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sslinkable chromophores with
ultrahigh electro-optic coefficients and long-term
stability†

Ziying Zeng,a Jianhua Liu,*b Tongyu Luo,a Zhibei Li,a Juanfei Liao,a Weijun Zhang,a

Lian Zhanga and Fenggang Liu *a

The development of organic electro-opticmaterials with ultrahigh electro-optic coefficients and high long-

term alignment stability is the most challenging topic in this field. Next-generation crosslinkable nonlinear

optical chromophore molecular glasses were developed to address this problem. A highly stable EO system

including crosslinkable binary chromophores QLD1 and QLD2 or crosslinkable single chromophore QLD3

and multichromophore QLD4 with large hyperpolarizability was synthesized using tetrahydroquinoline as

the donor. When the temperature continues to rise after poling, the chromophores modified with

anthracene and acrylate can undergo Diels–Alder crosslinking reaction to fix the oriented chromophores

through chemical bonds. After crosslinking, the QLD1/QLD2 and QLD2/QLD4 films achieved very high

maximum r33 values of 327 and 373 pm V−1, respectively, which are the highest values reported for

crosslinkable chromophore systems. After Diels–Alder cycloaddition, the glass transition temperature of

the EO film increased by ∼90 °C to 185 °C, which is higher than for any other pure chromophore films.

After being annealed at 85 °C, 99.63% of the initial r33 value could be maintained for over 500 h. The

ultrahigh electro-optic activity and high long-term alignment stability of these materials showed new

breakthroughs in organic EO materials for practical device explorations.
1 Introduction

With the global spread of COVID-19, more work has to be done
online, which has aroused people's desire for faster broadband
services. Moving forward to the next-generation network and 5G
will help to solve this problem. Our entire communication
network now relies heavily on optical communication tech-
nology. Our backbone network, optical broadband and 5g are all
inseparable from the support of optical communication tech-
nology. An electro-optic modulator is a key functional device
that loads electronic signals onto optical carriers. Electro-optic
material is the core component of an electro-optic modulator.1,2

At present, most of the materials in commercial devices are
inorganic materials, such as lithium niobate (LiNbO3) and other
inorganic crystal materials.3

Organic nonlinear optical materials have the advantages of
high electro-optic coefficient, fast response speed and good
processability and integration, having great applications in
high-speed information transmission,4 optical
ering, Guangzhou University, Guangzhou

du.cn

se, Shenzhen 518129, P. R. China. E-mail:

tion (ESI) available. See DOI:

the Royal Society of Chemistry
communication,5 optical information storage, terahertz tech-
nology,6 and other elds.7,8 Recently, CLD-type organic second-
order nonlinear chromophores have been used to prepare 500
GHz electro-optic modulators,9,10 terahertz eld detectors,11,12

plasmonic devices13–15 and other optoelectronic devices.16,17 All
of these indicate that organic second-order nonlinear chromo-
phores have broad practical prospects.

However, the practical application of organic electro-optic
chromophores still faces many challenges. How to obtain
organic electro-optic chromophores with a large electro-optic
coefficient (r33 value), photothermal stability and polarization
orientation stability is still a problem to be solved.18,19 In order to
show the electro-optic activity, the chromophore molecules need
to be polarized under the electric eld and exhibit a non-
centrosymmetric arrangement. However, the chromophore
molecules usually have large dipole moments, and the electro-
static interaction between the molecules will hinder the ordered
arrangement, thus reducing the macroscopic electro-optic coef-
cient.20,21 It has been reported in the literature that introducing
branching groups to the donor, electron bridge or acceptor of
a chromophore can weaken the dipole–dipole interaction,
allowing a higher electro-optic coefficient to be obtained.22,23

Researchers also put forward the concept of a dendrimer,24,25

which connects multiple chromophore molecules together
through chemical bonds to form a dendritic structure,26,27 and
further weakens the electrostatic interaction between molecules.
Chem. Sci., 2022, 13, 13393–13402 | 13393
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Many branched chromophores with excellent properties have
been designed to weaken the dipole–dipole interaction and the
electro-optic coefficient has been greatly improved, exceeding 300
pm V−1.28 However, compared with polymers, the glass transition
temperature of small chromophore molecules is lower, and the
polarization orientation stability of organic electro-optic mate-
rials has long been a technical bottleneck in this eld. At high
temperature, under the action of an electric eld the ordered
arrangement of chromophore molecules will degenerate into
disordered isotropic arrangement due to electrostatic interac-
tion, and the electro-optic coefficient will also decline. The main-
chain or side-chain polymers have high Tg, but their low electro-
optic coefficients limit their application.29 New crosslinked
electro-optic materials have started to appear, and have become
the most promising new electro-optic materials for achieving
a high electro-optic coefficient and high orientation stability.30

Aer polarization orientation, a crosslinking reaction takes place
between molecules, forming a chromophore network in the form
of chemical bonds, xing the oriented chromophore molecules,
and greatly improving the stability of the poling orientation of the
material.

However, there are few reports on crosslinked electro-optic
materials, and many of them are in exploratory research.31–37 At
present, crosslinked electro-optic materials still have the
following problems: the crosslinked objects are mainly chromo-
phores and polymers/small molecules.38 Because of the presence
of polymer or small-molecule crosslinking agents, the chromo-
phore content is low (usually less than 25 wt%). Although the
introduction of binary chromophores can increase the chromo-
phore content, it signicantly reduces the glass transition
temperature.39 We abandoned the traditional polymer cross-
linking system and developed a new type of binary crosslinked
Fig. 1 Chemical structure for chromophores QLD1–4.

13394 | Chem. Sci., 2022, 13, 13393–13402
molecular glass (neat EO materials) called HLD1/HLD2, as we
previously reported in the literature and as shown in Fig. S16,
ESI.† 40 The chromophore content in the electro-optic lm is as
high as 100 wt% without any small-molecule or polymer cross-
linkers, which is benecial to the improvement of the electro-
optic coefficient. Moreover, aer crosslinking, the glass transi-
tion temperature of the chromophore is also greatly improved.
This is a material with a high electro-optic coefficient and
stability. However, chromophores HLD1/HLD2 still have much
room for improvement. For example, the rst-order hyper-
polarizability of chromophores HLD1/HLD2 is still not large
enough, and their glass transition temperature needs to be
improved. We therefore developed the next generation of cross-
linked molecular glasses, QLD1–QLD4, as shown in Fig. 1. We
used tetrahydroquinoline as the donor chromophore, which
makes the rst-order hyperpolarizability of the QLD chromo-
phore series about ∼15% higher than that of the HLD series,
which is promising for obtaining a larger electro-optic coefficient.
At the same time, due to the introduction of new donors and new
congurations, the glass transition temperature of the chromo-
phores has also increased by 10–40 °C. In addition, a cross-
linkable single-component electro-optic material, QLD3, and
a crosslinkable multi-chromophore, QLD4, were proposed for the
rst time. The QLD series materials have electro-optical coeffi-
cients larger than 300 pm V−1 and glass transition temperatures
of more than 185 °C, showing excellent performance.
2 Results and discussion
2.1 Thermal stability

In order to understand the decomposition of QLD1–4 at high
temperatures, the four chromophores were tested using
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) TGA curves of chromophores QLD1–4. (b) DSC curves of chromophores QLD1 and QLD2. (c) UV-vis absorption spectra of chro-
mophores QLD1–4 in chloroform. (d) Hyperpolarizability in toluene, chloroform and tetrahydrofuran solution for chromophores HLD1, HLD2,
and QLD1–4 calculated by DFT (M062X/6-31+G(d)).
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a thermogravimetric analyser (TGA) under nitrogen at a heating
rate of 10 °C min−1 and the obtained results are shown in
Fig. 2a and Table 1. All four chromophores exhibited good
thermal stability, with all of them decomposing at temperatures
(Td, 5% weight loss) above 250 °C (257–317 °C), which facilitates
the exploration of polarization processes and the fabrication of
EO devices. Among the four synthesized chromophores, chro-
mophore QLD2 had the highest decomposition temperature
(Td, 317 °C), followed by chromophore QLD1 (Td, 273 °C),
chromophore QLD3 (Td, 270 °C) and chromophore QLD4 (Td,
257 °C).

The glass transition temperature (Tg) is an important indi-
cator for chromophores, affecting the poling temperature and
Table 1 Thermal and optical properties data of the chromophores

Compound Td (°C) lmax
a (nm) lmax

b (nm) Dlc (nm) Tg (°C)

QLD1 273 800 737 63 93
QLD2 317 790 734 56 75
QLD3 270 798 721 77 74
QLD4 257 801 721 80 122

a Measured in chloroform. b Measured in dioxane. c The difference
between lmax

a and lmax
b.

© 2022 The Author(s). Published by the Royal Society of Chemistry
long-term alignment stability of the material. The glass transi-
tion temperature is very important for the stability of the
electro-optic coefficient. When the temperature exceeds the
glass transition temperature, the chromophore molecules with
polarization orientation under the electric eld can easily
return to the isotropic arrangement, thus losing the electro-
optic coefficient. For pure chromophore lms, the glass tran-
sition temperature is usually less than 120 °C.41,42 The occur-
rence of a crosslinking reaction helps to improve the glass
transition temperature, which was conrmed by the test results.

The glass transition temperature (Tg) of the chromophores
was measured using differential scanning calorimetry (DSC), as
shown in Fig. 2b and S13–15, ESI.† The glass transition
temperatures of the chromophores QLD1–4 were 93 °C, 75 °C,
74 °C and 122 °C, respectively. The glass transition temperature
of chromophore QLD1 is 20 °C higher than that of HLD1, which
also explains why the crosslinked QLD1/QLD2 has a higher
glass transition temperature than HLD1/HLD2. The glass tran-
sition temperature of chromophore HLD4 was further increased
to 120 °C due to the larger molecular weight of the multi-
chromophore conguration.

Then, we doped the chromophores QLD1 and QLD2 in a 2 : 1
mass ratio, and during the heating process (150 °C for 30 min),
the anthracene group of QLD1 and the acrylate group of QLD2
would crosslink and the small molecules would thus become
Chem. Sci., 2022, 13, 13393–13402 | 13395
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polymers. Aer crosslinking, the glass transition temperature of
2 : 1 QLD1 : QLD2 was increased to 185 °C; the anthracene
group of QLD3 reacts with the acrylate group aer crosslinking
and the glass transition temperature was measured to be 184 °
C. The glass transition temperatures of 2 : 1 QLD1/QLD2 and
QLD3 aer crosslinking were similar, which may indicate that
the crosslinking reaction only occurs between one anthracene
group and one double bond of acrylate owing to the steric
hindrance. The glass transition temperatures of the 2 : 1 QLD1/
QLD2 and QLD3 chromophores aer crosslinking exceed 180 °
C, placing them among the highest reported glass transition
temperatures for pure chromophores.43
Table 2 Summary of UV-vis and DFT data

Compound lmax (nm) DE (DFT)a (eV) btot
b (10−30 esu) mc (D)

QLD1 800 1.96 1130 24.5
QLD2 790 1.91 1155 23.3
QLD3 798 1.97 1177 24.8
QLD4 801 1.97 1109 24.3
HLD1 745 2.02 969 23.5
HLD2 742 2.02 1027 23.6

a Calculated from DFT calculations. b The rst-order hyperpolarizability
in vacuum calculated fromDFT calculations. c The total dipolemoment.
2.2 Optical properties

In order to compare the effect of different electron donors on
the charge transfer ability of the chromophores, the UV-vis
absorption spectra of the four chromophores were tested in
different solvents and lms with different dielectric constants.
As shown in Fig. 2c and S11, ESI,† the maximum absorption
wavelengths of the chromophores QLD1–4 in chloroform are
800 nm, 790 nm, 798 nm and 801 nm, respectively. Compared to
the chromophores HLD1 and HLD2 (745 nm and 742 nm),
which are based on common aniline derivatives, the maximum
absorption wavelength of the chromophores QLD1–4 was
redshied by about 50 nm. The six-membered ring structure on
the tetrahydroquinoline donor effectively enhances its electron
donor ability, reduces the molecular energy range, and thus
causes a red shi. The larger UV absorption wavelengths indi-
cate that the QLD series chromophores have greater rst-order
hyperpolarizability than HLD, which is consistent with the later
theoretical calculation results.

The solvatochromic behavior of the four chromophores was
also studied in six different polar solvents, as shown in Fig. S11,
ESI.† The solvent-dependent spectral behavior of the chromo-
phores was similar to that of tetrahydroquinolinyl-based CLD-
type chromophores, which suggests that the chromophores
QLD1–4 could be polarized quite close to the cyanine limit in the
most polar solvents due to the use of stronger
tetrahydroquinoline-based electron donors.30 The thin lm lmax

values ranged from 790 to 801 nm for QLD1–4, 2 : 1 QLD1/QLD2
and 3 : 4 QLD2/QLD4. In addition to the main absorption peak,
there is also a long-wavelength shoulder of UV absorption in the
lm, which was attributed to the formation of aggregates at
higher chromophore concentrations. This phenomenon is also
common in lmswith similar chromophores such asHLD1–2.40,44

To determine the effect of crosslinking, UV absorption
spectra were determined in lms of QLD1 alone and QLD2
alone; in an uncrosslinked 2 : 1 blend of QLD1 and QLD2; and
in a crosslinked 2 : 1 blend of QLD1 and QLD2. QLD3 was tested
in lms before and aer crosslinking alone. QLD4 was cross-
linked with QLD2 and tested similarly to QLD1 and QLD2. The
lm of 2 : 1 QLD1/QLD2 showed an absorption maximum at
782 nm that was blue-shied to 761 nm aer baking at 150 °C
under vacuum for 30 min to allow the crosslinking reaction to
occur. Similarly, chromophores QLD3 and QLD2/QLD4 also
have blue shis of 25 and 24 nm, respectively, aer heating and
13396 | Chem. Sci., 2022, 13, 13393–13402
crosslinking, as shown in Fig. S12, ESI.† The occurrence of
a crosslinking reaction can also be conrmed by the UV
absorption of the lm before and aer heating. The anthracene
functional group has an absorption peak between 325 and
400 nm. Upon heating, the intensity of the anthracenyl
absorption bands located at around 350, 370, and 390 nm
decreased signicantly, thus proving that the crosslinking
reaction between anthracene and acrylate does take place. At
the same time, it is worth noting that when heated at 150 °C for
30 minutes, the main absorption peak of the chromophore did
not decrease, which indicates that the crosslinking reaction can
effectively enhance the stability of the chromophore.

2.3 Theoretical calculations

In order to compare the microscopic nonlinearities, charge
transfer and steric congurations of the different chromo-
phores, structural optimisation and theoretical calculation of
the rst-order hyperpolarizability were carried out for chromo-
phores QLD1–4. For the stereo conguration, the theoretical
calculations were performed using the Gaussian 09 soware
package, the cam-B3LYP method of the density functional
method (DFT) combined with the 6-31g(d,p) basis group.45,46 For
the calculations, the chromophores were optimised assuming
that all molecules were in the trans conguration and we
calculated the ground and excited state energy levels, dipole
moment (m), electron cloud density and microscopic rst-order
hyperpolarizability b for the chromophores. The charge transfer
interactions within the chromophores can be calculated from
the energy level differences between the HOMO and LUMO
molecular orbitals.

DFT calculations were used to determine the HOMO–LUMO
energy level difference (DE) for the chromophores QLD1–4 with
values of 1.96 eV, 1.91 eV, 1.97 eV and 1.97 eV, respectively, as
shown in Table 2. As the energy level difference (DE) within
a series of chromophores and their analogues increases, a blue
shi of lmax is observed, which corresponds to the ndings
observed in the UV-vis spectral analysis. Among these four
chromophores, the b values did not show signicant differences
owing to the consistent structure of the chromophore bodies.
We also calculated the rst-order hyperpolarizabilities of the
classical crosslinkable chromophores HLD1–2 as a comparison.
According to the calculation results, the rst-order hyper-
polarizability of chromophores QLD1–4 was higher than those
of HLD1–2 due to a narrow energy level difference between the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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HOMO and LUMO. This proves that introducing tetrahy-
droquinoline into the donor of a crosslinkable chromophore
can signicantly improve the rst-order hyperpolarizability.
DFT calculations were also performed at the M062X/6-31+G(d)
level of theory in implicit solvent (PCM) environments in
different solvent, such as THF, chloroform and toluene, to
assess the effects of solvent on the dipole moments and
hyperpolarizability, as shown in Fig. 2d and Table S1, ESI.† The
chromophore achieved the maximum rst-order hyper-
polarizability in tetrahydrofuran, rather than in chloroform.
The rst-order hyperpolarizability of chromophores QLD1–4 in
solvent was also higher than those of HLD1–2.

2.4 Testing of electro-optical coefficients

In order to test the electro-optic coefficients of the binary
crosslinked molecular glassed, we prepared pure chromophore
Fig. 3 Poling curve plots of r33 vs. poling field.

© 2022 The Author(s). Published by the Royal Society of Chemistry
lms from the chromophores, and then polarized them under
different conditions to test the electro-optic coefficients of the
uncrosslinked and crosslinked molecular glasses. The prepa-
ration steps before polarization are as follows: the neat chro-
mophores were ultrasonicated for 15 minutes, dissolved in
freshly distilled dibromomethane and then ltered through
a syringe with 0.2 mm PTFE lter material. The ltered chro-
mophore solution was spin-coated with indium oxide (ITO)
glass substrate. The lms were heated for 12 h in a vacuum at
50 °C (for drying) or 65 °C (for pre-crosslinking) to ensure
removal of residual solvents or for the pre-crosslinking
process.40 The contact polarization process takes place at the
appropriate temperature to polarize as many molecules as
possible. The electro-optic coefficient (r33) was tested using the
Teng-Man simple reection method at the wavelength of
1310 nm.47 A benzocyclobutene (BCB) charge injection barrier
Chem. Sci., 2022, 13, 13393–13402 | 13397
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Table 3 Electric field poling data for EO chromophores in bulk devices

Compound rN (×1020 molecules per cm3)a Poling temp. (°C) r33 /Ep (nm2 V−2)b r33 /(EprN)
c Max. r33 (pm V−1)

QLD1 4.84 99 3.03 � 0.09 0.63 � 0.02 252
QLD2 4.74 81 2.79 � 0.10 0.59 � 0.02 233
QLD3 4.79 80 2.92 � 0.09 0.61 � 0.02 242
QLD4 4.97 127 3.43 � 0.13 0.69 � 0.03 276
QLD1 : QLD2 4.81 95 3.89 � 0.10 0.81 � 0.02 386
2 : 1 QLD1/QLD2 (crosslinked) 4.81 100–160 2.68 � 0.09 0.56 � 0.02 327
QLD3 (crosslinked) 4.79 100–160 2.43 � 0.10 0.51 � 0.02 311
3 : 4 QLD2/QLD4 (crosslinked) 4.87 100–160 3.08 � 0.10 0.63 � 0.02 373

a Number density (assumes mass density of 1 g cm−3). b Average from multiple poling experiments. c Poling efficiency per number density (nm2

V−2/(1020 molecules per cm3)).
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layer was used between the ITO and the EO material for some
devices.44,48

We rst tested the macro electro-optical performance of the
chromophores without crosslinking. The polarization process is
a conventional poling process, and the poling temperature is 5–
10 °C higher than the glass transition temperature of the
chromophore. The average poling efficiencies (r33/poling eld
or r33/Ep) of QLD1 and QLD2 were 3.03 ± 0.09 and 2.79 ± 0.10
nm2 V−2, respectively, as shown in Fig. 3 and Table 3. These
values were larger than those for chromophores HLD1 and
HLD2 due to the larger hyperpolarizability. Because the conju-
gated structure of the chromophore molecules has not changed,
chromophore QLD3 shows a poling efficiency similar to those of
QLD1 and QLD2. The mutichromophore QLD4 with dendritic
structure shows greater polarization efficiency than QLD3. This
is because chromophores are separated by chemical bonds,
which reduces the dipole–dipole interaction between molecules
and improves the efficiency of polarization. Because it is a pure
chromophore electro-optic lm, too high voltage cannot be
loaded on the lm (limited to about 80 V mm−1), so the electro-
optic coefficient cannot continue to increase with the increase
of voltage.

We then tested the polarization efficiency and electro-optic
coefficient in the crosslinked state. The lms of 2 : 1 QLD1/
QLD2 and QLD3 itself were dried in vacuo at 65 °C for 12 h
Fig. 4 (a) The EO coefficients of chromophores QLD1–4 and their mixt
QLD2, QLD3 and JRD1/APC at the temperature of 85 °C in vacuum.

13398 | Chem. Sci., 2022, 13, 13393–13402
for precrosslinking to allow higher voltage loading. The poling
process is also different from the normal chromophore poling
process. We adopted a step poling method to prevent the
membrane from cracking. The specic poling procedure was as
follows: the desired poling eld was applied, then the sample
was heated to 130 °C at 10 °Cmin−1 and held for 10 min, heated
to 140 °C and held for 10 min, then heated to 150 °C and held
for 10 min, and then cooled to room temperature. With the
progress of the crosslinking reaction, the allowable loading
voltage increased to ∼100 V mm−1, but too high voltage will
break the gold electrode.

The average poling efficiencies of QLD1/QLD2 (2 : 1) and
QLD3 aer poling/crosslinking were 2.68± 0.09 and 2.43± 0.10
nm2 V−2, respectively, as shown in Fig. 4a. Large polarizability
results in a large maximum r33 value. The electro-optic coeffi-
cients of crosslinked QLD1/QLD2 (2 : 1) and QLD3 were as high
as 327 pm V−1 and 311 pm V−1, respectively. The larger rst-
order hyperpolarizability of the QLD series of chromophores
creates a larger electro-optic coefficient. For binary chromo-
phores QLD1 and QLD2 without crosslinking, the electro-optic
coefficient is as high as 327 pm V−1, which is higher than the
value of QLD1/QLD2 aer crosslinking. This is also easy to
understand: the crosslinking process will hinder the polariza-
tion of chromophores to a certain extent, resulting in lower
poling efficiency. Owing to the participation of
ures as a function of N. (b) Temporal stability of the poled films QLD1/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mutichromophore dendrimers, the electro-optic coefficient of
crosslinked QLD2/QLD4 was further increased to 373 pm V−1.
These values were the highest reported for crosslinked organic
electro-optic materials.

For practical device applications, electro-optic materials
must withstand long-term stability tests at high temperatures,
which is called alignment stability, and the results of the
stability tests are shown in Fig. 4b. Devices that have been
polarized and tested for electro-optic coefficient were placed in
a vacuum drying oven at 85 °C and taken out at regular intervals
to test the electro-optic coefficient. Aer testing, the poled and
crosslinked electro-optic lms 2 : 1 QLD1/QLD2 and QLD3 can
still maintain the original electro-optic coefficient of more than
99.63% aer being placed at 85 °C for 500 h.
3 Comparison and future prospects
of different crosslinking systems

There are four types of crosslinked organic electro-optical
materials. As shown in Fig. 5a and S20, ESI,† the most
common type is polymer crosslinked materials, Although the
electro-optical coefficient (<150 pm V−1) of polymer-type cross-
linked materials is lower due to the insufficient chromophore
content, the higher glass transition temperature (as high as
215 °C or more) was an advantage. We can use polymers to
improve the glass transition temperature of crosslinked
systems. Binary crosslinkable chromophore is the second type
Fig. 5 Artistic comparison of four crosslinking systems: (a) crosslinkable
linkable single chromophore. (d) Crosslinkable mutichromophore.

© 2022 The Author(s). Published by the Royal Society of Chemistry
of recently developed crosslinked electro-optic material, as
shown in Fig. 5b. Represented by the HLD and QLD series, the
100% chromophore content and the effective occurrence of
a crosslinking reaction enable the system to achieve a balance
between the electro-optical coefficient (∼300 pm V−1) and the
glass transition temperature (∼170–185 °C). Such materials
have been widely used in advanced optoelectronic devices and
are expected to be commercially applied.4 However, two-
component materials may cause complexity in the mixing
process, and the glass transition temperature still has room for
improvement. As shown in Fig. 5c, a single-component cross-
linkable electro-optic material QLD3 was proposed for the rst
time. This type of material has a similar electro-optical coeffi-
cient and glass transition temperature to the binary cross-
linkable material without considering the different proportions
and properties of the two components. It is worth further study
to optimise the performance of single-component crosslinkable
electro-optic chromophores. The fourth type is multi-
chromophore crosslinked material represented by QLD4, as
shown in Fig. 5d. Beneting from the weakening of intermo-
lecular electrostatic interactions, the electro-optical coefficient
of chromophore was further improved, and with the increase of
molecular weight, the glass transition temperature is also ex-
pected to further increase. However, the complexity of the
synthesis steps of this material was a major disadvantage.

In order to meet the strict requirements of practicality and
commercialization, the design of crosslinked organic electro-
optic materials may be improved from two aspects: Firstly,
polymer materials. (b) Crosslinkable binary chromophore. (c) Cross-

Chem. Sci., 2022, 13, 13393–13402 | 13399
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more efficient synthesis is more conducive to large-scale
industrial production. At present, the synthesis of the tetrahy-
droquinoline donor is relatively complex. One solution is to nd
a new donor that is more conducive to synthesis or that can be
purchased, but it must have similar or stronger donor strength
to tetrahydroquinoline, such as aminosalicylaldehyde deriva-
tives. Another solution is to adopt a more simplied chromo-
phore synthesis scheme, such as the three-step synthesis
method reported in the literature.18 On the other hand, the glass
transition temperature of the material also needs to be
improved, preferably to more than 200 °C. Proper introduction
of a small amount of polymer could help to increase the glass
transition temperature without signicantly reducing the
chromophore content.

4 Conclusion

In order to develop organic second-order nonlinear optical
materials with large electro-optic coefficients and good stability,
and make them meet the strict requirements of commercial and
practical devices, we developed a new generation of crosslinkable
nonlinear optical chromophore molecular glasses including
crosslinkable binary chromophores QLD1 and QLD2, cross-
linkable single chromophore QLD3 and multichromophore
QLD4. The driven EO chromophores were based on tetrahy-
droquinoline donors, isophorone-derived bridges and a CF3-TCF
acceptor. The functionalized groups anthracene and acrylate were
modied on the donor and electron bridge of chromophores
QLD1 and QLD2, respectively. The donor and bridge of chromo-
phore QLD3 are respectively connected with anthracene and
acrylate groups to form a self-crosslinking conguration. In
addition, we synthesized multi-chromophore QLD4 by linking
three crosslinkable chromophores together with chemical bonds.
Compared with the classic highly stable binary crosslinkable
chromophores HLD1 and HLD2, chromophores QLD1–4 adopt
a stronger tetrahydroquinoline donor. This gives chromophores
QLD1–4 greater rst-order hyperpolarizability and higher glass
transition temperatures. The 2 : 1 QLD1/QLD2 lm achieved
a very high maximum r33 value of 327 pm V−1 aer crosslinking,
which is the highest among crosslinkable chromophore systems.
Aer Diels–Alder cycloaddition, the glass transition temperature
of the EO lm increased by∼90 °C to 185 °C, which is higher than
for any other pure chromophore lms. Aer being annealed at
85 °C, 99.63% of the initial r33 value could be maintained for over
500 h. Ultrahigh electro-optic activity and high long-term align-
ment stability of these materials showed new breakthroughs in
organic EO materials for practical device exploration.

Data availability

All experimental procedures and compound characterization
can be found in the ESI.†
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Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and
D. J. Fox, Gaussian 09, Gaussian, Inc., Wallingford, CT,
USA, 2009.

46 I. Davydenko, S. Benis, S. B. Shiring, J. Simon, R. Sharma,
T. G. Allen, S.-H. Chi, Q. Zhang, Y. A. Getmanenko,
13402 | Chem. Sci., 2022, 13, 13393–13402
T. C. Parker, J. W. Perry, J.-L. Bredas, D. J. Hagan,
E. W. Van Stryland, S. Barlow and S. R. Marder, J. Mater.
Chem. C, 2018, 6, 3613–3620.

47 D. H. Park, C. H. Lee and W. N. Herman, Opt. Express, 2006,
14, 8866–8884.

48 W. Jin, P. V. Johnston, D. L. Elder, A. F. Tillack,
B. C. Olbricht, J. Song, P. J. Reid, R. Xu, B. H. Robinson
and L. R. Dalton, Appl. Phys. Lett., 2014, 104, 243304.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05231h

	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h

	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h
	Electro-optic crosslinkable chromophores with ultrahigh electro-optic coefficients and long-term stabilityElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc05231h


