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Abstract

This thesis describes two independent projects1 in the �eld of physical chemistry.

The �rst one is aimed at controlling the surface-binding of colloids with the prospect to direct
their average motion. The bottom line is the use of a supramolecular complex involving a
barrel-shaped macromolecule (cucurbit[8]uril, also known as CB[8]). It has recently been
shown that the formation of such a complex can be switched on and o� by light. However,
to the best of our knowledge, this �supramolecular switch� had only been tested on isolated
molecules so far. Therefore, we inquired into its e�ciency when the active molecules are
functionalized on colloids and we endeavoured to determine whether it could be used to
reversibly immobilize them on a surface. We have shown that, in the present state, the
binding strength of the supramolecular complex is too low to attain the desired objective.
Moreover, we have provided some evidence indicating that the switching process, namely the
photoisomerization of an azobenzene molecule, is hindered for molecules in self-assembled
monolayers on a gold surface.

We proposed an alternative approach, also relying on CB[8] complexes, but using electro-
chemistry instead of photoisomerization as the switching mechanism. Speci�c surface-binding
was achieved; however, the switch could not be reverted. We attributed this irreversibility
to non-speci�c interactions between colloids and the surface, which hamper the release of the
former into the solution.

The second project is focused on the template-assisted nanostructuring of conjugated poly-
mers, whose performances in a variety of applications are expected to be greatly enhanced
by this structuring process. Gyroid-like templates, obtained from the self-assembly of block
copolymers2, were used to grow polypyrrole electrochemically. The resulting polypyrrole �lms
were porous on the nanometric scale and exhibited a very large surface area. We tested them
as chemical sensors, but, although their conductivity was indeed quite sensitive to the pres-
ence of solvent vapours, they did not perform signi�cantly better than their non-structured
counterparts. We claim that this originates in, and further demonstrates, the high porosity
of polypyrrole �lms electropolymerized in an aqueous solution.

1Both projects are the result of collaborative work.
2The block copolymers were synthesized by Maik Scherer.
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Introduction

�What I want to talk about is the problem of manipulating and controlling things on a
small scale.�

Richard P. Feynman, extracted from [1]

The miniaturization of electronic components, the progress of molecular biology, associated
with the need to deliver drugs to a speci�c molecular target, the expansion of photovoltaic
cells and the development of plasmonics all require to �manipulate and control things on a
small scale� [1] and, more precisely, to control the assembly of molecules or the structuring
process on the nanoscale. In the past decades, major advances in supramolecular chemistry
have brought this aim closer. For instance, Coulstonet al. very recently demonstrated their
ability to direct the aggregation of gold nanoparticles and make well-de�ned gold nanoparticle-
polymer composites [2] thanks to a barrel-shaped molecule, cucurbit[8]uril (CB[8]), which is
able to form supramolecular complexes. Tian and co-workers have shown that some CB[8]-
based complexes could be switched on and o� by light [3]. This gives rise to the enticing
prospect to control the binding of colloids to a surface by optical means and direct their over-
all motion. This is the distant objective of my project, which was undertaken in collaboration
with Feng Tian ( Melville Laboratory, Department of Chemistry). Yet, before attaining this
�nal aim, other questions arise: Can the switchable component of the complex - a molecule
called azobenzene - be switched when it is grafted to a surface? How e�cient is its response
to a well-chosen wavelength? Then: Will the switchable supramolecular complex, so far
only evidenced for isolated molecules, also operate with colloids? After a few months, when
the temporary answers to those questions still remained negative, it became clear that the
project was seriously jeopardized by the ine�ciency of the switch in a colloidal environment.
Consequently, we chose to focus on a slightly di�erent, though still CB[8]-based, supramolec-
ular complex. Our intention was to use electrochemistry to activate the switch. Despite some
achievements in the �rst stage, this approach too was confronted with solid di�culties, mainly
arising from the use of colloids.

Once I had ascertained that the di�culties were substantial, probably even prohibitive in
light of the time constraints associated with my MPhil, I focused on another type of assembly
on the nanoscale: block copolymer self-assembly. Taking advantage of this process to fabri-
cate nanotemplates is one of the foremost areas of expertise of theThin Films & Interfaces
group. These templates may then help to structure materials and improve the performances
of diverse devices, such as electrochromic systems. I thus engaged in a close collaboration
with Maik Scherer (Thin Films & Interfaces , Cavendish Laboratory), who provided me with
both polymer templates and useful ideas with regard to their use. Aware of the interesting
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applications of conjugated polymers, we endeavoured to grow such materials in a nanostruc-
tured template, with some success. The resulting �lms were then transformed into chemical
sensors, which were expected to perform better than their non-structured counterparts.

All in all, one must admit that on average the experimental results seldom met our expec-
tations - although they undeniably did sometimes. Nevertheless, in hindsight, the possibility
to explore very diverse areas in the vast domain of physical chemistry has come in the wake
of those failures. In other words, although the original destination of the journey was never
reached, the route proved much more diverse than what was initially foreseen.

The �rst part of the present thesis is dedicated to the use of a supramolecular switch to control
the binding of colloids to a surface. Chapter 1 presents the theory underlying the project,
with a strong emphasis on thermal ratchets. The necessary background on supramolecular
complexes involving CB[8] is also provided. Chapter 2 is mostly concerned with the azoben-
zene chromophore and its switching, i.e. photoisomerization, properties. The supramolecular
switch is studied in a colloidal environment in Chapter 3, and we inquire into the reasons
for its failure. In Chapter 4, we propose an alternative approach to the switch, based on
electrochemistry.

The second part of the thesis deals with the nanostructuring of conjugated polymers. In
Chapter 5, we o�er an introduction to conjugated polymers and show how they can be struc-
tured via block copolymer templates. Then, in Chapter 6, we report on our attempt to make
sensors out of the conjugated polymer �lms and expose the performances of these sensors.



Part I

How to Direct the Collective
Motion of Colloids with a
Supramolecular Switch?
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Chapter 1

How to combine thermal ratchets
and supramolecular complexes?

The numerous advantages to using micro�uidic droplets as microreactors [4] have brought
on the rapid development of micro�uidics and the emergence of labs-on-a-chip. Indeed, such
microreactors are advantageous in many respects: they only require a small quantity of chem-
icals, they allow the almost instantaneous di�usion of reactants within the droplets and they
generate swift reactons.

On the other hand, this novel use poses a variety of scienti�c and technological challenges.
In particular, precise control of the motion of the droplets in the microchannels may be an
issue. Although micro�uidic �ows are generally pressure-driven, this driving method o�ers
only limited sensitivity and, above all, the response to pressure depends on the particular
properties of the carrier �uid. Alternatives have therefore been proposed to circumvent those
problems. Most notably, targetted laser heating of a droplet has been shown to e�ect motion
of the latter [4]. Yet, this technique does not seem suitable for the control of a large number
of droplets.

The long-term aim of this project is to investigate another alternative to pressure as a means
to move droplets. Its principle relies on recent advances in supramolecular chemistry, in partic-
ular as regards highly-speci�c supramolecular complexes. Contrary to the other approaches,
the method under study, conceived by Prof. Ullrich Steiner, is based on the interactions of
droplets with the surface. More precisely, through the control of the local rate of immobiliza-
tion of droplets via some speci�c binding to the surface, it can be theoretically shown that a
net overall migration can be obtained.

Given the inchoate state of this endeavour, instead of droplets, colloids have been studied
here, for they are easier to functionalize and handle.

The original idea for this project was proposed by Prof. Ullrich Steiner (Thin Films & In-
terfaces, Cavendish Laboratory), in the light of the research on supramolecular chemistry

16
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conducted in Dr. Oren Scherman's group(Melville Laboratory, Department of Chemistry) .
The research reported in all the present part was carried out in collaboration with Feng Tian
(Melville Laboratory) . In particular, most chemicals were synthesized or provided by him,
including the cucurbit[8]uril molecules and the colloids.

1.1 Introduction to the theory of thermal ratchets

In order to understand how the control of the local strength of colloidal surface-binding can
give rise to a net overall migration, a short presentation of the theory of thermal ratchets, or
Brownian motors1, is given in this section.

Since the publication of the papers from Bug in 1987[5] and, more notably, Ajdari in 1994 [6],
thermal ratchets have been widely studied. They were �rst proposed as an explanation for
the motion of molecular motors within the living cells, but have also brought forth numerous
experimental con�rmations and devices in a variety of �elds: optical ratchet, superconductors,
motion of droplets [8], etc.

The cornerstone of such systems is the recti�cation of the unbiased (random) Brownian mo-
tion of colloids or particles, in the absence of macroscopically inhomogeneous potential or,
equivalently, long-ranged external force.

We �rst consider the general principle of a one-dimensional Brownian motor and follow the
presentation of Ref [6] before turning to the speci�c case of our project.

1.1.1 General situation

Consider a Brownian particle that can undergo a reversible transition between two internal
states, namely thebound (b) and the free (f ) states. In the latter, it travels in a �at potential
and its motion is therefore purely di�usive, whereas the energy potential for the former is
periodic, but asymmetric (see e.g. Fig 1.1). When the states are alternated in �nely-tuned
cycles, most of the particles in thebound state will slide down the long gentle slopes before
getting pinned at a potential well; then pure di�usion in the free state will enable them to
cross the energy barriers they were facing while in thebound state. Therefore, on average,
particles will move to the right in the energy landscape of Fig 1.1, provided that the local
transition rates are well adjusted.

1This term was coined by Hänggi.
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Figure 1.1: Sawtooth-like energy landscape in a thermal ratchet . ! bf and ! fb denote
transition rates between the bound and free states.

A quantitative description of the overall motion of particles in a thermal ratchet is proposed
in Appendix A . Here we will more speci�cally address the situation of concern in this project,
in which both bound and free energy landscapes are completely �at, unlike the case of Fig
1.1. Our objective is to show how directional motion can nevertheless occur.

1.1.2 Uniform energy potential, non-uniform transition rates

Not surprizingly, particles reach the bound state when they bind to the surface, and switch to
the free state as soon as they are released into the solution. Those switching events occur at
rates ! fb (x) and ! bf (x), respectively. From the very de�nition of the bound state, it follows
that: Db = 0 , and we assume thatD f is constant. All will now be a matter of understanding
how to adjust the transition rates spatially and temporally, and how this can e�ect asymmetric
migration, in the absence of a potential gradient.

But let us �rst focus on a monotonic portion of the pro�le of local transition rates, shown in
Fig 1.2.

Figure 1.2: Zoom on a region of uniform gradient of the transition rates

The following analytical approach is based on the Fokker-Planck equation [10], that describes
the density P of particles at position x at time t and the associated density currentJ :

@t P + @x (J ) = s

J = D (1) P + @x (D (2) P) (1.1)
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where D (1) and D (2) are respectively called the drift and di�usion coe�cient, and the source
term s accounts for the creation and annihilation of particles. We denote by@x the partial
derivative with respect to x. The spatial and temporal arguments of the functions have been
dropped for simplicity.

The densities in the free and bound states can be expressed asPb = � bP and Pf = � f P,
where � b and � f are functions of position whose derivation needs to take into account the
boundary conditions. Writing the Fokker-Planck Equation, Eq 1.1, in both bound and free
states yields:

Free state : @t P � D f @2
x (� f P) = 0

Bound state : @t [(1 � � f )P] = P [� ! bf + � f (! bf + ! fb )] (1.2)

If a steady state is achieved and periodic boundary conditions are imposed onP, Eqs 1.2 lead
to:

P(x) /
! bf (x) + ! fb (x)

! bf (x)
(1.3)

Accordingly, local adjustment of the transition rates can yield an inhomogeneous density
probability in the stationary state, hence a density current (see Eq 1.1) - even in a �at energy
landscape!

However, a uniform gradient of transition rates such as that shown in Fig 1.2 would be quite
ine�cient over long distances. That is why we resort to a thermal ratchet: the spatial pro�le of
the transition rates will, for instance, be sawtooth-like, in analogy with the energy landscape
presented in Fig 1.1. The sawtooth-like pro�le will be periodically alternated with purely
di�usive steps, when all particles are switched to the free state. The reader is referred to
Appendix A for further details, including a more intuitive approach based on an e�ective
di�usivity.

In summary, an asymmetric pattern of transition rates may give rise to an overall migration of
particles. If this asymmetric pattern is periodic, alternating it with stages of purely di�usive
motion allows to achieve migration over long distances. To put in practice this rather abstract
theoretical treatment, one now has to de�ne the physical natures of thebound and free states,
and to show how to toggle between them. This demands to explore supramolecular complexes.

1.2 Supramolecular chemistry with CB[8]

In 1905 Behrend and co-workers reported the formation of a very insoluble precipate as a
product of the acid-catalysed condensation reaction of glycoluril and formaldehyde [12, 13].
After treatment with hot sulfuric acid, a crystalline precipitate was extracted. However, not
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before 1981 was the chemical structure of this compound revealed. The X-Ray crystallographic
experiments performed by Mock and co-workers [13] indicated a macrocylic structure. On
account of the vague pumpkin shape of the macromolecule - and to avoid its intractable
conventional chemical name - it was named cucurbituril 2, which will here be abbreviated
CB[6] because it has six glycoluril repeat-units. The host-guest binding properties of the
macrocycle soon attracted attention: Mock and Shih [14] showed in 1983 that it can selectively
accommodate one guest molecule.

(a) CB[8] (b) Dicationic
dimethylviologen MV 2+

(c) Trans azobenzenethiol

Figure 1.3: Molecules involved in the supramolecular complexes . CB[8]: courtesy of
Feng Tian.

In 1999 Kim et al. reported the extraction of macrocycles of di�erent size from the products
of the aforementioned acidic condensation reaction. In particular, they managed to isolate
CB[5], CB[7] and CB[8]. While its smallest analogues can only accommodate one guest, the
larger cavity of CB[8] enables it to accommodate two guest molecules, for instance two naph-
thalene derivatives [15]. This uncommon property has sparked o� considerable research into
those molecules, which are regarded as building bricks for self-assembly (of gold nanoparti-
cles [2], etc.). The incorporation of another macrocycle within the cavity of CB[8] has also
been reported [16]. Besides, the cavity of CB[8] has also been used as a reaction chamber for
cycloadditions [17].

CB[6] CB[8]

portal diameter (Å) 3.9 6.9
cavity diameter (Å) 5.8 8.8
cavity volume (Å 3) 164 479
outer diameter (Å) 14.4 17.5

height (Å) 9.1 9.1

Table 1.1: Comparison of the structural parameters of CB[6] and CB[8] . (Determi-
nation based upon X-Ray crystallography. Values taken from [21].

The host-guest interaction is favoured by the carbonyl groups on the host portal, which are
propitious for ion-dipole attractions. Multiple hydrogen bonds are also created. Moreover,

2The Cucurbitaceae are the plant family to which belongs the pumpkin.
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once the guest molecule replaces water molecules in the cavity, hydrophobic interactions with
the inner side of the cavity stabilize the complex. Finally, the �nite size of the cavity excludes
too bulky guests and thus contributes to the high selectivity of the �handcu�� molecule.

The ternary complexes formed with CB[8] are either 1:2 complexes or 1:1:1 complexes. The
former case is best exempli�ed by the vastly enhanced dimerization of the dimethylviologen
(also known as paraquat) radical cation MV + � in the presence of CB[8]: the dimerization
constant increases by about �ve orders of magnitude to2 � 107M � 1 upon introduction of the
CB[8] �handcu�� molecule[20]. The latter case can be illustrated by the ternary complex
composed ofMV 2+ as �rst guest and a naphthalene derivative (dihydroxynaphthalene) as
second guest[15]. The stability of the ternary complex is then mostly ensured by a charge-
transfer interaction between the electron-de�cient viologen ion and the electron-rich aromatic
molecule [18, 19]. This interaction leads to a pronounced absorption peak in visible light
(between 400 and600 nm), which is much enhanced, and red-shifted by approximately100 nm,
when CB[8] is present and constrains the interacting molecules to closer contact[18]. It must
be emphasized that the ternary complex results from a sequential binding process, i.e. the
binary complex MV 2+ : CB[8] must be formed prior to the inclusion of the naphthalene
derivative [22, 18, 24].

The advantage of the 1:1MV 2+ : CB[8] inclusion complex as a host is that it overcomes one
major drawback of the cucurbit[n]-uril molecules, namely, their low solubility in (non acidic)
water and in most common organic solvents.

To date, ternary complexes involving CB[8] have been formed with methylviologen-terminated
polymers (around5 kg � mol� 1)[22], naphthalene-functionalized colloids [26], viologen-containing
dendrimers [25]. In the latter case, the authors reported an observed decrease of the binding
constant with the dendrimer size owing to steric constraints and, maybe predominantly, ionic
pairing between the viologen moiety and the carbonyl groups on the dendrimer.
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Complex
type

First guest
Second
guest

(moiety)

Association
constant

Value Ref.

binary
methylviologen

MV 2+ Ø
in bu�ered water
(pH=7) at 25 °C

1:1 � 105M � 1 [20]

ternary
methylviologen

MV 2+ naphthalene
ternary complex in

bu�ered water
(pH=7) at 25 °C

4 � 1010M � 2 [23]

ternary
methylviologen

MV 2+ azobenzene
ternary complex in

water
2 � 108M � 2 ??

ternary
methylviologen
radical MV + �

methylviologen
radical MV + �

MV + � dimerization
with 1 equiv of

CB[8] in bu�ered
water (pH=7) at

25°C

2 � 107M � 1 [20]

Table 1.2: Summary of the CB[8]-based complexes that we are to use.
?: private communication with F. Tian

In conclusion, the highly-speci�c ternary complexes involving CB[8] look very attractive and
promising candidates for the reversiblebound state in our speci�c thermal ratchet. The �rst
such complex we are to explore is the 1:1:1 ternary complex involvingMV 2+ and an azobenzene
derivative (azobenzenethiol3). Azobenzene groups have the very considerable advantage to
exist in two conformations, only one having the ability to form the desired complex, and the
molecule can be reversibly toggled between these states by light.

3The thiol group is introduced in order to permit chemisorption of the molecule on a gold substrate.



Chapter 2

Control of the photoisomerization
of azobenzene

The azobenzene chromophore exists in two conformations. The �rst one, the trans-isomer,
is a planar molecule in which the phenyl groups are disposed on either side of theN = N
double bond, whereas the second one is non-planar (see Fig 2.1). The light-driven switching
process between the two states, known as photoisomerization, has been widely studied, both
experimentally and theoretically [32, 33], and has already been used to modify the wettability
of a surface with light [28], to move droplets on a surface, or to enforce conformational changes
in larger molecules [34].

2.1 Mechanism

Trans -to-cis photoisomerization occurs when azobenzene molecules are exposed to near ultra-
violet light, whereas the reverse process occurs spontaneously, but can be accelerated by heat
or exposure to blue light. The absorption of a photon induces the excitation of the molecule
to an intermediate excited state, mainly the lowest excited singlet stateS1 - by promoting an
n electron to the � ? level - or the singlet stateS2 - by promoting a � electron to the � ? level.
Then the system relaxes to the isomerized ground state with a given probability, known as
the quantum yield of the transformation. However, the mechanism of isomerization remains
controversial; two major pathways rival for the explanation [32, 38]:

? torsion around the N = N double bond, as happens in stilbenes [32]

? inversion through the in-plane bending of the CNNC angles

Incidentally, the speci�c pathway may depend on the nature of the excitation and on the
solvent [32]. Anyway, good knowledge of the pathway adopted by the transformation is not
required here, insofar as only the e�ciency of photoisomerization will matter.

23
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(a) Trans isomer (b) Cis isomer

Figure 2.1: 3D stick-and-ball representations of the two isomers of non-substituted
azobenzene . Taken from [31].

2.2 Spectrophotometry

The isomerization of the azobenzenethiol molecules in solution can easily be monitored with
spectrophotometry, i.e. by measuring the absorbance of the solution, because the absorption
spectrum of the trans form di�ers from that of the cis isomer. Indeed, the excitation of the
isomers demands distinct energies. Prominently, thetrans isomer shows a very large peak
around 350 nm corresponding to the excitation to the S2 state [32], whereas this peak is not
visible in the spectrum of the cis isomer.

For a 50� M solution of azobenzenethiol in ethanol, 20 seconds of exposure to a365 nm UV
lamp of intensity 3 mW=cm2 are su�cient to isomerize the sample, as shown in Fig 2.2.
Spontaneous relaxation to the initial state can then be observed for about one hour, but can
be very considerably accelerated by heating the sample.

These results show that our azobenzene derivatives can be photoisomerized in solution, and
that the spontaneous relaxation time is on the order of one hour.
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Figure 2.2: Evolution of the absorbance pro�le of 50� M azobenzenethiol in ethanol
after exposure to UV . Time after exposure: 0 (red curve), 1, 13, 20, 29, 40, 45 minutes,
initial state (blue).

Nevertheless, since the properties of an isolated molecule can be fundamentally altered by its
grafting to a metallic surface [39, 45, 42, 46], we needed to check whether the isomerization
process is e�ective on a gold substrate as well.

2.3 Contact angle measurements

In order to detect molecules on a surface, conventional spectrophotometry is not the most
appropriate technique, owing to the small quantity of absorbing molecules on a surface.

In contrast, the contact angle of a water droplet, for instance, on a substrate depends mostly on
the properties of the uppermost molecular layers of the material. Therefore, its measurements
provides insight into the chemical nature of the surface layer. The results of our contact angle
measurements are presented in AppendixB .

However, they did not lead to any de�nite conclusion concerning the isomer state of the
surface azobenzene monolayer. Therefore we moved on to a di�erent technique for surface
characterization: Surface-Enhanced Raman Spectroscopy.
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2.4 Surface-Enhanced Raman Spectroscopy (SERS)

2.4.1 Raman scattering

Raman scattering is the inelastic scattering of a photon by a molecule in a liquid, a solid or
even a gas. More precisely, the molecule absorbs the photon and is thus excited into a virtual
state of higher energy. Although the excited molecule is very likely to �nally revert back to
its initial state (elastic scattering), it can also relax to a state with a di�erent vibrational
energy, either higher (Raman Stokes scattering) or lower (Raman anti-Stokes scattering).
Consequently, the frequency of the emitted photon may di�er from that of the absorbed one.
It must be noted that Raman scattering is not a resonant phenomenon in essence, insofar as
the virtual state does not need to be (and is generally not) an excited electronic state of the
molecule.

Figure 2.3: Principle of Raman scattering in the energy levels picture. Dark blue arrow:
absorbed photon, light blue arrow: emitted photon.

The next two sections provide some background information on Raman spectroscopy and
Surface-Enhanced Raman Spectroscopy.Not reading them does not severely impair the un-
derstanding of the rest of the chapter, and they are formally part of the appendices. However,
for the sake of convenience, they have been placed here rather than at the end of the thesis.

2.4.2 Derivation in a simpli�ed classical picture (Appendix)

In the simpli�ed classical picture (see Ref [35] for the details of the calculations), an incident
electromagnetic waveE induces a dipole momentP in the irradiated molecule, viz.

P = � E
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where � is the polarizability of the molecule, and E = E0 cos(! i t) the amplitude of the
electromagnetic wave.

But the polarizability of the molecule varies with the position of its atomic constituents,
represented here by the generic coordinateQ for the sake of simplicity, viz.

� = � 0 +
�

@�
@Q

�

0
dQ + O(dQ2)

When the molecule vibrates at angular frequency! vib , dQ = dQ0 cos(! vib t). Using a trigono-
metric formula, one �nds:

P � � 0 E0 cos(! i t) +
1
2

�
@�
@Q

�

0
E0dQ0 [cos((! i � ! vib)t) + cos(( ! i + ! vib)t)] (2.1)

The induced dipole moment in Equation (2.1), and therefore the emitted photon, has three
components of distinct angular frequencies:! i (elastic scattering), ! i � ! vib (Stokes scattering)
and ! i + ! vib (anti-Stokes scattering).

In a typical Raman spectroscopy setup, the sample is irradiated by a laser beam. Since
Raman scattering is very weak compared to elastic scattering (1 photon in one thousand
for N2 according to [35]), the outcoming beam is carefully �ltered to eliminate elastically
scattered photons before analysis.

2.4.3 Surface-Enhanced Raman Spectroscopy (SERS) (Appendix)

In 1974, while investigating the adsorption of pyridine at silver electrodes with Raman spec-
troscopy, Fleischmann and co-workers reported a strong enhancement of the Raman signal
when the electrodes were roughened, as compared to �at electrodes [37]. Although this was
at �rst incorrectly ascribed to the larger number of active molecules that could be adsorbed
on the roughened surface, in hindsight it actually is the �rst reported experiment involving
Surface-Enhanced Raman Spectroscopy (SERS). Indeed, it soon transpired that the ascribed
correction based on the increase of surface area could not account for the dramatic enhance-
ment that was observed.

The electromagnetic theory provides a satisfactory explanation for most of SERS data [40].
The bottom line is that the SERS e�ect results from the local enhancement of the electro-
magnetic �eld by (principally) gold or silver nanostructures. The enhancement originates in
the resonant excitation of collective oscillations of the density of conduction electrons in the
metal by the incident Raman electromagnetic waveE0. Regions of strong depletion, on the
one hand, and strong ampli�cation, on the other hand, of the light intensity thus arise around
the metallic nanostructures. For this to happen, the sizeaNS of the nanostructure must be
much smaller than the wavelength of the incident light, but also larger than the electron mean
path in the metal [40]. The combination of those criteria gives:

5 nm . aNS . 100 nm
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Although the enhancement can readily be observed with roughened surfaces, the use of col-
loidal gold or silver nanoparticles typically yields more homogeneous results [44].

Not only do surface plasmons locally enhance the electromagnetic �eld that hit upon Raman-
active molecules, but they also amplify the Raman-shifted wave that the latter emit [40].
Therefore, the Enhancement FactorG by, say, the nanoparticles, can be decomposed into the
following factors

G
def
=

kEsk2

kE0k2 = �G (� 0) � G(� s)

where Es is the enhanced Raman-shifted wave,� is a coe�cient taking into account the
change of polarizability of the Raman-active molecule when it is adsorbed,G(� ) is the en-
hancement factor of the nanoparticle at wavelength� , and � 0 and � s are the wavelengths of
the incident and Raman-shifted waves, respectively. For silver nanoparticles irradiated with
the appropriate (visible) wavelength, G can reach 106. However, it is important to realize
that such a strong enhancement is possible only in close proximity to the nanoparticle, due
to the fast spatial decay of the electromagnetic �eld. For azobenzene, for instance, the signal
decreases by half at a distance of7Å from the surface [45].

The above has been derived by considering only one isolated nanoparticle. However, the
SERS e�ect can be dramatically enhanced by coupling two (or more) close nanoparticles. In
this case, the nanoparticle dipoles may get coupled, and each of them will then be a�ected
by the electromagnetic �eld already enhanced by its partner, and further enhance it. Should
a Raman-active molecule be in the interstitial gap between the nanoparticles, the global
enhancement factor of the Raman e�ect can reach the astronomic value of1011.

2.4.4 SERS and Azobenzene

The experiments reported in this section were designed and conducted in collaboration with
Sumeet Mahajan.

Our objective in using SERS is to observe thetrans to cis photoisomerization of azoben-
zenethiol on a gold surface. Although azobenzene, as a chromophore, has been extensively
studied with Raman spectroscopy [45, 43, 41, 42, 44, 39], there are relatively few studies on
the control of its isomerization by SERS1.

We used two types of Raman-enhancing surfaces. The �rst one (1) is a gold substrate struc-
tured by an array of nanovoids, that is, the negative of a colloidal array. It was fabricated
by gold-electroplating a self-assembled monolayer of poly(methyl methacrylate) (PMMA) col-
loids kindly provided by Sumeet Mahajan. The thickness of the deposited layer can easily be
controlled in real time by the shape of the voltammetric pro�le, which depends on the surface

1Most of the existing literature turns out to be very recent, or even contemporaneous with our project, such
as [41]
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area of contact between the metallic surface and the electrolyte. It was set to reach about2=3

of the height of the colloids (of diameter 600 nm). The PMMA colloids were �nally etched
with dimehylformamide. An SEM image of the resulting substrate is shown in Fig 2.4.

(a) Scanning electron micrograph (view from the
top). Scale bar: 500 nm

(b) Sketch (view from the side)

Figure 2.4: First type of substrate (1) used for the SERS measurements

The second type (2) is a smooth gold substrate covered with azobenzenethiol-functionalized
gold nanoparticles of either 20 or 100 nm in diameter. Initially stabilized with citrates, the
nanoparticles are made to aggregate through the addition of a small quantity of potassium
chloride salt, after their functionalization with the azobenzenethiol molecules. A drop of the
solution is cast on the �at gold substrate and left to dry before observation.

The azobenzene moieties can readily be detected with SERS on both types of substrates.
Their Raman trace is in very good agreement with the literature [38, 39]. In Fig 2.5, the
Raman peaks are attributed to the di�erent vibrational modes of the molecule according to
[38].
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Figure 2.5: SERS spectra of azobenzenethiols on gold.
(Left ) Spectrum of azobenzenethiol molecules self-assembled on substrate (1), before and after
exposure to UV light (5-10 minutes). The main character of the various peaks is given on the
basis of the Density Functional Theory calculations reported in [38]: � denotes an in-plane
bend, � a torsion and � a stretch.
(Right) Thick black line: average over 18 Raman traces of not-irradiated azobenzenethiol
molecules on substrate (2), thin purple lines: 3 Raman spectra of azobenzenethiol molecules
exposed to UV light prior to their self-assembly into a surface monolayer - selected out of 26.

While the identi�cation of the Raman spectra of the azobenzenethiol molecules is straight-
forward, tracking their photoisomerization proved much more elusive. Indeed, the Raman
spectrum taken after exposure to UV for 5-10 minutes on either substrate type do not exhibit
any di�erence, as compared to their not-irradiated counterparts (see Fig 2.5), whereas less
than 1 minute is needed to isomerize0:1 mMof molecules in solution (see Section 2.2). Note
that the laser wavelength irradiating the sample is either 633 nm or 785 nm, neither of which
is expected to interact with photoisomerization.

Since steric constraints had already been reported to prevent photoisomerization in densely-
packed azobenzene monolayers [39, 46, 42], a solution of octanethiol and azobenzenethiol was
used to create mixed monolayers (see Section 2.4.5) on SERS substrates (1) and (2). Still,
no change could be observed upon UV exposure.

As a matter of fact, the quantum yield of photoisomerization2 is known to be lower for azoben-
zene molecules tethered to a gold surface than in solution [42, 41]. Zhanget al. claim [42]
that the quench of excited states close to a metallic surface3 is due either to direct electronic
transfer between the active moiety and the metal, or to dipolar image coupling [42]. More-
over, the incident light may be overwhelmingly absorbed by gold nanoparticles [41], which

2One may recall that the quantum yield of photoisomerization is the e�ciency of the conversion once the
molecule is raised to an excited state

3Note, however, that the ether group separating the chromophore from the alkyl chain and the metallic
surface in our molecules is believed to limit this quench.
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would result in longer isomerization times at �xed intensity of the incident light. Thus, Yoon
and co-workers [43] observed a considerable increase of the Raman peaks attributed to the
cis isomer when the samples were exposed for durations ranging from 10 to 16 hours. To
circumvent the various problems associated with photoisomerization near a metallic surface,
we chose to pre-isomerize the molecules in solution (which can be controlled by UV-vis spec-
trophotometry) prior to their chemisorption on the gold nanoparticles. A similar approach
had been adopted in [39].

Although, overall, the Raman traces of the non-irradiated and pre-isomerized molecules still
are the same, some changes in the500� 600 cm� 1 region can arguably be ascribed atrans
to cis isomerization. In particular, the peak at 552 cm� 1, systematically observed in non-
irradiated samples, is sometimes shifted with their pre-isomerized counterparts. In a very
recent paper, Yoon et al. [41] showed that, albeit weak, the peak at586 cm� 1 (with their
molecules) is a reliable marker for photo-isomerization. They also shed light on the kinetics
of back (i.e. cis to trans) isomerization of azobenzenethiol molecules. They observed that
the back isomerization is much faster for molecules in gold nanoparticle aggregates than in
solution, by a factor of 10, approximately. This was explained by the change in geometry
that occurs upon isomerization, whereby theN = N bond becomes more exposed to the
neighbouring gold nanoparticles, favouring relaxation. In combination with the low quantum
yield of the trans to cis isomerization, the faster back-isomerization could explain our inability
to reliably detect the cis form.

2.4.5 Use of a mixed monolayer

Self-Assembled Monolayers of azobenzene on Au(111) have been investigatedinter alia by
Jaschkeet al. [29]. Chemisorbed azobenzene-undecanethiol (AzoC11SH) molecules are tilted
with respect to the surface normal. They are densely packed, and the mesh size is6:2Å �
7:8Å[29].

In order to reduce the packing density, which may prevent proper isomerization of the
molecules, we resorted to mixed monolayers. Spatial segregation of the two chemical species
composing the monolayer may be avoided, provided that the species have strong cross-
interactions. As a result, the second molecule was chosen to be octanethiol (or undecanethiol),
that is, a molecule similar to our azobenzene-derivative, bar the azobenzene moiety (and the
slightly shorter alkyl chain). Moreover, we used a mixture of the two chemicals instead of
�rst functionalizing the surface with one chemical, and then with the other one. Indeed,
co-adsorption is supposed to yield a more homogeneous distribution of the entities than an
exchange reaction [46]. The successful creation of a mixed monolayer was veri�ed by contact
angle measurements (see Appendix B).
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Figure 2.6: Octanethiol

To summarize, our SERS measurements unambiguously con�rmed the presence of azobenzene
functional groups close to the gold surfaces, but could not provide evidence of their photoi-
somerization. Despite the mitigated success we had in attempting to monitor the photoiso-
merization of the azobenzene chromophore on a gold surface, we wanted to test the optical
switch based on the supramolecular complex composed of azobenzenethiol, methylviologen
and CB[8].



Chapter 3

An optical switch based on
photoisomerization

Method of synthesis stabilizer-free dispersion polymerization

Bulk monomer styrene
Colloidal radius 700 nm
Zeta potential +30 � 35 mV

mass ratio MV/styrene � 1%

Table 3.1: Details about the colloids . Size and Zeta-potential data acquired with a Malvern
Zetasizer.

In spite of the di�culties exposed in the previous chapter, we tested the practicability of
a supramolecular switch based on the photoisomerization of azobenzene. As shown in Fig
3.2, the surface is functionalized with azobenzene molecules and the colloids1 are coated with
viologen moieties. Theboundstate of the switch relies on the ternary complex binding together
a viologen-coated colloid, a CB[8] molecule and a surface-boundtrans-azobenzene. In this
state, the colloid is therefore immobilized. In the free state, complexes cannot be formed
because azobenzene is in itscis form; therefore, the colloids di�use freely in the solution.

I am grateful to Anders Aufderhorst (Biological and Soft Systems) for his presentation of the
experimental setup for microrheology and his help with the particle tracking software.

1Like most chemicals, the colloids were kindly provided by Feng Tian ( Melville Laboratory ).

33
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(a) Methyl-
viologen

(b) trans -
azobenzenethiol

(c) cis-
azobenzenethiol

(d)
Polystyrene colloid

Figure 3.1: Simpli�ed representations

Figure 3.2: Principle of the optical switch (not to scale). (Left ) bound state; (right ) free
state.

3.1 Procedure

The variation of the binding constant with the intensity of UV light shone is determined by
the direct optical microscopy observation of a microrheological cell (see Fig 3.3, microscope:
Zeiss LSM 810 Axioplan2) containing an azobenzene-functionalized surface covered with an
aqueous solution ofMV 2+ -functionalized colloids and CB[8].

Indeed, if the equation for the formation of a complex is written as:

Azo + f Colloid � CB[8]g = Complex

then the corresponding binding constantK b satis�es, in equilibrium:

K b =
pb

(1 � pb)(s0 � c0 pb)
(3.1)
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where pb 2 [0; 1] is the probability for a colloid near the surface2 to be immobile (bound), or,
equivalently, the ratio of bound colloids over freely-di�using colloids near the surface.s0 is the
total concentration of azobenzene moieties on the surface, andc0 is the total concentration of
colloids near the surface.

Eq 3.1 proves that the determination of pb is su�cient to assess the binding constant K b. The
ratio pb is assessed on the basis of the microscopic observation of the sample.

Figure 3.3: Picture of the microrheological cell

3.2 Observations and results

First, we observe that, in the presence of CB[8], particles tend to cluster and sediment gradu-
ally over a typical time scale of 10 minutes. Although the colloids are not accurately density-
matched, sedimentation or clustering in the solution of pure colloids are not observed macro-
scopically over a time scale of a day, consistently with the value of the Zeta-potential of the
colloids: +30 � 35 mV. As sedimentation and/or clustering, albethey of very variable signi�-
cance from sample to sample, are observed in the majority of samples containing colloids and
CB[8], the results detailed below focus mostly on the �rst few minutes of observation.

We realized that the dense packing of azobenzene-alkanethiols on a gold substrate may hamper
the threading of the individual molecules by the CB[8] 'handcu�': indeed, the mesh size
of the self-assembled monolayer is6:2Å � 7:8Å[29], the outer diameter of CB[8] is 17:5Å!
Therefore, we resorted to mixed monolayers (see Section 2.4.5), with various ratios between
azobenzenethiols and spacers (octanethiols or undecanethiols).

2 By �near the surface�, we mean: that appears to be in the same focal plane as the surface under the
microscope. Typically, this means in a layer of a few microns in thickness above the surface
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Figure 3.4: Optical microscopy image of viologen colloids in our microrheological cell,
in the focal plane of the surface. The white disks are slightly above1� m in diameter. Black
spots correspond to colloids slightly out of of focus.

The results of our observations are reported in the form of a binding diagram, in Fig 3.5. This
diagram gives the binding strength as a function of the concentration of CB[8] in the solution
(on the horizontal axis) and the density of azobenzene groups on the surface3 (on the vertical
axis). Note that the small size of the observation window accessible with the microscope and
its camera, the time-dependence of the binding and the acute inhomogeneity on the substrate
preclude quantitative analysis of the binding probability. Accordingly, results are reported
in terms of the somewhat arbitrary notions of 'limited' , 'moderate' and 'extensive' binding,
which very roughly correspond to less than 20%, between 20 and 80%, and more than 80%,
respectively, of bound colloids.

3 �1� means that the surface monolayer is exclusively composed of azobenzene molecules, and �0� means
that it is composed of alkanethiols. For the latter case, note that pure glass or gold substrates give similar
results.
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Figure 3.5: Binding diagram : binding strength as a function of the concentration in CB[8]
of the solution and the surface density of azobenzene groups.

The binding diagram, Fig 3.5, shows that the surface density of azobenzene moieties does
not qualitatively a�ect the extent of colloidal binding, whereas increasing the concentration
of CB[8] in the solution, i.e. moving to the right of the diagram, signi�cantly enhances the
binding strength. At �rst sight, this could be regarded as a sign that speci�c binding involving
ternary complexes is indeed responsible for colloids being bound to the surface.

However, the concentration of viologen moieties in the experiments is about0:03 mM, so
even the lower range of concentrations of CB[8] that we used should be su�cient to induce
signi�cant binding of the colloids to the surface, as each one of them is functionalized with a
large number of viologen units.

Moreover, in an alternative approach to varying the concentration of CB[8] molecules, we
introduced CB[8] in large excess in a viologen solution and we centrifuged the mixture. Then,
the supernatant, supposedly containing the excess of CB[8] was removed, while the centrifu-
gate, supposedlyMV 2+ � CB[8]-functionalized colloids, was kept. But only limited binding
to the functionalized substrates was observed with these solutions. Nevertheless, it is unclear
whether the binary complexes formed by viologen and CB[8] were strong enough to resist the
centrifuging step.

Finally, samples were irradiated with UV light while they were being observed in the micro-
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scope4. The only e�ect thereof was to accelerate the thermal motion of the freely-di�using
colloids; not once did we see a bound colloid come o� the surface. On the other hand, we
have no evidence of any kind that the photoisomerization was e�cient (see Chapter 2).

In light of the above, it seems that it is mostly non-speci�c interactions, such as depletion or
van der Waals interactions, that account for the observed binding of the colloids. Therefore,
we now turn to the elucidation of their physical origin and rationalize the lack of speci�c
interactions, i.e. ternary complexes.

3.3 Physical origin of the observed non-speci�c binding

What types of interactions can become operative when the concentration of CB[8] is increased?

One might at �rst think about van der Waals forces, but there is no obvious reason why they
should be dependent on the concentration of CB[8]. On the other hand, depletion forces and
charge screening are likely to be in�uenced by the latter.

3.3.1 Depletion interaction

Being (much) smaller than the colloids but considerably larger than solvent molecules, CB[8]
molecules generate depletion forces.

Depletion interactions arise from the formation of an interstitial region that is inaccessible
to 'depletant' molecules when two colloids come very close to each other. As a result, the
osmotic pressure of the depletants is no longer uniformly distributed over the surfaces of the
colloids, which are therefore pushed towards each other. Depletion forces are proportional to
the volume of the overlap (shown in red in Fig 3.6) between the excluded volumes (in light
blue) around each colloid.

4UV lamps: a) HBO 100W/2 b) Olympus Optical Co, U-ULH). Intensity of about 0:127 mW=cm2 under
the 50� objective (large quantitity of glass in the objective and narrow focus of the light), and of 0:55 mW=cm2

under 10� objective, which was also used for exposure.
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Figure 3.6: Scheme for the depletion interaction exerted by the (brown) depletants on
the (blue) colloids

A similar e�ect can naturally be observed between a colloid and a �at surface. The free energy
of interaction � F at contact is then given by [27]:

� F
kT

= � n�
�
4Rr 2 +

4
3

r 3
�

(3.2)

where R and r are the radii of the colloids and the depletants, respectively, andn is the
number density of the latter.

For a solution of x mM of CB[8], Eq 3.2 gives:� F � 2x kT . However, let us remark that this
interaction is very-short ranged, about 1 nm.

Consequentely, depletion forces may play a signi�cant role at the higher concentrations of
CB[8] we used, but fail to explain the phenomenology at the lower concentrations.

3.3.2 Screening of charges, Zeta-Potential

In a solution, electrically charged colloids are screened by a layer of counterions, known as
the Debye-Hückel layer. The thickness of this layer scales with the Debye length� D :

� D =

s
� r � 0kT
P

nj z2
j

(3.3)

where � r is the relative permittivity of the liquid, and nj and zj are the bulk concentration
and electric charge (in units of elementary charge) of the various ionic species in solution.
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The essential point here is that the precipitate of CB[8] we use contains about25 wt% of
non-CB[8] chemical entities, which are in good part salts that were used for the synthesis of
the CB[8] macrocycle. When this precipitate is dissolved in the solution, the ionic strength
of the latter therefore increases, while the Debye length decreases, consistently with Eq 3.3.
Consequently, colloids are less and less stabilized by their surrounding Debye-Hückel layer
and tend to cluster.

We hypothesize that the repulsion between colloids and the surface could similarly be reduced
by the increasing ionic strength of the solution - in spite of the fact that the surface is either
electrically neutral (pure alkanethiol) or negative (glass).

In order to test this hypothesis, we endeavoured to determine the ionic strength of our solutions
by measuring the conductivity G of a solution containing CB[8] molecules at concentration
x mM, and found

G � 200x � S� cm� 1

Were the salt pure sodium chloride, this would correspond to a decrease of the Debye length
by a factor of roughly 2 for x = 0 :1 mM.

To carry on the test of our hypothesis, we prepare a CB[8]-free solution of viologen colloids with
a concentration of sodium chloride such that it has the same conductivity as0:1 mM CB[8],
that is, cNaCl � 0:05 mM. But only very limited surface-binding of the colloids is observed
with the sodium chloride solution, whereas non-negligible binding was observed with the
aforementioned concentration of CB[8]. However, when the sodium chloride concentrations
is increased to0:5 � 1 mM, then signi�cant binding is observed5, in the absence of CB[8]
molecules.

Consequently, the applicability of the ionic screening scenario remains an open question.

3.4 Rationalization of the inexistent or low speci�c binding

One now needs to uncover the reasons for the lack of the speci�c binding.

So far, ternary complexes involving azobenzene had only been observed with free isolated
molecules. Now, the large di�erence of size between the latter and a colloid e�ects very
di�erent reaction kinetics. Besides, if functional groups are on the surface of a colloid, they
tend to be less accessible than compared to isolated molecules.

These considerations show that the di�culty might arise from the low e�ciency of the forma-
tion of ternary complexes involving azobenzene andMV 2+ -functionalized colloids.

In order to assess this binding strength, we devised the following method: A gold sub-
strate is functionalized with the �rst guest of CB[8], more precisely, thiol-containing viologen

5 Note that the reproducibility of this result is questionable.
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molecules6, along with some alkanethiols as spacers (cf Section 2.4.5) and half of it is im-
mersed in a freshly-stirred solution of CB[8] for a few minutes. It is then dried, but (what
is critical for the �nal result) not rinsed. Thereafter, the substrate is dipped in an aqueous
colloidal suspension7 for a �xed time (around 30 seconds).

After gentle washing and drying, the substrate is �nally observed under the microscope.
Images are harmonized in brightness and analysed by a home-made Matlab® routine, which
detects the colloids sticking to the surface and displays the surface area they cover.

Besides azobenzene colloids, we used colloids functionalized with another second guest molecule,
naphthalene. Both bear a negative charge and are approximately of the same size, that is,
slighly below 500 nmin diameter. Note that the naphthalene units are tethered to the colloid
via a triethylene glycol chain, which is about 1 nm in length.

Figure 3.7: Principle of the immersion method to assess colloidal binding strengths.

Fig 3.8 presents the colloidal density observed on surfaces with diverse functionalizations,
in the presence or in the absence of CB[8]. This density, we claim, is an indicator of the
binding strength of the colloids. The given results are for the naphthalene colloids, unless
azobenzene colloids are explicitly mentioned. Note that the results, albethey averaged over
several images, are only poorly reproducible: the two sub�gures of Fig 3.8 correspond to
identical experimental conditions, and, yet, they di�er greatly. However, some important
features (almost) systematically emerge. Fig 3.9 shows results for a similar experiment, but
with di�erent colloidal concentrations.

First, and foremost for the present chapter, we observe that the binding strength of the
azobenzene colloids is much lower than that of the naphthalene colloids, in presence of CB[8].
This is consistent with the lower binding constant of isolated azobenzene molecules, as speci-
�ed in Table 1.2. Indeed, a di�erence between the regions with and without CB[8] could be
made out with the naked eye for the latter colloids, but not for the former.

Then, for the naphthalene colloids, the binding strength is generally greatly8 increased in the
presence of CB[8].

6 Note that, for practical reasons, viologen is now on the surface and azobenzene on the colloids.
7 Traces of ethanol may also be present in these solutions
8 This remark is arguable for the more concentrated colloidal suspensions.
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Finally, no visible trend emerges with regard to the ratio of viologen over spacers on the surface
which is most suitable to enhance the e�ect of CB[8], that is, where ternary complexes can
most easily be formed. It is in particular surprizing that CB[8] should have an in�uence on
the surfaces devoid of viologen. We speculate that the cucurbituril molecules and the salt may
enhance non-speci�c binding, even when deposited on a surface and/or that the 'handcu�'
molecules might also thread the spacers, i.e. the alkyl chains.
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Figure 3.8: Surface area of the dry substrates occupied by the naphthalene col-
loids , for various proportions of viologen (MV � thiol ) vs. spacers (C8 � thiol ) on the sur-
face. Concentration of the colloidal suspension:c0. Note that the rightmost histogram is
for azobenzene-functionalized colloids. Both sub�gures correspond to identical experimental
conditions.
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Figure 3.9: Same experiment as that presented in Fig 3.8 (legend above), but for di�erent
colloidal concentrations. Note that the in�uence of CB[8] is less perceptible for the concen-
trations used here.

In summary, while the dissolution of CB[8] in a colloidal suspension appears to enhance non-
speci�c binding, no evidence was collected for the formation of speci�c ternary complexes
involving azobenzene when one of the guests is grafted onto a colloid. On the other hand,
the presence of CB[8] was shown to strongly enhance the surface-binding of another type of
colloids, naphthalene-functionalized colloids.

Therefore, we decided to investigate another type of switch, involving the latter colloids.
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Chapter 4

An electrochemical switch

The previous chapter has shown that the binding constant of ternary complexes involving
azobenzene is not strong enough to create an optical switch. On the contrary, complexes
with naphthalene as second guest are much more stable, but naphthalene is not amenable
to photoisomerization. Therefore, a hypothetical naphthalene-based supramolecular switch
could not be toggled to its free state by light. Instead, it is tempting to use the electrochemical
properties of the �rst guest, MV 2+ , since the once-reduced cationic radicalMV + � cannot
participate in 1:1:1 complexes with naphthalene. This chapter summarizes our attempts to
devise such an electrochemical switch.

The principle of the electrochemical switch is sketched in Fig 4.1. Note that the roles of the
�rst and second guests have been inverted here compared to the optical switch.

Figure 4.1: Principle of the electrochemical switch (not to scale). Left: bound state;
right: free state
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4.1 Electrochemistry of dimethylviologen

Electrochemistry is based on the change of the oxidation state of molecules in solution in
the presence of an electric potential. The latter can be applied by a potentiostat, i.e. an
adjustable potential generator.

The dimethylviologen molecules has the particularity to exist in three oxidation states, which
implies that the dication MV 2+ can be reduced twice. After one reduction, it forms the mono-
cationic radical MV + � , whose intense blue or purple colour has given its name to viologen.
Reduced twice, it becomes the electrically neutral moleculeMV .

The successive reductions can be observed by cyclic voltammetry, by linearly cycling the
applied potential between two extreme values while measuring the current. The applied po-
tential is the potential di�erence between the working electrode and the reference electrode,
here a Saturated Calomel Electrode. The cyclovoltammogram obtained for an aqueous solu-
tion of dimethylviologen is reproduced in Fig 4.2. The reduction potentials1 corresponding to
the redox peaks are� 0:67 V and � 0:90 V. In particular, this means that for potentials more
positive than � 0:67 V, viologen groups will be able to form ternary complexes with CB[8]
and naphthalene, whereas below� 0:67 V only dimers of MV + � can be accommodated in the
CB[8] cavity. In fact, the presence of CB[8] results in a shift of the reduction potentials to
slightly more positive values.
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Figure 4.2: Cyclovoltammogram of dimethylviologen in a bu�ered aqueous solution
(pH = 7 ). Potentials are given with respect to a Saturated Calomel Electrode.

4.2 Static test of the electrochemical switch

In light of the above, we dip two viologenthiol-coated gold electrodes in an aqueous solu-
tion saturated with CB[8], thereby expecting to get binary complexesMV 2+ � CB[8] on the

1As de�ned by the average of the anodic and cathodic peaks. The shift between those peaks is indicative
of a di�usion-limited oxidation process.
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surface. Then a potential of � 0:67 V is applied on one of the electrodes, while the other
is maintained at 0 V. Both are immersed in a colloidal suspension of naphthalene colloids.
After washing and drying, the samples are observed with a microscope, and their density is
calculated on the basis of the method exposed in Section 3.4.

To overcome the potential macroscopic inhomogeneity of the colloidal suspension and optimize
the performances of the system, we used interdigitated electrodes (see Fig 4.3).

Figure 4.3: Picture of interdigitated electrodes obtained by evaporation of a double layer
of chromium and gold.

Figure 4.4: Sketch of the static test of the electrochemical switch
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Figure 4.5: Surface density of colloids sticking to the surface . (Left ) Detail of the
densities on each interdigitated band. (Right) Average density as a function of the applied
potential.
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Figure 4.6: Another sample of interdigitated electrodes . (Refer to Fig 4.5 for the
legend)

Figs 4.5 and 4.6 prove the e�ciency of the electrochemical switch in its static state, i.e.
before it is toggled. Note that this does not necessarily imply that the formation of ternary
complexes involving CB[8] is the only process governing the binding discrepancies: since the
colloids are negatively charged, the change in the charge carried by the viologen groups which
is concomitant with their reduction probably also plays a role. However, this is no obstacle
to the creation of an electrochemical switch.
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4.3 Non-reversibility of the switch, competitive guests

The previous section has shown a proof of principle for the static switch. Let us now inquire
into the reversibility of the switch.

To do so, the above procedure is supplemented with an invertion of the electric potential
between the electrodes: the electrode which was at� 0:67 V is switched to 0 V, and vice versa.
The results presented in Fig 4.7 indicate that the inversion is not e�cient, insofar as the
density of colloids bound on the electrode switched to� 0:67 V does not decrease. In other
words, the bound state of the colloids on those electrodes seems to be non-reversible.
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Figure 4.7: Surface density of colloids sticking to the surface after reversal of the
potentials.

In fact, given the respective characteristic sizes of the colloids (� 500 nm) and of the active
region of the ternary complexes (� 1 nm), in the bound state, colloids are likely to be tethered
to the surface by multiple bonds, i.e. ternary complexes, as shown in Fig 4.8. A reason for the
colloids not coming o� the surface upon inversion of the potential might be that not all those
bonds are broken simultaneously, and there may be a dynamic equilibrium between ternary
complexes and dissociated molecules that maintains a small number of bonds even at negative
electric potential.

To overcome this di�culty, we introduced competitive guest molecules in the solution to �ll up
the space every time a ternary complex involving a colloid disassembles. Those competitive
molecules are simply free methylviologen molecules2: once reduced, they are expected to
dimerize with their surface-bound reduced counterparts. But this approach only led to poor
results; in particular, the density of colloids on the inverted electrodes was not observed to
decrease.

2 In hindsight, other competitive guests could have been used, which would have been less prone for potential
side-e�ects.
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Figure 4.8: Multiple binding of a colloid (not to scale)

Consequently, it is very likely that, once colloids have been bound to the surface, non-speci�c
interactions prevent their release into the solution. These interactions are expected to de-
crease with the distance to the surface, so one possibility would be to synthesize colloids with
even longer viologen-terminated linkers. Presently, those linkers are triethyleneglycol chains.
Smaller colloids could also be used. Moreover, one would need to check that the Coulombic
attractions between the negative viologen groups and the positive azobenzene units are not
large enough to prevent the release of the latter in the solution.

If the idea of an electrochemical switch is to be pursued, another issue may have to be
addressed: when the viologen groups are reduced to the radical cationMV + � , they can no
longer form a binary complex with CB[8] and the latter molecules will consequently come o�
the surface. This might impede the formation of complexes in the subsequent steps, because
of the inavailability of CB[8] molecules. Note that the low solubility of CB[8] prevents us from
just adding CB[8] in the solution to address this problem. On top of that, having CB[8] in
the bulk of the solution is incompatible with the presence of competitive guests. Otherwise,
ternary complexes would be expected to form in the bulk.

To conclude this part, SERS measurements were conducted to test the photoisomerization
of self-assembled monolayers of azobenzene derivatives on a gold surface. They allowed the
unambiguous characterization of the azobenzene moieties, but were not conclusive with regard
to their isomerization. Then, ternary complexes involving an azobenzene-functionalized, CB[8]
molecules and viologen-coated colloids were investigated, but their binding strength was too
low to enable a hypothetical optical switch to work. Finally, an electrochemical switch based
on naphthalene colloids, CB[8] molecules and a viologen-functionalized surface was achieved,
but its bound state could not be reverted.



Part II

Gyroid-like Nanostructured
Polypyrrole Films for Sensing

Applications
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Chapter 5

Nanostructured conjugated
polymers

The development of electricity, from the pioneering work of William Gilbert in 1600 to the
invention of the �voltaic pile� by Alessandro Volta in 1800 (and up to now), revitalized the
interest for metals, as, for the �rst time since the Bronze Age, their advantages were no longer
limited to their ability to be smelted or cast. In the second half of the XX th century, the rapid
and massive advances in the �eld of transistors and electronic circuits marked the triumph
of inorganic semiconductors. In parallel, but to a much lesser extent, conjugated polymers
have attracted much attention since the discovery of their potential as high-e�ciency organic
conductors in the late 1970s [47]. Since then, they have been used in a variety of �elds: organic
photovoltaic cells [48], chemical sensors [49], supercapacitors [50], etc.

But the pursuit of technological progress, in particular as regards electronic circuits, is subject
to the ceaseless miniaturization of components. In this respect, block copolymers have drawn
considerable attention, owing to their ability to self-assemble into microdomains. This self-
assembly process o�ers a prominent route to the design of versatile templates, in which organic
or inorganic materials can be grown [51, 52]. Among other morphologies, the gyroid structure
is quite noticeable, in great part on account of its large interfacial area, and it holds great
promise [53].

Our aim in this project was therefore to combine both elements, i.e. conjugated polymers and
gyroids, so as to achieve the template-assisted growth of conjugated polymers.

The whole project reported in the present section was carried out in close collaboration with
Maik Scherer (Thin Films & Interfaces group) . In particular, the synthesis of gyroid-forming
block copolymers is the fruit of his previous independent work [52], and he had already dedicated
much e�ort to using them as templates for the growth of inorganic material, such as vanadium
pentoxide [54].
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5.1 Conjugated Polymers: Properties, synthesis, and doping

Conjugated polymers are homopolymers with a� -conjugated linear backbone, i.e. whose
backbone atoms are connected by sidewise� -bonds between their p-orbitals, besides stronger
� -bonds. Such a con�guration naturally originates in alternating single and double bonds
in the backbone of the polymer and results in the existence of delocalized electrons. Con-
sequently, those systems will possess electroconducting properties, provided that they are
(electro)chemically doped. Hence their denomination as Intrinsically Conducting Polymers
(ICPs). A few examples of such systems are given in Fig 5.1. Two major pathways to their
synthesis are generally available: chemical oxidative polymerization or electrochemical poly-
merization [55]. Only the latter option is relevant for our work, so we shall not detail the
former.

(a) Poly-
acetylene

(b) Polypyr-
role

(c) Polythio-
phene

(d) Poly(3,4-
ethylenedioxythiophene)
[PEDOT]

(e) Polyaniline

Figure 5.1: A few examples of Intrinsically Conducting Polymers

The following sections provide some background information, �rst, on the electropolymeriza-
tion of conjugated polymers, the doping process and the origin of the high conductivity of
those materials, then, on notable features of the gyroid nanostructure.Not reading them does
not severely impair the understanding of the rest of the chapter, and they are formally part of
the appendices. However, for the sake of convenience, they have been placed here rather than
at the end of the thesis.

5.1.1 Electrochemical polymerization (Appendix)

In 1862, while �investigating two cases of fatal poisoning by nitrobenzol�, Letheby was in-
trigued by the change of pigmentation of aniline under the in�uence of �nascent oxygen� [56].
This behaviour was most pronounced when the reagent was brought into contact with the
positive pole of a battery. Letheby therefore reported the �electrolytic oxidation of a sul-
phatic solution of aniline�. In hindsight, this turns out to be the �rst reported electrochemical
synthesis of a conjugated polymer, polyaniline. Most, if not all, key ingredients of electropoly-
merization were indeed present: an electric generator, a source electrode, a counter-electrode,
an ionic solution.
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Although this �rst episode dates back to 150 years ago and although the topic has received
great attention in the past decades, the physical mechanisms underlying the polymerization
process induced by an electric current are still debated. It is generally agreed that in the case
of pyrrole, thiophene, aniline, &c., polymerization starts with the oxidation of the monomer
into a radical cation. On account of the high instability of their radical form, the cations over-
come their Coulombic repulsion and get paired. Thus, they form dimers. Schematically, the
dimerization of the radicals associated with monomerHMH and the subsequent deprotonation
can be expressed as follows [55]:

HMH � e� ! HMH + �

2HMH + � ! HMHHMH 2+ ! HMMH + 2 H +

How a chain then grows from those dimers is controversial. The classic vision of chain propaga-
tion growth via stepwise monomer incorporation is challenged by an oligomer approach. The
latter argues that the building blocks of the growing chain are not monomers but oligomers.

Regardless of the exact mechanism, the incorporation of one monomer into the polymer chain
takes two electrons. However, the oxidation potential of the chain gets less positive as the
chain gets longer, and partial oxidation of the polymeric chain can therefore hardly be avoided.
This process supplements by a fraction� the electric charge required for polymerization, so
that the total charge Qpol needed to bondN moles of monomers is [55]:

Qpol = (2 + � ) N F

where 1F = eNA � 96; 500 C� mol� 1. Generally, the value of the extra electric charge� lies
in the range 0:07� 0:6 [59]. Finally, in order to obtain a valid relationship between the total
charge Qtotal measured experimentally and the number of monomersN, one must introduce
an e�ciency factor � � Qpol =Qtotal < 1 that accounts for side reactions and the polymerization
of oligomers in the bulk.

As the chain elongates, it becomes less and less soluble in the solvent because of the strong
interchain interactions [64], and the decrease in solubility is often drastic once the chain has
reached a size of 6 to 10 monomers [55]. This entails a deposition of the polymerized material
on the electrodes. It also explains why polypyrrole is insoluble in most common solvents
[64]. Note that naturally soluble conjugated polymers are scarce. In order to obtain them,
monomers often have to be chemically substituted so as to favour solubility1.

The electropolymerization technique involves many independent parameters, among which:
the applied voltage, the concentration of monomers, the temperature, the nature of the solvent,
of the counterions in the solution, the type of electrodes used. Each and every one of those
parameters may be in�uential.

1For instance, adding an alkyl chain to the thiophene monomer leads to a polymer, poly(3-hexylthiophene)
(P3HT), that is more soluble in organic solvents.
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The advantages of this technique are, notably, the ability to speci�cally target an electrode (or
a region thereof) and accurately control the deposited amount, and thus the �lm thickness, the
adhesion of the deposited �lm, an easy incorporation of counterions and/or active molecules
in the �lm.

On the other hand, the other technique available, chemical polymerization, is compatible with
bulk production, but o�ers only poor adhesion and a lesser control of the deposition [64].

5.1.2 Primary doping (Appendix)

In a typical electrodeposition experiment, polymerization and primary doping occur simul-
taneously: counterions are entrapped in the �lm while it grows, and act as dopants. Note
that their incorporation usually also increases the mechanical stability of the �lm and is
indispensable if high conductivities of the �lm need to be reached.

Indeed, in the absence of any dopant, conjugated polymers have very low conductivities and
behave as semi-conductors, insofar their conductivity increases with temperature. This points
to the existence of a band gap between their higher occupied molecular orbital (HOMO) and
lower unoccupied molecular orbital (LUMO).

Figure 5.2: Electronic structure of the bandgap of conducting polymers for di�erent
levels of doping. CB: conduction band, VB: valence band. Modi�ed from Blackwood and
Josowicz [73].

Contrariwise, in 1977, Shirakawa and co-workers observed that the conductivity of polyacety-
lene can increase by up to 7 orders of magnitude if the material is dopedvia the exposure to
halogen vapours [47], which renders it metal-like.

Indeed, the doping process introduces free charge carriers that can travel through the� -
interaction bands. Despite the similarity in the terminology, this process is relatively di�erent
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from that occurring in conventional semi-conductors: it actually consists in an oxidation (for p-
doping) or a reduction (for n-doping) reaction, together with the incorporation of counterions
in the �lm to conserve its electroneutrality. If we take the example of polypyrrole (Ppy),
initially in its undoped form, the doping equation can be written as [61]:

[Ppy]solid + n
��

A � �
[S]m

	
solution

ox


red

��
Ppyn+ �

[A]n [S]n�m

	
solid + n e�

where A � represents the counterion andS, the solvent molecule. Very high doping levels can
be reached, up to 5 orders of magnitude greater than in conventional inorganic semiconductors,
as pointed out by Potje-Kamloth in [55]. Accordingly, doping generally a�ects the packing of
the polymeric chains. Otero and co-workers thus report a 40 to 45% increase of the global
volume of a polypyrrole �lm upon oxidation, i.e. p-doping [61].

The e�ect of doping on the conductivity of the �lms very much depends on the chemical
nature of the dopant: in similar conditions of electrochemical deposition, substituting sodium
polyacrylate with sodium p-toluenesulfonate as the dopant results in a dramatic change in
conductivity, jumping from 0:6 S� cm� 1 in the former case to170 S� cm� 1 in the latter [58].
More generally, reported experimental values of the conductivity of conjugated polymers range
from 10� 12 to above 105 S� cm� 1 [55].

The doping process satisfactorily explains the one-dimensional conductivity observed along
one polymer chain, in analogy with the case of conventional inorganic semiconductors. How-
ever, the presence of high conductivity values at the macroscopic scale necessarily involves
electron transfers between neighbouring chains, i.e. interchain hops.

5.1.3 Physical origin of the high conductivity (Appendix)

It must �rst be realized that the electric charges introduced in the polymer chains through
doping induce localized distortions of the polymer backbone, named polarons [76, 55]. These
polarons give rise to new energy levels in the semiconductor band-gap [69]. If two polarons
are close enough to one another, they can lower their energy by sharing the same distortion
[77], thus forming a bosonic bipolaron.

Polarons and bipolarons are the natural intrachain charge carriers, but they are also thought
to be the main contributors to interchain charge transfer, as argued, notably, by Zuppiroli
and colleagues in [75]. These workers propose and support the idea that the incorporated
counterions act as bridges between neighbouring chains and help to build stable interchain
bipolarons. More precisely, the dopant (counterion) can donate its charge to either of the
neighbouring chains, and a tunnel-e�ect-induced oscillation of electronic density is expected.
The dopant-mediated tunnel e�ect results in a transfer integral between the two polymer
chains larger than that corresponding to direct interchain hopping.
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In the case of heavy doping, when multiple chains are thus bridged by polarons, they form
polaronic clusters, and the rate of intercluster hopping is then the limiting factor in the global
electronic mobility. By virtue of an analogy with granular metals 2, Zuppiroli et al. �nally
derived the following formula for the hopping rate W (d) between two clusters of diameterd
separated by a distances [75]:

W (d) = exp
�

� 2s
a

�
exp

�
� Ea

2kT

�
(5.1)

wherea is the typical monomer size andEa is the charging energy necessary to �ll one cluster
with an electron and the other one with a hole, i.e. some sort of activation energy. It follows
from Eq 5.1 that the conductivity depends on the microscopic morphology of the �lm, hence
on doping and the conditions of synthesis.

After this short introduction to ICPs, we shall brie�y present the process of block copolymer
self-assembly and, in particular, the gyroid morphology, before exposing how we achieved the
template-assisted growth of nanostructured ICPs.

5.2 Gyroids

5.2.1 Self-assembly of block copolymers (Appendix)

Block copolymers are polymers composed of two blocks of identical monomers, linked by a co-
valent bond, as sketched in Fig 5.3. Their ability to self-assemble at the nanoscale provides an
interesting pathway to versatile nanostructured templates. Indeed, block copolymers exhibit
diverse morphologies at equilibrium.

(a) Monomer A (b) Monomer B (c) A- b-B diblock copolymer

Figure 5.3: Sketch of a linear diblock copolymer

Very generally, monomersA and B have a stronger a�nity for like interactions (A $ A or
B $ B ) than for cross interactions (A $ B ). Weak though the interaction between two

2 The role of the metal grains is played by polaronic clusters, in this analogy.
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monomers might be, it becomes signi�cant as soon as sequences of monomers are involved.
Consequently, the A and B blocks tend to segregate spatially. But, since they are chemically
bonded, only microscopic segregation can occur3 [78].

The whole physics of block copolymer microphase separation results from the competition
between an entropy of mixing - which favours a disordered melt - and an interaction energy
between monomers - which favours segregation, under the constraint of the �xed size of the
blocks and their being bonded. As such, it only involves two parameters [78]. The �rst one,
the composition fraction f, sets the relative proportions of the blocks, and the second one,
�N , i.e. the Flory parameter times the polymerization index, quanti�es the repulsion between
blocks of monomers.

Accordingly, a two-dimensional phase diagram can be drawn as a function of those two pa-
rameters, �N and f . A typical example of such a diagram is reproduced in Fig 5.4.

Figure 5.4: Phase diagram for symmetric diblock copolymer melts . Calculated from
mean-�eld theory by Matsen and Bates [80]. The gyroid region is coloured in purple. Modi�ed
from [80].

In the segregated states, given the existence of a repulsion between unlike monomers, there
exists an interfacial energy between microdomains. As a result, the interface tends to be
a surface of constant (average) curvatureH , insofar as, in that case, there is no curvature
energy created by the interfacial tension. If the constant curvature is zero, that is,H = 0 ,
the surface is said to be minimal, because the surface area is locally minimal around every
point among surfaces with identical boundary conditions - and not because the surface area
is globally minimal under the constraint of �xed volume.

The gyroid features among those minimal surfaces.

3 In contrast with homopolymer blends for which no chemical bonds impede macroscopic demixing.
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5.2.2 The gyroid structure: Description and properties (Appendix)

The gyroid surface was theoretically discovered by Schoen in 1970. It was later observed in
Nature, not only in block copolymers, but also in the cuticular structure of butter�y wing
scales [57, 52]. It is a triply periodic structure, which means that it is periodic in three
independent spatial dimensions, and it has a body centred cubic lattice symmetry.

Although the (double) gyroid 4 only occupies a small fraction of the diblock copolymer phase
diagram, Fig 5.4, corresponding to a narrow range of volume fractions on the composition axis
between hexagonally packed cylinders (HPC) and lamellae, it is bound to play a prominent
role in template-assisted nanostructuring. Indeed, unlike e.g. hexagonally packed cylinders,
the double gyroid surface divides space into three continuous phases: two intertwined networks
- the minority phase - separated by one continuous matrix - the majority phase. Each phase
is therefore self-supporting, even if the other phases are removed [52]. In contrast, HPCs
standing perpendicular to the substrate tend to collapse when the majority phase is removed.

Like most constant curvature surfaces, the gyroid can be well approximated by a level surface
equation of the form:

F (x; y; z) = t (5.2)

wherex, y and z are the Cartesian coordinates,t is a constant controlling the volume fraction
of each phase andF : R3 ! R is a map. In the case of the double gyroid, Eq 5.2 assumes
the following form:

cos(kx) � sin(ky) + cos(ky) � sin(kz) + cos(kz) � sin(kx) = � t (5.3)

where 0 < j t j6 1:413 and k = 2� =L . Here L is the unit cell edge length. We have made use of
this approximate equation to plot the double gyroid three-dimensional surface shown in Fig
5.5.

As can be inferred from Fig 5.5, one of the major assets of gyroids, besides their tricontinuity,
is the very large interfacial area between the di�erent domains.

Such morphologies have already been used for biomimetic calcite crystal growth [53], elec-
trochromic devices [54], etc. But, to the best of our knowledge, the attempt we report here-
after is the �rst successful endeavour to obtain a self-supporting gyroid structure made of
conjugated polymers.

4Only the double gyoid is found in self-assembled diblock copolymers and will be considere here, but there
also exists a single gyroid with two interwoven continuous phases.
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Figure 5.5: The double gyroid surface : Views from two distinct angles. Simulated with
Matlab using the level surface approximation, Eq 5.3, with t = 0 :5.

5.2.3 Synthesis of a gyroid template

(The synthesis of the gyroid-forming block copolymers as well as the �ne-tuning of the protocol
to obtain a gyroid template is the fruit of Maik Scherer's work. I claim strictly no contribution
therein.)

We used a polystyrene(PS)-b-polylactic acid(PLA) diblock copolymer, with a volume fraction
of the PLA phase of 33%. Its chemical formula is given in Fig 5.6, and the experimental
protocol to get it to self-assemble into a gyroid phase is detailed in Appendix D.

Figure 5.6: Chemical formula of the gyroid-forming PS-b-PLA diblock copolymer .
Courtesy of Maik Scherer.
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5.3 Template-assisted nanostructuring of a conjugated poly-
mer

5.3.1 Incompatibilities between the solvent and the polymer template

Considerable di�culties arose when it came to electrodepositing a conjugated polymer in the
gyroid template. Indeed, most reported electrodepositions of such materials are performed in
organic solvents, such as acetonitrile or anisole, so as to:

? lower the oxidation potential,

? avoid splitting water molecules,

? and avoid the undesirable over-oxidation of the polymer.

In addition to changing the solvent, the oxidation potential may be lowered by chemically
substituting the monomers, e.g. by grafting an alkyl chain to the ring, or a very speci�c
solvent has to be used.

For instance, the electropolymerization of unsubstituted thiophene in common organic sol-
vents only occurs at high electric potentials (E>1.6V) [59] and yields over-oxidized �lms of
poor mechanical stability [84]. Nevertheless, Shi and Jin managed to synthesize resilient poly-
thiophene �lms by performing the electrochemical synthesis in a solution of freshly-distilled
boron tri�uoride-ethyl ether (BFEE) [85]. A strong Lewis acid, BFEE catalyzes the depro-
tonation of thiophene monomers on the electrode and, so they claim, lowers the oxidation
potential.

The di�culty lies in the fact that our template is made of polystyrene, which is readily
dissolved - or swollen - by a wide range of organic solvents. Indeed, not only should the
solvent not dissolve polystyrene, but in addition it must not swell the structure. For instance,
polystyrene is not macroscopically dissolved in carbon disul�de (CS2) within a time scale
of a few days, but the gyroid template made of polystyrene is nonetheless destroyed upon
immersion in this solvent.

In view of that di�culty, our multiple attempts to electropolymerize thiophene in the polystyrene
template, using common organic solvents, all failed.

On the other hand, there have been numerous reports of the synthesis of another conjugated
polymer, polypyrrole (see Fig 5.1), in aqueous solution: in acidicH2SO4, HCl, HI , HBr
solutions [89] or in 1M potassium nitrate (KNO 3) [86]. In terms of morphology and chemical
composition, �lms grown in an aqueous solution clearly di�er from those synthesized in organic
solvents such as acetonitrile: the former have a high oxygen element content, incorporated
in hydroxyl and carbonyl groups [86], a very nodular surface, as can be seen with scanning
electron microscopy (see Fig 5.7) [88, 90], whereas the latter only contain very little oxygen
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[86], display a smoother surface, generally have a higher conductivity and are less porous
than their counterparts [88]. Very high values of the conductivity, above 500 S� cm� 1, can
nevertheless be attained [87].

(a) Film grown in acetonitrile (b) Film grown in an aqueous solution

Figure 5.7: Scanning electron micrographs of polypyrrole �lms electrochemically syn-
thesized in two di�erent solutions. All scale bars are 20� m. Images taken from Carquignyet
al. [90]

5.3.2 Electropolymerization of pyrrole: experimental details

Consequently, we decided to electrodeposit polypyrrole in our gyroid templates. The proce-
dure was the following:

1. The electrolyte was composed of sodiump-toluenesulfonate (20 g=L p-toluenesulfonic
acid monohydrate and6 g=L sodium chloride) dissolved in deionized water. It was placed
in a three-electrode electrochemical cell, with a platinium grid as counter-electrode and
a saturated calomel electrode as reference. The setup is sketched in Fig 5.9. The
solution was bubbled with nitrogen for a few minutes prior to the introduction of 0:5 M
pyrrole monomers. This purges the solution of dissolved oxygen gas and therefore limits
the spontaneous oligomerization of pyrrole. Indeed, with no bubbling, the solution is
observed to darken quickly, which we believe is due to pyrrole oligomerization. Some
samples were also synthesized at low temperature (5-10°C).

2. In order to circumvent the hydrophobicity of the polystyrence matrix, the gyroid tem-
plates sitting on conductive FTO glass were dipped in methanol and immersed in the
electrolyte immediately afterwards. Note that, without methanol dipping, the polymer
growth is patchy.
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3. An electric potential was applied between the FTO substrate and the counter-electrode
by a potentiostat-galvanostat (Autolab PGSTAT302N, Windsor Scienti�c Ltd.). The
applied potential was0:62 V or 0:65 V. For a substrate of1 cm2, a typical electric current
of around 1 mA was measured, while a black �lm was forming on the substrate. Voltam-
metric cycles (Fig 5.8) had been run in order to determine the appropriate potential.
The observed cyclovoltammograms are consistent with the literature [91].

4. Finally, samples were taken out of the solution, rinsed with deionized water and left to
dry at room temperature.

Figure 5.8: Cyclovoltammogram of pyrrole (8th cycle). Source electrode: FTO. Reference
electrode: saturated calomel electrode. Counter electrode: platinum grid.

Surprisingly, the intensity of the current observed while performing the electrodeposition in
a gyroid template is similar to, or even higher than, that measured for the deposition of a
non-structured �lm on a bare substrate. At present, we are unable to explain this apparent
superdi�usive behaviour of the monomers in the gyroid networks.

Chemical Producer Purity

Pyrrole Sigma-Aldrich 98%
p-Toluenesulfonic acid monohydrate Sigma-Aldrich 98%

Sodium chloride Sigma-Aldrich 99.5%

Table 5.1: Details about the chemicals used

Control of �lm thickness via the deposited charge

We have investigated the relationship between the total electric charge consumed per unit
surface area of deposited �lm and the thickness of the �lm.
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By imaging cross sections of various �lms with scanning electron microscopy, we found an
average thickness of about4 � m for non-structured �lm and 10� m for gyroid-structured �lms,
for a deposited charge of1 C � cm� 2. These values are consistent with the volume fraction of
33% of the minority phase.

Figure 5.9: Steps in the template-assisted fabrication of a polypyrrole nanostruc-
ture :
1. Annealing of the spin-coated polymer �lm on an FTO substrate
2. Etching of the PLA minority phase with a basic solution of methanol and water
3. Electrochemical polymerization of polypyrrole in the gyroid template
4. Etching of the PS matrix

5.3.3 Rational selection of a good solvent, Hansen solubility parameters

The polystyrene template must now be dissolved in order to reveal the polypyrrole structure.
Once again, this poses the challenge of �nding a solvent that dissolves polystyrene, while
preserving the gyroid-like structure of the polypyrrole phase. In Appendix E, we show how
the computation of Hansen solubility parameters, based on the cohesion energy between
molecules, helped us select an appropriate solvent: xylene.

A few SEM images of the gyroid-structure of the resulting �lms are shown in Fig 5.10.
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(a) Scale bar: 40 nm (b) Scale bar: 40 nm

(c) Scale bar: 40 nm (d) Scale bar: 200 nm

(e) Scale bar: 400 nm (f) (Cross section of the �lm observed at 45 °). Scale
bar: 200 nm

Figure 5.10: Scanning electron micrographs of gyroid-like polypyrrole �lms . (Not
plasma etched).Views from the top (unless otherwise stated).
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5.3.4 Plasma-etching of the top surface

However, the vast majority of scanning electron micrographs of the �lms taken after the
dissolution of the polystyrene matrix revealed the presence of non-porous layer of about
10 nm in thickness, sitting on top of a gyroid-like structure (see Fig 5.11). We hypothesize
that it results from the collapse of non-packed polypyrrole chains at the surface of �lm, upon
removal of the template. Indeed, the growth of the polymer �lm during electropolymerization
in an aqueous solution widely di�ers from crystallisation, and there may be a �hairy� layer of
elongating polypyrrole chains in contact with the electrolyte, which only gradually becomes
compact, as the electropolymerization goes on.

In order to remove the non-porous top surface, the samples are plasma-etched, whereby their
surface reacts with oxygen radicals created by an electromagnetic excitation. The reaction
generates volatile gases out of the material, which is consequently etched from the surface.
Note that an identical method had already been used by Maik Scherer [52] in a similar
situation.

Typical experimental conditions were: power set to 20%, air in�ow open at 20%, etching time
of about 30 seconds (Plasma etcher: MRC 100).

Due to the inhomogeneity of the �lm, the thickness is position-dependent in every sample
and, therefore, etching rates of the polymer cannot be readily assessed with great accuracy.
For a non-structured polypyrrole �lm, we found an etching rate on the order of 100 nm=s.

However, the e�ect of the plasma etching step is incomplete, insofar as it does restore porosity
on the top surface, but there remain patches of non-porous material (see Fig 5.11) and the
gyroid structure appears to be strained here and there. It is nonetheless unclear whether this
can de�nitely be ascribed to plasma etching. Although the quality of the gyroid after this
supplementary step is slightly poorer than that of the initial template (see images in [52]),
its porosity and globally gyroid-like structure are expected to meet the expectations for most
applications.
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(a) Cross section (45°) of a gyroid �lm capped by a
non-porous top layer. Scale bar: 200 nm

(b) Cross section (45°) of a gyroid �lm capped by a
non-porous top layer. Scale bar: 200 nm

(c) Scale bar: 100 nm (d) Scale bar: 400 nm

(e) Scale bar: 200 nm (f) Scale bar: 400 nm

Figure 5.11: (Almost) non-porous top surfaces of the �lms before plasma etching :
(a) and (b) cross sections of the �lm, (c) and (d) views from the top of two of the sparse
porous regions.
E�ect of plasma etching: (d) after 2 cycles of plasma etching,(e) after 3 cycles of plasma
etching (same �lm). Imaged with SEM.
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5.3.5 Conductivity measurements

The sheet conductivities of both gyroid and non-structured �lms were measured.

Freshly prepared samples have a sheet conductivity on the order5 of Gs = 1 � 2 � 10� 2 S. This
leads to high bulk conductivities, � = Gs=t, where t is the �lm thickness, with values above
100 S� cm� 1.

There is no major di�erence between nanostructured and structureless �lms of similar mass
per unit area in terms of conductivity. It might also be that our conductivity measurement
setup is not accurate enough to detect relatively small changes in conductivity for �lms that
are so conducting. On the other hand, both types of samples tend to become less conductive
with time when they are left in ambient air.

In summary, the electrodeposition of polypyrrole in a gyroid-like polymer template was per-
formed, and conducting nanoporous �lms was obtained. SEM images proved that the �lms
indeed exhibit a gyroid-like structure.

5Here, Gs is simply measured as the ratio of the current through 1 cm of �lm over the potential di�erence
at the ends of the �lms. A geometric factor is thus omitted. Moreover, the reported value is a lower estimate
because of the contact resistance between the probe and the �lm.



Chapter 6

Nanostructured polypyrrole gas
sensors

All vertebrates have developed an olfactory system that enables them to detect sparse air-
borne, or water-borne, pheromones and odorants. Odorants activate receptors in the olfactory
system, and a signal is thus generated [63]. In particular, there is some degree of speci�city
in the interaction between odorants and olfactory receptors, insofar as only a certain fraction
of the latter react to a given type of odour molecules.

In order to limit the risk of exposure to toxic chemicals, control the quality of the air or assess
the quality and freshness of food or beverages [68], &c., arti�cial sensors that aim to reproduce
or improve the sensing capabilities of natural olfactory systems have been devised. Indeed,
much e�ort has been put into the development of chemical sensors in the past decades.

These sensors can be classi�ed according to the nature of their sensitive material: highly-
speci�c receptors, metal oxides, conjugated polymers, biological receptors entrapped in con-
ducting polymer �lms, polymer composites, etc. Only conjugated polymers are considered
here.

Since conjugated polymers and, prominently, polypyrrole, have a well-documented potential
as gas sensors [49, 70, 68, 71, 67, 95, 64], we decided to steer our e�orts towards this �eld and
make sensors out of our nanostructured polypyrrole �lms. We expected that the increase in
the contact surface area provided by the design of gyroid-structured polypyrrole �lms would
improve their performances as sensors, by reducing the reponse time and/or enhancing their
sensitivity.

All the work reported in the present section was carried out in close collaboration with Maik
Scherer (Thin Films & Interfaces group) and Richard White (Nokia Research Centre). In
particular, the sensor testing setup was almost entirely installed by Richard White, who is also
the author of the Matlab code to track conductance changes.

69
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6.1 Brief introduction to chemical sensors

The conventional approach to sensors is based on lock-and-key mechanisms, whereby the in-
teraction between receptors and analytes is highly speci�c [65]. Yet, this high speci�city might
actually neither be needed nor systematically desired, as exempli�ed in the mammalian olfac-
tory system: humans, for instance, have only around 1,000 olfactory receptor genes, according
to [65], or 10,000 sensors, according to [68], and, yet, they are sensitive to a wide range of
odours. This example prompts the idea of a sensor array in which every sensing unit de�nes
an odour dimension. Then, any given odour will be associated with a particular position in
the multidimensional odour space thus created, without any need for high selectivity of the
individual sensors. [68]

Several types of sensors based on conjugated polymers have been investigated in the last thirty
years [55]. The transduction signal may be optical, potentiometric (tracking the change in
the working function of the sensing material), amperometric (monitoring the intensity of
the current generated by redox reactions with the analyte), or conductimetric (monitoring
the conductivity of the sensor). We will exclusively focus on the latter type, also known as
chemiresistor.

Note that, besides polypyrrole, a variety of other Intrinsically Conducting Polymers (ICPs)
possess sensing capacities: polyacetylene, polythiophene, polyaniline, &c., and their deriva-
tives [67, 65].

6.2 Sensing mechanism: Theories

6.2.1 Overview of various possible mechanisms

Despite the growing interest for ICP-based sensors over the last decades, the physical origin
of the sensing property, i.e. the change in conductivity upon exposure to analyte vapour,
remains unclear. Various possibilities have been evoked, such as:

? The analyte gas induces the swelling of the polymer matrix, thereby a�ecting its con-
ductivity [65, 49]: the insertion of analyte molecules is expected to increase the distance
between chains.

? The analyte may in�uence the morphology / crystallinity of the polymer matrix [49].
For instance, acetone vapour is thought to weaken dispersion forces between aromatic
pyrrole units, leading to a more disordered structure of the �lm and, accordingly, lower
the conductivity of the polypyrrole sensor, as suggestedinter alia in [66]

? Secondary doping of the �lm may occur upon exposure to the analyte, leading to charge-
carrier depletion or densi�cation; analytes that are Lewis acids or bases usually induce
total or partial electronic transfers [72], i.e. redox reactions or charge-transfer interac-
tions.
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? The dielectric constant of the analysed gas may a�ect the electron interchain hopping
process [71, 49, 74].

Which of those mechanisms, or which combination thereof, is responsible for the observed
sensing e�ect, may potentially depend on the particular analyte under study. Hereafter we
detail possible mechanisms evoked for methanol and ethanol vapours, with which we will be
mostly concerned.

6.2.2 Charge-transfer interactions and the modulation of the polymer work
function

Janata and Josowicz [72] studied the partial electron transfer that occurs between the adsorbed
analyte and the polymer matrix and they showed that it results in a shift of the Fermi level
of the matrix. An outline of their theory is presented in Appendix C.

However, the applicability of their theory to the category of neutral or weak Lewis acids,
to which common organic vapours belong, is questionable. Moreover, Charlesworth and co-
workers [70] observed no correlation between the conductance response of their sensors and
the electronegativity1 of the solvent vapour analyte, or its dipole moment, which con�icts
with the theory of Janata and Josowicz [72].

6.2.3 Permittivity e�ect

Charlesworth et al. also did their best to separate two seemingly parallel e�ects:

- the change in conductivity per adsorbed solvent molecule, due to the intrinsic nature of the
interaction between the analyte and the doped polymer

- the mass uptake of solvent by the polymer, which quanti�es the amount of solvent that is
able to di�use in the �lm and be adsorbed.

It was established that, for small relative mass uptakes, up to 5%, the relative global conduc-
tance change of a sensor to a given analyte is proportional to its (solvent-dependent) relative
mass uptake [70]:

� R
R

= � s
� M
M

Let us stress that the proportionality factor � s varies with each speci�c solvent.

They suggested that the e�ect of a particular organic vapour could be interpreted in terms
of only its dielectric constant. The latter was thought to a�ect electron-hopping around the

1 The electronegativity was reported in terms of ionization potential in their work
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defects of the polymer matrix, either within the chains or between neighbouring chains. Their
experimental results, so they claimed, tended to support this dependence on the dielectric
constant, but were too scarce to con�rm it.

Using inkjet-printed polypyrrole �lms to sense organic vapours, Mabrook and co-workers [71]
con�rmed the dependence of the sensitivity, as de�ned byj � Rj=R, on the dielectric constant,
and found a linear relationship between these parameters2.

The dependence of the sensitivity on the dielectric constant was further rationalized by Zotti
and co-workers [74]. They quanti�ed the in�uence of the electric permittivity of the medium
on the hopping rate between chains or clusters by adapting Eq 5.1.,viz.

ln
�

�
� 0

�
/ 1 �

1
1 + ( � s=� p � 1) Cs

(6.1)

Here, � 0 and � are the conductivities respectively before, and after, exposure to the organic
solvent vapour, Cs is the molar fraction of adsorbed vapour, and� s and � p � 2 � 5 are the
relative permittivity of the solvent and the polymer, respectively.

As can be seen in Eq 6.1, the conductivity of the �lm decreases when it is exposed to an
analyte if the latter has a larger permittivity than the polymer, and increases otherwise. The
experimental data collected by the authors are in good agreement with this equation [74].

Moreover, for small relative variations of conductivity � �
� � � � � 0

� 0
and low vapour concentra-

tion , Eq 6.1 can be linearized:
� �
�

/ ( � s=� p � 1) Cs

One thus recovers the a�ne relationship experimentally observed by Mabrook [71].

If we relax the constraint of low vapour concentration while still having a small relative change
in conductivity, one gets:

� �
�

/
( � s=� p � 1) Cs

1 + ( � s=� p � 1) Cs
(6.2)

We would like to mention that such a dependence on the concentration can easily be obtained
(Hwang and Lin, as cited by [49]) without any referrence to the particular physical mechanism
e�ecting the change in conductivity. In the equilibrium state, assuming that solvent molecules

2 It must however be noted that they systematically observed an increase of conductance upon exposure to
methanol and ethanol, for instance, whereas the polypyrrole sensors tested in [67, 74], as well as ours, exhibit
a decrease of conductance. This di�erence could be ascribed to their use of a commercial solution of doped
polypyrrole and the inkjet-printing technique, which can lead to very di�erent doping levels and a previously
untested nature of dopants. The nature of dopants and their concentration is known to greatly a�ect the
response of the sensor [66].
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can only occupy a given number of sites in the polymer matrix and that the micro-resistance
rocc of an occupied site di�ers from that of an empty site, remp, the overall change in resistance
� R upon exposure to the vapour is proportional to:

� R / � � � (rocc � remp)

Here, � 2 [0; 1] is the average occupancy of the binding sites. Assuming it can be well described
by a Langmuir isotherm

� =
K ad cs

1 + K ad cs

where K ad is the adsorption equilibrium constant and cs is the analyte concentration. Hence

� R / (rocc � remp)
K ad cs

1 + K ad cs
(6.3)

Note here that, albeit non-apparent in Eq 6.1 or Eq 6.3, the doping level of the polymer greatly
in�uences its sensitivity. In this respect, Zotti and co-workers have shown that lightly-doped
polypyrrole sensors are much more responsive than their heavily-doped counterparts [74].

All in all, in spite of the rapid development of chemiresistors in the last decades and the at-
tempts made to uncover their working principle, the latter remains controversial and, in prac-
tice, the relationship between the measured conductance and the concentration and physical
properties of the analyte is most often empirically established [69].

6.2.4 Transient response

In order to study the physical origin of the sensors' transient response to organic vapours,
Bartlett et al. [67] explored two types of models. The �rst one assumes that the process is
di�usion-limited and therefore focuses on the time it takes vapour molecules to di�use inside
the polymer �lm. The second one is based on a sorption model for the reaction

G + < site >
ka


kd

< G >

where G is the analyte, <site> denotes one free binding site andka and kd are the adsorption
and desorption kinetic constants.

They found a signi�cantly better �tting with the second model, based on a sorption reaction.

On the other hand, Charlesworth et al. [70] took up the di�usion model and modelled the
�lm as a uniform sheet. They derived the following approximation for the very start of the
response:

M (t)
M (1 )

= 2
�

Dt
�L 2

� 1=2

(6.4)



74 CHAPTER 6. NANOSTRUCTURED POLYPYRROLE GAS SENSORS

whereM (t) is the mass uptake at timet, D is the di�usion constant and L is the �lm thickness.
Eq 6.4 could describe their experimental data well as long as only small analyte molecules,
such as methanol molecules, were considered.

Capacitance e�ects also have to be taken into account at the start of the transient, since the
change of dielectric constant of the �lm and its environment a�ects its capacitance.

Regardless of the model, the relatively long reponse time (e.g. typically20 s for Neotronics
polypyrrole-based NOSE sensor array [68]) could be an issue, and we hope that our nanos-
tructured polypyrrole �lms will have a signi�cantly shorter response time.

6.3 Nanostructured sensors: State of the art

Various attempts have been undertaken to structure conjugated polymers on a nanometric
scale, in order to allow particles to di�use freely in the bulk of the �lm and provide extensive
interfaces.

Martin reported the template-assisted growth of polypyrrole in nanoporous alumina mem-
branes [96]. In 2004, Anet al. used chemical polymerization to coat single-walled carbon
nanotubes with polypyrrole so as to build an NO2 sensor [99]. In 2007, Ekanayake and co-
workers designed a glucose biosensor based on polypyrrole nanotubes [98]. The nanotubes
were electrodeposited in a nanoporous alumina membrane coated with sputtered platinium.
These workers indicated that their sensors exhibit high sensivity and a short response time
(3 s), as compared to non-structured sensors. Very recently, Layton and Abidian reported the
design of a PEDOT nano�bre-based glucose biosensor with higher sensitivity and a lower de-
tection limit than a structureless �lm [97]. Recent developments in, and successes of, sensors
and (mostly) biosensors based on conjugated polymers are reviewed by Rajesh and co-workers
in [100].

Thus, these reported successes encouraged us to use our gyroid polypyrrole �lms as sensors.

6.4 Construction of the sensors

However, one more step was needed before we could turn our nanostructured polypyrrole �lms
into sensors. Indeed, the �lms are grown on conducting FTO substrates, whereas two separate
electrodes connected by the sensing material are required in order to form a conductivity
sensor.

To create this architecture, two di�erent approaches were adopted:

1) Peel o� and transfer the polypyrrole �lm after it is deposited
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A thick layer of a viscous solution of high-molecular-weight (280 kg� mol� 1) polystyrene in
xylene is spread on the (dry) polypyrrole �lms. After complete drying of this layer, the edges
of the �lm are cut with a blade. The �lm is carefully peeled o� with lab tweezers, transferred
onto a pre-patterned electrode, and immersed in xylene for several hours to dissolve the
polystyrene. Finally, it is taken out of the etching solution and cautiously rinsed with fresh
xylene.

2) Cover a patterned electrode with a temporary gold layer to grow the �lm, and
then etch the layer

To construct a patterned electrode, a 15 nanometre-thick chromium pattern is deposited on
a thoroughly-cleaned glass slide by evaporation through a home-made mask. Then the whole
glass slide is coated with gold by direct evaporation without any mask.

The solution of gyroid-forming block co-polymers is then directly spin-coated on the resulting
substrate, instead of the usual FTO-coated sheet.

After annealing the �lm and etching the minority phase, polypyrrole is grown on the gold-
covered substrate through the gyroid. The polystyrene template and, then, the gold layer,
are etched, using xylene and a commerical gold etchant, respectively.

Note that, unlike conventional methods, neither of our approaches requires polypyrrole to
grow sideways during the electrodeposition so as to bridge a non-conducting gap between two
electrodes. This relaxes the constraint on the size of the gap, which, in conventional methods,
cannot exceed a few tens of microns.

The second approach proved less e�cient than the �rst one, because of the poor adherence of
gold on glass and, in some cases, the di�culty to etch the underlying gold layer.

Our tests showed that the high-conductivity �lms are more sensitive to analytes in general if
they span a wide gap (5 mm) than if they bridge a narrow gap (� 100� m) between interdig-
itated electrodes.

Figure 6.1: Pictures of two types of electrodes . (a) Interdigitated electrodes, (b) wide-
gap electrodes
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(a) Scale bar: 2 � m (b) Scale bar: 400 nm

(c) Scale bar: 400 nm (d) Scale bar: 200 nm

Figure 6.2: SEM images of: (a) and (b) non-structured �lm sensors, (c) and (d) nanos-
tructured �lm sensors. After plasma etching. View from the top.

6.5 Sensor testing setup

The sensor testing setup, mostly constructed by Richard White, consists of a solvent bubbling
unit, a vacuum chamber containing a chip-carrier connected to a potentiostat-galvanostat.
The sensors are mounted onto the chip carrier in the vacuum chamber. Since the large volume
of the latter impedes instantaneous gas delivery and homogeneization, a smaller chamber was
assembled in the vacuum chamber. The conductance of the �lms is determined by applying
a �xed voltage between their extremities, typically 0:1 V, and measuring the electric current
response. The setup is sketched in Fig 6.3.
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The solvent bubbling unit, built by Sven Hüttner (Opto-electronics), comprises two parallel
channels (pipes) that merge into a single one feeding the chamber. The �rst channel is used
to carry dry nitrogen; the second one bubbles through the liquid solvent and thus carries
nitrogen saturated with solvent vapour. The �ow rates Q1 and Q2 and in the �rst and the
second channels, respectively, are regulated by two distinct mass �ow controllers3 (mks, Mass-
Flo® Controller), both operating in the range 1 to 100 sccm (standard cubic centimers per
minute4).

3A typical mass �ow controller comprises a bypass, that directs only a given fraction of the in�ow to a
heated �ow rate sensor [101]. From the measurement of the heat lost to the gas, the heated sensor deduces the
�ow rate and transmits a corresponding signal to a �ow-regulating valve in a feedback loop.

41 sccm = 1 cm3=min at standard pressure and temperature.
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Figure 6.3: Sensor testing setup: (top) Sketch, (bottom) Picture
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6.5.1 Assessment of the vapour content of the gas

In order to assess the fractionf of solvent vapour molecules in the �uid, one assumes that
the solvent is always in thermodynamic equilibrium with the ambient gas and, therefore, that
the partial pressure psolv of solvent vapour in the gas in channel 2 is the saturated vapour
pressurepsat (T) of the solvent at ambient temperature T, viz.

psolv = psat (T)

This value is to be compared with the global ambient pressureP? of the gas in contact with
the solvent. Assuming the �ow is laminar, it obeys a Poiseuille law:

dP
dx

=
128�Q 2

�d 4 (6.5)

where P is the local pressure in the pipe at positionx, d is the diameter of the pipe, Q2 is
the volumetric �ow rate and � is the dynamic viscosity of the gas. Integrating Eq 6.5 from
the chamber, at pressurePch, to the solvent (distant of L from the chamber) yields:

P? = Pch +
128�Q 2L

�d 4

Using Pch = 5 � 105Pa, d = 0 :5 cm; � = 10 � 5 Pa � s, L = 80 cm and Q2 � 100 sccm, one gets:
P? � Pch. The ideal gas law states that, at a given temperature, the number of molecules is
proportional to its pressure; therefore, the ratio f 2 of solvent vapour molecules over the total
number of molecules in channel 2 satis�es

f 2 =
psolv

P?

The overall fraction f of solvent molecules when channels 1 and 2 merge is then:

f =
Q2

Q1 + Q2
f 2

6.6 Results

6.6.1 Response to various solvent vapours

Both nanostructured and non-structured polypyrrole �lms were found to be responsive to
a variety of solvent vapours, including methanol, ethanol, isopropanol, acetone, but also to
water vapour. All responses are characterized by a decrease in the conductance of the �lms.
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The baseline conductance, typically around10� 3 � 10� 2 S, does not exhibit any drift over a
period of a few minutes in a dry environment. Upon exposure to the analyte vapour, the
conductance drops and tends to stabilize, although a slight drift downwards is generally still
noticeable in the �steady� state. Upon cessation of the exposure, �lms revert to a higher
conductance, but do not fully recover their initial conductance over a time scale of minutes.
However, the new upper value of conductance can be recovered after subsequent exposures,
and the response then exhibits relatively good reproducibility.

6.6.2 In�uence of atmospheric conditions

Humidity

Experiments conducted in uncontrolled conditions, i.e. in ambient air, show that the atmo-
spheric humidity has an in�uence on the sensors. Indeed, on exposure to solvent vapour, the
conductance �rst surges, before decreasing. This surge does not occur with water, in which
case the conductance starts decreasing immediately. Nor does it appear under controlled
experimental conditions, i.e. in a purged vacuum chamber. Therefore, the initial increase of
conductance can be interpreted as a competition between the progressive desorption of water
molecules from the �lm, resulting in an increased conductivity, and the gradual adsorption of
solvent molecules, resulting in an increased resistivity.

Pressure

Pressure does not have a considerable impact on the �lm conductance, although at very low
pressures an in�ow of dry nitrogen induces a decline of the latter.

6.6.3 Sensitivity

Let us now inquire into the sensitivity S = j � Gj=G0 = j � Rj=R0 of the �lms. Here, � G = G1 �G 0,
G0 is the conductance prior to exposure to the analyte andG1 is the steady-state conductance
in the presence of the analyte. The transient response will only be considered in the next
section.

Dependence on the analyte concentration

In Section 6.2.3, it was shown that the assumption of the existence of an adsorption equilibrium
leads to a model satifying Eq 6.3, which predicts a linear dependence of the sensitivity on the
(low) analyte concentration.
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This relationship has been tested against, and tends to be supported by, the experimental
responses of both non-structured and gyroid �lms which are shown in Fig 6.4.

Figure 6.4: Sensitivity S = j � Gj=G0 to ethanol vapour of non-structured ('Non-Str')
and gyroid-like sensors as a function of the partial pressure of ethanol vapour .
To allow comparison, the sensitivities have been rescaled so thatS(15mbar) = 1 .

Sensitivity to ethanol and methanol

In order to compare the respective sensitivities of methanol and ethanol, one must take into
account their di�erent saturated vapour pressures and calculate the analyte concentrations
accordingly. For a given non-structured �lm, by making a linear extrapolation to identi-
cal analyte concentrations, we �nd roughly similar sensitivities to methanol and ethanol,
Smethanol = 1 :7%� 0:3 and Sethanol = 1 :6%� 0:2 for a vapour concentration of 9%, whereas
Mabrook et al. observed a somewhat larger discrepancy with their ink-jet printed polypyrrole
�lms 5 [71] .

Dependence on the conditons of electropolymerization

For the various �lms, regardless of their being structured or not, the absolute change of
conductance� G upon exposure to a given analyte concentration is roughly constant. Conse-
quently, the sensitivity of the �lms, de�ned as S = j � Gj=G0, tends to decrease with their initial
conductanceG0.

It would be interesting to conduct a more thorough investigation into the e�ects of the various
parameters involved in electropolymerization, but our data are too scattered and too scarce
to allow this.

5These workers found Smethanol = 88% and Sethanol = 68% at a given vapour concentration. Note that, if
indeed � G tends to be constant (see below), the comparison between the sensitivities of the sensors from [71]
and ours is somewhat biased, insofar as the de�nition of the conductivity S = j � Gj

G0
involves a division by the

initial conductivity, which is orders of magnitude larger in our case.
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Comparison between gyroid-like and non-structured �lms

The template-assisted nanostructuring of some �lms does not dramatically enhance their
sensitivity. Indeed, there is no signi�cant increase in sensitivity when one substitutes gyroid
�lm sensors for non-structured ones. The peak sensitivities reached by the two types of
sensors, in the presence of 16% methanol in dry nitrogen, are 11% and 13%, respectively.
Those �gures are to be compared with the 30% sensitivity to methanol reported by Bartlett
[67]. The supposed high-level of doping of our �lms may account for their lower sensitivity
[74].

6.6.4 Transient response

Now, we focus on the dynamic behaviour of the sensors, more precisely, on their transient
response, as they are exposed to the analyte att = 0 .

Models

The �rst observation is that the transient response of the sensors always has a (qualitatively)
similar pattern. This pattern may help to discriminate between di�erent theoretical models
of transients and determine which of those best captures the sensors' response. We consider
the same three response scenarios as Bartlettet al. [67]. The �rst two scenarios are based on
the assumption that the rate-limiting process is di�usion in the polymer �lm. The �rst one
models the �lm as a plane sheet of thicknessl and predicts the following response

� (t) = 1 �
8
� 2

1X

n=0

exp (� D (2n+1) 2 � 2 t=4 l2)
(2n + 1) 2

where the transient factor � (t) obeys: G(t)�G 0
G0

= � (t) � G1 �G 0
G0

and D is the di�usivity within
the �lm, while the second scenario models the �lm as a sphere of radiusa and yields:

� (t) = 1 �
6
� 2

1X

n=1

exp (� D n 2 � 2 t=a2)
n2

In the last scenario, one assumes that the rate-limiting process is the analyte sorption reaction
(see Section 6.2.4)

� (t) = 1 � exp (� k t )

where k is an overall kinetic constant that depends on the partial pressure of analyte vapour.
Those models are �t to the experimental curves with a least square minimization routine in
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Python6 . Note that the amplitude of the change in conductance is set manually. The �tted
curves are shown in Figs 6.5, 6.6, 6.7 and 6.8.

Figure 6.5: Conductance response of a non-structured �lm to 11% methanol
vapour . Blue dots (� ): experimental data. Solid red lines (-): �t based on
(Left ) the model of di�usion in a plane sheet
(Centre) the model of di�usion in a sphere
(Right) the sorption model

Figure 6.6: Conductance response of another non-structured �lm to 4% ethanol
vapour . Refer to Fig 6.5 for the legend.

6The expressions of� (t) were truncated to the �rst three and four terms in the sum for the �rst and second
models, respectively.
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Figure 6.7: Conductance response of a gyroid-like �lm to 4% ethanol vapour . Refer
to Fig 6.5 for the legend.

Figure 6.8: Conductance response of a gyroid-like �lm to 1% ethanol vapour . Refer
to Fig 6.5 for the legend.

The sorption model systematically gives the best �t, sometimes in concurrence with the model
of di�usion in a plane sheet. It is worth mentioning that Bartlett and co-workers had come
to an identical conclusion. However, as they pointed out, this does not guarantee that the
sorption scenario is accurate, insofar as other models could lead to similar predictions.

Variability of the response times

Our data signi�cantly di�er from those of Bartlett et al. [67] regarding the relative response
time of methanol and ethanol: contrary to them, we do not observe a signi�cantly larger
response time to the latter.
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Also, the reponse time does not greatly vary with analyte concentration - although the recovery
time may be slightly shorter at higher concentrations.

On the other hand, we remark that the conductance drops faster than it reverts back to its
higher value. In other words, the analyte molecules di�use through the �lm and bind to their
active locations faster than they are then released and their presence ceases to be felt.

Finally, let us note that our data do not enable us to study the in�uence of other potentially
in�uential parameters, such as �lm thickness.

Comparison between non-structured and gyroid-like �lms

(a) Upon exposure to ethanol (b) Upon exposure to dry N2

Figure 6.9: Response time t 1=2 of non-structured (Non-Str.) and gyroid-like sensors .
t1=2 is de�ned as the time needed to reach 50% of the steady-state response. Each 'Non-
Str'/'Gyroid' pair is composed of �lms electropolymerized in the same conditions. Note that
(1) and (2) correspond to the same �lms, exposed to di�erent analyte concentrations.
(1) and (3) : 1.2% of ethanol vapour in dry nitrogen
(2) : 3.8% of ethanol vapour in dry nitrogen

Fig 6.9 presents the response times of both types of sensors upon exposure to ethanol vapour
(decreasing conductivity) and upon exposure to dry nitrogen (recovery of a greater conductiv-
ity). Contrary to our expectations, gyroid �lms are not found to respond dramatically faster
than their non-structured counterparts 7. Nevertheless, as one can see in Fig 6.9, the recovery
time on cessation of the vapour in�ow seems to be perceptibly lower for the nanostructured
�lms. We conjecture that the proximity of an empty gyroid channel to any point within the

7Note that only �lms synthesized in identical conditions are compared. In particular, the �lms that are
compared have similar amounts of polypyrrole material per unit surface area.
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bulk of the structured �lms may possibly accelerate the purging process.

All in all, the better agreement of the sorption model to match the experimental data, as
compared to the di�usion-limited scenario, and the overall similarity of the responses of non-
strutured and gyroid �lms suggest that the (non-structured) polypyrrole �lms are indeed very
porous and, consequently, they allow facile di�usion of the analyte molecules in their bulk. To
con�rm this hypothesis, one could test the sensors on moleculesmuch larger than methanol,
since the (only slightly bigger) molecules of ethanol do not show any signi�cant di�erence.
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Conclusion

In conclusion, we �rst investigated the use of a supramolecular switch based on the photoiso-
merization of azobenzene to �nely control the binding of colloids to a functionalized surface.
For this to work, some points needed to be con�rmed: Can the azobenzene chromophores
be photoisomerized on a metallic surface? Is the switch e�cient when its active components
are grafted to a colloid? We provided some evidence of the di�culty of isomerizing a self-
assembled monolayer of azobenzene molecules on gold, and, more crucially, of the low binding
strength of the supramolecular complex with respect to the immobilization of functionalized
colloids. With the present molecules, these di�culties, it seems to us, are prohibitive inso-
far our �nal aim to create a thermal ratchet to rectify the motion of colloids requires very
�ne control of the binding. Any further attempt towards this aim should therefore start by
addressing these issues.

As an alternative, we proposed to use an electrochemical switch in which naphthalene is
substitued for azobenzene as a second guest. In principle, the electrochemical switch appears
considerably less appealing than its optical counterpart in many respects because of its limited
spatial and temporal resolution and the side reactions it may induce. However, in the present
state, it seems more practicable. We were thus able to obtain speci�c surface-binding of the
colloids; but non-speci�c interactions hindered the reversal of the switch. If this approach is
to be continued, a means to overcome the non-speci�c interactions will have to be devised,
such as, potentially, grafting polymer chains to the colloids so as to make them �hairy�.

In an independent project, we achieved the template-assisted nanostructuring of a conjugated
polymer, polypyrrole. Conjugated polymers have various applications, but we decided to
turn the nanostructured polypyrrole �lms into chemical sensors. The sensors are e�cient in
detecting concentrations of solvent vapours as low as1 vol% with great reliability, and with a
response time below 20 seconds. However, comparison with non-structured polypyrrole �lms
puts these performances in perspective, as it does not reveal signi�cant enhancement of the
sensitivity for structured sensors, nor dramatic decrease of the response time. Some evidence
invites us to ascribe this to the high porosity of polypyrrole �lms grown in water, which would
allow facile di�usion of the analyte molecules to the bulk of the �lms. On the other hand, we
are con�dent that, in other applications, the formation of nanostructures within conjugated
polymer �lms will lead to considerable enhancement of device performances. Presently, Maik
Scherer is inquiring into their potential use in organic photovoltaic cells.

In hindsight, the several apparent dead ends that my project has come to have forced me to
redirect its course and, �nally, explore quite a few areas in the realm of physical chemistry.
Of course, this has not allowed me to gain an in-depth knowledge of them all, but, neverthe-
less, I have had the opportunity to get an acceptable overview of scienti�c �elds as diverse
as supramolecular chemistry and cucurbituril complexes, colloidal physics, photoisomeriza-
tion, block copolymer self-assembly, nano�lters8, conjugated polymers, conductivity-based
chemical sensors, organic photovoltaic cells9, surface-enhanced Raman spectroscopy, etc. The

8 This unsuccessful attempt did not make its way to the present thesis.
9 This use of structured conjugated polymer is currently investigated by Maik Scherer.
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experimental techniques I have worked with do naturally echo this diversity; to name but
a few: confocal microscopy, scanning electron microscopy, Zetasizer, electrochemistry setup,
spectrophotometry, Raman spectroscopy, etc. Thus, for all the snags and dreary horizons
that have been encountered on the way, the journey has undeniably been enriching.



Appendix A

Theory of thermal ratchets

The cornerstone of any thermal ratchet is the recti�cation of the unbiased (random) Brownian
motion of the colloids or particles, in the absence of macroscopically inhomogeneous potential
or, equivalently, long-ranged external force. However, the very idea of extracting useful work
from unbiased random �uctuations is counterintuitive and may appear to violate thermody-
namic laws. Indeed, Curie's law, stating that the e�ects are at least as symmetric as the
causes [9], precludes the directed motion of a Brownian motor in a system at equilibrium with
spatial symmetry of the potential and time symmetry of the external force. On the other
hand, should either the strongx ! � x symmetry [6] or the time reversibility of the external
force be broken in a non-equilibrated system, this theoretical obstacle would vanish.

We �rst consider the general principle of a one-dimensional Brownian motor and follow the
presentation of [6] before turning to the speci�c case of our project.

General situation

Consider a Brownian particle that can undergo a reversible transition between two internal
states, namely thebound (b) and the free (f ) states. In the latter, it travels in a �at potential
and its motion is therefore purely di�usive, whereas the energy potential for the former is
periodic, but asymmetric (see e.g. Fig A.1). When the states are alternated in �nely-tuned
cycles, most of the particles in thebound state will slide down the long gentle slopes before
getting pinned at a potential well; then pure di�usion in the free state will enable them to
cross the energy barriers they were facing while in thebound state. Therefore, on average,
particles will move to the right in the energy landscape of Fig A.1.

89
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Figure A.1: Sawtooth-like energy landscape in a thermal ratchet . ! bf and ! fb denote
transition rates between the bound and free states.

To quantify this, let us introduce the Langevin equation, governing the (highly-damped)
motion of a large particle:

_v + 
v = �( t) (A.1)

where 
 is the particle mobility and �( t) is a delta-correlated Gaussian random force, usually
called white noise. The Langevin equation, Eq A.1, can be recast into a Fokker-Planck
equation [10]:

@t P + @x (J ) = s

J = D (1) P + @x (D (2) P) (A.2)

where J is the density current associated with density probability P, D (1) and D (2) are
respectively called the drift and di�usion coe�cient, while the source term s accounts for the
creation and annihilation of particles. We denote by@x the partial derivative with respect to
x. The spatial and temporal arguments of the functions have been dropped for simplicity.

The Fokker-Planck Equations, Eq A.2, can naturally be written for both the bound and the
free state. Summing the two gives the currentJ of the total density probability P [6]

J = Jb + Jf = � D
�
P@x

�
W
kT

�
+ @xP

�

where the e�ective di�usion coe�cient is: D = � b(x)Db+ � f (x)D f , and the e�ective potential
obeys:

W (x) � W (0) =
� x

0

� bDb@xWb + � f D f @xWf

D
dx + kT [ln (D )]x

0 (A.3)

Here, � b � Pb=P and � f � Pf =P are functions of position that are evaluated by taking into
account the boundary conditions. If the system is allowed to reach equilibrium, the density
probabilities follow a Boltzmann law. Then � b=� f = exp( Wf � Wb

kT ), which implies that the
integrand in Eq A.3 is the derivative of the periodic function

� kT ln [Db exp(� Wb=kT ) + D f exp(� Wf =kT )]
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The e�ective potential is then periodic: no macroscopic current can arise at equilibrium.
Consequently, if one wishes to obtain a collective overall migration of the particles, one needs
to externally adjust the transition rates between the bound and free states; in other words an
external action is required to drive the system out of equilibrium.

Flat energy potential, non-uniform transition rates: a more intuitive ap-
proach

Figure A.2: Zoom on a region with a uniform gradient of transition rates

In Section 1.1.2, we showed analytically how a net overall migration of particles can be brought
on in �at energy potentials by adjusting the local transition rates. As a matter of fact, the
physics of the system can be more easily understood in terms of an e�ective di�usivityDef f ,
de�ned as the local time-weighted average between thebound and free di�usivities:

Def f (x) = pf (x) � D f + pb(x) � 0

where pf (x) and pb(x) are the probabilities for a particle at position x to be in the free state
and in the bound state, respectively. Eq 1.3 then simply describes the enhanced pinning of
particles in regions of lower e�ective di�usivity.

In Fig A.2, as a particle moves towards negativex, it is more and more likely to be immobilized
in the bound state (�sticky region�), while moving to the right increases the particle's e�ective
di�usivity. Thus, after some �nite time � , the average position of a particle initially at x = 0
will clearly satisfy

hx(� )i > 0

Note, however, that the introduction of an inhomogeneous di�usion coe�cient entails neces-
sary modi�cations to the Fokker-Planck equation, Eq A.2. It has recently been shown that
the physically relevant modi�cation actually depends on details of the underlying physical sys-
tem1[11], which is di�cult to de�ne in the present case. Therefore, the �e�ective di�usivity�
approach has mainly been proposed so as to shed light on the physics of the system.

1As a matter of fact, this issue is well-known under the name of Itô-Stratonovitch dilemma. The dilemma
originates from the ambiguity in the interpretation of the Gaussian white noise in the Langevin equation, and
the possible alternatives lead to very di�erent physical results.
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Thermal ratchet based on an asymmetric pattern of transition rates

A uniform gradient of transition rates such as that shown in Fig A.2 would be quite ine�cient
over long distances. That is why we resort to a thermal ratchet: the spatial pro�le of the
transition rates will, for instance, be sawtooth-like, in analogy with the energy landscape
presented in Fig A.1. The sawtooth-like pro�le will be periodically alternated with purely
di�usive steps, when all particles are switched to the free state. The resulting properties of
the system are then derived from the general case exposed in Section A by strict analogy.
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Contact angle measurements

The contact angle of a water droplet, for instance, on a substrate depends mostly on the
properties of the uppermost molecular layers of the substrate.

Our contact angle measurements con�rmed, �rstly, that azobenzenethiol molecules are indeed
adsorbed onto a smooth gold surface (Au(111)): initially around 71°, the contact angle rises
to 84° after immersion of the gold substrate in a solution of azobenzenethiol diluted in ethanol
for a few minutes and thorough washing of the surface. (The contact angles were determined
with a goniometer and the computer software SFE CAM2008). Moreover, the fact that the
contact angle only changes little afterwards, reaching 88° after 24 hours immersion, tends to
indicate that the self-assembled monolayer evolves only little after the �rst few minutes.

Secondly, contact angle measurements also provide information about the co-adsorption of
di�erent molecules in a mixed monolayer. Indeed, a surface functionalized with a mixture of
azobenzene and cysteamine hydrochloride had a contact angle intermediate between those of
the two species. Therefore, both chemical species are present on the surface.

Thirdly, it is known that, when azobenzene is isomerized, its dipolar moment is altered, which
modi�es the contact angle of an azobenzene-functionalized surface. However, this change is
small and amounts to only 2° for an azobenzene derivative layer on silicon [28]. To render the
detection tractable, this change needs to be ampli�ed.

Fabrication of a textured surface

The Cassie-Baxter equation [30] states that the apparent contact angle� app of a liquid on a
rough surface obeys:

cos(� app) = f [1 + cos(� 0)] � 1

where � 0 is the contact angle of the liquid on a �at substrate and f is the ratio of the
conformal area of solid-liquid interface over the total surface area. If the substrate is rough
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and not wetted by the liquid, f can be arbitrarily small. Consequently, the apparent contact
angle will in theory tend to 180° asf vanishes. Therefore textured surfaces can have very large
contact angles, as with the all-too-often cited example of lotus leaves, and often dramatically
enhance contact angle variations [28], sincef is in fact a function of the advancing contact
angle � 0.

Figure B.1: Textured surface fabricated through hot embossing. Scale bar:10� m

Accordingly, we fabricated a textured surface with 10� m high, 600 nm thick pillars. This
was achieved by the method of hot embossing, which was suggested to us by Sarah Rong.
In short, a polypropylene �lm is pressed against a porous membrane and heated above its
melting temperature, so that polypropylene in�ltrates the pores of the membrane. Then, the
membrane is dissolved in dichloromethane. The polypropylene �lm is now textured, but may
not be taken out of the solvent immediately; otherwise, the surface tension of the liquid would
result in pillars that are stuck together, like wet hair. To avoid this, the sample is put in a
supercritical dryer, which is �lled with a gas that is soluble with the solvent (carbon dioxide,
here). Controlling the temperature and the pressure enables continuous transformation of the
liquid into a vapour via the �uid phase. Finally, the substrate is then coated with gold and
functionalized with azobenzenethiol. The resulting surface is shown in Fig B.1.

The contact angle of the resulting surface is dramatically increased compared to its value on
a �at surface (130° vs. 84°). Nevertheless, no noticeable change is detected when the surface
is exposed to UV light1. Note that we tried both pure azobenzene self-assembled monolayers,
and mixed monolayers with alkanethiols acting as spacers (see Section2.4.5 )

A similar azobenzene-functionalized textured surface had been used by Feng Tian and co-
workers to monitor the formation of the ternary complex consisting of azobenzene,MV 2+

and CB[8]. They also observed very large values of the initial contact angle (136°). After
immersion of the substrate in aMV � CB[8] solution, the contact angle dropped to 23° and

1 Note that care had been taken to observe the very same droplet, kept in a vapour saturated environment,
before and after exposure to avoid artifacts due to the inhomogeneity of the surface.
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they attributed this to the formation of the ternary complexes. The initial hydrophobicity
could be fully restored by exposure to UV light and gentle washing. This behaviour was
observed over several cycles.

We have tried to reproduce those experiments, but unsuccessfully, although they have been re-
peated by other people. The samples did not turn hydrophilic after up to one hour immersions
in a MV � CB[8] solution. A possible explanation is that the substrate was so hydrophobic
that only a tiny fraction of it made contact with the aqueous solution and, thence, only few
complexes were formed.

Our attempt to reproduce the experiment on a �at gold substrate (instead of a textured one)
was slightly more successful, as shown in Fig B.2. However, one may wonder whether the
energy transmitted to the sample during its exposure to UV might in fact not be su�cient
to directly break the ternary complexes, i.e. without �rst involving the photoisomerization of
the azobenzene chromophores.

(a) Contact angle of a water droplet on a �at
gold substrate after immersion in a solution of
MV 2+ � CB[8] and exposure to UV.

(b) Contact angle of a water droplet on a textured
gold substrate as a function of its immersion time in
a solution of MV 2+ � CB[8]

Figure B.2: Contact angle measurements
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Chemical modulation of polymer
work function

Janata and Josowicz [72] studied the chemical modulation of the work function of conduc-
tive polymers originating in charge-transfer interactions between the polymer matrix and the
analyte. In this sense, exposure to the analysed gas may be regarded as a secondary doping
process [55, 72], insofar as the Fermi level of the material is altered by interactions with the
analyte.

The work function is de�ned as �the minimum work required to extract an electron from
the Fermi level EF of a conducting phase through the surface and place it in vacuum just
outside the reach of the electrostatic forces of that phase�, into a so-called vacuum level [72].
Consequently, the modulation of the work function can theoretically be split into two major
contributions:

? the bulk contribution, that does not take into account the discontinuity at the surface
of the material

? the surface contribution, originating from this discontinuity

Although the surface contribution may play a major part at the contact interfaces between the
electrodes and the conductive polymer �lm, we choose to focus only on the bulk modulation
and present a brief outline of the theory detailed in [72].

In its principle, this theory extends the well-known Nernst equation relating the occupation
of the oxidation states of a redox couple to its electric potential,viz.

E = E0 +
RT
zF

ln
�

a(ox)
a(red)

�
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where E and E0 are respectively the actual and the standard reduction potentials of the
species of concern,a(ox) and a(red) are the respective chemical activities of the oxidized
and the reduced state of the molecule,z is the number of electrons involved in the oxidation
reaction. The other notations have already been de�ned.

Secondary doping di�ers from a redox reaction in that it allows a partial electron transfer
between the analyte gas and the primarily doped polymer. If� denotes the fraction of charge
transferred from analyte (gas) G to the polymer matrix, the charge-transfer equation reads:

G = G� + + � e � (C.1)

The value of � is set by the di�erence in the energy levels of the reactants, as de�ned e.g. by
the Fermi level EF of the doped polymer and the Mulliken electronegativity coe�cient � of
the analyte: � � 1=2(Ea � I p), where Ea and I p are respectively the electron a�nity and the
ionization potential of the analyte, viz.

� = � (EF � � ) (C.2)

where� is a proportionality factor. In particular, in the case of equal electronegativity EF = � ,
no charge transfer is expected to occur.

Now, let us write the equilibrium constant for Eq C.1:

K G =
[e� ]2�

�P G
(C.3)

where PG is the partial pressure of the gas,� is its solubility in the polymer matrix. Here,
we have made use of the conservation of charge:[G� + ] = [ e� ].

To get the Fermi level of the doped polymer, we use the following formula from semi-conductor
physics, where we focus onn-doping for convenience and denote bygD the degeneracy factor
of the donor state:

EF = ED + kT ln
�

ND

gD ND +

�
(C.4)

Note that we do not need to specify what the energy levelED is. In practice, it is most
probably a polaron or bipolaron state resulting from primary doping. The proportion of
ionized vs. neutral donors is set by another equilibrium constant,

K D = [ e� ] ND + =ND (C.5)

Combining Eq C.4 with the de�nitions of the equilibrium constants, i.e. Eq C.3 and C.5,
yields:
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EF = ED � +
kT
2�

ln (PG) (C.6)

Here we have used the shorthandED � � ED + kT
2� ln ( �K G) � kT ln (gD K D ). Not quite

surprisingly, Eq C.6 bears a striking resemblance with the Nernst equation, bar the non-
integer value of � .

Note that Eq C.6 appears to lead to unphysical predictions in the limit � ! 0. Yet, as far as
we understand, the equilibrium constant K G also depends on� and K G ! 1 when � ! 0.

Applicability of the chemical modulation theory

Using a Kelvin probe to measure the di�erence of work function between a polymer electrode
and a reference electrode, Blackwood and Josowicz [73] have experimentally con�rmed the
linear relationship between the modulation of the work function and the initial Fermi level EF

of the polymer matrix, alledgedly resulting from Eq C.2, and they have shown with optical
measurements that the exposure of a polypyrrole sensor to methanol vapour is followed by
a decrease of the concentration of polarons. Methanol thus acts as an electron donor that
transfers part of its electron cloud to the polymer �lm. The resulting decay of (bi)polaron
states leads to a decrease in the conductivity of the sensor.

In an independent study, Ruangchuay and co-workers [66] observed that polarons and, above
all, bipolarons in polypyrrole �lms are suppressed by the interaction with acetone, and that
the sensitivity of the sensor to acetone increases exponentially with the fraction of (bi)polarons
in the original �lm. This also supports the charge-transfer interaction theory, but does not
provide evidence of the validity of Eq C.6, for instance.

The range of applicability of the chemical modulation theory is thus unclear.

In particular, charge-transfer interactions, as evidenced by optical measurements [70], are not
as prominent in the case of neutral or weak Lewis acids (or bases) as they for strong Lewis
acids, i.e. electron acceptors such asNO2 [49], or bases, i.e. electron donors such asNH3 [49].
Common organic solvents, such as methanol, belong to the category of neutral or weak Lewis
acids.

Furthermore, Charlesworth and co-workers' �ndings [70] cast further doubt on the applica-
bility of the theory to chemiresistors for a variety of organic solvent vapours, insofar as they
observed no correlation between the conductance response of the sensor and the electronega-
tivity 1 of the analyte, or its dipole moment.

1 The electronegativity was reported in terms of ionization potential in their work



Appendix D

Protocol for the synthesis of a
gyroid template

(The protocol detailed here was �ne-tuned by Maik Scherer, without any contribution from
me.)

Figure D.1: Chemical formula of the gyroid-forming PS- b-PLA diblock copolymer .
Courtesy of Maik Scherer.

In order to obtain a gyroid-like block copolymer matrix with the block copolymer shown in
Fig D.1, we followed the procedure outlined below.

1) Preparation of the substrate

In the case of a Fluorine-doped Tin Oxide substrate, it is �rst washed with strong piranha
solution1 so as to wash away organic dirt on the surface and to create hydroxide groups. After
thorough cleaning, including a few minutes in the ultrasonicator (Fisher Scienti�c, FB15051),
the sample is immersed in a solution of 0.1% octyltrichlorosilane in dry cyclohexane. The
hydroxide groups will help �x a monolayer of trichlorosilane molecules on the surface, which
renders the surface more hydrophobic.

1 Piranha solution: 3:1 mixture of sulfuric acid and hydrogen peroxide heated at 80 °C.
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This procedure notably modi�es the a�nity of PLA to the FTO surface. This a�nity would
otherwise induce too high a concentration of PLA in the vicinity of the substrate, so that the
morphogy would locally be altered.

In the case of a gold substrate, it is simply rinsed and dried.

2) Spin-coating of the block copolymer solution

A �ltered 13% solution of the gyroid-forming block copolymer in toluene is spin-coated on the
clean substrate at about 1000 rpm(revolutions per minute) until the solvent has evaporated
(Spin-coater: Lawrell Technologies Corp., WS-400B-GNPP / LITE / 10K).

3) Annealing of the block copolymer melt

The �lm is then left to dry in vacuo in the vacuum oven at around 100°C. The oven is �ushed
with nitrogen once or twice. So far the �lms are disordered polymer melts: an annealing step
is thus required. The oven temperature is increased to 174°C at a rate of 2:5°C/min , while
it is �lled with nitrogen at ambiant pressure. The oven is maintained at 174°C for 20 to 30
minutes. The samples are then quickly taken out of the oven and quenched.

It is essential to quench the samples as soon as they are taken out of the oven. Indeed, the
Flory parameter is known to depend on the temperature, usually as� = � H T � 1 + � S, where
� H and � S are the enthalpic and entropic contributions, respectively[82]. Should one let the
�lms cool down slowly before they freeze into a glassy state, the block copolymer melt will
move out of the gyroid region of the�N � � phase diagram.

4) Soft etching of the minority phase

Finally, the PLA minority phase is removed by soft etching [51]: the samples are immersed
in a 1:1 methanol:water solution containing 0.3M of potassium hydroxide for a few hours.

This procedure thus yields a nanostructured gyroid-like polystyrene template. The following
step consists in utilizing it to grow an ICP structure.



Appendix E

Solvent selection with Hansen
solubility parameters

The polystyrene template must now be dissolved in order to reveal the polypyrrole structure.
Once again, this poses the challenge of �nding a solvent that dissolves polystyrene, while
preserving the gyroid-like structure of the polypyrrole phase. Although polypyrrole is insoluble
in most common solvents, polypyrrole nanostructures turned out to be swollen, and degraded,
by quite a number of solvents that we tried.

In order to make the search for the right solvent more rational in view of the large variety of
existing solvents, Maik Scherer proposed to take into account Hansen solubility parameters.

This group of three parameters, (� d; � p; � h), has been devised to predict the solubility of a
given solute in various solvents. In this sense, it is an extension of Hildebrand solubility
parameter � t , which is is the square root of the cohesion energy density of a chemical species,
that is, the energy Ecoh=V per unit volume required to vaporize it:

� t =

r
Ecoh

V
=

r
� Hvap � RT

V

Here, V is the volume of the liquid sample,� Hvap is the latent heat of vaporization, R is the
universal gas constant andT is the absolute temperature.

If the solubility parameter � t of the solvent is similar to that of the solute, the solvent is
predicted to dilute the solute [94]. This can be rationalized by the intuitive argument that
the cohesion between solute molecules can (only) be counterbalanced by interaction with
solvent molecules - and reciprocally for the cohesion of solvent molecules.

The Hildebrand approach holds for non-polar molecules [94], but it falls short of the mark
when applied to molecules that possess a permanent dipole or are prone to hydrogen-bonding.
Indeed, the cohesion energy can be conceptually divided into contributions deriving from three
types of forces, namely (as sorted by increasing order of magnitude)
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? London dispersion forces, which are the interactions between induced dipoles, assessed
by Hansen parameter� d

? Keesom forces, which are the interactions between permanent dipoles, assessed by
Hansen parameter� p

? Hydrogen bonds, which result from the interaction between a weakly electronegative
hydrogen atom and a more electronegative atom, assessed by Hansen parameter� h

Non-polar species are mostly stabilized by the �rst of these forces. For more general chemical
species, however, Hansen's approach assumes that all three energy contributions have to be
taken into account, separately. Therefore, instead of comparing the global Hildebrand param-
eters � solvent

t and � solute
t of the solvent and the solute, respectively, the solubility prediction is

based on the comparison of the groups of parameters

(� solvent
d ; � solvent

p ; � solvent
h ) and (� solute

d ; � solute
p ; � solute

h )

If the distance Rh between those groups of parameters, as calculated by using the norm:
k(d; p; h)k =

p
4d2 + p2 + h2, is below a certain threshold, then the solute is predicted to be

soluble in the solvent. To the opposite, should it be far above it, we expect that the solvent
will neither dissolve nor (in the case of polymers) swell the solute.

Based on the Hansen solubility parameters, we empirically tested various potentially appro-
priate solvents. The results of the tests are presented in Table E.1

Solvent Dissolves PS Is Neutral to Ppy � d � p � h R2
h

Toluene » � 18 1.4 2 68
Tetrahydrofuran (THF) » � 16.8 5.7 8 95

Cyclohexane � ? 16.8 0 0.2 131
Carbon disul�de � ? 20.5 0 0.6 50

n-Heptane � ? 15.3 0 0 196
Ethyl acetate » » 15.8 5.3 7.2 130

Benzene » » 18.4 0 0.2 73
Diethyl Ether » » 14.5 2.9 5.1 194

p-Xylene » » 17.6 1 3.1 79

Table E.1: Solubility of polystyrene (PS, � d = 21:3, � p = 5 :8, � h = 4 :3) and swelling of
polypyrrole (Ppy) in various solvents . Hansen parameters extracted from [62].

We notice that there exist some deviations from Hansen's predictions, emphasized by ital-
ics in Table E.1, in particular for carbon disul�de, which does not macroscopically dissolve
polystyrene (although it alters its structure) and diethyl ether, which dissolves polystyrene
despite their large Hansen-distance.

We �nally selected xylene, or p-xylene, to dissolve the polystyrene template in our case. Some
SEM images of the gyroid-structure of the resulting �lms are shown in Fig 5.10. Although the
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gyroid morphology is undoubtedly recognizable, the overall quality of the structure is signi�-
cantly lower than that of the templates shown in [52], in part because of the supplementary
step involved in the present synthesis.
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