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To my family

“We are trying to prove ourselves wrong as quickly as

possible, because only in that way can we find progress.”

—Richard P. Feynman

“There is nothing like looking, if you want to find
something. You certainly usually find something, if you
look, but it is not always quite the something you were

after.”

—J.R.R. Tolkien, The Hobbit or There and Back Again






Preface:

This doctoral research has been performed under the scope of Industrial
Doctorates Project. Financed by the Generalitat de Catalunya, the aim of this
program is to promote technology transfer from public research centers and
universities to private companies, to promote applied research and the launch of

innovative products into de market.!

The research group where this work has been carried out is Nanostructured
Functional Materials (Nanosfun), from the Catalan Institute of Nanoscience and
Nanotechnology (ICN2), from which the thesis director Dr. Claudio Roscini is part.?
The company involved in this project is Futurechromes S.L.., a start-up company

created to exploit a technology previously developed in Nanosfun.?

This doctoral research was carried out by Héctor Torres Pierna, currently in
possession of a MSc degree in Industrial Chemistry, and ascribed to the Materials
Science PhD program, at the Universitat Autbnoma de Barcelona,* under tuition of

Prof. Jordi Hernando.

As direct outcome of this industrial doctorate project, by the time this
dissertation is deposited, a patent has been filed and granted (US10227527B2), a
scientific journal article is pending of publication, several prototypes produced, and
important steps towards the commercialization of photochromic products based on

the developed technology have been done.

! http://doctoratsindustrials.gencat.cat/en

2 https://icn2.cat/en/nanostructured-functional-materials-group

3 http://futurechromes.com/

4 https://www.uab.cat/web/postgraduate/phds/all-phd-programmes/general-
information/materials-science-1345467765430.html?param2=1345657420764
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Abstract.

In this doctoral research, an optically transparent photochromic material with
fast and liquid-like kinetic response has been developed, and the methodology to
produce said material is described herein. This technology is based on the
nanoemulsion entrapment (NEE) technique, in which an emulsion is first formed and
stabilized by a film-forming polymer, and then the solvent of the continuous phase

is removed, to generate a film containing the emulsion droplets entrapped in it.

Having the photochromic dyes dissolved in the dispersed liquid phase of the
droplets ensures minimal steric hindrance for the dye to isomerize and therefore
the fastest photochromic kinetics for the dye used (i.e. liquid-like behavior), while
the continuous polymeric film provides a solid platform, which is the most
convenient for the majority of applications. Moreover, the NEE films are visually
transparent (> 90 %T), since the dispersed droplets are reduced to the nanoscale
size (< 100 nm), by either ultrasonic irradiation or high pressure homogenization,

minimizing light scattering.

Along this thesis it has been demonstrated that the properties of the NEE films
are easily tunable to match the key requirements of different applications. By simply
changing the photochromic dyes it is possible to control the photoinduced colors,
the coloration/discoloration rates and the color intensity of the activated state. The
coloration and discoloration rates can be finely tuned by substituting the
hydrophobic oil of the droplets. The modification of the polymeric matrix allowed

to withstand moisture and higher temperatures exposure.

The production of NEE films was scaled up to the 200 g. Some working prototypes
for potential industrial applications were produced such as eyewear, smart
windows, car windshields and helmet visors, and are presented at the end of this

thesis.

XV
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Introduction

1 Introduction

1.1 Photochromism
The photochromic phenomenon can be simply described as a reversible color

change of a substance when exposed to light.[%!

In @ more precise and complete definition, photochromism refers to the process
in which a compound A undergoes a reversible reaction when irradiated with certain
wavelength of light and becomes a compound B, which is thermodynamically less
stable and present a different absorption spectrum (Figure 1-1). The back reaction
to the more stable form A can be achieved by either irradiation with a different
wavelength (P-type photochromism) or through thermal relaxation (T-type

photochromism).®!

Absorbance

Wavelength (nm)

Figure 1-1: schematic representation of the photochromic process

Though this definition does usually refer to absorption changes in the visible
range of the electromagnetic spectrum (A = 400 - 750 nm), that produce color
changes appreciable to the human eye, it does not exclude the cases when the

spectral variation occur in the UV or the NIR range of the spectrum.

Earliest reported examples of this photochromic substances date back to the 19%"

century, but the interest into this phenomenon increased exponentially since the
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mid-20" century, when the glass manufacturing company Corning Inc. started to
produce photochromic glasses based on silver halides,?! the term “photochromism”
was first proposed, and the synthetic methods to obtain organic photochromic

compounds were improved.™

1.2 Applications of photochromic materials and products market

The reversible light-induced color change of photochromic materials is of great
interest for the fabrication of light-responsive devices, such as optical filters,
rewritable displays, optical memories, smart windows, smart biomaterials, etc.[*!
Moreover, the two chemical species involved in the photochromic transition, not
only differ in the color, but often also in physicochemical properties, such as
geometry, polarity and functional groups, especially when using organic

photochromic dyes.

This changes can be exploited to produce smart materials that change their
wettability,'? mechanical and thermal properties or pharmacological activity,
actuators and molecular motors.3 However, all of these applications are still

under development in the academic community.

Regarding the industry, the photoinduced reversible coloration of T-type
photochromic materials is what nowadays is mostly exploited. It is found in novelty
items such as in toys and T-shirts, but it is in the eyewear industry where

photochromic compounds are more broadly used.™¥

In fact, the global photochromic ophthalmic lenses market was valued around
USS 4.8 billion in 2018 and is projected to reach USS 7.7 billion by 2024. This

application represents the 80 % of all the photochromic dyes market.*"!

These products adapt to the different lighting conditions, turning dark when
exposed to sunlight, and becoming clear when worn indoor, providing additional
UV-protection and maximum comfort for the wearer. The main examples of

photochromic lenses brands are Transitions™ by Transitions Optical,!*®

4
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PhotoFusion® by Zeiss*”! and SunSensors™ by Mitsui (Figure 1-2).1'8! Some other
examples of commercial photochromic eyewear products are sunglasses, sport

eyewear (e.g. Rockbros) and motorcycle helmet visors (e.g. from Lazer).

Transitigns

XTRAEtive’

ROCKBROS

.

Figure 1-2: promotional images of photochromic commercial products: Transitions
ophthalmic lenses (a),*®! Lazer helmet visor (b)*®! and Rockbros cycling sunglasses(c).!*®

A second potential application of photochromic compounds, which is attractive
for the industry, is the field of smart windows (SW). This windows can adapt their
clarity to the environmental conditions, increasing the comfort of the inhabitants,
and potentially achieving energy savings, by reducing the heat gains and therefore

air conditioning usage.???

The SW market was valued at 2.6 billion USS in 2018 and is projected to reach
4.6 Billion USS by 2025.2% The SW market is currently dominated by electrochromic
devices,?* since they have superior performance.?*?*! Some main examples of
electrochromic smart windows brands are SageGlass® by Saint-Gobain!?®! and

View®glass, acquired by Corning.?”!
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However, photochromic SW could potentially achieve a share of the market, due
to the simplicity and lower costs of the glass panels installation and maintenance,
as it does not require wirelines nor power supply.?® Nowadays, the photochromic
SW are mainly under academic development,1+2>2931 though small companies
already exists (e.g. CoolVul®? and Tintdepot®*) that sell add-on photochromic films

for windows and windshields (Figure 1-3).

65% 45%

Sunscreen
foryour ©

-/ e
r

f
PHSTOCHROMIﬁINDOW FILM

AVAILABLE NOW

windows

|/
[~ ™ N N e

Figure 1-3: promotional images of photochromic add-on films for smart windows
(CoolVUB?, a) and windshields (Tintdepot®3, b).

1.3 T-type photochromic dyes

Among the photochromic compounds, organic photochromic dyes are the most
predominant for ophthalmic lenses.?¥ These dyes have broad commercial
availability, good fatigue resistance, photochromic response tunability (e. g. color
type and intensity of the activated form, etc.) and good integrability into flexible,
conformable plastic matrices (e.g. acrylates), which are the main material of the

majority of lenses produced nowadays.!*43°

Spirooxazines and naphthopyran derivatives are the most used T-type dyes in the
industrial sector due to their enhanced fatigue resistance and scaled-up
production.'®3¥ These dyes reversibly interconvert from a thermodynamically stable
colorless closed form (indoor) to a photoactivated merocyanine-like colored isomer

when exposed to UV radiation (outdoors). The colored form reverts back to the
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initial colorless state when the UV exposure is stopped, through spontaneous

thermal relaxation (Figure 1-4).

The T-type photochromism of this family of dyes is suitable for light and cost-
effective adaptive eyewear, since the materials made of these self-adapt to the
lighting conditions without needing additional sensors nor power supply as

electrochromic materials do.3%37

Figure 1-4: scheme of the photochromic interconversion of spirooxazines (a) and
naphthopyrans (b).

1.4 Fast fading and matrix effect

Despite these dyes are already used in the ophthalmic industry, there are still
important technical limitations that are preventing T-type photochromic materials
to be used in more sectors. One of these is the fine control of the isomerization
kinetics of the dyes, which is in general not easily achievable in solid matrices, where
often significantly reduced light-induced coloration and thermal fading rates of the

dyes are observed. This is due to the matrix effect.

The matrix effect is related to the steric hindrance that the solid matrix opposes
to the conformation changes of the photochromic molecules involved during the

photoinduced and thermal back isomerizations.® The more rigid and dense is a

7
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polymer matrix, the higher is the steric hindrance and therefore, the slower is the

interconversion rate. 341

To solve this technical problem, during the latest years, researchers have been
constantly coming up with new solutions, which could be classified in two different

approaches.

One general strategy consists of the design and synthesis of new photochromic
molecules that involve minimal conformational changes during the photochromic
interconversions (e.g. molecules based on bridged imidazole dimers),*>% or
prevent the formation of the longer-lived isomers of the open forms of
spirooxazines (i.e. trans-merocyanines)®*? or naphthopyrans (i.e. transoid-trans,
TT)3%0 that slow down the ring-closure reaction (oxazines, substituted

naphthopyrans) (Figure 1-5).

a)
Uncoloured h
Ui
Fast decay Slow decay
b)
Ar
Ar Ar | Ar
07> o A Ar O\ ~Ar
| MeO
MeO. uv MeO. . : uv
9 QLD =
B S % -
6 Ph “ph A PR “Ph A Ph" Ph
1
Uncoloured TC Fast decay Uncoloured

Figure 1-5: photochromic equilibrium between the closed form of naphtho[1,2-b]pyran and
the two isomeric open forms TC (isomer that reverts faster to the colored form) and TT
(slower isomer) (a); and the fused-naphthopyran that does not yield the slow component in
the open form (b).5>3

Though this approach yielded photochromic dyes with very fast fading rates
(from nanoseconds to seconds), it requires synthetic procedures, that difficult the
tunability of the performances of the photochromic dyes and in some cases their

commercialization. Moreover, while in some cases the open form concentration at



Introduction

the photostationary state is too little to observe color formation, others still show a
matrix effect and require plasticizers in the final films to preserve the solution

behavior.

A second general strategy to minimize the matrix effect is to provide a soft or
void environment to the photochromic dyes that oppose less steric hindrance and
give free-volume for the photochromic molecule to isomerize and rotate. This has

been achieved by different strategies, such as:

a) Functionalizing the photochromic molecules with flexible tails, that surround
the photochromic moiety.675%

b) Embedding the dyes in low glass transition (T,) materials, such as polymers,®®
hybrid organic/inorganic materials,©”® or gels. [©>-74

¢) Encapsulating the molecules in the cages of hybrid mesostructured
(nano)materials,”>7%!  metal-organic frameworks,””78!  supramolecular
cages!”®®Y or liquid-core capsules/®2#3!

by

Substituted - (

a)
@ Naphthopyran
= W X
g A (>

'Yy &
YY) —\

9 { !
}_OND/\"D“A*?“D;?W = ?J%
o

Poly(dimethyisiloxan
y(CanJUgMM Y

w— photochromic capsules

T-o; g *‘.‘—:-.p..ho-to::hromic thin film
S s 0-0-0-0-9-0-90-0-¢
PR TENNS [T RN [ |
0 25 50 75 100
Time/s

Figure 1-6: strategies that minimize the matrix effect: molecular functionalization with
flexible polymeric tails (a),'®* embedment of the dye in low T, polymeric matrices (b)"®® and
encapsulation of the dye into liquid-core microcapsules(c).!®?!
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Though these strategies improved the kinetic response of the photochromic dyes
they still need chemical modification of the dyes or yield non-optically transparent

films (key properties for optical filters applications).

1.5 Transparency and light scattering

The lack of optical transparency of the materials obtained with some of the
above strategies is caused by the introduction of microscopic particles or domains
of different materials (e.g. microcapsules) into the polymeric matrices, which

generate light scattering at each interfaces

The amount of light scattered by these particles is proportional to their size,
concentration, refractive index mismatch with the continuous matrix, and the

specific wavelength of the incident light.®%

As described by the Mie light scattering theory,® particles with size above 200
nm in diameter generally backscatter most of the visible light (A = 400 - 700 nm),
yielding opaque or very turbid dispersions. Dispersions with particles of size
between 200 nm and 100 nm in diameter start to become partially transparent,
allowing the transmission of longer wavelengths radiation (e.g. red light), but still
significantly scattering shorter wavelengths (e.g. blue light) and therefore displaying
a characteristic opalescence due to the Tyndall effect.®® Suspensions of
nanoparticles below 100 nm in diameter have high transmittance in the whole

visible range, despite the refractive index mismatch or the concentration.

Therefore, when applying structured materials (e.g. the encapsulation strategy)
to minimize the matrix effect, it is necessary to reduce the particles size to the
nanoscale, in order to obtain a universally transparent photochromic material,
suitable for optical applications such as eyewear and smart windows. This also
applies to the strategy based on core-shell microcapsules that was recently

developed in the Nanosfun group (Figure 1-7).%2! The films prepared through this

10



Introduction

approach showed solution like and fast responsive photochromic properties, though

they were highly opaque due the microcapsules size.

Figure 1-7: opaque film containing fast fading photochromic microcapsules.!?

Though the preparation of such nanocomposites is possible,’® they require
time/cost-consuming syntheses, and are effective only under certain balance of
hydrophilic/hydrophobic materials. Therefore, a universal and quick strategy to
obtain transparent photochromic materials with fast and easily tunable

photochromic response is still a challenge for their use in practical applications.

1.6 Nanoemulsion entrapment

To overcome these drawbacks, in this doctoral research a straightforward and
universal solution is proposed. This strategy was inspired from technologies based
on droplets trapped within a continuous polymer matrix (e.g. electronic papers,®?
photoprotective packaging,®® liquid crystal displays and smart windows,®* scratch-

and-sniff coatings®).

1——
M :Dye - 1: nanoemulsion
- formation -

2: purification.

e . i R
film formation \ o )

Solution A :::.:-j

SolutionB ‘

Figure 1-8: schematic representation of NEE films preparation procedure.
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Again, these examples yield non-transparent films due to the light scattering
caused by the micrometric droplet size contained. In order to achieve visual
transparency of these materials, the droplets of the emulsion must be reduced to

the nanoscale.
Therefore, the preparation approach to achieve such films consisted in:

i. the preparation of an oil-in-water (o/w) nanoemulsion made of
hydrophobic nanodroplets (< 100 nm), containing the photochromic dye,
dispersed in the water phase in the presence of a hydrophilic polymer
that acts as both droplet stabilizer and film-forming material;

ii. forming a film through water evaporation, during which the
nanodroplets remain stabilized from the coalescence (guaranteeing
transparency) and physically trapped in a separated phase (assuring fast

photochromism).

The advantages of use of this strategy over the encapsulation approach are,

among others:

e The nanoemulsion and the film are obtained in a one-pot process.

e Itinvolves minimal work up and purification.

e No chemical reactions that could irreversibly alter the photochromic
dyes are required.

o No additional surfactants are required for the nanoemulsion since the

film-forming polymer is acting as droplets stabilizer.

1.7 Nanoemulsions

Emulsions are dispersions of droplets of one liquid into another immiscible
continuous liquid phase. They are usually composed of a hydrophobic oil dispersed
in an aqueous solution (O/W) or an aqueous solution dispersed into a continuous

oil phase (W/0).°®!

12
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Typical emulsions have droplet sizes of about 0.5 um in diameter or above and
are visually opaque. These dispersions require energy input to be produced (e.g.
shear forces) and are not thermodynamically stable, due to the increment of surface
tension associated to the increasing oil-water interfacial area. The droplets have the
tendency to flocculate or sediment and coalesce overtime, even if surfactants are

added to reduce the surface tension (Kinetic instability).!*”

A particular type of emulsion is the nanoemulsion (NE), achieved when enough
energy and surfactant are added, and the droplet sizes are reduced to the nanoscale
(approximately 100 nm or below). Though these NE are still thermodynamically
unstable, and often require high-energy input to be obtained, the flocculation and
coalescence processes are very slow and therefore become kinetically stable even
for several months. Moreover, NE are optically clearer due to the small size of the
nanodroplets, which greatly reduces light scattering (Figure 1-9).°®! NE should not
be confused with microemulsions, which are thermodynamically stable and do not
require high energy input, but require a high concentration of surfactant to be
achieved.f”

Microscale

Nanoemulsion Emulsion

<a>
22 nm

{

Figure 1-9: transparent nanoemulsion (radius = 22 nm) and opaque microscale emulsion
(radius 3.5 um), at the same oil concentration in the water phase.!®®

NE can be prepared by a variety of methods, classified as low-energy or high-

energy methods. Low-energy methods cleverly exploit the potential energy of

13
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specific chemical compositions, that is released as a phase change is performed. A
major example of this is the phase inversion composition method, in which normally
a W/0 emulsion is converted into an O/W nanoemulsion by constantly adding water
dropwise (Figure 1-10). However, these methods are too dependent on the mixture

formulation, and difficult to scale up in a controlled manner.?”

O/W nano-emulsion

WIO microemulsion Bicontinuous / Lamellar liquid

microemulsion, D crystal, La
surfactant A OQ O B P

3%° F=

e e

. . s (zero curvature) ”
Curvature inversion:  (negative curvature) (positive curvature)

Figure 1-10: schematic representation of the phase inversion composition
nanoemulsification process.!*®

On the contrary, high-energy methods rely on instruments with great power
output, such as ultrasonicators, high-pressure homogenizators and microfluidic
devices, that breaks large droplet into nanodroplets. The ultrasonic irradiation
produces acoustic cavitation fields, [ while the high pressure homogenizations and
microfluidic devices force the emulsions to pass through microsized channels,
producing impact of droplets against the channel walls, high-shear forces and

extreme elongation of the droplets (Figure 1-11).110%:102]
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high pressure \

o O homogenization o s 48
9 ° ] -
9
J
9 .
Q 9 S o
O/W nanoemulsion
macroemulsion
ultrasonication

Figure 1-11: schematic representation of high-energy nanoemulsification methods.!*°!

For this doctoral research, nanoemulsions prepared by high-energy methods
were selected over low-energy produced nanoemulsions and microemulsions due

to the more robust formulation and easiest scalability for the industry.[103104]
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2 Objectives

The main objective of this doctoral research is to develop a solid photochromic

polymer material, with high transparency, solution-like and fast kinetic response.

The second objective of this thesis is to implement the so prepared photochromic
materials into potential applications, such as smart windows and ophthalmic lenses,

and achieve the commercialization of these innovative products.

The approach to achieve this material is based on the nanoemulsion entrapment
(NEE) technology, which is a convenient, one-pot and reaction-free preparation
process. Moreover, the preparation of such material has to be scalable, and
requiring only easily available and commodity chemicals, suitable for the mass

production.
To achieve these objectives, the following steps were taken:

e Demonstrate the viability of the NEE approach and show its potentiality in
terms of photochromic performances tunability.

e Adapt the technology to the specific requirements of the different
applications, such as high color intensity in the activated state, minimum
residual color in the non-activated state, low haze, high moisture and fatigue
resistance.

e Show the scalability of the nanoemulsion and NEE film preparation.

e Obtain working prototypes integrating the NEE photochromic films.
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3 NEE technology development

3.1 Proof of concept

The viability of the nanoemulsion entrapment (NEE) technology to obtain

transparent fast responsive photochromic films was proven by:

i. Preparing an oil-in water (O/W) nanoemulsion, where the oil phase was
composed by a hydrophobic oil solution of the photochromic dye, while the
water phase as an aqueous solution of a film forming polymer.

ii. Casting the solution onto a substrate and letting the water evaporate.

During the water evaporation it is expected the polymer precipitates forming the
film and entrapping the nanodroplets in it. The main components selected for the

proof of concept of the NEE film are presented below.

The selected photochromic dye was 1,3-dihydro-1,3,3-trimethylspiro[2H-indole-
2,3'-[3H]naphth[2,1-b][1,4]oxazine], commercially known as Photorome | (Phl). This
spirooxazine dye has a publically known chemical structure (Figure 3-1), is easily
available from different distributors and has been previously used in Nanosfun

research group as model photochromic dye.[*™

When a solution of this dye in a non-polar solvent (e.g. cyclohexane) is irradiated
with UV light (Amax = 360 nm), the colorless, thermodynamically stable spiro (SP)
isomer interconverts to the merocyanine (MC). This form has an extended n-
conjugated bonds, that originates a characteristic blue color (Amax= 560 nm), (Figure
3-2). Once the irradiation is stopped, the MC form reverts gradually to the colorless
SP by thermal relaxation. The fading kinetics of this process is strongly dependent
on the surrounding medium properties, such as viscosity and polarity and gives

information about the phase where the dye is dissolved in.[>>7!
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Figure 3-1: molecular structure of the SP and photoinduced MC isomers of Phl. The MIC
isomer is reported as the contribution of the two resonance structures.
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Figure 3-2: absorption spectra of the unactivated and photoactivated of Phl dissolved in
cyclohexane at 5*10 “* M concentration.

A coconut oil derivative branded as Miglyol® 812 (M812) was employed as oil
carrier. This oil is widely used as hydrophic carrier of organic molecules (e.g.
fragrances, drugs, etc.) for micro- and nanoencapsulation processes, since it is non-
volatile, inexpensive and has low toxicity and high stability against oxidation.
Moreover it is liquid at 0 °C,[>#% ensuring a liquid environment for the dye, and
thus liquid-like fading kinetics even in cold weathers. Its composition is a mixture of
triglycerides from caprylic (approximately 50-65 %) and capric (approximately 30-

45%) fatty acids.[*Y Phl has an activated visual absorption at Amax= 603 nm in M812.
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As for the matrix forming polymer, a low molecular weight and partially
hydrolyzed polyvinyl alcohol (PVA), branded by the providers as the grade 4-88, was

chosen due to its high solubility in water and emulsification power.[*?

For the preparation of the NEE film, the Phl dye was dissolved into M812 oil at 1
wt.% concentration by magnetic stirring, while a 20 wt.% solution of PVA 4-88 was
prepared by dissolving the polymer zin distilled water, under reflux. The organic
photochromic solution and the polymeric aqueous phase were mixed in a 1:9 wt.
ratio and magnetically stirred to achieve a white and opaque O/W preemulsion. This
preemulsion was then subjected to ultrasonic irradiation to reduce the droplet size,
whose evolution along time was monitored by Dynamic Light Scattering (DLS) at
regular intervals of time until a plateau in droplet diameter was observed at 90 nm
after 20 minutes of irradiation. The opacity of the nanoemulsion gradually
decreased with the droplet size, reaching high visual transparency and a distinctive
bluish coloration once the average droplet diameter decreased below 100 nm, due

to the Tyndall effect (Figure 3-3).1*%

The resulting nanoemulsion was then coated on a polystyrene Petri plate
substrate and the water was allowed to evaporate at 30 °C under air atmosphere
for 48 hours (Figure 3-4). As the water evaporates, the PVA precipitates trapping the
lipophilic nanodroplets in it, generating the NEE film. The formulation of this
nanoemulsion and the NEE film obtained from it were denoted as Phi@M812@4-
88.

The transparency of the film is such that the letters of a text layered beyond the
film can be clearly read. The fact that the film remains transparent indicated that
the nanodroplets are not aggregating nor coalescing into larger droplets along the

drying process.
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Figure 3-3: photographs of the nanoemulsion (a), DLS measurements of the nanoemulsion
(b) and representation of the Z-average decrease (c) over time of sonication (0-20 min).
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As a preliminary test, the presence of the photochromic dye in the film was
confirmed by the development of the characteristic blue coloration of the
photoactivated form of Phl upon irradiation of the NEE film with a UV mercury lamp
(Amax = 365nm) for 30 seconds. The fading of the blue color in the NEE film was fast
and completed in less than 10 seconds, suggesting that Phl remained dissolved in
the lipophilic nanodroplets along the ultrasonic irradiation and after the drying

process of the film (Figure 3-4).

Liquid Solid Photoactivated
nanoemulsion
e
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Figure 3-4: digital photographs of the casted liquid nanoemulsion, the dried NEE film and
the photoinduced blue coloration of the NEE film.

3.2 NEE film characterization

3.2.1 Photochromic performance

To assess the viability of NEE films as a fast photochromic material for optical
applications, the photochromic performance of the above prepared film
(Phi@M812@4-88) was determined by UV-vis transient absorption spectroscopy
(TAS) and compared to a conventional photochromic film consisting of a solid
solution of Phl in poly(methyl methacrylate) (PhI@PMMA). For the preparation of
the PhI@PMMA film, see the experimental section (Chapter 7.2).

The experimental set-up consisted of placing the films in a custom holder for an
Agilent Cary™ 60 UV-vis spectrophotometer. This spectrophotometer was chosen
among other available equipment due to its robustness, simplicity of operation and

its excellent scanning speed and time resolution (0.1s), which allows monitoring very
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fast photochromic kinetic processes. Moreover, with this spectrophotometer it is
possible to work with the open sample compartment, which permits the easy
introduction of external UV-light sources, such a solar simulator, required for the
characterization of photochromic samples, to better simulate their real

performances when exposed to outdoors sunlight.

The sample holder of the spectrophotometer was also adapted in such a way that
the film could be placed at a 90° angle respect to the measuring beam and at 45°
respect to the excitation beam derived from the sun simulator. This specific set-up
guarantees that the film can be simultaneously hit by the excitation beam (that
activates the photochromism) and the measuring light (that measures the
absorbance and transmission of the film) in the same spot. This configuration allows
monitoring the time-dependent variation in light absorption/transmittance of the
photochromic film before, during, and after (fading) the photoinduced

isomerization.

The visible absorption spectra of the unactivated (residual absorption in the
visible region and the colored (Amax = 603 nm) forms of the films were measured in
the dark and during irradiation, after reaching the photostationary state (PSS),
respectively (Figure 3-5, a). To study the kinetic rate of the fading processes, the
absorbance variation of the films was followed at the visible maxima of the colored
isomer (Figure 3-5, b). The films were irradiated for 60 s to induce the formation of
the transient colored isomer of Phl (MC), confirmed by the increase of the
absorbance up to a plateau indicating the achievement of the PSS. At this point (t =
0), the irradiation was stopped and the absorbance decrease at 603 nm was
monitored for further 60 s, during which the film was allowed to fade back to the
colorless state in the dark. The temperature along the process was maintained
around 25 °C by means the air conditioner in the laboratory, since it is well known

that the temperature has an important effect in the photochromic fading rates.*#
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Figure 3-5: UV-vis spectra (a) and fading kinetics normalized to the absorbance at the PSS
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(b) of PhiI@PMMA and Ph@M812@4-88 films.

To be able to compare the fading kinetics between the two films, the time-
dependent absorbances were normalized to the respective absorption value at the
photostationary state (thus fixed to Abs. = 1). The normalized kinetic profiles were
then fitted by biexponential decay functions with the general expression noted in
Equation 3-1. The obtained rate constants (ki and k;) and the half-lifetime (t12) and

three-quarters-lifetime (ts;s) of the transient colored species were extrapolated by
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the fitting curves and are presented in Table 3-1. Complete definition of the ti/> and
ts3/a values, and the method to calculate them is presented in the experimental

section (Section 7.3.4.2).

Equation 3-1: general expression for a biexponential fading decay function.

A = Ay xexp(—Kky xt) + Ay xexp(—ky, *t) + Y,

Table 3-1: Half-lifetime (t1/2) three-quarters-lifetime (ts/) and biexponential decay fitting
constants of Phl dispersed in NEE and PMMA films.

ti2(s)  tsa(s) Al k1 (S'l) A2

0.99 0.85 0.04 0.07 0.01

PhieMs12@4-88 | 0.9 | 18 | 001 £0.01 | £0.03 | +12.6 | £0.04

0.40 0.24 0.46 0.03 0.11

PRIGPMMA | 99 | 45 | 1000 | 001 000 +0.01 | +0.00

As expected, the fading kinetics of Phl in the NEE film was much faster thanin a
standard PMMA solid matrix, being the ti; an order of magnitude smaller. This
proved the viability of NEE as approach to achieve solid and transparent materials

with fast photochromic performances.

The fitting function for the Phl@M812@4-88 film only has insignificant
contribution from the second pre-exponential decay factor (A), which is related to
the slow portion of the fading. This indicates that the Phl dye molecules are
principally homogenously dissolved in the liquid lipophilic nanodroplets, with low
steric hindrance, rather than in the PVA matrix. In contrast, the PhI@PMMA film has
important contributions from both pre-exponential decay factors and lower fading
rate constants, indicating: a) the presence of inhomogeneous dominions of the dye
molecules in the PMMA matrix and b). the predominance of rigid PMMA
environment in the vicinity of the Phl molecules, which impose a much higher steric

hindrance than a liquid solution, slowing the fading kinetics.
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Moreover, the obtained lifetimes for the colored isomer of Phl in NEE film was
alike to those reported by our group for a bulk M812 liquid solution and to
microcapsules-based films (Figure 3-6).12) The small difference on the fading times
of this systems (NEE film, M812 bulk solution and capsules based film) was ascribed

to temperature differences during the measurements.

1.0
0.9 = Phi@M812@4-88
£ 0.8 e Phil@PMMA
§0.7 = Phl@M812
= Phil@MC@Lens

0 10 20 30 40 50 60
Time (s)

Figure 3-6: normalized fading process for Phl in bulk M812 solution (PhI@M812), in PMMA
matrix (PhI@PMMA), in microcapsules-based film (PhI@MC@Lens)and in NEE film
(PhI@M812@4-88).

Figure 3-7 shows a visual comparison of the fading process of the photoactivated
Phl dissolved in the NEE film, with a M812 liquid bulk solution (Phi@M812), the
microcapsules-based acrylate film (PhiI@MC®@Lens) and a PMMA film

(PRI@PMMA), previously reported by our group.

The Phi@MC@Lens, Phi@M812@PVA films and the Phi@M812 bulk solution all
fade completely after 5 s, while the PhiI@PMMA film is still significantly colored after
40 s. As expected, both encapsulation and NEE strategies provided solid films with
liquid-like fast photochromic response. However, the NEE approach clearly yielded

a much more transparent film than the obtained with microcapsules.
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Figure 3-7: photographs of the fading process for Phl in bulk M812 solution (Phi@M812), in
PMMA matrix (PhI@PMMA), in microcapsules-based film (Phi@MC@Lens)and in NEE film
(PhI@M812@4-88).

3.2.2 NEE film structure and composition

Once demonstrated the viability of fabrication of transparent and fast responsive
photochromic films via NEE, different characterization techniques were used to

corroborate the internal structure of the final NEE film.

3.2.2.1 Confocal fluorescence microscopy

The structure of the NEE film was investigated through confocal fluorescence
microscopy. A NEE film was prepared as described above, but replacing Phl with Nile
Red, a fluorescent dye (A*"max = 600 nm), in the organic M812 solution. Sodium
fluorescein salt was also added to the aqueous PVA solution (A*™max = 550 nm). These

dyes could be detected independently by confocal laser scanning microscopy, as it
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has been reported previously.[*™ The presence of these fluorescent dyes in the two
phases allowed to obtain information in the different steps of the film preparation

(Figure 3-8).

Figure 3-8: confocal laser scanning microscopy of stained preemulsion (a), ultrasonicated
nanoemulsion (b), and dried NEE film (c).

In the preemulsion, discrete red oil droplets of size between 1 and 6 um could be
observed dispersed in the green stained aqueous continuous phase (Figure 3-8, a).
However, once the ultrasonic irradiation was performed to achieve the
nanoemulsion, no discrete structures could be detected and only a continuous
mixture of green and red pixels was observed (Figure 3-8, b). The dilution of the
nanoemulsion did not provide any improvement in the image resolution, but only
reduced the fluorescent signal. This suggests that the average size of the oil
nanodroplets is below the resolution limit of the used equipment (around 200 nm),
and that the size distribution of the nanodroplets of the nanoemulsion is narrow
and no aggregated or coalesced droplets formed. This is in agreement with the

droplet size distribution measured by DLS in (Figure 3-3).

Similar results were obtained by imaging the dried NEE film (Figure 3-8, c), as no
discrete red structures could be observed across the film, indicating that the
lipophilic nanodroplets are not coalesced or aggregated to form structures above
the detection limit of the equipment. Several dark regions were observed in the film

area, though, likely coming from microscopic air bubbles entrapped in the matrix,
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dust and/or other contaminants deposited on the film surface during the drying

process.

The tomography of the NEE film also revealed a gradient of the red fluorescent
signal along the axis perpendicular respect to the film plane: the less intense signal
was measured at the bottom surface of the film, (in contact with the polystyrene
Petri plate substrate) while the highest intensity was observed at the film upper
surface (air-film interface) (Figure 3-8, c, lateral bar). This signal variation along the
film height was associated to a gradient in the nanodroplets concentration, which
suggests flocculation of the nanodroplets during the slow drying process (at room
temperature) favored by the lower density of the organic M812 solution compared
to the increasingly concentrated PVA aqueous solution. From this result it was
suggested that the drying process of the NEE films should be carried inside a closed

oven at 40 °C, to increase the evaporation rate and reduce contamination.

Even though this experiment provided insightful information, the presence and
the distribution of the lipophilic nanodroplets could not be confirmed by direct

fluorescent imaging, mainly because of the insufficient resolution of the technique.
3.2.2.2 Scanning electron microscopy.

The structure of NEE films was investigated by observing the surface and cross-
section of the films by scanning electron microscopy (SEM), since this technique has
a better resolution limit than confocal microscopy (around 20 nm). For these

experiments new NEE films were prepared as above, using Phl as dye.

The initial attempts did not yield clear images of the nanodroplets, though. Since
the PVA matrix of the NEE films has very low charge conductivity, the electron beam
produced built up electrical charge and heat, inducing significant damage to the film
surface and, blurring the image (Figure 3-9, a). Sputtering a platinum coating
improved to a certain degree the sample conductivity and resistance to the electron

beam, but no surface motives were observed at the range of sizes the nanodroplets
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were expected to be (Figure 3-9, b). Upon observation of the film section, it was
corroborated that the thickness was about 150 um. Moreover, it was realized that
the cutting techniques used to prepare the sample (scissors or cutters), induced
significant deformation of the film (Figure 3-9, c), preventing the visualization of the

real nanoscopic structure of the section.

Figure 3-9: SEM images of the non-sputtered NEE film (a), platinum coated NEE film surface
(b) and cross-section of NEE film cut with scissors (c).

Taking this into account, improved imaging of the cross-section was achieved by
fracturing the NEE films after freezing the sample in liquid nitrogen (avoiding
deformation). In this way, roughness and pores at the nanoscale (20-70 nm) could
be observed in the interior of cracks and grooves formed in the film, suggesting the
presence of nanocavities in the interior of the NEE film (Figure 3-10). Even though,

the PVA 4-88 matrix was still too sensitive to the electron beam to achieve a clear
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image and the attempts to stablish the internal structure of NEE films were

interrupted at this point of the research.

Figure 3-10: SEM imaging of cryo-fractured NEE films.

Finally, clear images of the interior structure and the nanocavities of the NEE
films were successfully obtained when more resilient grades of PVA were explored
in a later stage of this work, presented in more details in the Section 4.2, and
applying the learned improved measuring conditions explained above. This films

were made from:

a) PVA matrix with higher molecular weight and was cross-linked with
glutaraldehyde (Rev.PP@M812@XL40-88, Figure 3-10, a).

b) PVA matrix with higher hydrolysis degree (Rev.PP@M812@10-98, Figure
3-10, b).
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In both cases, the photochromic dye Reversacol Palatinate Purple (Rev.PP) was

used as dye instead of Phl.

Figure 3-11: SEM images of the cross-section of Rev.PP@M812@XL40-88 (a) and
Rev.PP@M812@10-98 (b).

The surface and the cross-section of this NEE film presented a plurality of
nanocavities homogeneously distributed, indicating the position that the lipophilic
nanodroplets should have occupied inside the NEE film before they were removed

during the cryo-fracture preparation process.

The size distribution of the nanocavities is in agreement to the DLS
measurements of the nanoemulsion of each sample, ranging from 50 nm to 150 nm,
with an average around 90 nm, for Rev.PP@M812@XL40-88, and from 100 nm to
500 nm, with an average around 200 nm for Rev.PP@M812@10-98, further
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indicating the former presence of the lipophilic nanodroplets inside these cavities.
The cavities do not present hints of interconnectivity between them or aggregation

of the nanodroplets.
3.2.2.3 Thermal analysis of NEE films.

To assess the mechanical and thermal stability of the NEE films, differential
scanning calorimetry (DSC) and thermo-gravimetrical analysis (TGA) were
performed to determine the glass transition temperature (Tg), melting temperature

(Tm)the water content and | decomposition temperature (Tq4) of the NEE films.

The results were compared to the crystalline form of PVA, which is how is
provided, and to a plain PVA film prepared by solution-casting process identical to
the NEE film casting, but without incorporating the lipophilic nanodroplets

dispersed in it (Figure 3-12 and Table 3-2).
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Figure 3-12: DSC (A) and TGA (B) analysis of PVA 4-88 in crystalline form (black), a solution-
casted film (red) and as NEE film (blue).
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Table 3-2: DSC and TGA results

Crystalline PVA 4-88 56.8 150-200 360 1
Solution-casted PVA 4-88 film 73.6 120-190 360 10
Phi@M812@PVA 4-88 film 71.0 120-200 360 6

The water content of the NEE film was found to be of 6 wt.% and the T; was of
71 °C. These results are similar to those observed for the solution-casted PVA film
that did not contain nanodroplets dispersed in it (10 wt.% of water, T = 73.6 °C).
This indicates that the integrity of the film is not compromised by the presence of

the nanodroplets at temperatures below the Ty, of PVA.

From the DSC analysis it was also observed a widening of the band related with
the PVA melting, between 120 and 200 °C, with respect to the crystalline PVA and
the plain PVA film, indicating that the lipophilic solvent acts as plasticizer of the PVA
matrix at these high temperatures. Moreover, thermal degradation and
volatilization only started at 360 °C in all the studied samples (with less than 5% of
solid residue after 700 °C). These results suggest that the droplet-based structure
may be maintained in the films up to 120 °C and that the thermal decomposition

only occurs after heating above 360 °C.

3.3 Universality of the emulsion entrapment technique

3.3.1 Substitution of the dye

After demonstrating the feasibility of NEE films as transparent fast responsive
photochromic materials using the model photochromic dye Phl, a screening across

different commercial dyes was made. The aim of this test was threefold:

a) To proof the universality of the NEE technique for T-type photochromic dyes
other than Phl.
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b) To improve the color development of the NEE films as they are exposed to
sunlight, since Phl has little absorption change when irradiated.
c) Achieve NEE films could provide different colors after UV irradiation, that could

be more attractive to different applications.

Seven different commercial dyes provided by Vivimed Labs under the branding
name Reversacol™ were tested to demonstrate its applicability to different product
designs. Even though the molecular structure of this dyes is not publicly disclosed to
customers, it is known that they are derivatives belonging to the spirooxazines and
naphthopyrans families, which are T-type photochromes, making them good

candidates to be used with our technology.

NEE and PMMA films with these dyes were prepared and characterized as above,
described in detail in the experimental Chapter 7.1. When irradiating with UV light,
the resulting films displayed the color according to the dye used. No color difference

was observed between the PMMA and the NEE films (no solvatochromism).

The visual aspect of the NEE films in the dark and exposed to sunlight is showed
in the digital photographs of Figure 3-13. In the colored films it is specified the
commercial name of the corresponding dye, while the numbers indicated in the
unactivated films are related to the time required by the films to fade completely.
The comparison of fading half-lifetimes (t1/2) of the photoactivated colored form of
the dyes is presented in Table 3-3. For very slow fading kinetics, the ts/ value was

extrapolated form the fitting function.

Remarkably, for all the commercial dyes tested, the ti; and ts/s fading times in
NEE films were at least one order of magnitude lower than in PMMA proving the
universality of the nanoemulsion entrapment technique and the versatility to
produce fast responsive photochromic products of different colors with T-type

photochromic dyes.
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Figure 3-13: photographs of the NEE films prepared with different commercial dyes,
activated by sun-light (a) and in shades (b)

Remarkably, for all the commercial dyes tested, the ti; and ts3/4 fading times in
NEE films were at least one order of magnitude lower than in PMMA proving the
universality of the nanoemulsion entrapment technique and the versatility to
produce fast responsive photochromic products of different colors with T-type

photochromic dyes.

Table 3-3: calculated ti/2 and tssu kinetics of commercial dyes in NEE films and PMMA films.

Reversacol™ dye NEE PMMA
branding name. tys (s) taa (s) ‘ ts (s) ‘ ta (s)
Palatinate Purple 1.4 2.5 109 342
Claret 3.6 7.6 120 607
Midnight Grey 11 29 16507 3050°)
Volcanic Grey 12 29 18002 3200
Graphite 73 216 8000 17000
Misty Grey 2.6 6.0 293 1400
Velvet Blue 2.6 53 40 146
Rush Yellow 8.9 46 38 382

a) extrapolated from fitted function
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Moreover, the NEE films with Reversacol™ Palatinate Purple (Rev.PP),
Reversacol™ Claret (Rev.Claret) and Reversacol™ Misty Grey (Rev.Misty), took less
than 10 seconds to fade completely, which means these films were two orders of
magnitude faster respect to the PMMA films. Despite the similar fading times of
these films to that made of Phl, these shown a much higher photostationary color
intensity (Figure 3-14). For this reason, and due to their easy accessibility, Rev.PP,
Rev.Claret and Rev.Misty were selected over Phl as dyes for some of the future

studies and optimization of the NEE films formulation.

m— Ph|@M812@4-88 unactivated
1.0 — Ph|@M812@4-88 activated
’ = Rev.Claret@M812@4-88 unactivated
0.9 = Rev.Claret@M812@4-88 activated
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Figure 3-14: UV-Vis spectra of NEE films containing Phl (black), Rev.Claret (red), Rev.PP
(blue) and Rev.Misty (green), in their unactivated and at the photostationary state.

3.3.2 Effect of the hydrophobic oil

After testing the universality of the NEE technique with different dyes, the effect
of changing the lipophilic oil solvent was explored. Rev.PP was selected as dye for
this study since, even though its molecular structure is not of public domain, its
kinetic response is similar to that of Phl and the intensity of the photoinduced

coloration is much superior.
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Rev.PP was dissolved in 14 different oils of different polarities and viscosities.
These oil solutions were used to prepare the corresponding NEE films whose
photochromic kinetic responses were measured as previously explained. The list of
oils used in the NEE films and the ti/; and t3/2 obtained from the fitting functions of
the normalized fading kinetics are summarized in Table 3-4, sorted the ts/; fading
time. The fitting functions of the fading processes and the visual aspect of this 14

NEE film are shown in Figure 3-15 and Figure 3-16 respectively.

Table 3-4: calculated ti/2 and tss of NEE films containing Rev.PP dissolved in different oils.

Code Name Type tiz2(s)  tsu(s)
DEP Diethyl phthalate Aromatic ester 0.8 1.6
HD Hexadecane Alkane 1.3 2.6

SiAR20 Polyphenyl-methylsiloxane silicon oil 1.6 33

=20 mPa.s

M829 Miglyol® 829 Triglyceride 1.9 3.6
mM812 Miglyol® 812 Triglyceride 2.2 4.2
M840 Miglyol® 840 Triglyceride 3.2 4.6

DISDAd Diisodecyl adipate Alkylic ester 2.3 4.6

SiAP1000 Po'yphinl‘gbn(;i:r;‘;'jloxa”e Silicon oil 2.4 4.8
PEG2EHt Felistimene g P PEG/alkylic ester | 2.6 5.1
ethylhexanoate)

BEHSb Bis(2-ethylhexyl) sebacate Alkane ester 2.7 5.3
DOT Dioctyl terephthalate Aromatic ester 4.8 9.6
HxBz Hexylbenzene Alkylic aromatic 5.0 11

3Ph3Ch 3-Phenyl-3-cyclohexane Alkylic aromatic 7.8 16
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Figure 3-15: fitting functions of the normalized fading process of NEE films containing
Rev.PP dissolved in different oils.
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Figure 3-16: photographs of NEE films containing Rev.PP dissolved in different oils,
activated by sun-light (a) and in shades (b).
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The photoactivated color intensity and the fading rate of the NEE films were very
dependent on the type of oil. As it was expected,*® the NEE films containing oils
that induced a faster fading rates (DEP, HD and SiAR20) also displayed the lowest
colorability. In the same way, NEE films prepared from oil solutions that induced a
slower fadings (DOT, HxBz and 3Ph3Ch) showed stronger photocoloration when

irradiated with sunlight.

A clear correlation between the solvent type and the fading times could not be
inferred, although relevant conclusion could be extracted from this experiment.
Photochromic fading kinetics are known to be affected by several factors of the

solvents, such as polarity, viscosity, pKa and the solubility of each of the isomers.

The viscosity effect could be appreciated by comparing the fading kinetics of the
NEE films prepared from Rev.PP dissolved in the two silicon oils. Since these oils
have the same chemical units, the difference in fading rate can be attributed only to
viscosity. The silicon oil with the lowest viscosity (SiAR20, = 20 mPa.s) induced faster
fading time than the more viscous one (SiAP1000, = 1000 mPa.s), since the second
provides more impediment to the isomerization process,*” similarly to the stearic

hindrance related to the matrix effect provided by rigid polymer media.

The effect of the solvent polarity is more complex to define. The MC form of the
spirooxacines might be stabilized by polar solvents (protic and non-protic), reducing
the rate of the ring-closure reaction. However, the extent of the MC stabilization
depends on the functional groups of the photochromic dye and the type of
interactions that the molecule can do with the media (hydrogen bonding, dipole
interaction, etc). '8 Therefore, without knowing the structure of this dye (which is
not publicly known) it is not possible to reason the trend of the obtained fading
kinetics. Furthermore, the tendency observed for Rev.PP may or may not apply to

other dyes, for which new trend investigation would be needed.
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However, this experiment did prove that the fading kinetics of the photochromic
dyes in NEE films is dependent on the organic oil entrapped in the PVA matrix. This
opens the possibility of fine tuning the fading kinetics of NEE films to match desired

applications, or to tune the kinetics of different dyes to match their fading rates.
3.3.3 Effect of the film-forming, water soluble polymer

After exploring the universality of the NEE technique with different dyes and
lipophilic oils, the effect of changing the film-forming polymer was explored. NEE
films with different grades of PVA were also explored in a later state of this PhD
project, and are presented at Section 0, but in this chapter, only attempts to
produce transparent NEE films with water soluble polymers other than PVA are

reported.

The initial approach was to substitute PVA by other film forming water soluble
polymers, like polyacrylamide (PAM) and hydroxyethyl cellulose (HECell). Two
aqueous solutions of this polymers were prepared at the maximum concentration
achievable (3 wt.% and 5 wt.% respectively) and used as the continuous phase for

the nanoemulsification process.

These solutions, however, had less stabilizing properties than the PVA 4-88
solution, and 0.1 wt.% of the ionic surfactant sodium dodecyl sulfate (SDS) had to
be added. After 10 minutes of ultrasonic irradiation, strong bluish coloration was
observed due to the Tyndall effect, indicating the formation of the nanodroplets,
but clear transparency of the nanoemulsion was not achieved. This nanoemulsions

were then casted on polystyrene Petri plates and allowed to dry at 40 °C overnight.

DLS analysis of the nanodroplets size, the visual aspect and the UV-vis spectra of
the films obtained are presented at Figure 3-17. Though both the emulsions had
droplets in the nanometric scale, neither of the obtained films turned out

transparent after the water was evaporated, likely due to coalescence of the

52



NEE technology developments

nanodroplets. This experiment shows that PVA is better in stabilizing the oil

nanodroplets while the film is formed.

a)
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20 50 100 200 500 1000
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Figure 3-17: DLS analysis (a) and photographs of NEE films prepared with PAM (black, b)
and HECell (Red, c).

3.4 Effect of temperature on the photochromic performances of the

NEE films

T-type photochromic dyes are inherently sensitive to temperature.**° This
means that the temperature variation occurring during the same day, or in different
seasons and geographical points, might have important consequences on the final

photochromic properties of the devices.

Therefore, the photochromic properties of the NEE films at different
temperatures needed to be investigated. A temperature-controlled study of the NEE
films was carried out by using a custom film holed holder. This holder consisted of
two copper plates in which 3 sapphire windows of 1 cm of diameter were integrated.
The copper plates were connected to a thermostatic batch to control their

temperature (Figure 3-18).
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Figure 3-18: Custom film holder for temperature controlled TAS measurements.

The photostationary absorbance and the fading kinetics of a NEE film containing
Rev.PP were measured at different temperatures, using the unactivated form of the
NEE film as 100%T reference (Figure 3-19, a). After measuring the absorption
spectra at each temperature, the excitation light source was turn off and the fading

kinetics recorded as well (Figure 3-20, a).

The reaction rate could not be calculated, as neither the molecular weight of
Rev.PP nor the molar attenuation coefficient of its colored form are known.
However, an inverse correlation between the temperature and both PSS absorbance

and the ti/> was obtained (Figure 3-19, b and Figure 3-20, b).

As expected, the ti/; of the NEE film decreased with the temperature and, as
consequence, the maximum absorbance achieved at the PSS diminished as well This
supposes an important detriment for applications expected to withstand warm
temperatures, like sunglasses, usually worn at summer hot days. On the other hand,
lowering the temperature slows the fading rate and increases the maximum
absorbance at the photoequilibrium state. This is also a feature to take into account
when designing NEE films to be applied on devices expected to withstand cold

climates, like skiing glasses.
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Figure 3-19: absorbance spectra (a) and absorbance at Amax = 600 nm (b) of
Rev.PP@M812@4-88 at different temperatures at the PSS.
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Figure 3-20: fading profiles (a) and Half-lifetimes (ti/2) (b) of Rev.PP@M812@4-88 at
different temperatures at the PSS.

3.5 Preliminary fatigue study

As a first approach to assess the fatigue resistance, a NEE film
(Rev.PP@M812@4-88) was subjected to seven cycles of photoactivation and fading
in the dark. The UV-vis absorption spectra of the NEE film were recorded for each
cycle at the PSS and after complete color fading, using the custom set-up explained

at Section 3.2.1.

The evolution of the absorption at Amax = 600 nm is presented at Figure 3-21. An
increase of the absorbance of the film at the PSS along the cycles could indicate

migration of the Rev.PP dye molecules to the more rigid and polar PVA matrix (which
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would increase the MC lifetime), while a decrease of absorbance could indicate
photodegradation of the dye. A possible increase of the absorption of the
unactivated film would indicate a build-up of degradation byproducts, aggregation

of the nanoparticles or microscopic crystalline dye precipitation.

No significant changes of absorption were observed at the PSS nor in the faded
state, indicating that the photochromic transition is fully reversible and the film
stable to fatigue at least during the short light exposures (60 s) of each cycle. An
additional, more demanding fatigue test of accelerated aging by UV light exposure

(QUV test) was performed by the end of this doctoral research (Section 4.4).

Activated state (PSS)
Faded state
—s— Rev.PP@M812@4-88
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Figure 3-21: Evolution of PSS and faded absorption at Amax after 7 cycles.

3.6 Time stability of the nanoemulsion

Though nanoemulsions are kinetically stable, they are thermodynamically
unstable, and therefore their properties inevitably change upon long periods of
time.?% Taking this into account, the effect of aging and storage of the photochromic
nanoemulsion on the quality of the NEE film was studied, as this could give insights

for future mass production.
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For this, a 200 g batch of nanoemulsion was prepared using Rev.PP as
photochromic dye, M812 as oil and PVA 4-88 as film forming polymer. The ultrasonic
probe was changed to a 25.4 mm diameter high gain probe, to better emulsify the
larger volume of this synthesis batch. The vibration amplitude was also increased to
100% and the sonication time extended up to 70 minutes to achieve similar droplet
size distribution as described for regular synthesis batches. The emulsion was kept
in an ice/water bath during the emulsification process to mitigate heat build-up. The
so produced nanoemulsion was transferred to a close lid container and stored at

room temperature.

Three films were prepared by casting 10 grams of this emulsion in a polystyrene
Petri plates. One of these films was obtained casting the nanoemulsion immediately
after its preparation (0-Months). The second and the third films were prepared after
one (1-Month) and two months (2-Months) of aging storage of the nanoemulsion,
respectively. The visual aspect and the UV-vis transmittance spectra of these films

are presented in Figure 3-22 and Figure 3-23 respectively.

Figure 3-22: digital photographs of unactivated and photoactivated Rev.PP@M812 @4-88
casted immediatedly after preparation (a) after 1 month of aging (b) and after 2 months of

aging (c).
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Figure 3-23: UV-vis transmittance spectra of the unactivated and photoactivated forms of
Rev.PP@M812@4-88, casted immediately after preparation (a) after 1 month of aging (b)
and after 2 months of aging (c).

It was found that the films obtained from aged nanoemulsion consistently
decreased their unactivated transmittance. Moreover, the transmittance of the
films decreased unevenly from about 90 % transmittance across the visible range,
to about 55 % at A = 450 nm wavelength and 87 % at A = 750 nm for the film obtained
from the 2-month stored nanoemulsion. Also the PSS transmittance decreased by

6% after the two month of aging (Table 3-5).

Table 3-5: transmittance of films casted from aged nanoemulsion at different wavelengths,
in the unactivated form and at the PSS state.

] Unactivated Activated to PSS
Nanoemulsion
aging time T% at 450 T% at T% at T% at T% at T% at
nm 600 nm | 750 nm | 500 nm | 600 nm | 700 nm
0-Month 89.5 % 895% 97.2% 63.6% 213% 97.2%
1-Month 62.1% 81.7% 945% 484% 148% 945%
2-Months 54.7 % 73.7% 86.7% 422% 148% 86.7%
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This overall decrease of the transmittance in the visible region, and
predominantly at the shorter wavelengths, recalls the typical light scattering profile
given by dispersed nanoparticles of diameter of the range of the visible wavelength
(Tyndall effect)?2? which induce larger light scattering at shorter wavelengths. This
is suggesting that the droplets dispersed in the stored nanoemulsions are slowly
aggregating and possibly coalescing upon time, increasing the scattering of the films

obtained from these.

The fading kinetics of the two aged NEE films were almost identical to that of the
initial film. The little variation could be also ascribed to small differences in the room

temperature when the measurements were performed (Figure 3-24).

From this experiment, it was concluded that the casting of the NEE films should
be done as soon as possible after the emulsification process, discouraging the long

term storage of the nanoemulsions and the on-demand casting of the NEE films.

1.0
0.9

0.8 1 =  Rev.PP@M812@4-88 0-Month
0.7 - = Rev.PP@M812@4-88 1-Month
06 = Rev.PP@M812@4-88 2-Months

Norm. Abs. @ 600nm (Arb. U.)

0 5 10 15 20 25 30 35
Time (s)

Figure 3-24: normalized fading kinetics of NEE films casted from nanoemulsion
immediately after (black), after one month (red), and after 2 months of the nanoemulsion
preparation (blue).
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3.7 Photochromic film recyclability

The recycling of NEE films was investigated for its relevance in the mass
production. The objective was to determine the feasibility of preparing large sheets
of the NEE film, from which the desired parts could be cut and integrated in the final
product. The exceeding portions could be recycled by dissolving them in water and

recasting the resulting nanoemulsion.

Two groups of three NEE films were prepared as described in section 3.1, but
using Rev.Misty as photochromic dye at 1 wt.% concentration. These groups were
labeled as Mag-C1 and US-C1, the code C1 indicates the first casting cycle. The
droplet size of each emulsion sample was measured by DLS. The UV-vis spectra and
the fading times of the casted films samples are presented in Table 3-6. The average
values of all the measured parameters for Mag-C1 and US-C1 films were almost
identical and within the standard error, and therefore were used as reference to

assess the effect of dissolving and re-casting the films.

The group labeled as Mag-C1 were then dissolved in distilled water by
magnetically stirring and the nanoemulsions (formed directly upon film dissolution)
were re-casted into a polystyrene Petri plate. These three films were labeled as Mag-
C2. The other three films labeled as US-C1 were also dissolved in H,O by magnetic
stirring, but the obtained nanoemulsions were subjected to an ultrasonication step
before being re-casting the film, and were labeled as US-C2. These films were

characterized as done in the first cycle.

This process was repeated for a third casting cycle, generating Mag-C3 and US-
C3 films. The characterization results of all these films are summarized in Table 3-6,
including the standard deviation (St.Dv.) calculated from the values of the replicates

of each type of film. The visual aspect of samples of these films is presented in

. The UV-vis transmittance spectra of these film are reported at the annexes

(Figure 8-1).
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Table 3-6: values of droplet size and photochromic performance of the NEE films after three
casting cycles.

Unactivated Activated T%

"% (%)/St.Dv.  (%)/ St.Dv. S S

Mag-C1 100/ 10 76.6 /3.7 645/49 | 35/01 | 7.4/04
Mag-C2 149/ 23 76.6 /1.7 63.3/16 | 39/0.3 | 88/0.7
Mag-C3 122/7.3 73.5/1.5 61.2/1.4 | 3.7/0. 8.7
us_c1 110/6.2 80.0/2.8 65.8/23 | 3.2/05 | 7.6/0.2
us_c2 131/31 81.8/1.7 65.8/4.4 | 42/0.2 | 9.3/0.5
us_c3 121/10 74.7/15 62.2/0.8 4.0 9.5

Mag-C1 US-C1 Mag-C2 us-C2 Mag-C3 US-C3

Figure 3-25: digital photographs of NEE films upon recasting cycles.

First of all, the average droplet size (Z-average) of the re-dissolved solutions
increased approximately 50 nm for the non-sonicated solutions (Mag-C2) and
approximately 20 nm for the sonicated ones (UC-C2) respect to the C1
nanoemulsions, and the standard deviation increased too. However, the films
obtained from the two sets of emulsions were optically transparent and well
formed, with no visible defects. The average results of the photochromic
performances of the C1 NEE films and the C2 NEE films are similar and within the

standard error deviation.
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After the second redissolution (C3), the Z-average of the nanoemulsions was 10
nm larger than of the initial one. Moreover, there was not a clear difference
between the droplet size of Mag-C3 and US-C3, meaning that there is not a clear
effect of adding the sonication step between the film dissolution and the casting to
the measured parameters of this study. However, a slight decrease of the shorter
wavelengths transmittance was also observed, for both Mag-C3 and US-C3 (Figure
3-26), accompanied by slight slower fading kinetics. This suggest some coalescence

of the nanodroplets along the recasting process.

—=— Mag unact

—e— mag Activted

% —4— US unact
|+ US activated

804

70 4

60 4

Transmittance at 450 nm (%)

50 T T
C1 c2 C3

Cycle

Figure 3-26: evolution of the transmittance values at 450 nm upon recasting cycles.

This results may be of interest when considering the industrial process of
production in large scale, meaning that it is possible to produce large sheets of NEE
film, cut the desired portions from them and recycle the residual parts. Adding a
sonication step before casting the dissolved films gave little evidence of droplet size

reduction, and the transmittance of the films was not different.

However, it was observed a slight decrease of transmittance at shorter
wavelengths in the visible range after the third casting for some of the NEE films,
indicating that the feasibility of reusing the residual pieces may be limited to only
one redisolution and recasting cycle, though it may be possible to minimize this loss

of transmittance by improving the redisolution and the sonication conditions.
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3.8 Conclusions

Along this chapter, the viability of the NEE technology to achieve transparent fast
fading photochromic films has been proven. Solid NEE films with high visual

transparency and liquid-like fading kinetics were obtained by:

i) dispersing a lipophilic dye solution into an aqueous PVA 4-88 solution
though ultrasonic irradiation
ii) acasting the resulting nanoemulsion on a polystyrene substrate and

allowing the water to evaporate.

The internal structure of these films was corroborated by scanning electron
microscopy. A plurality of nanocavities at the cross-section of the NEE films were
detected when using the cryo-fracture technique that indicate the location of the

nanodroplets in the NEE film before the fracture.

The universality of the technique was subsequently explored, substituting the
photochromic dyes, the oil solvent, and the polymeric matrix. Different
photoinduced colorations could be obtained from different dyes. The fading kinetics
of these dyes in NEE films were an order of magnitude faster than those of the solid
solutions of PMMA used as control. Various oils of different chemical nature were
successfully emulsified and entrapped into the NEE films. The fading kinetics of the
photochromic dye could be finely tuned by selecting the appropriate lipophilic
solvents. Two water soluble polymers (HECell and PAM) were also tested as film
forming polymers, but were unable to produce visually clear NEE films with the

tested preparation conditions.

Finally, the robustness of this method was studied. Dependency of the fading
kinetics and the temperature was observer, which in turn affected PSS maximum
absorbance of the NEE film. Good reversibility and fatigue resistance was observed
after 7 cycles of photoactivation (up to PSS) and fading in the dark. The droplet size

of the nanoemulsion increased after 1 month of storage. However, recycling already
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formed NEE films to obtain transparent films that retain the same optical properties
was possible, by simply dissolving them into distilled water and re-casting the

resulting solution into polystyrene Petri plates.
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5 Working prototypes

After developing the NEE photochromic films fulfilling the key properties
commonly required for many applications involving transparent photochromic
products (e.g. ophthalmic lenses, smart windows, etc.), different prototypes

containing NEE photochromic films were prepared.

These prototypes serve as a first proof of concept for the viability of this
technology in the different applications and provided to Futurechromes S.L. tangible
products that could be exploited to contact possible industrial partners and
encourage investments in innovative technologies involving NEE photochromic

films.
The produced prototypes belong to three different industrial categories:

1) Sports and fashion sun-wear glasses.
2) Automobile industry.
a. A photochromic visor for a motorbike helmet.
b. A car model with tinted windshield.
c. Antiglare mirror.
3) Construction glazing.
a. A smart window for energy saving.
b. A house model, comprising photochromic windows and sky ceiling.
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5.1 Photochromic sun-wear glasses

Though the photochromic NEE films technology may still need some
improvement for ophthalmic applications, this technology is mature enough for less
demanding applications, such as sport and fashion sunglasses, for example. This
type of eye-wear has not to be worn constantly since are not prescribed by an
ophthalmologist, and therefore users tolerate higher haze values, as it can be

extracted by the measurements of commercial glasses (Table 5-1).

A prototype of sunglasses was prepared with photochromic NEE films prepared
as shown in section 4.3.2, and then laminated between two optical lenses using UV-
curing resin as glue (see experimental section 7.4.1 for more details). These lenses
were then cut in the appropriate shape and placed into a glasses frame by an
ophthalmologist. As a benchmarking, two prescription photochromic lenses and two
cycling photochromic glasses were bought and characterized to compare to our

prototype.

Images of the Futurechromes S.L. sunglasses prototype in the unactivated and
activated form are showed in Figure 5-1. The performance comparison respect to

commercial photochromic lenses are presented in Table 5-1.

Figure 5-1: working prototype of NEE based photochromic sunglasses, indoors and
outdoors.
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Table 5-1: benchmarking for ophthalmic and sun-wear applications

Brand Product Type ti2(s)  tssa(s)

I
L
I
- -

This small benchmark study showed that prescription glasses had lower haze and

higher AOD than the sport glasses, but slower fading rates. The NEE film containing
prototype had higher haze than sports lenses. However, it must be considered that
the glasses lenses were hand made in our laboratory (the initial NEE films had lower
haze than the product). Well established industrial techniques would guarantee a

decrease of the haze.

On the other hand, the prototype containing the NEE films had a high AOD,
comparable to the prescription lenses, and fading rates faster than the sports lenses,
where this parameter is rather critical. Therefore, this technology is likely to have a
competitive advantage respect both prescription and sports glasses, once an

industrialized product process is developed.

5.2 Automobile industry prototypes

The use of photochromic materials in automobile applications was theorized for
decades. Although plenty of patents applications on photochromic windshields
exists,™ this field seems to lack commercial momentum and enrolment of
automobile producers, with these preferring technologies such as electrochromic
glass,>® possibly due to the slow kinetic response of currently existing

photochromic glazing. Only after-market photochromic films that can be installed
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on windows or windshields directly by the users seem to have some commercial

activity.”®

On the contrary, lighter and simpler devices like motorcycling helmet visors seem
to favor photochromic technologies since they do not require wiring nor power
supply.®! Since the kinetic response is (literally) of vital importance for automotive
applications, the boost in photochromic kinetics of NEE films could provide an

interesting breakthrough in this sector.

As examples for the automotive industry, three prototypes were prepared. A
motorcycle helmet visor was covered with a photochromic NEE film made by the
doctor blade casting technique (Chapter 4.5.3). The windshields of a toy car were
coated with photochromic nanoemulsion to generate the NEE films in-situ. An
antiglare mirror was prepared also by direct coating of a polished aluminum mirror

with photochromic nanoemulsion.

Photographs of these prototypes when placed indoors and outdoors are shown
in Figure 5-2. The photochromic performances of the helmet visor and antiglare
mirror is presented at Table 5-2. In the case of the mirror the reflectance (R%)
variation is determined rather than the typical transmittance.

Table 5-2: Summary of the photochromic performances of helmet visor and antiglare mirror

prototypes: average transmittance and reflectance in the visible range (700-400 nm), and
fading kinetics.
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Figure 5-2: automotive prototypes of a helmet visor (a), antiglare mirror (b) and car
windshields (c), indoors and outdoors.
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5.3 Construction glazing

Glass is a key component of modern buildings. Generally found in windows and
sky-ceilings, it allows to separate spaces, regulate air flow and gather sun light and
warmth, all while providing sight through it. However, traditional glazing presents
clear limitations, like its poor insulating properties and tendency to break. Plenty of
innovative technologies exist to improve its strength,'>'" and insulating glass units
(IGU) can be generated, with multiple glass layers separated by an inert gas or
vacuum, to increase the thermal isolation.*?*?! |t is also possible to introduce new
properties to the glass, like anti-glare and hydrophobic coatings, or lowering the

infrared emissivity (Low-E) for further improved thermic isolation.[*3°!

A particular class of innovative glazing called Smart Windows (SW) are
characterized by being able to adapt their transmittance to the weather
conditions.[***! These SW are usually designed as an IGU that provide thermal
isolation, and a chromogenic material that can change its visible light transmittance
in response to external stimuli (e.g. temperature, light, voltage...), granting comfort
to the inhabitants of the buildings.[*®! This chromogenic material could be passive
(photochromic and thermochromic) or active (electrochromic). Since energy
irradiated from the sun reaches earth as visible light (44.7%) and heat-generating
near-infrared radiation (48.7%),*”18 SW can potentially save energy consumption

by reducing cooling and lighting expenses if designed efficiently.[*%20]
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As a first step into this application, a photochromic SW prototype was made to
test the feasibility of photochromic NEE films as chromogenic materials for passive
SW. This prototype was prepared by casting the nanoemulsion on an IGU made from

Low-E glass (Figure 5-3).

w \

a) 'b)

Ry

LOW-E

Figure 5-3: photographs of Low-E IGU coated with NEE photochromic film, in the
unactivated stated (a) and activated under sunlight (b).

5.3.1 Spectroscopic characterization of photochromic SW prototype

The transmittance spectra of this prototype were measured in the spectral range
of solar irradiance, i.e. UV-vis range (300 - 800 nm) and in the NIR (800 - 5000 nm)
(Figure 5-4, magenta). The range between 1100 and 1500 nm, however, could not
be measured with our current NIR detectors. The transmittance of this prototype
was compared to the uncoated IGU (Figure 5-4, blue), to a clear glass (Figure 5-4,
black), a NEE coated clear glass (Figure 5-4, red), and to a commercial

thermochromic SW (Figure 5-4, green) provided by InnoGlass Technology Co.?%

The major difference between the clear glass and the Low-E IGU was found at
the NIR spectrum, with the latter transmitting approximately 90 % of light between
800 and 2800 nm, and the former showing a gradual drop in transmittance from
1500 to 2800 nm. The visible transmittance of the Low-E IGU was approximately
15% lower than the clear glass, likely due to the higher reflection caused by the

presence of two glass slabs instead of just one. The lower transmittance in the NIR
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and the fact that IGU had lower thermal conductivity is what reduces energy

consumption.!3!

100 -~ — Clear Glass

90 —— Clear Glass+NEE Unactivated 23.0C
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Figure 5-4: UV-vis and Near-IR spectra of clear glass (black), Low-E IGU (blue), a
thermochromic SW (magenta) and SW prototypes with NEE films coated on clear glass (red)
and on Low-E IGU (green).

When coated with a NEE photochromic film, the NIR transmittance of the clear
glass from 2800 nm to 4000 nm decreased significantly, though no noticeable
change was observed for the Low-E IGU. The change, however, was more noticeable
in the UV and visible ranges. The transmittance decreased about 10 % respect to the
respective uncoated glasses when the NEE film was not photoactivated. When
irradiated with a solar simulator, the NEE film activated and the transmittance
plummeted to 20% for the clear glass and 15% for the Low-E IGU. In the UV range,
the photochromic dyes of the NEE films absorbed virtually all light between 200 nm

and 400 nm in both the unactivated and the activated states.

When compared to the thermochromic SW, the photochromic SW prototype had
similar UV and visible transmittance, being the transmittance of the clear state of
our prototype between 10 % and 20 % higher, depending on the specific wavelength
(60-70 %). The activated state of the photochromic SW prototype had significantly
lower transmittance in the visible range than the thermochromic SW at 50 °C, and

had a more neutral coloration. In the Near-IR however, the thermochromic SW had
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an intense and broad band from 750 nm to 2200 nm, which is not present in our
prototype, possibly derived by the characteristics of the thermochromic dye. Above
2200 nm, both the thermochromic SW and the photochromic SW prototype had low

(< 20%) or no measurable transmittance.

5.3.2 Thermal isolation experiment

As a proof of concept, a preliminary experiment was performed to evaluate the
thermal isolating properties and potential energy savings derived from using

photochromic SW integrating NEE films.

A portion of 8 cm per 8 cm on the top face a cardboard box was cut, and covered
with the glass samples described above (Section 5.3.1) to emulate a window on a
building facade. The interior of the box was irradiated through this window with a
solar simulator, the power of which at the window surface was 1 sun (1 Kw/m?). The
temperature variation between the interior and the exterior of the box was

monitored with probe thermometers (Figure 5-5, a).

The box interior was irradiated for 30 min, after which the solar simulator was
turned off and the interior of the box allowed to equilibrate for 30 minutes. The
temperature increase inside the box respect to the measured room temperature

was calculated and is presented at Figure 5-5, a.
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Figure 5-5: scheme of the cardboard box experiment (a) and variation of the temperature
inside the box during and after irradiation (b).

As it was expected, the temperature increment observed when using the
uncoated clear glass slide as window was the highest (approximately 10 °C), due to
its poor insulating properties. Also expected, the Low-E IGU had a smaller
temperature increment (approximately 8 °C), as this glass reflects a significant
portion of the NIR irradiation and the double glass layer of the IGU hinders thermal

convection.

The NEE coated clear glass presented a lower increase of temperature respect to
the uncoated glass (approximately 8 °C), as it reduced the heat gained from the
visible range of the solar spectrum (filtered by the photoactivated film). Even further
insulation was achieved when combining the NEE film with the Low-E IGU, achieving
an increment of only 6.5 °C. This temperature increase was the closest to the
observed for the thermochromic SW, which had the smallest increment

(approximately 5.5 °C).

Though this preliminary experiment could hardly correlate to potential energy
savings, the reduced temperature increase suggests a smaller usage of cooling and
air conditioning devices in hot/warm weather conditions. Moreover, it provided an

interesting comparison of the NEE coated samples with commercial glazing
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technologies, pointing out the photochromic NEE films as a promising alternative for
passive SW and innovative glazing, to achieve both comfort improvement and

energy savings.

5.3.3 Building model for aesthetic display

A house model was prepared as a functional prototype. The model was made
from wood and removable glass slides coated with photochromic films that
resemble windows and sky ceiling. This films were made though the NEE technology
or the standard procedure to embed photochromic dyes directly in polymeric
matrices. The photochromic films onto the glass slides contain the most promising
photochromic dyes packages in terms of color neutrality, colorability and/or kinetic
response. If better dyes will be available in the future, the glass slides could be easily

substituted with the new ones (Figure 5-6).

Figure 5-6: photograph of the photochromic glass-containing building model.

This model will serve to show to possible partners the tunability of the NEE
technology and the improved photochromic performances compared to existing

technologies.
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6 Conclusions

In this doctoral research, a solid photochromic material with fast photochromic
response and high visible transparency is presented, based on the nanoemulsion
entrapment technology. The developed material is now suitable for optically clear
industrial applications such as smart windows and eyewear. The universality of this
platform has been proven for a variety of commercially available T-type
photochromic dyes, oils and polymeric matrices, which allowed the tuning of its

photochromic and mechanical properties to meet industrial specific requirements.

The photochromic films were successfully produced to match the specific

requirements of the glass and ophthalmic industry_

Meanwhile, photochromic films based on the nanoemulsion entrapment
technique were introduced into working prototypes of sunglasses, smart windows
and a motorcycling helmet visor. Functional prototypes of construction glass and
windshields were also prepared using building and car models. These prototypes
were used for benchmarking, comparing them to some photochromic products
currently available in the market, showing promising results and competitive
advantages for the nanoemulsion entrapment based products. These prototypes
are currently used as demonstrators by Futurechromes S.L. to contact industrial
manufacturers and partners to promote the commercialization of innovative

products based on the nanoemulsion entrapment technology.
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Figure 8-1: Transmittance spectra of NEE films casted for the first time (a), after one

recycling step (b), and after one recycling step (c).
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