Frontiers of Optoelectronics (2024) 17:21
https://doi.org/10.1007/512200-024-00124-4

RESEARCH ARTICLE q

Check for
updates

Novel elastomeric spiropyran-doped poly(dimethylsiloxane) optical
waveguide for UV sensing

Camila Aparecida Zimmermann' - Koffi Novignon Amouzou' - Dipankar Sengupta' - Aashutosh Kumar' -
Nicole Raymonde Demarquette? - Bora Ung'

Received: 14 February 2024 / Accepted: 18 June 2024
© The Author(s) 2024

Abstract

Novel poly(dimethylsiloxane) (PDMS) doped with two different spiropyran derivatives (SP) were investigated as potential
candidates for the preparation of elastomeric waveguides with UV-dependent optical properties. First, free-standing films
were prepared and evaluated with respect to their photochromic response to UV irradiation. Kinetics, reversibility as well
as photofatigue and refractive index of the SP-doped PDMS samples were assessed. Second, SP-doped PDMS waveguides
were fabricated and tested as UV sensors by monitoring changes in the transmitted optical power of a visible laser (633 nm).
UV sensing was successfully demonstrated by doping PDMS using one spiropyran derivative whose propagation loss was
measured as 1.04 dB/cm at 633 nm, and sensitivity estimated at 115% change in transmitted optical power per unit change in
UV dose. The decay and recovery time constants were measured at 42 and 107 s, respectively, with an average UV saturation
dose of 0.4 J/cm?. The prepared waveguides exhibited a reversible and consistent response even under bending. The sensor
parameters can be tailored by varying the waveguide length up to 21 cm, and are affected by white light and temperatures
up to 70 °C. This work is relevant to elastomeric optics, smart optical materials, and polymer optical waveguide sensors.

Keywords Spiropyrans - PDMS - Photochromism - Polymer optical waveguides - UV detection

1 Introduction

Ultraviolet (UV) light is an important form of electromag-
netic radiation. It composes around 5% of the solar ter-
restrial radiation, of which 95% is UVA (315400 nm) at
midday sun [1, 2]. On the one hand, UV light is paramount
for human health [2-4], is part of wastewater treatments [5,
6], sterilization protocols [7, 8], additive manufacturing [9],
phototherapy [10, 11], photopolymerization [12—14], photo-
lithography, spectroscopy, and plays a role in plant growth
[15, 16]. On the other hand, UV radiation is considered car-
cinogenic over its entire wavelength range (100-400 nm)
with a larger effect at the shorter end [1, 3]. It is associated
with vision impairment [4], premature skin aging [2], and
is the main cause of polymer photodegradation [7, 17]. The
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beneficial or harmful effects are dependent, among other
variables, on the delivered UV dose [2]. Thus, monitoring
UV radiation is critical to safely harnessing its full potential.

Typical UV photodetectors rely on wide bandgap semi-
conductors, such as gallium nitrides [Al, In(GaN)], gal-
lium oxide (Ga,05), silicon carbide (SiC), diamond, silicon
(Si), zinc oxide (ZnO) [18, 19], tin oxide (SnO,) [20], and
perovskites [21]. Detection is based on the photoelectric
effect where UV radiation is converted into an electrical
signal [22]. These inorganic stiff materials require special-
ized fabrication facilities and are unsuitable for emerging
applications requiring dynamic mechanical regimes, high
strain, and shape-conforming contour coverage over large
areas. In this regard, flexible polymers are a potential mate-
rial platform for developing a novel generation of flexible
UV sensors, as evidenced by recent reviews on the subject
[20, 22-26].

Among the various UV-detecting modalities, optical
sensors present several advantages over photoelectric
ones, including immunity to electromagnetic interfer-
ence and corrosion, as well as no constraints related to
the integrity of a conductive path. Optical UV sensing is
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typically achieved with the use of materials that change
optical properties, e.g., color, luminescence, and transpar-
ency upon UV exposure [22, 26]. For instance, polysulfone
films, which have been considered the gold standard for
UV dosing, irreversibly photodegrade, altering their color.
The total color change can be later converted to cumula-
tive UV dose using calibration curves and a spectropho-
tometer [23, 26]. Photochromic dyes and polymers have
piqued particular interest of researchers in the develop-
ment of flexible sensors in the form of films and textiles.
UV detection is accomplished by visual inspection with
naked eyes and colorimetric assessment with spectropho-
tometers and smartphones [27-38]. Being a color a psy-
chophysical evaluation, it depends on the ambient light
(illuminant), the angle of observation, the visual acuity of
the observer, and the properties of the observed item such
as texture. Thus, inconsistent assessment may be an issue
during color inspection with bare eyes or even with the
help of a smartphone [34]. In addition, access to a spec-
trophotometer is nontrivial for consumer applications. In
this sense, dye-doped optical waveguides are considered
a promising and straightforward approach to monitoring
UV radiation dose by monitoring changes in transmitted
optical power through commonly available LED/laser
source and photodiode, guarantying its integrability to
optoelectronics [39-42]. The waveguide-based configu-
ration is advantageous compared to films and textiles by
providing a more reliable, quantifiable and simpler means
for UV detection that do not rely on visual inspection or
spectral analysis, with improved sensitivity. Ock et al.,
for example, prepared a planar waveguide composed of
poly(methyl methacrylate) (PMMA) doped with 1 wt%
spirooxazine, whose sensitivity improved by 64 times
compared to the transmittance method. The authors also
demonstrated that the sensitivity could be modulated by
the dye concentration [40]. Moreover, Chen and Wang pro-
posed a highly responsive photochromic optical waveguide
based on a coil of ZBLAN glass doped with spirooxazines
and naphthopyrans [39]. Considering that the beneficial or
harmful effects of UV exposure on human health are dose-
dependent [1-4], a highly flexible UV sensing waveguide

SP1R:H
SP2 R: OCH,

also offers a potential platform for integration with wear-
able devices, providing a more comfortable and convenient
monitoring alternative to traditional stiff semiconductor
UV photodetectors.

Nitro-substituted spiropyrans (SPs) are well-known
photochromic dyes which undergo a ring-opening reac-
tion forming the colorful merocyanine (MC) triggered
by UV radiation [43—-45], as illustrated in Fig. 1. They
have a number of appealing characteristics, including fast
and reversible response, no need for thermal treatment for
recovery, commercial availability, compatibility with a
variety of materials and common organic solvents, tun-
able chemistry, and contrasting optical properties between
isomers. In this work, we explore the spiropyrans’ poten-
tial as a doping agent for poly(dimethylsiloxane) (PDMS)
in order to prepare UV sensitive PDMS optical wave-
guides. PDMS was chosen as the polymer matrix because
it is highly transparent in the UV-Vis range, it is flexible,
stretchable, biocompatible, possesses good thermal and
chemical resistance and can be processed at room tem-
perature. Additionally, PDMS is generally more resistant
to UV photooxidation than other organic polymers, thanks
to the higher energy required to break its Si—O bonds [46,
47]. To the best of our knowledge, this is the first time that
a spiropyran-doped elastomer is employed as a flexible
optical waveguide for UV detection.

First, we described the procedure to fabricate free-
standing films and air-clad waveguides from PDMS doped
with two different spiropyrans. Subsequently, the free-
standing films were characterized under UV-A irradiation
in order to better understand the materials’ behavior and
draw some conclusions. Kinetics, photofatigue, and the
refractive index were examined. Finally, the response of
air-clad SP-doped PDMS waveguides was investigated via
changes in the optical transmitted power of a red He-Ne
laser. The waveguides were subjected to different test
conditions, including temperature increases and bending.
Based on the testing results, we demonstrated the feasi-
bility of using SP-doped PDMS as a novel material for
optical UV sensing.

Fig.1 Chemical structure representation of spiropyrans SP1 and SP2 photochromic dyes and their conversion to the colorful (purplish) mero-

cyanine form
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2 Materials and methods
2.1 Chemicals and sample preparation

Two spiropyrans possessing a nitro group at the 6-posi-
tion of the benzopyran ring (highlighted in blue in Fig. 1)
were mixed with PDMS using a solvent-based approach.
Their chemical structure representations are shown in
Fig. 1: 1',3'-Dihydro-1',3',3'-trimethyl-6-nitrospiro[2H-
1-benzopyran-2,2'-(2H)-indole] (SP1, purity 98%) and
1',3'-Dihydro-8-methoxy-1',3',3"-trimethyl-6-nitrospiro[ 2H-
1-benzopyran-2,2'-(2H)-indole] (SP2, purity 97%), both in
powder form and procured from Sigma-Aldrich (USA). In
contrast to the SP1 chemical structure, the SP2 compound
presents a methoxy group (~OCHj;) at the 8-position of the
benzopyran moiety that antagonizes the electron-withdraw-
ing effect of the nitro group (—NO,) at the 6-position and
is believed to enhance the photofatigue resistance [45]. The
presence of another substituent also results in changes in the
UV-Vis spectrum and kinetic parameters [45, 48, 49].

PDMS Sylgard 184 (Dow Corning, USA) was prepared
at a 10:1 base-to-curing agent ratio following the manu-
facturer’s technical data sheet [50]. SP concentration was
fixed at 0.05 wt% on a dry basis because increasing the
content to 0.1 wt% resulted in undesired crystallization.
First, 1.5 mg/mL of SP solution was prepared by dissolv-
ing 2.75 mg of spiropyran in 2.75 g of chloroform (Sigma
Aldrich, >99.8%). After stirring for 10 min using a mag-
netic stirrer, 5 g of PDMS base were added to the solution.
The mixture was kept in an open beaker under a fume
hood and stirred overnight (18 h) for solvent evaporation.
During waveguide fabrication, it is important to keep the
solvent concentration to a minimum as it is a health haz-
ard, may compromise the mechanical properties [51], and
cause shrinkage or warpage with its evaporation. Solvent
evaporation was monitored by weight loss. By the end of
the 18-h period, the mixtures had lost an average of 96
wt% of the initial solvent and reached a roughly constant
weight, indicating that the majority of the solvent had
evaporated. The PDMS curing agent (0.5 g) was added to
the mixture and stirred for 10 min with a magnetic stir-
rer, then manually for another 2 min. The mixture was
filtered with a 75-um pore-size nylon filter to remove dust
particles and most of the bubbles. Finally, the mixture was
degassed and injected into a PTFE tube (high-temperature
tube sleeving, ¥;=1 mm, 30 cm long, McMaster-Carr,
USA). Before demolding, the waveguides were allowed to
cure for 23 days at 22 + 1 C inside the tubes. The extrac-
tion was performed by cutting the tubes lengthwise. Neat
PDMS samples were prepared following all the same fab-
rication steps, including the addition and evaporation of
solvent, except for the addition of the dopants.

Moreover, free-standing films were prepared by the
floating-on-water technique according to Kim et al. with
some modifications [52]. The technique consists of care-
fully pouring PDMS into a floating frame suspended in a
container filled with room-temperature water. After 48 h,
all samples had been properly cured. After which, they were
removed from the water bath, dried, and stored in the dark
for a couple of weeks prior to testing. The films presented
an average film thickness of 440 + 160 um, measured with
a micrometer gauge.

2.2 Characterization

The refractive index (RI) of the free-standing films (n) was
measured after 209 days of curing using an Abbe refractom-
eter (AR-2, Azzota LLC) operated with ambient light and a
He-Ne laser in a dark room. A CCD camera was mounted
on the eyepiece for the safe operation of the refractometer
and to keep the angle of observation constant. A uniform
illumination was obtained by passing the He-Ne laser beam
through a frosted plastic sheet diffuser. The temperature at
the end of each reading (7) was taken and used to calcu-
late the RI at 20 °C (n*°) according to Eq. (1). The results
are given as an average of measurements performed on five
specimens per composition.

n?® = n’ +0.00045(T — 20). e))

After the initial RI reading, the samples were exposed
one by one to UV-A light for 3 min using a hand-held lamp
(37 W/m? at 370 nm wavelength, F15T8/BL, 15 W, Hitachi
Ltd., Japan) fixed at 15 cm from the samples inside a dark
chamber. All samples were tested, including the neat PDMS,
to check for possible RI changes induced by the irradiation.
The RI measurements were taken immediately after removal
from the UV chamber (~ 15 s).

The cutback technique was employed in measuring
the propagation loss of neat PDMS and SP-doped PDMS
waveguides when coupled to a non-polarized white light
source (peak at 660 nm, HL-2000-HP, Ocean Optics Inc.)
or a He-Ne laser (633 nm, 05-LHP, Melles Griot Inc.) while
the transmitted optical power was measured with a pho-
todiode (S120C, Thorlabs Inc.) and a power meter inter-
face (PM100USB, Thorlabs Inc.). After each cut length,
the waveguides were irradiated with UV-A light until the
measured transmitted power reached stabilization. New
measurements were taken after power intensity recovery
in the dark in room conditions. The propagation loss was
calculated as the slope of a linear regression in which total
optical loss (10log,(P;,/P,y.), dB) was plotted as a func-
tion of the propagation length (cm). The output spectra of
the waveguides, UV-A lamp, white light source, and LED
white light lamp used in this work were collected using an
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optical fiber (QP600-1-SR, Ocean Optics Inc.) connected to
a high-resolution spectrometer (HR4000CG, Ocean Optics
Inc.). The spectra of the light sources are available in Sup-
porting Information (SI), Fig. S1.

The photochromic response of the SP-doped PDMS mix-
tures was first evaluated on free-standing films. The tests
consisted of exposing them to UV-A light (370 nm, 15 cm of
distance). The exposure to UV-A light was carried out until
the samples reached the photostationary state, i.e., when the
maximum absorbance intensity became roughly constant (5
min). Absorbance measurements were carried out using a
UV-Vis spectrophotometer (Cary 60, Agilent Inc.) from 190
to 1100 nm, with a step size of 5 nm. The sample distance
from the beam was adjusted for a centralized tested area of
4mm x4 mm. The average time taken to move the samples
between the UV chamber and the spectrophotometer sample
compartment was 5 s during the coloring process. After that,
the samples were kept in the dark inside the spectrophotom-
eter except during the scanning in the visible range, with a
duration of 5 s per scan. Results were at least triplicated and
collected at 23 + 1 'C and 15 + 5% RH (relative humidity). A
baseline in free space (without a sample) was collected and
subtracted during data processing. The spectra of the neat
PDMS samples were also recorded for reference. A total of
23 irradiation cycles were performed for photofatigue evalu-
ation. Transmittance values were normalized between 0 and
1, where O corresponds to the minimum transmittance value
reached at the first UV irradiation cycle for each sample,
and 1 to the maximum transmittance collected before UV
irradiation (baseline).

The UV sensing with 10-cm-long waveguides was subse-
quently investigated. The He-Ne laser (633 nm) was chosen
as the light source because one of the spiropyrans (SP1) was
found to be highly responsive at 633 nm, as detailed further
below. SMA connectors were attached to the waveguide
ends, resulting in a total of 5 cm exposed waveguide length.
The setup was placed inside a black hardboard enclosure,
in a dark room, to avoid interference from ambient light.
Laser stabilization was ensured by turning it on for at least
1.5 h prior to testing. The UV-A lamp was fixed at a distance
of 15 cm from the top of the waveguide under test. Room
temperature and humidity measurements were taken with a
USB temperature and humidity data logger (TSPO1, Thor-
labs Inc.). The temperature of the waveguides was monitored
in real time with two external temperature probes. These
probes were evenly spaced along the length and laterally less
than 1 mm apart from the waveguide. All sets of experiments
were carried out at 23.5+ 1.0 C and 58 +3% R.H. unless
stated otherwise following the general procedure detailed
above.

In the first set of experiments, the waveguides’ response
to UV light was evaluated in the dark. Three exposure
regimes were applied to each of the three waveguides per
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composition to test their reversibility under different UV
durations corresponding to different UV doses:

a. First cycle regime: 5 X [1 min UV-A (dark) +5 min of
recovery in the dark],

b. Second cycle regime: 5 X [3 min UV-A (dark) +20 min
of recovery in the dark],

c. Third cycle regime: 1X[15 min UV-A (dark) +40 min
of recovery in the dark],

where 1, 3, and 15 min of UV-A light correspond to doses
of 2.2, 6.7, and 33.6 kJ/m?, respectively. The UV doses
were calculated by multiplying the UV irradiance by the
UV exposure time.

The next sets of experiments were performed only with
SP1-PDMS because the transmitted optical power of SP2-
PDMS waveguides was near zero even before UV irradia-
tion, owing to the large optical losses for that material, as
detailed in Section 3.2. Results for neat PDMS waveguides
were included for comparison purposes.

2.2.1 Length effect

By increasing the waveguide length, we can expect a larger
effect of propagation loss at play, small fluctuations in
composition along the length, and changes in sensing per-
formance. To assess the UV sensing parameters of longer
SP1-PDMS waveguides, samples measuring 15 and 19 cm
in length were also tested, and the results were compared to
10-cm-long samples. For each length, the waveguides were
exposed to 3 cycles of UV light, followed by recovery in
the dark.

2.2.2 Bending effect

In practice, a flexible waveguide will experience mechanical
strain while in service. One important type of perturbation
concerns the bending of a waveguide, which combines ten-
sion and compression. To study this effect, the waveguides’
optical losses were evaluated at a 90° bending around metal-
lic rods of varied sizes. The actual angles and diameters
were measured from images of the waveguides assembled
in the setup using ImageJ software. The average angle was
92 +2°, with average bend radii of 0.21 +£0.01, 0.34 +£0.04,
0.62+0.04, and 1.01 +0.04 cm. Bend loss (ag) was deter-
mined using the slope of the best-fit linear regression of
total optical loss (1010g;o(Pyysight/ Ppent)s dB) versus curva-
ture (cm™!). Curvature was calculated as the reciprocal of
the radius of curvature in cm. Figure 2 shows a schematic
of the experimental optical setups. One photodiode (S120C,
Thorlabs Inc.) was used to measure the waveguide output
power [photodiode (waveguide)], while another to monitor
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Fig.2 a Top view of the optical setup used to test the response to UV light in the dark, UV light combined with white light, temperature, and
length effects of straight waveguides. b Optical setup for the evaluation of the bend-induced optical response

the irradiance of the UV-A lamp delivered to the samples
[photodiode (lamps)].

2.2.3 White light effect

Given that white light irradiation promotes the conversion of
colorful MC back to SP form, we investigated the competing
effect of keeping the white light on during UV exposure. For
that, a white light LED lamp was positioned 25 cm from the
waveguides (18 W/m? at 603 nm, PLYB1002D, 6 W, 2700
K daylight, Luminus Inc). The same three aforementioned
exposure regimes were applied. This time, however, the
white light remained on throughout the experiment.

2.2.4 Temperature effect

Another parameter that can have a significant impact on sen-
sor performance is temperature, which affects not only reac-
tion rates but also causes thermal expansion of PDMS. To
evaluate the thermal effects on UV sensing and find the max-
imum working temperature, a hotplate (Cosori CO294-CW,
Vesync Co.) was added to the setup. The waveguides were
in direct contact with the hot plate for efficient heat transfer.
Their temperature was adjusted in order to reach the target
value as monitored by the TSPO1 temperature probes after a
stabilization period of 10 min. Since the waveguides are rel-
atively small, we assume a uniform heat distribution over the
whole waveguide volume. The experiment was performed
under continuous white light exposure as detailed above.
The UV light was turned on once the temperature had stabi-
lized near the target value. The samples were tested at room
temperature (24 ‘C), and at approximately 30, 40, 50, 60,
and 70 °C. One cycle of UV-white light irradiation followed
by recovery in white light was performed per temperature

level and per waveguide. A total of three waveguides were
tested per composition.

The temperature-induced optical loss o that followed the
increase in temperature was estimated by the slope of the
total optical loss in dB/cm, calculated according to Eq. (2),
as a function of temperature:

ar = q, +Elo i 2
T=%T 210 P, ) )

where «) is the propagation loss at 633 nm at room tempera-
ture (Table 3), L is the waveguide length, P; is the initial
transmitted optical power at 633 nm at room temperature,
and P is the optical power at a temperature 7.

The response (and recovery) is related to SP conver-
sion into MC (and vice versa), as illustrated in Fig. 1. The
generation of the absorptive MC species is observed by an
exponential decay in transmittance in the visible range with
UV-A (hv,) exposure time. The opposite happens in recov-
ery, where transmittance grows exponentially. The latter is a
thermally driven process that can be accelerated by heat (A),
white or green light (hv,). The rate constants (k) related to
each process were obtained by fitting the transmittance peak
evolution with time according to Eq. (3):

T,* = C* £ A, exp(—k,t), 3)

where 7, is the normalized transmittance (a.u.) at a given
time ¢, A is the pre-exponential factor, and C is a constant.
The rate constants can be converted to decay and recov-
ery time constants, 7, and 7,, by taking their reciprocal. The
time constant of a system’s response with exponential decay
corresponds to the time when the response has decreased
by 37%. Meanwhile, in a system with exponential growth,
the time constant represents the amount of time required for
the system response to reach approximately 63% of its final
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value. Experimental data fitting was performed using Matlab
and Microsoft Excel.

3 Results and discussion

3.1 Preparation and characterization
of free-standing films

After evaporating chloroform, the mixture of SP1 and PDMS
(SP1-PDMS) yielded a pale-yellow, clear viscous liquid, as
shown in Fig. 3a. When stored in the dark, this material
appears pale orange, and when exposed to UV-A radiation,
the mixture turns pink (Fig. 3a). These findings are consist-
ent with the existing literature [53]. After solvent evapora-
tion, the SP2-doped PDMS (SP2-PDMS) mixture showed
a brownish-red coloration that intensified when left in the
dark. A deep purple tint is observed after UV-A exposure
(Fig. 3b). The cured free-standing films and waveguides pro-
duced from these mixtures retained the same color behavior.
Figure 3c is a plot of the normalized transmittance of the
different films collected after 24 h of dark storage.

As given in Fig. 3c, the neat PDMS film is highly trans-
parent (> 87%) between 300 and 1000 nm, becoming com-
pletely opaque below 220 nm. The SP-doped films presented
three absorption bands in the UV region, with the two bands
below 300 nm ascribed to the n-n* transition of the carbon-
carbon double bonds present in the spiropyran structure and
another between 320 and 350 nm characteristic of the ben-
zopyran structure [44]. These are important spectral charac-
teristics to allow a full SP to MC conversion throughout the
waveguide cross-section by external UV light sources with
peak emission > 230 nm. Both SP-doped materials exhibited
one absorption band in the visible range which is related to

the colored appearance of the samples in the non-irradiated
state stored in the dark. The SP1-PDMS films presented a
broad absorption band of very weak intensity, centered at
505 nm (Fig. 3¢). Meanwhile, SP2-PDMS films have a sig-
nificantly larger absorption that extends further into the vis-
ible range with a peak at 555 nm, which matches the mero-
cyanine peak evolution described later on. The presence of
a colored state in the absence of ambient light (darkness)
is typically referred to as negative photochromism (more
details provided in the SI, item 3).

Overall, SP1 and SP2 are well distributed and finely
dispersed in the PDMS free-standing films, as confirmed
by polarized optical microscopy micrographs (available
in SI, Fig. S2). The transmittance spectra of the SP-doped
PDMS films show significant changes as the UV irradia-
tion progresses, as shown in Fig. 4a and b. These changes
are indicated by arrows and are accompanied by a visible
color change, as given in the insets of Fig. 4a and b. The
normalized transmittance intensities of the MC peaks over
time were used to calculate the time constants according to
Eq. (3). Representative experimental data and fitted curves
for both decay and recovery in transmittance are shown in
Fig. 4c and d. The normalized transmittance values over the
course of 23 UV-recovery cycles are presented in Fig. 4e.

As shown in Fig. 4a, the SP1-PDMS absorption band
initially centered at 505 nm, shifts to approximately 545
nm with UV-A irradiation, resulting in a peak absorption
shift of 40 nm. Similarly, the SP2-doped PDMS absorption
band at 555 nm shifts to 570 nm. The observed spectral
changes are the results of intermolecular interactions and
structural changes involved in the isomerization reaction
from the close and non-planar spiropyran form to the
planar merocyanine form, illustrated in Fig. 1. The pla-
nar configuration and opening of the spiro ring decrease

200 400 600 800
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:3‘,’0‘8 '
LE !
i 206 i
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Fig.3 a, b Pictures of the SP-doped PDMS liquid mixtures after solvent evaporation under different conditions: exposure to visible light for 10
min, to UV light for 3 min, and 5 min in the dark. SEM images of the SP powders were obtained with a scanning electron microscope (S3600-N,
Hitachi). The powders were deposited on carbon tape fixed on a stub and gold coated. ¢ Normalized transmittance spectra of neat and SP-doped

PDMS films collected after dark storage
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the energy required for electronic transition and increase
the conjugation length (number of conjugated double
bonds), giving rise to the MC peak observed in the vis-
ible [44]. This strong absorption also changes the color of
the doped films, as shown in the insets of Fig. 4a and b.
The MC peak shifts observed upon UV irradiation can be
explained by an increase in the proportion of MC species
along with changes in the average energy levels caused
by the increased contribution of MC-PDMS/chloroform
and MC-MC interactions, and their effect on charge dis-
tribution in the molecules [54]. Recovery curves exhibit
the inverse evolution of the transmittance spectra shown
in Fig. 4a and b. Above 700 nm, no relevant variation
in transmittance was observed. For both spiropyrans, the
typical MC absorption band is absent of shoulders that
are otherwise indicative of MC aggregation [44, 48, 54].
Despite the low transition temperatures of PDMS, the
dipole-dipole interactions (Fig. S3a) are strong enough
to stabilize the MC form, thus preventing its aggregation.

With regards to the transmittance decay and recovery
curves (Fig. 4c and d), all experimental data were well fit-
ted via Eq. (3) with R>>0.99, and their respective time con-
stants are presented in Table 1.

Table 1 Transmittance decay and recovery time constants and MC
absorption peak for 4 irradiation cycles

Cycle SP1-PDMS SP2-PDMS

7, (s) 7, (s) 7, (s) 7, (s)
1 29+3 556+20 2242 201+10
2 28+2 626+ 14 21+1 207+ 19
3 28+ 1 543+18 20+1 183+18
4 27+2 662+11 202 200+20

Based on the results presented in Table 1, SP1-doped
PDMS takes a little longer than SP2-PDMS to reach the
photostationary state upon UV irradiation. Meaning that
it is able to measure a higher UV dose before saturation.
The variations in 7, as a function of the irradiation cycle
for each material are within the standard deviations.
Meanwhile, SP1-PDMS has a recovery period (to return
to the initial transmittance level) that is almost three times
longer than for SP2-PDMS. The slower SP1-PDMS recov-
ery in polar medium corroborates with the smaller rate
constant of ring closure reported by Berman et al. [49].
In both cases, 7, increased and decreased from one cycle
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to another, being larger in the second and fourth cycles
without a clear trend. As fading is a thermally driven pro-
cess, we believe that small local temperature fluctuations
could be the source of such variations, even though the
registered average room temperature varied between 22.8
and 23.1 C during the test. The differences in 7, and 7,
are explained by the different photoswitching mechanisms
involved in the ring-opening and closing processes [43].

Photofatigue is expected to occur due to photooxida-
tion, reaction with solvent and impurities, and aggregation
[45]. Systems where the spiropyran is not crosslinked to
the polymer backbone (chemical doping), the spiropyran
contains a nitro group (—NO,), and the matrix allows for
high molecular mobility (high free volume, low T,), are
particularly prone to photofatigue [44, 45, 48]. Still, physi-
cal doping is preferred over chemical doping because it
does not require specific functional groups and allows
greater material versatility. A decrease in the maximum
absorption intensity at the irradiated state, also observed
as an increase in normalized transmittance with each new
UV irradiation cycle, is a sign of photofatigue, as shown
in Fig. 4e (lower shaded pink area). SP1-PDMS preserved
more than 90% of the initial transmittance in the irradiated
state for the first 10 cycles, whereas SP2-PDMS presented
an average intensity retention below 90% already in the
sixth cycle. The average retention at the end of the twenty-
third cycle was approximately 77 + 7% for both materi-
als. By fitting the transmittance increase with irradiation
cycles with a linear regression (see SI, Fig. S4), SP1- and
SP2-PDMS normalized transmittances are expected to
reach 50% after 50 and 39 irradiation cycles, respectively.
The results obtained for the two different spiropyrans may
be explained by the reaction rate sensitivity of the sub-
stituent groups to the polarity of the medium (PDMS and
chloroform) and competing isomerization reaction mecha-
nisms [48].

The refractive index (RI) of the free-standing films was
measured with an Abbe refractometer operated in ambient
light and at 633 nm (He-Ne laser). After the initial RI read-
ing, the samples were exposed one by one to UV-A (370 nm)
for 3 min, which is enough for full decay in transmittance
(Fig. 4c, Table 1). The experimental results are summarized
in Table 2.

All the variations in RI in the non-irradiated state and
after UV-A exposure are within the standard deviation and
the stated accuracy (+0.0003) of the refractometer. Despite
a clear color change in the doped samples (Fig. 4a and b
insets), the dopant concentration appears to have no effect
on the RI values measured by this method. Only SP1-PDMS
presented a measurable, albeit small, RI increase at 633 nm
after UV irradiation. These results are reasonable consider-
ing that PDMS accounts for at least 99.95 wt% of the mate-
rials’ composition and that significant increases in refrac-
tive index have only been reported for SP1-doped PMMA
at very high dopant concentrations, 20 to 50 wt%, in Refs.
[55-58]. The increase in RI is associated with the formation
of the dipolar MC species, consequently raising the dipolar
density (and therefore the polarizability) of the material. In
summary, both spiropyrans were responsive to UV light,
preserving their photochromic properties when incorporated
in PDMS and prepared as free-standing films. SP1-PDMS
exhibited negligible negative photochromism and was less
prone to photofatigue over the irradiation cycles.

3.2 Characterization of the waveguides

The UV response of optical waveguides coupled to a He-Ne
laser (633 nm) was investigated for different time periods,
and consequently to different UV doses, as shown in Fig. 5a.

The percentage change in the transmitted optical power
[AP/Py (%)] of the SP1-PDMS waveguide sharply decreased
as soon as the UV light was turned on, indicating a fast
response to UV exposure. It was followed by the optical
power recovery immediately after it was turned off (Fig. 5a).
The sharp reduction in optical transmission is ascribed to the
formation of absorbing MC species, with a decay time con-
stant of 42 +3 s. The latter is related to the thermally driven
ring-closing reaction that yields the colorless SP form, with
an average recovery time constant of 107 +6 s. Such decay
time constant allows monitoring the cumulative UV dose
with time and can be adjusted by varying the waveguide
length as further discussed. The response was fully revers-
ible under the tested conditions, regardless of the UV dose
delivered to the SP1-PDMS waveguides. Meanwhile, the
neat PDMS waveguides (tested for reference) presented an
average variation of approximately 2% in the transmitted

Table 2 Refractive index at 20 C of undoped and SP-doped PDMS films, before and after UV irradiation

Sample RI? in ambient light RI? at 633 nm

Before UV irradiation After UV irradiation Before UV irradiation After UV irradiation
Neat PDMS 1.4136 +0.0002 1.4135+0.0001 1.4136 +0.0004 1.4137+0.0003
SP1-PDMS 1.4134 +0.0002 1.4137+0.0002 1.4137+0.0001 1.4143 +0.0002
SP2- PDMS 1.4135+0.0001 1.4137 +0.0002 1.4137+0.0001 1.4139 +0.0002
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Fig.5 a Dynamic optical response of the waveguides to UV-A light under various exposure times. The pink shaded areas indicate the periods
when the UV lamp was turned on. Non-shaded areas represent the recovery period in the dark (UV off). The first 5 cycles consisted of 1 min of
UV exposure, followed by 5 cycles of 3 min and one cycle of 15 min. b Normalized optical transmission spectra of the white light source, neat
PDMS, SP1- and SP2-PDMS before and immediately after UV exposure (solid and dotted lines, respectively). Representative data points and
linear regression used to estimate the propagation loss ¢ in white light and d at 633 nm, both before (solid lines and closed markers) and after
(dotted lines and open markers) UV irradiation. e Images of the waveguides coupled to a white light source in the dark. Scale bars: 1 cm

optical power because of the laser signal fluctuation and
showed no measurable response to the UV radiation. The
opacity of the SP2-PDMS waveguides for wavelengths up
to 650 nm (Fig. 5b), owed to the negative photochromism,
rendered a transmitted optical power near zero during the
whole test. The high optical losses within the SP2-PDMS
samples are also confirmed by the steep propagation losses
shown in Fig. 5c and d, and the absence of optical power
towards the end of the photographed waveguide (Fig. 5e).
The drop in SP1-PDMS transmitted optical power cor-
roborates the narrowing of the transmission band observed
after UV exposure, (orange curves in Fig. 5b), for which the
power intensity at 633 nm was reduced by 84 + 6% under UV
irradiation. Meanwhile, neat PDMS and SP2-PDMS intensi-
ties decreased by only 0.3 +0.4% and 2 + 1%, respectively.

The output spectrum of the neat PDMS waveguide resem-
bles that of the white light source whereas the SP-doped
waveguides present transmission peaks shifted to the near-
infrared range. All samples exhibited a reduction in optical
intensity around 745 and 908 nm that can be ascribed to the
stretching vibrations of the methyl groups (—CHj) [59]. The
described changes in the transmission spectra are in agree-
ment with the reddish appearance of the SP-doped wave-
guides observed in Fig. 5e compared to the neat PDMS. The
calculated propagation losses (in dB/cm) and bend losses
in dB per unit of curvature (cm™") for the waveguides are
summarized in Table 3.

We note that the measured neat PDMS propagation losses
are in agreement with similar demonstrations reported in
the literature [60, 61]. Doping PDMS with the spiropyrans

Table 3 Propagation and bend losses of neat and SP-doped PDMS waveguides, before and after UV irradiation

Sample Propagation loss in white light (dB/cm) Propagation loss at 633 nm (dB/cm) Bend loss at 633 nm (dBecm)
Before UV irradia-  After UV irradia- Before UV irradia-  After UV irradia- Before UV irradia-  After UV irradiation
tion tion tion tion tion
Neat PDMS 0.17+0.02 0.18+0.03 0.23+0.03 0.23+0.05 1.06 +0.06 Not measured
SP1-PDMS 0.19+0.02 0.20+0.01 1.04+0.05 1.79+0.05 1.51+0.07 1.55+0.10
SP2-PDMS 0.72+0.01 0.73+0.01 2.05+0.10 Not measurable Not measurable Not measurable
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SP1 or SP2 increased the waveguides’ propagation losses,
particularly at 633 nm in the non-irradiated state. Absorp-
tion and scattering losses are expected in the presence of
finely dispersed dyes that act as absorbing and scattering
centers. The SP2-PDMS waveguides presented large losses
at 633 nm, and measurements in the UV-irradiated state
were impractical because of the poor signal-to-noise ratio.
Besides, a bent optical waveguide will present radiation
and transition losses due to changes in curvature that ulti-
mately results in increased propagation loss [61, 62]. The
neat PDMS waveguides presented an average bend loss of
1.06 dB+cm at 633 nm as shown in Table 3 (more details
in Fig. S5). When doped with SP1, the optical losses upon
bending increased by approximately 0.45 dB-cm (Table 3).

The relationship between the delivered UV dose in J/cm?
and the SP1-PDMS percentage change in the laser’s trans-
mitted optical power [AP/P, (%)] has an exponential form.
Because of the nonlinear response, the sensor’s sensitivity
(S), i.e., the percentage change in transmitted optical power
per unit change in UV-A radiation dose, was estimated by
the best-fit slope in the linear range at 115.5+5.5%+cm*/]J
(Fig. 6a). The saturation point is defined as the UV dose at
which no more significant changes in transmitted optical
power occur. It was calculated at 0.40 +0.02 J/cm? for 10-cm
long waveguides tested in the dark, which corresponds to
a percentage power change of 29.5 +3%. The UV-A dose
range detected by the sensor is within the magnitudes used in
UV plant supplementation [16], photopolymerization [12],
phototherapy [10, 11], and other UV colorimetric dosimeters
[27, 30, 37, 38]. The detection limit, typically considered
as three times the noise signal, was found to be 3.2+ 1.1%,
which corresponds to 0.03 +0.01 J/cm?. Moreover, these
sensor parameters at various bend radii were consistent

(@) os
° Exp. data
> Saturation point
-10 ===+ Linear fit

S =115.5%5.5 %-cm?/J

0.40 + 0.02 J/cm?

0 02 04 06 08 1
UV-A dose (J/cm?)

and independent of bending (Table S2 in SI), as similarly
reported by Kee et al. [61]. This means that the SP-doped
PDMS waveguides maintain their ability to be used for UV
sensing even under significant bending.

Increasing the optical path length is going to affect the
sensor performance as the rate of change in transmitted opti-
cal power is proportional to the distance traveled by light,
as given by Beer-Lambert’s law. Indeed, a sharp increase in
sensitivity was observed for longer waveguides as shown in
Fig. 6b as more molecules could interact with light along
the optical path. For the tested waveguide lengths, all the
other calculated parameters varied linearly (see details in
Table S2, Fig. S6). By increasing the waveguide length,
AP/P, (%) reaches larger negative values. Based on a linear
fit of the experimental data given in Fig. S6d, we estimate
a maximum SP1-PDMS waveguide length of 21 cm, when
it would reach a power change near —100%. The competing
effect of the white light on the SP to MC conversion was
observed through changes in some of the sensor parameters.
Although the average sensitivity (Fig. 6b) and the decay
time varied within the standard deviations under white light
illumination, the recovery time was 15 s faster on average
(Table S2). We note that under the tested conditions, the
white light did not hinder the response of the SP1-PDMS
waveguides and could even be used to speed up the sensor’s
recovery time.

Temperature-induced optical loss has been observed in
polymer optical waveguides attributed to changes in refrac-
tive index (RI) and waveguide dimensions [63, 64]. This
behavior is expected given that polymers have a negative lin-
ear correlation between thermo-optic and thermal expansion
coefficients [65]. Figure 7a depicts a representative plot of
the percentage change in transmitted optical power over time

(b) ©
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X
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3
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0 02 04 06 08 1
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Fig.6 a Representative SP1-PDMS experimental data and best-fit line used to estimate the sensitivity in the linear range of the SP1-PDMS
curve response. The blue asterisk indicates the saturation point. b Experimental data and best-fit lines for SP1-PDMS at different lengths, tested
in the dark and in white light. Numbers indicate the average sensitivity in %-cm?/J calculated from at least three independent measurements
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Fig.7 a Representative SP1-PDMS percentage response change with temperature and time. b Representative plot of optical loss, ¢ UV satura-
tion dose and percentage power at saturation, and d sensitivity, as a function of temperature. e Arrhenius plot with the decay and recovery rate
constants (see Table S2 for details). Error bars indicate the sample standard deviation in separate measurements performed on three waveguides

at different testing temperatures for the waveguides under
test. Figure 7b—d show how several key parameters evolve
as a function of temperature.

The temperature-induced optical loss of the neat
and SP1-PDMS waveguides was 0.0022 +0.0001 and
0.0027 +0.0001 (dB/cm)/C, respectively (Fig. 7b), and
was shown to be reversible. PDMS is known to exhibit very
large negative thermo-optic [59, 66], and positive thermal
expansion coefficients [67-70], which can account for the
former behavior. More specifically, the change in material
density that occurs as a result of the waveguide’s dimen-
sional expansion is accompanied by a RI drop. Furthermore,
the expansion causes additional mechanical strain owing to
mismatches in thermo-mechanical properties of the materi-
als used for the connections, all of which contribute to the
observed optical losses.

When doped with SP1, temperature will additionally
affect the photoswitching reaction rates as the likelihood of
molecular vibration and bond cleavage increases. Assum-
ing that the rates of optical power change are related to the
number of MC species coexisting in equilibrium with SP
ones, the rise in temperature will shift the reversible reac-
tion equilibrium to new values. Consequently, the sensor
parameters will change, as shown in Fig. 7c and d. Fur-
thermore, the decay and recovery rate constants increased

with temperature (Fig. 7e, Table S2) following the Arrhe-
nius type behavior, and in agreement with previous studies
on spiropyrans in liquid and solid matrices [71, 72]. The
turning point between 40 and 50 °C marks the approximate
temperature at which the recovery rate becomes faster than
the response rate. At 70 °C both rates are very similar, 0.15
s~!, and the response to UV light at higher temperatures
is greatly reduced, setting the limit of the sensor response.

4 Conclusion

In this work, physical doping was exploited as a straight-
forward approach for preparing PDMS doped with spiro-
pyrans (SP) as a novel material platform for the reversible
UV-induced optical changes in flexible optical waveguides.
Using very small levels (0.05 wt%) of SP doping, the fabri-
cated free-standing films and waveguides exhibited revers-
ible UV response and good resistance to photofatigue, while
incurring negligible optical losses (without UV excitation,
white light source) compared to their neat PDMS counter-
parts. We further showed that adequate selection of the spi-
ropyran derivative is critical for minimizing optical losses
caused by negative photochromism in a polar matrix such as
PDMS, along with the appropriate selection of the optical
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source (i.e., laser) used for optical sensing. The prepared SP-
PDMS waveguides presented a UV response dependent on
temperature, waveguide length, and white light, which can
be further engineered to tailor the UV sensing performance
in specific application scenarios. These results are relevant
to elastomeric optics, smart optical materials, optical wave-
guide sensors, and UV sensing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12200-024-00124-4.
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