 Keto
(KJ/mol) (KJ/mol)
R1 5.60 3.26
R2 22.73 74.40
R3 22.73 74.40
R4 6.61 5.94
RS 54.89 3.26
R6 49.95 0.92
R7 1.77 0.92
R8 49.45 74.00
R9 44.99 74.00
R10 24.97 74.00
R11 49.45 78.88
RI12 40.25 73.84
R13 22.73 73.87
R14 53.11 5.94
R15 45.59 0.00
R16 0.00 0.00

Enol E, Enol E; Keto K, Keto K;
Bond Length N31-H34 1797 1732 1040  1.027
(in A) H34-033 0991  1.004 1748  1.904
033-C5 1353 1337 1276 1271
C5-C4 1416 1457 1452 1476
C4-C20 1447 1411 1407  1.409
C20-N31 1310 1338 1341 1353
Bond Angle N31-H34-033 1459 1482 1328  126.8
(in°) H34-033-C5 1084 1089 1060  108.7
033-C5-C4 1234 1210 1237 1207
C5-C4-C20 1194 1195 1169 1189
C4-C20-N31 1261 1265 1253 1275
C20-N31-H34 969 960 1153 1174

at the excited state than excited enol tautomer which is con-
firmed by computational calculations. Compound 5 shows red
shift in emission from non-polar to polar solvents. In n-hexane
it emits at 560 nm where as in DMSO emission maximum is at
582 nm. The longer wavelength emission in the range 560—
582 nm is due to LUMO-HOMO transition from excited state
keto to ground state keto in all solvents which corresponds to
theoretical emissions range 553-562 nm with 4.3 % of max-
imum deviation. The longer wavelength emission in com-
pound 5 in all solvents show a blue shift in comparison with
compound 4 where emission range is 604—-619 nm in all sol-
vents. Usually ESIPT compounds show single shorter wave-
length emission in polar solvents attributing to LUMO-
HOMO transition from excited state enol to ground state enol
suggesting the exclusive presence of enol state. In case of
compound 5 like compound 4 longer wavelength emission
is also observed in polar solvents irrespective of polarity of
solvents. This suggests the presence of keto tautomer in polar

solvents which is further confirmed by lower energies of
excited state keto conformers over respective excited state
enol conformer Table S4 (Supporting data). The second
observed emission of compound 5 in 438-442 nm range
corresponds to LUMO-HOMO transition from excited state
enol to ground state enol which matches with theoretical
emission in the range of 456-461nm obtained from TD-
DFT calculations with maximum deviation of 4.3 %.
Whereas third emission obtained in the range of 413—
420 nm is may a vibronic emission obtained from enol
excited state to enol ground state.

Conclusions

To conclude, this paper reports the structural parameters of
most stable conformer obtained from DFT calculation consid-
ering all possible rotamers of bis-2,5-(2-benzoxazolyl) hydro-
quinone and 2,5-bis (benzo[d]oxazol-2-yl)-4-methoxyphenol.
The photo-physical behaviour of these compounds in six dif-
ferent solvents was determined which is in very good agree-
ment with previously reported values for some of the solvents.
The vertical excitation and emission determined by using the

Fig. 5 Optimized structure of R16 (Enol)

R16 (Keto)

most stable isomer of compound
5 in DMF
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Table 6 Observed UV-visible photo-physical data and computed photo-physical data of compound 5 in different solvents

Solvent Experimental Theoretical
Aabs Aem Vertical Excitation Emission
nm nm
nm Orbital Contribution %D nm %D
(Oscillator Strength) (Oscillator Strength)
n-Hexane 402(399) 560 405 (R16-Enol) 98.3 0.7 553 (R16-Keto) 1.2
H — L (0.8644) L — H (0.3527)
379(375) 438 341 (R16-Enol) 97.0 10.0 456 (R16-Enol) 4.1
H— L +1(0.6327) L — H (0.0.8973)
318(315) 413 305 (R16-Enol) 88.63 4.0
H — L + 2 (0.0594)
Heptane 402(398) 569(571) 405 (R16-Enol) 98.3 0.7 554 (R16-Keto) 2.6
H — L (0.8686) L — H(0.3591)
378(376) 439(438) 341 (R16-Enol) 97.0 9.8 456 (R16-Enol) 39
H— L +1(0.6333) L — H (0.9032)
318(315) 412(414) 305 (R16-Enol) 88.4 4.0
H — L + 2 (0.0600)
Chloroform 383 580 406 (R16-Enol) 98.4 6.0 559 (R16-Keto) 3.6
H — L (0.8897) L — H(0.3764)
368 440 340 (R16-Enol) 97.0 7.6 460 (R16-Enol) 45
H — L+ 1(0.6565) L — H (0.9828)
320 415 305 (R16-Enol) 81.3 4.6
H — L +2(0.0723)
Methanol 382 582 404 (R16-Enol) 98.2 5.7 558 (R16-Keto) 4.1
H — L (0.8548) L — H (0.3687)
365 441 338 (R16-Enol) 96.8 7.3 459 (R16-Enol) 4.1
H— L+ 1(0.6721) L — H (0.9821)
318 416 305 (R16-Enol) 85.0 4.0
H — L + 2 (0.0623)
DMF 383 (381) 585 406 (R16-Enol) 98.3 6.0 562 (R16-Keto) 4.0
H — L (0.8883) L — H (0.3834)
362 441 339 (R16-Enol) 97.0 6.3 462 (R16-Enol) 4.8
H — L+ 1(0.6737) L — H(1.0211)
320 (318) 417 305 (R16-Enol) 87.3 4.6
H — L + 2 (0.0629)
DMSO 380 586 405 (R16-Enol) 98.3 6.5 561 (R16-Keto) 43
H — L (0.8843) L — H (0.3820)
361 442 339 (R16-Enol) 97.0 6.1 461 (R16-Enol) 43
H— L +1(0.6741) L — H(1.0175)
317 420 305 (R16-Enol) 87.3 3.8
H— L +2(0.0621)
Density Functional Theory (DFT) and Time-Dependent  References

Density Functional Theory (TD-DFT). Compound 4 shows
five absorption and three emission peaks in all the solvents
whereas compound 5 shows three absorption and three emis-
sion peaks. The photo physical properties of the compounds are
sensitive towards the solvent environment. Compound 4 shows
red shift in absorption and emission in comparison with com-
pound 5. Photo physical properties of the compounds were
supported by DFT and it was observed that computational re-
sults are good agreement with the theoretical observations.
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