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ce, thermal and surface
properties of triarylimidazole-containing polyimide
nanocomposite films

Wu Bai,a Yunhua Lu, *a Zhizhi Hu,*ab Guoyong Xiao,a Hongbin Zhao,ab

Jianmin Zhub and Zhaobin Liub

In this work, a triarylimidazole-containing diamine 2-(4-methylphenyl)-4,5-bis(4-(4-amino-2-

trifluoromethylphenoxy)phenyl)imidazole (MPBAI) was firstly synthesized and polymerized with 1,2,3,4-

cyclobutanetetracarboxylic dianhydride (CBDA) to prepare transparent polyimide (PI) films by means of

thermal imidization. Then, inorganic nanoparticles including silica (SiO2), alumina (Al2O3) and silicon

nitride (Si3N4) were separately introduced into the PI(MPBAI-CBDA) with different mass fractions of

0.02%, 0.10%, 0.50% and 2.50% to obtain three series of PI nanocomposite films. All these films were

close to colorless and transparent, although the light transmittance showed a downward trend due to

the introduction of nanoparticles. Moreover, as the content of inorganic nanoparticles increased, the

fluorescence intensities of these films were increased. Comparatively, the improvement effect of nano-

SiO2 was the most obvious. When the content of SiO2 was 2.50%, the maximum intensity of the

fluorescence absorption peak was increased by 9.6 times, and the absolute fluorescence quantum yield

reached 17.2%, about 5.2 times that of the original PI film. Moreover, the maximum absorption peak

produced a red shift of 85 nm due to the addition of 2.50% Si3N4, which was probably caused by the

weakening of fluorescence quenching effect and high permittivity. The nanocomposites exhibited high

glass transition temperatures of around 300 �C and excellent thermal stabilities. The surface

hydrophobicity was changed by adjusting the mass and type of nanoparticles. Thus, this work provided

a simple way to improve the photoluminescence effect by introducing the nanoparticles. The functional

films will be expected to be applied in some optical applications.
1. Introduction

Polyimide (PI) has excellent thermal and mechanical properties
and chemical solvent resistance, and has been widely used in
electrical and electronic equipment, aerospace, separation and
other elds.1–6 Because the traditional aromatic PI is brownish-
yellow in color due to the visible absorptance of charge transfer
complex (CTC) formed between dianhydrides and diamines,
which limits its application in optical elds.7,8 In recent years,
many researchers have made great efforts to improve the optical
properties of PI lms, such as the introduction of –CF3 group,
alicyclic structure, non-coplanar and twisted structure.9–11 The
PI lm with high temperature resistance, colorless and trans-
parent characteristics can be used as coating, protective layer,
exible displays and transparent circuit boards, etc.12–16 More-
over, there has been a growing interest in functional PI lm
materials.17–20 For instance, photoluminescence PI has attracted
researchers' interest because of its unique luminescence
ty of Science and Technology Liaoning,
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properties. According to some literatures, the PIs containing
anthracene and oxadiazole structures show photoluminescence
behavior, which can be applied as the light-emitting layer in
electroluminescent devices.21,22 Besides, imidazole structures
are commonly used as luminescent group to endow PI with
some photoluminescence properties.23–29 However, the uores-
cence quantum yields of these PIs need to be further increased
to meet the practical applications.30–32 Therefore, it is of great
signicance to propose some methods to prepare and improve
the uorescence properties, except molecular structure design.

Up to now, the introduction of nanoparticles to improve the
properties of polymer materials has become a common modi-
cation method.33–36 Nanoparticles, for example carbon nano-
tubes (CNT), graphene oxide (GO), SiO2, Al2O3, ZnO, CaCO3,
Si3N4 and TiO2, have the characteristics of small size effect,
surface effect and quantum tunneling effect, which could
provide polymer materials with the certain improvement, such
as dielectric, thermal, mechanical properties and gas perme-
abilities.37–40 It is noted that the content and type of nano-
particles take great effects on the properties of nanocomposites,
and agglomeration phenomenon need to be avoided as soon as
possible.41,42 The proper addition of nanoparticles can
© 2021 The Author(s). Published by the Royal Society of Chemistry
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effectively improve the properties of the composites. Recently,
the PI nanocomposites or mixed matrix membranes have been
extensively studied, and some better modication results are
obtained.43 As for photoluminescent PI lm materials, there are
few studies on the modication of nanoparticles.44 Commonly,
the molecular chains of photoluminescent PI contain a large
number of luminescent groups, but in solid lm state, the
luminescence intensity is relatively weak and the luminescence
efficiency is low because of the quenching effect induced by the
close arrangement of molecular chains.45 The introduction of
nanoparticles will weaken the ordered stacking state of PI molec-
ular chains, enlarge the distance between molecular chains, and
reduce the interaction between the chains. According to the liter-
ature,46 the barium titanate nanoparticles with high permittivities
could increase the uorescence intensity of the ZnO–poly-
methylmethacrylate nanocompositelm.Hence, it is expected that
the ceramics nanoparticles have a positive impact on the optical
property of photoluminescent PI lm.

In this work, the diamine containing triphenylimidazole
structures 2-(4-methylphenyl)-4,5-bis(4-(4-amino-2-
triuoromethylphenoxy)phenyl)imidazole (MPBAI) was rstly
synthesized and polymerized with 1,2,3,4-cyclo-
butanetetracarboxylic acid dianhydride (CBDA) to prepare the
transparent and colorless PI lm. Then, three kinds of ceramics
nanoparticles including SiO2, Al2O3, and Si3N4 were separately
introduced into the PI(MPBAI-CBDA) matrix by in situ poly-
merization method to obtain nanocomposite lms. The inu-
ence of content of nanollers on the thermal, optical and
surface properties was investigated. As a result, the uorescence
intensities of nanocomposite lms were sharply enhanced due
to the introduction of nanoparticles, although the optical
transmittance relatively declined. And, the 2.50% nano-Si3N4

made the uorescence emission peak produce an obvious red
shi. Therefore, these nanocomposites exhibit excellent optical
performance, which are expected to be used in exible light-
emitting devices, uorescent sensors, plastic lasers, solar cells
and light wave converters in the future.
2. Experimental
2.1 Materials

4,40-Dihydroxydiphenylethylenedione, 4-methylbenzaldehyde,
and 2-chloro-5-nitrobenzotriuoride were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (China) and
used directly without purication. 1,2,3,4-Cyclo-
butanetetracarboxylic dianhydride (CBDA) was provided by
Scheme 1 Synthesis routes of the diamine MPBAI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Oxiranchem Holding Group Co. Ltd (China). Nano-SiO2 of
99.5% (10–20 nm), nano-Al2O3 with the purity of 99.9% (g
phase, 5–15 nm) and 99.5% nano-Si3N4 (10–20 nm) were bought
from Shanghai Aladdin Biochemical Technology Co., Ltd
(China). Other reagents were obtained from Shanghai Macklin
Biochemical Co., Ltd (China).
2.2 Synthesis of diamines

According to the literatures,23–29 the synthesis steps of
triphenylimidazole-containing diamines are shown in Scheme 1.

Synthesis of 4,40-(4-nitro-2-triuoromethylphenoxy)
diphenylethylenedione (BNTFPED). 2-Chloro-5-
nitrobenzotriuoride of 45.561 g (0.202 mol) and 4,40-dihy-
droxydiphenyl ethylenedione of 24.223 g (0.100 mol) were
introduced into a 500 mL round ask with 100 mL dimethyl
sulfoxide (DMSO). Under stirring, NaHCO3 of 16.970 g (0.202
mol) was added to the mixture and reacted at 100 �C for 6 h.
Aer cooled down, the brown solution was slowly poured into
a large amount of deionized water with stirring. The precipi-
tated light-yellow solid was ltered, washed for many times and
dried under vacuum to obtain the crude product about 60.200 g.
Aer recrystallized, the ne needle-like crystals were obtained
with a yield of 88.0% and purity (HPLC) of 99.0%. 1H NMR (500
MHz, DMSO-d6, ppm): d: 8.58 (s, 2H), 8.54 (d, J ¼ 9.3 Hz, 2H),
8.09 (d, J¼ 8.2 Hz, 4H), 7.44 (t, J¼ 9.9 Hz, 6H). FTIR (KBr, cm�1):
1668 (C]O), 1582, 1362 (NO2), 1112 (C–O–C).

2-(40-Methylphenyl)-4,5-bis(4-(4-nitro-2-
triuoromethylphenoxy)phenyl)imidazole (MPBNI). 6.008 g
(0.050 mol) of 4-methylbenzaldehyde, 33.033 g (0.050 mol) of
BNTFPED and 38.535 g (0.500 mol) of CH3COONH4 were placed
into a 500 mL round ask containing 150 mL CH3COOH. Aer
the mixture was heated at 120 �C for 9 h, the solution was cooled
down and slowly introduced into deionized water. The yellow
crude product was separated and washed, followed by recrys-
tallization. 1H NMR (500 MHz, DMSO-d6, ppm): d: 12.74 (s, 1H),
8.54 (d, J ¼ 12.3 Hz, 3H), 8.48 (d, J ¼ 9.4 Hz, 1H), 7.99 (d, J ¼
7.1 Hz, 2H), 7.70 (dd, J ¼ 19.9, 6.8 Hz, 4H), 7.33 (dd, J ¼ 23.9,
7.3 Hz, 4H), 7.26–7.13 (m, 4H), 2.37 (s, 3H). FTIR (KBr, cm�1):
1530, 1329 (NO2), 3089 (N–H), 1622 (C]N), 1329 (C–N), 1114
(C–O–C).

2-(4-Methylphenyl)-4,5-bis(4-(4-amino-2-
triuoromethylphenoxy)phenyl)imidazole (MPBAI). 28.823 g
(0.04 mol) MPBNI and 2.800 g Pd/C (10% Pd) were added to
a 500 mL round ask with 200 mL absolute ethanol to carry out
the reduction reaction. Aer heated to 70 �C, 28.8 mL hydrazine
hydrate (85%) was slowly dripped into the solution and kept
RSC Adv., 2021, 11, 36066–36077 | 36067
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stirring for 6 h. Aer removing the catalyst by thermal ltration, the
solvent was removed from theltrate by rotary evaporation to obtain
the white product with purity of 99%. 1H NMR (500MHz, DMSO-d6,
ppm): d: 12.50 (s, 1H), 7.94 (d, J ¼ 6.1 Hz, 2H), 7.56–7.41 (m, 4H),
7.27 (d, J¼ 7.1 Hz, 2H), 6.94 (d, J¼ 8.7 Hz, 5H), 6.83 (d, J¼ 6.8 Hz,
4H), 5.49 (d, J ¼ 27.4 Hz, 4H), 2.35 (s, 3H). FTIR (KBr, cm�1): 3380,
1629 (N–H), 1611 (C]N), 1336 (C–N), 1119 (C–O–C).
2.3 Preparation of triarylimidazole-containing PI and
nanocomposite lms

The triarylimidazole-containing PI lms were prepared by
solution polymerization and thermal imidization. First, the
MPBAI monomer was added to the N,N-dimethyl acetamide
(DMAc) solvent, stirring until completely dissolved. Then, the
dianhydride CBDA was introduced into the above solution and
stirred for 24 h to synthesize the poly(amic acid) (PAA) solution
with a solid content of 15%. Next, the PAA was coated on a glass
pane and thermally imidized in nitrogen atmosphere as follows:
80 �C/0.5 h, 120 �C/0.5 h, 160 �C/0.5 h, 200 �C/0.5 h, 250 �C/0.5 h
and 300 �C/0.25 h. Finally, the lm was stripped from the glass
by immersion in water and dried at 100 �C for 24 h.

These nanocomposite lms were fabricated by in situ poly-
merization method. First, the calculated and weighed nano-
particles, such as nano-SiO2, Al2O3 and Si3N4 were respectively
placed into a certain amount of DMAc and dispersed under
ultrasonic for 2 h. Next, the MPBAI and CBDA were successively
added to the solution, and the further polymerization and
thermal treatment were conducted according to the above
process. The contents of nanoparticles in the PI matrix were set
as 0.02%, 0.10%, 0.50% and 2.50% respectively, and three series
of nanocomposite lms were obtained (Scheme 2).
2.4 Characterization

The chemical structures of monomer and polymer lms were
characterized by Swiss Bruker AVANCE 500 MHz Nuclear
Magnetic Resonance spectrometer (NMR) with dimethyl sulf-
oxide (DMSO) as the deuterated reagent and Nicolet IS10
Fourier transform infrared spectrometer (FT-IR) scanning from
500 to 4000 cm�1. The microstructure of the lms was investi-
gated by PANalytical BLKII-5FF-SX X-ray diffractometer (XRD) in
the range of 5–90�. The thermal properties were tested by Per-
kinElmer Pyris1 TGA thermal analyzer (TGA) at a heating rate of
Scheme 2 Preparation of triarylimidazole-containing PI nanocomposite

36068 | RSC Adv., 2021, 11, 36066–36077
20 �C min�1 from 30 to 800 �C and DMA 8000 Dynamic
Mechanical Thermal Analyzer (DMTA) in the range of 50–400 �C
with a heating speed of 5 �C min�1 in N2. The optical trans-
mittance and uorescence properties of these lms were
measured by PerkinElmer Lambda 900 UV/Vis/NIR spectro-
photometer and LS55 uorescence/phosphorescence/
luminescence spectrophotometer. The HORIBA/Fluorolog-3
uorescence spectrometer with an integrating sphere was
employed to test uorescence quantum yield. The micromor-
phology of fracture section was sprayed by platinum and
observed by Zeiss-IGMA HD Field Emission Scanning Electron
Microscope (FE-SEM). The water contact angle on the surface of
the samples was recorded with a ZJ-6900 optical contact angle
measuring instrument. The water absorption was tested
according to following method: a lm sample was cut into 2 cm
� 2 cm, wiped by absolute ethanol and dried at 120 �C for 12 h.
Aer weighed accurately, it was immersed into deionized water
in a tube for 24 h at room temperature. The residual water on
the lm surface was sucked by lter paper and weighed again.
The water absorption was calculated by the following formula:

W ¼ (mwet weight � mdry weight)/mdry weight � 100% (1)

3. Results and discussions
3.1 Chemical structures of triarylimidazole-containing PI
and nanocomposite lms

According to our reported procedure,47 the diamine MPBAI was
synthesized and polymerized with alicyclic dianhydride CBDA
to prepare the colorless and transparent PI lm by thermal
imidization. Next, the three series of nanocomposite lms were
fabricated by in situ polymerization using nano-SiO2, Al2O3 and
Si3N4 as inorganic nanollers. In each nanocomposite lms, the
loadings of nanollers were designed as 0.02%, 0.10%, 0.50%
and 2.50%, respectively. Fig. 1 gives the FTIR spectra of
PI(MPBAI-CBDA) and nanocomposite lms, from which there
are three characteristic peaks of imide ring at 1780, 1712 and
1372 cm�1, corresponding to the asymmetric and symmetric
stretching vibration of C]O group as well as the stretching
vibration of C–N bond in the imide rings, respectively.47 In
addition, the vibration absorption peak of deformation for
imide ring is observed at 720 cm�1, and the C–O–C stretching
films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of triarylimidazole-containing PI and nanocomposite films.
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absorption peak occurs around at 1245 cm�1, which is assigned
to the ether linkage in the PI backbone. Because the loading of
nanoparticles was small, the chemical structures of the three
ceramics nanollers were not obviously reected by the FTIR
spectra. Generally, the FTIR spectra of PI(MPBAI-CBDA) and
three series of nanocomposites are very similar, which indicates
that these lms contain imide ring structures.
Fig. 2 SEM images of triarylimidazole-containing PI and nanocomposit
PI(Si3N4-2.50%).

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2 Microstructure of crystallography

The FE-SEM images of fracture section of triarylimidazole-
containing PI and nanocomposite lms containing 2.50%
inorganic ceramics llers are shown in Fig. 2. It is observed that
the fracture morphology of the prepared PI(MPBAI-CBDA) lm
is relatively dense and at, which is mostly caused by brittle
e films (a) PI(MPBAI-CBDA), (b) PI(SiO2-2.50%), (c) PI(Al2O3-2.50%), (d)

RSC Adv., 2021, 11, 36066–36077 | 36069
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Fig. 3 XRD patterns of triarylimidazole-containing PI and nanocomposite films.
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fracture. Aer adding the nanollers, the signicant difference
can be seen in the surface morphology of nanocomposite lms
compared with pure PI lm. From Fig. 2(b)–(d), the three frac-
ture surfaces obviously become rough and uneven, which are
ascribed to the toughening effect of nanollers. It is well known
that the nanoparticles in the polymer matrix could help to
transfer the load, leading to the improvement of mechanical
Fig. 4 DMTA curves of triarylimidazole-containing PI and nanocompos

36070 | RSC Adv., 2021, 11, 36066–36077
properties. The reason for it is that some –OH groups on the
surface of the ceramics nanoparticles are helpful to increase the
interaction between the inorganic and organic phases.48

The crystallization performance of the triarylimidazole-
containing PI and nanocomposite lms was estimated by
XRD, as given in Fig. 3. The diffraction peaks of these lms are
mainly concentrated near at 2 theta¼ 20.8�, corresponding to d-
ite films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal and mechanical data of nano-doped polyimide film containing triarylimidazolea

Samples Td5 (�C) Td10 (�C) Tg (�C) R800 (%) W (%) q (�) Thickness (mm)

PI(MPBAI-CBDA) 448.2 479.1 292.2 59.9 1.90 59 72
PI(SiO2-0.02%) 445.0 495.6 305.8 63.4 1.98 64 84
PI(SiO2-0.10%) 443.9 467.4 312.1 57.7 2.96 77 71
PI(SiO2-0.50%) 442.2 478.9 317.1 61.9 3.03 79 74
PI(SiO2-2.50%) 441.4 459.2 315.7 59.0 3.03 81 80
PI(Al2O3-0.02%) 444.7 479.0 317.1 60.2 2.96 75 55
PI(Al2O3-0.10%) 446.8 470.8 315.5 59.3 2.53 78 62
PI(Al2O3-0.50%) 446.1 476.6 310.9 61.8 1.94 81 61
PI(Al2O3-2.50%) 445.2 463.9 310.1 60.4 1.59 84 68
PI(Si3N4-0.02%) 441.3 470.5 310.6 59.8 1.98 64 60
PI(Si3N4-0.10%) 440.7 467.9 309.1 60.8 2.33 80 72
PI(Si3N4-0.50%) 440.3 479.5 308.3 62.3 2.61 83 65
PI(Si3N4-2.50%) 439.4 468.9 304.7 57.5 2.82 85 49

a Td5: the temperature at which the mass loss is 5%, Td10: the temperature at which the weight loss is 10%, R800: the residual weight of the measured
substance at 800 �C, Tg: glass transition temperature tested by DMTA, W: water absorption rate of lm, q: lm contact angle, thickness: polyimide
lm thickness.
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spacing of 0.427 nm. The gentle peak shape of pure PI lm
indicates the amorphous feature, which is probably ascribed to
the irregular packing of PI molecular chains due to the existence
of the large volume triarylimidazole groups. When the nano-
particles are doped, the position of the diffraction peaks slightly
shis to le at different degrees. The reason for it may be that
the distance between the layers is probably enlarged because of
the introduction of inorganic llers. The diffraction patterns of
nanocomposite lms still show broad peak, illustrating the
amorphous nature similar to the pure PI lm. Moreover, the
increase of diffraction peak intensity indicates the formation of
short-range ordered structures induced by the nanoparticles. In
Fig. 5 TGA curves of PI and nanocomposite films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the PI matrix, the three nanoparticles may act as nucleating
agents to promote the regular arrangement of PI macromolec-
ular chains.49 In general, the three series of nanocomposite
lms exhibit similar change trend, which shows that the
incorporation of nanollers takes a certain effect on the
microstructures of PI lms.
3.3 Thermal properties

The thermal properties of triarylimidazole-containing PI and
nanocomposite lms were evaluated by DMTA and TGA (in
Fig. 4), and the corresponding data are listed in Table 1. It can
RSC Adv., 2021, 11, 36066–36077 | 36071

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07147e


Fig. 6 Images of triarylimidazole-containing PI and nanocomposite film (a) PI(MPBAI-CBDA), (b) PI(SiO2-0.02%), (c) PI(SiO2-0.10%), (d) PI(SiO2-
0.50%), (e) PI(SiO2-2.50%), (f) PI(Al2O3-0.02%), (g) PI(Al2O3-0.10%), (h) PI(Al2O3-0.50%), (i) PI(Al2O3-2.50%), (j) PI(Si3N4-0.02%), (k) PI(Si3N4-0.10%),
(l) PI(Si3N4-0.50%), (m) PI(Si3N4-2.50%).
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be seen that the Tg value of PI(MPBAI-CBDA) lm is about
292.2 �C, which could be explained by the improvement of
chain segment movement ability due to the existence of exible
–O– linkages. With the increase of nanollers, the Tg values of
three kinds of nanocomposite lms increase rst and then
decrease, but the change trends are slightly different. In the
SiO2/PI nanocomposites, when the loading of nano-SiO2 is
0.50%, the Tg increases to 317.1 �C. In the Al2O3/PI nano-
composites, the Tg sharply increases to 317.1 �C with a nano-
Al2O3 content of 0.02%. When the content of nano-Si3N4 is
0.02%, the maximum value of Tg reaches 310.6 �C. By compar-
ison, the effect of nano-SiO2 and Al2O3 on the Tg of nano-
composite lms is more signicant. In general, the interaction
Fig. 7 UV-visible spectra of triarylimidazole-containing PI and nanocom

36072 | RSC Adv., 2021, 11, 36066–36077
between the two phases and the dispersion of nanoparticles in
the polymer matrix will have important impacts on the thermal
properties.50 The tight interaction limits the free rotation and
movement of macromolecular segments, resulting in the
increase of Tg. However, with the increase of nanoparticles, the
agglomeration is easy to occur, so the interaction between
macromolecules is weakened, leading to the decrease of Tg
value. Thus, the introduction of nanoparticles changes the
movement ability of PI segments. A proper loading of nano-
particles could effectively boost the Tg of PI lms.

As shown in Fig. 5, the TGA curves of triarylimidazole-
containing PI and nanocomposite lms show extremely
similar weight loss process. These lms exhibit a main weight
posite films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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loss at about 420 �C, and the low thermal decomposition
temperatures are chiey caused by the fracture of alicyclic
structures in PI backbones at high temperature. When the
content of nanoparticles is relatively high, the Td5 and Td10 of
nanocomposite lms show a decline trend. As we know, the
nano-SiO2, Al2O3 and Si3N4 possess excellent thermal conduc-
tivity, so the energy transfer is faster and more uniform in the
polymer matrix, which accelerates the decomposition of PI
main chains in the heating process. Moreover, the different heat
carriers for ceramics nanoparticles and organic polymer mate-
rials will lead to signicant scattering of carriers at the
interface.51
3.4 Optical properties

As we all know, colorless and transparent PI lms have a unique
application prospect in the eld of optics. Reducing the
formation of CTC and the content of conjugated structures is an
effective method oen used to prepare transparent PI lms. The
images of triphenylimidazole-containing PI and nanocomposite
lms are demonstrated in Fig. 6, and the UV-visible spectra and
optical data are depicted in Fig. 7 and Table 2. The light
transmittance and uorescence were tested in the form of lm
samples, without dissolved in solvent, which is more in line
with the practical application. As can be seen that the as-
prepared PI(MPBAI-CBDA) lm displays excellent optically
transparent properties due to the presence of bulky triphenyli-
midazole and alicyclic structures. Owing to the large volume of
triphenyimidazole groups, the distance between PI molecular
chains is increased, so the formation of CTC between electron
donors and donors is reduced, leading to the improvement of
light transmittance. Besides, the alicyclic structures weaken the
conjugate effect in the PI backbones, resulting in the light color
or colorless of PI lms. With the addition of three kinds of
nanoparticles, the light transparency of the composite lms
decreases gradually. The decrease of light transparency is
related to the amount of nanoparticles and the uniformity of
dispersion. When the content of the nanoparticles is less than
0.50%, the nanocomposite lms still maintain superior optical
Table 2 Optical and photoluminescence data of triarylimidazole-conta

Samples lcutoff (nm) T410 nm (%) lemmax (n

PI(MPBAI-CBDA) 371 62 495
PI(SiO2-0.02%) 369 54 480
PI(SiO2-0.10%) 372 56 480
PI(SiO2-0.50%) 372 47 485
PI(SiO2-2.50%) 374 20 520
PI(Al2O3-0.02%) 370 67 490
PI(Al2O3-0.10%) 372 63 490
PI(Al2O3-0.50%) 370 52 495
PI(Al2O3-2.50%) 370 34 500
PI(Si3N4-0.02%) 368 58 505
PI(Si3N4-0.10%) 372 51 525
PI(Si3N4-0.50%) 373 42 555
PI(Si3N4-2.50%) 372 26 580

a lcutoff: cut-off absorption wavelength; T410 nm: transmittance at 410 nm;
lshi: maximum emission wavelength redshi.

© 2021 The Author(s). Published by the Royal Society of Chemistry
transparency. However, the optical transmittances of the
nanocomposite lms with 2.50% nano-SiO2 or A12O3 decrease
obviously, which is possibly attributed to the difference of the
lm thickness as well as dispersion.

It is well known that triarylimidazole structures show strong
uorescent properties in solution, but the uorescence effect is
easy to be quenched due to the accumulation of polymer
macromolecular chains in the lm state. Due to the existence of
alicyclic structures, the charge transfer in macromolecular
chains is limited. At the same time, the large steric resistance of
triarylimidazole groups hinders the close packing of PI main
chains. Hence, the PI(MPBAI-CBDA) lm exhibits photo-
luminescence behavior under the excitation of ultraviolet
light.47 Aer respectively adding nano-SiO2, Al2O3 and Si3N4,
these nanocomposite lms still exhibit photoluminescence
performance. The photos taken in dark room and the uores-
cence emission spectra are depicted in Fig. 8 and 9, and the
optical data are listed in Table 2. It can be clearly observed from
the images that as the content of nanoparticles increases from
0.02% to 2.50%, the luminous intensities of nanocomposite
lms are enhanced. Because the introduction of a large number
of nanollers enlarges the distance between the molecular
chains and hinders the interaction of chains, the quenching
and CTC effect are probably weakened, resulting in the increase
of uorescence intensity and quantum yield. Moreover, the
three ceramics nanoparticles are solid powder, which can
increase the rigidity of the composite lms. The structural
rigidity is conductive to increase the planarity of the PI molecule
chains and enhance the conjugation degree of p-electrons. Also,
the energy losses caused by radiation and deactivation, such as
transitions and internal vibrations of molecules are reduced.48

Hence, the uorescence emission peaks of the nanocomposite
lms produce a red shi, at the same time the peak intensities
are increased. Relatively, the enhancement degree of nano-SiO2

is more obvious than that of nano-Al2O3 and Si3N4. Specially,
the 2.50% nano-Si3N4/PI composite lm exhibits signicantly
red shi of 85 nm. The probable reason is that the Si3N4

nanoparticles as a type of semiconductor materials change the
ining PI and nanocomposite filmsa

m) FPL (%) lshi (nm) C.I.Ex C.I.Ey

3.3 — 0.2471 0.4083
3.6 �15 0.2476 0.3510
4.5 �15 0.2422 0.3650

11.7 �10 0.2470 0.3732
17.2 25 0.2982 0.4259
3.4 �5 0.2344 0.3780
4.9 �5 0.2566 0.3869
5.3 0 0.2552 0.3986
6.8 5 0.2497 0.4135
3.7 10 0.2539 0.3746
4.8 30 0.3007 0.4123
6.2 60 0.3572 0.4236
8.5 85 0.4886 0.4151

lemmax: maximum emission wavelength; FPL: uorescence quantum yield;
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Fig. 8 Images of triarylimidazole-containing PI and nanocomposite films under 365 nm ultraviolet light (a) PI(MPBAI-CBDA), (b) PI(SiO2-0.02%),
(c) PI(SiO2-0.10%), (d) PI(SiO2-0.50%), (e) PI(SiO2-2.50%), (f) PI(Al2O3-0.02%), (g) PI(Al2O3-0.10%), (h) PI(Al2O3-0.50%), (i) PI(Al2O3-2.50%), (j)
PI(Si3N4-0.02%), (k) PI(Si3N4-0.10%), (l) PI(Si3N4-0.50%), (m) PI(Si3N4-2.50%).
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emission energy level of the triarylimidazole-containing PI lm,
leading to the decline of the energy level of the rst excited
singlet state.52 The functional groups on the surface of nano-
particles such as Si–OH, –OH, –NH2 and Si–NH2, are electron-
donating groups, which can increase the transition proba-
bility between the lowest excited singlet state and the ground
state. In addition, the permittivity of nano-Si3N4 is higher than
that of nano-SiO2, so the result is similar with that reported in
the literature.46 Thus, the type and content of doped nano-
particles play an important role in the photoluminescence
properties of PI nanocomposite lms.

According to Table 2, with the increase of nanoparticle
content, the uorescence quantum yields of nanocomposite
lms are improved in varying degrees. Specially, the
Fig. 9 Emission spectra of triarylimidazole-containing PI and nanocom
PI(nano-Si3N4).

36074 | RSC Adv., 2021, 11, 36066–36077
uorescence quantum yield of the composites containing
2.50% nano-SiO2 llers reaches 17.2%, meaning a very notice-
able improvement. Additionally, Fig. 10 gives the C.I.E 1931
chromaticity diagram calculated from the uorescence emis-
sion spectra of nanocomposite lms, and the corresponding
color coordinate values are also shown in Table 2. It is found
that the nano-Si3N4 particles take the greatest inuence on
chromaticity of composite lms, while the nano-Al2O3 llers
have the least effect on chromaticity. Therefore, the properties
of inorganic nanollers may be responsible for this result.

3.5 Surface property and water absorption

When the PI lm materials are used in the eld of microelec-
tronics and optoelectronic, the hydrophobic property of the
posite films excited at 425 nm (a) PI(nano-SiO2); (b) PI(nano-Al2O3) (c)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Images of water contact angle on the surface of triarylimidazole-containing PI and nanocomposite films (a) PI(MPBAI-CBDA), (b) PI(SiO2-
0.02%), (c) PI(SiO2-0.10%), (d) PI(SiO2-0.50%), (e) PI(SiO2-2.50%), (f) PI(Al2O3-0.02%), (g) PI(Al2O3-0.10%), (h) PI(Al2O3-0.50%), (i) PI(Al2O3-2.50%),
(j) PI(Si3N4-0.02%), (k) PI(Si3N4-0.10%), (l) PI(Si3N4-0.50%), (m) PI(Si3N4-2.50%).

Fig. 10 C.I.E-1931 chromaticity diagrams of triarylimidazole-containing PI and nanocomposite films (a) PI(nano-SiO2), (b) PI(nano-Al2O3) and (c)
PI(nano-Si3N4).
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surface will have a great impact on the stability and reliability of
the materials.53 Fig. 11 illustrates the images of water contact
angle on the surface of triarylimidazole-containing PI and
nanocomposite lms, and the data of contact angle and water
absorption are given in Table 1. As can be seen that the
spreading of water droplet on the pure PI(MPBAI-CBDA) lm
surface shows good hydrophilicity with a contact angle of 59�.
Because the imidazole structures have good water solubility, the
corresponding PI shows poor hydrophobicity, limiting its
practical application. Due to the incorporation of nanoparticles,
the contact angles exhibit an increasing trend, indicating that
the wettability of the liquid to the lm surface decreases. When
the content of nano-SiO2, Al2O3 and Si3N4 is 2.50%, the contact
angles of composite lms reach 81�, 84� and 85�. Based on the
XRD results, the improvement of hydrophobicity is mainly
attributed to the increase of structural regularity of PI lms.54

Furthermore, the water absorption increases with the increase
of nanoparticles content, and the three systems show a similar
trend. When the lm samples are immersed in deionized water
for a long time, the interface defects between inorganic particles
and organic matrix may cause the inltration of water mole-
cules. In addition, the imidazole structures and some hydro-
philic groups will also play a role in enhancing water
absorption.55 Therefore, the introduction of the three kinds of
nanoparticles tends to improve the hydrophobicity of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
material surface, but is detrimental to long-term water
absorption.
4. Conclusions

The diamine MPBAI containing triphenylimidazole groups was
synthesized and polymerized with CBDA to prepare the color-
less and transparent PI lms. By virtue of in situ polymerization,
three kinds of nanoparticles, including nano-SiO2, Al2O3 and
Si3N4 were introduced into the PI(MPBAI-CBDA) matrix to
fabricate the corresponding nanocomposite lms. These lms
showed excellent optical properties, close to colorless and
transparent. With the increase of nanoparticle content, the Tg of
composite lms increased rst and then decreased, while the
thermal decomposition temperature chiey exhibited a decline
trend. Particularly, all these lms displayed photoluminescence
properties in lm state. As the loading of nanoparticles
increased, the photoluminescence intensity and the uores-
cence quantum yield of nanocomposite lms enhanced obvi-
ously. When the nano-SiO2 content was 2.50%, the relative
luminous intensity increased by 9.2 times, and the absolute
uorescence quantum yield was 5.2 times of pure PI(MPBAI-
CBDA) lms. In addition, the position of uorescence emis-
sion peak was signicantly red-shied about 85 nm when the
added nano-Si3N4 was 2.50% in the PI matrix. By adjusting the
RSC Adv., 2021, 11, 36066–36077 | 36075
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type and content of nanoparticles, the uorescence intensity
and chromaticity of PI lms can be effectively regulated.
Besides, the introduction of three kinds of nanoparticles is
conducive to improve the hydrophobicity of the lm surface.
Therefore, this paper reported a method to improve the pho-
toluminescence properties of PI lms containing triphenylimi-
dazole by introducing the ceramics nanoparticle. These
functional PI lms are expected to be used in some special
optical elds.
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