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To expand the existing application conditions of photochromic polymers and enhance the tolerance of
photochromic polymer electronic devices in extreme environments, a diamine monomer DTEDA bearing
the diarylethylene (DTE) moiety was synthesized and polymerized with commercially available dihydrides
to afford three polyimides (Pls, named DTEODPI, DTE6FPI and DTEHPMPI) through chemical imidization.

Received 29th July 2020, These Pls realized reversible photo-triggered isomerization both in solution and in film state, with solution
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photoluminescence “on/off" effects. Semi-aromatic DTEHPMPI showed the largest contrast of color and
fastest light response due to its local excited (LE) state. This research provides a simple method to prepare
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Introduction

Photochromic materials, which can be reversibly transformed
into two isomers upon irradiation, might show significant
differences in their physical and chemical properties, such as
refractive index, absorbance, fluorescence intensity and dielec-
tric constant under illumination." Therefore, they have great
potential in various practical applications such as data storage,
optoelectronic devices, sensing, tunable self-assembly mor-
phology, super-resolution microscopy, anti-counterfeiting
materials and other fields.”® Among the family of photo-
chromes, including spiropyran,” azobenzene,® Schiff-base,’
triarylethylene'®™* and dithienylethene (DTE),"*'* DTE is
regarded as the shining star due to its inherent bistable
characteristics and excellent recyclability. Although in-depth
research has been conducted on small molecule DTE
materials,"® their poor thermal stability, inferior film-forming
property and easy oxidation nature are still the key constraints;
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photochromic polymer materials with excellent comprehensive properties.

however, by introducing DTE moieties into polymers, all issues
can be resolved."®

Generally, there are two strategies for introducing DTE moi-
eties into polymers: (1) doping DTE derivatives into poly-
mers,"” and (2) covalently incorporating DTE chromophores
into the main or side chains of polymers."® The former
method has obvious drawbacks, with low concentration
doping influencing the photochromic properties while high
concentration doping readily causes aggregation and phase
separation due to low compatibility between DTE small mole-
cules and polymer macromolecules.'® The poor heat resistance
of small molecule DTE dopants limits its application in the
more demanding fields. Up to now, several kinds of DTE
bonded functional polymer materials such as polycarbonate,>
polysiloxane,”*  polyurethane®*** and other conjugated
polymers®**® have been synthesized and investigated. Much
progress in photochromic polymer materials has been made
in terms of color changing speed and fatigue resistance,*®
while other properties, such as high and low temperature resis-
tance and extreme environmental resistance, have been neg-
lected, and they are of great importance when put to practical
use. To overcome the problems mentioned above, we con-
sidered combining DTE moieties with polymer materials pos-
sessing excellent properties. Compared with the polymers
mentioned above, polyimides (PIs), as a family of functional
polymer materials showing excellent intrinsic comprehensive
performance, surpass other photochromic polymer materials
in high glass transition temperature and high decomposition
temperature, with superior film-forming properties, simple
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synthesis and easy mass production.>’*° More importantly, PI
could maintain its good performance even under extreme con-
ditions. In addition, introducing DTE moieties into the
polymer backbone would improve its quantum yield, which
would help in improving its photochromic properties.>®*!
Herein, three PIs (named DTE6FPI, DTEHPMPI, and
DTEODPI) were prepared via chemical imidization, with a DTE
containing diamine monomer DTEDA and three commercially
available dianhydrides (6FDA, ODPA, and HPMDA). All three
PIs are photochromic both in solution and in film state, with
the colorless open-ring form turning into a red closed-ring
form under ultraviolet (UV) light. The process is reversible
when the red closed-ring form is irradiated with visible light
and it turns to a colorless open-ring form. This is the first
report on photochromic polyimides containing DTE moieties.
The photochromic mechanism is speculated through theore-
tical calculations, and DTEHPMPI with a semi-aromatic struc-
ture had the fastest UV response and highest contrast color.
The reversible photochromic property makes PIs advanta-
geously applicable as UV sensors, anti-fake materials, smart
windows, optoelectronic devices and many other fields.

Results and discussion
Synthesis and characterization of monomers

The diamine monomer DTEDA was obtained via a three-step
synthesis route (Scheme 1) according to an earlier report.*>
The Friedel-Crafts acylation of 1 with glutaryl dichloride was
performed in anhydrous CH,Cl, to obtain the colorless Dione.
Afterwards the McMurry reaction was carried out to generate
DTE2CI, which can be functionalized using n-BuLi and tributyl
borate in anhydrous THF, and the chlorine of DTE2CI was sub-
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Scheme 1 Synthesis routes of diamine monomers DTEDA.
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stituted by -B(OBu), to form an intermediate, which could
react with 4-bromoaniline by Suzuki cross-coupling reaction to
afford the desired diamine monomer DTEDA. The intermedi-
ates and product DTEDA were confirmed by 'H NMR, *C
NMR, IR and mass spectra, which are shown in the ESI.}

Synthesis and characterization of polyimides

DTEDA was polymerized with three commercial dianhydride
monomers 1,2,4,5-cyclohexanetetracarboxylic ~ dianhydride
(HPMDA), 4,4"-(hexafluoroisopropylidene)diphthalic anhydride
(6FDA) and 4,4-oxydiphthalic anhydride (ODPA) to prepare
three PIs (DTE6FPI, DTEHPMPI, and DTEODPI). The prepa-
ration process of PIs is illustrated as follows. Equal molar
amounts of DTEDA and dianhydride were mixed together in
anhydrous dimethylformamide (DMF) and stirred at zero
temperature to form viscous poly(amic acid) (PAA) solution,
with solid contents of 15%-30%. Pyridine and acetic anhy-
dride were added at room temperature to chemically convert
PAAs into PIs. The solutions of PIs were subsequently poured
into methanol to yield three novel PIs bearing DTE moieties
(Scheme 2). As a result of complete imidization, the infrared
absorption bands at 3500 cm™'-3300 cm™" belong to the N-H
group of PAAs that disappeared, while the characteristic
absorption peaks of the PI imide groups at about 1784 cm™"-
1712 ecm™' (C=0 asymmetrical and symmetrical stretching)
and 1353 cm™' (C-N-C stretching) arose. In addition, the
stretching vibrations of the -CH, and —CH; groups assigned to
the central cycloalkene ring clearly appeared at 2960 cm™'-
2840 cm™', which proved the successful introduction of the
DTE group to the PIs. The intrinsic viscosities of DTE6FPI,
DTEHPMPI and DTEODPI in NMP were 0.25 dL g_l, 0.18 dL
¢~' and 0.73 dL g, respectively.

Thermal properties

Thermal properties of PIs were investigated by thermo-
gravimetric analyses (TGA) and differential scanning calorime-
try (DSC), as shown in Table 1. These three PIs showed excel-
lent thermal stability, with 5% weight loss temperatures (Tqso)
of 441 °C (DTEHPMPI), 492 °C (DTE6FPI) and 490 °C
(DTEODPI) under N,, respectively. The aromatic imide struc-
tures made the Tyso, of DTE6FPI and DTEODPI higher than
that of DTEHPMPI. Based on the DSC curves, we found that all
the PIs had a high glass temperature (T,), within the range of
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HN NH; o o]

HO:
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Pyridinai
Acetic anhydride -Hz0

Q-0 X Y

DTEHPMPFI DTEODPI DTESFPI

Scheme 2 Synthesis routes of polyimides DTEHPMPI, DTEODPI and
DTEGFPI.
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Table 1 Thermal properties of polyimide films

Polyimide T, ° Ty? Char yield*® (wt%)
DTE6FPI 306 492 44

DTEHPMPI 278 441 9

DTEODPI 295 490 35

“Measured by DSC at a heating rate of 10 °C min~". ? Measured by
TGA at a heating rate of 20 °C min™" in nitrogen. ¢ Residual weight per-

centage at 850 °C under N,.
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250-280 °C (Fig. S3 in ESI}). Besides, good solubility in
common solvents made them suitable for efficient and
simple spin-coating, printing or roll-to-roll processing
(Table S1 in the ESIf).

Photochromic properties of polyimides

To assess the photochromic properties of PIs, UV-Vis experi-
ments were conducted in NMP solution (Fig. 1) and in film
state (Fig. 2) at room temperature. The absorption peaks in
solution mainly appeared at 300 nm and 318 nm before
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Fig. 1 UV-Vis spectra of DTE6FPI (a and b), DTEHPMPI (c and d), and DTEODPI (e and f) in NMP solution (0.05 mmol L™) during illumination with

365 nm UV light (a, c and e) or visible light (b, d and f).
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Fig. 2 UV-Vis spectra of DTE6FPI (a and b), DTEHPMPI (c and d), and DTEODPI (e and f) films during illumination with 365 nm UV light (a, c and e)

or visible light (b, d and f).

irradiation. When exposed to 365 nm UV light, a new absorp-
tion peak in the visible region (540 nm) appeared and its
intensity increased with time, accompanied by the decrease of
the absorption peak in the short wavelength region (300 nm
and 318 nm), changing the color from colorless to red. This
can be attributed to the photoisomerization of DTE, which
changed from an open-ring form to a closed-ring form under
UV illumination, leading to larger conjugation and long wave-
length light absorption. After irradiation for a period of time,
the 540 nm peak no longer increases, indicating that the

6704 | Polym. Chem., 2020, 11, 6701-6707

photostationary state (PSS) is reached where two forms co-
existed simultaneously in solution. Along with the UV-vis spec-
trum which showed an opposite change to the above results,
the red solutions of the three PIs could be decolorized under
visible light (>450 nm). The decolorization process proved that
the closed-ring form could return to the initial open-ring form.
It is noteworthy that a decrease in the short wavelength region
(300 nm and 318 nm) was observed when they were exposed to
visible light for longer than 38 min (DTE6FPI), 141 min
(DTEHPMPI) and 38 min (DTEODPI). This phenomenon

This journal is © The Royal Society of Chemistry 2020
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might be due to the fact that partial ring-opened isomers
absorbed a small amount of UV light that leaked from the
filter and the ring-closing reaction occurred again. Nearly
uniform absorption wavelengths of the open- and closed-ring
forms were monitored for these PIs, demonstrating the negli-
gible influence of the dihydrides on them. Fig. 2 shows the
film state UV-Vis spectra, which clearly indicate that reversible
photo-isomerization existed in film state as well, with similar
spectra to their solution state spectra. The three DTE contain-
ing PI films exhibited the same behavior under 365 nm UV
irradiation or visible light illumination as their solutions. As is
shown in Fig. 2, DTEHPMPI had the largest contrast of color
and fastest light response over DTE6FPI and DTEODPI.

Photofluorescence switching behaviors of the polyimides

Fig. 3 exhibits the fluorescence spectra “on/off” switch of these
three PIs in NMP, with intense emission peaks observed at
469 nm (DTE6FPI), 456 nm (DTEHPMPI), and 465 nm
(DTEODPI), respectively. The fluorescence spectra were
quenched upon irradiation with 365 nm UV light and almost
returned to their initial intensity with visible light illumination
(>450 nm). It is worth noting that there were significant spec-
tral overlaps between the absorptions of closed-ring forms and
emission of open-ring forms (Fig. 4). We assumed that the
efficient energy transfer between the two isomers was respon-
sible for this phenomenon. Due to the low detection limit of
fluorescence intensity, we may use them as ultraviolet light
Sensors.
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Table 2 Theoretical analysis for model compounds
Compound S1 Energy (nm/eV) f
MO-DTE6F-O H-L 520/2.39 0.0008
MO-DTE6F-C H-L 803/1.54 0.0003
MO-DTEHPM-O H-L 338/3.67 0.31
MO-DTEHPM-C H-L 597/2.08 0.72
MO-DTEOD-O H-L 500/2.48 0.0005
MO-DTEOD-C H-L 754/1.64 0.0013
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Fig. 5 The frontier molecular orbitals of MO-DTEHPM-O (a), and
MO-DTEHPM-C (b).
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Fig. 4 UV-Vis spectra of closed ring forms (red line) and emission spectra of open ring forms (black line) of DTE6FPI (a), DTEHPMPI (b), and

DTEODP (c).
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Fig. 6 The frontier molecular orbitals of MO-DTE6F-O (a), MO-DTE6F-C (b), MO-DTEOD-O (c), and MO-DTEOD-C (d).

Theoretical analysis of the photochromic mechanism

To investigate the photochromic mechanism, we designed three
model compounds (MO-DTEHPM, MO-DTE6F, and MO-DTEOD)
according to the polymer repeating unit (Table 2). Their open-
ring (O) and closed-ring (C) forms were optimized and calculated
using time-dependent density functional theory (TD-DFT) for the
frontier molecular orbitals with the Gaussian 09 program
package. As we can see from Fig. 5, the highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of MO-DTEHPM-O were mainly concentrated around the
DTE moiety and two benzene rings connected to thiophene. The
first excited state (S1) is the transition from the HOMO to LUMO.
The overlap of electron clouds between the two orbitals is large,
and the oscillator strength (f) is 0.31, which is a typical feature
of the locally excited (LE) state and is beneficial for electron tran-
sition. The wave functions of activated carbon atoms on the
LUMO are in the same phase (shown in red in Fig. 5a), indicating
a tendency of forming a bonding orbital. Furthermore, the
energy for the first excitation (338 nm) matched well with the
experimental result (365 nm). So, we can deduce that
MO-DTEHPM-O could absorb a 365 nm photon and transform
into MO-DTEHPM-C. Similarly, the S1 of MO-DTEHPM-C pre-
sents an LE state (Fig. 5b). The activated carbon atoms in the
HOMO show a bonding property while the LUMO is antibonding.
It can be inferred that the electrons are excited from the HOMO
to LUMO, and then MO-DTEHPM-O is formed. The photoiso-
merization of the aromatic structure (MO-DTE6F and
MO-DTEOD) is shown in Fig. 6. The HOMO-LUMO separations
showed that S1 is an intramolecular charge-transfer (CT) tran-
sition with small oscillator strength (0.0008 of MO-DTE6F-O,
0.0003 of MO-DTE6F-C, 0.0005 of MO-DTEOD-O, and 0.0013 of
MO-DTEOD-C). The above results indicate that the semi-aromatic
structure is more beneficial for energy absorption and the occur-
rence of photoisomerization.

Conclusions

In this article, we reported the synthesis of a symmetrical
diamine DTEDA containing DTE via a three-step procedure

6706 | Polym. Chem., 2020, 11, 6701-6707

and polymerization with three commercial dianhydrides to
afford three PIs (DTEODPI, DTE6FPI, and DTEHPMPI). All
three PIs realized reversible photo-triggered isomerization
both in solution and in film state, with photoluminescence
“on/oft” effects in solution. Among them, the semi-aromatic
DTEHPMPI polymer had the largest contrast of color and
fastest light response due to its LE state electron distribution
over the DTE fragment. The research provides a simple
method to prepare photochromic polymer materials with
excellent comprehensive properties.

Experimental

Raw materials, synthesis route and instrumentation are
presented in the ESL{
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