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ABSTRACT: Azo—carbazole monolithic dyes are promising candidates for =~ **° 6AS

photonic and optoelectronic applications due to their tunable push—pull 3100 WAT

character and strong nonlinear optical response. Here, we present a & g o ¢

systematic density functional theory (DFT)/time-dependent DFT inves- & ol o ﬁ

tigation of seven para-substituted azo—carbazoles (AmACzE, MACzE, £ F

HACzE, FACzE, AACzE, CACzE, and NACzE), aimed at elucidating how ¢ “ H

solvent polarity modulates the first hyperpolarizability (fyrs) using long- & 2

range corrected hybrid functionals combined with a polarizable continuum 0 e : -
model. Our results demonstrate that solvent polarity does not act as a (E; ti O (:; :(" ,'\\X ;?
universal enhancer of nonlinear response, but rather as a selective amplifier By Z (g 2 \{ Z .
whose efficiency is governed by the intrinsic charge-transfer capability of the Y SIS oS U0 S T S IR
chromophore. Electron-withdrawing substituents (F, COCH,, CN, and “(4\\ “"\\ M‘«\ &“\ ’\;}\ “‘\ “‘4\

NO,) establish a well-defined push—pull axis, leading to large ground-to-

excited-state dipole moment variation (Ax) and high fyps values, reaching up to 115 X 107 esu for NACZE in water. In contrast,
donor-substituted derivatives (NH,, OCH,;, and OH) exhibit enhanced local polarization but a limited Ay, indicating a
predominantly localized excited-state character, even in highly polar environments. By correlating fypg with Ay within a two-state
framework, this work establishes Ay as a quantitative descriptor controlling both the magnitude and the solvent sensitivity of the
nonlinear response. These findings provide clear design guidelines for azo—carbazole-based NLO materials, demonstrating that
efficient second-order response arises from the synergistic combination of strong acceptor substitution and polar environments,
while also defining the intrinsic limits of solvent-induced enhancement.

1. INTRODUCTION information density and application versatility, enabling
Organic nonlinear optical (NLO) materials play a central role everything from high-capacity optical data storage to new
in modern photonic technologies, including frequency display formats, such as dynamic displays and depth-selective
conversion, optical modulation, and holographic data storage." three-dimensional projections.
Among them, azo—carbazole-based chromophores have In addition to contributions aimed at holographic
attracted considerable attention due to their structural rigidity, applications, fundamental studies with binary carbazole—azo
photoresponsiveness, and tunable electronic properties, which compounds have shown that combining the electron-donor
make them particularly suitable for rewritable and polarization- unit of carbazole with a functionalized azo fragment yields
multiplexed holographic applications,”™® as well as for NLO highly polarizable molecular architectures with strong coupling
applications.””” Their nonlinear optical response can be between charge-transfer (CT) states and 7—z* excitations.
rationalized in terms of donor—acceptor substitution and This configuration provides significant nonlinear optical
intramolecular charge transfer, strategies that have long guided responses, including high two-photon absorption and hyper-
the molecular design of efficient second-order NLO systems."” polarizability values, critical properties for applications in
Subsequent advances in materials engineering have led to organic photonics.® Complementarily, the analysis of azo—

the development of composite films with high optical
transparency,” a key attribute to minimize absorption losses
and extend the spectral operating window in recording and
readout processes. In another approach, the synthesis of
specifically designed copolymers enabled improved preserva-
tion stability and rewritability of holograms, overcoming
limitations related to photochemical fatigue and ensuring
consistent performance over multiple cycles..5 More recently,
the use of azo—carbazole films in polarization-multiplexed
holograms has demonstrated remarkable progress in terms of

carbazole derivatives designed for diffraction grating recording
confirmed, through semiempirical calculations and experimen-
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tal measurements, a direct correlation between ground-state
dipole moments, hyper?olarizabilities, and second-order
susceptibilities, reaching y'») values as high as 43.2 pm V.7

Taken together, these results show that the advanced
photonic performance of azo—carbazole derivatives arises both
from molecular design and from the exploitation of their rich
CT physics. At the same time, they highlight the need to
further investigate long-term stability, synthetic scalability, and
integration with hybrid systems; essential factors for establish-
ing these materials as building blocks for emerging photonic
technologies.

Beyond the molecular architecture, the surrounding environ-
ment is known to modulate the optical response of organic
chromophores. Solvent polarity, in particular, is frequently
invoked as a key factor enhancing CT stabilization and,
consequently, nonlinear optical efficiency. Several studies have
demonstrated that solvent polarity can significantly modulate
the nonlinear optical responses of organic chromophores."' >
This behavior has been reported for a wide range of -
conjugated systems, including azo-based chromophores with
strong acceptor units, push—pull g)henylpolyenes,lé retinal
derivatives,'” bifoto cromophores,'® and topologically non-
trivial systems such as twisted Mdbius annulenes.'” In these
systems, polar environments generally enhance both static and
dynamic first hyperpolarizabilities, although the magnitude of
the effect strongly depends on the molecular architecture and
the nature of the excited state. Notably, studies employing
both implicit and explicit solvation models have shown that
solvent effects may range from substantial amplification to
marginal modulation depending on the balance between
charge-transfer character, oscillator strength, and electronic
delocalization.

Despite this extensive body of work, solvent polarity is most
often treated as a generic amplification factor, while the
existence of intrinsic molecular limits to solvent-induced
enhancement is rarely addressed in a systematic and
quantitative manner. In particular, for azo carbazole-based
chromophores, which are widely employed in holographic and
photonic applications, the interplay between substituent-
controlled CT efficiency and dielectric stabilization remains
poorly understood. It is still unclear whether polar environ-
ments can compensate for intrinsically inefficient push—pull
architectures or whether solvent-induced enhancement is
fundamentally constrained by molecular electronic structure.

In this work, we address this gap by performing a systematic
density functional theory (DFT)/time-dependent DFT
(TDDFT) investigation of seven para-substituted azo—
carbazole monolithic dyes, spanning electron-donating to
strongly electron-withdrawing substituents and examining
their optical and nonlinear optical responses across solvents
of increasing polarity [dichloromethane (DCM), acetone
(ACE), methanol (MET), dimethyl sulfoxide (DMSO), and
water (WAT)]. These monolithic dyes were selected because
they are experimentally validated chromophores for rewritable
holography, enabling a direct connection between theoretical
analysis and device-relevant environments. By correlating
absorption spectra, first hyperpolarizabilities, depolarization
ratios (DRs), and ground-to-excited-state dipole moment
variations, we explicitly demonstrate that solvent polarity acts
as a selective amplifier rather than a universal enhancer of
nonlinear response. This approach allows us to identify clear
physical limits for solvent-assisted NLO enhancement and to
establish the ground- to excited-state dipole moment variation
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as a quantitative descriptor governing both the magnitude and
the solvent sensitivity of the first hyperpolarizability. The
insights derived from this analysis provide physically grounded
design guidelines for the rational development of efficient azo-
carbazole-based nonlinear optical materials.

2. COMPUTATIONAL METHODS

To assess solvent effects, geometry optimizations and excited-state
properties were computed both in the gas phase (GAS) and in
solution using the polarizable contintum model (PCM), in which the
solvent is re})resented as a dielectric continuum characterized by its
permittivity.”* PCM was employed to isolate dielectric polarization
effects and enable a systematic comparison across solvents of
increasing polarity, while specific solute—solvent interactions are
beyond the scope of the present work. Solvent effects were treated
within the linear-response PCM framework, focusing on general
dielectric trends rather than state-specific solvation energies.

The ground-state geometries of all azo—carbazole monolithic dyes
were optimized within the framework of DFT using three exchange—
correlation functionals. Two long-range corrected hybrid generalized
gradient approximation (GGA) functionals, ®B97X-D** and CAM-
B3LYP,”® were employed, in which the exchange interaction is
partitioned into short- and long-range components to improve its
asymptotic behavior. In addition, the global hybrid meta-GGA
functional M06—2X"" (Minnesota family), which includes an explicit
dependence on the local kinetic energy density, was also used. These
functionals were selected due to their well-established reliability in
describing ground-state molecular structures.”>*” Harmonic vibra-
tional frequency analyses confirmed that all optimized structures
correspond to genuine minima on the potential energy surface, as no
imaginary frequencies were detected. All computations were
performed with the 6-311++G(d,p) basis set using the GAUSSIAN
16 software package.*

From an experimental point of view, hyper-Rayleigh scattering
(HRS) provides a reliable experimental approach for determining the
second-order nonlinear optical response of organic species in
solution.”’ ™** The HRS signal is proportional to an orientational
average over the square of a combination of hyperpolarizability tensor
components. In typical HRS experiments, the vertically polarized
scattered light is collected at an angle of 90° with respect to the
incident light direction, and the scattered intensity is proportional to
Pirs(—20; o,w), which contains the sum of the (f%,,) and (foxy)
orientational invariants

ﬂHRs(_zw5 w, CU) =\ <ﬂzzzz> + <ﬂzzxx>

The invariants can be expressed in terms of the molecular
components of the f# tensor as follows
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Following ref 34, the DR is defined as
R=—55
(Brxx)

DR values range from 1.5 to 9, depending on the molecular
symmetry. For octupolar molecules, DR is approximately 1.5; for one-
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Figure 1. Optimized ground-state geometries and atom numbering of the para-substituted azo—carbazole monolithic dyes investigated in this work.
All structures were optimized at the CAM-B3LYP/6-311++G(d,p) level of theory.

dimensional (1D) or linear push—pull molecules, it reaches about S;

and for purely dipolar molecules, it is close to 9.
Excited-state properties, including vertical excitation energies,

absorption spectra, first hyperpolarizabilities, DRs, and ground-to-
excited-state dipole moment variations, were computed using
TDDFT.>*"*" These property calculations were primarily carried
out using the CAM-B3LYP long-range corrected hybrid functional,
which offers an improved description of CT excitations.*® Additional
calculations employing the @B97X-D, M06-2X, and B3LYP’
functionals were performed for selected systems to validate the
robustness of the observed trends and are reported in the Supporting
Information. The vertical excitation energies and static and dynamic
hyperpolarizabilities (evaluated at incident wavelengths of 798, 1064,
1313, and 1550 nm) were obtained with the 6-311++G(d,p) basis set.
All calculations were performed using the GAUSSIAN 16 software
package.*® The absorption spectra were generated using the Multiwfn
program based on the TDDFT excitation energies and oscillator
strengths.*’

3. RESULTS AND DISCUSSION

3.1. Ground State Equilibrium Geometries

CAM-B3LYP/6-311++G(d,p) calculations of ground-state
bond lengths indicate that all azo—carbazole derivatives
adopt a globally rigid backbone geometry, with only minor
structural variations induced by solvation (Figure 1 and Tables
S1—S7, Supporting Information). These variations are small in
absolute magnitude, confirming that dielectric effects do not
significantly distort the ground-state molecular framework.
Instead, the dominant differences in bond-length patterns arise
from the electronic nature of the para-substituent, reflecting an
intrinsic substituent-dependent electronic asymmetry across
the series. Additional ground-state geometry optimizations
using the @B97X-D and M06-2X functionals were performed
for all systems to validate these trends and are reported in
Tables S8—S21, Supporting Information. Benchmark compar-
isons show that CAM-B3LYP, wB97X-D, and M06-2X yield
consistent results for geometric properties. On this basis,
CAM-B3LYP was selected for the systematic discussion of
ground-state structural features presented in the main text.
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CAM-B3LYP/6-311++G(d,p) results for the bond-length
alternation (BLA) along the phenylazo conjugated pathway are
reported in Table 1 for both GAS and the different solvent

Table 1. Bond-Length Alternation (BLA, in A) Values for
Azo—Carbazole Monolithic Dyes Calculated at the CAM-
B3LYP/6-311++G(d,p) Level in the Gas Phase (GAS) and
in Different Solvent Environments: Dichloromethane
(DCM), Acetone (ACE), Methanol (MET), Dimethyl
Sulfoxide (DMSO), and Water (WAT)

chromophore GAS DCM ACE MET DMSO  WAT
AmACzE 0.016 0.018 0.018 0.019 0.019 0.019
MACzE 0.012 0.013 0.013 0.013 0.013 0.013
HACzE 0.012 0.013 0.012 0.013 0.013 0.013
FACzE 0.006 0.007 0.007 0.007 0.007 0.007
AACzE 0.011 0.012 0.012 0.012 0.012 0.012
CACzE 0.013 0.014 0.014 0.014 0.014 0.014
NACzE 0.010 0.012 0.012 0.012 0.012 0.012

environments. The BLA was evaluated using the interatomic
distances d, (C21—C20), d, (C22—C21), d; (C22—-C23), d,
(C25—C20), ds (C25—C24), and dg (C24—C23), as defined in
Figure 1. It was calculated as the average difference between
formally single and double bond lengths along the conjugated
pathway according to the following expression

(dl - dz) + (d3 - dz) + (d4 - ds) + (dé - ds)
4

In the donor chromophores (AmACzE, MACzE, and
HACzE), polar solvation induces subtle but revealing
modifications. AmACzE, functionalized with—NH,, is the
most sensitive: the N—H bonds systematically elongate, while
C23—N41 shortens, reinforcing the donor character in
solution; in parallel, BLA increases from 0.016 — 0.019 A,
indicating greater electronic localization and loss of effective
conjugation. MACzE, with an —OCHj; substituent, exhibits
shortening of C23—041 and elongation of C42—041,
evidencing resonant charge transfer from oxygen to the
aromatic ring; the increase in BLA (0.012 — 0.013 A)
suggests less homogeneous but more efficient conjugation than
in AmACzE. HACzE, bearing —OH, shows shortening of
C23—041 accompanied by elongation of the O—H bond,
while maintaining a low BLA (0.012 — 0.013 A) and
preserving global delocalization. In summary, whereas
AmACzE undergoes stronger localization and loss of push—
pull efficiency, MACzE and HACZE balance resonant donation
with structural rigidity.

BLA =

In the acceptor chromophores (FACzE, AACzE, CACzE,
and NACzE), the geometric changes confirm the progressive
strengthening of the push—pull character and intramolecular
polarization. FACzE, containing fluorine, exhibits minimal
variations: the C—F bond slightly elongates (1.348 — 1.353
A), and BLA increases marginally (0.006 — 0.007 A), revealing
a weak inductive effect and uniform conjugation. AACzE, with
—COCH;, shows elongation of the carbonyl bond (C=O0:
1.211 — 1.217 A) and an increase in BLA (0.011 — 0.012 A),
indicating enhanced polarization and a tendency toward
planarization, favoring electronic delocalization. CACZzE,
bearing —CN, preserves the rigidity of the nitrile group
(C=N = 1.150 A) but displays shortening of C13—NS and
C16—N18, along with a slight elongation of N18—N19; the
increase in BLA (0.013 — 0.014 A) reveals density
redistribution along the 7m-chain and reinforcement of the
carbazole—azo—phenyl CT axis. NACzE, with —NO,, is the
most polarized: the shortening of C23—N41 and the
concomitant elongation of the N—O bonds intensify the
resonant contribution, stabilizing CT states; the rise in BLA
confirms its position as the most anisotropic derivative with the
highest push—pull efficiency.

The BLA analysis is used here as a qualitative structural
descriptor to compare the intrinsic electronic asymmetry
across the azo—carbazole series. As shown in Table 1, solvent
polarity induces only marginal absolute variations in BLA
values, typically on the order of 1 X 107* A, indicating that
dielectric effects do not significantly alter the ground-state
backbone geometry. Instead, the dominant contribution to
BLA differences arises from the electronic nature of the para-
substituent. Across the series, a clear substituent-dependent
trend emerges: donor-substituted systems exhibit slightly larger
BLA values, consistent with a more localized ground-state
electronic structure, whereas acceptor-substituted derivatives
show reduced BLA values, reflecting enhanced 7-electron
delocalization. These differences reflect intrinsic variations in
ground-state electronic distribution rather than solvent-driven
structural distortions. Additional BLA parameters calculated
with @B97X-D and M06-2X are reported in Tables S8 and S21
(Supporting Information), confirming the substituent-depend-
ent trends discussed here.

3.2. Absorption Spectrum

CAM-B3LYP/6-311++G(d,p) results for the absorption wave-
lengths (4, in nm) and the corresponding oscillator strengths
of the azo—carbazole derivatives, both in GAS and in different
solvents, are reported in Table 2. Benchmark calculations using
B3LYP, M06-2X, ®wB97X-D, and CAM-B3LYP for two
representative systems (AmACzE and NACzE) are reported
in Figure S1 of the Supporting Information. M06-2X, wB97X-

Table 2. Absorption Wavelengths (4, in nm) and [Corresponding Oscillator Strengths, f] Calculated at the CAM-B3LYP/6-
311++G(d,p) Level in the Gas Phase (GAS) and in Different Solvent Environments: Dichloromethane (DCM), Acetone
(ACE), Methanol (MET), Dimethyl Sulfoxide (DMSO), and Water (WAT)

chromophore GAS DCM ACE MET DMSO WAT
AmACzE 344.65 [1.1785] 380.28 [1.5008] 384.80 [1.5261] 386.21 [1.5334] 386.96 [1.5371] 387.66 [1.5406]
MACZE 339.13 [1.1200] 368.4S [1.4214] 371.94 [1.4467] 373.00 [1.4540] 373.57 [1.4578] 374.09 [1.4613]
HACZzE 335.61 [1.0844] 364.72 [1.4101] 368.20 [1.4373] 369.28 [1.4452] 369.84 [1.4493] 370.35 [1.4529]
FACzE 333.20 [0.9871] 360.48 [1.3122] 363.62 [1.3411] 364.57 [1.3496] 365.08 [1.3540] 365.55 [1.3581]
AACzE 347.59 [1.1779] 379.26 [1.4864] 382.58 [1.5108] 383.57 [1.5177] 384.09 [1.5213] 384.58 [1.5245]
CACzE 349.53 [1.1512] 381.12 [1.4774] 384.44 [1.5048] 385.45 [1.5127] 385.97 [1.5168] 386.44 [1.5205]
NACzE 358.57 [1.1181] 397.92 [1.4365] 401.96 [1.4629] 403.04 [1.4691] 402.63 [1.4640] 403.22 [1.4676]
26471 https://doi.org/10.1021/acsomega.5¢12352
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D, and CAM-B3LYP yield consistent qualitative trends for the
spectroscopic properties, whereas B3LYP systematically under-
estimates the excitation energies of the charge-transfer
transitions. On this basis, CAM-B3LYP was selected for the
systematic discussion of the electronic features presented in the
main text.

In GAS, CAM-B3LYP/6-311++G(d,p) results for azo—
carbazole derivatives exhibit absorption between 333 and 359
nm, with oscillator strengths of ~1.08 and 1.18, except for
FACzE, which shows a slightly lower value (0.99). Among the
push—pull systems, NACzE (NO,) stands out with the most
red-shifted transition (358.6 nm), followed by CACzE (349.5
nm) and AACZE (347.6 nm), reflecting the stabilizing effect of
electron-withdrawing substituents on the lowest unoccupied
molecular orbital (LUMO) orbital. In contrast, chromophores
containing donor groups (NH,, OCH,, and OH) display more
blue-shifted absorptions (~335—34S5 nm), consistent with the
increase in highest occupied molecular orbital (HOMO)
energy. These results confirm that even in GAS, the nature of
the substituent governs both the spectral position and the
intensity of the 7—x* electronic transitions.

In the presence of polar solvents, a systematic bathochromic
shift is observed in all chromophores (+32 to +45 nm relative
to GAS). This effect is most pronounced in the electron-
withdrawing derivatives, particularly NACzE, which reaches
403.2 nm in WAT with an oscillator strength of 1.47, standing
out as the most environment-sensitive system. Even donor
chromophores, such as AmACzE (NH,), display significant
shifts, although their absorptions remain at shorter wavelengths
compared to the push—pull systems. In addition, there is a
consistent increase in absorption intensity across all
chromophores (Af increment of ~29—38%), indicating that
solvation differentially stabilizes the ground and excited states,
thereby amplifying both the spectral position and the transition
intensity. Notably, the results obtained for MET, DMSO, and
WAT are very similar, reflecting the sigmoidal dielectric
response inherent to the PCM model, which leads to
saturation effects at high permittivities.

Figure 2 shows the calculated absorption spectra of
AmACzE and NACZE in GAS and polar solvents, displaying
a broad absorption band extending from approximately 320 to
550 nm. This band is assigned to 77—z transition involving a
HOMO — LUMO excitation and reflects the extended
conjugation of the carbazole—azo framework, as well as its
sensitivity to both solvation and substituent effects. The similar
solvent-dependent spectral shifts observed for these two
representative donor- and acceptor-substituted chromophores
confirm that the trends discussed are general across the series
(Figure S2, Supporting Information). The nature of the
relevant excited states is further analyzed using natural
transition orbitals (NTOs), which provide a more reliable
description of CT character than frontier molecular orbitals.*'
NTOs associated with the lowest-energy optically allowed
excitation of AMACzE and NACZzE, calculated at the CAM-
B3LYP/6-311++G(d,p) level, are shown in Figure 3. For
AmACzE, both the hole and electron NTOs remain largely
localized on the carbazole—azo framework, indicating a
predominantly localized excited-state character. In contrast,
NACzE exhibits a clear spatial separation between the hole,
mainly localized on the donor carbazole moiety, and the
electron, concentrated on the electron-withdrawing substitu-
ent, confirming the pronounced charge-transfer character of
the excited state. In addition, to ensure completeness with
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Figure 2. Electronic absorption spectra of AmACzE and NACzE
calculated at the CAM-B3LYP/6-311++G(d,p) level in the gas phase
(GAS) and in different solvent environments: dichloromethane
(DCM), acetone (ACE), methanol (MET), dimethyl sulfoxide
(DMSO), and water (WAT).

a) AmACzE b) NACzE

*(f‘\ Electron *{1"\ Electron
/J\
4 A

\‘ , Hole
..

Figure 3. Natural transition orbitals (hole and electron) for the
lowest-energy optically allowed excitation of AmACzE and NACzE
calculated at the CAM-B3LYP/6-311++G(d,p) level in water (WAT).
AmAC:zE displays largely localized NTOs, whereas NACZzE shows a
pronounced spatial separation between hole and electron, character-
istic of an excited-state charge-transfer transition.

respect to the frontier-orbital analysis, we have included the
corresponding HOMO and LUMO isosurface plots in the
Supporting Information for the representative systems
AmACzE and NACzE (Figure S3).

In PMMA films, the absorption maxima are further red-
shifted, ranging from 394 to 440 nm® The acceptor
chromophores retain the highest values: NACzE (440 nm),
CACzE (426 nm), and AACzE (415 nm). These results are
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Table 3. Static HRS First Hyperpolarizability (fyrs/107°° esu) Results for Azo—Carbazole Monolithic Dyes Calculated at the
CAM-B3LYP/6-311++G(d,p) Level in the Gas Phase (GAS) and in Different Solvent Environments: Dichloromethane
(DCM), Acetone (ACE), Methanol (MET), Dimethyl Sulfoxide (DMSO), and Water (WAT)

chromophore GAS DCM
AmACzE 1.75 4.60
MACzE 5.41 15.18
HACZE 6.60 17.24
FACzE 12.30 30.73
AACzE 29.92 67.71
CACzE 29.01 68.72
NACzE 40.70 102.01

ACE MET DMSO WAT
S.15 5.33 5.43 5.53
16.83 17.37 17.65 17.92
18.94 19.48 19.77 20.04
33.50 34.38 34.85 35.29
72.98 74.62 75.48 76.30
74.14 75.83 76.71 77.54
110.72 113.34 113.81 115.16

Table 4. Dynamic HRS First Hyperpolarizability (Byzs/107° esu) for Azo—Carbazole Monolithic Dyes Calculated at the
CAM-B3LYP/6-311++G(d,p) Level in the Gas Phase (GAS) and in Different Solvent Environments: Dichloromethane
(DCM), Acetone (ACE), Methanol (MET), Dimethyl Sulfoxide (DMSO), and Water (WAT)

chromophore GAS DCM ACE MET DMSO WAT
A =798 nm
AmACzE 1.97 3.53 3.47 342 3.67 3.46
MACzE 6.79 13.28 13.06 12.87 13.76 13.03
HACzE 8.28 15.28 14.90 14.67 15.64 14.81
FACzE 15.17 27.21 26.56 26.15 27.79 26.37
AACzE 36.89 63.45 62.18 61.33 64.71 61.79
CACzE 35.88 63.48 62.00 61.07 64.59 61.49
NACzE 51.13 97.19 95.67 94.37 99.07 94.48
A = 1064 nm
AmACzE 2.12 3.86 3.78 3.73 4.02 3.78
MACzE 7.71 15.29 15.03 14.82 15.87 15.00
HACzE 9.39 17.52 17.12 16.85 18.00 17.02
FACzE 17.08 30.95 30.20 29.72 31.64 29.98
AACzE 41.50 72.63 71.14 70.14 74.14 70.69
CACzE 40.46 72.75 70.99 69.89 74.06 70.39
NACzE 58.17 113.25 111.47 109.90 115.56 110.02
A =1313 nm
AmACzE 2.34 4.33 4.24 4.18 4.52 4.24
MACzE 9.02 18.24 17.93 17.67 18.96 17.89
HACzE 10.98 20.84 20.37 20.04 21.45 20.24
FACzE 19.70 36.34 35.45 34.87 37.19 35.19
AACzZE 48.10 86.18 84.36 83.12 88.08 83.81
CACzE 47.04 86.46 84.29 82.93 88.09 83.55
NACzE 68.40 137.69 135.51 133.53 140.71 133.67
A = 1550 nm
AmACzE 2.95 5.65 5.53 543 5.93 5.52
MACzE 12.52 26.51 26.06 25.67 27.67 26.02
HACzE 15.17 30.07 29.37 28.88 31.08 29.21
FACzE 26.55 51.00 49.69 48.83 52.32 49.32
AACzE 65.74 12491 122.09 120.15 128.10 121.27
CACzE 64.79 125.89 122.43 120.27 128.59 121.28
NACzE 96.72 212.54 209.15 205.83 218.29 206.09

consistent with theoretical predictions, which indicate more
pronounced shifts for push—pull systems, confirming their
strong intramolecular CT character. In contrast, the donor
derivatives (NH,, OCH;, and OH) absorb between 394 and
410 nm, with AmACzE occupying an intermediate position
(410 nm), higher than MACZE and HACZE, but still below the
nitro-, cyano-, and aceto-substituted systems. It should be
noted that the calculated absorption wavelengths are not
expected to quantitatively reproduce experimental values
measured in PMMA, due to the different nature of the
environment (solid-state polymer matrix versus solution). In
this context, the comparison with experiment is intended to be

qualitative, focusing on relative trends and chromophore
ranking rather than absolute excitation energies.

3.3. First Hyperpolarizability

CAM-B3LYP/6-311++G(d,p) results for the static and
dynamic Hyper—Rayleigh Scattering (HRS) first-order hyper-
polarizabilities (Bygs, in 107° esu) of the azo—carbazole
chromophores in GAS and in different solvent environments
are reported in Tables 3 and 4, respectively. Four
representative near-infrared (NIR) wavelengths (798, 1064,
1313, and 1550 nm) were considered for the dynamic
response. Benchmark Sz calculations (Table S22, Supporting
Information) show that CAM-B3LYP provides a balanced
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description of both static and dynamic hyperpolarizabilities,
avoiding the severe overestimation observed with B3LYP while
maintaining consistent charge-transfer trends comparable to
those obtained with M06-2X and wB97X-D.

A clear substituent-dependent hierarchy emerges across the
series. Chromophores bearing electron-withdrawing groups
(FACzE, AACZE, CACzE, and NACzE) exhibit the largest
Purs values in all environments, consistent with the
stabilization of CT excited states promoted by acceptor
substituents. Within this group, NACzE represents the upper
bound of the series, displaying the strongest nonlinear
response and the highest sensitivity to solvent polarity. Its
static fygs value increases from 40.70 X 1073° esu in GAS to
115.16 X 107*° esu in WAT, corresponding to nearly a 3-fold
enhancement. AACzE and CACzE show nearly identical
behavior, both in absolute magnitude and in solvent depend-
ence, confirming that carbonyl and cyano substituents induce
comparable CT efliciencies. FACzE follows the same
qualitative trend, albeit with reduced amplitude, reflecting
the weaker electron-withdrawing character of fluorine.

In contrast, donor-substituted chromophores (AmACZE,
MACzE, and HACzE) display much smaller nonlinear
responses, with static fypg values ranging from 1 to 7 X
107% esu in GAS and reaching at most 20 X 107*° esu in polar
solvents. Although these systems exhibit large relative increases
upon solvation, often exceeding 200%, their absolute fypg
values remain approximately 1 order of magnitude lower than
those of the acceptor derivatives. This behavior indicates that
electron-donating substituents enhance local polarization but
intrinsically limit directional charge transfer, constraining the
nonlinear response even in highly polar environments.

Across the entire series, solvation systematically enhances
Purs when moving from GAS to polar solvents, reflecting the
preferential stabilization of CT excited states by dielectric
polarization. For strongly accepting systems, solvent effects
reinforce an already efficient push—pull architecture, nearly
doubling the response, whereas in donor chromophores,
solvation primarily amplifies modest intrinsic responses.
Importantly, the enhancement saturates at high dielectric
constants, as evidenced by the very similar fypg values
obtained in MET, DMSO, and WAT, indicating the existence
of an upper bound for dielectric-driven amplification within the
PCM framework.

It is important to emphasize that in the context of the
present study, the solvent does not play a direct functional role
in holographic devices. Instead, it is employed as a controlled
dielectric model to probe how environmental polarization
modulates the electronic structure and nonlinear optical
response of azo—carbazole dyes. By systematically varying
solvent polarity, we selectively probe the stabilization of CT
states and the associated modulation of the first hyper-
polarizability. The trends observed in solution are therefore
not solvent-specific but rather reflect general dielectric effects
that are directly transferable to condensed-phase environ-
ments, such as polymer matrices and solid films commonly
used in photonic and holographic applications.

The dynamic hyperpolarizabilities show a monotonic
increase with wavelength for all chromophores and environ-
ments, consistent with electronic dispersion effects as the
excitation energy approaches the resonance level (Table 4).
This effect is most pronounced in acceptor-substituted
systems. For example, NACzE exhibits an increase from
§1.13 X 107 esu at 798 nm to 96.72 X 107’ esu at 1550 nm

in GAS and reaches values above 218 X 107 esu in polar
solvents at 1550 nm. AACzE and CACzE show nearly identical
dispersion behavior, while FACzE displays intermediate
growth. These results indicate that in the near-infrared regime,
push—pull chromophores with strong acceptor substituents are
more sensitive to frequency variation, reinforcing their
suitability for wavelength-tunable nonlinear photonic applica-
tions such as frequency conversion, optical modulation, and
infrared second-harmonic generation. Donor-substituted chro-
mophores also exhibit wavelength-dependent enhancement but
with smaller growth factors, reflecting the weaker contribution
of CT states.

Overall, these results demonstrate that molecular design and
environmental polarization act synergistically in determining
the magnitude of the nonlinear optical response but within
well-defined physical limits. Solvent polarity acts as a dielectric
amplifier rather than a universal enhancer, selectively
reinforcing the response of chromophores with intrinsically
efficient charge-transfer architectures.

3.4. Depolarization Ratios

Table S reports the static DRs for the azo—carbazole
chromophores in GAS and in different solvent environments,

Table 5. Static Depolarization Ratios for Azo—Carbazole
Monolithic Dyes Calculated at the CAM-B3LYP/6-311+
+G(d,p) Level in the Gas Phase (GAS) and in Different
Solvent Environments: Dichloromethane (DCM), Acetone
(ACE), Methanol (MET), Dimethyl Sulfoxide (DMSO), and
Water (WAT)

chromophore GAS DCM ACE MET DMSO  WAT

AmACzE 2.00 2.19 223 2.25 2.26 2.26
MACzE 3.24 3.61 3.64 3.65 3.66 3.67
HACzE 3.57 3.88 3.90 391 391 3.92
FACzE 4.16 4.32 4.33 4.33 4.34 4.34
AACzE 4.53 4.56 4.56 4.56 4.56 4.56
CACzE 4.53 4.59 4.58 4.58 4.58 4.58
NACzE 4.60 4.67 4.67 4.67 4.67 4.67

providing insight into the anisotropy of their nonlinear optical
response. A clear substituent-dependent pattern is observed.
Chromophores containing strong electron-withdrawing groups
(NACzE, CACzE, AACZE, and FACzE) exhibit consistently
high DR values, typically in the range 4.2—4.7, indicative of a
strongly unidirectional polarization axis associated with
efficient charge transfer. NACzE represents the extreme case,
reaching DR values close to 4.7 in polar solvents, while AACzE
and CACzE display nearly identical anisotropies, consistent
with their similar electronic structures.

In contrast, donor-substituted chromophores show signifi-
cantly lower and more variable DR values. AmACZzE exhibits
the most isotropic response, with DR values close to 2.0,
indicating an ineflicient and multidirectional charge redis-
tribution. MACzE and HACzE occupy intermediate positions,
with DR values ranging from approximately 3.2 to 3.9,
reflecting a mixed polarization behavior with partial direction-
ality. This hierarchy confirms that electron-withdrawing
substituents promote electronic asymmetry and a well-defined
push—pull axis, whereas donor substituents reduce anisotropy
by favoring localized excited states.

Solvent effects on the DR are comparatively modest. Polar
environments induce small but systematic increases, partic-
ularly in donor-substituted systems, where DR values rise by
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approximately 0.3—0.4 units relative to GAS. In acceptor
chromophores, the effect of solvation on DR is negligible, as
these systems already possess a highly anisotropic electronic
structure. This behavior further supports the view that solvent
polarity amplifies intrinsic electronic features rather than alters
the fundamental nature of the nonlinear response.

The frequency dependence of DR, summarized in Table 6,
reveals that anisotropy generally increases with wavelength for

Table 6. Dynamic Depolarization Ratios for Azo—Carbazole
Monolithic Dyes Calculated at the CAM-B3LYP/6-311+
+G(d,p) Level in the Gas Phase (GAS) and in Different
Solvent Environments: Dichloromethane (DCM), Acetone
(ACE), Methanol (MET), Dimethyl Sulfoxide (DMSO), and
Water (WAT)

chromophore gas DCM ACE MET DMSO WAT
A =798 nm
AmACzE 1.78 2.10 2.15 2.17 2.18 2.19
MACzE 342 3.77 3.79 3.80 3.81 3.81
HACzE 3.75 4.04 4.06 4.06 4.07 4.07
FACzE 4.27 4.44 4.45 4.45 4.45 4.45
AACzE 4.60 4.67 4.68 4.68 4.68 4.68
CACzE 4.60 4.68 4.69 4.69 4.69 4.69
NACzE 4.68 4.76 4.77 4.77 4.77 4.77
A = 1064 nm
AmACzE 1.68 2.02 2.07 2.09 2.10 2.10
MACzE 3.52 3.87 3.89 3.90 391 391
HACzZE 3.84 4.13 4.14 4.15 4.16 4.16
FACzE 4.33 4.49 4.50 4.50 4.51 4.51
AACzE 4.64 4.71 4.71 4.72 4.72 4.72
CACzE 4.64 4.72 4.73 4.73 4.73 4.73
NACzE 4.71 4.80 4.80 4.80 4.80 4.80
A =1313 nm
AmACzE 1.59 1.93 1.98 2.00 2.02 2.02
MACzE 3.64 3.99 4.01 4.02 4.03 4.03
HACzE 3.95 4.23 4.25 4.25 4.26 4.26
FACzE 4.40 4.56 4.57 4.57 4.57 4.57
AACzE 4.68 4.75 4.76 4.76 4.76 4.76
CACzE 4.69 4.77 4.77 4.77 4.77 4.77
NACzE 4.76 4.84 4.84 4.84 4.84 4.84
A = 1550 nm
AmACzE 1.52 1.82 1.87 1.88 191 1.90
MACzE 3.88 4.22 4.24 4.25 4.26 4.26
HACzE 4.17 4.43 4.44 4.45 4.46 4.45
FACzE 4.53 4.68 4.69 4.69 4.69 4.69
AACzE 4.76 4.84 4.84 4.84 4.85 4.85
CACzE 4.78 4.85 4.86 4.86 4.86 4.86
NACzE 4.84 491 4.92 4.92 4.92 4.92

acceptor-substituted chromophores, consistent with the
growing dominance of CT contributions under near-resonant
conditions. NACzE, AACzE, and CACzE exhibit gradual
increases in DR as the wavelength extends from 798 to 1550
nm, reinforcing their unidirectional polarization character.
FAC:ZE shows a similar but slightly more pronounced increase.
In contrast, AmACzE becomes progressively more isotropic at
longer wavelengths, while MACzE and HACzE display only
moderate growth, reflecting their limited charge-transfer
efficiency.

Taken together, the DR analysis complements the hyper-
polarizability results by directly linking the nonlinear response
anisotropy to substituent-controlled charge transfer. High DR
values correlate with large fupg responses and strong excited-
state polarization, whereas low DR values signal intrinsic
limitations in directional charge redistribution. These trends
confirm that both the magnitude and the anisotropy of the
nonlinear optical response are governed primarily by the
molecular electronic structure, with solvent polarity acting as a
secondary, amplifying factor.

3.5. Relation between Ayx and fgs

Complementarily, the solvent effects on dipole moment values
reveal a clear pattern of the selective amplification of electronic
polarization. For all chromophores, the excited-state dipole
moment systematically increases when going from the GAS to
polar solvents, while the ground state remains practically
unchanged (Table 7). This behavior indicates that solvation
differentially stabilizes excited states with CT character,
enhancing the ground-state-to-excited-state dipole moment
variation (Ap). The effect is particularly pronounced in strong
acceptor chromophores: NACzE evolves from ~7.4 au in GAS
to ~10.1 au in WAT, while CACzE and AACzE increase from
~6.3/5.2 to ~8.3/7.2 au, respectively. FACzE, with its weaker
inductive effect, shows a more moderate growth (3.7 — 5.0
au). In contrast, donor systems display more discrete changes:
AmACzE maintains very low values (1.0 — 135 au),
reflecting weak charge transfer, while MACzE and HACZE,
although somewhat more sensitive, reach only ~2.1 and ~2.6
au in WAT. Taken together, the data confirm that polar
solvents act as stabilizing fields that intensify the intrinsic
polarization of acceptor derivatives but have a limited impact
on donor systems, reinforcing the push—pull hierarchy that
governs the nonlinear optical response of the series.

In acceptor derivatives (FACzE, AACzE, CACzE, NACzE),
Ay is amplified by solvation: it increases from 2.21 au in
FACZzE (GAS) to 3.16 au in WAT, from 3.15 — 4.49 au in
AACzE, from 3.21 — 4.59 au in CACzE, and from 4.15 —
6.09 au in NACzE, as illustrated in Figure 4. The fyyg values

Table 7. Results for the Ground-Sate Dipole Moment (i, in a.u.) and the [Ground-to-Excited-State Dipole Moment Variation
(A = pes — Mgy in au.)] Calculated at the CAM-B3LYP/6-311++G(d,p) Level in the Gas Phase (GAS) and in Different
Solvent Environments: Dichloromethane (DCM), Acetone (ACE), Methanol (MET), Dimethyl Sulfoxide (DMSO), and Water

(WAT)
chromophore GAS DCM ACE MET DMSO WAT
AmACZE 1.051 [0.271] 1.268 [0.149] 1.301 [0.174] 1.311 [0.184] 1.317 [0.190] 1.322 [0.196]
MACZE 0.732 [0.999] 0.917 [1.389] 0.946 [1.440] 0.955 [1.456] 0.960 [1.464] 0.965 [1.472]
HACZE 1.080 [1.338] 1.353 [1.723] 1.389 [1.768] 1.401 [1.782] 1.407 [1.789] 1.413 [1.796]
FACzE 1.575 [2.207] 1.924 [3.135] 1.963 [3.037] 1.975 [3.165] 1.981 [3.181] 1.987 [3.165]
AACZE 2.131 [3.149] 2.674 [4.288] 2731 [4.415] 2748 [4.454] 2757 [4.474) 2.766 [4.493]
CACZE 3.158 [3.208] 3.771 [4.388] 3.829 [4.516] 3.846 [4.554] 3.855 [4.574] 3.864 [4.593]
NACZE 3.352 [4.150] 4,016 [5.814] 4.080 [5.991] 4.099 [6.043) 4.110 [6.062] 4.120 [6.087]
26475 https://doi.org/10.1021/acsomega.5¢12352
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Figure 4. (a) Bar chart comparing the ground-to-excited-state dipole moment variation (Ap = pio, — ﬂgs) and (b) static By values in the gas phase

(GAS) and in water (WAT) for the seven chromophores.

follow the same trend: NACZE reaches 115 X 107 esu in
WAT, CACzE and AACzE reach ~75 X 107 esu, and FACzE
~35 x 107 esu. Here, the Ay <> Byps correlation is evident:
the greater the charge separation in the excited state, the
stronger the nonlinear response. NACzE represents the
extreme case, combining a high Ay value with maximum
Purs reflecting its strong electron-accepting character (—
NO,). This behavior shows that electronic excitation enhances
the CT character of the excited state, reinforcing the push—pull
character and structural anisotropy already suggested by the
geometric parameters and DR.

In contrast, the donor derivatives present smaller variations
and, in the extreme case of AmACZE, a reduction in Ay values
in polar solvents (Ay = 0.27 au in GAS, decreasing to 0.20 au
in WAT), indicating that electronic excitation redistributes the
density in a nearly isotropic manner. MACzE and HACZE, in
turn, show moderate increases, with Ay growing from 0.99 —
1.47 and 1.34 — 1.80 au, respectively, which indicates effective
resonance donation, though less directional than in strong
acceptors. Consequently, the fypg values remain low, reaching
at most 5—20 X 107 esu in WAT—1 order of magnitude
below the acceptor systems. The correlation is clear: the small
dipole variation limits push—pull efficiency, and even when Apu
increases in solvents, Byys responds only modestly, reflecting
the intrinsic restriction in electronic charge transfer.

These results confirm that polar solvation not only amplifies
the character of the substituent but also governs the efficiency
of charge transfer in the excited state, a critical aspect for
controlling dynamic hyperpolarizability and the nonlinear
optical response under excitation conditions. From a
physicochemical standpoint, the trends observed in Figure 4
are consistent with the two-state model, in which the first-

order hyperpolarizability follows the relationship™*
B« Auf,/AE?

where AE and f, correspond to the transition energy and the
oscillator strength, respectively. The dipole moment variation
between ground and excited states thus emerges as the
dominant parameter controlling the magnitude of the non-
linear response in the azo—carbazole derivatives, particularly
under solvent-induced polarization conditions.

4. CONCLUSIONS

In this work, we performed a comprehensive DFT/TDDFT
analysis of solvent effects on the linear and nonlinear optical
properties of a series of para-substituted azo—carbazole
monolithic dyes. Although the molecular backbone remains
globally rigid upon solvation, subtle substituent-dependent
structural and electronic modulations govern the efficiency of

charge transfer and, consequently, the nonlinear optical
response.

A central result of this study is that solvent polarity does not
uniformly enhance the first hyperpolarizability across the
series. Instead, solvation acts as a selective amplifier, whose
impact is dictated by the intrinsic push—pull character of the
chromophore. Electron-donating substituents increase local
polarization but promote electronic localization, leading to
small Ay and low Pygs values (<20 X 107%° esu in WAT),
even in highly polar solvents. In contrast, electron-withdrawing
substituents progressively reinforce the CT character of the
excited state, resulting in large Ay values and substantially
enhanced fypg responses. Among the systems investigated,
NACzE emerges as the most efficient chromophore,
combining strong acceptor substitution with polar solvation
to reach fys values exceeding 115 X 107 esu.

Importantly, the solvent-induced enhancement was found to
saturate at high dielectric constants, indicating the existence of
an upper bound for dielectric-driven amplification within the
PCM framework. This behavior highlights that solvent polarity
alone cannot compensate for intrinsically ineflicient CT
architectures. The strong correlation observed between Ap
and fygs across all environments confirms the validity of a
two-state model description and establishes Au as a key
quantitative descriptor for predicting both the magnitude and
solvent sensitivity of second-order NLO responses.

Overall, this study provides physically grounded design
principles for azo carbazole-based NLO materials: efficient
nonlinear performance requires the synergistic combination of
strong electron-accepting substituents and polar environments,
while donor-substituted systems remain fundamentally limited.
By explicitly identifying both the amplification regime and its
intrinsic limits, this work offers guidance for rational molecular
engineering of solution- and solid-state photonic materials.
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