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ABSTRACT
The nonlinear optical response, more specifically the Hyper-Rayleigh Scattering (HRS) response of the Brooker’s merocyanine, has been
calculated at the time-dependent density functional theory level and rationalized in terms of the structural changes and polarization effects
induced by applied external electric fields. The structural change leads to large changes in the HRS response, while only slight variations were
observed due to the polarization effects on the fixed quinoid form. Considering both structural and polarization contributions concurrently,
the HRS response is dominated by cooperative behavior of those effects for weak and intermediate electric field strengths. At the same time,
the competition between both effects was a crucial factor in the region of strong electric fields. The obtained results can lead to an easier
understanding for upcoming studies considering more realistic models of solvents where it is not simple to disentangle these contributions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0076490

I. INTRODUCTION

The ability of chromophores to provide large nonlinear
optical (NLO) responses is closely related to their push–pull
characteristics. Indeed, many studies have associated larger NLO
responses to chromophores holding stronger donor and acceptor
groups,1–8 while changing the surrounding environment modulates
the donor–acceptor strengths and interactions.8–13 These two strate-
gies have been extensively used to tune the NLO responses of
push–pull chromophores both from a theoretical and experimen-
tal point of views. Furthermore, many of these works have shown
that the NLO responses and their variations can be related to the
molecular structure, and particularly, they have a dependency on
the structural changes often expressed by Bond Length Alternation
(BLA) parameters.14–19

From the theoretical perspective, the relationship between
the structure and the NLO responses has been modeled using

homogeneous and inhomogeneous electrostatic fields, as well as
continuum and discrete solvation models.9–16 For instance, Albert
et al.14 studied the effects of a uniform external electric field
on the structure and charge separation of a set of merocyanine
dyes, explaining the large variations of their NLO responses. These
results indicate that even simple theoretical models show that NLO
responses are dependent on the BLA parameter of a chromophore.

Merocyanine dyes have stimulated a series of theoretical and
experimental studies due to their electron acceptor/donor abilities
that make them good candidates for applications as markers in
chemical analysis, organic semiconductors, and solar cells.20–25 So,
the solvatochromic behavior observed in this class of dyes allows
their use as environmental probes and polarity indicators.26–28 In
addition, the large NLO responses of several merocyanine dyes allow
their use in electro-optical and photonic devices.25 Among the wide
variety of merocyanine dyes, Brooker’s merocyanine (BM) (Fig. 1)
presents an absorption band centered at 620 nm in low polarity
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FIG. 1. Quinoid (neutral) and benzenoid (zwitterionic) resonance forms of BM. By
convention, the E⃗ direction is parallel to the force applied to an electron due to the
presence of the field.

solvents as chloroform.29 This band is associated with a π − π∗ exci-
tation, and increasing the solvent polarity shifts this absorption band
maximum to 440 nm in water.29,30 In parallel, the increase of solvent
polarity leads to a more intense polarization effect, observed both
by the charge separation and by the increase in the dipole moment,
resulting in significant structural changes. This behavior is expected
to directly impact the NLO responses of BM.

Some works have shown that applying an external electric
field (E⃗) on a molecule can induce structural changes and modify
their polarization, thus mimicking an effective solvent effect.31,32 In
particular, Manzoni et al.31 have recently shown a relationship
between the effects caused by an external electric field with the
solvent effect in calculations of the absorption spectrum of BM.
They have shown that the external electric field can simulate the
solvent polarization, allowing the systematic control of (i) the charge
transfer and (ii) the structural changes. This E⃗ procedure has
accounted for these two combined effects, providing fundamental
insights regarding the solvatochromic reversal of BM. Although
the E⃗ approach has been used to rationalize the polarization and
structural effects on the solvatochromic behavior of BM, a system-
atic theoretical investigation regarding the dependency of its NLO
responses as a function of the structural changes and the polarization
caused by surroundings has not yet been reported.

As a matter of fact, the purpose of this work is to perform
a systematic study of the NLO responses of BM, unraveling the
structural and polarization effects either as independent effects or
their interplay. The prototypical BM molecule has been selected
as a study case (Fig. 1) due to its large structural and polarization
environmental sensibility that must also impact its NLO responses.
The structural and polarization effects are rationalized using an
external electric field following the methodology previously adopted
to describe the unusual solvatochromic behavior of BM.31 Although

tuning the strength of an external electric field is an approxima-
tion to a complete description of the solvent effects, it allows for
polarizing BM in a quasi-continuous way, which is not possible
with solvents because they do not cover the dielectric constant scale
uniformly, while other specific solute–solvent interactions occur
(H-bonds, X-bonds, cation-π, and so on). The rationalization of the
structural and polarization effects gives new insights regarding these
contributions to the NLO responses of BM and on the theoretical
modeling of merocyanine dyes and related compounds.

II. THEORETICAL DETAILS
A. Rationalization of structural and polarization
effects

Four models, defined in Ref. 31, were used to disentangle the
structural and charge separation (polarization) effects on the NLO
responses of BM due to an external electric field. They originate from
the fact that the E⃗ effects can be considered on the electronic and/or
nuclear degrees of freedom. They are detailed as follows:

● [R⃗(E⃗); P(E⃗)] model: The combined effect of geometry
relaxation and the polarization of BM are treated concur-
rently. The E⃗ is applied to induce structural changes of
BM. Using the E⃗-relaxed ground state geometry (R⃗(E⃗)), the
properties of interest are then evaluated considering BM in
the presence of the same E⃗ field (P(E⃗)).

In practice, the procedure adopted to obtain the relaxed
geometry for a given E⃗ is

(i) The ground state geometry of the isolated BM (E⃗ = 0) is
oriented such that its dipole moment is aligned along the
x-Cartesian axis.

(ii) The strength of the electric field is increased by steps of
5 × 10−4 a.u. This electric field is aligned antiparallel to the
x axis (cf. Fig. 1).

(iii) The new geometry is obtained by minimizing the energy of
the system while keeping the alignment of the dipole moment
parallel to the x axis.

(iv) Steps (ii) and (iii) are repeated until the selected E⃗ value is
reached.

● [R⃗(E⃗); P(0)]model: This model is suitable for analyzing the
effect of structural changes on the properties. The geome-
tries obtained from the [R⃗(E⃗); P(E⃗)]model are then used to
calculate the electronic structure and the properties without
an external electric field (P(0)).

● [R⃗(E⃗′); P(E⃗)] model: In this case, the E⃗ field strength for
which the NLO properties are calculated is not the same as
the field strength employed for the geometry optimization
(E⃗′). This model allows analyzing the polarization effects
for a given structure. For this, two structures were selected:
(i) the isolated structure obtained in the absence of elec-
tric field ([R⃗(0); P(E⃗)] model) and (ii) the zwitterionic
form ([R⃗(E⃗(z)); P(E⃗)]model) obtained at a field strength of
E⃗ = E⃗(z) (more details in the results). Then, the E⃗ effects on
the polarization of both structures were accounted for when
calculating the properties (P(E⃗)).
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As shown in previous works, the E⃗ approach produces large
structural changes in BM, which can be monitored using the BLA
parameters.14,31 In this work, two BLA definitions were used to
assist the classification of the structures: (i) e − (d + f )/2 and (ii)
(a + c + e + g + i)/5 − (b + d + f + h)/4. Positive or negative values
of these two BLA parameters supply the similarity with the
quinoid or benzenoid forms of BM, respectively. The quinoid and
benzenoid resonance forms of BM and the bonds labels used in the
BLA calculations are identified in Fig. 1.

B. Nonlinear optical properties
The linear and nonlinear optical properties are derived

from the induced dipole moment expansion. More specifically,
the first nonlinear contribution, named first hyperpolarizability
(β(−ωσ ; ω1, ω2)), is a tensorial property depending on two pertur-
bations oscillating at ω1 and ω2 frequencies, where ωσ = ω1 + ω2.
The second harmonic generation (SHG) is a specific case with
ω1 = ω2 = ω. This phenomenon corresponds to the combination
of two photons of hω energy in one photon with 2hω energy.
Experimentally, the β(−2ω; ω, ω) (simplified as β) response of
a molecule in a liquid environment can be measured using the
electric field-induced second harmonic generation (EFISHG)33,34 or
Hyper-Rayleigh Scattering (HRS)35,36 techniques. While the
EFISHG technique requires the knowledge of the dipole moment
and the second hyperpolarizability contribution to isolate the β
quantity, the HRS technique provides a direct estimate of β.37,38

Thus, the main focus of this work is to theoretically study the HRS
responses correlating them with the structural and polarization
effects, and to enable future βHRS experimental comparisons. In
addition, the HRS experimental setup probes the scattered light at
90○ degrees relative to the direction of the incident light beam. The
intensities of the vertically polarized scattered light due to vertically
and horizontally polarized incident lights are proportional to the
macroscopic averages ⟨β2

ZZZ⟩ and ⟨β2
ZXX⟩, respectively. Then, for the

natural incident light, the intensity of the scattered light is related to
the βHRS quantity given by39,40

βHRS =
√
⟨β2

ZZZ⟩ + ⟨β2
ZXX⟩, (1)

in which the macroscopic averages ⟨β2
ZZZ⟩ and ⟨β2

ZXX⟩ (uppercase
indices) are related to the microscopic components (lowercase
indices) of the β tensor by

⟨β2
ZZZ⟩ =

1
7

x,y,z

∑
i

β2
iii +

1
35

x,y,z

∑
i≠j
(β2

jii + 4β2
iij)
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35

x,y,z
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i≠j
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+ 4
105
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+ 1
105
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∑
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(βjiiβjkk + 2β2

ijk), (2)

⟨β2
ZXX⟩ =

1
35

x,y,z

∑
i

β2
iii +

4
105

x,y,z

∑
i≠j
(βiiiβijj + 2β2

iij)

+ 1
35

x,y,z

∑
i≠j
(3β2

ijj − 2βiiiβjji − 2βiijβjii)

− 2
105

x,y,z

∑
i≠j≠k
(βiikβjjk + βiijβjkk + βijkβjik)

+ 1
35

x,y,z

∑
i≠j≠k
(2β2

ijk + βijjβjkk). (3)

In addition, the harmonophore shape (the NLO active region
of the chromophore) can be deduced from the Depolarization Ratio
(DR). The DR values range from 1.5 to 9. These limiting values rep-
resent perfect octupolar and dipolar shapes, respectively. Moreover,
when one single diagonal element dominates the β tensor, the har-
monophore presents DR = 5, resulting in a one-dimensional shape.40

The DR is expressed by

DR =
⟨β2

ZZZ⟩
⟨β2

ZXX⟩
. (4)

C. Quantum mechanical calculations
All quantum mechanical (QM) calculations were performed

at the Density Functional Theory (DFT) level using Gaussian 09.41

The ωB97X-D42 exchange-correlation functional includes long-
range and dispersion corrections presenting a good descrip-
tion of both structural and electronic properties of push–pull
chromophores.3,38,43 The medium-sized 6-311++G(d,p) basis set
presents a good compromise between the accuracy and computa-
tional efforts.44 The time-dependent DFT (TD-DFT) method was
used to calculate the NLO responses considering a dynamic E⃗d
field having a 1064 nm wavelength (hω = 0.043 a.u.), an accessible
wavelength in experimental setups. Therefore, in the E⃗ approach,
the total field strength experienced by BM is given by the E⃗ +
E⃗d sum, in which E⃗ is the external uniform electric field and
E⃗d is the dynamic field applied to calculate the NLO response.
In addition, the Natural Bond Orbitals (NBOs) and Mayer Bond
Order Alternations (BOAs) were evaluated to assist the discus-
sions concerning the transition between the benzenoid and quinoid
forms, and the integral equation formalism of the polarizable
continuum model (IEF-PCM)45 was used to perform calculations
of BM in a solvent environment. The Mayer bond orders were
calculated using the 6-311G(d,p) basis set because the inclusion of
diffuse functions can lead to artifacts.46 The Mayer bond orders were
calculated with the Multiwfn program.47

III. RESULTS AND DISCUSSION
A. Bond length and bond order alternation analysis

The external electric field alters the electronic structure induc-
ing large structural changes in BM as evidenced by the variations
of the bond lengths (cf. Fig. S1 in the supplementary material).
These structural changes are well described by the BLA parameters
as shown in Fig. 2. In the absence of the external field, BM adopts
a quinoid structure. Then, the application of the external field
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FIG. 2. Bond length alternations (BLA-i and BLA-ii) and Mayer bond order alter-
nations (BOA-i and BOA-ii) of BM as a function of the strength of E⃗ within the
[R⃗(E⃗); P(E⃗)] model.

decreases the BLAs in agreement with Ref. 31. Here, three regions
are distinguished based on the BLA-i and BLA-ii. These regions will
assist the analysis of the NLO responses:

(i) Weak electric fields (E⃗ < 40 × 10−4 a.u., from now on, to avoid
heavy notation, we will use E⃗ instead of ∣E⃗∣ when discussing
its amplitude): both BLA values are positive. BM is said to be
quinoid.

(ii) Electric fields with intermediate strength (40 × 10−4 a.u.
≤ E⃗ ≤ 100 × 10−4 a.u.): BLA-i is negative, while BLA-ii is
positive, and BM is neither clearly quinoid nor benzenoid.

(iii) Strong electric fields (E⃗ > 100 × 10−4 a.u.): the BM structure is
benzenoid, corresponding to negative values for both BLAs.

In addition, the structure distortion is accompanied by a charge
reorganization corresponding to an intramolecular charge transfer
between the donor (CH3N) and acceptor (CO) groups, leading
to an increase of the dipole moment. The dependence of the
atomic charges (obtained by NBO analysis) and the dipole moments
with the external electric field are shown in the supplementary
material (Figs. S2 and S3). The intramolecular charge transfer
stabilizes the BM electronic structure, leading to modifications of
the geometry. So, a zwitterionic (charge-separated) form is the most
stable at strong external electric fields,31 i.e., E⃗ ≥ 100 × 10−4 a.u. This
evolution can be monitored by the NBO analysis that shows that
the nitrogen lone pairs occupancy changes abruptly from a value
around 1.5 to zero when increasing the external electric field from
95 × 10−4 to 100 × 10−4 a.u. Moreover, at the same external electric
field strength, the a and c bonds (see Fig. 1) become double bonds,
and the b and j bonds become single bonds as obtained from the
NBO analysis. The bonds d and f are double bonds, and e is a single
bond only for E⃗ < 60 × 10−4 a.u. The difference of external electric
field strengths that lead to the switching between the single and
double bonds obtained within the BLAs or NBO analysis ascribed
to the atom-definition dependence of the calculated charges. The

Mayer bond orders were then evaluated to overcome such difficulty
because electron delocalization is better accounted for than using
NBO. The BOA-i and BOA-ii were defined analogously to the BLA-i
and BLA-ii parameters, respectively, leading to a direct compari-
son between the BLAs and BOAs values. The Mayer bond orders
as a function of the external electric field strengths are shown in the
supplementary material (Fig. S4). The BOA-i and BOA-ii parame-
ters shown in Fig. 2 indicate that the intermediate form of MB is
located between E⃗ ∼ 50 × 10−4 a.u. and E⃗ ∼ 135 × 10−4 a.u. These
results are in fair agreement with BLA-i and a bit larger than BLA-ii,
even though a good relationship was observed between the Mayer
bond orders and bond lengths (Fig. S5). The quinoid, intermediate,
and benzenoid structures were defined based on the BLAs values.
The choice of BLA, rather than BOA, for defining these structures
in the subsequent analyses comes from the fact that the NLO calcu-
lations are performed considering four different models, and, in the
absence of field-induced geometry relaxation, the BLA parameters
remain the same no matter which value for the probe electric field is
used, whereas the BOA parameters depend on the amplitude of the
probe field.

In order to select a zwitterionic structure that corresponds to
BM in a real environment, the external electric field strength was
fixed at 145 × 10−4 a.u. because it closely reproduces the dipole
moment of BM in water,29,31 i.e., 42.98 D instead of 43.12 D. This
structure was considered in the [R⃗(E⃗(z)); P(E⃗)]model.

B. Nonlinear optical properties
The βHRS values of BM as a function of the external electric

field strength are shown in Fig. 3 for different models. The first
analysis concerns the polarization effects on the fixed structures, the
[R⃗(0); P(E⃗)] and [R⃗(E⃗(z)); P(E⃗)] models. The [R⃗(0); P(E⃗)] results
unveil the polarization effects on βHRS of the BM quinoid’s form
(gray’s triangle up in Fig. 3), while the results obtained using the
[R⃗(E⃗(z)); P(E⃗)] model describe the polarization effect on the other
extreme structure, the benzenoid one (unfilled triangles down in
Fig. 3). The polarization effects are small for βHRS of the quinoid
form. Starting from zero field, βHRS first decreases, and then, it
reaches a minimum value at E⃗ ∼ 60 × 10−4 a.u., before increasing
slightly. In contrast, huge polarization effects are observed for the
benzenoid form of which βHRS monotonically decreases by a factor
of 5 from E⃗ ∼ 0 to E⃗ ∼ 150 × 10−4 a.u.

Then, the purely structural effects on βHRS are evidenced by
using the E⃗-relaxed structures, while βHRS is calculated in the absence
of the external electric field, according to the [R⃗(E⃗); P(0)] model
(blue squares in Fig. 3). In that case, βHRS starts to decrease like
with the [R⃗(0); P(E⃗)] model, but it reaches a minimum faster
(E⃗ ∼ 40 × 10−4 a.u., at which the BLA-i also changes sign), then βHRS
strongly increases. This result indicates that the field-induced struc-
tural changes on the quinoid and benzenoid forms lead to contrasted
decrease and increase of βHRS, respectively. In addition, the effects
caused by the structural changes are larger than those caused by
polarization, mainly for strong external electric fields.

Now, the βHRS is analyzed considering both structural and
polarization effects as described by the [R⃗(E⃗); P(E⃗)] model
(represented by green circles in Fig. 3). A non-monotonic behav-
ior is observed for βHRS as a function of the external electric field
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FIG. 3. First hyperpolarizability (βHRS) of BM as a function of the external electric field strength for [R⃗(E⃗); P(0)], [R⃗(E⃗); P(E⃗)], [R⃗(0); P(E⃗)], and [R⃗(E⃗(z)); P(E⃗)]
models. The blue and red arrows represent the tendency of βHRS after the inclusion of structural and polarization effects, respectively. Arrows along the curves represent
the trends when structural, polarization, or both effects are considered. Vertical arrows indicate the contribution of one mechanism acting on top of the other. In (a), the
general behavior of the four models is shown, highlighting regions (i), (ii), and (iii) (see Sec. III A for details); (b), (c), and (d) show enlargements of regions (i), (ii), and (iii),
respectively.

strength and consequently as a function of the BLAs. Note that
this non-monotonic behavior is different from the result obtained
by Murugan et al.,15 who have performed QM/MM simulations of
BM in a liquid environment, showing a linear dependence between
the NLO response and the BLA parameter. Indeed, in Ref. 15,
the linear dependence came from the sampled snapshots extracted
from molecular dynamic simulations in the same environmental
polarization (solvent). On the other hand, here, the BLA variations
came from different polarizations (E⃗), which explain the differences
between the two studies. In particular, it is important to stress that
a non-monotonic behavior of the first hyperpolarizability with the

BLA was also observed in several other studies on merocyanine
dyes.9,14,16,17,43,48,49

To bring a deeper understanding of such a non-monotonic
behavior, we decompose the mutual effect in terms of the individual
polarization and structural effects in the three regions (i), (ii), and
(iii) [Figs. 3(b)–3(d)], respectively. For weak electric fields (E⃗ ≲ 30
× 10−4 a.u.), both the polarization of the E⃗-relaxed structure (red
arrow 1 in Fig. 3(b) and the structural relaxation of the quinoid
form (blue arrow 2 in Fig. 3(b) decrease the βHRS values, leading
to a combined effect, which strengthens such a decrease (green
circles in Fig. 3(b) for E⃗ ≲ 30 × 10−4 a.u.). Note that, at small E⃗,
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the structural effect dominates the behavior of βHRS in its quinoid
form. Then, for larger E⃗, the cooperative effects of polarization and
structural relaxation invert the behavior of βHRS, which reaches a
minimum and finally increases. After this inversion, βHRS obtained
using the [R⃗(E⃗); P(E⃗)] model increases with the electric field
strength reaching a maximum at E⃗ ∼ 95 × 10−4 a.u. [green circles in
Fig. 3(c)].

For strong external electric fields (E⃗ > 100 × 10−4 a.u.), a
monotonic decrease of βHRS is observed for the [R⃗(E⃗); P(E⃗)]
and [R⃗(E⃗(z)); P(E⃗)] models. The values of βHRS calculated
with the [R⃗(E⃗); P(E⃗)] model overlap the values obtained with
[R⃗(E⃗(z)); P(E⃗)], implying that the benzenoid zwitterionic form
dominates the HRS response of BM in region (iii). Moreover, the
comparison with the benzenoid form in the absence of the electric
field (obtained by the [R⃗(E⃗); P(0)] model) shows that the polariza-
tion effect leads to a βHRS reduction for the zwitterionic structure,
indicating a competition between the structural [blue squares in
Fig. 3(d)] and polarization effects of the benzenoid form [unfilled
triangles down in Fig. 3(d)].

The behavior of βHRS can be further understood by analyzing
the behavior of different tensorial components of β and the respec-
tive DR values, in order to clarify the impact of structural relaxation
and polarization effects on the BM harmonophore symmetry. The
evolution of all components of the tensor β as a function of E⃗ are
shown in the supplementary material (Fig. S6). Figure 4 shows the
dependence of the βxxx component and of the DR with the external
electric field strengths, highlighting that the HRS response is dom-
inated by βxxx for both the quinoid and benzenoid forms of BM in
the absence of the external electric field. These results indicate that
both the quinoid and benzenoid extreme forms present a 1D feature
corroborating the DR ∼ 5 value (Fig. 4). In addition, the quinoid
form presents a positive βxxx value, while βxxx is negative for the
benzenoid form when E⃗ = 0.

The polarization effect on the benzenoid structure of BM
([R⃗(E⃗(z)); P(E⃗)]) leads to an decrease of the βxxx amplitude with
an increase in E⃗ even though all values are negative and dominate
the global response. As a consequence, BM keeps its 1D char-
acter (DR ∼ 5 in Fig. 4(b) for all external electric field strengths.
Nevertheless, the polarization effect on the quinoid form of BM (the
[R⃗(0); P(E⃗)]model) leads to an inversion of the βxxx sign, reducing
the DR such that BM becomes octupolar [DR ∼ 1.5 in Fig. 4(b)] at
E⃗ ∼ 60 × 10−4 a.u. when βxxx is close to zero. Increasing the external
electric field strength above 60 × 10−4 a.u. increases the βxxx ampli-
tude, and BM recovers its 1D character. Similar behavior is observed
when the structural effect is considered (the [R⃗(E⃗); P(0)] model).
On the other hand, the structural effects are more intense, leading to
a wide variation on βxxx. Therefore, the octupolar feature is reached
at E⃗ ∼ 40 × 10−4 a.u. in the [R⃗(E⃗); P(0)] model. For weak and
intermediate fields (E⃗ < 100 × 10−4 a.u.), the results obtained with
the [R⃗(E⃗); P(E⃗)] model highlight a cooperative effect between
the structural and polarization effects, leading to a more intense
decrease on βxxx when compared with the effect caused by each
of these mechanisms acting independently ([R⃗(E⃗); P(0)] and
[R⃗(0); P(E⃗)], respectively). Consequently, an octupolar character is
reached for BM when E⃗ ∼ 25 × 10−4 a.u. In addition, it is important
to note that these three minimum points located at external electric
field strengths of 25, 40, and 60 (×10−4 a.u.) are the same points

FIG. 4. βxxx of BM as a function of E⃗ for [R⃗(0); P(E⃗)], [R⃗(E⃗); P(0)],
[R⃗(E⃗(z)); P(E⃗)], and [R⃗(E⃗); P(E⃗)] models. The depolarization ratio (DR) of
all four models is also shown.

for which the reversal behavior of βHRS occurs for [R⃗(E⃗); P(E⃗)],
[R⃗(E⃗); P(0)], and [R⃗(0); P(E⃗)], respectively (Fig. 3). The competi-
tion between the structural and polarization effects observed in βHRS
for strong electric fields (E⃗ > 100 × 10−4 a.u.) is also observed for DR
as observed in the green circles located between the gray triangles up
and blue squares in Fig. 3(b).

C. Comparison between the E⃗ approach
and continuum solvation model

Including solvent contributions to describe the NLO responses
of a chromophore is challenging due to the wide variety of
approximations of the solute–solvent interactions, which directly
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impact the chromophore geometry and electronic structure. As a
first approximation, weak electric fields can be associated with very
low polarity solvents, which provide only minor structural changes
in the quinoid form of BM. Conversely, an increase in the electric
field strength can be associated with an increase in the solvent
polarity. Here, the general behavior of the E⃗ approach is com-
pared with the usually employed continuum solvent model in the
IEF-PCM formalism.45 Four solvents were selected covering a
wide range of polarity based on their dielectric constant values:
n-pentane (ε0 = 1.8371 and ε∞ = 1.8428), benzene (ε0 = 2.2706 and
ε∞ = 2.2533), acetonitrile (ε0 = 35.6880 and ε∞ = 1.8069), and water
(ε0 = 78.3553 and ε∞ = 1.7778). Both the structural and electronic
properties were obtained at the same approximation model. The
comparisons with the [R⃗(E⃗); P(E⃗)]model and IEF-PCM were based
on BLAs and dipole moment results.

Table I shows the calculated BLAs, dipole moments, βHRS, and
DR values obtained at the IEF-PCM level. As expected, increasing
the solvent polarity decreases the BLAs. In addition, the joint analy-
sis of BLA-i and BLA-ii parameters shows that the BM structures are
quinoid in n-pentane and benzene. On the other hand, increasing
the solvent polarity gives an intermediate structure for BM in ace-
tonitrile and water, in which the BLA-i and BLA-ii are negative and
positive, respectively. The effects induced by n-pentane and benzene
are similar to the effects induced by E⃗ ∼ 25 × 10−4 and E⃗ ∼ 30 × 10−4

a.u., respectively. For acetonitrile and water, the effects are similar to
E⃗ ∼ 85 × 10−4 and E⃗ ∼ 90 × 10−4 a.u., respectively. In addition, it is
known that the polarization effect obtained with IEF-PCM is differ-
ent from those obtained using multiscale methodologies,50–52 which
is responsible for the underestimated dipole of 33.20 D instead of
43.12 D. Due to this difference, the results obtained by IEF-PCM
in water are related with E⃗ ∼ 90 × 10−4 instead of the expected
E⃗ ∼ 145 × 10−4.

Increasing the polarity of the solvents changes the βHRS
values as follows: (i) a small increase from n-pentane to benzene,
(ii) a large increase from benzene to acetonitrile, and (iii) a small
decrease from acetonitrile to water. The same trend was observed
considering the [R⃗(E⃗); P(E⃗)] model although the decreasing of the
βHRS values began for a slightly larger electric field strength than the
ones associated with the solvents. The DR values are also in good
agreement: (i) a slight increase from n-pentane to benzene, reducing
the octupolar shape of BM, and (ii) the 1D feature for acetonitrile
and water.

It is important to emphasize that direct comparison between
the results obtained by the E⃗ approach and more realistic solvent
approximations must be performed with care because the latter
considers nonhomogeneous electrostatic fields.

TABLE I. βHRS (10−28 esu), DR, μ (D), and BLAs (Å) of BM obtained using the
IEF-PCM approximation for the solvent environment. The structures and electronic
properties are calculated in the solvent.

BLA-i BLA-ii μ βHRS DR

n-pentane 0.019 0.053 19.8 0.46 2.50
Benzene 0.011 0.047 21.3 0.72 2.71
Acetonitrile −0.054 0.006 32.6 4.68 4.97
Water −0.057 0.004 33.2 4.47 4.97

IV. CONCLUSIONS
External electric fields were used to study the individual contri-

butions that originate from the polarization and structural effects on
the HRS response of Brooker’s merocyanine (BM). The bond length
alternations were evaluated to quantify the impact of the structural
changes and to classify the BM into quinoid and benzenoid forms
as a function of the electric field strengths. The structural changes
play the main role regarding the HRS response variations, whereas
the polarization effect on the fixed quinoid (benzenoid) structure
provides small (large) changes in the HRS response. Considering
both structural and polarization contributions concurrently, the
same trend was observed on the HRS response obtained for the
selected solvents approximated by the IEF-PCM, indicating that
the electric field approach is a reliable tool to disentangle these
contributions. Thus, for weak and intermediate electric fields, the
HRS response is dominated by the cooperative behavior of those
contributions, while competition is the key factor for intense electro-
static fields. The herein reported results unveil the need to properly
include both the structural and the polarization effects for accu-
rately modeling the HRS response of a merocyanine dye, and we
expect to encourage new studies to extend the knowledge to sim-
ilar compounds and to correlate them to more realistic solvent
approximations.

SUPPLEMENTARY MATERIAL

See the supplementary material for more information concern-
ing the bond lengths, NBO charges of nitrogen and oxygen atoms,
dipole moments, Mayer bond orders, and the components of the β
tensor of BM.
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