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Abstract We report a combined experimental and compu-
tational study of the effect of electron donor and acceptor
groups on the excited state intramolecular proton transfer of
2-(2'-hydroxyphenyl) imidazole derivatives in solvents of
different polarities. The changes in fluorescence properties,
electronic transitions and energy levels are analyzed and
discussed. The study was complemented using the Density
Functional Theory (DFT)-Time Dependent DFT [B3LYP/
6-31G(d)] computations. The calculated absorption and emis-
sion spectra of the imidazole derivatives are in good agree-
ment with the experiments, thus allowing an assignment of the
UV-vis spectra.

Keywords Benzimidazole - ESIPT - Fluorescence -
Solvatochromism - DFT - TD DFT

Introduction

Excited state intramolecular proton transfer (ESIPT) is one

of the proton transfer reactions that can be initiated by a
light pulse. Proton transfer is the most important chemical
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reactions in chemistry and biology. The reaction dynamics
and associated potential energy surfaces of the proton
(hydrogen) transfer have been the subject of extensive
investigation [1].

Excited-state intramolecular proton transfer (ESIPT)
molecule shows large Stokes shift due to the characteristic
four-level photophysical scheme incorporating the ground
and excited states of two different tautomers. In the ground
state, typical ESIPT molecules preferentially adopt enol (E)
form, which is better stabilized by the intramolecular
hydrogen-bonding. Upon photo-excitation, however, fast
proton transfer reaction from the excited enol (E*) occurs
to give the excited keto (K*) tautomer in a subpicosecond
time scale. After decaying to the ground state, the keto (K)
form reverts to the original enol form via reverse proton
transfer. Different absorbing (E—E*) and emitting (K*—K)
molecular species in this ESIPT cycle normally result in the
total exclusion of self-absorption and the large Stokes’
shifted keto emission [2—4]. A schematic diagram for ESIPT
is shown in Scheme 1.

The ESIPT reaction generally incorporates transfer of a
hydroxyl (or amino) proton to the carbonyl oxygen through a
pre-existing hydrogen bonding configuration [5]. The
resulting proton-transfer tautomer possesses significant dif-
ferences in structure and electronic configuration from its
corresponding normal species. The fundamental require-
ments of ESIPT process are the presence of intra-molecular
hydrogen bonding between the acidic proton, basic moiety
and the suitable geometry of molecular system. The acidic
protons commonly involved are -OH and —-NH, and basic
centers are =N and —C=0 [6—8]. Fluorescence due to ESIPT
process is an effective tool in fluorescence based applica-
tions. ESIPT has attracted much more attention due to the
wide applications in luminescent materials [9, 10],
photopatterning [11], chemosensors [11], proton transfer
laser [11], photostabilizers [12, 13], molecular logic gates
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[14], molecular probes [15], metal ion sensors [16—18], radia-
tion hard-scintillator counters [19, 20] and organic light emit-
ting devices (OLEDs) [21]. ESIPT compounds have also
drawn much attention due to their potential applications in
optical devices [22] that may take advantage of the salient
properties of the ESIPT compounds such as the ultra-fast
reaction rate and extremely large fluorescence Stokes shift
[23] compared to the normal fluorophores such as fluorescein,
rhodamine or boron dipyrromethene (BODIPY) [23]. The
large Stokes shift is a desired feature for fluorophores because
the self-absorption, or the inner filter effect, can be avoided and
the fluorescence analysis can be improved with this kind of
fluorophores [24]. The nature of ESIPT has been well studied
for a large number of organic molecules including some classic
studies on methyl salicylate, salicylic acid and their derivatives
[25, 26].

Among various ESIPT-active molecular structures, 2-(2'-
hydroxyphenyl) benzoxazole (HBO) derivatives have been
most often investigated due to their structural simplicity and
facile chemical modification. 2-(2'-Hydroxyphenyl) benz

NH

~
J@h
OH

1

/j /\N
Fig. 1 2-(2'-hydroxyphenyl) benzimidazole derivatives, 1-3
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oxazole (HBO) has emerged to be an interesting material,
which exhibits a large Stokes shift (about 150 nm) arising
from ESIPT [27-41].

This paper is a continuation of our interests on benzimid-
azole chemistry [42—44] to understand the effect of electron
donor and electron acceptor on proton transfer process in the
excited state, electronic transitions and energy levels in
solvent of different polarities. We hereby report the changes
in the electronic transition, energy levels, and orbital diagrams
of previously synthesized HBO derivatives [42], Fig. 1. Com-
pound 1 is simple benzimidazole, compound 2 contains the
electron withdrawing NO, group and compound 3 contains
the electron donating NH, group on imidazole core. This
study was extended using the Density Functional Theory
(DFT)-Time Dependent DFT [B3LYP/6-31G (d)] computa-
tions to shed more light on the absorption and emission
spectra of compounds 1-3 at molecular level.

Methodology
Chemistry

2-(2'-Hydroxyphenyl) benzimidazole derivatives 1-3 were
prepared according to previously published paper from our
research group [42].

Computational Methods

The ground state geometry of the compounds 1-3 in their Cg
symmetry were optimized using the tight criteria in the gas
phase using DFT [45]. The functional used was B3LYP. The
B3LYP method combines Becke’s three parameter exchange
functional (B3) [46] with the nonlocal correlation functional
by Lee, Yang and Parr (LYP) [47]. The basis set used for all
atoms was 6-31G(d) [48-50]. The vibrational frequencies of
the optimized structures were computed using the same meth-
od to verify that the optimized structures correspond to local
minima on the energy surface. The vertical excitation energies
at the ground-state equilibrium geometries were calculated

NO, NH,

)
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with TD DFT [51]. The low-lying first singlet excited state
(Sy) of each conformer was relaxed using the TD DFT to
obtain its minimum energy geometry. The difference between
the energies of the optimized geometries at the first singlet
excited state and the ground state was used in computing the
emissions [52, 53]. Frequency computations were also carried
out on Frank-Condon excited state of conformers. All the
computations in solvents of different polarities were carried
out using the Polarizable Continuum Model (PCM) [54, 55].
All electronic structure computations were carried out using
the Gaussian 09 program [56].

Relative Quantum Yield Calculations

Quantum yields of the synthesized compounds in different
solvents were calculated by using anthracene as the reference
standard in different solvents using the comparative method
[57, 58]. Absorption and emission spectra of the standard and
the compounds in polar as well as non-polar solvents were
measured at different concentrations at (2, 4, 6, 8, and 10 ppm
level). Emission intensity values were plotted against absor-
bance values and linear plots were obtained. Gradients were
calculated for compounds in each solvent and for the stan-
dards. All the measurements were done by keeping parameters
such as solvent and slit width constant. Relative quantum
yields of synthesized compounds in different solvents were
calculated by using Eq. 1 [57, 58].

GradX ’I’}g(
by =9 —= 1
X St<GradSt> (n%t ( )

Where:

Py Quantum yield of synthesized compound
Dy, Quantum yield of standard sample

Grady Gradient of synthesized compound

Gradg, Gradient of standard sample

1x Refractive index of solvent used for synthesized
compound

st Refractive index of solvent used for standard
sample

Result and Discussion
Photophysical Properties

Compounds 1-3 are fluorescent in solution on irradiation
with UV light. The effects of solvent polarities on absorp-
tion and emission properties of the compounds are summa-
rized in Tables 1, 2 and 3. Compound 1 is sensitive towards
the polarity of solvents but the trend is not regular from non-
polar to polar solvent or vice-versa. Experimentally, the

@ Springer
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Fig. 2 Emission spectra of compound 1 in different solvents

observed absorption wavelength in different solvents ranges
from 354 to 390 nm and the computed vertical excitation in
all solvents are about 336 nm. The observed difference in
ethyl acetate, di oxane and acetone is 18 nm which is the
lowest and the largest difference is 53 nm in chloroform. The
% deviation between theoretical and experimental absorption
(compound 1 absorption range 354-381 nm and vertical ex-
citation 336-337 nm; compound 2 absorption range 333-414
and vertical excitation 341-343; compound 3 absorption
range 354-378 and vertical excitation 346—348) ranges from
5 to 13 %. In ethyl acetate, di oxane and acetone, the %
deviation is 5 %, while in chloroform and dichloromethane,

800 = Acetone

Chloroform

=—=DCM
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= DMF

e DMSO
Ethanol

= Ethyl acetate

== Methanol

= Acetonitrile
200 -

Emission Intensity (Arbitrary unit)
'
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Fig. 3 Emission spectra of compound 2 in different solvents
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Fig. 4 Emission spectra of compound 3 in different solvents

the % deviation is 13 %. In all the solvents, excitation is from
HOMO to LUMO orbital. Observed absorption, molar ab-
sorptivity and computed vertical excitations of compound 1
are summarized in Table 1.

The solvatofluorism study reveals that compound 1
showed single emission in some solvents (dioxane, DMF,
ethanol, ethyl acetate, toluene) while in DMSO, methanol,

acetone and acetonitrile the compound shows dual emission
with an intense emission peak found between 370 and
420 nm and there is a shoulder peak is between 470 and
570 nm. In case of chloroform as the solvent, a shoulder
peak is observed at 460 nm with additional intense peak
being observed at 475 nm. It is well known that the long
wavelength emission in ESIPT compounds is attributed to
the excited state keto tautomer originating from the excited
state enol tautomer [34]. The driving force behind the proton
transfer is the associated intrinsic extra stabilization of the
keto tautomer at the excited state.

Quantum yield is sensitive to the solvent polarities. It is
observed that the quantum yield is higher in DMSO, ethyl
acetate and methanol than in DMF, dioxane and acetonitrile.
This can be attributed to the contribution coming from the
long wavelength emission. The quantum efficiency was much
higher in DMF and acetonitrile ($=0.13) than the other polar
solvents. The short wavelength emission occurs in all cases
with a narrow range of Stokes shift (15-48 nm). It is interest-
ing to note that the short wavelength emission is much red
shifted in DCM and acetone (Fig. 2 and Table 1). Solvent
polarities also affect the Stokes shift for longer emission and
ranges from 88 to 146 nm.

Table 4 Frontier molecular orbital’s of fluorophores 1-3 in acetone with their energy

Compound HOMO LUMO
i)
\N
N OH
1

2 -0.3140 eV

*Upyags

3 -0.3095 eV

-0.2084 eV

@ Springer
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Table 5 Structural properties of

compound 1 Properties 1 (Enol) 1 (Keto)
Stoichiometry C17HoN3O C17HoN3O
Framework group C(%(Cy7H9N;0) C(%(Cy7H9N50)
; . W :x’ ? ; e - :
‘9%00 90 93 @ ¢ oo °
A sl e Lo 9 00 0@
TR ey
a @ 9 5 K ] » o o L
Bond distance Bond Bond Length Bond Bond Length
1(C1-044) 1.352 1(C1-024) 1.203
1(C2-Na3) 1.332 1(C2-Na3) 1.356
1(C12-Cy) 1.448 1(C12-Cy) 1.415
Bond angle Angle Bond Angle Angle Bond Angle
A(Np;-C2-Cy) 123.7 A(Np;-C5-Cy) 123.1
A(C-C-Cy) 120.0 A(C2-Cy-Cy) 118.4
A(C5-C1-044) 122.1 A(C5-C1-044) 122.4
Bond angle in °, Bond length in Djhedral angle A(N»3-C1-C5-Cy) 0.025 AN»3-C-C»-C1) 0.004

Compound 2 contains the strong electron withdrawing —
NO, group which enhances the ESIPT process by in-
creasing the electron density on N in imidazole and the
acidity of hydroxy H. Compound 2 is also sensitive
towards the solvent polarity. In all the solvents com-
pound 2 shows dual absorption, first absorption around

Table 6 Structural properties of compound 2

333 nm and longer emission around 400 nm. A large
difference of 18 nm is observed between experimental
absorption and vertical excitation in ethyl acetate. Com-
pound 2 does not show solvatochromism; in DMSO it
shows red shift as compared to other solvents. Com-
pound 2 shows solvatofluorism properties from 402 nm

Properties 2 (Enol) 2 (Keto)
Stoichiometry C7HgN4O3 C7HgN4O3
Framework group Ci(X(Cy7H,3N403) Ci(X(Cy7H,3N403)
9 v @ 5 oo ® » . Bt
*,, >a ‘B e® 0,08 99
eyt e S 2 ea s
9°e 99 @ “ove e Ay
@ v o " @ @ ] 9 w
Bond distance Bond Bond Length Bond Bond Length
1(C1-053) 1.351 1(C1-0,3) 1.281
1(C12-N22) 1.333 1(C12-N22) 1.358
1(C15-Cy) 1.412 1(C12-Cy) 1.406
Bond angle Angle Bond Angle Angle Bond Angle
A(Np-C1-Cy) 123.7 A(Np-C1-Cy) 123.3
A(C-Cy-Cy) 120.0 A(C-Cy-Cy) 118.2
A(C5-C1-023) 122.0 A(Cy-C1-053) 122.2
Dihedral angle A(N5,-C,-Co-Cy) 0.68 A(N5,-C,-Co-Cy) 0.25

Bond angle in °, Bond length in A

@ Springer
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Table 7 Structural properties of compound 3

Properties 3 (Enol)

3 (Keto)

Stoichiometry C,7H,0N40

Framework group C1(x(Cy17H20N40)

C17H20N,0
C(*(C17H2N40)

2
o
o , o si ? 5"5 .9 3 Iy o a ’0"
z &4 &0\ J‘ L W a
elﬂ @

Bond distance Bond Bond length Bond Bond length
1(C1-023) 1.352 1(C-023) 1.284
1(C12-Njo) 1.336 1(C12-Nao) 1.357
1(C12-Cy) 1.449 1(C12-Cy) 1.418

Bond angle Angle Bond Angle Angle Bond Angle
A(Npp-Ci2-Cy) 123.4 A(N;-Co-Cs) 123.0
A(C-Cx-Cy) 119.0 A(C4-Cs-Cy) 118.5
A(C,-C-043) 122.0 A(07-C4-Cs) 122.5

Dihedral angle A(Np,-Ci,-Cy-Cy) 0.74 A(N;9-Co-C5-Cy) 0.30

Bond angle in °, Bond length in A

to 452 nm. It shows dual emission in all solvents except
in dioxane; short emission is between 402 and 430 nm
and longer emission is located between 537 and
644 nm. Observed stokes shift due to longer emission
(99-274 nm) is larger as compared to Stokes shift due
to short emission (71-115 nm). Emission spectra are
shown in Fig. 3. Observed absorption, vertical excitation,
experimental emission, emission by TD DFT and quantum
yield of compound 2 are summarized in Table 2.

Compound 3 contain the electron releasing -NH, group on
the benzimidazole ring. Observed absorption, vertical excita-
tion, emission and quantum yield are summarized in Table 3
and emission spectra are shown in Fig. 4. Compound 3 shows

red shift in ethanol, acetonitrile and dimethyl sulphoxide. The
difference between experimental absorption and vertical exci-
tation is 4 nm in ethyl acetate and DMF. A large difference
between vertical excitation and experimental emission was
observed in ethanol, acetonitrile and dimethyl sulphoxide.
The % deviation between experimental and theoretical absorp-
tion is in the range 0.8-8.2 %. Compound 3 shows dual
emission in dichloromethane and ethyl acetate and single emis-
sion in other solvents. Stokes shift due to short emission as well
as long emission is almost same. The quantum yield of com-
pound 3 varies from 0.09 to 0.13.

Compound 2 shows red shift as compared to compounds 1
and 3. Compound 2 contains the NO, group para to the

Table 8 Dipole moment (i in

Debye) of compound 1 in Medium EN  Compound 1 Compound 1 jj;ﬁ‘;gll Compound 1 Compound 1 Z;E:g Expgri}‘nental

ground state and excited state in “Enol p, *Enol y Keto pg *Keto p Z:Eﬁzl

various solvents
MeOH 0.775 4.826 7.421 1.537 6.594 6.978 1.058 1.3373 At short
EtOH 0.654 4.824 7.374 1.528 6.550 6.980 1.065  emission
ACN 0460 4.827 7.434 1.540  6.606 6.987 1.057 gegoz)gogm)
DMF 0.386 4.827 6.789 1.406 6.612 6.990 1.057 l. 7 o

ong emission

DMSO 0.396 4.828 7.467 1.546 6.638 7.008 1.055 (enol form)
DCM 0.309 4.807 9.654 2.008 6.248 6.715 1.074

ar . CHCI; 0259 4.787 6.664 1.321 5.893 6.080 1.031

Dipole moments were obtained

at the optimized ground state EtOAc  0.228 4.496 6.830 1519 6.044 6.554 1.084

geometry; bDipole moments Acetone 0.207 4.822 7.333 1.520 6.511 6.920 1.062

were obtained at the optimized Dioxane 0.164 4.747 5.955 1.254 5.260 6.654 1.265

excited state geometry
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Table 9 Dipole moment (it in

Debye) of compound 2 in the Medium E{N  Compound 2 Compound 2 ﬁigﬁgi Compound 2 Compound 2 Lig::z E)épelrimental
a ¢ a 3 Eno
ground and excited state in vari- Enol p, *Enol p Keto u, *Keto p LgEnol
ous solvents
MeOH 0.775 10.937 11.263 1.029 11.613 11.263 0.969 2.3369 for
EtOH  0.654 14.005 14916 1.065 11.563 11.209 0.969  short
ACN 0.460 14.083 15.017 1.066 11.629 11.280 0.969  cmission
(enol form)
DMF 0.386 10.748 15.027 1.397 11.635 11.312 0.972
DMSO 0.396 14.126 15.075 1.071 11.666 11.323 0.970
DCM 0309 10.891 14.351 1.317 11.204 10.778 0.961 2.3395 for long
A . CHCl;  0.259 10.843 13.672 1.260 10.773 10.263 0.952  emission
Dipole moments were obtained (enol form)
at the optimized ground state EtOAc  0.228 10.868 13.965 1.284 10.959 10.486 0.956
geometry; "Dipole moments Acetone 0.207 10.925 14.844 1.359 11.517 11.151 0.968
were obtained at the optimized Dioxane 0.164 10.788 12.400 1.149 9.970 9.308 0.933

excited state geometry

substituted NV, N-diethylamino and hydroxyl electron donor unit.
The NO, group increases the acidity of hydrogen and basicity
of N of imidazole core which causes enhancement of ESIPT
and, a red shift is observed for absorption as well as emission.
In case of compound 3, electron donor NH, group present on
electron withdrawing unit decreases the basicity of imidazole N
and acidity of hydroxyl H and affects the ESIPT process of
compound 3 leading to single emission in most of solvent.
Frontier molecular orbitals and their energies were
obtained and HOMO and LUMO orbital diagrams are shown
in Table 4 for compounds 1-3 in acetone solvent. The com-
pounds contain electron donor and acceptor system, the
substituted benzimidazole unit acts as an electron acceptor
and the N,N-diethyl and hydroxy substituted benzene unit
act as electron donor. In the case of HOMO, the electron
density is distributed across the compounds 1-3, while in
the LUMO, the electron density is localized along the benz-
imidazole unit of compounds 1-3, it shows nodes on N,N-
diethyl group. The HOMO-LUMO energy gap for compound
2(0.1001 eV) is less as compared to compound 1 (0.1053 eV)
and 3 (0.1011 eV) due to the effective charge transfer from
electron donor to acceptor for compound 1 which has NO, as
an efficient electron acceptor and enhances the ESIPT process.

This is reflected in the red shift of absorption as well as
emission, see Tables 1, 2 and 3. The HOMO-LUMO orbital
diagrams of compound 1 in all solvents for the enol form as
well as the keto form show similar electron distribution pattern
Tables 11-12 (Supporting Information). Computed vertical
excitation and emission of compounds 1-3 for keto form are
summarized in Tables 13—15 (Supporting Information).

Structural Properties of Compounds 1-3

The structural changes due to ESIPT phenomenon in terms of
bond angle, bond distance and geometry of the electron donor
and acceptor groups are investigated by using optimized ge-
ometries as shown in Tables 5, 6 and 7. Results of bond angle
and bond length clearly indicate that, due to the intra-molecular
hydrogen bonding the compounds has a six-member ring
conformation in excited state. The main feature of the molec-
ular structures like stiochiometry, framework group, degree of
freedom and point group of compounds remain the same in
both enol and keto forms which can be deduced from Tables 5,
6 and 7 for all the compounds 1-3. In compound 1, the bond
length [rgaor (C1-024); 1.352 A] and [rgeio (C1-O24);
1.203 A] and bond angle [rpnoi (C2-C1-O,4); 122.1 A

Table 10 Dipole moment (p in

Debye) of compound 3 in the Medium E{N  Compound Compound jjzﬁﬁﬁ} Compound Compound jj;ii:iﬁ Experimental ﬁ eg';zll
ground and excited state in vari- 3 “Enol p; 3 "Enol pi. 3 *Ketop, 3 *Keto pe )
ous solvents
MeOH 0.775 3.927 5.283 1.345 6.782 7.058 1.040 2.020 at short emission
EtOH 0.654 3.924 5.240 1.335 6.782 7.058 1.040  (enol form) 1.8421
ACN 0460 3.928 5.295 1348 6.794 6.990 1208  for long emission
(enol form)
DMF 0.386 3.928 5.300 1.349 6.697 7.060 1.054
DMSO 0.396 3.930 5.325 1.569 6.225 7.060 1.134
DCM 0.309 3.904 4.948 1.267 6.432 7.070 1.099
A . CHCI;  0.259 3.880 4.599 1.185 6.070 6.960 1.146
Dipole moments were obtained
at the optimized ground state EtOAc 0228 3.890 4.749 1220 6.782 7.013 1.034
geometry; bDipole moments Acetone 0.207 3.922 5.202 1.326  6.699 7.054 1.052
were obtained at the optimized Dioxane 0.164 3.834 6.497 1.694 5.416 6.497 1.199

excited state geometry
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and Ayero A(C-C1-024);122.4 A] differ from each other
in the enol and keto forms respectively. The change in bond
length clearly indicates that ESIPT phenomenon is observed
in compound 1. Similar trends are observed for compounds 2
and 3. Compounds 1-3 are roughly planar in enol and keto
forms and, this facilitates the excited state intra-molecular
hydrogen transfer. The hydroxyl group is para to imidazole,
oxazole and thiazole and it increases the basicity of nitrogen
present in the ring. This is further confirmed by our computa-
tions. In enol form, the lone pair of electrons present on
oxygen is involved in resonance, the single bond length
character is converted in to double bond character hence the
bond length between O-H decreases as compared to keto
form. This is also observed for other compounds. The changes
in bond length, bond angle and dihedral angle due to excited
state intramolecular phenomenon for all compounds are sum-
marized in Tables 5, 6 and 7.

Effect of Solvent Polarity on Ground and Excited State
Dipole Moments

Dipole moments of compounds 1-3 in the ground state and
excited stated were computed for short as well as long
emission in solvents of different polarities. The ratio of
dipole moment in excited to ground state in different sol-
vents is plotted against the solvent function (E1") (Tables 8,
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Fig. 5 Plots of dipole moment (1) versus solvent polarity function
(ExT) of compounds 1-3 enol form in the ground and excited state
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Fig. 6 Plots of dipole moment (i) versus solvent polarity function
(ExT) of compounds 1-3 keto form in the ground and excited state

9 and 10, Figs. 5 and 6). The solvent polarity function has
been taken from the literature [59]. The experimental dipole
moment ratio for compound 1 is 1.337 and is 2.370 for
longer emission. Compound 2 shows highest dipole mo-
ment in all solvents as compared to compounds 1 and 3
experimentally as well theoretically. The dipole moment of
compound 1 ranges from 4.2 D to 4.8 D for enol form and
6.6 to 9.6 D for the excited state. Dipole moment of
compounds 1-3 are almost same in different solvents for
each compound which accounts for almost similar absorp-
tion properties of compounds.

Conclusion

Photo-physical properties of 2-(2'-hydroxyphenyl) imidazole
derivatives were studied in solvents of different polarities. The
absorption and emission wavelengths were computed using
TD DFT and they are in good agreement with the experimen-
tal results, the HOMO-LUMO gap for each compound is the
same in all the solvents. Compound 1 shows dual emission,
intense peak at short wavelength and shoulder peak at longer
wavelength in DMSO, methanol, acetone and acetonitrile. In
case of chloroform shoulder peak at short wavelength and
intense peak at long wavelength was observed. Compound 2
shows dual emission in all the solvents studied except for

@ Springer
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dioxane, and compound 3 shows dual emission in DCM and
ethyl acetate only. The compounds show large Stokes shift
due to ESIPT process and this can be important as fluores-
cence compounds with large Stokes shift are used as fluores-
cence probes. The computational methods have been useful
for assignments of the absorption and emission and thus lead
to more understanding at molecular level and this is not
possible by experiments alone. We hope that our research will
be helpful to future uses of these compounds as they show
very good fluorescence properties.
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