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Overall Aim and Thesis Structure  
 

Overall Aim 
The aim of this thesis is to explore the concept of optical sensing using micro-

fluidics by coating the inner walls of a micro-channel or micro-capillary with 

stimuli-responsive polymeric materials based on polyaniline and spiropyran, 

respectively. The polymerisation techniques are discussed and the resulting coatings 

characterised with a variety of techniques. Analysis of these coatings, presented in 

Chapters 4 to 7, show that they are suitable for pH, ammonia (polyaniline based 

coatings), and solvent (spiropyran polymeric coatings) detection in micro-fluidic 

devices used in continuous flow mode.  

In the last two experimental chapters, Chapter 8 and 9, for the first time we 

present the potential of using spiropyran for;  

• Photo-initiation of chemopropulsion of organic droplets in fluidic channels, and;  

• Solvato-morphological control of self-assembled spiropryan micro-structures.   

The experimental chapters (Chapters 4 to 9) illustrate the progress made in 

the integration of stimuli-responsive materials within fluidic platforms for sensing or 

actuating purposes, and hopefully give the reader an overview of the exciting 

potential of this research for micro-fluidic applications. 

 

Selected publications and author contribution 
This thesis includes one literature survey chapter, one review article published in a 

peer reviewed journal, one book chapter accepted for publication, four original 

papers published in peer reviewed journals, two submitted publications and one 

future work and perspectives chapter. The core theme of the thesis is stimuli-

responsive materials used for the development of sensors and actuators in micro-

fluidic devices. The ideas, development and writing up of all the papers in the thesis 

were the principal responsibility of myself, the candidate, working within 

CLARITY: Centre for Sensor Web Technologies, National Centre for Sensor 

Research, School of Chemical Sciences, Dublin City University under the 

supervision of Professor Dermot Diamond and Dr. Fernando Benito-Lopez. 

The inclusion of co-authors reflects the fact that part of the work came from active 

collaboration between researchers and acknowledges input into team-based research. 
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In the case of Chapters 2 to 9, my contribution to the work was as follows: 

Thesis 
Chapter 

Publication title Publication 
status* 

Nature and extent of 
candidate’s contribution 

2 Photo-responsive 
Polymeric Structures based 
on Spiropyran 

Published. 
Macromolecular 

Materials and 
Engineering, 297 
(2012) 1148-1159 

First author, manuscript development 
and writing up.  

3 Opto-smart Systems in 
Microfluidics 

Accepted. 
book chapter - Pan 
Stanford Publishing 

Pte Ltd (2013) 

First author, manuscript development 
and writing up. 

4 Polyaniline Coated Micro-
capillaries for Continuous 
Flow Analysis of Aqueous 
Solutions 

Published. 
Analytica Chimica 

Acta 759 (2013) 1-7 

First author, key ideas, experimental 
design, data collection and analysis, 
manuscript development and writing 
up.  

5 Dynamic pH Mapping in 
Micro-fluidic Devices by 
Integrating Adaptive 
Coatings based on 
Polyaniline with Image 
Processing Techniques 

Published. 
Lab on a Chip 13 

(2013) 1079-1085. 

First author, key ideas, experimental 
design, data collection and analysis, 
manuscript development and writing 
up. 
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Brushes in Micro-
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for Continuous Flow 
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Published. 
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Actuators B: Chem. 
175 (2012) 92-99. 

First author, key ideas, data 
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Published. 
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First author, key ideas, experimental 
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First author, key ideas, experimental 
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First author, key ideas, experimental 
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Chapter Overview 
A detailed overview of each chapter together with particular contributions from 

research collaborators (where applicable), are given below: 

 

Chapter 1: Literature Survey 

This introduction chapter gives a detailed overview of the themes common to all 

papers included in the thesis and sets the following chapters in the context of existing 

literature. Important topics including: micro-fluidics, optical sensors, adaptive 

polymeric materials, polyaniline and spiropyran, are widely discussed in order to 

inform the reader on the concepts that will be further used in the experimental 

chapters (Chapter 4 to 9). Moreover, this chapter presents the context in which the 

experimental chapters below contribute to the scientific advancement of the research 

area. 

 

Chapter 2: Photo-responsive Polymeric Structures based on Spiropyran 

This review chapter discusses the most recent examples of using polymeric 

structures based on spiropyran and their potential for a variety of applications 

ranging from photochromism and actuation to sensing purposes. The chapter 

highlights that smart molecular engineering of spiropyran functionalised polymer 

offers unique, unprecedented control over the characteristics of the end-material, and 

indicates aspects where there is a need for further innovation in the field. 

 

Chapter 3: Opto-smart Systems in Micro-fluidics 

This work, accepted as a book chapter, illustrates the most advanced ways to achieve 

photo-control flow in micro-fluidic channels throughout the use of photo-responsive 

molecules. The possibility of controlling flow in closed microchannels, and 

manipulating discrete microliter-sized droplets by employing photo- and thermo-

responsive materials incorporated in micro-fluidic units in the form of polymeric 

actuators, photo-responsive coatings or photo-sensitive surfactants is discussed. 
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Chapter 4: Polyaniline Coated Micro-capillaries for Continuous Flow Analysis of 

Aqueous Solutions 

This work, published as an original article illustrates the coating of fused silica 

micro-capillaries for aqueous ammonia sensing in continuous flow. The coatings are 

characterised through a variety of spectroscopic and imaging techniques to confirm 

their chemical structure, their morphology and their doping-dedoping properties. 

 

Chapter 5: Dynamic pH Mapping in Micro-fluidic Devices by Integrating 

Adaptive Coatings based on Polyaniline with Image Processing Techniques 

This work, published as an original article, describes the coating of PDMS/glass and 

PDMS/PDMS micro-channels with adaptive materials based on polynailine. These 

coatings are characterised ‘in situ’ through different spectroscopic and imaging 

techniques and their potential for pH sensing in continuous flow is demonstrated. 

Moreover, as the entire coated micro-channel possessed pH sensing properties, 

gradient pH sensing is also verified. This work has been done in collaboration with 

the engineering department at the NCSR, in particular with Mr. Cormac Fay, who 

developed the imaging processing algorithms. 

 

Chapter 6: Synthesis and Characterisation of Spiropyran-polymer Brushes in 

Micro-capillaries: Towards an Integrated Optical Sensor for Continuous Flow 

Analysis 

In this work, published as an original article, it has been demonstrated for the first 

time, the coating of a micro-capillary with spiropyran polymeric brushes obtained by 

surface-initiated ring opening metathesis polymerisation. This approach opens a new 

direction in the field of polymeric brushes and illustrates the great photochromic 

properties of the spiropyran unit inside the coating. The high density of the 

photochromic unit suggests the possibility of using this type of capillaries for sensing 

purposes in continuous flow based on the inherited spiropyran properties. 

 

Chapter 7: Spiropyran Polymeric Micro-capillary Coatings for Photo-detection 

of Solvent Polarity 

This work, published as an original article, presents several improvements performed 

to the coatings presented in Chapter 6 and confirms their potential as spiropyran-

polymeric coatings in micro-capillaries for solvent sensing in continuous flow. 
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Chapter 8: Photo-activated Chemopropulsion of Organic Droplets  

This work represents the current state-of-the-art in droplet actuation. The innovative 

approach consists in the combination of pH sensitive surfactants and photo-

stimulated pH pumps (spiropyrans). This procedure offers photo-actuation of 

droplets with great speeds, about 14 times faster than previous reported photo-

actuated droplets. This work has been realised in collaboration with IPRI, 

Wollongong, Australia, where the spiropyran derivative was synthesised. 

 

Chapter 9: Self-assembled Solvato-morphologically Controlled Photochromic 

Crystals 

This work, recently submitted as communication, describes, for the first time, 

intriguing solvato-morphological control of photochromic micro-structures based on 

spiropyran. By simply changing the ratio of the solvents forming the aqueous phase, 

selective control of the formation of molecular assemblies at the liquid/air interface 

as well as the morphology (flat crystals to ribbon-like structures) and the dimensions 

(~10-80 µm) of the resulting 3D structures can be easily achieved. Moreover, these 

microstructures exhibit reversible photoisomerization upon light irradiation in the 

solid state. Finally, guided aggregation of these micro-structures was also 

demonstrated. The spiropyran derivative used in this study was synthesised by Dr. S. 

Scarmagnani. 

 

Chapter 10: Future Work and Perspectives 

 

This chapter suggests possible following paths of the work presented in this thesis. 

Several new strategies for the development of novel miniaturised sensing platforms 

and new means of droplet/micro-gel actuation are proposed. 
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Larisa Florea 

Stimuli-responsive Materials: Developing Integrated Opto-molecular 
Systems as Sensors and Actuators in Micro-fluidic Devices 

 

Thesis Abstract: 
 

Micro-fluidic platforms have been conferred with inherent optical sensing 
capabilities by coating the walls of micro-fluidic channels or micro-capillaries with 
stimuli-responsive materials. These adaptive materials respond optically to 
environmental stimuli, such as changes in pH, solvent polarity, the presence of certain 
metal ions and light. This approach confers sensing capabilities along the entire length 
of the coated micro-channel or micro-capillary. Adaptive coatings based on two types 
of materials are presented: 

 
1. Conductive polymer polyaniline - The optical properties of these coatings 

respond to changes in the pH of the solution that is passing through the micro-
channel or micro-capillary, and therefore can be used for dynamic pH 
monitoring (pH 2-8) or for aqueous ammonia sensing.  

 
2. Photochromic spiropyrans - Photoswitchable coatings based on spiropyran are 

used to photo-detect solvents of different polarity when passing through the 
micro-capillary in continuous flow. This sensing behaviour can be switched 
on/off remotely using light.  

 
Finally, it is reported, for the first time, the potential of using spiropyran as a pH 
pump in fluidic channels for photo-activated chemopropulsion of organic droplets and 
the solvato-morphological control of self-assembled micro-structures based on 
spiropyran. 
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List of abbreviations 
 
 
ATR-FTIR Attenuated Total Reflectance - Fourier Transform Infrared 

spectroscopy 

ACN Acetonitrile 

APS  Ammonium persulfate 

ATRP Atom Transfer Radical Polymerisation 

C1 Chromoionophore 1 

C1-H+ Protonated chromoionophore 1 

DCC Dicyclohexylcarbodiimide 

DCM Dichloromethane 

DMAP 4-(Dimethylamino)pyridine 

DMF  Dimethylformamide 

EOF Electroosmotic flow 

EB Emeraldine base 

ES Emeraldine salt 

EtOH Ethanol 

ET(30) Reichardt’s empirical polarity scale 

FTIR Fourier Transform Infrared spectroscopy 

HDA 2-Hexyldecanoic acid 

HOMO Highest occupied molecular orbital 

HPLC High Performance Liquid Chromatography 

HSV Hue, saturation and value color spaces 

IL Ionic Liquid 

IR Infrared 

ISNBP Indolinespiro nitro-benzopyran 

ISBP Indolinespirobenzopyran 

LE Leucoemeraldine 

LED Light-emitting diode 

LCST Lower critical solution temperature 

LOAC Lab-on-a-chip 

LUMO Lowest unoccupied molecular orbital 

MC Merocyanine form 
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MC-H+ Protonated merocyanine form 

MeOH Methanol 

NIPAAm N-isopropyl acrylamide 

NIR Near Infrared 

NMR Nuclear magnetic resonance 

PAni Polyaniline 

PDMS Polydimethylsiloxane 

PG Pernigraniline 

PMMA Polymethylmethacrylate 

pSPNIPAAm Copolymer of an acrylated SP and poly(N- isopropyl-
acrylamide) 

RGB Red Green and Blue scale 

ROMP Ring opening metathesis polymerisation 

SAMs Self-assembled monolayers 

SEM Scanning electron microscopy 

SI-ROMP Surface-initiated ring opening metathesis polymerisation 

SP Spiropyran form 

SP-COOH 1’-(3-carboxypropyl)-3’,3’-dimethyl-6-nitrospiro[2H-1]-

benzopyran- 2,2’ -indoline 

SP-M Spiropyran-norbornene monomer 

SP-SO3H Spiropyran-sulfonic acid derivative 

THF Tetrahydrofuran 

µTAS Micro-Total Analysis Systems 

UV Ultraviolet 

Vis Visible 
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1.1 Micro-fluidics and Lab on a Chip Devices 
 
In many fields, advances in fabrication technology have led to a device size 

reduction by several orders of magnitude [1-5]. One area that benefits in particular 

from this trend is the area of micro total analysis systems (µTAS), also called ‘‘lab-

on-a-chip” (LOC) [1]. LOC devices integrate and scale down laboratory functions 

and processes to a miniaturised chip format. Many LOC devices are used in a wide 

array of biomedical and other analytical applications including rapid pathogen 

detection [6], clinical diagnosis [7], forensic science [8], electrophoresis [9], flow 

cytometry [10], blood chemistry analysis [11, 12], protein [12, 13] and DNA analysis 

[12, 14]. 

LOC devices can be fabricated using a variety of technologies from many 

types of materials including polymers, glass, or silicon, or combinations of these 

materials [1]. LOC systems have several common features as such a micro-fluidic 

structure and one or several sensing capabilities [1]. Micro-fluidics can incorporate 

flow control devices, like pumps, mixers and valves [15] while the more common 

sensing capabilities are usually optical [16] or electrochemical [17] and are often 

integrated within the micro-fluidic system. 

 

1.2 Opto-chemical Sensors 
 

Opto-chemical sensors represent a group of chemical sensors in which 

electromagnetic radiation is used to generate the analytical signal in a transduction 

element [18]. The interaction of this radiation (that can cover different regions of the 

spectra: UV, Visible, IR, NIR) with the sample is evaluated from the change of a 

particular optical parameter and it is related to the concentration of the analyte [19]. 

Typically, an optical chemical sensor consists of a chemical recognition phase 

(sensing element or receptor) coupled with a transduction element (Figure 1.1). 
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Figure 1.1. Schematic representation of the composition and function of an optical chemical 

sensor. (Reproduced from [18]) 

 

The optical signal processing is carried out using standard components and 

instrumentation to produce qualitative and meaningful data [20]. Optical chemical 

sensors provide the opportunity to continuously monitor chemical species and have 

found numerous applications in areas such as chemical industry [21], biotechnology 

[22], medicine [21, 23], environmental sciences [22, 24], among others. Some of the 

oldest and best-known applications include the use of pH indicator strips for sensing 

pH and oxygen measurements by quenching the phosphorescence of the dye 

trypaflavin adsorbed on silica gel [20]. However, a major achievement occurred 

when conventional optical sensing techniques were coupled with optical fibres [20]. 

Although optical fibres were originally manufactured mainly for use in the 

communication industry they have been adapted to optical sensing devices. Optical 

fibres themselves allow transmission of light over long distances. Additionally, the 

development of high performance and high quality optical components, including 

light sources (lasers, light emitting diodes), photodetectors, amplifiers, that can be 

used in conjunction with optical chemical sensors, has promoted rapid progress and 

great interest in this sensing technology [18].  

Chemical analysis is currently carried out in almost all areas of technology, 

and optical chemical sensors offer several advantages over conventional devices in a 

wide range of applications including process control, environmental and biomedical 

fields. Optical sensors are electronically passive and are not subjected to electrical 
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and electromagnetic interferences. They are also flexible, easily miniaturised, 

inexpensive and of rugged construction. They can be corrosion resistant and are 

capable of real-time monitoring of samples. As they are non-electrical, optical 

sensors are intrinsically safe and capable of operation in hostile environments. 

Optical sensors can be developed for chemical and biological analytes for which 

other sensing devices are not suitable or available [21, 25]. 

 In terms of producing optical sensors, a relatively new and promising approach 

involves opto-fluidics where optic and fluidic functionalities are integrated at the 

micro- and nano-scale to leverage their combined advantages [26]. The micro-fluidic 

part, which bases on a fluidic platform, has many advantages because of it inherent 

small dimension. These include reduced consumption of reagents and analytes, 

improved time efficiency in the analysis, shrinkage in the size and weight of the 

systems, increased portability, reduced amount of harmful by-products, potentially 

low cost in fabrication [26].  

 Micro-channels functionalised with a sensing material have been previously 

reported and involve functionalisation of the inner wall of the micro-channel with 

antibodies for flow-through cell separation [27], florescent dyes for optical sensing 

of acidity [28] or monolayers with metal ion sensing proprieties [16, 29]. 

 Chapters 4 to 7 of this thesis will focus on a new approach of producing optical 

chemical sensors in which adaptive polymeric materials inherently sensitive to a 

range of analytes are used as the optical sensitive layer in a micro-fluidic platform 

(where by micro-fluidic platform we refer either to micro-channels or to micro-

capillaries). 

 

1.3 Surface Functionalisation 
 

As micro-fluidic devices are characterised by a high surface-to-volume ratio, surface 

effects become dominant in fluid handling and therefore surface properties play a 

crucial role in micro-fluidics-based applications. One straightforward method to 

generate modified surfaces is by using self-assembled monolayers (SAMs). As many 

of the micro-fluidic systems are based on glass or silicon, trichlorosilanes, 

triethoxysilanes, and trimethoxysilanes derivates bearing functional groups at the 

other end of the molecule are regularly used for SAM coating. Deposition of SAMs 
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is easily achieved in micro-fluidic devices, since it only requires the flow of a 

solution or a gas stream of surface reacting molecules through the channels. SAMs 

have been used in glass micro-fluidic networks to engineer surface properties with 

the aim of controlling liquid motions [30], confining and aligning of biological 

macromolecules and liquid crystals [30], controlling electro-osmotic flow [31], 

preventing cell adhesion [32] and protein adsorption [33], and creating zones for 

specific immobilisation of proteins [34]. When derivatised with fluorescent groups, 

SAMs can function as optical sensors. This has been shown on flat surfaces [35-37], 

and also in micro-fluidic networks [38].  

However, SAMs can also function as molecular scaffolds for more 

complicated polymeric architectures. Due to the high versatility of the silanisation 

agents, they can further serve to covalently anchor a variety of polymeric brushes to 

the substrate. Polymer brushes are polymer chains tethered by one end to a surface or 

an interface. At high grafting densities, i.e. when the distance between neighboring 

grafting points is small, steric repulsion leads to chain stretching and a brush-type 

conformation of the surface-tethered chains. More precisely, polymer brushes are 

more elongated near the attachment point and unstretched at the free end. This 

property made them appealing for a variety of applications in colloidal and 

interfacial phenomena, especially when applied to particles. In preventing 

flocculation, polymer chains (which prefer solvent to the colloidal particle surface) 

resist overlapping between neighboring particles resulting in colloidal stabilisation. 

The chemical grafting of polymer brushes can be accomplished by either “grafting-

to” or “grafting-from” methods [39]. 

In the “grafting-to” approach, end-functionalised polymer molecules react 

with complementary functional groups located on the surface to form tethered chains 

(Figure 1.2a). This method can be performed relatively easily on flat surfaces, by 

spin or dip coating or solution casting of the appropriate polymer solutions. 

However, only a limited amount of the polymer can be tethered onto the substrates 

by the “grafting-to” approach. The attaching polymer chains have to overcome the 

activation barrier, which appears as soon as the earlier attached chains begin to 

overlap. This means that only low grafting densities and thin layers can be achieved 

(up to 10 nm)[40]. 

The second possibility to create polymer brushes is the “grafting-from” 

technique (Figure 1.2b). In this case, the polymerisation is initiated from the 
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substrate surface by already attached (usually by covalent bonds) initiating groups. 

Molecules of a monomer penetrate through the already grafted polymer layer much 

more easily compared with the polymeric chains in the “grafting to” approach, and 

high grafted amounts can be obtained [40]. This method utilises controlled 

polymerisation techniques like atom transfer radical polymerisation (ATRP) or ring-

opening metathesis polymerisation (ROMP), among others. The working chapters of 

this thesis, from 4 to 7, will focus on the synthesis of polymer brushes from SAMs 

using mainly the “grafting from” approach. 

 

 
Figure 1.2. Preparation of polymer brushes using “grafting to” and “grafting from” 

approaches. (Reproduced from [39]) 

 

1.4 Adaptive Polymeric Materials 
 

Adaptive materials, also described as “stimuli-responsive materials” or “molecular 

switches” are materials whose characteristics can dramatically change in response to 

external stimuli. The external stimuli can be of many natures: a change in pH, a 

change in temperature, a photo- mechano- or electrical stimulus among others, where 

some materials can respond to a combination of two or more stimuli [41-43]. 

A wide range of adaptive responsive materials, mostly involving polymers, 

has been reported in the recent years and they find applicability in fields ranging 

from medicine and biology to chemistry, physics, materials science, and engineering. 

Immobilisation of such adaptive materials in a micro-fluidic network could 
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potentially be used to probe solutions inside micro-fluidic networks, to monitor 

processes inside the channel, or to control processes in the channel. 

If in the previous section several strategies were examined for producing 

polymer-functionalised surfaces, the following sections will describe in detail the 

adaptive materials that will be further used for the work described in the working 

chapters of this thesis (Chapters 4 to 9). These adaptive materials will be employed 

as coatings in micro-fluidic platforms for sensing applications or to photo-activate 

processes at the liquid/air interface, as such droplet actuation or photocromic 

performance). These materials will be photo or chemically switched between 

different modes of behaviour (e.g. passive or non-binding surface, and active or 

binding surface, in the case of spiropyran based polymers), using chemical or 

photonic stimuli. 

This chapter presents the use of new opto-molecular systems as sensors and 

actuators in micro-fluidic devices, where the materials give an optical output (change 

in colour, change in their absorbance spectra) in response to an external stimulus. 

Two main systems will be employed: conducting polymers (polyaniline) and photo-

responsive materials (spirobenzopyran). 

 

1.4.1 Conducting Polymers 

1.4.1.1 Overview 
 

In general, conductive polymers are polymers with delocalised !-electron system 

with a wide band gap in their pristine state [44] and can be made electrically 

conducting by doping. Doping in conductive polymers refers to the oxidation or 

reduction of !-electronic system, p-doping and n-doping, respectively, and can be 

effected chemically or electrochemically [44]. To maintain electro-neutrality, doping 

requires incorporation of a counter ion. The doped and dedoped states have different 

electronic, optical, physical, chemical, and electrochemical aspects. Thus, reversible 

interchange between redox states or doped-dedoped states in conjugated polymers 

gives rise to changes in their properties including polymer conformation, 

conductivity and colour. These proprieties make conjugated polymers an important 

class of stimuli responsive materials suitable for a variety of applications, from 
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electrochromic devices [45], actuators [46, 47], to sensors [48]. In the recent years 

there has been a tremendous interest in developing nanostructures of these 

conducting polymers as they offer increased surface area, which translates to high 

sensitivities and short response times. When nanostructured conductive polymers are 

employed as sensing materials, the response time can be improved by several orders 

of magnitude in comparison with their bulk counterpart [49, 50]. Polyaniline (PAni), 

polypyrrole, polythiophene, and polyacetylene are some of the most explored 

conductive polymers [44]. 

 

1.4.1.2 Polyaniline  
 

Among conjugated polymers, polyaniline has attracted great attention because of its 

electronic, electro-chemical, and optical properties, and especially because of its 

good environmental stability. Polyaniline can be reversibly switched between 

different oxidation states, and therefore can be used as a good material for electro-

chemical sensor for redox active species. MacDiarmid et al. [51] showed that PAni 

can afford conduction by protonation of the emeraldine base (EB) leading to 

emeraldine salt (ES) through acid-base chemistry. This change is accompanied by a 

significant change in colour and in the UV-Vis spectra of the material, a property 

that offers the possibility to prepare optical pH sensors based on polyaniline. This 

phenomenon constitutes the bases of Chapter 4 and Chapter 5 and will be discussed 

in detail in the following section (“Switching in Polyaniline”) as it is important to 

understand which are the transitions that give rise to the distinct colours of EB and 

ES and which are the factors that determine these transitions. Although the electrical 

conductivity of polyaniline has been the subject of many comprehensive articles and 

reviews [52-56], this is not the focus of the research in this chapter and it will not be 

further discussed.  

 

Polymerisation Techniques 

 

During the synthesis process, polyaniline can be produced as nanogranular powders, 

nanotubes, nanowires, nanofibres, micromats or microspheres among others [57]. 

These morphologies can be obtained as precipitates during the oxidation, as colloidal 
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dispersions, or films and layers on a variety of supports. It is therefore not surprising 

that Professor A.G. MacDiarmid, Nobel Prize laureate for his work in the area of 

conductive polymers, has declared that “There are as many different types of 

polyaniline as there are people who synthesize it.” [58]. Although this has become an 

opinion often expressed in the literature, it should be mentioned, however, that the 

oxidation process is well defined and reproducible. This means that identical 

products are obtained in repeated syntheses following the same protocol. 

The most common synthesis of polyaniline involves oxidative 

polymerisation, in which the polymerisation and doping occur concurrently, and may 

be accomplished either electrochemically or chemically [57]. Electrochemical 

methods tend to have lower yields than chemical methods. Furthermore, the 

chemical methods are far more amenable for large-scale production. A large number 

of chemical methods have been utilised to polymerise aniline; the majority of which 

take place in solution and may be categorised as monophasic or biphasic. Template 

and template-guided syntheses can also be employed for producing polyaniline [59, 

60], but these methods will not be covered here. 

The synthesis of PAni depends on many parameters (chemical nature of the 

oxidants, the nature of the acid protonating the aniline, the concentrations of the 

reactants and their molar proportions (especially of aniline and oxidant), temperature, 

solvent components (e.g. the organic component), the presence of additives (e.g. 

colloidal stabilisers, surfactants) and many others, which are important for the 

control of the properties and the PAni morphology. However, most often strongly 

acidic media, (pH < 2.5) is used for the fabrication of polyaniline, where ammonium 

peroxide is employed as the oxidant. In this case, the mechanism of oxidative 

chemical polymerisation generally accepted in literature is the one described in 

Figure 1.3 [61]. 

This mechanism starts with the protonation of aniline in strong acidic media 

(pKa aniline = 4.6) followed by the formation of the resonance-stabilised radical cation. 

The next step involves coupling of the N- and para-radical cations (Figure 1.3 - A 

and B, respectively) and from here on “head-to-tail” coupling becomes predominant. 

Although coupling can occur also in the ortho-position, leading to defects in 

conjugation in the resultant polymer, this is happening only in small fractions. It has 

been shown that in polyaniline chains, more than 95 % of constitutional aniline units 

are linked in head-to-tail para positions [57]. 
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Figure 1.3. Mechanism of oxidative chemical polymerisation of aniline using (NH4)2S2O8 as 

the oxidant in a low-pH acidic aqueous medium (pH !  0). Reproduced from [61]. 

 

Most chemical methods employed to produce polyaniline are performed in 

solution in monophasic or biphasic systems. 

 Monophasic syntheses are usually carried out in aqueous acidic solution and 

involve the addition of an oxidant solution, most commonly ammonium persulfate or 

ferric salts, to a monomer solution. Syntheses have been carried out over a range of 

temperatures, from ambient down to -70 °C and several oxidant/monomer ratios have 

been investigated. In most cases, however, the monomer and oxidant solutions are 

fairly dilute, as this rendered more control over the reaction. When all the factors 

influencing the aniline polymerisation such as temperature, concentration of 
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reactants, and oxidant/monomer ratio are taken into account, oxidative 

polymerisation of aniline is fairly straightforward, and proceeds in relatively high 

yield. Monophasic polymerisation of aniline will be further employed in Chapters 4 

and 5 for producing polyaniline coatings in micro-capillaries and micro-channels. 

Aniline polymerisation may also be controlled by the use of an initiator, 

where the initiator must be more easily oxidised than aniline [57]. Such an example 

is N-phenyl-1,4-phenylenediamine, an excellent initiator as it not only has a lower 

oxidation potential than aniline, but it is an intermediate in the oxidation of aniline. 

N-phenyl-1,4-phenylenediamine will preferentially react with the oxidant, thereby 

reducing side reactions. In this way, the obtained polymer was proven to be of 

improved homogeneity and the synthesis more reproducible with predicted chain 

length [62, 63]. Thus, throughout the use of such an initiator, and by controlling the 

ration between aniline (monomer) and dianiline (initiator) one may easily produce on 

demand short chain, highly soluble, moderately conductive polymers or long chain, 

highly conductive, polymers with limited solubility. 

In our laboratories, we use this method to produce long polyaniline 

nanofibres. As it can be seen from the Scanning Electron Microscopy (SEM) images 

(Figure 1.4), the nanofibres obtained have diameters of about 100 nm and average 

lengths of approximately 30 µm. 

 

 
Figure 1.4. Scanning Electron Microscopy images of polyaniline nanofibres obtained 

through out monophasic polymerisation in the presence of N-phenyl-1,4-phenylenediamine. 

 

Although monophasic synthesis has shown great potential to produce 

polyaniline in its nano-form, much research is focused on investigating the benefits 

of biphasic synthesis, in which the reactants exist in different solution phases 
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(organic and aqueous) and polymerisation occurs primarily at the interface [64]. In a 

typical interfacial polymerisation the aniline monomer is dissolved in the organic 

layer while the conventional low-pH acidic aqueous medium contains the oxidant. 

Since in these conditions the polyaniline product is synthesised in its hydrophilic 

emeraldine salt form, it diffuses away from the reactive interface into the aqua layer. 

This makes more reaction sites available at the interface and avoids further 

overgrowth. In this way, the nanofibers formed at the interface are collected in the 

water layer without severe secondary overgrowth. This is a well-documented method 

used in our laboratories to produce polyaniline nanofibres [65, 66]. Although many 

different organic layers can be employed, an example where the aniline is dissolved 

in toluene while the ammonium persulfate is dissolved in 1M HCl is presented in 

Figure 1.5. Green polyaniline (emeraldine salt form) appeared initially at the 

interface between the aqueous and the organic layer and then migrated into the 

aqueous phase. After reaction completion, the resulting product is normally purified 

by centrifugation and suspended as a colloid in deionised water or other solvents. 

 

 
Figure 1.5. Photographs showing interfacial polymerisation of aniline in a toluene/water 

system. From left to right, the reaction times are 0, 10, 12, 15 and 20 min, respectively. The 

top layer is aniline dissolved in the organic solvent toluene while the bottom layer is an 

aqueous solution of 1.0 M hydrochloric acid containing the oxidant, ammonium persulfate.  

 

This type of polymerisation produces homogeneous nanofibres with 

diameters between 40-80 nm and lengths from 500 nm to several micrometers, as 
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shown in the SEM image – Figure 1.6. These are considerably shorter than the ones 

obtained in the monophasic system in the presence of an initiator. 

 

 
Figure 1.6. Scanning Electron Microscopy images of polyaniline nanofibres obtained 

through interfacial polymerisation. 

 

Switching in Polyaniline 

 

Polyaniline (Figure 1.7) consists of ‘n’ reduced (benzenoid diamine) and ‘m’ 

oxidised (quinoid diamine) repeating units, in which the oxidation state can be 

defined by the value of m [44].  

 

 
Figure 1.7. Structure of polyaniline. 

 

Polyaniline may exist in three different redox forms (Table 1): 

Leucoemeraldine (LE) in its fully reduced state; pernigraniline (PG) fully oxidised 

state, with imine links instead of amine links, and the emeraldine form of 

polyaniline, often referred to as emeraldine base (EB), is either neutral or doped, 

with imine nitrogens protonated by an acid. EB is regarded as the most useful form 

of PAni due to its high stability at room temperature and because its doped form 

(emeraldine salt; ES) is electrically conducting. LE and PG are poor conductors, 
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even when doped with an acid. The three forms of polyaniline (LE, EB, PG) may be 

inter-converted by chemical and/or electrochemical oxidation or reduction [44]. 

 

 

Table 1. Different oxidation states of PAni. 

 

Form of PAni 

 

Redox State 

 

Oxidised groups  

(m value) 

 

Reduced groups  

(n value) 

 

Colour 

Leucoemeraldine 

Emeraldine 

Pernigraniline 

Fully reduced 

Partially oxidised 

Fully oxidised 

0 

0.5 

1 

1 

0.5 

0 

White/Clear 

Blue/Green 

Violet 

 

 

The reversible protonation/deprotonation reaction of the emeraldine form of 

polyaniline is of particular interest for the development of pH sensors and it has been 

used for constructing a wide variety of potentiometric [67, 68] and optical [69, 70] 

pH probes as the two species, EB and ES, possess dramatically different 

conductivities and optical properties.  

 The protonation process of EB occurs on the imine nitrogen atoms as shown 

in Figure 1.8, and ES is formed through successive formation of bipositive species, 

bipolaron structure, and more stable polaron structure (Figure 1.8). This polaron 

structure is responsible for electrical conduction through hopping mechanism in its 

crystalline region and will give rise to different absorbance spectra [71]. 

Typically, emeraldine base exhibits an absorbance band at approximately 330 

nm, due to the benzenoid !- !* transition, and at approximately 635 nm, which is 

attributed to the quinoid exciton absorption [72]. This absorption is responsible for 

the blue colour of the emeraldine base (Figure 1.9). Upon doping, the quinoid 

transition disappears, and two new absorbances appear [73]. These new absorption 

bands are assigned to polaron and bipolaron transitions, at about 800 and 420 nm, 

respectively. The polaron transition occurs at a higher wavelength (thus lower 

energy) than the bipolaron transition. 
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Figure 1.8. Chemical structures of emeraldine before protonation (I - emeraldine base) and 

after (II)–(IV) 50% protonation (emeraldine salt): (II-III) formation of bipolaron, and (IV) 

separation of two polarons. (Reproduced from [71]) 

 

 
Figure 1.9. Typical absorption spectra of polyaniline dispersions in water solution in its two 

forms emeraldine salt and emeraldine base. 
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1.4.2 Photo-responsive Materials 

1.4.2.1 Overview 
 

Organic photochromic compounds are molecules of considerable interest as they are 

expected to offer routes to new functional materials that take advantage of polarity 

and geometrical changes induced by irradiation [74]. Photochromic molecules can be 

used to produce platforms with switchable behaviour where light irradiation can be 

used to induce reversible conformational transitions [75]. The colour changes 

induced by photoirradiation leads to their use in various photoresponsive devices 

such as light sensitive eyewear [76], optical memory [77, 78], molecular devices [79]  

and optical sensing applications, such as transport of metal ions [80], solvent [81]  

and metal ion detection [16, 82, 83]. 

Well-known families of photochromic include the spirobenzopyrans, 

spiropnaphthooxazine, naphtopyran, diarylethenes and furylfulgides [84]. They all 

undergo reversible photochromic behaviour: one isomer can be transformed into the 

other which then reverts back to the initial form in the dark (thermodynamically) or 

under a different light irradiation (photodynamically). 

There has been an increasing interest in organic photochromic compounds as 

they represent bi-stable molecular systems, that exist in two stable molecular forms 

which can be converted from one to another, with a wide range of potential 

applications in electronic, photonics and computing [85]. Molecular sized switches, 

incorporated into a nanoscaled logic circuit are able to detect events and transmit 

signals in response to environmental stimulation [86]. 

Among the different families of photochromic compounds, spirobenzopyrans 

are probably the most widely studied [85, 87, 88] due to their high photosensitivity, 

very clear colour change and rapid switching kinetics between the two isomers. The 

first of these isomers, the closed spiropyran, is typically clear as it doesn't have an 

absorption in the visible region while the second one, open merocyanine, is strongly 

coloured. From these isomers, only the merocyanine presents solvatochromism and 

has a guest-binding site for certain metal ions [16, 74, 75, 81, 82]. These properties 

make possible the use of the spiropyran moiety in producing sensors where the 

sensing behavior could be switched ON/OFF using light. Moreover, in the “OFF” 

state, the binding sites are passivated hence the active surface is deactivated whereas 
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in the ‘ON’ state, the surface binding sites are activated and available. The use of this 

family of compounds could form the basis of new approaches for photoswitchable 

sensing, uptake and release of molecular guests or photocontrolled separations. 

 

1.4.2.2 Spirobenzopyrans 
 

The photochromic properties of spirobenzopyrans were first discovered by Fischer 

and Hirshberg in 1952 [89] where they observed that the irradiation of several 

solutions of spirobenzopyrans with UV-light (not exceeding 450 nm) produced 

colour modifications that could be reversed by exposing the same solutions to yellow 

light (containing no radiation below 500 nm). 

 Spirobenzopyrans refer in general to (substituted) 2H-1-benzopyrans having a 

second ring system, usually (but not necessarily) heterocyclic, attached to the 2-

carbon atom of the pyran in a spiro manner with a common tetrahedral carbon atom 

[85]. The two halves of the molecule are in two orthogonal planes (Figure 1.10). The 

benzopyran part is the common structure to all spiropyrans, except for different 

substitutions on the aromatic ring, while the heterocyclic part is variable and often is 

built upon mono or bi-heteroatomic azaheterocycles saturated or benzofused [85, 

90]. 

 
Figure 1.10. Schematic representation of the structure of spirobenzopyrans, showing the two 

orthogonal planes formed by the two halves of the molecule: the heterocyclic (A) and the 

benzopyran (B). (Reproduced from [90]) 

 

For the specific purpose of this discussion, from here on, we will be focused 

on a particular class of spiropyrans: indolinespirobenzopyran (ISBP) (Figure 1.11).  
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Figure 1.11. Schematic representation of indolinespirobenzopyran moiety and the positions 

of the atoms. 

 

Photochromism 

 

Spiropyrans exist in a closed, unpolar, orthogonal and colourless “spiro” form (SP), 

which is converted by exposure to ultraviolet (UV) light to an open, planar, 

conjugated, highly coloured “merocyanine” form (MC). 

 Upon irradiation, the C-O spiro bond in the SP form is cleaved heterolytically 

and the "spiro" carbon which was sp3-hybridised achieves sp2 hybridisation and 

becomes planar (Figure 1.12) [85]. The aromatic group rotates, aligns its !-orbitals 

with the rest of the molecule, and it forms the conjugated system of the morocyanine 

form, with ability to absorb photons of visible radiation, therefore is strongly 

coloured. When the UV source is removed, the molecules relax to their ground state, 

the carbon-oxygen bound reforms, the spiro-carbon atom becomes sp3 hybridised 

again and the molecule returns to its colourless state.  

 
Figure 1.12. Indolinespiro nitro-benzopyran (ISNBP) conversion of the SP (left) to the MC 

form (right), by exposure to UV light and the reversible switching of the MC to the SP form, 

by exposure to visible light. 

 

The photocromism of SP depends to a considerable extent on the energy of 

the   Cspiro — O bond and its polarity, the charge distribution on the atoms of the 

N O
RR'

1 8a
8 7

6

54a
43

1'

3'
4'

5'

6'
7'

4a'

7a'
22'



 22 

pyran ring, and the degree of electronic interaction between the indoline and pyran 

sections of the molecule [91].  

These factors, which all affect the photochemical properties of SPs, primarily 

depend on the structure of the initial spiropyrans, and therefore, to fully understand 

the photochromic behavior of the spiropyrans, it is necessary to focus on specific 

orbital interactions and structural features in the indoline spiropyran molecule in its 

ground electronic state. Only then it can one gain an understanding of why 

spiropyrans exibits photochromism and which are the most important factors 

influencing this behavior. 

A systematic X ray study of indolinespirobenzopyrans was the subject of a 

comprehensive review published by S. M. Aldoshin in 1990 [91]. Although the 

details of this study are not to be considered here, the main findings have to be 

outlined, as they are important for establishing the relationship between the structure 

and photochemical properties of ISBP. 

 X ray studies have shown that in spiropyrans, the indoline and benzopyran 

residues of the molecules are approximately at right angles to each other but are not 

planar (Figure 1.13). The indoline residue has the conformation of a flattened 

envelope with an inflection (dihedral angle) along the line of N(1') — C(3') in the 

range of 23-30°. This type of structure for an indoline heterocycle is due to an 

essentially pyramidal configuration of the N (1’) nitrogen atom, which reduces the 

conjugation between the unshared electron pair (UEP) of the N(1’) atom and the ! 

system of the benzene ring. In fact, the UEP of the N atom have substantial sp3 

character, where the N(1’) atom is situated approximately perpendicular to the plane 

formed by the first carbon atom of the R' substituent, C(7a') and C(22') atoms. 

 

 
Figure 1.13. Schematic structure of SP molecules and the numbering. (Reproduced from 

[91]) 
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The unshared electron pairs of the O atom are not equivalent; they have a !- and !- 

character and have different configurations. Thus, the UEP !-electron density is 

situated in the plane of the C(22’)—O(1)—C(8a) atoms while the UEP !-electron 

density occurs perpendicular to this plane. With such a structure of the SP, the 

Cspiro—O bond of the pyran heterocycle occupies a trans-position relative to the UEP 

of the N(1') atom while the Cspiro —N(1') bond of the indoline heterocycle is in a 

trans-position relative to the !-UEP of the O atom. This type of structure can cause 

specific orbital interactions between the electronegative heteroatoms and the UEP of 

the N and O atoms bonded to a tetrahedral carbon atom. This interaction may be 

described in terms of an n—!* interaction between the UEP (n) of the heteroatom 

and the antibonding !* orbital of the adjacent polar bond located mainly on the 

carbon atom of the spiro centre (Figure 1.14). Since the electro negativity of the 

oxygen atom is greater than that of the nitrogen atom, and the UEP energy of the O 

atom is lower than the UEP energy of the N atom, the antibonding !* orbital of the 

Cspiro—O bond will be lower in energy than the antibonding orbital of the Cspiro—

N(1') bond, while the nonbonding orbital of the N(1') atom will be higher in energy 

than the nonbonding orbital of the O atom. Consequently interactions between the n-

electrons of the N(1') atom and the !* orbital of the Cspiro—O bond are decisive in 

the spiro centre. 

As a result of population of the antibonding orbital of the Cspiro—O bond, this 

type of interaction should lead to a strengthening of the Cspiro—N(1') bond and a 

weakening of the Cspiro—O bond, which appears respectively as a contraction and 

elongation of these bonds. In fact, the Cspiro—N(l') bond lengths shown by Aldoshin 

et al. [91][ref] are in the range of 1.432-1.453 Å and prove to be considerably shorter 

than the normal lengths of C(sp3) — N(sp3) bonds (1.47-1.48 Å) in five membered 

heterocycles, while the Cspiro—O bond lengths are in the range 1.452 -1.497 Å. 

Moreover, it proves to be considerably longer than normal C—O bonds (1.41-1.43 

Å) in six membered heterocycles [85, 91]. 

 This variation in the Cspiro—O bond length is critical in determining the 

overall photobehaviuor of the molecule, as it has been found that under continuous 

irradiation conditions, all spiropyrans with Cspiro—O bond length longer than 1.42 Å 

undergo photochromism, while spiropyrans with Cspiro—O bond shorter than 1.42 Å 

do not [85]. 
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Figure 1.14. Scheme representing the two spatial interactions which may occur between the 

lone pair electrons on the nitrogen and oxygen and the "* antibonding between the Cspiro and 

the two heteroatoms. As the electronegativity of the oxygen is greater than the one of the 

nitrogen, the energy of the unshared electron pair in the nN is greater than the one in the nO 

and the energy level of the "*C-O is lower than the "*C-N. For these reasons, the interaction 

between the nN electrons and the "*C-O (A) is favoured compared to the lone pair nO 

electrons interactions with the "*C-N (B), determining a weakening of the Cspiro-O bond and 

a strengthening of the Cspiro- N bond. (reproduced from [91]) 

 

In these conditions, cleavage of the Cspiro-O bond in the excited state may be, to a 

large extent, due to the further weakening and elongation of this bond during 

photoexcitation resulting from the same structural factors that caused the elongation 

and weakening of this bond in the ground state. Therefore, elongation of the Cspiro-O 

bond in the ground state may serve as one of the criteria for photochemical activity 

in all spiropyrans [85, 91]. 

Transient spectroscopy methods have identified the presence of more than 

one merocyanine isomer upon irradiation with UV light [85, 92, 93]. Only the 

isomers having a central transoïd segment represent a local energy minimum and are 

stable MC isomers as the cisoïd configurations are at a relatively higher energy level 

due to internal steric hindrance [85]. The ring-opening reaction starts with cleavage 

of the C-O bonds of the spiropyran, to give rise to sterically strained chiral - cisoïd 

intermediate, which rapidly convert to nearly planar merocyanine isomers, labeled 

according to the configurations of the molecular fragments relative to the N–C=C–C, 

C=C–C=C, and C–C=C–CO bonds (Figure 1.15). 
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Figure 1.15. Schematic representation of different possible intermediate isomers induced by 

photoexcitation of the ring closed ISBP form, reproduced from [85]. 

 

The structure of the most stable isomers have been reported as TTC and CTC 

conformers as these possess a larger dipole moment according to theoretical 

modeling calculations [85]. 

Resonance Raman spectroscopy, laser photolysis and quenching experiments 

have shown that the primary step of the photochromic reaction of spiropyrans is the 

dissociation of a C-O bond in an electronic excited state [85, 90].  

The mechanism suggested to describe the photochemical behavior of a series 

of indolinobenzopyrans with a nitro group in position 6 involves intersystem 

crossing to the short-lived triplet state of the ring-closed isomer 3Sp* (Figure 1.16). 

This serves as a precursor of the triplet so-called “perpendicular” merocyanine form 
3MC*

perp that may be correlated with the structure of sterically strained chiral 

intermediate from Figure 1.15. 3MC*
perp is in equilibrium with the triplet of the trans 
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isomer 3MC*
trans. The reaction ends with quenching the triplet with oxygen and 

establishing a thermal equilibrium between the most stable merocyanine isomers, 

presumably CTC and TTC (Figure 1.15). In contrast, spiropyrans without the nitro 

group follow a singlet pathway rather than this mechanism [85, 90]. 

 

 
Figure 1.16. Mechanism suggested to describe the photo-chemical behavior for a series of 

indolinobenzopyrans with a nitro group in position 6. (Reproduced from [85]) 

 

After removal of UV-light irradiation, the enhanced colouration slowly 

reverts back to the original ring closed colourless spiro form. The relaxation time at 

room temperature depends significantly on the structure of the spiropyran and on the 

solvent polarity. This thermal decolouration of the MC has been demonstrated to 

follow a first order decay rate [85]. The reversion to the closed uncoloured spiro 

form can be also photochemically induced by white light irradiation [85]. 

 

Solvatochromism 

 

The solvatochromic effect occurs where there is a strong dependence of the UV-Vis 

absorption bands of a compound on variations in the polarity of the solvent medium. 

It involves a change in the position and sometimes in the intensity of the absorption 

bands of the molecule when measured in different solvents. These changes are 

caused by intermolecular interactions between the solute and solvent that modify the 

energy gap between the ground and excited state of the absorbing species [85, 90]. 

Consequently, variations in the position, intensity, and shape of the absorption 

spectra can be direct measures of the specific interactions between the solute and 

solvent molecules. 

 Spiropyran compounds undergo solvatochromism, as the equilibrium between 

the ring closed spiro (SP) form and the ring open merocyanine (MC) form is 
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influenced by the external medium in which the molecule is dissolved. The 

solvatochromism of spiropyrans depends on three main factors: 1) solvent polarity 2) 

nature of the substituent groups, 3) concentration of the solution and it is governed 

by two mechanisms. The first mechanism is related to the shifting of the equilibrium 

between the SP and the MC form when the molecule is placed in solvent with 

different polarity. This effect is manifested by a shift in the absorption bands. The 

second is governed by the interactions that may occur between solvent and solute in 

solvents with different physical and chemical properties. In general for ISNBP as the 

polarity of the solvent increases, the maximum absorbance shifts to shorter 

wavelengths, higher frequency (hypsochromic or blue shift), while as the polarity 

decreases the maximum absorbance shifts to longer wavelengths, lower frequency 

(bathochromic or red shift) [90]. 

 The coloured MC form is highly conjugated and characterised by a strong polar 

character, due to its zwitterionic character, which strongly contributes to the 

electronic distribution of the ground state. As a consequence, it is stabilised by polar 

solvents that decrease the thermal relaxation rate constant and the reconversion 

MC#SP [85]. 

 The colour of the MC form depends on the difference in polarity between the 

photo-excited MC form and the conjugated zwitterionic ground state. In polar 

solvents, the ground state of the MC form is stabilised relatively to the excited state, 

leading to a blue shift in the visible absorption band. In non-polar solvents, the 

energy difference between the ground and the exited state is much lower, because of 

the high energy level of the ground state. As a result the stabilisation of the 

conjugated zwitterionic MC form in polar solvents leads to a larger energy of 

activation and a slower conversion to the ring closed spiro form when compared to 

non-polar solvents (Figure 1.17). 

 The solvatochromic behaviour of spiropyrans will be further discussed in 

Chapter 7, where micro-capillary coatings based on spiropyran polymers will be 

examined for the optical detection of solvents of different polarities as they are 

passing inside micro-capillaries in continuous flow. 
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Figure 1.17. Schematic representation of the energy difference between the ground and the 

excited state of the MC form in polar and non-polar solvents. The colour of the MC form 

depends on the difference in polarity between the photo-excited MC form and the conjugated 

zwitterionic ground state. In polar solvents the ground state of the MC is stabilised relatively 

to the excited state, leading to a blue shift in the visible absorption band. In non-polar 

solvents, the energy difference between the ground state and the excited state is much lower, 

because of the high energy level of the ground state. (Reproduced from [90]).   

 

Incorporation into Polymeric Materials 

 

Since their discovery, photochromic spiropyrans (SP) have been incorporated into 

various materials i.e. surface bound monolayers [16, 81, 94, 95], Langmuir 

monolayers [96], Langmuir Blodgett films [96], polymeric brushes [97-100], 

photocontrollable surfactants [101], liquid crystalline materials [102],  polymeric 

matrices [87, 98, 99, 103-119], organic/inorganic hybrid systems [120], colloidal 

particles [100, 121] and spiropyran initiators for radical polymerisations [122] and 

many others. Materials with photochromic spiropyrans have the advantage of 

reversibly photo-induce changes in their properties such as conductivity [106, 111, 

123], wetting behaviour [87, 94, 97], optical proprieties [97, 105, 109, 114, 115, 118, 

122], metal ion complexation [16, 82, 97, 110], cell adhesion [107], surface 

morphology [97], association/solubility [112, 113], mechanical effects [104, 119], 

colloidal system stability [100, 121], and membrane permeability [98, 99]. These 

properties have made spiropyran containing materials used for a variety of 

applications as such biological technologies [107], nonlinear optics [124], reversible 

optical memory[78, 106], optoelectronics [125] and chemical sensing [16, 81-83]. 
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A comprehensive review discussing the incorporation of spiropyran derivatives into 

a variety of polymeric materials is given in Chapter 2 of this thesis. Specific 

examples are discussed in terms of the SP-incorporation techniques, influence of the 

SP’s photochromic behaviour on the polymeric material and the applicability of the 

new-formed SP-containing polymers. Chapter 2 illustrates the great versatility and 

potential of polymeric materials incorporating spiropyran derivatives.  

 

1.4.3 Integration in Micro-fluidic Devices  
 

This section introduces the recent trends for the incorporation of stimuli-responsive 

polymers in micro-fluidic platforms, specifically micro-channels and micro-

capillaries. It is structured in three main parts, based on the functionality of the 

stimuli-responsive polymers within micro-fluidic devices: pumps, valves and 

coatings.  

The first two categories – specifically, pumps and valves, rely on the actuation 

propriety of some stimuli-responsive materials, able to convert external signals into a 

mechanical response. The most used actuators in micro-fluidics are hydrogels since 

they have the ability to undergo volumetric changes in response to an external 

stimulus, which is most often activated by a change in temperature, pH or a photo- or 

magneto-stimulus. The third category, coatings, relies on the intrinsic sensing 

proprieties of some stimuli-responsive polymers, able to detect analytes that are 

passing through the micro-fluidic platform. The inaccessibility of the coating makes, 

optical interrogation, one of the best approaches of collecting data that can be then 

related with the presence of a particular analyte. In these conditions, the “Coatings” 

section will cover stimuli-responsive materials, attached on the inner walls of a 

micro-channel or micro-capillary capable of changing their optical proprieties in 

response to the chemical/biological species that are transported through the micro-

fluidic platform in continuous flow. Specific examples from recent literature, for 

each case will be outlined. 

This section excludes adaptive materials that respond to optical stimulus as 

these are going to be extensively discussed in Chapter 3 of this Thesis – “Opto-Smart 

Systems in Microfluidics”.  
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1.4.3.1 Valves 
 

Valves are one of the most important components within micro-fluidic systems, since 

they can regulate, direct or control the flow of a fluid and facilitate essential actions, 

such as sample/standard selection and addition of reagents. Incorporation of adaptive 

polymers allows control of the valve based on the intrinsic responsiveness of the 

adaptive polymer to thermal, chemical, electrical, optical or magnetic stimuli. Some 

examples of these valves will be further discussed here. Several reviews have 

outlined the fabrication and uses of polymer valves in micro-fluidics [126-128]. 

Satarkar and co-workers developed a nanocomposite hydrogel valve, in which 

magnetic nanoparticles were dispersed in temperature-responsive N-

isopropylacrylamide (NIPAAm) polymer matrix [129] (Figure 1.18). The swelling 

and collapse of the resultant nanocomposite hydrogel valve was remotely controlled 

by application of an alternating magnetic field (AMF). When an AMF of 293 kHz is 

applied to the nanocomposite valve, this caused selective heating of the hydrogel 

nanocomposite above the lower critical solution temperature (LCST) of NIPAAm. 

As a consequence, the nanocomposite collapsed, leading to opening of the valve. 

Contrary, when the AMF was turned OFF, the cooling of the hydrogel 

nanocomposite resulted in recovery leading to closing of the valve. Application of 

multiple ON–OFF AMF cycles to the valve along with analysis of pressure at the 

inlet demonstrated that the valve could work for multiple cycles with good 

reproducibility. 
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Figure 1.18. Scheme presenting the hydrogel nanocomposite valves performance with an 

alternating magnetic field (AMF). Application of the AMF results in collapse of the 

hydrogel, leading to opening of the valve. (Reproduced from [129])  

 
 

In another example, Geiger et al. [130] presented a highly functional micro-

fluidic device exhibiting an integrated thermally sensitive NIPAAm hydrogel valve. 

The valve was normally closed at room temperature. Upon heating above the LCST 

of 32°C, the polymer valve became hydrophobic, shrank while forming large pores, 

thus permitting the solution to flow. The valve has been actuated reliably over 100 

times with no apparent degradation.  

Chunder et al. [131] developed a superhydrophobic/hydrophilic switchable 

surface through the combination of layer-by-layer self-assembly and 

microfabrication techniques. This smart surface acted as a thermosensitive valve 

capable of controlling fluid flow by changing temperature. At 70 oC, the switchable 

surface is superhydrophobic and stops the water flow (closing status) while at room 

temperature, the surface becomes hydrophilic, and allows the flow (opening status). 
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Beebe et al. [132] designed and realised micro-valves by either patterning a pH-

sensitive hydrogel along the walls of a channel or creating an array of the same 

hydrogel inside a micro-fluidic device. The swelling of these hydrogel structures 

blocked the channel when a high pH solution flowed into the channel, whereas when 

the pH value was appropriately decreased, the contracted state of hydrogel allowed 

the fluid to pass (Figure 1.19 A). Based on the valve mechanism described above, a 

pH-dependent flow sorter was also demonstrated (Figure 1.19 B) [132].  This device 

consisted of a “T” channel in which the entrance to each branch was gated with a 

hydrogel microstructure of different chemical compositions. The hydrogel for one 

branch expanded at high pH and contracted at low pH, while the hydrogel that gated 

the other branch exhibited an inverse behavior. Consequently, this device was 

capable of directing the flow from the centre channel through one branch or the other 

depending on the pH of the solution. 

 

 
Figure 1.19. A) Prefabricated posts in a micro-channel serve as supports for hydrogel films, 

improving stability during volume changes. a) A diagram of the hydrogel films around the 

posts. b) The actual device after polymerisation of the hydrogel. c) The hydrogel films block 

the side channel branch in their expanded state. d) The contracted hydrogels allow fluid to 

flow down the side branch. B) The volume response of two different hydrogels with respect 

to the pH of the surrounding fluid. Top, the fractional change in diameter (fD) of the 

hydrogels with respect to pH. Bottom, images showing a device that directs a fluid stream on 

the basis of its pH. The hydrogel gating the right branch (circles) expands in base and 

contracts in acid. The hydrogel gating the left branch (squares) behaves in the opposite 

manner (expands in acid and contracts in base). The fluid enters from the centre channel at a 

rate of 0.05 mL min-1. At a pH of 7.8, the flow is directed down the left branch. At a pH of 

4.7, the flow is directed down the right branch. Both hydrogels expand to shut off the flow 

when the pH is changed to 6.7. Scale bars, 300 µm. (Reproduced from [132]) 

 



 33 

Kim et al. [133] developed a hydrodynamic fabrication method for pH-responsive 

microspheres based on acrylic acid, housed in a PDMS-based micro-fluidic valve, as 

reported in Figure 1.20. The analysis of volume-changes by alternating application of 

acidic and basic solutions showed a large and fast volume transition, which was 

stable and reproducible even under repeated motions. 

 

 
Figure 1.20. (a) Conceptual schematic (three-dimensional) of the shrinking motion of the 

microsphere inside the entrap posts (valve is in the “On” state). (b) Conceptual schematic 

(three dimensional) of the swelling motion inside the entrap posts (valve is in the “Off” 

state). (c) SEM image of the microsphere positioned inside the entrap posts. (Reproduced 

from [133]) 

 
Another pH responsive valve has been reported by Yu et. al. [134]. The valve 

consisted of a pair of pH sensitive 2-hydroxyethyl methacrylate and acrylic acid 4:1 

molar ratio (poly(HEMA-co-AA)) hydrogel strips overlapped by a pair of pH-

insensitive strips (Figure 1.21). When exposed to pH 8 phosphate buffer, the pH-

sensitive strips swelled while the pH-insensitive strips remained unchanged, causing 

the hydrogel bistrips to extend and curve, thereby forming a check valve. Because of 

the geometry and orientation of the valve, forward flow pushes the bistrips apart 

(Figure 1.21 c) while backward flow forces them together (Figure 1.21 d). Thus, the 

bistrip operates like venous valves to control fluid flow. When acidic solution (pH = 

3) enters the channel, the pH sensitive strips shrink, allowing both forward and 

backward flow. In comparison to traditional micro-fluidic valves where actuation 

occurs very rapidly, here the activation and deactivation times are quite slow, at 6 

and 3 minutes respectively. Therefore, this slow operating valve can be successfully 

applied in drug delivery and bioassay devices, where timescales for events can be of 

the order of hours. 
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and 3 minutes respectively. However, this slow operating valve can be successfully 

applied in drug delivery and bioassay devices, where timescales for events can be of 

the order of hours. 

 

 
Figure 1.21. Fabrication and operation of a biomimetic valve based on a bistrip hydrogel. (a) 

Bistrip hydrogel is patterned by simultaneous photopolymerisation. (b) The anchor of the 

valve is formed using a non-responsive hydrogel. (c) When exposed to a basic solution, the 

bistrip hydrogels expand and curve to form a normally closed valve. (d) The bistrip valve is 

pushed open to allow flow in one direction (from left to right). (e) The flow is restricted in 

the opposite direction. (f) When exposed to acidic solutions, the valve is deactivated, 

returning to the permanently open state. Scale bars represent 500 µm. (Reproduced from 

[134]) 

 

1.4.3.2 Pumps 
 

Several micro-pumps based on adaptive polymeric materials have been reported to 

date [135, 136]. Pumps in micro-fluidic devices allow the control of flows inside 

micro-channels in response to external stimuli. The main advantages of micro-pumps 

are low energy consumption, minimal sample carryover, and low-cost manufacture.  

A diffusion micro-pump and a displacement pump, both based on the 

temperature-sensitive hydrogel poly(N-isopropylacrylamide) (PNIPAAm) have been 

reported by Ritcher et al.! "#$%&' In the diffusion pump, if the swollen PNIPAAm 

actuator is heated, the micro-pump shrinks causing the solution to be released into 

the outlet and generate pumping pressure; when the hydrogel actuator is cooled 

down, the micro-pump swells by absorbing the liquid, leading to the deformation of 

an elastic membrane, which acts as pressure accumulator (Figure 1.22 a). The flow 

rate obtained for this device was 2.8 ± 0.35µL min-1.  
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In the displacement micro-pump reported by Ritcher et al. [137] , unlike in diffusion 

type, the polymeric actuator generates pumping pressure when swelling, and the 

pressure is reduced when the pumping fluid fills the chamber, i.e. when the hydrogel 

is in the shrunk phase (Figure 1.22 b). This type of pump presents higher 

performance (flow rate of 4.5 µL min-1 and a back pressure of 1.28 kPa). Generally, 

these polymeric micro-pumps have a simple electrothermic control by means of 

resistive heating elements, which locally heat the thermo-responsive hydrogel. 

Inexpensive design, simple control and soft lithographic fabrication make these 

hydrogel pumps a significant advance towards the realisation of disposable micro-

fluidic components.  

 

 
Figure 1.22. Schematic set-up and operating principle of diffusion micro-pump (a) and 

displacement micro-pump (b). (Reproduced from [137]) 

 

Magnetic stimulus responsive materials can be also used to generate flow. In 

this context, an innovative way of pumping fluid was demonstrated by Fahrni et al. 

[138] where ferromagnetic nanoparticles were incorporated into a PDMS copolymer 

and photo-polymerised in the channels to produce ‘artificial cilia’. The cilia moved 

in a rotating magnetic field, pumping liquid down the channel during the process. 

Flow visualisation experiments in a micro-channel indicated induced fluid velocities 

up to 0.5 mm s-1.  

Another example of micro-pump that used magnetic actuation was reported by 

Hatch et al. [139]. The operation of this pump used magnetically-actuated plugs of a 

ferrofluid (nanosize ferromagnetic particles suspended in an oil-based solvent). The 

ferrofluid was circulated in a circular channel with a permanent magnet. The motion 

of the ferrofluid plug caused portions of liquid to be pumped through the system. 
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Using a different approach, Kwon and co-workers [140] reported a valve-less micro-

pump system based on the electroactive hydrogel 4-hydroxybutyl acrylate (4-HBA). 

The proposed micro-pump system (Figure 1.23), powered by a single 1.5 V 

commercial battery, expended very little energy (less than 750 mW per stroke) while 

pumping 0.9 wt % saline solution under a low voltage (less than 1 V), and remained 

fully functional after 6 months. 

 

 
Figure 1.23. (a) Schematic illustration of the pumping system. The scale bar indicates 1 mm. 

(b) Electrical signal: the forward signal indicates hydrogel bending toward the cathode, and 

the backward signal indicates the hydrogel bending toward the anode. (c) Sequential 

photographs showing the gradual development of pumping at 1 V. The scale bar indicates 

500 mm.(Reproduced from [140]). 

 

1.4.3.3 Coatings 
 

Several coatings based on adaptive polymers have been reported in literature and 

their sensing capabilities have been evaluated. 

Castelletti et al. [141] reported an integrated capillary electrophoresis sensor 

for L-ascorbic acid detection. The detection part of the micro-capillary column was 

modified with a thin film of polyaniline (Figure 1.24 A) and ascorbic acid was 

detected by monitoring the changes in the optical absorbance of the polyaniline film 

upon the reduction reaction. It was found that the sensor response (change in optical 
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absorbance at 650 nm) is directly proportional to the concentration of ascorbic acid 

(Figure 1.24 B), allowing detection of ascorbic acid over the range of 5–75 mg L-1
. 

 

 

Figure 1.24. A - Scheme of polyaniline coated micro-capillary. B - Sensor response to 

ascorbic acid. The optical absorbance of polyaniline at the detection window was measured 

at 650 nm. Analysis was performed in 50 mM aspartic acid buffer. (Reproduced from [141]) 

 
In a different approach, Hisamoto et al. [142] coated square micro-capillaries 

with a PVC copolymer containing a calcium ionophore and a lipophilic dye. In this 

case the coating is not homogeneous all over the walls of the capillary but the 

cocktail material is deposited as ion-selective optode membranes at the four corners 

of the inner capillary (Figure 1.25 A). The membranes responded to Ca2+ in the 

concentration range 10-5 M – 1M (Figure 1.25 B). Using the same approach, the 

authors showed the immobilisation of a polymeric membrane containing Fluorescein 

isothiocyanate (FITC) that could be used for pH sensing. 
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Figure 1.25. A- Top and cross sectional fluorescence images of PVC membrane-attached 

square capillary; B - Fluorescence response of the membrane-coating towards calcium ion. 

(Reproduced from [142]) 

 
 

Although the potential of these coatings can be easily appreciated, very few 

examples are presented to date in the literature. We believe that stimuli-responsive 

polymeric coatings grafted on the inner walls of a micro-channel or micro-capillary, 

that change their optical proprieties in response to the analyte passing inside, offer 

the possibility of building micro-fluidic integrated optical sensors. Having an 

inherently responsive micro-channel or micro-capillary means that specific analytes 

moving through the system can be detected dynamically along the entire channel 

length in real time, without the need to add reagents to the sample. On this basis, 

Chapters 4 to 7 of this thesis focus on the development of adaptive polymeric 

coatings in micro-fluidic devices. Applications of these coatings for pH, ammonia 

and solvent detection in continuous flow are presented. 
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Abstract: Spiropyrans are one of the most popular classes of photochromic 

compounds that change their optical and structural properties in response to external 

inputs such as light, protons and metal ions, making them ideal molecules for the 

fabrication of multifunctional stimuli-responsive materials. Nowadays, the emphasis 

in polymeric materials incorporating spiropyran units, focuses on the effectiveness of 

their reversible response to external photonic stimuli. Photo-control of a range of key 

characteristics for flow systems, such as wettability, permeability, photo-modulation 

of flow by photo-actuation of valves, photonic control of uptake and release of guests 

using films and coatings, and colorimetric sensing of various species, are highlighted 

and discussed.  
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2.1 Introduction  
 

The photochromic properties of spirobenzopyrans were first discovered by Fischer 

and Hirshberg [1] in 1952 where they observed that the irradiation of several 

solutions of spirobenzopyrans with UV-light (not exceeding 450 nm) produced 

colour modifications that could be reversed by exposing the same solutions to yellow 

light (containing no radiation below 500 nm). The photochromism of spiropyran is 

due to the photo-cleavage of the C-O spiro bond upon irradiation with UV light [2, 

3]. This cleavage allows a conformational rearrangement between a closed, colorless 

spiropyran form and an opened, colourful merocyanine (MC) form [3, 4] with an 

important absorption band in the visible spectral region (Figure 2.1). In contrast, the 

exposure of the MC to visible light produces the reversion to its closed spiropyran 

form (SP); therefore, it is possible to modulate its conformation using light 

irradiation. These two forms are characterised by an important change of charge and 

dipole moment. The opened MC form is characterised by a conjugation between the 

two extremities of the molecule and is stabilised in the presence of polar solvents [3, 

4]. Another interesting property of the SP is its sensitivity towards pH [5, 6]. By 

adding acid, the opened MC gets protonated forming the protonated merocyanine 

(MCH+) form (Figure 2.1). A metal ions-binding centre can also be generated by a 

spatial rearrangement of the opened MC form thus spiropyrans present a high interest 

for photo-reversible metal ion-complexation (Figure 2.1) [7-10]. Since the 

spiropyran derivatives are sensitive towards many external agents, they became in 

the recent years compounds of choice for the development of a new generation of 

stimuli-responsive materials and sensors. 
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Figure 2.1. Reversible structural transformations of spiropyran derivatives in response to 

external inputs such as light, protons, and metal ions. 

 

 Since their discovery, photochromic spiropyrans have been incorporated into 

various materials i.e. surface bound monolayers [7, 11-13], Langmuir monolayers 

[14], Langmuir Blodgett films [14], polymeric brushes [9, 15-17], photocontrollable 

surfactants [18], liquid crystalline materials [19], polymeric matrices [8, 15, 16, 20-

36], organic/inorganic hybrid systems [37], colloidal particles [17, 38], ionic liquids 

[39-43] and initiators for radical polymerisations [44].  

Materials with photochromic spiropyrans have the advantage of reversibly 

photo-induce changes in their properties such as conductivity [24, 28, 45], wetting 

behaviour [9, 11, 22], optical properties [9, 23, 27, 31, 32, 35, 44, 46], metal ion 

complexation [7-10], cell adhesion [25], surface morphology [9], 

association/solubility [29, 30], mechanical effects [21, 36], colloidal system stability 
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[17, 38] and membrane permeability [15, 16]. Therefore the possibility to photo-

induce such a variation in their physical and chemical properties, has made 

spiropyran-based materials widely utilised in biological applications [25], nonlinear 

optics [47], reversible optical memory [24, 48], optoelectronics [49] and chemical 

sensing [7, 10, 13, 46, 50]. The use of photo-stimulus is appealing because it can be 

applied precisely and in a non-invasive manner to different sections of a material or 

device, that otherwise, maybe unreachable. Stimuli-responsive polymers present all 

the advantages of polymeric materials, such as versatility, high response to weak 

stimuli, low cost, and compatibility with biological media. When photochromic 

spiropyran molecules are included in polymer matrices, new desired properties could 

be obtained. Stimuli-responsive polymers can introduce “on-demand” changes in 

volume [51-54], optical properties [23, 27, 31, 32, 34, 35, 44], permeability [15, 16] 

and surface chemistry [7, 55], which in turn activate different functions such as the 

capability of molecular recognition [7, 56] (including capture, release and detection 

of analytes), autonomous flow rate [52, 57], wettability switching [22] among others.  

Although spiropyran systems have shown to have multiple advantages for a 

wide variety of applications, they still suffer from issues like photofatigue, 

insufficient selectivity and lack of sensitivity, which in turn hinders their 

applicability at a larger level, for real-life applications. Several reports show that by 

immobilising the spiropyran moiety in a polymer matrix, photofatigue (often 

encounter due to the formation of aggregates between individual merocyanine 

moieties) can be dramatically improved. By entrapping (covalently or non-

covalently) the spiropyran unit, its degree of motion is reduced and therefore the 

possibility of interaction between MC molecules (formed upon irradiation with UV 

light) is reduced, having beneficial effects on decreasing the photo-fatigue [58]. 

Recent studies have shown that spiropyran fatigue resistance could be also improved 

by using light emitting diodes (LEDs) as light sources, most probably because they 

emit light in a narrow range of wavelengths that can be tuned to match the particular 

absorbance bands of the SP/MC forms of spiropyran [58]. For the use of spiropyran 

systems in sensing platforms, researchers are well aware that the phenolate group in 

the MC moiety is mild binding center for metal ions, and it does not express 

exceptional sensitivity and selectivity. However, several research groups have 

developed ligands based on the engineering of particular binding groups, typically in 
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the 1’ or 8 positions [59, 60] of the spiropyran moiety (Figure 2.1) finding new 

opportunities in sensing that in the past seemed only idealistic. 

This chapter focuses on the incorporation of spiropyrans derivatives into 

polymer matrices. Specific examples are discussed in terms of the SP-incorporation 

techniques, influence of the SP’s photochromic behaviour on the polymeric material 

and the applicability of these new-formed SP-containing polymers. Although there is 

a great amount of literature that covers the area of stimuli-responsive polymers based 

on SP, here, we illustrate the great versatility and potential of SP-based polymeric 

systems. The purpose of this chapter is to present to the reader the vast possibilities 

of utilising spiropyran derivatives in polymeric materials emphasising the chemical 

design of the polymeric system and their applicability in many different areas of 

technology.  

 

2.2 Spiropyran-based Polymers  
 

Most protocols for the incorporation of spiropyran units into polymer matrices 

generally involve polymerisation of derivatised spiropyran monomers or 

copolymerisation of these species with compatible monomeric units, where the 

spiropyran moiety can be introduced as side chain or as a part of the main polymer 

chain [9, 10, 15, 16, 20, 33, 36, 50, 61-63]. Other methods include noncovalent 

doping/entrapment of spiropyran derivatives within various polymer matrices [24, 

32, 34, 35] or functionalisation of pre-formed polymers with spiropyran pendant 

groups [45]. A number of examples of spiropyran based polymer most often present 

in recent literature are described in Table 2.1 and comprise a series of homo- and co- 

polymers obtained through various polymerisation techniques: radical 

polymerisation, atom-transfer radical polymerisation (ATRP), ring opening 

metathesis polymerisation (ROMP) and photo-polymerisation, among others. Other 

types of polymers in which the spiropyran is included as a pendant group post 

polymerisation or simply used as a dopant are also presented. Table 2.1 gives an 

overview of polymers containing spiropyran where the emphasis is on their structure. 

Spiropyran polymeric systems can be used for a variety of applications, showing that 

by combining the key advantages of the spiropyran moiety with the smart 
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engineering of spiropyran based polymers, new materials with designed macroscopic 

properties can be obtained. Various types of spiropyran polymers have been designed 

in order to acquire photo-control over specific characteristics of the material like 

permeability towards different analytes, wettability, sensing behaviour, actuation and 

electrical properties or to visualise mechanical stress. The following sections will 

discuss specific spiropyran polymeric systems based on their photo-modulated 

properties.  

 

Table 2.1. Polymers containing spiropyran. 

No. Homo- & Co- polymers of SP  Application 

 SP monomer Co-monomer 

1 

         

 

- 

Photo-controlled 

Wettability [63], 

Photo-modulation of 

Electrostatic 

Interactions [33] 

2  

         

Metal Ions Sensing 

[61], Photo-controlled 

Wettability [61], 

Photo-controlled 

Permeability [15] 

3  

       

Cyanide Anion Sensing 

[64],  Photo-actuator 

[65-67], Photo-

controlled Permeability 

[16], Photo-controlled 

Wettability [68] 

4  

         

Metal Ions Sensing 

[69] 
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N
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5  

 

Selective Cu2+ Sensing 

[70] 

6 

   

Photo-actuator [71] 

7 

           

 

- 

Photo-controlled 

Wettability [9], Solvent 

Sensing [72] 

8          

 

        

           

Cyanide Anion Sensing 

[73] 

9 

 

Mechanophore [74-76] 

10 

 

Mechanophore [77] 

11 

 

Mechanophore [36] 

 SP-functionalised polymers  

12  

 

 

Photo-modulated 

conductivity [45] 

 SP-doped polymers  

13  

 

Photo-modulated 

conductivity [24] 
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14  

  

 

Photo-controlled 

Wettability [22, 78] 

15  

 

 

Photo-modulated 

conductance [79] 

* Unless specified SP monomeric units consist of a SP unit having the polymerisable 

group attached in position 1’,6 or 8 (Figure 2.1); - denotes an alkyl chain 

having from one to eight carbon atoms. 

 

2.3 Photo-modulated Wettability  
 

The wettability of surfaces depends on both, the surface chemistry and the surface 

morphology, in particular, on the micro-structures of the surface. Having the 

possibility to photo-control surface wettability has great implications in various 

fields as such micro-fluidics [80], self-cleaning surfaces [81, 82] and drug-delivery 

systems [81]. In this context, a lot of effort has been put on functionalising surfaces 

with spiropyran polymeric materials. The photo-control wettability of SP-modified 

surfaces is based on the change in the dipole moment of the photo-generated 

merocyanine in comparison with the closed spiropyran form (Figure 2.1). If confined 

to an interface, this change in dipole moment affects the surface free energy, which 

gives rise to a switch in wettability [9, 22, 61, 63, 78] (Table 2.1 – No 1, 2, 7, 15).  

In 2008 Samanta et al. [9] synthesised a series of spiropyran functionalised 

norbornyl derivatives that were used to graft homopolymeric brushes using ROMP 

(Table 2.1 – No. 7) from silicon wafers and glass slides. The surface wettability was 

modulated using light as the external stimulus. The spiropyran-merocyanine 

photoinduced isomerisation gave a reversible contact angle change of 5-15 °. The 

degree of wettability was amplified by irradiation in the presence of Co2+ ions 

O O

x

O

ySP +

S

C6H13

n
SP +
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obtaining a reversible contact angle variation of 35 °. At that time it was the largest 

change in photoinduced surface wettability observed for a flat substrate. A few 

months later, the same group reported another technique to graft photochromic 

brushes from glass surfaces [61] (Table 2.1 – No. 2) showing that in this conditions 

reversible contact angle variations as large as 70 ° when the films were irradiated in 

the presence of Fe2+ ions. Although impressive, these contact angle measurements 

were obtained under very specific conditions, involving a series of tedious processes 

such as:  

• irradiation of the surface with UV light in the presence of 10 mM solution of 

metal salt in ethanol for 2 min; 

• taking the contact angle measurement;  

• irradiation (10 min) with visible light while immersed in toluene; 

•  drying and taking the second contact angle measurement.  

Joseph et al. [68] reported a photo-responsive surface consisting on thin 

layers of crosslinked poly(N-isopropyl acrylamide) functionalised with photochromic 

spirobenzopyran (Table 2.1 – No.3) grafted from cyclic olefin copolymer (COC) 

substrate. The authors show that the wettability of the surface can be substantially 

decrease by white light irradiation and subsequently restore by storing the surface in 

an acidic solution (5 mM HCl) for 10 minutes. The contact angle change of the flat 

COC surface functionalised with the SP-poly(N-isopropyl acrylamide) cross-linked 

was 24 ° and can be augmented by the introduction of surface micro-structures (79 °) 

and even further enhanced by the incorporation of nanorods. The later showing a 

static contact angle change from 5 ° to 123 ° after irradiation with white light. This 

change in wettability upon irradiation with white light can be attributed to the 

synergistic effect between photoisomerization of the spirobenzopyran chromophore 

and the dehydration of the poly(N-isopropyl acrylamide) main chain can be 

explained as follow: light irradiation of the SP-poly(N-isopropyl acrylamide) cross-

linked first induces photo- isomerization of spirobenzopyran chromophore to the 

hydrophobic SP closed-ring isomer causing the dehydration of the pNIPAAm 

polymer main chain. In the dark, in the presence of the acidic aqueous solution, the 

SP get protonated to MCH+ (Figure 2.1), positively charged, and more hydrophilic. 

This phenomenon induces the re-hydration of the SP-poly(N-isopropyl acrylamide) 
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copolymer. Even though the wettability of this type of surface can be repeatedly 

cycled with excellent reversibility for at least 5 cycles, still requires acidic treatment 

in between cycles in order to restore the surface hydrophilicity. 

More recently, Wang et al. [63] grafted SP polymeric brushes on silicon 

substrates by atom transfer radical polymerisation (Table 2.1 – No.1). They reported 

a remarkable contact angle change of approximately 96 °, when the surface was 

exposed to cycles of UV (5 min) and visible light (20 min), with no intermediate 

surface treatment between measurements. The key point of this elevated wettability 

change comes from the combination of the SP properties with a microstructured, 

laser-etched, silicon substrate (Figure 2.2). 

 

 

Figure 2.2. SEM image of the photo-responsive poly (SP) thin films on roughly etched 

silicon substrates. Reproduced with permission from ref [63]. 

At present this is the highest and fastest contact angle variation reported for 

surfaces containing SPs and shows that the combination of a high amount of SP units 

(e.g. through the use of polymeric brushes) with surface morphology optimisation is 

essential to obtain effective photo-induced reversible hydrophobic-hydrophilic 

surfaces. 

 

2.4 Photo-modulated Permeability  
 

The use of membranes for drug-delivery via photo-modulated permeability is of 

great interest, and has been extensively investigated for a considerable time. For 

wafer, only C1s (284.8eV), Si2p (! 99.3 eV for ele-
mental silicon, and ! 103.0 eV for oxidized silicon),
Si2s (! 155.0 eV), and O1s (! 532 eV) were detected.
For wafers with initiator, the new peaks of N1s
(! 399.9 eV) and Br3d (! 69 eV) were detected,
whereas there was no these peaks for freshly etched
Si wafer without any modification. For wafers with
poly (SP), the ratio between intensities of C1s and
Si2p increased compared to wafers with initiator,
which means successful polymerization of SP from
the surfaces. Decomposition of the experimental C1s
profile was performed for different types of carbon
atoms in SP molecules. There were three fitting
components centered at 284.8, 286.0, and 288.3 eV

(Fig. 3). The main peak at ! 284.8 eV corresponds to
aliphatic and aromatic hydrocarbon backbone and
also contaminant containing C. The C1s peak at
! 286.0 eV belongs to the C atom bond to N and O,
and the peak at ! 288.3 can be assigned to the spiro
C in the closed form of SP.
A quartz slice was coated synchronously with the

silicon substrate to show the conversion between the
two states of the SP directly (Fig. 4). It was found
that as soon as the UV light irradiated on the sur-
face, the quartz’s surface took on a purple color.
That means that the SPs undergo a transition from a
closed form to an open-ring form (merocyanine)
through a heterocyclic ring cleavage caused by the
UV irradiation. With the irradiation time continuing,
the color increased obviously. It should be noted
that the film is optically transparent. After being
irradiated by visible light or kept in the darkness for
several minutes, the reverse process occurred, and
the slice turned back to yellowish.
The water CAs were measured to characterize the

wettability of the prepared surfaces on rough silicon
substrates. The shape of the water droplets is shown
in Figure 5. It can be seen that the water CA of the
fabricated surface is ! 138.8" under visible irradia-
tion, while the CA of the prepared smooth silicon
surface with poly (SP) was ! 87" (see Supporting
Information Fig. S2). It means that the hierarchical
micro/nanostructures of the substrate enhance the
hydrophobic character. When the prepared rough
surface was exposed to 365 nm UV light for 5 min,
the water CA decreased to ! 42.7". Although when
the surfaces were irradiated by visible light for
20 min or stored in the dark for hours, the CA came
back to the original. This interesting phenomenon is
due to the responsive group of SP. Under visible
light, the SPs are in a colorless, ‘‘closed,’’ and non-
polar form and exhibit water repellency. The

Figure 2 (a) SEM image of the as-prepared surfaces. (b) Magnified part of (a).

Figure 3 Decomposition of the C1s profile of XPS analy-
sis for poly SP film. The main peak at ! 284.8 eV corre-
sponds to aliphatic and aromatic hydrocarbon backbone
and also contaminant containing C. The C1s peak at
! 286.0 eV belongs to the C atom bond to N and O, and
the peak at ! 288.3 can be assigned to the spiro C in the
closed form of SP.

PHOTO-SWITCHED WETTABILITY AND COLOR OF SURFACES 873

Journal of Applied Polymer Science DOI 10.1002/app
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instance, Chung et al. [16] reported a polytetrafluoroethylene (PTFE) membrane 

grafted by conventional free radical polymerisation with a methacrylate-

functionalised SP and acrylamide  (Table 2.1- No. 3). Irradiation with UV light 

resulted in an increase in permeability of 125 % for a 10-volume % solution of water 

in methanol, suggesting that the pore sizes of the membrane are larger upon 

conversion to the MC form. The permeability of the membrane was reversed six 

times upon alternating exposure to UV and visible light with repeatable 

performances. In a similar manner, a photoresponsive membrane for organic solvents 

was produced by Park et al. [15], in which methacrylate-functionalised SP and 

methyl methacrylate (MMA) copolymer (SP-MA-co-MMA, Table 2.1 – No. 2) was 

grafted from a porous glass filter. Upon UV irradiation, the membrane was 

permeable to toluene, due to the collapse of the polymer chains (Figure 2.3 - up). 

Since both the SP and MC non-grafted polymers are soluble in dimethylformamide 

(DMF), the polymer-grafted filter showed no change in permeability for DMF upon 

irradiation (Figure 2.3 - bottom).   

 

 

Figure 2.3. Schematic representation of the thickness of a (SP-MA-co-MMA) grafted layer. 

The shrinked grafted chains open pores to increase permeation, and extended chains cover 

pores to decrease permeation. Reproduced with permission from ref. [15] Copyright (1998) 

American Chemical Society. 
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2.5 Photo-actuation  
 

Sugiura et al. [67] synthesised a poly(N-isopropyl acrylamide) co-acrylated 

spirobenzopyran (pSPNIPAAm) (Table 2.1 – No. 3) cross-linked with N,N-

methylene-bis(acrylamide) capable of photo-actuation in acidic media. Micro-valves 

were fabricated based on this material through in situ polymerisation at desired 

positions in micro-channels and later opened by local light irradiation. The opening 

of the valve is due to the photo-induced shrinkage of the pSPNIPAAm gels and can 

be explained as follow: when the copolymer was immersed in an acidic (0.5 mM 

HCl) solution, the spiropyran present in the copolymer changed to the open 

protonated merocyanine form (Figure 2.1 - C). Then, when the polymer was 

irradiated with light at 422 nm, which matches the absorbance of the protonated 

merocyanine form, isomerisation of the chromophore to the closed-ring form takes 

place (Figure 2.1 - A); as a result, the hydrophobic SP isomer induces dehydration of 

the main polymer chain and shrinkage of the gel occurs. This process was found to 

be rather fast, with each valve opening within 18 to 30 s of light irradiation. 

A similar approach was presented by Benito-Lopez et al. [65, 66], with the 

difference that in this case, an ionic liquid (IL) was incorporated within the 

pSPNIPAAm polymer matrix (Table 2.1 – No. 3) to produce micro-fluidic valves. 

Using various IL components within the gels allowed the valve actuation kinetics to 

be controlled through IL mediation of the rate of protonation/deprotonation, and 

related movement of counter ions and solvent (water). Different ionogels (IL + 

polymer matrix) were photo-polymerised in situ in the channels of a poly(methyl 

methacrylate) (PMMA) micro-fluidic platform. After immersion for 2 h in 0.1 mM 

HCl aqueous solution, to convert the ionogel to the protonated swollen state, the rate 

of photoinduced shrinking due to dehydration of the ionogel was measured. Results 

showed that trihexyl-tetradecylphosphonium dicyanamide based ionogel produced 

the fastest valve-opening kinetics, opening after 4s light irradiation (Figure 2.4). 
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Figure 2.4. Performance of ionogel micro-fluidic valves: (a) micro-valves closed; the 

applied vacuum is unable to pull the dyes through the micro-channels. White light is applied 

for the time specified in each picture (b). ‘No I.L.’ valve is first to actuate followed by 

ionogels incorporating [dca]- (c), [tos]- (d), [dbsa]- (e), [NTf2]- (f), all valves are open. 

Numbers and arrows indicate when the channel is filled with the dye because of micro- valve 

actuation [66]. Reproduced by permission of The Royal Society of Chemistry. 

 

Recently, an improved reswelling time for spirobenzopyran-functionalised 

poly(N-isopropylacrylamide) hydrogels was reported by Satoh et al. [71] who used 

polymer type No. 6 (Table 2.1 - No. 6), with a SP unit which has a methoxy-group in 

position 8 (Figure 2.1). The electron donating methoxy group in position 8 increases 

the electron density of the oxygen (position 1) which reduces the activation free 

energy (DGz), accelerating the ring-opening rate constant kSp->MC-H+ up to 19.8 

compared to the unsubstituted spiropyran. The increased ring-opening rate of the 

methoxy spirobenzopyran caused the gel to spontaneously reswell in an acidic 

environment (5 mM HCl) from the light-induced shrunken state in approximately 

five minutes. 

Although these SP-containing polymeric valves have interesting potential for 

micro-fluidic devices, mainly due to the fact that they offer the possibility of flow 
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control by photo-opening of the valves, to date they present drawbacks in that the 

closing mechanism of the valves is still very long compared with opening, and the 

valves can only be re-swollen in an acidic environment.  

 

2.6 Photo-modulated Electrical Properties  
 

Photo-control of electrical properties has been achieved by incorporating SP in 

conducting polymers through covalent bonding or doping, or by using SP containing 

polymers for polyelectrolytes multilayers. 

Guo et al. [24] reported reversible photoswitchable proton-transfer processes 

between a molecular switch based on SP and the emeraldine salt form of polyaniline 

(SP-doped polyaniline Table 2.1 – No. 13) in the solid state and in solution. This 

process occurred as follows:  

1) the MC form, generated by UV irradiation of SP (Figure 2.1), abstracted the 

protons from the conductive emeraldine salt form of polyaniline, forming protonated 

merocyanine (MCH+) and led to a reduction in the degree of protonation of 

polyaniline;  

2) upon visible-light irradiation, the MCH+ form released protons, which were 

captured by the polyaniline, to restore the degree of protonation. As the degree of 

protonation dictates the conductivity of the polymer, the electrical conductivity of the 

SP-doped polyaniline thin-film was reversibly controlled by light irradiation (UV 

and visible light). Although the drop in conductivity of the polyaniline film could be 

realised quite rapidly (10 min UV light irradiation), exposure to white light 

irradiation for 8 hours was required to restore about 95% of the initial conductivity. 

However, the authors suggest that this can be seen as an advantage if the material is 

used for information recording (information can be written optically and read out 

electrically through conductivity measurements) as the slow conversion of MCH+ to 

SP inside the polymer allows the stored information to be retained for at least 2 h in 

the dark. 

Another example of a polymeric system comprising both polyaniline and 

spiropyran, but this time linked via a covalent bond (Table 2.1 – No. 12), was 
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presented by Bardavid et al. [45]. When the spiropyran pendant group was switched 

to the merocyanine form, the change in the dipole moment of the molecule led to a 

substantial (ca. 2 orders of magnitude) increase in conductance of the photochromic 

polyaniline nanowires. The transformation was found to be fully reversible with no 

significant signal loss.  

Reversible changes in the dipole moment of SPs upon light irradiation (UV 

and visible light) were also exploited by Li et al. [79] who recently reported an 

organic field-effect transistor (OFET) that contains a spiropyran doped poly-(3-

hexylthiophene) polymer (Table 2.1 – No. 15) as the active layer. In this OFET, the 

photo-induced, SP to MC and MC to SP conformational changes caused two distinct 

interaction strengths at the organic/organic interface and therefore the channel 

conductance could be reversibly modulated in a noninvasive manner.  

A relatively new approach is the utilisation of spiropyran functionalised 

polymers for building polyelectrolytes multilayers. Pennakalathil et al. [33] recently 

showed that a stratum composed of poly(acrylate, merocyanine) (PMC) (Table 2.1 – 

No. 1) and poly-(diallyldimethylammonium chloride) (PDADMAC) bilayers can be 

easily disassembled in water upon irradiation with white light by converting the MC 

to SP (Figure 2.5). This phenomenon was ascribed mainly to the vanished 

electrostatic attractive interaction between the layer pairs, but also to the increased 

hydrophobicity of the PSP due to the photoisomerisation of zwitterionic ionic PMC 

to neutral PSP.  

 

 

Figure 2.5. A- Schematic view of the sacrificial layer and the sample layer; B - Irradiation 

with white light; C - disassembly of the sacrificial layer in water after irradiation with white 

light. Reproduced with permission from ref. [33] Copyright (2011) American Chemical 

Society. 
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2.7 Sensing capabilities  
 
In the area of sensing with spiropyran polymeric systems, a significant amount of 

research has focused on metal ion sensing, due to the ability of MC to employ the 

negatively charged phenolate group of the zwitterionic form in the binding of metal 

ions (Figure 2.1).  

Controlled free radical polymerisation reactions, such as ATRP, have been 

used to graft copolymers of SP monomers with MMA (Table 2.1 – No. 2) onto 

surfaces to obtain photoswitchable planar substrates and colloids [17, 61]. An 

interesting example is the work of Fries et al. where polymer brushes were grafted 

[61] (or spin-coated [10, 50]) onto glass surfaces to create reversible photoswitchable 

optical sensors by utilising the complexation of the open MC zwitterion with metal 

ions (Figure 2.1). The irradiated polymers were exposed to 25 mM metal ion 

solutions and were air-dried [50, 61]. Upon complexation with different metal ions, 

the MC absorbance decreased, with an accompanying significant blue shift in the 

lambda maxima, which is metal ion dependent (Figure 2.6). When the complex was 

irradiated with visible light in a non-polar solvent, the metal ion was dissociated, and 

the ring closed to the inactive SP isomer. The system was reported to be reversible 

for at least three cycles, with good reproducibility of the contact angles. Using a 

similar type of polymer (Table 2.1 – No. 2) the same group also showed the 

possibility of detecting multiple divalent metal ions in binary solutions [50]. Several 

binary metal ion combinations of Sn2+, Cu2+, Fe2+, Zn2+, Co2+, and Ni2+ were 

prepared at different concentration ratios and it was shown that depending on the 

binding affinity of the MC towards each individual metal ion, MC is capable of 

identifying one or both metal ions simultaneously (Table 2.2). 
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Figure 2.6. Absorbance spectra of SP-polymer layers  (Table 2.1 – No. 2) in the presence of 

different metal ions. Reproduced with permission from ref. [50] Copyright (2011) American 

Chemical Society. 

 

Table 2.2. Table showing the selectivity of the binding of spiropyran polymer in different 

binary metal ion solutions. Reproduced with permission from ref. [50] Copyright (2011) 

American Chemical Society. 

Ratios 
Metal Ion 
Mixtures 

10-90 50-50 90-10 

Sn-Co Sn Sn Sn 
Sn-Ni Sn Sn Sn 
Sn-Zn Sn Sn Sn 
Sn-Fe Sn Sn Sn 
Sn-Cu both both both 
Ni-Zn Zn Zn Zn 
Ni-Fe Fe Fe Fe 
Cu-Co both both both 
Cu-Ni both both both 
Cu-Fe both both both 
Cu-Zn both both both 
Co-Ni both both both 
Zn-Fe both both both 
Zn-Co both both both 
Co-Fe both both both 

 

A similar polymer with potential for metal ion sensing was produced by 

Connal et al. [69] (Table 2.1 – No. 4) using highly ordered honeycomb materials 
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(Figure 2.7). They demonstrated that palladium ions could be integrated into the SP 

polymer chain, in solution, using the MC binding abilities and then incorporated into 

honey-comb films. Furthermore, by reducing the palladium in the film, palladium-

based micro-ring structures were obtained, showing the potential of using SP-

honeycomb films as templates for building hybrid organic/inorganic porous films. 

 

 

Figure 2.7. Scanning electron micrographs of photochromic honeycomb structures: (a) a 

low-resolution image of a honeycomb structure, with the inset showing a high-magnification 

image of the honeycomb structure. Reproduced with permission from ref. [69] Copyright 

(2010) American Chemical Society. 

 

Although the poor selectivity of the SP-polymers is still considered as a 

drawback on these systems, good selectivity was reported in the case of Cu2+ when a 

sulfobetaine - methacrylate-functionalised SP copolymers, linear or covalently cross-

linked (Table 2.1 – No. 5) were used [70]. However, even in this case, NaCl 

concentration in the system was found to play an important role, since high NaCl 

concentrations results in inefficient metal ion sensitivity. This effect could be due to 

the fact that the electrostatically cross-linked networks of the zwitterionic 

sulfobetaine units may be loosened by NaCl addition, resulting in easy entry of metal 

ions into the network. 

Several photoswitchable fluorescent cyanide anion sensors based on SP-

polymers, a copolymer consisting of N-isopropylacrylamide and coumarin-

conjugated spiropyran units [64] (Table 2.1 – No. 3) and a spiropyran–polythiophene 

10398 DOI: 10.1021/la100686m Langmuir 2010, 26(13), 10397–10400

Letter Connal et al.

of polymers that can contour to nonplanar substrates, even
particles. We have since described the preparation of three-
dimensionally conformal18,19,21 and reversibly cross-linkable hon-
eycomb materials.22 This was an extensive study describing the
design of a complex system that addresses multiple practical
problems (e.g., brittleness, functionality, and cross-linking). To
date, few studies have been developed that demonstrate responsive
honeycomb systems.23 Herein, we report the first demonstration
of photoresponsive honeycomb films using stimuli-responsive
polymer precursors. We synthesize a hydroxyl functional spiro-
pyran and couple this to a poly(acrylic acid) linear polymer. The
resultant photochromic polymer is soluble in organic solvents
and is capable of forming ordered honeycomb materials by the
BF technique. We show the reversible modulation of the color
change of this polymer initiated by light, both in solution and
in honeycomb films. We then developed a method to adsorb
palladium ions onto the open merocyanine form of the photo-
chromic polymer underUV irradiation and cast honeycomb films,
forming unique honeycomb films with imbedded palladium ions.
Upon reduction of the palladium ions, we create hybrid organic/
inorganic porous networks. Furthermore, after calcination of this
hybrid material, the organic components are removed and we
create unique palladium microrings. This method provides a
generalized strategy for preparing hybrid structures incorporating
a rangeofmetals. These structures could finduse in sensor devices,
catalysts, and optical devices.

Experimental Section

Materials. All chemicals were purchased from Aldrich.
Palladium(II) chloride (PdCl2, 99%), 2,3,3-trimethyl-3H-indole
(98%), 2-bromoethanol (95%), 2-hydroxy-5-nitrobenzaldehyde
(99%), poly(acrylic acid) (PAA, Mw = 450 000 Da), pyridine
(99%),N,N-dimethylformamide (DMF, 99%),N,N0-dicyclohexyl-
carbodiimide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP,
99%), and sodium borohydride (99%) were used as received.
2-(30,30-Dimethyl-6-nitro-30H-spiro[chromene-2,20indol]-10-yl)-
ethanol24 was prepared by a previously reported procedure.

Methods. 1HNMR spectra were measured on a VarianUnity
Plus 400 spectrometer operating at 400MHz. Spectra were run in
deuterated chloroform using tetramethylsilane as a reference. UV
treatment was conducted using a UV lamp (366 nm light at 5 W)
3 cm from the source. Scanning electron microscopy (SEM) was
conducted on an XL 30 Philips Head SEM. Samples were coated
with a gold or carbon coating using aDynavacmini sputter coater
prior to imaging. UV-vis spectroscopy was recorded using a
Shimadzu UV-vis scanning spectrophotometer (UV-2101 PC),
all solution measurements were conducted in chloroform, and
film measurements were recorded on glass coverslips.
Preparation of Photochromic Polymer. PAA (0.1 g, 1.3

mmol equiv of COOH), 2-(30,30-dimethyl-6-nitro-30H-spiro-
[chromene-2,20indol]-10-yl)-ethanol (437 mg, 1.2 mmol), pyridine
(1.0 mL, 1.2 mmol), and DMAP (1.5 mg, 0.1 mmol) were
dissolved in DMF (5 mL), and finally DCC (255 mg, 1.2 mmol)
was added to the reactionmixture. The solutionwas stirred at room
temperature for 48handwas then filtered to remove anyDCC-urea
side product and then precipitated (two times) into methanol (150
mL). The product was dried to afford a purple powder.
Preparation ofHoneycomb Films.Humid air was generated

by themixing ofwet and dry air with humidity controlled through
the variation of the mixing ratio as described previously.25 Films

Scheme 1. Synthesis of Photochromic PAA

Figure 1. UV-vis spectroscopy of photochromic PAA in chloro-
form (0.5 mg/mL), with the right-hand side displaying digital
photographs of these solutions: (a) polymer solution without treat-
ment or after visible light irradiation, (b) a polymer solution after
irradiation with 366 nmUV light, (c) a polymer solution containing
100 ppm PdCl2 without UV treatment, and (d) a polymer solution
containing 100 ppm PdCl2 after irradiation with 366 nm UV light.

Figure 2. Scanning electron micrographs of photochromic hon-
eycomb structures: (a) a low-resolution image of a honeycomb
structure, with the inset showing a high-magnification image of the
honeycomb structure, and (b) a high-resolution image taken at a
60! tilt angle.

(21) Connal, L. A. Aust. J. Chem. 2007, 60, 794–794.
(22) Connal, L. A.; Vestberg, R.; Hawker, C. J.; Qiao, G. G. Adv. Funct. Mater.

2008, 18, 3315–3322.
(23) (a) Yabu, H.; Hirai, Y.; Kojima, M.; Shimomura, M. Chem. Mater. 2009,

21, 1787–1789. (b) Hernandez-Guerrero, M.; Min, E; Barner-Kowollik, C.; Mueller, A.
H. E.; Stenzel, M. H. J. Mat. Chem. 2008, 18, 4718–4730.
(24) Raymo, F. M.; Giordani, S. J. Am. Chem. Soc. 2001, 123, 4651–4652.

(25) Thomas, C. L. P.; Alder, J. F.; Fielden, P. R.; Przybylko, A. R. M.; Snook,
R. D.; Watson, A. F. R. C. Analytica Chimia Acta 1993, 272, 179.



 67 

conjugate [73] (Table 2.1 – No. 8), were recently reported. It was shown that the 

cyanide ion could be selectively detected (in the presence of anions such as F-, Cl-, 

Br-, I- AcO-, H2PO4
-, HSO4

-, NO3
- and ClO4

-) by monitoring the formation of an 

adduct, derived from the nucleophilic addition of cyanide anion to the ring-opened 

MC form of the spiropyran (Figure 2.8). 

 

Figure 2.8. Scheme showing the reaction between the spiropyran and cyanide.  

 
Another possibility of utilizing SP-polymers as sensors relies on the 

solvatochromic properties of the MC form. The colour of the MC form depends on 

the difference in polarity between the photo-excited MC form and the conjugated 

zwitterionic ground state. By utilising this property, we recently reported 

photochromic capillary coatings [72, 83] (Table 2.1 – No. 7) capable of detecting 

solvent of different polarities that are passing through a chemically  modified 

capillary in continuous flow mode. In polar solvents, the ground state of the MC 

form is stabilised relative to the excited state, leading to a blue shift in the visible 

absorption band. In non-polar solvents, the energy difference between the ground 

and the excited state is much lower, because of the high energy level of the ground 

state. As a result, as the polarity of the solvent increases, the absorbance !max shifts 

to shorter wavelengths, (hypsochromic or blue shift), manifesting as a change in 

colour of the capillary coating (Figure 2.9). 

 

 

Figure 2.9. Photographs of the spiropyran monomer solutions and the spiropyran polymeric 

brushes (Table 2.1 – No. 7) functionalised capillary in acetonitrile (ACN) and toluene, 

respectively, after irradiation with UV and white light. Reproduced with permission from 

ref. [72] Copyright (2011) Elsevier. 
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An interesting approach of utilising the solvatochromic properties of the MC unit 

was reported by Shiraishi et al. [62], who showed the possibility of utilising a 

polymer consisting of poly-N-isopropylacrylamide (NIPAM) and SP units (poly-

(NIPAMx-co-SPy) (x/y) 15/1),   - No. 3) as a colorimetric thermometer in the range 

of 10-34 °C. The change in temperature induces a polarity change in poly-NIPAM 

from a more polar character at low temperature (coil conformation) to a less polar 

domain inside the polymer associated with polymer aggregation (globule), when 

temperature is increased. This change in polarity can be accurately sensed by the 

MC, present in the polymer matrix and interrogated by UV irradiation (Figure 2.10). 

 

 

Figure 2.10. Photographs of the polymer solutions in different conditions. Reproduced with 

permission from ref. [62] Copyright (2009) American Chemical Society.  

 

2.8 Mechanochromic Mechanophores 
 
Mechanochromic mechanophores are mechanophores that change colour with the 

application of an external force. In the recent years, SPs have been incorporated into 

a range of polymeric materials and it was shown that they can provide visible 

detection and mapping of mechanical stresses through their mechanically induced 

transformation from SP to MC (Figure 2.11). The spiro C–O bond is the critical point 

for mechanically induced activation, and to ensure stress over the C-O junction, 

polymerisable groups or polymeric chains have to be placed on the SP unit on 

opposing sides of the spiro-junction.  Mathematical modeling shows that positions 5’ 

or 6’ of the indole side and positions 7 or 8 of the benzopyran side (Figure 2.1), 

 29 

 
Figure 18. Schematic illustration of the thickness of a  (SP-MA-co-MMA) grafted layer. The 
shrinked grafted chains open pores to increase permeation, and extended chains cover pores 
to decrease permeation. (Reproduced from [96]) 
 

Shiraishi et al. reported the synthesis of a new copolymer, poly(NIPAMx-co-

SPy) (x/y ) 15/1), consisting of poly-N-isopropylacrylamide (NIPAM) and SP units. 

(Figure 19 left) that can function as a colorimetric thermometer in the range of        

10-34 °C [125]. The change in temperature induces polarity change of polyNIPAM 

(from a polar character at low temperature (coil conformation) to the formation of a 

less polar domain inside the polymer associated with polymer aggregation (globule), 

when temperature is increased).  This change in polarity can be accurately detected by 

the MC, present in the polymer matrix and interrogated by UV irradiation (Figure 19 

right).  

 
 

Figure 19. Chemical structure of Poly(NIPAMx-co-SPy) (x/y ) 15/1 (left). Photographs of the 
polymer solutions in different conditions (right). (Reproduced from [125]) 

 

 Controlled free radical polymerisation reactions, such as atom transfer radical 

polymerization (ATRP), have been used to graft copolymers of SP monomers with 



 69 

preferentially stresses the spiro C–O bond over the spiro C–C bond, suggesting that 

these positions are the ideal linkage points between the SP and the polymer matrix 

for the production of mechanochromic materials. In this context, bifunctionalised SP 

units with polymerisable groups in these positions have been incorporated into poly-

(methyl acrylate) (PMA) and poly-methylmethacrylate (PMMA) chains [74-76] 

(linear or crosslinked), polyurethanes [36] and polycaprolactone [77]. It was shown 

that, in all the above-mentioned examples, the C-O bond can be broken via a 

mechanical stress, resulting in a change in colour of the polymer before polymer 

failure. These results showed that 5’, 6’- and 7,8 bifunctionalised SP units have great 

potential to produce smart polymers with self-sensing capabilities, damage detection 

and visual reporting of catastrophic failure prevention. 

 

 

Figure 2.11. Schematic diagram of ‘dog bone’ specimens prepared from SP 

mechanochromic polymers. A: shows the initial state of the polymer; B: Upon application of 

tensile force, the conversion between the colourless spiropyran and coloured merocyanine 

forms of the mechanophore occurs. Reproduced with permission from ref. [76] Copyright 

(2009), Rights Managed by Nature Publishing Group. 

 

2.9  Conclusions 
 

The examples presented in this review undoubtedly demonstrate the versatility of 

spiropyrans with respect to routes for incorporation into polymeric matrices, and 
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great potential of the resulting switchable materials for many applications. For 

example, polymers can be doped or functionalised with SP post-polymerisation or 

directly linked during the polymerisation process. Moreover, derivatisation of SP 

with monomeric units at the 6, the 8- or at the 1’- position (see Figure 2.1) can be 

achieved through the use of a spacer/linker group. Polymerisation of these SP-

monomeric units or their copolymerisation with compatible monomeric units have 

produced a wide array of designer-polymers with tuneable properties. Smart 

engineering of SP-polymeric materials allows photo-modulation of the physical and 

chemical properties of these materials, ranging from phototchromic behaviour, to 

wettability, permeability, and electrical properties, to “on-demand” sensing 

behaviour (i.e., that can be turned on or off using light). It seems to us that no other 

photochromic unit is capable of producing “stimuli-responsive” polymeric systems 

for such a wide variety of applications and we believe that these materials could form 

the basis of the new types of autonomous microfluidic based analytical devices that 

are much more biomimetic in nature.  
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Abstract: The possibility of using photo-stimulus to control flow in micro-fluidics 

devices is very appealing as light can provide contactless stimulation, is 

biocompatible and can be applied in a non-invasive and highly precise manner. One 

of the most popular ways to achieve photo-control flow in micro-fluidic channels is 

throughout the use of photo-responsive molecules. We review here the different 

principles and strategies of using photo-responsive molecules to induce or control 

liquid motion using light, which include the use of photo-controlled polymeric 

actuators, photo-sensitive coatings, or photo-sensitive surfactants. We further analyse 

the capability of these approaches to induce flow control throughout the photo-

operation of valves, photo-control of electro-osmotic flows or photo-manipulation of 

discrete microliter-sized droplets. 
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3.1 Introduction 
 

The intrinsic features of micro-fluidic devices ensure two main characteristics during 

an analytical process: low consumption of reagents and sample as well as rapid and 

repeatable analysis protocols [1]. However, to date, extensive chemical and 

biological tasks need to be carried out outside the micro-fluidic device to prepare and 

pre-process samples prior micro-fluidic manipulation as conventional lab-on-a-chip 

devices are not yet suitable for non-ideal sample analysis [2] . These tasks include 

sampling, pre-concentration, fluorescence labelling, filtration, mixing, sample 

analysis, as well as many other techniques that require manpower and are very time-

consuming [3]. 

Therefore, the main aim is to realise downscaling of these conventional tasks 

within the micro-fluidic devices and consequently develop innovative systems 

capable of preparing and/or analysis of samples “on-chip”.  If these functions could 

be integrated within the micro-fluidic device, then time and costs would be reduced 

and high throughput and high degree of automation would be realised [4]. For this 

purpose two main ways of investigation are considered: an “evolutionary” and a 

“revolutionary” approach. 

  The “evolutionary” approach involves tremendous downscale of conventional 

units, and their assembly level by level to achieve the desired functionalities [5-7]. 

However, micro-fluidic systems developed to date according to this approach, 

generally require complicated control systems and are by far from being trivial and 

widely accessible.  

The “revolutionary” approach in the area of micro-fluidics is recently 

emerging and consists in the incorporation of stimuli-responsive materials into 

micro-fluidic devices, to obtain smart, functional, highly controllable components 

integrated in the micro-fluidic device [8-12]. For instance, the use of a light stimulus 

in micro-fluidic systems is appealing because it can be applied precisely in different 

sections within a microdevice, in a non-invasive manner.  

The possibility of controlling flow in micro-fluidics using opto-stimulus will 

offer new platforms with unprecedented flexibility and improved versatility. Some 

recent reviews have already been devoted to specific aspects of this field [4, 8, 13, 

14]. The use of holographic optical tweezers for optical manipulation, actuation and 
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sensing in lab-on-chip systems was described by Padgett and Di Leonardo [14]. 

Other recent review by Baigl [15] describes in detail strategies to photo-actuate 

micro-fluidic systems, such as the application of the chromocapillary effect, light-

induced Marangoni effects, optically induced dielectrophoresis, digital optofluidics, 

light-induced electro-osmosis and optoelectrowetting, among others. 

In this chapter the possibility of controlling flow in closed microchannels, 

and manipulating discrete microliter-sized droplets by employing photo- and thermo-

responsive materials incorporated in micro-fluidic units in the form of polymeric 

actuators, photo-responsive coatings or photo-sensitive surfactants is reviewed. 

 

3.2 Opto-Smart Systems Integration in Micro-fluidic 

Devices 
 

The most widely used photo-sensitive molecules for photo-actuation of liquids in 

micro-fluidics are spiropyrans and azobenzenes. These are photochromic units that 

change their characteristics (conformation, polarity) reversibly in response to light of 

particular wavelengths. When incorporated in functional units, these changes in 

conformation/polarity of the photochromic unit induce in turn “on demand” changes 

in volume [16-19], surface chemistry [20-23], surface charge, wettability [23-25] or 

interfacial tension [26, 27]. Spiropyrans have been investigated extensively as active 

components in soft photo-actuators for micro-fluidic valves [11, 28]. The light-

stimulated switching of spiropyran is due to the photo-cleavage of the Cspiro-O bond 

upon irradiation with UV light [29, 30]. This cleavage allows a conformational 

rearrangement between a closed, colourless spiropyran form and an opened, 

colourful merocyanine (MC) form [30, 31] with the colour arising from a strong 

absorption band in the visible spectral region (Figure 3.1 -A). In contrast, exposure 

of the MC isomer to visible light induces reversion to the closed spiropyran form 

(SP); therefore, it is possible to reversibly switch between the polar (or zwitterionic), 

coloured MC and colourless uncharged SP forms using light irradiation. Another 

interesting property of spiropyrans is its sensitivity towards pH [32, 33], under acidic 

conditions, the MC isomer is converted to the protonated merocyanine (MC-H+) 

form (Figure 3.1 - A).  
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Azobenzenes are another widely used class of photochromic molecules [34, 35]. 

Under dark conditions, azobenzene preferentially exists in its trans, less polar 

configuration. Under UV light irradiation (350–370 nm) it undergoes photo-

isomerisation to its cis, more polar form (Figure 3.1 - B). The reverse cis ! trans 

isomerisation can be driven by visible light or occurs thermally in the dark. It is 

known that azobenzenes reversibly change their geometry from a planar to a non 

planar upon UV irradiation, generating a width decrease in the distance between the 

para carbon atoms from 9.9 Å to 5.5 Å and a corresponding increase in the dipole 

moment from 0.5 D to 3.1 D [36]. One of the most important advantages of 

azobenzenes is their stability over many illumination cycles, which makes them ideal 

components of numerous molecular devices and functional materials [37, 38].  

Another approach to opto-actuation in micro-fluidics is through photo-thermal 

activation. The novelty of these systems relies on using light absorbance to generate 

localised heating [39-41]. 

This chapter will discuss recent trends for the incorporation of thermo- and 

photo-responsive moieties (in particular spiropyrans and azobenzene) into functional 

units in micro-fluidic devices capable of responding to an external opto-stimulus. 

The chapter will be structured into three main sections based on different micro-

fluidic operations that can be controlled by light, i.e.: 

• Photo-controlled polymeric actuators,  

• Photo-controlled electro-osmotic flow,  

• Photo-manipulation of droplets. 

Specific examples will be discussed in terms of the technique used for integration of 

the photo- activated or photo-thermo- activated unit into the micro-fluidic device, the 

impact of the photo-stimulus and the applicability of these approaches for photo-

actuation of liquids or droplets in micro-fluidics.  
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Figure 3.1. Reversible structural transformations of (A) spiropyran derivatives and (B) 

azobenzene in response to light. 

 

3.2.1 Photo-controlled Polymeric Actuators 

 

Stimuli-responsive polymers present all the advantages of polymeric materials, such 

as versatility, processability, low cost and amplified response to weak stimuli. 

Stimuli-responsive materials produce many useful effects in micro-fluidic systems, 

such as “on-demand” changes in volume [16-19], optical proprieties [42-48], 

permeability [49, 50] and surface chemistry [20, 21], which in turn 

activate/deactivate different functions such as the capability of molecular recognition 

[20, 51] (including capture, release and detection of analytes), autonomous control of 

flow rate and direction [17, 52], and wettability switching [24]. 

The most commonly used opto-actuators in micro-fluidics are photo-

responsive hydrogels as they have the ability to undergo volumetric changes in 

response to an external light stimulus [11, 28]. A hydrogel is defined as a network of 

hydrophilic polymer chains that is able to swell and retain large amounts of water. In 

a fully-swollen hydrogel, up to 95 % of its mass can consist in water that was 

absorbed into its three dimensional network [53, 54]. Hydrogels possess excellent 

biocompatibility and a degree of flexibility, very similar to natural tissue, due to their 

significant water content [55, 56]. Photo-responsive engineered hydrogels can be 

made to collapse and thereby release a percentage of their water content upon light 

irradiation (Figure 3.2). 
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Figure 3.2. Photo-induced hydrogel shrinkage. 

 

In this context, polymeric actuators are commonly employed in micro-fluidic 

devices to provide the functionality of micro-valves. Valves are central components 

within micro-fluidic systems, being essential for directional control and movement of 

flows while enabling important actions, such as flow regulation, flow diversion and 

addition of reagents. The micro-valves developed to date can be classified in two 

categories, active and passive, employing mechanical, non-mechanical and external 

control systems [57]. 

In the case of passive valves, which do not have any moving components and 

are easy to fabricate, hydrogel based materials have received special attention. These 

valves change volume in response to external stimuli to stop/open the flow [17, 39, 

52, 58].  

 Incorporation of photo-responsive units within hydrogel-based valves allows 

non-invasive, external control of the valve based on the intrinsic responsiveness of 

the polymer to an optical stimulus. Photo-responsive polymer materials for micro-

valve applications have been studied by many research groups, and many polymers 

and polymer gels functionalised with azobenzene [59], leukochromophore [60, 61], 

and spirobenzopyran [11, 28, 62, 63] have been examined.  

This section is organised as follows: Firstly, we show how smart micro-

valves can be actuated by light using a light-to-heat energy conversion mechanism. 

In this case, a localised temperature increase is caused by light irradiation, which in 

turn induces volume changes of the micro-valve (usually based on hydrogels). Then, 

we review how photo-responsive moieties like spiropyrans and azobenzenes are 

incorporated into polymers to achieve photo-precise manipulation of micro-valves.  
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Chen et al. [39] developed a light-actuated micro-valve via photoinitiated patterned 

polymerisation of N-isopropylacrylamide (NIPAAm) within micro-fluidic channels. 

PNIPAAm is one of the best-known temperature-sensitive hydrogels, having the 

ability to shrink and expand due to its lower critical solution temperature (LCST)[64-

66]. Below the LCST (32 oC), PNIPAAm chains are hydrated by water due to the 

hydrogen bondings between the amide residue and on the polymer chains and the 

water molecules, and therefore the gel is swollen. Above this temperature hydrogen 

bonds between solvent molecules and water are gradually broken and polymer-

polymer interactions become thermodynamically favored compared with polymer-

solvent interactions. As a consequence, the PNIPAAm chains collapse sharply from 

a hydrophilic coil into a hydrophobic globule that precipitates in water [67, 68] and 

the PNIPAAm hydrogels shrink rapidly. The novelty of the approach used in Chen’s 

PNIPAAm micro-valve relies on heating the valve from the absorption of light 

provided by a quartz halogen illuminator. The pressure-tolerance of the micro-valve 

can be tuned by changing the mechanical strength of the polymer monolith inside the 

microchannel through the choice of a suitable amount of monomer and crosslinker. 

In addition, the response time and pressure resistance of a PNIPAAm valve can be 

optimised by varying the tetrahydrofuran (THF) content in the polymerisation 

mixture. In these conditions, opening and closing response times of the valve can be 

modulated in the range of 4.0 to 6.2 s [39].  

Using a different approach, Lo et al. [41] reported the performance of an IR 

light-responsive micro-valve. The valve consisted of PNIPAAm hydrogel 

nanocomposite incorporating glycidyl methacrylate functionalised graphene oxide 

(GO– GMA) sheets. The valve operated in two states – OFF (closed) - adopted when 

the IR source is turned off and the hydrogel completely blocks the channel, and ON 

(opened), adopted when the IR light is turned on, due to shrinking of the hydrogel 

upon absorbance of the IR light by the GO–GMA sheets. The ON state could be 

explained as follow: GO–GMA sheets absorbed the IR radiation converting it into 

heat. During this process, the temperature of the system is increased above the LCST 

of PNIPAAm, which triggers the hydrogel to contract, allowing for fluidic flow. 

When the IR light is switched off the heat dissipated to the surrounding environment, 

the hydrogel absorbed water and expanded its volume back to the original size, 

blocking the flow. A scheme of the performance of the hydrogel micro-valve is 

shown in Figure 3.3. 
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Figure 3.3. Schematic top-views of the micro-valve made of GO–GMA IR-responsive 

hydrogel. (a) GO–GMA hydrogel micro-valve before actuated by IR irradiation (OFF state) 

and (b) after exposure to IR light (ON state). Adapted from [41].  

 
Independent optical control of micro-fluidic valves composed of 

optomechanically responsive nanocomposite hydrogels (poly-N- 

isopropylacrylamide-co-acrylamide) was achieved using strongly absorbing gold 

nanoparticles or nanoshells embedded in the actuator polymer (Figure 3.4) [69]. 

These nanocomposite materials respond to different wavelengths of light: while 

gold-colloid nanocomposite hydrogel collapses in response to green light, the gold-

nanoshell nanocomposite hydrogel collapses in response to near-IR light. In both 

cases, the valves opened completely in less than five seconds. This approach has the 

advantage of allowing independent control of valves formed from composites with 

different nanoparticles depending on the illumination wavelength [69]. 

 

 
Figure 3.4. Two valves formed at a T-junction in a fluidics device, one made of a gold-

colloid nanocomposite hydrogel and the other a gold-nanoshell nanocomposite hydrogel. 

The channels are 100 "m wide). A) When the entire device was illuminated with green light 

(532 nm, 1.6 W cm-2), the gold colloid valve opened while the nanoshell valve remained 

closed. B) However, when the device was illuminated with near infrared light (832 nm, 2.7 

W cm-2), the opposite response was observed. In both cases, the valves opened within 5 s. 

[69]. Copyright © 2005 WILEY-VCH Verlag GmbH & Co.  
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A different optically addressable micro-actuator array (micro-fluidic “flash 

memory”) with latched operation was proposed by Hua et al. [40]. The micro-

actuator array consists of individual phase-change based actuators addressed by 

localised heating through focused light patterns provided by a modified projector or 

high power laser pointer. After the initial light “writing” during which the phase is 

temporarily changed to a liquid form, the actuated status is self-maintained by the 

solid phase of the actuator without power and pressure inputs (Figure 3.5). The 

micro-fluidic flash memory can be re-configured by a new light illumination pattern 

and common pressure signal providing a flexible, energy-efficient, and low cost 

multiplexing solution for micro-fluidic applications based on physical displacements. 

 

 

Figure 3.5. Schematic side view of a single actuator operated by a projector. (a) Large 

membrane deflection upon light illumination and pressure; (b) deflection erased by a second 

light illumination (no pressure applied). Adapted from [40].  

 

While in all the examples described so far the key of the opto-stimulation is 

the conversion of photo-energy to thermal energy, photo-stimulation can also be 

achieved by incorporation of photo-responsive moieties in micro-fluidic units.   

In 2004, Sumaru et al. [70] presented an actuation mechanism based on the 

lower critical solubility temperature (LCST) of spiropyran (3 mol %) copolymers of 

poly(N-isopropylacrylamide) (pSPNIPAM). Figure 3.6 shows the chemical structure 

of pSPNIPAM and the reversible isomerisation of the photochromic unit from the 

protonated merocyanine (MCH+) to the closed spiropyran form (SP) under white 

light irradiation. In acidic conditions (0.26 mM HCl), the spiropyran unit present in 

the copolymer changed from SP to the MCH+ form, which presents a strong 

absorption band around 422 nm. When the copolymer was irradiated with light 

matching the absorbance of MCH+, the MCH+ is switched back to the closed 

hydrophobic SP form, releasing one proton in the process (Figure 3.6); As result of 

the formation of the more hydrophobic SP isomer, dehydration of the main polymer 

chain occurs. A correlated change in both absorbance at 422 nm (particular to 
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MCH+) and specific conductance was recorded when pSPNIPAAm aqueous solution 

(0.10 wt %) was repeatedly irradiated with white light over three cycles. 

 

 

Figure 3.6. Chemical structure of pSPNIPAAm and characteristics of its components: 

pNIPAAm main chain and spirobenzopyran side chain [70]. Copyright (2004) American 

Chemical Society. 

 

Independently controlled micro-valves made from such material, capable of 

photo-actuation in acidic media (0.5 mM HCl), were later demonstrated by Sagiura 

et al. [71]. These micro-valves (Figure 3.7) were fabricated through in situ 

polymerisation at desired positions in the micro-channels and later opened by local 

light irradiation. This process was found to be rather fast, with each valve opening 

within 18 to 30 s of light irradiation. The maximum pressure the pSPNIPAAm gel 

micro-valves could withstand was determined to be 30 ± 6.6 kPa. Over this pressure 

the gels deformed and leakage occurred.  
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Figure 3.7. Independent control of multiple pSPNIPAAm gel micro-valves by means of 

local light irradiation. (a) A solution containing blue dye was introduced into the main 

microchannel. (b) Blue light was locally irradiated to the right side pSPNIPAAm gel micro-

valve. (c) The right side micro-valve was opened after 18 s blue light irradiation. (d) Blue 

light was locally irradiated to the center micro-valve. (e) The center micro-valve was opened 

after 30 s blue light irradiation. (f) Blue light was locally irradiated to the left side micro-

valve. (g) The left side micro-valve was opened after 24 s blue light irradiation. (h) After 

light irradiation, the chambers were filled with the blue dye solution. Reproduced with 

permission from ref. [71] Copyright (2007) Elsevier.  

 

A similar approach was presented by Benito-Lopez et al. [11] in our 

laboratories, with the difference that in this case, an ionic liquid (IL) was 

incorporated within the pSPNIPAAm polymer matrix to produce micro-fluidic 

valves. Four different phosponium based ionic liquids incorporating different anions 

(dicyanoamide ([dca]-), bis(trifluoro methanesulfonyl)-amide ([NTf2]-), 

dodecylbenzenesulfonate ([dbsa]-), tosylate ([tos]-)) were used and the micro-valves 

were produced throughout in situ polymerisation of the ionogels (IL + pSPNIPAAm)  

in micro-channels fabricated in poly(methyl methacrylate) (PMMA). After 

immersion of the ionogels for 2 h in 0.1 mM HCl aqueous solution, in order to allow 

protonation of the photochromic unit to the MCH+ form and to obtain a fully swollen 

ionogel, photo-induced dehydration kinetics were measured.  It was found that the 

incorporation of different ILs causes different actuation behaviours of the ionogels. 



 88 

When used for the production of micro-valves, by simply varying the IL-component 

of the ionogel, different micro-valves can be tuned to open at different times using a 

single light source. Results showed that in the particular configuration used by the 

authors, the IL-free polymer gel micro-valve opens after 2 s of light irradiation, 

followed by the [dca]- based ionogel (4 s,), the [tos]- based ionogel (18 s) and the 

[dbsa]- based ionogel (44 s). The slowest kinetics are given by the [NTf2]- based 

ionogel (49 s) (Figure 3.8). 

 

 

Figure 3.8. Performance of the ionogel micro-fluidic valves: (a) micro-valves closed; the 

applied vacuum is unable to pull the dyes through the microchannels. White light is applied 

for the time specified in each picture (b). ‘No I.L.’ valve is first to actuate followed by 

ionogels incorporating [dca]- (c), [tos]- (d), [dbsa]- (e), [NTf2]- (f), all valves are open. 

Numbers and arrows indicate when the channel is filled with the dye because of micro-valve 

actuation [11]. Reproduced by permission of The Royal Society of Chemistry. 

 

More recently, an original approach for photo-control of fluid in micro-

fluidics incorporating pSPNIMAAm hydrogels was described by Sugiura et al. [72, 

73]. The authors demonstrated on-demand formation of micro-channels with 

arbitrary pathways by micro-patterned light irradiation of a 200 µm thick 

pSPNIMAAm hydrogel sheet prepared by in situ free radical polymerisation. (Figure 

3.9). The hydrogel layer was covalently attached to a glass slide while another glass 

slide containing multiple inlets and outlets was placed on top of the hydrogel sheet. 

Micro-patterned light irradiation was realised by means of computer-controlled 

maskless micro-pattern projection unit. As a result of micro-patterned light 
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irradiation, the pSPNIMAAm hydrogel gel in the irradiated area between adjacent 

inlet/outlet ports shrank, forming a micro-channel between the two glass plates and 

allowing for fluid to flow (Figure 3.9). The effect was repeated for several channel 

configurations – straight, bent or serpentine. Furthermore, authors also demonstrated, 

in the same publication, independent and parallel flow control in a 

polydimethylsiloxane (PDMS) micro-channel network through the opening of 

targeted microvalves created with the same photoresponsive hydrogel sheet. In this 

system, a micro-fluidic device containing multiple photoresponsive micro-valves 

was constructed by stacking a PDMS micro-channel chip and a glass slide with 

mechanically fabricated through-holes on pSPNIPAAm hydrogel sheet attached to a 

glass plate. Parallel control of multiple micro-valves was also successfully 

demonstrated as two micro-valves were simultaneously opened within several 

minutes by micro-patterned light irradiation. As this system works in “photon mode” 

in contrast with “heat mode”, no interference between adjacent micro-valves was 

observed. Although, the isomerisation of the SP unit is a reversible phenomenon, the 

reswelling of the gel is still diffusion limited due to the requirement for re-

protonation of SP for valve closing. As a consequence, the reswelling process takes 

more than one hour and several strategies for the chemical modification of the SP 

unit or of the pNIPAAm polymer chain in order to improve the kinetics of the 

reswelling process are presently under investigation.  

 

 

Figure 3.9. On-demand formation of microchannels with arbitrary pathways in a “universal” 

micro-fluidic system by micro-patterned light irradiation. White arrows indicate the flow 

direction of a fluorescently labelled latex bead suspension. (a) Microchannel formation by 

micro-patterned light irradiation of the pSPNIPAAm hydrogel sheet (b) Latex bead 

suspension flow through the microchannel after irradiation. Flow of the red coloured latex 

bead suspension from the inlet to the upper-left-side outlet is slightly visible. (c)–(d) A 

different sequence of micro-patterned light irradiation and microchannel formation. Adapted 

from [73]. 
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In a different approach, a new micro-valve membrane actuator for micro-fluidic 

system applications was realised by using a crosslinked liquid-crystalline polymer 

(CLCP) incorporating azobenzene moieties [13]. It was found that under UV light 

irradiation the valve is open while under white light irradiation the valve is closed. 

The micro-valve operation is shown in Figure 3.10. The time to open and close the 

valve can be as short as 8 s and 6 s, respectively. 

 

 

Figure 3.10. Cross-sections and working principle of the photo-activated micro-valve. 

Adapted from [13].  

 

3.2.2 Photo-control of Electro-osmotic Flow 

 

When an electric field is applied along a micro-channel or micro-capillary having a 

charged wall, the motion of mobile counter-ions in the diffuse counter-ion layer near 

the channel wall induces a spontaneous global liquid motion (Figure 3.11). This 

movement is called electro-osmotic flow (EOF)[74-76]. EOF constitutes an 

important component in certain chemical separation techniques, notably capillary 

electrophoresis [74, 75]. There has been an increased interest in EOF in the recent 

years, in parallel with the development of micro-fluidic systems and EOF has been 

exploited in micro-fluidics to provide a degree of flow control. This approach offers 

a range of advantages compared to more established pumps based technologies, such 

as peristaltic pumps, as it creates a constant pulse-free flow in which the magnitude 
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and direction of the flow are controlled externally, without the use of any 

mechanically moving parts. 

 

 

Figure 3.11. Schematic representation of the formation of electroosmotic flow when an 

external electric field is applied along the length of a microcapillary/ microchannel, in the 

case where the walls are negatively charged. 

 
EOF is strongly sensitive to the zeta potential of the channel wall and the key 

requirement to realise photo-controlled EOF is the ability to optically change the zeta 

potential of the micro-channel/micro-capillary wall. Moorthy et al. [77] 

demonstrated this type of approach by using micro-channels (1000 µm wide, 20 µm 

deep) coated with titanium dioxide (TiO2). TiO2 is a direct semiconductor that 

exhibits a change in surface charge upon radiation with UV light, leading to 

variations in the zeta potential. In these conditions, electroosmotic flow modulation 

was recorded in the presence/absence of UV radiation. The magnitude of the change 

in electroosmotic flow rate due to UV irradiation was found to be pH dependent. 

Under optimal conditions (pH = 4.7), the authors report a change in EOF from 0 (no 

light) to -242 ± 60 µm s-1 (with light). Another strategy was later proposed by Oroszi 

et al. [78] who used micro-channels formed between PDMS and glass coated with 

cadmium sulfide (CdS) photoactive layer. Light illumination (provided by a mercury 

lamp filtered to 400 – 725 nm) resulted in a decreased electric field accompanied by 

a reduction of electroosmotic flow. Specifically, at a driving voltage of 100 V, photo-

irradiation of the photo-conductor for periods of 30 s caused a decrease in the 

average flow velocity from 45 µm s-1 (in the dark) to 8 µm s-1 (under illumination). 

The same group later on demonstrated that introducing a pattern into the 
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photosensitive layer enables the generation of complex flow profiles upon 

illumination [79]. 

Spiropyrans have also been used to modify the electroosmotic flow. It has 

recently been demonstrated in our laboratories by Scarmagnani et al. [80] that, under 

acidic conditions, electroosmotic flow (EOF) generated in a spiropyran-modified 

acrylate based monoliths could be modulated using light irradiation (Figure 3.12). In 

an acidic environment (HCl 1 mM) The SP-modified acrylate based monolith gained 

a positively charged surface due to the protonation of the SP unit to MC-H+(Figure 

3.12A) and the micro-capillary adopted a yellow colour (Figure 3.12B). Upon 

irradiation with white light, MC-H+ converted back to the non-polar SP form (Figure 

3.12A) indicated by the change in colour of the microcapillary to colourless (Figure 

3.12 B). When the MC-H+ form is dominant, it produces a charged surface, which 

enables a relatively high flow rate (up to 1.6 µL min-1) to be generated under 

electroosmotic conditions. Upon exposure to white light, the concentration of MC-H+ 

decreases due to the photo-conversion to the uncharged SP form, with up to 20 % 

reduction of the EOF. The process is reversible, and removal of the light source 

results in a flow increase back to the original rate. A schematic of the microchip used 

in these experiments is shown in Figure 3.12C. 

The ability to alter flow rates in micro-fluidic channels using light has very 

significant implications, as it could dramatically simplify the manner in which micro-

flow systems are controlled. 
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Figure 3.12. (A) SP acrylate switching in acidic environment between the MC-H+ form 

(right) and the SP form (left) when irradiated with white light. (B) Picture of the spiropyran 

acrylate monolith flushed with HCl 10-3 M switched between the MC-H+ form, in the 

absence of light exposure and the SP form when irradiated with white light. (C) Schematic 

representation of the cross section of the microchip: 1) Electrode; 2) 1.5 ml 10-3 M HCl 

reservoir; 3) PEEK tubing; 4) epoxy glue; 5) PMMA sheet 5 mm thickness; 6) layer of PSA; 

7) second sheet of PMMA (0.5 mm thickness); 8) SP acrylate monolith 8 mm length; 9) 

white LEDs (430-760 nm) [80]. Copyright © 2010 Trans Tech Publications Inc. 

 

3.2.3 Photo-manipulation of Droplets 

 

Digital or droplet-based micro-fluidics involves the generation and manipulation of 

discrete droplets inside micro-devices [81] and unlike continuous-flow systems, 

droplet-based micro-fluidics allows for independent control of each droplet. Droplet 

micro-fluidics encompasses two different approaches;  

• mechanisms that are much more similar to traditional micro-fluidics, in which 

droplets are carried by a carrier flow, and; 

• more innovative mechanisms like electrowetting for droplet transport.  
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Photo-manipulation of droplets for micro-fluidic purposes can be realised through 

the use of photo-sensitive molecules incorporated in surface (channel) coatings or 

surfactants.  

In 1992 Chaudhury and Whitesides [82] showed that a wettability gradient on 

a surface is able to induce droplet motion. In this context, if a wettability gradient of 

a micro-fluidic platform could be optically induced, then droplet movement could be 

realised. Given the fact that light intensity is easily manipulated, a gradient can be 

created by partially illuminating a substrate that exhibits photo-responsive wettability 

behaviour. 

Photo-responsive surface wettability is usually achieved by functionalising 

with a photochromic moiety, most often azobenzenes and spiropyrans that 

dramatically change polarity upon photo-irradiation. Although a vast variety of 

photochromic coated substrates have shown to exhibit significant changes in 

wettability upon photo-stimulation [23, 24, 83-85], so far only a few have 

demonstrated droplet photo-manipulation.  

Ichimura et al. [86] showed the movement of an oil droplet on a flat surface modified 

with calix[4]resorcinarene derivative having photochromic azobenzene units. 

Asymmetrical photo-irradiation of this surface with different UV and visible light 

fluxes caused a gradient in the surface free energy due to the isomerisation of the 

azobenzene-containing monolayer, leading to a directional droplet movement. 

Although the velocity of the droplet depended intrinsically on the intensity and 

gradient of the light, a typical speed of 35 µL min-1 was observed for the motion of a 

2 µL olive oil droplet. Authors also demonstrated the photo-manipulation of fluid 

inside a surface-modified glass tube, showing the applicability of this technique for 

fluid manipulation in micro-fluidics. Although there is no theoretical limitation in 

movement distance for this approach, the surface-assisted method was only 

demonstrated for liquids that exhibited both small-hysteresis and large photo-induced 

changes in contact angles upon photo-isomerisation. 

More recently, similar results were reported by Yang et al. [87] using a flat 

surface functionalised with an azobenzene monolayer, and also by Berna et al. [88], 

using a photo-sensitive rotaxane-modified substrate (flat or tilted by 12 °C). 

Although promising, these photo-droplet manipulations were only demonstrated for 

olive oil, a few organic compounds (benzonitrile, diiodomethane, 1-

Methylnaphthalene, 1,1,2,2 - Tetrachloroethane), some nematic liquid crystals, but 
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never for water. At this stage, photo-manipulation of surface wettability cannot 

produce fast manipulation of a large number of individual droplets, which is required 

for delivering real-life applications of digital micro-fluidics. 

Another interesting means of transporting µL-sized droplets that has been explored in 

recent years is the use of photo-sensitive surfactants [26, 27]. These are surfactants 

that incorporate a photochromic moiety, most often spiropyrans [89-93] or 

azobenzenes [26, 27, 94-96], although other photoswitchable moeties have also been 

investigated [94, 97].  

For linear surfactants functionalised with spiropyrans or azobenzenes, UV 

irradiation induces isomerisation of the photochromic unit to the more polar form 

which causes an increase in air–water interfacial tension of up to 10 mN m-1 [15]. 

Diguet et al. [26] explored the use of a cationic photo-sensitive surfactant that 

incorporates an azobenzene unit for photo-manipulation of droplets. The first 

demonstration was performed with an oil droplet floating on a water bath containing 

a cationic photo-sensitive azobenzene trimethylammonium bromide surfactant 

AzoTAB (Figure 3.13A) that is initially in the trans configuration. Partial 

illumination of the solution containing AzoTAB with UV light, next to the droplet, 

resulted in a higher surface tension in the illuminated area and the droplet could be 

‘pushed’ along by the UV light. Contrariwise, by changing the light source to blue 

light, the surface tension gradient formed is in the opposite direction, causing the 

droplet to be ‘pulled’ along by the blue light. This type of droplet manipulation can 

be performed repeatedly, with droplet velocities of up to 300 µm s-1. The authors also 

demonstrated that greater precision of droplet manipulation can be achieved by using 

simultaneous two-color illumination, wherein the center part of the droplet is under 

blue illumination (attraction) while the droplet periphery is surrounded by a UV light 

(repulsion). This two-color illumination creates a ‘trap’ for the droplet and therefore 

by moving the two-color source, the droplet can be moved at will around a desired 

trajectory. Figure 3.13 B shows a superposition of a set of images which follows the 

path of a single droplet as it is moved along a heart-shaped trajectory at a speed of 

about 300 µm s-1. This type of precise and fast droplet manipulation is very appealing 

for droplet-based analytical/micro-fluidic applications, as now one can imagine 

parallel and complex manipulation of a large number of individual µL-sized droplets 

using two-color location control. 
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Figure 3.13. A-Molecular structure of the photo-sensitive surfactant AzoTAB. Upon 

illumination at 365 nm, trans-AzoTAB isomerises to cis configuration, resulting in a more 

polar tail [26].  B- Photomontages of the motion of a droplet along a heart shape trajectory. 

Adapted from www.baigllab.com. 

 
Another fascinating way of using photo-sensitive surfactants to control liquid 

behavior was recently demonstrated by the same group. In this case, AzoTAB was 

used to provide photo-induced reversible switching between a continuous two-phase 

laminar flow and a droplet generating regime, in micro-fluidic devices employing a 

typical water-in-oil flow focusing geometry [27]. Based on the same principle, they 

demonstrated that interfacial energy between flowing liquids and the micro-fluidic 

substrate could be photo-modulated. When AzoTAB was added to the aqueous phase 

of a two-phase laminar-flow regime (water/oil) in a micro-fluidic system, UV light 

induced fragmentation of the flow, to a regime where mono-dispersed droplets were 

formed. When the light stimulus was removed, the system reverted to the laminar 

regime (Figure 3.14). This strategy was applicable to different device morphologies 

and allowed many cycles of reversible and rapid switches as well as spatio-temporal 

control of flow regime localisation. 
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Figure 3.14. Snapshots from a video showing the photo-induced reversible switching 

between a continuous two-phase laminar flow and a droplet generating regime. The images 

show a water solution containing AzoTAB photo-sensitive surfactant that is flowing into a 

water-in-oil flow focusing device. Without UV, the water phase is wetting the micro-fluidic 

substrate and forms a stable continuous two-phase laminar flow ‘‘tube’’ regime (A). 

Application of UV induces a dewetting transition and the water phase enters a stable droplet-

generating regime (B). Adapted from www.baigllab.com.  

 

3.3 Conclusions 
 

The examples presented hire give some indication of the potential of using an optical 

stimulus for photo-modulation of flow behavior in micro-fluidics by incorporating 

photo-responsive units into polymeric actuators, coatings, or surfactants. Although 

these examples can only hint at the possibilities, such as photo-modulation of flows 

or photo-induced droplet formation in micro-fluidics, the reader can gain some 

knowledge of the tools now available to achieve these effects. Incorporation of 

photo-responsive or photo-termo-responsive molecules in micro-fluidics together 

with smart engineering of the opto-functional unit can provide switchable 

characteristics that have great potential for many target applications. Opto-controlled 

micro-fluidics can open new possibilities based on unprecedented flexibility, 

versatility, reduced costs and simplicity. Moreover, advanced features such as 

parallel manipulation of multiple spatially resolved photo-responsive units through 

the use of patterned light exposure, variable light intensities, user selectable 

wavelengths, and excellent temporal control, become practically realisable.  This 

clearly opens great advantages over standard actuation methods that rely on highly 
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complex arrays of actively moving components (pumps, valves) based on 

individually addressable electronic or pressure based control. 

We believe that the use of opto-responsive units in micro-fluidics could form 

the basis of the new types of autonomous micro-fluidic-based analytical devices that 

are much more biomimetic in nature, and lower cost than current technologies.  

However, the future of opto-manipulated micro-fluidics relies on convincing 

demonstrations of their application to real scenarios in which their unique photo-

controlled characteristics lead to truly disruptive platforms for studying chemical or 

biological processes compared to existing technologies.  
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Abstract: The inner walls of fused silica micro-capillaries were successfully coated 

with polyaniline nanofibres using the “grafting” approach. The optical response of 

polyaniline coatings was evaluated during the subsequent redoping–dedoping 

processes with hydrochloric acid and ammonia solutions, respectively, that were 

passed inside the micro-capillary in continuous flow. The optical absorbance of the 

polyaniline coatings was measured and analysed in the wavelength interval of [300–

850 nm] to determine its optical sensitivity to different concentrations of ammonia. It 

was found that the optical properties of polyaniline coatings change in response to 

ammonia solutions in a wide concentration range from 0.2 ppm to 2000 ppm. The 

polyaniline coatings employed as a sensing material for the optical detection of 

aqueous ammonia have a fast response time and a fast regeneration time of less than 

5 seconds at room temperature. The coating was fully characterised by Scanning 

Electron Microscopy, Raman Spectroscopy, absorbance measurements and kinetic 

studies. The response of the coatings showed very good reproducibility, 

demonstrating that this platform can be used for the development of micro-capillary 

integrated sensors based on the inherited sensing properties of polyaniline. 
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4.1 Introduction 
 
Sensors providing continuous, direct and immediate analytical information are of 

great interest for many areas of research as such environmental monitoring [1-6]. In 

particular, some sectors of the water industry dealing with the detection and 

characterisation of chemical contaminants in surface water, predominantly rely on 

the batch sampling technique, where water samples are collected and analysed in the 

laboratory. This is mainly due to costs or legal constrains around certified 

methods[7]. Although this technique often offers accurate detection and possesses 

good sensitivity and limits of detection, it is time consuming, requires manpower 

and, most importantly, it fails to provide immediate or continuous information, 

which is of enormous interest when picking a sporadic, but fatal, event in the 

network. In this context, flow-through sensors have attracted a lot of attention for 

real time monitoring of water samples [8-12]. Flow-through sensors posses many 

advantages compared with classical probe-type sensors as such facile sample 

transport, sensor conditioning, maintenance and regeneration among others [13]. A 

subclass of flow-through sensors, accomplished through miniaturisation of the “flow-

through” unit are micro-capillary integrated optical sensors, in which glass or plastic 

micro-capillaries are coated on their inner surface with a chemically sensitive layer 

that changes its optical properties (absorbance [14-17], reflectance [14], fluorescence 

[15, 16], swelling [16] and refractive index [15, 16]) in response to a particular 

analyte as it passes through the micro-capillary. Hence, in this type of systems, it is 

no longer the intrinsic optical properties of the sample as it passes through the 

detector that are being studied, but rather those of the inner micro-capillary coating, 

as they are modulated by the sample. Because the optical properties of the coating, 

instead of the sample itself, are being monitored, micro-capillary integrated optical 

sensors are virtually independent of the colour and turbidity of the sample, which 

may interfere with the chemical sensing process in a conventional optical sensor. 

Moreover, micro-capillary integrated optical sensors offer advantages in terms of 

size, electrical safety, costs and have no the need for a separate reference electrode, 

as is the case in electrochemical measurements [18]. In particular, several micro-

capillary integrated optical sensors have been developed for the optical sensing of 

metal ions [14], solvent polarity [19], or carbon dioxide [18]. 
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Exploring new means of developing micro-capillary integrated optical sensors 

capable of continuous flow analysis of water contaminants; we explored the optical 

properties of the semiconductive polymer polyaniline (PAni), [20-23] for the 

detection and quantification of aqueous ammonia. In fact, many recent articles 

describe electrical and optical sensors for ammonia detection with PAni as the 

sensitive layer, [24-28] or PAni composites [29, 30]. For the detection of aqueous 

ammonia, however, to our knowledge, only one recent study presents an optical 

sensor based on PAni. Castrellon-Uribe et al. [31] used a glass substrate covered 

with a film of polyaniline produced by the chemical bath method, for which 

transmittance is measured after immersing the glass slide in aqueous ammonia 

solutions and subsequently drying the slide. Although the sensor is reported to have 

good signal linearity over the concentration range 3–100 ppm of ammonia, the 

sensing method is disruptive, cannot provide immediate or continuous information, 

and it is not suitable for real-time measurements. Bearing these constraints in mind, 

we adopted a different approach to produce polyaniline modified sensing micro-

capillaries that showed fast response and regeneration times providing with the 

possibility of working with a wide range of aqueous ammonia concentrations in a 

continuous flow mode. 

 

4.2 Experimental  
 

4.2.1 Materials and Methods  

 

Aniline (BDH), hydrochloric acid (Fisher Scientific), ammonium persulfate (APS) 

(Aldrich), N-[3-(Trimethoxylsilyl)propyl]aniline (Aldrich), ammonium hydroxide 

solution (28.0-30.0 % NH3 basis) (Aldrich) were used. The aniline monomer was 

purified by vacuum distillation before use. Other chemicals were used as received. 

Fused-silica micro-capillaries (100 µm ID, 375 µm OD) were purchased from 

Polymicro Technologies (Phoenix, AZ, USA). 

Raman Spectroscopy was employed to study the chemical features of the 

polyaniline coatings inside the micro-capillary. Raman spectra were taken with a 
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Perkin Elmer RamanStation at 2 cm-1 resolution, 3s per scan and 20 collections. A 

785 nm laser line was used as it can detect both doped and dedoped features in 

polyaniline. 

UV-Vis Spectroscopy was used to study the pH dependence of the 

polyaniline coatings. The absorbance spectra were recorded using 2 fiber-optic light 

guides connected to a Miniature Fiber Optic Spectrometer (USB4000 - Ocean 

Optics) and aligned using cross shaped cell (see Figure 4.4B). The light source used 

was DH-2000-BAL UV-NIR deuterium tungsten halogen source (Ocean Optics). 

Data from the spectrometer was processed using Spectrasuite software provided by 

Ocean Optics Inc. For clarity, the absorbance spectra recorded were smoothed using 

Origin software using Savitzky-Golay algorithm. 

 

4.2.2 Fused Silica Micro-Capillaries Coating Protocol 

 

The functionalisation of the inner walls of the micro-capillary with PAni nanofibres 

was achieved using chemical polymerisation. The protocol used to coat micro-

capillaries with polyaniline nanofibres is described in Figure 4.1. Prior to 

functionalisation the inner micro-capillary surface was quickly washed with acetone 

and water, then flushed with a solution of NaOH 0.2 M for 30 min at a flow rate of 

0.25 µL min-1 using a syringe pump and then, rinsed with deionised water. Next, the 

micro-capillary was flushed with a solution of HCl 0.2 M for 30 min at a flow rate of 

0.25 µL min-1, rinsed with water, and with ethanol. A 20 % wt solution of N-[3-

(trimethoxysilyl)propyl]aniline in ethanol was then pumped through the micro-

capillaries for 90 min at a flow rate of 0.25 µL min-1 (Figure 4.1 – A). Later, the 

micro-capillaries were washed with ethanol, dried under nitrogen stream, and left at 

room temperature for 24h. 

Fresh solutions of aniline and the oxidant (ammonium persulfate) in 1M HCl 

were prepared as follow: 82 µL aniline was added to 4 mL 1 M HCl solution; 0.050 

g ammonium peroxydisulfate was dissolved in 4 mL 1M HCl solution. Equal 

volumes of the two solutions were rapidly mixed together in a micro-syringe and 

immediately used to fill the micro-capillary (Fig. 4 – B), which was after closed at 

both ends using rubber septa. After about 10 min the solution inside the micro-
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capillary turns slightly green which means that the polymerisation has started. The 

micro-capillary was left on the bench over night. The next day the micro-capillaries 

were thoroughly washed with water to remove any polyaniline nanofibres that were 

not attached to the inner walls and any physisorbed materials. 

 

Figure 4.1. Coating protocol of the fused silica micro-capillaries with polyaniline. 

 

4.2.3 Polyaniline Coatings Imaging Protocol 

 

The polyaniline coatings inside the micro-capillary were imaged using scanning 

electron microscopy (SEM) performed on a Carl Zeiss EVOLS 15 system at an 

accelerating voltage of 3.87 kV. The micro-capillaries were cut using a SGT 

capillary column cutter with rotating diamond blade (SHORTIX, Nederland) to 

create a smooth cut of the micro-capillary wall. Then they were placed in vertical 

position in a custom made metallic capillary holder that has holes of internal 

diameters equal to the external diameter of the micro-capillary (375 µm). This set-up 

allows the micro-capillaries to be kept in vertical position. During the imaging 

process, the stage was tilted of an angle between 0 – 15° for better imaging of the 

inner wall of the micro-capillary (Figure 4.2A).  

For imaging purposes, a flat silicon wafer was coated with polyaniline 

nanofibres using the same procedure as the one employed for the coating of micro-

capillaries. For this, a polydimethylsiloxane (PDMS) layer containing a micro-fluidic 

channel (100 µm x 50 µm x 2 cm) incorporating one inlet and one outlet was placed 

on top of a silicon wafer. The obtained micro-channel (PDMS/silicon wafer) was 

coated with polyaniline following the procedure described above. Prior imaging, the 

PDMS layer was removed and the silicon wafer containing the polyaniline film was 
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coated with 10 nm Au layer. The imaging was performed on a Carl Zeiss EVOLS 15 

system at an accelerating voltage of 5.75 kV (Figure 4.2B). 

 

4.3 Results and Discussion 

4.3.1 Polyaniline Coatings  

 

4.3.1.1 Morphological Analysis 

 
Fused silica micro-capillaries were covalently functionalised with polyaniline as 

described in the experimental section. Scanning electron microscope (SEM) images 

showed that using the described polymerisation technique, a 3D arrangement of 

polyaniline isles, homogeneously distributed along the micro-capillary walls were 

obtained, in which polyaniline is covalently attached to the inner walls of the micro-

capillary (Figure 4.2A). For a better visualisation of the morphology of polyaniline 

coatings, a flat silicon wafer surface was coated (Figure 4.2B and C) using the same 

procedure (see Experimental Section 3.3). Figure 4.2C shows that the method 

employed produces nanofibres that are around 200 nm in diameter and up to several 

microns in length. The great advantage of nanofiber structured films (versus bulk 

polyaniline) is the high surface area that is exposed to the target molecules and the 

very short diffusional path lengths [1, 22] which, coupled with rather thick films, 

produces enhanced sensitivity and fast response times [32-34]. The covalent 

attachment of the nanofibres ensures good mechanical stability of the coating, 

moreover no leaching has been observed over a period of three months of use for lab 

experiments. 

 

Figure 4.2. SEM images of the polyaniline coated micro-capillary (A) and silicon 

wafer (B and C). 
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4.3.1.2 Structural Analysis 

 
Raman spectroscopy was used to characterise the chemical structure of the 

polyaniline since this technique allows non-invasive, in situ analysis of the 

polyaniline coating inside the micro-capillary. Raman spectroscopy showed that the 

polyaniline coating is obtained in its half-oxidised emeraldine state [35]. In addition, 

Raman spectroscopy was also employed to study the changes in the bonding 

structure of the coatings upon doping-dedoping, as very distinct signature bands 

appear for the quinoid and benzenoid rings, respectively [36, 37]. Figure 4.3A 

presents the Raman spectra of the polyaniline coatings in the region of interest 

(1000-1800 cm-1) after a solution of hydrochloric acid (HCl) 10!2 M and aqueous 

solution of ammonia (200 ppm), respectively, are passed inside the micro-capillary.  

When a solution of 10!2 M HCl is passed through the micro-capillary, 

polyaniline exists in the doped state, emeraldine salt (ES). Passing a solution of 200 

ppm aqueous ammonia inside the micro-capillary causes changes in the bonding 

structure of the material (Figure 4.3B) reflecting the adoption of the dedoped– 

emeraldine base (EB) state. Signature bands between 1300 and 1400 cm!1 appear for 

the doped material (Fig. 3A – in green). After dedoping of the polymer with 

ammonia, these bands are less significant, and strong bands between 1400 and 1500 

cm!1 reflect the dedoped state (Fig. 3A – in blue). Complete characterisation and 

assignments are listed in Table 4.1. 

In particular, in the case of EB, an important peak can be observed at 1456 

cm!1 and is characteristic to C=N stretching vibration of the quinoid units [35, 37-

40]. Other bands at 1592 cm!1 and 1162 cm!1, are assigned to C-C stretching [35, 39] 

and C-H bending modes[35, 38], respectively, centered on the quinoid ring. Another 

new peak at 1220 cm!1 appears in the spectra of polyaniline upon dedoping and is 

assigned to C–N stretching vibrations of the benzenoid units [35, 39] (the EB form 

consists of both C=N and C-N bonds). In the case of ES, the most important band 

appears at 1346 cm!1 and can be assigned to a C-N• + polaron stretch [35, 39, 41, 42] 

while the band at 1170 cm!1 is characteristic to the C–H in-plane bending of the 

benzenoid ring [35, 40]. These studies have been repeated on the same micro-

capillary in similar conditions after a period of two months. Raman spectroscopy 
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indicated no noticeable changes in the chemical structure of polyaniline (ES and 

EB). 

 

Figure 4.3. (A) Raman Spectra of PAni functionalised micro-capillary after being filled with 

a HCl solution 10-2 M (green) and with NH3 aqueous solution 200 ppm (blue). (B) Scheme 

showing the chemical structures of Emeraldine Salt (ES) and Emeraldine Base (EB). 

 

Table 4.1. Assignment of the vibrational bands (cm!1) observed between 1800 and 1000 

cm!1 in the Raman spectra ("ex = 785 nm) of PAni functionalised micro-capillary after being 

filled with a HCl solution 10-2 M (doped) and PAni functionalised micro-capillary after being 

filled with NH3 aqua solution 200 ppm (dedoped).  

Wavenumber (cm-1) Assignments References 

Doped (HCl) Dedoped 

(NH3) 

1170 1162 C–H in-plane bending (Q) [35, 38-40] 

- 1220 C–N stretching (B) [35, 39]  

1250 - C–N+• stretching (SQR) [35, 40] 

1346 1346 C–N+• stretching (SQR) [35, 39, 41, 42]  

- 1416 C–C stretching (Q) [35, 40] 

1506 1456 C=N and CH=CH stretching (Q) [35, 37-40].  

1590 1592 C=C ring stretching (Q) [35, 40] 

- 1608 C–C ring stretching (B) [35, 40] 

The benzenoid, quinoid and semiquinone radical units are denoted by B, Q and SQR, 
respectively. 
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4.3.1.3 Optical properties of the coating 

 
To evaluate the optical response of the PAni coatings, hydrochloric acid (10-2 M) and 

aqueous ammonia solution (200 ppm) were alternatively pumped through the micro-

capillary at a flow rate of 5 µL min-1 and the absorbance of the coating was 

monitored transversally across the micro-capillary over the wavelength interval 

[350–1100nm] (Figure 4.4A) using the configuration described in Figure 4.3B. 

When hydrochloric acid is passed through the micro-capillary, the polyaniline 

coating presents a green colour (ES) as depicted in Figure 4.4A. When the ammonia 

solution reaches the surface of the coating, the micro-capillary rapidly changes its 

colour – from green to blue (Figure 4.4A - photos). This is due to the fact that when 

the emeraldine salt form of polyaniline is exposed to a basic solution, such as 

ammonia, it undergoes deprotonation and it is converted to the emeraldine base (EB) 

state which presents a blue color.  The process occurs on the imine nitrogen atoms as 

shown in Figure 4.3B. More specifically, the doped state – emeraldine salt – has a 

characteristic absorption band at around 360 nm associated to !-!* transition of the 

conjugated ring system [23] and an absorption band at !420 nm together with an 

extended tail at 850 nm assigned to polaron band transition [23]. Dedoping the 

polymer with ammonia leads to a shift in the absorption lambda maxima of PAni 

from !360 nm (ES) to !320 nm (EB). The band at 610 nm is ascribed to the exciton 

formation in the quinonoid rings and this absorption gives rise to the blue colour of 

the PAni coatings [23]. The UV-Vis spectra of the polyaniline coatings obtained 

using the setup shown in Figure 4.4B is similar to the absorbance spectra of 

polyaniline presented in the literature, in the case when polyaniline can be found in 

the form of dispersions in aqueous solutions [20, 23, 43, 44]. Moreover, the UV-Vis 

spectra can also provide useful information about the electronic structure of the 

polymer and its geometric structure such as polymer chain conformation [23]. A 

number of theoretical studies have examined the influence of PAni chain 

conformation, in particular the effect of the phenyl and phenyl/quinoid torsional 

angles along the chain on the electronic structure of polyaniline (and consequently 

their absorbance spectra) [23, 45, 46]. It was found that the position of the absorption 

bands of PAni is sensitive to the conformation adopted by the polymer chains as well 

as the conjugation length. In the case of polyaniline coatings, having the polaron 

band centered at around 827 nm, suggests that the PAni chains are adopting a 



 115 

“compact coil” conformation compared with an “extended coil” conformation that is 

characterised by a red shift in the "max to 1500-2500 nm [23].  

 

 

Figure 4.4. (A) Absorbance spectra and photos of PAni functionalised micro-capillary after 

being filled with a HCl solution 10-2 M (green) and PAni functionalised micro-capillary after 

being filled with ammonia aqueous solution (blue).  (B) Picture of the UV-Vis flow cell set-

up used for UV-Vis characterisation. 

 
The change in colour and absorbance spectra of the coating in response to 

hydrochloric acid and ammonia solution, respectively, shows the potential of this 

type of coatings for building micro-capillary integrated micro-sensors capable of 

working in continuous flow.  

To further investigate the reversibility of color change of the micro-capillary 

sensor during the protonation/deprotonation processes, the absorbance at fixed 

wavelengths was monitored while pumping HCl 10-2 M and aqueous ammonia 200 

ppm solutions respectively, through the micro-capillary at a flow rate of 5 µL min-1. 

The two wavelengths monitored correspond to typical absorbance of emeraldine salt 

(827nm – polaron strech) and emeraldine base (600nm – exciton formation in the 

quinoid ring). An absorbance reading was taken every 100 ms and no smoothing 

algorithms were applied for the acquired data (Figure 4.5).  
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Firstly, a solution of hydrochloric acid is passed through the micro-capillary and the 

absorbance at 827 nm (Figure 4.5 - in green) and 600 nm (Figure 4.5 – in blue) is 

recorded in real time. After approximately three to four minutes, aqueous ammonia 

solution is injected inside the micro-capillary, replacing the previous solution and 

causing a change in colour of the micro-capillary. The absorbance is continuously 

monitored, recording the moment when the micro-capillary changes from green to 

blue (decrease in the absorbance at 827 and increase in the absorbance at 600 nm). 

The absorbance value stabilises rapidly and after another 3 to 4 minutes the 10-2 M 

hydrochloric acid is injected inside the micro-capillary. The sequence of 

doping/dedoping/ followed by dedoping/doping process is repeated seven times in 

total. The results showed excellent reproducibility, with no visible loss in the coating 

sensitivity. The response time and the recovery time of the PAni coating exposed to 

aqueous ammonia and hydrochloric acid solutions, respectively, were less than 5 s at 

room temperature when the solutions are pumped through the micro-capillary at 5 

µL min-1 flow rate (Figure 4.5 – Inset A and B). The response of the PAni coatings, 

when exposed to aqueous ammonia, is depicted in Figure 4.5 by a decrease in the 

absorbance at 827 nm and an increase in the absorbance at 600nm. The absorbance 

values become stable after less than 5 seconds (4.43 ± 0.13, n = 4) and remain stable 

as long as the solution and the flow passing through the micro-capillary is not 

modified. In order to ensure a good coating regeneration (doped state), a solution of 

HCl 10-2 M is pumped through the modified micro-capillary. The regeneration of the 

coating occurs in less than 4 seconds (3.34 ± 0.16, n = 3) and it is characterised by an 

increase in the absorbance at 827 nm and a simultaneous decrease of the absorbance 

at 600 nm to their original values (doped state). These results showed that the 

modified micro-capillary sensor exhibits very rapid response times towards ammonia 

and HCl solutions with excellent reproducibility.  
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Figure 4.5. Continuous monitoring of the absorbance at 827 nm and 600 nm of the PAni 

coatings while HCl 10-2 M and ammonia (200 ppm) solutions are passed through the PAni 

coated micro-capillary in continuous flow (5 µL min-1). The inset A and B show the response 

and recovery times of the PAni coatings. 

 

4.3.2 Ammonia Sensing 

 

Different concentrations of aqueous ammonia (from 0.2 ppm - 2000 ppm) were 

passed through the modified micro-capillary in continuous flow (5 µL min-1). The 

absorbance of the coating was recorded in the interval 300 – 850 nm, using the same 

methodology presented above, to determine the sensitivity of the PAni coatings to 

ammonia. Before conducting the experiments, 10-2 M hydrochloric acid was passed 

through the PAni modified micro-capillary to assure the complete doping of the 

coating.  As observed in Figure 4.6, the absorbance intensity of the two absorption 

bands (350 nm, 600 nm) increases with ammonia concentration. Complete dedoping 

of the polymeric coating is achieved at 20 ppm ammonia solution, and can be 

depicted from Figure 4.6 by the disappearance of the absorbance band centered at 

420 nm. Moreover, the "max of the absorbance band, due to the exciton formation in 

the quinoid rings, shows a gradual shift towards lower wavelength with increasing 

ammonia concentrations. To further characterise the performance of the polyaniline 

based micro-capillary sensor towards aqueous ammonia, three sets of aqueous 



 118 

ammonia solutions (from 0 ppm - 2000 ppm) were passed through the modified 

micro-capillary in continuous flow (5 µL min-1) and this time the absorbance at 600 

nm was recorded continuously. The integration time in the Ocean Optics software 

was set to 1 second and an absorbance reading was recorded every five seconds for 

three minutes for each of the solutions (see Table A1 – Appendix A). A plot of the 

absorbance at 600 nm versus concentration of aqueous ammonia is shown in Figure 

4.6 - Inset B showing the logarithmic calibration curve. This type of logarithmic 

response is commonly depicted in the case of ammonia sensors based on polyaniline 

[28, 31]. However, to further simplify the calibration curve, often in cases of 

ammonia concentration over a wide range, logarithm of concentration is plotted [28]. 

In the case of the micro-platform presented here, this approach offers a linear 

calibration curve (R2 = 0.991) between absorbance at 600 nm and log[conc] (Figure 

4.6 – Inset B) making the sensor more practical. The limit of detection and limit of 

quantification were found to be 0.0067 ppm and 0.041 ppm, respectively. The 

relative standard deviation of the sensor’s response lies typically in the range 1-3% 

over the calibration range. The results indicate that the PAni modified micro-

capillary integrated optical sensors could be used for sensing aqueous ammonia over 

wide concentration range (0.2 – 2000 ppm).   

 

Figure 4.6. Absorbance spectra of the polyaniline coatings exposed to different 

concentrations of aqueous ammonia. Inset A shows the logarithmic dependency of the 

absorbance at 600 nm versus ammonia concentration. Inset B shows the linear dependency 

of the absorbance at 600 nm versus logarithm of ammonia concentration. 
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4.4 Conclusions  
 

A micro-capillary integrated optical sensor suitable for the detection of aqueous 

ammonia has been realised by coating the inner walls of a fused-silica micro-

capillary with polyaniline nanofibres. In this approach, the ammonia solution does 

not need to be pretreated prior entering the micro-capillary, for the incoming optical 

analysis, as the polymer coating itself acts as the indicator dye. The ability to form 

nanostructures together with its intrinsically pH-sensitive property makes polyaniline 

an excellent candidate for the fabrication of optical sensors in the visible-near IR 

regions, capable for real time continuous-flow measurements of aqueous ammonia. 

The performance of the PAni modified optical sensor when aqueous ammonia 

solutions are passed through the micro-capillary in continuous flow, showed that the 

polyaniline modified micro-capillary optical sensors can operate in a wide range (0.2 

– 2000 ppm) of ammonia concentrations. The high surface area of the polymer offers 

good permeability for the analyte. Very fast response times of less than 5 seconds are 

achieved. Another distinguishing feature of the PAni-modified micro-capillary 

optical sensor is the possibility of a fast regeneration process of less than 4 seconds 

by just pumping hydrochloric acid solutions through the modified micro-capillary. 

Good reproducibility of the signal was obtained when cycling ammonia and 

hydrochloric acid solutions, respectively, showing the stability of the polyaniline 

coating through at least 7 cycles. It was determined that by monitoring the 

absorbance at 600 nm, the concentration of ammonia can be determined with good 

linearity. Therefore, we have shown the feasibility of employing polyaniline to 

develop micro-capillary integrated optical sensors capable of operating in continuous 

flow mode for the optical detection of aqueous ammonia. 
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Appendix A. Supplementary Information 

Supplementary data associated with this article can be found, in the online version, at 

http://dx.doi.org/ 
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Abstract: In this chapter we present a micro-fluidic device that has integrated pH 

optical sensing capabilities based on polyaniline. The optical properties of 

polyaniline coatings change in response to the pH of the solution that is flushed 

inside the micro-channel offering the possibility of monitoring pH in continuous 

flow over a wide pH range throughout the entire channel length. This work also 

features an innovative detection system for spatial localisation of chemical pH 

gradients along micro-fluidic channels through the use of a low cost optical device. 

Specifically, the use of a micro-fluidic channel coated with polyaniline is shown to 

respond colorimetrically to pH and that effect is detected by the detection system, 

even when pH gradients are induced within the channel. This study explores the 

capability of detecting this gradient by means of imaging techniques and the 

mapping of the camera’s response to its corresponding pH after a successful 

calibration process. The provision of an inherently responsive channel means that 

changes in the pH of a sample moving through the system can be detected 

dynamically using digital imaging along the entire channel length in real time, 

without the need to add reagents to the sample. This approach is generic and can be 

applied to other chemically responsive coatings immobilised on micro-channels.  
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5.1 Introduction 
 

Conventional glass-type electrodes have been widely used for pH measures for many 

years in both industry and academic areas. However, in terms of specific applications 

(e.g. in vivo, food industry, or for clinical applications), they posses several 

disadvantages due to their size constraints, rigidity, and the inflexibility of the glass 

electrode. In recent years, a wide number of pH sensors have been developed to 

overcome these limitations, including ion sensitive field-effect transistor (iSFET) pH 

sensors [1-4], optical pH sensors based on pH responsive dyes [5-8], hydrogel film 

pH sensors [9, 10], and solid-state metal oxides pH sensors [11-13]. In particular, 

optical pH sensors present several advantages over the traditional pH electrodes as 

such their low costs, immunity from electromagnetic field, absence of electric 

contacts, possibility of reference electrode removal and a high degree of 

miniaturisation [14]. Optical fiber-based pH sensors have been particularly popular, 

as the fibre allows the optical signal to be transported over long distances, which can 

facilitate applications in remote sensing [15].  

 Usually, these optical pH sensors (or optrodes) employ a dye or an indicator 

that requires immobilisation onto a solid support material. There are several critical 

issues related to this approach: firstly, the dye should retain its optical properties 

after the immobilisation process [16] and secondly, it should not leach into the 

solution [17]. A third issue of practical importance is their inherently narrow 

dynamic response range which is usually around 3-4 pH-units centred on the dye´s 

pKa [18].  

 Therefore, the further improvement of such sensors focuses on the search for 

new materials that can overcome these issues. An alternative approach is to use the 

inherent optical response of certain polymers like the conducting polymer 

polyaniline (PAni) rather than a conventional pH-sensitive dye. PAni displays 

striking changes in the visible/NIR spectrum upon proton-mediated doping-dedoping 

of the polymer backbone, thus offering the possibility of developing optical sensors 

with extended pH ranges. The polymer itself, therefore, acts as both the matrix 

support and the indicator dye. In this way, leaching is prevented, thereby enhancing 

the long-term stability and reproducibility. 
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PAni is an excellent candidate for the fabrication of optical sensors in the visible-

near IR detection since it is an intrinsically pH-sensitive polymer with good 

environmental stability [19, 20]. Furthermore, by focusing on PAni nanofibres we 

can dramatically increase the surface area of the material [21], which in turn can 

manifest in improved response times and sensitivity.  

 A relatively new and promising approach to produce sensors of this kind 

involves optofluidics wherein optical and fluidic functionalities are integrated at the 

micro- and nano-scale to leverage their combined advantages by functionalising the 

inner walls of a micro-channel with a responsive material [22, 23]. For example, 

functionalisation with antibodies for flow-through cell separation have been reported 

[24], as have florescent dyes for optical sensing of acidity [25] and monolayers that 

exhibit metal ion sensing properties [26, 27].   

 Nowadays, a wide variety of detectors can be employed to transduce the 

colorimetric analytical signal, such as light dependent resistors [28, 29], photodiodes 

[30-32], phototransistors [33-35] and even reverse-biased LEDs [36-38]. More 

specific to this study is the use of digital imaging cameras for the detection of 

colorimetric reactions. Up to now, almost all of the studies carried out have been 

based on the RGB colour model, probably because this is readily accessible via a 

number of popular image processing packages [39-43]. The major challenge with 

this approach is that the RGB colour space is inherently sensitive to changes in 

ambient lighting, and measurements therefore have to be made under strictly 

controlled light conditions. Recently, studies such as those by Fay et al. [44] 

(qualitatively) and Cantrell et al. [45] (quantitatively) explored the use of a different 

colour model (HSV) for colorimetric chemical analysis which has shown to be more 

tolerant of ambient light variations [46].  

 Based on this concept, we present an innovative, robust, simple and fast 

method to measure pH simultaneously at all locations across an entire micro-fluidic 

system using polyaniline nanofibres modified micro-channel coupled with HSV-

based digital image color analysis.   
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5.2 Experimental 

 

5.2.1 Micro-fluidic Device Fabrication 
 
The fabrication of the master mold was carried out using a laser ablation system-

excimer/CO2 laser (Optec Laser Micro-machining Systems, Belgium) by cutting the 

micro-fluidic structures in a 50 µm double-sided pressure sensitive adhesive film, 

PSA, (AR8890, Adhesives Research, Ireland) and pasting one of the PSA sides to a 

petri dish [47].  

 For PDMS casting, the precursor was prepared by mixing PDMS elastomer 

with the curing agent from Sylgard 184 kit at a weight ratio of 10:1, poured onto a 

master mould, and cured in an oven at 80 °C for 2 h. Following curing, the PDMS 

layer is peeled from the master. The inlets and outlets (800 µm in diameter) were 

made using a manual puncher (Technical Innovations, Inc., Brazoria, TX). The 

PDMS replica (! 1 mm height) was thoroughly washed with isopropanol and 

exposed to oxygen plasma to seal the chip to a clean glass slide (35 mm x 64 mm, 

Agar Scientific Limited, England) or another flat PDMS layer (! 2 mm height). 

Silicon tubes were employed to further connect the main inlets with a syringe pump 

(PHD 2000 Syringe, Harvard Apparatus) for sample delivery and washing. 

 

5.2.2 Micro-fluidic Device Functionalisation  
 

The functionalisation of the inner walls of the micro-fluidic channel with PAni 

nanofibres was achieved using the procedure described in Figure 5.1. The detailed 

micro-channel functionalisation process and the corresponding characterisation of 

the coating are listed in the Appendix B. Briefly, immediately after exposure of the 

PDMS chips to oxygen plasma for 60 s (Harrick Plasma) and sealing to the glass 

slide/PDMS layer, the activated channels (1000  " 100µm) were flushed with a 20 % 

wt solution of N-[3- (trimethoxylsilyl) propyl]aniline in ethanol for 60 min at a flow 

rate of 0.5 µL min-1. Using this technique, a monolayer of silane-bearing aniline was 

formed on the substrate via molecular self-assembly. Chemical deposition of the 
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PAni on the modified micro-channel walls was performed by filling the micro-

channel with freshly prepared 1 M HCl solution containing the oxidant (ammonium 

peroxydisulfate) and aniline in a molar ratio of 0.25:1. This molar ratio was chosen 

as it has been previously shown that polymerisation of aniline in these experimental 

conditions produces nanofibres [48]. The pendant aniline on the surface served as an 

initiation site for polymerisation and was also used to covalently anchor the PAni 

chain on the substrate [49]. The polymerisation time was fixed to 20 h. After 

polymerisation, the channels were washed extensively with water to remove any 

unattached polyaniline nanofibres. The resulting films had good adhesion due to the 

chemical bonding between the substrate and polymer film. Homogeneous PAni 

coatings were obtained, covalently attached to the internal walls of micro-channels 

made of PDMS/PDMS or PDMS/glass, see Figure 5.2. 

 

 

Figure 5.1. Chemical functionalisation of micro-channel surface with polyaniline chains.  
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Figure 5.2. Pictures of polyaniline functionalised PDMS/PDMS (left), acidic on the top and 

basic on the bottom, and glass/PDMS (right) micro-fluidic devices. The picture on the right 

shows the PDMS extensions that were attached to the PDMS layer by oxygen plasma. These 

extensions were configured to secure the connections between the silicon tubes and the inlets 

of the micro-channel and to facilitate sample delivery.  

 

5.2.3 Measurement of Absorbance Spectra of PAni Coatings 
 

Changes in the absorbance spectra of the PAni coatings as different pH solutions 

flushed inside the micro-channel were recorded using two fiber-optic light guides 

connected to a Miniature Fiber Optic Spectrometer (USB4000 - Ocean Optics) and 

aligned using an in-house made holder. The in-house-designed holder was fabricated 

using a three-dimensional space (3D) printer (Dimension SST 768) in black 

acrylonitrile butadiene styrene co-polymer (ABS) plastic in order to minimise 

interferences from ambient light. The two parts of the holder (2 identical parts, one to 

be placed on top of the micro-fluidic chip, the other underneath) were designed using 
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ProEngineer CAD/CAM software package and fixed together with screws ensuring 

precise alignment between the two fiber-optics (appendix B, Fig. B1).  

 The Absorbance spectra recorded with Miniature Fiber Optic Spectrometer 

(USB4000). For clarity, all absorbance spectra recorded were smoothed using Origin 

software using Savitzky-Golay algorithm.  

 

5.2.4 Digital Image Capture 
 

After the fabrication of the flow channels and subsequent analysis using reference 

instrumentation (spectrophotometer) the channels were then subjected to analysis via 

digital imaging techniques. The channel was placed within the field of view of a 

standard colour camera (Panasonic DMC-FZ38) along with a white background for 

subsequent image processing. An XRite professional colour reference chart was also 

placed within the camera’s field of view (see Appendix B - Figure B2) as this 

experiment was performed under variable ambient lighting conditions. 

 Solutions of known pH produced by mixing appropriate amounts of 

hydrochloric acid or sodium hydroxide (pH 2 to 12) were then flushed through the 

micro-channel at a flow rate of 50 µL min-1. At each pH unit step, an image was 

captured using the colour camera. This process was repeated and multiple images 

gathered at each unit step to investigate reproducibility. 

 An additional set of images were similarly captured, in which the flow 

channel was first filled with a solution of pH 3 and then a droplet of pH 6.5 aqueous 

solution placed at the opposite inlet where it was encouraged along the micro-

channel via an applied negative pressure using a microsyringe. This generated a pH 

gradient inside the micro-channel along the channel’s length. Therefore, the channel 

showed two extreme colours at either end coupled with a colour gradient connecting 

them. The ability to detect this pH gradient point through image processing and 

analysis was then investigated. 
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5.2.5 Image Processing 
 

A number of image processing steps were employed in order to analyse the overall 

channel pH for the calibration procedure, and subsequently additional steps were 

undertaken to detect the pH gradient along the channel. After capturing an image 

(see Appendix B - Figure B2 left) a segmentation process identified regions of 

interest from background areas (see appendix B - Figure B2 right). The regions were 

identified based on their spatial coordinates and were matched between progressive 

calibration images on this basis. The average Hue component of each region was 

taken to represent the colour of the channel and reference patches, which were then 

used for normalisation, and later to generate a calibration plot. Following this, a 

similar approach was employed to analyse the pH gradient along the channel in 

which the pH analysis was localised at every point along the channel. A more 

detailed account of these processing steps can be found in Appendix B (Figure B2 

and B3).  

 

5.3 Results and Discussion 
 

5.3.1 Characterisation of the PAni Coatings 
 

The PAni coatings were characterised by Raman spectroscopy as it permits in situ 

analysis [50] of PAni coating inside the micro-channel (see Appendix B - Figure 

B4). Raman spectroscopy showed that PAni is obtained in its half-oxidised 

emeraldine state [51]. In addition, Raman spectroscopy was also employed to study 

the changes in the bonding structure of the coatings upon doping-dedoping, as very 

distinct signature bands appear for the quinoid and benzenoid rings, respectively [52, 

53]. When a solution of pH 2 is passed through the micro-channel, PAni presents the 

typical bands for the emeraldine salt (ES). When a solution of pH 12 is flushed 

through the micro-channel, the ES bands decrease and the specific quinoid ring 

bands appear in the spectra, reflecting the dedoped state – emeraldine base (EB).  
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Scanning electron microscope (SEM) images showed that using the polymerisation 

technique described in the experimental section, PAni nanofibres were obtained, 

covalently attached to the inner walls of the micro-channels, (Figure 5.3). The 

immediate advantages of having nanofibres (versus bulk PAni) are the high surface 

area that is exposed to the target molecules and the very short diffusional path 

lengths [54] which produces enhanced sensitivity coupled with fast response times 

[21, 55, 56].  

 

 

Figure 5.3. Representation of the polyaniline functionalised micro-channel (left). SEM 

image of the polyaniline functionalised glass bottom layer showing a homogeneously 

covered surface with polyaniline nanofibres (right).   

 

5.3.2 pH Measurements 

 
Polyaniline’s sensitivity towards pH has been extensively used in recent years for the 

development of pH sensors due to its intrinsic doping-dedoping pH response [57, 

58]. However, to the best of our knowledge this is the first example of the use of 

polyaniline nanofibres as a pH optical sensor in a micro-fluidic device, wherein the 

whole inner wall of the micro-channel acts as a sensor enabling the pH to be 

measured simultaneously at all points within the channel. 

 The reversible protonation/deprotonation reaction of PAni is of particular 

interest during the development of the pH sensor. The process occurs on the imine 

nitrogen atoms as shown in Appendix B - Figure B5. The transformation of 

Emeraldine Salt (ES) to Emeraldine Base (EB) by deprotonation is accompanied by 

significant changes in colour. This phenomenon is observed in the case of the PAni 



 

 133 

coatings when colourless solutions of at varying pH are passed through the micro-

channel, showing the ability of the covalently bonded PAni nanofibres to rapidly 

respond to changes in their environment (see Appendix B - Figure B5).  

The changes in the absorbance spectra of the PAni coatings in response to 

different pH solutions flushed inside the micro-channel were recorded using two 

fiber-optic light guides connected to a Miniature Fiber Optic Spectrometer and 

aligned using an in-house made cell. 

 

Figure 5.4. Absorbance spectra of the polyaniline coatings in the channel when solutions at 

different pH are passed through (pH 2-12). Inset - Graph of the absorbance change of 

polyaniline coatings vs. pH at 605 nm and 832 nm. 

 

The UV–VIS absorption spectra of PAni films were measured for each pH solution 

passed through the channel at a flow rate of 50 !L min-1, see Figure 5.4. It is 

important to note that the absorbance spectrum changes very rapidly after the 

solution reaches the detection area (approx. 2 s), thereby ensuring a very fast 
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response of the device (see ESI† - videos 1 and 2). Moreover, the signal remains 

stable during the timescale of the experiment, which was set to 5 minutes.  The 

measurements were done in triplicates with a standard deviation of the absorbance 

value over the calibration range of 0.001. 

As depicted in Figure 5.4 the spectrum of the PAni coatings is highly pH 

dependent and changes in colour from the green (ES) to blue (EB). Increasing the pH 

from 2 to 12 leads to a shift in the absorption "max of PAni in the visible region from 

420 nm (at pH 2) to 605 nm (at pH 12). This shift is due to doping–dedoping of PAni 

coatings and can be explained by the different degree of protonation of the imine 

nitrogen atoms in the polymer chain [59]. More specifically, in a low pH 

environment, PAni exhibits strong absorbances at approximately 420 nm and 830 nm 

assigned to polaron and bipolaron transitions. Upon dedoping these transitions 

disappear and a new absorbance band appears at approximately 600 nm. This new 

band is ascribed to the exciton formation in the quinonoid rings [60] and it is 

responsible for the blue colour of the PAni coatings. The pH dependence of the 

absorptions at 605 nm and 832 nm were plotted in Figure 5.4 – Inset. The 

characteristic PAni sigmoid shape curve (R2 = 0.996) was obtained for the 

absorbance change versus pH, similar to the previous reported results in the case of 

PAni [19, 51]. The curve is broad, ensuring that the pH dependence of the PAni 

occurs over a wide range of pH. Therefore, this type of coating can be used for pH 

sensing across a reasonably broad range, constituting an important advantage over 

common pH indicator dyes. Since PAni does not fit the expected response curve for 

an indicator, because of its broad range, the Henderson-Hasselbach equation cannot 

be applied7. In the literature, there have been attempts to introduce an adjusted 

exponent to fit PAni doping- dedoping behaviour using Henderson-Hasselbach 

equation, although these attempts were proven to be unsuccessful [58]. Therefore, 

only an apparent pKa value can be used to describe the sensor response. As depicted 

from Figure 5.4 – Inset, the apparent pKa value of PAni coatings is approximately 5, 

representing the pH value where the two sigmoidals intersect (concentration of ES is 

approximately equal with the concentration of EB). Most probably this value 

represents a distribution of pKa's of PAni units with differing chain length and local 

environments [57]. Nevertheless, since important changes in "max and absorbance 

were observed in the pH range from 2 to 8, it should be possible to use these PAni 
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coated micro-channels for monitoring the pH of, for instance, physiological fluids 

(gastric juice, saliva, blood) which are important applications for micro-fluidics at 

this time. 

 

5.3.3 pH Determination via Colorimetric Imaging Analysis 
 

It has been shown that the channels respond accurately to changes in pH when 

analysed using a spectrophotometer. However, this work also explored the possibility 

of performing colorimetric analysis without the need for specialised instrumentation 

i.e. through the use of a standard digital colour camera. This has the potential to 

extend the applicability of the sensor, for instance, to point of care micro-fluidic 

devices and to low cost diagnostics for the developing world using mobile phones 

with integrated digital cameras to capture analytical information [61]. The steps 

taken to extract colorimetric information from the captured images are outlined in 

detail in the Appendix B. 

 Processing of the images began with the application of a white balance 

algorithm. This was possible as the image setting/scene was relatively similar in each 

case, and included a white region specifically for this purpose. As this study took 

place in an ambient lighting environment, normalisation of the images in this way 

was necessary to compensate for shifts in ambient light intensity. For further 

robustness, the Hue value representing the colour of the channel underwent a colour 

normalisation process using two of the array of invariant reference patches (i.e. the 

purple and yellow patches as presented in Figure B2). Next, the average and standard 

deviation of the channel’s normalised Hue value across each of the captured images 

at corresponding pH unit steps were calculated (RSD # 2.06 %). Following this, a 

calibration plot of the camera’s response to different pH solutions was achieved and 

a sigmoidal model was applied to the data points, see Appendix B - Figure B6. It can 

be seen from the figure that an excellent fit was achieved (R2 = 0.998, n = 18) and 

subsequently, the resulting mathematical model was used to map the camera 

response to pH concentration values for gradient analysis.  

 While spectrophotometer and the camera generate the pH estimations on the 

basis of ‘colour’ measurements, the way in which this is achieved is different for 
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both devices. The spectrophotometer can generate a calibration plot at any effective 

wavelength (i.e. regions of the absorbance spectrum of the dye that change with pH) 

within its measurement range. For this study, the most dominant peak changes were 

selected; 605 nm and 832 nm, see Figure 5.4. In contrast, the camera measures 

colour across the entire available spectrum, and wavelength specific measurements 

are not possible except through the rather crude RGB division of the spectrum into 

three ‘Red’, Green’ and ‘Blue’ (RGB) channels. When conversion into the HSV 

colour space is applied, the H (Hue) component quantitatively represents the most 

dominant ‘colour’ based on the transformation from the captured RGB data to the 

target HSV colour space[46], see Figure B6. 

 Although, individually, each approach generated good quality fits to the 

calibration data, it was important to establish whether a correlation existed between 

both detection methods. One way of achieving this was to compare the predicted pH 

at each unit using the derived mathematical regression models. Figure B7 presents a 

plot of the predicted pH using the camera model against the UV-vis model at 832 

nm. Clearly, a linear correlation exists when comparing both approaches with a good 

fit resulting (R2 = 0.98, n = 18). Moreover, the difference in slope between this linear 

fit and the ideal slope (slope = 1) is relatively small at 0.021, suggesting there is little 

bias or skewness between the two data sets. The correlation between the camera and 

the UV-Vis model at 605 nm was also investigated. Similar accuracies were 

achieved with R2 = 0.98 and a difference to the ideal slope of 0.025. From Figure B7 

it can be seen that the goodness of fit of the correlation decreases above c.a. pH 7. 

This arises from the increasingly small absorbance (colour changes) occurring above 

this value, see Figure 5.4 (inset). Despite this, it is interesting to note that the camera 

and the spectrometer data remain reasonably well correlated above pH 7, although 

the scatter is understandably greater, see Appendix B - Figure B7. 

 

5.3.4 Gradient pH Measurements 
 
The main advantage of the digital camera over the spectrometer lies in its ability to 

rapidly generate spatially distributed information. This should enable the camera to 

dynamically track changes in pH along the entire length of the fluidic channel. To 

test this thesis, the micro-channel was filled with a pH 3 solution and a second 
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solution of pH 6.5 was introduced at one end, as described in the experimental 

section and appendix B. The solutions were allowed to diffuse until a pH gradient 

visually appeared whereupon an image was captured (Figure 5.5). 

Following the image processing and data extraction as described above, the 

images were white balanced and the Hue values at each localised point normalised 

with respect to the colour reference patches, as described previously for the 

calibration process. Using the calibration model derived from the sigmoidal 

regression analysis, the localised Hue values were mapped to their corresponding pH 

concentrations and a plot of pH concentration over the length of the channel was 

derived. To reduce noise, a smoothing algorithm based on the Savitzky-Golay filter 

[62] was applied to the data set. For both Figure 5.5b and Figure 5.5c, labels are 

present to denote discrete points along the flow path i.e. points of maximum 

curvature along the four considered flow bends.  

 It can be seen visually from Figure 5.5b that the pH varies significantly 

between points ‘2’ and ‘3’ as reflected in the colour gradient. Correspondingly, the 

analysis presented (Figure 5.5c) shows a dramatic change in pH from ca. pH 3 at ‘2’ 

to ca. pH 6.5 at, and beyond, point ‘3’. Figure 5.5c shows the resulting pH gradient 

as estimated by processing the colour image with the digital camera algorithm. Close 

examination of the image reveals the presence of small bubbles, which manifest as 

slight inconsistencies in the unsmoothed pH data in Figure 5.5c.  
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Figure 5.5. (a) Images showing a pH gradient along the micro-fluidic channel reflected in 

the changing colour of the PAni coating, red box shows a magnified section in (b), which 

also identifies specific locations (1-4) highlighted in (c), Plot of the pH gradient along the 

flow channel generated from the image. The grey line is the raw data from the analysis; the 

red line has been smoothed using the Savitsky-Golay algorithm. 

To demonstrate the capabilities of the digital imaging approach, changes in the pH 

along the entire channel were tracked using low-cost digital video imaging, see 

supplementary information (ESI† – Video 3). In this example, the image section 

under analysis is bounded by a red square and also enlarged (shown in the top left 

corner). In addition, a dynamic plot is presented on the right hand side of the video 

showing the change in pH along the channel. Although the data in Figure 5.5a and 

ESI† – Video 3 represents the pH dynamics of the channel at a single point in time, 

this process can be easily expanded to enable pH variations to be tracked 

dynamically along the entire micro-fluidic system as a function of time. 

 This capability could have a substantial impact in many areas. For instance, a 

number of chemical reactions are time critical and require precision when 

introducing a reagent. By coupling a micro-fluidic system, PAni and a low cost 

colour camera, a miniaturised and cost effective solution can be achieved for many 

chemical and biochemical sensing scenarios that rely on a localised pH to drive the 

reaction. The speciation state of multi-basic acids, or of amino acids could be 

inferred from knowledge of pH gradients. Mixing processes involving buffers could 

be tracked to identify locations of optimum pH for particular processes, and to 

explore how these locations can be moved, expanded or contracted prior to addition 

of active reagents. Furthermore, the rapid improvement in price-performance in 

digital photography through the development of sophisticated, miniaturised and low 

cost CCD sensors [63-65] and its increasing integration with mobile phones, 

provides a powerful technology platform for many new applications. However, while 

tremendous potential impact of integration of chemical/biological measurements 

with digital imaging and communications is compelling, for example, in tele-health 

and personal (point-of-need) diagnostics, the route to winning applications is not 

clear. Hence, companies like Nokia are sponsoring global competitions with very 

significant prizes to generate ideas from which they will select the best possible 
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candidate applications [66]. This activity emphasises the rising importance of 

applying digital imaging to analytical measurements.  

 

5.4 Conclusions 
 

A new, simple, and fast photometric method to measure pH using PAni based 

coatings in micro-fluidic devices is presented. pH measurements were performed in 

continuous flow mode using fiber-optic light guides aligned to the device using an 

in-house made cell. The main advantage of these sensors is that no reagent indicator 

is needed to measure the pH, because the PAni acts as the indicator itself, reducing 

the complexity of pH detection inside micro-channels. The functionalisation process 

is easy and highly reproducible from microdevice to microdevice and over the whole 

micro-channel length. Moreover, it can be easily achieved using different materials 

as such glass, PDMS or any other material that allows the introduction of hydroxyl 

groups on the surface, necessary for the present silanisation procedure. Although the 

time for functionalisation is rather long (~ 22 h), the polyaniline functionalised 

micro-channels are suitable for multiple uses since the coating can be easily 

regenerated by passing an acidic solution (HCl solution, pH 2) inside the channel. 

PAni coated micro-channels present long-term stability and reproducibility, can be 

stored at room temperature, exposed to air, empty or filled with a pH 2 solution for 

over two months without any deterioration in sensor performance.  

Since this technique is based on pH responsive coatings, at present, it is not 

suitable for 3D pH sensing in micro-channels but rather bi-dimensional space (2D) 

(along the length and width of the channel) pH sensing. However, when coupled 

with imaging techniques, this approach offers a low cost, accurate approach for the 

tracking of the 2D temporal and spatial dynamics of pH changes along an entire 

micro-fluidic channel in real-time, without the need to add a pH sensitive dye to the 

liquid phase in the channel. The approach of using the colour camera for pH 

mapping is generic and could be applied for a wide variety of pH responsive 

systems. 
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Appendix B. Supplementary Information 

Electronic Supplementary Information (ESI) available: Video 1 and Video 2 are 

showing the rapid colour change of the polyanile coating when solutions of different 

pHs are passed through the micro-channel. In Video 3, using image processing 

techniques, pH is succesfully mapped when a pH gradient is induced inside the 

polyaniline modified micro-channel. See DOI: 10.1039/b000000x/ 
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Abstract: Fused silica-capillaries were successfully functionalised with spiropyran-

polymer brushes using spiropyran functionalised norbornyl derivative as monomer. 

The polymerisation was achieved by surface-initiated ring-opening metathesis 

polymerisation. A three-dimensional arrangement, covalently attached to the inner 

wall of the fused-silica capillary, was obtained. The spiropyran moiety has the 

freedom to open and close in response to light (ultraviolet, white light) within the 

polymer brushes. The coating was fully characterised by Scanning Electron 

Microscopy, absorbance measurements and kinetic studies. The photo-response of 

the coatings showed very good reproducibility comparable with spiropyran 

monomers in solution demonstrating that this platform can be used for the develop of 

capillary integrated sensors based on the inherited sensing proprieties of spiropyran 

moieties.  
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6.1 Introduction 
 

Previously reported capillary optical sensors have shown numerous advantages 

compared to planar optical sensors as such a) are suitable for direct sampling, b) 

cheap fabrication protocols (c) represent an optical waveguide structure that enables 

various methods of optical interrogation, d) have small internal volumes and e) very 

rapid response times [1, 2].  

The development of capillary optical sensors involves the coating of the inner 

walls of a capillary (usually glass) with a sensitive layer that can be optically 

interrogated. Welgl et al. [1] reported capillary optical sensors obtained by 

immobilising a carbon dioxide sensitive layer onto the inner walls of a capillary by 

“reverse pumping” meanwhile, other research groups have published integrated-optic 

ammonia sensors based as well in capillaries as the sensor platform [3, 4]. Lippitsch 

et al. [5] showed the use of capillary optical sensors for biomedical applications 

proving good sensor performance and easy handling by the integration of the sample 

compartment, the optical sensor, and the light-collecting optics into a single device. 

However, most of the reported protocols involved non-covalent bonding of the 

sensitive material to the inner walls of the capillary [3, 5] and required protective 

coatings [1] to avoid leaching of the immobilised sensitive material over time [6].  

An attractive alternative for making capillary integrated optical sensors is the 

possibility of incorporating active sensing surfaces that can be switched on and off 

remotely using light. In our laboratories, we are extensively working in the 

generation of switchable optical sensors based on photo-responsive materials using 

spiropyran derivatives [7-10]. 

Spiropyrans are one of the most popular classes of photocromic compounds 

as they are particularly interesting targets for the development of new approaches for 

sensing. They offer new routes to multifunctional materials that take advantage of 

their photo-reversible interconversion between two thermodynamically stable states: 

a spiropyran (SP) form, and a merocyanine (MC) form, Figure 6.1, which have 

dramatically different charge, polarity and molecular conformations [11]. 

Spiropyrans are an attractive starting point in the construction of molecular-level 

sensors with molecular recognition properties and signal transduction ability due to 

their unique molecule binding power and signal transduction function [12]. The MC 
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may interact with the surrounding environment (solvent or analyte) manifesting 

different photochromic responses [12]. Based on these sensing proprieties, that are 

only shown by the MC form, spiropyrans have been employed in analytical 

chemistry as molecular sensors where the sensing behaviour can be remotely 

switched ON/OFF using light of appropriate wavelengths (by switching between the 

spiro (OFF) and the merocyanine (ON) form). The sensing capability of spiropyrans 

in solution have been extensively studied and demonstrated for a wide range of 

analytes from metal ions [13-17], neutral molecules (such as nucleobases [18], amino 

acids [19, 20] and DNA [21]), a range of anions [22, 23] and solvents of different 

polarities [24]. 

The possibility of fabricating optical sensors that can be photo-activated has 

significant implications in science since this methodology represents a totally non-

invasive manner of controlling and interrogating the response of the sensor. In this 

respect, a significant amount of effort has been devoted to functionalise surfaces [9] 

and micro-fluidic platforms [25] with photochromic materials. Rosario et al. [26] 

coated capillary tubes with a photoresponsive monolayer based on spiropyran and 

showed that the water level inside the capillary rised when the light source was 

switched from VIS to UV in correlation with the switching of the surface-bound 

spiropyran molecule between nonpolar and polar forms. Previous work done in our 

group by Benito-Lopez et al. [25] showed that micro-fluidic channels coated with 

spiropyran monolayers can be used as photonically controlled self-indicating systems 

for metal ion accumulation and release, based on the metal ion-binding and 

molecular recognition properties of the MC form. However, the main disadvantage 

of the monolayer approach is the low concentration of photochromic moieties, which 

manifests in extremely weak absorbance peaks, where the formation of the MC form 

cannot be detected by eye [26]. 

In the context of developing chemical sensors, the use of homopolymers, 

where each monomer contains the spiropyran unit, is desired as it increases the 

concentration of the photochromic component in the polymer [27] and enhances the 

photochromic processes [28]. For instance, Samanta et al. [28] showed that when 

glass slides are coated with spiropyran polymer brushes obtained by surface-initiated 

ring opening metathesis polymerisation (SI-ROMP), the photochromic behaviour is 

greatly enhanced compared to the monolayer. Moreover, the color and wettability of 

the surface can be externally controlled using light as the external stimulus.  
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In this context, we have focused our research in the synthesis and 

characterisation of sensing coatings based on spiropyran moieties inside micro-

capillaries that can be externally photo-controlled in a non-invasive way. 

Functionalisation of the inner wall of a fused silica capillary with this photo-

responsive molecule provides a convenient small platform for rapid analysis and 

detection. Furthermore, continuous flow operation facilitates real-time measurements 

and consequently fast analysis protocols [25].  

In this chapter fused-silica micro-capillaries with photochromic polymer 

brushes based on spiropyran moieties using surface-initiated ring-opening metathesis 

polymerisation (SI-ROMP) have been successfully coated. Their synthesis offers a 

transition from a two-dimensional to a three-dimensional arrangement and allows for 

high density of functional groups to be obtained in a limited area [28]. The photo-

responsive behaviour of the spiropyran polymer brushes was fully characterised 

using acetonitrile (ACN) as the running solvent in the capillary.  

 

 
Figure 6.1. Molecular structure of a generic spiropyran moiety irradiated with UV/white 

light, spiropyran (left) and merocyanine (right). 

 

6.2 Experimental 
 

6.2.1 Materials  
 

7-Octenyltrichlorosilane (Gelest), 5-norbornene-2-carboxylic acid, mixture of 

isomers (Alfa Aesar), 1-(2-Hydroxyethyl)-3,3-dimethylindolino-6'-

nitrobenzopyrylospiran (SP1) (TCI Europe), N,N!-Dicyclohexylcarbodiimide (DCC) 

(Aldrich), 4-(Dimethylamino)pyridine (DMAP) (Aldrich)  and Grubbs Generation-II 

catalyst (Aldrich) were used as received. Acetone, acetonitrile, dry tetrahydrofuran 

(THF), dry toluene and dry dichloromethane (CH2Cl2) solvents were purchased from 
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Aldrich and used as received. Fused-silica capillaries (100 "m ID, 375 "m OD) were 

purchased from Polymicro Technologies (Phoenix, AZ, USA).   

 

6.2.2 Procedures 
 

6.2.2.1 Synthesis of Spiropyran Functionalised Norbornene 

Monomer 
 

Norbornyl functionalised spiropyran monomer [28] (SP-M) was prepared, as 

described in Figure 6.2, from the reaction of 5-norbornene-2-carboxylic acid 

(mixture of isomers) with SP1 in the presence of DCC and DMAP in THF, according 

to the previously reported method [27]. A representative example of this method is 

the following: SP1 (0.3 g, 0.851 mmol) and 5-norbornene-2-carboxylic acid (0.104 

ml, 0.851 mmol) were placed in a 250 mL round-bottomed flask. After the solution 

was dissolved in dry THF (20 mL) and cooled to 0 °C, a solution of DCC (0.21 g, 

1.02 mmol) and DMAP (0.010 g, 0.08 mmol) in THF (5 mL) was added drop-wise 

over the course of 1 h. The mixture was stirred at 0 °C for an additional 2 h and then 

gradually warmed to 25 °C over the course of 24 h. During the warming period, a 

dicyclohexyl urea precipitate formed, which was filtered and washed with THF (3 x 

50 mL). After the filtrate was evaporated, the resulting red wax was purified using 

silica gel column chromatography in the dark with a mixture of hexane/ethylacetate 

(10/1). 

 
Figure 6.2. Synthesis of the spiropyran functionalised norbornene monomer. 
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6.2.2.2 Characterisation of Spiropyran Functionalised Norbornene 

Monomer 
 

Fourier transform-infrared (FT-IR) measurements were taken with a Perkin Elmer 

Spectrum GX FT-IR System® instrument equipped with an attenuated total 

reflectance accessory at 264 scans with 4 cm-1 resolution. A solution of spiropyran 

norbornene monomer (10-2 M) in acetone was prepared, irradiated for 1 minute with 

white light and 1 ml of this solution was transfer onto the ATR crystal. The solvent 

was then evaporated and the spectrum of the spiropyran norbornene monomer in its 

closed form was recorded. Next, the ATR crystal was exposed to UV light for 20 

seconds to allow complete conversion of the spiropyran norbornene monomer to the 

open merocyanine form and a new spectrum was recorded. 

 

6.2.2.3 Fused Silica Micro-capillaries Coating Protocol 
 

 

The protocol used to coat micro-capillaries with spiropyran polymer brushes is 

described in Figure 6.3, steps 1-4. Prior to functionalisation, the inner surface of 

fused-silica capillaries was first activated with 7-octenyl trichlorosilane. The inner 

capillary surface was quickly washed with acetone and water, then flushed with a 

solution of NaOH 0.2 M for 30 min at a flow rate of 0.25 µL min-1 using a syringe 

pump, and then rinsed with deionised water. Next, the capillary was flushed with a 

solution of HCl 0.2 M for 30 min at a flow rate of 0.25 µL min-1, rinsed with water, 

and with dry toluene. A 0.1 M solution of the silanisation agent (7-octenyl 

trichlorosilane) 0.1 M in dry toluene was pumped through the capillaries for 90 min 

at a flow rate of 0.25 µL min-1 (Figure 6.3 – step 1). The capillaries were then 

washed with acetone, dried under nitrogen stream, and left at room temperature for 

24h. Later, the capillary was filled with a solution of Grubbs Catalyst Second 

Generation 0.02 M in degassed CH2Cl2, closed at both ends using rubber septa and 

put in a water bath for 1h at 45 °C (Figure 6.3 – step 2). After the catalyst-attached 

capillary was thoroughly washed with degassed CH2Cl2. Finally, the capillary filled 

with a solution of spiropyran functionalised monomer, SP-M 0.5 M in degassed 

CH2Cl2, closed at both ends using rubber septa and put in a water bath for at 50 °C 
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for 4 h (Figure 6.3 – step 3). The polymerisation was quenched by passing ethyl 

vinyl ether into the capillary (Figure 6.3 – step 4). Finally the capillary was 

thoroughly washed with acetone to remove any physisorbed materials. 

 

 
Figure 6.3. Functionalisation protocol of fused silica micro-capillaries with spiropyran based 

polymeric brushes. 

 

6.2.2.4 Estimation of the Molar Extinction Coefficient of the SP-M 

 

To estimate the molar extinction coefficient (!) of the SP-M in acetonitrile (ACN), 5 

solutions of different concentration of SP-M (0.2 x 10-5, 0.4 x 10-5, 0.6 x 10-5, 0.8 x 

10-5 and 10-4) were prepared. The solutions were irradiated with UV light for 90 

seconds using an array of 9 UV LEDs (365 nm) and the spectra were recorded on a 

UV–Vis–NIR PerkinElmer Lambda 900 spectrometer. A plot of the Absorbance at 

#max (nm) versus concentration showed good linearity (R2 = 0.990). The molar 

extinction coefficient of SP-M was calculated based on the Lambert-Beer law (eq.1), 

where the path length, l, was 1 cm (the width of the quartz cuvette). 

 

6.2.2.5 Morphological Characterisation of the Polymer Brushes 
 

Spiropyran polymer brushes were imaged using scanning electron microscopy 

(SEM) performed on a Carl Zeiss EVOLS 15 system at an accelerating voltage of 
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4.27 kV. The micro-capillaries were cut using a SGT capillary column cutter with 

rotating diamond blade (SHORTIX, Nederland) to create a smooth cut of the 

capillary wall. Then they were placed in vertical position in a custom made metallic 

capillary holder that has holes of internal diameters equal to the external diameter of 

the micro-capillary (375 "m). This set-up allows the micro-capillaries to be kept in 

vertical position. During the imaging process, the stage was tilted of an angle 

between 0 – 15 ° for better imaging of the inner wall of the micro-capillary.  

 

6.2.2.6 Optical Characterisation of Spiropyran Coatings 
 

The UV irradiation source used to switch the spiropyran based coatings and the 

spiropyran monomer (SP-M) solution was an array of 9 UV LEDs placed at a 

distance of 1 cm from the spiropyran solution or the functionalised micro-capillaries, 

respectively. The LEDs have an emission wavelength peak at 365 nm and an optical 

output power of 1.2 mW, supplied by Roithner Lasertechnik Austria. The white light 

irradiation source used for the switching of MC back to SP form (in both solutions 

and capillary coatings) was a DC-regulated light source supplied by Polytec, USA, 

and placed at a distance of 1 cm from the illuminated area. The maximum power 

output of the lamp is 150 W, and the intensity control of the light output was fixed at 

50 %. The optical switching of the spiropyran moiety inside the capillary has been 

studied using USB 4000 Fiber Optic Spectrometer – Ocean Optics, Inc, when the 

light source was a LS-1 tungsten halogen lamp (white light) obtained from Ocean 

Optics, Inc. A representation of the set-up used for absorbance measurements is 

described in Figure 6.4. The solvent acetonitrile (ACN) was passed through the 

capillary at constant flow rate (0.5 µL min-1) using a syringe pump (PHD 2000 

Syringe) purchased from Harvard Apparatus. All the absorbance spectra were 

smoothed using Origin Software (each initial spectra contained 3900 points; the 

smoothing was realised automatically using an average value for every 50 points). 
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Figure 6.4. Scheme of the set-up used for absorbance measurements. 

 

6.3 Results and Discussion 
 

6.3.1 Structure Characterisation and Photoinduced Conversion of SP 

to MC 
 

ATR-FT-IR was used to characterise the chemical structure of the spiropyran 

functionalised monomer as well as the photo-induced conversion of spiropyran to 

merocyanine in solution. Figure 6.5 shows the ring-closed SP and ring-opened MC 

form of SP-M after irradiation with UV light. Complete characterisation and 

assignments are listed in Table 6.1. Bands of particular importance are the C-C-N 

bend that appears in the spectra of SP-M at 1026 cm-1 and the O-C-N stretching 

emerging at 952 cm-1. These bands disappear upon irradiation with UV light and new 

bands appear at 1593, 1426, and 1307 cm-1 assigned to the C=N+, C-O- and C-N+ 

stretches, respectively, characteristic to the open merocyanine form [29-35]. Also the 

symmetrical stretching band of the nitro group is shifted to lower energy from 1520 

to 1509 cm-1 upon irradiation, due to the increased conjugation brought about in the 

planar, merocyanine [35]. 
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Figure 6.5. FT-IR spectra of spiropyran functionalised norbornene monomer (SP-M) before 

UV irradiation (a) and after UV irradiation (b). Peaks that indicate the photoconversion of 

spiropyran to merocyanine are labeled. 

 

Table 6.1. Important FT-IR frequencies for spiropyran functionalised norbornene monomer 

(SP-M) before (spiropyran) and after (merocyanine) UV irradiation. 

 Spiropyran Merocyanine 
Assignment Wavenumber (cm-1) Wavenumber (cm-1) 

C=O 1734 1734 
C=C stretch 1610 1607 
C=N+ - 1593 
NO2 sym stretch 1520 1509 
C-C aromatic ring stretch  1481, 1459 1483, 1457 

C-O
-
 - 1426 

NO2 asym stretch 1336 1336 
C-N stretch 1336 - 
C-N+ - 1307 
C-O-C ether sym stretch 1271 - 
C-O-C ether asym stretch 1169 - 
C-O ester stretch 1169 1156 

C-O ester stretch 1086 1087 
C-C-N bend 1026 - 
O-C-N stretch 952 - 
C=CH; CH out of plane 
deformation (cis) 

952 952 

C-H bending  809 809 
C-H bending  746 746 
C-H bending  709 709 
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6.3.2 Polymer Brushes Length Analysis 
 

Fused silica capillaries were covalently functionalised with spiropyran polymer 

brushes as described in the experimental section. Scanning electron microscopy of 

the inner wall of the capillary showed a 3D arrangement of polymer brushes with a 

thickness of about 1-2 µm as shown in Figure 6.6. Samanta et al. [28] also used 

surface-initiated ring-opening metathesis polymerisation to produce spiropyran 

polymeric brushes on a flat glass surface, obtaining brushes length of approximately 

120 nm which are shorter than the ones obtained by us. This length enhanced effect 

during the synthesis of polymer brushes inside capillaries was previously reported by 

Miller et al. [36] who showed that when atom transfer radical polymerisation 

(ATRP) is employed to produce polymer brushes inside a capillary, the length of the 

brushes is longer than when the same technique was employed on flat surfaces. 

Although the coatings present good homogeneity over the cross section, certain 

heterogeneity was observed along the length of the micro-capillary through 

colourless areas on the capillary walls when irradiation with UV light (coloured MC 

form should be present). Further investigations are on going to explore ways to 

synthesise more homogenous coatings. 

 

 
Figure 6.6. Scanning electron microscopy image of the inner wall of a fused silica capillary 

(100 "m inner diameter) after functionalisation with spiropyran polymer brushes. 

 

6.3.3 Photo-patterning of Spiropyran-merocyanine Forms in the 

Capillary 
 

SP-M and SP-polymer brushes were optically characterised in acetonitrile (ACN) 

since it is one of the most common solvents to study the photophysical properties of 

spiropyran and spiropyran derivatives before and after UV irradiation [37]. In our 

experimental conditions, ACN was used because it is able to dissolve the monomer 

and solvate the polymer brushes, while also inhibiting the formation of aggregates.  
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ACN was passed through the functionalised capillary at a constant flow rate of 5  µL 

min-1 filling the channel completely and avoiding the generation of air bubbles. Then 

masks formed from metal foil were placed in different positions along the capillary 

in order to pattern open/closed spiropyran regions along the capillary (see Figure 6.7 

a-b). To do this, the capillary was irradiated with UV light (365 nm) for 10 s through 

the mask. After removing the mask it is clearly visible, even by eye, that the parts of 

the capillary exposed to UV light irradiation have a strong purple colour 

characteristic of the merocyanine form while the portions that were covered by the 

mask remained colourless depicting the presence of the colourless closed form of the 

spiropyran, Figure 6.7 c. Moreover, when the entire capillary is exposed to white 

light irradiation, the colour pattern of the capillary recovers the initial colourless 

spiropyran form, Fig.7 d. This protocol demonstrates that, with the polymer brushes 

structures, the spiropyran presents no steric hindrance to the kinetics of opening and 

closing in response to UV and white light irradiation, respectively. 

 

 
Figure 6.7. Pictures of the spiropyran polymeric brushes functionalised capillaries when 

filled with acetonitrile (ACN) after irradiation for 10 seconds with UV light through a mask 

(a and b), c shows the pattern generated by the mask on the capillary. Picture d shows the 

capillary after irradiation for 1 minute with white light. 
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6.3.4 Characterisation of SP-monomer in Solution and SP-polymer 

Brushes in the Capillary by UV-Vis Spectroscopy 
 

UV-Vis spectra of the polymer brushes were taken using the set-up described in the 

experimental section, Figure 6.4, permitting in-situ spectroscopic characterisation of 

the coatings inside the capillary. When the capillary is irradiated with UV light for 

10 s in the presence of ACN, the absorbance spectra of the coating presents a #max at 

about 546 nm. This absorption band disappears after irradiation of the capillary with 

white light for 1 minute because of the switching of the merocyanine molecule back 

to the closed spiropyran form (Figure 6.8 A). This behaviour shows a good 

agreement with the photochromic response of the monomer (10-4 M) in ACN 

solution under identical conditions (Figure 6.8 B), which presents a #max of 568 nm.  

 The shift of the #max in the absorption spectra of the polymer brushes 

compared to that of the monomer solutions is most likely due to local environmental 

effects related to the immobilisation of the spiropyran moiety and the integration 

within the polymer matrix. This effect has been previously observed in different 

spiropyran-polymer systems, where the shift in the #max depends on the nature of the 

polymer and the technique of immobilisation [37-39]. The significant hypsochromic 

(blue) shift in #max for the polymer brushes compared to the monomer indicates a 

more polar micro-environment of the spiropyran in the brushes and it can be 

explained taking into account the compact organisation of spiropyran units in the 

polymer brushes, where the conformation of a single spiropyran moiety is not only 

influenced by the solvent but also by the neighbouring spiropyran units that in 

response to UV light, are present in their more polar merocyanine form.  

Although the UV-Vis spectra were taken directly in the capillary (100 µm, 

inner diameter) a high absorbance value  (0.2 a.u.) of the coating after 10 s UV light 

irradiation was obtained, indicating a high loading of spiropyran units on the 

capillary walls. 
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Figure 6.8. (A) Absorbance spectra of spiropyran polymer brushes functionalised in the 

capillary filled with ACN after irradiation with UV and white light, respectively. (B) 

Absorbance spectra of spiropyran monomer (SP-M) solution 10-4 M in ACN after irradiation 

with UV and white light, respectively. The spectra are accompanied by photos of the 

functionalised capillary (A) and monomeric solution (B) under the same experimental 

conditions.  

  

The concentration of spiropyran units inside the micro-capillary was 

estimated using the Lambert-Beer law, with the molar extinction coefficient, !, 

considered to be equal to the molar extinction coefficient of the monomer in ACN, 

since the polymer brushes are formed from identical monomeric units. The molar 

extinction coefficient of the SP-M calculated as described in the experimental section 

was found to be 46000 ± 10 M-1cm-1. Consequently the loading of spiropyran units 

inside the capillary was estimated to be approximately 43!10-3 moldm-3, according to 

Lambert Beer law presented below,  

 

Abrushes = ! " l " c                                                Eq. 1 

       

where Abrushes is the absorbance of the photochromic coating after exposure for 10 s 

to UV light (" 0.2 a.u.), ! is the molar extinction coefficient of the monomer in ACN 

(46000 ± 10 M-1 cm-1), c is the concentration of spiropyran units in the capillary and 

l is the inner diameter of the capillary (100 µm). 

However, this is the loading of the spiropyran units relative to the capillary 

and not to the polymeric brushes that represent only 2-4 % of the capillary width. 

These high values show that this platform can be easily used to produce new types of 
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sensors based on the inherited spiropyran proprieties where the response of the 

sensor can be optically interrogated by simple absorbance measurements. The strong 

response of the coating to the photo-stimulus (manifested in high absorbance values) 

shows the promise of this platform for the development of optofluidics sensors where 

optic and fluidic functionalities are integrated at the micro-scale to leverage their 

combined advantages [40]. 

 

6.3.5 Switching Properties of the SP-polymer Brushes in the Capillary 

by UV-Vis Spectroscopy 

 

When the colourless SP-polymer brushes are illuminated with UV light (365 nm) the 

capillary become purple-coloured, and the colour change is easily observed by eye. 

This effect has been intensively investigated by us using other polymeric surfaces 

like poly(methyl methacrylate) [7-9, 41] and in polystyrene/ silica beads [10], onto 

which spiropyran derivatives were covalently immobilised.  

The capillary, filled with ACN was irradiated with 365 nm UV light for 10 

sto convert the SP-polymer brushes to the MC-polymer brushes form, then, the 

channels were illuminated with white light for 1 min. Absorbance values at 546 nm 

were recorded immediately after irradiation, Figure 6.9 A. The plot clearly shows a 

high efficient interconversion of spiropyran units inside the polymer brushes. 

Therefore, the spiropyran moiety has enough freedom and it is well solvated by 

ACN, allowing the high degree of conformational flexibility required for efficient 

switching between the MC and SP forms.  

Photo-stability over time has to be considered when dealing with spiropyran 

photochromic dyes, as a well-documented photo-bleaching process [42-44] occurs 

when SP is exposed to UV–vis radiation for extended time periods. After 5 switching 

cycles, the efficiency was found to be constant in the capillary. Figure 6.8 A shows 

typical results obtained for one location on the capillary. The ASP = 0.035 ± 0.003 

a.u. and the AMC = 0.204 ± 0.003 a.u. The #A SP$MC  = 0.169 ± 0.003 a.u. and the 

#AMC$SP = % 0.169 ± 0.001 a.u. for 5 cycles obtaining similar differences in 

absorbance values, therefore these cycles are reproducible and repeatable, with no 

hysteresis. This result demonstrates that the capillary could be re-used at least five 
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times, without significant photo-bleaching, suggesting that it can be photo-switched 

many more times if required. 

 
Figure 6.9. (A) Absorbance intensity at 546 nm of spiropyran polymer brushes 

functionalised in a capillary after repeated switching cycles consisting of 10 seconds UV 

light exposure followed by 1 minute white light irradiation. (B) Absorbance decreases at the 

#max (546 nm) in acetonitrile as a function of time for the transition of the spiropyran 

polymeric coating from the merocyanine form, obtained after UV light irradiation, to the 

closed spiropyran form. Inset – Linear plot of ln (At) vs. time used for the determination of 

the first order kinetic constant of the spiropyran closing process (MC$SP). 

 

The kinetics of the closing process of the spiropyran moiety inside the polymeric 

brushes was studied using white light irradiation, Figure 6.9 B. This involved 

inducing the formation of the MC state by exposure of the capillary to UV light 

irradiation for 10 s, and then monitoring the decrease of the absorbance value at #max 

(546) at a fixed time interval of 60 s upon removal of the UV light source, as 

equilibrium is re-established between the SP and MC forms. It is known from 

solution studies that this process follows first-order kinetics [45], with the 

thermodynamics and kinetics strongly influenced by the solvent. Figure 6.9 B shows 

the reduction of the absorbance at the #max for the transition from MC form of the 

polymer brushes to the SP form at 18 °C. From these measurements, the first-order 

rate constants k for the MC to SP closing process in the presence of white light 

(coming from LS-1 tungsten halogen lamp) was determined by plotting ln (At) versus 

time and it was found to be 4.4 ± 0.5 x10-4 s-1. This value is similar to other reported 

values for spiropyran functionalised polystyrene beads in ACN (1.5 x10-4 (± 2 %) s-

1)[10] or for poly(methyl methacrylate) chains having a single photochromic 

spiropyran end-group in ACN at 15 °C (3.03 x10-3 s-1) [37]. 
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6.4 Conclusions 
 

To the best of our knowledge this is the first time spiropyran based polymer brushes 

were grafted on the inner walls of a micro-capillary. Using Si-ROMP a three-

dimensional arrangement formed of polymeric brushes, covalently attached to the 

inner wall of the fused-silica capillary, where the spiropyran moiety has the freedom 

to open and close in response to light (UV, white light) was obtained. It was shown 

that the photochromic behaviour presents good reproducibility and the switching 

between SP to MC can be performed at least 5 times with no photobleaching. The 

spiropyran polymer brushes inherit the spiropyran proprieties, in addition, a good 

agreement was found between the monomer in solution and photochromic coatings 

obtained inside the capillary. Based on these promising results, this fabricated and 

characterised capillary platform based on the spiropyran proprieties will be further 

investigated as a novel miniaturised integrated optical molecular sensor for real time 

analysis in continuous flow mode using a variety of analytes. 
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Abstract: Fused silica micro-capillaries were functionalised with spiropyran-

polymer brushes using surface-initiated ring-opening metathesis polymerisation. 

Based on the inherited spiropyran properties, the functionalised capillaries were 

successfully used to photo-identify solvents of different polarity when passing 

through the micro-capillary in continuous flow. In the present study, six different 

solvents (toluene, tetrahydrofuran, acetone, acetonitrile, ethanol and methanol) can 

be easily detected while passing through the modified micro-capillary by simply 

irradiating a portion of it with UV light (365 nm). This converts the closed 

spiropyran moiety to the open merocyanine form and as a consequence, the micro-

capillary gains a distinct colour and spectral response depending on the polarity of 

the solvent. The rate of ring opening of the spiropyran-polymer brushes coatings has 

been determined in-situ in the presence of different solvents, showing that the 

coloration rate is also influenced by the solvent polarity and therefore can be used as 

an additional parameter for solvent sensing. 

 

 
Keywords: Optical sensor, spiropyran, micro-capillary, continuous flow, solvent 

sensing;  
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7.1 Introduction 
 

Optical chemical sensors for liquid phase monitoring (overwhelmingly focused on 

water-based samples) often employ a dye or indicator that is immobilised onto a 

solid support material [1-3]. However, this strategy presents two main disadvantages: 

firstly, the immobilisation process may lead to losses in dye sensitivity [4] and 

secondly, the stability of the sensor is affected by dye leaching into the sample 

solution over time [3], making long-term sensor utilisation impractical. Therefore, 

effective optical-chemical sensors require new materials capable of overcoming all 

these limitations. In this context, inclusion of photochromic molecules in solid 

matrices is of particular interest for the development of new approaches for opto-

sensing. 

Since their discovery by Fisher and Hirshberg in 1952 [5], spiropyrans have 

become one of the most popular class of photochromic compounds in science due to 

their potential applicability in new technologies like data recording and storage, 

optical switching displays and nonlinear optics [6-13]. Spiropyrans offer new routes 

for the fabrication of multifunctional materials since it is possible to take advantage 

of their photo-reversible interconversion between the two thermodynamically stable 

states of the molecule: a spiropyran (SP) form, and a merocyanine (MC) form, which 

have dramatically different charge, polarity and molecular conformations [14]. The 

photo-chromic reaction, illustrated in Figure 7.1, occurs because of the photo-

cleavage of the C–O spiro-bond of the colourless SP upon UV irradiation. This 

yields the coloured MC isomer that can return to the SP form by ring closing under 

visible light irradiation or in the dark through thermal relaxation [7, 15]. Despite the 

potential applications of photochromic spiropyrans, earlier studies mainly focused on 

evaluating the utility of monomeric SP systems in solution [16-18]. However, more 

recently, researchers have tried to use spiropyran for the functionalisation of different 

types of surfaces. Rosario et al. [19] coated capillary tubes with a photoresponsive 

monolayer based on spiropyran for photo-modulation of surface wettability. Previous 

work by our group showed that micro-fluidic channels coated with spiropyran 

monolayers can be used as photonically controlled self-indicating systems for metal 

ion accumulation and release, based on the metal ion-binding and molecular 

recognition properties which are only manifested by the MC form [20]. 



 168 

 
Figure 7.1. Photochromic behaviour of monomeric spiropyrans. 

 

It is well-known that the open-chain merocyanine isomers of nitro-substituted 

spiropyrans derivatives present negative solvatochromism, meaning that their 

absorption bands undergo a hypsochromic (blue) shift in solvents of increasing 

polarity [21]. These changes are caused by intermolecular interactions between the 

solute and solvent that modify the energy gap between the ground and excited states 

of the absorbing MC species [22]. Depending on the solvent polarity, the MC form 

has a tendency to prevail in one of several molecular structures: neutral, cyanine-like, 

and charge-separated zwitterionic [23]. Based on this property, the MC isomer in 

solution has been studied for its potential use as an empirical indicator of solvent 

polarity of typical organic solvents [24, 25], aqueous binary solvent mixtures [26] 

and even ionic liquids [27, 28]. Monolayers of spiropyran derivatives have been also 

bound to glass slides to study the polarity of their microenvironment [29]. Although 

this approach offers interesting information about the interaction of the surface-

bound spiropyran with its immediate environment, it is unpractical for studying 

solvent polarity of a system as a whole. This is because in the monolayer approach 

only low-resolution fluorescence spectra can be obtained, as the surface 

concentration of spiropyran molecules tends to be below the detection limit of typical 

single-pass absorption spectrophotometers.  

In this chapter, we present the development of miniaturised analytical 

platforms wherein solvent polarity can be externally photo-detected in a completely 

non-invasive manner, through the employment of the colour dependency of the MC 

form on the solvent polarity. Functionalisation of the inner wall of a fused silica 

micro-capillary with this photo-responsive molecule provides an excellent platform 

for rapid analysis and detection of the polarity of solvents. Immobilisation of 

solvatochromic moieties inside flow-through units (like a micro-capillary) produces 
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a greatly simplified and flexible platform for achieving these measurements in terms 

of instrumentation, operational characteristics and reagent/sample handling [30]. 

Moreover, micro-capillary platforms possess several additional attractive 

features such as:  

(a) They can act as a mechanical support for optically sensitive materials (coatings) 

[31];  

(b) They represent an optical waveguide structure and enable various methods of 

optical interrogation to be employed;  

(c) They are suitable for real-time continuous flow measurements;  

(d) They require very small volumes of analyte [1] and  

(e) They can be easily integrated within commercially available systems (e.g. High-

performance liquid chromatography (HPLC), capillary electrophoresis (CE), 

continuous flow and micro-fluidic devices, among others). 

In order to assure a high loading of spiropyran, the coating of the capillaries 

was achieved via photochromic polymer brushes containing the spiropyran moiety. 

Although several photochromic polymers that incorporate spiropyran or other 

photochromic derivatives have been reported previously, such systems typically 

comprise polymer matrices that are either doped or side-chain-modified with 

photochromes in order to manifest the photochromic behaviour [32-34]. 

Consequently, the total concentration of photochromic moieties tends to be low in 

the polymer and consequently the photochromic response is rather weak. In contrast, 

the micro-capillary coatings presented here are comprised of homopolymeric brushes 

prepared via surface-initiated ring-opening metathesis polymerisation (SI-ROMP) of 

a norbornyl functionalised spiropyran monomer (SP-M - Figure 7.1). This approach 

offers a transition from a two-dimensional to a three-dimensional arrangement, 

which enables high surface loadings of the stimuli-responsive polymer in a limited 

area while maintaining the flexibility required for efficient switching of the 

spiropyran moiety, due to the rather open structure of the brushes which provide very 

high surface area to bulk characteristics.   
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7.2 Materials and Methods 
 

7.2.1 Reagents 
 

7-Octenyltrichlorosilane (Gelest), 5-norbornene-2-carboxylic acid, exo- (Sigma-

Aldrich), 1-(2-Hydroxyethyl)-3,3-dimethylindolino-6'-nitrobenzopyrylospiran (SP1) 

(TCI Europe), N,N’-Dicyclohexylcarbodiimide (DCC) (Sigma-Aldrich), 4-

(Dimethylamino)pyridine (DMAP) (Sigma-Aldrich) and Grubbs Generation-II 

catalyst (Sigma-Aldrich) were used as received. For the SP-M and poly(SP-M) 

synthesis, dry tetrahydrofuran and dry dichloromethane solvents were purchased 

from Sigma-Aldrich and used as received. Fused-silica micro-capillaries (100 µm ID, 

375 µm OD) were purchased from Polymicro Technologies (Phoenix, AZ, USA). 

The solvents used for the photo-chromic analyses - toluene, tetrahidrofuran (THF), 

acetone, acetonitrile (ACN), ethanol (EtOH) and methanol (MeOH), were Sigma-

Aldrich HPLC grade, and used without further purification. 

 

7.2.2 Synthesis of Spiropyran Functionalised Norbornene Monomer 

(SP-M) 
 

The monomer (SP-M) was prepared from the reaction of exo-5-norbornyl carboxylic 

acid with SP1 in the presence of N,N!-Dicyclohexylcarbodiimide (DCC) and 4-

(Dimethylamino) pyridine (DMAP) [35] as described elsewhere [35, 36]. 1H NMR 

(300 MHz, CDCl3) " (ppm): 8.05 – 8.01 (m, 2H); 7.22 (t, 1H); 7.12 (d, 1H); 6.94 - 

6.90 (m, 2H); 6.78 - 6.76 (d, 1H); 6.73 - 6.71 (d, 1H); 6.15 - 6.14 (m, 1H); 6.09 - 

6.06 (m, 1H); 5.93 - 5.90 (d, 1H); 4.32 - 4.11 (m, 2H); 3.57 - 3.39 (m, 2H); 3.00 - 

2.91 (m, 2H); 2.19 (s, 1H); 2.19-2.14 (m, 1H); 1.90-1.83 (m, 1H); 1.49 - 1.45 (m, 

1H); 1.35 (m, 1H); 1.30 (s, 3H); 1.18 (s, 3H). 
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7.2.3 Synthesis of Spiropyran Polymeric Brushes (poly(SP-M)) 
 

Si-ROMP was performed using a modified version of the previously described 

method [36]. Briefly, prior to functionalisation, the inner surface of the fused-silica 

micro-capillaries was first activated with 7-octenyl trichlorosilane. The inner 

capillary surface (internal diameter of 100 µm and 15 cm length) was quickly 

washed with acetone and water, then flushed with a solution of 0.2 M NaOH for 30 

min at a flow rate of 0.25 µL min-1 using a syringe pump, and then rinsed with 

deionised water for 5 times. Next, the micro-capillary was flushed with a solution of 

0.2 M HCl for 30 min at a flow rate of 0.25 µL min-1, rinsed with water, dry toluene 

and dried under a N2 stream. A 0.1 M solution of the silane (7-octenyl 

trichlorosilane) in dry toluene was pumped through the micro-capillary for 90 min at 

a flow rate of 0.25 µL min-1. The micro-capillary was then washed with acetone, 

dried under a nitrogen stream, and left at room temperature for 24 h. Later, the 

micro-capillary was filled with a 0.02 M solution of Grubbs Catalyst Second 

Generation in degassed CH2Cl2, closed at both ends and put in a water bath for 1 h at 

45 °C. After this, the catalyst-attached micro-capillary was thoroughly washed with 

degassed DCM. Finally, the micro-capillary was exposed to the spiropyran 

functionalised monomer, SP-M (0.5 M in degassed DCM) at 50 °C for 1 h. The 

polymerisation was quenched by passing ethyl vinyl ether into the micro-capillary 

and finally, it was thoroughly washed with acetone to remove any physisorbed 

materials. 

 

7.2.4 Characterisation 
 

UV-vis spectroscopy for the SP-M solutions in different solvents as well as the 

kinetic studies of the opening process (SP-M -> MC-M) were performed using a 

Cary 50 spectrophotometer (Varian). Morphological studies of poly (SP-M) brushes 

inside the micro-capillary were performed using scanning electron microscopy 

(SEM) on a Carl Zeiss EVOLS 15 system at an accelerating voltage of 4.27 kV. The 

micro-capillaries were cut using a SGT capillary column cutter with rotating 

diamond blade (Shortix, Nederland) to create a smooth cut of the capillary wall. 

Then they were placed in vertical position in a custom made metallic capillary holder 
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that has holes of internal diameters equal to the external diameter of the micro-

capillary (375 µm). This set-up allows the micro-capillaries to be kept in vertical 

position. During the imaging process, the stage was tilted of an angle between 0 – 

15° for better imaging of the inner wall of the micro-capillary. Microscopy images of 

the micro-capillaries were performed on an Aigo digital microscope (The Dolomite 

Centre Ltd) equipped with a 9X auxiliary objective to give 540X total. 

 

7.2.5 Light Source 
 

Photo-conversion of the monomer solutions from SP-M to MC-M was achieved 

using an in-house fabricated UV light source consisting of three UV LEDs (Roithner 

LaserTechnik GmbH, emission #max = 375 nm). The vials were placed 2 cm from the 

source and irradiated at a power of 0.4 mW cm-2 for 20 s using a 3.75 V supply. The 

white light irradiation was provided via a LMI-6000 LED Fiber Optic Illuminator 

obtained from Dolan-Jenner Industries and was used to switch the MC-M monomer 

solutions and the poly(MC-M) coatings, back to the closed SP-M and poly(SP-M) 

form, respectively. Also in this case, the vials/capillaries were placed at 2 cm from 

the light source and were irradiated for 20 s. The maximum light output of the lamp 

is 780 Lumens, and the intensity control of the light output was fixed at 50 %.  

 

7.2.6 Photochemical Methods 
 

UV-Vis Spectroscopy was used to study the solvent dependence of the poly(SP-M) 

coatings while different solvents were passed through the modified micro-capillary 

in continuous flow. The absorbance spectra were recorded using two fiber-optic light 

guides connected to a Miniature Fiber Optic Spectrometer (USB4000 - Ocean 

Optics) and aligned using a cross-shaped cell (Appendix C - Figure C1).  The two 

fiber-optic light guides were solarization-resistant optical fibers UV/SR-Vis 190-800 

nm (aluminum-jacketed, silica-core/silica-clad UV waveguides, 200 µm ID, Ocean 

Optics). The optical fibers were inserted facing each other across the sample tubing, 

and secured with t F230 0.015" ID tubing sleeves and fingertight fittings. The light 

source used was a DH-2000-92 BAL UV-NIR deuterium tungsten halogen source 



 173 

(Ocean Optics). The six solvents (toluene, tetrahydrofuran, acetone, acetonitrile, 

ethanol and methanol, respectively) were passed through the micro-capillary at a 

constant flow rate of 0.5 µL min-1 using a syringe pump (PHD 2000 Syringe, 

Harvard Apparatus). Individual absorbance spectra were recorded in-situ after 60 s of 

irradiation while the kinetics curves for the ring-opening process were obtained by 

continuously monitoring the absorbance value (acquisition interval of 2 s) for each of 

the solvents at their characteristic maximum wavelength (#max) for 190 s, until the 

absorbance reaches a plateau. The data from the spectrometer were processed using 

Spectrasuite software provided by Ocean Optics Inc. For better clarity, each recorder 

absorbance spectra was smoothed using Origin software via the Savitzky-Golay 

algorithm. A single exponential model (eqn. (1)) was used to determine the ring 

opening rate constant for the SP-M monomer (see Appendix C) and the poly(SP-M) 

coatings.  

! ! !!!!! !! !" ! ! !     (1) 

where y is the absorbance at #max (assumed to be proportional to the concentration of 

the merocyanime isomer), a is a scaling factor, k is the first order rate constant (s-1), 

b is the baseline offset and t is time (s). 

 

7.3 Results and Discussion 
 

7.3.1 (SP-M) Polymeric Coatings  
 

Surface-initiated ring-opening metathesis polymerisation (SI-ROMP) of spiropyran 

norbornene monomers catalysed by Grubbs Catalyst Second Generation has proven 

to be an efficient method to grow polymer brushes from surfaces [37] and micro-

capillaries [36]. This polymerisation technique, allows a 3D arrangement of polymer 

brushes to be obtained (Figure 7.2), which is very desirable when building micro-

capillary-integrated optical sensors, as high concentrations of the sensing unit are 

necessary to compensate for the micrometre size path length.  
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Figure 7.2. Representation of the fused silica micro-capillary functionalised with spiropyran 

polymeric brushes.  

 
Clear improvements have been obtained when comparing with the previously 

reported method published by us [36], in the case of poly(SP-M) micro-capillary 

coatings, by using exo-norbornene carboxylic acid as the starting material for the 

production of the spiropyran exo-norbornene monomer (SP-M), instead of a mixture 

of exo- and endo- isomers. Several reports on the ROMP of other norbornene 

derivatives have shown that exo- isomers often react faster than the corresponding 

endo- one. The steric interactions between the growing polymer chain and the 

incoming monomers appear to be the primary cause of this reactivity difference [38]. 

The time for polymerisation was fixed to one hour. These new conditions allowed 

better control over the grafting density and therefore more homogenous coatings 

were obtained along the entire length of the micro-capillary (contrary to the 

previously reported method). Scanning electron microscopy of the inner wall of the 

micro-capillary showed a 3D arrangement of the polymer brushes with a thickness of 

about 2-3 µm as shown in Figure 7.3, thicker than in the previously reported method 

(1 -2 µm). These results show that by using only the exo- isomer of SP-M, both 

coating homogeneity and thickness are greatly improved while the polymerisation 

time is reduced to one hour.  

 

 
Figure 7.3. Scanning Electron Microscopy (SEM) images of the inner wall of a fused silica 

micro-capillary before (left) and after (right) functionalisation with spiropyran polymeric 

brushes. 
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7.3.2 Solvent Sensing 
 

The solvatochromic properties of SP-M monomer and poly(SP-M) brushes were 

tested using six solvents of differing polarities: toluene (relative polarity (p’ = 

0.099)) [22], THF (p’ = 0.207) [22], acetone (p’ = 0.355) [22], ACN (p’ = 0.460) 

[22], EtOH (p’ = 0.654) [22] and MeOH (p’ = 0.762) [22].  

As previously described, the coloured MC form is well known to undergo 

solvatochromism [21, 29, 39, 40]. Solvatochromism refers to a strong dependence of 

the UV-vis absorption bands of a compound on the polarity of the solvent medium.  

This typically manifests as changes in the position, and intensity of the absorption 

bands of the molecule when measured in different solvents. These changes are 

caused by intermolecular interactions between the solute and the solvent, modifying 

the energy gap between the ground and excited state of the absorbing species. The 

colour of the MC form depends on the difference in polarity between the photo-

excited MC form and the conjugated zwitterionic ground state. The coloured MC 

form is highly conjugated and characterised by a strong polar character, due to its 

zwitterionic structure, which strongly contributes to the electronic distribution of the 

ground state. As a consequence, the ground state of the MC form is stabilised in 

polar solvents relative to the excited state, leading to larger energy gap than in 

nonpolar solvents. In non-polar solvents, the energy difference between the ground 

and the excited state is much lower, because of the high energy level of the ground 

state. As a result, as the polarity of the solvent increases, the maximum absorbance 

shifts to shorter wavelengths, higher frequency (hypsochromic or blue shift), while 

as the polarity decreases the maximum absorbance shifts to longer wavelengths, 

lower frequency (bathochromic or red shift). When, for instance, a solution of SP-M 

(10-3 M) is irradiated with UV light in MeOH, EtOH, ACN, acetone, THF and 

toluene (Figure 7.4), the solution shows a strong colour change – from pink to blue. 

This colour disappears after irradiation of the solution with white light, since the MC 

form reverts to the non-solvatochromic SP form, and the solution becomes 

colourless. This behaviour shows that the SP-M monomer inherits the photochromic 

and solvatochromic properties of the reactant SP1, well known for its solvatochromic 

properties [21, 29, 39, 40]. 
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Figure 7.4. Pictures of six vials (left) containing a solution of the SP-M monomer (10-3 M) 

when irradiated for 20 s with UV light in different solvents and after irradiation with white 

light for 20 s (right). 

As seen from Figure 7.5, the absorbance spectra of the monomer open form (MC–R) 

shows that the #max of MC-M undergoes red and blue shifts depending on the solvent 

polarity. Among the solvents analysed, the lowest #max value was found in the 

presence of MeOH (540 nm). This value increases to 552 nm in EtOH, 568 in ACN, 

and 574 nm in acetone, which indicates a significantly more non-polar environment. 

The highest values are observed for THF (587 nm) and toluene (609 nm) (Figure 

7.5). In the absorbance spectra of the MC-M in toluene a shoulder around 565 nm is 

clearly defined. This can be attributed to the presence of MC aggregates which are 

known to form in certain non-polar solvents under UV-irradiation [7, 41]. In general 

two types of aggregates have been identified: J-aggregates which have parallel 

arrangement and present a shift to longer wavelengths, while H-aggregates have a 

head to tail arrangement of the MC dipoles and the spectra are shifted to shorter 

wavelengths irradiation [7, 41]. 

 
Figure 7.5. Absorption spectra of the SP-M monomer (10-3 M) solution in MeOH, EtOH, 

ACN, acetone, THF and toluene after UV and white light irradiation. 
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Analysing the absorbance shifts presented by the MC-M isomer in the six different 

solvents, it was observed that they are in perfect agreement with the Reichardt’s 

empirical ET(30) polarity scale described in the “Solvents and Solvent Effects in 

Organic Chemistry” [22]. This scale is based on the solvent-dependent spectral shifts 

experienced by pyridinium N-phenoxide betaine dye ET(30) and has been shown to 

take into consideration both the polarity and the hydrogen bond donating acidity of 

the solvent [22]. The absorption #max of the MC-M in different solvents was found to 

give good linear correlations with the normalised ET(30) (R2 = 0.97), similarly with 

other reported spiropyran derivatives [29] (Figure 7.6). Good correlation between the 

solvatochromic behaviours of the two was expected as both merocyanines and 

ET(30) are meropolymethines dyes. The negative slopes of the plots indicate that in 

polar solvents, the ground state of the MC form is stabilised relatively to the excited 

state (lower wavelengths means larger energy gap between the ground and excited 

state) while the linear fit implies that there is a hydrogen bond contribution to this 

effect [29]. 

 

 
Figure 7.6. Linear correlation between Reichardt’s empirical ET(30) polarity scale factor and 

the absorption #max of SP-M monomeric solutions (10-3 M) in different solvents.  

 

When the six different solvents are passed through the micro-capillary 

functionalised with SP-M polymeric brushes at a flow rate of 0.5 µL min-1 followed 

by the exposure of the micro-capillary to UV light (20 s), the colour of the micro-

capillary changes according to the polarity of the solvent, from red (highly polar) 

towards blue (highly non-polar), following a similar behaviour to the SP-M 
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monomer solutions (Figure 7.7). Moreover, when the micro-capillary is exposed to 

white light irradiation (20 s), it returns to the initial colourless spiropyran form, 

Figure 7.7-bottom. This demonstrates that in the polymer brush structures, which are 

densely packed with spiropyran moieties, there is no evidence of steric hindrance of 

the characteristic SP to MC photo-switching in response to UV and white light 

irradiation, and that the merocyanine unit maintains its solvatochromic properties 

intact. 

 
Figure 7.7. Pictures of the poly(SP-M) coated micro-capillary when irradiated for 20 s with 

UV light while different solvents are passed through the micro-capillary in continuous flow 

(0.5 µL min-1) and after irradiation with white light for 20 s. 

 

UV–vis spectra of the polymer brushes were taken using the set-up described 

in the Appendix C, Figure C1, permitting in situ spectroscopic characterisation of the 

coatings inside the micro-capillary. When in the merocyanine form, the polymer 

coatings show an absorbance band with a #max of 558 nm when the solvent is MeOH, 

565 nm in the case of EtOH, 567 nm for ACN, 571 nm for acetone, 575 nm for THF 

and 576 nm for toluene, respectively (Figure 7.8). Therefore, the poly(SP-M) 

coatings indicate negative solvatochromism, similar to that shown by the SP-M 

monomer in solution. These absorption bands disappear after irradiation of the 

micro-capillary with white light for 20 s due to interconversion to the non-

solvatochromic spiropyran form. This process is completely reversible, implying that 

the platform can be switched between sensing and non-sensing modes entirely using 

light [36]. The shift of the #max in the absorption spectra of the polymer brushes 
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compared to that of the monomer in solution is most likely due to the local 

environmental effects that are related to the immobilisation of the spiropyran moiety 

[42] and to the swelling effect of the polymer brushed when in presence of different 

solvents [43]. It can be explained taking into account the compact organisation of 

spiropyran units in the polymer brushes, wherein the conformation of a single 

spiropyran moiety is not only influenced by the solvent but also by the neighbouring 

spiropyran units that may be present in their polar merocyanine form. The lower 

dynamic range of the #max in the case of polymeric brushes compared with the SP in 

solution is most probably due to the architecture of the coating and can be explained 

by taking into consideration two factors: the much higher concentration of 

spiropyran units inside the polymeric brushes compared with the solution as well as 

steric hindrances inside the coating, that restricts the conformational freedom of the 

spiropyran moiety. Nevertheless, the shifts in the absorbtion #max of the poly(SP-M) 

coatings are also, in this case, in good agreement with the Reichardt’s empirical 

ET(30) polarity scale, showing reasonably good linear correlations between the 

absorption #max of the poly(SP-M) coatings and the normalised ET(30), just like in 

the case of SP-M solutions (R2 > 0.95) (Figure 7.9).  

 

 
Figure 7.8. Absorption spectra of the poly(SP-M) functionalised capillary when MeOH, 

EtOH, ACN, acetone, THF and toluene, respectively are passed through the micro-capillary, 

after UV and white light irradiation.  
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Figure 7.9. Linear correlation between Reichardt’s empirical ET(30) polarity scale factor and 

the absorption #max of poly(SP-M) coatings in the presence of different solvents.  

These results indicate that poly(SP-M) coated micro-capillary could be used for the 

detection of solvents of different polarities based on the colour (absorption #max) of 

the micro-capillary after UV irradiation. This is the first time such a micro-capillary 

integrated polarity sensor has been reported, capable of performing in continuous 

flow mode. Moreover, this sensing behaviour can be switched on/off remotely by 

using light, either along the entire length of the micro-capillary, or at patterned 

locations using appropriate masks [36]. In addition, these colour changes could be 

easily quantified using digital image processing techniques [44, 45], or by simple 

visual observation.  

 

7.3.3 Kinetics of Photo-induced Ring Opening 
 

As the system described in Figure C1 (Appendix C) allows in-situ monitoring of the 

ring opening process of the poly(SP-M) coatings, kinetic studies were performed in 

order to evaluate how the different solvents may affect the ring opening kinetics of 

the poly(SP-M) and so, provide an additional parameter for solvent sensing. This 

involved, inducing the formation of the poly(MC-M) state by continuous exposure of 

the micro-capillary to UV light and recording the absorbance value of the MC-M, at 

the corresponding #max in each solvent at fixed time intervals (1 s), until the 

absorbance value reaches a plateau (approximately 180 s). During these 

measurements, the micro-capillary is kept in a fixed position, in the dark, inside the 
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cross-shaped detection cell as shown in Figure C1 (Appendix C) in order to avoid the 

influence of the ambient light.  

The #max absorbance values in each solvent were obtained from Figure 7.8 

and modelled according to eqn. (1). Figure 7.10 shows the absorbance increase over 

time at the #max (293 K) for each of the solvents (MeOH, EtOH, ACN, acetone, THF 

and toluene, respectively) for the poly(SP-M) coating, using the first-order kinetics 

model [46]. The first-order rate constants were estimated by fitting the absorbance 

values at #max using Microsoft Excel Solver and eqn.(1). All the ring-opening 

kinetics were estimated in triplicate, and at different locations on the micro-capillary, 

for all the six solvents, showing great reproducibility (See Appendix C– Figure C2). 

Moreover, the fact that the absorbance at #max stabilises at the same absorbance 

values in different positions on the micro-capillary for each individual solvent, 

demonstrates the excellent homogeneity of the coatings.  

 

 
Figure 7.10. Ring opening kinetics of the spiropyran polymeric coatings in different solvents 

showing the conversion of poly(SP-M) to poly(MC-M). The values of the absorbance were 

taken at #max = 558 nm for MeOH, #max = 565 nm for EtOH, #max = 567 nm for ACN, #max = 

571 nm for acetone, #max = 575 nm for THF and #max = 576 nm for toluene at 293 K. 

 

The ring opening process analysed using eqn. (1) occurs about 1.3 times 

faster for EtOH compared to MeOH and about 1.5 times faster for ACN and acetone 

compared to MeOH. The fastest ring-opening kinetics were obtained for THF and 

toluene at about 2.7 and 2.8 times faster, respectively, than in MeOH. Under these 
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conditions, the ring opening kinetics of poly(SP-M) show that for poly(MC-M) 

formation in toluene, the steady-state (ca. 0.7 a.u.) is reached in about 200 s while for 

the formation of poly(MC-M) steady-state in Acetone and ACN, the absorbance 

becomes relatively constant at ca. 0.6 a.u. and 0.5 a.u. after about 300 and 400 s, 

respectively. This may be due to the faster ring-opening rate obtained in non-polar 

solvents compared to polar solvents. Although the influence of the solvent on the 

ring-opening kinetics has been considered to be weak [39], in the present 

circumstances, the pattern that emerges is clear and convincing: as the polarity of the 

solvent decreases the rate of the ring opening process increases. A possible 

explanation for this behaviour lies in the mechanism of the ring-opening of the 

spiropyran moiety itself. The interconversion between SP and MC involves an 

intermediate, which is formed as the bond between the spiro carbon atom and the 

pyran oxygen atom is ruptured while the orthogonal topology is retained. As shown 

before, this step is the rate-determining step in the coloration reaction (SP to MC) 

[40]. As the intermediate, a cis-cisoïd isomer of MC, has a non-polar character, it is 

expected to be stabilised in less polar solvents causing faster ring-opening kinetics in 

solvents of decreasing polarity. Further indications supporting this statement have 

been found by comparing the ring opening kinetics of poly(SP-M) coatings with the 

ring opening kinetics of SP-M in solution (See Appendix C – Figure C3). The ring-

opening process in solution also followed first order kinetics, and therefore the first-

order rate constants were estimated by fitting the absorbance values at #max using 

Microsoft Excel Solver via eqn. (1) (See Appendix C – Figure C4). The results 

obtained for the SP-M in solution are in close agreement with those obtained for the 

poly(SP-M) coatings, reinforcing the view that the ring-opening rate increases as the 

solvent polarity decreases (See Appendix C – Table C1). The estimated rate of ring 

opening of SP-M to MC-M in solution is about 1.1 times higher for EtOH compared 

to MeOH and about 3 times higher for acetone compared to ACN. The fastest ring-

opening kinetics were obtained for THF and toluene where the SP-M coloration 

occurs approximately 2.5 times faster in toluene than in THF. Table 7.1 lists the 

solvents and values of the relevant solvent polarity scales used for the analysis of the 

solvatochromic behavior of the poly(SP-M) coatings.  
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Table 7.1. poly(MC-M) #max values in different solvents reported together with the 

normalised Reichardt’s empirical ET(30) polarity scale factor. These values are followed by 

the rate constants (± absolute error, n = 3), for the ring opening equilibrium obtained from 

the best-fit curves of the absorbance-time curves (Figure C2, Appendix C) recorded at the 

corresponding poly(MC-M) #max in each solvent.  

 

Solvent  ET(30) 
!max 

(nm) 
k (s-1) 

Methanol 0.762 558 1.04 x 10-2 ± 0.9 x 10-3 

Ethanol 0.654 565 1.34 x 10-2 ± 0.3 x 10-3
 

ACN 0.460 567 1.52 x 10-2 ± 0.8 x 10-3 

Acetone 0.355 571 1.56 x 10-2 ± 1.8 x 10-3 

THF 0.207 575 2.73 x 10-2 ± 1.1 x 10-3 

Toluene 0.099 576 2.84 x 10-2 ± 1.7 x 10-3 

 

 

 

7.4 Conclusions 
 

Spiropyran based polymer brushes grafted onto the inner walls of a micro-capillary 

have been used for rapid and sensitive solvent polarity detection. The micro-capillary 

can be functionalised in a highly homogeneous manner along its entire length since 

the functionalisation is performed in a continuous flow mode. We have demonstrated 

the feasibility of a self-diagnosing tool for sensing based on a micro-capillary, which 

can be operated in continuous flow, and is capable of detecting and reporting 

variations in the local polarity of the medium in contact with the spiropyran 

polymeric coatings of the micro-capillary through changes in the surface coating. In-

situ ring-opening kinetics of the spiropyran polymeric coatings have demonstrated 

highly reproducible performance of the coatings while the rate constant of the ring-

opening process have been shown to be influenced by the solvent polarity and could 

serve as an additional parameter for solvent sensing. ROMP chemistry provides a 

route to the formation of rather thick, yet highly open brush-type coatings with high 

SP-M loading, which provide the basis for colourimetric measurements that combine 
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high sensitivity with rapid kinetics. The photoswitchable nature of the sensing 

molecule means that this function can be turned on/off in a temporal and spatially 

controlable manner using UV/visible light, respectively. 
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Appendix C. Supporting Information 

A schematic of the set-up used for absorbance and kinetics measurements for the 

poly(SP-M) capillary coatings is provided (Figure C1) as are experimental and fitted 

kinetic curves of the photo-induced ring opening of poly(SP-M) coatings in different 

solvents (Figure C2). Kinetics of photo-induced ring opening equilibrium of SP-M 

monomer in solution - experimental and fitted kinetic curves are given (Figures C3 

and C4) along with associated values of the rate constants, for the photo-induced ring 

opening process of SP-M monomer solutions (10-3 M), in different solvents (Table 

C1). This material is available free of charge via the Internet at http://pubs.acs.org.  
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Abstract: Photo-activated chemopropulsion at the liquid/liquid interface is a new 

concept in droplet actuation that involves the photo-generation of surface tension 

gradients high enough to cause rapid propulsion of organic liquid droplets present on 

the surface of an aqueous solution. The “fuel” of the propulsion is a gradient in 

surface tension, generated by the local release of surfactants from the droplet to the 

aqueous solution upon photo-stimulation. The propulsion type movement presented 

here involves high-speed movements of organic droplets (! 4000 µm s-1), 14 times 

faster than any other photo-induced movement of droplets reported previously. In 

addition, this movement is reversible, and since it is based on surface tensions effects 

can be used for the manipulation of multiple droplets simultaneously.  

 

Keywords: chemopropulsion, photo-manipulation, surface tension, photochemistry, 

pH gradient 
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8.1 Introduction 
 

The idea of developing inanimate chemical machineries capable of propulsion upon 

photo-stimulation could open a new area of research due to their potential 

applicability in fields like microfluidics [1, 2], cargo transport [3-5] and drug-

delivery [6]. The possibility of using photo-stimulus to control directional movement 

of microliter size droplets is very appealing, as light can provide contactless 

stimulation, is biocompatible and can be applied in a non-invasive and highly precise 

manner. The most common strategy toward this goal uses solid surfaces with specific 

photosensitive properties able to produce changes in wettability or surface tension 

upon photo-stimulation [7]. When a liquid droplet is deposited on such substrates, 

asymmetrical illumination by light induces a gradient of wettability that results in a 

low-speed motion (ca. 35 µm s-1) of the droplet over distances of about 3 mm [7]. 

Other approach [8] involves the photo-induced movement of oil droplets on aqueous 

solutions containing photo-sensitive surfactants. In this approach, a 3 µL oleic acid 

droplet is photo-manipulated at the surface of an aqueous solution containing the 

cationic photosensitive azobenzene trimethylammonium bromide surfactant 

(AzoTAB). The apolar tail of AzoTAB contains a photosensitive azobenzene group, 

which photoisomerises into trans (less polar) and cis (more polar) configurations 

upon visible and UV light illumination, respectively. This photo-dependent polarity 

allows the interfacial tension between the floating oil droplet and the aqueous 

solution to be modulated, thus inducing an interfacial tension gradient at the liquid 

(aq.)/liquid (oil) interface, which results in droplet motion in the opposite direction to 

the gradient. Under these conditions, droplet motions with speeds of about 300 µm s-

1 can be obtained. Although this process is reversible and allows precise photo-

manipulation of oil droplets, the photo-induced difference in surface tension is rather 

small, ca. 1 mN m-1. Thus for continuous droplet movement the light source must 

follow the droplet in order to maintain an acceptable interfacial tension gradient.  

Herein, this chapter describes a new concept that can be used for the photo-

manipulation of liquid droplets within open channels at high speeds (! 4000 µm s-1).  
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8.2 Materials and Methods 
 

8.2.1 Materials 
 

The spiropyran sulfonic acid (SP-SO3H) was synthesised by sulfonation of N-(2-

hydroxybenzylidene) aniline according to a previously reported method [9].  

 

8.2.2 Channel Fabrication 

 

The fabrication of the channels was carried out using a laser ablation system-

excimer/CO2 laser (Optec Laser Micro-machining Systems, Belgium) by cutting the 

fluidic structures in a 1 mm polymethylmethacrylate (PMMA) sheet attached to a 50 

µm double-sided pressure sensitive adhesive film, PSA, (AR8890, Adhesives 

Research, Ireland). After the channels removal, the PSA protective layer was 

detached and the PMMA/PSA template was laminated with another 1 mm PMMA 

sheet or subsequently replicated into poly(dimethyl siloxane) (PDMS, Sylgard 184, 

Dow Corning, Michigan USA). The channels obtained were 2 mm wide, 1 mm high 

and were filled with 1 mM solution of spiropyran sulfonic acid (SP-SO3H) in 

deionised water.  

 

8.3 Results and Discussion 
 

The photo-activated chemopropulsion of the organic droplet on the aqueous solution 

is powered by the combination of photo-induced pH changes and surface tension 

gradients at the liquid/liquid interface and can be used for simultaneous manipulation 

of multiple droplets. Generation of photo-activated chemopropulsion involves the 

following steps: 

- initial conditions: droplet formulation is stable on the aqueous solution which 

has a predetermined pH value. 

- local pH of the aqueous solution decreases upon photo-stimulation; 
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- the pH decrement induces localised release of a surfactant type molecules 

(“fuel”) from the organic droplet to the aqueous solution in the low pH 

region; 

- the release of the surfactants causes a spontaneous drop in the surface 

tension, enough to propel the droplet in the opposite direction, as dictated by 

the generated surface tension gradient;  

- the droplet stops when it reaches a region of higher pH, similar to the initial 

conditions, under which the initial state of the droplet is re-established. 

To achieve the conditions for photo-activated propulsion mechanism 

presented above, the following formulations for the aqueous solution and the organic 

droplet were developed. 

The aqueous solution contains a spiropyran derivative dissolved in deionised 

(DI) water (10-3 M). Spiropyrans are one of the most useful photochromic 

compounds due to their applicability in various fields like data recording and storage 

[10, 11], optical switching displays [10], liquid crystals [12] and sensing 

technologies [13]. The photochromism of spiropyran (SP) is due to the photo-

cleavage of the C-O spiro bond upon irradiation with UV light [14]. This cleavage 

allows a conformational rearrangement between a closed, colourless SP form and an 

opened, colourful merocyanine (MC) form which has a significant absorption band 

in the visible spectral region. Exposure of the MC form to visible light induces the 

reversion to its closed SP form, and therefore it is possible to modulate which species 

are in excess using light irradiation. Another interesting property of the SP is its 

sensitivity towards pH [9, 15, 16]. By adding acid, the opened MC becomes 

protonated (MC-H+). This form can be reverted to the SP form by irradiation with 

visible light, releasing H+ in the process (Figure 8.1A). 
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Figure 8.1. Chemical composition of the aqueous solution (A) and the droplet (B). A - 

Reversible structural transformations of SP-SO3H derivative in response to white light; B - 

Chemical structures of protonated Chromoionophore 1 (C1-H+) and Hexyldecanoic acid 

(HDA).  

 

The spiropyran derivative used in this study contains a sulfonic acid group 

(SP-SO3H), which makes the whole unit water-soluble. Upon solubilisation in water, 

the sulfonic acid group of the spiropyran dissociates and the proton is taken by the 

phenolic group to form the protonated merocyanine (MC-H+) (Figure 8.1A). The 

colour of the resulting solution is yellow (absorption at 408 nm) (see Appendix D), 

indicative of the presence of MC-H+ and the pH is approximately 5.0. Upon white 

light irradiation, the protonated merocyanine reverts to the closed spiropyran form 

(Figure 8.1A) and the proton is released in the solution. This causes a decrease of the 

pH, in the irradiated area, to ~ 3.4. Therefore the spiropyran solution allows photo-

modulation of pH in the range 5.0 - 3.4. To ensure the pH-activated propulsion of 

organic droplets, the “fuel” surfactants of the propulsion should only be released 

from the droplet at the lowest extreme of this pH range. At the highest extreme (pH ~ 

5.0 or higher) the surfactants remain stable inside the droplet, and no mobility of the 

droplet occurs.  

The droplet contains Chromoionophore I in dichloromethane (DCM) (0.02 

M). Chromoionophore I is protonated (C1-H+) inside the droplet by hexyldecanoic 
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acid (HDA) which is present at a much higher concentration (DCM:HDA = 1:1 v:v). 

This droplet formulation is stable in the pH interval from 6 to 4 having self-healing 

abilities (i.e. if physically disturbed or distorted, the droplet spontaneously re-

established its initial form, observe the big droplet in video D1). The self-healing 

properties are most likely due to the HDA present at the liquid-liquid interface 

(droplet-solution) that increases the hydrophobicity of the droplet at the interface, the 

weak hydrogen bonds formed between HDA molecules presented in large excess 

inside the droplet (HDA:C1 ! 170:1) and the hydrophobicity and insolubility of 

DCM in water. In a smaller extend the self-healing properties of the droplet might be 

also due to the interactions between the Chromoionophore I (weak base) and the 

HDA (weak acid) willing to form long chain ion pairs. Moreover, it was 

experimentally observed that at pH values below 4, some of the protonated 

chromoionophore (CI-H+) becomes soluble in the aqueous solution and can therefore 

leave the droplet, see video D1 and Figure D5 and D6, Appendix D). This might be 

due to the fact that, as the H+ concentration increases outside the droplet, some of the 

DA- present at the interface gets protonated to the neutral HDA, causing it to migrate 

back into the droplet. This phenomenon disturbs the C1-H+-DA- ion pairs, forcing 

the charged C1-H+ species to leave the droplet. 

When a microliter size droplet of this formulation is placed in a channel filled 

with the spiropyran solution (Figure 8.2A), and locally the aqueous solution is 

subjected to white light irradiation, the pH of the aqueous solution drops due to the 

white light irradiation (Figure 8.2B). Therefore the protonated chromoionophore 

present at the droplet interface becomes more soluble in the region of lower pH and 

leaves the droplet (Figure 8.2C). As long as the droplet is in a pH gradient region 

(lower than 4), the CI-H+ will continuously leave the droplet in the direction facing 

the white light source (lower pH), see Figure 8.2C. This asymmetric distribution of 

CI-H+ in the aqueous solution translates to a gradient of surface tension, at the liquid-

air interface, determined by the pending droplet method (see surface tension 

measurements, Appendix D). These surface tension gradients generate convective 

flows [2, 17], which are ultimately responsible for the motion of the droplet. In these 

conditions, as soon as the surfactant CI-H+ is released from the droplet in the white 

light irradiated area, the droplet starts to move away from the light, stopping in the 

higher pH region (spiropyran solution not affected by light), where the initial droplet 

steady-state is re-established (Figure 8.2D). The local surface tension of the aqueous 
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solution decreases from 75.7 ± 0.5 mN m-1 (n = 5) to about 60.7 ± 0.3 mN m-1 (n = 5) 

which is sufficient to propel a microliter size droplet away from the illuminated area 

with a speed of 4000 µm s-1.  

 

 
Figure 8.2. Schematic representation of the droplet movement on the aqueous solution. 

From top to bottom: A – droplet is stable in the initial pH conditions (pH ! 5, MC-H+ 

solution); B – upon irradiation with white light, MC-H+ reverts to SP, causing the generation 

of free H+ (pH ! 3.4); C – as a consequence, C1-H+ present at the interface becomes soluble 

in the aqueous solution and can now leave the droplet; as soon as this happens, the surface 

tension of the solution dramatically drops, causing the droplet to spontaneously move to the 

opposite direction of the light source. D – The droplet stops in the region of high surface 

tension, where it encounters the initial conditions (MC-H+, pH ! 5).  

  

Experiments involving multiple droplets were performed by using several 

fluidic structures of different configurations (see Appendix D). Figure 8.3 shows a 

sequence of snapshots taken from a video (see Appendix, video D3) in which five 

different droplets with volumes between 0.2-1 µL where placed in central positions 

of a cross-shaped fluidic structure (Figure 8.3A). Upon illumination with a white 
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light irradiation source from the right side of the frame (Figure 8.3B), the droplets 

start moving away from the white light irradiated area, in accordance with the 

mechanism described above. Figure 8.3C clearly shows the spreading of the droplet 

closest to the light illumination area, due to the solubilisation of C1-H+ into the 

aqueous solution. Once this droplet reaches its final position (initial conditions), it 

self-heals, recovering its circular shape (Figure 8.3D). All five droplets are clearly 

present in the final snapshot (Figure 8.3D) at locations far from the white light 

source.  

 

 
Figure 8.3. Snapshots showing the photo-activated chemopropulsion of five different 

droplets in a cross-shaped open fluidic structure. A - five different droplets of different 

dimensions at the initial conditions; B –white light irradiation source; C – After three 

seconds, of white light irradiation, the droplets have already moved to the opposite 

directions, far from the light source, by the generated surface tension gradient. D – The 

droplets stop in the region of high surface tension where the droplet composition is stable 

(initial conditions). 
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White light irradiation sources of different intensities were also examined to 

determine the optimal irradiation intensity. It was found that even with a single white 

light emitting LED (ca. 1mW cm-2), droplet propulsion was still observed (see 

Appendix, video D5). Under these conditions, the impact on the MC-H+/SP 

equilibrium is more moderate, and the proton release is less abrupt, which translates 

into a slower movement of the droplet (speed ! 100 µm s-1). Therefore it is possible 

to modulate the speed of the drop by changing the intensity of the light used for 

propulsion. 

We emphasise that in all of these experiments, the presence of both HDA and 

C1-H+ inside the droplet as well as SP-SO3H in the aqueous solution is crucial for 

the “photopropulsion” of the droplets: when the droplets lacked HDA or C1-H+, or 

when the pH of the aqueous solution was uniformed throughout the channel, no 

directional motion of the droplets was observed. 

 

8.4 Conclusions 
 

In conclusion, we have demonstrated the photo-activated chemopropulsion of 

organic droplets at a liquid/liquid interface. This phenomenon was exploited for easy 

and fast manipulation of single or multiple droplets in channels of different 

configurations. Although the system developed here uses specific chemicals like 

HDA, C1 and SP-SO3H, it illustrates the essence of this new concept of photo-

activated chemopropulsion.  

We believe that, in general, when a pH difference can be photo-induced 

around a “fuel” droplet, able to release a surface-active chemical, this pH difference 

translates into the chemopropulsion of the droplet due to surface tension gradients at 

the liquid air interface. This property suggests that other formulations involving 

materials with similar characteristics to those used here could be employed to 

achieve photo-activated chemopropulsion of organic droplets. However, it must be 

appreciated that appropriate illumination conditions are essential to generate a pH 

gradient suitable for initiating and controlling droplet propulsion [2].  

The principle of photo-activated chemopropulsion offers new possibilities to 

use light as an external stimulus for controlling droplet motion at the liquid-air 

interface. This new concept is generic and can be applied to various organic/ aqueous 
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systems, making photo-manipulation of microliter-size droplets relatively easy to 

implement. We anticipate that photo-activated chemopropulsion will help to the 

development of new alternatives for light-driven fluidics, molecular cargo-transport 

and drug-delivery.  
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Abstract: Here it is described, for the first time, intriguing solvato-morphological 

control of photochromic micro-structures based on spiropyran. By simply changing 

the ratio of the solvents forming the aqueous phase, selective control of the formation 

of molecular assemblies at the liquid/air interface as well as the morphology (flat 

crystals to ribbon-like structures) and the dimensions (~10-80 µm) of the resulting 

3D structures can be easily achieved. Moreover, these microstructures exhibit 

reversible photoisomerization upon light irradiation in the solid state. Finally, guided 

aggregation of these micro-structures was also demonstrated.  

 

 

 
 

Keywords: self-assembly, photochromism, spiropyran, microstructure, solvato-

morphological control
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9.1 Introduction 
 

Self-assembly is omnipresent in nature as components of any size (from molecules to 

galaxies) can self-assemble in a favorable environment [1-5]. From the assembly of a 

school of fish in the ocean or an ant colony in the underground to the lipid bilayer 

membrane of a cell or the folding of a polypeptide chain into a protein, self-assembly 

is inspiring scientists (chemists, physicists, biologists, materials scientists, 

nanoscientists, and materials engineers), in using this approach as a ‘‘bottom-up’’ 

tool to create intriguing structures for different applications [4-11]. Although, until 

recently, much of the work in self-assembly has been focused on molecular 

components, the development of supramolecular chemistry and the direction of 

technology toward micrometer- and nanometer- scale structures have broaden this 

focus to include larger structures [3, 7, 12, 13]. New types of aggregates, especially 

those with potential applications in microelectronics [14, 15], photonics [16-18], 

biomedicine [19, 20] and nanoscience [19, 21-24] are becoming increasingly 

important technologically. In these conditions, self-assembly serves as a solution to 

the challenges brought by the continued shrinking of device features [25] but also 

shows great potential in building three-dimensional (3D) microstructures in a 

practical way [4, 12, 26]. Many scientists believe that the key towards the assembly 

of nano- to micro-scale components into ordered arrays relies on self-assembly [3, 4, 

7]. 

 Besides molecular aggregation in solution, such as micelles, liposomes, 

vesicles and liquid crystals, various nano- and micro- structures may also be formed 

at interfaces [27, 28]. Interfacial self-assembly has attracted great interest in the 

recent years mainly because of the creative and unique principles of this method for 

constructing materials, such as self-assembled monolayers, Langmuir–Blodgett 

films, nanocrystals, clusters, and capsules [27]. Among the self-assembly 

architectures, a nano- or micro- structure with photo-responsive properties presents 

special interest as a promising candidate for optical memories, optical switches and 

displays [29-31]. It is becoming increasingly obvious that the next generation of 

these materials will incorporate intelligent design of externally addressable photo-

responsive units that posses self-assembly properties, as these can produce highly 

pre-organised nano- or microstructures.   
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Among the various classes of photochromic compounds, spirobenzopyrans are one 

of the most studied, and derivatives have been successfully used in applications such 

as non-linear optics, data recording, optical and electrical switching, and chemical 

sensing, among others [32-34]. The photochromic behavior of spiropyrans is due to 

the reversible heterolytic cleavage and rebinding of the Cspiro-O bond upon 

irradiation with UV light and white light, respectively [35, 36] (Figure 9.1). UV 

irradiation results in the formation of the highly colored merocyanine (MC) form that 

reverts back to the closed spiropyran (SP) form upon visible-light irradiation, or 

thermodynamically (i.e.; spontaneously, usually much slower) in the dark. These 

characteristics offer the possibility to modulate or switch various functions at the 

molecular or supramolecular level using light as a trigger. 

Several assemblies of spiropyran derivatives and relevant photomodulation 

have been reported showing the great potential of MC to be used as a self-assembly 

unit. Krongauz and coworkers described the formation of MC aggregates composed 

of tiny-globules (0.1-0.4 µm) referred to as “quasicrystals” obtained after UV 

irradiation of SP-long chain derivatives in aliphatic hydrocarbons or when exposed 

to constant external electric field (V = 25 kV cm-1) [37-41]. Larger MC crystals (10-

100 µm) were obtained from aliphatic hydrocarbons and non-polar solvents upon 

prolong UV irradiation (30 min) [42, 43] or when MC functionalised polymers were 

used [44, 45]. Other assemblies include Langmuir-Blogget films [46, 47] and 

aggregates of spiropyran-functionalised dendrons [48].  

 This chapter reports, for the first time, the spontaneous formation of 

photochromic spirobenzopyran aggregates of 1! -(3-carboxypropyl)-3,3! -dimethyl- 

6-nitrospiro-1-benzopyran-2,2! -indoline (SP-COOH, Figure 9.1) at the liquid-air 

interface when the aqueous phase is an ethanol/water mixture. In a very effective 

manner, this process produces highly organised assemblies composed of three-

dimensional daisy-like microstructures. By changing the ratio of the solvents 

forming the aqueous phase (ethanol:water), selective control of the formation of 

molecular assemblies as well as the morphology (flat crystals to ribbon-like 

structures) and the dimensions (~ 10-80 µm) of the resulting 3D structures can be 

easily achieved. Moreover, these microstructures exhibit reversible 

photoisomerisation upon light irradiation in the solid state. To our knowledge, such 

structures and behavior have never been observed before, and is in clear contrast to 

“quasicrystals” and larger-sized aggregates through their high degree of organisation 
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at the microscopic level, morphological complexity, facile solvato-morphological 

control and the absence of residual amorphous material. This study provides the first 

direct measurement of the structural, spectroscopic, and photochromic properties of 

such SP-COOH microstructures.  

 

 
Figure 9.1. Photochromism of SP-COOH spiropyran derivative. 

 

9.2 Experimental 
 

Experimental details, including the synthesis procedures, characterisation methods, 

and all relevant characterisation data, are available in Appendix E.  

 

9.3 Results and Discussion 
 

To prepare the aggregates, SP-COOH was dissolved in ethanol (EtOH), which is a 

good solvent for most benzospiropyrans, at a concentration of 10-3 M. The resulting 

solution had a strong purple color due to the absorbance of MC centered at 550 nm 

(see Appendix E, Fig. E2). To this solution, DI water was added so that the final 

EtOH volume percent (V %) in the water/EtOH solution was 15 % (SP-COOH 15 

%), 20 % (SP-COOH 20 %) and 25 % (SP-COOH 25 %), respectively. After this, the 

solution was left to rest in the dark for 12 h. Immediately after mixing the two 

solvents, and following the exothermic reaction (due to mixing of water with EtOH), 

the solution is clear and has a pale red color. However, over time the solution 

becomes turbid. This phenomenon is due to the formation of MC-COOH individual 

micro-size structures caused by the poor solubility of MC-COOH in water. The only 

water-soluble species is MCH+-COO- formed throughout the partial dissociation of 
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carboxylic acid (pka ~ 4.9 [49]) in DI water (pH ~ 6) and successive protonation of 

the SP-COO- form (typical pKa for MCH+ is ~ 6-7 [50]), see Appendix E - Figure 

E4. Moreover, depending on the water/EtOH ratio, the formed structures have 

different morphologies and sizes. These microscopic structures are in the MC form 

(indicated by their red color) and remain stable inside the aqueous solution most 

likely due to the stabilisation of individual structures in such a highly polar 

environment. Previously, aggregation of MC derivatives was always observed due to 

photo-induced formation of MC units surrounded by a non-polar environment. This 

caused spontaneous association of MC in order to minimise the overall energy of the 

system [42, 43, 48, 51]. In the case presented here however, these conditions are not 

satisfied, no spontaneous association is observed, and the turbidity of the solution 

exhibits good homogeneity (Appendix E, Figure E3). Following this, the solution 

was poured in a Petri dish in order to ensure a high surface area for the liquid/air 

interface and the solution was exposed to daylight. This caused fast switching of the 

EtOH/water solution from reddish to light yellow due to the switching of the 

remaining dissolved spiropyran from the MC/MCH+ to the SP/MCH+ forms in 

response to white light (Appendix E, Figure E5). This process was accompanied by 

spontaneous assembly of aggregates at the air/liquid interface. The proposed 

mechanism for this process relies on the fact that, as the polarity of the aqueous 

solution decreases due to the switching of the polar MC unit to the less polar SP 

form, the MC solid structures start to aggregate due to their polar nature, minimising 

their surface energy. Another important observation is that evaporation of EtOH 

from the surface facilitates the movement of the assembled structures towards the 

liquid/air interface. This process was very rapid, as a continuous aggregation film 

forms at the interface within minutes. A video showing this spontaneous assembly 

can be seen in Appendix E- Video E1 and Figure E6, in the case of SP-COOH 25 %. 

Very similar behavior is found however in the case of all the other solutions studied 

(Figure E7 and E8). Furthermore, it was observed that the morphology of the 

obtained structures and their dimensions are different and very dependent on the 

percentage of water used. Scanning electron microscopy images of these structures 

(Figure 9.2) show that the morphology of the assembled one-unit structures varies 

from ribbon-like shape in the case of SP-COOH 15 % (Figure 9.2, left) to daisy-like 

shaped structures composed of flat crystals in the case when SP-COOH 25 % is used 

(Figure 9.2, right). The structures obtained for SP-COOH 20 % resemble the daisy-
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like shape of SP-COOH 25 %, however the endings of the single units are hyper 

branched and twisted (Figure 9.2, center).  

 

 
Figure 9.2. Scanning electron microscopy images of spiropyran self-assembled 

microstructures obtained at the air-liquid interface when the aqueous solution is SP-COOH 

15 % (left), SP-COOH 20 % (centre) and SP-COOH 25 % (right), respectively. The figures 

on the bottom show particular details of each type of microstructures. 

 

These structures present good homogeneity across the entire aggregated film 

obtained at the liquid-air interface and closely maintain their morphology with great 

reproducibility from structure to structure as well as from solution to solution (Figure 

9.3). For better resolution images of the aggregates, please refer to Appendix E 

(Figures E9-E11). Analysis of the diameter of the individual self-assembled 

structures shows that by varying the water content of the solutions, structures with 

average diameters from ~ 24 µm (SP-COOH 15 %) to ~ 71 µm (SP-COOH 25 %) 

can be easily achieved (Figure 9.3). For SP-COOH 15 % and 20 %, the width of the 

fiber-like structures is about 300 nm while for the SP-COOH 25 % the width of the 

flat crystal-like structures is about 5 µm (at the assembling point) and their height is 

about 200 nm or less and partially transparent (Figure 9.2-right). Moreover, it was 

found that the morphology of the photochromic structures is not dependent on the 

concentration of the SP-COOH in the final solution but rather dependent on the ratio 

between the two solvents: water/EtOH. Identical morphologies were obtained for the 

spiropyran structures generated using different SP-COOH concentrations and after 

different times (12 h to several months) as long as the ratio of water/EtOH was kept 
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constant. It should be appreciated however, that the water/EtOH ratios in which this 

type of complex, highly symmetrical structures were obtained is quite small. At % 

EtOH > 40 % or < 10 %, such structures were hardly observed due to high content of 

EtOH, ensuring total solubility of the spiropyran derivative or low overall 

concentration of spiropyran dissolved in water due to the formation of MCH+-COO- 

respectively (data not shown). In most of those cases the interfacial aggregation was 

minimum and the analysis of the solid material obtained after evaporation of the 

solution showed a rather amorphous solid. It is most likely that the self-assembly of 

individual structures (“petals”) in the “daisy-shaped structure” is governed by 

intermolecular forces between MC-COOH units including the !–! stacking and 

hydrogen-bonding between individual MC-COOH (SP-COOH) units (through the 

carboxylic acid group) and between MC-COOH (SP-COOH) molecules and water 

[18, 29, 48, 51].  

 
Figure 9.3. The size of the SP-COOH self-assembled microstructures strongly depends on 

the V% EtOH in the EtOH/water mixture. 

 

Microanalysis of the dried structures have shown that all the microstructures – SP-

COOH 15 %, SP-COOH 20 % and SP-COOH 25 %, respectively, have very similar 

% content of C (66 % ± 0.17, n = 7), H (5.5 % ± 0.05, n = 7) and N (6.8 % ± 0.06, n 

= 7), corresponding to the pure SP-COOH derivative, indicating no significant 

composition differences between the different structures.  
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Further studies have revealed that all microstructures obtained present photochromic 

properties not only at the liquid/air interface (Appendix E, Figure E12), but also in 

the dried state, see Figure 9.4 (SP-COOH 25 %). After irradiation with UV light for 

5 min these crystals change their color from yellow to red, due to an absorbance band 

centered around 550 nm. Although until recently, it was believed that spiropyrans do 

not typically show photochromism in the solid state, recent results have shown that 

in some cases this behavior can be found in spiropyran or spirooxazine crystals even 

at room temperature [52]. These results indicate that there is enough free volume 

inside the structures to facilitate the transformation between the two isomers [52]. 

Photo-stability over time has to be considered when dealing with spiropyran 

photochromic dyes, as a well-documented photo-bleaching process [53, 54] occurs 

when SP is exposed to UV-white light radiation for extended periods of time. After 

four switching cycles (Figure 9.5), the efficiency was found to be constant in the case 

of the SP-COOH 25 % microstructures. The ASP = 0.233 ± 0.003 a.u. and the 

AMC = 0.054 ± 0.004 a.u. The differences in the absorbance values of the two 

isomers at 550 nm (corresponding to the !max for MC) showed good reproducibility 

over four cycles ("ASP#MC = $0.178 ± 0.005 a.u. and "AMC#SP = 0.179 ± 0.004 a.u.) 

indicating that these cycles are repeatable, with no detectable hysteresis. Moreover, 

microscopy imaging between irradiation cycles showed that the microstructures do 

not suffer any obvious physical degradation. 

 

 
Figure 9.4. Absorbance spectra of SP-COOH 25 % self-assembled microstructures under 

different illumination conditions (5 min UV and 5 min white light, respectively).  
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Figure 9.5. Absorbance intensity at 550 nm of SP-COOH 25 % after repeated switching 

cycles consisting of 5 min UV light exposure followed by 5 min white light irradiation. 

 

Further imaging investigation of SP-COOH 25 % microstructures have 

shown that these structures look bright under crossed-polarizers (in contrast with SP-

COOH 15 % and 20 %) indicating optical anisotropy of the material and their 

crystalline structure (Figure E13). Further investigation including determination of 

the structures of the self-assembling units for both species (SP and MC) using X-ray 

crystallography is in progress. 

Moreover, as it was experimentally found that the interfacial aggregation is 

driven by the evaporation of EtOH, guided assembly was realised at the liquid-air 

interface by using a Halogen lamp, 150W DDL Polytec GmbH Waldbronn (Video 

S2). The heating effect produced by this lamp (~ 4 °C) caused the assembly of the 

SP-COOH 25 % microstructures largely in the vicinity of the irradiated area (where 

there is predominant EtOH evaporation). The “crystal moths” (in that the crystals 

appear to spontaneously migrate towards the light source) behavior can be very 

useful for fast harvesting of the self-assembled microstructures. 
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9.4 Conclusions 
 

In conclusion, we have demonstrated a convenient protocol to fabricate 

dimensionally controlled micrometer structures of carboxylic acid functionalised 

spiropyran (SP-COOH) at the liquid-air interface and their thermal guided 

aggregation throughout the use of a high power halogen lamp. The material has been 

characterised by spectroscopic and imaging methods in order to derive structural and 

photochromic information on the aggregates. A mechanism for the association is 

proposed. The process described here permits efficient production of highly 

organised aggregates that present reversible photochromic properties. The good 

optical properties and the ease of formation suggest that the self-assembled 

aggregates can be used for optical memory, non-linear optics and Langmuir-Blodgett 

films while the organised architecture could be of high potential for smart materials 

and devices.  
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The role of materials science has never been more critical. It is believed that the 

technologies of the near future will depend on the efforts of talented researchers 

working with novel and fascinating materials concepts. Few of these concepts 

include stimuli-responsive polymers for sensing and actuation purposes, chemo- and 

photo-actuation of droplets and self-assembly of stimuli-responsive units at the 

micro- and nano-scale. In the area of micro-fluidics, stimuli-responsive polymers 

have the potential to become fully integrated into micro-fluidic platforms that will 

posses multiple functionalities including actuation and sensing.  

The work presented in Chapters 4 to 9 of this thesis opens new strategies for 

the development of novel miniaturised sensing platforms or new means of 

droplet/micro-gel actuation.  

If Chapter 4 and 5 describe the potential of using polyaniline coated micro-

platforms for pH and ammonia sensing based on the inherited doping-dedoping 

properties of polyaniline, here we propose, as future work, the use of these coatings 

for studying mixing and diffusion processes in micro-channels (section 10.1).  

Other exciting future work possibilities rely on the use of the micro-platform 

presented in Chapters 6 and 7 for the development of micro-analytical platforms for 

functions such as light-activated guest uptake and release and optical reporting on 

status (passive form, free active form, guest bound to active form) based on the 

inherited spiropyran binding properties. In this context, future work explores the use 

of spiropyran-polymeric brushes coated micro-capillaries for photo-activated 

sensing, accumulation, release and extraction of target metal ions (Section 10.2).   

Further development of the concept described in Chapter 8 could produce 

new means of photo-actuation for micro-fluidic applications. Surfactant powered 

actuation at the liquid/air interface and Marangoni’s effect are not by any means new 

concepts in science and paper boats have been “powered” through the use of soaps 

for decades [1, 2]. However, having the key components required for the propulsion-

type movement confined into one “vesicle” and having that vesicle activated only 

upon photo-stimulation represents a great step forward for actuation at the liquid/air 

interface. Therefore several means of generating photo-actuation of ionogel micro-

boats on the surface of aqueous solutions are proposed (Section 10.3). 
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10.1 Sensing the Flow: Adaptive Coatings based on 

Polyaniline for Direct Observation of Mixing Processes 

in Micro-fluidic Systems 
 

10.1.1  Introduction 
 

The small characteristic dimensions of micro-fluidics results in small internal 

volumes and high surface-to-volume ratios, leading to improved heat and mass 

transfer rates, and affecting chemical reactions. This in turn is exponentially 

increasing their applicability in real life since the last decade, and make micro-

fluidics an attractive alternative to conventional systems [3]. The continuing growing 

trends in microfluidics highlight the importance of understanding the mechanisms 

and fundamental differences involved in fluid flow and mixing at the micro-scale [4]. 

Mixing solutions in micro-channels can be difficult. Physically, flows of 

common liquids at practical pressures in microfluidic channels (typical cross-

sectional dimension, 1-100 µm) are characterised by low values of the Reynolds 

number (Re = Ul/! < 100, where U is the average flow speed, l is the cross-sectional 

dimension of the channel and ! is the kinematic viscosity of the fluid). At low Re, in 

simple channels (i.e., with smooth walls), pressure flows are laminar and uniaxial, so 

the mixing of material between streams in the flow is purely diffusive. Different 

approaches like using bas-relief structures on the floor of the channel are used to 

create chaotic mixing in micro-fluidic devices and so improving mixing [5].  

Mixing of fluids flowing through a micro-channel is very important for 

various applications of micro-fluidic systems: homogenisation of solutions of 

reagents used in chemical reactions or various biomedicinal and biochemical 

processes that involve the mixing of two fluids, including DNA purification, 

polymerase chain reaction (PCR), enzyme reaction, and protein folding. The 

performance of such processes relies on effective and rapid mixing of samples and 

reagents [5, 6].  

In addition, on-chip detection techniques are essential for the continuous 

monitoring of the mixing behaviour of confluent streams. For this purpose many 

spectroscopic detection methods have been employed: laser-induced fluorescence [7, 
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8], confocal fluorescence microscopy [9], ultraviolet absorption [10, 11], 

chemiluminescence [12, 13], providing good opportunities for the detection of 

chemical species and so they are suitable for studying mixing in micro-fluidic 

devices. However, these techniques typically require the addition of a dye or pre-

treatment of a solute species with florescent tags to allow on-chip detection. 

Consequently, in these approaches one follows the bulk behaviour of an added 

solute, rather than the solvent/liquid itself.  

We have shown in Chapter 5 that polyaniline functionalised micro-channels 

have the ability to sense solutions of different pHs that are passing through the 

micro-channel manifesting in changes in colour of the polyaniline coatings, due to 

the doping-dedoping of the polymer backbone.  

Future work could explore the possibility of quantitatively evaluating the 

mixing process under label/dye free conditions, using adaptive coatings based on 

polyaniline. Moreover, this label free approach could be employed both in cases of 

non-reactive fluids (e.g., hydrochloric acid and water) that have shown good 

agreement with theoretical values calculated using conventional diffusion [14], and 

in the case of reactive fluids (e.g., hydrochloric acid and sodium hydroxide) wherein 

rapid proton diffusion might be achieved [14].  

 

10.1.2  Direct Observation of Mixing Processes in Micro-fluidic 

Systems 
 

To probe the viability of using PAni coatings for studying mixing in this micro-

fluidic device (Figure 10.1), colourless hydrochloric acid (10-2 M, pH = 2) and 

sodium hydroxide (10-2 M, pH = 12) solutions were pumped into the two arms of a 

Y-shaped micro-channel, 1000 x 100 µm and 112 mm long. The two liquid streams 

meet at the Y-junction, and have an interaction time defined by the flow rate, which 

was varied between 2-12 µL min-1 for each of the flows. Due to their different pH, 

the two confluent streams in contact with the polyaniline coating, cause different 

degrees of doping in the polymer, manifesting in different colours of the coating 

(Figure 10.1). In this way, the two laminar flows can be easily distinguished in a 

label/dye free manner and the mixing point can be recorded (Figure 10.2). 
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Figure 10.1. Photo of the micro-channel when the 2 solutions (HCl = 10-2 M and NaOH = 

10-2 M) had a flow rate of 10 µL min-1 each. 

 

                           
Figure 10.2. Photo of the micro-channel when the 2 different solutions (HCl = 10-2 M and 

NaOH = 10-3 M) are passed through the micro-channel at different flow rates (2, 6 and 10 µL 

min-1, respectively). The photo indicates that the point of complete mixing changes 

according to the flow rate. 

 

Figure 10.3a, shows a scheme of a micro-fluidic device with the mixing 

positions indicated by letters when different flows are applied. A plot of the mixing 

point (i.e. the point at which the green colour disappears relative to the meeting point 

at the Y- junction) against flow rate presents good linearity (Figure 10.3b) showing 

the utility of this approach for investigating diffusion and mixing processes of 

solutions in micro-channels by simply using colourless solutions of different pH. 
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Figure 10.3. a- Scheme of the micro-channel when the two different solutions (HCl 10-2 M 

and NaOH 10-2 M) are passed through the micro-channel. Points marked A-F indicate the 

mixing point of the two flows having different flow rates (x= 2, 4, 6, 8, 10 or 12 µL min-1 

respectively); b-Plot of the mixing point (reported from the Y-junction point) against total 

flow rate (2x). 

 

Further work should focus on the use of microscopy imaging techniques to 

record in a precise manner the mixing point of two or multiple confluent streams of 

different pH. As it can be seen from Figure 10.4, by using microscopy imaging it is 

clearly observable the laminar flow of two fluids of different pH, pH = 2 (HCl sol. 

10-2 M) and pH = 12 (NaOH sol. 10-2 M) flowing at a total flow rate of 20 µL min-1. 

 

 
Figure 10.4. Photo of a polyaniline functionalised micro-channel taken with a digital 

microscope when two different streams of liquid having different pH (pH 2 - HCl sol. 10-2 M 

and pH 12 -NaOH sol. 10-2 M) are passed through the micro-channel at a total flow rate of 

20 µL min-1. 
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The final goal of this work could be to build up experimental models of the mixing 

behaviour of reactive and non-reactive fluids in micro-fluidic devices and compare 

the results with the theoretical models. Moreover, our approach could be used for 

investigating proton diffusion with or without a chemical reaction and also for 

obtaining useful information for the optimal design of micro-reactors for chemical 

synthesis applications. 

 

10.2 Spiropyran Functionalised Micro-capillaries for Metal 

Ion Sensing, Accumulation, Release and Extraction 
 

The use of spiropyran polymer brushes functionalised capillaries, which were 

described in detail in Chapter 6 and 7, could potentially be used for sensing, 

accumulation, release and extraction of target metal ions.   

 

10.2.1  Introduction 

 
The real-time analysis of metal ions is important for chemical monitoring as well as 

environmental and clinical applications [15]. Recently, great scientific efforts have 

been focused on producing sensors that are capable of detecting metal ions in a fast 

and reversible manner [16]. Building arrays of sensors composed of multiple ligands 

specific for the detection of different metal ions is difficult to realise and rather time-

consuming. In this respect, a single material that is capable of binding multiple metal 

ions and give a unique spectral response to each metal ion-ligand complex would be 

preferred. Moreover, if the chelator itself could be switched between a passive and 

an active state, then very simple, reusable and cost-effective sensors could be 

developed. As described in Chapter 1, spiropyrans are organic photochromic 

compounds that have been widely studied [17, 18]. Upon irradiation with UV or 

visible light, spiropyrans isomerise between the closed and open forms, in which the 

open form is comparatively more polar. Metal ions can influence this isomerisation 

process by complexing with the open form through the electron-rich oxygen atom 

(Figure 10.5). In contrast, visible light produces a high concentration of the closed 

form, and thus hinders metal-binding. Spiropyrans, therefore, show great potential as 
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photo-reversible metal-complexation agents. Based on this coordination-induced 

photochromism characteristic of the MC form (Figure 10.5). Further investigations 

should focus on the photo-controlled detection, accumulation and release of target 

metal ions passing though out the modified micro-capillary in a continuous flow 

regime.  

 
Figure 10.5. Metal ion binding propriety of spiropyran derivatives. 

 

  Metal ion uptake can be triggered using UV light and subsequently reversed 

on demand by shining white light on the coloured complex, which regenerates the 

inactive spiropyran form resulting in the release of metal ions [17]. The use of light 

to trigger the chelator offers unique opportunities as the binding/releasing process is 

now reversible and can be controlled externally in a non-invasive manner. 

  Through the integration of the beneficial characteristics of both micro-fluidic 

platforms and photochromic dyes, a simple and innovative micro-capillary capable 

of metal ion detection, accumulation and release could be realised. The 

functionalised micro-capillary acts as photonically controlled self-indicating system 

for metal ion detection that operates in continuous flow facilitating real-time 

measurements and fast analysis protocols. 

 

10.2.2  Metal Ions Sensing – Qualitative Studies 
 

Preliminary studies have shown that the open merocyanine form of the spiropyran 

norbornene functionalised monomer (MC-M), described in Chapter 6 and 7, presents 

metal ion binding proprieties in solution (Figure 10.6). 
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Figure 10.6. Photos of the spiropyran-monomer (MC-M) solutions in ACN (10-3M) in the 

presence of different divalent metal ions (molar ratio: MC-M: Me2+ 2:1) after irradiation 

with UV light for 20 seconds. 

 

 The MC-M!Me2+ complexes have been successfully characterised in solution 

using UV-Vis spectroscopy (Figure 10.7). 

 
Figure 10.7. Absorption spectra of spiropyran-monomer (SP-M) solutions in ACN (10-3M) 

in the presence of different divalent metal ions (molar ratio: MC-M: Me 2+ 2:1) after 

irradiation with UV light for 20 seconds. 
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As depicted from Figure 10.7, in the presence of the MC-M form, different metal 

ions will form complexes that absorb at different wavelengths in solution. The 

colourless, ring-closed spiropyran (SP-M) is characterised by an absorption shoulder 

at around 430 nm and an absorption tail below 400 nm. After irradiation of the 

solution with UV light for 20 s, the ring-opened merocyanine (MC-M) is obtained, 

characterised by an intense absorption band at 568 nm. Upon complexation with 

Ni2+, Cd2+, Co2+, Zn2+ and Cu2+, the absorption band is shifted at lower wavelengths 

which is metal-ion dependent. The MC-M!Ni2+ (2:1), complex yields the smallest 

blue shift of only 40 nm (!max = 559 nm), but the MC-M!Co2+ (2:1) and MC-

M!Zn2+ (2:1) complexes give blue shifts of 72 nm (!max = 496 nm) and 90 nm (!max 

= 478 nm), respectively. This shift to higher energy accompanying binding is 

attributed to the disruption of planarity in trans-MC that occurs upon complexation 

[18]. However, as it can be seen from Figure 10.7, in the case of the presence of 

some metal ions (Ni2+, Co2+), the absorbance band characteristic to the MC-M is still 

present. Therefore, in the same experimental conditions, MC-M presents different 

binding abilities towards different metal ions. These results also suggest that the MC-

M unit might be capable of binding simultaneously to multiple metal ions as it has 

been shown in the case of other spiropyran derivatives [16].  

Preliminary studies have shown SP-M polymer brushes modified micro-

capillaries are capable of detecting different metal solutions when passing through 

the micro-capillary and this detection is based on changes in colour of the coating 

after irradiation with UV light (Figure 10.8). Further studies will be necessary to 

fully characterise these changes in colour of the micro-capillary coating in the 

presence of different metal ions. However, these are promising results suggesting 

that metal ion photo-detection in continuous flow is possible using the SP-M 

polymer brushes coated micro-capillaries. 
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Figure 10.8. Photos of the spiropyran-polymer brushes coated micro-capillaries when 

solutions of different divalent metal ions in ACN (10-3M) are passed through the capillary 

after irradiation for 20 s with UV light. 

 

Following the same way of thinking that in the case of the solvent sensing 

presented in the Chapter 7, the sensing behaviour of the SP-M polymer brushes 

micro-capillaries can be switched ON/OFF using light at appropriate wavelengths. 

After the metal ion binding process, which is manifested by a change in colour of the 

micro-capillary coating, the micro-capillary is irradiated with white light for 1 min, 

MC-M will go back to the closed SP-M form and the metal ion previously bound 

will be released. As a consequence, the micro-capillary goes back to colourless. This 

process is depicted in the case of Co2+ in Figure 10.9. 

 

 
Figure 10.9. Photos of a section of a micro-capillary modified with spiropyran polymer 

brushes before (left) and after irradiation for 20 s with UV light (middle) followed by the 

addition of Co2+ (right). The micro-capillary goes back to colourless (due to the conversion 

of the MC to SP) after irradiation for 1 min with white light (left) and Co2+ is released. 
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10.2.3   Metal Ions Accumulation and Release – Quantitative Studies  
 

The results presented above suggest that metal ion photo-accumulation (UV light) 

and photo-release (white light) in the modified micro-capillaries is possible. As a 

consequence of these promising results, future investigations could focus on the 

study of how to quantitatively measure the capacity of our modified micro-capillaries 

for metal ion photo-accumulation. For this work, two different approaches are 

suggested. 

 

10.2.3.1 Detection of the Photo-Release of Metal Ions using 

Capacitively Coupled Contactless Conductivity Detection 

 

Capacitively Coupled Contactless Conductivity Detection (C4D) is a well 

documented technique that has been more extensively used as a method of detection 

in capillary electrophoresis [19, 20]. The advantage of C4D over conventional 

conductivity detection for chromatography is that the cell design is extremely robust 

and there is a lack of physical contact with the eluent. This eliminates possible 

fouling of the electrodes and reduces to zero the extra-column band broadening that 

would be observed with a conventional conductivity flow cell. A typical C4D cell 

consists of two ring electrodes through which a 365 µm OD micro-capillary is 

introduced. The electrodes are placed a fixed distance apart, and an alternating 

current is applied to the first electrode at a particular optimised frequency. The two 

electrodes act as capacitors and so there is a passage of electrons which flow through 

the solution between the electrodes in order to complete the circuit. The presence of 

conducting groups between these electrodes will result in a higher signal being 

collected by the second pickup electrode, the size of which is proportional to the 

conductivity [20]. In this way, metal ions released from the modified micro-capillary 

after irradiation with white light could be easily detected post column, in a non-

invasive manner.  

For this, the following scheme of the installation, depicted in Figure 10.10.,  

is proposed. Here, a metal ion solution is pumped through the micro-capillary using a 

micro-syringe pump. The micro-capillary is irradiated with UV light for a certain 

period of time to ensure binding of the metal ion to the micro-capillary coating 
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through the open MC-M form. Following this, the metal ion solution inside the 

micro-syringe is replaced with the solvent only (no metal ions present) and pumped 

through the system until no response is recorded by the C4D detector. This is done to 

ensure that there are no more free metal ions present in the system. Next, the pump is 

turned off and the UV source is replaced by a white light source until full conversion 

of the MC-M polymer brushes to SP-M is optically observed. At this point, the 

micro-syringe pump (pumping the solvent) is turned back on so that the photo-

released metal ions are passing through the C4D detector and exit the system in a 

concentrated plug. The presence of metal ions should increase the conductivity of the 

solution (compared to the solvent) and this effect, should be recorded by the C4D 

detector. Following a series of calibrations, this approach should provide quantitative 

data regarding the metal ions loading capacity of the SP-M micro-capillary coating. 

. 

 
 

Figure 10.10. Scheme of the set-up used for C4D measurements 

 
 

10.2.3.2 Detection of the Photo-release of Metal Ions using 

Post-column Derivatisation 
 

Post column derivatisation is a widely used technique in HPLC chromatography for 

the detection of analytes after exiting the column. According to IUPAC it is defined 

as a version of reaction chromatography in which the separated components eluting 

from the column are derivatised prior to entering in the detector. This is 

accomplished by performing a chemical reaction on the eluted components that gives 

them an easily detectable physical property. As the most popular HLPC detectors use 

either UV/VIS light absorption, or fluorescence, typically the post-column reaction 
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produces a strong colour or makes a fluorescent product. If used correctly, the post 

column reaction can increase the sensitivity of detection by several orders of 

magnitude in favourable cases. Most reagents are selective for a particular class of 

substances, so analytes of that class are more easily seen against a complex 

background. So, post-column reaction is used to increase sensitivity and selectivity 

in HPLC analysis [21]. 

A similar approach could be employed in a capillary system as the one 

presented above, where the “column” is considered to be the SP-M modified micro-

capillary. It is expected that, by using the proper post-column reagent, the detection 

of the photo-released metal ions coming from the MC-M polymeric coating will be 

possible.  

The post-column reagent suggested for this study is the 4-(2-

Pyridylazo)resorcinol (PAR). PAR has the reactive groups (a heterocyclic nitrogen 

group, azo group, and o-hydroxyl group as shown in Figure 10.11-left) available for 

possible coordination to metal ions [22, 23] (Figure 10.11 - right). PAR has been 

used before for metal determination in the case of Ni2+, Cd2+, Zn2+ among others [22, 

23]. 

 

 
 

Figure 10.11. Chemical structures of 4-(2-pyridylazo) resorcinol (left) and metal complexed 

resorcinol (right). 

 

The post column reaction of Co2+ metal solution (solvent: ACN) with PAR could 

be investigated following the steps proposed below and the set-up depicted in Figure 

10.12:  

 

1. The SP-M modified micro-capillary is irradiated with UV light for 20 s. 

2. The pump (left) is turned on (flow rate = 20 µL min-1; mobile phase = ACN). 

3. The syringe pump is turned on (flow rate = 20 µL min-1; mobile phase = post 

column reagent PAR 0.1 M). 
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4. Co2+ solution (various concentrations) from the injection loop is injected in 

the system at a flow rate of = 20 µL min-1 for approximately 5 min. 

5. When all the expected Co2+ solution leaves the detection area, both pumps 

(ACN and PAR) are turned OFF and the while light is turned ON. 

6. After about 5 min, both pumps (ACN and PAR) are turned back ON. 

7. Absorbance spectra are recorded during the entire experiment. Collection 

rate: 1 spectrum every 5 s. 

 

 
 

Figure 10.12. Scheme of the set-up used for the determination of metal ions photo-released 

from the spiropyran modified micro-capillary using post-column derivatisation.  

 

 It is expected that, after the irradiation of the micro-capillary with white light, 

metal ions will be released first and then, when the two pumps will be turned on, the 

two confluent flows will react and PAR-Co2+ will be formed. When reaching the 

detection area, PAR-Co2+ will generate a change in absorption spectra compared to 

PAR and the response could be used to quantitatively measured the photo-released 

metal ions. 
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10.2.4  Metal Ions Extraction 
 

Fries et al. [16] have shown that when methacrylate-based spiropyran copolymer 

films are exposed to several binary metal ion solutions, based on the binding affinity 

of the merocyanine to each metal ion - merocyanine binds with either one or both 

metal ions. These results suggest that, at least in some cases, the micro-capillary 

platform presented above could be used for targeting metal ion extraction, based on 

the relative binding preference of the MC-M. Therefore, future work could explore 

the possibility of using the spiropyran polymer brushes micro-capillary for metal ion 

extraction in continuous or semi-continuous flow. Spiropyran chemistry could be 

applicable for extraction of metal ions by first, chelating the ions by using UV light, 

and subsequently exposing the metal-spiropyran complex to visible light to elute 

metals efficiently in a concentrated plug as explained in Figure 10.13. 

 

 
 

Figure 10.13. Extraction of target metal ions from a binary metal ion solution; non-binding 

form ( ), binding form ( ), targeted metal ions ( ), non-targeted metal ions ( ); 1 – 

Opening of the spiropyran to the merocyanine form by irradiation with UV light; 2 – 

Introduction of target and non-target metal ions inside the micro-capillary; 3 – Binding of the 

target metal ions to the merocyanine form; 4 – Elution of non-target metal ions; 5 – Only 

target metal ions are present in the micro-capillary; 6 – Target metal ions are released by 

irradiation with white light; 7 – The micro-capillary goes back to its initial state.  
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This process could be used in environmental and industrial processes to remove 

metals from aqueous solutions [24], where the metals are released from the ligands 

upon irradiation with visible light in a safe and controlled manner. The use of light to 

trigger the chelator offers unique opportunities that minimise waste generation and 

power requirements. In addition, advances in the integration of LED (light emitting 

diode) sources in the system hold promise for the production of low cost 

miniaturised systems. 

 

10.3 Photo-activated Propulsion of Ionogel Boats 
 

10.3.1  Introduction 
 

Ionic liquids (ILs) are a class of novel solvents with very interesting properties which 

are attracting the attention of a growing number of researchers [25]. ILs are organic 

salts composed of anions and cations that are in the liquid state at ambient conditions 

and many show negligible volatility and non-flammability [25]. They have also been 

labeled as ‘designer solvents [25, 26], because it is possible to tailor anions and/or 

cations for specific functions such as catalysis, solubility and viscosity. Incorporating 

ILs into polymer gels is also attractive as it may generate materials with the inherent 

advantages of ILs within a solid or semi- solid gel-type structure [27, 28]. This 

property could lead to a new era in “vesicle” actuation as the required components 

for actuation could now be incorporated in the polymer-IL gels matrix without the 

need to consider solvent evaporation. Moreover, due to the vast library of polymers 

and ILs available, ionogels could be designed for specific applications with very 

particular physico-chemical characteristics. Incorporation of a photo-initiator in the 

monomer-IL mixture could lead to facile fabrication of micro-structured ionogels. In 

the case of using this type of structure for photo-actuation at the liquid-air interface, 

the key components could be incorporated in both the polymer matrix (through the 

use of a compatible monomer) but also dissolved in the ionic liquid, in the case of 

organic components, that are rather not water-soluble.  
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10.3.2  From Organic Droplets to Ionogels 
 

If in Chapter 8 of this thesis was demonstrated the photo-activated chemopropulsion 

of organic droplets, here it is suggested that similar behaviour could be obtain for 

gel-type structures by the incorporation of the key components inside ionogels. 

According to the working principle of photo-activated chemopropulsion described in 

Cahpter 8, those components are: 

1. pH sensitive surfactant-type molecule, that shows water-solubility just at low 

pH conditions; 

2. photo-initiator for chemopropulsion (spiropyran). 

If in Chapter 8 these key components were dissolved in a dichloromethane 

(DCM) droplet, next, different compositions of ionogels are suggested in order to 

achieve similar behaviour. One of the main advantages of this approach is that the 

ionogels will present improved stability compared to the DCM droplets: negligible 

evaporation and high thermal stability [25]. Moreover, these ionogels could be 

polymerised in a variety of two-dimensional structures, including bars, circles, boats, 

etc.  

Several chemical compositions are suggested for ionogel “boats” capable of 

photo-driven actuation at the liquid/air interface. The first generation of ionogel 

“boats” could have similar composition to the droplet described in Chapter 8, while a 

more innovative composition could be suggested in a second generation. 

 

10.3.2.1 Ionogel boats – First generation 

 

These ionogel boats have similar composition to the droplet presented in Chapter 8 

with the exception that the acid used for the chromoionophore protonation is 

incorporated inside the polymer matrix. This can be easily achieved through the use 

of the appropriate monomer or co-monomer. A possible suggestion could be the co-

polymerisation of N-isopropylacrylamide (NIPAAm) and methacrylic acid, acrylic 

acid, propylacrylic acid or other appropriate acids from their homologous series. The 

purpose of the acid is the protonation of the Chromionophore 1 (C1) to C1-H+. As 

C1 is not water-soluble and has long alkyl chains it is not hard to imagine that it will 

dissolve in the ionic liquids [P66614][Tos-] and [P66614][Dca-] due to similar 
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hydrophobic character. As the IL library is incredibly vast, solubility of organic 

species like C1 should not be consider an impediment. Having the main conditions 

fulfil, actuation of a microstructure ionogel boat on top of the spiropyran –sulfonic 

acid (SP-SO3H) aqueous solution could be realised by means of photo-stimulation. 

Figure 10.14 shows the schematic composition of the ionogel. 

 

 
Figure 10.14. Schematic composition of the ionogel suggested for the first generation of 

photo-actuated ionogel boats. 

 

10.3.2.2 Ionogel boats – Second generation 

 

Second generation of ionogel boats comprises a more innovative approach where the 

SP-SO3H solution will no longer be required (see Chapter 8) and photo-actuation of 

the ionogel boat could be possible in water. For this purpose, spiropyran derivatives 

(photo-initiator for chemopropulsion) could be incorporated inside the ionogel 

through polymerisation or co-polymerisation (e.g. acrylated spiropyran derivative)  

In this case, both the acid (pH source) and the spiropyran (photo-initiator for 

chemopropulsion) will be immobilised inside the ionogel, where the only mobile 

specie will be the pH sensitive surfactant molecule (Figure 10.15).  
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Figure 10.15. Schematic of the composition of the ionogel suggested for the second 

generation of photo-actuated ionogel boats. 

 

The photo-actuation will follow a cascade of events: 

1. The weak acid (suggested pka ~ 4-5, e.g. methacrylic acid, acrylic acid, 

propylacrylic acid) incorporated inside the polymer should ensure protonation 

of the spiropyran comonomer to the MC-H+ form (Figure 10.15, left). 

2. The concentration of the acid and spiropyran monomer inside the ionogel 

should be high enough to ensure a drop,  after photo-stimulation, of at least 

one pH unit. (e.g. ideally, from pH 5 to 3) due to the the isomerisation of the 

MC-H+ to SP + H+ (Figure 10.15, right). 

3. The drop in pH should cause protonation of a cationic surfactant type 

molecule (dissolved inside the IL), increasing its solubility in water (Figure 

10.15, right). Examples of ideal surfactants include betaines that have shown 

to present cationic surfactant type properties at pH values below 3 [29, 30]. 

4. The release of the cationic surfactant should cause a localised decrease in the 

water’s surface tension enough to propel the ionogel boat in the opposite 

direction to the white light irradiated region. Such a movement is described in 

Figure 10.16. 
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Figure 10.16. Schematic representation of the ionogel “boat” movement on water. A – the 

boat is stable in the initial conditions; B – upon irradiation with white light, the monomeric 

MC-H+ reverts to SP, causing the generation of free H+. C – as a consequence, the free H+ 

protonates the surfactant-type molecule (dissolved inside the IL) generating the cationic 

surfactant (blue dots), that are soluble in the aqueous solution and can now leave the droplet; 

D – as soon as this happens, the surface tension of the solution dramatically drops, causing 

the “boat” to spontaneously move to the opposite direction of the light source.  

 

10.4 Conclusions 
 
Micro-fluidics has shown great potential to revolutionise chemical synthesis and 

biological analysis by providing automation, high accuracy, low time and energy 

consumption, and great reconfigurability [31, 32] . However, despite enormous 

efforts in the area, many microfluidic systems still depend on optical analysis 

systems or electrical power supply systems, making these devices still large and 

bulky, and inhibiting their use from real practical applications. Therefore, there is a 

general scientific effort to develop innovative systems capable of preparing, 

actuating and/or analysis of samples “on-chip” [33].  

In this thesis, there have been several strategies investigated to develop ways 

to provide functional microfluidic platforms where fluid actuation and chemical 

sensing of target species could be controlled externally by means of photo-

stimulation. This key objective has been driven by the immediate need of non-

ambiguous micro-fluidics integrated chemical sensors for medical purposes, self-

diagnostic and wearables, among others.  The author believes that the possibility of 

controlling flow and sensing in micro-fluidics using opto-stimulus will offer new 

platforms with unprecedented flexibility and improved versatility. In these regards, 

several approaches for photo-actuation of flow have been proposed including the 

photo-operation of polymeric valves, photo-control of electro-osmotic flows or 

photo-manipulation of discrete microliter-sized droplets. 
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Regarding sensing, the possibility of having the sensing material covalently attached 

on the inner walls of the micro-fluidic platform (micro-channel, micro-capillary) 

offers the possibility of dynamic and continuous sensing of changing flows. In 

addition, the use of polymeric sensing materials, rather than the monolayer approach 

ensures high density of the sensing unit, which is ideal when dealing with micro-

fluidic platforms as they involve extremely short path lengths. In these conditions, 

optical sensing can be simply realised using conventional spectroscopic/optical 

techniques without the need of complicated micro-fluidic designs. 

The examples presented in this thesis give some indication of the potential of 

using an optical stimulus for photo-modulation of flow behavior in micro-fluidics by 

incorporating photo-responsive units into polymeric actuators, coatings, or 

surfactants. Although these examples can only hint at the possibilities, such as photo-

modulation of flows or photo-induced droplet formation in micro-fluidics, the reader 

can gain some knowledge of the tools now available to achieve these effects. 

Incorporation of photo-responsive or phononic-responsive molecules in micro-

fluidics together with smart engineering of the opto-functional unit can provide 

switchable characteristics that have great potential for many target applications. 

Opto-controlled micro-fluidics can open new possibilities based on exceptional 

flexibility, versatility, reduced costs and simplicity. Moreover, advanced features 

such as parallel manipulation of multiple spatially resolved photo-responsive units 

through the use of patterned light exposure, variable light intensities, selectable 

wavelengths, and excellent temporal control, become practically achievable.   

The ideas presented in this last chapter represent just few of the possible 

following paths of the work presented in this thesis. The success of these suggested 

approaches is still to be confirmed and they should be seen as opportunities for future 

research. The author believes that the concept of stimuli-responsive materials for 

micro-fluidic purposes is an extremely important area to be explored and 

autonomous, easily manipulated, facile and cheap micro-fluidic platforms with 

multiple functionalities can only be achieved through the use of innovative materials, 

original designs and outside-the-box approaches.  

However, the future of opto-manipulated micro-fluidics relies on convincing 

demonstrations of their application to real scenarios in which their unique photo-

controlled characteristics lead to truly disruptive platforms for studying chemical or 

biological processes compared to existing technologies.  
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This last chapter serves also as guidance for future students willing to explore the 

area of stimuli-responsive materials and their applications in micro-fluidics devices.  
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Table A1. Average absorbance reading and their standard deviation different concentration 

of aqueous ammonia.  

Concentration 
(ppm) 

Average absorbance at 
600 nm (a.u.) 

Standard 
Deviation  

Number of 
measurements (n) 

0 0.1510 0.0006 108 
0.2 0.1670 0.0006 108 
2 0.1820 0.0006 108 

20 0.2080 0.0006 108 
200 0.2250 0.0006 108 

2000 0.2450 0.0007 108 
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B.1 Materials and Methods 
 

Aniline (BDH), HCl (Fisher Scientific), ammonium persulfate (Aldrich), N-[3-

(Trimethoxylsilyl)propyl]aniline (Aldrich), sodium hydroxide (Aldrich) were used. 

The aniline monomer was purified by vacuum distillation before use. Other 

chemicals were used as received. 

Raman Spectroscopy was employed to study the chemical features of the 

polyaniline coatings inside the micro-channel. Raman spectra were taken with a 

Perkin Elmer RamanStation at 2 cm-1 resolution, 3s per scan and 10–20 collections. 

A 785 nm laser line was used as it can detect both doped and dedoped features in 

polyaniline. 

Scanning Electron Microscopy (SEM) was carried out at an accelerating voltage of 

20kV on a S-4300 Hitachi system. For imaging purposes the PDMS layer of the 

PDMS/glass micro-channel was removed. The glass layer containing the polyaniline 

film was coated with 10 nm Au prior to imaging. 

UV-Vis Spectroscopy was used to study the pH dependence of the polyaniline 

coatings. The absorbance spectra were recorded using two fiber-optic light guides 

connected to a Miniature Fiber Optic Spectrometer (USB4000 - Ocean Optics) and 

aligned using an in-house made cell (see Figure B1). The light source used was a 

Deuterium – Halogen light source (Top Sensor Systems).  

 

Figure B1. In house designed holder used for absorbance measurements of the PAni 

coatings. 
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B.2 Digital Image Capture 
 

Throughout the calibration routine, the images were captured using a Panasonic 

DMC-FZ38 digital colour camera which was held in a fixed position via a retort 

stand at a distance of 7 cm from the micro-channel / reference chart to fully capture 

the image scene, see Figure B2 left. The camera was set to capture in RAW format to 

eliminate possible image artefacts and at a resolution of 4016x 3016 (12 MPixels). 

The other camera settings were as follows: F-Number (2.8), Max aperture (F2.8), No 

Flash and a Focal Length of 4.8 mm.  

Once the images were captured, they underwent a segmentation process 

where pixels representing the flow channel and reference patches were identified and 

separated into image regions. This was achieved through the use of an Interactive 

Segmentation Toolkit [1]. Although an unsupervised/automatic segmentation 

algorithm was possible, it was felt that this supervised approach was more robust to 

misclassifications and as a result, it fully ensured the location and determination of 

the reference patches and channel regions. A binary mask image resulted from this 

process with black pixels representing areas of non interest (e.g. the background) and 

white regions representing the reference colour patches and the flow channel. 

Finally, a binary erosion algorithm was applied to remove possible boundary pixels 

and also any isolated white pixels i.e. to ensure robustness for subsequent processing 

steps, see Figure B2 right. 

    

Figure B2. Picture of a captured image (left) during the experimental procedure showing the 

colour reference chart/patches and flow channel. Mask image (right) after image processing 

algorithms are applied. 
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Next, it was necessary to identify each region separately for correct analysis. 

Therefore, a connected component analysis step was applied to the binary mask 

image, which assigned a unique region identification number to each image area with 

connected white pixels. This allowed for each of the reference patches and flow 

channel to be analysed separately at a later stage. Subsequently, due to the 

consistency across all images (from the experimental constraints) it was possible to 

easily identify each region based on their spatial coordinates within the image. As a 

result, each patch was identified correctly in all instances via their calculated 

centroid locations in each subsequent image. 

After that, the calibration images were taken and processed. Initially, the 

original images underwent a white balance process in order to compensate for 

possible changes in the ambient lighting environment. This involved generation of 

the histograms for each of the Red, Green and Blue channels of the captured sRGB 

colour space. Next, a bin threshold was determined at either end of each histogram. 

Pixel counts that used less than 0.05 % of the total image pixels were discarded at 

each histogram ends and the histograms were stretched to the boundary i.e. 0 and 

255. The images were then reconstructed. Next, a copy of this image was made and 

transformed from the captured sRGB colour space into the Hue, Saturation and 

Value colour space (HSV) [2]. Following this, the binary mask image was applied to 

the HSV image through a simple pixel-by-pixel binary AND operation on the Hue 

channel alone. Finally, the colour of each region was ascertained by calculating its 

Hue average and saving it to an external file in CSV (comma separated value) format 

for all regions within each image for later analysis. 

The gradient analysis step took place in much the same way as with the 

calibration image processing. However, instead of calculating the Hue average over 

the entire flow channel region, a localised average was considered at discrete points 

along the channel’s path. This was achieved by firstly isolating the flow channel 

region alone via its bounding box and using that to crop the image thereby removing 

the reference patches. Here, a medial axis transformation was applied to this singular 

binary region resulting in an 8-connected contour line alone the centre of the channel 

at a width of 1 pixel [3], see Figure B3. After this, the starting point was identified to 

be at the most extreme upper left white pixel of the contour. Next, a binary circular 

mask image with a diameter of 35 pixels was created and combined (binary AND 
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operation) with the binary mask image of the channel at the starting point. The 

resulting mask was, in turn, applied to the Hue channel at the same location. Finally, 

the average Hue value at this sub region was calculated and saved to a CSV file. The 

process was repeated at every pixel location along the contour with all values saved 

to file. 

   

Figure B3. Processed images showing the mask region of the flow channel (left) and the 

result of applying a medial axis transformation (right). 

 

B.3 Characterisation of Polyaniline (PAni) Coating by 

Raman Spectroscopy 
 

Raman spectroscopy is a very powerful technique for the analysis of intrinsically 

conducting polymers. Here, Raman spectroscopy is employed to study the chemical 

structure of the coating as this technique permits in situ analysis of the polyaniline 

coating inside the micro-channel. In the case of polyaniline, Raman spectroscopy can 

also be used to study its doping-dedoping behaviour as very distinct signature bands 

appear for the quinoid and benzenoid rings respectively.  

Figure B4 presents the Raman spectra of a polyaniline functionalised micro-

channel taken after a solution of pH 2 (HCl, 10!2 M) and pH 12 (NaOH, 10!2 M), 

respectively are passed inside the micro-channel. For comparison, the spectrum of a 

bare PDMS micro-channel is also shown (black). For low pH values the polymer 

exists in the doped state, emeraldine salt (ES). Increasing the pH causes a change in 

the bonding structure of the material, and at high pH values PAni is present in its 

dedoped state – emeraldine base (EB). Signature bands between 1300 and 1400 cm!1 

appear for the doped material (Figure B2 – in green). These are less significant at 
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higher pH values, and strong bands between 1400 and 1500 cm!1 reflect the dedoped 

state (Figure B4 – in blue). 

 

Figure B4. Raman Spectra of unfunctionalised PDMS micro-channel (black), PAni 

functionalised micro-channel after being filled with a pH2 HCl solution (green) and PAni 

functionalised micro-channel after being filled with a pH12 NaOH solution (blue). 

 

In particular, in the case of EB, an important peak can be observed at 1454 

cm!1 and is characteristic to C=N stretching vibration of the quinoid units [4-8]. 

Other bands at 1596 cm!1 and 1164 cm!1, are assigned to C-C stretching [4, 7] and 

C-H bending modes [4, 5], respectively, centered on the quinoid ring. Another new 

peak at 1221 cm!1 appears in the spectra of polyaniline upon dedoping and is 

assigned to C–N stretching vibrations of the benzenoid units [4, 7] (the EB form 

consists of both C=N and C-N bonds). In the case of ES, the most important band 

appears at 1340 cm!1 and can be assigned to a C-N• + polaron stretch [4, 7, 9, 10] 

while the band at 1172 cm!1 is characteristic to the C–H in-plane bending of the 

benzenoid ring [4, 8]. Both C - C stretching vibrational modes, in the benzenoid and 

quinoid rings, are seen at 1612 cm!1 and 1588 cm!1, respectively [7], in the case of 
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polyaniline spectra taken at pH 2. This suggests that minor fractions of non 

protonated quinoid rings are still present in the structure. It has been shown before 

that the Raman Intensity is enhanced in the case of EB compared with ES when a 

785 nm laser is used [8]. The PAni coating may also be partially excited to the EB 

form by the incoming laser radiation resulting in resonant enhancement of the lines 

originating from the quinoid ring [7]. The specific vibrations of PDMS can also be 

found in the spectra of polyaniline coatings since polyaniline is attached to the inner 

walls of the PDMS/ glass micro-channel. The CH3 bending vibrations appear at 1263 

cm!1 and 1412 cm!1 [11]. Other bands specific to the PDMS layer are also present: 

Si-O-Si symmetric stretching (490 cm!1), Si-C symmetric stretching (708 cm!1), 

CH3 symmetric stretching (2904 cm!1), and CH3 asymmetric stretching (2964 

cm!1)[11], but not shown here.  

 

B.4 pH Measurements 

 
 

 

Figure B5. Photos of a micro-channel loop when solutions of different pHs are flushed 

through the channel. The photos are accompanied by a scheme showing the differences in 

the chemical structure of polyaniline (two different states: Emeraldine Salt and Emeraldine 

Base). 
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B.5 pH Determination via Colorimetric Imaging Analysis 
 
 

 

Figure B6. Calibration plot of the camera and channel to changing pH. Points represent the 

normalised average Hue value of the channel’s colour across multiple images and the error 

bars (occluded by the points) represent their standard deviation. The line is a sigmoidal fit 

after applying Boltzmann’s regression technique (R2 = 0.998, n = 18).  

 
 

 

Figure B7. Plot showing the correlation between predicted pH using the camera and UV-Vis 

at 832 nm. The line represents a linear fit (R2 = 0.98, n = 18). 



 B9 

B.6 References 
 
1. McGuinness, K.; O'Connor, N. E., A comparative evaluation of interactive 

segmentation algorithms. Pattern Recognition 2010, 43, 434-444. 
2. Smith, A. R., Color gamut transform pairs. SIGGRAPH Comput. Graph. 1978, 12, 

12-19. 
3. Zhang, T. Y.; Suen, C. Y., A fast parallel algorithm for thinning digital patterns. 

Communications of the Acm 1984, 27, 236-239. 
4. Berrada, K.; Quillard, S.; Louarn, G.; Lefrant, S., Polyanilines and substituted 

polyanilines - A comparative-study of the Raman-spectra of leucoemeraldine, 
emeraldine and pernigraniline. Synthetic Metals 1995, 69, 201-204. 

5. Furukawa, Y.; Hara, T.; Hyodo, Y.; Harada, I., Vibrational-spectra of polyaniline 
and its N-15-substituted and H-2-substituted derivatives in as-polymerized, alkali-
treated and reduced states. Synthetic Metals 1986, 16, 189-198. 

6. Hugotlegoff, A.; Bernard, M. C., Protonation and oxidation processes in polyaniline 
thin-films studied by optical multichannel analysis and in-situ Raman-spectroscopy. 
Synthetic Metals 1993, 60, 115-131. 

7. Laska, J.; Girault, R.; Quillard, S.; Louarn, G.; Pron, A.; Lefrant, S., Raman 
spectroscopic studies of polyaniline protonation with bis(2-ethylhexyl) hydrogen 
phosphate. Synthetic Metals 1995, 75, 69-74. 

8. Lindfors, T.; Ivaska, A., Raman based pH measurements with polyaniline. Journal 
of Electroanalytical Chemistry 2005, 580, 320-329. 

9. Liu, C.; Zhang, J. X.; Shi, G. Q.; Chen, F. E., Doping level change of polyaniline 
film during its electrochemical growth process. Journal of Applied Polymer Science 
2004, 92, 171-177. 

10. Mazeikiene, R.; Statino, A.; Kuodis, Z.; Niaura, G.; Malinauskas, A., In situ Raman 
spectroelectrochemical study of self-doped polyaniline degradation kinetics. 
Electrochemistry Communications 2006, 8, 1082-1086. 

11. Bae, S. C.; Lee, H.; Lin, Z. Q.; Granick, S., Chemical imaging in a surface forces 
apparatus: Confocal Raman spectroscopy of confined poly(dimethylsiloxane). 
Langmuir 2005, 21, 5685-5688. 

 
 

 

 



 C1 

 

 
 
 
 
 
 
 
 
 
 
 
 

!""#$%&'!!!

 

 

Supporting Information for 
 

Spiropyran polymeric micro-capillary coatings for 

photo-detection of solvent polarity  

 
Larisa Florea 1, Aoife McKeon1, Dermot Diamond 1 and  

Fernando Benito-Lopez 1, 2* 

Langmuir 29 (2013) 2790-2797 

ISSN: 0743-7463, http://dx.doi.org/10.1021/la304985p 

(Available free of charge at http://pubs.acs.org.) 
 

1CLARITY: Centre for Sensor Web Technologies, National Centre for Sensor 

Research, School of Chemical Sciences, Dublin City University, Dublin, Ireland;  
2CIC microGUNE, Arrasate-Mondragón, Spain, Tel.: +34 943710212   

 

*Author to whom correspondence should be addressed;  



 C2 

 

 

Figure C1. Set-up used for absorbance and kinetics measurements for the poly(SP-M) 

capillary coatings. 

 

C.1 Kinetics of Photo-induced Ring Opening of Poly(SP-M) 

Coatings 
 

The first order rate constants were estimated by fitting the absorbance values at !max 

using single exponential model (eqn. (1)). The used software was Microsoft Excel 

Solver. The kinetic curves obtained and the fitting models are presented in Figure 

C2.  
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Figure C2. Experimental and fitted kinetic curves of the photo-induced ring opening of 

poly(SP-M) coatings in different solvents (toluene, tetrahydrofuran (THF), acetone, 

acetonitrile (ACN), ethanol (EtOH) and methanol (MeOH)) (n = 3).   

 

C.2 Kinetics of Photo-induced Ring Opening of SP-M 

Monomer in Solution 
 

To obtain the rate constants of the ring opening process for SP-M monomer, 

solutions of the monomer (10-3 M) in the six different solvents (toluene, THF, 

acetone, ACN, EtOH and MeOH) were continuously monitored during UV 

irradiation at 365 nm. The absorbance value of the MC-M was recorded at the 

corresponding !max in each solvent at fixed time intervals (1 s) for 400 s (Figure C3 

and C4). To minimise diffusion effects, the cuvette used in this study was 1 mm 

wide, with the UV LED array (365 nm) placed above the cuvette at a distance of 2 

cm. The temperature on the temperature controller of the Varian Cary 100 UV-

Visible Spectrophotometer was set to 20.0 ± 0.1 °C. 

 



 C4 

 

Figure C3. Ring opening kinetics of the spiropyran monomer (SP-M) solutions (10-3 M) in 

different solvents showing the conversion of SP-M to MC-M under continuous irradiation at 

365 nm. The values of the absorbance were taken at !max = 540 nm for MeOH, !max = 552 nm 

for EtOH, !max = 568 nm for ACN, !max = 574 nm for acetone, !max = 587 nm for THF and 

!max = 609 nm for toluene. 

 

 

Figure C4. Experimental and fitted kinetic curves of the photo-induced ring opening of SP-

M monomer solutions (10-3 M) in different solvents.   
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Table C1. Rate constants for the photo-induced ring opening process of SP-M monomer 

solutions (10-3 M) in different solvents obtained from the fitted kinetic curves (Figure C3).  

Solvent Ring-opening 

Kinetics (k) (s-1) 

Absolute error 

(%) 

Methanol 2.89 x 10-3 2.9 % 

Ethanol 3.15 x 10-3 2.8 % 

ACN 7.32 x 10-3 3.0 % 

Acetone 2.18 x 10-2 2.8 % 

THF 8.05 x 10-2 1.8 % 

Toluene 2.04 x 10-1 0.5 % 
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D.1 Characterisation of Spiropyran Sulfonic Acid (SP-

SO3H) 
 
1H NMR (DMSO): 11.34 (s, 1H, -HSO3), 8.51-8.47 (d, 1H), 8.26-8.25 (d, 1H), 7.91 

(m, 1H), 7.86-7.84 (m, 1H), 7.78-7.73 (d, 1H), 7.70-7.67 (m, 1H), 7.63-7.60 (m, 2H), 

7.00-6.98 (d, 1H), 4.09 (s, 3H, N-CH3), 1.77 (s, 6H, CH3).  

 

D.2 Photoirradiation 
 

White light irradiation for the photo-activated chemopropulsion of droplets was 

provided via a LMI-6000 LED Fiber Optic Illuminator obtained from Dolan-Jenner 

Industries, Massachusetts, or via a single white light LED (emissions centred at 450 

and 550 nm, respectively) Radionics, Ireland.   

 

D.3 Spectral Measurements 
 
UV-Vis spectroscopy for the SP-SO3H solution (10-3 M, 10-4 M) as well as the 

kinetic studies of the closing process (MCH+-SO3
- -> SP-SO3

-
  + H+) were performed 

using a Cary 50 spectrophotometer (Varian).  

 

D.4 Pending Droplet Method  
 
The pending droplet method was used to measure the surface tension of the 

spiropyran solutions. The experiments were performed on an optical tensiometer 

(Teclis Tracker – Wilten Instruments). The surface tension values were calculated 

automatically by the software of the tensiometer using the Young-Laplace equation. 

 

D.5 UV-Vis Spectroscopy of SP-SO3H 
 
As seen from Figure D1, the absorbance spectra of SP-SO3H aqueous solution (10-4 

M) shows that, upon solubilisation in water, the sulfonic acid group of the spiropyran 

gets deprotonated and the acidic proton is uptaken by the negative phenolic oxygen, 
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causing the formation of the protonated merocyanine (MC-H+-SO3
-), characterised 

by an absorption centered at !max = 408 nm. The absorption centered at 508 nm is 

specific to the open merocyanine form (MC-SO3
-), that is in equilibrium with MC-

H+-SO3
- (Figure D2), although present in a much smaller amount. The band 

intensities decrease upon irradiation with white light, due to the formation of the 

closed spiropyran form (SP-SO3
-) that presents no absorbtion in the visible region of 

the spectrum. As seen from Figure D1, upon irradiation with white light the 

absorbtion centered at 508 nm, specific to MC-SO3
-, fully dissapears, while a small 

absorbtion shoulder due to MC-H+-SO3
- is still present and this is due to high proton 

concentration. In these conditions, the equilibrium between MC-H+-SO3
- (protonated 

form) and SP-SO3
- (deprotonated form) cannot be pushed all the way towards SP-

SO3
- by means of white light irradiation.  

 

 

Figure D1. Absorbance spectra of SP-SO3H solution (10-4M), before (MCH+-SO3
-) and after 

white light irradiation (SP-SO3
-).  
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Figure D2. Reversible structural transformations of SP-SO3H aqueous solution in response 

to light.  

 

D.6 Kinetics of Photo-Induced Ring Closing 
 

This process involved the formation of the SP-SO3
- state by continuous exposure to 

white light irradiation (LMI-6000 LED Fiber Optic Illuminator obtained from Dolan-

Jenner Industries, max. light output = 780 Lumens, used at 30 % of its power and 

placed at 2 cm distance from the top of the cuvette) and recording the absorbance 

value of the MCH+-SO3
-, at the corresponding !max (408 nm) at fixed time intervals 

(0.1 s) for 2 min. The temperature on the temperature controller of the Varian Cary 

50 UV-Visible Spectrophotometer was set to 20.0 ± 0.1 °C. 

 As seen from Figure D3, as soon as the white light is turned ON (t = 50 s) the 

MCH+-SO3
- starts closing to form SP-SO3

-. Equilibrium is achieved after less than 20 

s of white light irradiation indicating very fast closing kinetics of the photochromic 

unit under these specific illumination conditions. The stabilisation of the absorbance 

value at around 0.18 a.u. shows that in these illumination conditions, at equilibrium, 

there is still MCH+-SO3
- present. Once this equilibrium is reached, the concentration 

of MCH+-SO3
- remains constant during the measurement. 
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Figure D3. Experimental kinetic curve of the photo-induced ring closing process of SP-

SO3H aqueous solution (10-4 M) under continuous white light irradiation.  

 

D.7 UV-Vis Spectroscopy of Chromoionophore I (C1) 
 
 As seen from Figure D4, the deprotonated chromoionophore (C1) in DCM (0.03 

mM) presents an absorbance band at 540 nm. Upon protonation (C1-H+), this band is 

replaced by the newly emerging protonated bands at 615 and 665 nm.[1] 

 

 

Figure D4. Absorbance spectra of Chromoionophore I solution (0.03 mM) in DCM, in the 

deprotonated (C1) and protonated (C1-H+) states.  
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D.8 Surface Tension Measurements 
 
Surface tension measurements (see Table D1) done by the pending droplet method 

indicated that the surface tension (!) value of the SP-SO3H after solubilisation in 

water (MCH+-SO3
-) is 75.7 ± 0.5 mN m-1 (n = 5) and it remains relatively constant at 

this value (! = 75.6 ± 0.5 mN m-1 (n = 5)) after white light irradiation (SP-SO3
-). The 

results indicate that the white light irradiation alone does not change the surface 

tension of the solution. However, when a microliter size “fuel” droplet is added to 

the almost colorless (SP-SO3
-) solution (pH " 3.4), one can see traces of the C1-H+ 

(blue species) getting out of the droplet and dissolving into the aqueous solution 

(Figure D5 B and D6, meaning that the solubility of C1-H+ is now increased in the 

aqueous solution. This observation is also supported by UV-Vis spectroscopy 

(Figure D5 C). When the surface tension of the aqueous solution is measured again, 

it is much smaller (! = 60.7 ± 0.3 mN m-1 (n = 5)), indicating the presence of the 

surfactant molecule, in the solution. This difference in surface tension is considerable 

and can easily explain the propulsion-type movement of the droplet. In these 

conditions, as soon as the surfactant CI-H+ is released from the droplet to the white 

light irradiated aqueous solution area, the droplet starts moving in the opposite 

direction to the location of the light, thanks to the surface tension gradient generated.  
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Figure D5. A, B - Photos of the SP-SO3H solution (10-3 M) in which a microliter size “fuel” 

droplet is placed. The zoom on the photos (right) shows that the solubilisation of C1-H+ 

increases upon white light irradiation. C – UV-Vis spectra of two identical aqueous solutions 

of SP-SO3H (10-3 M) after irradiation with white light in the absence (red) or presence 

(green) of the “fuel” droplet. Although the intensity of the new absorbance bands that 

emerge, in the case when the droplet is present, is small, they match very well the 

absorbance bands characteristic to C1-H+ and the results are reproducible. No other 

differences in the absorbance spectra between the two solutions were observed. 

 

Table D1. Surface tensions values measured by the pending droplet method for the SP-SO3H 

aqueous solution (10-3M) in different conditions: before (MCH+-SO3
-) and after (SP-SO3

- + 

H+) white light irradiation, and after white light irradiation in the presence of C1-H+ (SP-SO3
- 

+ H+ + C1-H+).  

 MCH+-SO3
- 

 

pH " 5 

SP-SO3
- + H+ 

 

pH " 3.4 

SP-SO3
- + H+         

+ C1-H+ 

pH " 3.4 

Surface Tension (!) 

mN m-1 

75.7 ± 0.5 

(n=5) 

75.6 ± 0.5 

(n=5) 

60.7 ± 0.3 

(n=5) 
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Figure D6. Microscope image of microliter size “fuel” droplet placed in a channel 

containing the spiropyran solution after white light irradiation. The spiropyran solution is 

almost colorless (SP-SO3
-) and its pH has a homogeneous value of about 3.4.  

D.9 Droplet Behavior under Different pH Conditions 
 
The behavior of the “fuel” droplet was studied in aqueous solutions of different pHs. 

It was observed that the droplet presents good stability in a series of aqueous 

solutions of different pH values: 5.9 (D.I. water), 5.2 (HCl solution), 4.05 (HCl 

solution). Moreover, in the above conditions, the droplet presented self-healing 

proprieties, see video D1. However, at lower pH values (pH 3.4), a microliter size 

droplet instantly disperses in the aqueous solution (video D2). This is due to the fact 

that the C1-H+, present inside the droplet becomes soluble in the aqueous solution 

and can leave the droplet. Therefore, the interactions between the two surfactants (C1 

and HDA) are destructed and so the droplet is dispersed inside the aqueous solution.  

 

D.10 Mechanism of Photo-propelled Motion of Droplet 
 
The effect of each component produced during white light irradiation and 

responsible for the droplets propulsion was evaluated. For this purpose, we examined 

a series of experimental conditions for the photo-propelled organic droplets using 

different channels geometries and white light irradiation sources at different 

intensities. The channels geometries used in this study were straight lines, cross-

shaped or double-cross shaped channels, 2 mm wide, 1 mm high and with lengths 

between 5-5.5 cm. The white light irradiation was provided via a LMI-6000 LED 

Fiber Optic Illuminator obtained from Dolan-Jenner Industries (780 Lumens, 30 % 

Power) or via a single white light LED (4 Lumens). 
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On the basis of these results, we interpreted that the movement of the organic droplet 

in the presence of white light irradiation consists of four stages. Stage 1: the droplet 

is stable on the aqueous solution containing the spiropyran derivative, present mostly 

in its protonated merocyanine form (MCH+-SO3
-, 10-3 M, pH " 5), since none of the 

droplet components (HDA, C1-H+) present good solubility in the aqueous solution. 

Stage 2: irradiation with white light in the proximity of a droplet causes a local drop 

in solution pH (from approximately 5 to 3.4) due to the conversion of the MCH+-

SO3
- to SP-SO3

- and release of protons. Stage 3: the localised drop in pH causes 

protonation of DA- at the interface converting it to its neutral HDA form. In order to 

maintain C1-H+ leaves the interfaces and moves into the aqueous solution (see 

above), while HDA migrates back into the droplet. The solubilisation of C1-H+ into 

the aqueous solution causes a local drop in the surface tension due to the surfactant 

proprieties of C1-H+. Since the concentration of C1-H+ in the aqueous solution will 

be always greater in the area facing the irradiation source, this imbalance in surface 

tension outside the droplet will drive the motion away from the light source. Figure 

D7 shows the chemical equilibrium reached inside the droplet at Stage 3. Stage 4: the 

droplet stops in the high pH region away from the illuminated area (initial 

conditions) where its composition becomes again stable. 

 

 

Figure D7. Irradiation with white light causes a localised drop in pH, due to the conversion 

of MCH+-SO3
- to SP-SO3

-, in the aqueous solution (yellow). This triggers the droplet to 

release C1-H+ surfactant in the direction facing the light source, producing a decrease in the 

surface-tension around the droplet, in the region closer to the light irradiation (right side of 

the droplet). This causes the motion of the droplet away from the low-pH region. Arrows 

indicate possible or forbidden movements of the droplet components, from the DCM droplet 

to the aqueous solution.  
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D.11 Examples of Photoactivated Chemopropulsion 
 
Video D3 shows photo-activated chemopropulsion when five different droplets with 

volumes between 0.2-1 µL where placed in the central positions of a cross-shaped 

fluidic structure after which, a white light source is introduced from the right side of 

the frame.  

Video D4 shows photo-activated chemopropulsion when four different 

droplets with volumes between 0.2-1 µL where placed in the central position of a 

cross-shaped fluidic structure after which, a white light source is introduced from the 

center of the frame.   

Video D5 shows photo-activated chemopropulsion of a single 0.5 µL size 

droplet when the white light irradiation source is one single white light LED.  

The videos were done under controlled external light conditions. However, since the 

camera automatically adjusts the white balance of the frame in order to obtain the 

best picture quality, the light intensity might seem much higher than actually is.  

 

D.12 References 
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E.1 Synthesis and Characterization of SP-COOH 
 

The spiropyran derivative used in this study, namely 11! -(3-carboxypropyl)-3,3! -

dimethyl-6- nitrospiro-[2H-1]-benzopyran-2,2!-indoline (SP-COOH), was produced 

in a three-step sequence as described elsewhere [1]. 1H NMR (300 MHz, CDCl3): 

1.19 (3H, s, 3’-CH3), 1.29 (3H, s, 3’-CH3), 1.95 (2H, m, N-CH2CH2CH2-), 2.41 (2H, 

t, J: 7 Hz, N-CH2CH2CH2-), 3.22 (2H, m, N-CH2CH2CH2-), 5.88 (1H, d, J: 10 Hz, H-

3), 6.62 (1H, d, J: 8Hz, H-7’), 6.74 (1H, d, J: 9Hz, H-8), 6.88 (1H, m, H-5’), 6.89 

(1H, d, J: 10 Hz, H-4), 7.09 (1H, d, J: 8 Hz, H-4’), 7.19 (1H, t, J: 8 Hz, H-6’), 7.99 

(2H, m, H-5 and H-7). Identical 1H NMR spectra were obtained in the case of all the 

microstructures.  

IR spectroscopy was employed to study the chemical structure of SP-COOH 

microstructures in comparison with SP-COOH obtained throughout the evaporation 

of a homogeneous EtOH solution (Figure E2). IR spectra were recorded on a Perkin 

Elmer Spectrum GX FT-IR System® using an ATR unit. 64 scans were performed in 

the spectral range from 4000 cm-1 to 600 cm-1 with a resolution of 1.00 cm-1. The 

typical FT-IR bands and their assignments are shown in Table E1 [2, 3]. As 

presented, no differences were obtained between the FT-IR spectrum of the solid SP-

COOH obtained after the evaporation under white light of a homogeneous EtOH 

solution and of the solid SP-COOH (15 %) microstructures in similar illumination 

conditions. 

 

Figure E1. FT-IR spectra of SP-COOH obtained from an EtOH solution and SP-COOH self-

assembled microstructures obtained from EtOH/water mixture.   
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Table E1. Important FT-IR frequencies for SP-COOH from solution and SP-COOH self-

assembled microstructures and their assignments. 

  

Assignment 

SP-COOH  

from solution 

Wavenumber (cm-1) 

SP-COOH 

microstructures 

Wavenumber (cm-1) 

C=O 1705 1705 

C=C stretch 1609 1609 

C=N+ 1577 1576 

NO2 sym stretch 1509 1508 

C-C aromatic ring stretch  1479, 1458 1479, 1457 

NO2 asym stretch 1334 1334 

C-O-C ether sym stretch 1275 1276 

C-O ester stretch 1161 1161 

C-O ester stretch 1090 1090 

C-C-N bend 1025 1024 

O-C-N stretch, C=CH; CH 

out of plane deformation (cis) 

953 954 

C-H bending  809 808 

C-H bending  749 749 

C-H bending  688 688 

 

 

E.2 Absorbance Spectra of SP-COOH in EtOH 
 

UV-Vis Spectroscopy was employed to characterize SP-COOH solution in EtOH 

(10-3 M, Figure E2). The UV/Vis absorption spectra were obtained using a Perkin 

Elmer Lambda 900 UV/Vis/NIR spectrometer. All spectra were obtained in the 

wavelength region spanning from 300 to 800 nm, using a 1 nm data interval. For the 

switching of the spiropyran to the merocyanine form, the solution was irradiated for 

30 s with UV light. The UV irradiation source was an array of 9 UV LEDs placed at 

a distance of 1 cm from the spiropyran solution. The LEDs have an emission 

wavelength peak at 365 nm and an optical output power of 1.2 mW, supplied by 
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Roithner Lasertechnik Austria. The white light irradiation source used for the 

switching of MC back to SP form was a LMI-6000 LED 211 Fiber Optic Illuminator 

obtained from Dolan-Jenner Industries. The irradiation time was also in this case 

fixed to 30 s.  

 

Figure E2. Absorbance spectra of SP-COOH derivative in EtOH (10-3 M) in its two forms – 

closed spiropyran (SP) and open merocyanine (MC). 

 
As it can be seen from Figure E2, the MC-COOH form shows an absorbance 

band in the visible region centered around 550 nm. In contrast, the SP-COOH form 

does not show any absorbance band in the visible region. 

 

E.3 Photos of SP-COOH Solution in EtOH (10-3 M) and 

SP-COOH Dispersions in EtOH/Water (25 % EtOH) 
 

Figure E3 shows photos of the SP-COOH solution in EtOH (10-3 M) in comparison 

with the same solution after the addition of 75% deionised water (SP-COOH 25 %) 

in the dark. One can observe that while SP-COOH solution in EtOH (10-3 M) shows 

good transparency indicating the full solubilisation of SP-COOH in EtOH at 10-3 M 

concentration, the addition of 75 % (V %) deionised water causes a change in colour 

due to changes in polarity and increased turbidity due to the formation MC-COOH 

individual micro-size structures caused by the poor solubility of the MC-COOH in 

water. 
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Figure E3. Photos of (A) SP-COOH solution in EtOH (10-3 M) in comparison with (B) the 

same solution after the addition of 75% deionised water, corresponding to SP-COOH 25 %. 

Both solutions were photograph immediately after they were taken from dark. 

 

E.4 Equilibrium of SP-COOH Derivative in EtOH/Water 

Solution 
 
Mixing of SP-COOH 10-3 M solution in EtOH with water (V % of water – 85 %, 80 

% and 75 %, respectively) causes the formation of individual MC-COOH 

microstructures due to decreased solubility of the SP-COOH derivative in the 

EtOH/water mixture compared with in pure EtOH. However, a substantial amount of 

the spiropyran derivative still remains soluble in the solvent mixture. Figure E4 

shows the possible reversible structural transformations of SP-COOH in EtOH (A) - 

water (B) solution in response to light. The corresponding absorbance spectra of SP-

COOH in EtOH/water solution are shown in Figure E5 and were realized using the 

setup described before.  Similar spectra were obtained for all of the solutions studied 

(filtrates obtained from SP-COOH 15 %, SP-COOH 20 % and SP-COOH 25 %, 

respectively) with the intuitive observation that as the V % of water increases, the 

absorbance band corresponding to the MC-COOH form decreases. Figure E5 shows 

a representative example of SP-COOH 25 %. 
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Figure  E4. Reversible structural transformations of SP-COOH EtOH (A) / water (B) 

solution in response to light.  

 

Figure E5. Absorbance spectra of SP-COOH 25 % after the removal of the microstructures 

under different illumination conditions (dark and 30 s white light irradiation, respectively).  

 
As seen from Figure E5, the solution of SP-COOH in 25 % EtOH/75 % water 

taken from the dark shows three main absorbance bands. The first absorption band 

(300 nm) is characteristic of the SP-COOH form (Figure E4). The band centered on 

515 nm is specific of the MC-COOH form. This absorption decreases upon 

irradiation with white light due to the switching of the MC-COOH back to the SP-

COOH form (Figure E4 A). The absorption centered around 490 nm is specific of the 

MCH+-COO- specie formed through the protonation of SP-COO- by the H+ coming 

from the partial dissociation of carboxylic acid in water (Figure E4 B). This band 

also decreases upon irradiation with white light due to the formation of SP-COO-. 
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E.5 Interfacial Self-assembly 
 
Interfacial self-assembly at the liquid/air interface was followed using an Aigo 

digital microscope, The Dolomite Centre Ltd at a 60X magnification. A 

representative example is given in Figure E6 for SP-COOH 25 %.  

 

 

Figure E6. Sequence of microscopy images showing the self-assembly of SP-COOH 25 % 

microstructures into a single film at the liquid/air interface. For the full video please refer to 

Video S1. 

 
Pictures of the interfacial self-assembly of SP-COOH 15 % and 25 % are 

shown in Figure E7 and E8. 

 

 

Figure E7. Interfacial agglomeration of SP-COOH 15 %.  
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Figure E8. Interfacial agglomeration of SP-COOH 25%.  

 

E.6 Scanning Electron Microscopy 
 
Scanning Electron Microscopy was used to image the self-assembled microstructures 

corresponding for SP-COOH 25% (Figure E9), SP-COOH 20% (Figure E10) and 

SP-COOH 15% (Figure E11). The imaging was performed on a Carl Zeiss EVOLS 

15 system at an accelerating voltage of ~ 10 kV. Prior to imaging the samples were 

coated with a 10nm layer gold.  
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Figure E9. Self-assembled micro-structures of SP-COOH 15 %.  

 
As seen in Figure E9, the assembled microstructures presented diameters 

ranging from 14 µm to 27 µm. The majority of the structures showed a ribbon-like 

appearance assembled in a daisy-like structure (Figure E9, B) although few 

elongated structures (Figure E9, C) were also observed.  

Daisy-like structures are obtained for SP-COOH 20 %, having diameters 

ranging from 34 µm to 53 µm (Figure E10).  
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Figure E10. Self-assembled microstructures of SP-COOH 20 %.  

 
Daisy-like structures formed of flat crystals are obtained for SP-COOH 25 %. 

The diameter of these structures varied from 65 µm to 78 µm, although smaller 

structures or larger single unit crystals may also be observed (Figure E11).  
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Figure E11. Self-assembled microstructures of SP-COOH 25 %. 

 

E.7 Absorbance Spectra of SP-COOH Microstructures 
 
UV–Vis spectroscopy was used to study the photochromic behavior of spiropyran 

microstructures (SP-COOH 15 %, SP-COOH 20 % and SP-COOH 25 %). The 

absorbance spectra were recorded in reflectance mode using a fiber-optic light guide 
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connected to a Miniature Fiber Optic Spectrometer (USB4000 – Ocean Optics) and a 

specially designed probe holder. The light source was a LS-1 tungsten halogen lamp 

(white light) obtained from Ocean Optics, Inc. Data from the spectrometer was 

processed using Spectrasuite software provided by Ocean Optics Inc. For clarity, the 

absorbance spectra recorded were smoothed using Origin software using Savitzky–

Golay algorithm. Photoconversion of the microstructures from SP to MC form was 

achieved using an in-house fabricated UV light source consisting of three UV LEDs 

(Roithner LaserTechnik GmbH, emission "max = 375 nm). The microstructures were 

placed 2 cm from the source and irradiated at a power of 0.4 mW cm#2 for 1 min. 

The white light irradiation was provided via a LMI-6000 LED Fiber Optic 

Illuminator obtained from Dolan-Jenner Industries and was used to switch the MC 

form back to the closed SP. The photo-conversion was observed both at the liquid/air 

interface (Figure E12), but also in the solid state. 

 

 

Figure E12. Sequence of photos showing the formation of the self-assembled aggregates at 

the liquid air/interface and their switching between the SP and MC form. 

 

E.8 Microscopy Imaging of SP-COOH 25 % 

Microstructures under Cross Polarizers 
 
Spontaneous SP-COOH 25 % assemblies showed a bright image under the 

microscope with crossed polarizers (Figure E13).  
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Figure E13. Microscopy image of SP-COOH 25 % under crossed polarizers. 

 

E.9 Guided Interfacial Aggregation 
 
As the assembly of the microstructures towards the liquid/air interface is driven by 

the evaporation of EtOH, guided evaporation was achieved throughout the use of a 

150 W DDL Halogen lamp obtained from Polytec GmbH Waldbronn, Germany. The 

lamp was placed at a distance of 4 cm from one side of the Petri dish. The process is 

shown in Video S2. The microstructures form immediately at the interface and they 

are moving towards the illuminated area. In time, new assemblies of various sizes are 

formed that will start to migrate in the same direction. The video is presented in real 

time, showing the fast movement of the structures towards the light. This behavior 

has given the SP-COOH 25 % crystals the name of “crystal moths”. 

 

E.10 References 
 
1. Rosario, R.; Gust, D.; Hayes, M.; Jahnke, F.; Springer, J.; Garcia, A. A., Photon-

modulated wettability changes on spiropyran-coated surfaces. Langmuir 2002, 18, 
8062-8069. 



 E14 

2. Delgado-Macuil, R.; Rojas-Lopez, M.; Gayou, V. L.; Orduna-Diaz, A.; Diaz-Reyes, 
J., ATR spectroscopy applied to photochromic polymer analysis. Materials 
Characterization 2007, 58, 771-775. 

3. Fries, K. H.; Driskell, J. D.; Samanta, S.; Locklin, J., Spectroscopic Analysis of 
Metal Ion Binding in Spiropyran Containing Copolymer Thin Films. Analytical 
Chemistry 2010, 82, 3306-3314. 

 
 
 

 

 

 

 

 

  

 

 

 


