
Vol:.(1234567890)

J Mater Sci: Mater Electron (2017) 28:8480–8486
DOI 10.1007/s10854-017-6569-3

1 3

Design and preparation of novel Diels–Alder crosslinking polymer 
and its application in NLO materials

Wu Gao1 · Guangjiong Qin2 · Jialei Liu3 · Andrij A. Fedorchuk4 · K. Ozga5 · 
I. V. Kityk5 

Received: 17 January 2017 / Accepted: 13 February 2017 / Published online: 22 February 2017 
© The Author(s) 2017. This article is published with open access at Springerlink.com

EO polymer showed us a large EO coefficient of about 
96.3 pm/V at wavelength 1 µm and excellent long term sta-
bility about 85% with respect to its initial value and can be 
kept after 250 h of heating at 80 °C.

1 Introduction

Comparing with the traditional inorganic crystals and 
semiconductor nonlinear optical (NLO) materials, organic 
electro-optic (EO) polymers exhibit substantial advantages 
in the following aspects: fast response time, easy process-
ing, low dielectric constant and ultra-large EO coefficients 
[1–5]. So, researchers have paid more and more attentions 
to organic EO materials in the past decades. And a large 
amount of novel organic EO materials with excellent EO 
activity has been emerged [6–10]. Else, the development 
of novel EO devices including organic EO modulator, opti-
cal switch, terahertz detectors and so on is also very fast. 
Lots of prototype devices based on this kind of materials 
have been designed and prepared in the area of scientific 
research [11–15]. Unfortunately, seldom of these devices 
prepared by organic EO polymers have been used in com-
mercial areas, due to the poor long term stability of organic 
EO polymers, which can determine the production process 
and service life.

So, the improvement of long term stability has become 
the most urgent problem to be solved. Crosslinking process 
is considered as one of the most effective way for solving 
the long term stability of organic EO polymers [16–20]. 
But suitable crosslinking reaction is hard to be found, due 
to the following requirements: (1) the crosslink tempera-
tures should match the poling process and the thermal sta-
bility of chromophores; (2) the crosslink reaction should 
occur in a mild condition ensuring the chromophores in 
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a low failure rate; (3) the EO polymer should have a high 
cross-linking degree. Diels–Alder reaction is an optimal 
choice for this reason. Some crosslinkable EO polymers 
have been just reported using Diels–Alder reaction as 
the crosslinking process [21–23]. However, most of the 
chromophores just have one or none reactive group. In this 
manuscript, two anthracene groups are introduced to the 
NLO chromophore. Such chromophore with double anthra-
cene groups can be used as both the functional molecule 
and crosslinker.

2  Experimental procedure

2.1  Materials and instruments

All the chemicals were purchased from Aldrich or Beijing 
Lanyi Chemical co. ltd, which were used as received unless 
otherwise specified. All the organic solvents were distilled 
before use. 1H NMR and 13C NMR spectra were deter-
mined by Varian Gemini 300 400  MHz NMR spectrom-
eter using tetramethylsilane as internal reference. FT-IR 
spectra were recorded on BIO-RAD FTS-165 spectrom-
eter. MS spectra were obtained on MALDI-TOF Matrix 
Assisted Laser Desorption/Ionization of Flight on BIFLEX 
BrukerInc. spectrometer. UV–Vis spectra were performed 
on Hitachi U2001 photo spectrometer. Thermal properties 
were determined by differential scanning calorimeter Q20, 
TA co under the protection of nitrogen.

2.2  Synthesis of chromophore ETO

Chromophore 1 (0.95 g, 1.0 mmol) was dissolved in 20 mL 
of THF. Aqueous solution of HCl (10 mL, 1 N) was added 
and the mixture was stirred at ambient temperature for 2 h. 
Then, the solvent was removed and the crude product was 
purified by flashchromatography over silica gel using 20% 
ethyl acetate in hexane as eluent affording chromophore 
1-OH (0.79 g, 1.82 mmol). The yield was about 90%. 1H 
NMR (400  MHz,  CD3COCD3),δ : 8.53 (d, J = 15.2  Hz, 
1H), 7.78 (d, J = 8.0  Hz, 2H), 7.12 (d, J = 15. 6  Hz, 1H), 
7.00 (d, J = 8.4 Hz, 2H), 6.44 (s, 1H), 6.42 (s, 2H), 5. 26 (s, 
2H), 3.87 (t, J = 4.8 Hz, 4H), 3.86 (d, J = 5.2 Hz, 4H), 3.80 
(t, J = 5.2 Hz, 4H) 1.64–1.68 (m, 2H), 1.28–1.49 (m, 16H), 
0.87–0.90 (m, 12H). IR (KBr)ν: 3364, 2933, 2222, 1734, 
1539, 1396, 1280, 1180 cm−1. MS (MALDI-TOF) m/z: 744 
(M + Na+) calc. for  C43H55N5O5: 721.42.

Compound 1-OH (0.36  g, 0.5  mmol) and anthracen-
9-ylmethoxy-4-oxobutanoic acid (0.31  g, 1.0  mmol) were 
dissolved in 50 mL  CH2Cl2. DMAP (0.12 g, 1.0 mmol) and 
DCC (0.21  g, 1.0  mmol) were added to the mother solu-
tion. The reaction solution was stirred at room temperature 
for 5 h under argon. Then, the result solution was poured 

into 100  mL water and extract with  CH2Cl2. The result-
ing compound was purified by silica gel column chroma-
tography  (VEA:Vchloroform = 1:5) to give blue solid. Yield: 
60%. 1H NMR (400  MHz,  CDCl3): 8.47 (s, 2H), 8.45 
(d, J = 16.0  Hz, 1H), 8.30 (d, J = 9.2  Hz, 4H), 8.00 (d, 
J = 8.4 Hz, 4H), 7.56 (t, J = 8.4 Hz, 4H), 7.47 (t, J = 7.24 Hz, 
4H), 7.40 (d, J = 8.8 Hz, 2H), 7.03 (d, J = 15.2 Hz, 1H), 6.48 
(d, J = 8.8 Hz, 2H), 6.39 (s, 1H), 6.29 (s, 2H), 6.16 (s, 4H), 
5.23 (s, 2H), 4.02 (t, J = 6.0 Hz, 4H), 3.81 (d, J = 6.0 Hz, 
4H), 3.30 (t, J = 5.6 Hz, 4H), 2.61 (t, J = 8.4 Hz, 4H), 2.56 
(t, J = 6.4 Hz, 4H), 1.67–1.70 (m, 2H), 1.31–1.49 (m, 16H), 
0.87–0.90 (m, 12H). IR (KBr),ν: 3327, 2928, 2220, 1734, 
1533, 1178, 733  cm−1. MS (MALDI-TOF) m/z: 1324 
(M + Na+), calc. for  C80H82N5O11: 1302.55.

2.3  Synthesis of polymer PMMA‑AMA

Methyl methacrylate(4  g, 40  mmol) and anthracen-9-yl-
methyl methacrylate (2.76  g, 10  mmol) was dissolved in 
50 ml 1,4-dioxacyclohexane. When all of the solid was dis-
solved, 2,2′-azobis(2,4-dimethyl)valeronitrile (0.05  g) was 
added to the solution. Nitrogen was introduced to the mix-
ture for 0.5  h. Then the temperature was raised to 70 °C. 
And the temperature was kept for 8  h under the nitrogen 
atmosphere. The solution was slowly dropped into 500 mL 
ether and the white solid was precipitated. The solid was 
collected by filtration and washed for three times by metha-
nol. Affording PMMA-AMA 6.12 g, yield: 90%. 1H NMR 
(400  MHz,  CDCl3): 1H NMR (400  MHz,  CDCl3): 8.76 
(s, 1H), 8.10 (s, 4H), 7.68 (m, 4H), 4.68 (s, 24H), 3.59 (s, 
12H), 2.15 (s, 10H), 1.68–1.83 (s, 15H).

2.4  Preparation of polymer EO films

Chromophore ETO (0.015  g, 0.02  mmol) and PMMA-
AMA (0.125  g) were dissolved in 1.0  ml 1,1-dichlo-
roethane. After the solution was stirred for 12  h, N, 
N-(methylenediphenyl)bismaleimide (0.02  g, 0.05  mmol) 
was added. When all of the solids were dissolved, the solu-
tion was filtered by filter with the aperture of 0.22  μm. 
The filtrate was spin coated on ITO glass with the rotating 
speed of about 500–600 r/min. The film was dried in vac-
uum oven at 40 °C for 24 h, affording us the EO films with 
the thickness of about 2–5 μm with accuracy up to 0.1 µm.

2.5  Poling of the EO films

The EO films were poled at a temperature of 75 °C under 
an electric field voltage of 10.5 kV for 15 min, at the first 
stage. And most of the chromophores were aligned in this 
stage. The polymer EO films were pre-polymerized at 80 °C 
for 5 min and the temperature were raised to 110 °C at the 
heating rate of about 5 °C/min, at the second stage. At the 
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third stage, the EO films were kept at 110 °C for 20 min. 
Then, the temperature was reduced to room temperature 
and the electric field was removed.

3  Results and discussion

3.1  Structures of the EO polymer and the preparation 
of EO films

The structure of the EO polymer is shown in Scheme  1. 
The synthesis process of this polymer can divide into 
the following steps: (1) the synthesis of NLO chromo-
phore ETO, which is a complex process and will be 
described in the following part; (2) the synthesis of poly-
mer PMMA-AMA, which is a normal free radical polym-
erization, excepting the large steric effect of anthracene; 
(3) NLO chromophore ETO, polymer PMMA-AMA and 
N, N-(methylenediphenyl)bismaleimide were dissolved in 
1,1-dichloroethane with a appropriate ratio; (4) the solu-
tion was filtered and spin coated on ITO glass with thick-
ness about 2–5 μm; (5) the EO films were poling and cross 
linking under direct current field and special temperatures. 
In the whole process, the poling process and cross linking 
process are combined into one step. And such process is the 

critical process. Thermodynamics of this process is studied 
in details using differential scanning calorimeter technolo-
gies and the result is discussed in the following part.

3.2  Synthesis of chromophore ETO

The structure and synthesized process of chromophore 
ETO is shown in Scheme 2. In our past article, the synthe-
sis of chromophore 1 has been reported [24]. In this arti-
cle, chromophore 1 is used as a starting material. After two 
chemical reaction, chromophore ETO can be prepared. In 
the first step, chromophore 1 ishydrolysized affording us 
chromophore 1-OH with two hydroxyl groups, which were 
the reactive active group in the following step. In the sec-
ond step, chromophore 1-OH reacted with anthracen-9-yl-
methoxy-4-oxobutanoicacid under the dehydrating agent of 
4-dimethylaminopyridine (DMAP) and dicyclohexylcarbo-
diimide (DCC) affording us chromophore ETO.The esteri-
fication reaction used in this process is very successful, due 
to the high yield and mild reactive conditions.

3.3  Crosslinking and poling process of the EO polymer

The crosslinking process of the EO polymer is firstly 
studied by differential scanning calorimeter (DSC). The 
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results are shown in Fig.  1. The sample is scanned for 
two times from low temperature to high temperature. At 
the first time, there is a strong heat absorption peak from 
80 to 140 °C, which is attributed to the crosslink reaction 
process. Else, there is a small step at 65 °C, which is not 
very obvious comparing with the strong heat absorption 
peak. But this small step is very important, because it 
tells us the glass transition temperature of this complex 
system before the cross linking process. At the second 
time, such a heat absorption peak disappears, which indi-
cates that the crosslinking process had been finished in 
the first scanning process. Else, there is no melting point 
and glass transition temperature found in the second scan-
ning process. Such a result indicates that the crosslink-
ing degree is very high. Such a high crosslinking degree 

Scheme 2  Synthesis of 
chromophore ETO
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can confirm the long term stability of this EO polymer 
effectively.

The crossling reaction speed was also studied by infra-
red spectroscopy. The results are shown in Fig.  2. The 
infrared absorption peaks between 800–1000  cm−1 are 
attributed to the C–H out-of-plane bending vibration of 
the carbon carbon double bond including the carbon car-
bon double bond of maleimide, anthracene and other con-
jugated groups. Obviously, before the poling process, the 
absorption peaks between 800–1000 cm−1 are very strong; 
after poling at 110 °C for 20  min, the absorption peak 
between 800–1000  cm−1 is reduced significantly; the dif-
ference of the absorption peak between 800–1000  cm−1 
is not very obvious between poling for 20 and 30  min at 
110 °C. Such a result indicates that the crosslinking process 
has been almost finished under the poling process at 110 °C 
for 20 min.

3.4  Second order nonlinear optical features of the EO 
polymers

The UV–Vis spectra of the EO polymer films before pol-
ing and after poling are shown in Fig. 3. After the poling 
process, the maximum absorption peak for the EO film pre-
pared by the EO polymer greatly decreases, which is used 
to characterize the poling efficiency by formula (4):

where ϕ is the poling parameter, A is the maximum absorp-
tion after poling and A0 is the maximum absorption before 
poling process.

The ϕ value is about 15.1%. According to the lec-
tures, such a ϕ value is not very large [25]. This means 
that not all of the chromophore molecules are aligned in 

(1)� = 1 −
A

A
0

the poling process. Such a result is attributed to the fast 
crosslinking process. The crosslinking process can be fin-
ished in about 20 min; in such a short time, the chromo-
phore molecules couldn’t be oriented sufficiently. So, 
there is still a large space for optimization of this kind of 
EO polymer system.
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usually depends on the concentration of chromophore. 
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tively and improve the poling efficiency.
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3.5  Long term stability of the crosslinking system

The long-term stability of the EO activity is an important 
factor for device fabrication. In later fabrication, the poled 
EO polymer must resist temperatures up to 80 °C to com-
plete the micro-nano-processing, such as: photo-etching, 
plating, etching, dicing treatment and so on. Most of these 
processes should withstand a certain temperature. To inves-
tigate the long-term NLO stability of the poled polymers, a 
normalized EO coefficient  [r33 (t)/r33  (t0)] was measured as 
a function of time at 80 °C.

Figure 4 shows that a fast decay was observed in the first 
50 h for the EO film. This was due to the recovery of bond 
angles and bond lengths in the oriented chromophores. 
Next, the r33 value remained nearly constant in the remain-
ing time. The initial  r33 value held 85% of its initial value 
after 250  h of heating at 80 °C.Comparing with the EO 
materials based on guest-host system reported before, such 
long term stability is improved greatly [24].

3.6  Theoretical calculation of chromophore ETO

We have performed also quantum chemical calcula-
tions of the ground state dipole moments and nonlinear 

optical susceptibilities of ETO chromophore molecule 
using Gaussian W09 package [27, 28] at the DFT level 
[29, 30] in order to analyze the origin of the enhanced 
effects. Initial geometries of molecule was estimated by 
AM1 method and obtained model was subsequently opti-
mized using DFT and B3LYP functional supplemented 
with the standard 6-31G(d,p) basis set [31, 32]. Shape of 
HOMO and LUMO (Fig. 5), ground state dipole moments 
and average hyperpolarizabilities were calculated applying 
DFT B3LYP/ 6-31G (d, p) method. The calculated ground 
state dipole moment value is equal to 16.8767D and aver-
age hyperpolarizability—about 2.1031 × 10−29 esu. This 
is in agreement with principal role of ground state dipole 
moments [33].

Finally it should be added that the background surround-
ing the organic chromophore may also differently influence 
on the output susceptibilities [34–36].

4  Conclusions

The Diels–Alder reaction among N,N-(methylenediphenyl)
bismaleimide, PMMA-AMA and nonlinear optical chromo-
phore was used as a novel crosslinking system for improv-
ing the long term stability of organic EO materials. The 
thermodynamic property of this crosslinking system was 
firstly studied by differential scanning calorimeter. The 
results showed that the glass transition temperature for the 
titled system was about 65 °C and the crosslinking tem-
perature was between 80 °C and 120 °C. Moreover, after 
the crosslinking process, the EO polymer could form a 
network structure. On the other way, the cross linking pro-
cess was also monitored by ultraviolet absorption and infra-
red absorption spectroscopy. These results indicated that 
the cross linking process could be finished at 110 °C for 
20 min. Surprising, such EO polymer showed us a large EO 
coefficient of about 96.3 pm/V. And the long term stabil-
ity was also very good. 85% of its initial value can be kept 
after 250 h of heating at 80 °C.

Fig. 4  The long term stability of the EO polymer

Fig. 5  HOMO and LUMO 
orbitals ETO molecule
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