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Abstract   Azobenzene-containing polymers (azopolymers) exhibit photoinduced reversible solid-to-liquid transitions, enabling unique light-as-

sisted nanoimprint lithography (NIL). Cis azopolymers possess sub-room-temperature glass transition temperatures (Tg), exhibiting liquid-like be-

havior for flow processing, while trans azopolymers feature above-room-temperature Tg values that enable solid-state shape fixation. Although

many side-chain azopolymers demonstrate photoswitchable Tgs, conventional short-spacer derivatives show negligible switching in Tg as their

cis isomers remain solid. This work overcomes this limitation in ethylene-spacer azopolymers through extended alkyl tails. We synthesized tail-

less (P0), n-butyl-tailed (P4), and n-decyl-tailed (P10) derivatives, revealing that only P10 exhibits a cis Tg near room temperature (22 °C) and an

amplified ΔTg between its cis isomer and trans isomer. P10 with photoswitchable Tgs enables complete nanostructure replication as a nanoim-

print lithography photoresist. This work demonstrates that long alkyl tails counteract short-spacer limitations, effectively reducing the Tg of cis
azopolymers and establishing a design principle for nanoimprint photoresists with photoswitchable Tgs.

Keywords   Azobenzene; Photoresponsive polymers; Photoisomerization; Glass transition; Nanoimprint

Citation:  Xie, Z. L.; Kong, F. W.; Chen, J. H.; Yan, J.; Wang, B. T.; Zhao, T. R.; Liang, S. F.; Wu, S. Long alkyl tails amplify photoswitchable glass transition
temperatures of azopolymers for nanoimprint lithography. Chinese J. Polym. Sci. 2026, 44, 2239–2247.

 

INTRODUCTION

Glass transition temperature (Tg) is one of the most critical ther-
modynamic parameters for polymers, fundamentally governing
their properties, processing, and applications.[1] The Tg and pro-
cessing  temperature  jointly  influence  the  processing  behavior
of  polymers.  Polymers  exhibiting  switchable Tgs  at  room  tem-
perature  can  simultaneously  achieve  processability  and  struc-
tural  stability,  making them suitable for  advanced manufactur-
ing  processes,  such  as  nanoimprint  lithography  (NIL).  NIL  is  a
technique that patterns nanostructures through mechanical de-
formation  of  a  resist  within  a  mold.[2] Current  commercial  NIL
photoresists  rely  on  UV  curing  and  lack  recyclability,  while  de-
signing photoresists with switchable Tgs presents opportunities
for reversible nanoimprint manufacturing.[3,4]

Recent  studies  have  revealed  that  azobenzene-containing
polymers  (azopolymers)  exhibit  photoswitchable Tg

values.[5,6] Reversible  photoisomerization  of  azobenzene
drives the photoinduced solid-to-liquid transitions in azoben-
zene-containing  materials,[7−10] enabling  applications  in  re-

versible adhesion,[11−14] healable materials,[15−18] solar energy
storage,[19−22] and  tunable  mechanical  properties.[23,24] Cru-
cially,  azopolymers  permit  room-temperature  micro/nano-
processing via light-assisted NIL.[3,25−27] Cis azopolymers (Tg <
room temperature, liquid state) can fill molds under pressure
or capillary force, whereas trans azopolymers (Tg > room tem-
perature,  solid  state)  can  retain  the  replicated  structures.[4]

Molecular design strategies for azopolymers are essential  for
tuning  their  photoswitchable Tg,  isomer-specific  properties,
and applications.

Side-chain  azopolymers  have been extensively  studied for
their  unique  properties,  including  liquid  crystallinity,[28−32]

self-assembly,[33−39] and  directional  photofluidization.[40−42]

Molecular  engineering  of  the  backbone,  spacer,  azobenzene
units,  and tail  groups enables reversible photoinduced solid-
to-liquid  transitions  at  room  temperature  in  select
systems.[43−45] Conventionally,  only  azopolymers  bearing  ex-
tended  spacers,  such  as  hexylene,  display  significant  photo-
switchable Tgs,  making  them  suitable  as  photoresists  for
room-temperature  NIL.[4,46] In  contrast,  azopolymers  with
short spacers (ethylene or none) exhibit no detectable photo-
switchable Tgs, as their cis isomers remain solid with Tg values
exceeding  the  temperature  at  which  thermal  reversion  oc-
curs.[43] Strategies  to  enhance  ΔTg between trans and cis
azopolymers with short spacers through molecular design re-
main unexplored.
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In  this  study,  we  demonstrate  how  tail  groups  govern Tg

switching in  short-spacer  azopolymers  by  synthesizing three
ethylene-spacer  derivatives:  tailless  (P0),  n-butyl-tailed  (P4),
and n-decyl-tailed  (P10).  While  all  three  exhibited  reversible
photoisomerization, only P10 possessed photoswitchable Tgs
values, enabling faithful pattern replication via room-temper-
ature photo-nanoimprinting. The extended alkyl tail  critically
depresses  the Tg of cis isomer  below  its  thermal  reversion
threshold  and  amplifies  the  ΔTg between cis and trans iso-
mers.  This  strategy  counteracts  the  adverse  effects  of  short
spacers  on  the  photoinduced  solid-to-liquid  transition  and
advances  the  design  of  azopolymer  photoresists  for  room-
temperature NIL.

EXPERIMENTAL

The  synthetic  details,  experimental  section,  and  complemen-
tary  data  are  presented  in  the  electronic  supplementary  infor-
mation (ESI).

RESULTS AND DISCUSSION

Three ethylene spacer azopolymers (tailless P0, n-butyl tailed P4,
and n-decyl-tailed P10)  were synthesized via RAFT polymeriza-
tion  (Fig.  1a).  The 1H  nuclear  magnetic  resonance  (1H-NMR)
spectra of azobenzene-containing monomers M0, M4, M10 and
azopolymers  P0,  P4,  P10  (Figs.  1b  and  1c)  revealed  post-poly-
merization  peak  broadening  and  complete  disappearance  of
the methacrylate proton signal at 5.5–6.3 ppm, confirming suc-
cessful  polymerization.  Gel  permeation  chromatography  (GPC)
analysis  indicated  that  the  number-average  molecular  weights
of P0, P4, and P10 were 11, 11, and 20 kg·mol–1, respectively (Fig.
S7 in ESI).

All  three  azopolymers  underwent  reversible  photoisomer-
ization  (Fig.  2a,  Fig.  S8  in  ESI).  UV-Vis  spectra  of  spin-coated
films of azopolymers showed strong π-π* transitions at about

340  nm  and  weaker  n-π*  bands  at  about  450  nm  (Figs.
2b–2d).  UV  irradiation  (365  nm,  4.1  mW·cm–2)  decreased  the
π-π*  intensity  and increased the  n–π*  absorption,  indicating
trans-to-cis isomerization.  Subsequent  visible  light  exposure
(530 nm, 5.2 mW·cm–2) reversed these changes via cis-to-trans
isomerization.  Azobenzene  groups  can  form  H-aggregates,
free chromophores, and J-aggregates in the solidstate. Gaus-
sian  fitting  of  the  pre-irradiation  spectra  of  the  azopolymers
identified  three  peaks  corresponding  to  H-aggregates,  free
azobenzene, and J-aggregates (Fig. S9 in ESI),[47,48] with P0 ex-
hibiting  the  highest  free  azobenzene  content.  Although
Gaussian fitting is not quantitative, it reliably indicates the rel-
ative aggregate proportions. After visible light irradiation, the
spectra of the azopolymers differed from the initial states be-
cause  of  the  significantly  reduced  azobenzene  aggregation
after alternating UV and visible light exposure. The initial films
were obtained through annealing, and the aggregation state
of  the  azobenzene  chromophores  in  this  state  critically  de-
pended on the thermal history. All three films were cycled be-
tween trans and cis states  five  times  by  alternating  UV  and
visible  light  irradiation  (Figs.  2e–2g),  exhibiting  reversible
photoisomerization  between  photostationary  states  under
365 nm and 530 nm irradiation.

Next,  we  investigated  the  photoinduced  solid-to-liquid
transition behavior of the three azopolymers. Microscopic ob-
servations  of  the  azopolymer  powders  under  UV  irradiation
revealed  distinct  morphological  changes  (Fig.  3).  While  P0
and  P4  powders  showed  no  significant  alterations,  the  P10
powder  exhibited  progressive  edge  rounding  that  culminat-
ed in droplet formation over the irradiation time.

Thermogravimetric  analysis  (TGA)  confirmed  comparable
decomposition temperatures  for  P0,  P4,  and P10 (Fig.  S10 in
ESI). The thermal behaviors of trans and cis azopolymers were
investigated  using  differential  scanning  calorimetry  (DSC)
(Fig.  4).  Before  the  DSC  testing,  the  samples  were  dried  in  a
vacuum oven at 40 °C for 12 h. The first heating process rep-
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Fig. 1    (a) Synthetic routes of P0, P4, and P10; (b) 1H-NMR spectra of azobenzene-containing monomers M0, M4, and M10; (c) 1H-NMR spectra of
azopolymers P0, P4, and P10.

2240 Xie, Z. L. et al. / Chinese J. Polym. Sci. 2026, 44, 2239–2247  

 
https://doi.org/10.1007/s10118-026-3637-2

 

https://doi.org/10.1007/s10118-026-3637-2
https://doi.org/10.1007/s10118-026-3637-2
https://doi.org/10.1007/s10118-026-3637-2
https://doi.org/10.1007/s10118-026-3637-2
https://doi.org/10.1007/s10118-026-3637-2
https://doi.org/10.1007/s10118-026-3637-2
https://doi.org/10.1007/s10118-026-3637-2


resented the thermal history of the samples. The second heat-

ing scan of trans azopolymers revealed Tg values of 62 °C for

P0 and 118 °C for P10, but no discernible Tg was observed for

P4  (Figs.  4a–4c).  Clearing  points  emerged  at  145  and  183  °C

for  P4  and  P10,  respectively,  whereas  P0  exhibited  neither  a

clearing point nor mesophase. The clearing points measured
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Fig. 2    (a) Photoisomerization of azopolymers P0, P4, and P10; (b–d) UV-Vis absorption spectra of spin-coated films of P0 (b), P4 (c), and P10 (d) at
initial state, after UV irradiation (365 nm, 4.1 mW·cm–2, P0: 1 min; P4, P10: 2 min) and subsequent visible light irradiation (530 nm, 5.2 mW·cm–2, P0: 8
min; P4, P10: 3 min). (e–g) Changes in the absorption maxima of P0 (e), P4 (f), and P10 (g) films under alternating UV and visible light irradiation.
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Fig. 3    Optical microscopy images of powders of P0 (a), P4 (b) and P10 (c) before and after UV irradiation (365 nm, 24.1 mW·cm–2) for 10, 20, and 30
min at 30 °C.
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by  DSC  were  consistent  with  the  polarized  optical  mi-
croscopy  observations  (Fig.  S11  in  ESI).  In  addition,  P4  and
P10 exhibit photoinduced phase transitions (Fig. S12 in ESI).

For cis azopolymers,  all  three  samples  displayed  broad
exothermic  peaks  near  50  °C  during  the  first  heating  cycle,
corresponding to cis-to-trans thermal relaxation and the sub-
sequent reorganization of trans azobenzene aggregates (Figs.
4d–4f).[20,49] Critically, no Tg was observed for any cis azopoly-
mer prior to thermal relaxation. The second heating curves of
cis samples  were  aligned  with  those  of trans samples  after
thermal reversal to the trans state.

Owing to the inconspicuous glass transitions in some DSC
profiles,  rheological  analyses  were  employed  to  characterize
trans and cis azopolymers. Temperature-dependent rheologi-
cal  tests  revealed Tg values of trans P0,  P4,  and P10 were 85,
127,  and  114  °C,  respectively  (Figs.  5a–5c)  based  on  the  de-
cline in storage moduli (G′). All trans azopolymers exhibited Tg

values  above room temperature,  confirming their  solid  state
at  room  temperature.  In  the  rheological  tests, G′ and G′′ are
relative  values,  because  some  of  the  samples  lost  contact
with the sample plates.  The use of relative values did not in-
fluence  the  loss  tangent  (tanδ).  Frequency  sweep  tests  fur-
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Fig. 4    (a–c) First and second heating DSC curves of trans P0 (a), P4 (b), and P10 (c); (d–f) First and second heating DSC curves of cis P0 (d), P4 (e),
and P10 (f) (scan rate: 10 °C·min–1). The cis contents of cis P0, P4, and P10 were 87%, 88%, and 90%, respectively (Figs. S13–S15 in ESI).
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Fig. 5    (a–c) Temperature-dependent rheological profiles of trans P0 (a), P4 (b), and P10 (c); (d–f) Temperature-dependent rheological profiles of cis
P0 (d), P4 (e), and P10 (f) (heating rate: 3 °C·min–1). The cis contents of cis P0, P4, and P10 were 87%, 88%, and 90%, respectively (Figs. S13–S15 in
ESI). G′: storage modulus; G″: loss modulus; tanδ = G″/G′: loss tangent. G′ and G″ are relative values because part of the samples lost contact with the
sample plates. The use of the relative values did not influence tanδ.
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ther validated the solid-like behaviors, with the storage mod-
uli (G′) of trans azopolymers consistently exceeding their loss
moduli  (G″)  across  the  measured  angular  frequency  range
(Fig. S16 in ESI)

For cis P0 and cis P4, G′ remained greater than G″ below 40
°C with no detectable Tg (Figs. 5d and 5e). Above 40 °C, cis P0
underwent  thermal  reversion  to trans P0  while  exhibiting  a
gradual modulus increase. In contrast, cis P4 exhibited G′ < G″
beyond 40 °C,  likely owing to the concurrent glass transition
and thermal reversion of cis P4. Critically, cis P0 and cis P4 dis-
played  no  glass  transition  prior  to  the  thermal  reversion
threshold (< 40 °C) and maintained a solid character at room
temperature,  corroborated  by  the  frequency  sweep  results
(Fig. S16 in ESI). Among cis azopolymers, only cis P10 exhibit-
ed a discernible Tg of 22 °C before thermal reversion (Fig. 5f).
Frequency sweeps of cis P10 showed liquid-like behavior (G′ <
G″) at low frequencies and solid-like response (G′ > G″) at high
frequencies, indicating non-Newtonian fluid characteristics at
room temperature (Fig. S16 in ESI). As a result, P10 is the sole
system  that  demonstrates  a  photoswitchable Tgs.  The trans
Tg, cis  Tg,  and  ΔTg values  of  the  three  azopolymers  are  sum-
marized in Table 1. The ΔTg values for P0, P4, and P10 were <
45  °C,  <  87  °C,  and  92  °C,  respectively.  Rheological  evidence
confirms  that  extended  tail  groups  enable cis azopolymers
with short spacers to undergo glass transition before thermal
reversion and enhance the ΔTg.

Atomic force microscopy (AFM) force curve analysis further
elucidated the interfacial  properties of trans and cis azopoly-

mers (Fig. 6). Thin films of all the three azopolymers were pre-
pared by drop casting. UV irradiation converted the film sur-
face  into  a cis-rich  state.  The  dipole  moment  difference  be-
tween trans and cis azobenzenes alters the surface energy of
the  azopolymers.  The  contact  angle  measurements  con-
firmed the formation of cis-rich surfaces (Fig. S17 in ESI). Both
isomers  of  P0  exhibited  identical  adhesion  forces  and  dis-
placements  (Figs.  6a and  6d).  The  approach  curves  showed
linear force-distance relationships, while the retraction curves
revealed  adhesion  dominated  by  van  der  Waals  forces,  con-
sistent with solid-like surfaces. In contrast, cis P4 demonstrat-
ed  a  moderately  higher  adhesion  than trans P4,  indicating
surface  softening  after  UV  irradiation  (Figs.  6b and  6e).  Cru-
cially, trans P10 exhibited a characteristic hard-surface behav-
ior,  whereas cis P10  displayed  significantly  enhanced  adhe-
sion  to  the  tip  during  retraction  (Figs.  6c and  6f).  This  mani-
fested as liquid-like characteristics, where viscous cis-rich P10
formed menisci at the AFM tip.

Photoswitchable Tgs enable reversible transitions between
a  processable  liquid-like  state  and  a  moldable  solid  state  in
azopolymers.  This  room-temperature  photoprocessability
permits  their  use  as  NIL  photoresists  (Fig.  7a).  We  evaluated
three  azopolymers  as  NIL  resists  by  spin-coating  thin  films,
pressing  a  striped-nanostructure  PDMS  mold  onto  the  films,
UV irradiation to generate cis-rich surfaces, and applying visi-
ble  light  to  revert cis azopolymers  to trans states  before  de-
molding.  The  AFM  analysis  revealed  distinct  replication  pat-
terns.  P0  exhibited  negligible  microstructure  formation  (Fig.
7b). P4 exhibited fragmented striped patterns, indicating par-
tial softening after UV irradiation under pressure aligned with
its  force  curve  behavior  (Fig.  7c).  P10  achieved  a  complete
replica of the nanostructures of the PDMS mold, demonstrat-
ing that  its  low Tg in  the cis state enhanced fluidity  and pro-
cessability. Photoswitchable Tgs enables P10 to function as an
effective NIL resist (Fig.  7d).  The nanoimprinted P10 polymer

 

Table 1    Trans Tg, cis Tg, and ΔTg values of three azopolymers. a
 

Azopolymer Trans Tg (°C) Cis Tg (°C) ΔTg (°C)

P0 85 > 40 < 45
P4 127 > 40 < 87

P10 114 22 92
aThe Tg values were determinded by rheological tests.
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Fig. 6    AFM force-distance curves of trans P0 (a),  P4 (b),  and P10 (c)  films and cis P0 (d),  P4 (e),  and P10 (f)  films.  The cis films were prepared by
irradiating trans films with UV light (365 nm, 10.4 mW·cm–2, 1 min).
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films  enabled  region-specific  patterning via UV  irradiation
(Fig. 7e). UV exposure through a photomask selectively lique-
fied  the  regions  in  the  imprinted  P10  film,  causing  localized
nanostructure collapse to generate a photonic crystal pattern
(Fig. 7f). Cyclic UV erasure and re-imprinting enabled the P10
pattern  reconstruction,  confirming the capability  of  P10 as  a
reversible NIL photoresist.

CONCLUSIONS

This  work  resolves  the  critical  limitation  of  conventional  short-
spacer azopolymers in achieving photoswitchable Tgs by intro-
ducing  a  molecular  design  strategy  based  on  extended  alkyl
tails. Through systematic synthesis and characterization of ethy-
lene-spacer  azobenzene  derivatives  (P0,  P4,  and  P10),  we
demonstrated that n-decyl  tailing induces  a  reduction in cis Tg

to near-room-temperature conditions (22 °C) and amplifies the
ΔTg value. However, cis glass transitions were not attainable be-
fore  the  thermal  reversion  threshold  in  tailless  or  short-tailed
analogs.  P10  exhibited  solid-state  behavior  in trans configura-
tion  while  displaying  non-Newtonian  fluid  characteristics  in  its
cis state, enabling its application as an NIL resist. This molecular
design  principle  fundamentally  addresses  the  constraints  of
short-spacer  azopolymers,  establishing  tail-engineered  deriva-
tives as enabling materials for ambient-temperature nanofabri-

cation processes.

Conflict of Interests

The authors declare no interest conflict.

 Electronic Supplementary Information
Electronic  supplementary  information  (ESI)  is  available  free  of
charge  in  the  online  version  of  this  article  at http://doi.org/
10.1007/s10118-026-3637-2.

Data Availability Statement

The data supporting the findings of this study are available from
the corresponding authors upon reasonable request.

ACKNOWLEDGMENTS

This  work  was  financially  supported  by  the  National  Natural
Science  Foundation  of  China (Nos.  52503162, 52425302,
52120105004,  and 52350233), Hefei  Municipal  Natural  Science
Foundation (No. HZR2518), Fundamental  Research  Funds  for

 

P0

Azopolymer

Trans Trans Cis Trans Cis

Mold

UV
Visible
light

Remove
mold

Visible light

UV

Visible
light

a

b

e f
UV Mask

2 mm

P4 P10c d

Rewrite Rewrite

Azopolymer

120.0 nm

−20.0 nm

120

80

40

0
0.5 1.0 1.5 2.0

Horizontal distance (μm)
0.5 1.0 1.5 2.0

Horizontal distance (μm)
0.5 1.0 1.5 2.0

Horizontal distance (μm)

H
ei

gh
t (

nm
) 120

80

40

0H
ei

gh
t (

nm
) 120

80

40

0H
ei

gh
t (

nm
)

500.0 nm 500.0 nm 500.0 nm

 
Fig.  7    (a)  Schematic  illustration  of  the  light-assisted  nanoimprinting  process.  UV:  365  nm,  10.4  mW·cm–2,  5  min.  Visible  light:  530  nm,  17.3
mW·cm–2, 5 min. (b–d) Atomic force microscopy (AFM) images and the corresponding cross-sectional height profiles of P0 (b), P4 (c), and P10 (d). (e)
Schematic illustration of the fabrication of photonic crystal patterns by photomask-assisted irradiation. UV irradiation: 365 nm, 10.4 mW·cm–2, 2 min.
Visible light irradiation: 530 nm, 17.3 mW·cm–2, 2 min. (f) Photonic crystal patterns fabricated from P10. The photonic crystal patterns can be erased
by  UV  irradiation  (365  nm,  10.4  mW·cm–2,  2  min).  After  another  cycle  of  light-assisted  nanoimprinting  and  photomask-assisted  irradiation,  the
pattern can be rewritten.
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