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Abstract   Passive thermal regulation materials offer a promising route toward energy-efficient building and smart devices. However, achieving

both passive radiative cooling and solar-driven heating within a single polymeric system remains a significant challenge due to trade-offs in opti-

cal transparency, solar reflectivity,  and environmental durability.  Herein, we report a molecularly engineered polyimide (PI)  film platform with

switchable cavitation (realized through controlled cross-linking) that enables bidirectional thermal regulation. By tuning the molecular architec-

ture, the PI films can be fabricated into either a highly porous, white reflective film for passive cooling (about 90% solar reflectivity, ΔT is about

–6 °C) or a transparent solid film for passive heating (about 88.7% solar transmittance, ΔT is about +8 °C). The films exhibit excellent flame retar-

dancy (PHRR is about 7.98 W·g–1), thermal stability (Tmax > 500 °C), and environmental resistance to UV and acidic conditions. Comprehensive out-

door and simulated tests confirm their dual-mode thermal regulation capabilities. This work presents a versatile strategy for designing robust,

multifunctional PI materials for year-round thermal management in extreme environments, paving the way for next-generation energy-saving

polymers.
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INTRODUCTION

With the accelerating global  demand for  energy-efficient tech-
nologies, thermal regulation, particularly in buildings and wear-
able systems, has become a critical focus for sustainable materi-
al  design.  Space  heating  and  cooling  are  estimated  to  con-
tribute  to  over  50%  of  the  total  energy  consumption  in  build-
ings,  underscoring  the  urgent  need  for  passive  energy-free  al-
ternatives  to  conventional  air  conditioning  and  heating
systems.[1−4] Passive thermal regulation technologies,  including
radiative cooling and solar-driven heating, hold promise owing
to their intrinsic advantages such as zero energy input, minimal
maintenance, and operational compatibility with both outdoor
and indoor environments.

Among these strategies, passive cooling (PC) relies on ma-
terials  that  reflect  solar  radiation (0.3–2.5 μm) while  emitting
thermal radiation through the atmospheric transparency win-

dow  (8–13 μm),  achieving  subambient  temperatures  even
under  direct  sunlight.[5−8] Conversely,  passive  heating  (PH)
materials enable solar energy harvesting by transmitting visi-
ble  light  and  absorbing  near-infrared  radiation,  effectively
warming enclosed spaces under cold conditions.[9−11] Howev-
er,  achieving  both  PC  and  PH  functionalities  within  a  single
platform  remains  highly  challenging  because  of  their  funda-
mentally conflicting optical design principles, that is, high so-
lar reflectance and high transmittance.

Recent  efforts  to  develop  Janus  structures,  reversible
phase-change  materials,  and  stimuli-responsive  coatings
have  led  to  progress  in  dual-mode  thermal  regulation.[12−19]

Yet, these systems often suffer from complex fabrication pro-
cesses, insufficient durability in harsh environments, and lim-
ited  scalability.  Notably,  polymeric  systems,  especially  those
based on high-performance polymers such as polyimides (PI),
offer  considerable  potential  owing  to  their  thermal  stability,
chemical resistance, optical tunability, and structural flexibili-
ty.[20−28] Conventional polyimide films are generally limited by
their strong intramolecular charge transfer (CTC) interactions,
which  lead  to  high  solar  absorption  and  low  transparency,
thereby  hindering  their  use  in  cooling  or  heating  applica-
tions.
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In this context, the molecular engineering of polyimide ar-
chitectures  offers  a  new  avenue  for  manipulating  optical
properties  through  structural  design.  Specifically,  introduc-
ing crosslinkers into PI chains can promote phase separation
and  induce  cavitation,  leading  to  porous  structures  with
strong  solar  scattering.  In  contrast,  linear  PIs  without  cross-
linking exhibited dense, transparent morphologies with high
visible transmittance.  By tailoring the degree of cross-linking
and processing conditions, it is feasible to design PI films with
either  white,  porous  architectures  for  passive  cooling,  or
transparent, dense architectures for passive heating, all with-
in a chemically robust polymer matrix.

Herein,  we present  a  structure-tunable  polyimide film sys-
tem that enables bidirectional passive thermal regulation via
controlled cavitation. By adjusting the molecular architecture
through cross-linker incorporation, we prepared two types of
films: (i) a porous white PI film (C-PI) that achieved about 90%
solar  reflectivity  and  a  cooling  effect  of  about  6 °C  under  di-
rect sunlight, and (ii) a transparent dense PI film (CPI) that of-
fered about 88.7% solar transmittance and a heating effect of
about 8 °C. Importantly, both films demonstrated exceptional
environmental  stability,  including  UV/acid  resistance,  flame
retardancy,  and  mechanical  robustness,  making  them  suit-
able  for  real-world  applications.  This  work  provides  a  versa-
tile  and  scalable  approach  to  designing  multifunctional  PI
materials  for  year-round  thermal  energy  modulation  in  de-
manding environments.

EXPERIMENTAL

Materials
4,4'-(Hexafluoroisopropylidene)  diphthalic  anhydride  (6FDA)
and  2,2’-bis(trifluoromethyl)-4,4’-diaminobiphenyl  (TFMB)  were
purchased  from  Macklin  Reagent  Co.,  Ltd. N,N-dimethylac-
etamide (DMAc) was supplied by Sinopharm Chemical Reagent
Company  Limited.  1,3,5-tri(4-aminophenoxy)  benzene  (TAB)
was obtained commercially from Shanghai Aladdin Technology
Co.,  LTD.  Acetic  anhydride  and  pyridine  were  purchased  from
the Guangzhou Chemical Reagent Factory.

Fabrication of C-PI And CPI Film
Before polymerization, the dianhydride of 6FDA and diamine of
TFMB diamine were dried in a vacuum oven for 12 h. The specif-
ic synthesis route was as follows: TFMB (0.8378 g, 2.6160 mmol)
was  added  to  DMAc  with  mechanical  stirring  in  an  ice  water
bath.  Subsequently,  6FDA  (1.1746  g,  2.6945  mmol)  was  added
to the mixture several times with subsequent stirring for 3 h to
obtain  anhydride-terminated  polyamic  acid  (PAA)  oligomers.
Subsequently, a cross-linker of TAB (0.1698 g, 0.4253 mmol) was
slowly added into PAA with the stirring vigorously for 0.5 h, and
then  acetic  anhydride  (2.037  mL,  21.7  mmol)  and  pyridinium
(1.748 mL,  21.7  mmol)  were dropped into the mixture,  obtain-
ing cross-linking polyimide (C-PI) sol by the process of chemical
imidization.  The  as-obtained  C-PI  sol  was  dropped  onto  glass
substrates to achieve the desired film thicknesses (300, 400, 500,
and 600 μm). Subsequently, a C-PI film-attached glass plate was
placed in a fume hood to obtain a partially dried film. The resul-
tant  C-PI  films  were  named  C-PI  (300  μm),  C-PI  (400  μm),  C-PI
(500  μm),  and  C-PI  (600  μm).  Similarly,  a  colorless  polyimide
(CPI) film was fabricated via thermal imidization according to a

previous study, which is similar to the process of C-PI films with-
out cross-linkers of TAB, acetic anhydride, and pyridinium.

Characterizations
Fourier  transform  infrared  (FTIR)  spectra  of  the  films  were
recorded  using  a  Nicolet6700  FTIR  spectrophotometer  (Bruker
Spectrum Instruments, USA). The micromorphology of the films
was observed using scanning electron microscopy (SEM; Japan
Electronics,  Japan).  Thermogravimetric  analysis  (TGA,  Netzsch
STA  209F3,  Germany)  was  conducted  at  a  heating  rate  of  10
°C·min–1 under N2 atmosphere to evaluate the thermal stability
of  the  C-PI  films,  PVA,  and  commercial  cotton.  The  reflective
spectra (0.28–2.5 μm) of CPI and C-PI were measured by an ul-
traviolet−visible−near-infrared  spectrometer  with  an  integrat-
ing  sphere  model  (ISR-3100).  Fourier-transform  infrared  spec-
troscopy  (FTIR)  was  used  to  record  the  infrared  spectra  of  the
films in  the wavenumber range of  550–4000 cm–1.  The related
infrared emittance (8–13 μm) was tested using FTIR equipment
attached  to  a  gold  integrating  sphere  (A562,  Bruker).  Micro-
cone  calorimetry  (MCC-2,  Govmark,  USA)  was  used  to  test  the
flame retardancy of the C-PI, PVA, and commercial cotton films.
The practical thermal regulating performance was conducted at
the Henan University of Technology (34°46'N,113°40'W). The ex-
perimental  setup  was  as  described  in  our  previous  study.  The
thermoregulation  performance  was  evaluated  using  a  thermal
imaging camera (FLIR, E60) to record the temperature distribu-
tion of the samples.

RESULTS AND DISCUSSION

Construction and Optical Properties of Switchable
Cavitation in PI Films
The preparation processes of switchable cavitation in the PI film
are illustrated in (Fig. 1a), and the precursor of PAA was synthe-
sized from dianhydride (6FDA) and diamine (TFMB). On the one
hand, a porous PI film with solar scatter originating from cross-
linking PI  can be obtained after the incorporation of the cross-
linker of TAB via the processes of blading, chemical imidization,
and subsequent ambient pressure drying, induced by the phase
separation process. A transparent CPI film with a solid structure
originating from linear PI  can be obtained via a similar process
without the incorporation of TAB. It is attractive that the PI film
with solar transmittance and reflection can be switched by ad-
justing  the  cross-linking  structure  of  PI  for  PH  and  PC.  As  illus-
trated  by  (Fig.  1b),  a  switching  strategy  has  been  proposed
which  is  based  on  a  PI  film  being  alternated  between  a  trans-
parent solid state for solar heating and a highly porous state for
solar reflection by the adjusting the cross-linking structure of PI.
As shown in Figs. 1(c) and 1(d), the CPI film exhibits a transpar-
ent property with a dense microstructure for permeating the so-
lar irradiation, whereas the C-PI film shows high whiteness with
a  porous  structure  for  high  sunlight  scattering,  which  is  con-
ducive  to  realizing  PH  and  PC  functions  under  various  condi-
tions by adjusting the molecular structure.

Microstructure of PI Films
The microstructure of the PI films plays an important role in de-
termining  their  spectral  characteristics.[29−31] Therefore,  the  mi-
crostructure of the as-prepared C-PI films with various designed
thickness (300–600 μm) was observed by scanning electron mi-
croscope (SEM), and the related SEM images of C-PI are shown
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in (Figs. 2a–2d), it could be well observed that C-PI films exhibit
similar  3D  porous  structure  with  micrometer  scales,  contribut-
ing to enhance the solar  scatter  to  realize  high sunlight  reflec-
tivity.  In  addition,  the  resultant  C-PI  film  exhibited  low  weight,
superior fire resistance, and flexibility, as shown in Fig. S1 (in the
electronic supplementary information, ESI).

The mechanical properties of the resultant films are shown
in Fig. 2(e) and Fig. S2 (in ESI), and the corresponding moduli
are  summarized  in  (Fig.  2f).  By  analyzing  the  related  tensile
stress-strain curves of the C-PI films in (Fig. 2e), it can be con-
cluded that  the  tensile  strength of  C-PI  is  superior  to  that  of
the  CPI  film,  indicating  that  the  cross-linked  structure  con-
tributes to enhancing the tensile strength resulting from the
enhanced  molecular  skeleton.  In  addition,  C-PI  (400  μm)  ex-
hibited  the  highest  tensile  strength  (about  13.3  MPa)  at  a
strain  of  9.6%,  indicating  its  superior  mechanical  properties.

The comparison of their moduli also indicates a higher modu-
lus (about 279.6 MPa) for C-PI (400 μm), further confirming its
outstanding  mechanical  performance.  The  high  mechanical
strength mainly results from the highly cross-linked structure
with irreversible properties. The porosities of the various C-PI
films are summarized in (Fig. 2g), reflecting the porous struc-
ture of the C-PI films for solar scattering.

The statistical  distributions of  the porous diameters of  the
various  C-PI  films  are  shown in  (Fig.  2h)  and (Figs.  S3–S5a in
ESI),  and  the  corresponding  FDTD  simulation  results  for  the
scattering  efficiencies  are  presented  in Fig.  2(i) and  Figs.
S3–S5(b)  (in  ESI).  The  porous  diameter  of  the  C-PI  films  is
mainly distributed in the range of 3–10 μm, which enhances
the  solar  scattering  efficiency.  The  related  FDTD  simulation
results  further  demonstrate  the  strong  Mie  scatter  efficiency
of  the  C-PI  film  to  strongly  reflect  sunlight  owing  to  the  ap-
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Fig. 1    Preparation and design of PI films. (a) Schematic of the preparation process of CPI and C-PI films; (b) Schematic illustration of CPI film for
passive heating and C-PI film for passive cooling; Digital pictures and SEM images of the surface of (c) CPI and (d) C-PI film.
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propriate  porous  size,  especially  centered  at  3–5  μm.  Based
on these analyses, the C-PI (400 μm) film was selected as the
most  representative  sample,  denoted  as  C-PI,  for  further  re-
search  and  discussion.  Moreover,  as  shown  (Fig.  2j),  CPI  and
C-PI  both  have  asymmetric  C＝O  (1783  cm–1),  symmetric
stretching  vibrations  C＝O  (1716  cm–1),  and  a  stretching  vi-
bration peak C―N (1354 cm–1) in the FTIR spectrum, confirm-
ing the presence of imide rings in PI.[32−35] And the C―F bond
(1128 cm–1) reflects the successful incorporation of a fluorine-
containing  group  into  PI.[36,37] C-PI  presented  new  bonds  of
the  benzene  ring  (1450−1600  cm–1)  and  C―O―C
(1250–1150  cm–1),  indicating  the  successful  incorporation  of
TAB into PI.[38]

Physical Properties and Fire Resistance of PI Films
Mechanical  properties  and  fire  resistance  are  key  performance
factors  for  film  applications.  As  shown  in  (Fig.  3a),  the  as-ob-
tained C-PI film was white and could be folded and twisted for
1000 cycles, presenting good flexibility. The mechanical proper-
ties  of  the  C-PI  films  before  and  after  folding  were  compared,
and the corresponding tensile strain-stress curves and modulus
results are shown in (Figs. 3b and 3c), respectively. It can be con-

cluded that  the  tensile  strength and modulus  were  well  main-
tained after 1000 cycles, demonstrating its outstanding flexibili-
ty and high mechanical properties. In addition, as shown in (Fig.
3d), the resultant film can withstand a weight of 50 kg without
any damage or breakage, presenting huge potential in practical
applications.  Moreover,  the  fire  resistance  of  C-PI  and  other
thermoregulating textiles such as poly(vinyl  alcohol)  (PVA) and
commercial cotton was evaluated. All samples were ignited us-
ing  butane,  and  the  combustion  phenomenon  was  recorded.
PVA  and  commercial  cotton  combusted  violently,  exhibiting
poor fire resistance. In contrast to PVA and commercial cotton,
the  C-PI  film  undergoes  a  self-extinguishing  phenomenon
quickly after ignition, which can effectively resist high-tempera-
ture fires.

Microcone  calorimetry  tests  were  conducted  to  further
evaluate  the  flame  retardancy  of  the  composites.[39,40] The
heat release rate (HRR) and total heat release (THR) curves of
C-PI,  PVA,  and commercial  cotton are shown in (Figs.  3e and
3f),  respectively.  The  related  peak  values  are  summarized  in
(Figs. 3g and 3h). PVA and commercial cotton both exhibited
higher  peak  heat  release  rate  (PHRR)  values  of  152  and  174
W·g–1,  respectively,  reflecting  their  potential  fire  hazards.  In
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Fig. 2    The morphology and microstructure of C-PI films. (a–d) SEM image of the surface of various C-PI films from 300–600 μm; (e) Tensile stress-
strain  curves,  (f)  modulus  and  (g)  porosity  of  PI  films.  (h)  Statistical  distribution  of  the  porous  diameter  and  (i)  FDTD  simulation  results  of  the
scattering efficiencies of C-PI; (j) FTIR spectra of the films.
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contrast to PVA and commercial cotton, C-PI presented PHRR
values as low as 7.98 W·g–1, demonstrating its superior fire re-
sistance.  THR  value  still  presents  the  similar  trend  that  PVA
and  cotton  exhibit  high  values  of  9523.3  J·g–1 and  21421.5
J·g–1,  respectively,  while  that  of  C-PI  is  just  1129.9  J·g–1.  The
TGA  curves  of  the  different  samples  are  depicted  in  (Fig.  3i),
which  show  the  highest  maximum  thermal  decomposition
temperature of our films, demonstrating its outstanding ther-
mal stability. The ideal mechanical strength, thermal stability,
and  outstanding  flame  retardancy  of  our  C-PI  film  are  con-
ducive to its high stability in harsh practical environments.

Environmental Stability of PI Films
The  IR  thermal  images  of  the  C-PI  film  and  commercial  cotton
under irradiation by a solar simulator are shown in (Fig. 4a), and
the  related  temperature  difference  between  the  samples  and
background is shown in (Fig. 4b), for further evaluation of the PC
performance. The results revealed that the C-PI film had a lower
surface temperature than commercial cotton, confirming its su-
perior  cooling  effectiveness.  A  comparison  of  the  temperature
difference  data  between  them  can  also  reveal  their  superior
cooling performance. To the best of our knowledge, high envi-
ronmental  stability  involving  UV  and  acid  resistance  of  ther-
moregulating materials is also a key indicator for practical appli-

cations.[41−43] (Figs.  4c and  4d)  provide  digital  pictures  of  our
films  before  and  after  UV  and  acid  treatment  to  evaluate  the
UV/acid  resistance.  No obvious  changes  were  observed before
and after  the  treatment,  demonstrating excellent  environmen-
tal  stability.  The solar  reflective  spectra  of  the films before  and
after treatment are also shown in (Figs. 4e and 4f), showing that
they can well resist UV and acid according to the good anasto-
mosis curves before and after treatment. SEM images of the C-PI
film  after  acid  treatment,  UV  exposure,  and  outdoor  exposure
are shown in (Figs. S6–S8 in ESI) and the pore structure was sta-
ble after various aging treatments, further demonstrating its en-
vironmental stability. The FTIR spectra of the C-PI films after acid
treatment, UV exposure, and outdoor exposure are presented in
Fig.  S9  (in  ESI),  and  their  chemical  structures  did  not  undergo
significant changes, confirming their excellent stability. In addi-
tion, the resultant film exhibited self-cleaning properties, which
are  conducive  to  durable  thermal  regulation  in  outdoor  envi-
ronments (Fig. S10 in ESI).

As shown in (Fig. 4g), the C-PI film presents superior advan-
tages over other PC materials, such as higher solar reflectivity,
lower PHRR, and char residue value.[44−48] The comparison of
sunlight reflectance and tensile strength among the resultant
films and other types of PC materials is shown in (Fig. 4h), fur-

 

0 100 200 300 400 500 600 700

0

40

80

120

160

200
C-PI
 Cotton
 PVA

0

50

100

150

200

0

5000

10000

15000

20000

25000

0 2 4 6 8 10 12 14
0

3

6

9

12

15

 Initial
 After folding 

Strain (%)

St
re

ss
 (M

Pa
)

0

50

100

150

200

250

300

M
od

ul
us

 (M
Pa

)

Initial After folding

Time (s)

H
RR

 (W
·g

−1
)

Time (s)

TH
R 

(J
·g

−1
)

H
RR

 (W
·g

−1
)

TH
R 

(J
·g

−1
)

Folding Twisting

0 s 3 s 9 s

a b c

d e
f

g h

Temperature (°C)

Re
si

du
al

 w
ei

gh
t (

%
)

i

C-PI

PVA

Cotton

5 kg

200 400 600 800
0

20

40

60

80

100

C-PI
PVA
Cotton

0 100 200 300 400 500 600 700

0

5000

10000

15000

20000

25000
C-PI
 Cotton
 PVA

C-PPI PVA Cotton C-PPI PVA Cotton
 
Fig. 3    Flame retardancy and mechanical properties of C-PI films. (a) Optical pictures of C-PI films before and after folding/twisting for 1000 cycles;
(b)  Tensile  stress-strain  curves  as  well  as  (c)  modulus  of  C-PI  films  before  and  after  folding  for  1000  cycles;  (d)  Optical  pictures  of  C-PI  films  with
loading of weight with 5 kg and by igniting by butane; (e) HRR and (f)THR curves of C-PI, PVA, and commercial cotton; The comparison of (g) HRR
and (h) THR values among C-PI, PVA, and commercial cotton; (i) The thermogravimetric curves of C-PI, PVA, and commercial cotton.

  Zhang, Q. R. et al. / Chinese J. Polym. Sci. 5

 
https://doi.org/10.1007/s10118-026-3687-5

 

https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5


 

0

20

40

60

80

100

250
200

150
100

50
0

0
10

20
30

40
50

60

 The work
 TC/BN aerogels
 SMP0.9
 Janus-type T/R aerogels
 FSPI
 PUA/SiB-TCM/BN/MMT

60 65 70 75 80 85 90 95 100

0

2

4

6

8

10

12

14

1 2 3 4 5 6
0
2
4
6
8

10
12
14
16  C-PPI

 Cotton

500 1000 1500 2000 2500
0

20

40

60

80

100

Initial
 After UV treated

500 1000 1500 2000 2500
0

20

40

60

80

100

Initial
 After acid treated

Time (min)

Re
�e

ct
iv

ity
 (%

)

Wavelength (nm)

Re
�e

ct
iv

ity
 (%

)

Wavelength (nm)

b

10.5 °C 15.5 °C 10.4 °C 32.7 °C 10.6 °C 36.3 °C 11.0 °C 37.5 °C 11.5 °C 38.6 °C 10.9 °C 38.6 °C

18.4 °C11.2 °C 36.7 °C12.0 °C 39.3 °C 40.7 °C11.7 °C 12.0 °C41.7 °C12.2 °C

C-PI

Cotton

c d

e
f

a

Te
ns

ile
 s

tr
en

gt
h 

(M
Pa

)

This work

PUA/SiB-TCM/BN/MMT

SiO2/PVA

e-EVA-400CaCO3

PDRC_A

SiO2@PEO

HS0.9 CCF/PT

CCF/TiO2@PT

g h

Before

After

Before

After

Δ
T 

(°
C)

42.2 °C11.9 °C

Solar re�ectance (%)

Char residue (%) PHRR (W·g−1) Solar re�ectance (%)

EVA/400CaCO3
PLA(L/D) 
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ther  demonstrating  the  desirable  high  mechanical  strength
and optical properties of this work. [44,47,49−56]

Practical Thermoregulating Performance of PI Films
The optical properties of the solar spectrum (0.3–2.5 μm) of CPI
and C-PI films in the solar spectrum are shown in (Figs.  5a–5c).
The C-PI film with a porous structure could reflect about 90.0%
solar  radiation  (Fig.  5a)  and  allow  for  about  94%  mid-infrared
(MIR) thermal emittance (Fig.  S11 in ESI),  while the transparent
CPI film exhibited a transmittance of about 88.7% in the visible
band  of  the  solar  spectrum  (Fig.  5c).  In  addition,  the  CIE  chro-
maticity  coordinate (Fig.  5b)  analysis  can also demonstrate the
high whiteness of the C-PI film, which is consistent with its relat-

ed optical pictures. The desired optical property of the C-PI film
with high sunlight reflectivity endows it with the desired PC per-
formance,  whereas  the  CPI  film  with  high  solar  transparency
characteristics contributes to the realization of PH effectivity.

Thus,  the  outdoor  thermoregulating  performances  of  the
CPI  and  C-PI  films  were  tested  in  Zhengzhou  (China)  on
February 23, 2025, utilizing the self-constructed setup. The re-
lated schematic and digital picture of the setup are shown in
Figs. 5(d) and 5(e),  respectively. The real irradiation and tem-
perature-time curves  in  the practical  tests  on a  clear  day are
shown  (Figs.  5f and  5g),  respectively.  The  C-PI  film  presents
(Fig.  5g)  cooling efficiency  with  a  maximum temperature  re-
duction  of  about  6.1 °C  while  CPI  film  shows  solar  heating
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Fig.  5    Outdoor  daytime  thermal  management  performance  of  the  C-PI  and  CPI  films.  (a)  Solar  reflectivity  as  well  as  (b)  CIE  chromaticity
coordinates of C-PI film.; (c) Solar transmittance of CPI film; (d) Schematic diagram and (e) optical picture of the temperature measurement setup; (f)
Solar irradiation and (g) real-time temperature in Zhengzhou, China (February 23, 2025); (h) Digital and infrared images of the bare house model as
well as covered by C-PI and CPI films under irradiation by a solar simulator; (i) The temperature differences between the samples and bare house; (j)
The temperature-time curves of C-PI and CPI films under irradiation by the solar simulator measured by thermoelectric couple.

  Zhang, Q. R. et al. / Chinese J. Polym. Sci. 7

 
https://doi.org/10.1007/s10118-026-3687-5

 

https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5
https://doi.org/10.1007/s10118-026-3687-5


performance  with  a  maximum  temperature  increasement  of
about 8.5 °C during periods of about 700 W·m−2 solar intensi-
ty (Isolar) from 12:00 to 17:00. In addition, the C-PI film present-
ed  a  higher  radiative  cooling  power  with  a  peak  value  of
120.15 W·m−2 and its  potential  cooling energy savings when
applied  to  a  building's  exterior  surfaces  (roof  and  walls)  are
shown  in  Figs.  S12(a)  and  S12(b)  (in  ESI).  The  results  con-
firmed  the  higher  radiative  cooling  capacity  of  the  as-ob-
tained C-PI film with a porous structure as well as the heating
performance  with  high  visible  transparent  characteristics,
which are expected to emerge as candidates for next-genera-
tion passive thermoregulating performance.

The  house  models  covered  by  the  C-PI  film  and  CPI  film
were directly  exposed to a solar  simulator in which the tem-
perature  distribution  was  recorded  by  an  infrared  camera
(Fig.  5h)  to  further  measure  the  thermoregulating  perfor-
mances of the resultant films. Compared to bare house mod-
el, CPI film exhibited heating performance with an enhanced
temperature  of  about  2.0  °C  while  the  C-PI  film  exhibited
cooling  performance  with  about  4.7  °C  decreasing  tempera-
ture, which can be also evident from the related temperature
difference between CPI and C-PI film with bare house record-
ed in  (Fig.  5i).  The  real-time temperatures  of  the  films  under
the irradiation of the solar simulator are shown in (Fig. 5j). Af-
ter irradiation for 600 s, CPI film exhibited an equilibrium tem-
perature of about 36 °C while C-PI film presents about 28.5 °C,
and  the  obvious  temperature  difference  between  them  was
well  consistent  with  the  results  mentioned,  confirming  their
opposite  thermal  management  effects  on  cooling  and  heat-
ing performance.

CONCLUSIONS

In  summary,  we  developed  a  structure-engineered  polyimide
(PI) film platform capable of bidirectional passive thermal regu-
lation  through  tunable  cavitation  control.  By  modulating  the
molecular  architecture via cross-linking,  the  system  yielded  ei-
ther a porous white film (C-PI) with about 90% solar reflectivity
for radiative cooling (ΔT is  about –6 °C) or a transparent dense
film (CPI) with about 88.7% solar transmittance for solar-driven
heating  (ΔT is  about  +8 °C).  This  functionality  was  achieved
through a scalable and controllable fabrication strategy involv-
ing  phase  separation  and  chemical  imidization.  Beyond  dual-
mode thermal management, the films exhibited excellent flame
retardancy,  mechanical  robustness,  and  resistance  to  UV  and
acidic environments, enabling reliable performance under harsh
outdoor conditions. This work demonstrates a versatile molecu-
lar design strategy for thermal regulation via cavity control,  of-
fering  a  promising  path  toward  next-generation  energy-effi-
cient  polymeric  materials  for  buildings,  thermal  textiles,
aerospace insulation, and other applications that require adap-
tive thermal modulation.
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Molecularly Engineered Polyimide Films with Switchable Cavitation for Bidirectional Passive
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Structure-tunable  polyimide  films  enable  radiative  cooling  (about  90%  reflectivity,  ΔT is  about –6 °C)  and  solar  heating
(about 88.7% transmittance, ΔT is about +8 °C), while offering flame retardancy, thermal stability, and UV/acid resistance.
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