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Abstract 

Advanced multifunctional composite materials have been a significant force in the 

advancement of efficient solar-thermal energy conversion and storage, which is critical to address 

current energy shortage problems. In this study, new pyrene-based AIEgens composite fiber films, 

composed of Py-CH/polyvinyl pyrrolidone (PVP)/polyethylene glycol (PEG) (APP) have been 

produced by electrospinning technology with PEG as the phase-change material. The combination 

of AIE and the twist intermolecular charge transfer (TICT) characteristics of Py-CH together with 

the water absorption performance of PVP afforded a temperature-dependent fluorescence change. 

On increasing the temperature from 30 to 160 oC, the APP composites exhibit a blue-shifted 

emission with a color changed from green-yellow to cyan, from cyan to blue, and finally to purple. 

Moreover, the pyrene-based AIEgens composite fiber films with a PEG content of about 60% 

exhibited latent heat in the range of 79~89 J·g-1 and were extremely stable for up to 100 heating-

cooling cycles. On the other hand, the entanglement of the macromolecular chains and distinctive 

porous structure between PVP and PEG play a significant role in preventing the leakage and transfer 

issues that can be associated with PEG, which further promotes the application of these APP 
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composites in solar energy storage, high-temperature warning, and anti-counterfeiting applications. 

Thus, these composite materials containing the pyrene-based AIEgen and phase change materials 

have opened up new avenues for the possible application of such materials in thermal energy storage. 

 

Keywords: Electrospinning; Aggregation-induced emission; Phase change materials; Thermal 

energy storage; Applications 

1 Introduction 

Advanced composites materials, assembled by two or more materials, [1, 2] are now one of the 

hot research topics in modern technology, [3, 4] and have wide applications in fields such as energy 

conversion and storage. [5, 6] Thermal energy storage (TES), involving enhancing the reliability of 

thermal energy from renewable sources, is one of the key technologies to support the large-scale 

development of renewable energy. [7-9] As a crucial component of the TES system, phase change 

materials (PCMs) have been considered as one of the most promising candidates for thermal energy 

storage via the storage or release of a great amount of latent heat. [10, 11] Nevertheless, several 

issues, such as leakage of PCMs in their liquid state, low thermal conductivity, and poor thermal 

stability, have hindered their commercial viability. [12] In order to solve the above issues, advanced 

shape-stable phase change composites have been prepared via combining PCMs with supporting 

materials [13] and various functional additives (e.g., thermal management materials, [14] 

fluorescent materials [15] and so on). In addition, processing methods have also been developed in 

order to shape composites materials into fibers, [16] foams, [17] aerogels, [18] etc., for advanced 

applications. Polyethylene glycol (PEG), is low cost, has high latent heat enthalpy, a wide transition 

temperature range, possesses thermal and chemical stability, and has a suitable phase change 

temperature, and so is widely considered to be the most promising solid-liquid organic PCMs for 

energy storage. [19-22] The addition of different additives is an effective strategy to remove the 

obstacles that limit the practical application of PCMs and can also be employed to achieve the 

functionalization of PCM composites. To address the issue of low thermal conductivity, many efforts 

have focused on the addition of high thermal conductive fillers, such as expanded graphite, silver 

nanowires, carbon nanotubes, etc. [23-26] Interestingly, the use of fluorescent materials, which may 



allow for the PCM composites to possess yet more intriguing properties, have attracted little 

attention.  

In contrast, fluorescent dyes with aggregation-induced emission (AIE) characteristics, defined 

by Tang and coworkers in 2001, [27] emit weak fluorescence in solution and enhance the 

fluorescence intensity in the aggregate states. Thus, the discovery of AIE can be an important 

approach for solving the ACQ effect and should widen the possibilities for traditional applications. 

[28] Recently, explorations concerning the combination of AIE emission luminous (AIEgen) and 

PCM composites for potential application have been investigated. For example, Liu et al. first 

investigated the combination of PCM composites and AIE materials in a phase change material 

system. The fluorescent thermochromic PCM materials exhibited visual solar-thermal energy 

conversion and storage. [15] Also, Yang reported the preparation of cellulose nanofiber-

encapsulated PEG-based PCM composites containing AIEgen for the monitoring of the leak process. 

[29] However, the preparation of PCM@AIE composites and the realization of their potential 

application still remains a challenge, due to the limitations associated with the processing methods 

and the temperature-dependence of the AIEgens.  

Pyrene, [30, 31] an important member of polycyclic aromatic hydrocarbons (PAHs), possesses 

bright blue fluorescence with a high quantum yield, and has been widely applied to various 

applications, e.g, OLEDs, [32] chemosensors, [33] anti-counterfeiting [34] etc. Also, pyrene is 

sensitive to the microenvironment, and this leads to visible emission changes. On the other hand, 

the π-conjugated planar structure of pyrene prefers to form π-π stacking, resulting in a red-shifted 

emission with a quenched quantum yield, and this is termed aggregation-caused quenching, which 

has limited its high-technological application. Thus, by utilizing the excellent fluorescence of 

pyrene with the AIE characteristic, a pyrene-based AIE fluorophore could be a great candidate for 

sensing changes in the microenvironment, such as temperature, and external stimulation, etc. 

Benefiting from the advantages of versatility, flexibility and ease of processing, electrospinning 

is able to fabricate continuous composite fibers from a huge range of mixed materials, which make 

it stand out from other processing methods for PCM composites. [35] For instance, polyvinyl 

alcohol/phase change material fibers with reliable thermoregulating performance were prepared by 

an emulsion electrospinning technique. [36] The fiber integrity was maintained even if the PCM 

melted after heat treatment, which solved the leakage problem. Sodium lignosulfonate/polyvinyl 



alcohol/polyethylene glycol phase-change nanofiber films, exhibiting high latent heat of fusion and 

favorable shape stability, were also constructed using electrospinning technology. [37] In the above 

two studies, polyvinyl alcohol, a non-toxic water-borne polymer, was chosen as the matrix material. 

What’s more, polyvinyl pyrrolidone was used as the fiber matrix given its better solubility in water 

and organic solvents, as well as good physiological compatibility. For example, novel polyethylene 

glycol/graphene oxide composite phase-change fibers were developed by using PVP as the fiber 

matrix via electrospinning to enhance the thermal properties of shape-stabilized PCM fibers. [24] It 

is evident that the introduction of electrospinning technology has promoted the progress of PCM 

composites. 

Herein, we have constructed novel pyrene-based AIEgens composite fiber films (APP) using 

electrospinning and have evaluated the temperature-dependent fluorescence behavior and potential 

application in thermal energy storage. The composite fiber is composed of PEG (PCM material), 

PVP (matrix material), pyrene-based AIEgen Py-CH (fluorescent additive) and a small amount of 

boron nitride (BN) (for improving thermal conductivity). It was found that the APP composites not 

only possess thermal energy storage properties and photo-thermal conversion performance, but also 

exhibit temperature-dependent fluorescence behavior. This all results from the combination of the 

AIE and TICT characteristics of Py-CH and the water absorption performance of PVP. Due to the 

above excellent properties, three promising applications, including solar-to-thermal conversion and 

storage, high-temperature warning, and anti-counterfeiting, were explored. 

2 Experimental section 

The preparation process of the AIEgen/PVP/PEG composite (APP) fiber films is shown in 

Figure 1. Firstly, 12 wt% PVP and 18 wt% PEG were added into 10 mL DMF with stirring at 60 oC 

until the PVP and PEG were completely dissolved. A homogeneous solution with the PEG and PVP 

molecular chains winding each other was obtained. Secondly, a certain amount of BN and Py-CH 

were added into the mixture and stirred for 12 h at 60 oC. During this process, the PEG was grafted 

with BN and Py-CH by the insertion of BN and Py-CH between the PEG and PVP molecules. 

Thirdly, the solution was placed into a plastic syringe with a 22 stainless-steel needle and was 

transformed into fiber films by electrospinning technology. During the electrospinning, the rotation 



speed of the receiving roller was 50 r/min, the collector distance was 20 cm, the voltage difference 

was 21 kV, and the flow rate of the solution was kept at 0.008 mm/s. Finally, in order to remove 

DMF, the obtained APP composite fiber films were placed in a vacuum oven at 90 oC for 24 h. In 

this experimental procedure, we tried to find the influence of the content of AIE on this novel 

composite material so that three fiber films with different contents of Py-CH, including 0.046 wt%, 

0.075 wt%, and 0.104 wt%, were prepared and were assigned as APP046, APP075, and APP104 

respectively. More detailed information on the experimental procedure and characterization can be 

found in the Supporting Information. 

 
Figure 1. Electrospinning preparation process of APP fiber films. 

3 Results and discussion 

3.1 Synthesis of the pyrene-based emitter Py-CH 

As shown in Figure 2 (a), the target compound Py-CH was synthesized following the synthetic 

route shown. The intermediate 2-tert-butyl-7-hydroxypyrene (Py-OH) was prepared from 2-tert-

butylpyrene via two steps (borylation and oxidation reaction) in high yield. [38] Then, using the 

Lewis acid catalyst ZnCl2, a domino one-pot reaction of Py-OH with 4-ethynyl-N,N-

dimethylaniline afforded the chromenes Py-CH in considerable yield. [39] The molecular structure 

of Py-CH was characterized by 1H/13C NMR spectroscopy and high-resolution mass spectrometry 

(HRMS), as shown in Figures S1-S3. The electron distributions of compound Py-CH were 

investigated by density functional theory (DFT) calculations at the B3LYP/6-31G (d,p) level. As 

shown in Figure 2 (b), the HOMO and LUMO are separated and almost dispersed over the chromene 

unit and pyrene ring, respectively. It seems that the chromene and pyrene act as electron-donating 

(D) and electron withdrawing groups (A), respectively, which would result in a pull-push molecular 

structure with fantastic optical behavior. 



 
Figure 2. (a) Synthetic route of Py-CH; (b) Electron distributions of compound Py-CH. 

3.2 Photophysical properties of Py-CH 

The UV-vis absorption and PL spectra were measured in dilute THF solution and in the solid 

state at room temperature (Figure 3 (a)). Compared to the unsubstituted pyrene, the compound Py-

CH exhibits a well-defined absorption band with red-shifted absorption bands at 259 nm and 374 

nm with a shoulder absorption peak at 355nm and 409 nm, which can be ascribed to the expanding 

π-conjugation skeleton. [40] Upon excitation, the compound emits green emission with a maximum 

emission peak at 520 nm in THF solution, and the quantum yield is as low as 0.06. While the 

emission intensity was enhanced with a blue-shift to 493 nm (Φf = 0.08) in the solid state compared 

to in THF solution, which can be ascribed to the formation of H-aggregation in the solid state. [41] 

The solvatochromic effect was further measured in six different polarity solvents and is illustrated 

in Figure 3 (b). Except in DMSO solvent, as the solvent polarity increases, the Py-CH displays a 

large bathochromic-shifted emission (ca. 152 nm) from non-polar cyclohexane (Cy) (429 nm) to 

polar solvent ACN (581 nm), indicating that the compound is a typical electron donating-accepting 

type organic molecule, which exhibits an intramolecular charge transfer (ICT) process, where the 

pyrene acts an electron-withdrawing group, and the chromene unit is an electron-donating group. 

This result is consistent with the DFT calculations.  

On the other hand, due to the enhanced solubility in DMSO, the compound Py-CH exhibits a 

dual emission peak at 420 nm with a broaden emission peak at 595 nm. The short-wavelength 

emission peak may be assigned to the pyrene skeleton, and the long-wavelength emission peak 



originates from the charge-transfer (CT) emission, as shown in Table S1. As the viscosity increases 

from 0% to 99%, the molecular rotation was fixed and the molecule became more rigid, leading to 

the emission being red-shifted from 420 to 495 nm (Figure 3 (c)). Furthermore, the concentration-

dependent PL spectra in THF were recorded in order to understand the molecular aggregation 

behavior. As shown in Figure S4, the compound exhibits a single emission peak at 431 nm, whilst 

as the concentration increased, dual emission with maximum emission peaks at 413 and 513 nm 

were observed at 10-6 M. When the concentration reached 10-5 M, the compound displays a single 

emission peak with a red-shifted emission at 520 nm, which can be assigned to excimer emission. 

This indicated that the compound Py-CH prefers to form a dimer when the concentration is up to 

10-5 M. 

 
Figure 3. (a) UV-vis and emission spectra of compound Py-CH in THF (~10-5 M) and in the solid state; (b) PL 

spectra of Py-CH measured in different polar solvents, insert: the fluorescent photograph of Py-CH in different 

polar solvents under UV light (λex = 365 nm) and (c) measured in DMSO/glycerol solutions (fDMSO/glycerol) with 

different viscosities and (d) PL spectra of Py-CH in THF/water mixtures with different water fractions (fw); (e) Plot 



of relative PL intensity (I/I0) versus the composition of a THF/water mixture. Insert: the fluorescent photograph of 

Py-CH with different fw under UV light (λex = 365 nm). 

 

Previously, Konishi et al. found that the highly twisted N,N-dialkylamine decorated anthracene, 

naphthalene and pyrene can play a significant role to stabilize the S1/S0 minimum energy conical 

intersection (MECI), and can induce fantastic aggregation-induced emission characteristics. [42, 43] 

Inspired by the molecular structure of Py-CH, the AIE characteristics of Py-CH were investigated 

in a THF/H2O mixture with different water fractions (fw). As shown in Figure 3 (d,e), the compound 

emits weak green emission in pure solvent, and the emission intensity was quenched with a large 

bathochromic-shift emission band from 520 to 569 nm when the fw increased from 0 to 70%. This 

may be ascribed to the ICT effect, and as the fw increases to 99%, the emission intensity rapidly 

enhanced with a blue-shifted emission to 497 nm. Clearly, compound Py-CH displays a typical 

aggregation-induced enhanced emission (AIEE) feature. The compound shows a hyperchromic-

shift emission in the aggregation state (fw = 99%), which can be explained as the formation of 

hydrophobic aggregates excluding the polarity solvent molecules, resulting in the AIE effect 

overwhelming the ICT effect. The calculated radiative decay rate (kr) of Py-CH is slightly decreased 

from 1.23 ×107 s−1 to 0.62 × 107 s−1 (≈0.5-fold), while the nonradiative decay rate (knr) is decreased 

by more than 2.6-fold, as shown in Table S2. Thus, the Py-CH is an AIEE-active material. 

3.3 Fluorescence properties of the pyrene-based AIEgen/PVP/PEG (APP) composite fiber 

films 

APP composite fiber films not only possess enhanced thermal properties, but also attain 

excellent fluorescence properties due to the addition of the AIEgen. In order to prove the presence 

of the Py-CH in the composites, three samples were placed under UV light at room temperature 

(about 20 oC). Clearly, all three of the APP composites emitted green-yellow fluorescence in dark 

conditions under UV irradiation, as shown in Figure 4. This implies that Py-CH was successfully 

distributed on the composites and endowed the composites with fluorescence. What’s more, it is 

interesting to note that the fluorescent color of the composites changed when the temperature was 

varied. On increasing the temperature, the fluorescent color gradually changes to a shorter 
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wavelength color, from green-yellow to cyan, from cyan to blue, and finally to purple. Based on the 

fluorescence response to temperature, we propose that the initial hypothesis is that the combination 

of PEG and AIE can achieve the conversion of thermal energy and fluorescence energy. Specifically, 

PEG, as a phase change material, converts the thermal energy into molecular motion energy, driving 

the movement of the AIE molecules, thus achieving the fluorescence changes.  

 

Figure 4. The fluorescence photographs of APP046, APP075, and APP104 under different temperature. 

 

To further explore the properties of the APP composite fiber films affected by the additional 

AIEgen (Py-CH), the fluorescence properties of the APPs were investigated by fluorescence spectra 

under different temperatures, as shown in Figure 5 (a,b), Figures S5 (a) and S6 (a). On increasing 

the temperature, a significant decrease in the fluorescence intensity of Py-CH was observed, while 

the fluorescent emission peak is invariable. The fluorescent emission peak of Py-CH almost 

disappeared when the temperature reached 130 oC. This indicates that the fluorescence responses of 

the APP composites do not result from the fluorescence responses of Py-CH to thermal changes. In 

contrast to pure Py-CH, the fluorescent emission peak of the three APP composites were blue-

shifted when the temperature increased, implying a change of fluorescent color. It is clearly seen 

that there is an obvious blue-shift trend for the fluorescent colors of the APP composites from Figure 

5 (c), Figures S5 (b) and S6 (b). What’s more, the higher the content of Py-CH, the smaller the 

fluorescence color change span, which is further confirmed in Figure 8. More importantly, the 

fluorescence intensities of the APP046 and APP075 composites increased instead of decreasing like 

Py-CH. Moreover, the weakening trend of fluorescent intensity of the APP104 composite was 

greatly reduced. Based on the above analysis, we find that there is an appropriate addition amount 



range for Py-CH (0.046~ 0.075 wt.%) to enable the composite to display a better variable 

temperature fluorescence response. To sum up, the composites not only achieve a blue-shift of 

fluorescence color with increasing temperature, but also inhibit the disadvantage of thermal failure 

(decrease of fluorescence intensity) of pure Py-CH, enabling it to be applied at a certain temperature. 

At present, according to above analysis, we still speculate that PEG plays an important role in the 

variable temperature fluorescence properties of the composites. 

However, the TGA of PEG, PVP, and the three composites overturns the previous hypothesis. 

In the TG curve of PVP under a nitrogen atmosphere (Figure 5 (d)) till 150 °C, there was just a mass 

loss of ~ 10%, which can be assigned as the loss of physically adsorbed water. [44] The molecule 

chains of the PVP contain polar lactam groups, which have the ability to create dipole-dipole 

interactions with water molecules. [45] In other words, the PVP possesses great water-absorption 

performance, and the water-absorption isotherm of the PVP increases almost linearly until RH = 0.6. 

After 0.6 RH, there is a slight upward curvature of the water-absorption isotherm. [46] After 

incorporating PVP, there also exists a mass loss of ~ 10% on the TG curve of the three APP 

composites, which resulted from the loss of adsorbed water and a very small amount of solvent that 

was used during the electrospinning. After that, in the TG curve of all samples, only one larger step 

could be seen between 400 oC and 600 oC, indicating the great thermal stability of the composites. 

Most notably, the temperature range for the water-loss of the composites was remarkably consistent 

with that of its variable temperature fluorescence. The TG analysis lead us to reject the previous 

hypothesis and open a new door of exploration. Variation of the amount of water adsorbed by PVP 

in the composite may lead to the response of fluorescence to thermal changes. 



 

Figure 5. Fluorescence spectra of (a) Py-CH and (b) APP075 under different temperatures; the CIE chromatogram 

of (c) APP075 under different temperatures; (d) TG analysis of PEG, PVP, and three APPs. 

 

The above evidence revealed the mechanism of the variable temperature fluorescence of 

composites. On the one hand, water with high polarity has an influence on the emission behavior of 

Py-CH. On the other hand, there was a certain linear relationship between temperature and water 

fraction for the composites in the TG curve. As shown in Figure 6, at the outset, the water in the air 

is absorbed into the composite fiber film due to the water absorption performance of PVP, resulting 

in an enhanced polar environment in the film. In the polar environment, the composites exhibit 

yellow-green fluorescence with longer wavelength. Then, with the increase of temperature, the 

evaporation of the adsorbed water gradually enhanced. Finally, the decrease of wavelength of 

fluorescence (blue-shift) is observed as a result of the TICT mechanism and the increase of 

fluorescent intensity due to the typical AIE nature. [47] A 240-second fluorescent recyclable 

experiment of APP104 also echoed the above mechanism. After heating at 80 oC for 30 seconds, the 

fluorescent color of the APP104 composite fiber film was blue-shifted due to the evaporation of 

adsorbed water. The fluorescent color of the composite returns to its original color after cooling at 



room temperature for 210 seconds as a result of the strong water-absorption performance of PVP. 

Variable temperature fluorescence and the fluorescent recyclable of the APP composite fiber films 

suggests they are promising for use in high-temperature warning and anti-counterfeiting 

applications. 

 

Figure 6. The digital photograph of recyclable experiment of APP104. 

3.4 Morphology of the pyrene-based AIEgen/PVP/PEG (APP) composite fiber films 

The surface morphologies of the APPs were examined by SEM, as shown in Figure 7. Also, 

the diameter distribution histograms of the APPs were counted. It was observed that the fibers 

interweave with each other into a three-dimensional network structure. There is redundant PEG 

adhesion on the surface of the fibers and filled in the pores, which indicates that the homogeneous 

solution has been successfully transformed into a fiber film via electrospinning and the PEG has 

been mixed into composites. The PEG is not only mixed with PVP to form fibers [24], but also its 

excess part is tightly confined by the pores of the fiber network, which not only achieves a high 

PEG package rate, but also effectively prevents the PEG leakage during the phase-change 

procedures. The average diameters for APP046, APP075, and APP104 are 3.482 ± 1.006, 3.652 ± 

1.162, and 3.471 ± 1.579 μm, respectively. The amount of AIEgen has little effect on the diameter 

of the fibers, and the diameter of the three samples generally vary over the range 2~5 μm. Actually, 

the content of PEG is the most important factor affecting the diameter of the fiber. The addition of 

PEG would increase the concentration of the solution and make the elongation of the Taylor cone 

formed under the action of the electric field force become somewhat more difficult and slower, 

which enlarges the diameter of fibers. [37] Because the content of PEG in the three samples is almost 



the same, their average fiber diameters are similar under the same spinning parameters. 

 

Figure 7. SEM images and their enlarged SEM views of AIEgen/PVP/PEG composites (APPs) with different 

AIEgen contents: (a,d) 0.046 wt%, (b,e) 0.075 wt%, (c.f) 0.104 wt%. The diameter distribution histograms of (g) 

APP046, (h) APP075, (i) APP104. 

3.5 Structural characterization of the pyrene-based AIEgen/PVP/PEG (APP) composite fiber 

films 

FT-IR spectroscopy was used to investigate the chemical structure of the novel APP composite 

fiber films. Figure 8 (a) shows the FT-IR spectra of PEG, PVP, Py-CH, and the APP composites 

with different Py-CH content. Similar to PEG, the three APPs represented the characteristic peaks 

of 2900, resulting from the stretching vibrations of C-H groups. The band of PEG and APPs at 3434 

cm-1 was related to the stretching vibration of O-H. The peak for the APPs at 1099 cm-1 is assigned 

to the C-O-C symmetrical stretching vibrations of PEG. Moreover, the PAAs also possesses very 

similar characteristic peaks with PEG in the range of 1530~740 cm-1. Examples include 1467 and 

955 cm-1, which can be attributed to the bending vibration and rocking vibration of C−H from PEG, 

respectively. The absorption peak of PVP at 1654 cm-1 assigned to the C=O stretching vibration also 



appears for the APPs. The FT-IR spectra of Py-CH and the APPs, circled by the red sign, are 

analogous. In a word, the FT-IR spectra indicates that all characteristic peaks of PEG, PVP, and Py-

CH appear in the APPs without any new characteristic peaks, thus the PAA composite fiber films 

were successfully fabricated through electrospinning and there is no chemical reaction taking place. 

The crystal structure has a significant influence on the properties of a material. The XRD 

patterns of PEG, PVP, BN, Py-CH and the APP075 composite fiber film are displayed in Figure 8 

(b). Two sharp diffraction peaks for pure PEG are observed at 2θ of about 19.1o and 23.2o, indicating 

that PEG has good crystallization. The BN displays a notable sharp peak at 26.7o. There exists a 

diffraction peak at 11.2o in the XRD pattern of PVP. From the diffraction patterns of the APP075 

composite, it can be seen that PEG still shows two diffraction peaks at 19.1o and 23.2o, which means 

that the crystal plane distance was nearly the same and the crystal structure of PEG is well 

maintained in the composite and its crystal structure was not affected by BN and Py-CH. However, 

compared with pure PEG, the peak intensity decreases in the presence of other components like 

PVP. To be specific, hydrogen bonds between PEG and PVP are formed, restricting the 

crystallization of PEG and reducing the peak intensity. Besides, the XRD pattern of APP075 

includes the weak diffraction peak at 11.2o, resulting from the PVP existing in the APP075. 

Furthermore, typical diffraction peaks appeared at 26.7o in pure BN and the APP075 composite, 

which indicated that the BN was well mixed into the APP075. Py-CH exhibits peaks at 23.2o, 

indicating a highly crystalline state, whereas the PAA composite does not, due to the minimal Py-

CH content in the composite. In conclusion, there was no new diffraction peak in the PAA075 

composite, indicating that there was no chemical reaction between all the components, and only 

physical blending occurred. This result is consistent with that of the FT-IR spectroscopy. 

 



Figure 8. (a) FT-IR spectra of Py-CH, PVP, PEG and three APP composites with different Py-CH contents: APP046, 

APP075, APP104; (b) XRD patterns of PVP, Py-CH, PEG, BN, and the APP075 composite fiber film. 

3.6 Thermal energy storage and thermal reliability of the pyrene-based AIEgen/PVP/PEG 

(APP) composite fiber films 

As is well-known, thermal properties plays an important role in practical applications of 

thermo-regulated composite fiber films. The thermal storage capacity of pure PEG, APP046, 

APP075, and APP104 were investigated by DSC experiments. The obtained DSC results are 

presented in Figure 9 (a-c), and the corresponding phase-change temperature and latent heat during 

melting/crystallization process obtained from DSC analyses are listed in Table 1. Typical 

endothermic and exothermic peaks can be observed for all specimens (pure PEG and three APP 

composites) in Figure 9 (a), which represents the phase change process of the PEG. Such a 

phenomenon is attributed to the coexistence of amorphous and crystalline phases during the crystal 

transformation. [24] Besides, the melting and freezing temperature (phase change temperature) of 

pure PEG and three composites reveal only a neglectable difference, as shown in Figure 9 (b) and 

Table 1. However, there exists some disparities between the theoretical value and the real value of 

the phase transformation enthalpy of composites. 

The theoretical value of the phase transformation enthalpy of the APP composites can be 

calculated by equation (1). [37] 

∆𝐻𝐻𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = ∆𝐻𝐻𝐴𝐴𝑃𝑃𝑃𝑃 × 𝜔𝜔                                                        (1) 

where ω (≈0.6) refers to the mass fraction of PEG in the composites, ΔHAPPs and ΔHPEG 

represent the phase transition enthalpy of the APP composites and pure PEG, respectively. 

Compared with the theoretical value of the phase transformation enthalpy (ΔHAPPs), it is found that 

the real value of the phase transformation enthalpy of all three APP composites (ΔHAPPs’) is slightly 

lower, which can be seen visually in Figure 9 (c). This may result from the water absorption of PVP. 

[48] With the increase mass fraction of water absorbed by PVP [49], the ω value would decrease 

accordingly, meaning that the position for PEG is occupied by water so that the value of the phase 

transformation enthalpy of the composites decrease. Fortunately, due to the limited amount of water 

absorption when the composites are under an atmospheric environment, the enthalpy value of the 



composites will be stable over the range 79~89 J/g, and the enthalpy value will not be very low. 

Generally, the DSC thermograms of all APP composites are similar to those of pure PEG, although 

the real value of the phase transformation enthalpy has a slight decrease during the heating or 

cooling process, implying that the interior PEG of the composites could conduct the regular phase 

change behavior and the APP composite fiber films can be used as a thermal energy storage material. 

 

 

Figure 9. (a) DSC test curves and (b) phase change temperature of PEG, APP046, APP075, APP104; (c) Melting 

and freezing enthalpy of PEG, theoretical production, APP046, APP075, APP104; (d) DSC curves, (e) phase change 

temperature and (f) phase change enthalpy of APP075 before and after 102 cycles. 



The thermal reliability of the APP composite fiber film plays a significant role in their long-

term service for thermal energy storage. To investigate the thermal reliability of the APP composites 

during the working period, 102 DSC thermal cycles were performed on the APP075 composite fiber 

film. As shown in Figure 9 (d), the DSC curve of APP075 after 102 times thermal cycling almost 

overlaps with the initial DSC curve. Meanwhile, the change of phase change temperature is 

negligible, which is shown in Figure 9 (e). Last but not the least, as shown in Figure 9 (f), the melting 

and freezing enthalpies of the APP075 after 102 times thermal cycling are 88.97 J/g and 85.47 J/g, 

which are extremely close to those of the original APP075 (89.10 J/g and 85.25 J/g). All in all, the 

APP composite fiber films possess the reliability of phase change capability and have great potential 

for practical applications. 

 

Table 1. Thermal characteristics of PEG and corresponding productions. 

Samples Tm (oC) ΔHm (J/g) Tc (oC) ΔHc (J/g) 

 Onset Peak  Onset Peak  

PEG 54.04 57.96 172.76 41.79 38.68 165.99 

APP046 54.51 59.93 87.76 41.16 37.51 85.65 

APP075 54.84 57.94 88.97 42.57 39.03 85.47 

APP104 54.24 61.72 79.88 42.69 37.17 79.51 

 

Shape stability, that is, the ability of the PCMs to maintain their shape after appropriate 

packaging technology (electrospinning technology), is of great significance to develop practical 

applications. In the leakage tests, pure PEG and APP composite fiber films were placed in an oven 

at a constant temperature of 80 oC, and photos of the three samples and PEG were taken to explore 

their exudation stability after 1 h as shown in Figure 10. Compared with pure PEG, all APPs samples 

prepared by electrospinning have no traces of liquid leakage on the filter papers, indicating that the 

migration of PEG in the APPs after melting could be effectively prevented, revealing outstanding 

shape stability. On the one hand, entanglement of the macromolecular chains between PVP and PEG 

can effectively restrict the motion of the PEG, even if the temperature was higher than the PEG 

melting temperature. On the other hand, the three-dimensional network structure of the polymer 

fibers was able to tightly confine the excess PEG. Therefore, the APP composite fiber films possess 



excellent shape stability and leakage resistance, which is beneficial to their application in thermal 

energy storage. 

 

Figure 10. The digital photographs of leakage experiment of different samples and pure PEG. 

3.7 Applications of the pyrene-based AIEgen/PVP/PEG (APP) composites 

3.7.1 Thermal energy storage in solar-to-thermal conversion 

The prepared APP composite fiber films possess a certain phase-change energy storage 

capacity and thermal reliability. As a result, the APP075 composite fiber film with the best energy 

storage effect in the samples was selected in order to study the photo-thermal conversion 

performance. As shown in Figure 11 (a), the APP075 composite fiber film was pressed as a cylinder 

with about 5mm thickness and 6 mm diameter and irradiated vertically by a simulated sunlight at 

different solar energy densities. The temperature was also measured using an IR camera. The 

corresponding images and curves are displayed in Figure 11 (b,c), and intuitively illustrate the 

process of thermal energy storage when the APP composites working. When the lamp is turned on 



to simulate sunlight, the APP075 composites under different energy densities all go through three 

stages. At the beginning, the temperature of the composites rose rapidly, then (160 s later), the 

temperature of the composites rose slowly and a thermal storage platform occurred, which is the 

process of solar-thermal energy storage. In this process, the temperature reached the phase change 

temperature, and the PEG inside of the composites starts melting to absorb solar-thermal energy, 

and store it in the way of latent heat. [26] Finally, with continuous sunlight illumination, the 

temperature continued to rise rapidly to the highest temperature. With the increase of solar energy 

density, the highest temperature that the APP075 composite can reach became higher. After the lamp 

was turned off, three stages are observed as well. At first, the temperature of the composites fell 

rapidly as a result of the thermal exchange to surroundings. Then, the temperature enters a plateau 

stage and lasts for about 200 s, which is the process of solar-thermal energy release. This is attributed 

to the temperature decline associated to the crystallization temperature and a liquid-solid phase 

change process occurred. [50] Finally, the temperature continued to rapidly decrease to room 

temperature. In addition, compared with the APP075 composite, the highest temperature that 

APP046 can reach under the same solar energy density and working time is lower, which may be 

caused by the lower content of Py-CH. The above-mentioned results demonstrate that the APP 

composites have promising potential for efficient solar-to-thermal energy conversion and storage. 

 

Figure 11. (a) The schematic of setup for light-thermal conversion test; (b) IR thermography pictures of APP075-

350, APP075-400, APP075-450 and APP046-400; (c) time-temperature curves of APP046 and APP075 under 



different power of illumination. 

3.7.2 Temperature sensing and high-temperature warning 

A high-temperature may not only create damage to electronic devices or even cause an 

explosion, but may also have an impact on human skin. Therefore, high temperature warning plays 

an important role in modern day life. What’s more, flexible high-temperature warning materials 

have gained more and more attention for their wider application. [51] Due to the variable 

temperature fluorescence properties and fluorescent recyclability, the flexible APP composite fiber 

films can be extended to practical applications in flexible temperature sensing and high-temperature 

warning. For example, as shown in Figure 12 (a), the flexible APP075 composite fiber film was 

attached to the surface of the beaker filled with oil, and the beaker was placed on the heating stage 

to reach various temperatures. It was found that the fluorescent color of the film gradually changed 

with the increase of heating temperature. When the temperature reached 180 oC, the film emits light 

blue fluorescence under ultraviolet light, indicating that the wall of the beaker has reached a high 

temperature. The real application testing was carried out to prove that the flexible APP composite 

fiber films have an excellent temperature-warning function. Further, as shown in Figure 12 (b), 

under the help of the remote monitoring alarm system designed by the image recognition algorithm 

[52], a fluorescent color changing warning signal released by the APP composite fiber films can be 

gained fast even without human participation. This high-temperature warning system will be widely 

used in complex industrial environments (power stations, chemical plants, etc.), equipment parts of 

aircrafts, even for fire warning in buildings, etc. 



 

 
Figure 12. (a) The application of APP075 for high-temperature warning on the beaker with oil; (b) APPs can be 

further used for work safety, fire warning, driving safety and their combination with the remote monitoring alarm 

system. 

3.7.3 Fluorescence anti-counterfeiting 

Fluorescent dyes have been incorporated into paper money and widely used as anti-

counterfeiting labels. [53] On the basis of the excellent AIE induced PL property of the prepared 

APP composite fiber films, luminescent images were designed by photolithography for anti-

counterfeiting applications. During the experiments, it was exciting to find that fluorescent 

quenching occurred in the illuminated part, while the fluorescent effect was retained in the blocked 

part of the fiber films under irradiation of LED UV curing light. The loss of fluorescence 

performance can be attributed to the photocyclization of the Py-CH during UV irradiation, whose 

emission blue shifts to the invisible region. [54] Encouraged by the above mechanism, as shown in 

Figure 13, ‘GDUT’ with fluorescence performance and ‘GDUT’ and ‘AIE&PCM’ without 

fluorescence characteristic were successfully achieved. Compared with common fluorescent dyes, 



the fluorescent pattern can be gained with the APP composite fiber film just by the photolithography 

process, which decreases the complexity of the processing. Based on the obtained results, it was 

found that the APP composite fiber films open up a new strategy for the preparation of low-cost and 

simple security materials for anti-counterfeiting applications. 

 

Figure 13. APPs can be used as anti-counterfeiting for their loss of fluorescence due to irradiation of UV. 

4 Conclusion 

In conclusion, electro spun fluorescent thermochromic APP composite fiber films were 

fabricated by using PEG as the PCM, PVP as the supporting matrix and water absorption material, 

and Py-CH as the fluorescent AIE material. After electrospinning, the entanglement of the 

macromolecular chains between PVP and PEG and the constraint force resulting from the distinctive 

porous structure solved the leakage problem of PEG. The APP composites not only possess thermal 

energy storage properties and photo-thermal conversion performance, but also have variable 

temperature fluorescence resulting from the combination of the AIE and TICT characteristics of Py-

CH and the water absorption performance of the PVP. As a result, three promising applications of 

this novel and advanced composite were discovered, namely solar-to-thermal conversion and 

storage, high-temperature warning, and anti-counterfeiting. 
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