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Abstract: The nature and strength of the molecular interactions were established by solvatochromic
studies of 22 binary and 42 ternary diluted solutions of pyridinium–carbethoxy–anilidomethylid
(PCAnM). The visible absorption band of PCAnM, due to an intramolecular charge transfer (ICT)
from the carbanion towards the heterocycle, shows a great sensitivity to the solvent nature. The
spectral data are analysed by linear energy relationship (LERS) and the contribution of each type of
interaction to the total spectral shift is estimated. The results from the solvatochromic study and those
obtained by quantum mechanical computations were correlated in order to estimate the excited state
dipole moment of the studied methylid. The decrease of the dipole moment by excitation emphasized
in this study corresponds to the ICT nature of the visible absorption band of the solute. The ternary
solutions of PCAnM achieved in mixtures of water with primary alcohols (ethanol and methanol)
show the dependence of the visible band on the molar fraction of water and give the difference
between the interaction energies in molecular pairs of the type water–methylid and alcohol–methylid,
computed based on the statistical cell model of ternary solutions. The decrease in strength of the
hydrogen bond between PCAnM and the protic solvent molecules was estimated in the following
order: water > methanol > ethanol. The results from this study can be utilized in Organic Chemistry
to generate knowledge of the interactions with solvents when cycloimmonium methylids are used as
precursors to obtain new heterocycles and also in Quantum Chemistry to obtain a better description
of their excited electronic states.

Keywords: PCAnM; solvatochromism; quantum chemical descriptors; interaction energy in the
molecular pairs; statistical cell model of ternary solutions

1. Introduction

Pyridinium–carbethoxy–anilido–methylid (PCAnM) is studied in this paper from both
a computational and a spectral point of view in order to obtain information about the
nature and strength of intermolecular interactions in solutions and to estimate its excited
state dipole moment. In PCAnM, the positive nitrogen of the pyridinium ring is covalently
bonded to a negative α-exo-cycle carbon, named carbanion [1–3]. Two electronegative
atomic groups (carbethoxy and anilido) bonded to the ylid carbanion assure the stability of
this cycloimmonium ylid [2].

The stability of cycloimmonium ylids is influenced by both the electronegativity of the
carbanion substituents and the electron-withdrawing ability of the heterocycle [2,3].
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The first ylid with cation pyridinium was synthetized by Kröhnke in 1935 from the
bromide of N–phenacyl–pyridinium and potassium carbonate [1,4]. Pyridinium ylids are
important precursors for obtaining new heterocycle compounds in Organic Chemistry [5,6]
by dipolar cycloadditions [7–10]. A multitude of chemical syntheses, e.g., for indolizines,
cyclopropanes, diazo-pyridines, 2,3-dihydrofuranes, nitrones, or azepines, use pyridinium
ylids as building blocks [2].

The stability of pyridinium ylids is due to the electrostatic attraction between the
oppositely charged parts of the molecules and the charges delocalization both on the
heterocycle and on the carbanion, as well as the resonant structures of the molecules [2].

In pyridinium ylids, as in all cycloimmonium ylids, the carbanion hybridization
is between sp2 (three equienergetic orbitals of carbanion are contained in the plane of
heterocycle making angles of 120 degrees between them) and sp3 (four equienergetic
orbitals of the ylid carbanion are oriented towards the picks of one tetrahedron, so the
electron pair of non-participant electrons are contained in an orbital inclined relative to the
heterocycle plane) depending on the nature of the carbanion substituents. For example,
in pyridinium–dicyano–methylid and in pyridinium–dicarbethoxy–methylid [2,11], the
carbanion hybridization is near sp2, meaning that its planar structure belongs to the C2v
point group of symmetry, while in the carbanion monosubstituted pyridinium ylids the
carbanion hybridization is near sp3 and the molecule carbanions are non-planar compared
with those having symmetrically substituted carbanions.

PCAnM undergoes an intramolecular charge transfer from the carbanion toward the
heterocycle when the visible photon is absorbed. In the absorption process, all pyridinium
methylids undergo polarity changes and change or lose their colour [11,12]. Due to this fact, the
pyridinium ylids and their salts are used to obtain various photochromatic materials [13–15],
such as photochromic Merrifield resins [13]. The change in colour of the irradiated ylids is
considered an indicator of acid-basic nature of the chemical reactions [2].

Pyridinium ylids have applications in Polymer Chemistry, generating photo resistors,
water-soluble MID UV resist materials, or photochromic materials [13–16]. The water-
insoluble acyl diazepine polymers [16] for the printing of plates, printed circuit boards,
or photo resistors were obtained from polymer-containing pyridinium ylid moieties by
actinic irradiation.

The visible electronic absorption band of pyridinium ylids, as well as of the other
cycloimmonium ylids, being very sensitive to the solvent nature [11,12,17,18], can be used
in the characterization of the local internal field (defined by Onsager [19]) in liquids by
estimating the strength of the universal and specific interactions.

In this study, we intend to correlate the computed quantum mechanical properties
with the solvatochromic data in order to estimate the excited state dipole moment of
pyridinium–carbethoxy–anilido–methylid (PCAnM).

The statistical cell model of ternary solutions is applied here in order to estimate the
strength of the specific interactions in molecular pairs of PCAnM with water and primary
alcohols molecules. This estimation is important because there are a few methods able to
measure the interaction energy between two molecules.

2. Theoretical Bases

The quantum mechanical computations can establish some molecular descriptors [20–22],
such energetic and electro-optical parameters, which influence the intermolecular interactions
in condensed media. For example, knowing the values of the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO) energies, one can compute
the energetic gap [20] giving the reactivity of the molecule; knowing the polar surface area
(PSA), one can decide if the analyzed molecule can penetrate the cell membranes [21]. Alter-
natively, by analyzing the electrostatic potential map, one can establish the reactive centres of
a molecule [20,22]. The molecular descriptors can be also used in drug identification [23,24].

The electro-optical parameters such as electric charges near the atoms, dipole moment,
or polarizability influence the spectral behavior of the molecules, because they determine
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the stabilization (solvation) energy in various liquids. When a molecule is introduced
into a solvent, it is under the local electric field (Onsager) created by the liquid molecules
surrounding it. The solute concentration is very small in the solutions spectrally analyzed,
so the solute molecules do not interact among them. Only the interactions between the
solvent and solute molecules are evaluated in solvatochromic analyses.

The solvation energy depends both on the strength of the local reactive electric field and
on the electro-optical descriptors of the solute molecules. The difference between the solvation
energies of the solute (spectrally active molecule) in the electronic states responsible for the
electronic band appearance is proportional to the spectral shift of the electronic band relative
to its position in the spectrum of an isolated molecule (in its gaseous state).

The existent theories [25–28] regarding the solvent influence on the electronic bands
take into consideration only the universal interactions (dipolar and dispersive ones), ne-
glecting the possible specific interactions (hydrogen bonds, proton, or electron transfer,
etc.) among the molecules in solutions. The spectral data corresponding to solutions in
which specific interactions influence the solvation energy differ by those computed based
on existent theories. In order to attain agreement between the experimental data and those
computed, some empirical parameters of solvents were to describe the spectral shifts due
to specific interactions.

Usually, the spectral shifts of the electronic bands in solutions compared with the
gaseous state are described by relations of the type reported in Equation (1).

v
(

cm−1
)
= v0

(
cm−1

)
+ C

1
f (ε) + C2 f (n)+C3β+C4α (1)

In the multilinear dependence (1), the free term indicates the wavenumber in the
isolated state of the spectrally active molecule, the following two terms were theoreti-
cally established and give the influence of the universal interactions between the solvent
(considered a continuous dielectric) and the solute molecule. The last two terms from
(1) were added empirically in order to describe the specific interaction influence on the
electronic band position. The functions f (ε) = ε−1

ε+2 and f (n) = n2−1
n2+2 depend on the electric

permittivity of the solvent, ε, and refractive index, n, respectively. The empirical parameters
α and β [29] characterize the solvent ability to specifically interact with the solute molecule
by donating or receiving protons (having acid or basic nature, respectively). The correlation
coefficients from (1) can be estimated by statistical means [30,31] based on solvatochromic
analysis.

The importance of this model for describing the solvatochromic behavior of the
electronic spectra lies in the fact that the correlation coefficients, C1 and C2, depend on the
solute descriptors resulting from Equations (2) and (3) [11,12,31]:

C1 =
2µg

(
µg − µecosϕ

)
a3 + 3kT

αg − αe

a3 (2)

C2 =
µg − µe

a3 −
2µg

(
µg − µecosϕ

)
a3 − 3kT

αg − αe

a3 +
3
2

αg − αe

a3
Iu Iv

Iu+Iv
. (3)

In Equations (2) and (3), the notations indicate the dipole moments, µg and µe, the
electric polarizabilities, αg and αe, in ground (g) and excited (e) electronic states of the solute,
ionization potential, I, temperature, T, angle ϕ between the molecular dipole moments in the
two electronic states responsible for the visible band appearance, and the solute molecular
radius, a. The indices u and v refer to the solute and solvent molecules, respectively. The
correlation coefficients C1 and C2 from (2) and (3) are usually expressed in erg = 10−7

Joule, dipole moments in ues·cm, the term 3kT in erg (k = 1.38·10−16 erg·K−1), and absolute
temperature in K.

The molecular descriptors in the ground state of the solute can be estimated by
quantum mechanical procedures. The values of the ground state ionization potentials and
temperature at which experiments are conducted are also known. In (2) and (3), a is the
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solute molecular radius, approximated using Equation (4) (given the hypothesis that the
molecule is a spherical entity):

a =
3V
A

(4)

Three unknown parameters are in Equations (2) and (3): electric dipole moment
and electric polarizability in the solute excited state and the angle ϕ between the dipole
moments in the electronic states responsible for ICT.

In the case of the solute molecules showing both absorption and emission electronic
bands, the estimation of the excited state values of the dipole moment and electric polar-
izability as well as of the angle between the ground and excited state dipole moments
becomes possible if one uses the values for the molecular descriptors computed by quantum
means [32–35] for the ground electronic state and the values of the correlation coefficients
in Equation (1) for both absorption and fluorescence.

In order to estimate the excited state dipole moment of PCAnM molecules, for which
the fluorescence spectrum is not available, two methods were used. The results obtained
following adoption of McRae’s hypothesis [25] and usage of the variational method [36] are
compared here with those obtained using the solvatochromic model proposed by Takehiro
Abe [26].

For the case of the solute molecules, showing only absorption band in the visible
range, one can use the variational method [11,12,36] in order to establish the excited state
dipole moment and its angle with the ground state dipole moment. This method [36], as
per McRae’s hypothesis, uses the values of the correlation coefficients C1 and C2 estimated
from the solvatochromic analysis and the descriptors of the solute molecule in its electronic
ground state computed by quantum mechanical means. McRae [25] stipulates that, in the
visible photon absorption process, the electric polarizability of solute does not change its
value.

When C1 + C2 are expressed in erg (1 cm−1 = 1.98618 × 10−16 erg), the dipole moment
is expressed in Debye (1 D = 10−18 ues·cm), the ionization potential is expressed in erg
(1 eV = 1.6022 × 10−12 erg), and the electric polarizability is expressed in cm3 (1 Å = 10−8

cm), from Equations (2) and (3) one obtains:

(C1 + C2)a3 = µ2
g − µ2

e +
3
2

Iu Iv

Iu + Iu
(αg − αe) (5)

αg − αe =
2
3

Iu+Iv

Iu Iu

[
(C1 + C2)a3 − µ2

g + µ2
e

]
(6)

Using the difference αg − αe from (6), one obtains Equation (7) from Equation (2):

2kT
Iu+Iv

Iu Iu
µ2

e − 2µgµecosϕ + 2µ2
g − C1a3 + 2KT

Iu+Iv

Iu Iu

[
(C1 + C2)a3 − µ2

g

]
= 0 (7)

Equation (7), with the unknown parameter µe, must have a discriminator, ∆, greater
than zero, in order to obtain real solutions for the excited dipole moment of the solute
molecule.

∆ =
(
2µgcosϕ

)2 − 8kT
Iu+Iv

Iu Iu

{
2µ2

g − C1a3 + 2kT
Iu+Iv

Iu Iu

[
(C1 + C2)a3 − µ2

g

]}
(8)

The solutions µe1,2 of Equation (7) depend on the angle ϕ, as it results from (9) and (8).

µe1,2 =
2µgcosϕ±

√
∆

2kT Iu+Iv
Iu Iu

(9)

When the angle ϕ is changed, there is a value for which the left side of Equation (6)
becomes null. In this condition, the excited and the ground state polarizability of the solute
are equal and, according to McRae’s hypothesis, one can consider the angle between the
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dipole moments of molecules in the two electronic states responsible for photon absorption
as corresponding to ICT transition.

When the solute does not show a fluorescence spectrum, in McRae’s hypothesis, the
variational method offers the possibility to estimate, within the limits of the solvatochromic
analysis, the excited state dipole moment of the solute molecule and the angle ϕ.

In Abe’s model [26], both the dipole moment and the polarizability of the solute
are considered variable in their interaction with photons. The results of the ABE model
establish a correlation between the molecular parameters of the solute and solvent, taking
into consideration their variation by excitation with the visible photons.

The final equation in Abe’s model shows that between the parameters A and B from
(10) and (11) there exists a linear dependence expressed by Equation (12):

A =
µ2

g(v) +
3
2 αg(v)

Ig(v)[Ig(u)−hcνs]
Ig(v)+Ig(u)−hcνs

2
3kTµ

2
g(v(p)) + α(v)

, (10)

B =

ν0−νs
C +

{
µ2

g(v) +
3
2 αg(v)

Ig(v)[Ig(u)−hcνs]
Ig(v)+Ig(u)−hcνs

}
αg(u)

2
3kTµ

2
g(v(p)) + α(v)

, (11)

µ2
e (u)− µ2

g(u) + αe(u)A = B. (12)

The constant C from Equation (7) can be computed as follows [26]:

C = ∑
p

R−6
uv(p)

C =
16π3N2

A
9

(
ρv

Mv

) 2
3


[(

Mu

ρu

) 1
3

+

(
Mv

ρv

) 1
3
]−4

+

[(
Mu

ρu

) 1
3

+ 3
(

Mv

ρv

) 1
3
]−4

+

[(
Mu

ρu

) 1
3

+ 5
(

Mv

ρv

) 1
3
]−4

+ . . .

 (13)

The following notations were made in Equations (10)–(13): µ—electric dipole moment;
α—molecular polarizability; I—ionization potential; ν—wavenumber in the maximum of
the electronic absorption band; M—molar mass; ρ—density; T—absolute temperature; u
and v—spectrally active molecule and solvent molecule, respectively; g and e—ground
and excited electronic states of the solute molecule, respectively; NA—Avogadro’s number;
k—Boltzmann constant.

In the dependence B vs. A from (12), the slope signifies the excited state polarizability,
αe(u), of the solute molecule and the intercept is the difference between the squares of the
solute molecule dipole moments in the electronic states responsible for the light absorption
process, µ2

e (u)− µ2
g(u).

The model of Takehiro Abe can be applied when a linear dependence is established
between the parameters A and B. Based on this dependence, the excited state dipole
moment and polarizability can be estimated if the ground state descriptors of the solute
molecule are determined by other methods.

Both methods for the estimation of the excited dipole moment of a molecule showing
only the electronic absorption spectrum were developed from simplified hypotheses and
will give different results depending on the omitted phenomena in their mathematical
expressions.

A great number of papers based on solvatochromic analysis describe the solvent
influence using only empirical parameters: π*, α, and β for the influence of the universal
and specific interactions between solute and solvent molecule [27,29]:

v
(

cm−1
)
= v0

(
cm−1

)
+ Pπ* + Bβ + Aα (14)

Unfortunately, the description of the solvent influence afforded by Equation (14) is
made with empirical parameters and does not express the correlation coefficients P, B, and
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A as functions of the molecular descriptors of the solute. Reichardt [27] demonstrated that
between the empirical parameter π* and the solvent parameters f (ε) and f (n) there is a
linear dependence; therefore, the universal interactions from liquids can be estimated using
the parameter π*.

In order to determine the difference w2 − w1 between the interaction energies in
molecular pairs of the types water (1)—ylid and primary alcohol (2)—ylid, the statistical
cell model of ternary solutions [37–40] was applied here. The ternary solutions of PCAnM
were achieved by using mixtures of water with primary alcohols methanol and ethanol.
Liquids were indexed using the numbers 1 and 2 after the value of the wavenumber in the
maximum of the visible electronic absorption band of solute.

The competition between the two solvent molecules for the occupation of the prefer-
ential places (from an energetic point of view) near the solute molecule and the thermal
motion in liquids cause the heterogeneity of ternary solutions [41]. The first solvation shell
of solute can have different compositions, compared with the rest of the ternary solution.

The final equation obtained in the statistical cell model of the ternary solutions is of
the type:

ln
p1

1− p1
= ln

x1

1− x1
+

w2 − w1

kT
, x1 6= 0,p1 6= 0. (15)

In Equation (15), p1 is the average statistical weight of the water molecules in the first
solvation shell of the solute molecule, x1 is the molar fraction of the water molecules in
ternary solution, w1 and w2 are the interaction energies in molecular pairs of the types
water–solute and alcohol–solute. For the ternary studied solutions of the type water (1) +
alcohol (2) + solute, where the indices 1 and 2 denominate the active solvent and the few
active solvents from the interactions point of view.

The average statistical weights p1 and p2 = 1 − p1 of the two solvents in the first
solvation shell of the solute molecule are computed (in the ternary cell model) using the
wavenumbers ν1, ν2, and νt measured in binary solutions achieved in water (1), in alcohol
(2) and in their mixtures (t), respectively, (ν1 6= ν2 6= νt) as follows:

p1 =
νt − ν2

ν1 − ν2
and p2 =

ν1 − νt

ν1 − ν2
. (16)

The Equation (16) are used in the statistical cell model to estimate the ternary solution
homogeneity. When p1 ≥ x1, the first solvation shell of solute contains a higher number of
molecules of type (1) compared with the rest of the ternary solution.

If a linear dependence of the type (15) is accomplished, the difference w2 − w1 can be
estimated by the cut at origin in the graph ln p1

1−p1
vs. ln x1

1−x1
.

The models briefly described above were also used in the investigation of other
solutes (spectrally active molecules) for both binary [11,12,18,31] and ternary [11,12,38–40]
solutions.

3. Materials and Methods

The studied molecule, PCAnM, was prepared using the salt method [2] in the labo-
ratories of Organic Chemistry of Alexandru Ioan Cuza University of Ias, i. The structure
and purity of the substance were analyzed by spectral (NMR and FTIR) and chemical
(elemental) analyses.

The structural formula of PCAnM is given in Scheme 1.
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Scheme 1. Structural formula of PCAnM.

Our purpose was to establish some molecular parameters of this molecule in its
ground electronic state using a quantum mechanical procedure and correlate them with
the solvatochromic results in order to obtain information about its excited electronic state
within the limits of existent theories.

The quantum mechanical analysis was conducted with the software Spartan’14 [42]
using the EDF2/6-31G* density functional model [43]. The descriptors of PCAnM in water,
ethanol, and toluene were computed using the continuum solvation model, called PM8 [44].
The results are given in Table 1.

Table 1. Quantum mechanical characterization of the isolated PCAnM molecule (C16H16N2O2) by
Spartan’14, density functional model EDF2, 6-31G*.

Molecular Descriptor Vacuum Water Ethanol Toluene

Energy (au) −878.644 −878.668 −878.676 −878.668

EHOMO (eV) −5.12 −5.27 −5.19 −5.02

ELUMO (eV) −1.98 −1.80 −1.77 −1.79

∆E (eV) 3.14 3.47 3.42 3.23

Dipole moment (D) 3.43 5.61 5.63 4.67

Polarizability (Å3) 63.71 63.71 63.71 63.71

Area (Å2) 299.43 303.68 303.14 300.51

Volume (Å3) 284.53 285.50 285.34 284.82

PSA (Å2) 30.005 32.002 31.678 30.686

HBD Count 1 1 1 1

HBA Count 4 4 4 4

The electronic spectra in the visible range were recorded using a Specord UV–Vis
spectrophotometer Carl Zeiss Jena with data acquisition system. The position of the
maximum of the visible electronic absorption band was established (with a precision of
±5 cm−1) in 22 pure solvents, chosen with different electro-optical parameters, and in
42 mixtures of two protic solvents (water + ethanol and water + methanol) for which the
solvent parameters n, ε, π*, α, and β are known from literature [27,29,45,46].

The solvent parameters and the experimentally determined wavenumbers in the
maximum of the visible band of PCAnM in binary solutions are listed in Table 2. The binary
solvent parameters for mixtures of water + ethanol and water + methanol were determined
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in [46] respectively. The values of the wavenumber in the maximum of the visible band of
PCAnM are listed in the last column of Table 2.

Table 2. Solvent parameters and the wavenumbers in the maximum of the ICT visible band of
PCAnM.

No. Solvent f (n) f (ε) π* α β ν (cm−1)

1 Dioxane 0.300 0.286 0.55 0.00 0.37 23,300

2 Benzene 0.295 0.299 0.59 0.00 0.10 22,995

3 o-Xylene 0.292 0.302 0.41 0.00 0.11 22,995

4 Toluene 0.297 0.302 0.54 0.00 0.11 23,120

5 Trichloroethylene 0.282 0.448 0.53 0.00 0.50 22,910

6 Chloroform 0.267 0.552 0.69 0.20 0.10 23,680

7 Anisole 0.300 0.524 0.73 0.00 0.32 23,340

8 Cyclohexanol 0.276 0.824 0.45 0.66 0.84 25,060

9 Chlorobenzene 0.307 0.605 0.71 0.00 0.07 23,370

10 Dichloromethane 0.256 0.727 0.82 0.20 0.10 23,560

11 n-Butyl alcohol 0.242 0.833 0.47 0.84 0.84 25,370

12 Benzyl alcohol 0.311 0.804 0.98 0.60 0.52 25,270

13 n-Propyl alcohol 0.240 0.866 0.52 0.84 0.90 25,390

14 Ethanol 0.221 0.895 0.86 0.86 0.75 25,370

15 Methanol 0.203 0.909 0.60 0.98 0.66 25,530

16 Iso-Butyl alcohol 0.240 0.852 0.40 0.69 0.84 25,240

17 Iso-Amyl acetate 0.241 0.589 0.71 0.00 0.07 23,510

18 Ethyl acetate 0.228 0.625 0.55 0.00 0.45 23,730

19 n-Butyl acetate 0.240 0.577 0.46 0.00 0.45 23,370

20 Water 0.206 0.964 1.09 1.17 0.47 26,410

21 Acetone 0.222 0.868 0.62 0.08 0.48 23,950

22 Formamide 0.267 0.973 0.97 0.97 0.71 25,190

4. Results and Discussions
4.1. Computational Results

Some descriptors used in the estimation of the excited state dipole moment of the
studied molecule are listed in Table 1. From this table it can be evinced that PCAnM is a
dipolar, polarizable molecule able to participate in hydrogen bonds with the solvent protic
molecules.

The computed data (by Spartan’14) given in Table 1 show the dipolar nature of the
studied methylid, with the ground state dipole moment increasing when the molecule is
introduced in polar liquids.

The HBA (Hydrogen Bond Acceptor) count indicates that there exist four places in
the molecule in which a hydrogen bond can be realized by accepting protons of the protic
solvents and only one place (HBD—Hydrogen Bond Donator is equal with unity) to donate
protons to basic liquid molecule. This fact underlines the necessity to consider the presence
of the specific interactions in PCAnM solutions in the analysis of solvatochromic results,
such interactions being neglected in the theories [25,26] about the solvent influence on the
electronic bands of the solute. The spatial arrangement of the atoms in PCAnM, given after
optimization by Spartan’14, is illustrated in Figure 1.
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Figure 1. Spatial distribution of atoms in the optimized structure of PCAnM (carbon—black,
nitrogen—blue, oxygen—red, hydrogen—white). The arrow indicates the orientation of the ground
state dipole moment.

The energy gap, ELUMO−EHOMO, is influenced by the solvent nature, as indicated by the
Spartan’14 computations (see Table 1). The maps of HOMO and LUMO (Figure 2) suggest the
intramolecular charge transfer from the ylid carbanion toward the heterocycle [2,3].
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Figure 2. HOMO and LUMO for isolated PCAnM molecule.

The density of electrons increases on the heterocycle by transition from the ground
(HOMO) to the excited state (LUMO) of PCAnM, as it can be observed in Figure 2.

The descriptors obtained by Spartan’14 for PCAnM (Table 1) are used in this study to
estimate the excited state dipole moment of molecules.

4.2. Spectral Analysis
4.2.1. Binary Solutions—Solvent Influence on the Wavenumber in the Maximum of the ICT
Visible Band of PCAnM

The wavenumbers in the maximum of the ICT visible band of PCAnM, listed in Table 2,
show a hipsochromic shift in polar and protic solvents through comparison with nonpolar
or aprotic ones. In Table 2, the solvent parameters used in the expression of the spectral
shifts of the ICT visible band of PCAnM according to Equations (1) and (14) from chapter 2
are also listed.

The spectral data were correlated with the solvent parameters based on Equations (1)
and (14) and the results are given in Figures 3 and 4, respectively.
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Based on Table 2 and Equation (1), Equation (17) was obtained:

ν (cm−1) = (21,965 ± 612) + (1358 ± 401)f (ε) + (2106 ± 1773)f (n)
+ (327 ± 234)β + (1792 ± 203)α

(17)

The characteristics of LERS (Linear Energy Relation Ship) are multiple R = 0.985, R
square = 0.971, adj. R square = 0.963, and standard error = 199 cm−1.

Given the high values of ∆C3 in Equation (17), the solvent parameter β was eliminated
and the new statistical analysis was written as follows:

ν (cm−1) = (22,600 ± 143) + (1257 ± 226)f (ε) + (−210 ± 19.72)f (n) + (1872 ± 203)α (18)
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Equation (18) expresses a better correlation between experimental and computed
values for the wavenumbers in the maximum of the ICT visible band of PCAnM in binary
solutions, and emphasizes the important role of orientation interactions and the presence of
the specific interactions in the methylid solutions with protic solvents. The dependence of
the computed wavenumbers versus the experimental ones using Equation (18) is illustrated
in Figure 3.

In Figure 4, the computed wavenumbers, with respect to Equation (14), in the max-
imum of the visible electronic band of PCAnM, νcalc(cm−1), relative to the experimental
values are plotted. The linear energy relationship, LERS (19), was obtained using the data
from Table 2 and Equation (14).

ν (cm−1) = (22,642 ± 298) + (734 ± 391)π* + (912 ± 334)β + (1898 ± 247)α (19)

The characteristics of LERS are multiple R = 0.978, R square = 0.958, adj. R square = 0.950,
and standard error = 233 cm−1. The solvent parameters defined by Kamlet, Abboud, and
Taft describe with good results the solvatochromic effect, but the coefficients multiplying the
corresponding parameters are not expressed by molecular descriptors of the spectrally active
molecule.

The contribution of each type of interaction for the solvents in Table 2 were estimated
in cm−1 and in percentages using Equations (18) and (19). The results are given in Table 3.

Table 3. Contribution of each type of interactions to the total spectral shift in PCAnM diluted
solutions, computed with respect to Equations (18) and (19) and using data from Table 2.

No. Solvent

Computed from Equation (18) Computed from Equation (19)

C1f (ε)
(cm−1)

C1f (ε)
(%)

C4α
(cm−1)

C4α
(%)

Pπ*
(cm−1)

Pπ*
(%)

Bβ
(cm−1)

Bβ
(%)

Aα
(cm−1)

Aα
(%)

1 Dioxane 360 100 0 0 404 72 155 28 0 0

2 Benzene 376 100 0 0 433 83 91 17 0 0

3 o-Xylene 380 100 0 0 301 75 100 25 0 0

4 Toluene 380 100 0 0 1125 42 1541 58 0 0

5 Trichloroethylene 563 100 0 0 1258 46 1505 54 0 0

6 Chloroform 694 66 358 34 506 52 91 9 380 39

7 Anisole 659 100 0 0 536 65 292 35 0 0

8 Cyclohexanol 1034 47 1183 53 330 12 766 29 1594 59

9 Chlorobenzene 760 100 0 0 521 80 133 20 0 0

10 Dichloromethane 914 72 358 28 602 56 91 9 380 35

11 n-Butyl alcohol 1258 46 1505 54 345 13 766 28 1594 59

12 Benzyl alcohol 1256 54 1075 46 719 31 474 20 1139 49

13 n-Propyl alcohol 1089 42 1505 58 382 14 821 29 1594 57

14 Ethanol 1125 42 1541 58 631 22 684 23 1632 55

15 Methanol 1143 39 1756 61 440 15 609 21 1860 64

16 Iso-Butyl alcohol 1071 46 1236 54 294 12 766 33 1310 55

17 Iso-Amyl acetate 740 100 0 0 521 89 64 11 0 0

18 Ethyl acetate 786 100 0 0 404 50 410 50 0 0

19 n-Butyl acetate 725 100 0 0 338 45 410 55 0 0

20 Water 1212 37 2097 63 800 23 429 13 2221 64

21 Acetone 1091 88 143 12 455 44 438 41 152 15

22 Formamide 1223 41 1738 59 712 22 648 20 1841 58

From the data in Table 3, it is evinced that the universal interactions (orientation,
induction, polarization, and dispersion) are predominant in the diluted solutions of PCAnM
with aprotic solvent, while in the solutions with the protic solvents the specific interactions
by hydrogen bonds become more important. This result confirms the basic nature of the
PCAnM molecule.
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4.2.2. Dipole Moment of PCAnM Computed Based on Takehiro Abe’s Model

As it is observed in Equations (10) and (11) obtained by Abe in his model of the
visible spectral shifts in diluted solutions, the solvent parameters (dipole moment and
polarizability in ground electronic state, ionization potential from the ground electronic
state, molar mass, density) from Table 4 were used. In Table 4, the wavenumbers in the
maximum of the visible ICT band of PCAnM recorded in diluted solutions were added.

Table 4. Solvent parameters (used in Abe’s model) and the wavenumbers in the maximum of ICT
visible band of PCAnM.

No. Solvent µg (D) αg (Å3) Ig (eV) M (g/mol) ρ (g/cm3) ν (cm−1)

1 Dioxane 0 9.44 9.52 88.11 1.417 23,300

2 Benzene 0 10.44 9.25 78.11 0.868 22,995

3 o-Xylene 0.64 14.25 8.56 106.17 0.880 22,995

4 Toluene 0.38 12.4 8.72 92.14 0.867 23,120

5 Trichloroethylene 0.80 9.75 9.45 131.4 1.460 22,910

6 Chloroform 1.15 8.23 11.50 119.38 1.446 23,680

7 Anisole 1.38 13.10 8.20 108.14 0.995 23,340

8 Cyclohexanol 1.46 11.94 10.0 100.16 0.962 25,060

9 Chlorobenzene 1.50 13.0 9.07 112.56 1.110 23,370

10 Dichloromethane 1.60 6.66 11.32 84.93 1.330 23,560

11 n-Butyl alcohol 1.66 8.88 9.99 74.12 0.810 25,370

12 Benzyl alcohol 1.67 11.89 8.26 108.14 1.044 25,270

13 n-Propyl alcohol 1.68 6.67 10.52 60.09 0.803 25,390

14 Ethanol 1.69 5.06 10.70 46.07 0.789 25,370

15 Methanol 1.70 3.21 10.85 32.04 0.792 25,527

16 Iso-Butyl alcohol 1.76 9.07 10.12 74.12 0.802 25,240

17 Iso-Amyl acetate 1.77 15.18 9.90 130.18 0.884 23,510

18 Ethyl acetate 1.78 9.70 10.11 88.11 0.902 23,730

19 n-Butyl acetate 1.84 13.42 10.00 116.16 0.883 23,370

20 Water 1.85 1.5 12.59 18 1.000 26,413

21 Acetone 2.80 6.27 9.89 58.08 0.971 23,950

22 Formamide 3.73 4.08 10.20 45.04 1.133 25,190

The spectral data and the solvent parameters from Table 4 were used to compute,
based on Equations (10) and (11), the parameters A and B from the model proposed by
Abe [26]. The dependence between B and A is illustrated in Figure 5, separately for aprotic
(blue points) and protic (red points) solvents. In protic solvents (water and alcohols),
PCAnM developed specific interactions via hydrogen bonds and these solvents are placed
on another line in Figure 5, with a different slope and cut at the origin compared with the
line containing the aprotic solvents.
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The dependences obtained by LERS based on the model of Abe with the data from
Table 4 are written bellow for the two categories of solvents:

B = (98.30 ± 1.59)A − (19.77 ± 3.53) (20)

with R = 0.998, R square = 0.997, and adj. R square = 0.996 for the aprotic solvents, and

B = (23.74 ± 10.99)A − (15.92 ± 7.63) (21)

with R = 0.979, R square = 0.958, and adj. R square = 0.956 for the protic solvents.
The negative values obtained for the difference between the squares of the excited and

ground states of PCAnM dipole moments in Abe’s model, both for the protic and aprotic
solvents, are in accordance with the supposition that the ICT is realized from the carbanion
toward the heterocycle. The ICT process induces the decrease of the dipole moment in
the excited state compared to the ground electronic state. For µg = 4.67 D in toluene, one
obtains µe = 1.43 D for the aprotic solvents. In the case of the protic solvents, in which
complexes formed by hydrogen bonds are made between ylid and solvent molecules, for
µg = 5.61 D in water, one obtains µe = 3.94 D.

It can be observed that the electric polarizability of PCAnM computed in Abe’s model
increases by visible absorption in the aprotic solvents, while in the protic solvents the
excited state polarizability decreases compared with the ground state (see Table 1) of this
molecule, probably due to the hydrogen bonds between the ylid and the solvent protic
molecules.

According to Abe’s model, the dipole moment of PCAnM decreases in the photon
absorption process both in protic and aprotic solvents and the excited polarizability differs
from the ground state polarizability.

4.2.3. Excited State Dipole Moment of PCAnM Estimated Based on Variational Model

PCAnM is a molecule inactive in the fluorescence spectrum. For it, one can use the
variational method [11,12] to estimate the excited dipole moment, based on solvatochromic
analysis.
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In order to compare the results obtained by using Abe’s model with those obtained
using the variational model, let us make some simple mathematical correlations between
the excited state dipole moment and polarizability of the solute molecule using the solva-
tochromic results.

Given the values of the correlation coefficients from Equation (19) and the data from
Table 1, based on Equation (6), one obtains Equation (22):

αe = 65.8308− 0.1237µ2
e (22)

The unknown parameter µe in Equation (23) can be obtained based on Equations (23)
and (6), using the data from Table 1:

0.0150µ2
e − 9.34µecosϕ + 37.7592 = 0 (23)

Equation (23) has real solutions for µe only for angles ϕ for which its discriminator,
∆ = (9.34cosϕ)2 − 2.2656, is a positive quantity (for ϕ values in the range 0–82.2◦). The
solutions to Equation (23) can be obtained using Equation (24):

µ1,2
e =

9.34cosϕ±
√

∆
0.03

(24)

In Table 5, the values of the excited state dipole moment and polarizability of PCAnM
are listed, obtained by solving Equation (23) and using Equation (24), respectively, to
estimate αe when the angle ϕ between the dipole moments of the molecule in its ground
and excited stats is altered.

Table 5. Excited state dipole moment and polarizability of PCAnM for various angles ϕ.

ϕ (Degree) µe (D) αe (Å3)

0 4.069 63.78

8 4.1098 63.74

10 4.1329 63.73

10.5 4.1396 63.71

11 4.1466 63.70

15 4.2134 63.63

20 4.3334 63.50

30 4.7068 62.52

40 5.3354 62.31

50 6.3904 60.77

For ϕ = 10.5◦, µe = 4.14 D, and αe = 63.71 Å3, a value corresponding to the value
computed for the ground state polarizability αg = 63.71 Å3 is obtained. Based on McRae’s
hypothesis, according to which in the UV–Vis absorption process the molecular polarizabil-
ity does not change its value, we can consider that this is the condition for the appearance
of the ICT visible band of PCAnM.

The value of 4.14 D, obtained by variational method in the hypothesis αe = αg, is very
close to the value obtained in the frame of the Abe’s model for the case of protic solvents.
The values obtained using Abe’s model for the excited state dipole moments of PCAnM are
3.94 D in the case of protic solvents and 1.43 D for the aprotic solvents, if one considers the
value 4.67 D computed in toluene and 5.61 D computed in water for PCAnM in its ground
electronic state (Table 1).

Given the approximations according to which the two models are developed, one can
consider the results obtained as being valuable. All values obtained by the two methods
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suggest the decrease of the dipole moment in the visible photon absorption, in accordance
with the attribution of the visible absorption electronic band to an intramolecular charge
transfer from the carbanion toward the heterocycle.

4.3. Spectral Analysis of Ternary Solutions

The ylid molecule PCAnM was also studied from a spectral point of view, in binary
mixtures of the types water (1) + ethanol (2) and water (1) + methanol (2) for which the
solvent parameters are known [46] (see Tables 6 and 7). The numbers 1 and 2 denominate
the solvents from the binary mixtures in order of the strength of their interactions with
PCAnM: the highest wavenumber in the maximum of the visible absorption band of
PCAnM is recorded in water and it is denoted by the number (1).

Table 6. Molar composition, x1, and π*, α, β binary solvent water (1) + ethanol (2) Kamlet–Abboud–
Taft parameters; wavenumbers, ν (cm−1), in the maximum of the visible electronic absorption band
of PCAnM; statistical average weight p1 of water molecules in the first solvation shell of PCAnM.

No. x1 ln x1
1−x1

π* α β p1 ln p1
1−p1

ν (cm−1)

1 0.000 - 0.51 0.83 0.98 0.000 - 25,370

2 0.050 −2.94 0.54 0.83 0.97 0.049 −2.97 25,400

3 0.100 −2.20 0.57 0.84 0.96 0.148 −1.75 25,460

4 0.150 −1.74 0.60 0.83 0.94 0.238 −1.16 25,515

5 0.200 −1.39 0.63 0.83 0.93 0.329 −0.72 25,570

6 0.250 −1.10 0.65 0.83 0.93 0.410 −0.36 25,620

7 0.300 −0.85 0.68 0.82 0.92 0.511 0.05 25,682

8 0.350 −0.62 0.70 0.81 0.91 0.584 0.34 25,726

9 0.400 −0.41 0.73 0.80 0.91 0.639 0.57 25,760

10 0.450 −0.20 0.75 0.79 0.89 0.705 0.87 25,800

11 0.500 0.00 0.77 0.79 0.90 0.770 1.21 25,840

12 0.550 0.20 0.80 0.78 0.89 0.799 1.38 25,857

13 0.600 0.41 0.82 0.77 0.89 0.836 1.63 25,880

14 0.650 0.62 0.85 0.77 0.89 0.869 1.89 25,900

15 0.700 0.85 0.90 0.74 0.88 0.901 2.21 25,920

16 0.750 1.10 0.94 0.71 0.86 0.918 2.42 25,930

17 0.800 1.39 1.00 0.67 0.87 0.944 2.83 25,946

18 0.850 1.74 1.06 0.64 0.90 0.957 3.11 25,954

19 0.900 2.20 1.11 0.59 0.97 0.975 3.68 25,965

20 0.950 2.94 1.13 0.54 1.11 0.984 4.12 25,970

21 1.000 - 1.13 0.50 1.26 1.000 - 25,980

Given the importance of establishing the molar concentrations of the solvent mixtures
used in measurements, the spectral data from Tables 6 and 7 were obtained from the
average of three experimental measurements.

The spectral study of the ternary solutions of PCAnM in mixtures of protic solvents
allows to obtain information about the solution homogeneity [37,38] and the strength [39,40]
of the interactions in molecular pairs of the type ylid–water and ylid–alcohol, based on the
statistical cell model of the ternary solutions.
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Table 7. Molar composition, x1, and π*, α, β binary solvent water (1) + methanol (2) Kamlet–Abboud–
Taft parameters; wavenumbers, ν (cm−1), in the maximum of the visible electronic absorption band
of PCAnM; statistical average weight p1 of water molecules in the first solvation shell of PCAnM.

No. x1 ln x1
1−x1

π* α β p1 ln p1
1−p1

ν (cm−1)

1 0.000 - 0.58 0.74 1.14 0.000 - 25,530

2 0.050 −2.94 0.61 0.74 1.13 0.067 −2.63 25,560

3 0.100 −2.20 0.64 0.74 1.12 0.173 −1.56 25,608

4 0.150 −1.74 0.66 0.74 1.10 0.267 −1.01 25,650

5 0.200 −1.39 0.70 0.74 1.09 0.344 −0.64 25,685

6 0.250 −1.10 0.73 0.74 1.07 0.422 −0.31 25,720

7 0.300 −0.85 0.76 0.74 1.06 0.489 −0.04 25,750

8 0.350 −0.62 0.78 0.72 1.04 0.556 0.22 25,780

9 0.400 −0.41 0.82 0.72 1.04 0.622 0.50 25,810

10 0.450 −0.20 0.85 0.71 1.02 0.640 0.58 25,818

11 0.500 0.00 0.88 0.70 1.03 0.720 0.94 25,854

12 0.550 0.20 0.91 0.68 1.02 0.760 1.15 25,872

13 0.600 0.41 0.95 0.66 1.01 0.800 1.39 25,890

14 0.650 0.62 0.98 0.65 1.01 0.836 1.63 25,906

15 0.700 0.85 1.01 0.63 1.01 0.862 1.83 25,918

16 0.750 1.10 1.04 0.61 1.02 0.889 2.08 25,930

17 0.800 1.39 1.06 0.59 1.06 0.916 2.40 25,942

18 0.850 1.74 1.09 0.56 1.09 0.938 2.71 25,952

19 0.900 2.20 1.11 0.54 1.09 0.967 3.37 25,965

20 0.950 2.94 1.12 0.52 1.19 0.986 4.30 25,974

21 1.000 - 1.14 0.49 1.23 1.000 - 25,980

The solvent parameters π*, α, and β [29] of the binary solvents water + ethanol and
water + methanol are known from the literature [43], and equations of the type (14) can be
established using the data from Tables 6 and 7 for the ternary solutions water + alcohol +
PCAnM in binary mixtures water + ethanol and water + methanol. In the case of ternary
solution water + ethanol + PCAnM, this relation is given in (25):

ν (cm−1) = (20,052 ± 834) + (2630 ± 248)π* + (829 ± 227)β + (3767 ± 573)α (25)

The coefficients of the obtained LERS are multiple R = 0.987, R square = 0.974, adj. R
square = 0.969, and standard error = 36 cm−1.

Equation (26) expresses the same LERS for the ternary solution water + methanol +
PCAnM:

ν (cm−1) = (23,122 ± 346) + (1417 ± 95)π* + (381 ± 112)β + (1562 ± 222)α (26)

The coefficients of the obtained LERS are multiple R = 0.997, R square = 0.995, adj. R
square = 0.994, and standard error =11 cm−1.

Based on Equations (25) and (26), one can compute the values of the wavenumber in
the maximum of the visible band of PCAnM for each composition of the ternary solution.
The computed values using Equations (25) and (26) vs. the experimental values of the
wavenumbers in the maximum of the visible band of PCAnM in ternary solutions of the
type water + alcohol + ylid are plotted in Figure 6. From this figure it is evinced that the



Symmetry 2023, 15, 2075 17 of 21

experimental data can be described by the empirical parameters introduced by Kamlet,
Abboud, and Taft [29] and determined in [44] for binary solvents of the types water +
ethanol and water + methanol. According to Equations (25) and (26), in ternary solutions,
both universal interactions (described by the term Pπ*) and specific interactions (described
by the terms Aα and Bβ) act.
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For ternary solutions PCAnM + water (1) + methanol (2) and PCAnM + water (1) +
ethanol (2), a linear dependence exists between the quantities ln p1

1−p1
and ln x1

1−x1
computed

with data from Tables 6 and 7. The dependences ln p1
1−p1

vs. ln x1
1−x1

established based on
the statistical cell model of ternary solutions are given in Figures 7 and 8.
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Equation (15), established in the statistical cell model of ternary solutions [37,40], is
accomplished for both liquid mixtures, as evidenced by Figures 7 and 8.

By using the data from Tables 6 and 7, the following equations were established:

ln
p1

1− p1
= (1.02± 0.041) + (1.23± 0.028)ln

x1

1− x1
(27)

with R = 0.996, R-square = 0.991, and adj. R-square = 0.990 for the ternary solution water +
ethanol + PCAnM, and

ln
p1

1− p1
= (0.89± 0.018) + (1.13± 0.062)ln

x1

1− x1
(28)

with R = 0.999, R-square = 0.998, and adj. R-square = 0.997 for the ternary solution water +
methanol + PCAnM.

The statistical cell model of ternary solutions can be applied to the mixtures water
(1) + alcohol (2). The differences between the interaction energies in molecular pairs ylid–
water and ylid–alcohol are written in Equations (27) and (28) as cut at the origin, and
they are positive as it can be seen in Figures 7 and 8. The difference w2 − w1 between the
interaction energies in molecular pairs of the types water (1) –ylid and primary alcohol
(2)–ylid, expressed in Joules are w2 − w1 = 4.126× 10−21 J for the PCAnM + water + ethanol
ternary solution and w2 − w1 = 3.600 × 10−21 J for the PCAnM + water (1) + methanol
(2) solution. These values prove the fact that the specific interactions between the ylid
molecules and those of methanol are higher in absolute values compared with the energy
of interaction between the molecules of ylid and ethanol.

5. Conclusions

PCAnM is a polar and polarizable molecule with the ability to penetrate the cell
membranes. It develops both universal and specific interactions with different solvents.

The solvatochromic study demonstrates the important role of the universal interactions
in aprotic solvents and the great contribution of the specific interactions in which the ylid
molecule receives protons from protic solvent molecules by weak hydrogen bonds.
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If one compares the results obtained by the variational method and by Abe’s method,
one can conclude that both methods emphasized a decrease in the molecular dipole moment
by excitation, sustaining the attribution of the PCAnM visible band to an ICT process. The
McRae’s hypothesis according to which the molecular polarizability of spectrally active
molecule is invariable in the photon absorption process is not confirmed by results obtained
with Abe’s model. According to Abe’s model, the excited state polarizability of PCAnM
depends on the solvent nature, having smaller values in the protic solvents.

The study of the spectral properties of the ternary solutions allows us to affirm that, in
the protic solvents (water + primary alcohol) used to achieve ternary solutions, the solute
PCAnM molecules participate in hydrogen bonds with the solvent molecules and the strength
of these interactions diminishes in the following order: water, methanol, and ethanol.

The statistical cell model of ternary solutions applied to water + primary alcohols
ethanol and methanol allows to obtain numerical values for the different energies in
molecular pairs PCAnM–ethanol and PCAnM–methanol, values for which other methods
are not available.
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