Open Access Article. Published on 09 April 2024. Downloaded on 7/13/2025 9:55:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 11350

Received 3rd December 2023
Accepted 4th January 2024

DOI: 10.1039/d3ra08246f

rsc.li/rsc-advances

Fine-tuning of organic optical double-donor NLO
chromophores with DA-supported functional
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Suliman Yousef Alomer9 and Fenggang Liu @ *f

New strategic chromophores with updated fine-tuning of previously reported BLD1 and BLD3
chromophores were designed. BLD1 and BLD3 have silicon functional groups on the donor unit, and the
bridge has a good chance of self-assembling, so in the present study we fine-tuned the isolating groups
to the bulky cyclic alkene to improve their dipole moment and organic electro-optic (OEO) properties as
well. To demonstrate the impact of cyclic alkenes on the electron-donating groups in sensible NLO
chromophore designs, a thorough analysis and comparison of the chromophore synthesis, UV-Vis
calculations, solvatochromic behavior of the chromophore, DFT quantum mechanical calculations,
thermal stabilities, and much lower dipole moments was conducted.

Introduction

Organic electro-optic (OEO) materials have recently attracted
significant interest because of the increased reliance on online
work owing to the widespread impact of COVID-19. Organic
electric-optic materials play a key role in moving forward with
the next-generation network and 5G. Optical technology
advancements are essential to improve our entire communica-
tion." Most of our networks such as optical broadband and 5G
are directly dependent on the performance and advancement of
OEO materials.> An electro-optic modulator is a device that
helps to upload electronic signals onto optical carriers, and an
electro-optic module is the core component devised by using
OEO materials.?

Nowadays, most commercially available devices are based on
inorganic materials such as lithium niobite (LiNbO;) and
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inorganic crystal materials.* However, OEO materials possess
advantageous characteristics such as easy processing, fast
response, speedy and good processability, low cost, and a larger
electro-optic coefficient and have robust applications in high-
speed information transmission, optical communication,*
optical information storage,” and terahertz technology,
surpassing commercially available inorganic materials.**”
There are still many challenges that need to be solved in the
synthesis of OEO materials, such as optimizing the structural
features of OEO materials to obtain a larger electro-optic coef-
ficient (r33), and improving their photothermal as well as
polarization orientation stability.® The non-centrosymmetric
arrangement of OEO chromophores directly affects the
electro-optic properties under an electric field. The anti-parallel
packing of chromophores is directly proportional to the
macroscopic electro-optic coefficient, and chromophores with
high dipole moments and electrostatic interactions between the
molecules can lead to a restriction of the anti-parallel packing of
the chromophores.” Therefore, the designs of chromophores
need to have weak electrostatic forces between the molecules in
the polymer matrix, which would lead to a high electro-optic
coefficient.’ In general, the configuration of chromophores is
divided into a few major components, such as the electron
donor, w-bridge, and electron acceptor (D-m-A)."* Many
researchers are attempting to tackle these issues by modifying
the chromophore through the insertion of bulky electron-rich
donors, electron-deficient acceptors, and m bridges (Fig. 1).">*
According to the literature, significant attention has been
paid to the modification of the electron bridge and accepter to
improve the performance of second-order nonlinear optical
materials.’* However, the electron donor, which has played
a crucial role in the performance of EOE materials, has received

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of chromophores BLD-1, 3 and AR-1.

minimal attention.'* Most of the reported donors belong amine-
based derivatives, such as 4-(dialkylamino)phenyl groups,* tri-
phenylamine,* and second-order nonlinear optical (NLO),"”
third-order NLO, two-photon absorption,*® and hole-transport
materials.” Previously, some research groups used DFT calcu-
lations to compare the systematic strength of different amine
groups, yielding valuable insights for the design of excellent
OEO materials.”® Based on the results of DFT calculations, we
designed a novel chromophore that possesses a strong electron-
donating capability, an electron-rich bridge, and a strong

R= OTBDMS
BLD-1

Fig. 2 Synthetic routes for chromophores BLD-1, 3 and AR-1.

© 2024 The Author(s). Published by the Royal Society of Chemistry

electron-acceptor capability, as well as very bulky groups on the
donor and bridge to avoid self-assembly (Fig. 2).2"

This work involves the invention of a novel chromophore,
which includes modifications to the previously published BLD1
and BLD3 chromophores developed by our research team. BLD1
and BLD3 have silicon functional groups on the donor and
bridge, which increases the likelihood of self-assembly; there-
fore, we changed the silicon functional groups to a bulky cyclic
alkene to improve the material's dipole moment and EOE
properties.”> The chromophore synthesis, UV-vis calculations,
solvatochromic behavior of the chromophore, DFT quantum
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mechanical calculations, thermal stabilities, and EO activities
of the synthesized chromophores were systematically studied
and compared to illustrate the influence of electron-donating
groups on rational NLO chromophore design.

Thermal stability

Thermal stability is the basic requirement for the poling process
and EO device application; therefore, chromophores must show
stability over 150 °C temperature.” The thermal stability of the
synthesized chromophore was investigated using thermogravi-
metric analysis (TGA) under nitrogen at a heating rate of 10 °C
per min and the results are plotted in the graph in Fig. 3. The
decomposition temperatures (T4, 5% weight loss) of all the
synthesized chromophores were found to be above 200 °C,
which is a clear indication that these chromophores were well
suited for making an EO device and for exploring the applica-
tions of the poling process. From all three synthesized chro-
mophores, the chromophore AR-1 exhibited the highest
decomposition temperature (T4, 285 °C) among all the synthe-
sized chromophores, such as BLD3 (T4, 225 °C) and chromo-
phore BLD1 (T4, 207 °C). The differences in decomposition
temperature between these chromophores could be attributed
to the different kinds and sizes of isolation groups in each
chromophore, and as the AR-1 chromophore exhibited the
highest decomposition temperature because of its bulky and
strong bonding functional groups. Therefore, the exceptional
thermal stabilities of the newly designed chromophore render
them highly suitable and compatible for practical device fabri-
cation and the development of EO devices (Fig. 4).

Optical properties

The UV-visible absorption spectra of the three synthesized
chromophores in different solvents, from low to high polarity,
with different dielectric constants. Were investigated to observe

——BLD-1
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Fig. 3 TGA curves of BLD-1, 3 and AR-1 obtained at a heating rate of
10 °C min~tin a nitrogen atmosphere.
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Fig. 4 UV-Vis absorption spectra of the chromophores BLD-1, 3 and
AR-1in films.

the effects of different kinds of isolation groups on the charge-
transfer absorption properties, as shown in Fig. 5; and the
observed spectrum data are summarized in Table 2. The
synthesized chromophores BLD-1, BLD-3, and AR-1 exhibited
absorption maxima (An.) in chloroform at 891, 905, and
857 nm, respectively. The remarkable differences in absorption
maxima provide compelling evidence that changing the isola-
tion groups has a strong effect on the charge-transfer properties
of the chromophores.* These findings suggest that the neutral
form of chromophores in the ground state will prevail over the
charged separated form.>® The absorption maxima (A,.y) values
of AR-1 were hypsochromically shifted to (ca. 34-48 nm)
compared to those of the corresponding analogs BLD-1 and
BLD-3, which was probably due to the introduction of the new
donor having an electron-accepting ester group. These donors
have lower electron-donating capability, but they have the
functional group necessary for the DA reaction, enabling their
transformation into large dendrimers exhibiting supramolec-
ular characteristics. The significant differences in the absorp-
tion spectra were due to the different electronic properties and
bulkiness of the isolation group. The chromophores BLD-1 and
BLD-3 had the same kinds of different isolation groups, TBDMS
and TBDPS, respectively. However, the chromophore having
a more steric isolating group (TBDPS) was bathochromically
shifted (ca. 13-14 nm) compared to the chromophore having
a less steric isolation group (TBDMS); however, in the case of the
chromophore AR-1, which has an electron-withdrawing ester
group and more steric isolation groups than BLD-1 and BLD-3,
it displayed a hypsochromic shift (ca. 85-103 nm).

In addition, the solvatochromic behavior of the synthesized
chromophores in different solvents with different polarities was
examined.”® A broad m-7* intramolecular charge-transfer (ICT)
absorption band was found in all chromophores. The synthe-
sized chromophores had remarkable distinct optical features in
the solvatochromic and absorption bands in polar solvents,
such as chloroform and acetonitrile. All the chromophores

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-Vis absorption spectra of the chromophores BLD-1, 3 and AR-1 in six kinds of aprotic solutions with different varying dielectric

constants and the chromophores BLD-1, 3 and AR-1 in chloroform.

continuously shifted from smaller to longer wavelengths when
the solvent polarity was shifted from low polar to high polar
solvents such as dioxane to chloroform. However, this followed
a reverse order for the absorption maxima (hypsochromic)
when the polarity of solvents was shifted for more highly polar
solvents, such as from chloroform to acetonitrile. The absorp-
tion maxima of all chromophores were also investigated in the
film. The film absorption maxima of BLD-1, BLD-3, and AR-1
were 1105, 1099, and 1093 nm, respectively, which were totally
different from the absorption maxima in solutions. This
difference may be due to several mechanisms, such as the self-
assembly and strong interactions between chromophores in the
solid state.””

Theoretical calculations

The ground state polarization and microscopic NLO properties
of all the synthesized chromophores were deeply investigated,
and the effect of different isolation groups on these properties
was studied using DFT calculations in the Gaussian 09 program
package at the CAMB3LYP level by employing the split valence
6-31g(d) basis set.® In all the DFT calculations, such as the first
hyperpolarizability (8), dipole moments (¢), and HOMO-LUMO
energy gaps, all the chromophores were supposed to be in the
trans state, and the results are summarized in Table 1 and
Fig. 6.

The HOMO-LUMO energy gap is crucial for determining the
capacity of the charge-transfer interaction between the

© 2024 The Author(s). Published by the Royal Society of Chemistry

chromophores. We performed DFT calculations on all chro-
mophores to determine the HOMO-LUMO energy gaps. The
calculated values for the energy gaps were 1.73, 1.75, and
1.79 eV, respectively. The energy gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied

Table 1 Thermal and optical properties data of the chromophores

Compounds  Amax [nm]  AE(DFT)® (eV)  Beoe’ (107 esu)  u° (D)
BLD1 891 1.746 1722 27.79
BLD3 905 1.750 1732 28.58
AR-1 802 1.799 1353 20.97
JRD1 7 784 1.94 1030 26.19
YLD124 ¢ 786 2.057 464 22.35

“ Calculated from DFT calculations. ? First-order hyperpolarizability
calculated from DFT calculations. ¢ Total dipole moment. ¢ See ref. 21.

Table 2 Thermodynamic and UV absorption data of the
chromophores

Compound Ta (°C) Amax Amax’ AX° Amaxt
BLD1 207 891 789 102 1105
BLD3 225 905 807 98 1099
AR-1 285 857 781 76 1087

“ (nm) measured in chloroform. ? (nm) measured in dioxane. ° (nm)

difference between Ay, and Apax ¢ (nm) measured in film, respectively.

RSC Adv, 2024, 14, 1350-11357 | 11353
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Fig. 6 HOMO and LUMO energy levels of the chromophores.

molecular orbital (LUMO) thus increased in the series of chro-
mophores. This indicates that the ability of charge transfer
within the molecules was limited or hindered. Consequently,
the chromophore with a larger HOMO-LUMO energy gap
exhibited smaller values for the absorption maxima (Anax). The
inferences drawn from the DFT calculations aligned closely with
the findings obtained from the UV-vis spectroscopic research.

The HOMO-LUMO energy gap impacts the ¢ value of chro-
mophores, exhibiting an inverse relationship; whereby when
the gap increased, the § value decreased and vice versa.** The
@ value of chromophores plays a crucial role in the optical
properties of chromophores. The chromophores BLD-1 and
BLD-3 had lower energy gaps than the chromophore AR-1. This
indicates that the first two chromophores have a greater likeli-
hood of electron localization and a significant first-order
hyperpolarizability 8 value compared with the chromophore
AR-1. The calculated first-order hyperpolarizability of AR-1 was
1353 because of electron withdrawal and the presence of a bulky
steric isolating group on the chromophore, but the dipole
moment of AR-1 was less than that of BLD-1 and BLD-3. The
dipole moment also plays a key role in the manufacturing of EO
devices, and a chromophore with a smaller dipole moment is an
excellent choice for manufacturing EO devices.*® We also
calculated the first-order hyperpolarizabilities of the classical
chromophores JRD1 and YLD124, and compared the values
with those of the synthesized chromophores. The first-order
hyperpolarizability of chromophore AR-1 was 1.31 times
higher than that of JRD1 and 2.91 times higher than that of
YLD124. The differences in values were due to the narrow gap of
the HOMO-LUMO of the AR-1 chromophore as compared to
JRD1 and YLD124.

The smaller energy gaps and higher first-order hyper-
polarizabilities of BLD-1 and BLD-3 could be attributed to the
isolating group. Unlike AR-1, which has an ester group that
withdraws electron density, BLD-1 and BLD-3 do not have this
electron-withdrawing functionality. The AR-1 chromophore was

M354 | RSC Adv, 2024, 14, N350-N357

preferred over JRD1 and YLD124 only because of the introduc-
tion of a double electron-donor isolating group, which is a more
powerful donor and allows for easier charge separation
compared to the single electron donors in JRD1 and YLD124.**
The @ values determine the influence of donor groups on the
absorption charge-transfer band. The trend of increasing A ax
was consistent with the increasing g value, as shown in Fig. 5.

Materials and instruments

All chemicals were commercially purchased and used without
further purification unless otherwise stated. Ultra-dry reagent
solvents, such as N,N-dimethyl formamide (DMF) and tetrahy-
drofuran (THF), were purchased from reagent companies. Pre-
coated analyses of 0.25 mm thick TLC silica plates were
performed, and spots were visualized under UV light. Kieselgel
(200-300 mesh) of silica gel was used for the silica gel chro-
matography. '"H NMR spectra were recorded on an Advance
Bruker 500M (500 MHz) NMR spectrometer (with tetrame-
thylsilane as an internal reference). The MS spectra were ob-
tained by matrix-assisted laser desorption/ionization of flight
(MALDI-TOF) on a BIFLEXIII (Broker Inc.) spectrometer. The
UV-vis spectra were recorded on a Shimadzu UV-1800 photo-
spectrometer. TGA was performed using a PerkinElmer TGA-
4000 system at a heating rate of 10 °C min~"' under nitrogen
protection.

Beside 3b, all the procedures have been already reported in
the literature.*

Synthesis of 3b

3,5-Bis((cyclohex-1-ene-1-carbonyl)oxy)benzoic acid (0.50 g,
0.082 mmol), N,N-dimethylpyridin-4-amine (0.010 g, 0.0082
mmol), and EDCI (1.36 g, 0.0082 mmol) were added to a Schlenk
tube and purged with N,. Next, 30 mL of dry DCM was added to
the reaction flask, which was then cooled at 0 °C. A solution of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(E)-2-(3~((E)-4,4-bis(4-(ethyl(2-hydroxyethyl)Jamino)phenyl)buta-
1,3-dien-1-yl)-2-((2-hydroxyethyl)thio)-5,5-dimethylcyclohex-2-
en-1-ylidene)acetaldehyde compound 2 (0.5 g, 0.827 mmol) in
10 mL DCM was slowly added to the above solution. The reac-
tion was kept for 3 h at 0 °C, and then the reaction mixture was
shifted to room temperature. After completion of the reaction
based on TLC, the reaction was quenched by adding 100 mL of
water. The organic phase was extracted with ethyl acetate,
washed with brine, and dried over MgSO,. After removing the
solvent in a vacuum, the crude product was purified by silica
chromatography and eluted with ethyl acetate/hexane (1:15 to
1:10) to give compound 3b as an oil in a 90% yield (0.98 g, 0.59
mmol). MS (MALDI) (M+, CgoHjosN,010S): caled: 1661.73;
found: 1661.70. "H NMR (600 MHz, chloroform-d) 6 10.14 (d,J =
8.0 Hz, 0H), 7.70 (d, J = 2.2 Hz, 1H), 7.68 (d,J = 2.2 Hz, 1H), 7.61
(d,J=15.2 Hz, 0H), 7.26 (dtt,J = 11.5, 3.8, 1.7 Hz, 1H), 7.22 (ddt,
J=5.7,4.5, 2.0 Hz, 1H), 7.20-7.12 (m, 2H), 6.98 (d, J = 8.0 Hz,
0H), 6.90 (dd, J = 15.2, 11.2 Hz, 0H), 6.83-6.80 (m, 1H), 6.71-
6.60 (m, 1H), 4.53 (t,J = 6.5 Hz, 1H), 4.49 (t,] = 6.6 Hz, 1H), 4.36
(t,J = 6.9 Hz, 1H), 3.77 (t,J = 6.5 Hz, 1H), 3.71 (t,] = 6.6 Hz, 1H),
3.53 (q, J = 7.0 Hz, 1H), 3.48 (q, J = 7.0 Hz, 1H), 2.94 (t, ] =
6.9 Hz, 1H), 2.42-2.21 (m, 9H), 1.82-1.61 (m, 9H), 1.27 (td, J =
7.1, 3.4 Hz, 2H), 1.21 (t, J = 7.1 Hz, 1H). *C NMR (151 MHz,
CDCl;) 6 191.50, 165.31, 165.23, 165.14, 165.04, 164.75, 156.26,
151.52, 151.50, 151.42, 147.91, 147.50, 147.28, 142.98, 142.93,
142.80, 135.48, 132.31, 131.80, 131.27, 130.50, 129.84, 129.45,
129.44, 129.39, 127.43, 127.00, 126.78, 124.29, 120.72, 120.63,
120.24, 120.20, 120.13, 111.34, 111.22, 63.75, 62.70, 62.44,
60.41, 48.73, 48.68, 45.52, 45.40, 41.52, 39.94, 33.09, 30.03,
28.22, 26.10, 26.07, 24.16, 24.14, 21.98, 21.97, 21.32, 21.30,
21.06, 14.21, 12.44.

Synthesis of the chromophore AR-1

Compound 3b (0.5 g, 0.52 mmol) and 2-(3-cyano-4-methyl-5-
phenyl-5-(trifluoro-methyl)furan-2(5H)  ylidene)malononitrile
(0.18 g, 0.58 mmol) in anhydrous ethanol (10 mL) were added to
a two-necked flask in a nitrogen atmosphere. After reacting for
6 h at 65 °C, the solution was concentrated using a rotary
evaporator. The crude product was purified by column chro-
matography using ethyl acetate and hexane (v/v, 1:8to 1:1) as
the eluent to give chromophore AR-1 as a green solid in an 80%
yield (0.52 g, 0.42 mmol). HRMS (ESI) (M+, Cy15H;14F3N5040S):
caled: 1958.78; found: 1958.58. "H NMR (600 MHz, chloroform-
d) 6 7.96 (s, 1H), 7.73-7.61 (m, 7H), 7.58-7.48 (m, 5H), 7.42 (d, J
= 12.4 Hz, 1H), 7.28-7.20 (m, 10H), 7.19-7.12 (m, 3H), 6.82 (d, J
= 8.3 Hz, 2H), 6.71 (dd, J = 22.8, 10.0 Hz, 3H), 6.42 (d, ] =
14.4 Hz, 1H), 4.53 (t, ] = 6.6 Hz, 2H), 4.49 (t,] = 6.5 Hz, 2H), 4.33
(td, J = 6.7, 1.9 Hz, 2H), 3.78 (t, /] = 6.5 Hz, 2H), 3.73 (t, ] =
6.6 Hz, 2H), 3.52 (dq, J = 28.0, 7.0 Hz, 4H), 2.94 (t, ] = 6.6 Hz,
2H), 2.39-2.33 (m, 15H), 2.28 (dt,J = 7.3, 3.3 Hz, 12H), 1.76-1.70
(m, 12H), 1.69-1.60 (m, 10H), 1.28 (t,] = 7.1 Hz, 8H), 1.23 (t, ] =
7.0 Hz, 3H). "*C NMR (151 MHz, CDCl;) 6 175.83, 171.19, 165.31,
165.22, 165.13, 165.04, 164.70, 162.17, 157.71, 155.18, 151.72,
151.54, 151.48, 148.21, 147.86, 147.02, 143.02, 142.97, 139.48,
132.74, 131.72, 131.59, 131.49, 131.23, 130.60, 130.23, 130.03,
129.61, 129.43, 129.40, 129.14, 128.45, 127.01, 126.81, 125.54,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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124.87, 120.86, 120.76, 120.23, 120.11, 116.94, 111.66, 111.54,
111.37, 111.18, 111.00, 63.44, 62.54, 62.30, 60.41, 48.72, 48.66,
45.59, 45.46, 41.62, 41.16, 34.03, 30.32, 28.50, 27.73, 26.10,
24.15, 21.97, 21.30, 21.06, 14.21, 12.43.

Conclusion

We developed a new bulky chromophore with extremely low
dipole moments and very high § values compared to conven-
tional JRD1 and YLD124 chromophores by modification of the
previously reported BLD1 and BLD3 chromophores developed
by our research team. BLD1 and BLD3 possess silicon-based
isolating groups on the donor and bridge, which increases the
likelihood of self-assembly. Therefore, we replaced the silicon
functional groups with a bulky cyclic alkene to improve their
dipole moment and 8 values compared to conventional chro-
mophores. This study involved several steps, including the
synthesis of the chromophore, UV-vis calculations, analysis of
the solvatochromic behavior, DFT quantum mechanical calcu-
lations, and evaluation of the thermal stabilities. The synthe-
sized chromophores were systematically studied and compared
to illustrate the influence of the cyclic alkene on electron-
donating groups on rational NLO chromophore design.
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