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Hybrid Organic–Inorganic PMMA Optical Fibers
Functionalized with Photochromic Active WO3
Nanoparticles: From Materials Design to Photochromic
Fabrics

Yazan Badour, Matthieu Pedros, Manuel Gaudon, and Sylvain Danto*

Here, the direct incorporation of photochromic WO3 nanoparticles is
investigated in a matrix of polymethyl methacrylate (PMMA) by bulk radical
polymerization for the fabrication of plastic optical fibers (POFs). All the
prepared composites, from preforms to 1D single fibers and 2D fabrics, are
thoroughly investigated, leading to insight into their thermal, morphological,
and photochromic properties (coloring/bleaching amplitudes and kinetics). It
is found that the preforms exhibit partially irreversible photochromic behavior,
whereas the single fibers proved to be effectively reversibly photochromic
through a degradation of transmission signal upon UV irradiation and a full
recovery under dark conditions. The as-prepared PMMA plastic fibers, both
undoped and doped, show good homogeneity without any imperfections or
contamination. The WO3 nanoparticles play a dual role as intrinsic and
extrinsic absorption centres leading to higher transmission losses. Finally, a
hand-made textile woven with a bundle of doped fibers is presented. The
proposed 1D single fibers and 2D fabrics demonstrate their great potential as
novel hybrid inorganic–organic materials in the domain of flexible UV-sensors
and photochromic smart textile with improved color stability and lifetime.

1. Introduction

The combination of organic and inorganic materials at molecu-
lar or nanometric level provide an extensive field of research in
material science for developing novel multifunctional devices.[1,2]

Generally, inorganic compounds exhibit thermal stability, high
strength, and rich coordination chemistry. On the other hand, or-
ganic compounds offer a wide range of possibilities to elaborate
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devices based on their versatile chemical
and physical properties, chemical com-
positions, and straightforward processing
techniques.[3–6] Polymeric optical fibers
(POFs) represent a remarkable class of
organic host in comparison with standard
inorganic glass optical fibers thanks to
their higher flexibility, elastic strain limits,
and fracture toughness.[7] POFs are made
out of various types of polymers, including
polystyrene (PS),[8] amorphous fluori-
nated polymers (CYTOP),[9] polyethersul-
phone (PES),[10] or polycarbonate (PC).[11]

Poly(methyl methacrylate) (PMMA) is
also widely considered as a replacement
of inorganic glass for the elaboration of
POF, thanks to its higher chemical, pho-
tochemical stability, durability, and scratch
resistance. Optical fibers made of pure
PMMA polymer are mainly employed to
date for sensing, short-distance optical
links,[12–14] or smart textiles.[15]

Traditional methods to color textile with
organic dyes based on impregnation own
several disadvantages such as color fading

or inhomogeneities due to alterations in dye uptake and distri-
bution, or even toxicity issues due to the delamination of the
dye from the surface of the fibers.[16] In contrast, the integration
of active compounds within the polymer matrix could lead to a
more uniform distribution and protection by encapsulation of the
material.[17] The low manufacturing temperature of POFs com-
pared to inorganic glass fibers permits to embed a wide range
of dopants in the fiber matrix, mostly organic dyes and conju-
gated polymers.[18–22] For instance P. Miluski et al. have shown
fluorescence emission tuning in PMMA fibers doped with Bis-
MSD (1,4-bis(2-methylstyryl) benzene) dye.[23] The luminescent
emission in PMMA samples co-doped by trivalent rare earth el-
ements was also reported.[24,25] The main elaboration methods
to embed the doping elements within the PMMA matrix con-
sist of adding the dopants to the monomer mixture during the
pre-polymerization step,[26] the direct mechanical mixing of the
dopants with the melted PMMA during the extrusion process[27]

or in soaking the dopant molecules into the microstructure fiber
using the solution-doping method.[28]
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In our work, we present a new class of transparent PMMA 
fibers doped with transition metal oxide-based photochromic
materials, namely tungsten oxide compounds (WO3), for
X-chromic applications. X-chromic materials represent a com-
pelling class of dopants as they can change reversibly their 
optical properties under the effect of an external stimulus, such 
as temperature, voltage, atmosphere, photochromism exhibiting 
a reversible change in optical properties through the action of 
light.[29,30] To date, photochromic phenomena in POF and in 
color-changing UV-sensitive textured yarns have relied vastly on 
organic photochromic materials.[31,32] The photochromic activity
of WO3 shows significant features such as the response to visible 
light and improved photochromic kinetics.[33–36] Photochromic
WO3 shaped as thin films,[33,35–38] nanocubes,[39]  nanowires,[40]  

or nanoflakes[41]  were reported and thoroughly investigated
in the last decade, but very few were devoted to organic-WO3 
hybrids.[42,43]

Although these nanocomposite materials based on WO3 have
been thoroughly investigated and have been used as pho-
tochromic film devices, researches are mainly focused on pho-
tochromic composite films, photochromic fibers based on WO3
are rarely reported. While there has been a significant amount of
research done on the synthesis and applications of WO3 nanopar-
ticles, the integration of WO3 into microfibers remains a rela-
tively unexplored field. One possible reason is the difficulty to
achieve uniform dispersion of WO3 nanoparticles within the
fibers. Their weak stability under basic and acidic conditions rep-
resents another limitation. The photochromic qualities of WO3,
which are influenced by environmental conditions including hu-
midity and temperature, provide another difficulty when using
WO3 as a cladding or soaking dye on microfibers.

In the following, the bulk PMMA preforms were prepared by
free radical pre-polymerization in the presence of WO3 nanopar-
ticles with three different doping concentrations (0%, 0.2%, and
0.5% in weight). The primary objective of this study is to opti-
mize the dispersion of WO3 nanoparticles within the monomer
matrix, followed by the implementation of bulk rod polymeriza-
tion techniques. The ultimate goal is to fabricate meticulously
designed functional polymeric preforms. This approach is cru-
cial for achieving a uniformly dispersed matrix, required to meet
two critical requirements: first, ensuring that the composite poly-
mer maintains optical transparency, and second, achieving a
significant optical contrast before and after irradiation. In con-
trast to mechanical mixing procedures, which need significant
energy input and material consumption to satisfy the minimal
batch size for machine processing, free radical polymerization
provides a distinct benefit. This approach allows for direct dop-
ing of photochromic nanoparticles into polymer chains, using
only a small amount of the nanoparticles. Notably, this method-
ology eliminates worries about contamination and microdis-
persion that are typical in competing procedures (for example
extrusion).

The first part addressed the rheological properties of the pro-
duced polymeric preforms. Also, we discuss the photochromic
properties of the various proposed systems as preforms, optical
fibers, and fabrics. Integrating WO3 photochromic NPs in the
PMMA matrix would greatly improve color stability and resis-
tance to environmental factors such as UV radiation and humid-
ity over typical dyed textiles.

2. Experimental Section

2.1. Synthesis and Shaping of the WO3-PMMA Composites

2.1.1. Synthesis of the WO3 Powders

All chemical reagents were purchased from Sigma–Aldrich.
Tungsten (VI) chloride was used as tungsten source, and diethy-
lene glycol (DEG) as solvent. WCl6 (7.2 g) was added to 100 mL
of DEG and 20 mL of distilled water. The mixture was heated
at 180 °C under continuous stirring and refluxed for 3 h. At the
end of the reaction, a deep blue precipitate was obtained. It was
washed and centrifuged with ethanol to remove any traces of sol-
vent and dried in an oven at 80 °C for 24 h. To functionalize the
surface of the powder by phosphonic groups, a 150 mg of tert-
butylphosphonic acid (98%, tBuPO3H2) was dissolved in 5 mL of
ethanol then added (drop by drop) to a separated batch of 250 mg
of WO3 dispersed in 25 mL of ethanol. The mixture was stirred
for 24 h at room temperature then washed three times by ethanol.
The modified powder was obtained after a drying step for 48 h.

2.1.2. Composite Preform Preparation

The co-doped PMMA preforms were fabricated using methyl
methacrylate (MMA, 99%) monomers, benzoyl peroxide (BP,
70%), sodium hydroxide (NaOH, 98%) and WO3 as the doping
agent. First, the monomer stabilizer (inhibitor) was removed by
washing with a 1 m NaOH solution for several time. Follow-
ing, the MMA was distilled and double-dried using column chro-
matography to remove any traces of water or moistures. Differ-
ent amounts of surface-modified WO3 nanoparticles (0, 0.2, and
0.5% wt.) and MMA were placed into sealed pyrex tubes (12 mm
in diameter). The dispersions were sonicated for 30 min and
kept for 10 h in the dispersed state to achieve a complete wet-
ting of the particle surface. For each solution a 0.5% wt. of BP
was added to initiate the radical polymerization in the tube. The
polymerization was performed at 70 °C for 24 h under argon at-
mosphere. The rod-like preforms were obtained after breaking
the glass tube. Finally, the preforms were kept for 10 days in vac-
uum oven to ensure the complete drying of the preforms prior to
the drawing step. Three different preforms with WO3 doping of 0,
0.2, and 0.5% wt., labeled as PM00, PM02, and PM05 respectively,
were prepared following this process, illustrated in Figure 1.

2.1.3. Composite 1D Fiber Drawing

The plastic optical fibers were drawn using a 3-meter-high opti-
cal fiber drawing tower with an annular electrical furnace having
a sharp temperature profile. The plastic preforms were heated
up above glass transition temperature Tg at 20 °C.min−1 to ini-
tiate the elongation process. Once the drop formed and tied on
the drum, the preforms were slowly fed into the furnace while
continuously monitoring the drawing parameters (temperature,
drum velocity, feed rate, tension, diameter). Following this proce-
dure, preforms were successfully drawn into hundreds of meters-
long fibers with diameters ranging from 100 to 660 μm. The pro-
cess was performed under an argon gas flow (2 L.min−1) to avoid



Figure 1. Road map of the used techniques to elaborate the lab-made preform.

any external pollution of the preform surface. The fibers pre-
pared from the preforms PM00, PM02, and PM05 were labeled
as FPM00, FPM02, and FPM05 respectively.

2.1.4. Composite 2D Textile Preparation

Photochromic pieces of FPM02 fibers were woven manually into
a fabric with dimension 2 × 2 cm2 to produced as prototypic tex-
tile object.

2.2. Characterization Techniques

2.2.1. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) was used to determine the size
distribution profile of the NPs in the monomer with a VAS-
COTM nanoparticle size analyzer. Real-time signal acquisitions
were performed every 30 s if the noise of the signal did not exceed
1.06%, and 8% acquisitions were accomplished during 16 min in
total. Size distributions of the nanoparticles in MMA were ana-
lyzed by the Cumulant algorithm (assuming monodisperse dis-
persion), provided by NanoQ software. The acquisition tempera-
ture for all measurements was fixed automatically by the device
at 20 °C.

2.2.2. Glass Transition Temperatures

Glass transition temperatures (Tg) were determined using a Shi-
madzu DSC-50 differential scanning calorimeter with a precision
of ±2 °C and a 10 °C min−1 heating rate. 50 mg of polymer sam-
ples were placed in a platinum crucible while a second empty
platinum crucible was used as a reference sample. The Tg was
determined as the onset of the thermal phenomena from the tan-
gent intersection of the DSC curves.

2.2.3. Melt Flow Index

Melt Flow Index (MFI) was measured according to the ASTM
D1238 standard using the Dynisco Polymer Test Model. Prior
to measurement the prepared cylindrical preforms were cut into
small pieces to facilitate its loading into the melt indexer machine

(MIM) entrance. The MIM was preheated at 130 °C for ≈30 min
and then 5 g of the PMMA/WO3 mixture were loaded in the MIM.
A weight load of 2.2 kg was set up on the piston, and a stopwatch
was used to monitor the weight of the extruded filament in 10
mns.

2.2.4. Electronic Microscopy

The surface morphologies of the as-prepared preforms and fibers
were observed by scanning electron microscopy (SEM) using a
TESCAN Vega II SBH microscope and JEOL JSM-6700F and
by high-resolution transmission electron microscopy (HRTEM,
JEOL 2200FS, operating at 200 kV). High-resolution transmis-
sion electron microscopy (HR-TEM) was performed using a JEM-
2100 transmission electron microscope. Prior to TEM observa-
tion, ultrathin sections (75 nm thick) were cut using a Boeckeler
Power Tome XL microtome.

2.2.5. Optical Characterizations

The photochromic properties of all the samples were tested
using the same 8 W UV lamp (𝜆 = 365 nm) for producing
the composite coloration. Photochromic properties for preforms
and fabric were characterized using UV–vis diffuse reflectance
spectroscopy, from 200 to 2000 nm, equipped with an integra-
tion sphere (spectral resolution: 1 nm and band length: 2 nm)
mounted on the Cary 5000 spectrophotometer. Halon was used as
a white reference. A 1 mm-thick slice cut from the PM02 preform
and the woven fabric (2 × 2 cm2) of FPM02 fibers were placed on
a white background for measurements. The photochromic prop-
erties of single fibers were tested through measurements of the
axial transmission of 5 cm-long length fibers. RGB space colori-
metric parameters were determined from the spectra using a two-
step mathematic treatment. The first step consists in extracting
the XYZ tri-stimulus values (defined by the CIE, 1964) from the
integration (over the visible range, i.e., from 𝜆 = 380 nm up to
780 nm) of the product of x(𝜆), y(𝜆), or z(𝜆) functions (CIE-1964)
with the diffuse reflectance spectra function X = ∫x(𝜆).R(𝜆).d𝜆.
Then, the transfer equations (defined by the CIE, 1976) were used
to transform the XYZ space to the L*, a*, and b* common three-
color space parameters.

For the axial transmission spectra through the single fibers, a
100 W halogen broadband source, and an optical spectrum an-
alyzer were employed to collect the data. The calculation of the



attenuation coefficient was averaged from measurements on 1, 
0.75, and 0.5 m-long fibers with a diameter of ≈350 μm. The 
end facets of each measured fiber were carefully polished prior 
to measurements to ensure a proper light coupling efficiency. 
The fibers were kept straight during measurements to avoid any 
bending losses.

3. Results and Discussion

3.1. WO3 Particle Size Distribution into Monomer Suspensions

The particles are hydrophobized by surface modification with 
(tBuPO3H2), which is required to block the formation of ag-
gregates and to increase the wettability by the monomer and 
polymer.[44]  DLS measurements were used to track the size vari-
ation of the NPs as a result of the surface modification of WO3
by phosphonic acid groups in the monomer solution before the
polymerization. Three samples were investigated: 0% wt. WO3, 
0.2% wt. WO3, and 0.5% wt. WO3. The DLS indicates a clear de-
crease in the average size as a result of surface modification. The 
average size drops from 632 nm with polydispersity index (PDI
= 0.72) in the 0.2% wt. WO3 (un-modified) in MMA to 38 nm 
(PDI = 0.35) in 0.2% wt. WO3 (modified). Comparing the two 
functionalized-particle samples, increasing the particle content
to 0.5% wt. (average size of 42 nm, PDI = 0.16) does not cause 
aggregation in the monomer recording almost the same distri-
bution as the 0.2% wt. sample.

3.2. Composite Prefrom Characterizations

3.2.1. Thermal Behavior

The thermal behavior of the prepared PMMA preforms doped
with different concentrations of WO3 (0% wt., 0.2% wt., and 
0.5% wt.) was studied with the means of differential scanning 
calorimetry (DSC) (Figure 2). The DSC thermograms of undoped 
and doped PMMA preforms exhibit similar thermal behavior 
with a clear transition centered on 90°C, which is attributed to 
the glass transition temperature typical of PMMA polymer.[44]

The values of Tg are resumed in Table 1. For comparison pur-
pose, we also included the Tg of a commercially available PMMA, 
labeled as PMCom. PM00 shows a Tg (86.5 °C) close to the one 
of the commercial PMCom (90.4 °C). In comparison, both doped
PMMA preforms (PM02, PM05) show a higher Tg, by ≈+10 °C, 
than the undoped PM00. This could indicate that the mobility of
the PM00 chain segments decreases upon charging with WO3 
during radical polymerization, i.e., PMMA/WO3 composite pre-
forms become more rigid than the pure PMMA preform.

Some organic/inorganic composites have also been known to 
show trends similar to the ones reported here in the glass transi-
tion increment upon doping with various nanoparticles.[45]  Ham-
mani et al.[46]  showed an enhancement in Tg by up to 60 °C with 
increasing ZnO NPs loading in PMMA matrix from 0 to 40%wt. 
They found that the dispersion of ZnO NPs in the PMMA ma-
trix hinders the movement of macromolecules and increases the
Tg of the sample. In another study, Nikolaidis et al.[26]  attributed 
the increase of Tg of nanocomposites (PMMA/Cloisite) to their 
higher molecular weight distribution than the pure PMMA.

Figure 2. DSC curves of the hybrid WO3-doped PMMA preforms.

3.2.2. Melt Flow Index

MFI of polymers was measured to provide more details on the
flow behavior of the preforms, which is a valuable information
for their usability in fiber drawing. MFI gives insight into the
molecular weight distribution (MWD) of polymer chains and the
weight ratio of the flow rate of polymers over a specific time and
temperature range.[47] Hence, the polymer composite with lower
MFI (low flow) has longer chains and higher MWD. Table 1 in-
dicates the flow properties of PMMA/WO3 preforms. PM00 ex-
hibits a melt flow index value of 15.5 g 10 min−1 which is close to
the commercial values of the PMCom (17.5 g 10 min−1). With that
respect, this is important to highlight that the PMCom preform
could be shaped into fiber. Hence, we consider its MFI value as a
reference for the fiber drawing ability of the lab-made preforms.
It is observed that the MFI decreases with the insertion of WO3 in
the PMMA, from 15.5 (0% wt. WO3) to 13.88 g 10 min−1 (0.5% wt.
WO3), which may be linked to the reduced fluidity of the poly-
mer chains as a result of the addition of NPs. Similar trend was
observed by El Hady et al.,[48] as they reported that the addition
of fillers (0.5% wt. of organoclay) in cross-linked polyethylene de-
creased the MFI from 6.46 to 1.21 g 10 min−1. They explained that
the MFI decrease may be traced to flow hindrance by the organ-
oclay particles. Based on MFI conclusion, in order to maintain
a good drawing ability, we selected the PM02 preform (0.2% wt.
WO3) for further study into fiber and fabric shapes.

Table 1. Glass transition temperature and melt flow index for the WO3-
doped PMMA preforms.

Sample ID Tg [°C] MFI [g 10 min−1]

PM00 86.5 15.5 ± 0.22

PM02 96.8 13.25 ± 0.12

PM05 98.2 13.88 ± 0.42

PMCom 90.4 17.5



Figure 3. TEM micrographs in a) center b) gap and c) border section of the PM02 sample, and in d) center, e) gap and f) border section of the PM05
sample (inset: marge magnification on aggregates).

3.2.3. WO3 Particle Size Distribution Inside Preforms

High-resolution transmission electron microscopy (HR-TEM)
was performed to provide more insights into the dispersity of
the NPs inside the polymerized transparent preform. To ensure
a complete scan of the preforms slices, all measurements were
observed in three different areas, from center, to gap (in between
border and center) to border (Figure 3). The slices observed by
HR-TEM had a thickness of 70 nm for a surface of 300 × 300
nm2. All of them exhibit phase-separated WO3 NPs agglomerates
embedded in PMMA matrix, both for the PM02 and PM05 com-
pounds (Figure 3, upper and lower panels respectively). Despite
slight phase separation, the PM02 keeps a good transparency
with no visual defects or macro bubbles, while the PM05 ex-
hibits a homogeneous opaque blue coloration with no visual
defects.

Particles are grouped in large agglomerates consisting of sepa-
rated groups of lower-size aggregates, following a fractal organi-
zation, as depicted in the inset of Figure 3. The strongly inhomo-
geneous distribution of the NPs domains makes such statistical
study very challenging. With this limitation said an attempt for a
detailed statistical study of the average size of the aggregates us-
ing Image-J software is proposed as Supporting Information. The
length of the lower-size individual aggregates in each section for
PM02 and PM05 is averaged on three different aggregate regions.
This approximation gives a clear vision about the length/size of
aggregation in each domain. From the histograms in the Sup-
porting Information and Figure 3a–c, the average length of the
aggregates in PM02 in the border section (374 ± 47 nm) is higher
than the center (262 ± 52 nm) and again higher than in the gap
sections (181 ± 38 nm). As shown in Figure 3d–f, the aggrega-
tions in PM05 record larger overall size: borders (408 ± 32 nm),

center (312 ± 28 nm), and gap (358 ± 44 nm). The formation
of aggregations was previously observed by Wegener et al.[44]

in PMMA-doped with ZnO NPs by bulk radical polymerization,
where they reported on the polymerization-induced segregation
of the primary particles to form domains within the bulk polymer.
In another study, Xu et al.[49] prepared PMMA-based nanocom-
posite films with ultra-high-loading ZnS quantum dots via bulk
thermo-curing copolymerization method. Here also, they noticed
the formation of aggregates and irregular phase domains in the
PMMA/ZnS nanocomposites.

3.2.4. Photochromic Study of the Doped Preforms

The PM02 preform was selected to study photochromic prop-
erties as it maintains good transmission properties close to the
PM00 associated with proper thermal drawing ability. A 1 mm
slice was cut from the PM02 preform and employed for pho-
tochromic study using Halon as white reference. Ex situ diffuse
reflectance (R%) measurements were performed after 2, 4, 8, 15,
25, 45, 60, and 90 min of irradiation (Figure 4a) on the preform
slice deposited on a 100% reflective white background. Hence, its
reflectance can be in first approximation (i.e., considering that
scattering phenomena from the WO3 particles have a negligi-
ble effect on the signal) complementary to the WO3 absorbance.
The reflectance of the PM02 versus UV-light irradiation time
on the 450–2200 nm wavelength range was recorded and trans-
formed in Kubelka–Munk absorbance spectra (K/S = (1-R)2/(2
× R)).[50] The K/S transform exhibits an intensity of the absorp-
tion phenomena proportional to the chromophore concentration
(herein, chromophore centers into the WO3 particles) and so are
used for kinetic analysis. As shown in Figure 4a, the PM02 ex-



Figure 4. Photochromic reflectance spectra of the 0.2% WO3-doped PMMA preform (PM02) versus time for a) coloring versus irradiation and d)
bleaching under dark. Kinetic study based on the evolution of the average K/S absorbance (400–2500 nm): b) during coloring and e) during bleaching.
c) PM02 slice before and after 90 min irradiation with the corresponding colorimetric coordinates.

hibits a photochromic effect mainly observed in the near-infrared
part of the spectrum (due to the W5+→W6+ inter-valence charge
transfer responsible for the visible-NIR absorption band centered
at ≈1 μm wavelength). The associated chromatic coordinates in
L*, a*, and b* space are presented in Figure 4c, which quan-
tify the photochromic efficiency of the PM02 from the optical
contrast calculated between the non-irradiated and 90 min ir-
radiated states. It allows the calculation of visible ΔC contrast:
ΔC =

√
(Δb∗2 + ΔL∗2 + Δa∗2) = 22.9 in between the initial and

the 90 min irradiated states (a contrast above 5 becomes clearly
visible by human eyes). To better express the photochromic color-
ing kinetic, a double exponential function (a combination of two
first-order kinetic laws) was used to fit the experimental data, ac-
cording to Equation (1):

Y = A1 × exp
(
t∕t1

)
+ A2 × exp

(
t∕t2

)
+ Y0 (1)

with t in min., two characteristic times (t1 and t2) in min., and
two characteristic amplitudes (A1 and A2). The values of the pa-
rameters are shown in Figure 4b. Compared with our previous
study on the mechanism of photochromism in WO3-based films
and powders,[38,51] we observe quite similar coloring kinetic. It

consists of two kinetic phenomena with almost the same am-
plitude (A1 almost equal to A2): a fast-kinetic component (t1 =
0.3 min) affecting the coloring mainly during the very first min-
utes, and a slow-kinetic component (t2 = 27 min). We proposed
in previous works[51] that the fast kinetic corresponds to a quick
photo-reduction of the surface cations from W6+ to W5+, then
the surface becomes saturated with W5+ ions and this fast mech-
anism stops. The slow kinetic presents the ionic diffusion of the
W5+ from the surface to the material bulk, allowing W5+ surface
desaturation and so new surface photoreduction.

For the bleaching study, the 90 min irradiated PM02 slice was
left in the dark for self-bleaching, directly in the spectrometer
chamber, automatically recording the evolution of the reflection
spectra for 24 h. In a similar manner than for coloring study,
the reflection spectra in Figure 4d were transferred to K/S and
shown in Figure 4e. The gap between the spectrum obtained af-
ter 24 h darkening and the spectrum of the initial state remains
important. The reflectance contrast (ΔR), taken as equal to the
reflectance difference in IR range at 1200 nm between the 24 h
bleached sample (H+24) and the initial state (90 min just irradi-
ated) shows that the reversibility rate is only ≈21% (percentage
calculated from the ratio between the H+24 and the initial states).



Table 2. Calculated and measured diameters of the issued WO3-doped PMMA fibers.

Fibre Tdraw [°C] Vfeed [mm min−1] Vdraw [m min−1] Dpref [mm] Df [μm] calculated Df [μm] measured

FPM00 Large 124 1 0.5 12 537 550 ± 50

Thin 124 1 4 12 190 145 ± 15

FPM02 Large 138 1 0.5 12 537 420 ± 40

Thin 138 1 6 12 154 135 ± 15

FPM05 Large 142 1 0.5 12 537 620 ± 60

Thin 142 1 1 12 379 385 ± 40

For the bleaching kinetic, the fitting of the experimental data was
achieved using a single decay component following Equation (2):

Y = Ad × exp(−t∕𝜏d) + A0 (2)

with 𝜏d : the characteristic bleaching time in hour. In this case,
the Ad and A0 fitting parameters has poor physical signification
since the bleaching is not complete. Nonetheless, the Ad/A0 ra-
tio, equal to 20%, is directly associated with the fitted reversibil-
ity rate. The phenomenon of re-oxidation of W5+ to W6+ by the
oxygen in the air is predicted to be very slow compared to pho-
toreduction of W6+ to W5+ under UV irradiation.[38,51]

𝜏d is 8.8
h. Hence, we can conclude that the PM02 preform shows a poor
bleaching behavior at room temperature, with very slow kinetic
and uncompleted reversibility.

Many researches in photochromic composite compounds con-
firm that oxygen molecules improve the bleaching of the WO3-
based composite, which can be accomplished by the oxidation
of the W5+ metal centers (at the origin of the blue coloration)
from electron transfer from the +V metal ions to the oxy-
gen molecules.[52] Oxygen can be mainly provided from poly-
mers with enough OH groups such as vinyl polymers,[53] nano
cellulose,[35] and hydrogel[54] However, since the proposed hybrid
PMMA/WO3 contains many structural C═O groups and insuffi-
cient OH groups, such polymeric matrix can block rapid spon-
taneous reoxidation and stabilize the blue coloration.[55] Note-
worthy, the bleaching behavior of WO3-based materials can be
improved by heating the material to 80–100 °C in air or under
ozone (oxidative conditions) to obtain a complete relaxation.[36]

This route was not investigated as it is outside of the scope of this
study. Hereafter, we will show that the blocking effect of the poly-
meric matrix besides the bleaching behavior is drastically limited
for shaped fibers.

3.3. Single Fiber Characterization

3.3.1. Aspect Ratio of the Fibers

Following, the preforms were thermally stretched down into op-
tical fibers (labeled as FPM00, FPM02, and FPM05 with respect
to the WO3 particle content). Different diameters of fibers (Dfib)
were issued from the preform drawing process by changing the
preform feed velocity (Vfeed) or/and the fiber drawing velocity
(Vdraw). The diameter of the lab-made PMMA fibers can be the-

oretically calculated with respect to the preform diameter (Dpref)
using the equation of mass conservation[56] (Equation (3)):

D2
pref

D2
fib

=
Vdraw

Vfeed
(3)

A thin and a large diameter fibers were stretched down from
each of the three preforms. The drawing parameters (Tdraw, Vfeed,
Vdraw, and Dpref), along with the calculated and measured diam-
eters are listed in Table 2 with varying drawing velocities. For
each change in Vdraw, measurement of Dfib was performed (af-
terward using the optical microscope) on fully stabilized sections
of fibers, as an average of 3 meters of fiber is needed to reach
again a uniform section.

The increase of the recorded drawing temperature with the in-
crease of the tungsten oxide content is in good agreement with
the variation of the Tg, which increases upon doping with WO3
due to the blocking of the chain segments of PMMA. Further-
more, the calculated diameters are found relatively close to the
measured ones (accuracy estimated ≈10%), which confirms the
feasibility of fiber diameter control by drawing parameters.

The SEM analysis in cross-sectional and longitudinal views of
the lab-made PMMA/WO3 hybrid FPM00, FPM02, and FPM05
fibers are shown in Figure 5. The fiber sample FMP00 (Large)
was embedded in an epoxy resin, the surface was then polished
to improve the visualization of the cross-section (Figure 5a). The
samples FPM02 and FPM05 were cut by a diamond cleaver and
fixed vertically facing the SEM detector (Figure 5b). For all sam-
ples observed in longitudinal view, the SEM images indicate a
good surface quality (Figure 5c–e). No surface imperfection (mi-
cro cracks, pores, defects) could be detected on the cross-section
or surface of the fibers. The six studied fibers cannot be differen-
tiated neither by visual inspection nor by SEM images due to the
nanometric doping that cannot be tracked using the SEM device
resolution.

3.3.2. Optical Signal Quality: Attenuation of the Fibers

Attenuation measurement in optical fibers was recorded using
the well-established cut-back method. The attenuation coefficient
is defined as the logarithm relationship between the transmitted
input power P(0) and the output power P(x) observed after propa-
gation of a distance x in an optical fiber system (Equation (4))[57]:

𝛼total (dB∕km) = (10∕x) × Log [P (0) ∕P (x)] (4)



Figure 5. SEM micrographs of lab-made WO3-doped PMMA hybrid fibers. Cross-sectional views of a) FPM00, b) FPM02 and FPM05 fibers. Longitudinal
views of c) FPM00, d) FPM02 and e) FPM05 fiber.

This equation is known as Beer’s Law and clearly shows that
the power of the transmitted signal decreases exponentially with
the propagated distance. Using Equation (4) the attenuation of
the FPM00, FPM02, and FPM05 fibers (thin diameters) has been
measured in the range 450–850 nm (Figure 6). A commercial
PMMA fiber (labeled as FPMC) provided by XLY Fiber company
(Df = 350 μm) was used as a reference.

As shown in Figure 6c, the attenuation curves of the lab-made
fibers exhibit a similar shape to the commercial fiber, yet with
higher loss level. Attenuation in PMMA can be caused by intrin-
sic or extrinsic loss. Intrinsic loss mechanisms result from the
chemical and physical structure of the PMMA fiber. First types

are the absorption losses, which mainly consist of the molecu-
lar vibrational absorption of the C─H bonds and of the absorp-
tion due to electronic transitions between different energy lev-
els within the molecular bonds.[58] The C─H vibrational absorp-
tion can be observed at higher wavelengths as shown at the local
maximum (732 nm) that increases from 4.2 dB m−1 in FPMC to
6.7 dB m−1 in FPM05. Also, extrinsic loss mechanism can origi-
nate from absorption by contaminants, water, or extrinsic doping
materials (herein WO3) incorporated in the fiber.[59,60]

Second types are caused by Raleigh/Mie scattering occurring
from the WO3 nanoparticles, dust inclusions, microporosity,
or even density and composition fluctuations in the PMMA

Figure 6. Loss measurements on the WO3-doped PMMA hybrid fibers a) Photography of the cut-back measurement set up, b) A 2.5-meters-long FPM02
fiber excited by the Halogen lamp under dark conditions, c) Loss spectrum (attenuation factor) of the lab-made PMMA/WO3 thin fibers with various
WO3 content along and comparison with a commercial PMMA fiber (FPMC).



Figure 7. Optical transmission signal intensity variations for 15 cuts of the lab-made PMMA optical fibers a) FPM00 fiber and b) FPM02 fiber.

polymer. Rayleigh scattering happens when the scattering
source diameter is at least ten times smaller than the wavelength
of the light.[61] Meanwhile, Mie scattering occurs when the
particle diameter is equal or higher to the wavelength of light.[62]

Rayleigh scattering occurs at all the wavelengths, but with a clear
decrease of its intensity versus wavelength increase whereas
Mie scattering efficiency is negligibly depending on wavelength.
Since the size of the incorporated WO3 particles varies between
200 and 5000 nm, as predicted from the size of aggregation
inside the preforms, both Rayleigh scattering and Mie scattering
can occur inside the fibers. This confirms the fact that WO3
particles are expected to play a dual role as scattering and ab-
sorption centers leading to increased optical loss in comparison
with undoped PMMA fibers. Here the amplified attenuation
with the WO3 doping originates from both the scattering and
the absorption properties of WO3 particles.

3.3.3. Optical Signal Quality: Reproducibility of the Transmission
Measurements

In the following section, we mainly focus on the FPM02 hybrid
fiber since it exhibits a lower attenuation than the FPM05 fiber,
which makes it a better candidate for the desired optical applica-
tion. Two new samples: a 0.2 wt.% doped and an undoped sam-
ple were prepared; in order to eliminate any external effects on
the consistency of the measurements the fibers were produced in
the same drawing conditions (Vf = 1 mm min−1, Vd = 2m min−1,
with 275 ± 25 μm diameter) and the entrance and end faces of
each pieces were polished in the same manner. First, in order to
assess the longitudinal homogeneity of the lab-made FPM00 and
FPM02 fibers, we recorded the transmission signal of 15 different
5-cm-long cuts. As can be seen in Figure 7a, the transmitted sig-
nal through the 15 different cuts of a FPM00 fiber superimposed
relatively well, with an average maximum transmission intensity
of 31 480 and a standard deviation of 1809. In comparison, the
transmitted signal through the 15 cuts of the FPM02 fiber ex-
hibits a lower maximum 26 650 and a higher standard deviation
of 3485 (Figure 7b).

It appears that the incorporation of the WO3 NPs within the
PMMA fiber leads both to a decrease in the total transmitted op-

tical signal and a deterioration of the signal homogeneity along
the fiber. This result could be predicted since the WO3 NPs act as
extrinsic scattering and absorption centers. Nevertheless, within
these limitations, the quality of the transmitted signal remains
steady and significantly high for both fibers, assessing our proto-
col for the elaboration of hybrid WO3/PMMA fibers.

3.3.4. Photochromic Properties of Single Plastic Fibers (Axial
Transmission)

Samples with a length of 5 cm (diameter of 275 μm) were used
to evaluate the photochromic properties of the FPM02 fiber. The
fiber was irradiated from the side using a UV lamp of 8 W, the
power per surface unit received by the sample being equal to
5.6 W m−2. The use of such low fluence is choice to mimic the real
condition in which a smart device (window or textiles) is exposed
in daily light. The evolution of the transmission spectrum of the
FPM02 versus irradiation time is depicted in Figure 8a. The max-
imum intensity evolution at 650 nm was extracted to investigate
further the photo-redox kinetic (Figure 8b). Upon irradiation, the
transmitted signal quickly degrades as a result of the increased
absorption of WO3 NPs under UV excitation. The tungsten oxide
acts as an absorption center, leading to an increased transmis-
sion loss. As shown in Figure 8c, the color of the FPM02 fibers
(single fiber and bundle) turned from transparent to blue after
1 h of irradiation. Consistently with the previous study on the
WO3-doped preform slices, the coloring kinetic is expressed by a
double exponential function as Equation (1).

Fitting of the experimental data according to Equation (1) is
depicted in Figure 8b. The maximum intensity of FPM02 drops
rapidly in the first 15 min of irradiation, then it slowdowns be-
yond 15 min of irradiation, until almost no longer evolving after
120 min. We calculate from Equation (1) that the coloring kinetic
consists of two kinetic phenomena: a fast-kinetic component (A1
= 6340, t1 = 4 min) and a slow kinetic component (A2 = 20 417,
t2 = 48 min). In fibers, as it was already the case for the preforms,
the coloring kinetic seems mainly governed by the kinetic of
WO3, as reported in our last papers,[36,38] which confirms weak
effect of the PMMA matrix on photochromism (for the coloring
mechanism). It can however be noticed that, because of different



Figure 8. Photochromic coloring of the 0.2% WO3-doped PMMA fiber (FPM02). a) Axial transmission spectra versus irradiation times, b) Kinetic study
based on the transmission intensity (at 650 nm) versus irradiation time, c) Photographs of a single fiber and of a bundle of FPM02 fibers before and
after irradiation.

shape and especially a different surface/volume aspect-ratio, the
two characteristic times t1 and t2 describing the coloring kinetic
are both increased for fibers versus preforms (the signal for
fibers is measured in transmittance while it is in absorbance for
the preforms, which leads to a sign inversion of the characteristic
times). Our hypothesis to explain the slower coloring of fibers
compared to preform is a lesser efficiency of the irradiation in
the fiber case due to its cylindrical aspect.

The same pre-irradiated FPM02 fiber was used for bleaching
study (Figure 9). The fiber was left in the dark at room temper-
ature for self-bleaching using the same set-up while automat-
ically recording the evolution of the transmission signal. Un-
like observations made on the PM02 preform (Figure 4), the
FPM02 shows a reversible and almost complete bleaching mech-
anism, returning to its transparent appearance after 24 h in the
dark (Figure 9a). The maximum transmission intensity evolu-
tion can be fitted from a single exponential growth trend on the
complete 20 first-hour range, according to Equation (2) already

used on preform slices. Beforehand, the bleaching mechanism
is governed by the phenomenon of reoxidation of W5+ to W6+

by the oxygen from the atmosphere. We assume that the princi-
ple change from preform to fiber is again their aspect-ratio. Con-
sidering aspect-ratio, the evolution of diameter from preform to
fiber is given by: Dp/Df = 12 000/265 μm = 45.3, which we be-
lieve leads to an higher proximity of the WO3 nanoparticles to
the fiber surface and so the oxidizing atmosphere. Actually, the
bleaching kinetic of the fibers is nearly close to the one of WO3
powder beds, reported in previous works.[34] This confirms that
the slower and partially non-reversible bleaching only observed
for the preforms was due to the « optical passivation » of the dis-
persed particles in the PMMA matrix, which is poorly oxygen dif-
fusive, i.e., the PMMA matrix in preform (thick) geometry tends
to prevent the redox reaction at the origin of the WO3 particle
photochromism.

This set of experiments shows a huge optical contrast of the
hybrid fibers between the colored and bleached states, that is to

Figure 9. Photochromic bleaching under dark of the 0.2% WO3-doped PMMA fiber (FPM02). a) Evolution of axial transmission signal in dark conditions,
b) kinetic study based on the transmission intensity (at 650 nm) versus time after irradiation.



Figure 10. Photochromic K/S spectra of a 2D fabric made of 0.2% WO3-doped PMMA fibers (PM02) versus time for a) coloring versus irradiation and
d) bleaching under dark. Kinetic study based on the evolution of the average K/S absorbance (400–2500 nm): b) during coloring and e) during bleaching.
c) Photographs of the fabric before and after irradiation with the corresponding colorimetric coordinates.

say the axial transmission of the fiber is nearly turned-off during
the NPs coloring step (under UV irradiation) while it is nearly full
recovery during the NPs bleaching step. It constitutes a rare ex-
ample of a positive (enhancement) change of the photochromic
properties with the effect of the shaping of the material, here
from the NPs to the preforms then to the 1D fibers.

3.4. Photochromic Properties of 2D Textile

In this section, we discuss the optical properties of a 2D system
consisting of photochromic pieces of FPM02 fibers woven manu-
ally into a fabric with dimension 2 × 2 cm2 (Figure 10). The fibers
were selected from the same fiber drawing section with similar
diameter. Ex situ diffuse reflectance (%R) of the fabric after ex-
posure of 1, 2, 5, 15, 25, and 60 min under UV lamp (8 W) were
recorded and the results are presented in Figure 10a.

Comparing to other researches in the field, Bao et al.[63] pro-
duced photochromic cotton fabric via thiolene click chemistry
using the spiropyrane derivatives as the photochromic active
part. The synthesized photochromic materials show a good color-
changing rate and fading rate with visible contrast ≈50 between
non-irradiated and irradiated states. Notably, our 2D fabric ex-
hibits a quick response after 1 min of irradiation, as proved from

the quick degradation of the reflectance curve between 0 and
1 min. The coloring kinetic was evaluated by fitting the exper-
imental data using a double exponential function according to
Equation (1) (Figure 10b) (based on the K/S absorption spectra
which is a most adequate representation of the color evolution
for the 2D fabric). In the case of the fabric, the two kinetic phe-
nomena show almost the same amplitude (A1 almost equal to A2)
with t1 = 1.1 min t2 = 20 min. The associated chromatic coordi-
nates in L*, a*, and b* space are calculated for the 0 and 60 min
irradiated states (Figure 10c). The visible ΔC contrast is found to
be: ΔC =

√
(Δb∗2 + ΔL∗2 + Δa∗2) = 43.6. Indeed, the textile gives

a very good color contrast, which is important for application as
a smart textile. Hence, in terms of kinetic and contrast, the 2D
textiles exhibit the quickest and deepest coloring properties. The
slight improvement in comparison with the coloring of a single
fiber from its axial transmission is surely due to the capacity of
the textile to intercept efficiently the UV irradiation from the UV
lamp. Hence, the shaping step to applicative manufactured 2D
products, with large surface/thickness ratio is associated with im-
proved photochromic coloring.

For the bleaching study, the irradiated fabric investigated above
was left in dark in the spectrometer chamber for self-bleaching.
As for coloring study, the reflection spectra were transferred to
K/S (Figure 10d). As expected, the fabric shows a reversible be-



havior similar to single FPM02 fibers. Bleaching kinetic was fol-
lowed by recording the evolution of average K/S versus after-
irradiation time (Figure 10e). The K/S evolution can be fitted 
from a single exponential decay trend according to Equation (2). 
The kinetic of the bleaching mechanism of the fabric appears to 
be almost the same than of the fiber FPM02: the characteristic 
decay time 𝜏d is equal to 4.2 h, to be compare to the one cal-
culated for the fiber (5.0 h). Thus, the fabric exhibits a reversible 
photochromism, returning to almost its initial state for 20 h (with
>90% recovery after 8 h), that is, one night is sufficient for reini-
tializing and re-using the as-prepared smart textile.

4. Conclusion

In this work, we have investigated the elaboration and pho-
tochromic properties of hybrid inorganic/organic WO3-doped
PMMA optical fibers. Macroscopic preforms have been success-
fully synthesized by the radical polymerization of MMA-doped
with modified photochromic WO3 nanoparticles, followed by
their thermal stretching into tens-of-meters-long optical fibers
with diameter ranging 200–600 μm. The 0.2% WO3-doped pre-
form shows a slow coloring mechanism and an irreversible
photochromic behavior while single fibers exhibit more intense
and more rapid coloring and bleaching phenomena, compara-
ble to the phototochromic parameters of WO3 powder beds. This
shows that, even if the PMMA matrix contributes to block the
oxygen diffusion as the source of the WO3 redox activity and
color changes, the design of thin composite fibers enables the
redox photochromic activity of the embedded WO3 nanoparti-
cles with large optical contrasts. Moreover, we have presented a
hand-made 2D photochromic fabric made with 0.2%-WO3-doped
fibers. It shows a fast bleaching response, with a decay time
of 4.2 h, along with a very large visible contrast (ΔC = 43.6).
The proposed hybrid WO3/PMMA composites are thermally sta-
ble and amenable to shaping, without compromising the sensi-
tivity of their photochromic phenomena. The successful color-
ing/bleaching mechanism of the proposed 1D single fibers and
2D fabric systems, conjugated to a fast response to UV excitation,
demonstrates their potential as flexible fiber-based UV-sensor de-
vices and smart textiles.
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