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Abstract: Photoluminescence materials play an inseparable role in the application of polymer
systems. However, intrinsic polymer systems have rarely been intuitively interpreted based on
photoluminescence regulation. A novel photoluminescence mechanism called vibration-
induced emission (VIE) has recently drawn great attention due to its multicolor fluorescence
from a single molecular entity. Based on the unique fluorescent properties of VIE molecules,
we doped 9,14-diphenyl-9,14-dihydrodibenzo[a,c]-phenazine (DPAC) and its derivative
DPAC-CN in two stretchable polymers, poly(e-caprolactone) and ethylene vinyl acetate (EVA)
copolymer, to explore the important relationship between luminophores and polymer systems.
This research focused on the multicolor photoluminescence of the obtained blend films that
resulted from stretching exertions and temperature responses. The successive conformational
alterations of VIE molecules endowed continuous photoluminescent changes. Meanwhile, the
multicolor variations also provided specific visual evidence regarding the amplified tensile
stresses and microstructural changes in the polymer. This demonstration will therefore provide

advantageous insights into the development of functional optical materials.
Introduction

Recently, photoluminescence mechanisms with luminescence-tunable behaviors and stable
emission properties have ushered in rapid development stages in both academic exploration (1,
2) and fundamental inventions (3, 4). Based on this, the development of many potential

applications, such as detection (5), data storage (6), anti-counterfeiting (7, 8), and displays (9-
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12), has created great value based on the dramatic illumination of functional optical materials.
However, the optical function achieved by photoluminescence luminophores is not always
established by the luminophores themselves (13, 14). Owing to the unique properties of
materials, most researchers have realized innovative photoluminescence materials that rely on
the combination of luminophores and polymers by doping and polymerization (15-19). Thus,
the application of specific polymers has become prominent in the area of photoluminescence
materials (20-22). Luminophores has undoubtedly created more possibilities regarding the
assistance of polymer systems. Nonetheless, the photoluminescence mechanism has rarely
been utilized in the detection and analysis of polymer systems. There are still challenges in
intrinsic amplification of polymers by the advantages of photoluminescence regulation. Due to
the limitations of luminophores, many luminescence systems exhibit single-color emissions or
multicolor emissions under certain conditions (23, 24). This induces restrictions on the further
development of functional optical materials in polymer systems. Therefore, it is of great
importance to fully utilize the representative behavior of photoluminescence regulation to

realize internal visualization in polymer systems.

Vibration-induced emission (VIE) (25-27), as an emerging photoluminescence mechanism,
has drawn great attention in recent years owing to its tunable multicolor mission between
different successive configurations. This mechanism has been attributed to the saddle-like VIE
molecules of 9,14-diphenyl-9,14-dihydrodibenzo[a,c]-phenazine and its derivatives with
consecutive conformations from bent to planar (28-31), resulting in appealing multicolor
mission (blue and orange red) from a single molecular entity. Under different external
environmental conditions, such as solvent polarity (32, 33), viscosity (34, 35) and temperature
(36), VIE molecules display excellent photoluminescence properties with favorable
reversibility and controllable regulations (37, 38). Based on this phenomenon, we proposed a
distinct strategy involving the exertion of an external stretching force to explore and report the
very special and interesting photoluminescent characteristics of VIE molecules in poly(e-
caprolactone) and ethylene vinyl acetate (EVA) polymer systems. As biodegradable polymers,
poly(e-caprolactone) and EVA materials that have good extensibility properties have been

generally accepted to form homogeneous mixtures with other compounds in the melt and
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solution. The physical parameters of poly(g-caprolactone) and EVA have been extensively
explored in many previous studies (39-42). However, the measurements of intrinsic alterations
in polymer systems still require the use of sophisticated instrument detection, which has not
been represented by an intuitional method so far. Therefore, we attempted to visualize and
amplify the microcosmos of poly(e-caprolactone) and EVA by utilizing the multicolor
luminescent properties of VIE molecules. We believe that the integration of VIE theory will
contribute to gaining a profound understanding of polymer systems, as well as discovering

future applications that further enrich functional optical materials.

In the present work, we synthesized two VIE molecules, 9,14-diphenyl-9,14-
dihydrodibenzo[a,c]-phenazine (DPAC) and 9,14-diphenyl-9,14-
dihydrodibenzo[a,c]phenazine-11-carbonitrile (DPAC-CN). These two VIE molecules were
simply doped into two polymer systems respectively to explore the intrigue photoluminescence
mechanisms. Polymer systems including poly(e-caprolactone) and EVA were chosen because
of their excellent stretchability and flexibility; such properties are the reason that the VIE
molecules exhibited different conformations from bent to planar and represented dramatic
photoluminescent behavior in these polymers. The novel blend films we obtained not only
exhibited diverse fluorescence emissions but also precise recording of exerted tensile stress
and visualized changes in the microstructure and crystallinity of polymer systems according to
the gradual conformation changes. Additionally, the temperature responses in both polymer
systems were also extensively explored. The obtained material with VIE molecules was even
utilized as a temperature detector for the recognition of body temperature. Therefore, the two
systems with VIE molecules made significant contributions to the amplification of

microcosmos in polymers through consecutive photoluminescence emissions.

Microcosmic disclosure in a doping system of poly(s-caprolactone) by VIE

photoluminescence regulation

The VIE molecules of DPAC and DPAC-CN possessed multicolor emissions owing to the
consecutive conformations that varied with different surroundings (detailed synthetic processes
are reported in the Supplementary Materials and figs. S1 to S6). As shown in fig. S7, DPAC

and DPAC-CN emit blue fluorescence in the solid state with respective fluorescence quantum
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yields (QYs) of 5.9% and 3.8%. The respective red fluorescence emission in toluene solution
is exhibited in fig. S8. Along with reacting to variations in the external surroundings, such as
the solvent polarity, viscosity and temperature, the VIE molecules showed diverse emissions
from blue to orange red through a gradual process; such emissions are inseparable from the
successive changes in their conformations. The related mechanism has been fully studied in
our previous reports (28-36). For further exploration, this research focused on microcosmic

disclosure in polymer systems by photoluminescence regulation of VIE molecules (Fig. 1).
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Fig. 1. Hlllustration of the film preparation and the photoluminescence mechanisms in
different stretching states. Preparation of the blend films in two polymer systems and the
chemical structures of DPAC and DPAC-CN in different conformations, from bent to planar,

upon stretching and heating in the excited states.

P(DPAC) and P(DPAC-CN) films were obtained by doping DPAC and DPAC-CN in poly(e-
caprolactone) (Fig. 1). The detailed preparation processes are provided in the Supplementary
Materials. To eliminate the influence of poly(e-caprolactone) on the luminescence behaviors,
fluorescence spectra and absorption spectra of the poly(e-caprolactone) film were obtained
under the same test conditions as P(DPAC) and P(DPAC-CN), as shown in figs. S9 and S10.
It was demonstrated that the poly(e-caprolactone) film had no effect on the photoluminescence
in either the original state or the stretched state. Based on this result, we prepared films at
different doping ratios with increasing VIE molecule concentrations (wt%), namely, P(DPAC-

0.1%), P(DPAC-0.3%), P(DPAC-0.5%), P(DPAC-1.5%), P(DPAC-2.5%), P(DPAC-5%),



P(DPAC-CN-0.1%), P(DPAC-CN-0.3%), P(DPAC-CN-0.5%), P(DPAC-CN-1.5%),
P(DPAC-CN-2.5%), and P(DPAC-CN-5%).

The fabricated films exhibited different photoluminescent behaviors with increasing VIE
molecule concentrations in poly(e-caprolactone). Taking P(DPAC) as an example, the resulting
normalized fluorescence spectra corresponded to multicolor fluorescence from light pink to
yellow green, as shown in Fig. 2 (A and C). The short wavelength emissions at different ratios
became increasingly redshifted from 425 to 470 nm. However, the long wavelength emissions
were all located at 600 nm and did not change significantly; this indicated that the addition of
DPAC lead to conjugation resulting from intermolecular stacking but did not increase the
conjugation of the planar configuration in the excited state. Furthermore, the long wavelength
intensity between P(DPAC-0.1%) and P(DPAC-0.5%) rose slightly according to the
normalized fluorescence spectra, meaning that the DPAC molecules were dispersive with few
restrictions at low concentrations. Conversely, the long wavelength intensity declined with
further increases in DPAC% from P(DPAC-0.5%) to P(DPAC-5%), owing to the limitations
caused by intermolecular stacking in the excited state. To demonstrate this behavior, the
absorption spectra of P(DPAC) and P(DPAC-CN) films are shown in fig. S11. The redshifts
of the absorption peaks provided strong evidence for increases in intermolecular stacking and
conjugation. Similar multicolor variations also existed in P(DPAC-CN), as shown in Fig. 2 (B
and C). With the electron withdrawing effect of -C=N, P(DPAC-CN) exhibited more redshifted
short wavelength emissions from 465 to 495 nm than P(DPAC). Owing to the effect of
intermolecular stacking, the fluorescence QYs of the P(DPAC) and P(DPAC-CN) films, as
measured and shown in Fig. 2D, did not change significantly with additional doping
concentrations but exhibited stronger photoluminescence properties than the original VIE

molecules.
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Fig. 2. Photoluminescent properties at different doping ratios. Normalized fluorescence
spectra of (A) P(DPAC) and (B) P(DPAC-CN) films with different doping ratios. (C)
Representative photographs of P(DPAC) and P(DPAC-CN) films with different doping ratios
under 365 nm excitation. (D) Fluorescence QYs of P(DPAC) and P(DPAC-CN) films with

different doping ratios (Aex = 365 nm).

Inspired by the various photoluminescent properties in P(DPAC) and P(DPAC-CN) films,
we further studied the tension-visualization behaviors in these blend films with certain external
tensile stresses. Despite low elasticity, due to the commendable extensibility of poly(e-
caprolactone), the blend films with VIE molecules were stretched at a constant speed (10 mm
min't) while the precise corresponding tensile stresses were recorded. As shown in Fig. 3,
stretching experiments were conducted on P(DPAC-0.1%), P(DPAC-0.5%), P(DPAC-5%),
P(DPAC-CN-0.1%), P(DPAC-CN-0.5%), and P(DPAC-CN-5%) to record the consecutive
photoluminescence changes in this system. The stress-strain curves of the films in fig. S12
were markedly parallel and agreed with the poly(e-caprolactone) curve in both elongation and
breaking strength. The corresponding average mechanical strength was 28 MPa and the
satisfactory stretchability was 900%, implying that a small amount of VIE molecules did not
induce changes in the nature of poly(e-caprolactone). Moreover, the X-ray diffraction (XRD)
spectra and differential scanning calorimetry (DSC) thermograms also demonstrated this point
owing to the small changes among poly(e-caprolactone), P(DPAC-0.5%) and P(DPAC-0.5%)
in the stretched state, as exhibited in figs. S13 and S14.
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Specifically, we were surprised to discover that blend films doped with VIE molecules
emitted distinct fluorescence during the stretching process upon 365 nm excitation, as
compared to the original and stretched films without 365 nm excitation in fig. S15. This
variation in fluorescence color would significantly match with the continuous stretching
process. As shown in Fig. 3 (A to C), the blend films of P(DPAC-0.1%), P(DPAC-0.5%) and
P(DPAC-5%), as prepared with rectangular shapes (20 mm > 10 mm), were stretched
separately, in parallel, at a uniform speed. Then, the normalized fluorescence spectra of the
stretched parts were recorded for elongations from 0 to 900%. The original states of these films
showed two characteristic emission peaks (425 nm and 600 nm) that were properly assigned to
the DPAC doped in poly(e-caprolactone). The amplitude of the broad emission peak located at
425 nm gradually decreased and the peak was finally replaced by the 480 nm emission peak,
as shown in Fig. 3C. This phenomenon related to stretching progress was similar to the
phenomenon related to increasing VIE molecule concentration, convincingly demonstrating
that stretching of the films induced narrow intermolecular distances of VIE molecules.
Furthermore, the intensity of the long wavelength emission decreased gradually with slow
elongation, meaningfully reinforcing the successive configuration limitations of VIE molecules
in the excited state brought by stretching. The restriction that weakened the red fluorescence
emission of blend films finally eliminated all but the blue emission, implying stronger
restrictions of molecular configuration induced by stretching. This was demonstrated by the
stretching images of P(DPAC-0.5%) shown in Fig. 3G. The progressive increase in the
fluorescence QYs with deformations at 100%, 400% and 900%, as shown in fig. S16, might
also account for the facilitation of narrow intermolecular distances. Similarly, P(DPAC-CN)
exhibited fluorescence color conversions from light orange to green after stretching (Fig. 3, D
to F, fig. S15 and movie S1). Increases also occurred in the QYs of P(DPAC-CN-0.5%). This
dramatic fluorescent behavior in blend films was also captured again once the stretched films
were redissolved in dichloromethane (DCM) and dried off, demonstrating the excellent

reversibility enabled by P(DPAC-0.5%) (fig. S17).
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Fig. 3. Stretching properties at different elongations. Normalized fluorescence spectra of
(A) P(DPAC-0.1%), (B) P(DPAC-0.5%), (C) P(DPAC-5%), (D) P(DPAC-CN-0.1%), (E)
P(DPAC-CN-0.5%), and (F) P(DPAC-CN-5%) (Aex = 365 nm). The line color exhibited is
connected to the luminescence color of the blend films. (G) Photoluminescence images of
P(DPAC-0.5%) at different stretching states under 365 nm excitation. (H to 1) SEM images of
the P(DPAC-0.5%) film before and after stretching, with scale bars of 300 pm and 50 pum.

To evaluate the restricted effect of poly(e-caprolactone), we performed absorption
measurements of P(DPAC-0.5%) and P(DPAC-CN-0.5%) upon stretching, as shown in fig.
S18. The existence of blueshifted absorption peaks in the original and stretched states implied
a decrease in the luminophore concentration, indicating further narrow distances of VIE
molecules in polymer networks. The limitations induced by stretching mainly occurred in the
excited state of VIE molecules and completely decreased the long wavelength intensity. This
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decrease confirmed that the changes in the surroundings of the obtained films, as observed
between the original states and stretched states, played a crucial role in the fluorescence
emission of VIE molecules. The scanning electron microscopy (SEM) images of P(DPAC-
0.5%) (Fig. 3, Hand I) provided strong evidence to support the idea that more restrictions were
induced by stretching. With further elongations at 300% and 900%, the surfaces of the films
showed obvious changes in the microstructure and crystallinity of poly(e-caprolactone). This
phenomenon has been identified in previous research (39, 40). However, owing to the different
conformations realized by the VIE molecules, the changes in microstructure and crystallinity
were visualized based on their multicolor photoluminescent behaviors under ultraviolet (UV)
light irritation. This enables a profound understanding of how to amplify microscopic changes
in polymers through photochemistry.
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Fig. 4. Temperature responses in the doping system of poly(g-caprolactone). Normalized
fluorescence spectra of (A) P(DPAC-0.5%) and (B) P(DPAC-CN-0.5%) with increasing
temperatures from 25 to 50<C.

Additionally, the films obtained with dramatic fluorescent behaviors not only demonstrated
the microstructure and crystallinity changes in poly(g-caprolactone) but also recorded the
continuous force value through their diverse fluorescence emissions, realizing tension
visualizations. Owing to the differences in the photoluminescent properties between DPAC
and DPAC-CN, the resulting fluorescence color conversions differed in Commission
Internationale de L'Eclairage (CIE) chromaticity coordinate value, as shown in figs. S19 and

S20. In addition, every force value was matched with every CIE coordinate value for the exact



elongation ratios, as shown in tables S1 and S2. The VIE theory enabled consecutive
configuration changes, which supported successive multicolor fluorescence upon increasing
elongation. This could be a significant symbol for use in the realization of intercalibration

between photoluminescence and mechanical properties.

Furthermore, the blend films we obtained demonstrated sensitive temperature responses
from 25 to 50<C. The normalized fluorescence spectra of P(DPAC-0.5%) and P(DPAC-CN-
0.5%) at different temperatures were used as examples, as shown in Fig. 4 (A and B). With
increasing temperatures, the long wavelength intensities increased dramatically, and the
fluorescence colors of films changed from light pink (light orange for P(DPAC-CN-0.5%)) to
orange red. The multicolor changes were recorded in movie S2. Such changes occurred because
the higher temperature activated the intramolecular motions of VIE molecules and generated
more planar conformations in the excited state (36). The temperature responses of the blend
films were also matched to every CIE coordinate value with increasing temperature, as shown
in fig. S21 and table S3. Owing to the increases in intramolecular motions, the QY's of the
fluorescence emissions decreased gradually. Upon heating and cooling for 8 cycles, this
process exhibited favorable reversibility without substantial changes in the fluorescent
behavior, as shown in fig. S22. Compared with the limitations induced by the stretching process,
the increasing temperature provided more flexible space for the VIE molecules; in contrast to
stretching, the higher number of red fluorescence emissions also demonstrated the more

flexible surroundings in polymer system upon temperature increase.
Microcosmic disclosure in a doping system of EVA by VIE photoluminescence regulation

In addition to the controllable tension visualization of VIE molecules in the poly(e-
caprolactone) system, similar properties were also achieved in the EVA system. As an
advanced copolymer, EVA has been widely applied in industrial applications such as flexible
packaging, membranes, photovoltaic cells, and adhesives (41, 42). Owing to its similar tensile
properties but satisfactory elasticity to poly(e-caprolactone), EVA was also chosen as a
polymer matrix for VIE molecules. The EVA materials were colorless transparent films, as
shown in fig. S23. To eliminate natural interferences from EVA, stress-strain tests were

conducted and XRD spectra were obtained for EVA-(DPAC), EVA-(DPAC-CN) and EVA,
10



such characterizations indicated little alteration of the materials with VVIE molecules, as shown
in figs. S24 and S25. The absorption spectra and fluorescence spectra of EVA itself also
confirmed this conclusion (figs. S10 and S26). Nonetheless, EVA possessed not only a
satisfactory stretchability of 600% but also a favorable elasticity (fig. S27), enabling the
possibility of recovering the photoluminescent changes. As shown in Fig. 5A and fig. S28,
EVA-(DPAC) and EVA-(DPAC-CN) presented similar multicolor fluorescence behaviors
from light pink to pale blue (light orange to light green for EVA-(DPAC-CN)) with elongation
changes from 0-600%. The amplitude of the long wavelength peak gradually decreased owing
to the limitations of molecular conformation that resulted from stretching. Moreover, the long
wavelength peak increased again once the tensile stress was gradually relaxed, demonstrating
the release of the restriction of VIE molecules in the excited state. The fluorescence color also
returned to the original state, as shown in movie S3. The absorption spectra in fig. S29 also
verifies the recovery of DPAC and DPAC-CN. SEM images of EVA-(DPAC) were obtained
with scale bars of 40 um and 4 um, as shown in fig. S30. Compared to the stretched state, the
surfaces in the relaxed state appeared slightly curved without external force exertion. However,
both the stretched state and relaxed state showed meaningful changes in microstructure and
crystallinity, contributing to the photoluminescence performance of the VIE molecules.
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Fig. 5. Stretching properties and temperature response in the doping system of EVA. (A)
Representative photographs and normalized fluorescence spectra of EVA-(DPAC) in different
stretching states and relaxation states (Aex= 365 nm). The line color represents the luminescence
color of the related blend films. (B) Normalized fluorescence spectra of EVA-(DPAC) with
increasing temperatures from 5 to 50T (Aex = 365 nm). Inset: representative photographs under
365 nm excitation. (C) Fluorescence emission intensities at 600 nm upon heating and cooling
an EVA-(DPAC) film from 5 to 50 <C for 8 cycles. (D) Schematic illustration of the temperature
response and photographs of the EVA-(DPAC) film at 10<C, as generated by palm pressing

under 365 nm excitation.

Additionally, the blend films of EVA with VIE molecules also exhibited a precise thermal
response with temperature changes from 5 to 50<C; these films were more sensitive than
poly(e-caprolactone). As shown in Fig. 5B and fig. S31, owing to the facilitation of the
intramolecular motions of DPAC and DPAC-CN, the normalized fluorescence curves
represented multicolor fluorescence from light blue to orange red (pale green to orange red for
EVA-(DPAC-CN)). The corresponding CIE coordinate values, as matched with the exact
temperatures, are shown in fig. S32 and table S4. The blend films of EVA exhibited rapid
nonlinear responses of approximately 125 s upon constant increasing temperature (fig. S33).
And the films recovered to their original fluorescence colors faster than poly(e-caprolactone)
from 50C to room temperature, as shown in movie S4. The films exhibited excellent
reversibility upon heating and cooling for 8 cycles (Fig. 5C). Furthermore, this significant
thermal response in EVA even responded to body temperature exposure by palm pressing. As
shown in Fig. 5D, EVA-(DPAC) was processed into a large piece of blend film. The original
fluorescence color was recorded at 10T under UV light excitation. However, the fluorescence
color of the pressed palm-shaped area turned orange upon 365 nm irritation. Once the pressing
stopped, the fluorescence color recovered quickly without any traces of its previous pressed
color. This phenomenon implied that the blend films of EVA with VIE molecules could be

utilized as sensitive temperature detectors that can recognize human body temperature.

Conclusion
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In summary, we synthesized two VIE molecules, DPAC and DPAC-CN, with very special
vibration-induced emission properties, and these VIE molecules were simply doped in poly(e-
caprolactone) and EVA systems to obtain functional optical materials. We systematically
explored the photoluminescent properties of the two obtained polymer systems, paving the way
for disclosing macrocosmic changes in polymer systems based on the continuous
configurations of the VIE molecules. This research has not only reported continuous
photoluminescent changes but also established relationships between different forces,
temperatures and photoluminescence behaviors. The nature of poly(e-caprolactone) and the
EVA system have been intuitively amplified based on their photoluminescent properties. We
believe that the visualization of polymer microcosmos will greatly affect the development of
polymer materials. Furthermore, this study has provided an outstanding strategy for elucidating

new understandings of polymer systems in the near future.

Supplementary Information:

Synthetic route and supplementary figures/tables are available in Supplementary

Information.
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