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Abstract

The goal of this work is to develop a photo-switchable dry adhesive. Spiropyran doped
PDMS polymer was moulded into biomimetic mushroom-shaped fibrillar adhesive
microstructures characterized using a variety of measurement techniques and compared
with a flat control surface made of the same material. Using UV light to generate charged
merocyanine molecules within  ‘mushroom’-shaped micro-structured PDMS films
enhanced the adhesion of the film to glass surfaces. The strength of the dry adhesive
property can be lowered back to the original state using visible light. Quick and efficient
switching in the polymer was observed. Integrating this molecule increased normal
adhesion of unstructured samples by a factor of ~4 when the polymer was in the neutral
spiropyran form and ~5 for the merocyanine zwitterionic isomer, which demonstrated that
control over the adhesion strength was possible. Surface charge and contact angle
measurements further confirmed the proper functionality of the switch inside the PDMS

polymer.

Keywords: Gecko adhesive; adhesion; micro-structures; replica moulding; photo-
switching; photochemistry
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Chapter 1. Introduction

The purpose of this report is to document the development of a photo-switchable
dry adhesive. This chapter introduces the motivation for this objective and presents the

documentation outline.

1.1. Motivation

Why photo-switchable dry adhesives?

Adhesives offer a versatile and cost effective method of binding various materials
together [1, 2]. Depending on the application, clean and reusable attachment may be
required, in which case, a dry adhesive in necessary. Unlike wet adhesives, which are
rarely reusable since their surfaces tend to become contaminated and jeopardized due to
their tacky nature, dry adhesives do not need any moisture to bind, avoiding residue and
keeping the surfaces in their original condition [3]. Dry adhesives also work at a range of
temperatures and pressures [4]. This behaviour is especially desirable for high-tech
industries, robotic applications, biomedical dressings and devices, removable signs and

labels, and many other environments of use where reusable tapes can be applied.

Effective dry adhesives rely on two factors: 1) a high degree of electrostatic
interactions between the two surfaces in contact with each other [5], and 2) the fact that
splitting the contact between the surfaces into finer sub-contacts increases adhesion. This
latter factor is best described by the Johnson—Kendall-Roberts (JKR) model [6], which
states that small fibrillar structures are less sensitive to flaws and stress concentrations,
and enhance adhesion by facilitating good contact and improving compliance with surface
roughness. This adhesion enhancement can also be attributed to a crack-trapping

mechanism as described by [7].



Following these discoveries, several groups were inspired by the micro- and nano-
scale fibrillar structures found in many ‘wall climbers’ such as the gecko lizard [8], and the
development of new artificial structured materials for use as dry adhesives started growing
[9]. Figure 1.1 demonstrates the intricate structures in the extremities of various ‘wall

climbers’ [10].

gecko

Figure 1.1.  Fibrillar structured extremities (terminal elements circled) in various
‘wall climbers’ [10].

Furthermore, the ability to effectively bind two surfaces together and then separate
them, repeatedly and on-command, is a highly desirable property. Introducing a control
mechanism into man-made adhesives will help overcome the fact that while they are very
strong, they do not detach easily without damaging the substrate surface. Fortunately,
smart dynamic materials are now making it possible to have precise control over specific
physical properties. These materials can reversibly respond in a defined manner to
external stimulus such as light irradiation [11-13] electrical potential [14, 15], temperature
[16-19], solvent [20] and pH [21], thus activating and deactivating the desired property,

which is adhesion in this case.

Light is a particularly appealing stimulus to control molecular structure and the
function of materials containing them. It can be tuned and focused to deliver specific
wavelengths when and where it is needed. It also has low thermal effects if appropriate

wavelengths and intensities are used [22], and no chemical contaminants [23].



Although photochemistry has been explored for a wide range of photoactive
compounds, the design and fabrication within materials, such as polymers remain major
challenges and require in depth understanding of polymer engineering, interfacial
properties and surface science. Thus, we decided to first demonstrate the light-induced,
reversible changes in dry adhesive properties by simply doping a photo-responsive
chromophore into silicone (PDMS). While future generations of examples will have the
compounds directly anchored to the polymer backbone, the doping method avoids the
challenges in synthesizing complex co-polymers and the fact that these co-polymers may

not have the beneficial adhesive properties of the well-studied PDMS ones.

1.2. Report Outline

Now that that it is understood why photo-controlled adhesives should be of interest,

the innovative approach to solve this challenge will be presented.
This report will be organized in the following manner:

Chapter 2 provides a brief literature review, required to understand existing
solutions for dry adhesives and the potential available photochrome, and to guide the way
to an innovative approach. This will support the choices made in terms of materials,
structures and stimulus used to overcome various challenges, and give an overview of the

proposed solution.

Chapter 3 details the synthesis of materials, sample fabrication process, as well

as characterization methods used to create and test the photo-controlled adhesive.
Chapter 4 reveals the results acquired and discusses their significance.

Chapter 5 presents the conclusion of this report and explores the potential for

future work.



Chapter 2. Project Overview

This project touches on two major research fields: (1) synthetic dry adhesives and
(2) photo-controlled materials. A brief literature review on both subject matters will be
presented to highlight the general challenges faced in their respective areas. Following,
the proposed innovative approach to overcome these challenges is described.

2.1. Background

2.1.1. Synthetic Dry Adhesives

The founding mechanism of dry adhesives is mainly attributed to Van der Waals
forces [24, 25], resulting in dipoles between the two surfaces in contact. This phenomenon
can be explained by the principles of contact mechanics; according to which splitting the
contact into finer sub-contacts increases adhesion, most commonly described by the
Johnson—Kendall-Roberts (JKR) theory model [26]. Accordingly, small fibrillar structures
are less sensitive to flaws and stress concentrations, and enhance adhesion by facilitating
good contact and improving compliance. Moreover, this adhesion enhancement can also

be attributed to a crack-trapping mechanism [7, 27-28].

Once these mechanisms were understood, scientists starting turning to nature for
inspiration. Various types of structures to mimic those found in wall climbing creatures
were developed, made of different polymers [29, 30], carbon nanotubes [31, 32], amongst

numerous others [33-38], which have successfully demonstrated enhanced adhesion.

In order to obtain the most efficient artificial dry adhesive, structural features (e.qg.
size and shape) should be carefully optimized [39-46]. It is important to note that the
fabrication becomes significantly more difficult with the decreasing fibre diameter (i.e.
increasing the number of fibres per area) for improving adhesion. Fortunately, studies
have shown that the shape of the fibre tip is far more dominant when determining
maximum adhesion of synthetic structures [40]. Mushroom shaped structures have been

selected for this project as these have been shown to be some of the most effective in dry



adhesive films [71]. Figure 2.1 depicts a scanning electron microscope (SEM) image of a

mushroom shaped PDMS adhesive sample fabricated using replica moulding.

Figure 2.1. PDMS dry isotropic dry adhesives with symmetric caps produced in
photoresist moulds. [71]

2.1.2. Photo-controlled Materials

Among the several forms of stimulus that can influence the state of a material, light
has numerous advantages [22, 23, 47-50]; it can be delivered with very high spatial and
temporal precision, low thermal effects, no chemical contaminants, and selection of any
wavelength of light. Consequently, various photo-switchable molecules: azobenzenes [51,
52], stilbenes [53, 54], spiropyrans [55-57], diarylethenes [58, 59], fulgides [60, 61] and
others [62, 63], have been widely explored and applied for the creation of light-responsive
systems and materials. Each of these photoswitches has its own advantages and
disadvantages.

Of the several known photo-responsive molecules, the choice to employ
spiropyrans in our studies was based on their undergoing reversible ring-opening/ring-
closing reactions between neutral and zwitterionic (merocyanine) isomers when exposed
to UV and visible light (Figure 2.2) [64]. A zwitterion is a molecule that has a distinct
positive and negative change distribution although it has an overall net neutral charge.
These photochromic compounds have been incorporated into a wide range of materials,
including polymeric matrices [65], liquid crystals [66], surface bound monolayers [67] and
Langmuir-Blodgett films [68]. Despite having some performance limitations compared to
other photochromic families such as thermal back reactions and often low quantum yields,

the significant change in charge between their isomers should have the largest effect on
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the behaviour of the dry adhesive, given that these adhesives rely primarily on electrostatic

forces with the substrates.

H3C CH;
H,CO _
L

UV“visible
H3C CH;
H3CON02
/
N® °g

Figure 2.2. The photo-induced ring-opening and ring-closing of the
photochromic spiropyran (1) and merocyanine (2) used in these
studies.

2.2. Foreground

Having studied the previous works accomplished enables us to propose a feasible
solution for developing a photo-switchable dry adhesive. In this report, we propose a
spiropyran doped PDMS polymer moulded into biomimetic mushroom-shaped fibrillar

adhesive microstructures.

This report is an introduction to the study on the integration of spiropyran in
micrometer-scale structures for the control and advancement of dry adhesives
synthesized from silicone polymer Polydimethylsiloxane (PDMS). Initially PDMS (Sylgard
184, 10:1 base polymer to curing agent ratio) is doped with 0.25% SP to investigate and
characterize its new features since, to the best of our knowledge; this study has never
been done before. In this work, we explore the effects on the surface properties of the
adhesive polymer in order to understand the fundamental interaction dynamics.
Experimental results of effects on normal adhesion, the ultraviolet-visible absorption

spectra, the surface energy and charges of the switchable adhesive polymer are



presented. In the future, the goal would be to covalently attach the SP molecule to the
PDMS backbone and run similar studies, since in theory this should increase the apparent

desired properties.



Chapter 3. Materials and Methods

This chapter presents the details the synthesis of spiropyran, sample fabrication
process, as well as the characterization methods used to create and test the photo-

controlled adhesive.

3.1. Synthesis of Materials

3.1.1. General

All solvents and reagents used for synthesis, chromatography, UV-vis absorption
spectroscopy and photolysis studies were purchased from Aldrich or Fisher and used as
received, unless otherwise noted. Solvents used for NMR analysis were purchased from
Cambridge Isotope Laboratories and used as received. Column chromatography was
performed using silica gel 60 (230-400 mesh) from Silicycle Inc. The Sylgard 184 Silicone
Elastomer Kit was purchased from Dow Corning and used as received.

3.1.2. Instrumentation

H NMR and *C NMR characterizations of all photo-responsive compounds and
synthetic precursors were performed on either a Bruker AVANCE 500 TXI inverse
IH/A3C/*®F instrument working at 500.19 MHz for *H and 125.78 MHz for *C or a Bruker
AVANCE 400 BBOF instrument with direct probe working at 400.13 MHz for *H and 100.62
MHz for 13C. Chemical shifts () are reported in parts per millions (ppm) relative to
tetramethylsilane (TMS) using the residual solvent peak as a reference standard. Coupling
constants (J) are reported in hertz (Hz). Multiplicities are reported as s = singlet, d =
double, t = triplet, g = quartet, m = multiplet. UV-vis absorption spectroscopy was
performed using a Varian Cary 300 Bio Spectrometer. Fluorescence measurements were
performed using a Cary Eclipse Fluorimeter-T. Infrared (IR) spectra were acquired on a
Bomem (Hartmann & Braun, MB-Series) spectrometer. High-resolution mass spectra for
the compounds were obtained using an Agilent 6210 TOF LC/MS (ESI+). Contact angle

measurements were performed using a contact angle goniometer (OCA 15 Surface



Analysis Tool). Adhesive strength was tested using a custom apparatus consisting of a
hemispherical glass probe tip (6 mm diameter) attached to a tension and compression
load cell (FUTEK LRF400, 2.2 Ib). The load sensor was connected to a 24-bit amplifier
(FUTEK USB210) and positioned with a linear motorized stage (Zaber Technologies T-
LS28-SMV). The reading and positioning was controlled using a custom script written in

LabVIEW software (National Instruments).

3.1.3. Photochemistry

All ring-closing reactions were carried out using light source from a lamp used for
visualizing TLC plates at 365 nm (Spectroline ENF-260C, 3.5 mWcm™2). The ring-opening
reactions were performed using the light of a 300 W halogen photo- optic source passed

through a 530 nm cut-off filter to eliminate higher energy light.

3.1.4. Synthetic Methods

Figure 3.1 depicts the overview of the synthetic methods used to create the

spiropyran photochrome.

o
C CH, HsC CH,
H300\©\ Hscow CHsl  HCO
~ 4> )—CHy ———> »)—CH
nNHs O Eron reflux N® Ié
H reflux \CH
EtOH 4 7
ultrasound
HMTA OHC
TFA HsC CH
Ho{%wo2 ——> HO NO, H.CO 8
reflux 3 O =
: ol e,
CHs

1

Figure 3.1. Overview of the synthetic methods used to create the spiropyran
photochrome. [83]



Synthesis of 5-methoxy-2,3,3-trimethyl-3H-indole (3).

Followed according to [69]. A stirred solution of (4-methoxy)-phenylhydrazine
hydrochloride (2.00 g, 11.45 mmol) in anhydrous EtOH (60 mL) was treated with 3-methyl-
2-butanone (1.08 g, 12.59 mmol) at room temperature. The mixture was heated to reflux
under a nitrogen atmosphere for 18 h, at which time the heat source was removed, the
mixture was allowed to cool to room temperature and the solvent was removed under
reduced pressure. Purification by column chromatography on silica gel (2:1

hexanes:EtOAc) afforded 1.98 g (91%) of 3 as an orange crystalline solid.

m.p. = 53-56 °C. *H NMR (CDCls, 400 MHz): & 7.41 (d, J = 8.4 Hz, 1H), 6.82—-6.78
(m, 2H), 3.81 (s, 3H), 2.22 (s, 3H), 1.27 (s, 6H). 3C NMR (CDCls, 400 MHz): & 186.03,
158.15, 147.48, 120.27, 112.24, 108.37, 55.92, 53.98, 23.45, 15.51.

Synthesis of 5-methoxy-1,2,3,3-tetramethyl-3H-indolium iodide (4).

Followed according to [69]. A stirred solution of 5-methoxy-2,3,3-trimethyl-3H-
indole (3) (1.98 g, 10.46 mmol) in methyl iodide (29.71 g, 0.209 mol) was heated at reflux
under a nitrogen atmosphere. After 18 h, the reaction mixture was treated with benzene
(100 mL) and stirred for 30 min. The resulting brown precipitate was collected by vacuum
filtration, washed with Et,O and recrystallized from EtOH, which afforded 2.85 g (82%) of

4 as a brown crystalline solid.

m.p. = 226-228 °C. *H NMR (DMSO-ds, 400 MHz): & 7.82 (d, J = 8.8 Hz, 1H), 7.48
(d, J = 2.3 Hz, 1H), 7.14 (dd, J = 8.8, 2.4 Hz, 1H), 3.94 (s, 3H), 3.86 (s, 3H), 2.72 (s, 3H),
1.51 (s, 6H). ¥C NMR (DMSO-ds, 400 MHz): & 193.04, 160.50, 143.60, 135.30, 116.02,
114.10, 109.19, 56.10, 53.69, 34.73, 21.76, 13.90.

Synthesis of 2-hydroxy-5-nitrobenzaldehyde (5).

A stirred solution of 4-nitrophenol (3 g, 21.56 mmol) in trifluoroacetic acid (22 mL)
was treated with hexamethylenetetramine (3.32 g, 23.72 mmol) in one portion resulting in
a rapid increase in temperature. The mixture was heated at reflux and stirred under
nitrogen atmosphere for 18 h, at which time it was treated with HCI (50 mL, 3M) and stirred

for 2 h. The mixture was extracted with CH>Cl, (3 x 50 mL). The combined organic layers
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were dried over MgSOs, filtered and evaporated under reduced pressure. Purification by
column chromatography on silica gel (1:20 CHsOH/CHCl>) afforded 1.8 g (50%) of 5 as

a white crystalline solid.

m.p. = 126-128 °C. IR (diamond ATR): ¥ = 1657 cm™ (C=0). *H NMR (DMSO-ds,
400 MHz): 6 10.29 (s, 1H), 8.42 (d, J = 2.9 Hz, 1H), 8.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.18
(d, J = 9.1 Hz, 1H), 3.67 (br s, 1H). *3C NMR (DMSO-ds, 400 MHz): & 189.49, 166.10,
140.24,131.16,124.84,122.65, 118.91. HRMS (ESI+) m/z calculated for CzHsNO4 (M+H*)
168.0291, found 168.0288.

Synthesis of 5'-methoxy-1',3",3'-trimethyl-6-nitrospiro[chromene-2,2'-
indoline] (1).

Followed according to [70]. A stirred solution of 5-methoxy-1,2,3,3-tetramethyl-3H-
indolium iodide (4) (1.42 g, 4.29 mmol) and 2-hydroxy-5-nitrobenzaldehyde (5) (0.72 g,
4.29 mmol) in anhydrous EtOH (50 mL) was treated with piperidine (0.47 g, 5.57 mmol)
at room temperature. The mixture was degassed and sonicated at 35 kHz under a nitrogen
atmosphere. After 2 h, the solvent was evaporated under reduced pressure. Purification
by column chromatography on silica gel (3:1 hexanes: EtOAc) afforded 1.27 g (84%) of 1

as a purple solid.

m.p. = 226-228 °C. IR (diamond ATR): # = 1472, 1332 cm™ (N-O). ‘H NMR
(CDCls, 400 MHz): & 8.00~7.98 (m, 2H), 6.90 (d, J = 10.3 Hz, 1H), 6.75 (d, J = 10 Hz, 1H),
6.73-6.70 (M, 2H), 6.45 (dd, J = 5.5, 3.5 Hz 1H), 5.84 (d, J = 10.3 Hz, 1H), 3.78 (s, 3H),
2.68 (s, 3H), 1.27 (s, 3H), 1.18 (s, 3H). 3C NMR (CDCls, 400 MHz): & 160.06, 154.35,
142.06, 141.04, 137.89, 128.37, 125.98, 121.75, 118.88, 115.60, 111.62, 109.70, 107.38,
107.02, 56.07, 52.56, 29.38, 25.98, 20.03. HRMS (ESI+) m/z calculated for CaoH21N204
(M+H*) 353.1496, found 353.1505.
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3.2. Preparation of PDMS doped with 0.25 wt-% spiropyran
1.

The Sylgard 184 Silicone Elastomer Kit (Dow Corning) was used to make the
PDMS by mixing the PDMS base! (2.8 g) and the curing agent? (0.28 g). This mixture was
treated with a solution of spiropyran 1 (7.7 mg) in CH2Cl; (2 mL) and blended well using a
vortex mixer for 5 min and sonicated for an additional 5 min. The CHCl, was removed
using a rotary evaporator for 10 min at 25 °C, followed by using a vacuum pump for 20

min.

3.3. Fabrication of PDMS micro-structures

Micron-scale ‘mushroom’-shaped structures were fabricated using the spiropyran-
doped PDMS (0.25 wt-%) mixture described above by pouring 2 g of it onto the center of
a 4-inch diameter mould made of poly(methyl methacrylate) (PMMA) substrate structured
with PMGI and AZ9260 photo-resist. Figure 3.2 depicts a schematic of the SP molecule
distributed along the mushroom portion of the PDMS sample. Note that the SP molecules
were aimed to only be dispersed into the mushroom portion of the sample for it is these
structures that interact with the surface of interest. The backing of the adhesive is simply

PDMS prepared in the same fashion without the SP.

Figure 3.2. Schematic of structured SP doped PDMS sample with only top layer
contains SP molecules (0.25%)

L This base contains dimethyl siloxane, dimethylivinyl terminated; dimethylvinylated and
trimethylated silica; tetra (trimethoxysiloxy) silane; ethyl benzene.

2 This curing agent contains dimethyl, methylhydrogen siloxane; dimethyl siloxane,
dimethylvinyl terminated; dimethylvinylated and trimethylated silica; tetramethyl
tetravinyl cyclotetra siloxane; ethyl benzene.
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Moulds were manufactured in a similar method as previously reported [71, 72],
with modifications that reliably reproduce uniform arrays of micro-structures [73-75]. The
specific mould used to fabricate the micro-structures used in these experiments contained
a pattern of 1.8 uym thick ‘mushroom caps’ having 20 ym diameters atop 12 um ‘posts’
having a 12 um diameter. After the spiropyran-doped PDMS mixture was poured into the
mould, it was then spin coated at 800 RPM for 30 s to uniformly distribute the polymer
mixture over the entire mould. The thin film was degassed for 20 min under low vacuum
(-90 KPa) to ensure the polymer completely filled the micro-scale features of the mould
and remove any trapped air. In parallel, two additional PDMS films were prepared for
comparison. The first one was an unstructured film containing the same spiropyran-doped
PDMS (0.25 wt-%). The second one was an unstructured film of only PDMS and no
spiropyran 1. All three sets of samples were cured in an oven at 55 °C for 3 h.? After
cooling to room temperature, the films were layered with 5 g PDMS polymer as backing
that was previously degassed to remove the trapped air induced by mixing.* The samples
were spin coated at 800 RPM for 30 s and cured in an oven at 55 °C overnight. The films
were removed from the moulds and imaged (Figure 3.3 and 3.4).

3 The temperature was maintained below 65°C, at which temperature the spiropyran
decomposes.

4 This support layer of PDMS helps ease the demoulding process.
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Figure 3.3.  Optical microscope image of the micro-structured PDMS
‘mushrooms’ containing 0.25 wt-% spiropyran 1. [83]

Figure 3.4. SEM images of the micro-structured PDMS ‘mushrooms’ containing
0.25 wt-% spiropyran 1. [83]
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3.4. Experimental Methods

3.4.1. Photochemistry of spiropyran 1 — synthesis of merocyanine
2

The photochromic response is directly related to the absorption characteristics of
the photochrome. The SP molecule undergoes a photo-reversible transfiguration between
two thermodynamically stable photoisomers, from an electrically neutral closed spiropyran
form to its zwitterionic merocyanine (MC) form, under irradiation of UV light (<450nm)

(Figure 3.5). This process is reversible via exposure to visible yellow light (>530nm) or

heat.
HsC CH, H3C CH,
HsCO = 365nm  HsCO y O NO,
O ~ O 7 O
N @] O NO, > 530 nm N@ @)
1 CHs N CHs

Figure 3.5. Schematic illustration of the photochromic phenomenon; spiropyran
closed-ring isomers are reversibly transformed into merocyanine
open-ring isomers by alternating UV and VIS irradiation.

Non-structured and micro-structured PDMS films containing spiropyran 1 (0.25 wt-
%) were irradiated with 365 nm light and the absorption spectra were recorded. The
exposure was continued until there were no changes in the spectra. To quantify this
measure, optical absorption spectra were performed with a Cary 500 UV-VIS
spectrophotometer (Varian, Inc.); untreated polymer of the same thickness was used as
a reference. Samples were illuminated with visible yellow light (>530nm) for 1 min and the
spectrum was scanned from 300 to 800 nm at room temperature immediately after
irradiation. Following, samples were illuminated with a specific UV wavelength of 365 nm
for 1 min, which activate the photochromic compound in the polymer matrix and a second
spectrum was taken immediately after. The material developed a characteristic magenta

color upon irradiation with UV light.
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3.4.2. Surface Charge

The surface charge of a material is the number electric charges present at its
interface. Since our photochromatic molecule switches from a closed neutral form to an
open charged one, we expect the surface charge to change along with this switching. In
order to determine the surface charge of our material, a fluorescence test was conducted
on samples of 1 cm x 1 cm of each structured and flat samples, one in the closed form
and one in the charged state, for a total of 4 samples. Each sample was dipped in a 1%
solution of fluorescein (Na salt) in distilled water for 5mins. Next, the sample was carefully
rinsed with distilled water and placed in 20 mL of 0.1% cetyltrimethylammonium chloride
in distilled water, and shaken for 10 mins to desorb the dye. Then, 10% (v/v) of a 100 mM
aqueous phosphate buffer, pH 8.0 was added to the remaining solution. The absorbance
of the resultant aqueous solution was measured with a fluorimeter (Cary Eclipse
Fluorimeter-T) at 510 nm. The independently determined extinction coefficient of
fluorescein in this solution was found to be 77 mM*cm™ [76].

3.4.3. Contact angle measurements

Surface energy of a material can be derived from the contact angle of a liquid at
an interface, using a contact angle goniometer. The contact angle (CA) can also quantify
the wettability of a solid surface by a liquid via the Young equation [15, 77]. The wetting
behaviour of a solid surface is an important property, and is governed by both the chemical
composition and the geometrical structure of surface [78]. Here we’ve used the contact
angle goniometer (OCA 15 Surface Analysis Tool). The OCA 15 tool is capable of
determining many different properties of surfaces. It uses an electronically controlled
syringe attached to the instrument in order to dispense a liquid onto a substrate. A digital
video camera is used to view the substrate and liquid drop. The camera and syringe are
both controlled through a software package contained on the associated PC. The SCA
integrated software provides the ability to measure surface free energy, as well as
dynamic and static contact angles. Water droplets were released onto the SP doped,
unstructured and structured, samples. Images were acquired while the samples were in

both photochromic states.
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3.4.4. Adhesive strength measurements

Normal adhesion tests were performed with a custom apparatus consisting of a
hemispherical glass sphere probe tip of 6 mm diameter attached to a tension and
compression load cell (FUTEK LRF400, 2.2 Ib). The load sensor was connected to a 24-
bit amplifier (FUTEK USB210) and positioned with a linear motorized stage (Zaber
Technologies T-LS28-SMV) (Figure 3.6). The reading and positioning was controlled

using a custom script written in LabVIEW software (National Instruments).

Un-doped, non-structured and micro-structured pure PDMS samples were tested
as reference films. The glass probe tip was cleaned before each measurement with
alcohol wipes and left to dry for 10 min. Random spots on all adhesives were chosen for
testing. The load cell was set to apply a preload on the sample of either 100 mN or 200
mN. An iteration is defined as one set of probing, i.e. one preload and one adhesion force
measured. The goal was to collect as many number of iterations as possible in a given
session with the setup.

Automated software lowered the load cell until the probe made contact with the
sample; the desired force is applied, controlled through a feedback loop, and then
retracted. The actual contact area of the probe tip to the film surface was approximately 3
mm?. The force required to remove the glass tip from the surface reflects the adhesion

between the two surfaces.
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Figure 3.6.

Photographs of the measurement tool used to quantify the adhesion
of the films to a glass hemispherical tip. In these experiments, the
glass tip is placed in contact with the PDMS film with preload values
of 100 mN or 200 mN. The force required to remove the glass tip
from the surface reflects the adhesion between the two surfaces.
The film in the left photograph has the photo-responsive molecule in
the colorless spiropyran state (1). The one on the right is after
exposure to 365 nm light for 60 s and represents the photo-
stationary state containing merocyanine (2). [83]
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Chapter 4. Results and Discussion

4.1. Photochemistry of spiropyran 1 — synthesis of
merocyanine 2

The photochromic behaviour of the spiropyran chromophores in the films is best
shown by comparing the UV-vis absorption spectra before and after exposure to light.
Non-structured films effectively demonstrate this behaviour because they do not suffer
from the scattering of light observed for the micro-structured versions that complicates the
spectra. The absorbance bands for the chromophores appear at the same wavelength for
both types of films. The colorless, PDMS films containing 0.25 wt-% spiropyran 1 become
magenta when the films are exposed to 365 nm light (Figure 4.1(b)). This color
corresponds to the appearance of a band centered at 550 nm in UV-vis absorption
spectrum (Figure 4.1(a)), which can be assigned to the merocyanine isomer generated
from the ring-opening reaction (1 — 2). This band and the color of the film disappear upon
exposure to light of wavelengths greater than 530 nm as the cyclization reaction (2 — 1)
occurs when excited in this spectral region. These ring-opening/ring-closing reactions
suffer from little fatigue as shown by the insignificant decrease in absorption intensity of
the band corresponding to the merocyanine isomer 2 in a micro-structured film during
several cycles (Figure 4.1(d)). It is important to note that the micro-structured un-doped
film used as a background is likely not identical to that for the 0.25 wt-% 1 film, which

introduces fluctuations in the spectral data.

Non-structured and micro-structured PDMS films containing spiropyran 1 (0.25 wt-
%) were irradiated with 365 nm light and the absorption spectra were recorded. The
exposure was continued for approximately 120 s, until there were no changes observed
in the spectra. These spectra are shown in Figure 4.1 (a) and (d). Furthermore, ring-
closing of the merocyanine back to the spiropyran is slow in both non-structured and
micro-structured PDMS films. In the dark, the half-life for the decay of the absorption at

550 nm corresponding to compound 2 is 45-55 min for either film (Figure 4.2).
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Figure 4.1. (a) UV-vis absorbance spectra of a non-structured PDMS film

containing spiropyran 1 (0.25 wt-%) before (black line) and after (red
line) irradiation with 365 nm light for 5 min. (b) Photo-graphs of the
same film before (top) and after (bottom) irradiation with 365 nm
light for 5 min. (c) UV-vis absorbance spectra of a micro-structured
PDMS film containing spiropyran 1 (0.25 wt-%) before (black line)
and after (red line) irradiation with 365 nm light for 1 min. (d)
Changes in the absorbance (560 nm) corresponding to the ring-open
isomer (2) in a micro-structured film containing 0.25 wt-%
spiropyran 1 upon alternate irradiation with 365 nm light for 120 s
(non-shaded regions) and > 530 nm light for 120 s (grey shaded
regions). An un-doped micro-structured PDMS film of the same
thickness was used as the background reference. [83]

20



(1.0 (b) 0-8
0.7 4
Tole
0.8 064 &
+
o 8054 o
©0.6 o .,
g g 0.4 1 0"
il g 3031 *,
g g 0.2 ”0..
0.2 ' 006,
0.1 00000000000
0.0 r : ' ’ r 0.0 ; . r . .
350 400 450 500 550 600 650 700 0.0 0.5 1.0 1.5 2.0 2.5 3.0
wavelength (nm) time (h)
(©1.0 (d)0.9 y
4
0.8 1
0.8 4 *
0.7 4 &
S 8064 ¢
§0.6 © ,
2 g 0.5 { 0’
Q04 S04{ %o
Ko] e %,
© © 0.3 - *
02 .
0.2 1
o (g [ IS P i
350 400 450 500 550 600 650 700 00 05 1.0 15 20 25 3.0 35 4.0
wavelength (nm) time (h)
Figure 4.2. (a) Changes in the UV-vis absorbance spectra of a non-structured

PDMS film containing merocyanine 2 (0.25 wt-%) at room
temperature in the dark. The photo-stationary state containing 2 was
generated by irradiating the film with 365 nm light for 5 min. (b) The
decrease in absorption intensity at 550 nm of the same film over
time. (c) Changes in the UV-vis absorbance spectra of a micro-
structured PDMS film containing merocyanine 2 (0.25 wt-%) at room
temperature in the dark. The photo-stationary state containing 2 was
generated by irradiating the film with 365 nm light for 5 min. (d) The
decrease in absorption intensity at 550 nm of the same film over
time. [83]
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4.2. Surface Charge

The absorption of samples was taken with a fluorimeter (an example is shown in
Figure 4.3). The absorbance, 4, is defined as: A = log10(l,y/I;), where I, & I, refer to the
intensity of light incident on the sample and transmitted by the sample respectively. The
absorbance of a sample is related to the concentration of the absorbing species and the
path length of the sample by the Beer-Lambert Law; A = €-c -, where ¢ is the molar
extinction coefficient (dm3/mol - cm), c is the concentration (mol/dm3) and [ is the path
length (cm) [79].
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Absorbance[a.u.]

Figure 4.3. Example of fluorimeter absorbance spectrum of samples of 1cm x 1
cm of sample dipped in a 1% solution of fluorescein (Na salt) in
distilled water for 5mins, rinsed with distilled water and placed in
20mL of 0.1% cetyltrimethylammonium chloride in distilled water,
and shaken for 10 mins to desorb the dye. 10% (v/v) of a 100 mM
agueous phosphate buffer, pH 8.0 was added to the remaining
solution. The absorbance of the resultant agueous solution was
measured.

In this case € = 77 mM1cm?, the length of the sample is the length of the cuvette;
[=1cm and A is the peak absorbance. From this, we can find the concentration of charges
for the sample, for the known area. For the unstructured sample a concentration of ~0.85
mMol/cm? is calculated for the SP neutral closed form and ~1.01 mMol/cm? for the MC

charged open form. For the structured sample the concentrations were slightly higher due
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to the increased surface area; ~0.89 mMol/cm? for the SP neutral closed form and ~1.16
mMol/cm? for the MC charged open form, indicating that as expected, that the MC open

charged state has approximately 1.5 more charges than the neutral SP one.

4.3. Contact angle measurements

The entire design of the system described in this report was based on the photo-
induced changes in the net charges at the surface of doped PDMS films as the photo-
responsive chromophores interconvert between neutral spiropyrans and zwitterionic
merocyanines, and how they will affect the electrostatic attraction at the interface of the
film and substrates such as glass. The modulation of the bulk electrostatic charge at the
PDMS surface was first demonstrated using UV (365 nm) and visible (> 530 nm) light to
affect the ‘wetting’ of the PDMS films. The contact angle of water droplets resting on top
of doped PDMS films (0.25 wt-% spiropyran 1) decrease when the films are exposed to
UV (365 nm) light. The ‘wetting’ behaviour of a solid surface is governed by both the
chemical composition and the geometrical structure of microscopic features on the surface
[64]. The small loading of spiropyran 1 (0.25 wt-%) will not affect the size or shape of the
‘mushroom’ structures. A representative example is shown in Figure 4.4 and more details
are Table 4.1 (2 The films were exposed to visible light (> 530 nm) to ensure all the photo-
responsive compound was in its spiropyran (1) state. ® The films were irradiated for 60 s

prior to applying the water droplets.).

In the case of the non-structured films, the contact angle decreased by an average
of 8° (102.3° £ 1.6° for 1 and 94.1° + 1.0° for 2) corresponding to an 8% change. The
decrease was larger (19°) for the micro-structured films (130.8° + 3.7° for 1 and 111.6° +
2.0° for 2), which corresponds to a 15% change. These results illustrate that the photo-
induced ring-opening of the spiropyran 1 to its zwitterionic merocyanine counterpart (2)
results in an increase in the hydrophilic nature of the doped PDMS films due to an increase
in electrostatic charge at the interface. As expected the micro-structured films have larger
contact angles than the non-structured films, which can be ascribed to the “lotus leaf
effect”. Introducing this control over the wettability of a material also has the potential to

offer ‘on-demand’ self-cleaning properties [80], which will be the subject of future studies.
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Figure 4.4.
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Representative examples of contact angle measurements of a
droplet of water on top of (a) a non-structured PDMS film doped with
0.25 wt-% spiropyran 1, (b) the same film after exposure to 365 nm
light for 60 s, (c) a micro-structured PDMS substrate doped with 0.25
wt-% spiropyran 1, (d) the same film after exposure to 365 nm light
for 60 s. The plot of the right shows the average value for all
measurements (data from Table 4.1). [83]
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Table 4.1. Contact angle measurements for water droplets on top of non-
structured and micro-structured PDMS films doped with spiropyran
1 (0.25 wt-%) before and after exposure to 365 nm light for 60 s. [83]

non-structured micro-structured
before irradiation? after irradiation® before irradiation? after irradiation®
(PDMS-1) (PDMS-2) (PDMS-1) (PDMS-2)
theta L (°) | thetaR | thetaL (°) thetaR | thetaL | thetaR | thetal (°) | thetaR
100.7 101.4 92.9 93.6 | 1313 | 1311 115.7 1151
100.6 101.3 92.5 93.5 131.1 131.0 116.7 116.3
104.4 104.4 93.5 94.4 131.1 131.0 115.2 1151
100.5 101.2 96.7 95.5 1304 129.7 111.4 111.8
104.3 104.3 93.6 94.3 130.3 129.6 113.6 113.6
102.9 102.9 94.9 94.9 130.0 130.0 109.0 109.0
100.0 99.8 92.9 93.4 127.9 127.4 108.9 109.0
102.4 102.0 94.5 94.5 127.8 127.4 112.2 112.2
103.2 103.2 93.6 94.3 128.5 128.3 109.7 1121
104.7 104.3 129.2 129.3 110.3 110.3

128.5 128.8 109.7 112.1

137.5 137.5 109.0 109.0

128.5 128.8 106.9 106.9

1305 | 1305
130.7 | 1306
129.4 | 129.3
139.4 | 139.3
1395 | 139.3
128.0 | 128.1
1272 | 1271
average contact angles (°)
102.3+1.6 | 94.1+1.0 | 130.8+3.7 | 111.642.
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4.4. Adhesive strength measurements

The presence of SP nanopatrticles on the surface of the adhesive can in principle
improve the adhesion because of the reduction of the Hamaker constant and Young’s
modulus [81]. A complete study of this effect is beyond the current work; however, we
hope to investigate this phenomenon in the future..

The adhesion strength of the SP doped micro-structured films to glass was
evaluated using the instrumentation described in the previous chapter (section 3.4.4). Un-
doped, non-structured and micro-structured pure PDMS samples were tested as reference
films. A glass sphere probe was lowered to make contact between the two surfaces with
a specified preload force (Fp) as shown schematically in Figure 4.5 (a). Note the actual
contact area of the probe tip to the film surface is approximately 3 mm?2. The force required
to retract the glass tip from the film (Fa in Figure 4.5 (b)) reflects the adhesion strength
between the two surfaces. It is important to note that each ‘iteration’ represents a single
measurement of the force required to detach the probe tip from the film at the same spot,
as shown in this figure (Figure 4.5 (b)). A preload force of 100 mN was used for the
measurements described in this report and all adhesion strengths are reported in Tables
4.2 and 4.3. Higher values of F, resulted in insignificant differences in Fa (see Figure 4.6
for more details. Note that the scale of figure (b) ranges from 130mN-155mN and (c)
ranges from 120mN-132mN.). This could be potentially due to deformations of the sample

at the higher preload force.

26



(b) 150
\ pre- Ioad i ladheswe p 100
force (F, | force (Fa Fp 501

© measurement progress

(@ 110 110

VIS UV

Figure 4.5.

365nm | >530nm | 365nm | >530nm | 365nm

NN NN

-106

Fa—104
-102
A ="
spot1 spot2 spot3 spot4 spoth cycle 1 cycle 2 cycle 3 cycle 4 cycle 5

(a) Schematic representation of how the adhesive strengths between
the films and a glass sphere are measured. After a preload force (Fp)
is applied, the force needed to retract the sphere from the film (Fz)
reflects the adhesion between the two surfaces. (b) Representative
example of macro-scale adhesion force data between a glass sphere
and the micro-structured PDMS film containing spiropyran 1. (c)
Average adhesion strengths for a non-structured PDMS film doped
with spiropyran 1 (0.25 wt-%) before (white bar) and after (grey bar)
itis exposed to UV light (365 nm) for 60 s. Each bar is the average
value of Fa from at least 30 measurements at the same spot. (d)
Average adhesion strengths for several spots on a micro-structured
PDMS film doped with spiropyran 1 (0.25 wt-%) as the film is
exposed to UV light (365 nm) and visible light (>530 nm). Each bar is
the average value of F, from at least 40 measurements. (e) Average
adhesion strengths for a single spot on a micro-structured PDMS
film doped with spiropyran 1 (0.25 wt-%) as it is exposed to UV light
(365 nm) and visible light (>530 nm). Each bar is the average value of
F. from at least 20 measurements at the same spot. All
measurements were acquired using a preload force of 100 mN. [83]
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Table 4.2. Summary of the average adhesion strengths of non-structured
PDMS films with preload forces of 200 mN and 200 mN with and
without 0.25 wt-% spiropyran 1. Average values and standard
deviations (SD) are reported for various spots on the sample as well
as alternating visible light (>530 nm) and UV light (365 nm) cycles.

[83]
non-structured
non-doped 0.25 wt-% spiropyran 0.5 wt-% spiropyran
100 mN preload 200 mN preload 100 mN preload 100 mN preload
average (mN) SD average (mN) SD average (mN) SD average (mN) SD
spot 1 -24.7 2.6 -31.7 3.1 spot 1 (VIS) -20.5 0.6 -82.0 1.1
spot 2 -18.6 1.9 -22.4 2.1 (uv) -24.9 0.8 -85.4 0.7
spot 3 -36.7 2.0 -41.6 5.0 (VIS) 2 -81.5 0.8
spot 4 -23.2 25 -26.7 2.3 (Uv) 2 -84.9 0.8
spot 5 (VIS) -15.0 1.8 -16.8 1.4 (VIS) 3 -83.6 0.6
(uv) -16.0 1.8 -18.0 2.3 (uv) 3 -84.8 0.6
spot 6 (VIS) -23.3 1.4 spot 2 (VIS) -70.6 1.1
(uv) -18.4 1.3 (uv) -75.4 1.2
(VIS) 2 -18.2 2.8 (VIS) 2 -69.1 1.2
(uv) 2 -18.9 2.8 (Uv) 2 -71.4 1.1
(VIS) 3 -19.5 1.7 (VIS) 3 -67.7 1.4
(uv) 3 -18.5 2.8 (Uv)3 -70.7 0.8
spot 3 (VIS) -96.9 1.3
(uv) -100.6 4.3
(VIS) 2 -96.9 1.3
(Uv) 2 -98.4 3.0
(VIS) 3 -94.0 1.1
(uv) 3 -96.6 0.9
range (VIS) 15-37 17-42 68-97
range (UV) 16-19 71-101
difference 1-5 1 4.5 1-5
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Table 4.3. Summary of the average adhesion strengths of micro-structured
PDMS films with preload forces of 100 mN and 200 mN with and
without 0.25 wt-% spiropyran 1. Average values and standard
deviations (SD) are reported for various spots on the sample as well
as alternating visible light (>530 nm) and UV light (365 nm) cycles.

[83]
micro-structured
non-doped 0.25 wt-% spiropyran
100 mN preload 200 mN preload 100 mN preload 200 mN preload
average (mN) sD average (mN) SD average (mN) sD average (mN) sD
spot 1 -94.7 1.6 -73.0 26 spot 1 (VIS) -124.1 1.2 -142.7 15
spot 2 -98.7 1.0 -97.0 7.2 (uv) -128.2 0.8 -144.2 42
spot 3 -75.9 1.9 -93.1 22 (vis) 2 -122.3 0.7 -140.1 1.1
spot 4 (VIS) -79.0 45 -68.9 1.7 (Uv) 2 -126.0 0.6 -145.6 1.2
(uv) -80.4 2.2 -66.1 2.3
spot 5 (VIS) -52.7 25 786 24 spot 1 (VIS) -87.4 1.8
(uv) -55.1 1.4 -76.7 24 uv) -96.1 2.0
(vIS) 2 51.2 1.4 spot 2 (VIS) -89.1 1.3
(Uv) 2 -43.7 0.5 (uv) -91.5 14
spot 6 (VIS) 713 3.2 -78.2 36 spot 3 (VIS) -75.4 1.2
(Y] -73.3 29 -79.6 15 (Y] -80.0 2.6
(vis) 2 -107.6 9.1 -78.0 24 spot 4 (VIS) -84.2 14
(Uv) 2 -17.7 3.4 -79.3 1.9 (uv) -92.1 1.1
spot 7 (VIS) -62.3 34 -107.2 6.1 spot 5 (VIS) -63.5 15
(uv) -58.6 24 -99.7 59 (uv) -67.2 1.9
(vIS) 2 -60.4 2.6 -81.2 3.0
(uv) 2 -63.0 3.0 789 39 spot 1 (VIS) -102.0 1.4
(vis) 3 95.2 2.8 -57.9 8.7 (uv) -106.0 1.6
(uv) 3 -95.5 35 -58.6 8.3 (vIS) 2 -104.2 15
(uv) 2 -104.7 1.6
(vis) 3 -102.3 2.2
(uv) 3 -105.8 1.2
(vIS) 4 -101.2 1.6
(Uv) 4 -104.2 14
(vIS) 5 -102.5 15
(Uv) 5 -103.7 1.2
range (VIS) 51-108 58-107 64-124 140-143
range (UV) 44-96 59-100 67-128 144-146
difference 1-35 1-50 2-33 1-5
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Figure 4.6. (a) The adhesion strengths for a micro-structured PDMS film doped
with spiropyran 1 (0.25 wt-%) as it is exposed to visible light (>530
nm) (black) and UV light (365 nm) (red) using preload forces of 100
mN and 200 mN. Each data point (iteration) corresponds to a single
measurement on the same spot. (b,c) Average adhesion strengths
for the same film before (white) and after (red) irradiation with UV
(365 nm) light at the two different preload values. Note that the scale
of figure (b) ranges from 130mN-155mN and (c) ranges from 120mN-
132mN. [83]

The range of adhesion strengths is highly dependent on where the measurements
are made on the film. Every new spot on the same film sampled has a different adhesion
(values of F, range from 50 to 130 mN for these films), which is likely due to defects in the
microstructures such as missing or folded ‘mushroom caps’. The reason for the large
range of adhesion strengths for non-structured films is less clear (values of F, range from
15 to 40 mN for these films) and may be due to variations in the thickness of the film and

a higher sensitivity to the preload force [42, 82].

The effect of light on the un-doped PDMS (either non-structured or micro-
structured) was insignificant and the changes were not systematic when exposed to UV
or visible light (Figures 4.7 and 4.8). Note that the changes were smaller than the error in
the measurements. As expected, the micro-structured films had on average higher
adhesive strengths than the non-structured films (almost double on average for un-doped
films). Light had a significant effect on both non-structured and micro-structured films
containing 0.25 wt-% spiropyran 1 (Figures 4.5 (c—e), Figure 4.9 and 4.10) using a 100
mN preload force. Figure 4.11 graphs the adhesion strengths throughout various light
cycles at a single spot for a micro-structured PDMS film doped with spiropyran 1 (0.25 wt-
%) as it is exposed to visible light (>530 nm) (black) and UV light (365 nm) (red) using a
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preload force of 100 mN. This highlights that there is no significant fatigue occurring

throughout the cycles at this spot.

For the non-structured films, the adhesion strengths increased 22% when the
colorless films were exposed to UV light (365 nm) for 60 seconds. As was observed for
the un-doped PDMS films, the adhesive strengths of the micro-structured films containing
spiropyran 1 (0.25 wt-%) was significantly larger on average than the non-structured
doped films (Tables 4.2 and 4.3). It is important to note that Increasing the doping levels
of the photo-responsive compound to 0.5 wt-% had little effect on the changed in adhesive
strengths (Figure 4.12).
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Figure 4.7. Comparison of the adhesion strengths for an un-doped, pure, non-
structured PDMS film exposed to UV light (365 nm) or yellow light
(>530 nm) with preload forces of 100 mN and 200 mN. Only spots 5
and 6 were exposed to the different wavelengths of light. Spots 1, 2,
3 and 4 were only measured under visible light exposure. Each
‘iteration’ represents a single measurement of the force required to
detach the probe tip from the film at the same spot as shown in
Figure 4-5 (b). [83]
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Figure 4.8.

The adhesion strengths for an un-doped (pure) micro-structured
PDMS film exposed to UV light (365 nm) or yellow light (>530 nm)
with preload forces of 100 mN and 200 mN. Only spots 4, 5, 6 and 7
were exposed to the different wavelengths of light. Spots 1, 2 and 3
were only measured under visible light exposure. Each ‘iteration’
represents a single measurement of the force required to detach the
probe tip from the film at the same spot as shown in Figure 4-5 (b).
[83]
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Figure 4.9. (a) Adhesion strengths for a non-structured PDMS film doped with
spiropyran 1 (0.25 wt-%) as it is exposed to visible light (>530 nm)
(black) and UV light (365 nm) (red) using a preload force of 100 mN.
Each data point (iteration) corresponds to a single measurement on
the same spot as shown in Figure 4-5 (b). (b) Average adhesion
strengths for the same film before (white) and after (red) irradiation

adhesion (mN)

with UV (365 nm) light for 60 seconds. [83]
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iteration

The adhesion strengths for a micro-structured PDMS film doped
with spiropyran 1 (0.25 wt-%) as it is exposed to visible light (>530
nm) (black) and UV light (365 nm) (red) using a preload force of 100
mN. Each data point (iteration) corresponds to a single
measurement on the same spot as shown in Figure 4-5 (b). The
average values are shown in the bottom, right panel. [83]
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Figure 4.11. The adhesion strengths at one single spot for a micro-structured

PDMS film doped with spiropyran 1 (0.25 wt-%) as it is exposed to
visible light (>530 nm) (black) and UV light (365 nm) (red) using a
preload force of 100 mN. Each data point (iteration) corresponds to a
single measurement on the same spot as shown in Figure 4-5 (b).
The average values are shown in the bottom, right panel.
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Figure 4.12. The adhesion strengths for a micro-structured PDMS film doped
with spiropyran 1 (0.5 wt-%) as it is exposed to visible light (>530
nm) (black) and UV light (365 nm) (red) using a preload of 100 mN.
Each data point (iteration) corresponds to a single measurement on
the same spot as shown in Figure 4-5 (b). The average values are
shown in the bottom, right panel.

As illustrated in Figure 4.5 (d), exposing the micro-structured films to UV light (365
nm) had a significant effect on the average values of F, for several spots sampled
throughout the film. In this experiment, the film was originally exposed to visible light (>530
nm) to ensure the photo-responsive chromophores were in their neutral spiropyran states
(1). After the adhesion force was measured, the entire film was irradiated for 60 s with UV
light (365 nm) turning it magenta as the spiropyran ring-opens to its charged merocyanine
isomer (2). The average value of F, was measured to be 10% larger than the original
value. Moving to a new spot resulted in a different value of F, as expected. Exposing the
film to visible light (>530 nm) returned the film to its colorless state and lowered the value
of Fa. This cycling between light sources was continued for a total of 5 spots on the same
micro-structured film. In all cases, the magenta, merocyanine-containing film showed

significant increases in the adhesion strengths.
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A similar trend was observed when a single spot was cycled between its colorless
neutral (1) state and its magenta charged (2) state as shown in Figure 4.5 (e). Although
there are some examples that lie outside the averages, the trend is clear — the film
containing the zwitterionic merocyanine isomer has an increased adhesion compared to
those containing the neutral spiropyran isomer. The inconsistencies between cycles may
be due to mechanical issues such as ‘mushroom caps’ that have not retained their shape,
inconsistent photo-stationary states of the photochromic compounds within the polymer
film or irregularities in the instrument’s load cell. The inconsistencies are unlikely due to
the spontaneous ring-closing of the merocyanine back to the spiropyran as this reaction
is slow in both non-structured and micro-structured PDMS films. In the dark, the half-life
for the decay of the absorption at 550 nm corresponding to compound 2 is 45-55 min for
either film (Figure 4.2).
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Chapter 5. Conclusion

In this report, we demonstrate how photo-responsive compounds doped into
PDMS microstructures can reversibly regulate the adhesive properties of polymer films
using two colors of light. As little as 0.25 wt-% of the photochromic compound had
significant effects.

Despite the progress in this field, there is still much difficulty in producing fully
controllable switchable materials. More specifically, the term “switchable” is here used to
describe an adhesive that goes from a sticky state to a non-sticky or lower-sticky state in
which the adhesion has a reduced strength compared to its original condition. This work
is the initial investigation of a series of extensive experiments to fully characterize and
acquire in depth knowledge on dry switchable adhesive polymers. To establish a proof of
concept and ultimately advance dry adhesion technology, we have simply mixed
spiropyran switch molecules in a 10:1 PDMS at a concentration of 0.25%. Samples with
mushroom-cap microstructures have been fabricated as well as unstructured flat ones.

The effects on the surface properties of the adhesive polymer have been reported.

Quick and efficient switching, confirmed by the optical absorption spectrum,
enables control over the sample’s material properties. When the molecule is switched to
the MC charged form, stronger adhesion (of about 4mN) is observed over the SP neutral
form. In general, integrating this molecule increases the normal adhesion of the material
of unstructured samples by a factor of ~4 for the SP state and ~5 for the MC one. Surface
charge and contact angle measurements further confirm the proper functionality of the
switch inside the PDMS polymer. The MC form has approximately 1.15 times more surface
charges than the neutral SP one and accordingly has a lower contact angle indicating that
it is more hydrophilic.

All these results give promising evidence of the control one can have over PDMS
polymer by simply doping it. Following this project, the results have been published in [83].
Future generations of these ‘smart’ materials will include photochromic compounds
tethered to the polymer backbone to increase loading and subsequent light-induced

charge generation. In order to get the most effective switching behaviour from our polymer,

38



it is necessary for the SP switch to be covalently attached to the main chain of its host.
This will be the next step of this work and similar studies will be performed to fully

understand the fundamental interaction dynamics of this switchable material.
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