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ABSTRACT

A novel Schiff base, LMAP synthesized from 4-(N,N’-diethylamino)salicylaldehyde and 2-amino-4-methyl
phenol has been characterized by single crystal X-ray diffraction and spectroscopic methods. DFT meth-
ods is used to investigate the enol-imine (EI) = keto-amine (KA) tautomeric behavior with respect to
phase and in solvent media. The synthesized Schiff base crystallizes in the keto-amine (KA) form in the
orthorhombic lattice and Pna21space group with four atoms per unit cell (Z = 4). Bond length analysis
indicates that the KA form possesses significant zwitter ionic character. Study of electronic absorption
and emission properties was conducted in the solid state as well as in different solvents. The UV-Vis
result reveals the varied structural preference of the compound depending on the solvent media: polar
protic solvents stabilize the KA form, while nonpolar and polar aprotic solvents favor the EI form. Quan-
tum mechanical computations using DFT and TD-DFT also confirm these findings. Fluorescence emission
spectra show multiple emission bands which indicate both excited state intramolecular proton transfer
(ESIPT) and charge transfer (CT) phenomena occur simultaneously within the molecule. DFT predicted
NLO responses of KA and EI were compared and found that the NLO response of KA is superior to that

of EL

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Ortho-hydroxy Schiff bases are an important class of com-
pounds that are of considerable interest to researchers primarily
because of their intramolecular hydrogen bonds [1]. These com-
pounds have potential applications in pharmaceutical, computing,
and telecommunication [2-5]. They are also highly valued for fab-
ricating microstructures and nanostructures, since they are versa-
tile templates for molecular assembly [6]. Depending on the posi-
tion of the proton in the H-bond, the ortho-hydroxy Schiff bases
exhibit two tautomeric forms: enol-imine (EI) and keto-amine
(KA). In the latter case, a proton transfer may bring about a change
in the electronic structure, the electronic and protonic states are
coupled, thus an intramolecular charge transfer may take place. As
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a result, a zwitterionic structure may be formed. Scheme 1 repre-
sents the tautomeric forms of ortho-hydroxy Schiff base. The tau-
tomer I represents the enol-imine (EI), I the keto-amine (KA) form
and Il the zwitter ionic form. The structural forms II and III can
be regarded as -NH forms. The enol-imine (EI) = keto-amine (KA)
tautomeric equilibrium plays a significant role in many biochemical
processes as well [7,8]. The photo-, thermo-, and solvatochromic
properties observed in ortho-hydroxy Schiff bases are closely re-
lated to EI=KA tautomerism [9] and their versatile applications
were revealed in both theoretical and experimental investigations
[10].

The relative stability of the tautomers depends on the nature
and position of substituents on salicylidine or amine groups in ad-
dition to external factors such as the nature of the solvent, pH and
temperature. The type of substituent on the salicylidine ring affects
the electron distribution in the molecule and hence the position
of EI/KA equilibrium. The electron-donating substituents at ortho
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or para positions with respect to the aldimine bridge increase the
basicity of nitrogen. In contrast, the electron-withdrawing groups
in the meta positions increase the acidity of the phenolic groups
SI(1). In both cases, equilibrium shifts towards KA form [11]. In
most cases, equilibrium shifts towards EI form when N-salicylidine
anilines do not have any other functional groups [11,12]. The ad-
ditional OH groups in the salicylidine and aniline rings that cre-
ate intermolecular hydrogen bonds may also affect the tautomeric
equilibrium. It has been revealed that the presence of vicinal -OH
or additional -OH in the aniline ring stabilizes the KA form consid-
erably [11-14].

The present study reports the synthesis and charac-
terization of a novel Schiff base derived from 4-N,N-
(diethylamino)salicylaldehyde and 2-amino-4-methyl phenol
by experimental and theoretical methods. We investigated the
structure preference (enol-imine/keto-amine) of the compound
under various solvent conditions, using UV-Vis absorption and
TD-DFT/RPA methods. Also, the emission properties in the solid
state as well as in solvent media and the theoretical NLO response
of the tautomers are examined.

2. Experimental methods

AR grade 4-(N,N’-diethylamino)salicylaldehyde and 2-amino-4-
methyl phenol were purchased from Merk and used as received.
Methanol purchased from Merk was used without distillation.

2.1. Synthetic procedure

The classical method of synthesis of imines involves mixing of
equimolar amounts of aldehydes or ketones with primary amines

[15]. Scheme 2 shows the procedure for the synthesis of Schiff
base, LMAP. A solution of 2-amino-4-methyl phenol (0.6158 g,
5.0 mmol) in 20 mL methanol is added to a methanolic solu-
tion of 4-(N,N’-diethylamino)salicylaldehyde (0.9662 g, 5.0 mmol
in 20 mL). The mixture was stirred well and allowed to stand at
room temperature. After about 24 h, dark brown crystals suitable
for single crystal X-ray studies were separated. (yield: 73% M.P.
183 £+ 2 °C)

2.2. Physical measurements

A Perkin Elmer Spectrometer was used to record the FT-IR spec-
trum using solid KBr pellets in the range 4000-400 cm~!. The
electronic spectra were recorded on a Varian Cary 5000 UV-Visible
Spectrophotometer in the range 200-600 nm in different solvents.
The NMR spectra were recorded on a Bruker Avance Il 400 MHz
FT-NMR Spectrometer with TMS as the internal standard in CDCl3
solvent at SAIF, CUSAT, Kochi, India. The solid state 3C NMR spec-
tra were recorded in ECX400-]Jeol 400 MHz High Resolution Multi-
nuclear FT-NMR Spectrometer at IISc, Bangalore, India. The fluores-
cence spectra were recorded in Jobin Yvon fluorimeter at SAIF IIT
Madras, Chennai, India.

2.3. X-ray crystallography

The single crystal X-ray diffraction data were collected on
a Bruker AXS Kappa Apex Il CCD diffractometer equipped with
graphite monochromated Mo Ko radiation (A = 0.71073) at
296 K. Cell refinement and data reduction of the compound
were carried out by APEX3/SAINT and SAINT/XPREP respectively
[16]. The structure solution was done with SHELXT-2014/5 [17].
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Fig. 1. ORTEP diagram of LMAP with atom numbering.

The structure refinement was carried out with full-matrix least
square on F2 using SHELXL-2018/3 [18]. All non-hydrogen atoms
were refined with anisotropic thermal parameters. For struc-
ture visualization ORTEP 3 and MERCURY version.3 software
were used [19]. Molecular graphics was executed with Mercury
software.

2.4. Computational methodology

The geometries of both the tautomeric forms were optimized by
wB97XD dispersion corrected range-separated (22% HF exchange at
the short range and 100% HF exchange at the long range) version of
Becke’s 97 density functional and 6-311G(d,p) basis set [20,21]. The
calculations are carried out in the gas phase and in n-hexane and
methanol solvents. Solvent reaction field effects were accounted
using SMD and PCM solvation methodology [22,23]. On the com-
puted geometries, vibrational frequency analysis is performed in
order to confirm that the optimized structures have no imaginary
frequencies, i.e. they are minimum on the respective potential en-
ergy surfaces. In this paper, the TD-DFT/RPA method was employed
to determine electronic absorption characteristics. PBEO was used
to predict electronic absorption since it is claimed to be able to
provide reasonable estimates of electronic absorption for most or-
ganic dyes [24-26]. The Coupled Perturbed Kohn-Sham (CPKS) ap-
proach is used to obtain the NLO response parameters [SI(2)]. All
the calculations discussed in this work were carried out using G09
electronic simulation package [27].

3. Result and discussion
3.1. Single crystal X-ray crystallographic structural results

The compound crystallizes in an orthorhombic lattice and space
group Pna21with four atoms per unit cell SI(3). An ORTEP view of
the asymmetric unit of LMAP is shown in Fig. 1. The single crys-
tal data along with structure refinement details are summarized in
Table 1 and the selected geometric parameters are listed in SI(4).
The molecule adopts syn conformation with respect to O1 and 02
atoms. The torsion angle for the fragment C(7) -N(1)-C(5)-C(6) (-
24.4(5)°) shows that the two rings are not co-planar. The asymmet-
ric unit consists of single molecule in which the hydrogen atom
is localized at imine nitrogen (N1H), which indicates that LMAP
adopts -NH form at room temperature by the proton assisted EI
to KA tautomerization (Fig. 2). The crystallographic evidence for

Table 1
Crystal data and structure refinement details for LMAP.

Empirical formula C18 H22 N2 02

Formula weight 298.37
Temperature 296(2) K
Wavelength 1.54178 A
Crystal system Orthorhombic
Space group Pna21

a = 10.4983(4) A a= 90°
b = 7.0432(3) A B= 90°
c=21.5030(8) A y = 90°

Unit cell dimensions

Volume 1589.97(11) A3
Z 4

Density (calculated) 1.246 Mg/m3
Absorption coefficient 0.651 mm-1

F(000) 640

Crystal size 0.200 x 0.200 x 0.150 mm3
Theta range for data collection 7.574 to 72.232°

Index ranges —12<=h<=12, —-8<=k<=8, —26<=I<=25
Reflections collected 16718

Independent reflections 3099 [R(int) = 0.0849]
Completeness to theta = 67.679°  99.6%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7536 and 0.4703

Refinement method Full-matrix least-squares on F2
Data | restraints /| parameters 3099 /1 /211

Goodness-of-fit on F2 1.060

Final R indices [I>2sigma(l)] R1 = 0.0506, wR2 = 0.1202

R indices (all data) R1 = 0.0571, wR2 = 0.1246
Absolute structure parameter -0.11(19)

Extinction coefficient 0.0090(14)

Largest diff. peak and hole 0.165 and —0.171 e. A-3

the existence of -NH form of salicylidine Schiff base was first pro-
vided by Ogawa et al. [13]. In contrast to the Schiff base compound
I (Fig. 3) reported by Ogawa et al., which crystallized in -NH form
at 15 K, but shows unresolvable disorder between the -NH and -
OH form above 90 K, the crystal structure of the LMAP shows that,
the -NH form is more stable at 296 K which is evident from the
bond lengths of the N(1)-C(7)-C(8)-C(13) fragment.

For crystallographic assignment of tautomeric forms of salicyli-
dine Schiff bases, the geometric parameters generally followed are:

(1) The C(7)-N(1) and C(13)-0(2) bond lengths should be close
to double (1.222 A) and single (1.362 A) for EI and vice versa for
KA forms. (2) Comparison of bond lengths of C(8) - C(7) and C(8)
- C(13): dC(8) - C(13) > dC(8) - C(7) in KA form and dC(8) -
C(13) < dC(8) - C(7) in EI form. (3) Generally, the bond length
of the C-C bonds of the salicylaldehyde ring has nearly the same
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value in the EI form (an indication of aromaticity), whereas the KA Table 2 .
form has alternate double and single bonds (deviation from aro- Hydrogen bond parameters for LMAP [A and °].
maticity). An;alysis of bond lengths reveals that the O(2) - C(13) D-H-A d(D-H) d(H-A)  d(D-A) <(DHA)
bond (1.292 A) is copsiderably longer than the C=0 bonq in conju- N(1)-H(1A)-0(2) 0.91(4) 1.93(4) 2.643(4) 134(3)
gate enones (1.222 A), but shorter than the C-O bonds in phenols 0(1)-H(1B)-O(2)#1  1.04(6) 1.56(6) 2.597(4) 171(6)

(1.362 A), and the C(7) - N(1) bond length (1.321 A) shorter than
the Csp? - N single bond of enamines (1.355 A) but considerably
larger than the Csp? =N in imines (1.279 A) [28]. Hence accord-
ing to criteria 1, these two bonds have an intermediate charac-
ter. Similarly the C(8) - C(13) bond distance (1.439 A) is shorter
than the C—C single bond (1.464 A) in conjugated enones, the C(8)
- C(7) bond length of 1.384 A is larger than the Csp?=C (1.34 A)
in conjugated enones, which satisfies criteria 2 of KA form. These
bond lengths are in good agreement with the -NH form of sali-
cylidene Schiff base reported by Ogawa and Harada [13]. The C-C
bond lengths of salicylyl ring show significantly longer C8 - C13,
C8 - €9, and C10 - C11 bonds (1.439(4), 1.416(5) and 1.426(5) A)
and the shorter C9 - C10 (1.350(5) A) bond distance (deviation
from aromaticity) which is the characteristic of -NH form accord-
ing to criteria 3. Additionally, the N-H distance of 0.911 A is close
to those reported for Schiff bases which are crystallized in -NH
form [11]. Another significant feature of the bond length is the C11
- N2 distance of 1.369 A, considerably smaller than that of C5 -
N1 (1.418 A) which indicates appreciable double bond character.
The shortening and elongation of some of these bonds can be ex-
plained only if it is supposed that the KA form of the compound is
stabilized by resonance with its canonical zwitter ionic form (III) in
which the diethyl amino nitrogen carries a positive charge (Fig. 4).
Thus, the stability of the -NH form of LMAP at 296 K in compar-
ison to the compound I (Fig. 3) reported by Ogawa et al., is at-
tributed to the additional resonance stabilization provided by the
Et;N- group in the salicylyl ring. The observed bond lengths of the

Symmetry transformations used to generate equivalent atoms:
#1 x+1/2,-y+3/2,z

fragment O(2) - C(13) - C(12) - C(11) - N(2) indicate electronic
delocalization along the bonds.

Both intramolecular and intermolecular hydrogen bond in-
teractions stabilize the crystal structure in which the salicy-
lyl oxygen atom forms bifurcated hydrogen bonds. Table 2 con-
tains the hydrogen bond parameters for LMAP. The intramolec-
ular N - H~O hydrogen bond formed between N(1)H and O(2)
[N(1)-0(2) = 2.643(4) A, H(1)-0(2) = 1.93(4) A and <N1-H1-
02 = 134° (3)] forms a six membered ring S6 (Fig. 5). As shown
in Fig. 5, each molecule acts as a hydrogen donor to one neigh-
boring molecule and an acceptor to another. The hydrogen bond
interactions between the amino moiety of one molecule and the
salicylidine fragment of neighboring molecule, O(1) - H(1B)~0(2)
interactions [O(1)-0(2) = 2.597(4) A, H(1)-0(2) =1.56(6) A and
<0(1)-H(1)0(2) = 171(6)°] lead to the formation of hydrogen
bonded chain C;1(9) and the van der Waals interactions con-
nect these chains into layers. SI(5) shows the crystal packing
viewed along the crystallographic axis ‘b’. The w-m interactions
between salicyl (C8/C13) and aniline (C1/C6) rings of the adja-
cent molecules reinforce the crystal packing [SI(6)]. It is inter-
esting to note that the intermolecular hydrogen bond distance
[1.56(6) A] is considerably shorter than that of the intramolecu-
lar hydrogen bond [1.93(4) A], which indicates stronger interaction
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between molecules. This may be due to the enhanced polarity of
the molecule in the zwitter ionic form (III), which may result in
strong electrostatic interactions between molecules, thus strength-
ening the hydrogen bond [14].

The structural change in tautomeric Schiff base can be ana-
lyzed by calculating its Harmonic Oscillator model of aromaticity
(HOMA) index [29-31]. The HOMA index is the geometrical crite-
rion of local aromaticity, defined as a normalized sum of squares
of deviations of bond lengths from the optimal value. It can be cal-
culated using the following equation.

o
HOMA=1-— {n ;(Rl—Ropt)Z

Where n is the number of bonds in the ring. Ropt =1.388 A for
C - C bond. A fully aromatic system has a HOMA index of 1. We
calculated the HOMA index for the C1/C6 and C8/C13 ring as 0.99
and 0.72 respectively, which shows a considerable loss of aromatic-
ity of the C8/13 ring. This is in accordance with those expected for
compounds with - NH structural form as a result of deformation
of m electron delocalization. Therefore, this result supports the —

NH tautomeric form of LMAP as revealed by single crystal X-ray
diffraction data.

3.2. TH NMR spectral studies

Tautomeric Schiff bases can be characterized by NMR spec-
troscopy. It is expected that the 'H NMR spectrum of the EI form
of Schiff base will display a sharp singlet for the imine proton (-
CH=N), while the corresponding proton in the KA form will display
a doublet due to spin coupling with the amino hydrogen atom. The
compound LMAP showed a sharp singlet at 8.392 ppm in CDCls,
which is characteristic of an imine proton [11]. The signals from
7.173 to 6.171 ppm indicate aromatic protons, and the quartet in
the region 3.42 to 3.37 ppm indicates methylene protons on C14
and C16. A singlet at 2.30 ppm corresponds to methyl protons on
C18, while a triplet corresponding to methyl protons on C15 and
C17 is located in the region 1.22 and 1.18 ppm. The two -OH pro-
tons present in the molecule which are involved in hydrogen bond-
ing (as revealed by SXRD) do not appear in the spectrum. This
may be due to proton exchange with residual water in the solvent.
No signal corresponding to the KA form is detected in the CDCl3
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solvent, indicating that the equilibrium has shifted towards the EI
form (SI(7)).

3.3. 3C NMR spectrum

The chemical shift associated with the carbon bearing keto/enol
functionality (here C(13)) is the most sensitive indicator of the pre-
dominant tautomeric form in solid and solution state. In the EI tau-
tomer, the C(13) carbon is expected to give a sharp signal around
160 ppm, whereas in the KA form, it shifts towards 180 ppm [32].
SI(8) and SI(9) show the 13C NMR spectra of the LMAP in solid
and solution states (in CDCI3) respectively. The solid state 13C NMR
spectrum exhibits a sharp signal at 177.47 ppm, which is in good
agreement with the reported KA form of similar Schiff bases [33-
35]. Absence of signal around 160 ppm indicates the shift of tau-
tomeric equilibrium towards KA form in the solid state. In CDCl3
the compound displayed a sharp signal at 163.97 ppm, indicating
the presence of -OH proton at C(13), which indicates a predomi-
nant El form in CDCls.

3.4. IR spectrum

In the FT-IR spectrum of LMAP SI(10) a broad band is visible
around 3450 cm~!, which is a characteristic of uncoordinated OH
groups involved in intermolecular hydrogen bonds. When the -OH
/-NH groups are not involved in hydrogen bonding, they usually
appear as sharp band at higher wave numbers [36]. According to
the single crystal X-ray diffraction data the -O(1)H(1) is involved
in intermolecular hydrogen bonding with the oxygen atom of the
keto group, O(2) [O(1) - H(1)~0(2)], as a consequence of this the
corresponding band broadens. Hence the broad band around 3450
cm~! can be assigned to this mode. Crystallographic data revealed
that the -NH group is involved in the formation of a six mem-
bered ring by intramolecular N(1)-H(1)+-O(2) hydrogen bonding.
These intramolecular interactions result in a broad -NH band of
low intensity towards lower wave numbers [37]. Consequently, the
weak broad IR band around 2500 cm~! is assigned to this mode.
The band at 1606 cm~! is consistent with the resonance nature
of the C=0 bond, which supports the zwitterionic nature of the
compound. The intense bands at 1236 and 1338 cm~! can be as-
signed to C-N (single bond) and Cy—-N stretching vibrations re-
spectively. The aromatic C-H stretching vibration occurs at 3072
cm~!, the asymmetric and symmetric stretching vibrations of the
methyl groups occur at 2969 and 2926 cm~! respectively whereas
the corresponding vibrations of methylene group occur at 2888
and 2856 cm~!. The aromatic C-C stretching vibrations appear at
1592, 1523 and 1506 cm~'. The bending vibrations of the methy-
lene group occur at 1475 and 1410 cm™.

3.5. Electronic spectra

It is possible to identify tautomeric salicylidine Schiff bases by
UV-Vis spectroscopy. It has been shown that for EI tautomers,
the absorption corresponding to -7 * transition of imine group (-
CH=N) may appear in the range 300-400 nm. On the other hand,
the KI form gives a characteristic band of Apax>400 nm due to n-
m* transition of -C=0 group. Since solvent polarity and solvent in-
teraction have a marked effect on the EI/KA tautomeric equilibrium
[38-42], the absorption spectra of LMAP in different solvents such
as n-hexane, chloroform, dichloromethane and methanol were ana-
lyzed (Fig. 6). Two major bands were observed in all solvents. The
band around 265 nm is attributed to the mw-7* transition of aro-
matic ring. The second band appears in the region 370-400 nm
(except methanol) and corresponds to the w-m* transition of (-
CH=N) group [43]. In methanol, the second band appeared around

Journal of Molecular Structure 1285 (2023) 135468

424 nm. Since the appearance of a band of Anax>400 nm is a typ-
ical characteristic of the KI form [44,45], we can infer that the
KI form is largely stabilized in methanol. The stabilization of the
KI form in methanol is attributed to the intermolecular hydrogen
bonding interaction of the compound with the solvent molecule
[46]. Thus, we can conclude that polar protic solvents stabilize the
KA tautomer whereas the polar aprotic solvents and the non-polar
solvents stabilize the EI form.

3.6. Computational DFT results

(a) On the stability of enol-imine (EI) and keto-amino (KA) tau-
tomeric forms

To get more insight into the experimental observations and cor-
roborate the results we have evaluated the relative stability of each
tautomeric form using computational DFT schemes. Together with
the gas phase analysis, a study of solvent effects on tautomer sta-
bility was also conducted. In n-hexane as well as in methanol, we
optimized the structure to compute the energies of the two tau-
tomeric forms. A comparison of two solvent models (IEFPCM and
SMD) has been made to determine which solvent model is likely to
be most appropriate. We used the DFT functional wB97XD, as well
as the basis set 6-311G(d,p) for optimizing the geometries and es-
timating the energies. Several studies have demonstrated that the
wB97XD is a range-separated hybrid functional corrected for dis-
persion capable of studying the structure, relative stability upon
solvation, and estimating the optical properties of tautomers [47-
50]. Results of the study are compiled in SI(11)

El tautomer has better stability in the gas phase by about
4.43 kcal/mol than KA tautomeric form. PCM solvation calculations
also predict that the EI tautomer is stabilized over the KA form
in either methanol or n-hexane, while experimental evidence fa-
vors the KA form in polar aprotic solvents. In line with experimen-
tal predictions, the solvation model SMD predicts that the KA tau-
tomer is slightly more stable than the EI form in polar methanol
solvent. It may be due to better parameterization and more logical
corrections to the cavity, dispersion, and solvent structure effects
that are taken into account in SMD formalism. Observing the in-
tramolecular interaction in the experimental crystal geometry, we
find that the carbonyl group in the KA form has a strong hydrogen
bond with the neighboring molecules’ hydroxyl group. With the
existing possibility to have hydrogen bonding with the methanol
solvent, the stability of KA form may improve in methanol solva-
tion, which can be accurately modeled only by using time consum-
ing explicit solvation and MD simulations.

(b) On the Geometry of enol-imino (EI) and keto-amino (KA)
Tautomeric forms

Experimental crystallographic geometric data are only available
for the KA form, but little is known about the other participating
tautomeric forms. Furthermore, experimental geometric parame-
ters of molecules in solution are not available. This would allow
a comparison to be made only if the geometry were computed,
which would shed some light on experimentally observed results.
This may be approached by optimizing the geometries at a higher
DFT level. The geometries are optimized by means of the disper-
sion corrected range-separated wB97XD/6-311G(d,p) [51,52]. The
results are summarized in Fig. 7a and 7b.

For both the PCM and SMD solvation models, the enol O - H
bond length in hexane is 0.99 A, the same value as in the gas
phase. When the solvent is changed to more polar Methanol, the
bond elongates slightly (0.002 A). In general, the hydrogen bond
distances between enol-H and imine-N decrease as solvent polarity
increases. While the hydrogen bond length in KA form (between
amino-H and keto-O) increases with increasing solvent polarity.
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Fig. 6. Electronic spectrum of LMAP in dichloromethane (DCM), Chloroform, methanol and n-Hexane.

Furthermore, there is a trend toward increasing C=0 bond length
in the KA form from gas-phase (1249 A) to hexane (both PCM
and SMD 1.253 A) to methanol (PCM 1.261 A and SMD 1.269 A).
These are apparently larger than the carbonyl bond lengths of con-
jugated enones. These data indicate that the C=0 bond order is
decreased when the solvent assists in hydrogen bonding. The pre-
dicted length of C-O bond in EI form is 0.018 A shorter than that
of the normal C-O bond length of Phenol. There is little difference
(0.03 A) between the estimated C-N bond length of the KA form
and the C-N bond length found in most enamines, but it is higher
than that usually seen in imines (0.05 A).

(c) On the natural charge obtained from Natural Population
Analysis and dipole moment

Additionally, from the natural population analysis, we evalu-
ated each atom’s natural charge to explore further insight into the
structural details [53] In general, natural populations offer an in-
expensive and practical approach to the assessment of covalent
and ionic limits. In Fig. 8, we present the results. In the KA form,
Hydroxyl-H has a calculated natural charge of 0.510e, while amino-
H has a calculated charge of 0.455e. This is because of hydrogen
bonds between and within molecules. The carbonyl oxygen atom’s
charge is greater than the phenolic oxygen atom’s charge, while
enamine-N possesses a charge about —0.1e larger than amino-N’s

charge. These results confirm the resonance structure may be close
to the zwitterionic form as shown in Fig. 4. We have also com-
puted dipole moments at the same level of theory. Dipole mo-
ments of EI form in hexane and methanol are respectively 3.43 D
and 3.68 D, while for KA, they are larger, measuring 4.48 D in hex-
ane and 4.75 D in methanol. Therefore, the KA form is more polar
and stabilizes in polar solvents much better than EL

The HOMO and LUMO electron distribution portraits of both
tautomers are displayed in Fig. 9, calculated with PBEO/6-
311G(d,p). In both tautomeric forms, the molecular orbitals are de-
localized across the entire molecular framework. In the Table 3,
we present the estimated HOMO and LUMO eigenvalues, the
corresponding HOMO-LUMO gaps (HLG) and the Sy-S; excita-
tion energies obtained via quantum mechanical simulations us-
ing DFT and TDDFT. These values are estimated using DFT func-
tional PBEO coupled with Pople’s split valence 6-311G(d,p) ba-
sis set. Stabilization of HOMO and LUMO occurs upon solvation
of both tautomeric forms, but changing the polarity does not af-
fect the magnitude of HOMO and LUMO eigenvalues. It is cal-
culated that the HLG of the KA form is lower by approximately
0.25 eV than that of the EI form. In KA form, the frontier orbital
distribution differs slightly from that in EI form, with relatively
more electron density in the diethylamino region. In addition, KA
form has a relatively low HLG, resulting in better intramolecu-
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The HOMO, LUMO eigenvalues, HLG and electronic absorption energies, corresponding oscillatory strength as well as

orbital contribution of corresponding electronic transitions calculated at wB97XD//TD-PBEO DFT.

Orbital
HOMO LUMO HLG AE(Sp-S1) eV? f contributions
(in Vacuo) -5.36 -1.12 424 3.66 0.951 H—L (93 %)
El (in Hexane) -5.44 -1.28 4.16 3.53 1.134 H—L (95 %)
(in Methanol) -5.44 -1.30 414 3.52 1.130 H—L (95 %)
. 3.15 0.070 N
(in Vacuo) -5.31 -1.48 3.83 346 0369 H—L (83 %)
. 3.25 0.336 H—L (46 %)
KA (in Hexane) -5.54 -1.64 3.90 333 0910 H-1-L (53 %)
. 3.20 0.213 H—L (38 %)
(in Methanol) -5.54 -1.67 3.87 335 1.048 H-1-L (61 %)

lar charge transfer, thereby reducing one-photon absorption energy
(redshift).

Due to the experimental fact that the KA form predom-
inated in polar protic solvents, while the EI form predomi-
nated in polar aprotic and nonpolar solvents, we thought to
complement the observation with TD-DFT calculations to bet-
ter understand the electronic absorption characteristics of both
tautomeric forms. Based on the wB97XD/6-311G(d,p) optimized
ground state structure, electronic absorption features of both tau-
tomeric forms were also calculated using single point TD-DFT cal-
culations (PBE0/6311G(d,p)). TD-DFT calculations were also per-
formed in hexane and methanol solvents using the PCM model. In

.~ . | 8

. El (Methanol-PCM)

the same Table 3, absorption energies, oscillatory strength, and or-
bital contributions are summarized. The calculated absorption en-
ergy indicates that solvent polarity has little effect on the wave-
length of maximum absorption (Amax). As compared to EI forms,
KA forms absorb at a longer wavelength of about 30 to 35 nm.
In addition, it is interesting to note that the KA form has an in-
tense dipole allowed electronic transition at a shorter wavelength
approximately 15 to 20 nm lower than the first absorption shoul-
der peak. It is exactly in accordance with the experimental UV-
Vis absorption spectral features recorded in methanol. Further-
more, in aprotic solvents such as n-hexane, no band associated
with KA forms appears. It can be concluded from these observa-

~

-
= El (Hexane-SMD)

-

. 4 " ’
- El (Methanol-SMD)

Fig. 7. (a). The optimized geometries of EI form obtained in Gas phase, and in Hexane and methanol Solvents. (b): The optimized geometries with the bond lengths of KA

form obtained in Gas phase, and in Hexane and methanol solvents.
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KA (Methanol-PCM)
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KA (Methanol-SMD)

Fig. 7. Continued

Table 4
Isotropic (<o>) and anisotropic (A«) mean polarizabilities, first (8) and second () hyperpolarizabilities obtained using Lc-BLYP/6-
31+G(d,p)
<> Aa? B(0)Y  B(EOPE)®  B(SHG)>  y(0) y(EOKE)*  y(SHG)
Keto-Amine (KA) form (in methanol)  62.93 91.26  31.75  49.59 997.99 386.02  1237.94 42,3135
Enol-Imine (EI form) (in Hexane) 56.46  70.56 32.90 90.65 231.17 19832  725.85 1436.43

2 Dynamic mean polarizabilities (w 532 nm), value x 10-2%esu.
b value x 10-3%esu.
¢ value x 10-3%esu.

tions that pure KA tautomer exists only in protic solvents, such as
methanol.

(d) DFT estimated NLO response

Based on our observations of polar solvents favoring the KA
form, and nonpolar solvents favoring the EI form, it seemed
ideal to estimate the molecular level NLO parameters for both.
In this study, we calculated the static and dynamic (laser fre-
quency 532 nm) mean values of polarizability («), first hyperpo-
larizability (8) and second hyperpolarizability (y) using LC-BLYP
DFT functional coupled with Pople’s split valence basis set (6-311
++ g(d,p)), which has proven reliable in numerous studies of or-
ganic m-conjugated molecules [54-60]. Table 4 presents the re-
sults of the study, where the values of NLO parameters are calcu-
lated as described in a large number of publications (see SI(2) for
equations). Integral equation formalism (IEF-PCM) was also used
to account for solvation effects. The table contains the dynamic
isotropic and anisotropic polarizabilities (<« >, A«), the static (0,
0, 0), frequency-dependent S(-w, w, 0) the electro-optic Pockel’s
effect (EOPE) as well as B(-2w, w, w) the second harmonic gen-

eration (SHG), static ¥y (0, 0, 0,0), y(-w, ®,0,0) associated with
electro-optic Kerr effect (EOKE), and y(-2w,w,w,0) the electric field
induced SHG. In this discussion, the values are expressed in esu
and the reported magnitudes «, the values need to be multiplied
by 10-24, for 8 by 10-30, and for y by 10-36.

We will begin by discussing dipole polarizabilities, which are
measures of electron cloud distortions when exposed to a weak
electric field. There is only a slight difference between the isotropic
polarizabilities of the two forms; however, the anisotropic polariz-
ability of the KA form is almost 1.3 times greater. Both forms are
predicted to have nearly identical static 8, but the dynamic g dif-
fers greatly. For the KA form, (EOPE) is nearly twice as good and
the (SHG) is almost 4.3 times better than EI The estimated y val-
ues also indicate a fairly better NLO response for KA than for EI, as
well.

3.7. Emission studies

We have examined the fluorescence emission characteristics
of LMAP in different solvents as well as those of crystalline
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Fig. 10. Emission spectra of LMAP in different solvents.

and powder forms. We observed four bands in aprotic and non-
polarsolvent. In n-hexane solvent, the maxima are at 399, 424, 449,
and 482 nm, with the last two bands being shoulders (Fig. 10).
Two of the bands are local emission (LE) of two tautomeric forms,
and the remaining two bands are twisted intramolecular charge
transfer TICT [61]. Similar observations are seen for chloroform and
dichloromethane solvents. It is clear that the spectrum represents a
superposition of fluorescence spectra from the two tautomeric (EI
= KA) forms. Due to the absence of dual absorption and the mul-
tiple emission bands, it is evident that excited state intramolec-
ular proton transfer (ESIPT) results in the other tautomer form.

547
1360000 LMAP Cl‘)’stﬂl
l.exc=390mn

1020000
._’E.
£ 680000
3|
=B
Pt
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04
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The emission spectrum of LMAP in polar protic solvent, methanol
shows an additional fluorescence maximum at 416 nm. The KA
form is also present in methanol, so this emission may be from one
of its rotameric species. The emission intensity is high in non-polar
media and in polar-protic solvent, the intensity decreases. In po-
lar solvents, intermolecular hydrogen bonding is formed with the
keto/enol form. Hence, the photo-induced charge transfer process
is hindered, and the fluorescence intensity decreases [62]. Contrary
to this, the emission spectra of solids only showed ICT emission
at 547 nm (of crystals) and 522 nm (of powders) (Fig. 11). This
long wavelength bands are most likely caused by excimer emission.

522

1000000 4 LMAP Powder
o l exc = 390 nm
= 50000 4
- —
3
£500000
250000 -
0
400 500 600 700

Wavelength (nm)

Fig. 11. Emission spectra of LMAP crystal and powder.



S. Asha, A. Thomas, S. Suma et al.

Excimer emission is largely quenched in solvents. It is possible
to observe mechanical luminescence for LMAP since the emission
maxima wavelength differences between powder sample and crys-
talline sample exceed 25 nm. The red-shift of fluorescence emis-
sion in crystal could be due to w-m stacking interaction [63].

4. Conclusion

The synthesis, crystallographic and spectral characterization as
well as the DFT studies of enol-imine (EI) = keto-amine (KA) tau-
tomeric properties of a novel Schiff base are reported. Crystallo-
graphic studies reveal that the compound crystallized in the keto-
amine (KA) form is resonance stabilized with its zwitter ionic form.
The KA form is stabilized by both intra (-N-H--0) and intermolec-
ular (O - H~0) hydrogen bond interactions. Observations by elec-
tronic absorption spectra demonstrate that the predominant tau-
tomer in solution is dependent on the solvent media; KA forms
in protic solvents and EI forms in aprotic solvents. Computational
simulations reveal that the relative energy difference between the
two forms is only marginal, with the EI form slightly favored in
the gas phase and in nonpolar solvents, whereas the KA form is
favored in methanol. The TD-DFT method of electronic absorption
spectral studies support the experimental findings. Fluorescence
spectra show multiple emission bands that are associated with ex-
cited state intramolecular proton transfer (ESIPT) and charge trans-
fer (CT) and the intensity of these bands varies depending on the
solvent nature: higher in nonpolar solvents, but decreases in polar-
protic solvents. The computationally obtained dynamic NLO re-
sponses show that KA has better NLO response than EIL It is ex-
pected that the present study will provide useful insights into the
design of multi-stimuli-responsive materials.
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