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Chapter 1

Flexible visible transparent hybrid films for ultra violet protection

Introduction

Ultraviolet (UV) radiation is defined as the segmehthe electromagnetic spectrum comprised
between X-rays and visible light, i.e., betweera#d 400 nm. The UV spectrum is divided into
Vacuum UV (40-190 nm), Far UV (190-220 nm), UVC 2290 nm), UVB (290-320), and
UVA (320-400 nm). The escalating applications dfauiolet light, specifically in the UVA and
UVB part of the spectrum, in medicihneosmeticg,or for industrial and commercial purposes
in general® demand deeper studies of the hazards involvedhén use of this type of
electromagnetic radiation as well as further ragean the development of new materials for
selectively protecting against it. It is well-knowimat UV radiation causes damage to organic
materials like plastics, woods, or polymers, amaitigers. In general, the formation of free
radicals, due to light absorption induced chemreslctions, results in subsequent polymer
photodegradation®

Common polymers undergo losses in mechanical gtreargd impact resistance when exposed
to UV light! Regarding the effect on human tissue, there isst and growing literature
regarding the harmful effects of ultraviolet raghaton the skin, as more epidemiologic and
basic research continues to illustrate the impdcsum exposure and other sources of UV

radiation upon the appearance of cutaneous neopkasth a variety of photosensitive



dermatosésor skin cancet.In this context, the development of polymer filthat act as shields
against ultraviolet (UV) radiation constitutes nalags an active and interesting field of
researcH®*” since they could be used as adaptable coatings fade variety of UV sensitive
environments.

Different synthetic approaches that are currending explored to obtain spectrally selective
UV protecting flexible films are examined in theght of applications for which versatile
materials are needed. Special emphasis is pubsetthat allow the spectral properties of UV
shielding to be tailored-to-measure to target wefined frequency ranges. Films used for UV
blocking can be classified according to the physieachanism responsible for the protection
effect, namely, optical absorption or reflectiomisI fundamental difference determines that a
completely diverse materials design will have to used to achieve control over spectral
selectivity. Compounds or materials whose absamptis employed to eliminate UV
wavelengths from the incoming light are either oiganolecules or metal oxide nanopatrticles.
When organic UV absorbing molecules are used, thagt be incorporated to polymeric or
vitreous matrices, only the former one vyieldingilide films. On the other hand, when metal
oxide nanoparticles are used, they are hosted fglyameric matrix and thus hybrid organic-
inorganic nanostructures are attained. From aréifteperspective, when reflection, rather than
absorption, of UV wavelengths is sought after, moseplex multilayered architectures must
be employed, so that interference effects can gaeto the desired blocking efféétin all
these approaches, the function of polymers is gdiogi flexibility, toughness, and fracture
resistancé! as well other significant added values such ascbinpatibility, or chemical or

biological functionality.

State of the art of UV radiation protection

In general, the more widely spread approach to thtegtion, be it in sunscreen lotions or in
any materials whose degradation is to be preventgedased in the use of organic UV
absorbers??® which transform the incoming radiation in low egerthermal dissipation by
means of photophysical reactions. It is out of rigsgch of this thesis to provide an exhaustive
list and detailed description of the compoundsamntlty employed for this purpose, for which
we refer the reader to the comprehensive reviewighen by D. Levy et al. on the subjétt.
Suffice it to say here that organic compounds doimg phenolic groups with intramolecular
hydrogen bonds are among the most widely empldygdmples include xantones, salicylates,
benzotriazoles, benzophenones, etc... These orga@tngs with intramolecular hydrogen
bonds have the advantages of a highly efficienttilestion proces$. which is radiationless
and provides a good mechanism of energy dissipdtioough excited state intramolecular

proton transfer. In brief, the molecules in thestfiexcited state experience an intramolecular



proton transfer to form other tautomeric specidso @n its first excited singlet state. This
excited proton—transferred species dissipatesnisgy by a non-radiative decay process in the

form of thermal energy.

In general, polymer films containing organic UV alizers are transparent, colourless and of
high optical quality. In order to use them to attaiUV protective film, such compounds must
be either applied as a capping onto the UV semsitiaterial or integrated in an organic or
inorganic polymeric matrix (Figure 1). When usedaasapping, photostability problems are
found. On the other hand, when the UV absorberixedwith the polymer, some inconvenient
may arise after long-lasting exposure because gfaton and extraction processes. The first
method used to embed the organic molecules in dtgmers made use of polymerizable
stabilizers® The intramolecular hydrogen bond, which is didtire for this type of UV
absorber, must remain unaltered after the polyragoia reaction. Nevertheless, the use of
organic polymeric matrices has decreased becaube tdw stability shown after receiving UV
radiation for extended periods of time. Free rddijggenerated in the photodecomposition of the
organic matrix, can destroy the active form of st@bilizer, reducing the effectiveness of the
protective coating. Recently, a solution was predoso avoid the mentioned handicap by
means of using a transparent inorganic matrix $erinthe UV absorber, improving the stability
of the film and, simultaneously, keeping the higklfjicient UV-absorptiori® The matrix is
now an amorphous, highly porous and mechanicadlylstsilica network, prepared by a series
of hydrolysis and condensation reactions of siliatkoxides that occur at low temperature and

that can eventually be shaped as a film.
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Figure 1: Transmittance spectrum of a sol-gel based UV ptioig inorganic film of 1-m width, with
(black line) and without (gray line) the UV-absartmolecule (2,2-dihydroxy, 4-methoxybenzophenone)

drawn in the inset. (Data extracted from ref. 21).

Although this sol-gel approach solves many of ttability issues observed before and gives
rise to matrices capable of incorporating largentjtias of organic molecules by adsorption

onto the pore walls, it cannot be used to createlfle films. The intrinsic absorption of the sol-



gel based coating caused by inter electronic bamdexcitations has also been used to create

rigid UV protective coating8'

Hybrid organic-inorganic films

Following the definition given by Kickelbick, a hgti material is a material that includes two
moieties blended on the molecular séaWithin the scope of this thesis, | will considerbhig
materials those formed by a combination of inorgactmpounds and organic or partially
organic polymers. The use of inorganic materiatdfd protection is typically based on optical
scattering and/or absorption. The former effecsignificant when the wavelength of the
incident light is approximately of the same ordeart the inorganic particle sfewhich gives
rise to resonant coupling that can be describadwésl-dispersed particles, by Mie scattering
theory. Absorption of light results in promotion @&ctrons from the valence to the conduction
band, caused by harvesting of photons with enesese the electronic band gap.

Among a wide spectrum of possibilities to blockiasidn, metal oxides are preferred due to
their good stability. Particularly ZnO and TiCare the most important wide band-gap
semiconductors used to protect against UV radidtierause of their low cost and toxicity.
The energy band gaps4f of ZnO and TiQ depends on the crystalline phase of the structure.
Amorphous TiQ and crystalline anatase have ap,Bear 340nm and 400nm respectivély
whereas the f, of ZnO is near 360nm. Other metal oxide with pogdrapplication to block
UV protection is Ce@ but its yellowish coloration diminishes its pdiah use in visible
transparent applications. However, some recenttsffgith this metal oxide are made in order
to solve this drawback. As we will show later, Zr@is a convenient option if protection is
desired at UVC range (lower wavelengths) due ttaige band gap value (near 220nm). On the
other hand, polymers that are integrated in hylwM protecting films in which visible
transparency is required must absorb as lessdigpbssible in the visible region and they must
allow being processed as flexible slabs. Alsoaultlet absorption of the polymer should be
prevented to avoid photochemical reactions thaidcdead to a loss of elasticity or to a
yellowing of the film. From that point of view, is better to use polymers whose optical
absorption is negligible fdt > 300 nm.

These requisites limit the range of usable polynerhose that belong to poly(alkyl)siloxane,
poly(alkyl)acrylate or polystyrene families. Thet@uatial interaction of the components of a
hybrid material must also be considered in ordeprevent that undesired features arise as a
consequence: TiQand ZnO particles embedded into an organic ma#ix photo-catalyze the
degradation of polymér,in which case the photo-stabilization of the hgbstructure is an
additional requirement that must be kept into aotoln Figure 2 we represent the different

synthetic process that lead to a hybrid self-stagéim.
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Figure 2: Different synthetic pathways of the synthesislefible polymer nanoparticle films basedion

situ andex situ methods.

Monomers, polymers and metal oxides compounds eanombined by different pathways.
Commonly, two synthetic approaches are appliedteEgrate metal oxide particles in polymers.
These strategies are commonly namedsitu, which is based either on the synthesis of
inorganic compounds within the polymer matrix oe gholymerization of an organic monomer
around the inorganic phasé®' and ex situ, which consists in the direct incorporation of
nanoparticles with polymers by mechanical blendymper melt intercalation, or through the
use of solvent¥ Both processes take advantage of the synthegislyrher-nanoparticle mixes

in liquid media. The solution processed material®istained are highly reproducible and easy
to deposit onto a wide variety of substrates emnipfpyow cost techniques (spin coating, dip
coating, roller blade, liquid casting, etc...).daneral, regardless of the method employed, once
the inorganic phase is dispersed in the organigixpahe mixture inherits the mechanical
properties of the polymer, being as a result mdaldwith the desired form, as well as foldable
and adaptable to a diversity of substrates. Swribfke self-standing films for UV protection can
be devised by these approaches. We have to memti@nthat these two approaches are not
exclusive to the synthesis of hybrid nanocompogitgsrotect against ultraviolet radiation, but
also can be used to control the refractive indexhef ensemble which has technological
importance’®*in what follows, we describe in more detail ihesitu andex situ approaches to

flexible self-standing films.

In situ methods
In situ methods include the processes of synthesis ortgrofniinorganic particles in a polymer
containing media (in situ particle generation, upperow pathway in Figure 2) or the

polymerization of monomers in presence of metaldexiinorganic particlesir{ situ



polymerization, lower arrow pathway in Figure 2hefeby,n situ methods provide an inherent
homogeneity of the structures synthesized, ovemegrtiie problem of agglomeration even at
high concentration (20% m/m) of metal oxide paescl However, some requisites must be
fulfilled to achieve transparent films.

When nanoparticles are synthesized in a polymerixnat careful control of the interaction of
the inorganic building blocks with the polymersnadlecular level is required. In addition, the
particle synthesis media must be compatible wiéhshivent where the polymer is dissolved to
avoid precipitation of the assembly. One of the meglely employed routes to prepare
organic-inorganic hybrid materials Iy situ particle generation is the sol-gel method carried
out within a polymeric matrix. The synthesis of aleixide three-dimensional networks via sol-
gel is mainly based on a two-step reaction: hydislyand condensation of liquid soluble
inorganic precursors. The compatibility of this gees with polymerization reactions and with
polymers is the key to integrate both systéns.

A large amount of literature addressing this paiah be found for SiQprecursors; however,
SiO, and their related partially hydrolyzed compoundarmt be use to block light in the UV
region due to the large value of their electrorandrgap (> 6.1 eV). The change of SiOr
compounds of other transition metal oxides, suclzm@®, TiO, ZrO,, etc..., as mentioned
above, involves an increase in the reactivity of thetallic centre, forcing to change the
chemistry of the polymer to prevent flocculation amygregation. The most commonly used
strategy lies in modifications of the polymer ch#ncoordinate the reactive metal species. For
example, Liou et al. designed and synthesized yirpile from their monomet5®to include
functional groups that can coordinate oxidized ggeof titanium. These titanium oxo-species
were originated by the hydrolysis of titanium butlex Depending on the ratio of the starting
reactive species, final polyimide films can contbgiween 5 and 70% wt. of Ti@naintaining
flexibility. Scandola et al. synthesized and chteazed polymer-titania hybrids in an organic
phase constituted by polycarborfater polyesters such as poly(-caprolactone) and(Pely
lactic acid)***® Mono- and bi- dentate complexes can be formed dmtviitanium oxo groups
and carboxylic acid groups of lactate providingitiddal stability to the final material.

This approach was also integrated in fabrics byefiboating to build textiles with UV
protection. In other interesting approach, Ogawal&t prepared hybrid films of Ti©by co-
hydrolysis and co-condensation of a titanium aldexiin polyalkyl siloxane previously
functionalized with methoxy groups. The functiomatl starting oligomer is important to avoid
particle segregation and to ensure good homogerniaitghe final transparent product.
Mechanical (principally elastomeric) characteristié polydimethylsiloxane (PDMS) make this
hybrid material a good candidate to block lighdifferent configurations. In addition, PDMS is
fully biocompatible and environmentally friendlyt.is also chemically inert, thermally stable,

permeable to gases, simple to handle and manip@ateexhibits isotropic and homogeneous



properties® On the other hand, when monomers polymerize inpiesence of previously
synthesized metal oxide nanoparticles, is the sarfanctionalization of the latter what plays
the main role in the integration with the polymergg media. Primary thiols and amines can be
used for chemical functionalization of the partigleacting as phase transfer and
hydrophobization agents. The so obtained nanocategase normally formed with acceptable
separation, homogenous distribution, and strongl®on

When polymerization is carried out with untreateshoparticles, aggregates can show up, thus
provoking a loss of transparency in the resultiolymeric phase, and hence in the hybrid film,
owing to scattering of light. This kind afi Situ process was used to integrate ZnO nanoparticles
in a polymer matrix in a pioneering work of Wegmral** These nanocomposite films were
obtained polymerizing methyl methacrylate in preserof ZnO nanoparticles previously
synthesized. Particles were functionalized with akyl-phosphonic acid to make them
compatible with the polymerizing media. The resigtifilms block UV light fork < 350nm
maintaining transparency in the visiBfdn a different approach, epoxy resins were usdsb
ZnO particles prior to the curing of the fornféfter that, the initiators were added and the
mixture was subjected to a thermal treatment tgrpetize the particle containing resin. Z2rO
nanoparticles can be integrated in flexible filnfspolyacrylate using a similar approath.
Since ZrQ energy band-gap is higher than 5.0 eV, this nwt@le hybrid films can be useful to
protect against high energy UV radiationg 250nm), maintaining transparency at higher UV
wavelengths. Zr@ metal oxide particles have to be functionalizedvusly to make them
compatible with the acrylate monomer solution orthwthe polymerization media. The
polymerization of the composite starts after thditah of the chemical initiator combined in
this case with ultraviolet irradiation.

The disadvantages af situ method are related to the fact that unreactedtaubss may stay
trapped in the final hybrid material, affecting w$ optical and mechanical features and
endangering its stability. Besides, the reactioasphand solution viscosity cannot be accurately
controlled all the way through the sol—-gel proc€sthe other hand, the coexistence of particle
synthesis by sol-gel with polymers or vice versstriets the applicability of this method to a

limited number of systems.

Ex situ methods

Other successful approach to the preparation afblle, visibly transparent, self-standing UV
protective films is based on the combination of-gysthesized nanoparticles with bulk
polymers. This approach resembles that widely eyagolan sunscreen lotions, which typically
incorporates ZnO or TiDparticles.Ex-situ synthesis (Figure 2, middle arrow pathway) can be
described as a physical mixing of the inorganic amganic components, allowing direct

incorporation of the inorganic nanoparticles in gr@ymeric matrix by means of a standard



solvent. Such nanoparticles are prepared indiviguedolated, and purified. Afterwards, they
are dispersed into the solution or bulk polymefoton the composites by simple blending. This
method presents large flexibility and versatilitgrh the point of view of the large number of
organic and inorganic constituents that can benged with defined functionalities, improving
their relevant characteristics for UV protectior anechanical stability before their integration.
This approach offers the possibility of having $tic control over the particle size distribution
and its surface properties. It also provides cordver the concentration, reaction stages, and
solution viscosity. All these features make, in gah ex situ synthesis more appropriate for
industrial purposes. Unlike tha isitu method, inex situ pathways the encounter between
inorganic and polymer phases is direct, therefbeednly requirement to control this process
being an appropriate and exhaustive mixing of thie tnoieties. In general, wheex-situ
methods are employed, one of the main tasks isdéwelopment of new functionalization
pathways that make both systems compatible. Imigoitant to remark that the degree of
functionalization must be controlled to prevenegdtion or degradation of the optical properties
of the system. Simple blending of inorganic nantigas with a polymer often leads to lack of
homogeneity and low transparency materials regultfrom agglomeration and phase
separation.

There are some synthetic approaches to preventsthiation. For example, the work of
Seetapan & Panyathammaporn includes,Tpérticles in a silicone elastomer base with curing
agent by compression at 140°C in order to obtdmmsfiof 0.8 mm of thickness with less than
4% of transmittance at 320rZnO particles were also integrated within differgatymer
matrixes. Gao et al., for instance, modified théazie of ZnO nanoparticles with octylamine or
oleic acid”” These treatments made the surface of the partiotee hydrophobic, allowing
their dissolution in the same media that polystgrendissolved and thus allowing them to be
mixed. For instance, Ge et‘alcombined ZnO particles with a diblock PS-PMMA clymeer to
achieve films with particle contents up to 20% watlstrong blocking of UV from 350nm. The
use of this copolymer is justified by its improvetechanical and thermal properties with
respect to pure PMMA or PS films.

Commercial UV protecting products based on hyhitids prepared byx situ methods found
direct application in diverse fields.r@la International, the UKbased specialty chemical
company, developed nanopatrticle dispersions ingdesi polymers (Atmer®) to attain high
quality UV protective coatings (Solas6f). These films can reach particle concentrations as
high as 50% wt. Narrow particle size distributiamddack of aggregates lead to films with a

minimum loss of clarity and a high degree of protetover a broad UV frequency ranfje.



Variations of the ex-situ approach: polymer infiltration of pre-stacked films

In our group a new methodology was recently devedlap order to obtain highly effective UV
shielding films that preserve full transparencyha visible rang¥ It is based on the deposition
of a porous film whose void lattice is later infited with a polymef? In Figure 3, | represent
this variation approach (upper arrow pathway). atheantage of this method is the versatility to
make flexible films almost independently of theuratof the metal oxide nanoparticle used.
The film becomes thinner, nevertheless, until thlwvent has evaporated exhaustively and a
solid film of the suspended material is deposit@da spin coating standard course, at the

beginning a solution is deposited on the substrat@present this variation approach.
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Figure 3: Synthetic pathways of the synthesis of flexibléypeer nanoparticle monolayer films based on

preformed porous layer method.

It has been mentioned above that traditiexaditu asin situ methods depend on the control of
the surface and the functionalization of the metable particles in order to prevent their
aggregation as much as to control the chemistth@fparticles, so they are made compatible
either with the polymer or the polymerization pregeThe pre-stacking of a nanoparticle-based
film overcomes the obstacles imposed by the parsthbilization and surface functionalization
steps. The only requirements for the inorganicdine now the control over particle size in the
range of the tens of nanometers, so diffuse saagtén the visible is prevented, and over pore
interconnection. This last requisite arises frome theed to attain mass continuity of the
infiltrated polymer to ensure the mechanical sigbibf the final ensemble, which must
eventually be lifted off the flat substrate ontoieththe full film preparation occurs. The cut-off
UV wavelengths are determined by the electronicajape metal oxide nanoparticles.

In our case, among all available compositions,,J&nO, SiQ, and Sn®@ were selected to
attain different cut-off frequencies. Once unifananopatrticle films are deposited, the polymer
chosen, PDMS in our case, was embedded by inifiitradf its olygomers and subsequent
thermally assisted polymerization in the interatitioids. Then, the structure is cooled down to

the PDMS glass transition temperature (approximafiélOK), which eases the process of



removal from the substrate. Once it has been lififéand warmed up to room temperature, the
self standing samples present high flexibility drahsparency. In Figure 4a we present Field
Emission Scanning Electron Microscopy (FESEM) inzagkthe cross section of a self standing

hybrid film. In this example we show a film made &b00 nm thick Ti@nanoparticle layer
infiltrated with PDMS.
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Figure 4: (a) Cross section SEM image of a flexible hybri®FPDMS film; (b) Detail of the TiQ
embedded layer; (c) Image of different flexiblerfd obtained from pre-stacking layers of nanopaicl
Films are made with particles of (from left to fgAiO,, SiO,, ZnO, and Sng (d) Total transmittance
spectra obtained using different MOx-np layers: .S¥@ top of a layer of Ti@(black line), Sn@ (dark
gray line), TiQ (gray line), ZnO (light gray line), pure Si@short dash), bare PDMS (short dot); and (e)
Total transmittance spectra obtained using,Ti&yers with different thickness (in nm): 300 (Kpc430
(dark gray), 560 (gray), and 700 (light gray).

The images reveal uniformity in layer thickness andomposition with no agglomerations or

inhomogeneities. No diffuse scattering was detetigdptical reflectance or transmittance,
while fluctuations of light intensity charactercstof think film interference phenomena were

10



observed. This reveals that high optical qualitydi can be attained by this method. These facts
put in evidence that neither the thermal treatmerds the presence of PDMS affect the
mechanical stability of the previously deposited M@m, since the appearance of cracks
would have resulted in diffuse scattering. Contywdnd connectivity of the pore structure
favors high filling fractions of PDMS, as it can hserved in the FESEM images. A
homogeneous over-layer of PDMS deposited on topatsmbe seen in Figure 6b. Its thickness
is typically on the order of hundreds of micronsl @mndows the film with larger mechanical
stability, which facilitates its handling. It is portant to mention that these flexible protective
films have two different surfaces exposed to theliom, one of pure PDMS and the other made
of a mixture of PDMS and the metal oxide colloid$is could allow tailoring the surface
chemistry of the film, which may be important irder to design a multifunctional film or in the
selective derivatization of each surféte.

Figure 4c shows an image of four selective UV slig films obtained through PDMS
infiltration of (from left to right) SiQ SnQ, TiO, and ZnO nanoparticle films. The
transparency observed in all of them is consequefidhe nanometer size of the particles
(between 5nm and 30 nm) used to build the MOXx layef the absence of aggregates. Besides,
the replacement of the air, present in the mesgpufrthe starting porous metal oxide layers, by
PDMS (refractive index n=1.43) diminishes the ditlie contrast between the inorganic
particles and the surrounding medium, improvingneftether the transparency of the hybrid
film. The pale coloration observed in some of thatgctive films is due to the above mentioned
phenomenon of interference of light beams refleetiethe top and bottom surfaces of the thin
hybrid film.

In figure 4d we show the total transmittance (sratl and ballistic) spectra of some of the
flexible UV protective films made using the proceslinerein described. Figure 4d shows the
spectra attained from self-standing films builtngsdifferent types of MOx-np, namely a layer
of SiO,-np deposited onto a layer of T#p (black line), Sn@np (dark grey), Tienp (grey),
ZnO-np (light grey). The transmittance of pure SiP (short dash) and bare PDMS (short dot)
are also shown. Variations in the wavelength ctitréasured for each film is due to the
different values of the energy inter-band tranegi@f the MOx-np used. This method vyields
tuning of the cut-off wavelength from 280 nm to 3&®, covering the entire UVB (280nm-
315nm) spectrum, as well as part of the UVA (315408 nm). In addition, we can also vary
the amount of transmitted radiation by means othiekness of the MOx nanopatrticle layers.
This is demonstrated in Figure 4d where the speptaition of the cut-off wavelength is
shifted to the visible region as the thickness i,Tlincreases (similar effect is obtained with
SnQ and ZnO layers). In this case the wavelength beltwch transmittance is less than 5%
can be tuned along approximately 20 nm in the Us@an of the spectrum. This method opens

the possibility of stacking different types of naadicle films to attain either the desired
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spectral response or a synergic combination opthperties of each layer. In fact, this idea can
be extended to build UV protective films based mieriference phenomena, which gives rise to

an even more precise control of the shielding pitggse as shown in what follows.

Blocking by interference

It is well known that radiation of arbitrary wavelgth can be blocked by means of the use of the
so called interference filters, dielectric mirrodistributed feedback mirrors or Bragg stacks.
These kinds of mirrors are prepared by alterndtiygrs of different refractive indeX.They
have recently become more popular as one dimerigatnodonic crystals (1DPC), following a
more strict classification of periodic optical laés>*

The term of Photonic Crystal has its origin in tanticles by Yablonovitch and Sajeev Jofh
published roughly at the same time in 1987, althhoR@s have been studied since the late 19th
century. The concept was confirmed in 1990 by K.blét at*. The fundamental idea is based
in the design of materials that can modify the prtips of photons in almost the same approach
that common semiconductors affect the propertieslaxtrons. Photonic crystals are structures
whose refractive index varies periodically in omevmre spatial directions. They were based on
electronic materials. In single crystal solids, pgegiodic arrangement of atoms and molecules
introduced a periodic potential for electrons tlylowhe crystal. In particular, the network can
introduce a forbidden energy gap so that the @estare not allowed to propagate with certain
energies and directions.

Comparable to the periodic potential of electransemiconductors, the alternated variation of
the dielectric constant influences the electromtgnproperties. As a consequence the
transmission of light is prohibited for certain etitions and wavelengths, usually called
photonic bandgaps. The photonic band gap is likelyoe the true optical analogue of the

fundamental band-gap of a semiconductor.

Several parameters characterize a photonic crystal:

« Dimensionality
A photonic crystal may be periodic in one, two loree dimensions as shown by the examples
of Figure 5. Based in this, they can be called 2D pr 3D photonic crystals.

e Topology
The architecture and the compactness rate of asPp@rt of the topology. For a given system,
the elementary bricks can be in contact, interpatiag or isolated.

e The lattice parameter
This is the distance that separated two elemebtérks of a PC.

« Effective refractive index

The effective refractive index of a photonic crystan be calculated according to Eq. 1:

12



Eq. 1 ns =n’f +n’f,

weren, , f; , n, andf, are the refractive indexes and volume fractionghef two different

layers.

(B3

1D 2D 3D

Figure 5: Schematic representations of 1D, 2D and 3D photenyistals.

One dimensional photonic crystals

Lord Rayleigh was the first to show the existen€gplwotonic bandgaps in one dimensional
periodic structure¥ This was achieved in 1887, a century before tlseadiery of photonic
crystals. It is the simplest photonic crystal stioe, in which the dielectric constant is periodic
in one dimension of space. 1DPCs display a stromigjlayer interference, which caused by the
alternating layers of high and low refractive indmaterials with smooth interfaces between
each pair of layers. Up to date, numerous typewmatkrials have been used to build 1DPCs
which show excellent optical properties and tunadtieictural color. 1DPCs made up of
inorganic materials are stable and their opticapprties can be tuned by filling the interspace
with gases or solvents.The applications of theedielc multilayer structures are widespread
(e.g. as stop-band filtéfs high-reflection mirror¥, antireflection coatingd cavities for
distributed feedback lasétsetc.).

The spectral position of the Bragg peak of 1DPQs loa calculated by using the following

formulas:

Eq. 2 Mg,a = 2D4/N; —SIN* 0

wheremis the diffraction orde is the unit cellA gragqiS the spectral position of the Bragg
peak,d is the incident angle andgy is the effective refractive index, which can beoal

calculated according to Eq. 3:
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—_ nldl+n2d2
Eq. 3 n, =—+ 22
ot d, +d,

where, D=d, +d,

In these formulasg; andd, are the thicknesses of the layers with refradimdexesn; andn,

respectively. The stop-band width position W camétermined with the following equation:

Eqg. 4 W=£/1
T

n—n

Bragg
n2 + nl

From the given expressions, we can say that theabgiroperties of 1DPCs can be tuned by
varying the incident angle, the unit cell, and te&active index. In harmony with the Bragg
equation for 1DPCs in Eq 2, the precise specti@lipation of the fundamental Bragg peaks
can be tuned by varying the optical thicknesseb@fLDPC constituting layers. Dense layers of
two visible transparent metal oxides, namely S#nd TiQ, are some of the most used
compounds to prepare rigid Bragg mirrors since thegsent very different dielectric constant
(nsio=1.45; ri0x=2.44). However, dense layers of these two matedal not allow to further
process these multilayers to prepare flexible fatence filters.

On the other side, all-polymeric based 1DPC stasds solution to this inconvenience, but they
are not appropriate to be used for broad bandtiadiahielding due to the low contrast between
layers, which results in narrow spectral blockigaddition, and because of the same reason,
the stacking of 50-100 layers is required to achieigh reflectance valué%®* A few years ago,

a new kind of porous 1DPC made of metal oxide nartages as building blocks were
developed by our grou, but rapidly spread as their applications in défer fields were
explored.

Porosity offers a new multifunctional dimensiorthe field of photonic crystals that capitalized
in new applications from diverse fields such asssey lasing and photovoltai€$®°TiO, and
SiO, nanoparticles are today widely employed to obgaporous 1DPC by spin or dip coating
from size distribution controlled colloidal suspems. The pore connection between layers is a
distinguished feature in these structures to mhkentsuitable to be infiltrated with different
kinds of compounds: semiconductors, liquids, vapdy®s, etc. Our group proved that these
optical structures can be infiltrated with polyme&robtain a hybrid 1DPC that can be lifted off
from the substrate. The first example was basedheninfiltration of poly(bisphenol-A-
Carbonate) (commonly named polycarbon&teéll the process was made by liquid processing

by spin coating, because porous multilayer weritriatied with a methylene chloride solution
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of polycarbonate. This new hybrid material hasdhgcal properties of the inorganic backbone
and the mechanical properties of the polymer nafiéd. The possibility to lift-off the photonic
crystal from the substrate put in evidence the poreectivity all throughout the structure. The
scheme of this process is shown in Figure 6.

hydrolysis

condensation .‘ o polymell } Q
°® ., +‘monomers

MOx precursor MOx particles infiltration and

infiltration ¢ polymerization

multilayer

Figure 6: Synthetic pathways of the synthesis of flexibléypeer nanoparticle multilayer films based on

preformed porous layer method.

In another example, we demonstrated that polymwsizacan be done within the pores of the
structure:®®’ Just like it is done for the case of layers mafde single type of particle, a porous
photonic crystal is infiltrated with PDMS that aftthermal treatment it converts to a flexible
1DPC. It is worth mentioning that 20 layers arewgioto block 99% of the incident light at any
desired spectral position comprised in the visiblgion. Some pictures of this kind of blocking
system are shown in Figure 7a and 7b. Flexibilitgt Bright colours result from the mechanical
properties of the PDMS and the optical propertieshe embedded nanoparticle photonic
crystals respectively.

FIGURE 7: (a) Flexible one-dimensional photonic crystal lbhse: TiG, and SiQ nanoparticles
infiltrated with PDMS; (b) Similar film described (a) but made it adhesive to human skin.

As long as TiQ is used to build the photonic crystal that shieddminst UVA and UVB
radiation by absorption, the design of the mulglaynust account for the mechanism of

interference and for that of absorption, since,ljp@sents an electronic band gap near 3.64eV.
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Thus, a photonic crystal based on alternated 8i@d TiQ layers can be designed to overlap the
photonic band-gap with thabsorption of TiO, to extend the blocking to UVA regions. In
Figure 7b we show one of these 1DPC designed tmbesive to human skin, feature achieved

by changing the curing agent quantity.

Objectives and Motivation of this thesis

The main objective of this thesis is the developim@nanoparticle based flexible structures
with photonic crystal properties that shield agaioy radiation through optical reflection
phenomena. The suggested approach will allow tarately select the range of wavelengths
blocked. This represents a much more efficientdiive to UV absorbing compounds, whose
protection mechanism gives rise to secondary uraldei chemical reactions with the
consequent photodegradation of these materialst bfothe mentioned drawbacks could be
overcome with the use of the sheets whose evaluitia real system, protecting epithelial cells
from UV radiation, will be provided here. The vditiy of the proposed photonic structures,
due to their flexibility, transferability and adapility to all kinds of substrates, enables them
for interesting applications as UV optical filteFurthermore, an explanation to the formation
process of an all polymeric photonic crystal, witltlense reflections in the UV range and

compatible to flexible substrates will be presented

This thesis is structured as follows:

In chapter 2 it will be presented a full description of theutes followed for the synthesis of
the ZrQ, Nb,Os and TiQ metal oxide nanoparticles used as building blaksvell as de the
deposition methods used to create the photonictstes.

In chapter 3, Ii is shown the design and the build of a newetgp nanostructured selective UV
reflecting mirror: a periodical porous multilayeitivphotonic crystal properties deposited from
colloidal suspensions of of ZsONBb,Os and SiQ nanoparticles, with the purpose of shielding
well-defined wavelength ranges of the UVA, UVB, ad¥C regions of the electromagnetic
spectrum while preserving transparency in the lasib

Given the versatility of these flexible nanopasitiased Bragg mirrors as transparent UV
protectors that shield selected wavelength rangelsthat they can be placed over random
surfaces, they will have very interesting applicas. One example of this can be found in
chapter 4, in which | designed and prepared optical streduo shield a specific UV range that
it was recently demonstrated to produce carcinagjerie skin cells. Also, an analysis of the
UV protection efficiency, measured as the degredavhage caused on the DNA of different
epithelial cells exposed to a broad band UV sowrgide being protected by the flexible Bragg

stacks will be made.
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In chapter 51 will analyze the mechanism behind the formatidrporous polystyrene based
one dimensional photonic crystal that operatesienUV. In this case | present a study about a
physical phenomena observed in polymers which lgadshe creation of bi-continuous
polymeric templates. This resulting polymer muitda presents a unit cell made of two layers
of different porosity as a consequence of the standlectromagnetic wave generated by thin
film interference phenomenon during the irradiattage.

This new type of materials could have many appbcat For example, there are many skin
problems that can be treated and cured by cordrek@osure to ultraviolet and visible radiation
of different types. We found two clear exampleshid in the therapeutic effects of UV light on
psoriasi&, caused by the suppression of the immune systeasevhbnormal function in the
origin of the observed inflammation , or violetHigon acne vulgari§ through the activation of

a porphyrin which finally kills bacteria (Propiomitterium acnes) responsible for the observed
injuries. Phototherapy also finds utility in theatment of eczema, skin agifi§, mycosié? or
vitiligo. ™ In each case, the cure is activated by a diffespattral window included within the
ultraviolet range, visible or near infrared. Fostance, patients of psoriasis are exposed to UV
narrowband light of wavelengths between 310 nm ab8 nm, while the common acne is
treated with wavelengths between 405 nm and 420mthe near future, patients would benefit
greatly from the existence of flexible sheets tbatild fit your damaged skin while blocking
harmful UV radiation, and at the same time allowingnsmittance windows in therapeutic

ranges.
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Chapter 2

Nanoparticle synthesis and multilayer preparation methods

Introduction

In this section, the synthesis routes followedhis thesis to achieve stable nanoparticle
suspensions of ZKDNb,Os and TiQ, as well as the deposition methods employed to
form the multilayer system without the need of hieaatment will be explainedhe
obtained nanoparticles, which gitke possibility to extend the range in the UV wiih
the presence of absorpticare monodisperse and present sizes in the 5-3@Gnge to avoid
diffuse scattering in the system. Theeguirements are necessary to obtain uniform dptica
quality thin films. In this sense, the sol-gel noeths a versatile method that gives the
possibility to control the size of the nanopartcknd the degree of aggregation. Both
parameters allow us to control the porosity of midtilayer system, a key feature that
will make possible polymer infiltration in the stiture to create flexible films, whose

preparation details are provided also.

Nanoparticle synthesis
The Sol-Gel proces$s is one of the most used synthetic routes to peepaweral inorganic

compounds or organic-inorganic hybrids in a wideietg of structures such as thin filfns
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nano-sized powdetsnanoparticles among others. In this thesis, this method is ehpsince it
gives the possibility to control the final micrastture of the nanoparticles synthesized. The sol-
gel path involves a liquid solution (sol) contamia chemical precursor: a metal atom
surrounded by organic or inorganic ligands. Depagdin the chemical nature of the ligands,

precursors may be classified into two differenegaties:

- Inorganic precursors, many inorganic salts sushnarates, chlorides or acetates. The
inorganic route involves the formation of condenspecies from aqueous solutions of the

inorganic salts by adjusting the pH.

- Metal-organic precursors, usually metal alkoxiddgOR),, with the bonds alkoxy (OR),

optionally in combination with alkyl chains (R')nked to the metal atom (M).

Sol-gel processing of metal alcoxides occurs thincaignechanism of inorganic polymerisation
based on two reactions: the hydrolysis and condiemsaThe metal alkoxides, which are
generally highly hydrolyzable compounds, react wiith added water. Therefore, a hydroxyl

group binds to the atom metal via Equation 1 below:

Eq. 1: M-(OR} H,O — HO-M-(OR) + ROH

Depending on the amount of water added in the poes®f acidic or basic catalysts, the
hydrolysis may be complete, that is to say thatttedl OR groups are replaced by hydroxyl
groups (equation 2):

Eq. 2: M-(OR} 2 H,O — M-(OH), + 4 ROH

However, the hydrolysis is generally stopped befbeereaction was completed, giving place
the presence of species (H®)-(OR),. Two molecules (partially) hydrolysed can then be
linked by a condensation reaction, and removal rotgmated species occurs in the form of
alcohol (alkoxylation) or water (oxolation) fromwations 3 or 4:

Eq. 3 (ORY-OR + HO-M-(OR} — (OR);-MOM-(OR); + ROH

Eq. 4: (ORM-OH + HO-M-(OR)} — (OR):-MOM-(OR); + H,O

Reactions described by Egs. 1 to 4 are based oleaphilic attack mechanisms. These

mechanisms can be activated by the use of aciddsagysts, which allow a separation of the
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hydrolysis-condensation reactions and selective ivatan mechanisms reaction.
Conventionally, acid catalysts (eg, HCI or HNGncrease the rate of hydrolysis, while basic
catalysts promote the condensation. In additior, cbmplete liquid-solid transformation in
some of the sol-gel routes (Eg, 4r€ynthesisexplained in this chapter), is carried out at
ambient temperature.

By controlling the synthesis conditions carefulthese reactions may lead to a variety of
structures, and to different final states for thatemals, showing the great flexibility of this
technique to adapt to different system requirements

After a stable solution of nanoparticles is achigvilne remaining point is to convert these
separated materials into a solid layer with the afsing the physical or chemical properties
as a porous film on a substrate. The liquid prangsgpproach, based on dip- or spin coating of
different types of suspensions is a well stablistmethod to deposit thin layers of , metal oxides
nanoparticles. The stacking of layers of nanopadiof different type can be also made. In my
group, a detailed analysis of the effect of thengmating protocol over the structural and
optical properties of nanopatrticle based one-dinogas photonic crystals was demonstrated in

the past.

Spin-Coating

Spin coating of diluted suspensions is a widesptealnique used to produce thin, uniform
films on a planar substrate. It has been one ofpteéerred methods to deposit polymer thin
films or nanoparticle layers out of colloidal suspens, both of them studied in this thesis.
Meyerhofe? was the first to explain the dependence of thal finickness of a spin coated film
on the processing and some important key paramékersangular velocity, viscosity and

solvent evaporation rate by the semi-empirical idenshown in equation 5.

p, ) 3m
Eq. 5: h=1-A&
A { pAoj(Zp%V\FJ

Were p, is the mass of volatile solvent per unit volung, is the initial value ofp,, 77 is

the viscosity ,w is the angular speed and m is the evaporatiorofdtes solvent.

In a spin coating standard course, at the beginairsglution is deposited on a substrate (Figure
1a), that is subsequently accelerated until itlreadhe preselected rotation rate. Liquid flows
following a radial geometry, as a result of theiactof centrifugal force, and the overload is
cast out off the edges of the substrate (Figure g film will thin gradually in a continuous
process until disjoining pressure effects provakesfilm to arrive at an equilibrium thickness

in viscosity from solvent evaporation.(Figure 1d)eTlast thinning of the film is next owed
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exclusively to solvent evaporation.(Figure 1d) Anabete description of the basic principles of

this process is given in Bornside et al.

(a)

- =

[{:3]

dar/dt =0 % #
—
-4 >
{c) 1 i

denfdt =0

()

Figure 1. Four stages of spin coating (a) solution dispers(b) acceleration, (c) viscous force influence

during steady spinning, and (d) solvent evaporgtimtess during steady spinning.

This method is particularly interesting because dbkay in obtaining a multilayer material is
very short (a few minutes). In the specific casdhaf deposition of nanoparticles, in a work
perfomed by our grodpit was shown that the spin coating protocol carubed to study the
optical properties of the photonic crystals anddfare, the same equations mentioned so far
can be applied to a porous multilayer system. Tinekiess of the materials can be controlled
by varying the concentration of particles in thepansion or on the rotational speed. On the

other hand material thickness is uniform over thiire substrate surface.

Dip-Coating

The simplest scheme of sol-gel dip coating consistthe immersion and withdrawal of a
substrate into and from a solution: gravitationepging and solvent evaporation, added to
further condensation effect, causes the formatioa thin solid film. The structure of films
deposited depends on such factors as size andustwé the precursors, different parameters of
condensation and evaporation, capillary force, sutabtrate withdrawal speed. The dip coating

process can be divided into three steps (Figurdn2nersion of the substrate after surface
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preparation, removing the substrate at a controliéel thereby forming a wet film and, gelling

of the layer by solvent evaporation.

e VA T o
| \v U ( | —j i k— | - |
dipping wet layer formation solvent evaporation

Figure 2: Stages of the dip coating process: dipping ofdigstrate into the coating solution, wet layer

formation by withdrawing the substrate and gelatibthe layer by solvent evaporation.

During the extraction process, a layer of liquideistrained on the surface the substrate,
generating a combination of viscous and gravitatidorces that determine the thickness of the

liquid film h formed on the substrate surfaaaccording to equation 6 for a Newtonian fluid:

2
V)3
Eq. 6: h= 0.94('77)l
L/\;3 (pg)5
In this equationy is the withdrawal speed] is the viscosity of the solution sol-ggd, is the

density of the sol-gel solutiorg is the universal gravitational constant, ayg is the liquid—

vapour surface tension. The dip coating technigag the advantage of being used to cover
large symmetrical areas or substrates with comgiometries, and not only used to generate
the coating via sol-gel route. This method generate homogeneous coating thickness across
the surface area the substrate to be coated, efxcape edges where the thickness of coating is

usually higher.

Titanium oxide nanoparticle suspensions
The synthesis and the characterization of diffetgpes of metal oxide nanoparticles

that allowed me to build flexible multilayer struots will be shown in what follows.
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The sizes of the nanoparticleswere obtained by mimdight scattering (DLS, Malvern,
Zetamaster) using water dispersions. All nanodediaised in this thesis were diluted in
methanol in concentrations ranging from 1 to 4wi%is alcohol is chosen since no coagulation
is produced in the suspension has been prepatbisiway® and at the same time, the medium
is volatile enough to obtain liquid-free films irffew seconds.

TiO, nanocrystals were synthesized following a routeedaon the hydrolysis of titanium
isopropoxide (TTIP 97%, Aldrich), continued withetigrowth under hydrothermal conditions.
Titanium isopropoxide (IV) (20 mij were added to 36 mL of Milli-Q water and stirrea . h.
The resulting white solid was filtered by employih@ mm RTTP Millipore sieves and then
was washed numerous times with distilled water @uicin a Teflon reactor containing 3.9 mL
of 0.6 M tetramethylammonium hydroxide (TMAOH 25%uka). Peptization occurs by heat
treatment in a furnace at 120 °C for 3 h. Aftervgard colloidal suspension of anatase
crystallites is achieved. Next, centrifugation &t 00 rpm for 10 min makes possible the
removal of outsized aggregates out of the dispersia figure 3, a simple schematic

representation of the synthesis route is shown.

Titanium(lV)isopropoxide + Milli-Q water

{

Precipitates

v

1 hour stirring

!

Filtered and washed with distilled water

¢

Precipitates

!

+ Tetramethylammonium hydroxide

Placed in a reactor for 3 hours at 120°C

v

Colloidal sol of TiO, nanocrystals

Figure 3: Schematic representation of the synthesis roifé@?2 sols

The obtained size for TiOnanoparticles is around 30nm, as can be apprddiatEigure 4a.

The high transmittance shown for a layer made omilth this nanoparticles (Figure 4b),
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corresponding to 500 nm, indicates that this sizeschot cause diffuse scattering, that would
negatively affect the transparency of the coatii@, presents the electronic bandgap (EBG)
edge atA= 340 nm (Egap = 3,64 eV), as can be noted alsbiganre 4b. The EBG is a

consequence of direct electronic transitions inah@ase nanoparticles.
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Figure 4: a) Volumetric particle distribution size of colloidahnoparticles made of Si@ed squares).

b)Transmittance spectrum of a 500nm layer coatfij©, deposited over quartz by means of a spin

coater.

The latter is obtained extrapolating the risingtpaf the absorption edge and the Fabry-Perot

oscillations, taken from of Tignonolayer transmittance spectrum, as shown in Eigbr

Preparation of Nb,Os nanopatrticles

The suspension of NBs nanoparticles was prepared using niobium pentedeld (Figure 5)
(99%, Alfa Aesar) as precursor in the synthesiser@s can be seen in Figure 6. The initial step
consisted in the addition of 2 g of NRGh 18.5 ml of absolute ethanol. Then, 0.847ml of
glacial acetic acid was added to the mixture affidiiesonication for 5 min. Afterwards, the
solution was hydrolyzed with 4.9 ml of distilled t&g enough to obtain a,&:Nb ratio equal to
35. This ratio was optimized to obtain particleshwli8-20 nm of diameter, without gelification.
High hydrolysis ratios lead to niobium oxide nanigées with larger diameters, as described
elsewheré?

A high content of water ends up in a high degrednafrolysis that additionally causes the
condensing polymerisation. The final concentratidrthe sol was approximately 6%. Stable
transparent NiDs solutions were obtained. The sols are stable fong period of time at room

temperature when kept in a hermetic glass flask.
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NDbCI, + Ethanol

|

Precipitates

{

+ Acetic Acid (Nb:HAc=1:2)

|

Ultrasound (5 min)

v

Precipitates

!

+ H20 (molar ratio H20:Nb=35)

|

Ultrasound (5 min) + reflux (2h)

Colloidal sol of Nb,O, nanoparticles

Figure 5: Basic flow chart showing the sol-gel process usedobtain a suspension of Py

nanoparticles.

The obtained nanoparticles present a diameter drd@mm as shown in Figure 6a. /g
nanoparticles present the absorption edge in appataly 315 nm ((Egap = 4 eV), as can be

seen in Figure 6b.
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Figure 6: a) Volumetric particle distribution size of colloidahnoparticles made of Nbs (red squares).
b)Transmittance spectrum of a 400nm layer coatingBOs deposited over quartz by means of a spin

coater.

30



Zirconium oxide nanoparticle suspensions

ZrO, nanoparticles were synthesized using a procedasedoon the hydrolysis of zirconium n-
propoxideA stable ZrQ nanoparticle suspension is achieved by the slalitiad of 3.7 ml of
zirconium n-propoxide (70%, Alfa Aesar) in 50 mIMfili-Q water acidified with 1ml of HNQ
(65%, Prolabo) under strong stirring, as shownigufe 7. Immediately after the addition of the
zirconium alkoxide a white precipitate is forme@pBzation in acid medium allows controlling
particle size in the desired range, while dialysisvides the necessary surface charge to realize
the layer by layer assembly of ZrQarticles from methanol/water suspension. The d¢ei@p
peptization of the solid took place under room terafure for approximately 72 h. Next, the
colloidal suspension was dialyzed against pureil@ilwater in a membrane (MWCO=10000,
Spectra/Por) until pH=3. Finally, water was remowsddistillation at reduced pressure and

particles were re-suspended in methanol, in conggms ranging from 3% to 4% wt.

H,0 + HNO, |—> | M(OR),

Hydrolisis

Precipitates

'

Peptization at RT

Colloidal sol
lower pH (=1.12)

'

Dialysis

b

Colloidal sol
of ZrO,

nanoparticles
pH=3.7

Figure 7: Diagram with the hydrolysis and condensation pssdo achieve Zrfhanoparticles.
The obtained nanoparticles had a diameter of appedgly 6 nm as can be seen in Figure 8a.

As can be appreciated in Figure 8b, Zr@noparticles present an absorption edge=220nm
(Egap = 5,63 eV).
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Figure 8: a) Volumetric particle distribution size of colloidabnoparticles made of ZsgQred squares).
b)Transmittance spectrum of a 400nm layer coatiihgr®, deposited over quartz by means of a spin

coater.

It should be mentioned that particles obtained by ZrQ sol-gel synthesis tested were
proven to yield bad optical quality multilayers dtee imperfections introduced at different
stages of the construction of the Bragg stack.

As can be seen in numerous, the Sighericahanocolloids are widely used as refractive index
partner to other high refractive index nanoparsiakden it comes to build a photonic crysfal.
®In our particular case, the SiQlispersions were purchased from Dupont (Ludox TMA,

Aldrich). The suspension is highly stable and maosyerse, as can be seen in Figure 9a.
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Figure 9: a) Volumetric particle distribution size of colloidanoparticles made of SiQred squares). b)
Transmittance spectrum of a 500nm layer coating§iof deposited over quartz by means of a spin

coater.

Moreover, Si@nanocolloids do not present absorption in the UUKXB and the less energetic

part of UVC, as it can be appreciated in Figure 9b.
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Procedure to obtain flexible films

The first step is to make a liquid mixture with #lastomer precursor (EP) and the curing agent
(CA) (Sylgard 184 elastomer kit, Dow Corning). Tineass ratio EP:CA of these two
compounds was kept fixed at 10 to 1, in order targotee an optimized polymerization.
Subsequently, the infiltration of the blend canppbepared by dropping a defined quantity onto
the inorganic backbone by means of spin coatings(480 rpm). Then, samples were cured at
110 °C in a stove during 30min. Next, we made sgjrecisions in the PDMS layer with a
blade, and we immersed the infiltrated multilayeported onto the glass in liquid nitrogen
(77K).We then allowed samples to get to room teipee, and after that, the films were lifted

from the substrate.
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Chapter 3

Flexible nanoparticle one dimensional photonic crysls for UV

radiation protection purposes

Introduction

In this chapter, a detailed procedure is explaimed how to build and design porous
nanoparticle one dimensional photonic crystalsrdeoto create flexible films to protect against
ultraviolet radiation by optical reflection. Thessgm is based on a periodical porous multilayer
structure made by the alternating deposition lapérgrO, or Nlb,Os and SiQ nanoparticles
through spin coating route. For this purpose, ,SIXO, and NBOs nanoparticles whose
detailed synthesis was given in chapter 2, are .us@d UVA protection, | propose a
Nb,Os/SiO, nanoparticle one dimensional photonic crystal, levHor efficiently blocking
different UV wavelength ranges comprised betwiee200nm and=400 nm, | present a series
of ZrO,/Si0, photonic crystal films. | will describe the methddised for the creation of a
flexible nanoparticle based one dimensional phatarystal, that is able to block effectively the
UV wavelengths through reflection, while keepindiigh transparency in the visible. | will
show optical characterization evidence of how thgh hiefractive index contrast between the
different types of nanoparticle layers gives riseintense Bragg reflections at the targeted

wavelengths. The main results of the built flexilvlaterial as effective UV radiation filters, and
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a comparison to other state-of-the-art materialghiis field of thin film transparent UV

protective coatings will be evaluated.

Nb,Os/SIO, one dimensional photonic crystals: rigid phase.

Porous 1DPCs were made following the alternatedsigpn of two different nanoparticulated
layers of SiQ and Nb2@, prepared by spin coating. In order to ensure muonenectivity
between the resulting layers and avoid diffusetedag, it is indispensable to use solutions of
colloidal particles of nanometer size as mentioimeithe previous chaptérParticles with sizes
close or above to 100nm, affect the optical quaktith light scattering induced. Also, for
narrow distributions, pore size will increase witie average particle size, and hence, the
existence of large pores stimulates the intercdivigcand accessibility of the system.

In order to deposit the layers of Si@nd NBOs nanoparticlehe precursor suspensions were
spun cast over clean glass substrates using a cg@ter equipment in which both the
acceleration ramp and the final rotation speedd:twa precisely determined. Rotation speed
was selected between the values of 2000 and 6@0@mnp acceleration ramp was kept constant
at 7150 rpm s-1. The complete spin-coating progvasgramping-up and final speed) is
concluded in 60 s. The procedure is reiterated alhtiayers have been deposited.

With the aim of analyzing important parametershef tesulting Bragg peak such as its intensity
and spectral width, a fit of the reflectance sgewatas made by a code based on a transfer matrix
formalism developed in our grodpThe output of the simulations gives the valuesthaf
refractive indexes and the thickness of the formimgers. From this procedure, we estimate
n(Nb,Os5)=1.76 andn(Si0,)=1.31, corresponding to pore volume fractions 0%4and 28%
respectively. Values of 2.26 and 1.43 are takentHerrefractive indexes of bulk MNbs and
SiO, in the visible. Microstructural features of theserqus 1DPC, spin coated onto cristal
substrates, can be explored by FESEM images takem & microscope Hitachi 5200 working
at 5 kV. A FESEM cross section image of a #MD,Os nanoparticle multilayer discloses a
homogeneous layer thickness with flat interfacaskiéd by them (Figure 2a).

In figure 2b we can see a backscattered electroturpi of the same geometrical region,
revealing visibly uninterrupted and even interfacesinecting successive layers, with more
intense lines belonging to MDs layers. Being able to differentiate both layersckzarly and
that the bright fringes fom the backscattered sbest corresponding to MOs layers present a
similar thickness from what we can distinguish lie secondary electron image, tells us that
there is no considerable interpenetration that ccaiffect the refractive index contrast and
therefore the intensity of Bragg peaks. Calculakécknesses from FESEM images were 35nm
and 65nm for NEOs and SiQ layers respectively. Also, the thickness of thgefa was

estimated from Field Emission Scanning Electronrbicopy (FESEM) images, which is going
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to be used as an input value in the simulation&SHBEME analysis puts in evidence that up to 20
layers can be stacked by spin coated assisted bgykeryer deposition without an intermediate
thermal treatment, as it usually occurs for ottmmisinations of metal oxidésAbove this layer

number, samples started to collapse due to terstiless. It should be mentioned that
nanoparticle films are stable against disassemblthé same dispersion medium from which

they were deposited.

Figure 2: FESEM images of the cross sections di &ger 1D photonic crystal made of Si@pherical
colloids) and NBOs nanoparticles respectively, obtained using (a)owséary and (b) backscattered

electron detection. Scale bar is 1 um in both figur

The deposition technique employed and the confroh® nanoparticle solution concentration
permits having a precise location of the Bragg peatkdifferent spectral positions. In Figures
3a, 3b and 3c we present sets of total reflectdota, transmittance and calculated absorptance
spectra, obtained from Mbs 1DPCs deposited at different rotation speeds andentrations.
Optical characterization was performed using a USidMe scanning spectrophotometer
(SHIMADZU UV-2101PC) with an integrating sphereaatied, working in both total reflection
and total transmission modes. The absorptancengblea were calculated using the expression
A= 1- Tt - Ry, in which T and R are the total transmittance and the total reflemga
respectively. The measurements cover the waveleagtbn from 200 to 800 nm.
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Figure 3: a) Total reflectance, b) total transmitts, and c) absorptance from §ib,Os bragg stacks.
Final rotation speeds were 3000 rpm (blue), 4000 (green), 5000 rpm (red) and 7000 rpm (black).
Concentrations of Sifand NBOs nanoparticles were kept at 2.5 % in all caseselstation rampy(=

11500 rpm/s) was kept constant.

It can be seen that high intensity reflectance pdlait shield against UV radiation from 300 to

400 nm through reflection were obtained, avoidibgasption as can be appreciated in fig 3c.
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Also, the transparency of the samples in the \a@sibgion (390-750 nm), estimated according
to standard methods commonly employed to detertighetransmittance of solar radiation for
glazing in buildings (ISO 9050:2003), which takesoi account the photopic response of the
eye, is around 90%. In these periodic multilayestamys, it is feasible to introduce an “optical
defect” disrupting the periodicity of these symriesystems to create allowed states in the
photonic band gap. In Fig. 4 we show a total tratiante spectra of a porous $ib,0s
1DPC in which a thicker SiJayer was inserted in the middle of the multilaggucture. The
result of the existence of these optical caviteshe opening of a narrow transmission peak
within the prohibited wavelength range, as showhe Pposition of this maximum will be
determined by the optical thickness of the middlet. These optical resonators present many
application&®, for instance, these relatively sharp transmissigmdows can be designed to
control slight changes of refractive index in thergs of the cavity, permitting to sense the

presence of vapors inside the pore walls of thecgire with great accuracy.

100

|} 7RO
o} 1M>L/7'

20

Total Transmittance

O 1 1 1
300 400 500 600

Wavelength/nm

Figure 4: Total Transmittance spectra of a setawbps optical resonator made of gib,0O5
nanoparticles. Final rotation speeds were 6500 (Black), 5000 rpm (Red) and 4000 rpm

(Green). Concentrations of Si@nd NBOs nanoparticles were kept at 2.25 % in all cases.

Nb,Os/SIO, one dimensional photonic crystals: infiltrated phae.

In order to study the structural behavior of themglke by analyzing its optical properties two
experiments were made: Two identical couples dfiriD (SiQ/Nb,Os) 1DPC were built at
6000rpm. One of them was infiltrated and left tdypterize at room temperature for 72 hours,
while the other one was polymerized at 110°C fon®@utes, following the standard procedure
described previously in this work. The initial pg=n of the Bragg peak of the sample was
located at 346nm. As expected, the Bragg peak sittes of both infiltrated samples was
slightly attenuated, since the refractive indextst is reduced after filling the pores with
PDMS as can be seen in Figure 5. The Bragg peakspmnding to the sample heated shifted 6
nm to the red side of the spectrum. We believe due to evaporation of remaining solvent in

the system, thus reducing the thickness of the Ean®n the other hand, without heat
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treatment, the thickness remains constant, but affidtration, the average refractive index

increases in both layers, the peak red shifting6 n

100

Total Reflectance

300 400 500
Wavelength/nm

Figure 5: Total Reflectance spectra of: (Black)i®igorous SiG'Nb,Os 10 unit cell 1DPC spin coated at
6000rpm. (Red) polymerized after after heat treatm@reen) and at room temperature. The,%itd

Nb,Os concentrations were left at 2% and 3% respectively.

Nb,Os/SIO, one dimensional photonic crystals: flexible phase.

These 1DPCs present a porosity that offers theilpligsto build self-standing versatile
mirrors, following a standard procedure explained Ghapter 2. In figure 6, an optical

characterization of all three stages of the sammgil, infiltrated and flexible phase are shown.
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Figure 6: UV-Vis characterization of all the stagéshe sample: pre-infiltrated (Black),
infiltrated (Red) and flexible film (Green).

The total transmittance spectra reveals a Brag§ péa a maximum of intensity in all three
stages of the sample, i.e before, after infiltmatiand flexible phase. In figure 7 we can see a
digital image of a Si@Nb,Os flexible 1DPC, lifted off from the crystal subs&gawere it was

originally deposited.
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Figure 7: Image of a flexible one dimensional phata@rystal made of SiCand NBOs nanopatrticles.

ZrO ,/SiO, one dimensional photonic crystals: rigid phase.

1DPCs made with SiO2 and ZrO2 nanoparticles aglingilblocks were made following the
same route used for SiDb,0s 1DPCs. Important parameters of the resulting Biaegk were
obtained after fitting the reflectance spectra waittode based on a transfer matrix formalism as
explained previously in this chapter. An examplgha& performed simulations can be seen in
Figure 8, from which we extract,0,=1.70 andnsjo=1.32, values that imply a pore volume
fraction of 50% and 25% respectively. Values of52dhd 1.43 are taken for the refractive

indexes of bulk Zr@and SiQ.
100

80 | ¢
60 |

40}

250 300 350 400 450 500
Wavelength/nm

Reflectance

Figure 8: Experimental (Red circle points) and theoret{@hck solid line) reflectance spectra of a 10

(Si0./ZrO,) multilayer system.

FESEM images of the cross sections of a,&ifM, multilayer, obtained with secondary and
backscattered electrons, are shown in Figure 9d e 9b, respectively. Secondary electron
image reveals a periodic structure in which theesiphl morphology of the bigger SiO
particles can be recognized, while the layers nwdbe smaller Zr@ particles appears as an
almost continuous layer. Backscattered electrong@sataken from the same sample region
disclose clearly the continuous and smooth intedabetween consecutive layers, brighter

fringes corresponding to denser Zi@yers.
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Figure 90 FESEM images of the same region of the crossissedf a 20 layer SiO2/2rO2 1DPC
deposited onto a silicon substrate, obtained u@hgecondary and (b) backscattered electron detect

Scale bar is 1 um in both figures.

The particular surface interaction between Si@rticles and dialyzed Zsk®nes seem to favor
the formation of thicker film piles at room tempten@, which is turn convenient for the
preparation of flexible films from them (vide injrdetailed studies on the mechanical stability
of colloidal assemblies propose that particlesliaedy to be held together by bridges of water
hydrogen bonded to the surface, which act as a mefoe the structuré'This image reveals
also the presence of interpenetration in the layked negatively influences the refractive index
contrast and hence the intensity of Bragg reflestifsom the structure. However, these Bragg
stacks are able to reach intensities close to 180360nm, given its high structural quality and
also the high number of layers stacked, in our ,ca8elayers were piled up without heat
treatment in the process, to reach close to 100R4ctence in the as deposited sample, as can
be seen in figure 10.
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Figure 10: Total reflectance spectra obtained from Z&)0, multilayers. Spectra were recorded after
the deposition of 20 (Black), 22 (Red) and 26 (@)dayers, as indicated in the graph.

The method herein proposed allows locating thisimam at different UV wavelength ranges,

as illustrated by the series of total reflectaniRg) Spectra plotted in Figure 11la. These have
been measured from a set of porous Z3@, 1DPC deposited on a quartz substrate at different
final rotation speeds or using different particencentrations in the precursor suspensions.

Complementarily, we measure the total transmittgfig® spectra of the coatings, which are
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shown in Figure 11b. It is clearly observed thahgies can be designed to reflect well-defined
spectral ranges in different sub-regions of theauiblet spectrum, namely, UVA, UVB and the
less energetic part of UVC (from 280nm to 220nngniicant peak intensity (80%) and width
(AA=50 nm, 0.68eV) are attained for the number of celis (N=12, a unit cell being defined as
a SiQ /ZrO, bilayer) herein stacked as a consequence of tijie ft@fractive index contrast
between the SiPand ZrQ layers. An estimation of these values is obtaiinech the fitting of
the optical response, as shown below. Most of dneptes absorbs near 50% of incident light at
A =220nm (5.63 eV), as a consequence of interbasdrption in ZrQlayers, shown in Figure
llc.
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Figure 11 (a) Total reflectance, (b) total transmittance &c) absorptance from Zp3iO, interference
films. All films were deposited using the same spiating protocol=6000 rpm ang = 11500 rpm/s)
but different nanoparticle concentrations (exprésse[SiQ % wt., ZrG % wt.]): [1.0, 2.5] (Black); [1.5,
2.5] (Red); [2.0, 2.5] (Green); [2.25, 2.5] (Darlkehow); [2.25, 3.0] (Blue), [2.5, 3.0] (Purple). Wrell
thicknesses are 75 nm, 80 nm, 95 nm, 105 nm, 118nthi25 nm, respectively.

It can be observed also that, as the positione@Bitagg peak shifts to lower wavelength, some
overlap with the absorption starts to be significamhich distorts the reflectance and the
transmittance spectra fa220 nm. The detected fluctuations in absorptanuéen 3% at
longer wavelengths are due to geometrical resinstito full solid angle light detection in the
integrating spher®? This analysis reveals that the UV shield effekittpd as transmittance in
Figure 11b, is totally due to reflection by therfilin addition, the transparency of the samples
in the visible region (390 nm-750 nm), estimategstandard procedures (ISO 9050:2003), is
around 90% in all cases. In line or ballistic trarssion measurements were also performed and
compared to total transmission ones in order tduata the amount of light deflected from the
incident beam by effect of imperfections in the pEmResults are presented in Figure 12. From
them we can conclude that the density of opticéate has an almost imperceptible effect on

the optical quality of the coating.
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Figure 12 Ballistic (Red) and total (Black) transmittangestra obtained from a Zp(3iO, multilayer

system made of 11 unit cells.

In order to obtain an optical porous resonator lik the case of the Sib,Os multilayer
system, an insertion of a thicker mid-layer of Si®ads was realized. The optical properties of
this structure can be visualized in Figures 13aX8td In this sample, the transmission window
is designed to be near310nm. This type of systems are capable of blackinwide region of
the UV while still transmitting a narrow range alexcted wavelengths and can be useful, for

instance, to perform a selective photochemicalti@aor polymerization of monomers.
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Figure 13 (a) Total reflectance, (b) total transmittancel o) absorptance from optical resonator built

with ZrO,/SiO, nanoparticles.

As shown in the previous section, the absorptaricthe resonator shows that all observed

optical characteristics in the 250-400nm rangeparely due to interference effects.
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ZrO ,/SiO, one dimensional photonic crystals: infiltrated phae.

Since the Si@ZrO, multilayer systems present a porous nature sirmilahat of NbOs and
related to the nanopatrticulated layers they are susceptible to be infiltrated with polymeric
compounds to attain a hybrid coating that can eyt be lifted off and behave as a self-
standing selective UV protecting film. The effettle polymerization temperature of PDMS in
the infiltrated samples on their optical performaugillustrated in Figures 14a and 14b. At first
sight, we see that when this process occurs at rmonperature, it results in a red shift.
However, in the SigZrO, system, due to a different arrangement in the ggiok of the
nanoparticles, it has less mobility of the infitingg agent in the structure. This can cause solvent
retention, and after a thermal treatment is peréatnthe evaporation of the solvent can cause a
slight reduction in the thickness of the sample tinu$, a blue shift in the Bragg peak position.
This hypothesis is supported by the fact that gitdti PDMS polymerization temperatures (from
110°C to temperatures close to 300°C) the Bragl pleiéts to lower wavelengths. This hybrid
system is thermally stable until 300°C, above thaiperature, the PDMS starts to decompose.
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Figure 14: (a) Total reflectance spectra of a 16 layer 5@, 1DPC in rigid phase (Black) and
infiltrated and polymerized at 110°C (Red). (b)dalotflectance spectra of a 16 layer K80, 1DPC in
rigid phase (Black) and infiltrated and polymeriz¢édoom temperature (Red).

ZrO ,/SiO, one dimensional photonic crystals: flexible phase.

A challenge to successfully achieve our goal wasury small average pore size present in
ZrO, layers due to the small particle size of the zpaiticles. That feature could inhibit the

diffusion of the oligomers to the deepest layerdh& photonic structure. To overcome this
obstacle, we infiltrated the structure by spin caatwhich forces the deposited liquid phase to
enter the voids of the porous multilayer now usegubstrate. Later on, the sample was left for

one day before starting the thermal polymerizatiorgrder to allow the whole structure to be
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infiltrated with the polymer. Once the sample isypterized, the rest of the process to obtain a
flexible film is carried out following the proceduexplained in chapter 2.

In Figure 15a we show reflectance spectra for sdleible ZrO,/SiO, photonic crystals of
different lattice constant. These data were obthwméh 13 unit cells samples , to reach the
maximum of intensity at different spectral posisoifhe Bragg peak intensity decreases after
PDMS infiltration and lifting off, being compriseid the range between 60% and 80% in all
cases. The decrease in reflectance is due towwezit@ of the refractive index contrast between
SiO; and ZrQ layers upon filling of the polymer. These new hgbpolymer/metal oxide
samples are very transparent, mechanically staidénmhly flexible, as the images displayed in

Figure 15b demonstrate.
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Figure 15: (a) Total reflectance spectra of individual fldgithybrid ZrGQ/SiO, photonic crystals. (b)
Photographs of hybrid self-standing PDMS/ZI®)0, multilayer film.

Stacks of hybrid flexible SiQ/ZrO , films

The mechanical stability and flexibility of filmd different lattice constant that shield against
well-defined wavelength regions along the 200 nr@-dth range, as shown in Figure 15, open
the way to block selectively wide spectral regibgspiling them up. In Figure 16 we show the
reflectance spectra of a series of flexible stanksle of an increasing number of multilayers,
each one displaying its characteristic Bragg petkditierent UV spectral range. Total
reflectance, total transmittance and absorptancstézks containing 1, 2, 3, 5 and 7 films are
shown in Figure 16. Films were attached sequewtiathrting from the one that reflects the
shortest wavelengths up to the one reflecting cltwsthe blue region. As the number of flexible
films increases, a wider spectral range is reftbctthe entire UVC-UVB-UVA range is
efficiently reflected, maintaining a transparen£y0% in the visible region.

This lowering in transparency is due to the sciateby irregularities in the interfaces between
the films put in contact. Since multilayers are eddied in a thick PDMS matrix, interference
effects between the different films are not dewcatethe optical properties of the multilayer
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pile. From the point of view of radiation protectjothis simple method can be used to
selectively shield against a spectral region dériedt, as well as to mimic or surpass the effect

of a conventional UV absorbing material, as shawthe next section.
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Figure 16: Total reflectance (red line), total transmittanbkié line) and absorptance (estimated-&%-
Ty, red dotted line) spectra of different stacksha flexible multilayer containing films shown irgtire
4a. The number of samples piled up is: (a) 1, (l§x@3, (d) 5, and (e) 7.

Also, it was necessary to test the optical respagbese systems composed of flexible films
when facing angular radiation. UV shielding systdmased in organic or inorganic compounds
whose protection mechanism is relies in absorptioa,independent of the angle of incident
light. It is known from introduction that a variati of the angle causes a blue shift in the Bragg
peak position. However, we can see from Figurehat the variation of the Bragg peak from Q°
to 50° is less than 30nm. The measure was cariedith the sample placed on a rotating stage
in a ballistic transmittance set up. This resulti¢ates us that the UV protecting efficiency of a
tandem similar to the ones shown in Figure 16 tsaffected by a drastic change in the angle of

incidence.
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region. Measures were taken from 0° to 50°, varg@hfyjom one spectrum to the next one.
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Radiation Protection

The ability of the Si@ZrO, flexible photonic crystal films and stacks of thémprotect from
UV light was tested by exposing commercial UV sevesistrips Control Cure, UV FastCheck
Strips, UV process supply Inc.) to the collimated and uniform radiation beam aagnout from a
solar simulator, employing different combinatioflsRDMS embedded multilayers to shield
them against it. Detailed analysis of the colornges induced in the strips by effect of the
exposure to UV light allows us quantifying the ambaof energy they have received from the
solar simulator. Both naked strips or PDMS film ed ones were used to determine the
relationship between energy density received asthpe surface and the color change observed

(see Figure 18).
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Figure 18 Reflectance of a UV sensitive strip film as fuontof the energy received per unit area under

1 sun illumination intensity from a solar simulator

The energy received per unit area was quantifiechégisuring the total reflectance of the strips
in an integrating sphere. In order to ensure tharoducibility of the protection effect,
irradiation experiments were repeated three tinmelsthe results averaged. The performance of
the ZrQ/SiO, interference mirrors as UV shields was compardtiab of PDMS flexible films,

in one case embedding Tihanoparticles, and, in the other, supporting a tilim of
benzophenone-3, an organic molecule that is indwake UV protecting agent in sun screen
lotions™ In both cases, UV light blocking occurs only aasequence of absorption, since the
TiO, particles employed are too small to give riseiffuse scattering.

UV sensitive strips were placed below different etypof UV protecting films and then
illuminated at 1 sun light intensity (AM1.5, 1000/} during the same time. Films tested
were: 1) A stack of multilayers that blocks thd fuV region (sample M}); 2) another Bragg
mirror pile that mimics the absorption profile ofOp (sample Mlg); 3) A PDMS film
containing a layer of Ti@nanoparticles with the same thickness than theopiw cystal
(approximately 1 pum); 4) A PDMS film onto which hirt layer of benzophenone-3 was

deposited; 5) a PDMS film, to quantify the effe€treceiving this amount of radiation without
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protection. In Figure 19a we show the energy pdranea received by the strips in each case.
The corresponding transmittance spectra are plottEdyure 19b.

Remarkably the ability of the flexible interferenoéror tandem Mk to shield against UV rays
Is as good as that of a similar film of highly atisng TiO, particles, while the performance of
ML, surpasses that of the film onto which benzophei®omeas deposited. This shows that
flexible photonic materials are suitable substgutd inorganic or organic UV absorbers
traditionally employed to dope polymers to the sammel. Please notice that the expected
downshift of the spectral position of the reflectampeak for oblique angles of light incidence
on multilayers, which follows a combination of Bga@nd Snell laws, is in our case easily
compensated by designing a stack of multilayerswibich the longer cut-off wavelength is
approximately 30 nm above the lower energy edgib@frange to be blocked, since that is the

peak shift measured at 45°.
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Figure 19 (a) Energy density received at the surface of &Bnsitive strips covered with different
flexible UV protective films and exposed to a saanulator (AM 1.5 spectrum, 100 mW/@mnHeight of
the bar represents the average value and the lfeckepresents the standard deviation.Mind MLg
stands for different Zr@SiO, film stacks. (b) Total transmittance spectra & fotecting films used in
Figure 6a: pure PDMS or naked strip (black lina);inanoparticle film embedded in PDMS (red line),
benzophenone-3 deposited (violet line) onto PDM&, Ngreen line), and Mg.(blue line).

Conclusions

| have shown a method to prepare both rigid coatargl flexible self-standing films capable of
efficiently protecting against UV radiation in desi and preselected wavelength ranges. The
UV blocking effect arises exclusively from optigaierference phenomena and depends only on
the number of stacked layers and the refractivexrabntrast between them. | demonstrate that

these films may equal or outperform layers of samithickness made of purely absorbing
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materials in terms of the degree of radiation priw@ achieved. These new materials offer a
degree of protection comparable to that of trad@loones, but without any foreseeable
unwanted secondary effects, such as photodegradaimrease of local temperature or, as it is

the case for organic absorbers, generation of fegbcals, all of them caused by light

absorption.
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Chapter 4

Biocompatible films with tailored spectral responsefor DNA damage

prevention of skin cells

Introduction

In the previous chapter, it was shown that flexiBBMS films embedding nanopatrticle
multilayer structures behave as strong reflectarshe UV range. This feature opened the
possibility to develop novel adaptable materials 8/ radiation applications. One of the
functionalities we foresee to these materials, kngwthat they are biocompatible and can be
easily adapted to a random surface, is the protedti the skin.

Exposure to UV radiation, for instance solar UViatidn, presents a risk owing to its strong
genotoxicity for the skih Solar UV radiation is one of the main causesefythema, a disease
that has been used as a standardized index toaéstihe risk of UV radiation for human skin.
UV radiation yields its genotoxicity by supplyindet skin genome with the required
photochemical energy to produce specific DNA darhdgading to genomic anomalies, for
example mutatiorighat are able to induce skin canter.

Very recently, Ikehata et aldemonstrated the wavelength dependence of thet@eénand
erythematic effects of UV radiation over the skirhey analyzed the induction kinetics of
mutation and inflammation in mouse skin using la@fhggenic mice with monochromatic UV
radiation sources. The dose—response kinetics tdtion induction in the epidermis and dermis

of mouse skin was examined in wavelength pointhé&range of 260—-364 nm by irradiation
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with high-intensity monochromatic UV radiation. Theost significant finding is the fact that
the response was wavelength dependent, showingak& pe around 310-320 nm. The
wavelength dependence for plateau mutant frequealtes, defined as the suppressed values
by the mutation induction suppression (MIS) efferia constant plateau level of 2 or 3 fold
higher than the background mutant frequency, caseba in Figure 1.

It is the purpose in this chapter, to bufléxible stacks combining different periodicities
whose reflectance maximum matched the mentianedvo action spectrum of the
genotoxic and erythematic effect of UV on skin €€llis material, thaprevents DNA
damage when used as UV shieldas created with the objective of being used afieda in

skin UV protection related applications.
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Figure 1: Wavelength dependent change of UV radiation gexicity in the skin for the plateau mutant
frequency values(circles).

Also, an analysis of the degree of damage caus@&N#nof different epithelial cells by a broad
band UV source when protected by the flexible Bragigk was realized, demonstrating that
these films are capable of shielding as effectiadyUV absorbing compounds embedded in
similar polymer matrices. This constitutes, asdsrl know, the first experimental evidence of
protection of epithelial cells by a biocompatiblexible film, judiciously designed to shield
specifically against a highly genotoxic UV range, which no absorption occurs, hence

discarding all secondary effects.
Nanostructured UV filters for preselected ranges

In chapter 3 it was shown that the combination ibhg can block UV light at different

wavelengths. A total number of seven films weregilo cover a wide UV spectral region. In
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the present chapter, | will show that it is possitd combine a less nhumber of films to protect
against a well-defined genotoxic action spectrumserving the optical transparency. | will
demonstrate that it is possible to block UVB lidpyt reflection combining optical filters made

of nanoparticles that absorb in the UVB regionhef $pectrum.

Experimental section

Cell Culture

The human SB2 cell line was isolated from a humamary cutaneous lesiérand kindly
provided by Dr. Menashe Bar-Eli (M.D. Anderson Gam€enter, Houston, TX, USA)Cells
were maintained in a monolayer culture in 95% &r/602 at 37°C in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% FBS &84 (v/v) Penicillin—Streptomycin—
Glutamine (10,000 units/mL penicillin G sodium, @00 pg/mL streptomycin sulphate and 200
mM L-glutamine) (Gibco). Cells were passaged aB8% confluency and cultured for less
than 10 passages: The culture medium was aspieatédhe cells were washed twice with
sterile phosphate-buffered saline (PBS) and onadbd Wrypsin—EDTA solution (Biocrom).
Following this, cells were incubated with sterileypsin—EDTA solution until detachment and
the trypsinised cells were used to seed the expetithe day before the UVB irradiation in a
96 MW-plate at 60% confluency.

UVB Irradiation

The procedure of Schwarz et'3hnd Huynh et al* was used to irradiate the SB2 cellbey
were seeded the day before the irradiation as quelj described. Medium was removed and
monolayers were washed twice with PBS to avoidpihetosensitization effect of components
in culture medium and then they were overlayed Wi#5. Cells were exposed at a distance of
23 cm to a radiation source using a UV lamp (450/X@non Lamp, Dichroic Mirror Newport
cat.#66226, Arc Lamp Housing, Newport cat.#66920eldnstruments, USA). Neutral filters
were used in order to adjust the resulting irracarThe variation in the output (mW/&m
radiation of the UV lamp was measured using a egleWV detector (UVA or UVB) attached
to a photometer (Solar Light company Inc. USA).I€elere then placed, without the petri dish
lid, under the light beam with or without the apmiate filters. For different doses of irradiation
(200 and 1000 J// cells were exposed to different durations. Afieadiation, complete
medium was added to cells. Non-irradiated contedlsc(NI) were managed in the same

manner, except that they were not exposed to Ugta.li
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Detection of CPD generation in DNA

Cyclobutane pyrimidine dimers (CPD) were evaluawgth an OxiSelect" Cellular UV-
Induced DNA Damage Staining Kit (Cell Biolabs In¢SA), according to the manufacturer’s
instructions. Briefly, after 15 hours of UVB rada@t recovery, cells were fixed, denaturized,
and incubated with an anti-CPD antibody, followgdabFITC conjugated secondary antibody.
The unbound secondary antibody was removed duremhing steps. Negative controls were
performedwith the FITC conjugated secondary antibody anchwib antibodies to set up
background fluorescence. After CPD staining, nuglere stained with Hoechst 33342 as
previously described. Images of cells were acquivgld an automated microscope-based High
Content Screening System (HCS), Opefet@ata was analyzed by Harm&hifigh Content

Imaging and Analysis Software (Perkin-Elmer Inc.).

Satistical analysis

Irradiation with and without filters was made biplicate. Four wells of cells were irradiated
each time to obtain data by quadruplicate in eviergdiation. The statistical descriptive
representation of data is presented as box-plotyemtine distribution of data is shown by the
Q1 (25%), Q2 (50%), Q3 (75%) quartiles, atypicaré) and outlier values (numbered white
circles). Parametric or non parametric distributitbrdata was analyzed by the Shapiro-Wilk test
and Mann-Whitney test for no parametric independamhples was applied to calculate the

statistical significance of data. Statistical as&ywvas performed with R Software 3.0.

Materials preparation and characterization

For the potential applications in skin protectioarqued, we prepare 1DPC by piling up
alternately layers of SiQand e’ther.ZrO, or TiO, nanoparticles, whose thicknesses are
controlled to yield the desired UV refiecting prapes. The flexible versions of these coatings
are obtained following the technique explainedhia previous chaptefsThe method hereby
employed allows us preparing films with homogenesusicture in relatively large areas
(4cmx4cm). In Figure 2a | show a picture of a fi#&iSiQ/ZrO, 1DPC that will be used for the
UVB filters as will be shown in this chapter. Thécrostructure of these films can be observed
in the FESEM cross section image displayed in Egab, where uniformity and smooth
interfaces between nanoparticle layers can be ajaped. Left and right pictures correspond to
secondary and backscattered electron images regggctn the former, some morphological
features of the multilayer can be distinguisheel. tihe spherical shape of Si@anoparticles),

while the latter reveals how defined the interfaoesveen layers.
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Figure 2: (a) Photograph of a 24 layer self-standing @D, 1DPC. (b) FESEM cross section image of
the same sample obtained using secondary (leftpankiscattered electron detection (right). Scateda
1pum.

A filter, labelled as ZST-3 and developed to bltlé targeted wavelength range, was made by
stacking twaZrO,/SiO, 1DPCfilms on top of a TiedSiO, 1DPC film (See Figure 3).
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Figure 3: a) Total reflectance spectrum of each one oftihee films that constitutes the ZST-3 film. (b)
Total reflectance spectrum of the ZST-3 film (lgfaxis). The action spectrum of the induced mutant
frequency is also plotted (right y-axis) (adapteshf ref. 4). Superimposed to both spectra, we thiet
spectral irradiance of the lamp in arbitrary un{tlashed line) (c) Total absorptance and total

transmittance of the ZST-3 film.
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A good match between the reflectance primary masimand the targeted action spectrum, i.e.,
the skin cell genotoxic spectrum reported by lkaklgatotted with a dashed line in Figure 3(b)),
is observedPlease notice that even when the filter contai®; manoparticles that absorb UVB
radiation, as it the case of ZST-3, interferendeat$ prevail over absorption as UVB blocking
mechanism, as it can be seen in Figure 3b. In dodensure that UVB blocking comes mainly
from interference effects, the TiSiO, multilayer is placed below the ZpSiO, films in
charge of reflecting intensely wavelengths lowemtt330nm. A scheme of this configuration

can be seen in Figure 4.
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Figure 4: Protection configuration scheme of a ZST-3 filter.

For the sake of comparison, a flexible film of PDNk&htaining exclusively Ti@nanoparticles,

labeled as T-1, was prepared, as can be seenurefig
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Figure 5: Total absorptance (black solid line) and totahsmittance (grey solid line) of the T-1 film.
The action spectrum of the induced mutant freques@lso plotted (right y-axis) (adapted from .

Superimposed the spectral irradiance of the langyhitrary units (dashed line) is plotted

In the T-1 filter, UVB blocking takes place onlyalto absorption. On the other hand, the ZST-
3 film present a much lower absorption in thisctfz region but an equally efficient blocking
effect, as the transmittance spectra reveal, asnaequence of the strong reflection of UVB

wavelengths caused by the nanostructured multdagetbedded within the structure. In order
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to take into account the angular dependence dphetral position, the filter was designed with
a wider spectrum than the action spectrum of tmeigeicity to ensure that the protection also

works when the incident radiation is not perpenidicto the surface of the films.

Damage on the DNA in different types of epitheliatells covered with UV protecting films

The capability of these stacks to protect agahesigenotoxic effects of UV radiation was tested
in the group of Guillermo de la Cueva in BIONAND aMga, by exposing a series of human
skin cell cultures to a broad band UV light soufdere specifically, UV induced cell damage
of human SB2 melanoma cell line was analyzed at rttidecular level by cyclobutane
pyrimidine dimers (CPDs) detection in the cell DNand at the phenotypic level by
quantification of the cell death rate after UV espie (by measuring the so callagbptotic
rat€ ). CPDs are the most predominant pre-mutagenic #$fns produced by UV radiation
in human skin cell§* Therefore, we used this alteration to determineAldmage in a first
stage.

A well-established procedure, as described by Schewal'® and Huynh et al; was used to
irradiate the SB2 cells. Full details of the cudsipreparation are provided in the experimental
section. Cells were exposed to 2003Jby placing them at a distance of 23 cm from the UV
radiation source. Non-irradiated cells were managdgtle same manner, except that they were
not exposed to UV light.

In Figure 6, images of the nuclei of irradiatedlc@re shown. CPD positive inmunostaining
(green signal) was observed in the nuclei (bluaad)gof irradiated cells when no filter (Figure
6a) or the control filter (Figure 6b, labeled asl)Gtere used. A film made of PDMS without
any content of nanoparticles was used as conttet.fiOn the other hand, no CPD signal was
detected in irradiated cells protected by highlysaabing T-1 films containing Ti©
nanoparticles (Figure 6¢), which we used as a enfay, or by the absorption free and highly
reflecting ZST-3 film containing nanoparticle midgiers.

CPD inmunostaining analysis demonstrated that theréflection mechanism of the flexible
multilayered films efficiently prevented the appmase of DNA lesions. When these lesions
appear, the cells arrest proliferation and actitiagerepair mechanism. If they succeed, the cell
cycle will be restored and proliferation resumech e contrary, if they do not succeed,
programmed cell death will be activated. There maelation between the UV dose and the
ability of cells to repair their DNA. The highestet UV dose, the more difficult for the cells to
repair so they activate programmed cell death. Thues next asked ourselves if the UV
reflection mechanism was efficient to protect cellsen the UV dose was high enough to

activate programmed cell death after 15 hrs froadiation.
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Figure 6: UV-induced DNA damage filter protection on SB2ldale. CPD positive inmunostaining
(green signal) was observed in the nuclei (bluaajgof irradiated cells when (a) no filter or (the
control filter (Ctrl) was used. No CPD signal wastestted in irradiated cells protected by (c) highly
absorbing films containing TiOnanoparticles (T-1) or (d) highly reflecting filmtontaining photonic

crystal reflectors (ZST-3).

To analyze this, we irradiated cells with 10003JafiUV and quantified the number of nuclei
that undergo a process known as picnosis (ple@sEigare 7a). Picnosis (from Grepyknono
meaning "to thicken up, to close or to condet¥é$ a morphologic feature of a specific form
of cell death known as apoptosis and is commongduse evaluate the the damage caused by
cell exposure to UV light. We showed that irradiatiof SB2 cells lead to a 11,9 % (median
value) of picnotic nuclei while this value decrese 0.2 % or 0.7 % when cells are protected
with the reference T-1 film and the multilayeredTZ$ filter, respectively (Figure 7b). These
values were very close or similar to the contrdugaof non-irradiated cells with 0.7 % picnotic
nuclei. These results suggest that the UV reflactiechanism is efficient enough to protect

cells from a UV dose high enough to activate cediti.
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Figure 7: UV induced cell death (apoptosis) in SB2 cell lif@) Cellular UV induced cell death was
analyzed by picnotic nuclei quantification. Piceatiuclei (white arrows) were identified among tbak
cell nuclei stained with Hoechst 3342. (Bpx-plot showing quantification of picnotic nucleiter
irradiation. T-1 and ZST-3 filters protected framll death caused by 1000 3/of UVB. Values show
statistical significance (** = p< 0,01, when comgarto no filter-1000 J/fnand ## = p< 0,01 when

compared to T-1 filter).

Conclusions

The results herein presented demonstrate thatpibssible to design and realize flexible films
capable of efficiently protecting epithelial celtem the UV insult that produces DNA lesions

and activates programmed cell death. It was demairsitthat efficient protection is achievable
without the need to use photodegradable dyes arlaibpg inorganic particles that can degrade
the polymer guest matrix. This is, in my opiniohetmost important conclusion of our

investigations, as it opens the route to new wéykio shielding against UV based on physical

mechanisms previously unexplored for that purpose.
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Chapter 5

Effect of the spatial modulation of UV induced phobchemical effects
in the formation of periodic multilayers by collecive osmotic shock of
block copolymer films

Introduction

In previous chapters, | presented different nanagparbased photonic crystals that display
Bragg peaks in different ranges of the ultravigpéctrum, acting as selective filters for UV
radiation. In this chapter | will analyze the naistructural and optical features of a porous all
organic 1DPC with strong reflections in the UV, rfad after a series of complex physico-
chemical processes idiblock copolymer film. The resulting polymeric phoio crystal is
transparent and presents no absorption in the UUYB and UVC regions of the
electromagnetic spectrum. Contrarily to other paynphotonic crystals, where numerous
layers had to be deposited to attain the desiréidabpesponsé? only one deposition by spin
coating, followed by a simple and fast low tempamatprocedure are enough to achieve an
intense Bragg peak in the UV range. Furthermore,pitocessing of the system | will present

herein is compatible to flexible substrates.

Block copolymers
The case of our study is limited to block copolysnéBCP) and more particularlgjblock
copolymers. A BCP is a type of polymer that combigeveral types of monomers in the same

macromolecule. The association of two covalentipdeml copolymers, each one describing
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different chemical nature, depending on their pasitn the polymer chain, gives rise to three

configurations of copolymers, as illustrated inUfgg 1a: either, alternating, block or statistical
copolymers. In a solution or spread in as a thHm,fthe BCPs are naturally self-organizing

networks creating dense nano-objects by a prodessocno-phase separation to separate the
“blocks”.
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Figure 1: a) Schematic representation of the different camfitions of copolymers. b) Diagram of the

microdomain morphologies of diblock copolymers.tAs volume fraction of components in the diblock
copolymer is varied, the diblock copolymer selfeambles into morphologies ranging from spherical (S)
to cylindrical (C) to gyroid (G) to lamellar (L).de that G’, C’, and S’ have the same morpholobigs
reversed polymer components of the G, C, and &msgstThe molecular weight of the block copolymer
dictates the size of the microdomains, typically0_dm. c¢) Theoretical phase diagram of diblock
copolymers in bulk predicted by the self-consistametan-field theory and the equilibrium morphologies
depending on volume fractiorf) (of one block to the other and the segregatioramateryN,
wherey represents the Flory—Huggins segment—segmentaatien energy anblis the degree of

polymerization.

The length of string evolves depending on the pelyooncentration and the amount of initiator
introduced; the choice of these parameters detesnihe size of each block. The system
characteristics of the diblock copolymer substédigtidepend on the nature of the constituent
chemical monomers. As a result of the low entropgomnbination, polymer blends are, in most
cases, immiscible and macroscopically phase-separdthen annealing is performed,
amorphous block copolymers tend to self-assemble groups of nanoscopic domains,
traditionally called microdomains. The better-kmoand simplest form of block copolymers is
linear diblock copolymers (AB). When the structymesents as constituents two immiscible
blocks, A and B, they can assume the following ldzniiim micro-phase morphologies ranging
from spherical to cylindrical to bicontinuous gyadb lamellar, as shown in Figure 1b, that can

be obtained by varying these parameters.
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The self-assembly of BCPs is driven by an unfaeratixing enthalpy coupled with a small
mixing entropy, with the covalent bond connectihg blocks preventing macroscopic phase
separation. The microphase separation of diblogolyoners depends on three parameters: (1)
the volume fractions of the A and B blocks &ndfg, withf, +fz = 1), (2) the total degree of
polymerization N =N, +Ng), and (3) the Flory—Huggins interaction parame(gkg).
Theyas parameter varies inversely with temperature artifips the degree of incompatibility
between the A and B blocks, which drives the phseggaration. The degree of microphase
separation of diblocks is determined by the sedmgaproductyssN. The predicted
morphologies as a function of volume fractidhdf one block with respect to the other have
been summarized in a theoretical phase diagramrsirofigure 1c.

The complex supramolecular structure of block cgper (BCP) films and their ease of
processing have made these materials interestimglidates to explore new forms of
nanolithography.” Generically, selective dissolution or etching mieocof the phasés? into
which a BCP is segregated to form a particularngeaent, is used to attain a nanostructured
surface that may be, in turn, employed to pattéheronanomaterials:“These approaches can
be combined with techniques that mold the blockobpper film itself, such as electrically
induced patterning, substrate directed self-assemblyor nanoimprint lithography. The
development of three dimensional porous structubesed on BCP has also been
investigated’*® In those cases, phase segregation gives riseotbit@ntinuous lattices so that
one of them can be selectively dissolved to yietllrae dimensional open pore network.

Very recently, it was proved that a porous stradifstructure can be attained from a block
copolymer (BCP) film? It was shown that, in an ordered nanoscale asgewfbiolute-
containing spheres surrounded in a porous matrag, prevents the diffusion of solute into a
surrounding bath of solvent, a large solvent-indusemotic stresses within the spheres causes
a regular series of small explosions within theriralThe consequential rupture between the
spheres would generate a route for the completasel of solute. The process was called
collective osmotic shock (COS). A FESEM cross secimage of a PS-b-PMMA film with the

porous periodical structure is shown in Figure 2.

R SRV T ALY A |

Figure 2: FESEM cross section image of a 82.5 KDa PS-b-PMMA. fScale bar is 200nm.
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In particular, it was demonstrated that a film mafie BCP containing polystyrene (PS) and
polymethyl methacrylate (PMMA),in brief (PS-b-PMMAgan be used as starting material to
attain ordered porous multilayers. The final swuetshows alternate dense and porous layers
which endows it with photonic crystal propertiesthwvBragg reflections in the UV range.
However, one striking feature of the periodic l&gkistructures attained by COS is that the
number of periods in the stack was half of the neimif sphere lattice planes present in the
starting materials.

In this chapter, | explain the formation of a om@ehsional photonic crystal, completely based
in a polymeric material that presents strong rédlece peaks in the UV region. This
phenomenon is related to the UV light field intéypgatterns created during the processing of
block copolymer films in the formation of periodstructures of alternating porosity. In this
direction, | present optical and structural evidetitat demonstrate that the resulting periodic
structure is a consequence of the formation ofaadihg electromagnetic wave generated by
thin film interference during the UV irradiationagle. | analyze also if the ordered initial phase
in the block copolymer is required to obtain a mhayer of periodic porosity, taking into
account that this has a clearly observable effactne Bragg reflector properties of the final

multilayer.

Experimental processing of the samples

A series of films deposited on 2.5x2.5%silicon substrates were prepared by spin-coatiig P
b-PMMA of different total molecular weight (WMMpumatMups but with approximately the
same ratiod=Mppma/Mups (0.13<0<0.17). This volume fraction results in a configioa
consisting in films of several layers of close-patl®MMA spherical cores, discretely spaced
and surrounded by a PS matrix. Appropriate amooinégch polymer were dissolved in toluene
to reach a 6% (wt./vol.) concentration and depdshig spin coating onto silicon or quartz
substrates. Spin coating final rotation speed arcklaration were adjusted in each BCP
solution to attain the same thickness in all PSWMA films. Films were annealed during 6
hours at 180 °C under,/dtmosphere.

The thermal treatment is intended to stabilize r@ehdimensional lattice afion-connected
PMMA spheres in a matrix of PS. Using a simidaratio ensures that all samples will have a
similar periodic arrangement at the nanoscale, lwigcexpected to be face centered cubic
(fcc) 2% while the different M, will give rise to very different sphere size arghbe interplanar
distance. PS-b-PMMA slabs were prepared using Withb=71 kDa (=0.16), 81 kDa
(©=0.15), 126 kDa ®=0.16) and ,135kDad=0.14), 295 kDa ®=0.15) and 1000 kDa
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(©=0.14). All poly(styrene-b-methyl methacrylate) [BFMMA] were purchased from
Polymer Source Inc. (Dorval, Canada).

After annealing, all these samples were exposethéodose (8 J/cth of UV light in a
Crosslinker (UVP, Cambridge Instruments) during rAlhutes, a necessary step to attain a
periodic porous multilayer, as reported in refeee@0. Four 8W light bulbs emitted 254nm
light at normal incidence. The irradiation souroepéoyed is a 2 mm diameter fluorescent tube
located at 20 cm from the sample, which permitagproximate UV light reaching the samples
surface as plane waves. The effect of this treattiseto both trigger the crosslinking of PS and
degrade the PMMA to low molecular weight oligomdtmally, flms were immersed in acetic
acid, a solvent of PMMA that at the same time igatde of diffusing through cross-linked PS

without dissolving it.

Study of the annealing effects in the formation mdwnism of the multilayer

With the purpose of analyzing morphological changethe samples after annealing and its
effects in the formation mechanism, AFM imageshef surface of PS-b-PMMA slabs prepared
using M,ps81 kDa, 135 kDa, 295 kDa and 1000 kDa were takenowparison revealed that
the arrangement of segregated spheres graduattyfreimh an ordered (Figures 3a and 3b) to a

disordered array (Figures 3c and 3d).

Figure 3: AFM phase images of compositionally asymmetriclPSMMA diblock copolymers with a
molecular weight of polystyrene fraction of (a) l2a, (b) 135 k Da, (c) 295 kDa, and (d) 1000 kDa
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AFM images were acquired with an AFM Park Systents-100. In these images we can
roughly estimate the separation between neighbd?M@IA spheredd is which is related to
their size (for the filling fractions around 0.likd the ones herein considered, sphere diameter
can be estimated to be approximately 0.6 timesrthasured center to center separatipris
one of the components is much stiffer than the rotiteroom temperature, atomic force
microscopy (AFM) is a useful technique to revealdiogical and compositional information of
these films’! The estimated mean distances@&0 nm,d=40 nm,d=65 nm anci=90 nm for
samples of Mps=71.5 kDa ¢=0.16), M,rs=81 kDa (=0.15), M,ps=126kDa (P=0.16) and
Mups=135 kDa (0=0.14), respectively. On the other hand, samplegnad from PS-b-PMMA

of Mups=295 KDa (=0.15) or M,ps=1000 kDa ¢=0.14) present weak first neighboring
correlations and less long range order, with eséthanean distances of 280 nm and 500nm

respectively. AFM profiles are displayed in Figdte
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Figure 4: Profile extracted from the AFM image analysis loé tsurface of the block copolymer films
under investigation. Result for (a) small and @grgeé PMMA spheres are separated to allow the use of

different scales, for the sake of clarity.

It shows the profile of the phase surface obtaimgdracing a straight line and analyzing the
intensity variation in z axis of AFM images for tdéferent films under analysis after thermal

treatment. The molecular weight of the polystyrémetion is indicated in each case. These
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results are in good agreement with those previoattined by high resolution transmission

electron microscopy’

Electric Field Distribution of UV radiation

An explanation for the formation of a periodicalrgas structure out of a PS-b-PMMA layer
can be found in the particular field distributiohdV radiation that takes place within the film
during processing. All samples employed for thiglgthave the exact same thickness (420 + 10
nm), as confirmed by the analysis of the interfeesfiinges observed in their total reflectance
spectra, shown in Figure 5a. So, a similar spaa#tern of UV light field intensity is expected
in all of them upon irradiation. Figure 5b displaye spatial distribution of the square of the
electric field, |E] for light of wavelength.=254 nm impinging normally to the film deposited

on silicon.
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Figure 5: (a) Total reflectance spectra for samples prepaitdPS-b-PMMA with M,psof 71, 81, 126,
135, 296 and 1000 kDa (spectra from above to bebtack lines).A theoretical spectrum calculateddor
PS-b-PMMA film is included (grey dashed line) (Iyafal distribution along the cross section (Y #axis
of the square of the UVA£254 nm) field represented for a PS-PMMA film wahthickness of 420nm
deposited on silicon substrate. White dashed liepsesent film interfaces. Position at 0 nm reprse

the interface between air and PS-PMMA film.

Calculations were carried out using a code base@d erctor wave transfer matrix method
written in MatLal3® using as input real and imaginary parts of thdedieic constant (see
Figures 6a and 6b) attained by fitting the meastwéal reflectance and total transmittance of
the film supported onto a quartz substrate, foltmva procedure described elsewtérghe
extinction coefficient of the BCP film is 0.00567at254 nm, as can be seen in Figure 6b. The
spatial profile of |E|is a consequence of the formation of a standingevita the PS-PMMA
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film as a result of the interference between bepartially transmitted and reflected at the air-
polymer and polymer-silicon interfaces. This givisg to regions of low and high UV intensity
ilumination periodically distributed along therfilcross section. This pattern is translated into
an uneven degradation of PMMA and consolidatiorP8f along the bulk of the film, which
should in turn modulate spatially the collectivenosic shock process. So, as’ |@#scribes a
complete period in approximately 75 nm, each omapesing a pair of low and high intensity
fringes, and the film thickness is 420 nm, aroutelen layers (five and a half periods) of
different microstructure should in principle be egfed as a result of such modulation. Changes
induced by photochemical effects provoked by UVhiighould be minimal in those regions in

which the |E|profile present minima and fully develop aroursdritaxima.
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Figure 6. Real (n, black line) and imaginary (k, red linrts of the refractive index of the silicon (a)

and BCP copolymer (b) involved in the theoretiadtalations and simulations .

PS based porous one dimensional photonic crystal

When the acetic acid reaches the PMMA through Sen&trix, which acts as a semi-permeable
barrier for solvent transfer, osmotic pressuredsuilp due to swelling of the spherical domains,
which deform anisotropically. Thinning of the PSliwdn between spheres eventually leads to
their rupture and the formation of layers with Engores supported by PS columns, separated
from perforated layers of higher density. As it d@seen in Figure 7(a), the final structures
attained from P®PMMA of M,ps 71, 82, 126 and 135 kDa present strong (up to 80%)
reflectance peaks in the UV region that can be igmously attributed to Bragg diffraction

effects arising from a relatively strong periodiodualation of refractive indexn(=1.23 and
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ny=1.52, for each pair of consecutive layers) along epatial dimension that takes place in
distances of the order of a hundred nanometerspl®anwere immersed in liquid nitrogen
before they were cut to analyze the cross seatidfEISEM. A thin layer consisting in 5 nm of
gold was sputtered on samples to avoid chargireceffin the FESEM observation. The cross
section of these structures displays a perioderration of low and high porosity layers, as it
can be seen in field emission scanning electrorraseopy (FESEM) images displayed in
Figures 7(b)-7(e). Please notice that the finatkimess of the porous multilayer is larger than
the initial 420 nm of the untreated film due to theansion of the layers upon acid etching and
the subsequent swelling and osmotic shock. Infegggt these four samples present reflection
peaks at the exact same spectral positiorBZ0nm) regardless of the PMMA sphere size
achieved in the segregated phase, in good agreemtbnthe observation of an identical value

of the periodicity in the FESEM images.
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Figure 7: (a) Total reflectance spectra obtained for PS-PMbfAdifferent Mw after irradiation and
acetic acid treatment. Molecular weight of polystye fraction is indicated next to its corresponding
spectrum. (b) to (g), cross section FESEM imagdsinodd from PS-PMMA after UV irradiation and
acetic acid treatment. The scale bar is 500nmlimalges. Molecular weight is indicated in each EEB

image.

This contradicts our initial hypothesis, in whidhetalternation between layers of different
porosity was proposed to ariselely from the particular dynamics of the collective a$im
shock process. If that was the case, the periodidgigpadually increase with the\of the PS-
b-PMMA diblock copolymer, since larger Mimplies longer polymer chains and hence larger
separation between sphere planes in the segrepats®. Results presented in Figure 7(a)
clearly show that does not occur. On the other haagberiodic distribution of pores is found in
those films made with PBPMMA of the largest M, employed, 295 and 1000 kDa (Figures 7f
and 7g), although phase separation occurs likbaeet of smaller i} as AFM images reveal.

Interestingly, a certain underlying layering iscatsbserved in these cases, but the rupture of
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large PMMA spheres by COS gives rise to an opticdisordered system that displays no
Bragg peak. Two possible reasons might be prewgitia formation of a regular multilayer of
modulated pore size. Either the thermal anneaBngpt capable of ordering the spheres in the
first place due to its large size, or the disordentroduced by the acetic acid etching process
when dissolving the PMMA, as now the same sphewmildhpresent regions with different
degrees of depolymerization as a consequence ofghagal modulation of the UV induced
photochemical effects introduced by the electrometigrfield distribution. Hence the model
herein proposed based on the distribution of thelight field within the PS-PMMA films
accounts both qualitatively and quantitatively tfloe formation of a periodic stratified structure
of pores, as long as the PMMA spheres presentarsldib are not too large compared to the
period of the |E|profile. In our case, this period is 75 nm whifghere diameters estimated
from our AFM image analysis are around 20 nm#§71.5 kDa), 25 nm (Wbs=81 kDa), 40
nm (126 kDa), 55 nm (135 kDa), 170 nm (295 kDa) & nm (1000 kDa). Our new
hypothesis also explains other previous observatiba the absence of any periodicity when
BCP films are exposed to a very high UV dose, stheeregions of minimum [Eyvould then
present enough PMMA depolymerization and PS statiin as to behave just like the more
intensely illuminated onéé.Also, it explains why the exposure time requiretbnger for those
systems in which a less reflective substrate isleyeg, as the intensity of the high?Ejnges

depends on that parameter.

Full vector wave theoretical calculations of the elctromagnetic field intensity distribution
across the diblock copolymer film.

In order to further test the validity of our assuiop, we realized a series of experiments to
confirm other predictions that can be made on dwasis. First, we deposit a film of BS-
PMMA onto an unpolished silicon substrate. Depogitby spin-coating creates a polymer
coating that presents a flat outer surface to entidight and a corrugated inner one against the
substrate. Unpolished wafers present flat regidites twith respect to each other, and the field
distributes in high and low intensity fringes p&hto each one of such regions and therefore
oblique with respect to the BCP film surface, asvehin the |E|profiles displayed in Figures
8a and 8b. In this case, field intensity patteragehbeen estimated using a commercial code
(Lumerical) based on finite-difference-time-domafRDTD) by Dr. Juan Galisteo. The
simulated structure was designed using the cragmsebtained from the SEM images shown
in figures 8c and 8d. In the simulation the polyrtiéckness was assumed to be that of the un-
swelled system (approximately 80% of the final khiess) and the irradiation beam was a plane
wave with wavelength 254 nm incident normally oe folymer/air interface. A sufficiently
fine grid &20 points per wavelength) and long simulation tir(xls ps) were used in order to

correctly simulate the structures.

70



Silicon

Silicon Siliton

Figure 8: (a, b) Total field intensity calculated for systehaving the shape extracted from SEM images
of samples depicted in (c, d) respectively. Ainjpoér and polymer/silicon interfaces are indicatgd b

dashed white lines in the simulations. Scale banespond to 3 um in all cases.

Interestingly, after thermal and UV processing awetic acid etching, periodic alternation
between porous and dense layers occur parall@ktdat silicon surfaces, as shown in Figures
8(c) and 8(d), rather than to the flat top surfeldeese pictures allow us to confirm that the
observed layering replicates the calculated spptiafile of |Ef in the precursor PB-PMMA
film. Further evidence of the replication of theeli intensity distribution attained at
dynamically variable angle of incidence of UV ligist provided what follows. As will be
explained in details, disorder is induced in pdrthe film as a result of the spreading of the

high intensity field fringes due to the continueatation of the film.

Effect of a dynamically variable UV irradiation angle.

The effect of changing dynamically the directiortted incident UV light on a film deposited on

a flat substrate was also studied. As the formatiba regular pattern of high and low light
intensity fringes within the film depends on theykenof illumination, we decided to expose our
films to a similar overall dose of UV light but ngias a holder a rotating plate that described an
arc of 60° with an angular speed of2fa&d/s. For a given wavelength, the spatial pasitb
high light intensity regions varies, as shown ie tingle dependent {Hjrofiles plotted in
Figure 9a, particularly in the region closer to B@P-air interface.

This angular shift gives rise to a smoothing of thedulation of the photochemical effects,

leading eventually to the absence of a perioditepaf pores, as it can be confirmed in both
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the FESEM image of its cross section, Figure 90, the optical reflectance spectra, Figure 9c.
Please notice that the Jffofile is less sensitive to the angle of incidei the lower part of
the film, close to the BCP-silicon interface, in iefh the alternate porous-dense layered

structure is preserved.
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Figure 9: (a) Spatial distribution along the cross sectighakxis) of the squared UV electric field
calculated for a PS-PMMA film with a thickness &0nm deposited on silicon substrate as a funatfon
the angle of incidence (Y axis). White dashed lireggresent film interfaces. The vertical white dash
lines indicate the interfaces between air and PS$ARMx=0 nm) and PMMA-silicon (x=420 nm). (b)
Total reflectance spectra obtained for a PS-PMMMuf-s=82.5 kDabefore (blue short dashed line) and
after irradiation with UV light {=254 nm) at variable direction of incidence &2680° and treatment with
acetic acid (black solid line). (c) FESEM imagetbé cross section of the film under angle variation

incidence. Scale bar is 500 nm.

Finally, 1 analyzed the interplay between the amgrof PMMA spheres achieved during the
thermally triggered phase segregation and that segpdoy the spatial modulation of the UV
induced photochemical effects. In order to do se,prepared two series of films of similar
thickness. One of them was annealed, in orderdtm ya 3D periodic arrangement of PMMA
spheres in the PS matrix, and the other one wassaothat PMMA would be randomly
distributed in the film.
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For these experiments we employed flat quartz satiest, since they would allow analyzing the
potential differences between Bragg peak shapds mvdre precision than silicon substrates.
The reason is that Bragg reflection maxima woulddss distorted by the secondary Fabry-
Perot reflectance lobes caused by the finite sizbeofilm, since quartz has a lower refractive
index. Using quartz means that the UV dose toratigperiodic structure has to be increased to
15 J/crd, due to its lower reflectivity compared to that sificon as it has been previously
reported=’ In Figure 10 | plot the spectra of these diffekepirocessed films, prepared using
PSbh-PMMA of M=135 kDa, after acetic acid etching. It can be dbam, although in both
cases a clear Bragg reflectance peak arise, théhahevas not thermally annealed (i.e., the one

with disordered PMMA spheres) and a less intens {R6 versus R=27%) maximum.

Total Reflectance
N w

—
o
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Figure 10: Reflectance spectra obtained after the irradiadgtomormal incidence and acetic acid treatment
for PS-PMMA block copolymer films deposited ontoaguz with (dashed lines) and without (solid lines)

annealing. Molecular weight of polystyrene useiids kDa.

These latter features are characteristic of a layéir mirror in which the interface between two
consecutive layers is not well defined, which ysel middle region of effective intermediate
refractive index that gives rise to a strong desgeaf the reflectance. Hence, the observed
effects, which were systematically detected inpair of films analyzed, indicate that those
films in which the field intensity pattern is supeposed to the an ordered structure of PMMA
spheres present a better defined interface betwemyhboring layers than those in which no
ordering was prompted by temperature. Our anatpsieefore shows that, although ordering in
the starting film is not mandatory to achieve aquiic multilayer, as the presence of alternate
porous and dense layers is determined by the spaiidulation of the photochemical processes

induced by UV light, it is indeed necessary to iatta well-defined interface between such
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regions. This is of particular relevance for pownapplications of these coatings as UVB

reflectors.

Conclusions

| have presented experimental evidence of the d&deythat UV light field intensity patterns play
in the formation of periodic structures of alteethporous and dense layers after undergoing a
collective osmotic shock. Such periodicity had beeiginally attributed to dynamic effects
during the collective osmotic shock process ocogriwver ordered arrangements of isolated
PMMA spheres embedded in a cross-linked polystyreatrix in the starting slab, which had
previously been subjected to thermal and UV anngagirocesses. However, a number of key
features remained unexplained by this postulate.cByparing the experimental results of
structural and optical characterization of diffdréims and the UV field patterns simulated
using different computational tools, we were ablednfirm that the observed periodicity arises
as a result of the combination of the spatial matinh of UV induced photochemical effects
and the osmotic shock process. Several predictiased on this new hypothesis have been
experimentally confirmed and the origin of previansiguing observations clarified under this
assumption. These results may serve as startimg fidesign more complex patterns within
block copolymers by three dimensional laser interfee in a similar way to what is done with

homopolymers.
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General Conclusions

First of all, TiQ, ZrO,, Nb,Os nanoparticles were successfully synthesized aaldeibuilding
blocks for one dimensional photonic crystals. Thetah oxide nanoparticles used, with
nanometric sizes that are required to obtain higfical quality and to avoid diffuse scattering

in the photonic structures, present no absorptiatifferent UV ranges.

Rigid coatings and flexible self-standing films wedesigned to be capable of efficiently
protecting against UV radiation in selected wavgthmanges entirely through optical reflection
phenomena. It was demonstrated that these films enayl or outperform layers of similar
thickness made of purely absorbing materials ims$eof the degree of radiation protection

achieved.

Flexible photonic filters and tandems of them werade to shield the action spectrum of UV
light on the skin. It was demonstrated that it asgble to build flexible films capable of

efficiently protecting epithelial cells from UVB dation that produces DNA lesions.

Experimental evidence of the key role that UV lijatd intensity patterns play in the formation
of periodic structures of alternated porous andsddayers with photonic crystal properties,
after undergoing a collective osmotic shock process presented. It was confirmed that the
observed periodicity arises as a result of the d¢oation of the spatial modulation of UV

induced photochemical effects and the osmotic spoag&ess.
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Resumen en Espaiol

Nanoestructuras hibridas flexibles para aplicacion® como filtros

Opticos para la proteccidn contra la radiacion ultavioleta

Introduccion

La gran cantidad de aplicaciones que encontrammsl@4uz ultravioleta (UV) en la medicina,

la cosméticd,o en la industria en genefdkxigen estudios méas detallados y profundos de los
riesgos que entrafia el uso de este tipo de radiad&ctromagnética, asi como una mayor
investigacion en el desarrollo de nuevos materipls proteger selectivamente contra ella.
Existe un amplio conocimiento del dafio que la @diaUV causa a materiales organicos como
plasticos, maderas, o polimeros, entre otfbas reacciones quimicas inducidas por la
absorcion de luz UV, dan lugar a la formacion déicales libres que traen como resultado la
fotodegradacion posterior del poliméfihdemas, son bien conocidos los efectos nocivos que
provoca este tipo de radiacion sobre la salud hamaspecificamente sobre la piel, donde
encontramos una variedad de dermatosis fotosesdibtncer de pief, o ejemplos como la
formacion de cataratdsy la degeneracion macutéen el sistema ocular.

En este contexto, la creacién de peliculas de potisnque actian como escudos contra la
radiacién UV constituye en la actualidad un camgtiva e interesante de la investigacin’

ya que logran adaptarse a amplia variedad de estosensibles a la radiacion UV. En
particular, el desarrollo de este tipo de estrasturene un gran potencial en aplicaciones

referentes al campo de la biomedicina debido aokbgidad de bloquear selectivamente la
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radiaciéon UV en diferentes tejidos humanos tatesapiel y retina, Por ejemplo, en un futuro
préximo, los pacientes se beneficiarian en grandaede la existencia de laminas flexibles que
podrian adaptarse a su piel dafiada, las cualesdalnda radiacion UV perjudicial, y al mismo
tiempo, permiten ventanas de transmision en rangpéuticos, teniendo en cuenta que
muchos de los compuestos protectores o filtrosreslason incompatibles con las heridas o
guemaduras abiertas. Del mismo modo, estas es@aghodrian ser utilizadas en dispositivos
Opticos plegables, garantizando una proteccidrieetie contra la luz UV, al tiempo que se
preserva una alta transparencia en el visible.

Las peliculas usadas para el bloqueo de radiacibpugden ser clasificadas de acuerdo con el
mecanismo fisico responsable del efecto de prdteca saber, la absorcién Optica o la
reflexion. En general, el enfoque mas ampliamertenelido a la proteccion UV, ya sea en
lociones de proteccion solar o en cualquier mdtetga degradacion se deba prevenir, se basa
en el uso de absorbentes UV organicdsgue transforman la radiacion entrante en disipacio
térmica de baja energia mediante reacciones fuasis Por otro lado, cuando se usan
nanoparticulas de 6xidos metalicos, que protegetracta luz UV por dispersion y/o absorcion
Optica, estas son embebidas en una matriz polimddéado lugar a nanoestructuras organicas-
inorganicas hibridas. En todos estos enfoquesinieidn de los polimeros es la de proporcionar
flexibilidad, tenacidad y resistencia a la fracftfraasi como otros valores agregados
significativos tales como la bio-compatibilidadaoflncionalidad quimica o biolégica. Ademas,
la absorcion ultravioleta del polimero se debeagysara impedir reacciones fotoquimicas que
podrian conducir a una pérdida de elasticidad ardecoloracion amarillenta de la pelicula.
Estos requisitos reducen la gama de polimerozalikes a los que pertenecen a las familias de
poli(alquil)siloxano, poli(alquil)acrilato o de pestireno. Desde una perspectiva diferente,
cuando se busca la reflexion en lugar de la absoe longitudes de onda UV, arquitecturas
complejas de multicapas deben ser empleadas, de quedlos efectos de interferencia pueden
dar lugar al efecto de bloqueo deseado.

Es bien sabido que la radiacion de longitud de @md#raria puede ser bloqueada por medio de
la utilizacion de los llamados filtros de interfiecea o espejos de Bragg. Estos tipos de espejos
se preparan por capas de diferente indice de c&@red Ellos son conocidos como cristales
fotdnicos unidimensionales (1DPC, por sus siglasngtés), siguiendo una clasificacion mas
estricta de las redes Opticas periddicas. Losatestfotonicos son estructuras en los cuales el
indice de refraccion varia periédicamente en un#&s direcciones espaciales. Los 1DPCs son
la estructura de cristal foténico mas simple, equel la constante dieléctrica es periddica en una
dimensién del espacio. Convencionalmente, la bdotimica prohibida y, por lo tanto, la
reflexién total para un rango de frecuencias qudisiingue como pico de Bragg, se explican
por la interferencia entre las ondas reflejadadgmcrapas sucesivas. La respuesta 6ptica de los

1DPCs puede ajustarse variando la cantidad de,dapzedda unidad, y el indice de refraccion.
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Hace unos afios, un nuevo tipo de 1DPC poroso hdehwmnoparticulas de 6xidos metélicos
como bloques constituyentes fue desarrollado pestol grupd: La porosidad ofrece una
nueva dimension multifuncional a los cristales Mmités, que se capitalizd en nuevas
aplicaciones de diversos campos tales como el denaglicaciones con laseres y la energia
fotovoltaica®?*Como condicién necesaria, es importante mantenestiicto control sobre el
tamario de las particulas en el rango de las dedenasndémetros para evitar la aparicion de luz
difusa en el visible. Ademads, la porosidad endagas debe ser interconectada, ya que se
demostré que estas estructuras oOpticas puedemfggadas con polimeros para obtener un
1DPC hibrido que puede ser levantado del sustrato.

Esto es fundamental en aras de alcanzar cortithied la masa del polimero infiltrado para
asegurar la estabilidad mecanica del conjunto .figaste nuevo material hibrido tiene las
propiedades Opticas de la estructura inorganicasypropiedades mecanicas del polimero

infiltrado. El esquema de este proceso se muestia@kigura 1.

hydrolysis _
condensation .$ ° ., polymer 3 , N s
°® ~‘monomers
MOX precursor MOx particles ¢ infiltration and
5 infiltration {  polymerization

multilayer flexible multilayer

Figura 1: Vias sintética de la sintesis de peliculas denobs flexibles basados en multicapas de

nanoparticulas hechas a partir de una capa porosa.

Otro material que presenta altas reflectanciad &lVeque serd ampliamente estudiado en esta
tesis, se basa en un cristal foténico totalmentinpdco. Un estudio acerca de un fenbmeno
fisico-quimico observado en los polimeros que goadh la creacion de capas poliméricas bi-
continuas fue reportado recientemente. En el mismorealizé un intento exitoso para
estructurar un polimero como un 1DPC que operd &lvVeel cual se realizé mediante el uso
de un tratamiento de choque osmatico de un copaine bloques depositado por spin coating,

aunque no se ha obtenido una estructura flexiblevia®®
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Motivacioén y los objetivos de esta tesis

Como se ha explicado, la inmensa mayoria de logrials que protegen contra la luz UV,

presentan limitaciones que afectan sus propiedagésas y mecanicas, y por tanto, su

durabilidad, ligadas al mecanismo de protecciongyasentan. Muchos de estos inconvenientes

pueden superarse con el uso de estructuras fosofécdbles que bloqueen la luz ultravioleta

por reflexion, y que se pueden adaptar a supesfaoe diferentes geometrias.

En esta tesis se ha planteado utilizar estas &stagcpara bloquear especificamente un

determinado rango espectral de frecuencias erglarrdJV del espectro. Para llevar adelante

esta tarea, se plantearon los siguientes objetivos:

Sintetizar nanoparticulas de o6xidos metalicos peea utilizadas como bloques

constituyentes de los espejos reflectores UV.

Disefio y creacion de cristales fotonicos nanopddins flexibles que protejen

selectivamente frente a la radiacion UV.

Creacion de filtros flexibles que blogquean espeaifiente el UVB para proteger
diferentes tipos de células epitaliales que presemha fuerte genotoxicidad en el rango
mencionado. Analizar la eficacia de la proteccidv, Unidiendo el grado de dafio

causado en el ADN de las diferentes células epliésliexpuestas a una fuente de UV.

Analisis del mecanismo detras de la formacion deauistal fotoénico unidimensional
totalmente polimérico, después de tratar con rahddV y quimicamente una capa de
PS-b-PMMA, y los cambios microestructurales y de peopiedades opticas que se

producen.

Sintesis de nanoparticulas y los métodos de preparan de multicapas

En primer lugar, se describe la sintesis y la ¢araacion de diferentes tipos de nanoparticulas

que permiten construir estructuras multicapasHlesicon propiedades reflectantes en la region

UV. Ademas, se detallan los métodos de deposiaidpleados para hacer estas peliculas con

una alta calidad optica. Para para la sintesi@sl@dnoparticulas de 6xidos metalicos de esta

tesis, se utiliza el método sol-g&f?ya que éste da la posibilidad de modificar el faorde las

nanoparticulas y de alterar la porosidad de lasasgtas construidas.
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Como ya veremos mas adelante es importante qpatdsulas que se sinteticen presenten muy
baja absorcién en el rango espectral de UV. Losides esféricos de SjOho presentan
absorcién en el UVA, UVB y el UVC, por lo que cumpleste requisito a la perfeccion. Por
otra parte, y no por ello menos importante, lasinaside Si@ presentan un bajo indice de
refraccion en comparacion con otras nanoparticlldemas, la suspension de gi@dquirida

en Dupont (Ludox TMA, Aldrich), es muy estable, mdispersa y con un diametro de particula
de alrededor de 30 nm. Esto hace que las estractiesarrolladas en esta tesis incluyan
preferentemente particulas de SiO

Los nanocristales de TiQ&e sintetizan a partir de la hidrélisis de isopsago de titanio (TTIP
97%, Aldrich), seguida con el crecimiento bajo domhes hidrotermale¥. El tamafio
determinado de las nanoparticulas de,T@® de aproximadamente 10 nm. Las nanoparticulas
de TiQ, presentan el borde de banda prohibida electr@m¢a= 340 nm (Egap = 3, 64 eV).
Un material que presenta un band-gap mas ancholagueanoparticulas mencionadas, lo
encontramos en NBs, que presenta un frente de absorcion en aproximamia 310 nm. Una
suspension de nanoparticulas de.Mdbse prepard siguiendo el método sol-gel a partir de
pentacloruro de niobio (99%, Alfa Aesar) como prseouen la ruta de sintesfsSe obtuvieron
nanoparticulas de 18-20 nm de diametro.

Oxido de zirconio también fue sintetizado en foru@ nanoparticulas. Las mismas se
sintetizaron usando un procedimiento basado eidtalisis del n-prop6xido de zirconio (70%,
Alfa Aesar)® Se obtuvo una suspension coloidal estable de astfoas de Zr@con un
didmetro aproximado de 6 nm, las mas pequefiastizattas en esta tesis. El borde de
absorcion se sitta érn= 220 nm (Egap = 5,63 eV).

Una vez obtenidas las nanoparticulas con las ptages deseadas, procedemos a depositar las
capas por spin coating o dip coating. El procesepite de forma contuinuada, alternando los
dos tipos de capas de nanoparticulas hasta compéetastructura entera. Una de las
caracteristicas mas importantes que aportan estagds de deposicion es la capacidad de
adaptar con precision las propiedades microestalesly Opticas de la pelicula depositada. Por
ejemplo, la posicion del pico de Bragg puede sernrotada, modificando la velocidad de

rotacion para el caso del spin coating o la vebtide retirada en el caso del dip coating.
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Cristales fotonicos unidimensionales nanoparticulags flexibles para
proteccion contra la radiacion UV

En este capitulo, se explica un procedimiento sobm@o construir y disefiar cristales fotonicos
unidimensionales con nanoparticulas de®ily ZrO, y SiO, en aras de crear peliculas flexibles
individuales para proteger contra la radiacionawltleta por reflexion 6ptica. Para una
proteccion en el UVA, se propone un cristal foténianidimensional nanoparticulado
SiOJ/Nb,Os a través de un proceso de spin codtingientras que para bloquear eficientemente
diferentes rangos de longitud de onda UV compresdiehtrel. = 200 nm yA = 400 nm, se
presenta una serie de cristales fotonicos,/&0,. Las caracteristicas microestructurales de
estos 1DPCs porosos pueden ser exploradas a ttavés imagenes de FESEM, en las cuales
se puede ver la seccion transversal de los sistembisapas SigZrO,(a y b) y SiQ/Nb,Os (c

y d). En esta figura se aprecian laminas homogé&mamterfaces planas flanqueadas por ellos
(Figuras 2a y 2c) para las imagenes de electrammdarios. En las figuras 2b y 2d podemos
ver imagenes de electrones retrodispersados de ismamregion espacial, revelando

visiblemente las interfaces ininterrumpidas y ptamanectando capas sucesivas. En estas

imagenes las lineas mas intensas pertenecena@las de Zrey Nb,Os.

Figura 2: Imagenes FESEM de las secciones trarsdgsrde dos cristales foténicos 1D hechos a phatir
SiO2 (coloides esféricos), con nanoparticulas d& Za y b) y NBOs (¢ y d) respectivamente, obtenidos
detectando (a y c) electrones secundarios y (beyed}rones retro-dispersados. La barra de essala &

pUm en todas las figuras.

Como se puede observar, no existe una interper@traonsiderable entre las capas, lo que

afectaria el contraste en el indice de refracgiqmr lo tanto la intensidad de picos de Bragg.
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Este sistema permite depositar hasta 26 capaseyoten alcanzar una intensidad maxima de
100%.

El ajuste tedrico de estos espectros de reflectgr@imite calcular los valores de los indices de
refraccion y los grosores de las capas que fornmnnmedio de un codigo basado en un
formalismo de matriz de transferendi&| espesor de las capas se acota a partir dadaenes

de FESEM. A partir de este analisis, extraemosadsres de indice de refraccion para las capas
de nzo0=1.70, Nnp2os=1.76 ynsiox=1.31, teniendo en cuenta que los indices de m@ragpara
sistemas densos de estos materiales tienen loesad25, 2.26 y 1.43 respectivamente. El
esquema sugerido permite que los picos de Braggameana ubicacion precisa en diferentes
posiciones espectrales, solo variando la conceétrate la suspension precursora o variando
los parametros de spin coating. Se estimé la absoa como A=1-RT+ (ver figura 4c) para
establecer el umbral en el que las pérdidas Optuas absorcion en la multicapa son
significativas. En las Figuras 3a, 3b y 3c se prese graficas de reflectancia total,
transmitancia total y absortancias calculadas, nides a partir de cristales fotonicos de

SiO./Nb,Os depositados a diferentes velocidades de rotacion.

100 100 100

80 80

60 60

40 40

Absortancia

20 20

Reflectancia Total
Transmittancia Total

0 AV
0 0= i
200 300 400 500 600 200 300 400 500 600 200 300 400 500 600

Longitud de Onda/nm Longitud de Onda/nm Longitud de Onda/nm

Figura 3:Reflectancia total, b) transmitancia total, y cpa@iancia de cristales fotonicos basados en
SiO,/Nb,Os. Las velocidades de rotacién finales fueron 3.408 (linea azul), 4000 rpm (linea verde),
5000 rpm (linea roja) y 7000 rpm (linea negra). tascentraciones de nanoparticulas,Sib,0Os en
metanol se mantuvieron en 2,5% en ambos caso®dpesores de celda unidad son 98 nm, 108 nm, 115

nmy 120 nm respectivamente. El nimero total déaselinidad es 10 en todos los casos.

Como puede verse, se obtuvieron picos de refleeisinde alrededor del 90%, que protegen
contra la radiaciéon UV de 300 a 400 nm a travék deflexion, evitando la absorcion como se
puede apreciar en la figura 3c, con un 50% de aldspen 300nm y cercano al 0% en 350nm.
Ademas, la transparencia de las muestras en lanr@gible (390-750 nm), que se calcula de
acuerdo a métodos estandar empleados comunmeatédgiarminar la transmitancia de luz de
la radiacion solar para el acristalamiento en thaios (ISO 9050: 2003), en donde se tiene en
cuenta la respuesta fotépica del ojo, es de aloFdti90% en todos los casos.

En el sistema SigZrO, podemos observar resultados similares para el onigmrmero de celdas
unidad, con la diferencia de que la absorcion sitdgas de ZrOnos permiten la construccion

de 1DPCs sin absorcién en un rango espectral maisoaicon un 5 % de absorcién en 250nm y
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cercano al 0% en 300nm. En la figura 4a, 4b y dansestran los espectros de reflectancia,

transmitancia y absortancia respectivamente.

100 100

80 80

60 60

40 40}

Reflectancia Total
Absortancia

20 20

Transmittancia Total

200 300 400 500 600 %00 300 400 500 600 200 300 400 500 600
Longitud de Onda/nm Longitud de Onda/nm Longitud de Onda/nm

Figura 4: (a) Espectros de reflectancia total, (b) trananuia total y (c) absortancia de peliculas de
interferencia Zr@SiO,. Todas las capas se depositaron mediante spimgdat= 6000 rpm y = 11500
rpm / s) con diferentes concentraciones de nariopkas pero expresadas como [S# en peso, Zrg%
en peso.]): [1.0, 2.5] (sélido negro); [1.5, 2.B)j¢ sdlido); [2.0, 2.5] (sélido verde); [2.25, R(S6lido
amarillo oscuro); [2.25, 3.0] (sélido azul), [2%&0] (sélido plUrpura). Los espesores de celda dnida
75 nm, 80 nm, 95 nm, 105 nm, 110 nm y 125 nm, as@amente. El nGmero total de celdas unidad es

10 en todos los casos.

Sistemas flexibles

La porosidad de estas estructuras ofrece la pasitilde construir espejos versétiles
autosoportados, las cuales se obtienen despudsdilttarlas con PDMSy enfriar la estructura
hibrida por debajo de la temperatura de transicitrea del polimero.(en nuestro caso 77K).
Posteriormente la pelicula completa se despegauddiato cuando se alcanza temperatura
ambiente. En la figura 5a se muestran los espedaagflectancia de siete cristales fotonicos
flexibles SiQ/ZrO, de diferentes grosores.

Estas peliculas se realizaron con sistemas de hastaldas unidad. Esto se debe a que el
maximo de intensidad en su posicion espectral disyei después de la infiltracion PDMS. Esto
es producto de la disminucion del contraste decénde refraccion entre las capas de,SiO
ZrO, cuando el polimero llena los poros de la estractras muestras obtenidas son
mecénicamente estables y de gran flexibilidad;dalo se muestra en las imagenes de la figura
5b.

La estabilidad mecanica y la flexibilidad de ladiqéas de diferente pardmetro de red que
protegen contra las regiones de longitud de onea 8efinidas a lo largo del rango 200nm-
400nm, abre el camino para bloquear selectivanmegienes espectrales anchas ya que estas
peliculas se pueden unir para crear taindems agdsest por diferentes combinaciones de

peliculas protectoras UV.
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Figura 5: (a) Espectros de reflectancia total de cristaté§nicos flexibles SigZrO, individuales. (b)
Fotografias de films flexibles de Si@rO.,.

En la Figura 6 se muestra la reflectancia totahdmitancia total y absortancia para tandems
que contienen 1, 2, 3, 5y 7 peliculas, cada unestis estructuras mostrando su caracteristico
pico de Bragg en diferentes posiciones espectesles UV. Estos tandems estan formados por
peliculas que se unen secuencialmente, empezanab guee refleja las longitudes de onda mas
cortas hasta el que refleja mas cerca de la reggth A medida que el nimero de films
individuales aumenta, el rango espectral se amalidoda la gama UVC-UVB-UVA,
protegiendo todo este rango para el caso de 7updi@piladas, mientras se mantiene una
transparencia de 60% en la region visible. La reidmcobservada de la transparencia con
respecto a una unica multicapa flexible es debith dispersion de luz por irregularidades en
las interfaces entre las capas de PDMS puesta®rdgacto. Desde el punto de vista de la
proteccion contra la radiacion UV, este simple métpuede ser utilizado para proteger
selectivamente contra una region espectral degsitasi como para imitar o superar el efecto de
un material absorbente de radiacion UV convencjametho se muestra en lo que sigue.

La capacidad de los 1DPCs de gKpO, flexibles y tdndems de estos para proteger dezla |
UV se puso a prueba mediante la exposicion de twagerciales sensibles a la radiacién UV
(Control Cure, UV FastCheck Strips, UV process suppc.), empleando diferentes tipos de
peliculas de proteccién UV o combinaciones de gatdsaz de radiacion colimado y uniforme

que viene a partir de un simulador solar.
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Figura 6: Espectros de reflectancia total (linea roja), matencia total (linea azul) y absortancia (linea
de puntos verdes) de diferentes tandems de muicflpxibles que contienen las peliculas que se
muestran en la figura 6a. El nUmero de muestrdadas es: (a) 1, (b) 2, (¢) 3, (d) 5,y (e) 7.

El andlisis detallado de los cambios de color ithgen las tiras por el efecto de la exposicion
a la luz UV nos permite cuantificar la cantidadethergia que han recibido del simulador solar.
Estas tiras sensibles se iluminaron con 1 sol @asidad de luz (AM1.5, 1000W#rdurante el
mismo tiempo para cada opcidén protectora emplelaas.laminas ensayadas fueron: 1) Un
tdndem de multicapas que bloquea toda la regiérfrildéstra MLy); 2) otro tAndem de espejos
de Bragg flexibles que imita el perfil de absorcitet TiO, (muestra Ml); 3) Una pelicula de
PDMS que contiene una capa de nanoparticulas decdiDel mismo espesor que los cristales
fotdnicos utilizados (aproximadamente 1 um); 4) Umadicula de PDMS sobre el que se
depositdé una fina capa de benzofenona-3, una malécgénica que se incluye como agente de
proteccion UV en lociones de proteccion solar; 53 pelicula de PDMS, para cuantificar el
efecto de recibir esta cantidad de radiacién sitepcion. En la Figura 7a se muestra la energia
por unidad de area recibida por las tiras en cams.cLos espectros de transmitancia
correspondientes a las diferentes muestras sesegpam en la figura 7b. Cabe destacar que la
capacidad de proteger por interferencia del tanderos espejos flexibles MLpara proteger
contra los rayos UV es tan buena como la de uniaybelque protege por la absorcion de
nanoparticulas de TgPmientras que el rendimiento de la muestra, Milpera la de la pelicula
sobre la que se deposito la benzofenona-3. Estaeltra que los materiales fotdnicos flexibles
son sustitutos adecuados de absorbentes inorganicasrganicos de radiacion UV,

tradicionalmente empleados para polimeros dopamtoglanismo fin.
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Figura 7: (a) Densidad de energia recibida por unidad de @nela superficie de las tiras sensibles UV
cubiertas con diferentes peliculas flexibles protes contra la luz UV, expuestos a un simuladéarso
(espectro AM 1,5, 100 mW /én La altura de la barra representa el valor magdia linea de negro
representa la desviacidbn estandar. Las muestrag WLMLg estdn compuestas de diferentes
combinaciones de cristales fotdnicos flexibles A@D,. (b) los espectros de transmitancia total de los
films protectores usados en la Figura 6a: PDMS [flinea negra), pelicula de nanoparticulas de, TiO
incrustadas en PDMS (linea roja), benzofenona-8sitgmla en PDMS (linea violeta), Milinea verde),

y MLg (linea azul).

Filtros UVB flexibles biocompatibles para la protecion celular
epitelial

La radiacion UV solar es una de las principalesasaude eritema, una enfermedad que se ha
utilizado como un indice estandarizado para estehaiesgo que esta produce para la piel
humana. La genotoxicidad de la radiacion UV se basal suministro de energia fotoquimica
al genoma de la piel, suficiente para producir da8pecificamente en el ADRIque conduce a
anomalias genomicas, por ejemplo, las mutacidrmse son capaces de inducir cancer de

piel®En un trabajo desarrollado por lkehd&e caracteriz6 la dependencia espectral de la
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radiacién incidente con los efectos genotoxicotagriel mediante el andlisis de la cinética de
induccién de mutacion e inflamacién en la piel atemes,.

En este trabajo, la cinética de dosis-respuesia ideduccion de mutaciones en la epidermis y la
dermis de la piel del raton se examino en el iaterde longitudes de onda que comprende el
rango 260-364 nm por irradiacion UV monocromaticm @lta intensidad, siendo lo mas

significativo el hecho de que la respuesta fue nidipate de la longitud de onda, que muestra
un pico a alrededor de 310-320 nm. La dependercia tbngitud de onda se puede ver en la
Figura 8. En este segmento se presentaran loda@ssildel objetivo propuesto de construir
filtros transparentes, de alta calidad 6ptica, mra¢egen selectivamente la region UVB, siempre

gue sean capaces de adaptarse a diferentes tigpapeldicies.
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Figura 8: Dependencia de la longitud de onda de la genadttadcde la radiacion UV en la piel para

valores planos de frecuencia mutante.

En este capitulo, un andlisis del grado de daficacluen el ADN de diferentes células
epiteliales expuestas a una fuente de UV cuandm gsbtegidas por los filtros flexibles, se
realizd, con el proposito de demuestrar que esddicubas son capaces de bloquear tan
eficazmente como compuestos absorbentes de UV doholselen matrices poliméricass
similares. Esto significaria, por lo conocido hadtara, la primera evidencia experimental de la
proteccion de las células epiteliales por una pkitiexible biocompatible, en la que no se
produce absorcion, juiciosamente disefiada paragepespecificamente contra una gama UV
altamente genotoxica.

Para llevar a cabo el mencionado andlisis, se pepa 1DPCs flexibles disefiados
especificamente para bloquear la region espedraiterés para prevenir el dafio al ADN. Se

desarroll6 un filtro que consiste en el titndem ake gkliculas de 1DPCs Si@rO, en la parte
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superior de una pelicula de 1dPC de 8il, (etiquetado como ZST-3), cuya caracterizacion

Optica se muestra en la figura 9.
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Figura 9: a) Espectros de reflectancia total de cada una dedspeliculas que constituyen el filtro ZST-
3. (b) Espectro de reflectancia total del filtroTZ$ (eje Y izquierdo). El espectro de accion de la
frecuencia mutante inducida también se represaritaderecha del eje Y) (adaptado de la referetiia
Superpuesta a ambos espectros, graficamos laan@diespectral de la lampara en unidades arbsrari

(linea discontinua) (c) Espectros de absortanté yaransmitancia total del filtro ZST-3.

Se observa incluso que aun incluyendo nanoparsidi@, que absorben la radiacién UVB, los
efectos de interferencia prevalecen sobre la aldsode luz en el UVB como mecanismo de
bloqueo, presentando un pico de reflectancia deacdel 95% de intensidad.En aras de la
comparacion, hemos preparado peliculas flexible?D&S que contienen exclusivamente

nanoparticulas de TiDetiquetados como T-1, como se puede ver en laditP.
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Figure 10: Espectros de absortancia (linea continua negtegngmitancia total (linea sélida de color
gris) del filtro T-1. La frecuencia mutante indugidambién se traza (eje Y derecho) (adaptado de
referencia 41).

En este film, el bloqueo de UVB sdlo tiene lugabide a la absorcion. Esto se puede ver
facilmente a partir del andlisis de la determinacdxperimental de la transmitancia total y

reflectancia total, de donde calculamos la absoidan

Dafio en el ADN en diferentes tipos de células efditdes cubiertas con filtros de proteccidn
uv

La capacidad para proteger contra los efectos geicos de la radiacion UV de estos filtros fue
probada en el grupo de Guillermo de la Cueva erNBIRD, Malaga, mediante la exposicion
de una serie de cultivos de células de la piel Imama una fuente de luz UV. Mas
especificamente, se analizé el dafio celular indupat la radiacién UV en la linea celular de
melanoma SB2 humano a nivel molecular por la d&ieate dimeros de pirimidina ciclobutano
(CPD, por sus siglas en inglés) en el ADN de lalaéy en el nivel fenotipico mediante la
cuantificacién de la tasa de muerte celular desplegda exposicion a la radiacion UV
(mediante la medicién de la llamada tasa de apgptosos CPDs son las lesiones pre-
mutagénicas mas predominantes en el ADN produgidak radiacién UV en las células de la
piel humana. Por lo tanto, se ha utilizado estradion para determinar el dafio en el ADN en
una primera etapa.

Un procedimiento bien establecido, tal como seritespor Schwarz et 4.y Huynh et af, se
utiliza para irradiar las células SB2. Las célidasexpusieron a 200 Jroolocandolas a una
distancia de 23 cm desde la fuente de radiacionllad¥ .células no irradiadas fueron manejadas
de la misma manera, excepto por el hecho de gse egpusieron a la luz UV.

En la Figura 11, se muestran las imagenes de ldsadide las células irradiadas. Se observé
CPD con inmunotincién positiva (sefial verde) enndsleos (sefial azul) de células irradiadas

cuando se utilizaron sin filtro (Figura 11a) o sinfiltro de control (Figura 11b, etiquetado
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como Ctrl). Una pelicula hecha de PDMS sin presealguna de nanopatrticulas fue utilizada
como filtro de control. Por otro lado, no se ddiestfial CPD en células irradiadas protegidas
por las peliculas altamente absorbente T-1, qoBereen nanoparticulas de Bi(rigura 11c),

que utilizamos como referencia, o por la pelicdtaneente reflectante ZST-3 que contiene

multicapas de nanoparticulas.

Mo filter

anti-CPD

Figure 11: Dafio inducido por la radiacion UV en el ADN ddileea celular SB2. Se observé CPD con
inmunotincién positiva (sefial verde) en los nisl&efial azul) en las células irradiadas cuandoa(ag
utilizé ningun filtro 6 (b) se utilizé el filtro deontrol (Ctrl). No se detecté ninguna sefal de GIPD
células irradiadas protegidas por (C) peliculaanadinte absorbentes que contienen nanoparticulas de

TiO, (T-1) o (d) peliculas altamente reflectantes quienen cristal foténicos (ZST-3).

El andlisis de CPD con inmunotinciébn demostré guenecanismo de reflexion UV de las
filtros flexibles impidi6 eficazmente la aparicide estas lesiones en el ADN. Cuando aparecen
estas lesiones, las células detienen la prolifénagi activan el mecanismo de reparacion. Si
tienen éxito, el ciclo celular se restaurara yrigiferacion se reanuda. Por el contrario, si no lo

logran, la muerte celular programada se activara.

Efecto de la modulacion espacial de efectos fotoguicos inducidos por
la radiacion UV en la formacién de multicapas peridicas mediante el
proceso de choque osmotico colectivo en las pelasilde copolimeros

de bloque

Muy recientemente, se demostré que una estructtratiicada porosa se puede lograr a partir

de una pelicula de copolimero de bloque (BYR). particular, se demostré que una pelicula
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que contiene poliestireno (PS) y polimetil-metaddl (PMMA), en su férmula reducida PS-b-
PMMA, se puede utilizar como material de partideapgicanzar multicapas porosas ordenadas
a través de un proceso que implica el choque osmatilectivo (COS por sus siglas en inglés).
La estructura final muestra capas densas y posdssadas que se comportan como un cristal
foténico unidimensional con picos de Bragg en elgoa UV. En este capitulo, presento
evidencia Optica y estructural que demuestran questructura periédica resultante es una
consecuencia directa de la formacién de una oretdaremagnética estacionaria generada por
interferencia de pelicula delgada durante la etég@radiacion UV. Esta onda estacionaria
impone un patrén periddico de la degradacion de AWM en el entrecruzamiento del PS, por
lo tanto, la determinacién de la periodicidad deeddructura porosa que surge después del
tratamiento con acido acético, independientemesitgpetiodo y el nimero de redes de planos
esféricos en la pelicula de partida.

Con el fin de analizar mas a fondo el mecanismdodmacion de capas porosas y densas
alternos en peliculas BCP, hemos preparado uredepeliculas de PS-b-PMMA de diferente
peso molecular total (Mw = MWPMMA + PS) sobre obleas de silicio con 2.5x2.5 q@or
spin-coating, pero con aproximadamente la mismeci@h ® = MWPMMA /MPS (0,13 &
<0,17). Las peliculas se tratan posteriormente itdmente para estabilizar una red
tridimensional de esferas de PMMA no conectadosrenmatriz de PS. Las laminas de PS-b-
PMMA se prepararon utilizando los siguientes pasoseculares: 71, 81, 126, 135, 295 vy
1.000 kDa.

Una explicacion para estos efectos se puede eacantrla distribucion espacial del campo de
la radiacion UV que tiene lugar dentro de la pddicdurante el procesamiento. Todas las
muestras empleadas para este estudio tienen ebneispesor exacto (420 + 10 nm), segun lo
confirmado por el andlisis de las franjas de ieterficia observados en sus espectros de
reflectancia total, que se muestra en la Figura A28 se espera un patron espacial similar de
intensidad de campo de luz UV en todos ellos tasradiacion. La figura 12b muestra la
distribucién espacial del campo eléctrico? |ghra la luz de longitud de ondla= 254 nm que
incide normalmente sobre la pelicula depositadegmeente en un substrato de silicio.

El perfil espacial de |Eps una consecuencia de la formacién de una ondeicesria en la
pelicula PS-b-PMMA como resultado de la interfergrantre los haces de transmision y los
reflejados parcialmente en las interfases aireymid y polimero-silicio. Esto da lugar a
regiones de alta y de baja intensidad UV de laiiiaeion, distribuidos periédicamente a lo
largo de la seccion transversal de la peliculae gatron se traduce en una degradaciéon desigual
de PMMA y consolidacion del PS a lo largo de la anayarte de la pelicula, que a su vez

deberia modular espacialmente el proceso de chasguético colectivo.
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Figure 12: (a) Los espectros de reflectancia total para laestnas preparadas con PS-b-PMMA con
pesos moleculares de 71, 81, 126, 135, 296 y kDaOespectivamente (espectros de arriba haci@abaj
lineas negras). El espectro tedrico calculado paeapelicula de PS-b-PMMA se incluye (gris linea
discontinua). (b) Distribucién espacial a lo ladmla seccion transversal (eje Y) del cuadradacaelpo
UV (A = 254 nm) representado para una pelicula de PSARMbdA un espesor de 420 nm depositada
sobre un sustrato de silicio. Las lineas punteblfa®as representan las interfaces de peliculici®os

0 nm representa la interfaz entre el aire y lacp&iPS-PMMA.

Asi que, como |E|describe un periodo completo en aproximadamenten?5cada una que
comprende un par de franjas de baja y alta intadsigl el espesor de la pelicula es de 420 nm,
alrededor de once capas (cinco periodos y media@ifdeente microestructura se esperan en
principio como resultado de dicha modulacion. Lasbios inducidos por efectos fotoquimicos
provocados por la luz UV deben ser minimos en giekgiones en las que el perfil®|E]|
presente minimos, desarrollandose fundamentalneent@no a su maximo.

Todas estas muestras se expusieron a la dosisf{Bdie luz UV { = 254 nm) necesaria para
alcanzar una multicapa porosa periddica. El efetdoeste tratamiento es se basa en el
entrecruzamiento del PS y en la degradacion déMRM oligobmeros de bajo peso molecular.
Finalmente, las peliculas se sumergieron en aciddica, un disolvente de PMMA que al
mismo tiempo es capaz de difundir a través de P®a@nzado sin disolverlo. Como el acido
acético alcanza al PMMA a través de la matriz de d@ actla como una barrera semi-
permeable para la transferencia de disolvente rdaign osmética se acumula debido a la
hinchazon de los dominios esféricos, que se defoamisotrépicamente. El adelgazamiento de
las paredes de PS entre las esferas eventualn@mtace a su rotura y la formacion de capas
con poros grandes soportados por columnas de p&ases de capas perforadas de densidades
mas altas.

Como se puede ver en la Figura 13a, las estrudinedses alcanzadas de PS-b-PMMA de peso
molecular 71, 82, 126 y 135 kDa presentan picoseflectancia intensos(hasta 80%) en la

region UV que pueden ser inequivocamente atribsiibldos efectos de difraccion de Bragg
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derivadas de una relativamente fuerte modulacididgtiea del indice de refraccion (a 1,23 y
ny = 1,52, para cada par de capas consecutivasiegm de una dimension espacial que tiene

lugar en distancias del orden de unos cientos Wémetros.

Reflectancia Total

300 400 500 600
Longitud de Onda/nm

Figura 13: (a) Espectros de reflectancia total obtenidos pat&ulas de PS-PMMA de diferente peso
molecular después de la irradiacion y el tratamieohn acido acético. El peso molecular se indiotoja

su correspondiente espectro. Imagenes de secaidsvarsal, de (b) a (g), obtenidas a partir deypeal
PS-PMMA después de la irradiacion UV y tratamiestin acido acético. La barra de escala es de 500 nm

en todas las imagenes. El peso molecular se iedicada imagen FESEM.

La seccion transversal de estas estructuras muesralternancia periédica de capas de alta y
baja porosidad, como se puede ver en las imag&t®ENM que se muestran en las Figuras 13b-
13e. Curiosamente, estas cuatro muestras preggotande reflectancia en la misma posicion
espectral X ~ 320 nm), independientemente del tamafio de &agese PMMA alcanzado en la
fase segregada, en buen acuerdo con la obsen@eian valor idéntico de la periodicidad en
las imagenes FESEM.

Otra prueba de la replicacion de la distribucionirdensidad de campo se alcanza al variar
dinamicamente el &ngulo de incidencia de la luz Odmo se explicara en detalles, el desorden
es inducido en parte de la pelicula como resul@glda propagacion de las franjas de alta
intensidad de campo debido a la rotacion contirgldadpelicula. Como la formacion de un
patron regular de franjas de alta y baja intensideduz dentro de la pelicula depende del
angulo de iluminacion, decidimos exponer nuesteikyas a una dosis total similar de la luz
UV pero utilizando como soporte una placa giratauege describe un arco de 60° con una
velocidad angular de 2t3rad/s. Para una longitud de onda dada, la poses@acial de las
regiones de alta intensidad de la luz varia, comomsiestra en el perfiles trazados’ |E|
dependientes del angulo en la figura 14a, partimdate en la region mas cerca de la interfaz
BCP-aire. Este cambio angular da lugar a una atéduaen la modulacién de los efectos

fotoquimicos, conduciendo eventualmente a la aisate un patron periédico de los poros,
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como se puede confirmar tanto la imagen FESEM deescidn transversal, en la figura 14b, y
los espectros de reflectancia Optica, en la Figda Por favor, observe que el perfil’|E$
menos sensible al angulo de incidencia en la jpaeor de la pelicula, cerca de la interfaz de
BCP-silicio, en donde se conserva la estructutarrelda porosa-densa de las capas.
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Figura 14: (a) Distribucién espacial a lo largo de la secdi@msversal (eje X) del campo eléctrico al
cuadrado E|de la luz UV calculada para una pelicula de PS-RM&6n un espesor de 420 nm
depositada sobre el sustrato de silicio como fundiél angulo de incidencia (eje Y). Las lineas txdan
punteadas representan las interfaces de la pellagdineas discontinuas verticales indican leerfaces
entre el aire y PS-PMMA (x = 0 nm) y PMMA-siliciax & 420 nm). (b) Los espectros de reflectancia
total obtenidos para una pelicula de PS-PMMA cosopmolecular 82,5 kDa, antes (linea azul
discontinua corta) y después de la irradiacion kenUV (A = 254 nm) en direccién variable de
incidencia 0 © <0 < 60 ° y el tratamiento con acido acético acidoe@ continua negra). (c) Imagen
FESEM de la seccién transversal de la pelicula t&jincidencia de UV con variacién dinamica de

angulo. La barra de escala es de 500 nm.
Conclusiones

En primer lugar, nanoparticulas de 7i@rO,, Nb,Os se sintetizaron con éxito con el objetivo
de utilizarlas como blogues constituyentes paratatds fotonicos unidimensionales. Las
nanoparticulas presentan tamafios de unos pocométns, condicibn necesaria para obtener
una alta calidad optica y para evitar luz difusdanestructuras foténicas, ademas de que no

presentan absorcion en diferentes rangos del UV.
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Multicapas rigidas y flexibles fueron disefiadasar capaces de proteger eficazmente contra
la radiacion UV a través del fendmeno de reflexémica en rangos de longitud de onda
seleccionados. Se demostré que estas peliculasnpasun nivel de proteccion contra la
radiacion UV igual o superior a capas de espesuilasi hechas de materiales puramente

absorbentes en términos del nivel de protecciotradem radiacion UV logrado.

Se hicieron filtros flexibles para proteger espearhente la regiéon UVB. Se demostro, en un
sistema real que comprende células epiteliales hasnaensibles al rango mencionado, que
estas peliculas son capaces de bloquear tan eGoégrnomo compuestos absorbentes de UV

embebidos en matrices poliméricass similares.

Se mostro evidencia experimental y tedrica denaifin clave que lopatrones de intensidad de
campo de luz UV desempefian en la formacién deatstas periddicas de capas porosas y
densas alternadas, formando un sistema con praoj@edte cristal fotonico. Se confirmo que la
periodicidad observada surge como resultado deomabimacion de la modulacion espacial

inducida por efectos fotoquimicos y el procesolumioe osmdético.
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