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The impacts of a series of organic solvents, having diverse polarities on the electronic absorption spectra of some
selected anils,N-benzylideneaniline, and its five derivativeswith hydroxy andmethoxy substituentswere inves-
tigated. The absorption spectra of each of the anils displayed a cluster of absorption bands within 200–500 nm.
The electronic transitions and the effect of substituents on the solvatochromism of these anils were successfully
deciphered. The reversal in solvatochromism was observed in moving from the hydrogen bond acceptor to hy-
drogen bond donor solvents. This fact was attributed to the structural transition of the anils due to the interaction
with solvents of differential polarity or due to the obscurity of anils within the solvent cage. The ET(30) values at
which the reversal solvatochromic switch due to the anils appearedwas controlled by the position and nature of
the substituents. The early accomplishment of the reversal solvatochromism in o-OH substituted anils connoted
the non-polar characteristics of these anils. By subjecting the electronic transition energies tomultiple regression
analysiswith fourteen different solvent parameters, themulti-parametric regressionmodels were optimized fol-
lowing the successive exclusion of variable technique. The linearity of the plot of the calculated electronic tran-
sition energy against corresponding observed values validated the regression models. The induced
solvatochromismobserved in the case of o/p-hydroxy-substituted anils in ethylene glycolmediumwas attributed
to the formation of the corresponding conjugate acids of the anils. The solvent-solute interaction models were
proposed to probe the localization site of anils in the solvents. The intramolecular H-bonding and the twisted
structure of the anils due to the substituent effects were found to play the predominant role in deciding the
localization sites of the anils.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The solvent characteristicsplay a significant role in both the chemical
and physical processes by regulating the photochemical/photophysical
behaviour of themolecules [1–3]. Therefore, the recognition of a solvent
of desired properties for a particular application is of paramount impor-
tance.Specifically, thepolarityofthesolvent is thekeyfactorthatcontrols
thethermodynamicandkineticaspectsofachemical reaction[4].Thepo-
sitions of the absorption/emission bands of the molecules are either
shifted, or the intensities of thesebands are shrunkdue to the interaction
ofmoleculeswith the solvents of different polarities. These phenomena
are popularly known as the solvatochromism [5]. In general, themole-
cules whose excited and ground states differ pertaining to the extent of
solvation on changing the solvent polarity exhibit this type of phenome-
non[6].Thedifferential solvationmaybeattributed to thenatureof chro-
mophoric andauxochromicgroups in themolecule that interactwith the
S. Panigrahi),
solvent either through nonspecific forces like electrostatic and polariza-
tion forces or specific interactions like hydrogen bonding and acceptor-
donor interactions via electron pair [7]. The preferential solvent model
[8]; the dipole moment ratio between the ground state and excited
state [9]; theenhancementof the basicity of theprobe through the intro-
ductionofthesubstituent [10],andthestabilizationof thegroundstateor
the excited state [11] are the primary reasons that explain the
solvatochromic phenomena. Several factors, like thenature and position
of the substitution [12]; the temperature of the surrounding medium
[13]; the nature of the solvent, induce/enhance/obstruct solvato-
chromism, resulting in either the positive solvatochromism (increase in
wavelength/intensity)[14] or the negative solvatochromism (decrease
in wavelength/intensity) [15]. A reversal in the solvatochromic behav-
iour, i.e., from the negative to positive solvatochromism or vice versa,
mayalsooccurcompliantwiththecharacteristicchangesduetotheinter-
action between the solutewith the solvent [16,17]. These phenomenaof
sensitiveness of absorption/emission of molecules ascertain numerous
applications like the prediction of the solvent polarity parameters, pro-
duction of the opticalmaterials, fabrication of the sensors andmolecular
switches, determination of the excited state dipolemoment, explaining
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Scheme 1. Schematic representation of synthesis andmolecular structures of anils. 1a, R1=H, R2=H (N-benzylideneaniline). 1b, R1=H, R2= o-OH (o-hydroxy-benzylideneaniline). 1c,
R1 = H, R2 = p-OH (p-hydroxy-benzylideneaniline). 1d R1 = p-OCH3, R2 = H (N-benzylidene-p-anisidine). 1e, R1 = p-OCH3, R2 = o-OH (o-hydroxybenzylidene-p-anisidine).1f, R1=p-
OCH3, R2= p-OH (p-hydroxybenzylidene-p-anisidine).

Fig. 1. Electronic absorption spectra of 1a in presence of different organic solvents.

Table 1
Absorption maxima (λmax) in nm for the anils 1a to 1f.

Sl no Solvent λmax in nm λmax in nm

1a 1b 1c 1d 1e 1f

1 Methanol 307.0 340.0 316.0 336.0 351.0 335.0
2 Ethanol 308.0 342.0 314.0 335.5 352.0 333.0
3 1-Propanol 309.0 343.0 313.0 335.0 352.5 332.5
4 1-Butanol 311.0 344.0 312.0 334.5 353.0 332.0
5 2-Butanol 312.0 347.0 309.0 334.2 353.5 334.0
6 2-Methyl-2-propanol 312.0 344.5 311.0 334.1 353.2 334.0
7 2- Propanol 313.0 345.0 310.0 334.0 354.0 331.0
8 Acetonitrile 316.0 340.0 314.0 333.0 352.0 332.0
9 DMSO 318.0 347.0 334.0 337.0 354.0 336.5
10 DMF 320.0 345.0 324.0 336.5 353.5 336.0
11 Acetone 321.0 339.0 323.0 336.0 350.0 335.0
12 Trichloromethane 323.0 344.0 319.0 335.0 352.0 332.0
13 Ethyl acetate 317.0 343.5 318.0 333.0 352.0 331.0
14 1,4-Dioxane 316.0 343.0 316.0 334.0 351.0 330.0
15 Toluene 322.0 355.0 336.00 338.0 357.0 341.05
16 n-Hexane 316.0 345.0 316.0 336.0 355.0 336.0
17 Benzene 318.0 349.0 324.0 330.0 356.0 338.0
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the solubility phenomena, determination of the conformation and bind-
ingsitesofprotein [18–24], etc. Therefore, the literatureon theprinciples
andapplicationsofthesolvatochromismiswidelyavailable,andthestud-
ies on theunderstandingof themechanismsof solvatochromism involv-
ing specially designed probes are upswing consistently [25,26].

The distinct localization of the donor and the acceptor moieties on
either side of a chromophoric unit results in the extended conjugation:
this stimulates the facile transfer of electrons over the entire molecular
framework. Hence, such compounds exhibit pronounced solvato-
chromism on varying the nature of solvent [27]. An imine is an organic
compound that possesses an azomethine (−C_N−) chromophore
sandwiched between two phenyl rings: the ring attached to the carbon
atom of the azomethine group being called C-phenyl and the phenyl
ring attached to the nitrogen atomof the azomethine group being called
as N-phenyl ring [28]. The electron from this functional moiety can
move into either side of themolecule depending on the electronic envi-
ronment of the flanked segments [29]. Besides the dipolar delocalized
Scheme 2. Delocalization of electron pair from the\\OCH3 towards azomethine group.

2

electron scaffold, these molecules also possess both basic and acidic
sites, which assist them in displaying distinct changes in the absorption
properties when the pH of the solutions is changed [30]. They interact
with acids, bases, and polar solvent molecules in several possible ways
[31] and hence could be used as a potential device for the selection of
a solvent and to determine the related physical constants for desired ap-
plications. The electronic absorption spectra of these compounds un-
dergo significant spectroscopic changes when the solvent character
Fig. 2. Electronic absorption spectra of the anils 1d–1f in ethylene glycol.



Fig. 3. Electronic absorption spectra of the anils 1d to 1f and their conjugate acids.

Scheme 3. Ethylene glycol assisted formation of the conjugate acids of 1d, 1e, and 1f.

Scheme 4. Molecular structures of methyl and chloro, hydroxy, substituted anils. 1g,
R1 = p-Me, R2 = o-OH; (o-hydroxybenzylidene-4-methylaniline). 1h, R1 = p-Me,
R2 = p-OH (p-hydroxybenzylidene-4-methylaniline). 1i, R1 = o-Me, R2 =
o-OH (o-hydroxybenzylidene-2-methylaniline). 1j, R1 = o-Me, R2 = p-OH
(p-hydroxybenzylidene-2-methylaniline). 1k, R1= p-Cl, R2= o-OH (o-hydroxybenzylidene-
4-chloroaniline). 1l, R1 = p-Cl, R2 = p-OH (p-hydroxybenzylidene-4-chloroaniline). 1m,
R1= o-Cl, R2= o-OH (o-hydroxybenzylidene-2-chloroaniline). 1n, R1= o-Cl, R2= p-OH
(p-hydroxybenzylidene-2-chloroaniline).
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changes from the non-polar to polar hydrogen-bonding type [32].
Therefore, the study on the solvatochromic behaviour of imines has an
advantageous standpoint.

Suganthi et al. [33] reported the solvatochromism behaviour of the
imine,1,4-bis(2-methylthio) phenylimino) methylbenzene in number
3

of pure solvents and their binary mixtures. The spectral behaviour of
the imine was explained by a solvation model. The dipole moment
ratio between its ground and excited states was estimated to be 1.25,
considering the solvatochromic shifts of absorption and fluorescence
maxima. Gegiou et al. [34] reported that solvatochromism is significant
in N-(2-hydroxybenzylidene)benzylamine and N-(2-hydroxybenz-
ylidene)-2-phenylethylamine in comparison to N-(2-hydroxy-
benzylidene)aniline. The insertion of the methylene group between



Fig. 4. Electronic absorption spectra of the anil 1g in methanol (λmax = 343 nm) and
ethylene glycol. (λmax = 341 nm).

Scheme 5. : Hydrogen bonded structure of 1cwith methanol and DMSO
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the imine nitrogen and the aniline ring eliminates the resonance of the
nitrogen electron lone pair with the π electron system of the aniline
ring. As a result, the basicity of the nitrogen atom is enhanced in the
ground state.

The solvatochromism in three products derived from salicylaldehyde
and isomeric aminobenzoic acids, in solvents of varied polarities i.e. in
1,4-dioxane, N,N-dimethylformamide (DMF) and acetonitrile [35] was
investigated. The result envisaged the dependence of the absorption
bands of these compounds on the position of the substituent and the po-
larity of the solvents. The charge transfer band is highly sensitive to the
polarity of the solvent. The band undergoes a red shift in DMF,
supporting the robust stabilization of the polar excited state with the
increase of the solvent polarity. The absorption spectra of 3-
hydroxyquinoxaline-2-carboxalidine-4-aminoantipyrine exhibit posi-
tive solvatochromism, whereas its emission spectra exhibit negative
solvatochromism when the polarity of the solvents is varied [36].
Fig. 5. Localization of 1e in ethanol solvent c
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The imine formed from aromatic aldehyde and primary aromatic
amines with –OH group in ortho/para position with respect to C_N
bond is fascinating since these compounds can offer both π-π* and n-
π* transitions as well as promote intramolecular hydrogen bonding,
which can assist in entrappingwater molecules similar to the biological
systems [37–39]. The imines, in which the nitrogen atom of the
azomethine group is directly attached to the phenyl or substituted phe-
nyl ring, are popularly also known as anil [28]. Due to the biological rel-
evance, thesemolecules capture the awareness in biochemical research
[40]. The literature studies, however, divulge a sparse depiction of the
solvatochromism involving these compounds so far.

In continuation to our long term interest to analyze spectral and
the hydrolytic behaviour of simple anils with substituted/ unsub-
stituted benzaldehyde as the major aldehyde and substituted/
unsubstituted aniline/aminobenzothialzoles as the major amine com-
ponent [12,28,37–39,41] recently, we reported the solvatochromism
behaviour of some simple substituted N-benzyledineaniline/and
their virgin counterpart [28]. These N-benzylideneanilines exhibit a
shift about 62 nm in the polar solvent when an electron-
withdrawing −NO2 group is present in the aromatic ring connected
to the nitrogen atom (N-Phenyl) and−OH group is present in the ar-
omatic ring connected to the carbon atom(C-Phenyl) of the
age (A) and n-hexane solvent cage (B).
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azomethine group [28]. The analysis of their absorption maxima
with the change in the polarity of the solvent illustrates the
dipole-dipole interactions in the non‑hydrogen bonding donor sol-
vents and the hydrogen bonding in the hydrogen bonding donor
solvents. The o-hydroxy substituted benzylideneanilines exhibited
relatively poor solute-solvent interaction in comparison to its p-
isomer due to the occurrence of intramolecular hydrogen bonding.
But the presence of the electron-withdrawing group in the N-
phenyl ring enhanced the interaction with the solvents in both the
isomers. In order to arrive at a general conclusion of the effect of
solvents on such N-benzylideneanilines, in the present endeavour,
we have presented the solvatochromic behaviour of a series of N-
benzylideneanilines including N-benzylideneaniline and five of its
derivatives with the -OH group in C-Phenyl ring and the −OCH3

group in N-phenyl ring. These two donor units may push the elec-
trons towards the sandwiched −N_CH− bridge and can also facil-
itate the occurrence of both intramolecular and intermolecular H-
bonding interactions with the solvents of diverse polarities thereby,
stimulating the significant solvatochromism phenomena. Seven-
teen solvents of different polarities were chosen, and the
solvatochromism studies were undertaken through the study of
the solvent effect on the electronic absorption spectra of the mole-
cules. The transition energies obtained from absorption spectra
were subjected to the multiple regression analysis, and the theoret-
ical parameters were calculated based on the solvatochromic pa-
rameters. Further, the results were also compared with the
solvatochomism results of anils reported in our earlier paper [28].
The overall study indicated significant solvatochromism in general,
in all the anils, and negative solvatochromism in the o-hydroxy
substituted anils, in particular. Besides, the reversal switches de-
tected in o-isomers were discussed.

2. Experimental

2.1. Materials and methods

2.1.1. Synthesis of anils
The anils, 1 (Scheme-1) were synthesized as the condensation

product of o/p-hydroxy-benzaldehyde/benzaldehyde with aniline/
p-anisidine following the method reported by us elsewhere [12,42,43]
and crystallized from ethanol at least three times beforemeasurements.
The sharpmelting point and distinct singular spot in TLC studies in each
case indicated the purity of the samples. The FTIR and NMR spectral
analyses confirmed the formation of anils (Supplementary Figs. S1–
S11 [29,44,45]. The compounds are abbreviated as given in Scheme 1
for convenience.

2.2. Solvatochromism study

The electronic absorption spectra of the anils, 1a to 1fwere analyzed
in presence of 17 organic solvents of different polarities i.e. in benzene,
Scheme 6. Twisted structure of 1f.(Red-Oxygen, Blue-Nitrog
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n-hexane, toluene, 1,4-dioxane, trichloromethane (CHCl3), dimethy-
lformamide (DMF), dimethylsulphoxide (DMSO), acetonitrile, acetone,
ethyl acetate, 2-propanol, 1-butanol, 1-propanol, ethanol, methanol,
2-butanol, and 2-methyl-2-propanol. The spectroscopic grade solvents
(Spectrochem, India) were purified by the standard procedures re-
ported in literature [46] and distilled just before use. Spectroscopic
measurements were carried out at 298 K in a UV–vis spectrophotome-
ter fittedwith thermostatic cell holders (model no. UV-2450, Shimadzu,
Japan). The solutionmixtures of the anils in different solvents were pre-
pared by mixing the fixed weight of the respective anil in different sol-
vents to maintain the experimental concentration of 5 × 10−5 mol/L in
the solution in all cases.

3. Results and discussion

3.1. General characteristics of solvatochromism

The primary functional moiety in the candidate anils, i.e., azo-
methine linkage exhibits both π-π⁎ and n-π⁎ transitions. Out of these
two transitions, n-π⁎ is feebly populated due to the space-forbidden
constraint, and hence, its intensity is quite low in comparison to π-π⁎
[47]. Nevertheless, it upholds the solvatochromism phenomenon due
to the interaction with the solvent of diverse polarities [28,29]. Two
electron donating groups, i.e., methoxy (-OCH3) in N-phenyl ring and
hydroxy group (−OH) in C-phenyl ring, were chosen selectively as
the substituents in which the electron donation due to the resonance
effect outweighs the electron withdrawal due to inductive effect [48].
The electron would be pushed from both sides thereby, enhancing the
electron density on the nitrogen atom. However, we kept one of
the electron-donating groups in a fixed position (p-methoxy) in
the N-phenyl ring while keeping the other substituent (−OH) in the
o- and p- position in the C-phenyl ring with respect to the azomethine
group to observe the effect of intramolecular H-bonding on
solvatochromism simultaneously.

The absorption maxima of all six anils (1a, 1b, 1c, 1d, 1e, and 1f)
were obtained in the presence of the selected seventeen solvents and
are provided in Table-1. Based on the polarity, three categories of sol-
vents were taken: non-polar (benzene, n-hexane, toluene); solvents
which are hydrogen bonding acceptor (HBA) such as, 1,4-dioxane,
trichloromethane, DMF, DMSO, acetonitrile, acetone, ethyl acetate;
solvents which are hydrogen bonding donor (HBD) such as
2-propanol, 1-butanol, 1-propanol, ethyl alcohol, methanol, 2-butanol,
2-methyl-2-propanol. One of the representative absorption plots is il-
lustrated in Fig. 1, and the rest others are provided in Supplementary
Figs. S12–S16.

It is seen that in the presence of all solvents, the −OCH3 group
substituted anils suffer bathochromic shift, thereby indicating the favor-
able electron delocalization emanating from the N-phenyl ring. The
electron donation due to the−OCH3 grouppredominates over the delo-
calization of the lone pair of electrons on the nitrogen atoms towards
the N-phenyl ring (Scheme 2). This fact is also supported by the
en, Grey-Carbon) (obtained by DFT/B3LYP/6-311G(d,p).



Fig. 6. Plots of λmax in nm of the anils 1a to 1f with each other in different solvents.
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HUMO-LUMO energy gap of −OCH3 substituted anils [49], which are
lower in comparison to the unsubstituted anils.

The λmax values of all anils in the presence of different solvents were
analyzed (Table 1). These values change on altering the polarity of the
surrounding medium experienced by the anils. A large increase in the
solvatochromic shift is distinctly observed for 1a, 1b, and 1c (Δλmax =
15–27 nm) when the solvent is changed from a polar solvent to a
non-polar solvent. But in the case of the -OCH3 group substituted
anils, i.e. 1d, 1e, and 1f only a small shift occurs (Δλmax = 4–6 nm)
under the same circumstance. Thismight be due to the reduced interac-
tion of these substituted anils with the solvents [29].
6

3.2. Induced Solvatochromism

The spectra of anils, 1d, 1e, and 1f in ethylene glycol are shown in
Fig. 2. Usually, the anils, 1e and 1f exhibit four transition bands out of
which the most prominent band appears around 350–357 nm for 1e
and 331–341 nm for 1f, which is the charge transfer originating from
the p-anisidine/aniline moiety as a source to the −C_N− as a sink
[29]. The anil 1d has three transition bands. But these bands do not ap-
pear in the presence of ethylene glycol, rather a single band is observed
at the lower wavelength (Fig. 2). This single band appears at the λmax

280 nm, 325 nm, and 285 nm for 1d, 1e, and 1f, respectively. But as



Fig. 7. Plot of ET (30) versus λmax in nm of 1f in non-polar solvent (n-hexane, benzene and toluene), HBA solvents (1,4-dioxane, ethyl acetate, CHCl3, DMF, DMSO), and HBD solvent
(2-propanol,1- butanol, 1-propanol, ethanol, methanol).

Fig. 8. Solvent effect on the stability of ground and excited state in 1c, 1d, and 1f.

Fig. 9. Effect of solvent on the stability of ground and excited state of 1b and 1e.
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seen from Table-1, the λmax of 1d to 1f in all HBD solvents, i.e., in alcohol
series (2-propanol, 1-butanol, 1-propanol, ethanol, methanol,
2-butanol, and 2-methyl-2-propanol) the shift is 1–3 nm only. On
7

comparing the λmax between methanol and ethylene glycol, a huge dif-
ference was noticed: 1d suffers a hypsochromic shift of 56 nm, i.e., λmax

is reduced from 336 nm inmethanol to 280 nm in ethylene glycol. Sim-
ilarly, the shift is 26 nm for 1e (351 nm to 325 nm) and 50 nm (335 nm
to 285 nm) for 1fwhile moving from methanol to ethylene glycol.

On analysis of the spectrum of each of these three molecules, the
spectral behaviour is found to be completely different from the native
molecules, and the spectrum in each case coincided with the corre-
sponding conjugate acid reported by us elsewhere [12] (Fig. 3).

These observations can be attributed to the simplistic formation of
the conjugate acid of these anils in presence of the solvent, ethylene gly-
col in situ. Since the electrons are pushed from both the directions,
azomethine group becomes a strong basic unit which can, therefore,
be protonated easily by interactingwith one of the dissociable hydrogen
atoms of ethylene glycol to form the corresponding conjugate acid on
site. This would be further supported by the acidic nature of ethylene
glycol [50]. The suitable interaction of these three molecules with the
solvent, ethylene glycol leading to the formation of the corresponding
conjugate acid is delineated in Scheme 3. This fact reduces the interac-
tion of anils with the solvent resulting in the induced solvatochromism
phenomenon in the solution [51,52].

The proposed hypothesis that the induced solvatochromism occurs
due to the -OCH3 group substitution exclusively (in 1d, 1e, and 1f),
was further supported from the results reported by us earlier [12] in
which we reported the protonation and ionization behaviour of 6
anils, 1a to 1f shown in Scheme1. In order to supplement it further,
the electronic absorption spectra of another 8 anils, i.e., 1g to 1n
shown in Scheme 4 were taken in ethylene glycol and methanol.
In these anils, the electron-donating substituent is either o/p methyl
or o/p chloro in the N-phenyl ring. Interestingly, in these cases, only 1
to 2 nm shifts from methanol to ethylene glycol was noted. The band
corresponding to their respective conjugate acids did not appear. One
of the representative spectra of 1g is shown in Fig. 4, and others are pro-
vided in Supplementary Figs. S17–S23. Since both −CH3 and −Cl
groups are the less activating groups in comparison to the −OCH3

group, the azomethine group could not become basic enough to in-
teract with the proton of ethylene glycol to form the conjugate acid
in situ.
3.3. Effect of H-bonding on solvatochromism

The anils 1b and 1e can undergo intramolecular H-bonding due to
the presence of the –OH group in the C-phenyl ring at the ortho position
with respect to the azomethine group. However, the extent of hydrogen
bonding is significantly affected by the substitution. The presence of the
−OCH3 substituent in between the electron delocalization path of one



Table 2
ET(30) value of the solvents at which reversal occurs in presence of anils.

Schiff base Substituent in C-phenyl/ N-phenyl
ring of the anil

Reversal point
at ET(30)

1b o-OH/p-H 46.5
1e o-OH/p-OMe 45.5
1g o-OH/p-Me 35.0
1h p-OH/p-Me 46.5
1i o-OH/o-Me 33.5
1j p-OH/o-Me 45.0
1k o-OH/p-Cl 37.0
1l p-OH/p-Cl 48.5
1m o-OH/o-Cl 39.5
1n p-OH/o-Cl 45.5
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terminus of the benzylideneaniline strengthens the H-bonding in the
case of 1e in comparison to 1b [12]. This is supported by the shift of ab-
sorption bands of these two anils in the presence of different solvents.
Since 1e is engaged in strong hydrogen bonding between the o-OH
group and nitrogen of azomethine group, it develops fewer proclivities
towards the surrounding solvents in comparison to 1b. Consequently,
either marginal shift or no shift in the absorption band (Table 1) occurs
in the case of 1e in comparison to 1b. The anil 1e, therefore, confines it-
self within the solvent cage as illustrated in Fig. 5 [29].

In the case of 1c, the highest solvatochromic shift (Δλmax= 27 nm,
i.e., 309 to 336 nm, Table 1) occurs, because this probe can interact
with both the HBD solvent, DMSO, and HBA solvent, methanol, through
the H-bonding. Further, the λmax of this anil is found to be lower in HBA
and HBD solvents than that in non-polar solvents (Table 1). This obser-
vation can be attributed to the differential stabilization of the ground
state and Franck- Condon excited state of the hydrogen-bonded struc-
tures [53] as shown in Scheme 5.

The introduction of a −OCH3 group in the para position of anil 1c,
i.e., in 1f, the solvatochromic shift is not well recognized due to the re-
sultant twisted structure as a result of interaction between the
auxochromes, −OH and −OCH3 groups being positioned trans to each
other[54] as shown in Scheme 6. The anil 1f does not support solvation
due to van der Waals dispersion in a non-polar solvent and hydrogen
bond in the polar solvent. This results in the hyposochromic shift of
the absorption band.
3.4. Effect of substituent on solvatochromism

The effects of the substituent on the absorption maxima of all the
compounds were compared by taking the plot of λmax of the anil 1a to
1f with one another, as shown in Fig. 6. Both the scattered and linear
plots are observed. The scattered points in Fig. 6 suggest the difference
in the pattern of the solvation of the corresponding probes due to the
change in the solvent characteristics. The substitution either in the
C-phenyl ring or in the N-phenyl ring induces a change in the solvation
pattern as indicated from the scatter correlation plots of the absorption
spectra of the −OCH3 and −OH substituted anils with one another
[55,56].Thelinearnaturedplots(Fig.6)indicatethatneitherthesolvation
patternnorthesolvatedstructureofthecorrespondingN-benzylidene-p-
anisidine probe ‘1d’ changeswith the change of the solvents.
3.5. Effect of solvent polarity parameter on the solvatochromism of anils

The λmax of all anils (1a to 1f) was plotted against the solvent polar-
ity, ET(30), and one representative plot is shown in Fig. 7. The attain-
ment of linear plot in each case, i.e., in non-polar, HBA, and HBD
Fig. 10. Plot of ET (30) versus ET(probe) of 1b an
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solvents, clearly envisages the ability of these anils to distinguish be-
tween the three categories of solvents.

In the anils, 1c, 1d, and 1f, the λmax exhibits a bathochromic shift on
changingthesolventfromnon-polartoHBAandfromHBAtoHBDsolvents.
However, the bathochromic shift is not in proportionwith the polarity of
the solvent. This can be attributed to the difference in lowering of energy
oftheexcitedstateasaresultof thedipoleinteractionwiththesolventmol-
ecules [53]. Usually, the transition from a groundπ state to an excited π⁎
state in the presence of the polar solvents like ethanol, methanol suffers
bathochromic shift resulting ina small energy transitionas shown inFig. 8.

The anils, 1b and 1e, exhibit hypsochromic shift in the HBD solvents
(Fig. 9) in comparison to the HBA solvents with the increase in their
hydrogen-bonding ability, suggesting that the ground state is more sta-
bilized. Thus, the increasing trend suffers a reversal at an ET(30) value of
46.5 kcal/mol and 45.5 kcal/mol, as shown in Fig. 10. An initial steady
positive solvatochromism (according to λmax values) was followed by
a negative solvatochromism at ET(30) values of 46.5 kcal/mol and
45.5 kcal/mol for 1b and 1e, respectively. The initial rising trend is due
to the increasing trend of the stability of the excited species, while the
declined trend in the plot may be attributed to the lowered stability of
the excited species by the solvents like alcohol series. Panigrahi et al.
[55] and Da Silva et al. [57] have observed a reversal in the
solvatochromism at ET(30) of 37.0. Thus, the reversal in
solvatochromism may be considered as a switch to explain either the
structural transition of the anils due to the solvent polarity or a transi-
tion due to interaction with the solvent cage of differential polarities.
The reversal in solvatochromism due to the differential stabilization of
the ground state and Franck- Condon excited state is shown in Fig. 10.

This phenomenon was analyzed for 1g to 1n taking the data from
our previous publication [28]. The same reversal trend was also ob-
served in them as demonstrated manifestly, in Supplementary
Fig. S24. The ET value at which the reversal occurs is given in Table 2.
d 1e in presence of HBA and HBD solvents.
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The reversal trend in 1b occurs at ET (30) value of 46.5 kcal/mol. But
when any electron-donating substituent is added to the N-phenyl ring
as in the case of 1e, 1g, 1i, 1k, 1m, the reversal occurs at a lower value
of ET (30), i.e., ET(30) of 45.5 kcal/mol to 33.5 kcal/mol. In the case of
anil 1e, with the -OCH3 substituent in the N-phenyl ring, the reversal
Fig. 11. Plot of ET(30) versus ET(probe
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from HBA solvent to HBD solvent occurs similar to 1b. But when the
substituents are −CH3 and −Cl, the reversal trend occurs in going
from non-polar to HBA.

Examining the data in Table 2, it can be concluded that the
differential behaviour of positional characteristics of the hydroxy
) in presence of different solvents.



Table 3
Slope and R2 of the plots between ET (probe) versus ET (30) of different solvents (Fig. 11).

Probes HBD solvents HBA solvents Non-polar solvents

Slope R2 Slope R2 Slope R2

1a 0.437 0.978 0.228 0.978 −0.585 0.984
1b 0.174 0.986 −0.102 0.967 −0.807 0.997
1c −0.253 0.957 −0.562 0.968 −1.861 0.998
1d −0.105 0.997 −0.085 0.997 −0.241 0.998
1e 0.093 0.946 −0.047 0.987 −0.155 0.996
1f −0.142 0.993 −0.222 0.991 −0.359 0.997

Table 6
Optimization of regression model by successive exclusion of variable in 1a.

tmin Excluded variable F R2 RMS

−0.5 n 9.39 0.969 3.23
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group in the C-phenyl affects the change in the solvatochromic switch.
The early approach of reversal switch in the ET(30) scale may be attrib-
uted to the more non-polar characteristic of o-hydroxy species in com-
parison to compared to p-hydroxy isomer [43,53].

3.6. Theoretical aspect of benzylideneanilines on solvatochromism

The absorption maxima are converted to intramolecular charge
transfer transition energy in order to investigate the effect of solvent po-
larity on the electronic transition state of the N-benzylideneaniline and
its substituted counterpart, using Eq. (1) where ET is in kcal/mol and
λmax is in nm [28].

ET ¼ 28590=λmax ð1Þ
Table 4
Different solvent parameters used in the present study (The notations have been defined in th

Sl. No. Solvent α β π⁎ μ δ ΕΤΝ

1 Methanol 0.98 0.66 0.6 2.87 29.3 0.
2 Ethanol 0.86 0.75 0.54 1.66 26 0.
3 1-Propanol 0.84 0.9 0.52 3.09 24.4 0.
4 2-Propanol 0.76 0.84 0.48 1.66 23.7 0.
5 1-Butanol 0.84 0.84 0.47 1.75 23.3 0.
6 2-Butanol 0.69 0.8 0.4 1.66 22.6 0.
7 Ethylene glycol 0.9 0.52 0.92 2.31 32.4 0.
8 2-Methyl-2-propanol 0.42 0.93 0.41 1.66 21.6 0.
9 n-Hexane 0 0 −0.11 0.09 15 0.
10 Acetonitrile 0.19 0.40 0.66 3.92 24.1 0.
11 1,4-Dioxane 0 0.37 0.49 0.45 19.7 0.
12 Trichloromethane 0.20 0.10 0.58 1.15 19.5 0.
13 Benzene 0 0.10 0.55 0 18.8 0.
14 Toluene 0 0.11 0.49 0.31 18.8 0.
15 DMF 0 0.69 0.88 3.82 24.1 0.
16 DMSO 0 0.76 1 4.06 26.6 0.
17 Ethyl acetate 0 0.45 0.45 1.78 18.6 0.

Table 5
Correlation matrix delineating interrelationship of the solvent parameters of 1e.

α β π* μ δ ΕΤ(Ν) SA

α 1
β 0.61 1
π* 0.08 0.34 1
μ 0.19 0.59 0.67 1
δ 0.69 0.60 0.71 0.65 1
ΕΤ(Ν) 0.87 0.73 0.49 0.60 0.92 1
SA 0.96 0.54 0.21 0.25 0.80 0.89 1
SB 0.55 0.97 0.27 0.47 0.52 0.65 0.48
SPP 0.36 0.70 0.84 0.88 0.79 0.74 0.38
n −0.44 −0.37 0.30 −0.31 −0.20 −0.43 −0.3
ε 0.35 0.56 0.74 0.89 0.85 0.73 0.45
Δf 0.59 0.78 0.51 0.83 0.75 0.85 0.56
F 0.59 0.79 0.54 0.84 0.77 0.852 0.56
logP −0.40 −0.65 −0.78 −0.72 −0.85 −0.74 −0.4
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The ET values of the anils 1a to 1f (Supplementary Table S1) are plot-
ted against Reichardt's polarity scale, ET(30)[55]. The plots of ET probe
versus ET(30) are shown in Fig. 11. The linear relationship of the transi-
tion energy of the anils 1b to 1f (Fig. 11) (except 1a)with the ET(30) dif-
ferentiates the non-polar, HBA, and HBD from each other. The ET(30)
values of the solvents vary from 31.0–34.0, 36.0–45.6, and 48.1–56.3
for non-polar, HBA, HBD solvents, respectively. In all the plots, there
are three straight lines except anil 1a (Fig. 11A). The slope of the plots
for each category and the corresponding R2 values are given in
Table 3. For 1a, the electronic transition experiences a steady increase
with the increase in the polarity of the polar solvents but does not
show significant changes as it goes from HBA to HBD solvents. Further,
a high negative solvatochromism was observed for non-polar solvents
(Table 3). In the case of 1d and the other two p-OH substituted anils,
1c and 1f, the three categories of solvents exhibit similar behaviour
with almost similar trends in the solvatochromism (Figs.11 C, D, F).
On the other hand, for o–OH substituted anils, 1b, and 1e the
non-polar, and HBA solvents exhibit positive solvatochromism but
HBD solvents exhibit negative solvatochromism (Fig. 11 B, E), which
has been already confirmed from Fig. 10.
e text).

SA SB SPP n ε Δf Ff logP

76 0.61 0.55 0.86 1.33 32.66 0.308 0.74 −0.82
65 0.40 0.66 0.85 1.36 24.55 0.288 0.70 −0.32
61 0.37 0.73 0.85 1.38 20.45 0.274 0.67 0.34
54 0.28 0.76 0.85 1.38 19.92 0.276 0.67 −0.04
58 0.34 0.81 0.83 1.40 17.51 0.263 0.65 0.75
50 0.22 0.88 0.84 1.40 16.56 0.261 0.65 0.71
79 0.57 0.53 0.93 1.43 37.3 0.274 0.69 −2.27
38 0.15 0.93 0.83 1.39 12.47 0.251 0.62 0.36
01 0 0.06 0.52 1.37 1.88 −0.003 0.08 3.9
46 0.04 0.29 0.89 1.34 35.94 0.304 0.73 −0.34
16 0 0.44 0.70 1.42 2.21 0.020 0.12 −0.42
25 0.05 0.07 0.77 1.45 4.89 0.150 0.39 1.94
11 0 0.12 0.67 1.50 2.27 0.001 0.09 2.13
09 0 0.13 0.66 1.50 2.38 0.013 0.12 2.69
38 0.03 0.61 0.95 1.43 36.71 0.274 0.69 −1.1
44 0.07 0.65 1 1.48 46.45 0.263 0.67 −1.35
22 0 0.54 0.80 1.37 6.02 0.199 0.49 0.73

SB SPP n ε Δf F logP

1
0.63 1

7 −0.35 −0.17 1
0.45 0.87 −0.20 1
0.71 0.88 −0.55 0.78 1
0.71 0.88 −0.52 0.81 0.99 1

8 −0.62 −0.87 0.22 −0.81 −0.74 −0.75 1



Table 7
Optimization of regression model by successive exclusion of variable in 1b.

tmin Excluded variable F R2 RMS

0.04 π⁎ 6.98 0.979 0.61
−0.26 n 11.26 0.979 0.66
0.57 SB 15.89 0.979 0.71
0.78 SA 19.95 0.977 0.77

Fig. 12. Plot of calculated ET(probe) versus observed
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TheanalysesofdatapresentedinTable3reveal thatp-OHandp-OCH3

substitutedcompoundsexperiencehypsochromicshift on increasingthe
polaritydue to the stabilizationof their groundstate. InHBAsolvents, the
solvation is due to thedipole-dipole interactionof the solute and solvent.
In these solvents, thehydrogen bondingalso contributes to the solvation
of the -OH substituted benzylideneaniline only. This proposition gets
ET(probe) of 1f in presence of different solvents.
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support fromtheincreasedsensitivity(slopeinHBD)ofthepolarityofthe
solvents towards ET in the case of anils, 1b, and 1e.

3.7. Quantitative solvation energy relationship

Fourteen different solvent parameters were obtained from the liter-
ature (Table 4) in order to explain the solvation of the probes by the sol-
vents, and their autocorrelation was tested through a correlation
matrix. One example is provided in Table 5. For compatibility of the pa-
rameters (to bring all the data in the same scale), instead of ET(30), its
normalized value (ETN) was used in the multiple regression analysis
[58]. In the present study, the solvent parameters selected are HBD abil-
ity(α), HBA ability (β), dipolemoment (μ), dielectric constant (ε), log P,
refractive index (n)[59], Taft's (π⁎)[60], solubility (δ), acidity (SA) basic-
ity (SB), and the dipolarity and polarizability (SPP). Good inter-
relationship was obtained between α and SA, and β and SB.

All the solvent parameters were subjected to regression analysis
using a generalized regression model (Eq. (2)) in order to determine
the contribution of each parameter towards the ET values of the anils.
The coefficients of the parameters in the regression model are the sus-
ceptibility of the concerned parameter towards ET value.

ET ¼ ETo þ aαþ bβþ cπ⁎dμ þ eET
N þ fδþ gSA þ hSB þ iSPP þ jn

þ kεþ l ΔFþmFf þ nlogP . . . ð2Þ

The regression coefficient (R2) and statistical F values are the indica-
tors of the validity of the equation. The increase in R2 and F value indi-
cates the fitness of the regression model. The statistical ‘t’ test for the
appropriateness of the parameter was also considered for the selection
of the parameter in the regression model. For the optimized fitting of
the regression model, a successive exclusion of variable technique was
adopted, wherein variables with‘t’ values less than one were deleted
in each successive generation of the regression model. A typical exam-
ple of the technique is illustrated in Tables 6 and 7.

The multiple regression analysis of the ET values of 1a using all 14
solvent parameters results in a general regression model with a high
R2 value (0.995) and a significant F value of 9.39 describing a 99.9% con-
fidence level. However, the‘t’ test indicates the inappropriateness of
some of the parameters due to low value (<1.0). The parameter n
with the lowest ‘t’ value of −0.5 was excluded in the first step from
the regression model and thus, a new regression model was obtained
with the same R2 value but with a significant increase in ‘F' value
(12.59). The exclusion of variables was continued till the minimum
value of‘t’ reaches >1, i.e., 1.2 for π⁎.

The optimization regressionmodel of 1a obtained by the above tech-
nique is given below.

ET(1a) = (121.21 ± 11.87) – (23.49 ± 7.83) α + (19.88 ± 8.73)
β+(3.47± 2.89)π⁎-(1.99± 0.82) μ-(1.2± 0.46) δ+(52.02± 19.19)
ΕΤΝ+(16.86±09.21) SA –(14.38±8.03) SB –(24.00±14.49) SPP.

F = 12.60, R2 = 0.966, tmin = 1.2.

The optimization regressionmodels for the rest of the anils (1b to 1f)
obtained by the above technique are given in Supplementary Table 2.

By using these equations the corresponding ET (probe) were deter-
mined and plotted against the experimentally obtained ET values
(Fig. 12). The linearity of the plot validates the regression models.
Fig. 12 envisages the linear relationship of the observed and calculated
ET values validating the predictability of the equation.

4. Conclusion

The present study explored the solvatochromic behaviour of a series
of tailor-made anils,N-benzylideneaniline, and its five derivatives with
−OH and−OCH3 substitution. The solvation sites like, the phenyl rings
with the π electron cloud,−OHgroup, and−OCH3 group, exist in these
12
anils, which are susceptible to the polar interactions. Different solvent-
solute interaction models were delineated to explain the localization
and orientation of the anilswith the solvent. The solvation siteswere ex-
plained on thebasis of theorientation of theprobe, substituent effect, in-
tramolecular H-bonding, and the reversal switch. The reversal in
solvatochromisminthecaseofhydroxy-substitutedanilswasconsidered
asa switch to explain the structural transitionof the anil due to the inter-
actionwith the solvent or due to the entrapment of anils within the sol-
vent cage of varying polarity. The solvatochromic switch for anils,
salicylideneaniline, and salicylidene-p-anisidine was positioned at ET
(30) value of 46.5 kcal/mol, and 45.5 kcal/mol, respectively. The reversal
phenomenawerecomparedwiththechangeofsubstituentinthepando-
position of the benzene rings of the anils. Thepolarity switchoccurred at
different ET (30) according to the substituent in the C-phenyl and N-
phenyl rings of the anils. The transition energies obtained from absorp-
tion spectrawere subjected tomultiple regression analysis, and theoret-
ical parameters were calculated based on solvatochromic parameters.
Summarizing,theanilsdiscussedinthisworkcouldbehighpotentialcan-
didates for the identificationof a solvent and for thedeterminationof the
microenvironment of the biological system and alike.
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