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Abstract Combining the advantages of mechanochemiluminescence from 1,2-dioxetane and elastico-mechanoluminescence from Zn$S
particles, a new kind of mechanoluminescent polymer composites are developed. They can emit bright luminescence with two distinct colors at
different strains, empowering a verstaile mechanochemical strategy for force sensing and damage detection at a wider force responsive range.
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INTRODUCTION

In polymer mechanochemistry, chemical transformations in
polymers are facilitated using mechanical force. This
burgeoning area has boosted the development of mechano-
responsive polymers as stress sensing materials, whereby the
macroscopic force is translated into specific outputs through
the incorporation of mechano-sensitive units (mechanophores)
into polymer main chains."-® A range of mechanophores with
visualized mechano-responsive signals, such as color changes,"”!
fluorescence,®?  phosphorescencel'  and  chemilumi-
nescence,l'" have been reported. Among them, bis(adamantyl)-
1,2-dioxetane (Ad) has been demonstrated as a versatile
mechanochemiluminescent mechanophore.'>"! When this
mechanophore is covalently coupled with polymer chains or
networks, the strained four-membered ring can be opened,
leading to two carbonyl (typically ketone) moieties, one of
which is in an electronically excited state. When the excited
ketone relaxes into the ground state, blue light at wavelength of
ca. 420 nm emits.'"! Such kind of mechanochemiluminescence
from polymers does not require external excitation sources and
has high spatial and temporal resolution, therefore, has
attracted great attention owing to its potential applications in
mechanosensors.'629-24  However, the mechanochemilumi-
nescence only occur along with chain scission events, so that
fairly high force threshold and visualized force detection mostly
at the fracture moment are resulted. This issue limits the sensing
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applications of Ad mechanophore. In particular, the force
sensing at low stain/stress and prior to chain scission are
beyond its capability.

Besides the mechanochemiluminescence from covalent
mechanophores, inorganic particles, such as rare-earth-ion-
doped aluminates silicates and zinc sulfide (ZnS), are well
known for their elastico-mechanoluminescent feature.[25-331
When they are incorporated in flexible polymer matrix, bright
light can be stimulated under elastic deformation. Taking ZnS
for example, in 2015, Wang et al. mixed ZnS:Mn with flexible
PDMS, which was laminated in transparent PET films with
EVA. The resulted polymer films displayed real-time pressure
feedback by luminescence photos.34 In 2018, Song et al. dis-
persed rigid ZnS:MnZ* (Mn/Cu)@Al,O; particles (ZMP) in
PDMS and printed them as flexible mechanoluminescent
skin-drive devices.35] Since the elastico-mechanolumine-
scence from these inorganic particles is caused by virtue of
lattice defects and piezoelectric electric fields, its sensitivity
can be promoted greatly, with visualized signals mainly con-
centrated at the very beginning of stretching process and
sensitive to low strain.[36-401

To expand the mechano-responsive range, we herein com-
bined the advantages of Ad for covalent bond scission indi-
cator and elastic-luminescent ZnS for elastic deformation de-
tection.[''291 A new kind of Ad containing mechanolumine-
scent polyurethane was synthesized with ZnS particles physi-
cally blended in the polyurethane matrix. Thus, ZnS/polyureth-
ane composite films were obtained from solvent assistant hot
pressing method. Upon deformation, green luminescent sig-
nal driven by elastic deformation of ZnS/polyurethane was
observed at a low strain (Scheme 1a). Then blue mechano-
chemiluminescent signal was captured, resulting from the

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-023-3013-4

Zhang, J. H. et al./ Chinese J. Polym. Sci. 2023, 41, 1162-1168 1163

a ZnS
PU
(Green luminescence)
FRET f hv
b ° ff
AN °® s Y

o}
VRS W
B ———
VTS /N\/O %
o
Ph
(Blue luminescence)
g
Ph

OH

o)

ey

0-0
HO

NCO HO y .
(1) DBTDL | (2) "~ ofricHal; 65°C
NCO

CHCl3 | (3) MeOH, rt.

30°C
[ N N
‘B{H H O\/\M \([)T {:LTO]{ 9 |n
il 0
[0}

o' <
. L
- @
.
"

Scheme 1 (a) The elastico-mechanoluminescence of zinc sulfide (ZnS) in polymer matrix; (b) The mechanochemiluminescence of
bis(adamantyl)-1,2-dioxetane (Ad); (c) Synthetic scheme of mechano-responsive ZnS/polyurethane composite film.

bond scission of Ad followed with fluorescence resonance en-
ergy transfer (FRET) process from the excited ketone to 9,10-
diphenylanthracene (DPA) as acceptor (Scheme 1b).[17:19.21]
Using this strategy by combining ZnS particles and Ad
mechanophore together, the optical force threshold of com-
posite films was decreased, and the force responsive range
was expanded. Moreover, distinct mechanoluminescent col-
ors could be used to distinguish elastic deformation and
bond scission events under tensile tests, empowering the
dual-functional mechano-responsive polymers with im-
proved sensitivity for dual-modal force reporting.

EXPERIMENTAL

Materials

Unless otherwise specified, all reagents and solvents were
purchased from Sigma-Aldrich, TCl or Tianjin Jiangtian Chemical
Company and used without further purification. ZnS was
purchased from Zhejiang Minhui Luminous Technology
Company (Type: MHG-8DY; Lot No: 201711206).
Polytetrahydrofuran (PTMG: M,,=650 g/mol) was dried under
vacuum at 70 °C for 2 h before used. Chloroform (CHCl;) was
dried by distillation with CaH, under argon before used. 5,5'/7'-
(2-Hydroxyethylenoxy) adamantane 1,2-dioxetane (Ad) with
three isomers and polyurethane (PU) were prepared according
to literature procedures.''#! All reactions were performed
under argon atmosphere unless otherwise stated, and all
glassware was dried in oven prior to use.

Characterization

"H-NMR spectra were recorded in CDCl; solvent on a Bruker
AVANCE I1I-400 spectrometer. Gel permeation chromatography
(GPQ) analysis was performed on a Shimadzu LC10-AT with
polystyrene as standard and THF as an eluent at a flow rate of
1.0 mL/min. X-ray diffractometer (XRD) experiments were
carried out on Rigaku SmartLab X-ray diffractometer. Field

emission scanning electron microscopy (FE-SEM) tests and
energy dispersive X-ray spectroscopy (EDXS) tests were
performed on a Hitachi Limited model SU800 instrument.
Differential scanning calorimetry (DSC) measurements were
conducted in TA Instruments Q-20 with a scan rate of 10 °C/min
under nitrogen atmosphere.

Optomechanical Testing

Tensile experiments were recorded out on a TA Rheometrics,
DHR-2 equipped with an Xpansion Instruments, SER3,
extensional fixture. The drums of the fixture were colored black
by permanent marker to eliminate reflecting light. The
transparent double sided sticky tape was put on the drums to
tightly fix the polymer film without slippage. The composite film
has been shielded from light before uniaxial elongation tests.
Mechanochemiluminescence videos and images were captured
in darkness using a pco.edge 5.5 camera equipped with a Nikon
AF NIKKOR 50 mm 1:1.4D lens. All of the videos were recorded
under the same and optimized condition as in the rolling
shutter color mode with shooting rate of 200 fps and exposure
time of 4.98 ms. All frames showing luminescence were
exported as separate monochrome TIF-files and light intensity
was analyzed using a homemade-code implemented in
MATLAB.l"""'® The analyzed light intensity includes light emitted
in the entire visible light range.

Synthesis of PU-1

Ad (64.7 mg, 0.1538 mmol) and dibutyltin dilaurate (DBTDL, 5
pL) were dissolved in dry CHCl; solution (2 mL) in a 100 mL two-
necked flask. 2,4-Tolylenediisocyanate (TDI, 783.58 mg, 4.4992
mmol) dissolved in CHCl; (3 mL) was added to the flask under
argon atmosphere and pre-polymerized at 30 °C for 45 min, and
a solution of PTMG (2.81 g, 4.323 mmol) dissolved in CHCl; (15
mL) was added dropwise. The reaction was carried out at 65 °C
for 6.5 h. Upon completion, the mixture was cooled to room
temperature, with CH;0H (10 mL) added to terminate the

https://doi.org/10.1007/s10118-023-3013-4


https://doi.org/10.1007/s10118-023-3013-4

1164 Zhang, J. H. et al./ Chinese J. Polym. Sci. 2023, 41, 1162-1168

reaction, and precipitated into stirring n-hexane. The n-hexane
was decanted and the polymer was washed with fresh n-hexane
for 3 times. The polymer was collected and dried under vacuum
at room temperature to afford PU-1 as a transparent elastomer
matrix. M,=132 kDa, =1.9.

Synthesis of PU-2 (Without Ad)

TDI (756.72 mg, 4.345 mmol) and DBTDL (5 pL) were dissolved
in dry CHCl; solution (5 mL) in a 100 mL two-necked flask. PTMG
(2.81 g, 4.323 mmol) dissolved in CHCl; (15 mL) was added to
the flask under argon atmosphere and polymerized at 65 °C for
4 h. Upon completion, the mixture was cooled to room
temperature, added CH;OH (10 mL) to terminate the reaction,
and precipitated into stirring n-hexane. The n-hexane was
decanted and the polymer was washed 3 times by adding fresh
n-hexane and decanting the solvent. The polymer was collected
and dried under vacuum at room temperature to afford PU-2 as
a transparent elastomer matrix. M,=98 kDa, D=1.4.

Preparation of ZnS/PU Composite Films

PU-1 (300 mg) and THF (3-7 mL, as little as possible) were
added to a Teflon beaker and stirred until they were
completely dissolved. ZnS (0-600 mg) and 9,10-
diphenylanthracene (DPA, 1 mg) were added to the viscous
polymer solution and fully stirred. Then the polymer blend
was compressed by a tablet pressing machine at 80 °C, 20
MPa for 3 min to obtain uniform composite films (ZnS-
0mg/PU-1, ZnS-300mg/PU-1, ZnS-600mg/PU-1) with the size
of 45 x 25 x (0.22 + 0.01) mm (L X W x T). The composite films
(ZnS-0mg/PU-2, ZnS-600mg/PU-2) were prepared with similar
procedure as the control samples by using PU-2 as the matrix.
The five sets of composite films were cut into rectangular
sample strips with the size of 25 x 2.5 mm and a thickness of
0.22+0.01 mm using a manual cutting device (Zwick ZCP 020)
for optomechanical tests.*"]

RESULTS AND DISCUSSION

As shown in Scheme 1(c), mechanochemiluminescent
segmented polyurethane (PU-1) was synthesized through mild
polycondensation, using polytetrahydrofuran (PTMG, M,=650
g/mol) as the soft segment and 2,4-tolylenediisocyanate (TDI) as
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the hard segment.*! Bis-hydroxyl functionalized 1,2-dioxetane
(Ad, Fig. S1 in the electronic supplementary information, ESI)
was incorporated into the polymer backbone, serving as the
mechanoluminescent mechanophore. Then the composite films
were prepared, with physically blended DPA as the fluorescent
acceptor to improve light intensity from broken Ad, and the
commercial available ZnS particles (the crystal structure,
surface morphology and element composition of ZnS were
characterized as shown in Figs. 52-54 in ESI) as inorganic
filers to endow the composite films elastico-
mechanoluminescent properties.'®?! Films with various
contents of ZnS from 0 mg to 600 mg were obtained (ZnS-
Omg/PU-1, ZnS-300mg/PU-1, ZnS-600mg/PU-1, Table 1).
Meanwhile, polyurethanes without Ad (PU-2) were synthesized
and their ZnS composite films (ZnS-Omg/PU-2, ZnS-
600mg/PU-2, Table S1 in ESI) were prepared as control samples.
DSC curves of all the films (Fig. S6 in ESI) demonstrated low glass
transition temperature (Tg) around —35 °C, corresponding to
their elastic nature independent of ZnS and Ad contents.

Table 1 Feed ratios of ZnS/PU-1 composite films.

Entry PU-1 (mg) ZnS (mg) DPA (mg)
ZnS-0mg/PU-1 300 0 1
ZnS-300mg/PU-1 300 300 1
ZnS-600mg/PU-1 300 600 1

Optomechanical properties of ZnS/PU-1 were studied on a
rheometer equipped with an Expansion Instruments SER
Universal Testing Platform and a high-speed camera to re-
cord the luminescence in darkness (Videos S1-S3 in ESI). ZnS-
O0mg/PU-1, ZnS-300mg/PU-1, and ZnS-600mg/PU-1 films
with varied ZnS contents were compared at a Hencky strain
rate of 20 s~1. As shown in Fig. 1(a) and Fig. S8 (in ESI), all the
films demonstrate good mechanical strength, whose fracture
stress and fracture energy were almost similar to each other,
except for ZnS-600mg/PU-1 showing slightly decreased
mechanical properties due to increased phase separation at
high doping concentration of ZnS. Upon deformation, the
ZnS-300mg/PU-1 and ZnS-600mg/PU-1 films show green
mechanoluminescence at the very initial stage. Further
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Fig. 1 (a) Representative Hencky stress-strain curves and (b) the corresponding cumulative light intensity of ZnS-0mg/PU-1, ZnS-
300mg/PU-1 and ZnS-600mg/PU-1 containing 0.33 wt% DPA at Hencky strain rate of 20 s™'. (Points represent average and standard

deviation from three parallel experiments for each sample.)
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stretching the film led to the appearance of intense blue
luminescence in all the three ZnS/PU-1 films, accompanied
by a pronounced localization of mechanoluminescence at the
fracture, which was in line with the activation of the Ad
mechanophore. The cumulative light intensity of the compos-
ite films was found increasing as the ZnS content increased
(Fig. 1b). Since the amount of Ad and the mechanical proper-
ties of the three films were similar, stronger elastico-mechan-
oluminescence from ZnS contributed mostly to the pro-
moted total light intensity from ZnS-Omg/PU-1 to ZnS-
600mg/PU-1.

To verify the elastico-mechanoluminescent properties of
the composites, the control film ZnS-600mg/PU-2 (without
Ad) was stretched in darkness (Video S4 in ESI). ZnS-
600mg/PU-1 and ZnS-600mg/PU-2 possessed similar frac-
ture stress and fracture energy, whereas the cumulative light
intensity of ZnS-600mg/PU-2 was distinctly lower than that
of ZnS-600mg/PU-1 (Fig. S9 in ESI). Unlike the dual optical
signals (green and blue mechanoluminescence at different
strain ranges) emitted from the deformed ZnS-600 mg/PU-1

film as described above, upon stretching, the ZnS-
600mg/PU-2 composite films only released green light be-
fore the strain of 145%, but with almost no light above this
strain (Fig. S10 in ESI). These results indicated that the green
light was originated from the elastico-mechanoluminescent
nature of ZnS in polyurethane matrix. The relationship
between the cumulative light intensity and strain/stress of
ZnS-600mg/PU-1 and ZnS-600mg/PU-2 was summarized in
Fig. S11 (in ESI). At the early stage of stretching, the trends of
two curves were almost coincident. As the mechanical de-
formation continuing, ZnS-600mg/PU-1 experienced a signi-
ficant enhancement in cumulative light intensity due to the
effective bond scission of 1,2-dioxetane as the dominant step
for mechanical energy dissipation.

More detailed analyses of the optomechanical properties of
the ZnS/PU-1 film were performed to demonstrate its dual-
modal force reporting ability at broader force range. The cu-
mulated light intensity were plotted against the applied
Hencky strain, and compared to the Hencky stress-strain
curves, assuming that the highest stress corresponded to the
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Fig. 2 Evolutions of Hencky stress and cumulative light intensity versus Hencky strain (top) and optical images (bottom) during stretching of
(a) ZnS-0mg/PU-1, (b) ZnS-300mg/PU-1 and (c) ZnS-600mg/PU-1 containing 0.33 wt% DPA at Hencky strain rate of 20 s
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600mg/PU-1 containing 0.33 wt% DPA during stretching at Hencky strain rate of 20 s™'.

film fracture (Fig. 2). First, the ZnS-0 mg/PU-1 film (without
ZnS) only emitted blue light at a high threshold, e.g., within
the Hencky strain range of 200%-250%, corresponding to co-
valent bond scission during fracture. In contrast, the compos-
ite films of ZnS-300mg/PU-1 and ZnS-600mg/PU-1 exhib-
ited dual signals with different luminescent colors: (1) at low
strain, ZnS was activated firstly and green light emitted
throughout the whole film, corresponding to elastic-mechan-
oluminescence. At this stage, the applied force was insuffi-
cient to break the covalent bond; (2) as the Hencky strain
gradually increasing, blue mechanochemiluminescence ap-
peared through the sample. Then, a marked increase in lu-
minescence intensity was detected, along with a pronounced
localization of scission at the fracture site. No further lumines-
cence was observed after fracture. These results demon-
strated the transient nature of the dual optical signals, allow-
ing real time monitoring of elastic-deformation and chain-
scission events with high sensitivity.

Then, the effect of ZnS content on mechanoluminescence
sensitivity was summarized in Fig. 3. When the Hencky strain
was lower than 2.1, the cumulative light intensity of ZnS-
300mg/PU-1 and ZnS-600mg/PU-1 increased gradually and
was almost proportional to the Hencky strain, while no light
was captured from the ZnS-0mg/PU-1 film, verifying the ex-
cellent strain sensing ability of the incorporated ZnS. Further-
more, the cumulative light intensity of all the films increased
remarkably when Hencky strain reached up to 2.1 upon de-
formation. Similar results were illustrated in Fig. 3b, as the cu-
mulative light intensity from ZnS-600mg/PU-1 film in-
creased most significantly with stress. These results revealed
that the elastico-mechanoluminescence from ZnS was mostly
concentrated at the Hencky strain lower than 2.1, and more
intense mechanochemiluminescence from Ad began at the
strain of 2.1, corresponding to the covalent bond scission.
This effect is more profound for composite films with higher
amount of ZnS, e.g., the strain threshold for green mechano-
luminesence was determined to be 56% and 25% for ZnS-
300mg/PU-1 and ZnS-600mg/PU-1, respectively. These re-
sults jointly proved that the combination of elastic-mechano-
luminescent ZnS and covalent mechanophore Ad could not
only expand the visualized force responsive range, but also

improve the force reporting sensitivity, in terms of increased
light intensity and enriched mechanoluminescent modal.
Notably, rather than synthetic elaborations and coupling of
various mechanophores, our strategy is more concise and
powerful to probe the much earlier deformation process with
high spatial and temporal resolution.

CONCLUSIONS

In conclusion, mechanochemiluminescent polyurethanes with
1,2-dioxetane as the covalent mechanophore and ZnS as the
elastico-mechanoluminsecent indictor were synthesized. Upon
uniaxial elongation tests, these composite films displayed good
mechanical properties, and emitted green and blue luminescent
signals successively, indicating elastic deformation and covalent
bond scission events, respectively. Taking advantages of both
mechanoluminescent moieties, the limitations arose from the
large force threshold for luminescence from Ad, as well as the
weak elastico-mechanoluminescence from ZnS now can be
addressed, resulting in force reporting polymers responsible at
effectively expanded force range, and with appreciable and dual
modal optical changes.
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