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Abstract

Micro/nano wrinkled patterns on cross-linked urethane/urea polymeric flexible free
standing films with two soft segments, polypropylene oxide and polybutadiene, can be induced
by UV-irradiation. The ability to write/erase these 3D structures, in a controlled manner, is the
main focus of this work. The imprinting of the wrinkled structures was accomplished by swelling
in an appropriate solvent followed by drying the membranes after the cross-linking process and
UV irradiation. The surface tailoring of the elastomeric membranes was imaged by optical
microscopy, scanning electronic microscopy and by atomic force microscopy. To erase the
wrinkled structures the elastomers were swollen. The swelling as well as the sol/gel fraction and
the UV radiation were tuned in order to control the wrinkles characteristics. It was found that the
wrinkles wavelength, in the order of microns (1+0,25um), was stamped by the UV radiation
intensity and exposure time while the wrinkles' amplitude, in the order of nanometers (150-450
nm), was highly dependent on the swelling and sol/gel fraction. A prototype for volatile organic
compounds detection was developed taking advantage of the unique 3D micro/nano wrinkles
features.

Keywords: Micro/nano wrinkles, urethane/urea polymeric thin films, photolithography, Volatile

Organic Compounds sensor.
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Resumo

A impressao de micro/nano estruturas enrugadas em elastomeros flexiveis de
uretano/ureia, foram obtidas através da exposi¢cdo destes filmes a irradiagdo UV (ultravioleta). A
possibilidade de escrever/apagar estas estruturas 3D, de uma forma controlada, € o principal
foco deste trabalho. A impresséo de estruturas enrugadas foi conseguidas por inchamento do
elastbmero num solvente adequado e seguido da evaporacao do mesmo, que foi previamente

sujeito a radiacdo UV onde foi promovida a formacéo de uma camada mais reticulada.

As estruturas formadas foram analisadas por microscopia 6tica polarizada, microscopia
eletrénica de varrimento e por microscopia de forga atdmica. O inchamento e a fracéo de sol/gel,
assim como o tempo de exposicdo a radiacdo UV foram optimizados de forma a controlar as
caracteristicas das estruturas formadas. O comprimento de ondas das rugas, na ordem dos
microns (1+0,25um), foi definido pela radiagdo UV estando relacionado com a intensidade da luz
assim como o tempo de exposi¢do. A amplitude, na ordem nos nanémetros (150-450 nm), é
fortemente dependente do inchamento e da fragédo sol/gel. O prot6tipo do sensor de compostos
organicos volateis foi desenvolvido tirando vantagem das propriedades das micro/nano

estruturas formadas.

Palavras-chava: Micro/nano rugas, Filmes Finos de Poli(uretano/ureia), Fotolitografia, Sensor

de composto orgéanicos voléateis.
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Abbreviations

A Amplitude

AFM Atomic force microscopy

DBTDL Dibutyl tin dilaurate

f Functionality of the polymer

LC Liquid Crystal

(-NCO) Isocyanate terminal functional group

(-OH) Hydroxyl terminal functional group

PBDO Polybutadienediol pre-polymer

PDMS Poly(dimethyl siloxane)

POM Polarized Optical Microscopy

PU Poly(propylene oxide)-based triisocyanate terminated pre-polymer
SALS Small Angle Light Scattering

SEM Scanning Electron Microscopy

SERS Surface Enhanced Raman Scattering

uv Ultraviolet radiation

VOCs Volatile Organic Compounds

Wy Sample weight before extraction.

| 7A Sample weight immediately after extraction
w, Sample weight after drying

Zn0O Zinc oxide
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Symbols

A Amplitude, [nm]

E: Young’s modulus the rigid part, [MPa]
Es Young’s modulus the soft part, [MPa]
I Length of swollen sample, [cm]

lo Length of dried sample, [cm]

t Thickness, [um]

wit% Percentage by weight, [%0]

A Wrinkles wavelength, [um]

Alaser Laser wavelength, [nm]

Ayv Ultraviolet wavelength, [nm]

6 Diffraction angle, [°]

0 Shear velocity, [ms]

€ Strain, [%0]

€c Critical strain, [%]
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Objective

The main goal of this work was to control and manipulate tunable equilibrium micro/nano
structures in flexible elastomeric poly(urethane-urea) membranes. The cross-linked
urethane/urea polymeric free standing films with two soft segments, polypropylene oxide and
polybutadiene, were prepared by reacting a poly(propyleneoxide)-based triisocyanate-terminated
prepolymer (PU) with polybutadienediol (PBDO). Wrinkling on these elastomeric membranes is
induced by UV irradiation (15,=254nm) and permanently imprinted by swelling the membranes in
a good solvent. The detailed study of the wrinkled surfaces with different sol/gel concentration
was performed, which allowed to understand the development of the elastic instabilities in this
kind of membranes (wavelength, in the order of 1um, and amplitude in the nanoscale, from 150
to 450 nm). At the end of this work, a sensor was obtained by photolithography process, allowing

micro/nano 3D writing in a flexible substrate, which is also sensible to volatile organic compounds.
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Chapter 1 — Introduction

1.1. Motivation

During the last decades, the improvement of nano-microstructures in soft matter has been
challenging. The fabrication of structured polymer surfaces, for a wide range of applications, from
optics and flexible electronics ™ to biological cell studies?, have been mainly developed in two
distinct ways; resorting and adapting techniques as embossing 34 or nano-microimprinting ! or

by developing novel technigues as well soft lithography € or laser scanning among others.["!

In another perspective, these patterns can be obtained by regarding the inherent
properties of the polymeric materials. It is possible to produce these structures by inducing surface
instabilities by different mechanisms, taking advantage of the intrinsic materials properties. In this
sense, the interest on complex patterns obtained by self-organizing processes becomes a very
important issue since it is difficult or makes nearly impossible its production by traditional
methods.!®!

The creation of artificial micro/nano ripples arises from the interest of mimicking similar
structures found in nature, example of Drosophila melanogaster Fl. Yet, manufacturing and
controlling these structures at the nanoscale is highly challenging, even more if a fragile and
flexible substrates are used. In this sense, the most explored method and the center of this work
is the formation of micro/nano wrinkles in a flexible elastomer due to its surface instabilities, where

the control of the wrinkles amplitude and period takes a prominent role.

1.2. Urethane/Urea Elastomers

Urethane/urea elastomers are copolymers formed by reacting monomers with isocyanate
terminal functional group (-NCO) and hydroxyl (-OH). In the synthesis of polyurethane, the
aliphatic prepolymers used often have functionality greater than two, which gives rise to the
formation of segmented three-dimensional polymeric networks. These segmented polyurethane
elastomers are composed of long flexible chains, provided by polyol, connected by rigid aromatic
segments of polyurethane and polyurea. In this case, the rigid urethane segments and flexible
segments of the polyol are immiscible, meaning that, although the polyurethane materials are
macroscopically isotropic, they are not structurally homogeneous at the microscopic level. Even
though both the hard and soft segments present a certain degree of miscibility between each
other, the phenomenon of phase separation (micro-segregation) of these two segments it is
inevitably. As a result, the phase-separated hard-segments will form domains (crystalline and

ordered) dispersed within a soft-segment matrix.

In the synthesis of elastomers in study, two kinds of starting monomers were used, a

prepolymer of polyurethane, specifically poly(propylene oxide)-based triisocyanate terminated
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(PU) and a pre-polymer of polybutadienediol (PBDO).This type of material (pre-polymer) is used
in the synthesis of elastomeric poly(urethane-urea), allowing their terminal functional groups to

react with one another to give a cross-linked polymer (network).[13]

The prepolymers of PBDO (functionality f = 2) emerged from the modification of the
polybutadiene by introducing two terminal hydroxyl groups. The introduction of these groups
allows the use of this prepolymer in the production of new elastomeric materials by reaction with
other prepolymers with different functional groups (in particular with the prepolymer of isocyanate-
based urethane). The urethane prepolymer, PU, used in the synthesis of the elastomeric film
under study is based on polypropylene oxide and has three isocyanate reactive end groups

(functionality f = 3).

The synthesis and preparation of urethane/urea elastomers with two soft segments,
polypropylene oxide and polybutadiene, have been reported® and were mainly studied in order
to prepare pervaporation membranes with improved permeation performance. In an earlier study,
it was shown that flat urethane/urea segmented elastomer films can exhibit distinct functionalities,
that occur on one of its surface resulting from the surface textures generated by the ultraviolet
(UV) irradiation and upon the application of a mechanical field and/or solvent extraction 13, The
control of the periodicity of such structures is in fact an essential parameter, and is already known
that the UV irradiation time is the main important condition for the formation of the wrinkles, with

a well-defined wavelength. [15]

1.3. Surface wrinkling

If we look into nature, wrinkles appear when a mechanical force is applied on skin, for
example, muscle contraction or mechanical compression. Regarding to the particular case of skin,
it is formed by a thin layer of the epidermis, relatively rigid, which is joined to a layer which is
about ten times thinner, which is much more flexible (the dermis). As we get older, the dermis
(less rigid layer) contracts, leading the system into a compressive stress, appearing skin wrinkles

in response to this tension. [

However, according to Genzer and Groenewold[*¢l, nature gives us plenty examples that
are ruled by this phenomenon. This said, wrinkled surfaces not only appear in human or fruit skin
by stretching/compression, as these same principles may be applied to the formation of
mountains due to the compressive tectonic forces. Hence, the wavelength of these wrinkling
surfaces may range from kilometers, down to the nanometer size: which is the case of polymeric
materials surface such as poly (dimethyl siloxane) (PDMS), studied by Efimenko 71 where

wrinkled surfaces were obtained by exposure to ultraviolet (UV) radiation and stretching.
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Concerning this topic, the first study on pattern formation of similar structures was
reported by Tanaka groupt9, which was then followed by numerous and different theoretical and
experimental theories!*8! to understand the formation mechanism. Burrel et al. were the firsts to
notice the role played by the formation of a rigid layer in the substrate and its influence in the
development of the wrinkled surface.2% Nowadays, it generally admitted that wrinkles appear as
a consequence of an applied force, such as heating, mechanical stretching/compression or by

drying from a swollen state (which induces a stress above a critical value). 222

The creation of this rigid layer on the surface may be achieved from several different
ways. Yet, one will exclusively focus for the case where this rigid layer is formed by UV irradiation.
The mechanism of wrinkle formation is due to the cross-linked gradient that occurs in the film
during the exposure to UV light, consequently the top layers will behaves as a rigid skin, firstly
reported by Basu et al. 23, The effect of UV at the molecular level was already investigated by
Godinho and Trindade et al.[?4251 For this particular elastomers in study (PU/PBDO), it was
evidenced that UV irradiation promotes new crosslinks in the exposed surface, that allows the
formation of the rigid layer and consequently, after an applied force, the production of the wrinkled
pattern. In the swelling method, as a way to induce the formation of the winkled pattern, the soft
layers of the polymeric material induce a compressive strain on the rigid layer during the drying,

and when this strain is higher/equal than the critical strain (ec) the wrinkles will appear. (@

Thus, another key parameter is the amount of stress or strain needed to induce wrinkling
in the system. A mathematical study of these instabilities was applied to laminates in the form of
sandwich panels, the simplest of which is comprised of two relatively thin, stiff sheets of materials
bonded to either surface of a thick, compliant material. Upon compressive loading, a buckling-
type instability can occur on the surface of the laminate, where the surface begins to wrinkle with
a defined wavelength (A) and amplitude (A). In this case, it was derived that the critical strain can

be determined through equation 1[26:

1/3XE,
€C=—( ) Eq.1

This parameter only depends on the ratio of the Young’s moduli of the rigid (Er) and the

soft (Er) part, and it is not affected by the thickness of the film.[2¢]

The amplitude and the wavelength of the wrinkles are other two important parameters to
characterize the wrinkled surface. The wavelength is dependent on the thickness of the rigid layer

(t) and on the ratio of the Young moduli, defined in equation 2:117]

W=

y) t( Es ) Eq.2
[0 .
3xE, d
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The amplitude can be obtained from the strain (¢) and the critical strain, defined by
equation 3: [26]

Eq.3

This equation is the basis of the surface wrinkling metrology. These three main
parameters, g, A and A, capture the central aspects of surface wrinkling: the strain at which the
wrinkling instability occurs; the wavelength of the instability; and the amplitude growth as a

function of strain.

1.3.1.Applications

The possibility to control the wavelength and amplitude of the wrinkles induced on the

soft matter surfaces, results in a wide range of applications.[?7]

Recently, wrinkled surfaces were used as a template to produce surface arrays.
Schweikart et al. 28] confined a nanoparticles suspension between the glass substrate and the
wrinkled surface, resulting in an alignment of the nanopatrticles after drying and removal of the
wrinkled surface. The surface enhanced Raman scattering (SERS) is a technique which allows
for ultrasensitive detection of molecules but requires a well prepared substrate, able to provide a
reproducible SERS signal. The possibility to create ordered arrays of nanopatrticles can be applied

to develop substrates for SERS, such the one of an organized array made of gold nanoparticles
[28,29]

In the field of electronics, materials with bend and stretch abilities hold the promise of the
new generation of flexible substrates. A recent example of the applicability of wrinkled surface
was reported by Wu et al.[3%, in this research they used a PDMS wrinkled substrate in the design
of stretchable organic thin film transistors able to work on compressive and stress conditions, due
the possibility from the substrate to change its amplitude and wavelength during the mechanical
testing. The PDMS was also used by Kim and coworkers 1 with a UV treatment, which the
swelling in ethanol induces a variation in its optical properties, from transparent to translucent.
This fact is explained due the interaction between the wrinkles and the light: the ethanol induces
the formation of wrinkles on the surface, resulting in a higher light scattering comparison with the
dry state case, where the wrinkles disappear, causing a smooth surface and consequently

becoming transparent.

In another approach, Ohzono et al. 2 reported the alignment of a nematic liquid crystal
(LC) induced by the microwrinkles template. Basically, it was demonstrated that the possibility of
changing configuration of the wrinkled surface, by strain, lead to an induction on the reorientation

of the liquid crystal, which is required for the appropriate operation of LC devices.
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1.4. Volatile Organic Compounds Sensor

Nowadays, the detection of volatile organic compounds (VOCs) has attracted much
attention, as the inhalation or contact with these materials, such as toluene, acetone, ethanol,
acetaldehyde, is indeed a health concern. Toluene, per example, is a benzonoid aromatic
hydrocarbon and is known to be neurotoxic VOC. This specific compound is emitted during the

production of fuels from crude oil, being used in the production of paints, adhesives and rubber.[33]

There are some traditional methods for the VOCs detection, such as the gas
chromatography that is a sensitive method which can detect toluene vapors. However, the tools
size and consequently the involved cost becomes a disadvantage. The increased concern about
environmental protection has led to continuous search for new volatile organic compounds sensor

materials, such as conductive type sensors based on metal oxides [34-38]

The toluene detection is also important in liquid state and a recent study by Partridge et
al., has developed a sensor based on optical fiber, with a functional nanostructured coating of
calixarene, which can detect toluene contamination in water. The developing of this sensor leads

to a sensing ~100 ppm concentrations of toluene. 38!

In other approachl®], the n-type semiconductor zinc oxide (ZnO) has been used as a
sensing material in a metal-oxide-semiconductor devices structure for the VOCs detection. In
particular, ZnO nanowires have the ability to induce a rapidly and effectively gases diffusion
through the devices and consequently more atoms can participate in the surface reaction, leading
to a high gas sensing performances. In order to improve it, the ZnO nanowires were functionalized
with gold nanoparticles, using nontoxic and cost-effective method, and the speed response,
sensitivity and selectivity in benzene and toluene detection is greater in comparison with the
original ZnO NW sensor. Besides, the stability of the sensor indicates its great potential for

practical application and after five months the sensing was still about 1 ppm.

In the field of transparent and flexible electronics, a toluene sensor was also fabricated
by Choi et al. 33 based on standard microfabrication process on silicon oxide/ silicon and
poly(ethylene terephthalate) substrate. Graphene was used as sensing material and led to a
sensing of 10 ppm of gashouse toluene molecules at room temperature, maintaining optical

transmittance and mechanical flexible properties.
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Chapter 2 — Experimental and Characterization Techniques

Elastomeric thin flat films were prepared according to the procedure described earlier in
the literaturel® , from a precursor solution composed of a poly(propylene oxide)-based
triisocyanate terminated prepolymer and hydroxyl-terminated polybutadiene, using a selective

catalyst, dibutyl tin dilaurate (DBTDL), dissolved in toluene.

PU was purchased from a Portuguese petrochemical industry (CPB) with a molecular
weight of 3500 g mol1, and PBDO was purchased from Sigma-Aldrich and consists of a mixture
of cis and trans isomers, with a number-average molecular weight of 2800 g mol-l. Both
prepolymers were dissolved in toluene and one drop of the catalyst (DBTDL) was added in order
to promote the reaction between the cyanate end groups of PU and the hydroxyl end groups of
PBDO, under nitrogen at room temperature (see Figure 2.1). The solid content is about 40 wt%
(i.e., about 60 wt% of toluene) and the ratio of PU and PBDO was 60PU/40PBDO (wt%). An

idealized chemical structure of the elastomer under study appears in reference. [2°]

0 (poly (prop\'lene oxide))
—0- ( \—

(urethane) l l

% " loluene ‘/_: . ;~
"""" (urea)

: DBTDL
PU PBDO (catalyst)

(pol} butadiene)

NCO

CH,~£0-CH,— éH o- éNHOCH
Shegs> PU: He / \ NHC oééH Cmo)(éc & + \ 7/ ?
7108 lpar {o-cH,— cu%o CNH CHs
tiop OCN &
- NCO

PBDO: HO(CH2CH=CH~CH2)OH
y

Figure 2.1 - Preparation of poly(propylene oxide) (PU)/polybutadienediol (PBDO) bi-soft segment
urethane/urea elastomers (PU, x=20; PBDO, y=50). The two prepolymers were first dissolved in toluene,
with one drop of catalyst. The reaction was allowed to proceed during 30 minutes and the viscous solution
obtained was cast onto a treated glass (solution of 20 wt% of silane in ethanol) and sheared by moving a
casting knife at a controlled shear velocity (v =5mms™?). The free-standing solid elastomer film is then
removed from the treated glass substrate after curing (72h) in atmospheric moisture. The molar ratio of
PU/PBDO used can be varied in order to achieve different chemical and physical characteristics. In this work
it was studied a 60PU/40PBDO (%wt) ratio.

10
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After 30 min reaction (and before gel point), the precursor solution was cast onto a treated
glass plate (solution of 20 wt% of silane in ethanol) and sheared, at room temperature, with a
calibrated Gardner knife moving with a controlled rate, v =5 mm s1. The elastomeric film was
removed from the glass substrate after cured in an oven at 70-80 °C for 3 h followed by cure in
air during 3 days. The final thickness of the films was measured using a Mitutoyo digital

micrometer (about 100 ym).

The top surface of the PU/PBDO thin flat film was UV-irradiated (1, = 254nm) for 24h,
and a wrinkling pattern surface appeared after Soxhlet extraction in toluene, varied from 3h30,
9h, 16h, 24h and 27h, at 60 °C and drying.

Polarized optical microscopy (POM) was used for the morphology of the wrinkling surface,
specifically for the wavelength measuring, and was confirmed by scanning electron microscopy
(SEM) using a SEM DSM962 model from Zeiss. Gold was deposited on the film by sputtering in
an Ar atmosphere, using a 20 mA current, for 30 seconds at a deposition rate of 3 A s'1. SEM
images were captured at an acceleration voltage of 5 kV. Small angle light scattering (SALS)
patterns was obtained with a red (1,,5.-=633 nm) helium neon laser equipped optical bench, for
the samples which were extracted in toluene during 24 hours, with the help of a CCD video

camera.

Atomic force microscopy (AFM) was used to characterize quantitatively the topographical
features of the films, mostly for the amplitude, after 24 hours in UV-radiation and after Soxhlet
extraction with toluene for all samples. The AFM measurements, carried out in alternate contact
mode under ambient conditions, were obtained by using a commercial Olympus AC160TS
(silicon) with spring constant of 42 N/m and oscillation frequency of 300 KHz. The scanned area

was 20 ym x 20 ym and 5 um x 5 um, and the scan rate was 0,7 Hz and 1Hz respectively.

The variation of transmission intensity was measured during the toluene evaporation for
all samples with the red (4;4,.,-=633 nm) helium neon laser equipped optical bench. The sensor
response to different solvent, such as toluene, acetone, ethanol and water, was also measured
by the same technique. This sensor was produced by photolithography, where the sensing letters
were written with wrinkles using the same procedure as the sample for the 27h, meaning 24h

expose to UV radiation and 27h in toluene extraction.

11
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Chapter 3 — Results and Discussion

3.1. Swelling and sol-gel extraction

The crosslinking reaction leads to the formation of two distinctive parts within the material;
the gelled part, known as gel, which is insoluble; and the sol which, in contrast to the previous
one, is soluble. Therefore, quantifying both the gel and sol fraction is possible by extracting the
sol with a specific solvent. This method is commonly known as sol-gel extraction method.
Previous studiesi®® have shown that toluene (ie, the solvent in which the reaction PU-PBDO is
carried on) is an appropriate solvent to be used in this method as it provides a greater swelling
degree of the elastomeric samples, so it was chosen as the solvent for this particular case. In this
experimental work, the maximum swelling of the 60PU/40PBDO samples was around 340+16%
wt%. The following expressions are related to the swelling percentage (equation 4), the

percentage of gel (equation 5) and extracted sol (equation 6):

. W, =W,
% swelling = W x 100 Eq. 4
2
W,
d
%sol = 100% — % gel Eq.6

Where W is the sample weight immediately after extraction,IW, is the sample weight after drying

in a oven and W, is the sample weight before extraction.

The evolution of sol-gel extraction process was followed in time, from 3h30minutes to 27h
(Figure 3.1). When the elastomeric free-standing film is swollen in toluene, both inner and outer
stiffer shell deform by the same amount and the sol composition in the film varies, depending on
the time of the Soxhlet extraction. After 3,5h and as the swelling time increases, it is possible to
observe a decreasing of the sol fraction (i.e., unreacted polymer blocks) in the elastomeric film.
The mechanism that seems to rule this process is the diffusion out of the swollen sol into the

surrounding solvent bath.

12
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Figure 3.1 - Evolution of the sol and gel fractions vs of time. The dashed lines are just a guide for the eyes.

3.2. Wavelength

This experimental work aims to investigate the influence of the toluene extraction time
(and, consequently, the % of sol extraction) on the final wrinkled patterns obtained in
60PU/40PBDO elastomeric free-standing films. The wrinkles were obtained by swelling in an
appropriate solvent (toluene) followed by drying the 60PU/40PBDO elastomer that was prior
exposed to the UV radiation for 24h. In this work it is presented experimental observations of
wrinkled morphologies, controlled by changing the swelling time in the Soxhlet apparatus (which
was varied from 0 to 27h). Figure 3.2 shows polarized optical microscopy (POM) images, taken
in transmission mode and between parallel polarizers, for different extraction times of the films in

toluene: Oh, 3h30, 9h, 16h, 24h and 27h.

From the POM images shown in Figure 3.2, it is possible to observe that initially (after
UV irradiation and before Soxhlet extraction) the surface of the elastomer remains smooth, but
once the extraction time increases the UV irradiated surface shows a corrugated pattern, with

features of um-sized in all axes, resulting in a dramatic increase in the roughness.

13
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3h30 Sh

- -
24h 27h

Figure 3.2 - Polarized optical microscopy (POM) images of a 60PU/40PBDO sample after being exposed to
UV radiation during 24h and extracted in toluene for different periods of time: Oh, 3h30, 9h, 16h, 24h and
27h.

16h

As already explained in chapter 1.3, these materials can be characterized by the distance
between two consecutive “bands” (or peaks) — “wavelength’. SEM imaging enables this
quantification through surface topography examination of the elastomeric films, as shown in
Figure 3.3.

16h 24h 27h

Figure 3.3 - SEM images of a 60PU/40PBDO sample after being exposed to UV radiation during 24h for
different periods of extraction time: Oh, 3h30, 9h, 16h, 24h and 27h. These images confirm the observations
obtained by POM.

14
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SALS patterns were obtained using the procedure described earlier (chapter 2), allowing
the determination of the characteristic periodicity distance, which can be compared with the
results obtained from POM and SEM pictures. Figure 3.4 (b) shows a top view topography image

of the SALS pattern obtained for the film UV-irradiated and extracted in toluene during 24 hours.

Screen

Laser beam
(a) (b)

Figure 3.4 - (a) Schematics of the SALS technique measurements, where the distance between the sample and
the screen is h = 4,20cm; and the distance between the laser spot and the scattered image is x = 1,21cm. (b)
Light scattering pattern developed for a 60PU/40PBDO film after UV exposure for 24h Soxhlet extraction time.

The wavelength of the wrinkles presented in the elastomeric surface pattern can be
obtained from the SALS pattern by resorting to the Bragg law
(n Ajgser = 2 Asin 0), knowing the wavelength of the laser used, 4,,5.-= 633 nm, and the diffraction
angle, 6 (obtained from the relation between the distance between the sample and the screen, h
= 4,20cm, and the distance between the laser spot and the scattered image, x=1,21cm). For the
given pattern (Figure 3.4 b, 60PU/40PBDO) it is possible to obtain the wavelength of the wrinkles
presented in the elastomeric surface pattern: A = 1,15um. This value is in agreement with the
ones obtained by analysis of the correspondent microscopic, SEM and POM, images: A =
1,0£0,25um.

The same procedure was made for the 60PU/40PBDO samples extracted for different
periods of time (from 3,5h to 27h). The results obtained for all the samples with the three different
methods (POM, SEM and SALS) are in accordance with each other and there are no significant
wavelength variations in the wrinkled pattern observed for the different extraction times in toluene.
These observations seem to indicate that it is the time of UV exposition which determines the
wavelength of the wrinkles in the elastomeric film surface, as it is independent on the time of

Soxhlet extraction in toluene.
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3.3. Amplitude in function of toluene extraction time

The amplitude of the wrinkles (ie, peak to valley distance) obtained in the elastomeric
free-standing film surface can be determined by AFM topographic images. These images (20x20

Mm2 area scanning) were obtained for different times extraction in toluene, from 3h30 to 27h and

are shown in Figure 3.5.
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Figure 3.5 - AFM topography images of a 60PU/40PBDO sample after being exposed to UV radiation during
24h for different periods of extraction time: 3h30, 9h, 16h, 24h and 27h; the A’ to E’ cross-sections were
taken along the lines marked on the 2D images.

The corresponding 3D AFM images for a 5x5 um? area scan are shown in Figure 3.6.

24h 27h

Figure 3.6 - AFM 3D images of a 60PU/40PBDO sample after being exposed to UV radiation during 24h for
different periods of toluene extraction time: 3h30, 9h, 16h, 24h and 27h.

AFM analysis enables the determination of the amplitude of the wrinkles and the average
roughness (Table 3.1) at the UV-irradiated surface of the free-standing elastomeric film. By more,
by using the topographic images, it is also possible to determine the already measured

wavelength data and confirm the results obtained via POM, SEM and SALS.

From table 3.1 it is possible to observe an increase in the amplitude data from 168 nm to
421 nm, corresponding to 3h30 and 27h, respectively. This increase is more evident between
3h30 and 16h, which corresponds to the biggest variation in the sol extraction (Figure 3.1), which
is an indication that it is not only the swelling of the elastomer the responsible of the roughness
in the surface of the elastomer but also the extraction sol fraction (and consequently the increase
of the % of gel in the material). Therefore it is possible to relate the amplitude of the wrinkles at
the surface of the film with the percentage of sol extracted: the higher the sol fraction extracted,

the greater the amplitude of the wrinkles.
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Table 3.1 - Evolution of the average roughness and amplitude of the wrinkles observed in the UV-
irradiated elastomeric PU/PBDO for different extraction times in toluene

Toluene extraction time Average roughness Amplitude
(h) (nm) (nm)
35 78 168
9,0 111 280
16,0 145 343
24,0 158 412
27,0 173 421

Figure 3.7 shows the behavior of the amplitude of the wrinkles appeared at the surface

in function of % of sol that remains in the elastomer and its wavelength, which is constant.
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Figure 3.7 - Evolution of the amplitude of the wrinkles that appeared at the surface of the elastomeric
60PU/40PBDO free-standing film after UV-irradiation in function of the % of sol fraction that remains in the
elastomeric film. The dashed lines are just a guide for the eyes. The amplitude of the wrinkles increases with
the increasing % of sol extracted from the film (and with the increasing of the extraction time in toluene). The
corresponding wavelength of the wrinkles is also plotted and it remains constant in time,
A= 1pum.

As mentioned in chapter 1.3., the wrinkled surface at the urethane/urea elastomer in
study appears after swelling and unswelling the elastomeric film in an appropriate solvent, and,
so, the nature of these wrinkles are not the same as one the proposed and gave rise to equation
1. Although, this equation can give a rough estimate for the critical stress needed to induce
wrinkles in the 60PU/40PBDO system: g = 42% (E#/Es= 1,4 for the 60PU/40PBDO system).
Experimentally it is possible to determine the amount of stress applied to the sample during the
different extraction times in study. This amount is calculated from the length dimension of each
sample, measured immediately after extraction (swollen sample, 1) and the dried one (lo), € = (I-

lo)/lo. According to the measures obtained, the stress induced for all the samples extracted
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between 3,5h and 27h was the same, about 64%. This is an indication that all the samples were
studied for their maximum swelling and the only change in this sample is % of sol within the

material.
3.4. Influence of wrinkling surfaces in light transmission intensity

The results on the influence of toluene extraction time in the final wrinkles morphology
developed an interest towards the influence of these different structures in the light scattering.
Figure 3.8 represents the variation of the light transmission intensity during toluene evaporation
for the five different extraction times in toluene in study. In this measurements, films response
time have not been taken into account as it was observed that there is a direct relation between
the sample’s size and its inherent response time which was not possible to control. Consequently
and for a better and more intuitive analysis, all plots were set at 3 min, however this exact time
has no physical meaning. The plots presented in Figure 3.8 are the average data for five

measurements for each swollen/extracted sample.

Analyzing Figure 3.8, it is possible to observe that both Oh and 3,5h extraction in toluene
times did not promote any variation in the transmission intensity, thus having 100% of transmitted
light — the 60PU/40PBDO UV-irradiated films remain transparent. Increasing the extraction time,
it can be observed variations between the light transmission intensity initial and final values. The

plotted data for the samples extracted from 9h to 27h shown a similar behavior.
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Figure 3.8 - Variation of the light transmission intensity of the swollen 60PU/40PBDO UV-irradiated
elastomeric film during toluene evaporation for different toluene extraction times. It can be clearly observed
that the final stage of the elastomeric sample changes from transparent (swollen) to translucent stage (dry)
and that the extraction in toluene time increases the opacity of the sample.
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In addition, it is possible to conclude that the extraction in toluene time increases the
opacity of the sample, i.e, more time of extraction with toluene in the Soxhlet apparatus (less %
of sol in the sample), less transparent is the dried elastomer. This is in agreement with the
observations obtained from the microscopic images (POM, SEM and AFM) related with the

increase of the amplitude in the elastomeric UV-irradiated surface.

In Figure 3.9 are represented the final transmission intensities of the five studied samples
and the average amplitude of the wrinkles at the elastomeric surface measured previously
(Paragraph 3.3). Comparing all the results, it is possible to observe a relation between the sample
amplitude and its final transmission intensity, where a higher amplitude of the wrinkles directly
affects the transmitted intensity to lower values and a more translucent sample is achieved. This
observation is due to the fact that the extraction time of the sample in toluene increases the
extraction of the sol portion within the sample, and increases its average roughness surface,

which makes the film less transparent.
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Figure 2.9 - Final transmission intensities of the five studied samples and the average amplitude of the
wrinkles at the elastomeric surface. The dashed lines are just a guide for the eyes. As the amplitude of the
wrinkles at the surface of the film (and, consequently, the average roughness of the surface) increases, the
dried elastomeric sample becomes more translucent and less transparent.

In order to confirm the role of the extraction of the sol fraction in the elastomeric network,
all these samples were submitted to a second extraction in toluene. They were allowed to dry and
the final light transmission intensity was measured. For all the samples it was obtained the same
value (about 20%), which is an indication that the variation in the amplitude (and the average
roughness) of the wrinkled surface in these PU/PBDO elastomers is mainly related to the sol
extraction during the Soxhlet procedure.
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3.6. Volatile Organic Compounds Sensor

Taking advantage of the existing relation between the wrinkled pattern and the scattered
light, this material may be further developed into a solvent sensor. Godinho et al. have already
done photolithography in these substrates.3¥ In this work, some preliminary essays were

performed in order to improve the accuracy achieved in these patterns.

Figure 3.10 (a) shows a schematic of the lithographic process, where the ‘FCT/UNL’
pattern appears written with wrinkles. Firstly, a mask with the logo (FCT/UNL) was placed
between the elastomeric 60PU/40PBDO film and the UV light. The film was irradiated (4,,=254
nm) for 24h and the desired logo was impressed in the elastomeric surface. This pattern is only
observable after toluene extraction of the film, followed by drying. In Figure 3.10 (b) it is shown
macro and micro-optical photographs of a toluene sensor produced during this work. In the two
higher magnifications (b2 and b3) is possible to observe in detail the wrinkles that appeared

written in the sensor.

(a)
- - -
Swelling
and
Drying
Dl (b3)
20 ym

Figure 3.10 — (a) Schematics of the toluene sensor fabrication method, by a lithographic process. A mask
with the pattern to imprint in the sensor is placed in the top of the elastomeric film before UV-irradiating it.
Removing the mask and after extracting the film in an appropriate solvent and drying it, the chosen pattern
appears written in um-sized wrinkles. (b) Macro- and micro-optical photographies obtained for an example of
a toluene sensor produced from a 60PU/40PBDO film: (b1) The letters “FCT/UNL” were written with wrinkles
by UV irradiation; (b2) POM image obtained for a zoom in the limited square; (b3) higher magnification shows
a detail of the wrinkles.
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The observation that the films submitted to a 27h in toluene process were more
translucent (20% of transmission intensity). Therefore, this extraction time is an optimization for
sensing properties, meaning a highest contract between the sensing letters and the smooth

surface.

Figure 3.11 shows the response of the PU/PBDO elastomeric sensor prepared through
the procedure described earlier (Figure 3.10), to toluene solvent. The response of the elastomeric
thin film to a toluene droplet occurs immediately: the droplet of toluene promotes the swelling of
the film and, consequently, the wrinkled surface change into a flat surface, resulting in the
decreasing of the translucence of the film (in a few seconds, at the maximum swelling of toluene,
the film becomes transparent). In addition, the recovery time depends upon the quantity of

solvent: the larger the amount of solvent, the longer the recovery time.

Figure 3.11 - 60PU/40PBDO free-standing film sensor response to a droplet of toluene at its surface. (a)
This sensor was prepared through the procedure described earlier, and the logo “FCT/UNL” is written in the
top surface. (b) After dripping a drop of toluene over the surface of the elastomeric film sensor, it is possible
to observe in (c) that the wrinkled pattern is immediately erased, and the film becomes transparent. The
recovery of the logo pattern is promoted by the de-swelling of the film as the solvent evaporates after: (d) 8
s; (e) 10 s; and (f) 38 s — final stage corresponding to the evaporation of all solvent and the consequent
reappearance of the logo pattern.

The experimental setup of the sensor response to the dripping of a solvent droplet at the
top of its surface, presented above, was also characterized by measuring the variation of
transmission intensity during the toluene evaporation for the all samples. The results are shown
in Figure 3.12, for four distinct solvents: toluene, ethanol, acetone and water. This solvents were
chosen based on the behavior of the films to this particular solvents, where it was found that the
swelling (in weight) of the60PU/40PBDO elastomeric film in toluene 340%, in acetone is 40%, in

ethanol is 50% and in water is 0%.

Comparing the responses obtained for all the solvents tested with this sensor, the one

obtained for toluene is the fastest times response regarding the response of the others solvents.
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The most similar response is for ethanol, with a 100% of transmission intensity, yet for a much
higher response time in comparison with toluene. The transmission intensity of the acetone is
about 92%, meaning the swelling was not enough to promote a complete smooth surface. The
lowest response time is observed for the water case, where the impregnation of the solvent into
the film takes roughly 26 min for a poor transmission intensity of 86%. In Figure 3.12 it is also
observed that for the four solvents in study, the PU/PBDO sensor completely recovered its initial
transmission intensity, 20%. The acetone promoted an unusual behavior comparison with the

other responses, the transmission intensity falls to 10% and them stabilizes for the 20%
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Figure 3.12 - Variation of the light transmission intensity of the dry 60PU/40PBDO UV-irradiated elastomeric
film during the sensing response to the dripping of a different solvent, toluene, ethanol, acetone and
water, droplet at the top of its surface.

Table 3.2 resumes the response of the elastomeric film sensor to the solvent dripped in
its surface in terms of transmission intensity and response time. Basically the fastest response
was obtained for the toluene with 1,1s: and the detection of ethanol was also fast 2,3s for the
same transmission intensity (100% - transparent stage). The sensor spent 7s to detect the

acetone and 26min for the water.

Table 3.2 - Transmission intensity and response time for several solvents dripped atop the surface of the
60PU/40PBDO prototype sensor.

Solvent Transmission intensity Response time
(%) (s)
Toluene 100 1,1
Ethanol 100 2,3
Acetone 92 7,0
water 86 1582,0
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3.7. Microlithography

The procedure made in the production of the VOCs sensor opened new ideas in getting
elastomeric urethane/urea thin films written with logos and patterns with different sizes and

dimensions, depending on the size of the mask used.

The lithographic method used in the production of the PU/PBDO sensor prototype was
used in order to write and reveal logos and patterns in a small scale. In fact, it is possible to
decrease the scale of the logo according to the wavelength of the wrinkled pattern (A=1 um).
Figure 3.13 I. shows the SEM image obtained for the macrometer-sized pattern (letter width about
600um) used to build the prototype sensor. In a reduced scale, Figure 3.13 Il shows the
micrometer-size pattern, which results from a 6 times size reduction of the impressed pattern on

the mask. In this case, the letter width is about 100um.

Figure 3.13 — SEM images: (I.a) macrometer-size pattern used for the VOCs sensor with a letter width about
600um; (l.b) higher magnification image of the highlighted area represented in (l.a) shows the interface
between the wrinkled and smooth surfaces; (ll.a) micromter-size pattern obtained for a 6 times size reduction
in comparison with the figure (l.a); (Il.b) higher magnification image of the highlighted area represented in
(I.b) herein the ‘F’ letter width is about 100pm.
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Chapter 4 — Conclusions and Future Perspectives

In this work it is reported measurements of light scattering and microscopy imaging of
poly(urethane-urea) free-standing films, irradiated for 24h with UV light ( A,y =254nm) and
extracted in toluene for several hours (varied from 3,5h to 27h). The data obtained allowed to
proceed in the understanding of fundamental and structure level of the wrinkled PU/PBDO system
behavior: wavelength and amplitude of the wrinkles. In previous work the wrinkle features that
appeared in this kind of elastomeric spheres, amplitude and wavelength, were investigated by
varying essentially the particle diameter and swelling conditions. In this work, it is reported that
the membrane surface can develop diverse wrinkled patterns, depending on the time of solvent
extraction in the Soxhlet apparatus. It was found that the development of micrometer features at
the surface of the elastomeric membrane is primarily driven by UV radiation exposure (i.e., it is
the time of exposition to the UV light that determines the wavelength of the wrinkles in the
surface), while the variation of the amplitude of the wrinkled surface is mainly related to the sol
extraction during sol-gel procedure (more time of extraction in toluene, more translucent is the
final membrane).These observations seems to indicate that two different experimental methods
are present in the PU/PBDO system, which are at the origin of the diverse 3D patterns that are

possible to obtain at the surface of the membrane.

Some new ideas arisen from this work that should be undertaken. All the samples studied
in this work were swollen up to their maximum swelling in toluene and, so, it was not possible to
determine the experimental critical strain for what the wrinkles appeared. So, the detailed study
of what is happening between Oh until 3,5h of extraction time should be performed. These data
can be compared with the mathematical model proposed by equation 3, that relates the wrinkle
amplitude to strain although the nature of the wrinkles in the PU/PBDO system is different from

the one that gave rise to the model.

The understanding of fundamental behavior of the wrinkles (wavelength and amplitude)
enabled the fabrication of a VOCs sensor from a PU/PBDO membrane. In this work is described
a simple method to fabricate a sensor for VOCs from a single urethane/urea elastomeric
membrane. Wrinkles were generated at the top of the membrane by selectively UV-irradiating
part of the elastomeric free-standing film (photolithography process), followed by swelling and
drying in toluene. This method of writing and revealing logos and patterns in the surface of these
elastomeric thin films can be scaled above the tens of micrometer (until 1 pum, that is the

wavelength of the wrinkles), with a much higher sensitivity than the common printers.

The preliminary data presented in this work afforded a new application for the
urethane/urea elastomers: sensing VOC’s. Although the data presented are encouraging, this
sensor needs to be tested for lower concentrations of solvents (namely liquid toluene diluted) and

for gases sensing in a controlled saturated chamber.
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