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ABSTRACT: Photopatterning on polymer films has attracted
extensive attention due to its widespread applications. Nevertheless,
it is still challenging to rewrite these patterns. Herein, we demonstrate
a viable approach toward the rewritable polymer films based on topo-
polymerization of the diacetylene monomer (e.g., 10, 12-pentacosa-
diynoic acid, PCDA) in poly(propylene carbonate) (i.e., PPC).
Rewritability of at least 17 times through the reversible colorimetric
change of polydiacetylene (PDA) is achieved, and the written
information can be maintained for 9 months under ambient
conditions. Moreover, it is found that the hydrogen bonding
interaction between PCDA and PPC plays a key role in improving
the rewriting performance according to variable temperature Fourier
transform infrared spectroscopy and molecular dynamics simulations.
Well-defined assembly of PCDA along the PPC main chain is enabled, which leads to improved topo-polymerization of PCDA. The
proposed paradigm here paves the way to design rewritable polymer films with customized patterning.

KEYWORDS: photopatterning, rewriting, poly(propylene carbonate), diacetylene, hydrogen bonding, topo-polymerization,
topochemical polymerization

■ INTRODUCTION

Photopatterning on polymer films has garnered considerable
attention due to the widespread applications such as surface
functionalization, packaging, advertising, anticounterfeiting, and
other advanced optical applications.1−6 However, these patterns
are generally difficult to rewrite.
As a solution, it would be reasonable to integrate the polymer

filmwith responsivematerials that are capable of changing colors
upon external stimuli (e.g., light, temperature, pH, and
humidity).7−14 In this regard, polydiacetylene (PDA), which
was pioneered by Wegner in 1969,15 has drawn particular
attention because of its reversible colorimetric transition
between the red and blue colors in response to heating or
light irradiation,16−25 given that PDA is typically obtained
through topo-polymerization of the diacetylene monomers. In
general, PDA is blue in color due to the boosted π-conjugation
and red shift in the ultraviolet−visible (UV−vis) absorption to
the red and green light regions.15,16,25 The chromatic transition
of PDA is owing to the conformational switch. For instance,
PDA changes from blue to red color upon stimuli such as heating
due to which the fluctuations of the side chains lead to
distortions of the main chains, decrease in the effective
conjugation length, and a blue shift of UV−vis absorption.17,21,26
In some cases, the color recovers when the stimuli is
removed21,22,27 or when exposed to UV light16 because the

chains restore their original confirmations. Despite the well-
defined assemblies of diacetylene monomers through physical
vapor transport for single crystal electronic devices,28 it still
remains a challenge to achieve robust colorimetric reversibility
of PDA in a polymer film via assembly control.22,27,29

Blending a polymer with the diacetylene monomer is a
rational way toward the rewritable polymer film. Jelinek and co-
workers achieved rewritable polymer films by blending the
diacetylene monomer named 10,12-tricosadiynoic acid with
poly(methyl methacrylate) and subsequent topo-polymeriza-
tion.16 They found that the red PDA could revert to blue upon
UV irradiation. However, the color change is not fully reversible
as the blue color film could change to red upon heating, but the
red color film changes to purple rather than blue upon UV light
irradiation. The lack of strong interactions would lead to
incomplete reversibility.
Hydrogen bonding interaction has been proven to be critical

for the reversibility of colorimetric transition.21,27,30 Increasing
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the hydrogen bonding interactions between the polymer and
diacetylene monomer could promote the assembly and topo-
polymerization of diacetylene. To do this, Killops and co-
workers employed poly(styrene-b-acrylic acid) as the template
to induce the assembly of imidazolyl diphenyl-diacetylene
monomers, achieving the greatly promoted topo-polymerization
of the diacetylenemonomer.30 However, the rewriting capability
is unexplored. With inspiration from this work, herein, we
propose a viable approach for designing rewritable polymer films
(thickness: 100 μm) by controlling the assembly of the
diacetylene monomer (e.g., 10,12-pentacosadiynoic acid,
PCDA) in poly(propylene carbonate) (i.e., PPC). PPC
possesses plenty of carbonate groups to form hydrogen bonds
with PCDA. The results demonstrated that well-defined
assembly of PCDA occurred in the presence of PPC, leading
to remarkable conversion of PCDA to PDA through topo-
polymerization. In addition, due to the enhanced hydrogen
bonding interactions between PDA and PPC, the reversible
colorimetric change of PDA can be reproduced at least 17 times,
and the written information can be maintained for 9 months
under ambient conditions. Furthermore, a dramatically
synergistic increase in the thermochromic transition temper-
ature of PDA and thermal resistance of PPC was achieved.
Lastly, the use of PPC is beneficial since PPC is an emerging
sustainable and biodegradable polymer.31−34

■ RESULTS AND DISCUSSION
Writing and Erasing in the Rewritable Polymer Film.

Our concept of rewritable polymer films is realized based on the
controlled assembly and subsequent topo-polymerization of
PCDA in the presence of PPC. We surmised that the hydrogen
bonding interactions between the carbonate groups of PPC and
the carboxylic acid head groups of PCDA could lead to a well-
defined assembly and remarkable topo-polymerization of PCDA
along with the PPC main chain (Figure 1). Experiments show
that the topo-polymerization can be completed within 60 s in
CH2Cl2 andwithin 20 s in solid upon exposure to 60mW/cm2 of
365 nm light, giving rise to a color change from white to dark
blue under room light. The topo-polymerization could even
occur when exposing the PPC/PCDA film to room light for 24 h
(Figure S1). However, no polymerization of PCDA took place in
poly(butylene succinate) (PBS) when exposed to room light,
despite the existence of carbonyl groups in the PBS main chain
that could form hydrogen bonds with PCDA. In addition, no
polymerization was observed when mixing PCDA with PBS in
CH2Cl2, even under exposure to 60 mW/cm2 of 365 nm light

irradiation (Figure S2). In addition, polymers such as poly(vinyl
acetate) (i.e., PVAc), poly(methyl methacrylate) (i.e., PMMA),
and bisphenol A polycarbonate (i.e., BAPC) with fewer
hydrogen bonding interactions with PCDA make it difficult to
promote the topo-polymerization of PCDA in organic solvents
such as acetone and CH2Cl2. These results suggest that PPC can
induce a unique assembly of PCDA, consequently leading to the
enhanced topo-polymerization.
The robust rewriting capabilities of our rewritable polymer

films were also demonstrated. As shown in Figure 2a, the blue

colored Chinese letter “fu” meaning best wishes can be written
in the white PCDA/PPC film (thickness: 100 μm) upon
exposure to 60 mW/cm2 of 365 nm light irradiation through a
photomask. Then, the written information can be erased by
flood UV exposure, giving rise to a polymer film in dark blue.
Upon heating to 110 °C for several seconds, the dark blue
polymer film turns to bright red due to the absorption shift from
640 nm (excitonic) and 590 nm (vibronic) to 550 and 500 nm,
respectively,17 which can be rewritten by UV irradiation through
a photomask due to the reversible absorption shift (Figure S3).
The writing under UV irradiation and erasing upon heating are
fully reversible and can be repeated at least 17 times without
noticeable degradation (Figure S4). In contrast, the pristine
PDA and PBS/PDA can be only rewritten eight and four times,
respectively, although a low light intensity (40 mW/cm2) was
used to decrease the side photothermal effect when rewriting
(Figure S5). The outstanding rewriting performance of the

Figure 1. Schematic illustration of the unique assembly and topo-polymerization of PCDA in PPC, giving rise to color change from white to dark blue
under room light.

Figure 2. (a) Experimental results of (re)writing by UV light irradiation
(365 nm, 60 mW/cm2) through photomasks and erasing by heating
(110 °C). (b) English abbreviation and (c) Chinese version of HUST
written on the rewritable polymer films in different colors.
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Figure 3.Molecular dynamics simulations. Snapshots of the equilibrated assembly of PCDA in (a) PPC and (b) PBS with CH2Cl2 as the solvent. PPC,
PBS, and CH2Cl2 molecules are not displayed for clarity. (c) Radial distribution functions (g(r)) of the mass center of the diacetylene moiety. (d)
Correlation function against time of the hydrogen bonds formed between PCDA and PPC or PBS from which the lifetime of hydrogen bonds can be
obtained.

Figure 4. Topo-polymerization kinetics of PCDA in PPC. (a) Fluorescence (FL) intensity change and (b) kinetics fitting of the PCDA/PPC (1:10 by
weight) film upon exposure to 60 mW/cm2 of 365 nm light irradiation. (c) Visible absorption change and (d) kinetics fitting of the PCDA/PPC (1:10
by weight) film upon exposure to 60 mW/cm2 of 365 nm light irradiation. The film thickness was 100 μm.
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PPC/PDA film could be owing to the hydrogen bonding
interactions between PPC and PDA that facilitate the recovery
of chain conformations of PDA.
Moreover, the information written in the rewritable PDA/

PPC films can be customized (e.g., letters, images, and QR
codes) by using different photomasks (Figure 2a), which can be
also maintained for 9 months under ambient conditions.
Considering the lifetime of the written information, our
rewritable PDA/PPC polymer film exhibits excellent perform-
ance compared to other colorimetric materials (Table S1).
Lastly, different colored information can be achieved by
precisely controlling the writing process (Figure 2b,c). Dark
blue letters and patterns can be written in the white PCDA/PPC
film with a photomask under UV light exposure, associated with
the conversion of PCDA to PDA through topo-polymerization.
The dark blue letters and patterns can turn to bright red upon
heating and other parts remain white. Dark blue letters and
patterns can be also written in the bright red film upon UV
irradiation.
Demonstration of Hydrogen Bonding Interactions.

Molecular dynamics (MD) simulations demonstrated that the
well-defined assembly of PCDA in PPC was enabled by the
unique hydrogen bonding interactions. Figure 3a,b displays the
snapshots of the equilibrated assembly of PCDA in PPC and
PBS with CH2Cl2 as the solvent, respectively. The close stacking
of PCDA molecules in the presence of PPC gives rise to a C1−
C1′ distance of 5.53 Å between the adjacent two diacetylene
moieties according toMD simulations, which is close to the ideal
spatial parameter (5.0 Å) for topochemical polymerization.35

On the contrary, a long C1−C1′ distance (13.02 Å) between the
adjacent two diacetylene moieties explained why no PCDA
polymerization occurred in the presence of PBS in CH2Cl2. The
radial distribution functions of themass center of the diacetylene
moiety further confirmed the close stacking of PCDA in PPC
(Figure 3c). A peak distance of 4.38 Å between the two
diacetylene moieties in PPC is perfectly located in the range of
3.0−5.0 Å that is required for satisfactory topo-polymer-
ization.36,37 On the contrary, a disordered stacking of PCDA is
noticed in PBS. The ordered assembly of PCDA in PPC can be
attributed to the stronger hydrogen bonding interactions
between PCDA and PPC, which is also supported by the longer
hydrogen bonding lifetime in PPC than PBS (0.80 ns vs 0.45 ns,
Figure 3d). Variable temperature Fourier transform infrared
(FTIR) spectra experimentally prove a stronger hydrogen
bonding interaction between PCDA and PPC. The peak
associated with the CO stretching of PPC in PPC/PCDA
(1:1 by weight) shifts from 1745 to 1747 cm−1 when heated
from 20 to 120 °C, due to which the hydrogen bonding
interaction is weakened38 (Figure S6a). In contrast, the CO
signal at 1714 cm−1 of PBS in the PBS/PCDA (1:1 by weight)
film remains almost unchanged (Figure S6b). These results are
in consistence with the MD simulations.
Polymerization Kinetics. Topo-polymerization kinetics

measured with both fluorescence and UV−vis spectra reveals
that the well-defined assembly of PCDA in PPC owing to the
enhanced hydrogen bonding interactions is beneficial for topo-
polymerization. It was found that the fluorescence intensity of
the PCDA/PPC film linearly depended on the PCDA
concentration, which could be quenched upon polymerization
(Figures S7 and S8). Therefore, the topo-polymerization
kinetics can be obtained by tracking the fluorescence quenching
against the exposure time. As illustrated in Figure 4a, the
fluorescence peaks of PCDA in PPC at 433 and 406 nm

continuously decline with an increase in the exposure time. The
conversion of PCDA reaches 95.5% upon irradiation for 450 s
according to the fluorescence spectra. The Raman spectrum also
shows that there is almost no residual PCDA monomer after
flood UV exposure (Figure S9). Two strong peaks at 1455 and
2080 cm−1 which correspond to the ene−yne bond of PDA and
a negligible peak at 2262 cm−1 that corresponds to the yne−yne
bond of PCDA29 indicate a full conversion of the PCDA
monomer. The topo-polymerization of diacetylene monomers
can be described using the first-order kinetics equation,39

α− = −ktln(1 ) (1)

where, α is the PCDA conversion, k is the rate constant, and t is
the irradiation time. As shown in Figure 4b, the experimentally
determined kinetics agrees well with the theoretical prediction
from which a rate constant of 0.005 s−1 is derived. Similarly, the
topo-polymerization kinetics can be also obtained by monitor-
ing the visible absorption change according to the Beer−
Lambert law (Figure 4c). The appearance of the excitonic peak
absorption at 640 nm in the UV−vis spectra with a vibronic
maximum absorption at 590 nm is a sign of the conversion of
PCDA to PDA through topo-polymerization.17 A rate constant
of 0.007 s−1 is calculated according to the increased absorption
at 640 nm after complete polymerization (Figure 4d), which
agrees well with the results from fluorescence quenching. In
addition, it was found that the irradiation with higher light
intensities favored the reaction rates (e.g., 0.016 and 0.027 s−1

under 80 and 100 mW/cm2 of 365 nm irradiation, respectively),
which increased the data deviations due to the photothermal
effect (Figures S10 and S11). In general, similar to the
topochemical polymerizations of dienes or trienes,35 the topo-
polymerization of PCDA is observed to obey the first-order
reaction kinetics, which can be precisely controlled by tuning the
light intensity.

Thermochromic Transition Temperature. Yang and co-
workers proved that the PDA-based composite showed a higher
reversible thermochromic transition temperature because of
strong interactions.17 In this work, the strong hydrogen bonding
interactions between PDA and PPC also result in an increase in
the thermochromic transition temperature. As illustrated in
Figure 5, the pristine PDA shows a thermochromic transition
from blue to red at 60 °C, similar to PDA/PBS, PDA/PVAc,
PDA/PMMA, and PDA/BAPC films. In contrast, the
thermochromic transition temperature of the PDA/PPC film
is dramatically increased by 50% to 90 °C. The color change
from dark blue to bright red of PDA/PPC was completed at 110

Figure 5. Thermochromic response and color transition temperatures
of PDA in different polymer films.
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°C. Such a high thermochromic transition temperature ensures a
long lifetime of the written information in our rewritable
polymer film at room temperature.
Thermal Stability and Glass Transition Behaviors. The

thermal stability of PPC was also improved by the enhanced
hydrogen bonding interactions. As illustrated in Figure 6a, the
PCDA/PPC and PDA/PPC (1:10 by weight) films show an
initial decomposition temperature of 262 °C (corresponding to
5% of weight loss), which is increased by 49.7% compared with
that of the pristine PPC (175 °C). The glass transition
temperatures (Tg) of PPC is also increased by 16.4% and
33.2% from 25.6 °C in the presence of PCDA and PDA,
respectively (Figure 6b), indicating an increase in the confine-
ment on the segment movement of PPC associated with the
PCDA’s topo-polymerization. No significant variation in the Tg

is observed when changing the weight percentage of PDA
(Figure S12). The addition of PCDA imposes a negligible
impact on the thermal properties of PBS either (Figure S13).
Therefore, given the attractive thermal properties, the used
PDA/PPC polymer film can be recycled by simple hot-pressing
at 110 °C with the information erased, as displayed in Figure 6c.

■ CONCLUSIONS

In summary, we demonstrated an approach toward rewritable
polymer films with robust rewriting capabilities based on topo-
polymerization of PCDA in PPC. The writing upon UV
irradiation and erasing upon heating were reversible at least 17
times and the written information could be maintained for 9
months. The 50% increased thermochromic transition temper-
ature greatly enhanced the stability of the written information. In
addition, the initial decomposition temperature and glass
transition temperature of PPC was increased by 49.7% and up
to 33.2%, respectively. The high-performing rewritable polymer
film was enabled by the unique assembly of PCDA in PPC
through the remarkable hydrogen bonding interactions and the
consequent promoted topo-polymerization as witnessed by MD
simulations and variable temperature FTIR spectra. The
reported rewritable polymer films in this work show a great

application potential in writable labels, tags, packaging films,
posters, and exhibition boards.

■ EXPERIMENTAL SECTION
Materials. PCDA (purity: >98%) was purchased from Alfa Aesar

Co. Ltd., China. Before use, PCDA was purified through sequential
dissolution in dichloromethane (CH2Cl2, DCM), filtration, and
vacuum drying. PPC (Mn = 1.7 × 105) was supplied by Taizhou
Bangfeng Plastic Co. Ltd., China. Prior to use, PPC was purified as
follows: (1) dissolved in tetrahydrofuran (THF), (2) added dropwise
into methyl alcohol to get the PPC precipitate, (3) washed with
deionized water for five times, (4) filtered, and (5) dried under vacuum.
All other reagents were used as-received without further purification.
PMMA (Mn = 1.6 × 105) and PVAc (Mn = 5.0 × 104) were purchased
from Alfa Aesar. PBS (Mn = 1.4 × 105) was supplied by Xinjiang
Lanshan Tunhe Polyester Co. Ltd., China. BAPC (Mn = 3.3 × 104) was
provided by Chimei Corporation, China. PMMA, PVAc, BAPC, and
PBS were used as the control for PPC.

Characterization. UV−vis absorptions were characterized on a
UV−vis spectrometer (UV-2600, Shimadzu, Japan). Variable temper-
ature FTIR analysis was conducted on a FTIR spectrometer (Nexus
6700, Thermo Nicolet, United States) with temperature control
accessories. Fluorescence spectra were excited by 377 nm (the
maximum peak in the excitation spectra) irradiation and captured on
a spectrofluorophotometer (RF-5301PC, Shimadzu, Japan). Raman
spectra were recorded by a Raman spectrometer (HR800, HORIBA
Jobin Yvon, France) with a 785 nm laser source. Differential scanning
calorimetry (DSC) was performed on a DSC setup (Q2000, TA
Instruments, United States) at a ramp rate of 10 °C/min from −30 to
100 °C. Dry nitrogen gas was continuously purged at a rate of 50 mL/
min during the analysis. Thermogravimetric analysis (TGA) was
performed on a TGA setup (TGA 4000, PerkinElmer, United States),
and the sample was heated from 30 to 800 °C at a ramp rate of 10 °C/
min under the protection of nitrogen gas. The photothermal effect was
evaluated using a thermal imaging system (MAG32, Magnity
Electronics Co. Ltd., China).

Molecular Dynamics Simulation. Force Field. All-atom force
field parameters for PCDA, PPC, and PBS were adapted from the
optimized potentials for liquid simulations (OPLS) force field.40 The
van der Waals parameters of DCMwere directly taken from the general
Amber force field (GAFF)41 by the Automated Topology Builder
(ATB).42 The atomic partial charges of all molecules were derived by
fitting the ab initio electrostatic potentials from Gaussian0943 at the

Figure 6. Effect of PCDA and PDA on (a) thermal stability and (b) glass transition temperatures of PPC films. (c) Recycling of the used PDA/PPC
(1:10 by weight) film through simple hot-pressing.
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B3LYP/6-31G(d) level by the RESP scheme using AmberTools.44 All
force field parameters were validated to reproduce the experimentally
measured density within a 5% deviation.
Simulation Details. MD simulations of PCDA/PPC/DCM and

PCDA/PBS/DCM mixtures were carried out by the MD package
GROMACS 4.6.7,45 respectively. Since the cutoff should be less than
half of the simulation box length, a 1.2 nm cutoff was optimized for
computing both the van der Waals and electrostatic interactions. The
long-range electrostatic interactions were computed by the particle
mesh Ewald (PME) algorithm46 in GROMACS 4.6.7. The periodic
boundary condition (PBC) was applied in three dimensions. The
equilibrated box length was within 6−7 nm. Themass ratio of PCDA to
PPC or PBS was fixed at 1:10, in accordance with experiments. Thus, 10
PCDA and 70 PPC molecules were added into the PCDA/PPC/DCM
mixture during computation, and 10 PCDA and 40 PBSmolecules were
added into the PCDA/PBS/DCM mixture, respectively; 3000 DCM
molecules were added in each mixture. As previously reported,47 when
the number of repeating units equaled 5, the radial distribution function
(RDF) was close to that with a larger number of repeating units. Thus,
the number of repeating units of PPC and PBS was set to be 5 in the
simulation to save the computation resources without significantly
sacrificing the accuracy. To reach the dynamic equilibrium, the systems
were annealed from 900 to 300 K for 10 ns with a time step of 1 fs and
then maintained at 300 K in the NPT (N−conserved moles, P−
pressure, and T−temperature) ensemble for 40 ns. The trajectory was
saved every 1 ps for computing the RDF and hydrogen bonding
lifetime. The existence of hydrogen bonds was determined by the
distance r between the hydrogen donor and acceptor. When r≤ rHB, the
hydrogen bonding interaction was significant. With respect to the C
O···H−O hydrogen bond, rHB equaled 0.35 nm, which was determined
by the first minimum of the RDF.
Hydrogen Bonding Lifetime. The lifetime of hydrogen bonds was

calculated from the averaged autocorrelation function of the existing
functions of all hydrogen bonds,48

τ
τ

=
⟨ + ⟩

⟨ ⟩
C

s t s t
s t

( )
( ) ( )

( )
i i

i
2 (2)

with si = {0,1} for the hydrogen bond i at time t. The integral of C(τ)
provided a rough estimation of the average hydrogen bonding lifetime,
τHB,

∫τ τ τ=
∞

C d( )HB
0 (3)

Formulation. Typically, 50 mg PCDA and 500 mg PPC were
dissolved in 20 mL CH2Cl2 under magnetic stirring for 18 h. Then, the
solution was added dropwise into a polytetrafluoroethylene (PTFE)
mold (4 cm × 4 cm × 0.5 cm) followed by solvent evaporation in the
dark for 24 h. Finally, the dry film was hot-pressed at 110 °C to form a
uniform film in white color. Other films were prepared through the
same method.
Writing and Erasing.When the PCDA/PPC film in white color was

irradiated by UV light (365 nm) with an intensity of 60 mW/cm2 for 60
s, dark blue color arose in the exposed area due to the polymerization of
PCDA. The large contrast between white and dark blue colors allowed
for information writing with a photomask. In addition, the written
information could be erased by flood UV exposure in which all PCDA
monomers were converted to PDA. Upon heating to 110 °C, the blue
color of PDA/PPC films completely turned to bright red. Additionally,
the bright red color could change back to dark blue again upon exposure
to 365 nm light. The color change between dark blue and bright red was
reversible which allowed for the rewriting by UV irradiation and erasing
by heating.
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