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1 Introduction

First hyperpolarizability of dithienylethene-based
photoswitches: a structure—property relationship
study

*C

Kanchan Sarkar, 22 Ramprasad Misra, 2 *® Axel GroR 22 and Rudraditya Sarkar

Despite their considerable technological potential, structure—property relationships in intramolecular
charge-transfer-based photoswitches remain poorly established. Here, we present a quantum-chemical
investigation of the first hyperpolarizability (8) of a family of dithienylethene (DTE)-based photoswitches,
considering static, electro-optic Pockels, and second-harmonic-generation (SHG) responses. Eight
donor (D)/acceptor (A) architectures, with and without alkyne (y) -extension, are investigated in their
open- and closed-ring forms using density functional theory [CAM-B3LYP/6-31+G(d,p)/GD3BJ/(PCM)] in
the gas phase and three continuum solvents, with dynamic responses evaluated at 1064 nm. Ring
closure generally enhances total first hyperpolarizability (8io) by restoring through core conjugation,
while donor—acceptor asymmetry emerges as the dominant structural factor governing large NLO
responses. Alkyne extension further enhances the response when coupled with a push—pull architecture.
Solvation modulates both the magnitude and direction of the response, producing pronounced
amplification of the closed/open B ratio in selected systems and a striking reorientation of the SHG
response vector for Dy-—yAgpen. Time-dependent DFT analysis suggests that the reorientation is
associated with a redistribution among nearby excited-state contribution. Importantly, Biox and the
directional alignment ratio n are not necessarily correlated. We therefore introduce Ry o as a combined
comparative descriptor that captures both response magnitude and directionality. Ry o identifies the
closed push—pull architectures, particularly Dy—yAciosed: D—VAciosed: and Dy—Aciosea. as the most
favorable systems among the considered chromophores. Overall, the results show that NLO
performance is governed by the coupled effects of donor—acceptor asymmetry, ring closure, -
extension, and dielectric environment, and that optimization of both response magnitude and
directionality is essential for establishing meaningful structure—property relationships in DTE
photoswitches.

to the second power of the applied electric field.** The size of the
tensor by itself is not enough to determine the strength of the

Second-order nonlinear optical (NLO) processes are central to
modern photonics. Second-harmonic generation (SHG) and
frequency mixing drive electro-optic modulation to the integrated
and on-chip light sources," which enables their high-speed
optical communication.”> Harmonic generation (such as second-
and third-harmonic generation) is extensively investigated in
molecular, organic, and low-dimensional materials® because
these materials can exhibit strong nonlinear optical responses. At
the molecular level, the relevant quantity is the first hyper-
polarizability 8, a third-rank tensor that links the induced dipole
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NLO responses, sometimes a large tensor can still give a weak
measurable response if it points the wrong way relative to the
permanent molecular dipole. Therefore, it is necessary to treat
the direction of the response as a property in its own right,
alongside its size. The magnitude and direction of the first
hyperpolarizability can be optimized through molecular design,
achieving dynamic control over these properties remains
a significant challenge. This motivates the exploration of
molecular systems whose nonlinear optical response can be
reversibly modulated by external stimuli, particularly light. In
this regard, donor-acceptor (D-A) chromophores are a common
molecular design motif for large second-order responses.®”
Intramolecular charge transfer (ICT) breaks inversion symmetry
and creates a polarizable pathway along the donor-acceptor axis.
Extending the conjugated linker in a D-7-A architecture often
increases the static response,'®" and chemical tuning through
the electronic donor, acceptor and 7-conjugation bridge is well
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studied.”™* Once a molecule has been designed, its functional
response is generally fixed by its molecular structure. A compel-
ling question is whether a single molecular framework can be
engineered to exhibit two distinct responses and be reversibly
switched between them using light. Photoisomerizable scaffolds
address this question directly. Illumination can alter conjugation
and electronic connectivity without changing the molecular
formula. This principle underlies a broad family of molecular
switches and motors,**® including systems whose photochro-
mism reconfigures emission or charge-transfer character,” and
the NLO response itself can be switched in this way.'®" Di-
thienylethenes (DTEs) are particularly well suited for such
a comparison,”>* and donor-acceptor diarylethenes have been
developed specifically for NLO and near-infrared photochromic
applications.”?*?” Their open and closed forms differ in the
connectivity through the central hexatriene/cyclohexadiene unit,
so ring closure changes the conjugated path that links the two
thiophene-substituent arms. Recently, Anderson and co-
workers®® reported a structurally consistent DTE photoswitches
in which a julolidine donor (D), an N-methylpyridinium acceptor
(A), and an alkyne extension (denoted y) are varied systematically.

In the present work we set to study the series of DTE mole-
cules (Fig. 1) synthesized by Anderson and co-workers®® as
a model system to examine how the calculated static, electro-
optic Pockels, and SHG first hyperpolarizability tensors vary
across the open and closed DTE architectures. It is noted that
the experimental chromophores® are isolated as PF,— salts,
while present calculations consider those as counterion-free
molecular ions (elaborately discussed in the Computational
methods section). The series of chromophores (Fig. 1) studied
in this work gives us systematically varied experimental series*
for separating the effects of ring state, donor-acceptor asym-
metry, alkyne extension, and continuum solvation on the
calculated NLO tensor. We analyze the tensor norm fy, the
projection of the response along the permanent dipole 8., and
the alignment ratio 7 = Byec/Btor together.>® We also avoid using
the HOMO-LUMO gap as a stand-alone predictor of resonant
response as near-resonant denominators, transition-dipole
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couplings, solvent stabilization, and tensor-component inter-
ference can change the magnitude and sign of 8 in ways that
a single orbital gap cannot account for.>**

2 Computational and theoretical
details
2.1 Geometry optimizations and electronic structure

All ground-state geometries were optimized using density
functional theory (DFT) with the long-range-corrected hybrid
functional CAM-B3LYP* and the 6-31+G(d,p) basis set.** Long-
range correction is appropriate for ICT-based chromophores,*
where standard hybrid functionals underestimate excitation
energies of charge-transfer states.**®” The total charge of the
considered chromophores varies across the series, D-D and Dy-
yD are neutral; the asymmetric push-pull motifs D-A, Dy-A, D-
yA and Dy-yA are monocations (charge +1, owing to the cationic
N-methylpyridinium acceptor); A-A and Ay-yA are dications
(charge +2). The PF¢~ counterions present in the experimental®®
acceptor salts were not included. This counterion-free model
was chosen to isolate the chromophore-intrinsic topology
effects that are the subject of the study and to keep comparisons
across the series internally consistent. Explicit ion pairing and
counterion local-field effects may shift absolute § values,
particularly in low-dielectric environments, and are outside the
scope of the present study. Solvent effects on geometries and
properties were modeled using the self-consistent reaction field
(SCRF) polarizable-continuum model*®** for three solvent
media spanning ¢ = 10-36, dichloroethane (DCE, ¢ = 10.13), 1-
nitropropane (NP, ¢ = 23.73), and acetonitrile (ACN, ¢ = 35.69)
using Gaussian 16 program module.*” The open- and closed-
ring isomer of each chromophore was optimized indepen-
dently in each medium and then used that optimized structure
as the reference geometry for the corresponding response
calculations. The optimized structures of the chromophores in
ACN are shown in Fig. 2. The response calculations were per-
formed with the same DFT functional and basis set, augmented
with Grimme's empirical dispersion correction with Becke-
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=

Fig.1 Dithienylethene-based molecules/photoswitches considered in this work. Eight DTE motifs are studied, separating the effects of julolidine
donor (D) substitution, N-methylpyridinium acceptor (A) substitution, alkyne extension (y), and the open/closed ring isomeric state. The
syntheses of these molecules are reported by Anderson and co-workers.2®
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Fig. 2 Optimized structures of the open- and closed-ring forms of the studied chromophores in acetonitrile, obtained at the CAM-B3LYP/6-
31+G(d,p) level of theory with a polarizable continuum description of the solvent.

Johnson damping (GD3BJ).** Frontier orbitals, HOMO-LUMO
gaps, and electron-density-difference (EDD) maps
computed at the optimized acetonitrile structures. The EDD
maps shown in Fig. 3 and 4 report the change in electron
density associated with the dominant HOMO — LUMO single-
orbital transition, with the same isosurface threshold across all
panels. To probe the solvent-induced 2P response-vector re-
orientation of Dy-yA,pen, additional time-dependent density
functional theory (TDDFT) vertical excitations were computed
for the gas-phase and acetonitrile geometries at the same CAM-
B3LYP/6-31+G(d,p) level with Grimme's empirical dispersion
correction. These calculations include the estimation of the
lowest five singlet excitation energies, oscillator strengths,
dominant orbital-transition characters, and ground-to-excited
transition-dipole components. Frequency-dependent calcula-
tions were performed at w = 0.0428 a.u., which corresponds to
a perturbation wavelength of approximately 1064 nm,
commonly provided by an Nd:YAG laser for molecular SHG
measurements.”” The present calculations report frequency-
dependent NLO properties in two different regimes, (i) one-
photon (1P) response or Pockels effect® corresponds to linear
electro-optic hyperpolarizability §(—w; w, 0) and (ii) two-photon
(2P) response corresponds to the second-harmonic-generation
(SHG) hyperpolarizability §(—2w; w, w). The computed Pockels
and SHG hyperpolarizabilities are summarized in Tables S5-
S12. All quantum-chemical calculations were performed using
the Gaussian 16 quantum chemical package.’® Geometries,
orbitals, and density-difference surfaces were visualized from
Gaussian 16 formatted-checkpoint and cube files using Gauss-
View 6 ** visualization software.

were

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.2 Hyperpolarizability tensor and structure-property
descriptors

The first hyperpolarizability § is a third-rank tensor with twenty-
seven components, applying Kleinman intrinsic-permutation
symmetry** reduces the tensor elements from twenty-seven to
ten independent elements for the static response, which are
ﬁxxxy ﬂxxyy ﬁxxza ﬁxyyy 6xyzv ﬁxzzy 6yyy; ﬁyyzv ﬂyzz and 6222' Static ﬁ was
evaluated by analytic coupled-perturbed Kohn-Sham
response,” and the frequency-dependent §(—w; w, 0) and
B(—2w; w, w) tensors by the corresponding time-dependent
linear-response procedure as implemented in Gaussian 16.*
The components of the § can be calculated using the following
equation

1
61‘:6iii+§z(ﬁi/'j+ﬁﬂj+ﬂjji)7 =X,z )

JFi

The magnitude of the total dipole moment (u) and average
polarizability («,,) and total first hyperpolarizability (Beoc)*
within the xyz coordinate representation can be calculated
using equations given in eqn (2),

=g Ay 4,

(e + @y + a2, (2)

6tot = \/ 6.‘(2 + ﬁyz + 6:27

while the complete equation to calculate the @ from the
Gaussian-16 (ref. 40) outputs is given in eqn (3).

W =

Ny =
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Fig.3 HOMO and LUMO frontier orbitals and the corresponding HOMO — LUMO electron-density-difference (EDD) maps for the open- and
closed-ring forms of D—D, A—A, D—A, and Dy—yD, optimized in acetonitrile. The isovalue used for MO plots is 0.02, while the isovalue for density
plots is 0.0004. Red (positive) lobes correspond to density accumulation and blue (negative) lobes correspond to density depletion upon the

HOMO-to-LUMO single-orbital transition.

i6t01 = [(ﬂxxx + 5xyy + ﬂxzz)z + (ﬁxxy + ﬁyyy + ﬁ)yz:)2
+ (ﬁxxz + ﬁyyz + 6:22)2]1/2~ (

w

)

The vector component of the first hyperpolarizability (Byec) is
defined in eqn (4), while a dimensionless alignment ratio*” ()
used throughout the study is defined in eqn (5)

Bik; .
6VEC:Z‘M|’ 1=Xx,),z (

=

)

yo b
6tot

~—~
%3]

)

The calculated u and «,, values in gas phase and different
solvent medium are given in Tables S1-S8, while the
components of 8, Biot, Bvec and 7 calculated in gas phase and
in different solvent medium are tabulated in Tables S1-S12.
The tabulated tensor components are reported in a frame
whose z axis lies along the permanent dipole, so that the z
component of B, that is, 8, in eqn (4) lies along the
permanent dipole and g,, 8, components are transverse to the
dipole. Geometrically, 7 is the cosine of the angle between the

RSC Adv.

response vector (By, 6,, 6;) and the molecular dipole u.*’
Values |n| — 1 indicate that the response vector is collinear
with the molecular dipole (with the sign giving the sense of
the response relative to the chosen dipole orientation),
whereas |n| < 1 signals tensor cancellation or competing
response directions.?**”

As discussed in the following sections, a meaningful struc-
ture-property relationship for the NLOPs of the investigated
chromophores cannot be established using either .. or 7,
alone. This is because these two descriptors characterize
different aspects of the NLO response and are not linearly
correlated. Specifically, 8. represents the magnitude of the first
hyperpolarizability, whereas 7 describes its directional char-
acter. Consequently, consideration of either descriptor indi-
vidually provides only a partial representation of the NLO
response. A combined descriptor that simultaneously incorpo-
rates both the magnitude and directional characteristics is
therefore desirable.

To construct such a descriptor, we first normalized S, over
the entire chromophore data set using its minimum (|8ot|min)
and maximum (|Bitlmax) values on a logarithmic scale. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 HOMO and LUMO frontier orbitals and the corresponding HOMO — LUMO EDD maps for the open- and closed-ring forms of Ay—yA,
Dy-yA, Dy—A, and D-yA in acetonitrile. The push—pull alkyne-extended systems (Dy—yA in particular) show the strongest end-to-end charge-
transfer character upon ring closure. MO and EDD maps use the same common isosurface threshold as Fig. 3.

logarithmic normalization was employed to accommodate the
large dynamic range of the hyperpolarizability values. The
resulting dimensionless quantity, Gnorm, is defined as

=)

log |Bioc| — 108 [Bot|inin (

IOg ‘610t|max - lOg |610t|min . )

6norm =

Thus, Bhorm provides a dimensionless measure of the relative
magnitude of the hyperpolarizability within the investigated
chromophore series, with values ranging from 0 to 1, corre-
sponding to the minimum and maximum Sy, respectively.

Subsequently, we introduce a combined molecular
descriptor, Ryi0, defined as

)

By combining the normalized magnitude of the hyper-
polarizability with its directional contribution, R0 provides
a single dimensionless descriptor that simultaneously captures
how large the NLO response is and how strongly it is di-
rectionally expressed. Therefore, Ryro is expected to provide
a comprehensive basis for establishing structure-property
relationships across the investigated chromophores.

RNLO = ﬂnormn’ .

© 2026 The Author(s). Published by the Royal Society of Chemistry

3 Results and discussion

The optimized structures of the open- and closed-ring forms of
the studied chromophores in acetonitrile are shown in Fig. 2.
The results are presented as follows: the frontier-orbital reor-
ganization upon ring closure is reported first, followed by the
static 6. Then, the frequency and solvent dependence on the
6 are presented, and finally the structure-property relationships
are discussed.

3.1 Frontier-orbital reorganization upon ring closure

The HOMO/LUMO and EDD plots in Fig. 3 and 4 show that ring
closure restores a continuous conjugation path through the
DTE core and thereby sets whether the electronic response can
be directed. In the open form of every chromophore, the central
hexatriene unit interrupts the conjugated pathway between the
two thiophene-substituent arms, so frontier orbitals are largely
localized on one or the other side. Ring closure converts this
interrupted pathway into a continuous one. In the symmetric
D-D, A-A, Dy-yD and Ay-yA scaffolds the response grows but
stays symmetric and the overall polarization is small as one
finds less delocalization of the respective EDD plots (cf: panels

RSC Adv.
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Fig.5 HOMO-LUMO gap modulation upon ring closure, reported as
AEECd — AEPPS", in the gas phase and in the three continuum
solvents. Negative values therefore indicate gap narrowing upon
closure. In solvent, ring closure reduces the gap for every chromo-
phore. In the gas phase, push—pull chromophores show the opposite
trend, a slight widening on closure. The gap is a useful marker of
conjugation extension, but it does not predict Bix One-to-one,
especially in the resonant regimes.

a-d, g and h in Fig. 3 and panels a and b in Fig. 4). In the donor-
acceptor scaffolds, by contrast, ring closure produces a contin-
uous polarizable bridge that connects donor and acceptor, and
the redistribution of charge upon excitation becomes spatially
extended along that bridge. The alkyne-extended push-pull
architectures Dy-A, D-yA, and especially Dy-yA combine the
largest end-to-end polarization with the most spatially extended
charge-transfer character (¢f panels c and d in Fig. 4), and these
are the systems that produce the largest hyperpolarizabilities.
In continuum solvents, ring closure reduces the HOMO-LUMO
energy gap (AE) in every chromophore class (c¢f Table S13). In
the gas phase this holds only for the symmetric scaffolds (D-D,
A-A, Dy-yD, Ay-yA). For the gas-phase push-pull chromophores
(D-A, Dy-yA, Dy-A, D—yA), the closed-form gap is, counter-
intuitively, slightly larger than the open-form gap, reflecting
the closed form's deeper-lying HOMO once the conjugated DTE
bridge is restored (Fig. 5 and Table S13). A similar relationship
between ring state and orbital energies has been reported for
related diarylethene NLO switches.” In the simplest two-level
picture, 8 « pge’AE*, where g is the ground-to-excited-state
transition dipole.*** In the gas phase, symmetric closed
forms have moderate gaps (~4 eV) and modest 8, while asym-
metric closed forms have somewhat smaller gaps (~3 eV) and
roughly an order of magnitude larger §. It is noted that the
frontier-orbital analysis only provides a qualitative diagnostic of
B.

To the best of our knowledge, experimental first-
hyperpolarizability data are not available for this eight-
member DTE series. Qiu, Anderson and co-workers®® reported
the photophysical and photochemical properties of the same
molecular set, including the near-infrared absorption band of
the closed push-pull DTEs at Ay, = 800 nm.”® We compared
this absorption band with the calculated lowest bright singlet
energies. These occur at about 780-850 nm in the gas phase and
650-720 nm in the continuum solvents (Table S15). The gas-
phase values cover the reported ~800 nm band, while the

RSC Adv.

Paper

6.38 x 10°
1.31 x 10%
4.23 x 10°
2.75 x 103
2.62 x 10*
8.55 x 10*
1.65 x 10*
3.77 x 10*
1.53 x 10*
9.69 x 10%*
6.57 x 10*
2.08 x 10°
4.30 x 10*
9.26 x 10*
4.95 x 10*
2.26 x 10°

DCE

6.40 x 10°
1.24 x 10%
4.04 x 10°
3.25 x 10
2.39 x 10*
1.08 x 10°
1.65 x 10*
3.83 x 10*
1.43 x 10*
7.30 x 10
5.96 x 10*
2.10 x 10°
3.96 x 10*
1.04 x 10°
4.40 x 10*
2.19 x 10°

NP

6.25 x 10°
1.38 x 10*
3.89 x 10°
3.54 x 10
2.27 x 10*
1.11 x 10°
1.61 x 10*
3.48 x 10%
1.37 x 10*
6.15 x 10%*
5.68 x 10*
2.10 x 10°
3.78 x 10*
1.10 x 10°
4.17 x 10*
2.13 x 10°

ACN

2P (SHG)

3.33 x 10°
8.73 x 10*
2.87 x 10°
4.53 x 10*
8.68 x 10°
2.57 x 10°
8.95 x 10°
1.61 x 10%
1.40 x 10*
4.54 x 10*
1.09 x 10*
2.82 x 107
6.17 x 10°
1.79 x 10°
2.54 x 10*
3.23 x 10°

Gas

4.60 x 10°
3.63 x 10*
2.92 x 10°
1.12 x 10*
1.68 x 10*
4.66 x 10°
1.07 x 10*
7.95 x 10*
9.30 x 10°
2.58 x 10*
3.81 x 10*
5.45 x 10°
2.63 x 10*
5.50 x 10°
2.93 x 10*
5.34 x 10°

DCE

4.73 x 10°
3.81 x 10*
2.85 x 10°
1.04 x 10*
1.60 x 10*
3.93 x 10°
1.09 x 10*
8.32 x 10*
8.96 x 10°
2.40 x 10*
3.60 x 10*
4.59 x 10°
2.50 x 10*
4.56 x 10°
2.72 x 10*
4.45 x 10°

0) convention near 2w
NP

4.68 x 10°
3.75 x 10*
2.80 x 10°
9.98 x 10°
1.56 x 10*
3.61 x 10°
1.08 x 10*
8.22 x 10*
8.75 x 10°
2.29 x 10*
3.49 x 10*
4.28 x 10°
2.44 x 10*
4.22 x 10°
2.63 x 10*
4.10 x 10°

ACN

1P (Pockels)
2.24 x 10°
1.29 x 10*
1.85 x 10°
1.19 x 10*
5.59 x 10*
4.90 x 10*
5.57 x 10°
2.90 x 10*
7.37 x 10°
4.02 x 10*
2.52 x 10°
1.38 x 10°
1.04 x 10°
3.76 x 10°
1.13 x 10°
4.36 x 10°

Gas

4.66 x 10°
3.01 x 10*
2.87 x 10°
9.12 x 10°
1.63 x 10*
2.62 x 10°
1.03 x 10*
6.07 x 10*
8.77 x 10°
1.90 x 10*
3.49 x 10*
3.04 x 10°
2.46 x 10*
3.09 x 10°
2.73 x 10*
2.93 x 10°

DCE

5.04 x 10°
3.37 x 10*
2.92 x 10°
9.08 x 10°
1.62 x 10*
2.56 x 10°
1.10 x 10*
6.71 x 10*
8.80 x 10°
1.89 x 10*
3.43 x 10*
2.86 x 10°
2.44 x 10*
2.90 x 10°
2.65 x 10*
2.78 x 10°

NP

5.15 x 10°
3.46 x 10*
2.94 x 10°
9.07 x 10°
1.62 x 10*
2.54 x 10°
1.12 x 10*
6.89 x 10*
8.84 x 10°
1.88 x 10*
3.42 x 10*
2.81 x 10°
2.44 x 10*
2.85 x 10°
2.63 x 10*
2.74 x 10°

marks 2P symmetric-closed cells that are unstable under the zero-damping (I
ACN

response vector. *

1.89 x 10°
9.00 x 10°
1.56 x 10°
7.30 x 10°
2.34 x 10*
4.52 x 10*
4.56 x 10°
1.97 x 10*
5.77 x 10°
2.11 x 10*
5.65 x 10%
3.11 x 10°
3.61 x 10*
1.45 x 10°
3.99 x 10*
1.43 x 10°

Static

Table 1 Total first hyperpolarizability 8. (a.u., always positive) for all sixteen structures, grouped by static, 1P (Pockels), and 2P (SHG) regimes. Computed with the full frequency-dependent
Gas

Molecule
D‘Dopen
D_Dclosed
A_Aopen
A_Aclosed
D_Aopen
D_Aclosed
Dy_y Dopen
Dy-yDciosed
Ay _onpen
AY-YAciosed
Dy_onpen
Dy-yAciosed
Dy_Aopen
Dy —Aclosed
D_onpen
D-pAciosed
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Table 2 Alignment ratio 7 = Byec/Bror for all sixteen structures. Y marks I = 0 near-resonance-unstable 2P symmetric-closed cells

Static 1P (Pockels) 2P (SHG)

Molecule Gas ACN NP DCE Gas ACN NP DCE Gas ACN NP DCE
D-Dopen ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00
D-Dejosed —1.00 —1.00 —1.00 —1.00 —1.00 —1.00 —1.00 —1.00 +0.99* +0.86+ +0.83% +0.86+
A-Aopen +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00
A-Aclosed +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +0.86% —0.61% —0.51" —0.28¢
D-Aopen +0.90 +0.86 +0.86 +0.87 +0.90 +0.87 +0.87 +0.87 —0.86 +0.87 +0.87 +0.88
D-Adiosed +0.48 +0.77 +0.77 +0.76 +0.53 +0.77 +0.77 +0.77 +0.40 —0.88 —0.89 —0.93
Dy-yDopen ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00 ~1.00
DYDetosed —~1.00 —~1.00 —~1.00 —~1.00 ~1.00 —~1.00 —~1.00 —~1.00 +0.86% —0.97* —0.97* —0.97*
AY-YAopen +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00
AY-YAciosed +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +1.00 +0.98* +0.71% +0.79* +0.90%
Dy-YAopen +0.94 +0.91 +0.91 +0.91 +0.94 +0.91 +0.91 +0.92 +0.15 +0.91 +0.92 +0.92
DY-YAdosed +0.79 +0.83 +0.83 +0.84 +0.81 +0.83 +0.84 +0.84 +0.65 —0.95 —0.96 —0.97
Dy-Aopen +0.89 +0.84 +0.84 +0.85 +0.90 +0.84 +0.85 +0.85 —0.29 +0.85 +0.85 +0.86
Dy-Aciosed +0.52 +0.79 +0.79 +0.79 +0.53 +0.79 +0.79 +0.80 +0.41 —~1.00 —0.99 —0.83
D-YAopen +0.95 +0.94 +0.94 +0.94 +0.95 +0.94 +0.94 +0.94 +0.96 +0.95 +0.95 +0.95
D-YAciosed +0.78 +0.84 +0.84 +0.85 +0.79 +0.84 +0.85 +0.86 +0.66 —0.86 —0.87 —0.87

solvent values are blue-shifted. This comparison is used only to
check the calculated excitation-energy range and is not taken as
direct experimental validation of £.

3.2 Static responses

In the static limit (¢f, Table 1), the gas-phase g, spans from
~1.6 x 10° a.u. for symmetric A-Apen to 3.11 x 10° a.u. for the
doubly extended push—pull Dy-yA.joseq. The symmetric D-D and
A-A scaffolds give modest open-form responses (~10° a.u.) that
grow about fivefold on ring closure but stay well below the
push-pull values. Alkyne extension within the symmetric scaf-
folds (Dy-yD, Ay-yA) raises the closed-form response somewhat
without changing the picture: with no donor-acceptor asym-
metry, n stays at = 1 (¢f Table 2) and the absolute response
remains small.

The large enhancements appear only when extended conju-
gation is combined with donor-acceptor asymmetry. The
simple D-A scaffold already has an elevated open-form response
of 2.34 x 10* a.u., almost an order of magnitude above the
symmetric analogues. Ring closure adds about 93% to this in
the gas phase (2.34 x 10* — 4.52 x 10* a.u.) but drops 7 from
0.90 to 0.48, a sign that competing charge-transfer pathways
spoil the vectorial alignment of the closed isomer." Adding an
alkyne on either side (Dy-A and D-yA) raises the closed-form
response further, to 1.45 x 10°> and 1.43 x 10’ a.u. Extending
both sides at once while keeping the donor-acceptor asymmetry
(Dy-yA) gives the largest off-resonant value in the set, 3.11 x 10°
a.u., about 16 x that of Dy-yD¢josea and 15x that of Ay-yAgiosed-
The push-pull asymmetry is what couples the extended conju-
gation into a coherent end-to-end polarization."*® Ring closure
and a longer m-system do not achieve this on their own.
Anderson et al.”® reported that although the push—pull substi-
tution pattern showed no clear impact on the absorption
maximum of the open DTEs, this led to significantly red-shift
the absorption maximum of the closed DTE. They attributed
the more than 100 nm bathochromic shift in absorption

© 2026 The Author(s). Published by the Royal Society of Chemistry

maximum of the closed D-A vis-f-vis its D-D and A-A analogues
to the ICT between the electron-donating julolidine arm and the
electron-accepting N-methylpyridinium arm. The significantly
higher (.. of the closed forms of the studied chromophore also
indicates superior ICT in the former than that in the latter.

The solvent effect on the static 8, depends on molecular
architecture (¢f. Table 1). D-Aype, decreases from 2.34 x 10* a.u.
in the gas phase to about 1.62 x 10" a.u. in the three solvents.
For D-A.josed, the solvent values are 2.54-2.62 x 10° a.u. and
follow DCE > NP > ACN. The other push-pull open forms also
decrease in solution. Dy-Acjosea and D-YA joseq are strongly
enhanced, while Dy-yA joseq Stays close to its gas-phase value.
Thus, the solvent response does not follow a single trend with
dielectric constant. The largest static solution values are found
for the closed push-pull derivatives, about 2.5-3.1 x 10’ a.u.
For D-A¢jpsed and Dy-Acjosed, 7 increases from 0.48 and 0.52 in
the gas phase to about 0.77 and 0.79 in solution, respectively
(Table 2). The static NLO data are given in Tables S1-S4. Fig. 6a
shows (510sed/goPen The ratio is greater than unity for all eight
architectures in the gas phase and in each continuum solvent,
although the size of the increase varies among the structures.
The aspects of Belosed gopen a6 are discussed elaborately in the
following sections.

3.3 One-photon responses

At w = 0.0428 a.u., the Pockels response generally follows the
“closed > open” ordering (Table 1, Fig. 6b). Gas-phase D-A is the
exception: By = 5.59 x 10% a.u. for the open form and 4.90 x 10*
a.u. for the closed form. In DCE, NP, and ACN, the closed-form
D-A value is again higher than the open-form value. The
symmetric scaffolds give small Pockels responses of order 10°-
10" a.u. Their response vectors stay aligned with the dipole (|| =
1), as symmetry requires (¢f Table 2). In the gas phase the Pockels
magnitude of Dy-yAjosea Teaches 1.38 x 10° a.u. with = 0.81, so
the response is both large and well directed. The largest solvent
enhancement, however, belongs to D-Ajpseq, its magnitude

RSC Adv.
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Fig.6 Ring-closure enhancement of the total first hyperpolarizability, 85$%¢9/83%°", across the eight chromophore architectures, four media, and
three response regimes: (a) static, (b) 1P Pockels, and (c) 2P SHG. Panels (a) and (b) use linear ordinate scales; panel (c) uses a broken ordinate axis
to accommodate the very large near-resonant gas-phase ratios; the dashed line marks unity. Hatched * bars in the 2P panel identify symmetric
closed-ring entries that are I' = 0 near-resonance-unstable and should be read as ranking indicators rather than finite-linewidth observables. The
ratios use the scalar magnitude Bio: only and should be interpreted together with the alignment ratio n (Table 2).

climbs nearly tenfold, from 4.90 x 10 a.u. in the gas phase to
4.66 x 10° a.u. in DCE. The alkyne-extended Dy-Acigsed, Dy
comparison, gains only about 1.5-fold over the same change (3.76
x 10° — 5.50 x 10° a.u., gas to DCE). The solvent environment
also significantly improves the alignment between the hyper-
polarizability vector and the molecular dipole moment. For
example, D-Ajoseq €xhibits an increase in n from 0.53 in the gas
phase to 0.77 in solution (¢f. Table 2), while Dy-Acjpseq Shows
a similar increase from 0.53 to 0.79-0.80. Such improvements
indicate that solvation not only amplifies the magnitude of the
Pockels response but also promotes a more unidirectional
intramolecular charge-transfer process. The three solvents give
similar frequency-dependent NLO responses, with no common
ordering by dielectric constant. For several closed push-pull
systems, DCE gives the larger response. The main change occurs
between the gas phase and the continuum-solvent calculations;
differences among DCE, NP, and ACN are smaller and depend on
the molecular architecture. Detailed one-photon frequency-
dependent NLO data are given in Tables S5-S8.

RSC Adv.

3.4 Two-photon responses

The 2P regime is the most sensitive to the proximity of optically
allowed states, because 2w at w = 0.0428 a.u. falls into the
visible-region absorption manifold of these chromophores
(Tables S9-S12, S15 and Fig. 6¢). The 2P response inherits both
the enhancement and the phase sensitivity of near-resonant
denominators on an allowed transition.”* In general, the 2P
regime activates response channels that are weak or absent
under 1P excitation. The first bright excited state of the
symmetric closed-ring D-D and Dy-yD scaffolds lies close to the
two-photon resonance energy (Es, = 2w) [see Table S17]. In the
undamped response formalism, the frequency-dependent
hyperpolarizability contains energy denominators of the form
(E, — 2w)~", which become small near resonance, leading to
artificially enhanced and numerically unstable response
values.* So their undamped 2P responses are not numerically
stable,* they change by large factors between gas and solvent,
and the symmetry-required |n| = 1 is not reliably recovered

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(flagged entries, Tables 1 and 2). We therefore do not assign
quantitative ring-closure 2P gains to those symmetric scaffolds.

In contrast, the push—-pull chromophores discussed below lie
sufficiently far from resonance poles, particularly in the solvent
media DCE, NP, and ACN, and therefore provide the most reli-
able basis for interpreting the two-photon (2P) response (Table
S15). For DCE, NP, and ACN, the quantitative comparison
includes all open-ring entries and the four push-pull closed
forms D-Aciosed; DY-YAcioseds DY-Aciosed, aNd D-YAcjosed- The four
symmetric closed forms D-D¢josed; A=Acioseds DY-YDclosed, and Ay—
YAclosed are j"—ﬂalgged and are excluded from quantitative 2P
comparisons under the zero-damping convention. The sign
reversals of 1 observed between the gas phase and solution for
the D_Aclosed; Dy_yAclosed; Dy_Aclosed and D_yAclosed scaffolds
(Table 2) arise from the near-resonant phase behavior of the gas-
phase response function rather than from any chemically
induced switching event. Consequently, the magnitudes of B
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S e
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remain useful for ranking molecular performance when consid-
ered together with 7.

Among the investigated systems, Dy-yAcjoseda aNd D-YAciosed
exhibit the strongest 2P responses, with (¢, values of approxi-
mately ~2.1-2.3 x 10° a.u. that are closely reproduced across all
three solvents, followed by Dy-Acioseq With Bior ~1.0 x 10° a.u. In
contrast, taking ACN as the solvent reference, the gas-phase B
values of Dy-yA josed and Dy-A.joseq are larger by factors of about
134 and 16.3, respectively. For D-pAcjosed, the corresponding
factor is about 1.5. These apparent enhancements are domi-
nated by undamped near-pole contributions in the sum-over-
states expression and should not be interpreted as genuine
physical improvements in nonlinear optical performance.

The TDDFT calculations directly support this interpretation. In
the gas phase, each of these two chromophores possesses a dipole-
allowed excited state (S,) within 0.1 eV of the two-photon excitation
energy, 2w = 2.33 eV (Dy-YAciosed, Sz at 2.33 €V; Dy—-Agiosed, S» at

1010 o
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Fig. 7 Solvent-dependent alignment ratio n = Byec/Bior across donor—acceptor architectures in the (a) static, (b) 1P Pockels, and (c) 2P SHG
regimes. Panels (a) and (b) use expanded positive-n axes to resolve the static and Pockels trends; panel (c) uses the full signed range to show the
2P phase reversals. Solid traces with open markers denote open-ring forms; dash-dot traces with filled markers denote closed-ring forms. The
pale green and red bands mark |n| = 0.85 positive and negative near-collinearity, respectively. The 2P panel makes the phase-sensitive sign
changes explicit and shows the solvent-induced alignment of Dy—yAqgen.
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2.42 eV; Table S15). By contrast, D-A¢josea and D—pAgjosed, Whose
gas-phase (i, values remain within a factor of three of their
solvent-phase values, do not exhibit any dipole-allowed state
within 0.1 eV of 2w. Their nearest allowed transitions are located
approximately 0.3-0.4 €V away. Solvation shifts the relevant excited
states of all push-pull chromophores away from 2w, thereby
removing the near-resonant enhancement. As a result, the 2P
responses of all four closed push—pull systems converge to values
on the order of 10° a.u. in solution. The remaining gas-phase 2P
magnitudes, including that of D-Agjoseq, differ from their solvent-
phase counterparts by less than a factor of three and can there-
fore be regarded as physically meaningful manifestations of
normal frequency-dispersion effects rather than resonance
artifacts.

3.5 Solvent control of response magnitude and directionality

The static, 1P, and 2P trends above already make clear that
solvent effects do not scale simply with the dielectric constant.
This is consistent with the well-documented divergence
between static and dynamic solvent responses for push-pull
chromophores,****** and with the more general finding that
a dielectric medium can reorganize a chromophore's frontier
orbitals rather than simply scale its response.>® Two structure-
dependent patterns of magnitude are already visible in the
static closed/open ratios (Fig. 6a), and the same qualitative
solvent sensitivity carries into the 1P tables (Fig. 6b). For
symmetric D-D and Dy-yD scaffolds, continuum solvation
enhances S5, but keeps 7 = 1 unchanged. This indicates that
solvation strengthens the nonlinear optical response without

Paper

altering its direction. This feature can be seen from the bottom
blue straight line with circles in the » plot shown in Fig. 7a and
b. In contrast the symmetric A-A and Ay-yA scaffolds exhibit the
opposite behavior, continuum solvation decreases 85, without
affecting 7 (see top most magenta line in Fig. 7a and b). For the
push—pull scaffolds, the open and closed isomers exhibit
opposite solvent responses. The static and one-photon (1P)
nonlinear optical responses of the open forms generally
decrease in a polar dielectric medium (¢f Table 1), whereas
those of the closed forms increase substantially. In the static
regime, the closed/open response ratio in solution is ~16 for D—
A, ~12 for Dy-A, ~10-11 for D-yA, and ~8-9 for Dy—yA (cf- Table
2). This behavior is consistent with the electron-density differ-
ence analysis, which shows that dielectric stabilization prefer-
entially reinforces the closed-form geometry possessing
a continuous donor-to-acceptor polarization pathway, while
suppressing the response of the open forms that depend on
a less coherent, multi-segment charge-transfer pathway.

The most distinctive solvent effect in the series is observed for
Dy-YAgpen in the two-photon regime, where the solvent alters not
only the magnitude but also the direction of the nonlinear optical
response. In the gas phase, Dy-yAgpen €xhibits a moderate 2P
hyperpolarizability (B,e = 1.09 x 10* a.u.) and only a small
fraction of this response is aligned with the molecular dipole (n =
0.15). The response is dominated by a transverse 3, contribution
(¢f- Table S9) and projects only weakly along the dipole axis. Upon
solvation, the 2P response magnitude increases by approximately
five- to sixfold, reaching ~6 x 10* a.u. (¢f Fig. 6¢), while the
response vector undergoes a pronounced reorientation toward
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the dipole direction (¢f orange line in Fig. 7c). Consequently,
rises dramatically to approximately 0.92 in all solvent environ-
ments considered. Thus, changing the solvent alone transforms
the 2P response from being largely transverse to becoming
strongly dipole-aligned. This behavior is unique to Dy-yAgpen
among the chromophores studied. By contrast, the sign reversals
of 1 observed for several other systems in Tables S9-S12 do not
indicate a comparable physical reorientation of the response
vector.

Overall, Fig. 7 reports the solvent-dependent alignment ratio,
1N = Byec/Bror, fOr the donor-acceptor architectures in the static,
1P, and 2P regimes. This figure separates molecules with
genuinely directional response from those whose large tensor
components partly cancel. In the static and 1P regimes the
push-pull systems fall between |n| = 0.5 and 0.97 and become
more dipole-aligned in solvent. In the 2P regime the alignment
becomes strongly phase sensitive: open-form Dy-yA rotates
from weak gas-phase projection to positive solvent alignment,
whereas several closed forms switch to negative 7 in solvent.

3.6 Combined magnitude and directional nonlinear
responses

It is evident from the above discussion that a meaningful
structure-property relationship for the NLO properties of the
investigated chromophores cannot be established using either
Btor Or 1, alone. This is because these two descriptors charac-
terize fundamentally different aspects of the NLO response and
are not linearly correlated. Specifically, (.. quantifies the
magnitude of the first hyperpolarizability, whereas » charac-
terizes the directional alignment of the contracted hyper-
polarizability vector with the permanent molecular dipole
moment. Thus, consideration of either descriptor indepen-
dently provides only a partial description of the overall NLO
response. A more comprehensive descriptor should therefore
account simultaneously for both the magnitude and directional
character of the response. To address this limitation, we intro-
duced the combined descriptor Ry o, defined in eqn (7), which
incorporates both B, and 1. The corresponding Ry;o values are
represented as a heatmap in Fig. 8. In contrast to the trends
obtained from B, or n individually, the combined descriptor
provides a more balanced measure of the overall NLO perfor-
mance. The heatmap reveals that the closed push-pull archi-
tectures exhibit the highest combined responses, with Dy-
YAcloseds D-YAcloseds and Dy-A.joseq €merging as the most favor-
able structures among the considered molecular scaffolds. This
behavior demonstrates that a large hyperpolarizability magni-
tude alone does not necessarily translate into a strong overall
NLO response when the response is poorly aligned. Conversely,
the symmetric architectures, D-D, A-A, and Dy-yD, generally
exhibit smaller Ryio values despite their relatively favorable
alignment ratios. This arises because the beneficial contribu-
tion from |n| is multiplied by a comparatively small NLO
response magnitude. Thus, the combined descriptor success-
fully differentiates systems that may appear favorable when
either magnitude or directional alignment is considered
independently.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

The purpose of this study is to reveal how ring topology, donor-
acceptor architectures, m-extension, and dielectric environment
reorganize the response tensor across a controlled chromo-
phore family. Within the CAM-B3LYP/6-31+G(d,p)/GD3BJ/
(PCM) framework adopted here, the NLO response is gov-
erned not by any single structural modification but by the
interplay between the magnitude and direction of the hyper-
polarizability tensor. The first hyperpolarizability of eight
dithienylethene-based chromophores, comprising electronic
donor/acceptor motifs with and without an alkyne extension,
was investigated quantum chemically in both their open- and
closed-ring forms in the gas phase and three solvent media
(ACN, NP and DCE). The dynamic responses of 8 were studied at
1064 nm excitation wavelength. In the studied chromophores
the ( response behaves as a tensor whose magnitude, direction,
and phase depend together on ring-isomer state, donor-
acceptor asymmetry, m-extension, and dielectric environment.
Ring closure restores through-core conjugation and generally
increases (i, but the enhancement of the magnitude is
dominantly dictated by the molecular topology, not by ring
closure alone. Donor-acceptor asymmetry gives the largest
responses by creating polar charge-transfer pathways, while
symmetric closed scaffolds gain magnitude with n — %1 but
remain weak, whereas push-pull closed scaffolds gain both
magnitude and directionality. Alkyne (7-) extension is most
effective when paired with donor-acceptor asymmetry. The
doubly extended push-pull Dy-yA oseq Scaffold gives the largest
gas-phase static and 1P responses, while the responses of the
solvated extended push-pull systems are strongly medium
dependent. Continuum solvation can amplify, attenuate, or
rotate the response vector. Amplification is clearest for D-A jseq
in the 1P regime, where the response grows by nearly an order of
magnitude from gas to DCE. Reorientation is clearest for Dy-
YAgpen in the 2P regime, where the response vector turns from
largely transverse to the molecular dipole (n = 0.15, gas) to
dipole-aligned (n — +0.92, solvent) within the continuum-
solvent model, a reorientation unique to this scaffold in the
present series. Sign reversals in near-resonant 2P responses,
common across the push-pull family, reflect phase-sensitive
tensor interference.

The Rn1o analysis demonstrates that neither 8, nor n alone
is sufficient to describe the overall NLO performance of the
investigated chromophores, as response magnitude and direc-
tional alignment can vary independently. By combining these
two characteristics, Ry o provides a more balanced comparative
measure of NLO behavior. The analysis identifies the closed
push-pull architectures, particularly Dy-yA josed; D-VAclosed, and
Dy—-Aciosed, @S the most favorable systems because they combine
large hyperpolarizability with favorable directional character. In
contrast, symmetric chromophores exhibit relatively high
alignment but weaker overall responses, resulting in lower Ryy.o
values. Thus, the Ry1o analysis establishes that optimal NLO
performance requires simultaneous enhancement of response
magnitude and directionality, providing a useful framework for
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rationalizing structure-property relationships across the inves-
tigated chromophore family. Overall present Ryio analyses
indicate that the ring closure and 7-extension do not universally
increase (. Our analysis showed that a large NLO response
requires the scalar tensor norm and the response-vector direc-
tion to be optimized together. The donor-acceptor asymmetry
sets the polarity, ring closure restores conjugation through the
core, m-extension lengthens the polarizable path, and the
dielectric environment reinforces or redirects the result in the
studied DTE chromophores.
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