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ABSTRACT: Spiropyran is used as a photochromic dye to create
colored patterns in highly drawn ultrahigh molecular weight polyethylene
(UHMW PE) films. The dye is incorporated in highly crystalline, drawn
UHMW PE tapes and fibers and isomerizes to its merocyanine state
upon UV light irradiation, resulting in a color change from transparent to
purple. The isomerization from merocyanine to spiropyran to erase the
color can be simply induced by using heat or a green LED light. The
combination of the use of a mask and the reversibility of the isomerization results in colored patterns that can be written, erased,
and rewritten using UV light and heat or green LED light.
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■ INTRODUCTION

Highly oriented and chain-extended ultrahigh molecular
weight polyethylene (UHMW PE) has exceptional mechanical
properties. For example UHMW PE fibers reach a maximum
Young’s modulus of 100−180 GPa and a maximum tensile
strength of 3−5 GPa.1−4 Thanks to these outstanding
properties, these fibers are generally employed in very
demanding applications, such as bulletproof vests, marine
ropes, and cut resistant gloves. The mechanical properties of
UHMW PE fibers are essentially the result of an extremely
high degree of orientation and chain extension of UHMW PE
polymer chains combined with a crystallinity above 90%. To
realize such a morphology, the fibers are extended (“drawn”)
to a very large deformation (so-called draw ratio) at elevated
temperatures in the solid state.
Stimuli-responsive polymers that respond to an external

stimulus, such as light or heat, by changing their properties are
one of the focal points in materials science. Currently, there is
an increased interest in making existing polymers responsive
for high-end applications. Despite its remarkable mechanical
properties, UHMW PE has not been used to fabricate stimuli-
responsive materials as the highly crystalline matrix is believed
to restrict motion of embedded, small responsive molecules.5−7

However, if light could be used as a stimulus to develop
mechanically robust UHMW PE-based photoresponsive
materials, such materials could lead to new applications in
the field of optical storage,8,9 sensors,10−14 actuators, artificial
muscle, and soft-robotics. The few examples of light-responsive
polyethylene that exist in literature do not use UHMW PE, but

low density polyethylene (LDPE) matrixes to create
actuators15−17 and photopatterns.18

In the past, photochromic dyes such as azobenzene,
spirooxazine, and spiropyran (SP) molecules have attracted a
lot of interest for the construction of light-responsive
materials.19,20 These organic photochromic dyes undergo an
isomerization reaction in response to ultraviolet (UV) or
visible light.21 In the case of SP, reversible isomerization upon
light exposure provides the feature to switch between different
functional properties, such as color and polarity. When
irradiated with UV light, heterolytic Cspiro−O bond cleavage
of the SP occurs and merocyanine (MC) is formed (Figure
1).19 The SP is colorless and apolar having a dipole moment in
the range 4−6 D, while the MC form has a deep blue/purple
color being more apolar with a dipole moment of 14−18 D.19

By incorporating spiropyran in nonstretched polymers, studies
showed the possibility to photocontrol the polymer fluo-
rescence,22−24 solubility,25−27 transport through polymeric
systems,28 mechanical properties,29 and metal ion complex-
ation.30,31 In the above-described materials, amorphous or
semicrystalline polymers were employed with a low Young’s
modulus (<3 GPa) and tensile strength (<0.1 GPa).32,33 Here,
so-called gel cast ultradrawn UHMW PE is used with Young’s
moduli and tensile strengths above 100 and 3 GPa,
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respectively. SP dyes have never been incorporated in such
polymers to create anisotropic light-responsive materials.
Here, a method to fabricate light-responsive UHMW PE

tapes and fibers using spiropyran is presented. Spiropyran is
incorporated in the UHMW PE tapes and fibers as a
photochromic additive during gel casting or after placing the
polymer in spiropyran solution. The polymer irradiated with
UV light locally becomes purple and is used to make colored
patterns.

■ RESULTS AND DISCUSSION

For the fabrication of the light-responsive UHMW PE tapes, 3
wt % SP is incorporated in UHMW PE during gel casting. The
SP and UHMW PE are dissolved in xylene at 135 °C. The
solution is then cast in an aluminum tray and after evaporation
of the solvent at room temperature (for several days), the
UHMW PE films containing SP are obtained. Subsequently,
samples are cut from the slightly yellow colored tape and are
thereafter drawn on a hot plate to a draw ratio of 30 and 60
(UH_DR30 and UH_DR60). The stretched, anisotropic
sample is transparent as the exposure to high temperatures
promotes the formation of the transparent SP isomer (Figure
2). After irradiation with UV light (80 mJ cm−2), the drawn
tape becomes purple and the UV−vis spectrum exhibits an
absorption band centered at 550 nm. The peak at 550 nm is
characteristic for the merocyanine (MC) isomer and
demonstrates the photoisomerization of the SP to the MC

isomer. The maximum conversion is obtained after 5 min of
UV light irradiation (Figure 2).34

The reversibility of the isomerization is studied using heat
and green light (565 nm). After an irradiation of 5 min with
UV light, the UH_DR60 tape is heated to 70 °C and the
decrease of its absorption at 550 nm is monitored (Figure 3).
Heating for 2 min at 70 °C is enough to fully isomerize the
MC back to SP. An exposure to green LED light for 30 min at
room temperature is also sufficient to fully reverse the system
to the SP state. Photoisomerization of the UH_DR60 tape was
also examined by cycling repeatedly between the SP and MC
isomers using either heat (70 °C) or green light (see Figure
S1), revealing that this rewritable process can only be used a
couple of times. Such a behavior is typical for nitro-spiropyran
derivatives.35

The effect of the draw ratio on the isomerization from SP to
MC is also studied (Figure 4a,b). The absorption at 550 nm of
UH_DR30 after 5 min of UV light irradiation seems to be
almost double the absorption for UH_DR60. However, when
the absorption is corrected for the tape thickness by calculating
it per 10 μm film thickness, both UH_DR30 and UH_DR60
display similar absorption and isomerization characteristics.
Therefore, the draw ratio, thus Young’s modulus of the matrix,
does not have a negative impact on the isomerization kinetics.
The coloration kinetics of the SP to MC isomerization can be
described (Figure 4B) using a first-order exponential fit, having
rate constants on the order of ∼−0.015 s−1.36,37 These values
are comparable to rate constants found in poly(methyl
methacrylate) matrixes.38 In addition, decoloration kinetics in
response to green light (λ = 565 nm) or heat (70 °C) can also
be fitted using a first order exponential fit, revealing a faster
thermal decoloration reaction (Figures S2a,b and S3).
With the ability of spiropyran to isomerize and change color,

an easy method exists to pattern UHMW PE containing this
dye. An image can be created within minutes by using a mask
between the oriented UHMW PE material and the UV lamp,
as shown in Figure 5. Various patterns can be generated, from
image patterns to logos, with a high contrast. Moreover, using
heat makes it possible to write, erase, rewrite, and erase again
different patterns on the same tape.
The photopatterning method can also be used on UHMW

PE fibers as shown in Figure 6. The incorporation of
spiropyran into the UHMW PE fibers can be performed
directly by diffusing the dye into the fiber. First, a solution was
prepared by dissolving SP in xylene at room temperature.
Then, the UHMW PE fibers were placed in an aluminum tray
containing the SP solution. The xylene slowly evaporated and

Figure 1. Photochromism of 1,3-dihydro-1,3,3-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2-(2H)-indole] (SP). Upon exposure to UV, the purple
merocyanine (MC) is formed, while upon exposure to visible light and/or heat, the SP spiropyran is obtained again. Top: isomerization of SP and
MC molecules.19 Bottom: photographs of drawn UHMW PE tapes containing SP before and after UV light irradiation.

Figure 2. Isomerization from SP to MC in a UH_DR60 by irradiation
with UV light (with a dose of 80 mJ cm−2) and corresponding
pictures of the UHMW PE tape (0.3 × 3 cm2) becoming purple.
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after a day the fibers were dry. After the evaporation of the
solvent, the fibers containing SP were collected and photo-
patterned. The fibers were then irradiated with UV light in
combination with a mask following the same method as for the
UHMW PE tapes. The photopatterning is also shown to be
reversible in the case of the fibers. After 2 days at room
temperature, the fibers do not show a pattern anymore and
became white again. Ultradrawn, UHMW PE films and fibers
are sensitive to counterfeiting, and the above recording and
fading can potentially be used for advanced anticounterfeiting
features.10,11,39

■ CONCLUSIONS
The new facile method presented here opens the possibility to
fabricate light-responsive solid state drawn UHMW PE tapes

and fibers. Highly crystalline, mechanically robust UHMW PE
polymers were embedded with a SP photochromic dye to
exploit its erasable and rewritable functional properties as
being exposed to UV light, heat, and green light. UV light in
combination with a mask can be used to fabricate the colored
pattern while heat or green light can be used to erase it. This
photopatterning method can simply be extended to other
polymers. The reversibility of the spiropyran can most likely be
increased by using more stable photochromic dyes.40 The
switch between isomers could be further used to change more

Figure 3. (a) Isomerization from MC to SP using heat of UH_DR60. Absorbance at 550 nm of the film after an increase of the temperature from
25 to 70 °C. (b) UV−vis spectra of the film showing the reversibility of the patterning during the first cycle using heat.

Figure 4. (a) UV−vis spectra of the films showing the isomerization from SP to MC upon UV irradiation for DR = 30 (dotted lines) and 60 (full
lines). (b) SP to MC coloration process fitted using first-order exponential function in a (At − A0) versus time plot at λmax = 550 nm.

Figure 5. Patterns and images photopatterned into oriented UHMW
PE films containing SP drawn 30 times and a demonstration of the
reversibility of the patterns using heat.

Figure 6. Photopatterning of UHMW PE fibers. The fibers are first
irradiated with UV light for 5 min using a mask. After 2 days at room
temperature, the dye isomerizes back from MC to SP, which results in
the pattern disappearing and the fibers becoming white again.
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properties such as polarity, which can lead to new applications.
The incorporation of spiropyran can also be performed directly
on the finished end products such as fibers. This can be an
industrial advantage as it means that no changes are required in
the processing of the fibers. Optically responsive UHMW PE
fibers are interesting as they are used in a broad range of
application where design is important such as clothing.

■ EXPERIMENTAL SECTION
Materials. Ultrahigh molecular weight PE was obtained from

DSM with a number-average molecular weight Mn of 310 kg/mol and
a weight-average molecular weight Mw of 3300 kg/mol. UHMW PE
fibers were kindly provided by DSM. 1,3-Dihydro-1,3,3-trimethyl-6-
nitrospiro[2H-1-benzopyran-2,2-(2H)-indole] (SP) was purchased
from Acros Organics. All reagents were used as received without
further purification.
Preparation of Stretched UHMW PE Tapes. Oriented PE films

containing spiropyran were produced according to the following
procedure. First, the UHMW PE powder was suspended in xylene at
room temperature at concentration of 1.5 wt % with 0.05 wt % of
antioxidant Irganox 1010 and with 3 wt % of SP added. Air trapped by
the powder particles was removed by the application of a vacuum.
Then the flask containing the suspension was heated under
continuous stirring at 130 °C in an oil bath. Once the Weissenberg
effect was observed, the stirring was stopped and the flask was kept in
the oil bath for 1 h. The solution was then cast in an aluminum tray at
room temperature. Upon cooling, the solution turned opaque and
became gel like. Finally, xylene was evaporated for several days in a
fume hood and films of uniform thickness were obtained. A piece of
the film (1 × 3 cm) was cut and stretched on a hot plate at 120 °C
using pliers. The draw ratio was determined by the displacement of
two ink marks on the film.
Irradiation with UV Light and Green Light. The UHMW PE

tapes containing SP were irradiated with UV and green light. For the
UV light irradiation an Exfo lamp was used with a wavelength from
320 to 500 nm and a dose of 80 mJ.cm−2. The green light to reverse
the isomerization was generated with an LED with a wavelength of
565 nm and an intensity of roughly 15 mJ.cm−2.
UV−Vis Spectroscopy. The chain-extended tapes were placed

between two quartz slides with a drop of silicon oil. The absorption
was measured in the range 250−730 nm on a Shimadzu UV-3102 PC
spectrophotometer at a 1 nm interval.
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