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Introduction

For decades, the industry of microelectronic devices followed the rhythm dictated by
Moore’s law which states that “the number of transistors in a dense integrated circuit doubles
about every two years”. However, in 2016, the Semiconductor Industries of America declared
that the pursuit of Moore’s law would be abandoned and even earlier than that in their 2011
International Technology Roadmap they predicted that CMOS technology would be replaced
by “completely new” technologies that they regrouped under the name “beyond CMOS”. One
of these technologies is carbon-based molecular electronics which consists in fabricating
electronic components with functionalities provided by molecules presenting specific
properties, synthesized in an optimized manner. Some of these molecules can be used as
molecular switches. The ones used for this PhD work are diarylethenes which are bistable and
photochromic. It means that they exist under two stable forms and that they isomerize from one
to the other in response to light exposure. UV light is used to go from the open, non-conductive
OFF state (with a restricted m-system) to the closed, conductive ON state (with an extended -
system). Visible light is used to do the opposite. These molecules are based on the “ring
opening/ring-closure principle” since everything happens in the central ring, with a reactive
carbon-carbon bond opening and closing it in response to light. The ability of diarylethene
molecules to control the conductivity, to isomerize with very low geometrical modifications,
their high responsivity and fatigue resistance make them promising candidates to be
implemented in molecular switches based molecular electronics devices. However, an issue
with these molecules is that their switching is asymmetric: their ring-closing reaction possess
a much higher quantum yield than their ring-opening reaction. We precisely characterized for
the molecules of our study the ratio of visible photons over UV-photons necessary to open or
close the central ring of the photochromic unit respectively. We anticipated a switching ratio

(SR) greater than 1 (this is the asymmetry).

The aim of this PhD work was to solve this asymmetric switching issue by connecting
the diarylethene molecules to gold nanoparticles. The latter were chosen for several reasons,
first, gold nanoparticles are small enough to be used as electrodes to connect the diarylethenes,
used here as molecular switches. One first issue here, was to investigate if the binding of
diarylethenes to the metallic nanoparticle was going to deactivate the photoswitching or
not. There are always some risks that placing a metal in the vicinity of the photoactive core acts

as a quenching channel. Our experiments addressed this question. A crucial second advantage



of the gold nanoparticles is their plasmonic properties. Gold nanoparticles generate a LSPR:
localized surface plasmon resonance which designates the oscillation of the electrons from the
conduction band in reaction to incident light. This property is particularly useful for the
monitoring of the adsorption of a chemical species at the surface of the AuNPs, in the present
case diarylethenes with thiol termination, taking advantage of their high affinity with gold. Gold
nanoparticles electrodes were also used as plasmonic nanoantennas to focus and amplify the
electromagnetic field around them creating the so-called “hot spots” in their close vicinity
where the molecular switches are grafted. The goal was to use these hot spots to increase the
efficiency (quantum yield) of the diarylethenes’ photoconversion reactions, especially that of
the reaction with the much lower quantum yield i.e., the photocycloreversion. Our interrogation
here was to characterize if the nano-antenna effect could rebalance the switching ratio, bringing
it closer to 1. Note that both phenomena taking place around the gold nanoparticles, the LSPR
and the creation of hot spots, occur when the dimension of the illuminated object is inferior to
the wavelength of the incident light.

This PhD work was mainly conducted at the Institut des NanoSciences de Paris (INSP)
in the physico-chemistry and dynamics of surfaces (Physurf) team. This team is built around
eight research axes: self-assembly at the nanometric scale, interfaces dynamics, surface
functionalization, interfaces and organic films, 2D materials, nanoparticles, optoelectronics,
and plasmonics and sensors. They aim at a better understanding of the structural, optical, and
electronic properties of low-dimensions systems that are the surfaces, interfaces, and nano-
objects. In doing so, the team uses its expertise in the growth and synthesis of nanomaterials
and the study of their properties through a large array of experimental and theoretical

techniques.

This PhD project has been funded by the ANR (Agence Nationale de la Recherche) in
the frame of the franco-german ANR-DFG project PlasmoChrom “Investigation of the
electronic transport through photochromic molecules under plasmonic excitation”. This project
was dedicated to the study of electronic transport properties of photoswitchable molecules in
metal-molecule-metal junctions under light irradiation. In my case, the photochromic properties
of diarylethene molecules connected to gold nanoparticles were investigated to bring an answer
to the following issue: Is it possible to enhance the switching efficiency of photochromic
molecules using the optical antenna effects of the electrodes to which they are connected. This
project involved the mastering of the tailored synthesis of molecular switches, the



understanding of electrical transport through metal-molecule-metal junctions, and the ability to
use plasmonics to generate photo-assisted transport.

Three groups were involved in this project, a first group from the physics department of
Konstanz University, which is part of the research team led by Pr. Dr. Elke Scheer (AG Scheer).
Her research team is specialized in mesoscopic physics and conduct research about
nanoelectronics (transport phenomena occurring at very small scales), mesoscopic
superconductivity, spin transport phenomena and nanomagnetism in nanostructure, molecular
electronics (electric and thermoelectric properties and transport mechanisms of single-molecule
junctions), nanooptoelectronics (optical and nanoplasmonic control of the transport through
nanoconductors). The Scheer group is expert in the study of single-molecule junctions (SMJs)
using mechanically controllable break junctions (MCBJs). They explained the relatively low
conductance ratio between open and closed state of diarylethenes (DAESs) after discovering a
change of the level alignment of DAEs to Au electrodes by analyzing the current-voltage
characteristics of DAE SMJs at low temperature’2. They also demonstrated the reversible
switching in situ of the conductance of DAEs grafted on a graphene-based film used as an
electrode in a micron-sized electronic device®*“. The group also masters the study of plasmonic
effects occurring in metallic point contacts using surface propagating plasmons and antenna
effects>’ which represented a crucial expertise to tackle the enhancement of the quantum yields
of DAE molecules in SMJs using SPPs. They confirmed the possibility to optically control the
transport in metallic nanostructures (metallic contact points) using SPPs®. They managed to
show that the SPPs enhance the switching probability for the ring-opening reaction and that the

switching is maintained at low temperature (30 K) although its probability is reduced.

In the frame of the PlasmoChrom project, this group formed by Pr. Dr. E. Scheer, Apl.
Pr. Dr. J. Boneberg, Dr. S. Snegir (post-doc), T. Méller (post-doc), and L. Ruf (PhD student)
investigated tunable single-molecule junctions with leads patterned with gratings optimized for

exciting propagating surface plasmon polaritons (SPPs) using MCBJs.

A second group of organic chemistry experts from the chemistry department of
Konstanz University led by Dr. Thomas Huhn, who is a specialist in the (tailored) synthesis of
diarylethenes, was involved. His group made regular collaborations with that of Pr.Dr. E.
Scheer and thus provided all the molecules for their electronic transport studies'**#11, The
Huhn group developed DAEs with sulfur-free photochromic units to avoid un-desired bonding

of the thiophenes’ sulfur atoms to Au electrodes. Conjugated heteroatom-rich side chains were



attached to these molecules that exhibited picosecond*? and even sub-picosecond ring-closing
kinetics®®. They demonstrated the reversible switching of this type of DAE molecules organized
in SAMs, they studied their properties by STM3491415 and they also used them to connect
metal contacts®*116, Upon replacement of the hexafluorocyclopentene bridging unit by a tetra-
fluorocyclobutene, the ring-opening QY of this type of DAEs was increased. It was also the
case when adding longer side chains of the rigid oligo(phenylene ethynylene) OPE-typel®t’.
The group also implemented these DAEs in molecular devices with flexible graphene-oxide

electrodes®.

In the frame of the PlasmoChrom project, this group formed by Dr. T. Huhn and his

PhD student L. Holz, synthesized all the diarylethene molecules.

The third group involved in the PlasmoChrom project was formed by O. Pluchery, E.
Lacaze, and myself from the Physurf team of INSP, previously described. O. Pluchery is expert
in the study of electrical properties (via STM, KPFM, and conductive AFM) and plasmonic
properties'® (via optical microscopy and spectroscopy properties of supported gold
nanoparticles functionalized with organic molecules. His group studied the Coulomb blockade
generated by a double tunnel junction made of AuNPs connected by organic ligands using low
temperature STM in vaccum. They measured the current resulting from single electron
tunneling, the transparency of the tunnel junction in function of the length of the molecules by
STS?0 the conduction regimes through the molecules by conducting AFM [Plu16]. They also
studied the effect of a molecular layer on which AuNPs were deposited on the apparent work
function of these AuNPs using KPFM?.. E. Lacaze is a specialist of the study of DAEs
organized in SAMs on gold surface Au (111) by STM?. Her group studied the self-
organization of the DAEs on the Au(111) surface in function of their molecular structure, the
influence of the environment of the DAEs on the Au(111) surface on their photochromic
properties, and the effect the intermolecular interactions of DAEs have on both their photo- and

electrically induced switching®.

This PhD manuscript is divided in six chapters followed by a general conclusion and an

overview of the perspectives opened by the PhD work it reports.

The first chapter consists in a bibliographical work conducted to present the basics and

the state of the art of the two main aspects of this PhD work i.e., the molecular switches



(particularly the photoactive ones) and the gold nanoparticles with a focus on their plasmonic

properties.

The second chapter introduces all the experimental procedures involved in the
preparation of the samples (synthesis, deposition, and functionalization of the gold
nanoparticles) as well as all the experimental techniques used to perform measurement on the
samples: UV-visible spectroscopy, dark field microscopy, dark field microscopy coupled to

UV-visible spectroscopy, atomic force microscopy, and LEDs setups.

The third chapter reports a study of the progressive functionalization of spherical 22 nm
gold nanoparticles by thiol molecules (MUDA and MHDA) and its Kinetics using UV-visible
spectroscopy. This study relies on one of the main plasmonic property of the AuNPs which is
their localized surface plasmon resonance that appear as an intense peak on the spectra. Through
the evolution of this peak (LSPR peak wavelength shift), it is possible to monitor the evolution
of functionalization. An analytical model to predict the value of this LSPR peak wavelength

shift is also presented.

The fourth chapter is dedicated to a photokinetic study of the two diarylethene molecules
used in this PhD work in solution. UV-visible spectroscopy measurements of the molecules
solutions upon irradiation give us information about the degree of reversibility and symmetry
of the switching of the molecules (calculations of switching ratios), their photoconversion

reaction kinetics, and their fatigue resistance.

The fifth chapter concerns the monitoring of the adsorption of both diarylethene
molecules on 28 nm AuNPs deposited on ITO substrates with two different procedures, and
more importantly, the subsequent switching measurements performed on the samples. The
value of the LSPR peak wavelength shift induced by the adsorption of the DAESs on the AuNPs
was calculated and compared to the experimentally obtained value. Values of the switching
ratios of the DAEs when grafted on AuNPs are calculated from the switching measurements
(evolution of the absorbance of the molecules in function of the irradiation time) and compared
to the value calculated for DAES in solution. The aim being to assess the presence or not of a

LSPR enhancement effect from the AuNPs on the switching of the diarylethene molecules.

The sixth chapter deals with the results obtained while working at the single nanoparticle

scale. On the one hand, the fabrication and characterization by dark field microscopy coupled



to UV-visible spectroscopy and AFM of asymmetric plasmonic gold nanoparticles dimers is
presented. On the other hand, the functionalization of 51 nm AuNPs deposited on ITO by
diarylethene molecules is studied at the single nanoparticle scale and subsequent switching
measurements are performed at the same scale but the same way it had been done in the previous
chapter for a large number of AuNPs. These results obtained at the single AuNP scale reinforce
those obtained at the global scale (large ensemble of AuNPs) since the measured switching are

analogous (comparable values of switching ratio).



Chapter 1. State of the art

In this first chapter, the molecules used here as molecular switches for this PhD work,
diarylethenes (molecules whose electrical conductance can be switched), are presented. Other
photochromic compounds which can also be used as molecular switches are also introduced.
The plasmonic properties of gold nanoparticles to which the diarylethenes will be connected
are described. As mentioned in the introduction, gold nanoparticles are both used as electrodes
and plasmonic nanoantenna to attempt to compensate the low quantum yield in one of the
switching directions by locally amplifying the visible light received by the molecules. Strategies
previously implemented to solve that issues are reviewed and put in perspective with ours.
Finally, the case of gold nanoparticles dimers is considered, their plasmonic and spectral
properties are described, and the tuning and measurement of the dimer gap is addressed.

| - Photochromic molecules used as molecular switches: the main families

According to the IUPAC, photochromism is defined as the “reversible transformation
of a molecular entity between two forms, A and B, having different absorption spectra, induced
in one or both directions by absorption of electromagnetic radiation. The spectral change
produced is typically, but not necessarily, of visible colour and is accompanied by differences
in other physical properties. The thermodynamically stable form A is transformed by irradiation
into form B. The back reaction can occur thermally (photochromism of type T) or
photochemically (photochromism of type P)”?*. Upon photoisomerization, the absorption
properties are not the only ones to be modified, the physicochemical properties of the molecule,
including its refractive index, electrochemical behavior, and in the case of diarylethenes
conductance. A molecular switch is a molecular system that exhibit reversible conversion
between two or more stable states in response to an external stimulus leading to a
conformational and environmental modification of the switch?®. The first condition in order for
a molecule to be used as a switch is to be bistable i.e., to possess two different stable isomeric
forms, and to be reversibly convertible between these two forms upon excitation by an external
stimulus. Then, further requirements appear as essential especially in the perspective to
implement applications based on these molecular switches. In the case of a photochromic
molecular switch, they are the following: the photoconversion must be easily and selectively
triggered (by light of a specific wavelength), the thermal interconversion must be prevented on

a large enough temperature range (particularly important for data storage applications), both
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isomers should be highly resistant to fatigue (i.e., able to undergo a large number of switching
cycles without, or extremely weak, molecular degradation and sub-product production), both
isomers should have a fast response time (switching cycles should be able to alternate quickly),
the switching must be highly efficient (the quantum yield of both isomerization reactions and
the absorption of both isomers must be high) in solution and in the solid state, both isomers
should be readily detectable and characterizable, and finally, if the molecular switch is included
in a macromolecular structure, the properties of the aforementioned structure must be preserved
upon the switching?>?. The main families of photoresponsive molecular switches, presented
hereafter, are the azobenzenes, the spiropyrans, and the diarylethenes. However, other families
of photoresponsive molecular switches exist, amongst them are the fulgimides,

hemithioindigos, chalcones/flavyliums, dihydroindolizines, and dihydropyrenes?’.

It can be underlined that light is a particularly advantageous stimulus, it is readily
available and can be remotely and precisely (high spatiotemporal resolution) applied for a
chosen duration. It is also versatile: a large range of wavelengths is available, the intensity of
illumination can be easily controlled, the light can be polarized when needed, and it generates
fewer by products than other types of stimuli. All these elements contribute to explain the
attractivity of photo-responsive compounds?’28,

1 - Diarylethenes

Photochromic diarylethenes were discovered by M. Irie while he was studying
photoresponsive polymers, the monomer unit made of 2,3-di(2,5-dimethyl-3-thienyl)butene
was then isolated and its photochemistry (and that of its derivatives) was studied by Irie et al.
leading to the first diarylethene-related publication in 1988. Diarylethenes (DAEs) are stilbene
derivatives, the most common, and primarily developed type of DAEs are the 1,2-
diarylperfluorocyclopentenes, then followed 1,2-diarylmaleic anhydrides and 1,2-
diarylmaleimides, and finally 1,2-diarylperhydrocyclopentenes were developed. All these
DAEs are usually synthesized with heterocyclic aryl groups in order to obtain thermally
irreversible P-type photochromes, crucial property for the applications of DAES as memories,
switches, and molecular machines. It should be noted that the perfluorocyclopentene, maleic
anhydride, maleimide cycloalkene, and perhydrocyclopentene groups are used here as bridging
unit which prevent the Z/E isomerization of the molecule so that it does not compete with the
photoisomerization. The role of each part of a diarylethene molecule is detailed in Chapter 4.1.1

based on the diarylethenes molecules used for this PhD work. However, all the previously
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mentioned types of DAE exhibit quite similar photochromic properties, thermal stability, and
resistance to fatigue, the only affected characteristic is the position of their spectral features,
going to higher wavelength when going from perhydrocyclopentene to perfluorocyclopentene,

and finally to maleic anhydride or maleimide cycloalkene groups?6:2%2°,

DAEs reversible isomerize between a closed and an open form upon irradiation with
light of a certain wavelength, generally UV light for the ring-closing reaction and visible light
for ring-opening reaction. Both reactions generally occur in the ps time range, as measured in
many time-resolved spectroscopy studies. As can be seen in Figure 1.1, the photoconversion
and the electronic and geometric change it triggers can be illustrated using the example of 1,2-
bis(2,5-dimethyl-3-thienyl)perfluorocyclopentene, a typical DAE molecule. In the open-ring
isomer, the m-conjugation is localized, restricted to each thiophene ring, and its spectrum is
similar to that of a substituted thiophene. In the closed-ring isomer, the HOMO-LUMO gap of
the molecule is decreased, the m-conjugation is delocalized on the whole molecule that turns
from colorless to red. Note that the color depends on the size of the m-system. In inverse
dithienylethenes (DTES), dithienylethenes with the thiophene rings linked to the ethene moiety
at the 2-positions, the m-system of the closed form is short because restricted to its central part
explaining their yellow color. In normal DTEs, diarylethenes with the thiophene rings linked to
the ethene moiety at the 3-positions, the n-system is large because delocalized on the whole
molecule, its absorption band is therefore shifted to longer wavelength explaining their purple
or blue color. Upon irradiation with visible light, the n-System is interrupted by the opening of
the reactive C-C bond, explaining the disappearing of the coloration. The molecule also
undergoes a small geometric change upon ring-closing, it stretches of 0.7 nm vertically, shrinks

of 0.11 nm horizontally, and its thickness slightly decreases®®.
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Figure 1.1: Example of a typical and widely studied diarylethene: 1,2-bis(2,5-dimethyl-3-
thienyl)perfluorocyclopentene. Adapted from?.

Typically, the open-ring isomer of diarylethenes have a large absorption band at short
wavelengths in the UV range or very close to it. Upon irradiation with UV light and subsequent

conversion to the closed ring isomer, the intensity of the aforementioned peak corresponding
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to the open form decreases and a broad absorption band corresponding to the closed form
appears in the visible range (see Figure 1.2), explaining the coloration of the molecule. This
large spectral shift of the absorption is due to the delocalization of the electrons from the =-
system which is extended to the whole molecule when it is its closed form. The position of the
band depends on the type of ring and their substituents but also on the type of bridging unit. It
is therefore tunable in function of the application envisioned for the synthesized DAE. The
intensity of the bands and their corresponding molar absorption coefficient is also crucial since
the sensitivity of the molecule towards light depends on it. For example, adding phenyl rings at
the 5- and 5’- positions of a dithienylethene (type of DAEs used in the present PhD work) makes
its absorbance band redshift and its molar absorption coefficient increase from 5.0 x 103 to 1.1
x 10* Mtcm™, the band can even be further redshifted and its molar absorption coefficient
further increased by adding electron-withdrawing substituents to the phenyl rings in para
position. In general, enlarging the n-system by introducing electron-rich substituents makes the

molar absorption coefficient increase?®.
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Figure 1.2: Example of the absorption spectrum of a typical diarylethene (1,2-bis(2,5-
dimethyl-3-thienyl)perfluorocyclopentene). Adapted from?®.

It can be noted that inverse DTEs have spectral features that have the opposite behavior
than that of normal DTEs. For the closed isomer, because the m-conjugation is limited to the
photochromic unit in this type of DAE molecules, the absorbance band is completely
blueshifted while for the opened form it is the other way around: the peaks is largely redshifted.
The position of the absorbance maxima is therefore completely different according to the type
(normal or inverse) of the DAEs rendering them suitable for completely different types of

applications: optical memories for the former and full color displays for the latter?.
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The best synthesized DAEs exhibit incredible thermal stability with a half-life at room
temperature superior to 400 000 years, a maximum number of repeatable cycles superior to 10
000, the QY of their ring-closing reaction is close to 1 meaning that the probability to convert
all the molecules from the ring-open for to the ring-closed one upon UV irradiation is almost
100 %, both their reaction occur in the ps time range, and they are able to switch reversibly in
the single crystalline phase?.

2 - Two other important families: azobenzenes and spiropyrans

Azobenzene molecules consist in two aromatic rings linked by an azo group (double
nitrogen bond, N=N). They are photochromic and can also be thermochromic but are mainly
used for their photochromism, indeed, upon irradiation the molecules are reversibly
interconvertible from their trans (Z) isomer to their cis (E) isomer; this interconversion is
accompanied by a large geometrical change and a molecular movement (see Figure 1.3), the
dipole moment and absorption spectrum of the molecules are also modified. Azobenzenes were
discovered in 1834 and their photochromism was reported for the first time by G.S Hartley in
193725,32,33.

trans-azobenzene cis-azobenzene

Figure 1.3: Structure and photoisomerization of an azobenzene. The distance between the
carbon atoms in position 4 goes from 9 A to 5.5 A upon isomerization from the flat E form
with no dipolar moment to the Z form with an angular geometry and a 3.0 D dipolar moment.
Adapted from?>,

The predominant more stable E isomer is photoconverted to the 12 kcal.mol™ less stable
Z isomer by light of a wavelength in the 320 - 380 nm range, while the opposite reaction takes
place upon irradiation with a light of a wavelength in the 400 - 450 nm range. Both
photoreactions are ultra-fast (ps range) but the thermal relaxation from the cis to the trans
isomer can take from ms to days. Geometrically speaking, the molecule folds itself and one of
the rings rotates to minimize steric repulsion with the one it was facing?®. The spectroscopic

features and the main classes of azobenzenes are presented in the Appendix (see A.1) as well
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as the photochromic reaction undergone by this type of molecules: the transitions involved and

its mechanism.

Spiropyrans, with their many interconnected properties, constitute the most versatile
class of molecular switches. In spite of their “multichromism”, spiropyrans were mostly studied
and used for their photochromism. Structurally, a spiropyrans consists of two pyran rings
separated by a chiral “spiro” center. The first spiropyran, dibenzo-spiropyran, originally
designated as a by-product of coumarin derivatives synthesis, was discovered and named by
Decker in 1908, it is acidochromic but not photochromic. Derivatives such as o- and -
naphtospiropyrans, which are thermochromic, then emerged but it is the photochromic
indolinobenzospirans (which are also thermochromic), obtained by condensation of Fischer
indole with salicylaldehyde, that triggered massive interest in this family of compounds and
defined its base structure (see Figure 1.4). Actually, spiropyran (SP) designates the closed form
of the molecules which can be converted to its open form called merocyanine (MC) differing
in planarity, acidity, reactivity, polarity and dipole moment, polarizability, and electronic

structure3+-36,

Figure 1.4: Typical photochromic indolinobenzospiran in its spiro (SP) form on the left and
its merocyanine (MC) form on the right.
The thermochromism and photochromism, including the photoswitching mechanism, of

spiropyrans are described in the Appendix (see A.2).

It would be less relevant to use azobenzenes or spiropyrans for this project due to the
important geometrical change they undergo upon their photochromic switching. In the case of
spiropyrans, the two parts located on each side of the asymmetric carbon are situated in two
different planes for the SP isomer, and then in the same plane for the MC isomer. Although the
two isomers exhibit different degree of conjugation, this geometrical change upon
photoswitching is not desirable for applications of the molecules in molecular electronics
devices. Besides, the location of the anchoring site on the five-membered ring, usually used to

graft this type of molecules to surfaces, is not adapted to the connection to two electrodes.
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Additional synthetic steps would be required to create at least another anchoring site. Regarding
the azocompounds, although these molecules possess an anchoring site at each of their
extremity, rendering possible their connection to two electrodes, they also undergo an undesired
geometrical change upon photoswitching. The two parts located on each side of the N=N bond
are located in the same plane for trans-azobenzene but then in two different planes for cis-

azobenzene, which is not compatible with applications as a switch in molecular electronics.
3 - Molecular machines

The importance of molecular switches was highlighted in 2016 when J.-P. Sauvage, J.F.
Stoddart, and B.L. Feringa were awarded the Nobel Prize “for the design and synthesis of
molecular machines™®’. In 1983, J.-P. Sauvage developed novel synthetic routes based on the
use of copper complexes for the synthesis of catenanes® (see Figure 1.5). The latter are
constituting elements of a molecular machine which is “a multicomponent molecular system
with defined energy input that is capable of performing a measurable and useful secondary
function reversibly either at the nanoscale or, if amplified through collective action, at larger
scales™®. Catenanes consist in interlocked molecular rings forming chains in which the two
entities are linked by a mechanical bond that allow them to move relative to each other, an
important characteristic for their integration in machines®”28, In 1991, J.F. Stoddart synthesized
a new type of rotaxanes, the donor-acceptor rotaxanes, including the so-called “molecular
shuttle” which is a molecular axle inserted in a molecular ring able to move anywhere along
that axle but blocked at the extremities*® (see Figure 1.5). By introducing molecular switches
units in the axle, the movement of the ring on the axle became controllable by an external
stimulus*. Stoddart and co-workers considered the molecular shuttle as a prototype for the
construction of molecular switches and machines based on molecules containing mechanical
bonds*®. He and his team then developed some of the first molecular machines such as
molecular lifts and molecular muscles*'. Finally, Ben L. Feringa fabricated the first molecular
motor (photoactive unidirectional rotary motor) in 1999 which led to the development of new
molecular machines®®4243, After demonstrating single-molecule motion and achieving the
transition between rotational and translational motion, they built a nano-car based on third-
generation symmetrical molecular motors corresponding to the meso- (R,S-R,S) isomer of the
nano-car. It operates at low temperature on a Cu(111) surface and moves along a globally linear

trajectory upon excitation with a STM tip triggering propulsion®? (see Figure 1.5).
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Catenanes (Sauvage et aI ) (a) Molecular motors and nano-cars (Feringa et al.) (c)
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Figure 1.5: (a) Synthesis of a [2]catenane obtained by a double cyclization following Grubbs
ring-closing methodology of an entwined compound with a copper(l) center formed from a
1,10-phenanthroline derivative. (b) A degenerate donor-acceptor [2]rotaxane or "molecular
shuttle”. The CBPQT** ring moves back and forth (1000 times a second in acetone at room

temperature) along the axle in between its two terminal hydroquinone recognition sites. (Top)

The first switchable donor—acceptor [2]rotaxane whose switching is triggered by drop of acid

that protonates the benzidine recognition unit where the presence of the CBPQT** ring is
favorized. Upon the protonation, the presence of the ring becomes more favored on the
biphenol unit to which it migrates. Back-switching is triggered by an addition of base

(Bottom). (c) Chemical structure and steps occurring during the rotation of a first-generation

biaryl-based 4-step unidirectional molecular rotary motor (Top left). Schematic representation

of the four steps composing its 360° rotation (Top right). Molecular models and structure and

STM image of a four-wheel molecular nano-car based on rotary motors (Middle). Chemical
structure of the third-generation symmetric molecular motor used for the nano-car (Bottom).

Adapted from38:404243

Il - Focus on diarylethenes

1 - Switching mechanism

The mechanism of both the ring-opening and ring-closing reactions has been unraveled
by theoretical calculations. More specifically, Boggio-Pasqua et al.** made a complete active
space self-consistent field (CASSCF) study of the potential energy surface (PES) topology and

a molecular mechanics-valence bond (MMVB) computation of the dynamics on a model
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diarylethene (1,2-di(3-thienyl)ethene). Perrier et al.3! used complete active space second-order
perturbation theory (CASPT2) to perform energy evaluations on CASSCF optimized
geometries on a slightly different model DAE (1,2-di(3-thienyl)ethene with a
perhydrocyclopentene bridging unit). Mendive-Tapia et al.* described the mechanism of the
two photochromic reactions based on the synthesis of these two approaches and others. They
also proposed a mechanism for the formation of the by-products that always accompanies the

ring-opening reaction.

For the cyclohexadiene (CHD) and hexatriene (HT) isomers, the former corresponding
to the closed form and the latter to the open form (see Figure 1.6), under C, symmetry the
excited states S1(1B) and S2(2A) are the two lowest in the Franck-Condon (FC) region. Time
dependent density functional theory (TD-DFT) calculations showed that S1(1B) is an optically

active ionic state, whereas S»(2A) is a dark covalent state64°,

% hvy
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Hexatriene (HT) Cyclohexadiene (CHD)
“open-ring isomer” “closed-ring isomer”

Figure 1.6: Chemical structure of the two isomers hexatriene (HT) and cyclohexadiene
(CHD). Adapted from*®.

As can be seen in Figure 1.7, all the studies showed that the photochromic reactions take
place on the PES corresponding to the covalent S1(2A) state. S1(1B) and S1(2A) states of CHD*
minima are very close in energy and according to minimum energy paths at the CASSCF level,
rapid radiationless decay in the FC region from 1B to 2A and equilibration towards the S1(2A)
CHD* minimum occur soon after initial vertical excitation. The analysis of minimum energy
paths from the FC and conical intersection geometries in dihydrobenzobisthiophene at the
CASSCEF level suggests that the system relaxes from the FC structure to the CHD* minimum
on the 1B PES. It uses the energy provided by the initial excitation of the ground state to
undergo a geometrical change until it reaches a point on the conical intersection of CHD 1B/2A

where an efficient decay to the HT* minimum on the 2A PES is possible?®°.

The origin of the photochromic properties in diarylethenes is the presence and

accessibility of the conical intersection labelled Conintl on the left scheme of Figure 1.7 (see
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the tip of the triangular orange shape, labelled as ContIntl in white) or CI(0) on the right scheme
of Figure 1.7 and the orthogonal orientation of its branching space in regard to the

opening/closing reaction coordinate®.

The steps of the mechanism of the ring closing reaction are represented by arrows on
both schemes of Figure 1.7. In the description of the steps of this mechanism given hereafter,
it will be indicated to which arrow of the schemes of Figure 1.7 the explained step corresponds
to. For the ring-closing reaction, non-adiabatic molecular dynamics simulations show that upon
UV irradiation, the molecule in its open form is excited to the lowest energy FC state 1B (first
arrow on both schemes) and undergoes fast internal conversion to the PES 2A which is close
in energy (second arrow on both schemes). As shown in Figure 1.7, the system (excited state
wave packet) progresses along the 2A PES (second arrow on the left scheme or third arrow on
the right scheme) until it reaches the conical intersection 2A/1A (Conintl on the left scheme or
CI(o) on the right scheme) the system then decays efficiently to So(1A) at the conical
intersection. The system then keeps decaying to the ground state PES (third arrow on the left
scheme or fourth arrow on the right scheme) until the minimum corresponding to the closed
ring form. This mechanism which does not involve to overcome any energy barrier explains
why the ring-closure reaction is so fast and effective as shown by the high value of its quantum

yie|d26,4M7

For the ring-opening reaction, as can be seen in Figure 1.7, the system has to overcome
an energy barrier (formed by the transition state labelled TSs on the left scheme or 2ATS on the
right scheme) on the S1(2A) PES (at CHD* minimum on the left scheme or 2Ac minimum on
the right scheme) to reach the conical intersection and then undergoing fast deactivation to the
ground state, through the same relaxation seam involved in the ring-closing (represented by the
wavy white arrow between HT* and Continty on the left scheme, or the two red arrows going
from 2A0 on the right scheme), where the open isomer is formed. The presence of this barrier
explains why this reaction is temperature dependent and has a low and photoirradiation
wavelength dependent quantum vyield (QY). The value of the ring-opening reaction QY
(determined experimentally) depends on the height of the barrier i.e., the energy difference on
the S1(2A) PES between the open and the closed form isomers. The height can be adjusted by
modifying the substituents on the photochromic unit. It also controls the production of eventual
by-products whose formation would be favored if it implied to overcome a lower energy barrier

than for the ring-opening26:45-47.
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Figure 1.7: On the left, scheme of the known switching mechanism of diarylethene. The
energies for the So(1A) (orange, bottom) and S1(2A) (green, top) electronic states are
represented in the space of two nuclear coordinates: (1) reaction coordinate: the internuclear
C-C distance connecting CHD and HT isomers and (2) branching space coordinate: a linear
combination of the gradient difference vector (GDV) and the derivative coupling vector
(DCV) at the conical intersection (Conlnt1). On the right, two-dimensional simplification of
the PESs describing the reaction paths for the ring-closing and ring-opening reactions of the
diarylethene. The letters “c” and “o0” in parenthesis respectively stand for “closed” form and
“open” form. Adapted from?545,

2 - Quantum yield and fatigue
a - Quantum yield

The quantum yield corresponds to the probability for the molecule to react upon
absorption of a photon*® or the ratio of number of absorbed photons and photogenerated
molecules*. A high quantum yield (QY) is required both for efficiency and sensitivity (also
linked to the molar absorption coefficient). The respective quantum yield of the ring-closing
and ring-opening reaction of a few common 1,2-diarylperfluorocyclopentenes are given in

Table 1.1.

20



Table 1.1: Values of the ring-closing and ring-opening quantum yields of a few common
diarylethenes. Adapted from?.

Dithienylethene molecule
) Dy D50

0.40 0.12

HyC’ SHCSC

0.21 0.13

s,..ﬁs

0.53 0.119

0.45 0.018

@/(_ﬁ_}\@ 0.59 0.013
F F 0.31 0.29

S” HyC S’

The determination of the quantum yields of a photochemical reaction is rarely easy nor
straightforward. Although the QY are generally determined by the change of concentration of
photoreactive species along with the photoisomerization reactions using absorption
spectroscopy*®>2 and/or chromatography*®>3°* there are almost as many quantum yield
determination methods as research groups. Note that absorption spectroscopy allows to monitor
the evolution of the concentration but also the amount of light absorbed. Chemical actinometry
is generally used for photon flux determination, but new methods that do not require to use it
have been developed*®“°. Less conventional methods based on various techniques (NMR, laser
flash photolysis, and peak-height analysis of size exclusion chromatography) have also been
developed®. Furthermore, the diversity of quantum yield determination methods, often with
home-made setups, can render the comparison of the values obtained difficult*®. Most methods

are based on the rate equations used to describe the photoisomerization process.

Ichikawa et al.>® monitored the concentration of the open-ring form and that of the two
diastereoisomers of the closed-ring form throughout the photocyclization reaction by High
Precision Liquid Chromatography (HPLC). They expressed the evolution of the population of
the three species with time using differential equations. They performed numerical simulations
based on these equations and managed to obtain the values of the quantum vyield for each
isomer. Uno et al.>* used HPLC to determine the conversion (commonly used to calculate the

QYs5s) and the values of the QYs. The QYs were determined using conversion curves fitted with
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monoexponential functions. Conversion curves are curves representing the evolution of the
absorbance of a solution at a given wavelength under irradiation with UV light until reaching
the photostationary state (PSS) and then visible light until full bleaching (conversion as close
as possible from the starting state). Let us remind that according to the IUPAC, the
photostationary state is “a steady state reached by a reacting chemical system when light has
been absorbed by at least one of the components. At this state, the rates of formation and
disappearance are equal for each of the transient molecular entities formed”?*. Uno et al.
injected the solutions at the PSS in the HPLC and separated it in two solutions, one containing
the open isomer and the other the closed isomer. The conversion could be obtained by
integrating the chromatogram at the wavelength of the isosbestic point. They also used another
method for which they extracted the spectrum of each isomer and normalized it at the isosbestic
point wavelength. The combination of these two spectra that matches best the spectrum at the

PSS gives the proportion of each isomer at the PSS.

Stranius et Borjesson®? proposed methods based on UV-visible spectroscopy
measurements to calculate the QY in solution, and in the solid state, with a specific attention to
taking into account thermal effects. They used a kinetic model of the isomerization process that
they implemented in an easy-to-use program that can fit experimental data to the kinetic model
and then numerically solve an ordinary differential equation for each step of their fitting
procedure. They claim the advantage of their method is the possibility to fit data to theory with
no requirement for analytical solutions or mathematical simplifications. They distinguished two
regimes: total absorption and low absorption regime (regarding the absorption of the closed-
ring isomer). In the former, a linear dependence between the concentration of open-ring isomer
and the irradiation time can be obtained, and thus the quantum yield can be extracted from a
linear fit of the absorbance at a specific wavelength versus the irradiation time. In the latter, the
rate equation describing the full reaction can be simplified in the equation describing the

conversion of the open-ring isomer.

Micheau et al.>® studied 18 thermally irreversible photochromic diarylethene derivatives
with various bridging rings, and lateral aryl moieties. They (simultaneously) determined the
QYs using numerical kinetic modeling, they also developed their own software, on curves
representing the absorption in function of time (kinetic curves at two different wavelength),

recorded by UV-visible spectroscopy under continuous irradiation, and associated to chemical
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actinometry measurements. Ferrioxalate was used as an actinometer to measure the intensity of

the light used for the photokinetic measurements on the DAEs.

An accurate, straightforward (provided one possesses a photoreaction quantum vyield
measurement system), and actinometer-free method is that of Higashigushi et al.*® who
proposed a quantum yield determination method “by the global fitting of prolonged change of
concentration against absorbed photon numbers”. They used it to determine the QY's of three
common DAEs. They fitted (least square fitting) the curves describing the evolution of the
number of molecules by equation 1a and 1b respectively (see below). Their method is based on
the measurement of the absorbed number of photons in an absolute (direct measurement of light
intensity) manner. They expressed the evolution of the number of open-ring molecules n, and

closed-ring molecules n;, with the time in differential equations (1.1a and 1.1b):

dng
% =— P, Fy+®,,,F, (1.1a)
dng
=Dy Fy — Ppyog Fy (1.1b)

These number of molecules are connected to the number of absorbed photons per unit

of time by equations 1.2a and 1.2b:

F, = n, (—2a— (1.2a)
N Crve

EqNg +EpNy

Fy

n, (=) (1.2b)

EqNg tEpNp

With @ and ¢ the quantum yield and the molar absorption coefficient at the irradiation

wavelength, respectively.

They used a photoreaction quantum yield measurement system (Shimadzu, QYM-01)
to measure the number of absorbed photons for excitation per unit time (n,) and to calculate
the irradiated number of photons n;,., using n,, n, = (1 — 10~*)n;,,. Note that the QYM-01
carries the illumination and the recording of the evolution of the absorbance. They started by
measuring the number of closed ring molecules (n,) and calculated the number of open ring

molecules (n,) at the PSS:
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Ng = Ngini — Np (1.38.)

Aget VN
ny = ﬁ Too (1.3b)
With ng ;,,; the total number of molecules present in solution, v the volume of solution,
N, Avogadro’s number, and 4 4., the absorbance determined at A,,,,,,. in the visible region where

the open-ring isomers do not absorb.

They injected these values (n, and n,) into the equations linking them to the number of
absorbed photons by unit of time (respectively 1.2a and 1.2b). By plotting the evolution of the
number of molecules with the time (reaction duration) and fitting it with the appropriate
equation (1.1a for the photocyclization or 1.1b for the photocycloreversion) using a least square
fit, they obtained the values of the QYs.

Finally, Stadler et al.*® established a method for the determination of quantum yields of
various photo-induced reactions (including “switching” reactions such as the E-Z isomerization
of azobenzenes it was tested on). Note that the validity of their method was confirmed by a test
made with an actinometer (ortho-nitrobenzaldehyde). They chose to use a fiber coupled UV-
Vis spectrometer, LED irradiation sources (cheap, flexible, and with an easily adjustable photon
flux by varying the forward current), and a calibrated spectrophotometer coupled to an
integrating sphere for precise measurements of the LED photon flux (optical power output)
instead of using actinometers. They modified the spectrometer’s sample holder to illuminate
the sample through an aperture (d = 0.9 cm) perpendicularly to the spectrometer beam. They
measured the absorbance spectra in regular sampling intervals while simultaneously irradiating

and stirring the sample.

They gave a demonstration based on rate equations to make a connection between the
absorbed light and the spectral changes caused by the depletion of reactants. They also
distinguished two cases, weakly and strongly absorbing solutions. In the first case (low
absorbance, A’ < 0.1), both reactions approximatively followed first order Kinetics, the
associated data could thus be fitted by a mono-exponential function. In the second case (high
absorbance, A’ > 2), the reaction is apparent zero order and they recommend to use a linear
function to fit the data. In the end, they used the following expression to obtain the quantum

yield:
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With k. the time constant extracted from the fit, c, the concentration of the analyzed

solution, I, the intensity of the light source (LED), and A’; the initial absorbance at the

irradiation wavelength.

Note that in Chapter 4, another method has been used, it was considered the most
adapted to the data we wanted to use to calculate quantum yield values. This other method is

explained in detail in Chapter 4.1V.1.

The quantum yield of the ring-closing reaction is usually larger than that of the ring-
opening reaction. It is explained by the energy barrier present for the ring-opening reaction and
absent for the ring-closing one. The height of this barrier is directly correlated with the value
of the quantum yield, since the higher it is, the lower is the probability to overcome it and thus
the lower is the quantum yield?®°1. The QY of the ring-opening reaction depends on the size of
the n-system of the molecule, the larger it is, the more the QY decreases. This is due to the
decrease of the antibonding character of the C-C bond that closes when it is in the excited singlet
state?®. This difference between the QYs of the two reactions creates an asymmetry of the
diarylethene’s switching. Managing to increase the QYs of both reactions and especially that
of the ring-opening reaction to correct the asymmetry of the switching are two goals of the

research in the area of DAEs.

The open form of a dithienylethene molecule exist in two conformations: parallel (P),
with the thiophene rings in mirror symmetry; and antiparallel (AP), with the thiophene rings in
C> symmetry and thus coplanar, enabling the overlap involved in the cyclization reaction.
Therefore, the ring-closing reaction can only occur in the antiparallel conformation in
conformity with the Woodward-Hoffman rules. For unsubstituted DTEs the populations of
molecules in the P and in the AP conformation are the same, introducing a maximum threshold
of 0.5 regarding the photocyclization quantum yield. The P population undergoes emission
(luminescence) while the AP population undergoes the ring-closing reaction. There are ways to
favorize the AP conformation to increase the photocyclization QY, attaching bulky substituents
to the thiophene rings at the reactive carbon atoms?®4¢® or inserting the DAESs in a crystalline
or polymeric matrix which constrain the molecules to adopt the AP conformation. It also works

following the same principle, when the DAEs are inserted in molecular cavities such as

25



cyclodextrins. The quantum yields can reach 1 if a population of AP conformers exclusively is

achieved® %,

Recently, new strategies were developed to increase the QYs of the photoconversion
reactions such as the use of triplet state sensitizers (described below) and the use of plasmonic
nanoantennas on which the molecules are attached (described further, see Chapter 1.111.5).

Triplet states can be involved through intersystem crossing from the excited singlet
states (S1) or by photosensitization. The use of photosensitizing groups is explored as a mean
to increase quantum yield of photocyclization and cyclophotoreversion reactions. The first
example of successful triplet state sensitization was reported by Jukes et al.> in 2004 proving
that sensitized photocyclization from a triplet state by irradiation of the attached metal center is
possible. The authors used Ru(ll) complexes (Ru(bpy)s) as sensitizers to obtain efficient
photocyclization from a “low-lying triplet state”. Upon photoexcitation into the lowest Ru-to-
bpy MLCT state followed by intersystem crossing to emitting MLCT states, photoreactive
3IL states are populated by an efficient energy transfer process. The involvement of these 3IL
states explains the higher quantum yield of the photocyclization (> 0.5). Strong steric repulsion
between the bulky substituents on the dithienylperfluorocyclopentene bridge bearing the
chelating bipyridine sites or the Ru(bpy)s moieties forces the system to adopt nearly exclusively
the reactive antiparallel conformation. The photocyclization reaction occurs both upon
excitation to the IL state, localized on the photochromic part, and upon excitation to the
IMLCT state at lower energy, localized on the Ru(bpy)s part, with almost identical quantum
yields. In contrast to the photocyclization reaction from a singlet state, which is known to occur
in a few picoseconds, here the reaction occurs on the nanosecond time scale. Equilibrium exists
between the *MLCT and °IL states, which are close in energy, resulting in a competition

between the emissive and reactive processes.

In 2015, Murata et al°’. showed that it was possible to increase the quantum yield of the
cyclization reaction of 1,2-bis(2-hexyl-3-benzothienyl)-perfluorocyclopentene (BTHex), and
1,2-bis(2-isopropyl-3-benzothienyl)perfluorocyclopentene (BTiPr) by using various triplet
state sensitizers such as xanthone, 4-methoxybenzophenone, phenanthrene, coronene, pyrene,

benz[a]anthracene, and acridine (only for BTiPr).

More recently, Friedrich et al.®® compared the performances of two 1,2-

diarylperfluorocyclopentenes, one bearing a biacetyl triplet-state sensitizer at each extremities

26



(in para position of its phenylene units), the other one bearing a single biacetyl sensitizer at the
2-position of its thiophene unit. They determined the quantum yields of their photocyclization
and photocycloreversion and conducted transient state spectroscopy in order to unravel the
switching mechanism through the triplet pathway. On the one hand, the disubstituted DAE
mainly switches from the triplet state, it possesses lower QY's but a higher fatigue resistance.
On the other hand, the monosubstituted diarylethene mainly switches from the singlet state and
exhibits higher QYs.

b - Fatigue

Photochromic reactions involve chemical bonds rearrangement during which unwanted
and non-reversible side reactions take place. They occur during the ring-closing reaction and
lead to the formation of undesired by-products thus limiting the number of cycles of the
photochromic reaction due to the decrease in the non-damaged molecules still able to reversibly

switch?®5:%9, Fatigue is described in the following equation:

C
Az, ®ono (15)

No matter how small the quantum yield of the by-product reaction is, the effect on the
maximum switching cycles is huge. As shown by the numbers given by Irie et al.?8, for &g =
0.001, and even if ®,_,. = 1, 63% of the population of A will have been degraded after 1000
switching cycles; therefore, to reach 10 000 switching cycles, we need to have @3 < 0.0001.
Fatigue resistance can readily be determined by UV-visible spectroscopy measurements, a
diluted DAE solution is irradiated with UV light (A1) until the photostationary state is reached
(or at least 90% of it) and then irradiated with visible light (A2) until as many molecules as
possible are switched back to the open state (all of them ideally): a switching cycle is performed.
At the end of each cycle, the absorbance of one of the isomers is measured (in function of where
the by-product absorbs), cycles are repeated until the absorbance change of the monitored
isomer decreases to 80% of the first cycle: the maximum repeatable cycle number has been
reached.

The main strategies to reduce fatigue is to use particular groups and specific
substitutions, for example a diarylethene with benzothiophene rings (with lower reactivity

towards singlet oxygen) instead of thiophene rings with methyl groups at the 4- and 4’-positions
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of the ring which limits the production of the six-membered condensed ring by-product
responsible for the fatigue of most DAEs; or to work with the molecules in the crystalline phase
or in polymeric matrixes where rearrangement into side products and oxygen diffusion are
hindered.

Fatigue thus designates the degradation of the molecules upon irradiation leading to the
formation of unwanted byproduct (BP) whose structure is shown in Figure 1.8. It is one of the
most important elements to consider while designing a DAE since fatigue limits the maximum
number of repeatable switching cycles the molecule can undergo and therefore that of an

eventual device based on this molecule.

According to Mendive-Tapia et al.**, the starting point of the BP formation is the
dissociation of one of the two C-CH. bonds or the C-S bond of the closed-ring (CHD) isomer.
Two intermediates are formed upon the breaking of this bond which then combine to form the
by-product. The formation of the by-product is due to the existence of a transition state on the
S1(2A) PES creating access to a S1(2A)/So(LA) conical intersection seam from which the
molecule decays to the ground state where the side product is formed. As shown in Figure 1.8,
following excitation to the FC region, an internal conversion between 1B and 2A takes place
(first green arrow on the schemes), corresponding to the modification of the conjugation in the
n-system which is distributed differently on its eight carbons. After the completion of the
nonadiabatic decay from 1B to 2A the system travels along the S1(2A) PES to the S1(2A) CHD*
minimum where the system equilibrates (dotted green arrow (@ on the right scheme). The
adiabatic reactivity on this PES (TS barriers between CHD* and HT* isomers - TSs and
between CHD* and the side product - TS4) is what controls the efficiency of the ring-opening
reaction and thus the generation of the side-product. The system then either overcomes the TSs
barrier (corresponding to the adiabatic excited state photochromic reaction) to reach the flat HT
plateau (white arrow going from CHD* to HT* on the left scheme), meaning that the molecule
will be photoconverted into the open-ring isomer or it overcomes the TS4 barrier (white arrow
going from CHD* to SeamGeom on the left scheme or green arrow (2) on the right scheme)
resulting in the C-CH> or C-S bond breaking of one of the five-member rings (and formation of
the BP). Note that an elongation of the bond to be broken occurs while the system evolves
towards TS4, the efficiency of that step depends on the adiabatic reactivity governed by the
substituents born by the molecule. After is has overcome the TS4 barrier, the molecule decays

non adiabatically to the ground state (where the by-product is formed) through the conical
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intersection seam directly connected to that transition state. The amount of Kinetic energy
available for the system (depending on the amount of energy gained by the relaxation from the
FC and the temperature) dictate which barrier it will overcome: the one corresponding to TS4
that leads to the generation of by-product or the barrier corresponding to TSs that leads to the

conversion to the open isomer?®4°,

Energy

Energy

SeamGeom

1A | ¢
CHD ;

AN
By-product ‘
formation s

Initial fatigue coordinate

Figure 1.8: On the left, scheme of the fatigue mechanism leading to the formation of the by-
product of diarylethenes. The energies for the So(1A) (orange, bottom) and S1(2A) (green,
top) electronic states are represented in the space of two nuclear coordinates: (1) reaction
coordinate: the internuclear C-C distance connecting CHD and HT isomers and (2) initial
fatigue coordinate: the internuclear C-CH> distance. In the middle, scheme of the fatigue

mechanism after the vertical excitation of the system in the FC region. On the right, structure

of the by-product. Adapted from*.

3 - Applications

Diarylethenes can be used for a large number of applications in very different fields. As
shown in the review of Irie et al.?®, they can be used to fabricate many types of optical memories
(three-dimensional optical memories, near field optical memories, holographic memories, and
single-molecule memories) especially since they are particularly adapted to nondestructive

readout (using IR absorption or Raman spectral changes).

Cheng et al.®° reviewed the applications of photochromic dyes for photocontrol in
biomedicine, they give several examples of the use of diarylethenes as fluorescence probes or
biomarkers for fluorescence super-resolution biosensing and (bio)imaging due to their unique
abilities to modulate fluorescence signals in a remote, photocontrolled manner. Examples of
diarylethene photoactivatable chemotherapeutic agents for photopharmacology are also

reported, including that of a potential trigger in smart drugs that undergo photoswitchable
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conformational changes that promote biological activity used for oxygen independent
photodynamic therapy (PDT) for cancer.

Some applications rely on the use of diarylethene based photodeformable materials
involving the use of DAEs in their crystalline phase. Let us remind that photodeformable
materials are a type of materials based on molecules able to convert light (photonic energy) to
mechanical work (mechanical energy) and thus possess photoinduced deformable
properties?®?8, The deformation is a macroscopic manifestation of the sum of all the individual
conformational changes (insomerizations) or results from changes in the packing modes of the
molecules?®. In the review of Huang et al.?® devoted to photodeformable crystals, fifteen
different photodeformable diarylethene single crystals are presented, they possess various
shapes (square plate shape, rectangular plate shape, diamond-like shape, rod shape, ribbon
shape, and lamellar shape) and exhibit various photodeformable behaviors such as bending,
twisting, bursting, curling, rolling, shrinkage, and expansion. Note that molecular deformation
depends on different factors such as the irradiation direction, the light intensity, the
reconstruction of the irradiated surface, the temperature. These crystals have possible

applications in molecular machines, actuators, micro- and nano-mechanical devices?,

For example, a photodeformable cocrystal diarylethene-perfluoronaphtalene exhibiting
a reversible bending motion repeatable more than 250 times was implemented as a molecular
crystal cantilever. This cantilever could lift a metal ball whose weight varied from 200 to 600
times heavier than itself (see Figure 1.9). The cantilever underwent a maximum stress more
than two orders of magnitude larger than that taking place in a muscle and comparable to that
present in piezoelectric crystals?®. Another rodlike cocrystal made of two diarylethenes could
be used as an actuator to make some gears rotate upon its bending (see Figure 1.9). This
cocrystal also had mechanical properties similar to that of a piezoelectric crystal?®. Interesting
examples of hybrid actuators are also given, one made of a diarylethene silesquioxane hybrid

and another one made of diarylethenes and nanowire crystals of aluminum oxide?®.
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Figure 1.9: (a) Structure of the diarylethene and of perfluoronaphtalene used to make the
cocrystal implemented as a molecular crystal cantilever (top). Bending (photomechanical
work) of the 0.17 mg molecular crystal cantilever (made of the cocrystal represented above)
lifting a 46.77 mg lead ball. The direction of the UV light irradiation is indicated by the blue
arrow (bottom). (b) Structures of the diarylethene molecules used to make the rod-shaped
cocrystal implement as an actuator (top). Bending (photomechanical deformation) of the
actuator triggering the rotation of the gears of a wheel (bottom). Adapted from?%28,

Examples of photo-responsive molecular and supramolecular systems with applications
in information processing and binary logic containing DAEs used as molecular photoswitches
able to mimic conventional electronic components are presented in the review of Andréasson
et Pischel?’. They underline the fact that with the adequate molecular design the excited state
processes energy- and electron transfer can be adapted to the logic operation or function that

the photoswitch must execute?’.

Some molecular systems able to function with the same characteristics than that of
conventional electronic circuits made of physically wired multiple logic gates, can be
implemented in reconfigurable devices with high logic complexity. These molecular systems
are eligible to highly complex functional integration (see the example of S-R latch below)
meaning that the devices in which they are implemented has a functioning that can be described
with a truth table of a multi-gate circuit with gates corresponding to the whole system (and not
one gate, one molecular unit). These devices also present reconfigurable molecular logic
operations meaning that it is possible to execute different logic operations by applying different

input or selecting different reading of the output(s)?’.

This requirement of the reconfigurability of the devices renders the fabrication of all-

photonic devices more attractive than any other kind. Indeed, for devices using chemical inputs,
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it is necessary to add reagents (and so to transport and introduce them) and then to evacuate or
neutralize them to reset the device. Neutralization that often require to add more chemicals,
increasing the amount of chemical waste. Unlike chemical reagents, light is a traceless input
that can be applied remotely with extreme spatiotemporal precision (the switching is thus
perfectly controlled) that allows the resetting and cycling with high fatigue resistance without
the formation of waste products. The inputs can be readily modified by selecting light sources
with various wavelength and applied to the same solutions of photoswitches. Regarding the
output, they are simply set based on the spectral properties of the photoswitches by having a
look at their absorption- and emission spectra. These devices therefore present input-output
homogeneity which allow their large-scale integration?®”.

Latches or flip-flops form a class of sequential logic devices (two-states memory
circuits) comprising set-reset latches (S-R latches) which are circuits made of two NOR or
NAND gates cross-coupled by feedback loops. The current output state thus controls the next
output state generated upon input application meaning that the circuit keep tracks of its input
history creating a “memory effect”. S-R latches are commonly used in conventional electronics
building blocks of random-access memories (RAMS). S-R latches possess two inputs: set (S)
and reset (R) and an output corresponding to the state Q of the system. Q is linked to a current
value Qcurrent COrresponding to the memorized state from the input history of the latch, itself
connected to a value Qnext resulting from the actual input application, that corresponds the
output given by the device. The possible entries of an S-R latch are presented further in the
truth table given in Figure 1.10. For S = 1, the system switches from Qcurrent = 0 t0 Qnext = 1
whereas for R = 1 it switches from Qcurrent = 1 t0 Qnext = 0. Note that applying the inputs S or R
to the system respectively in the state Qcurrent = 1 and Qcurrent = 0 has not effect. Applying both
inputs at the same time (S = R = 1) leads to an indeterminate state with no physical meaning.
The system also possesses a “do nothing” response corresponding to Qcurrent = Qnext, triggered
by S = R = 0. According to the memory state Q, the response given after applications of S and
R input will be different (see truth table of Figure 1.10)5L.

The conditions to use a molecule as a S-R latch are the following: the molecule must be
bistable, its state Q must be readable through well differentiated signal levels (optical signals
such as absorbance or fluorescence for example), its Q = 0 and Q = 1 state must exclusively be
addressed by their specific input (S for Q =0 and R for Q = 1), its switching must be reversible
to guarantee a large number of switching cycles between the Q states, its thermal stability must
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be high enough to ensure the existence of a “do nothing” situation (S = R = 0) for each of the
Q states. Finally, input accumulation should be avoided upon the application of the S or R input

for Q =1 or Q = 0, respectively (limitation regarding the use of chemical input signals)®:.

Pischel et Andréasson® used a P-type dithienylethene (shown in Figure 1.10) whose
iIsomerization quantum yields in methanol have been reported to be 0.57 for the ring-closing
reaction and 0.014 for the ring-opening reaction. Implemented in a S-R latch that fulfill all six
possible entries given in the truth table of Figure 1.10, the dithienylethene goes from its initial
state DTEo (non-absorbent at 595 nm) corresponding to Q = 0 to its closed from DTEc
(absorbent at 595 nm) corresponding to Q = 1 upon UV light irradiation (40 s of UV light at A
=302 nm with an intensity | = 1.5 mW.cm) corresponding to the set input S = 1. The system
goes back to Q = 0 upon visible light irradiation (10 min of broadband visible light at A > 450
nm with an intensity of 100 mW.cm2) corresponding to the reset input R = 1. Applying the set
input S to DTEc (Q = 1) beyond the photostationary state or the reset input R to DTEo (Q =0)
after it is fully back-isomerized has no effect. Considering the thermal stability of both the open
and closed form (no absorption changes detected over 88 h), not doing anything which

corresponds to S = R = 0 leaves the DTE in its current state whether it is DTEo or DTEcS.
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Figure 1.10: (a) Scheme of the working principle of a S-R latch made of two cross-coupled
NOR gates circuit, with Q the complement of Q. (b) Structure of both isomers of a
diarylethene compound usable as a S-R latch and how to switch between them. (c) Truth table
of the schematized S-R latch, with Q the current memorized (Qcurrent) State and the following
state (Qnext), Which is the actual response triggered by the input. (d) Scheme of the logic
function of a S-R latch, the number between parenthesis corresponds to the entry of the truth
table. Adapted from®:.

Andréasson et Pischel?” presented an extremely versatile all-photonically operated logic
multitasker which is a multiphotochromic molecular system, whose structure is shown in Figure
1.11, that their group synthesized. It is made of two fulgimide units (FG) and a dithienylethene
unit (DTE), which are both thermally stable photoswitchable compounds, linked by a non-
conjugated central unit so that each of the photoswitches can be addressed independently.
Considering that the FG units are in the same isomerization state, the molecular system has four
constitutional isomers FGo-DTEo, FGo-DTEc, FGc-DTEo, and FGc-DTEc (o - open, C -
closed). The population of such and such isomers in the molecular system can be adjusted by
applying the right irradiation (see Figure 1.11): 302 nm light triggers the isomerization of DTEo
to DTEc while 397 nm light triggers the isomerization of FGo to FGc. Both types of
photoswitches can also be addressed at the same time using 366 nm light to make the whole
molecular system isomerize to its close form (FGo-DTEo to FGc-DTEc). From there, red light
(A > 615 nm) can be used to selectively make DTEc isomerize to DTEo, or green light (460 <
A <590 nm) can be used to make the whole molecular system isomerize back to its open form

(FGc-DTEc to FGo-DTEO). The specificity of the absorption spectrum of each isomer offers a

large variety of outputs read at different wavelengths?’.
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Figure 1.11: Structure of the all-closed isomer FGc-DTEc of their multifunctional
photochromic logic molecular system (left) Network formed by all the isomers and the stimuli
allowing to switch between them (bottom). The diarylethene unit is represented in red while
the fulgimide units are represented in blue. Adapted from?’.

The authors fabricated many experimental devices based on that molecular system:
AND, XOR, INH, half-adder, halfsubtractor, 4:2 encoder, 2:4 decoder, 2:1 multiplexer, 1:2
demultiplexer, keypad lock, logically reversible transfer gate devices, a parity
generator/checker (for error detection in data transmission), and a one-time password generator.
All these devices possess the same initial state FGo-DTEOo to which they can be reset at any
moment via a green light irradiation. Note that FGc is a fluorescence emitter, with an emission

maximum at 624 nm used as an additional output for the logic operations?’.

Finally, diarylethenes can be used as molecular photoswitches to modulate the optical,

magnetic, and electronic (electric conductance) properties in light-driven nanodevices?®¢,

Combining gold nanoparticles used as electrodes with diarylethenes to fabricate
photocontolled molecular devices for conductance switching is a clever strategy. Matsuda et
al.5® prepared a network of interdigitated gold nanoparticles connected by dithiolated
diarylethenes in between two lateral gold electrodes (see Figure 1.12). The DAEs are used as
molecular switches to photocontrol the conductance between these two lateral gold electrodes.
They achieved the reversible switching of the DAE’s conductance upon alternate irradiation
with UV and visible light. Note that for bis(2-thienyl)ethene dithiol (third DTE on the right in
Figure 1.12) which is an inverse DAE, the switching direction is inverted: the closed-ring

1somer corresponds to the “OFF” state.
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Figure 1.12: Scheme of a gold nanoparticles-diarylethene network. The gold nanoparticles are
bridged by the dithiolated diarylethenes: a photocontrolled network of interdigitated gold
nanoparticles used as electrodes is obtained, it commands the conductance between the two
large gold electrodes. Adapted from?6:53,

B.L. Feringa’s team measured the change of conductance occurring upon the reversible
photoisomerization of single asymmetric diarylethene molecules placed in a matrix of
insulating dodecanthiol molecules organized in a SAM on Au (111) through their change of
apparent height measured by STM®* (see Figure 1.13). They were the first ones to perform this
type of measurements on DAESs. The preservation of the reversibility of the switching once the
molecule was connected to the gold surface was attributed to the asymmetric structure of the
molecule (Figure 1.13). The closed-ring conducting isomer appeared as a bright protrusion on
the STM image: the apparent height of the molecule increased upon its photocyclization
triggered by UV light. This protrusion disappeared upon irradiation with visible light: the
apparent height of the molecule decreased. The same observations were made upon alternate

UV and visible light irradiations (see Figure 1.13).
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Figure 1.13: (a) Scheme of a SAM containing a dodecanthiol matrix with individual
diarylethene integrations scanned by STM in constant current mode (top). Chemical structure
of the closed isomer of the asymmetric diarylethene corresponding to its conductive “on”
state (left) and of its open isomer corresponding to its insulating “off” state (bottom). (b)
Sequence of cropped STM images (of a 100 nm? zone) showing the photoinduced switching
between the more conductive “on” state of the DAE appearing as bright protrusion with a
higher apparent height and the insulting “off” state of the diarylethene for which the
protrusion disappears after 13 minutes of visible light irradiation (top). Evolution of the
apparent height as a function of the irradiation time (bottom). (c) 1-V characteristics and dl/dV
curves recorded simultaneously at 77K using the lock in technique (the bias voltage V is
applied to the tip and the sample is grounded). Top left: I-V curves of As-DE (average of 160
traces obtained at four different locations). Top right: dI/dV curves of As-DE. Bottom left: I-
V curves of DT (average of 1500 traces obtained at five different points and averaged to give
the resulting curve. Bottom right: dI/dV curves of DT. Adapted from?6:64,

111 - Gold nanoparticles: localized surface plasmon resonance (LSPR),

plasmonic antennas, and applications

1 - Description of the localized surface plasmon resonance (LSPR)

The interaction between metallic nanoparticles (the electrons from their conduction
band) with an electromagnetic field (such as light) possessing a wavelength much larger than

their dimensions, results in localized surface plasmons i.e., coherent oscillations of the metal
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electrons in resonance with light of the LSPR frequency. The LSPR, schematized in Figure
1.14, results in a strongly enhanced electric near-field localized at the particle surface® -8,

Electric field

L.
k

Metal sphere R

Electron cloud ” P Y

Figure 1.14: Schematic illustration of the localized surface plasmon resonance (LSPR) in
metallic nanospheres. The induced (by the incident electric field) polarization p is indicated
by the white arrows. In response to the incident electric field, the electrons from the metal
collectively oscillate, hence the description of the NPs as oscillating dipoles. Adapted from®.

The LSPR stems from the confinement of the incident electric field around a spherical
metallic nanoparticle with a radius much smaller than the wavelength of the incident
electromagnetic wave it receives. G. Mie demonstrated in 1908 that the LSPR is described by
the exact solution of the Maxwell equations at the boundary conditions (on the electromagnetic
field in the nanospheres) for electromagnetic plane waves (incident light) in interaction with
metallic nanospheres exhibiting smaller dimension than the wavelength of the incident light.
Mie expressed the extinction (ext), scattering (sca), and related absorption (abs) cross sections
deriving from the multipole oscillations. However, when 2R <A/10 (or R <30 nm), the dipolar
oscillations largely predominate, the LSPR can be described using the dipolar or quasi-static
approximation (the quadrupolar contributions to the electromagnetic field, and de facto those

of higher order are neglected)®®"*.

Small NPs with radii far smaller than the wavelength of the incident light but also
smaller than the penetration depth of the field are fully polarized by the field, the surface charge
density alternatively accumulates at each extremity of the NP, i.e., polarization oscillations
occur generating an electric field opposed to the excitation field resulting in a restoring force.
As illustrated in Figure 1.15, the plasmon oscillations are partially damped, they decay
radiatively (strongly enhanced scattering in the far field) or non-radiatively (absorption at the
LSPR frequency). In the radiative channel, the metallic NP becomes a nanoantenna, comparable

to a nanometric Hertzian dipole, emitting radiation. Elastic scattering occurs since the frequency
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of the emitted photons is equal to that of the incident photons. This scattering can be measured
at the single nanoparticle scale, with dark field microscopy for example. In the nonradiative
channel, the metallic NP becomes an absorbing medium in which both charge separation and
hot carriers (electrons and holes) generation take place. After ultra-fast (fs) electron-electron
scattering, energy dissipation from the electronic system to the lattice occurs via electron-
phonon coupling processes’2.

5

radiative ((‘I’))
hv scattering
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charge carrier
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Figure 1.15: Scheme of the two decay channels of a photoexcited plasmonic gold
nanoparticle. Subsequently to its excitation by the incident electric field, the LSPR decays
both radiatively by re-emitting photons (top) and non-radiatively by generating hot carrier

which triggers lattice heating via electron-phonon coupling (bottom). Teiectron, Tiattice, @Nd Troom
are the temperature of the electron system, the lattice, and the environment, respectively.
Reprinted from?2,

The system is similar to a dipolar oscillator, as drawn in Figure 1.16 the charges
oscillates as a whole, with a resonance frequency wpiasmon’’. The plasmon resonance frequency
or plasmon wavelength for which LSPR occurs depends on parameters such as the metal (gold,
silver, etc.), the size (when the dipolar approximation is no longer valid, which is the case for
“real”, non-ideal NPs), the shape (spherical, cubic, ellipsoidal, triangular, isocahedral, etc.), and
the surrounding medium (solvent, substrate, etc.)’?. About this last parameter, one must keep
in mind that a medium with a higher optical index, directly linked to the dielectric permittivity
by £4ie; = n?, means a higher intensity of the plasmon resonance and a larger value of the
NPs’ absorption cross-section (see Equations 1.6, 1.7, and 1.8 further). An intense absorbance
peak on the UV-visible spectrum of a homogeneous group of noble metal NPs which absorb
the incident light beam at wpiasmon CONStitutes the spectral signature of the NPs, although the

NPs also largely scatter the light beam?°.
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In the dipolar approximation, the charge distribution is considered static, from this
consideration, the electric field outside of the nanoparticle (see Figure 1.16), which is a sum of
the incident field and the field produced by the particle, is derived (see Chapter 3 from the book

of Pluchery et Louis’ for the full demonstration) and expressed as’°:

- -

Boxe = By — abo|-29520, — 20| (1.6)

With alpha the polarizability of the NP which contains its electromagnetic response,
given by:

_ 3 €~ &diel

a = 4meygR P — 1.7)

The external field is maximal when the polarizability is also maximal. The dielectric
permittivity being frequency dependent, |«| is thus maximal when |e + 2&g4;¢;| IS minimal.
The dielectric permittivity of the surrounding medium, &4;.; IS considered constant and real so
that the condition to maximize |a| becomes Re(e) + 2¢&4,,; = 0. For an aqueous solution of

gold nanoparticles, €4;.; = 1.77, the conditionis Re(¢) = 2 X 1.77 = —3.54, leading to an

intense plasmon resonance at 520 nm, thus explaining the ruby red color of AuNPs solutions.

J = E ez(]?.F—m/)

Figure 1.16: Schematics of a metallic nanosphere with the coordinates required to express the
external electric field using the electrostatic model (left). Plasmonic nanoparticle described as
an oscillating dipole (the electrons of its LSPR oscillate as a whole) because the wavelength
of the excitation wave is much larger than its radius (A >> R) (right). Adapted from?.

The extinction (cext), scattering (oscatt), and absorption (oabs) Cross-sections resulting
from the interaction of the NP with incident light can be calculated provided the inclusion of a
complement to the electrostatic model since light is a propagating wave and not a static
electromagnetic field. The light beam undergoes an extinction after the NP absorbed and

scattered a part of it, the respective cross section corresponding to each of these frequencies and
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thus time dependent phenomena can be calculated using the model of the radiative dipole. Note
that the relationship between theses cross sections and the previously expressed polarizability

is clear, and we have’®:

Oabs = Oext — Oscatt (1-8)

2 5 I
Oext = 35 \[eqier Im(@) = 92 ;lel T (19)
The resonance condition is fulfilled when Re(e(w)) = — 2&44,; for Im(e(w)) small

enough, and a negative Re(g(m)) is mandatory to have a surface plasmon resonance’X. The
intensity of the LSPR in resonance is conditioned by the magnitude of Im(e(w)) which

corresponds to loss in the material®®.

2
€ — &diel
£+ 2&4ie1

()3 2 _ o @m)i 2
Oscatt = 3— 14 dlellal = 3—F 24 dlel

(1.10)

These three cross-sections are useful to describe homogenous metallic nanospheres with
a diameter comprised between 10 and 60 nm (see Figure 1.17). Note that all the AuNPs that
were used for the present PhD work had sizes included in this interval. Up to 20 nm, absorption
dominates, and scattering is neglectable, from 60 to 80 nm absorption and scattering are
comparable, and for more than 80 nm, scattering dominates. It was demonstrated by the discrete
dipole approximation (DDA) calculations of El-Sayed et al.”®. As previously mentioned, the
LSPR is independent from the NP size if the dipolar approximation used to describe the NP is
valid. Large NPs (R > 60 nm) exhibit larger bands corresponding to multipolar plasmonic
contributions. The electron cloud of these large NPs no longer homogeneously oscillates over
the whole NP, the oscillating dipole description (oscillating opposite charges at each extremity)
does not apply to this system. The multipolar plasmonic contributions always appear at shorter
wavelengths than the dipolar ones which are redshifted. All the contributions can be analytically
described by the Mie model for spherical NPs with terms of orders higher than 2 (1 is for the
dipolar contributions) in the multipolar development of the electromagnetic field. Small
spherical AuNPs (R < 5 nm) have sizes inferior to the mean free path of the conduction band
electron of the metal which thus undergo many collisions with the AuNP’s surface. It shows on
their spectra that present broadened plasmon bands (already visible for R < 10 nm). Extremely
small AuNPs (R < 2.5 nm) have blue-shifted plasmon resonances or exhibit no plasmon bands

at all. This is due to a quantum phenomenon called “electronic spill-out” occurring at the surface
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of the AuNPs since the radius of the electrons cloud is slightly larger (about 0.5 A) than the
radius of the positively charged sphere made of nuclei’®™,

2.0 Fr—rr

- n=1.33 1

1.5F Daunps = 28 nm ]
AL spR =524 nm

1.0f

Qabs ’ Qext ’ Qscatt

400 500 600 700 800
Wavelength (nm)

Figure 1.17: Calculated spectra of 28 nm AuNPs showing respectively their absorption,
extinction, and scattering efficiencies. Q = o/aR>2. Calculated with’,
Note that the absorbance of non-interacting NPs in sufficiently diluted solutions is

directly linked to the extinction cross section by the relation’®:

1

A = _zn(—m)nbaext (1.11)

With n the number of NPs per unit of volume, b the length of the optical path (size of
the cuvette in the case of usual spectrophotometry), and cext as defined above in Equation 1.9.
The position of the plasmon resonance for aqueous solutions of AuUNPs can be evaluated using
this relation based on the electrostatic model. This position was indeed extensively measured
at 519 nm for AuNPs with diameters ranging from 4 to 35 nm, very close to the theoretical
value of 520 nm previously mentioned. The extinctions coefficients were precisely measured
so that they could be used for calculations with Beer-Lamber law (described in Chapter
2.11.1.8)".

There are several types of interactions influencing the plasmonic properties that cannot
be neglected if they are present’®’>, The first type is the far-field interaction between NPs when
they are close enough from each other which has consequences on the LSPR; its position is
modified as well as the absorption cross-section of the NPs. It is however possible to describe
assemblies of interacting particles by using an effective medium approximation. Strong near-

field interactions between metallic NPs leading to the coupling of their plasmon oscillations
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can also occur. The plasmonic coupling between two spherical AuNPs is described further (see
Chapter 1.1V.1). The last important interaction to consider is the one between the NPs and the
substrate (in the case of supported NPs) which are electromagnetically coupled. On the one
hand, the LSPR is modified according to the distance from the substrate especially if the
incident electric field is polarized perpendicularly to the interface (see Figure 1.18). When the
distance becomes small enough, spectral features corresponding to quadrupolar contributions
appear and become comparable to the dipolar one that redshifts. On the other hand, the LSPR
is modified according to the metallic, semi-conductor, or dielectric character of the substrate.
The oscillating electronic cloud of the AuNP interacts (in a dipole-dipole resembling manner)
with the image charges of the substrate. As can be seen in Figure 1.18, when the incident electric
field is polarized perpendicularly to the substrate, a charge distribution of opposite sign rises
which is exactly the symmetrical image of that of the oscillating dipole (the surface of the
substrate can be viewed as the plane of symmetry). The excitation dipole and the induced one
are therefore aligned. Conversely, when the incident field in polarized parallelly to the substrate
the two dipoles are anti-parallel. A detailed description of the interactions between metallic NPs
and their plasmonic coupling in particular as well as their interactions with all types of

substrates can be found in the review of Halas et al’™.
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Figure 1.18: (a) Illustration of the electromagnetic coupling between a 10 nm silver NP and an
Al>O3 substrate in which charge images are induced, in function of the distance between
them. (b) Induced local field for an applied field normal (left) and parallel (right) to the

interface. (c) Extinction efficiency of the AgNP according to the distance from the substrate d

for an external field normal (left) and parallel (right) to the substrate. The influence of the
distance on the extinction efficiency is much stronger when the field is normal than when the
field is parallel. Adapted from?®.
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2 - Gold nanoparticles acting like plasmonic nanoantenna

Upon excitation at the plasmon resonance frequency, the NP acts like a plasmonic
antenna, it radiates a near field electromagnetic wave with an enhanced (up to 10 times)
amplitude. The expression of the local field radiated by a nanoparticle, which at A = 530 nm is

five times larger than the incident field Eo, is derived from Equation 1.6 and writes’®:

3e

(1.12)

E = E
antenna 0 e+2€gi01

a - Near field radiated by a spherical nanoparticle

The optical near field radiated by a spherical nanoparticle can be described using the
oscillating electric dipole model”’. Let us remind that we mentioned previously that an analogy
can be made between an oscillating dipole and a metallic nanoparticle under the effect of an
incident electromagnetic field. Here, the dipole can be seen as an elementary source of
radiation. Let there be two charges +q and -q, separated by a distance d, forming a dipole along
the y axis. The dipole, considered much smaller than the wavelength, oscillates at a frequency

o related to the wave vector k = 27/A.

The field E(r) radiated in the direction u at the point M separated from the center of

the dipole by a distance r (see Figure 1.19) is (e 't factor is implicit)’’:

k2 eikT

4mMEy T

E(r) = {Ip - @.wul - —p - 3. wul - = [p - 3(p.wul} (113)

ikr k2r2

E(r) is the sum of three contributions (in square brackets of Equation 1.13), the first
term corresponds to the far-field dipolar radiation and is responsible for the radiated energy
flux, it decays as 1/r. The second term corresponds to the induction field, it decays as 1/r%. The
third term corresponds to the near field, it decays as 1/r® and thus dominates at short distances.
It is the most important term in the context of this work. The frontier between the near and the
far field is clearly visible on the plot of E(r) along x in function of kr (see Figure 1.19). It is
materialized by a slope break located at kr = 1 with r = M/2r and E(r) along x":

— i ikr 1 i 1
E(T‘) - 41E emp {kr T (kr)2 (kr)3} (1'14)
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Consequently, at distance from the dipole shorter than A/2x, corresponding to about 50
nm for a 20 nm diameter spherical nanoparticle in the visible range, the near field dominates,
at longer distances, the far field does. The consequences on the far field of a modification
occurring in the near field is visible in the case of an aggregating aqueous solution of gold
nanoparticles. When the AuNPs in solution are well dispersed (no aggregation), the solution is
red. Upon aggregation of the AuNPs, their local near-field waves interact, and the solution turns

blue®,
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Figure 1.19: (a) Oscillating dipole (at the origin) and its radiated electric field at point M
located at a distance r from the center of the dipole. Logarithmic plot of the amplitude of the
electric field as a function of the distance from the center, along the x axis showing the two

radiation zones of the dipole: the near field with a decay in 1/kr3 and the far field with a

decay in 1/kr. Reprinted from?’.

When r << A (kr — 0), the electric field writes with the expression obtained in the

electrostatic limit (retardation effects are neglected in the near field limit)"":

1
4megT3

E(r) =

B(p.wu—-p|] (1.15)

In the end, the electromagnetic field radiated by a metallic nanosphere can be calculated
using the dipolar approximation with Equation 1.12 or 1.6 with the expression of the
polarizability a (see Equation 1.7). Rodriguez-Fernandez et al.”® made the calculation at ALspr
= 520 nm for a 12 nm gold nanoparticle in water illuminated by a plane wave with field an
amplitude E, and a wavevector k. As can be seen in Figure 1.20, the electric field is strongly
enhanced along the direction of E, in the close vicinity of nanosphere (4-5 nm around it

maximum). The near-field enhancement factor, which can go up to 20, is defined as |E/E,|?.
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Figure 1.20: Electromagnetic field radiated by a gold nanoparticle illuminated at its plasmon
resonance ALspr = 520 nm in water corresponding to a near-field enhancement of a factor 20
in the vicinity of the AuNP. Reprinted from’’.

b - The concept of plasmonic nanoantenna

The enhancement provided by the local field is limited to the close surroundings of the
nanoparticles which is designated as a plasmonic nanoantenna (PNA). A parallel is made with
conventional microwave and radiofrequency antennas (RFAs). An antenna is an
intermediate/transducer between far-field radiations and local fields (local currents in
conductive elements). PNAs can convert energy from local electromagnetic near fields to far
field optical radiation extremely efficiently’>"®. PNAs, with their dimensions corresponding to
that of the electromagnetic radiations wavelength, can be viewed as nanoscale equivalents of
RFAs although the two types of antennas have working principles based on different physical
phenomena. Electrical antennas (radiowave and microwave antennas) are powered by high-
frequency voltage sources. These antennas induce current oscillations (oscillating polarization)
which in turn produce radiowave and microwave radiations. Plasmonic nanoantennas are
supplied by high-frequency optical sources that induce optical current in them, producing

plasmonic oscillation in the UV to IR range’®.

All plasmonic structures exhibiting a local field enhancement are nanoantennas with a
certain efficiency’’. PNAs of many different types exist, metallic nanoparticles of various
shapes (spherical, rod-like, triangular, star-like), core-shell systems, classical yet miniaturized
Yagi-Uda antennas, and V-shaped antennas’®. The plasmonic nanoantenna effect stems from
the strong coupling of LSPRs in metals (coherent free electron oscillations) to the continuum
(free space radiation), analogously to what RFAs do. At ALspr (Optical resonance), optically
resonant PNAs channel electromagnetic energy from the continuum to nanometer-scale
volumes through the excitation of LSPRs, and then radiate it back to the continuum with high

efficiencies’.
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An efficient plasmonic nanoantenna must possess a large and tunable cross-section i.e.,
the ability to efficiently collect electromagnetic energy from the incident radiation (light) and
provide a strong near-field enhancement i.e., the ability to transfer the most of that energy in
the PNA surroundings (nano-scale volumes)®. The directionality of the antenna, which
designates the emission or reception efficiency of the antenna according to the direction of the
incident light, must also be considered. It affects the efficiency of both the excitation and the
collection. A relevant design, including directions for which light reception and/or emission is
very efficient, allows to obtain high quantum efficiency super-bright single-photon sources with

strong directionality’:.

Considering their strong interaction with light, the potential of metallic NPs for an
utilization as optical antenna has been largely explored’. Metallic NPs can be used as PNAs;
at resonance (ALspr), NPs reach their maximal light absorption and scattering capacity. Their
optical response is tunable and spectrally narrow. Their extinction cross section is then several
times larger than their physical cross-section (size at resonance). It explains the presence of hot
spots (zones with massively amplified fields) and the efficiency of the light focusing. These
hot-spots can be used to strongly enhance (by several orders of magnitude) light-matter
interactions’®8%, Metallic NPs are efficient optical receivers meaning that they efficiently
collect far the field of incident radiation (plane wave) and focus it, in specific directions, into
local near-fields confined in their close vicinity (nano-scale volumes, so far below the size of
the wavelength). Metallic NPs are also efficient emitters since they can enhance the decay rates
of a local source provided the resonance of the metallic NP or NP array is tuned accordingly .
However, one can note that due to their high level of symmetry, the directionality of spherical

nanoparticles, like the ones used in this work, is poor’”.

An example of metallic nanoparticle PNA is shown in Figure 1.21, it is a silver nanorod
for which the local electromagnetic field was calculated for three of its plasmonic modes. The
extension of the near field (a few nm) is of the order of magnitude of the NP size (400 x 100 x
50 nm?). The first mode (n = 1) is an oscillating dipole with a LSPR located at 1375 nm, the
second (n =2, ALspr = 770 nm), and third (n = 3, ALspr = 630 nm) plasmonic modes are higher
energy modes. Each mode exhibits local electromagnetic field enhancements represented in
different colors in function of their intensity. The hot spots (zones with the highest enhancement

factor, EF = 100) are represented in red’®°,
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Figure 1.21: Illustration of the concept of plasmonic nanoantenna through the example of a
400 x 100 x 50 nm? silver nanorod. Mapping of the calculated near-field for three plasmonic
modes (n =1, ALspr = 1375 nm; n = 2, ALspr = 770 nm; n = 3, ALspr = 630 nm), blue and red
correspond to an enhancement factor of respectively 0.1 and 100. The nanorod is on a glass
substrate and illuminated from the top by a plane wave tilted 20° with respect to the vertical
direction and polarized along its long axis. Reprinted from?.
To summarize, PNAs enable light guiding and localization below the diffraction limit
(and thus at dimensions smaller than light wavelength) thanks to the incident electromagnetic
energy confinement at the surface of the PNA by the coherent plasmonic excitations. They
provide light-matter interactions (electron-photon coupling) enhancement, strong and tunable
coupling between localized electric/electrochemical/mechanical phenomena and far-field
radiation of a system PNA/active material. A coupled system emitter/PNA exhibit a more
efficient emission at specific frequency for which the antenna is resonant, it appears in the

spectral response of the emitter?®,
3 - Applications of gold nanoparticles

Gold nanoparticles and more broadly noble metal nanoparticles are used in many different
fields for applications rendered possible by their plasmonic properties. One of these fields is
biomedicine with applications in biomedical imaging, cancer therapy, drug delivery,
pharmacokinetics, biodistribution, and tumor targeting. A related field is that of plasmonic
biosensing with applications in the detection of viruses, pollutants, allergens, and of a specific
chemical or biomolecule in general, and the development of lab-on-a-chip and point-of-care
diagnosis devices via the combination with microfluidics. One can note that the few examples
found of the measurement at the single nanoparticle scale of the modifications induced by the
functionalization of AuNPs regarded biological sensing studies. In their review, Zamora et al.8!
reported the following, their study of the spectral changes undergone by 100 nm AuNPs
introduced in the intracellular matrix. In solution, the AuUNPs appeared orange on the dark-field

microscopy images and their LSPR peak was located at 645 nm. For AuNPs introduced inside
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cells, the LSPR peak was located at different wavelengths (633, 603 and 582 nm) according to
the component of the cell it was in contact with. These differences were of course observable
on the images on which the AuNPs appeared of different colors. They also gave the example
from a study of Shannahan et al.®?, of the interaction of 20 nm and 110 nm citrated silver
nanoparticles (AgNPs) with cholesterol molecules which resulted in a redshift of 38 nm (from
572 to 610 nm) for the 20 nm AgNPs and of 99 nm (from 512 to 611 nm) for the 110 nm AgNPs

indicating the grafting of the cholesterol molecules at the surface of the AgNPs.

A totally different field in which applications of AuNPs can be found is that of
photocatalysis®#, including hot-electrons assisted chemistry (see Figure 1.22), for applications
in energy such as better harvesting of solar power through solar water splitting®, the design of
more efficient solar cells comprising plasmonic NPs®, and photoreduction of CO; to fuels®.
Another main application is the catalysis of various organic reactions including photochemical
ones for which H. and/or O dissociations are key steps. Mukherjhee et al.® reported the
dissociation of H, molecules adsorbed on AuNPs at room temperature. The dissociation of O
was also reported® and is particularly important for oxidation reactions. Zheng et al.®” showed
the photocatalysis of the dehydrogenation of formic acid on anisotropic Pd-Au nanorods.
Biochemical reactions can also be photocatalyzed, Cortés et al.® reported the photocatalysis of
the reduction of 4-NTP to 4-ATP by the hot electrons of the Ag nanoantennas the molecules

are grafted on.
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Figure 1.22: (a) Scheme illustrating the SERS detection of the reduction of 4-NTP to 4-ATP
by hot-electrons generated at the tip of the Ag antenna, in the presence of 0.1M HCI, and
under illumination at A = 633 nm and 1mW (left). Time-dependent Raman spectra showing
the conversion of 4-NTP (blue peak) to 4-ATP (green peaks) (right). (b) lllustration
representing the mechanism of H» dissociation by plasmon-induced hot electrons generated at
the surface of the AuNPs. (c) O2 dissociation by plasmon-induced hot electrons. Top left:
density of states of O, adsorbed on an Ag (100) surface calculated by DFT, the dashed line
materializing the Fermi level of Ag, the blue curve the bonding orbitals of O, and the red line
the antibonding orbitals of O.. Top right: PES of O2 and Oz on Ag(100). An energy transfer
occurs from the hot electrons to the O (activating the molecules) vibrational mode after they
get transferred back to Ag. Bottom left: scheme of O dissociation triggered by vibrationally
excited states. Bottom right: aerobic oxidation of p-ATP mediated by hot-electrons acting on
the antibonding orbital of the O, molecule, producing the long-lived O that oxidizes p-ATP.
Adapted from?3.86.88,

Finally, noble metal NPs also found applications in the now very commonly used
analytical techniques that are surface-enhanced Raman spectroscopy® (SERS) and tip-
enhanced Raman spectroscopy® (TERS). The large signal enhancement provided by the NPs
allowed the development of these techniques and their application in the detection of species
present in extremely low quantities®, in single molecule chemistry®, in surface characterization
of various materials®, in spectroelectrochemistry which allows the in-situ monitoring of diverse
chemical reactions leading to the identification of reactional intermediates and unravelment of

mechanisms, and sensing (of pH, hydrocarbons, glucose, DNA/NRA, proteins, etc.)®°.

4 - Using the plasmonic nanoantenna effect of the gold nanoparticles to solve the issue of

the asymmetric switching of diarylethenes

Before looking into the case of gold nanoparticles, it is interesting to start with that of
flat gold surfaces. Katsonis et al.>* monitored the switching of meta-phenyl-linked diarylethenes

grafted on a flat Au(111) surface by STM and UV-visible spectroscopy. They showed that the
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time required to make meta-phenyl-linked DAEs on gold switch was an order of magnitude
higher than the time it takes to make the molecules switch in solution. This difference was
attributed to the “shortening of the lifetime of the excited state of the molecule by interaction

with the metallic surface” i.e., to quenching.

Regarding the case of metallic nanoparticles in solution, Yamaguchi et al.% showed that
reversible switching occurred for DAEs used as ligands on gold and silver nanoparticles (from
2.2 t0 6.7 nm) dispersed in ethyl acetate, but also that quenching was present for both reactions
although they tried to increase the distance between the DAE and the NP with a five-units
methylene chain. They monitored the reactions with thin-layer chromatography and found
lower conversion (ratio of the QYs) for the DAEs grafted on NPs in solution than for DAE
molecules alone in solution. They showed that the cyclization was more affected by quenching
than the cycloreversion. They attributed the partial preservation of the photochromic properties
to the speed of the cyclization reactions (< ps).

Finally, regarding the case of DAEs grafted on supported AuNPs, lkeda et al.% showed
that DAEs with a phenyl linker (similar to CSHT-di-PSH, one of the molecule used in this PhD
work, but with one more methyl on the position 3 of the thiophen ring and with a
perfluorocyclopentene ring as bridging unit) embedded in a 3.6 nm AuNPs network underwent
reversible photochromism but that both reactions were very slow. The photocycloreversion was
the slowest, this slowdown was attributed to severe quenching by energy transfer. As
summarized in Figure 1.23, Van der Molen et al.®* used DAESs as bridges between 10 nm AuNPs
organized in a 2D array. These molecules are equivalent to ours except for the cross-conjugated
meta-pheny! linker (or spacer), in the case of C5HT-di-SH (our molecule, presented in the next
chapter), the linker is a para-phenyl linker. They showed that the ring-closure QY decreased
from 0.4 to 0.07 upon connection of the DAEs to AuNPs in solution. The switching was also
monitored by optical spectroscopy following the evolution of LSPR peak position. Since
according to them, their molecules were sufficiently decoupled from the electrode, this decrease
was not attributed to strong electronic coupling causing charge transfer (electron and/or holes)
from the excited state of the molecule to the metal. It was the problem observed in devices
switching in only one direction (case of Duli¢ et al.”). Instead, they attributed it to quenching

via energy transfer due to the interaction with the mirror dipoles in the metallic gold electrodes.
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Figure 1.23: (a) Diarylethene molecules in their “on” state (red) and open, “off” state (blue).
Schemes of 2D networks: of gold nanoparticles protected by octanethiols (left side of the
arrow) and connected by diarylethene molecules in their “on” state (right side of the arrow).
Scheme of the setup used to measure light-induced (Hg lamp) conductance switching or
optical switching (low-intensity white light source). Absorption spectra of the 2D AuNPs
network before (solid, black line) and after (red, dash-dotted line) insertion of the diarylethene
molecules to bridge the AuNPs, which made the LSPR peak shift, and the conductance
increase of a factor of 18. (b) Conductance and molecular switching. They kept the sample in
the dark until t = 0. They made the experiment in an argon flow cell at room temperature. The
sample undergoes an alternance of illumination with either visible (green) or UV (pink) light
and period in the dark, after which an optical spectrum is recorded and the conductance at that
time tis indicated by a red dot. The evolution of G versus the time is plotted in the upper
graph, while that of A_spr versus the time is plotted in the lower graph. Visible light
illumination makes G and ALspr increase, while UV light illumination makes them decrease.
Inset: First three optical spectra: black, solid line, spectrum at t = 0; blue, dash-dotted line,
after first visible illumination, A_spr decreased; red, dashed line, after first UV illumination,
ALspr increased, closer to its initial value. The optical spectra demonstrate the molecular
switching, DAEs in their “off” state having a lower permittivity than DAEs in their “on” state.
Conductance switching cycles. The conductance G is plotted versus illumination time t for a
sample with all its DAE bridges in the ON state. In the dark, before the beginning of the
measurements (at t < 0) the sample conductance is constant. At t = 0, visible light illumination
starts, G immediately decreases, upon UV irradiation (at t = 245 s), G increases again. Eight
switching cycles consisting in 245 s of visible light irradiation followed by 125 s of UV light
irradiation were performed. For 2095 <t < 2650 s the sample was left in the dark. The
experiment was done in an argon flow cell at room temperature. To determine G, they
recorded I-V curves, with -10 <V < 10 V, so that for each molecular junction the bias was at
most ~10 mV (linear regime). Note that in real time, this experiment lasted over 5 h. Adapted
from®,

On another note, Kobatake’s group was the first one that studied the effect of the
distance from the AuNP on the photochromic properties of DAEs but without directly
connecting them to gold. Nishi and Kobatake®®® studied the switching of gold nanoparticles
bearing polymeric chains (polystyrene) of various lengths containing diarylethene units. They
started with the reference, i.e., free DAE in toluene with a chain length of 11 nm, a 97 %
conversion was obtained. Then, they measured a first Au-polyDAE sample in toluene with a
chain length of 20 nm and AuNPs with a 7.4 nm diameter, a 96 % conversion was obtained. It
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was compared to that of a second Au-polyDAE sample in toluene with a chain length of 11 nm
and AuNPs with a 5.9 nm diameter for which an 80 % conversion was obtained. The reduction
of the chain length of Au-polyDAE induced a decrease of the photochromic conversion (and
therefore of the QY of the photocyclization reaction). This lower conversion was attributed to
the quenching of more DAEs of the shorter chain which are closer from the AuNP. Both Au-
polyDAE displayed a lower conversion (72 and 70% respectively) when they were deposited
on quartz substrates. It was attributed to the fact that unlike in solution, the chains are not
extended but some of them are twisted, bent etc. which gets a part of the chromophores closer
to the AuNPs and therefore quenched. The interparticle distance was also shorter than in
solution introducing interactions (and thus quenching) of the polymeric chains not only with
the AuNP they are attached to but also with the AuNPs around them. Finally, they studied a
block copolymer constituted of a 6.1 diameter AUNP with a 12 nm styrene chain and a 63 nm
DAE chain attached to the styrene chain, exhibiting a 94% conversion in toluene: no quenching
thanks to the styrene chain that keeps the chromophore chain far enough from the AuNP. On
the quartz substrate, the conversion dropped to 68 % for the same reasons than previously

explained for the Au-polyDE.

Nishi et al.2%%1%! studied various Au-polyDAE systems (see Figure 1.24) and measured
the plasmonic enhancement factor obtained for different AUNP diameter, distances between the
gold surface and the chromophore, and DAE structures. The enhancement was not affected by
the structure of the DAE. A larger enhancement factor was measured for larger AuNPs (from
0.47 for a 4 nm diameter to 2.9 for a 41 nm diameter)*®X. No enhancement was measured for
short polymeric chain due to quenching or for too long polymeric chains no longer affected by
the LSPR.
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Figure 1.24: Scheme of the structure of their Au-poly(DE) systems. Reprinted from?0%,
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Tsuboi et al.1% reported the acceleration via a LSPR enhancement effect of the one
photon photocycloreversion reaction (ring-opening) of two different diarylethenes embedded
in a polymer (PMMA) film coated on 30 nm AuNPs deposited on a glass substrate (either
randomly or organized in dimers with a gap distance of 140 nm). Both studied DAEs had a
perfluorocyclopentene ring as a bridging unit, one had benzothiophene linkers and the other
one has phenylene linkers with the usual additional methyl group on the third position of the
thiophene ring of the photochromic unit. The main and crucial difference these DAESs have with
the ones we studied is that they do not possess a thiol anchor group. They were not meant to be

directly connected to the AuNPs and indeed they were not.

The authors develop the following model. In resonant irradiation conditions i.e., by
irradiating the sample with light of the same wavelength than that of the LSPR, the electric field
Ep near the gold surface is E, = gEo with Eg the electric field of the incident light and g the
enhancement factor. The interaction between the molecule and the enhanced electric field
depends on a term -pE, in a matrix element of interaction energy, where p is the dynamic
molecular dipole. Applied to the case of a one-photon permitted molecular transition (optical
absorption), the probability of optical absorption of the molecule is proportional to the square
of this term (—puEp) based on Fermi’s golden rule, explaining the molecular absorption
enhancement. Based on this model, the quantum yield of the photochemical reactions triggered

by light absorption should be increased by the LSPR.

However, the plasmon enhancement factor (proportional to g?) predicted by the model
is 102 - 10° far superior to that measured, 1.5 for the DAE with the benzothiophene groups and
2.5 for the DAE with the phenylene groups. The explanation proposed by the authors is the
following, the DAE molecules are either too far from the AuNPs to be affected by the
enhancement, too close from the AuNPs which make the usual quenching (energy transfer from
DAEs to gold) appear or at the right distance from the AuNPs to have their photoconversion
reaction enhanced by the LSPR. An averaged enhancement factor was then measured, its value

was reduced by the molecules in the first two described situations.

Nishi et al.1®! studied the enhancement of the photocycloreversion (one photon reaction)
of a diarylethene polymeric shell made of 17 nm chains attached to 18 nm gold nanoparticles
in solution (50/50 THF/water mixture). The photochromic unit bears two phenylene groups,
one as a terminal group, the other which act as a linker to an ethyl group connected to the

polymeric chain via a C-O bond. Consequently, the DAESs are not directly connected to the gold
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which contributes to reduce quenching issues. They reported enhancement factors of 2 to 5
according to the irradiation wavelength used, in agreement with the values of Tsuboi et al'%,

IV - Gold nanoparticles dimers

In order to obtain dimers, one can either go for a bottom-up approach’21%%-1% py ysing
synthesized gold AuNPs (with high monodispersity), usually bound by a molecular linker (but
not in our case) and eventually deposited on substrates, preferably patterned to have control on
the dimer positioning; or a top-down approach®”1%7.1% phy ysing techniques based on e-beam

lithography and subsequent pulsed laser etching.

It is important to make the distinction between a plasmonic dimer and a dimer according
to the chemistry definition (see Figure 1.25). A plasmonic dimer is made of two constitutive
entities whose plasmon resonances are coupled. In some cases, there is a chemical linker
binding the two entities, in some cases, as it will be the case in Chapter 6, there is no chemical
linker binding the two entities. Conversely, a dimer according to chemistry is made of two
chemical species which are chemically bonded to each other or assembled via van der Waals
interactions, again, it will not be the case in Chapter 6. Consequently, from the point of view of
plasmonics, we will be in presence of dimers whereas from the point of chemistry, we will

simply be in presence of neighbor gold nanoparticles.

':;f; +@ @5/\/\/ AuNP

Substrate Substrate
“Plasmonic dimer” ”Chemlcal dimer”

Figure 1.25: Scheme underlining the difference between a plasmonic dimer and a chemical
dimer.

1 - Hybridization model of the plasmonic modes of nanoparticles forming a dimer

The model of the hybridization of plasmon modes has been developed by Nordlander et
al.”™1% it is analogous to the linear combinations of atomic orbitals (LCAQ) model used in
chemistry. Indeed, an AuNP can be viewed as an atom and an AuNPs dimer as a diatomic
molecule in which two atoms are paired since they share electrons via bonding molecular
orbitals. When two AuNPs form a dimer, they are close enough from each other to couple

through Coulomb interactions. As shown in Figure 1.26, their intrinsic plasmonic modes
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become coupled and they hybridize making four new plasmon modes with different properties
appear’21%. Two of these modes are bonding ones, located at lower energy than that required
to excite the LSPR of the single AuNP, and the two other modes are antibonding ones, located
at higher energy than that required to excite the LSPR of the single AuNP*°, The coupling
modes resulting from the coupling in the direction parallel to the dimer axis of the dipoles
excited on the two AuNPs are equivalent to o-type orbitals, whereas the coupling modes
resulting from the coupling in the direction perpendicular to the dimer axis of the dipoles

excited on the two AuNPs are equivalent to n-type orbitals.
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Figure 1.26: Typical plasmonic modes hybridization diagram for a dimer of spherical
nanoparticles. Adapted from?*!L,

The observability of the plasmonic modes by spectroscopy is defined by their effective
dipole moments. For a symmetric dimer, two of the modes possess a nonzero dipole moment
and the two others possess a dipolar moment equal to zero. The former, well coupled to the far
field and thus radiative, are the bright modes, in this case the longitudinal bonding dipolar
plasmon (LBDP) and the transversal antibonding dipolar plasmon (TADP). The latter, unable
to couple to the far field and thus non-radiative, are the dark modes, impossible to observe by
spectroscopy’>">110112 For the LBDP, the dipoles of the AuNPs are aligned and therefore, its
induced dipole is large and strongly coupled to the far field. It is the largest induced dipole of
all the modes resulting from the coupling, it is consequently the mode that dominates the optical

response of the plasmonic dimer™.

56



2 - Spectral signature of gold nanoparticles dimers

Yim et al.!% measured in air and with unpolarized light, the scattering spectra of
individual 60 nm AuNPs and 60 nm AuNPs dimers linked by ethylenediamine (imposing a gap
distance of about 2 nm) deposited on ITO. The spectrum from a single 60 nm AuNP presents
one LSPR peak located at 540 nm whereas the spectrum of a 60 nm AuNPs dimer presents two
plasmon peaks respectively located at 540 (peak corresponding to the TADP) and 680 nm (peak
corresponding to the LBDP). They observed slight spectral differences due to the AuNPs
morphology differences and, in the case of the dimer, they also observed differences in the gap
size, which is surprising since the gap size is supposed to be fixed because of the use of EDA
molecules as linker: the gap distance should always be equal to the length of the molecular
linker. The peaks on their simulated spectra were redshifted compared to the experimental ones.
Regarding their intensity, the peaks corresponding to the dimers were always more intense than
the peak of the monomer (similar to what was experimentally observed). However, the peak
corresponding to the LBDP mode was more intense than the peak corresponding to the TADP

mode whereas on the experimental spectra both peaks were of comparable intensity%.

Esashika et al.1%® measured the scattering spectra in solution of their dimers of 50 nm
and 60 nm AuNPs with gaps of 1.5 nm. In their case, the intensity of the LBDP (located around
540 nm) was always inferior to that of the TADP (located around 640 nm) on their experimental
spectra, whereas the intensity of the LBDP was always superior to that of the TADP on their

calculated spectra.
3 - Tunability of the gap of a dimer

By adjusting the gap distance between the NPs, one can tune the strength of the coupling
and therefore the resonance frequency of the obtained hybridized plasmonic modes as well as
the strength of the electromagnetic field generated between the two NPs (hot spot)10%:106.108.110
Esashika et al.1®® demonstrated the tunability of the interparticle gap, they prepared AuNPs
dimers (coupled via the van der Waals interactions between the -COOH terminated alkyl chains
they bear) with well-defined and uniform gaps (measured by cryo-TEM) in bulk suspension
and measured the scattering spectra of single dimers in very low concentration suspensions by
micro-Raman spectroscopy. They fabricated dimers of various sizes (by using AuNPs with a
diameter ranging from 20 nm to 80 nm) and with various gap distances by changing the alkyl

chain length from 5 to 15 carbons (the smaller the alky chain, the smaller the gap). On the one
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hand, they demonstrated that the magnitude of the redshift of the peak corresponding to the
longitudinal mode increases with decreasing gap distance in the expected order: C1s (dgap = 3.9
nm, Aepp = 574 nm) < Cio (dgap = 2.2 nm, Aepp = 596 nm) < C7 (dgap = 1.5 nm, Aepp = 608
nm) < Cs (dgap = 1 nm, Aspp = 627 nm). On the other hand, they showed that the degree of the
redshift of the longitudinal mode is less significant with a decrease in AuUNP size. It is explained
by the dependence of the magnitude of the redshift on the relative distance of the AuNPs (the
ratio interparticle gap/AuNP diameter) as well as its absolute distance. Both trends were

confirmed by their FDTD (Finite Difference Time Domain) simulations in water.

Both experimental and theoretical studies conducted on dimers of nanoparticles of
various shapes and sizes unanimously demonstrated that, as illustrated in Figure 1.27, the peak
corresponding to the collective mode (LBDP) redshifts upon reduction of the gap distance for
the incident light polarized in the direction parallel to the dimer axis whereas it slightly
blueshifts for incident light polarized in the direction perpendicular to the dimer axis®”6875103-
106,108.112.113 = A reduced gap distance means a stronger coupling and a larger charge
accumulation in the gap zone!'3. The polarization dependence of the coupling can be explained
by a simple dipole-dipole coupling model®”#8, On the one hand, the dipole-dipole interaction is
attractive for parallel polarization, decreasing the plasmon frequency (this decrease corresponds
to the redshift of the plasmon band). On the other hand, the dipole-dipole interaction is repulsive
for perpendicular polarization, increasing the plasmon frequency (this increase corresponds to
the blueshift of the plasmon band). The interparticle interactions and thus the plasmonic
coupling are much stronger for parallel polarization since the redshift in parallel polarization is

much larger than the blueshift in perpendicular polarization®’.
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Figure 1.27 : Plasmon coupling in dimers of spherical nanoparticles separated with small
gaps. (a) Constructive dipolar coupling in spherical AgNPs with light polarized along the
dimer axis. (b) Destructive interference between the dipoles of spherical AgNPs with light
polarized perpendicularly to the dimer axis. (c) Electric field intensity of 10 nm spherical
AgNPs separated by a 5 nm gap interfering constructively. The scale bar is 10 nm. (d) Electric
field intensity of 10 nm spherical AgNPs separated by a 5 nm gap interfering destructively.
The scale bar is 10 nm. (e) Extinction efficiency of a dimer of 10 nm spherical AgNPs with
gaps of 50 (darkest trace), 40, 30, 20, 10, 5, 4, 3, 2, and 1 (lightest trace) nm, and with light
polarized along the dimer axis. (f) Same as (e) but for light polarized perpendicularly to the
dimer axis. Reprinted from®,

Yoon et al.!% claim that gap morphology is the most decisive factor regarding the
position of the LBDP peak. They made an experimental and theoretical study of individual ideal
spherical and non-ideal faceted 50 nm AuNPs dimers. Both have the same gap distance of 1.3
nm fixed by a SAM of 1,8-octaneditiol linker but the ideal dimers exhibit spectral uniformity
i.e., same position of the longitudinal bonding dipolar plasmon (LBDP) coupling peak while

the non-ideal dimers exhibit high spectral nonuniformity.

This difference is due to the many possibilities regarding the gap morphology of the
nonideal dimers. To limit all the possible configurations, they studied hybrid dimers made of
an ideal spherical AuNS and a non-ideal faceted AuNP (icosahedron with rounded corners and
edges, found experimentally for citrate reduction-based synthesis), to investigate the influence
of crystal facet orientation in the gap. They considered three theoretical configurations for the
hybrid dimers: face, edge, or point contact (see Figure 1.28). For the ideal dimer model, only

one configuration is possible and was therefore considered: a 0D point contact. The position of
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the peak corresponding to the LBDP was calculated to be 732 nm for an ideal dimer with a 1
nm gap and 695 nm with a 1.25 nm gap. As shown in Figure 1.28, FDTD calculations predict
a blue shift of the longitudinal bonding dipolar plasmon coupling mode for hybrid dimers with
point and edge contacts due to the lower plasmonic coupling whereas a redshift is predicted for

face contact due to the stronger coupling.
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Figure 1.28: (a) Experimental representative dark field scattering spectra of individual hybrid
dimers (50 nm AuNS - 50 nm AuNP) of each class. The three classes were defined according
to the position of the LBDP mode on the scattering spectra. The point-contact class, in blue,
comprising the dimers for which the LBDP is located at 707.7 £ 3.1 nm; the edge-contact
class, in green, comprising the dimers for which the LBDP is located at 726.9 £ 5.6 nm; the
face-contact class, in red, comprising the dimers for which the LBDP is located 771.5 + 13.2
nm. (b) Simulated spectra by the FDTD method of ideal and hybrid dimers and their
corresponding plasmon hybridization diagram. The results for the ideal dimers are in black,
those for the hybrid dimers are respectively in blue (point contact), green (edge contact), and
red (face contact). (c) Scheme of the three hybrid dimers configurations: point contact (blue),
edge contact (green), face contact (red). Adapted from%.

All 62 experimentally measured (by DF microscopy) scattering spectra of hybrid dimers
could be associated to a gap morphology based on the position of the peak corresponding to the

LBDP coupling mode (see Figure 1.28). For the face contact case, which is the one involving

60



the strongest plasmonic coupling and thus for which a redshift was expected, all the dimers with
a LBDP band at 771.5 £ 13.2 nm were assigned to it. For the edge contact case, which is a case
involving a weaker coupling than the ideal case and thus for which a small blueshift was
expected, all the dimers with a LBDP band at 726.9 £ 5.6 nm were assigned to it. Finally, for
the point contact case, which is the case with the weakest coupling compared to the ideal case
and thus for which a large blueshift was expected, all the dimers with a LBDP band at 707.7 £
3.1 nm were assigned to it. They verified that the blue-shift trends were not caused by
monodispersity variations with respect to both the size and the sphericity of the dimer’s AuNPs

or by the choice of the stabilizing agent on the surface of the AuNPs.

It was also stressed out by Schumacher et al.”? that the position of the peak
corresponding to the LBDP for nonideal dimers (comprising the same gap distance because
bound by the same linker molecule but made of faceted AuNPS) varies in the order of magnitude
of tens of nanometers due to the many possible configurations of the crystal facets in the gap
(different gap morphologies).

4 - Measurement of a dimer’s gap distance: plasmon ruler equation (PRE)

The redshift of the longitudinal mode (LBDP) provides a true measure of the distance
between the nanoparticles (gap distances) and of the resultant field enhancement factor since
the magnitude of the plasmon shift induced by the dimerization depends on the strength of the
interparticle coupling, which itself depends on the interparticular distance®” 1%, Jain et al.®’
studied the localized surface plasmon resonances (scattering spectra) in lithographically
fabricated gold nanodisc pairs (with a diameter of 88 nm and a thickness of 25 nm) on quartz
substrates with different interparticle distances (212, 27, 17, 12, 7, and 2 nm) using
microabsorption spectroscopy and electrodynamic simulations. They evidenced the
polarization dependence of the plasmon coupling as well as the quasi-exponential decay of the
plasmonic shift with interparticle gap for polarization along the interparticle axis. More
importantly, they demonstrated the universal scaling of the distance decay of plasmon coupling.
Indeed, the authors showed, with both DDA simulations and experimental results (theirs and
that of other groups) that the fractional plasmon wavelength shift (the ratio of shift and the
wavelength of the LSPR peak of a single AuND) for polarization along the interparticle axis
decays nearly exponentially with the interparticle gap with a decay length that is roughly about
0.2 in units of the particle size. Indeed, by plotting the fractional plasmon shift obtained for all

the systems with different particle size for different nanoparticle size (see Figure 1.29), shape,
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metal type, or medium dielectric constant (these parameters only influencing the amplitude of
the fractional shift) versus the scaled gap distance (the ratio of the gap distance and the AUND

diameter), they always found the same value of the decay length®’.
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Figure 1.29: (a) Simulated plasmon shift vs the center-to-center distance in an Au disc dimer
for different disc diameters and their least-squares fits to single-exponential decay function'y
=yo +a. e The decay lengths | extracted from the fit are respectively 13.7, 15.5, and 17.7
nm for nanodisc of respective diameter D = 54, 68, and 86 nm. b) Simulated fractional
plasmon shift vs the ratio of interparticle gap to nanodisc diameter for discs with various
diameters which all follow the same trend and were all fitted by a single-exponential decays
(solid curves) of equationy = a . e¥*with a=0.14 + 0.01 and t = 0.23 + 0.03. (c)
Experimental fractional plasmon shift measured for an 88 nm diameter disc in function of the
ratio of gap to diameter and its exponential fit (solid curve) with a=0.10 £ 0.01 and t=0.18
+0.02. Adapted from®’.

They qualitatively explained the quasi-exponential distance decay, the polarization
dependence, and the universal scaling behavior (indicated by the decay constant 1) of
interparticle plasmon coupling with a dipolar-coupling model. It results of a combination of
two factors: the dependence of the single-particle polarizability on the cubic power of the

particle dimension (a « D?) and the decay of the plasmonic near-field as the cubic power of the
inverse distance between the NPs (lg « 1/d°).
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Kreibig and Vollmer’s dipolar coupling model explains interparticle plasmon coupling
effects. The dipolar near field of a plasmonic particle decays in 1/d3, the plasmon coupling
strength therefore becomes a function of d3, exhibiting a quasi-exponential decay. The
polarization dependence is explained by the orientation dependence of the near field. The size-
scaling law comes from the fact that the fractional plasmon shift (AA/Ag) corresponds to the
strength of the interparticle electromagnetic coupling relative to the intraparticle plasmonic
restoring potential. The interparticle dipolar coupling potential decays with center-to-center
distance as d whilst the intraparticle restoring potential, corresponding to the inverse of the
dipole polarizability, is inversely proportional to the volume (D®). Consequently, AA/Ao depends
on (d/D)= or (s/(D + 1)) and since the plasmonic coupling strength depends on both the
separation s and diameter D to the power -3, the function can be dimensionally scaled
explaining its validity for dimers made of NPs of different sizes but also metal type and in

different media since the fractional shift only depends on (s/D+1)7.

From this universal scaling behavior, they derived an empirical plasmon ruler equation
(PRE) which allows to calculate an estimation of the gap distance between the nanoparticles of
a dimer using the experimentally measured value of the spectral plasmon shift (redshift of the
peak corresponding to the LBDP mode):

M (-3)
i 0.18 exp<0.23> (1.16)

Which is more convenient to rewrite as:

- (-3)
Al = 0.18 exp <0.23> Ao (1.17)
With AL the plasmon shift, Ao the single particle plasmon wavelength maximum, s the

inter particle separation, and D the diameter of the nanoparticle.

This scaling law has been verified many times through various experimental*®12 and
theoretical studies'®. For examples, Dickreuter et al.*%® recently confirmed that the redshift of
the LBDP mode increases with the decrease of the gap distance (and thus the increase of the
plasmonic coupling) and evolves following the trend predicted by the universal scaling law.
They fabricated dimers of spherical 90 nm AuNPs with different gap distances from 35 to 4.3
nm (measured by SEM) by e-beam lithography and characterized them individually by dark
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field spectroscopy. All the spectra were recorded with the incident light polarized along the
dimer axis. The experimental spectra corresponded well to the spectra they calculated using the
MNPBEM Matlab package (BEM simulations). The LBDP becomes increasingly prominent
and shifts from 615 nm to 680 nm while the gap width decreases from 35 nm to 4 nm. The
resonant wavelengths of the LBDP were plotted versus the relative gap widths d = s/D (s the
gap distance and D the diameter, in their case 90 nm), and this plot could be fitted by the

plasmon ruler equation.

Conclusion

In this PhD work, we thus attempted to confirm the potential of AuNPs to be used as
electrodes to connect diarylethenes and, unlike in the work of Matsuda et al. or Van der Molen
et al., without using larger gold electrodes connected to the AuNPs electrodes. We also aimed
at further evaluating the potential of AuNPs to be used as a plasmonic antenna to correct the
usual switching asymmetry issue of DAEs. It was decided to graft the molecules directly on the
AuNPs, unlike what was done in the work of Kobatake’s or Murakoshi’s group who used DAE-
based polymers, to preserve the conductivity of the system keeping in mind that it must be
adapted to molecular electronics applications. Furthermore, the assembly of gold nanoparticles
dimers was also explored as well as their individual characterization by dark field microscopy
coupled to UV-visible spectroscopy. Working at the scale of one or a couple of AuNPs brought
us to monitor the functionalization of AuNPs by diarylethene molecules at the single AuNP
scale and then, to measure the switching of the DAE molecules at the same which had not been

reported before.
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Chapter 2: Experimental methods

I - Synthesis, deposition, and grafting procedures

1 - Diarylethene molecules of the present study: C5HT-di-PSAc and CI-C5HT-PSAc
a - Requirements and main characteristics

Diarylethene molecules that will be designated as C5HT-di-PSAc (C31H2802S4, My =
560.8 g.mol?) and CI-C5HT-PSAc (C23H21ClOSs, My = 445.1 g.mol™) were chosen. The
structure of their open (colorless) and closed (purple) form is shown in Figure 2.1. CI-C5HT-
PSAC is the asymmetric version of CSHT-PSAc. A photo of a solution of C5HT-di-PSAc in its

open and closed form is show in Figure 2.2 in the Appendix.
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Figure 2.1: Structure of the opened and closed forms of the molecules C5HT-di-PSAc (above)
and CI-C5HT-PSAc (below).

Figure 2.2: Solution of C5HT-di-PSAc at 1.25 x 10> M in DMF before any irradiation so with
most of the molecules are in the open state (colorless solution on the left) and after UV
irradiation with most of the molecules in the closed sate (purple solution on the right).
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The choice of the diarylethene molecules for this study was based on three criteria. The
first one is the location of the absorbance maximum of the DAEs in the visible (related to the
back-switching) which had to correspond to the LSPR absorption maximum of the gold
nanoparticles (from 520 to 540 nm according to their size). The absorbance maximum (in
solution in DMF) in the visible of C5SHT-di-PSAc is at 546 nm while that of CI-C5HT-PSAc is
at 492 nm, so close enough from the plasmon resonance to expect an influence from the antenna
effect of the AuUNPs. The second criterion regarded the length of the molecular extremities (on
both sides of the photochromic unit) which had to be sufficient to ensure electronic decoupling
with the metallic nanoparticles. The length of CSHT-di-PSAc is 17.50 A in its closed form and
17.91 A in its open form (distance S-S), that of CI-C5HT-PSAc is 13.48 A in its closed form

and 13.86 A in its open form (distance S-Cl), both distances were calculated using Arguslab.

Finally, the last criterion was to have thiol functions as terminal substituent on the
molecular extremities (on both sides of the photochromic unit) to be able to graft the molecules
on AuNPs. The DAE molecules are acetyl terminated, it corresponds to their protected form,
thiol functions which are sensitive to oxidation and prone to formation of disulfides had to be
protected. However, following the deprotection procedure described in (Chapter 2.1.1.d) thiols

functions are retrieved and available for grafting on gold.
b - Synthesis

The diarylethene molecules were synthesized by L. Holz (PhD student under the
supervision of T. Huhn at the chemistry department of Konstanz university). The purity and

structure of the final product was verified by *H NMR at Konstanz university.

Both molecules are derived from a parent diarylethene, the
bis(chloro)thienylcyclopentene whose synthesis, presented in Figure 2.3, was described by
Lucas et al.!'4. 2-chloro-5-methylthiophene (commercially available molecule) undergoes a
Friedel-Crafts acetylation with a 1,5-dicarboxylic dichloride (glutaryl dichloride, with AICIz in
CSz at 0 °C), the resulting molecule is a 1,5-diaryl-1,5-diketone (98% vyield). This diketone
undergoes a (ring closing) McMurry reaction with TiCl3(THF)3z or TiCls(THF)z and Zn in THF
at 40 °C which is responsible for the formation of the central cyclopentene ring. This McMurry
reaction is carried out in two consecutive steps in a “one-pot” procedure. The parent

dithienylethene i.e., the bis(chloro)thienylcyclopentene is obtained with a 50% yield.
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Figure 2.3: Synthesis of bis(chlorothienyl)cyclopentene (parent DAE). i) glutaryl dichloride,
AlCls, CSy, 98%; ii) Zn, TiCls(THF)3, THF, 50%. Adapted from 4,

The chloro terminal substituents it possesses at the 5-position of the thiophene rings
make it easy to functionalize symmetrically or unsymmetrically. The synthesis of our two
molecules from this parent DAE, presented in Figure 2.4, are described in the publication of
Lucas et al. (group of B. Feringa)!'* for the exchange reaction and the treatment with
tributylborate and in the publication of Browne et al.}*® for the Suzuki coupling and the

acetylation.

The parent DAE underwent a chlorine/lithium exchange, it was lithiated with nBuL.i in
THF at room temperature and treated with B(OBu)3 yielding the bis(boronic ester) A. The
compound C (45% vyield) was obtained by Suzuki coupling of A with 1-bromo-4-tert-
butylthiobenzene (B). The last step to obtain the final compound with a 29 % yield is the
substitution of the tBu groups by acetyl groups (acetylation). This symmetric DAE molecule is
S,S'-((cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl))-bis(4,1-phenylene))
diethanethioate, in all the manuscript it will be designated as C5SHT-di-PSAc.
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Figure 2.4: Synthesis of C5HT-di-PSAc. a) nBuLi, THF, 298 K; b) B(OBu)3, THF, 298 K; c)
ArBr, [Pd(PPhs)4], 2M aqueous Na,COs, ethylene glycol, THF, reflux. Adapted from 15,
The asymmetric version of this molecule (on which a chlorine atom at the 5-position of
the thiophene ring remains) is obtained (with an unspecified yield) by introducing a
modification during the chlorine/lithium exchange, the dose of nBuL.i was reduced, 1 equivalent
is used (for the symmetric molecule, the dose of nBuLi was 2.1 times superior to that of
bis(chloro)thienylcyclopentene). The following reactions are the same than for the symmetric
compound (C5HT-di-PSAc). This asymmetric molecule (obtained with an unspecified yield) is
S-(4-(4-(2-(5-chloro-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-
yl)phenyl) ethanethioate, it will be designated as CI-C5HT-PSAc in all the manuscript.

c - Deprotection

A diluted solution of acetyl-protected DAE in ethanol or dimethylformamide (DMF)
was put in a 2-necks round-bottom flask. Note that before dilution, highly concentrated
solutions of DAE have the usual yellow/orange color!'®. After dilution the solution is colorless

and upon deprotection it turns light yellow (see Figure A.2.1 in the Appendix).

10 mL of ammonia were poured in a round-bottom flask sealed with a rubber septum
with a narrow plastic tube inserted in it. At the other end of this plastic tube a 1 mL syringe

(plunger removed) filled with a small piece of cotton and approximately 0.8 mL of anhydrous
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sodium sulfate (this Na2SO4 helps to dry the stream of wet ammonia) is connected via a needle
to the round-bottom flask containing the DAE solution (the needle must be immersed in the

solution). A photo of the setup is shown in the Appendix (see Figure A.2.2).

A syringe from which the handles were cut off is inserted in a flexible plastic tube which
is connected to a Schlenk line itself connected to a N2 tank. This tube is connected to the round-

bottom flask containing the ammonia via the syringe bearing a needle.

A gentle stream of ammonia and nitrogen was passed through the solution for 15

minutes. A solution of deprotected molecule is obtained.
d - Storage

The solids of C5HT-di-PSAc and CI-C5HT-PSAc (protected molecules) as received

from L. Holz were stored in the dark (fridge), so were the solutions prepared from these solids.

However, solutions of C5HT-di-PSH and CI-C5HT-PSH (deprotected molecules)
which are prone to oxidation and disulfide formation are not stored, they are prepared just
before use and preserved from air exposure (handled in round-bottom flask connected to a

balloon filled with nitrogen).
2 - Gold nanoparticles: synthesis and deposition
a - Synthesis of 19 nm Turkevich gold nanoparticles

A modified (by Y. Prado, chemical engineer at INSP) Turkevich-Frens protocol!!’~120

was used.

All glassware has been washed with aqua regia (HNO3/HCI), then strongly washed with

demineralized water (18 M) and let in water bath overnight.

In a 100 mL three neck flask, equipped with a condenser and a temperature controller,
492 pl of a 25 mM HAuUCIs (HAUCI4-H20, Sigma-Aldrich, St. Louis, MO, USA, 50% Au basis)
aqueous solution (0.0123 mmol) diluted with 56 mL of milliQ water was heated with a heating

plate.
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Once boiling appeared, under vigorous stirring, 200 pl of a 0.34 M (0.068 mmol) citrate
solution (SC, Fluka, >99.0%) was injected. We thus have citrate/Au = 5.5.

At t = 1 min after the injection, the solution turns light purple; then, at t = 5 min, the
color turns red. At t = 10 min, the heating was stopped, and the solution slowly cooled down at

room temperature for up to 20 minutes.

b - Synthesis of 28 and/to 51 nm Bastus gold nanoparticles

A modified (by Y. Prado, chemical engineer at INSP) protocol from N. G. Bastus et

al.?! was used.

All glassware has been washed with aqua regia (HNO3/HCI) then strongly washed with

demineralized water and let in water bath overnight.

Mother solutions

Sodium citrate solution at 0.34 M : 50 mg SC in 0.5 ml milliQ water

Sodium citrate solution at 3 mM : 70 mg SC in 80 ml milliQ water

Seed particles

A/ Ina 100 mL three neck flask, equipped with a condenser and a temperature controller,
492 ul of a 25 mM HAuCI4 aqueous solution (0.0123 mmol) diluted with 56 mL of milliQ water
was heated with a heating plate.

Once boiling appeared, under vigorous stirring, 200 pl of the 0.34 M SC (0.068 mmol,

citrate/Au = 5.5) was injected.

After the color of the solution turned red, the heating was stopped, and the solution

slowly cooled down at room temperature.

Seeded growth: from 19 to 28 (B), 35 (C), 43 (D), 51 (E) nm

B/ Ina 100 mL three neck flask, equipped with a condenser and a temperature controller
containing 28 mL of the seed solution, at 90°C, 0.25 mL of a 25 mM HAuClI, solution (0.00625
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mmol) was injected, followed by another addition of 0.25 mL of a 25 mM HAuCI; solution
(0.00625 mmol) 30 min later.

After 30 min, 10 mL of the dispersion were extracted, and the remainder solution was

diluted by adding 10 mL of a 3 mM solution of sodium citrate.

C/ In the same vessel containing diluted B solution, at 90°C, 0.25 mL of a 25 mM
HAUCI4 solution (0.00625 mmol) was injected, followed by another addition of 0.25 mL of a
25 mM HAUCI4 solution (0.00625 mmol) 30 min later.

After 30 min, 10 mL of the dispersion were extracted, and the remainder solution was

diluted by adding 10 mL of a 3 mM solution of sodium citrate.
D/Same as C/.

E/ In the same vessel containing diluted B solution, at 90°C, 0.25 mL of a 25 mM
HAuCI4 solution (0.00625 mmol) was injected. The sample was not diluted. The heating was

stopped, and the solution slowly cooled down at room temperature.

The size of the AuNPs from each batch was determined from its UV-visible spectrum according
to the method of Haiss et al.*?? (based on the characteristics of the LSPR peak), and from TEM
images via an analysis with image J (see Table 2.1). In the tables, the size given will be the
aimed one in order to not create confusion about the type of AuNPs used. The size measured
with any of the techniques is larger than the expected one indicating that the AUNPs grew more
than they should have during the synthesis. Furthermore, several elements could explain the
different result obtained with the two techniques. First, although TEM measurements are the
ones commonly used and trusted, this technique does not take into account the layer of
surfactant molecules present around the AuNPs, the method of Haiss et al. does. Second,
measuring the size of AuNPs in the size range that we are using on TEM image is delicate since
the AuNPs are not perfectly spherical. Finally, the method of Haiss et al. is very sensitive to the
aggregation of the AuNPs that makes the LSPR peak redshift to higher wavelengths explaining
the larger sizes sometimes obtained with this method. All these reasons indicate that the size
cannot be determined with more precision than 3 nm, confirming the choice to use the aimed

size.
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An illustration showing spectra of 28 and 50 nm AuNPs, their TEM image and the typical red

solution is given in Figure 2.5.

Table 2.1: Batches of AuNPs synthesized and used for the studies, sizes calculated using
TEM images and the method of Haiss et al.1?2,

AuUNPs | Aimed size (hm) Size (nm) Size (nm)
(Bastus) (Haiss method) | (TEM)
YPOP45B 28 30 25
YPOP45C 35 475 33
AD05B 28 24 29
YPOP46B 28 30 /
YPOP49B 28 35 27.5
YPOP57B 28 28 29
YPOP57E 51 50 60
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Figure 2.5: UV-visible spectrum, TEM image and photo of the red solution obtained for 28
nm AuNPs (YPOP49B) and 50 nm AuNPs (YPOP57E).

¢ - An important parameter: the surfactant

The surfactant present at the surface of the gold nanoparticles we are using is citrate.
Since it is very labile, it is adapted to our use of the AuNPs i.e. covalently graft molecules on
them. Citrates are easily replaced by thiol-terminated molecules that will form Au-S bonds with

the gold nanoparticle?®. The formation of this type of bond is highly favored due to the strong

affinity between gold and thiol functions.
d - Deposition of gold nanoparticles on an indium-tin oxide (ITO) substrate

The deposition was made differently according to the type of samples prepared. The
deposition protocol was inspired by that of Cha et al.*?* for the deposition of AuNPs on glass.
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30 Ohms ITO substrates (YSUB/ITOSOL30/1, 20 x 10 mm, 30 Ohms from SOLEM) were
used. They are a piece of glass (thickness = 1.1 mm in our case) with an ITO coating on it
(thickness = 80 nm in our case). It is a transparent and conductive substrate with a sheet
resistance Rs = 25 — 35 omhs and a total light transmission of 82-86 % in the visible range. It
was chosen for both its conductivity and optical transparency. Regarding the size of the AuNPs,
the use of AuNPs with a larger size than 20 nm allows to limit the number of AuNPs aggregates

present on the ITO substrate after the deposition.

AUNPs deposition protocol 1

For part of the samples presented in Table 2.3 and Table 2.4 corresponding to the results
of Chapter 5.1 (Adsorption of CI-C5HT-PSH and C5HT-di-PSH on 28 nm gold AuNPs
deposited on ITO: stepwise UV-visible microscopy monitoring):

ITO substrates are cleaned: they are washed a first time with acetone (VWR, Normapur)
(the substrates are put in a beaker with acetone which is placed in the sonicator for 3 minutes).
The substrates are then rinsed with ethanol (VWR, Normapur) and put in a beaker with ethanol

which is placed in the sonicator for 3 minutes. This last step is repeated a second time.

The substrates are dried with the nitrogen gun and then immersed in an ethanolic 1%
APTES (3-Mercaptopropyl)trimethoxysilane, 95%, Sigma-Aldrich) solution: 0.1 mL of
APTES in 10 mL of absolute ethanol (VWR, Normapur) for 30 minutes.

The substrates are then rinsed with ethanol and put in a beaker with ethanol which is

placed in the sonicator for 3 minutes. This step is repeated 2 times (3 washes total).

The substrates are dried with the nitrogen gun and then put on a Petri dish which is
placed in a laboratory oven (air oven) at a fixed temperature for a given time (see column 2 of
Table 2.3 and Table 2.4). The gold nanoparticles solution must be taken out of the refrigerator
at least 10 minutes before the end of the 3 hours so it warms up to room temperature. Once the
substrates are taken out of the laboratory oven, the Petri dish is left a few minutes on the

laboratory bench, so the substrates cool down to room temperature.

The sample is immersed in a beaker containing either 25 nm or 35 nm (see Table 2.3

and Table 2.4) gold nanoparticles solution for 1 hour (except for one sample, see Table 2.3) and
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then rinsed with deionized water and dried with a nitrogen gun. After AUNPs deposition, the
samples have a typical reddish color (see Figure A2.3 in the Appendix).

AuNPs deposition protocol 2

For a part of the samples presented in Table 2.5 corresponding to the results of Chapter
5.11 (Adsorption of C5HT-di-PSH on 25 nm AuNPs deposited on ITO: in situ UV-visible

spectroscopy monitoring):

ITO substrates are cut so that they can fit in the custom sample holder built in Konstanz
University (shown in Figure A.2.3 in the Appendix). This sample holder fits in the
spectrophotometer cuvette used for this experiment (QS high-precision cell 100-10-40 from
Hellma). It is a hollow rectangle in stainless steel with two pads in Teflon, one with a notch to
fit in the lower extremity of the sample, one held by a screw that can be loosened and rotated
the time to insert the sample and then tightened again once it is in place. Its length is 8 mm

shorter than that of the cuvette (45 mm) so that a stirring bar can be used.

Then the steps are the same as those described above in AuNPs deposition protocol 1,
it is however important to note that for the fabrication of these sample, only 28 nm gold
nanoparticles were used. After AUNPs deposition, the samples have a typical reddish color (see
Figure A2.3 in the Appendix).

AuNPs deposition protocol 3

For part of the samples presented in Table 2.2 (ADITOR and ADITO 80) Table 2.3 (ADITO81)
and Table 2.4 (ADITO82) corresponding to the results of Chapter 6.

The steps are the same as for AUNPs deposition protocol 1 except for the second to last
step. Indeed, to get a lower density and to ensure that only one face of the substrate is covered
with nanoparticles, a drop-casting of the gold nanoparticles is made on the substrate. A few
drops are deposited on the substrates and left for a few minutes according to the desired density
(see column 4 of Table 2.2). The sample is then rinsed with deionized water and dried with a

nitrogen gun.

The samples ITO/AuNPs that did not undergo subsequent treatment are presented in
Table 2.2.
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Table 2.2: Samples ITO/AuNPs prepared following the different AUNPs deposition protocols.

Sample Baking AUNPs AUNPs
deposition
ADITO55 | 120°C-1h YPOP45B Immersion
28 nm lh
ADITO56 | 120°C-1h YPOP45C Immersion
35 nm 1lh
ADITO62 | 120°C-1h30 | YPOP46B Immersion
28 nm 1h
ADITOC 120°C-3h YPOP57B Immersion
28 nm 30 min
ADITOR | 120°C-3h20 | YPOP57E | Dropcasting
51 nm 1 min
ADITO80 | 120°C-1h30 | YPOP57E | Dropcasting
51 nm 3min
YPOP57B | Dropcasting
28 nm 15 min

3 - Grafting of the DAE molecules on AuNPs deposited on an ITO substrate
a - DAE grafting protocol 1 (samples of chapter 5.1 and 6)

Some sample went through a masked desilanization step (see Table 2.3 and Table 2.4).
All amine functional groups were removed from the ITO surface except for those binding the
AUNPs. The AuNP-adsorbed ITO substrate was immersed in a NaOH solution (concentration
indicated in Table 2.3 and Table 2.4) for 1 to 4 hours (see Table 2.3 and Table 2.4). The
desilanization step was inspired by the dimer fabrication protocol of Cha et al.'?*. This step is
supposed to prevent AUNPs from a second deposition to place themselves on the surface around
the AuNPs already present. Instead, the attachment of the AuNPs from the second deposition

to thiol-terminated molecules grafted on the AuNPs from the first deposition is favored.

The DAE solution is deprotected according to the procedure described in Chapter
2.1.1.c. The ITO substrate coated with AuNPs is inserted in the 2-necks round-bottom flask
containing the deprotected DAE solution (-SH) under a strong nitrogen flow to prevent air to

enter the flask (we remind that the deprotected solution is extremely sensitive to air).

A balloon filled with nitrogen is finally placed on one of the flask’s necks to ensures a

nitrogen overpressure throughout the experiment. The concentration of the DAE solution and
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the immersion time of the ITO/AuNPs substrate in this deprotected solution were not always

the same. They are reported in Table 2.3 and Table 2.4 for each sample.

After the functionalization of the AuNPs took place, the samples are no longer sensitive

to air (the -SH is now a -S-Au), they are taken out of the flask, rinsed with ethanol and dried

with the nitrogen gun. The setup used for this grafting protocol is shown in Figure A.2.2 in the

Appendix.

Table 2.3: Samples ITO/AuNPs/CI-C5HT-PSH prepared following DAE grafting protocol 1.

Sample Baking Desilanization AUNPs AUNPs DAE
deposition (CI-C5HT-PSH)
in EtOH
ADITO46 | 120°C-1h NaOH YPOP45B | Immersion 6.36 Xx 10*M 15 h
0.8mM-1h 28 nm 1lh
ADITO47 120°C-1h NaOH YPOP45C | Immersion 6.36 x 10*M 15 h
0.8mM-1h 35 nm 1lh
ADITO48 | 120°C-1h NaOH YPOP45C | Immersion 6.36 Xx 10*M 15 h
0.8mM-1h 35 nm 1lh
ADITO49 | 120°C-1h NaOH YPOP45B | Immersion 3.21x10*M3h
0.8mM-1h 28 nm 1lh
ADITO60 | 120°C-1h None YPOP45B | Immersion 6.38x 10* M 4 h
28 nm 1lh
ADITO61 120°C-1h None YPOP45B | Immersion 6.38x 10* M 8 h
28 nm 1lh
ADITO69 | 140 °C - 1h 30 NaOH ADO05B Immersion | 4.0x10%M 15h 20
1.8mM-4h 28 nm 20 min
ADITO81 | 120°C-1h 30 None YPOP57E | Dropcasting 1.0x10°M 17 h
51 nm 3 min

Some of the samples require additional comments, for ADITOA46, the septum popped

out during the night, leading to the evaporation of the solution in the round-bottom flask and

probable crystallization of the molecules on the surface.

Regarding ADITO60 and ADITOG61, the deprotection of the DAE solution was done

differently, by adding a few drops of ammonia!? directly in the solution (see Figure A.2.1 in

the Appendix).
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Table 2.4: Samples ITO/AuNPs/C5HT-di-PSH prepared following DAE grafting protocol 1.

Sample Baking Desilanization AuUNPs AUNPs DAE
deposition | (C5HT-di-PSH)
in EtOH
ADITO64 | 120°C-3h NaOH YPOP46B | Immersion 5.78 x 10*M
1.8mM-3h30 28 nm 1h 14 h 55
ADITOVI | 120°C-3h NaOH YPOP46B | Immersion 5.78 x 10*M
1.8mM-4h 28 nm 1h 15h 10
ADITO82 | 120°C-1h 30 None YPOPS57E | Dropcasting 1.0x10%M
51 nm 3 min 17 h

For ADITO64 and ADITOVI, the solution was murky at the end so either some air entered the

round-bottom flask or formation disulfide spontaneously occurred.
b - DAE grafting protocol 2 (samples of chapter 5.11)

A pristine ITO substrate (that will be used as a reference) cut to fit in the custom sample
holder and the aforementioned sample holder are cleaned with acetone and extensively rinsed
with DMF. The pristine ITO substrate is put in the sample holder with the conductive face
facing the exterior. The assemblage of both is re rinsed with DMF and then inserted inside the
cuvette containing 2 mL of DMF and a stirring bar. DMF was chosen to avoid evaporation

issues. The baseline is recorded without stirring on the Jasco V-750 spectrophotometer.

Stabilization phase

The ITO substrate coated with 25 nm AuNPs is rinsed with DMF and put in the sample
holder, the assemblage is rinsed with DMF and inserted in the cuvette containing 2 mL of DMF
and the stirring bar. The cuvette is placed in the spectrophotometer and the stirring is switched
on (500 rpm). The acquisition of UV-visible spectra is launched in automatic mode for 4 to 6h
(one try was made over a full night, see Table 2.5). A series of spectra is obtained for which, at

the end of the measurements, the LSPR peak wavelength has stabilized around a value.

Adsorption phase

About an hour before the end of the stabilization phase, the DAE solution is prepared
and deprotected (following the procedure described in Chapter 2.1.1.c), control experiments
were made without deprotecting the solution though. 0.5 mL of the solution are collected in a

syringe. The sample holder is removed from the cuvette, the solution is injected in the cuvette,
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after 10 s during which the solution is homogenized (we are still under 500 rpm stirring), the
sample holder is put back in the cuvette and a timer is started. The acquisition of UV-visible

spectra in automatic mode is launched as fast as possible for at least 15 hours.
Data treatment

A unique .csv file containing all the spectra and the times of the experiment at which
they were recorded is obtained. On the one hand, this file is treated with a python program that
cuts it in smaller files containing each 200 spectra with the data organized differently so that
the format of our spectra obtained from a Jasco spectrophotometer correspond to the output
format of a Cary 60 spectrophotometer. This Cary 60 was used by a colleague in Konstanz
University who wrote the Matlab procedure used in the next step of the data treatment to fit the
LSPR peak on each spectrum. On the other hand, the values of recording time of the spectra are
extracted by groups of 200 values (corresponding to the 200 spectra of each smaller files) and
put in time files, these time files are required to run the Matlab script for the fitting of the LSPR

peaks.

Each shorter file containing 200 spectra (the Matlab procedure crashes when used a file
containing too many spectra) is treated by a Matlab script written by L. Ruf (PhD student at
Konstanz University. This script is based on the nonlinear least-squares curvefitting tool (Isq-
curvefit) of Matlab 2020b. It allows to fit the LSPR peak (in my case in the 500 — 575 nm static
fitting range) of each spectrum, the uncertainty on the fit of ALspr is around 0.1 nm. Files (.txt)
are created (still with Matlab) containing the values of ALspr and of the absorbance at ALspr.
These files are concatenated as well as the time files and the absorbance isotherm describing

the evolution of A spr vs the time (or absorbance at ALspr VS the time) are obtained*?®.
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Table 2.5: Samples ITO/AuNPs/DAE prepared following DAE grafting protocol 2.

Sample AUNPs DAE molecule* | Concentration | Acquisitiontime | Time after
of the DAE | of a spectrum (s) | DAE solution
solution inside injection (s)
the cuvette
(LM)
ADITO8 | YPOP57B ControlNP / 23 30
ADITOB | YPOP57B Control® / 24 30
ADITO1 | YPOP57B | C5HT-di-PSACNP 2.5 33 10
ADITO5 | YPOP57B | CI-C5HT-PSACNP 2.5 23 20
ADITOC | YPOP57B | C5HT-di-PSHP 4 24 30
ADITOD | YPOP49B | C5HT-di-PSHNP 5 24 20
ADITOG | YPOP49B | C5HT-di-PSHN\P 5 24 10
ADITOH | YPOP49B | C5HT-di-PSHNP 5 24 13
ADITOI | YPOP49B | C5HT-di-PSHNP 5 24 12

*: ND means the molecules was in solution in non-degassed solvent whereas D means

the molecule was in solution in degassed solvent.
Comments (specific to each sample):

ADITOC: A solution of DAE-di-Ac was prepared from a stock solution in
dichloromethane with DMF degassed 3 times (according to the pump and thaw procedure
described below), it was deprotected before being diluted. During the deprotection, some DAE
solution to deprotect went into the syringe linked to the round-bottom flask containing
ammonia. The solution went from colorless to yellow, to blue and then green. After dilution,
the solution to inject was blue. Some solution was put aside in a vial for analysis, it was left at
air for 5 minutes, it turned purple as usually observed after the switching of the molecules. A
gas bubble was formed during collection of the solution: 4 mL instead of 5 were in the syringe
(the concentration of solution in the cuvette was recalculated). In the end, no condensation

inside the cuvette was observed.

After ADITOC, DMF is no longer degassed. A 100 mL stock solution at 3.57x10° M
in DMF of DAE-di-Ac is prepared from a stock solution in dichloromethane. Every dilution is
now made from 3.5 mL of this stock solution + 1.5 mL of DMF =5 mL of DAE-di-Ac solution
at 2.5x10° M that are deprotected. 0.5 mL of the deprotected solution are then collected and

injected in the cuvette.
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ADITOD: The stabilization phase had to be relaunched, sample was left in the cuvette
in the solution (without stirring) for 36h.

ADITOG: A change of color from colorless to yellow and then to blue during the
deprotection step was observed. At the moment of injecting, the solution had turned purple.
After the end of the experiment, the sample was taken out, rinsed with DMF and dried with the

N2 gun.

ADITOH: The stabilization phase was performed over a whole night. A change of color
from colorless to blue during the deprotection step was observed. There was a bug during the
recording of the first spectrum, so this spectrum has been discarded from the results. At the end

of the experiment, the sample was taken out, rinsed with DMF and dried with the N2 gun.

ADITOI: A change of color from colorless to yellow then blue during the deprotection
step was observed. At the end of the experiment the sample was taken out, rinsed with DMF

and dried with the N2 gun.

Degassing of the solvent

Degassed DMF was obtained by first evacuating 50 mL of DMF (N,N-
dimethylformamide RPE — for analysis, ref 444926 from Carlo Erba) under strong stirring (=
1000 rpm) at =~ 0.5 mbar for 15 minutes and back-filling the Schlenk Flask with nitrogen.
Afterwards a total of 3 freeze-pump-thaw cycles were performed. Freezing at -196° C for 8
min, pumping at = 0.5 mbar for 15 min, thawing at air (ambient temperature) for 10 minutes

then in a 50° C water bath for 10 min.
Il - Instrumentation and setups

1 - UV-visible spectroscopy
a - Principle of the technique and instrumental basics

UV-visible spectroscopy is based on the interaction of light (electromagnetic wave) and
electrons from the material to characterize on which the light arrives. This technique can be
used to identify, characterize, and quantify (spectrophotometric dosage) chemical species in a

non-destructive manner. It can also be used to monitor a chemical transformation. Upon the
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interaction of the incident light and the sample transmission, absorption, reflection, and
scattering can occur. For absorption to occur, the energy of the photon received must be equal
to the energy difference between a molecule’s ground and excited state, it triggers an electronic
transition. In agreement with Planck equation, the absorption band corresponding to that
transition will appear at the wavelength corresponding to the energy difference between the
levels (E = he/L)!?,

An absorption band has 3 main characteristics which are its position (wavelength), its
intensity (absorbance) and its width. The position is related to the quantification of the energy
levels as described by Bohr’s relationship (hv = | Ef — E; I), the intensity varies according to how
permitted the transition is (according to the selection rules) and the width depends on the energy
of the excited level involved in the transition (E = Eelectronic *+ Evibrational +Erotational). The electronic
levels are the main contribution to the absorbance bands, but the latter are broadened by
vibrational (up to a few tenth of nm contribution) and rotational sub-levels (up to a few nm
contribution). The absorption bands are indicative of the molecular structure of the sample and
will shift in wavelength and intensity depending on the molecular interaction and environmental

conditions.

An absorption band in the visible represents electronic transitions between atomic
orbitals within the same electronic shell whereas an absorption band in the UV range
corresponds to electronic transitions between molecular orbitals from two different electronic
shells. Transitions between molecular orbitals are depicted by absorption bands in the UV
range, however highly n-conjugated molecules (like the closed-ring DAES) present transitions
between their molecular orbitals occurring in the visible, explaining why these molecules are

colored.

A UV-Visible spectrophotometer measures the transmittance (T) i.e., the amount of light
transmitted through a sample by dividing the intensity of the transmitted light (I;) by the
intensity of the incident light (lo).

The transmittance is linked to the absorbance (A) by the relationship:

A = —logl(iz —logT (2.2)

Toca
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Absorbance measurements allow to access the molar absorption coefficient (&s) of the
measured species (s), and to its concentration [s] using Beer-Lambert law:

A= ¢gl[s] (23

The absorbance (A) and thus the transmittance (T) is simply proportional to the sample’s
molar absorption coefficient, concentration (es), and to the dimension of the cuvette | (defining
the pathlength of the light). It is important to note that the molar absorption coefficient is

wavelength dependent.

The main parts of the spectrophotometer, schematized in Figure 2.6, are the light source
(a deuterium lamp for the UV region from 190 to 350 nm and a halogen lamp for the near UV
to the near IR region from 330 and 900 nm), the monochromator, and the detector (a silicon
photodiode for the V-730, a photomultiplier tube for the V-750 from Jasco)*2,

Monochromator
) | Dispersive | Photomultiplier tube
Light source element Sample

Entrance

) Exit slit
slit

Figure 2.6: Scheme of the main components of a single-beam UV-visible spectrophotometer
similar to the Jasco V-750.

The monochromator is composed of an entrance slit, a first mirror, a diffraction grating,
a second mirror and an exit slit. Multichromatic light from one of the light sources enters the
monochromator by the entrance slit, it is collimated onto the diffraction grating by the first
mirror. The diffraction grating, which is rotating, selects discrete wavelengths one after another.
The light is then refocused onto the exit slit by the second mirror (adjustments can be made to
modify the spectral band width). The light is focused one last time by another series of mirrors

and oriented on the sample??,

The spectrophotometers that we used can be operated in two types of optical
configurations: single and double beam. However, since it was only used in single beam mode,

it is the only one that will be explained here. In the single-beam arrangement, the light source,
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the monochromator, the sample, and the detector are in series, the transmittance is obtained
directly upon detection of the monochromatic light that just passed through the sample. It was
used in baseline correction mode so the value of lo is determined at the beginning of the
measurement by recording a baseline with either the solvent (if working with solutions) or a

pristine substrate (if working with substrates).
b - Technical performances of the Jasco V-750

All the tests were performed using the parameters reported in Table 2.6. Pristine ITO
samples that will be called T1, T2 and T3 were used as well as sample ADITOC prepared as
described in Table 2.2, and before any grafting of DAE took place so in all this part it is a
sample ITO/AuNPs(28 nm). T1, T2, T3 and ADITOC are cut substrates since all the tests were
performed using the custom sample holder made in Konstanz university in a quartz cuvette (QS
high-precision cell 100-10-40 from Hellma).

Table 2.6: Parameters used for all the UV-visible measurements (tests and experiments)
performed with the Jasco V-750 spectrophotometer.

Photometric Abs
Bandwidth L5.0 nm
Response (time) 0.24s
Data interval 1.0 nm
Scan speed 1000 nm/min
Number of accumulations 1
Correction Baseline

A first test was performed without putting anything in the spectrophotometer, it aimed
at evaluating the value of the noise and its stability over time. The baseline was recorded
immediately after switching on the spectrophotometer, then four spectra were recorded between
400 and 900 nm, an initial one right after the baseline and then one every one hour up to 3
hours. These spectra are shown in Figure 2.7. Since the spectra are superimposable, the average
value of the noise can be calculated with the absorbance data of any of them. The initial

spectrum was chosen and a value of 1.55 x 10 was obtained.
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Figure 2.7: Noise and stability over time test (test n°1), UV-visible spectra recorded every
hour without putting anything inside the spectrophotometer.

A second test was made to evaluate the signal to noise ratio. Three spectra of an ITO
substrate with 28 nm gold nanoparticles deposited on it were recorded in a row (between 400
and 800 nm) after the baseline was recorded with a pristine ITO substrate that will be called
T2. These spectra are shown in Figure 2.8, note that the absorption band between 600 nm and
800 nm present on all the spectra comes from aggregates of AuNPs. The fluctuations of the
absorbance were calculated by subtracting the second spectrum to the first one (any subtraction
between the 3 spectra could be made since they are superimposable). A value of 1.20 x 10° was
found, it is almost similar to that of the noise calculated above. This test was performed with
the baseline recorded with two other pristine ITO substrates respectively T1 and T3 yielding

the same result.
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Figure 2.8: Signal to noise ratio test (test n°2) 3 spectra of an ITO substrate with 28 nm gold
nanoparticles deposited on it recorded in a row.

A third test, that could be made by plotting the results obtained for the second test

differently, consisted in plotting each first spectrum of the three spectra recorded in a row for
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the second test on the same graph. The same thing is also done with each second spectra and
each third spectra. The difference between the three spectra plotted on each graph is the pristine
ITO substrate that was used for the recording of the baseline (either T1, T2 or T3). By looking
at these graphs, we can have an idea of the influence on the values of the wavelength and the
absorbance of the LSPR peak that recording the baseline with different pristine ITO substrates
has. It is important since it has been done for the UV-visible spectra of the samples (they were
not all recorded with the same pristine ITO substrate). The results for all the first spectra
recorded with the baseline recorded with T1, T2, and T3 respectively are shown in Figure 2.9.
This graph was chosen because it is the showing the largest difference regarding the position
of the plasmon peak: 0.8 nm (0.39 nm for all the second spectra and 0.5 for all the second
spectra). Regarding the largest difference for the absorbance value, it appears for all the third
spectra (4.42 x 107%), it was of 4.29 x 10 for all the first spectra and of 4.34 x 1073,

30 x10°
25
20
15F
10F
of 3
| S EEEEE PETEE SRR FEE TS TR PR R

400 500 600 700 800
Wavelength (nm)

—— MLSPR) = 512.75 +/- 0.147 nm (T1_1)|
—— MLSPR) = 511.96 +- 0.134 nm (T2_1)| —
—— A(LSPR) = 512.47 +/- 0.138 nm (T3_1)[ ]

Absorbance

Figure 2.9: Influence of recording the baseline with different pristine ITO substrate test (test
n°3). First spectra recorded during test n°2 with the baseline recorded with T1, T2, and T3
respectively.

A fourth test was carried out to evaluate the stability in time of the wavelength and
absorbance values of the plasmon peak. Nine spectra of an ITO substrate with 28 nm AuNPs
deposited on it were recorded every 15 minutes (between 400 and 800 nm). All the spectra were
fitted with a Lorentzian between 500 and 525 nm, the values of ALspr and absorbance at ALspr
were extracted form theses fits. Both series of values were plotted versus the time as can be
seen in Figure 2.10 The difference between the maximum and minimum values of the
wavelength and absorbance respectively of the LSPR peak was calculated. It is of 0.5 nm for
Aser and of 4.02 x 10 for the absorbance at Aspr. These two values are of tremendous

importance for the interpretation of the results presented in Chapter 5.
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Figure 2.10: Stability in time of the wavelength and absorbance values of the plasmon peak
test (test n°4). LSPR peak wavelength and absorbance values of 9 UV-visible spectra of an
ITO substrate with 28 nm gold nanoparticles deposited on it recorded every 15 minutes.

A fifth and last test was made, it is related to the in-situ monitoring of the adsorption of
the DAE molecules on 28 nm AuNPs deposited on ITO experiments (see Chapter 2.1.3.b for
the experimental procedures and Chapter 5.11 for the results). A step of the experiment is to lift
the sample holder (with the ITO/AuNPs substrate in it) originally plunged in the cuvette
containing solvent, and to put it back in after injecting a volume of the DAE solution inside the
cuvette. We need to know what influence the repositioning of the sample holder has on the
value of ALspr that we are monitoring during the whole experiment. The test consisted in
recording a spectrum, lifting, and putting back the cuvette and recording a second spectrum.
The reproducibility was ensured by repeating the test 3 times and with different baselines
recorded either with T1, T2 or T3. The example of the results obtained for the third repetition
with the baseline recorded with T3 is shown in Figure 2.11, note that the absorption band
between 600 nm and 800 nm present on all the spectra comes from aggregates of AuNPs. It
was shown because it is the one showing the largest difference regarding the value of ALspr,
repositioning induced a shift of 0.24 nm. For the assays with the baseline recorded with T1 it
was 0.15 nm, and for those with the baseline recorded with T2 it was 0.12 nm. Regarding the
absorbance (it is less important since it is not the monitored parameter but still). For the tries
with the baselines recorded with T1 and T2 the spectra before and after repositioning were
superimposable (perfectly for T1, quite for T2). For T3, a tangible difference (1.226 x 107%) in

the absorbance was observed (also visible on Figure 2.11).
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Figure 2.11: Influence of the repositioning of the sample holder test (test n°5). Spectra
recorded before and after lifting and putting back the sample holder (with the ITO/AuNPs
substrate in it) in the cuvette.

According to Jasco'?, the accuracy for the measurement of the wavelength is 0.2 nm.
Regarding the absorbance it is of 5 x 10™. The position and height of the LSPR peak i.e., the
values of ALspr and absorbance at ALspr Were extracted by fitting the LSPR peaks with a
Lorentzian in Igor Pro. The incertitude on the fit value of ALspr Was given by Igor Pro whereas
the incertitude on the fit value of the absorbance at ALspr Was calculated with a formula
expressing the propagation of uncertainty applied to the uncertainty on the parameters of the fit
given by Igor Pro. For ADITOC (the sample used for all the tests), the incertitude on the fit of
the LSPR peak was in the interval 0.13 to 0.15 nm for ALspr and in the interval 3.9 x 10 to 5.1

x 1072 for the absorbance at ALspr.
¢ - Spectroscopy of molecules in solution

Related to the results presented in Chapter 3

The UV-visible spectra were recorded with a Jasco V-730. A quartz cuvette (QS high-
precision cell 100-10-40 from Hellma) was used for all the measurements. The baselines were
systematically recorded with the cuvette filled with deionized water before each series of
measurements. The LSPR position was evaluated by fitting the peaks with a gaussian function
restricted to a wavelength range of 30 nm centered on the maximum. Both the LSPR wavelength
and absorbance maximum were extracted. With this approach, the measurement accuracy for

the peak wavelength was 0.05 nm.

Saturation experiments consisted in adding a fixed volume of thiol solution (50 pL)

of a specific concentration to a fixed volume of AuNPs solution (2 mL) with a fixed
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concentration (0.66 x 107 mol/L) several times (a new aliquot of the AuNPs solution is used
every time the experiment is repeated) by progressively increasing the concentration of the thiol
solution until saturation of the AuNPs, materialized by a plateau on the plot of the LSPR peak
wavelength versus the thiol quantity in solution, was reached. A spectrum is recorded 15
minutes after the mixing (to make sure the functionalization was fully completed before the
acquisition of the spectrum) between 350 and 1000 nm with an acquisition time of 39 s. The
stirring was always stopped before the acquisition of a spectrum. In other words, each spectrum
corresponds to a fresh mixture of AuNPs and thiol solution of a specific concentration. The
thiol concentration of each solution was calculated so that the final concentration in the cuvette
after the mix (AuNPs + thiols) reached the following values: 0.13, 0.86, 2.07, 3.66, 4.91, 6.34,
17.68, and 39.01 uM. Thiol mother solutions were prepared with 2.5 mM of thiol (MUDA or
MHDA) and 0.1 M of NaOH in water (the dissolution of thiols in water was facilitated by a
slight increase in temperature). The thiol solutions (for each mix) were obtained by dilution of

their corresponding mother solution in water.

Kinetics experiments consisted in monitoring the functionalization kinetics of AUNPs
in solution after the addition of a thiol solution of a given concentration. The reaction took place
and was monitored in situ in the spectrophotometer cuvette after adding 50 pL of a MUDA
solution to 2 mL of AuNPs at 0.66 x 10°° mol/L. The concentration of MUDA was 0.86 pM in
the final solution (inside the cuvette). UV-visible spectra were recorded successively for 20 min
between 490 and 550 nm with an acquisition time of 18 s. No stirring at all was used for this

experiment.

Related to the results presented in Chapter 4

The UV-visible spectra were recorded with a Cary 60 set on “medium speed” (600
nm/min), the recording range of the spectra was 230 - 900 nm, the recording duration of a
spectrum was 75 s. The resolution in absorbance of the spectrophotometer is 1 x 10, A quartz
cuvette (QS high-precision cell 100-10-40 from Hellma) was used, it allows to measure in a
very wide wavelength range 200 - 2500 nm. It is important for us since our molecules absorb
in the UV. All the measurements were made with approximately 2 mL of a 1.25 x10° M
solution in degassed dimethylformamide (DMF) under 600 rpm stirring. DMF is one of the
least volatile organic solvents so working with it should prevent evaporation issues, even more

since we use it degassed. A stock solution was prepared for each molecule so that all the
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experiments were made with the exact same solution. Working with different solutions would

involve concentration differences (even small) and therefore absorbance variations.

Photokinetics measurements of the DAE in solution were carried out following the
procedure described hereafter. The cuvette and the stirring bar were cleaned with acetone and
dried. The stirring bar was placed inside the cuvette and approximately 2 mL of DAE solution
were introduced with a glass pipette. The PTFE lid of the cuvette is placed on top of it and
wrapped with parafilm to further reduce the possibility of solvent evaporation. The stirring is
started. The aliquot of solution to be used was illuminated with visible light (505 nm) for 10
minutes to start with all the molecules in the opened state. The first recorded spectrum (“zero
spectrum”, see below) must be checked for the presence of the characteristic absorption band
in the visible of the molecules in the opened state. If no band of this kind is present, the visible
illumination was efficient, and the measurements can be continued. The experiment parameters
(forward current for the LEDs, duration of the irradiation, number of irradiations and eventually
number of irradiation cycles for specific cycles measurements) are entered in the python script
(written by S. Snegir, post-doc at Konstanz university) controlling the setup (see Chapter
2.11.2.c) and saved. The “zero spectrum” is recorded manually, the shutters (which had been
opened manually for the pre-experiment visible irradiation and the recording of the “zero

spectrum”) are closed manually before the experiment is launched in automatized mode.

In the end, a .csv file is obtained containing all spectra recorded during an experiment.
This file is treated with a Matlab script (written by S. Snegir, post-doc at Konstanz university).
The same experiment parameters that were entered in the python script controlling the setup
are entered in the Matlab script. The script is then able to retrieve the absorbance value at a
specific wavelength (the “monitoring wavelength”) for all the spectra and to plot these

absorbance value versus the irradiation time.
d - Spectroscopy of species on a substrate

Related to the results presented in Chapter 5

All the spectra were recorded with the Jasco V-750 using the parameters previously
reported in Table 2.6. The wavelength range was the only parameter that varied, it only slightly
influences the recording duration of one spectrum, which is not a crucial parameter for the

switching measurements.
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For the samples of Chapter 5.1, which were made with ITO substrates as received and
therefore with dimensions that allowed to put them in the substrate sample holder from Jasco:
a substrate of ITO was placed in the sample holder, the conductive face towards the direction
from which the beam arrives. It was used to record the baseline. Then, the sample
(ITO/AuNPs/DAE) was placed in the sample holder and a first spectrum before any irradiation
was recorded (reference spectrum). Irradiations could then be performed using the setup
described in Chapter 2.11.2.b. The duration of each irradiation was timed manually with a
chronometer. A spectrum was recorded in between every irradiation. The spectra were fitted in
Igor with a lorentzian function, the same wavelength interval was used for the series of spectra
recorded for the same sample but was not the same for every sample. The interval used for
every sample can be found in Table A2.1 in the Appendix. The incertitude on the fit of the
LSPR peak was in the interval 0.036 to 0.465 nm for A spr and in the interval 4.02 x 10 to 3.6

x 107 for the absorbance at ALspr.

For the samples of Chapter 5.11, which were made with cut ITO substrates so that they
can fit in the custom sample holder made in Konstanz (but then no longer in the substrate holder
of the Jasco spectrophotometer).The sample (ITO/AuNPs/DAE) was placed in the custom
sample holder (conductive face facing the direction from which the beam arrives) the custom
sample holder was simply put in the empty quartz cuvette (QS high-precision cell 100-10-40
from Hellma). The cuvette was then placed in the Jasco spectrophotometer. In that case, the
“cuvette version” of the setup described in Chapter 2.11.2.b was used to perform the
illuminations. The duration of each irradiation was timed manually with a chronometer. A
spectrum was recorded in between every irradiation. The spectra were fitted in Igor with a
lorentzian function between 500 and 540 nm. The incertitude on the fit of the LSPR peak was
in always around 0.1 nm for Aispr and in the interval 5.7 x 10 to 9.5 x 107 for the absorbance

at ALspR.
2 - Irradiation LEDs setups
a- The LEDs

Two LEDs pre-mounted on wired metal core board were used, the UV LED which is a
Nikkisio VPS1A1 emitting at 300 nm and an Osram OSCONIQ P3030 emitting at 505 nm. The
main characteristics of the LEDs are summarized in Table 2.7 (the wavelength bandwidth was

extracted from the emission spectra of Figure 2.12) and their emission spectrum, recorded in
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Konstanz university, are shown in Figure 2.12. The light power of each LED was always
adjusted by changing the current while the bias remained fixed at corresponding V+. The LEDs

were always used with appropriate heatsinks to regulate their temperature.

Table 2.7: Main characteristics of the LEDs

LED It Vi Po Viewing angle | Wavelength
(mA) | (V) (mWw) ) bandwidth
(nm)
Nikkisio 350 6 30 130 25
VPS1Al
UV (300 nm)
Osram 350 | 2.7-3 | 1000 130 325
OSCONIQ P3030
Visible (505 nm)

T T T T T | QL B I L N B N B B B B B L R |

af 60 x10°F -
50x10°F E E ]
: —UV (300 nm) | J 50 F 3
P : f ,te a0F @ 800mA 3
5 30F 3 5 : ]
> L i o . -
8 5 ] ;
20F E 20F 3
10F . 10F _
200 250 300 350 400 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
Figure 2.12: Emission spectra of the LEDs.
b - At the INSP

It was chosen to have the illumination setup inside of the analysis chamber of the Jasco
V-750 spectrophotometer. A custom stand corresponding to the dimension of the chamber was
built. Two versions of this setup were used, the first one called the “substrate version”, shown
in Figure 2.13, is for the samples made with “full” ITO substrates (samples from Chapter 5.I)
while the second version, shown in Figure 2.14, called the “cuvette version” is for the samples
made with “cut” ITO substrates (samples from Chapter 5.1I). Unlike the irradiation LEDs setup
in Konstanz (presented in the next part), this one does not have shutters. Shutters allow to switch
on the LEDs before irradiating the sample to let the light flux from the LEDs stabilize, then the
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shutters are opened, and the irradiation starts. The stabilization time of the light flux was tested
(see Figure A.2.5 in the Appendix) and we considered it was short enough to omit the use of

shutters.

\UV LED (300 nm)

% / Visible LED (500 nm)

Figure 2.13: Setup for a sample directly put inside the sample holder for substrates from Jasco
(“substrate version”). The sample holder, UV LED and visible LED are respectively indicated
by a red arrow, a purple arrow, and a green arrow.

Figure 2.14: Setup for a sample inside the quartz cuvette (“cuvette version”). The cuvette, UV
LED and visible LED are respectively indicated by a red arrow, a purple arrow, and a green
arrow.

The LEDs were connected to a power supply (IPS 4303, RS Pro), the switching on and
off of the LEDs was operated manually after setting the Vf and adjusting the I value

corresponding to the desired light power.

The luminous power received by the sample was measured for both version of the setup
with a power meter PM120VA from Thorlabs equipped with a Si sensor (measurement range
200 - 1100 nm for the light and 50 nW - 50 mW for the power) from the same brand. The power
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received by the sample was measured by recreating the setup outside the chamber and placing
the sensor in the same geometry as it would be placed in if it was in the chamber (see Figure
A.2.6 in the Appendix). The flux in W/cm?2 was calculated for the current values used during
the experiments (see Table 2.8) by dividing the value of the power in W by the surface of the

active area of the sensor (0.709 cm?).

Table 2.8: LEDs parameters for the switching measurements presented in Chapter 5 given for
both versions of the setup.

“Substrate version” of the set-up — Chapter 5.1 samples
LED | | (A) P (mW) D Dphotons
(mW/cm?) | (photons/s/cm?)
uv | 0.24 0.178 0.251 3.79 x 10*
Vis | 0.7 2.26 3.19 8.10 x 10
“Cuvette version” of the set-up — Chapter 5.11 samples
LED | | (A) P (mW) D Dphotons
(mW/cm?) | (photons/s/cm?)
UV | 0.07 | 55x10? 0.194 2.93 x 10*
Vis | 0.67 1.30 2.65 6.74 x 10®°

¢ - At Konstanz university

The following description corresponds to the LEDs setup used in Konstanz university
to carry out all the measurements presented in Chapter 4. The numeration of the elements of

the setup corresponds to the one given in the caption of Figure 2.15 (photo of the setup).
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Figure 2.15: Setup used in Konstanz university for the irradiation (LEDs, on the left) and
recording of the spectra (Cary 60 spectrophotometer, on the right). The following additional
elements were also used: 1 - UV LED (300 nm); 2 - Visible LED (505 nm); 3, 4, 6 - Lenses; 5
- Quartz cuvette; 7 - Mirrors; 8 - Stirrer; yellow arrows — Shutters.

The LEDs (1,2) were placed beside the Cary 60 spectrophotometer (Agilent) on an
optics table, an arrangement of optical elements was used to direct and focus the light beams
on the quartz cuvette (5) inside the spectrophotometer. The lenses (3,4) placed in front of the
LEDs collect the UV and visible light respectively and change the divergent beam path to a
parallel one. The two mirrors (7) placed on the right side of spectrophotometer change the
direction of the UV/vis light so that it arrives on the cuvette. A lens (6) placed after one of the
mirrors further focuses the light from the visible LED. A magnet platform, connected to the
control of the stirrer (8) which drives a stirring bar (at 600 rpm) inside the cuvette was placed
below the cuvette. The two LEDs remained switched on throughout the whole experiment, they
were switched on 10 s before the beginning of each experiment. This time was found suitable
to heat up the LEDs and to get stable light flux. Two shutters (yellow arrows) were placed in
front of the LEDs to be able to irradiate with one of them at the time for a defined amount of
time, or to block both irradiations. The shutters and their control unit were designed and
fabricated by the mechanics workshop of Konstanz university. The LEDs were connected to a
power source (B2962A, Keysight) connected to the computer on which the software of the

spectrophotometer is run. The switching on and off of the LEDs as well as the opening and
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closing of the shutters were controlled by a python-script (written by S. Snegir, post-doc at

Konstanz university) running on the computer.

The power of the light received by the sample was measured after replacing the cuvette

by a suitable sensor connected to a power meter (see Figure A.2.6 in the Appendix). A LM-2
UV (250-400 nm) from coherent for the UV light and a LM-2 (400-1200 nm) from Coherent

for the visible light. The results of the power measurements are shown for both LEDs in Figure

2.16.
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Figure 2.16: Power measurements for both LEDs.

The flux in W/cm?2 was calculated (see Table 2.9) for the current values used during the
experiments (0.5 A for the UV LED and 1.3 A for the visible LED) by dividing the value of the
power in W by the surface of the active area of the sensor (0.283 cm? for the LM-2 UV and

0.490 cm2 for LM-2).

Table 2.9: LEDs parameters for the switching measurements presented in Chapter 4.

3 - Dark field optical microscopy

LED | | (A) P (mW) D Dphotons
(mW/cm?) | (photons/s/cm?)

UV | 05 | 55x102 0.194 2.93 x 10*

Vis | 1.3 1.30 2.65 6.74 x 10

Dark field (DF) microscopy is based on the light scattering of the analytes in the focal

plane of oblique illumination which is transferred into the objective lens, or the charge coupled
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device (CCD) camera!®. The samples requiring dark-field observation are those possessing
refractive indices very close to that of their surroundings and are therefore impossible to image
properly with conventional bright field microscopy. They are also those that require to work

under the diffraction limit (it is the case with AuNPs)*3,

The working principle of dark-field microscopy is illustrated by the scheme in Figure 2.17.
When there is a sample on the stage, the light follows the path described hereafter. A circular
ring of oblique light rays is produced upon blocking the central light rays along the optical axis
of the microscope by the DF obturator. This ring enters the condenser top lens which collects
the light from the outer part of the ring and focuses it on the sample. Since the condenser (Abbe-
style) top lens is spherically concave, it makes the light rays form a hollow cone with the tip of
this cone hitting the sample’s plane. After hitting the sample, the light is either absorbed,
transmitted, or scattered. The scattered light enters the objective lens and is therefore the only

light measured, the transmitted light does not311%2,

When there is no sample on the stage, since the numerical aperture of the condenser is
greater than that of the objective, the oblique rays cross before reaching the objective font lens,

hence the “dark field”131132,

Scattered
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lens
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\./ Obstruction
4 Light
source

Figure 2.17: Scheme of the elements of a microscope in dark-field configuration and of the
path that light takes in such configuration.
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This technique presents various advantages including low imaging background (unlike
bright field microscopy) which greatly improves the sensibility of the sensing, high sensitivity
(and signal-to-noise ratio), high spatial and temporal resolution, single particle analysis

accuracy, and cost-effectiveness®3,

In our case, this microscopy technique was used to image single gold nanoparticles (of
28 and 51 nm) deposited on ITO substrates provided their density was low enough to distinguish
them (or rather their Airy disk) and they were not too aggregated (which they were not after an
efficient deposition method was found). We used a Nikon Eclipse LV 100 equipped with two
objectives: a TU Plan Fluor 10x/0.30 and a TU Plan Fluor 100x/0.90. The microscope was
always used with the same settings, the luminosity set at 75 %, the white balance made in bright
field mode on a pristine substrate of ITO and a gain value of 6.2. Two images of each zone of
interest with both magnifications (10x and 100 x) were taken, the first one with an exposure

time of 500 ms, the second one with an exposure time of 700 ms.

An example of the images that were obtained is given in Figure 2.18, showing single 51

nm AuNPs (the green dots) on ITO, the dots of other colors are aggregates of different sizes.

Figure 2.18: Dark field microscopy images with 10x magnification and 100x magnification of
single 51 nm AuNPs (the green dots) on ITO (zone B of sample ADITO81). Luminosity
75 %, gain 6.2 X, exposure time 700 ms.
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4 - DF-microscopy coupled to UV-visible spectroscopy: recording the spectrum of a
single gold nanoparticle

Dark field microscopy was coupled to UV-visible spectroscopy via an adequate optical
fiber. The microscope is still the LV 100 from Nikon, connected to a spectrophotometer QE
Pro from Ocean Optics via a SMA-SMA optical fiber with a 50 um diameter and a numerical
aperture of 0.22 (a M14L02 from Thor Labs).

This technique was used to measure the UV-visible spectrum of single 51 nm gold
nanoparticles deposited on ITO substrates. More precisely, it was used to study asymmetric
AuNPs dimers and the functionalization of AuNPs by DAE molecules at the single gold
nanoparticle scale.

The first advantage of this technique is that, unlike the UV-visible spectra recorded with
the Jasco V-750 which corresponds to the average response of a population of AuNPs, the
spectra recorded with the UV-visible spectrophotometer coupled to the optical microscope
correspond to the response of a single AUNP. Two other advantages are the fact that it is a rather
fast (the recording of a spectrum takes about 10 s) and non-invasive technique (no contact
between the probe and the nano-object). Its limitations are related to the density of AuNPs
present on the 1TO substrate (it must not exceed 2 AuNP/um?2) and their size which must be

superior to 28 nm.

The experimental procedure to record the spectrum of a single gold nanoparticle is the
following. In the operating software of the microscope, a reticule was displayed: it is used to
aim at the AuNP to analyze. The center of this reticule must correspond to the zone “seen” by
the optical fiber. In order to make both correspond, the optical fiber was plugged in a halogen
lamp (HL-2000-FHSA from Ocean Optics). The reticule was centered on the light spot coming
out of the optical fiber and the latter was then connected to the spectrophotometer. The
operating software of the spectrophotometer was started in Reflectance mode, and the
parameters of the measurement entered. The same parameters, reported in Table 2.10, were

used for the recording of all the individual AuNP spectra shown in this manuscript.
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Table 2.10: Parameters used for the recording of all the UV-visible spectra of individual gold
nanoparticles with the QE Pro spectrophotometer.

Integration time (ms) 1000
Scans to average 10

Boxcar width 30

Electric dark On
Nonlinearity correction | On

Trigger mode Continuous
Strobe/lamp enable Off

Once the parameters were entered, the baseline was recorded. The reticule must aim at
a zone without AuNPs on the sample if the baseline is recorded directly on it. It is also possible
to record the baseline on a pristine 1TO substrate. Both manners are giving a similar baseline.
First, the “white” which corresponds to the maximal measurable signal was recorded with the
microscope switched back to bright field. Second, the “dark™ which corresponds to the lowest
measured signal (the noise) was recorded with the microscope in DF mode again. Single AuNP
spectra were recorded by aiming at chosen AuNPs. It has to be noted that the reticule, once it
has been aligned is never moved until the end of the measurement session. Any displacement
on the sample is made thanks to the automated stage the optical microscope is equipped with.
Aiming at the center of an AuNP requires extremely small displacements (0.2 um typically)
that the precision of the stage allows to make.

The stage is the key element that allows to measure a specific set of AuNPs located in a
zone of interest. After a sample destined to be analyzed by dark field microscopy coupled to
UV-visible spectroscopy has been prepared, one must look for zones of interest i.e., a zone with
a set of well separated AuNPs to measure. The sample is explored by controlling the stage
manually. Once a zone is found, its horizontal and vertical distance from the top (or the tip of
one of the branches) an asymmetrical V shaped mark is written down and will be used to come

back to this zone any time it needs to be measured.

An example of a zone of interest with a set of 20 AuNPs (of 51 nm) and the spectrum of a single

AUNP spectrum is given in Figure 2.19.
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Figure 2.19: DF image (magnification 100x, 75 % luminosity, 6.2 x gain, and 700 ms
exposure time) of a zone of interest with a set of 20 AuNPs (zone C from sample ADITOR)
and spectrum of AuNP 14 from this set.

A test was made to evaluate the precision and reproducibility of the measurements. We
need to check if we obtain the same values of the LSPR peak wavelength and absorbance. The
spectrum of 20 AuNPs were recorded during two different measurement sessions (so all the
settings were done twice, especially the recording of the “Dark™ and “White”). These AuNPs
are those from the zone of interest C of ADITOR shown in Figure 2.19. The LSPR peak from
each spectrum (except those of AUNPs 3 and 4 that presented a dent) was fitted with a Gaussian
between 511.7 and 573.1 nm (with Igor Pro). The results of the fits are shown in Table A2.2
and the uncertainty values Au on the fit values are shown in Table A2.3 (the uncertainty value
on the fit of ALspr Was given directly by Igor Pro, the incertitude on the fit value of the
absorbance at A spr Was calculated with the law of propagation of uncertainty applied to the
uncertainty on the parameters of the fit given by Igor Pro). The average difference between the
value of ALspr measured the first and second time is 4.5 nm with an average uncertainty on the
fit of 1.7 nm which is also the uncertainty on the measurement. For the absorbance at ALspr the

average difference is 7.1883 x 103 with an average uncertainty on the fit of 2.0 x 102,
5 - Atomic Force Microscopy (AFM)

The atomic force microscope (AFM) was used to characterize all the samples based on
ITO substrates. This characterization allows to check the quality and uniformity of the gold
nanoparticles deposition on the ITO substrate and to verify the aspect of the gold nanoparticles
after the DAE molecules were grafted on them. Since the AFM that we used is equipped with

a precision (up to the tenth of um) automatized stage, it was also possible to characterize a

100



specific set of AuNPs located in a specific zone (see Chapter 2.11.4 and Chapter 6) with this
technique. The horizontal and vertical distances of the zone of interest from the mark made on
the ITO substrate is entered in the AFM software and the zone can be accessed to. The AFM
that we used is a NX 20 from Park, the tips were either RTESPA 300 from Bruker or NCHR
pre-mounted tips from Park.

The AFM is a high-resolution (0.1 to 1 nm in height) scanning probe microscopy
technique of which we remind the general principle and setup. It is based on the interaction
between a probe and a surface to obtain a 3D image of the surface. As schematized in Figure
2.20, an AFM is composed of a tip, a soft cantilever, a laser beam, and a photodiode (quadrant
photodetector). The laser beam is aligned on the tip which interact with the surface. These
interactions make the tip moves or induces a modification of the oscillation frequency of the
tip, controlled by the piezo it is connected to. The movements of the tip induce a variation of
the position of the laser beam on the photodetector. These lateral and vertical variations are
recorded and translated in electric signal by a piezo connected to the tip and used to reconstitute

an image of the sample.

Photodetector

Light
source

Sample
surface

Figure 2.20: Scheme illustrating the main elements of an AFM. Reprinted from?%,

This technique allows the study of the geometry, topography and three-dimensional
arrangement of the surface. Its advantages are the possibility to work with a nanometric
resolution on all kind of materials, to get a lot of information (2D, 3D, potential/force curves,
roughness, etc.), the possibility to work in different environments (in air, under vacuum, in a
N2 atmosphere, in solution). Its few drawbacks are the friction forces it may apply on the
sample, the tip-surface convolution that induces a lowering of the resolution and the fragility
of the tip.
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There are three main manners to perform topography measurements: contact mode, non-
contact mode and tapping mode; | mostly used the latter. Contact mode (repulsive) involves
soft physical contact with the surface (tip-surface friction forces). It is based on the exploitation
of coulombic repulsive interactions (10° N). This mode can only be used on hard materials
(metals, ceramics etc.) but not to follow steep roughness (high risk of breaking the tip). In non-
contact mode (attractive) the tip has no contact with the surface, the tip-cantilever vibrations
are measured, the cantilever oscillates near the surface. This mode is based on the exploitation
of the very weak van der Waals forces (therefore, very weak interactions between the tip and

the surface). It is mainly used on soft and/or elastic materials and biological samples.

Tapping mode (or intermittent contact mode) represents a compromise between contact
and non-contact mode, the tip softly touches the surface but by intermittence. Near the surface,
the interaction between the tip and the surface induces a variation of the oscillation frequency
of the tip (of the cantilever actually which oscillates at its nominal value fo, typically 300-400
kHz). The nature of the surface triggers its own variation of frequency linked to its chemical
nature, or the adsorbate present on top of it. This mode appears as the most polyvalent one since

it can be used on most surfaces.

To perform topography measurement in Tapping mode with the AFM, the laser was
aligned on top of the tip. The SUM value which represents the intensity of the light coming
from the laser projected on the tip was checked. If it is null, either the tip is broken or completely
misaligned, if the value is weak, the tip is either damaged or misaligned. The alignment of the
tip has to be done every time that the tip is changed. It is achieved by turning the two appropriate
screws that control the position of the laser beam. Then, two other values were checked: “VER”
and “HOR” which have to be as close as possible from 0, and are related to the position of the
laser in the photodiode that receives the signal. They can be respectively modified with the

appropriate screws.

The sample was put in the center of the sample holder, the zone to analyze was located
using the optical microscope and the tip was placed above it. The “tuning” of the oscillation
frequency of the cantilever was made (automatically). The approach (of the tip to the surface
of the sample) was made (also automatically). The measurement was then started after carefully
choosing a set of parameters (depending on the sample to image) that will allow to get the best
quality image. The parameters used to obtain the images of the samples presented in Table 2.3,
Table 2.4 and Table 2.5 are reported in Table 2.11.

102



Table 2.11: Parameters used to measure in Tapping mode.

Image size (um) 5
Resolution (samples/line) | 512
Scan rate (Hz) 0.5
Z servo gain 1
Set point (nm) 38
Amplitude (nm) 80
Frequency of the tip (kHz) | 287
Drive (%) 2.5

The “images” obtained with the AFM cannot directly be used, they must be treated
(treatment of the signal, color of the image, scale, height profile, etc.) with a software. In our

case, Gwyddion was used, an example of images is given in Figure 2.21.
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Figure 2.21: AFM images obtained in Taping mode of samples ADITOI (left) and ADITOC
(right), they are both made of an ITO substrate covered with a layer of 28 nm gold
nanoparticles functionalized with C5SHT-di-PSH.
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Chapter 3: Monitoring the adsorption of thiol molecules

on gold nanoparticles using the LSPR

In this chapter, a method to monitor and confirm the functionalization of gold
nanoparticles will be presented. We know that the functionalization processes on curved
spherical nanoparticles surface are different than those of flat gold surfaces. The radius of
curvature as well as the existence of binding sites with very different reactivity are
determinant®34. We used spherical 22 nm AuNPs stabilized by a layer of citrates!®% as
synthesized according to the famous (slightly modified) Turkevich synthesis*’ %137 These
citrates, weakly bound to the AuNPs surface, are readily replaced by the linear thiol
molecules®®%° we chose to use, presented in Figure 3.1: 11-mercaptoundecanoic-acid
(MUDA) and 16-mercaptohexadecanoic-acid (MHDA). The only difference between these two
molecules is the length of their carbon chain which can influence the stability of the
nanoparticles functionalized with either one of them. These molecules have been chosen
because they allow to preserve the colloidal stability of the AuNPs upon replacement of the
citrates. Indeed, they both possess a carboxylic acid as terminal group which under its
deprotonated form is negatively charged, exactly like the citrates they replace which are also
negatively charged and therefore ensure colloidal stability via electrostatic repulsion. The
content of this chapter was published in Dileseigres, A. S.; Prado, Y.; Pluchery, O., How to
Use Localized Surface Plasmon for Monitoring the Adsorption of Thiol Molecules on Gold
Nanoparticles? Nanomaterials 2022, 12 (2), 292.

The surface coverage obtained for different amount of thiol and the typical completion
time of the functionalization reaction will be investigated. For example, Wang et al.}*
demonstrated that a complete ligand exchange (11-mercaptoundecanoate) was achieved on 14
nm AuNPs using a sequence of cryo-TEM images to visualize the progressive replacement of
diagnostic protecting polyoxometalate anions. They have shown that 2800 alkanethiolates were

necessary to saturate the nanoparticle surface.
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Figure 3.1: Chemical structure and abbreviation of the thiol molecules used for this study: 11-
mercaptoundecanoic acid (MUDA) and 16-mercaptohexadecanoic acid (MHDA).

Our method takes advantage of the strong absorbance peak due to the localized surface
plasmon resonance (LSPR) that appear on the UV-visible spectra of AuNPs colloidal solutions.
For the spherical 22 nm AuNPs we used in water, the resonance is measured at 520 nm. Since
the position of the LSPR peak is extremely sensitive to any variations in its environment, it
appeared as an appropriate tool to monitor the adsorption of the thiol molecules. It has been
demonstrated that the LSPR peak wavelength shifts (it increases) when the refractive index of
the surrounding medium increases, which is the case when molecules adsorb on the nanoparticle
surface!*142, The evolution of the LSPR peak position was monitored for the full
functionalization of the nanoparticles. The thiol amount necessary to fully functionalize the
AUNPs was calculated and compared to the experimentally measured value. An analytical
model was derived to be able to predict the value of the LSPR peak wavelength shift for both
full and partial coverage of the AuNPs surface by thiol molecules. The kinetics of the

functionalization was also studied in order to determine its typical completion time.

| - Determination of the amount of thiol required to reach surface

saturation

1 - Saturation experiments

Surface saturation experiments were carried out, they consisted in adding aliquots (of a
fixed volume V =50 pL) of thiol solutions (of specific concentration) to 2 mL AuNPs solution
(at 0.66 x 10 mol/L) and recording a UV-visible spectrum 15 minutes after the mixing. The
experiment was repeated several times, for each repetition an aliquot of increased thiol
concentration compared to the one previously used. The 2 mL of AuNPs are changed for each
repetition, they are all taken from the same AuNPs stock solution. In doing so, we can spot the
thiol concentration for which the surface concentration is reached. More details about the

experimental procedure and the treatment of the acquired data are given in Chapter 2.11.1.c.
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The evolution of the spectra induced by the increasing thiol concentration is shown in
Figure 3.2 for MUDA and Figure 3.4 for MHDA. All the spectra were fitted and the values of
the LSPR wavelength were extracted from the fits. These ALspr Values are reported in Table 3.1.
The main feature that clearly appear on the spectra is the characteristic LSPR peak located at

520 nm that is usually measured for spherical gold nanoparticles in water8143,
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Figure 3.2: UV-visible spectra of 22 nm spherical gold nanoparticles in solution on which
MUDA is progressively adsorbed. The resulting LSPR wavelength shift is 2.7 nm. Zoom on
the LSPR peak maximum (in the green frame).

The AuNPs spectrum undergoes a redshift upon the adsorption of the MUDA molecules.
It is clearly visible by looking at the spectra from Figure 3.2: the LSPR peak wavelength
increases from 520.18 nm to 522.91 nm with the quantity of thiol (0 to 125 nmol) added to the
reacting solution in the cuvette, yielding a LSPR peak wavelength shift AA; pr 0f 2.7 nm. This
spectral shift is due to the modification (increase) of the refractive index of the AuNPs’

environment induced by the presence of MUDA molecules at the surface of the

AUNP365'141’144’145
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In the case of MUDA, a FTIR spectroscopy analysis was also performed to confirm the
adsorption of the MUDA molecules in similar conditions than those used for the saturation
experiments. The experiments were conducted with two solutions, a pristine 18 nm citrate
decorated AuNPs solution and a volume of this solution that was functionalized by mixing with
a 2 UM MUDA solution. Both solutions were drop-casted on silicon substrates and the spectra
were recorded. More details about the preparation of the samples and the recording of the

spectra are given in the Appendix. The two recorded FTIR spectra are shown in Figure 3.3.
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Figure 3.3: FTIR (Fourier-Transform Infra-Red) adsorption spectra of the two AuNPs
solutions (citrate decorated - spectrum (a) and MUDA-functionalized - spectrum (b)) drop-
casted on silicon substrates, recorded in Transmission with 70° incidence.

The spectrum (a) of the citrate decorated AuNPs only displays two small features
emerging from the background noise. The first feature consists of vibrations located at 1760
cm which corresponds to the stretching modes of water vapor that could not be fully
suppressed by the data treatment procedures. The second feature, located at 1519 cm™, is
attributed to the -COO moieties of the citrates in interaction with gold. Indeed, since the amount
of citrate on the AuNPs surface is very low, the signal is quite noisy and impairs the clear
identification of the peaks. The attribution to the citrates was nevertheless made, based on what
is observed for free citrate molecules for which the asymmetric and symmetric modes are
detected at 1385 cm™ and 1575 cm™ respectively!?%¢ The spectrum (b) of the MUDA-
functionalized AuNPs displays clearly defined and identifiable peaks corresponding to

molecular vibrations we expected to find. The bands at 2853 and 2920 cm™ were assigned to
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the C-H bonds’ stretching modes of all the methyl groups of MUDA’s aliphatic chain.
Regarding the two strong modes at 1413 and 1602 cm™, they were attributed to the carbonyl of
the carboxylate moieties of MUDA. Finally, the bump present on both spectra at 1100 cm™ is
due to the slight oxidation of the substrates. The FTIR spectra analysis confirmed the
functionalization of the AuNPs by MUDA and therefore the relevance of the quantitative

analysis we are conducting with the saturation experiments.
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Figure 3.4: UV-visible spectra of 22 nm spherical gold nanoparticles in solution on which
MHDA is progressively adsorbed. The resulting LSPR wavelength shift is 3.9 nm. Zoom on
the LSPR peak maximum (in the green frame).

First, let us remind that the only difference between MUDA and MHDA is that the latter
possess a longer aliphatic chain (11 alkyl groups for MUDA versus 16 alkyl groups for MHDA).
The same trend than for MUDA is observed for MHDA, the AuNPs spectrum undergoes a
redshift upon the adsorption of the MHDA molecules. It is observed on the spectra from Figure
3.4: the LSPR peak wavelength increases from 520.18 nm to 524.07 nm with the quantity of
thiol (0 to 125 nmol) added to the reacting solution in the cuvette, yielding a LSPR peak

wavelength shift AA;¢pr Of 3.89 nm. This spectral shift is due to the modification (increase) of
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the refractive index of the AuNPs’ environment induced by the presence of MUDA molecules

at the surface of the AuNPs8>141.144.145

Table 3.1: Saturation experiments parameters (concentration of the added aliquot, amount of
thiol added to the reacting solution, and concentration of the reacting solution) and measured
LSPR peak wavelengths for MUDA and MHDA.

# | [Thiol] (UM) | nwio (nmol) | [Thiol] (M) | Aiser (NM) | ALser (NM)
in the added added in the solution | measured measured
aliquot for MUDA | for MHDA
0 0 0 0 520.18 520.18
1 6 0.28 0.13 520.19 520.19
2 35 1.75 0.86 520.42 520.30
3 85 4,25 2.07 520.88 520.49
4 150 7.50 3.66 521.81 520.79
5 201 10.06 491 522.33 521.25
6 260 13.00 6.34 522.42 522.40
7 725 36.25 17.68 522.91 524.26
8 1599 79.97 39.01 522.95 524.16
9 2500 125.00 60.98 522.91 524.07

c - Colloidal stability

The colloidal stability of the AuNPs in aqueous solution is electrostatically ensured by
the negatively charged citrate ligands present at the surface of the AUNPs. The citrate decorated
AUNPs are directly obtained from the Turkevich synthesis and used as is. Since we work in
aqueous solution to perform the saturation experiments, the pH of the solution is 7. Both MUDA
and MHDA molecules possess a carboxylic acid of pKa =5 as a terminal group. We thus have
pKa (-COOH) < pH, meaning that the carboxylic functions are under their deprotonated
negatively charged form (COQ) in aqueous solution. These negative charges continue to ensure
the colloidal stability of the AuNPs when the MUDA or MHDA molecules progressively
replace the citrate ions'“®. The use of charged molecules is crucial, indeed, when trying to
monitor the functionalization of the AuNPs with electrically neutral thiol molecules (of
equivalent size to that of MUDA\) such as dodecanethiols (DDT), the colloidal stability could
not be preserved leading to the aggregation of the AuNPs. The aggregation has immediate
consequence on the UV-visible spectra: the peaks are broadened and the resulting LSPR peak
wavelength is much larger than it should be (in the case of DDT, Al gpr = 15.6 nm)4/ 149,
The results of a saturation experiment conducted with DDT are shown in Figure A.3.1 in the

Appendix.
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2 - Gold nanoparticle surface saturation (full coverage) - experimental determination

and geometrical calculation
a - Experimental determination

We are now going to focus on the evolution of the LSPR peak wavelength with the
amount of thiol added to the AuNPs solution as plotted in Figure 3.5. The choice to plot the
evolution of the LSPR peak wavelength and not that of the LSPR peak absorbance is not
innocent. Haes et al.’™>® made the choice to follow the evolution of the LSPR peak absorbance
to monitor the functionalization of silver nanotriangles, Dahlin et al.'®! did the same for several
noble metal nanostructures but the data treatment required to attain a sensibility high enough to
yield exploitable results was really heavy. Besides, unlike the LSPR peak wavelength the LSPR
peak absorbance is affected by certain experimental processes such as dilution which makes the
absorbance decrease, or by the presence of aggregation that renders the interpretation of the

data more difficult.
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Figure 3.5: Evolution of the LSPR peak wavelength as a function of the added amount of
thiol, MUDA (red square) and MHDA (blue dots). The dotted curves are guides for the eye.
As can be seen in Figure 3.5, for both MUDA and MHDA a plateau is reached for an
added amount of thiol of about 20 nmol. The appearance of that plateau suggests that full
coverage of the AuNPs surface was reached. The value of the amount of thiol required to fully

cover the AuNPs surface can be readily calculated using basic geometrical considerations.
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b - Geometrical calculation

First, we can start by calculating the AUNP concentration in solution Cyp assuming that
all the HAuCl4 complexes were reduced to metallic gold, Cyp = [HAuCl,]/N,; with [HAUCl4]
the concentration of chloroauric acid in the final volume of AuNPs solution (after addition of

citrate). Considering that we have spherical nanoparticles of diameter D that have crystallized

3
in a fcc lattice, they contain a number of gold atoms N,; = %.%. Ny, with p = 19.3 g/cm3

the density of gold, M = 197 g/mol the molar weight of gold, and Na, the Avogadro number®2,
In the case of gold, this formula can be simplified as N, = 30.9 - D3 with D the diameter of

the AuNPs expressed in nm. By injecting the expression of N, into that of Cyp we arrive to:
[HAuCl4]

Cnp = (3.1)

= 30.9xD3

For our 22 nm AuNPs, Cyp = 0.66x10” mol.L"".

Second, we need to calculate the number of thiol molecules Niniol that are grafted on the
surface of the AuNPs in the case of the formation of a full monolayer. Nwiol iS proportional to
the surface of the gold nanoparticles Sy, = wD? and depends on the average thiol surface
density p (expressed as a number of molecules/nm2) within a SAM, so that Ny;,; = TD?p.
According to Vericat et al.**3, p = 1/(0.2165 nm?) = 4.619 molec/nm? for a flat Au (111)
surface. For spherical nanoparticles, values ranging from 5.26 to 5.88 molec/nm? were
determined>*1%¢. Consequently, a value of p = 5.5 molec/nm? will be used, leading to a value
of Nipior = 8440 thiols molecules (hnumber of molecules required to saturate the surface of a 22

nm gold nanoparticle).

Finally, the thiol concentration necessary to saturate the surface can be calculated, it can
be written as C52L, = Cyp X Nenior- In the case of gold and by taking into account the

previously derived formulas, CS%E, can be expressed by two equivalent equations:
CiE, =174 %x Cyp xD* (3.2

HAuUCl,]

CSat = 0.56 x . (3.3)
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In our case, the amount of thiol necessary to fully functionalize the surface of the AUNPs
contained in the 2 mL volume that we use for the saturation experiments can readily be

calculated as follows: Cyp X V5, X Nypip; = 11.1 nmol.
¢ - Experimental versus calculated value: comparison

The value of 11.1 nmol calculated above is now compared to the previously determined
experimental value of 20 nmol. The experimentally determined value is larger than the
calculated value. This larger experimental value corresponds to N;j;,; = 15 160 molecules
packed with a density of 10 molec/nmz. Using the values reported in Table 3.1, it is possible to
convert this number of molecules value into a saturation concentration value. After 20 £ 2 nmol
were introduced in the cuvette already containing the 2 mL of AuNPs solution, the total volume
was 2.05 mL. Consequently, the thiol concentration in the cuvette was C,, >, = 10 + 1 uM and
the AUNP concentration in the cuvette was Cyp = 0.64 X 10~2 M. Injecting this Cyp value in

Equation (3.2) gives C;%, = 5.39 uM.

The plateau observed for both curves of Figure 3.5 indicates that MUDA and MHDA
no longer absorb after the 20 nmol threshold has been reached. This larger amount of thiol
(compared to the one that was calculated) experimentally determined could be explained by
other chemical and physical phenomena than those we considered: the formation of a molecular
multilayer on the AuNP surface instead of the hypothesized monolayer, a larger reactive surface
of the AuNP than calculated, or the oxidation of the thiol function of some molecules that
prevents them to react with the gold surface. These phenomena will not be discussed here,
nevertheless, it is safe to say that the formation of a multilayer is unlikely, the thickness of such
a layer would greatly affect the value of the LSPR wavelength shift, which is not what was
observed here. To conclude, we can say that Equations (3.2) and (3.3) are enough to get a
correct estimation (the right order of magnitude) of the thiol amount necessary to reach the

saturation of the AuNPs surface (full coverage).
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Il - Predictive analytical model for the LSPR peak wavelength shift

1 - Derivation of the model

a - Sensitivity factor of 22 nm spherical AuUNPs and dependence of the LSPR on the

solvent refractive index

For AuNPs dispersed in a solvent, as schematized in Figure 3.7 a), there is a dependence
of the LSPR regarding the refractive index of the solvent ng, ;.. Which can be calculated with
the electrostatic model in first approximation or with the Mie theory for a more accurate
description® (see Figure 3.6 and Table 3.2). Spectra calculated with Mie theory for increasing
values of ng,pen: are shown in Figure 3.6. If ng,pen: Varies in the range 1.3 - 1.6, the refractive
index can be written as ny,en: = Ny + An’ and the wavelength shift can be expressed with the

following linear relationship:
AALSPR =m:- An’ (34)

Where m is the sensitivity factor (dependent on the size, shape, and nature of the
nanoparticle). For a 22 nm spherical gold nanoparticle, m = 69 nm.RIU (Refractive Index
Unit).
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Figure 3.6: Evolution of the extinction cross section of 22 nm AuNP in a medium whose
refractive index is increased from 1 to 1.8 (left). Calculations are done with the Mie theory.
Plot of the extinction maximum (solid red line, left axis) as a function of the optical index of
the surrounding solvent. Value of the max extinction cross section (blue open circles, right
axis). Within the range of 1.3 - 1.6, the evolution is approximately linear with a slope of m =

69 nm.RIU. Bichromatics calculator was used™’.
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Table 3.2: Values of the LSPR peak wavelength (ALspr) and of the extinction cross section at
ALspr as a function of the index of the surrounding solvent.

Index (RIU) | ALser (Nm) | Extinction cross section
at ALspr (nm2)

1 507.42 183.26
1.1 512.17 264.38
1.2 517.03 374.80
1.3 522.02 521.45
14 527.53 705.21
1.5 534.22 916.80
1.6 542.93 1145.12
1.7 554.42 1410.65
1.8 566.43 1766.00

b - Calculation of the LSPR shift generated by the adsorption of a full monolayer of

molecules

Let us consider the grafting of a monolayer of molecules of refractive index n,,,,;.c at
the surface of a 22 nm spherical gold nanoparticle dispersed in a solvent of refractive index n,
(schematized in Figure 3.7 b)). Equation 3.4 is not suitable for the calculation of A4 spg induced
by the grafting since the height of the molecular layer is inferior to the electromagnetic decay
length lq. The electromagnetic decay length represents the extension of the local
electromagnetic field i.e., the length up to which the near field can probe the environment of
the AuNP (in our case the molecular layer and a zone of the solvent around the AuNP +

molecular layer).

a) b)

+ 7 i
Mo An = Nsojvent =

Full molecular layer Partial molecular layer
0=1 0<1

Figure 3.7: a) Spherical nanoparticle of diameter D in a medium of index ny + An’ b) the
same nanoparticle bearing a molecular layer of thickness d, in a medium of indeX ng,pent C)
the same nanoparticle with a partial molecular coverage 6 < 1. The refractive index of the
incomplete molecular layer n,; is calculated with the Maxwell-Garnett formula.
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The small LSPR shift generated by the functionalization of a nanoparticle by a
molecular entity has been described and used for the first time by Englebienne to determine the
affinity constants of biomolecules grafted on nanoparticles>®, Nevertheless, it is the work of
Van Duyne in the field of biosensors'®® that led to the formula used calculate the LSPR

Shift1s3.160-
Adjspr = m - An [1 —exp (— %)] (3.5

Where m is the sensitivity factor (m = 69 nm.RIU™, same explanation as for Equation
3.4), An is the difference between the refractive indices of the solvent and that of the molecular
layer An = nppiec — Nsowene, d 1S the thickness of the molecular layer, and lq is the

electromagnetic field decay length.

A more complex set of non-linearized formulas was proposed by Pollit et al.*®! to

calculate Al gpr While Messersmith et al.*®? proposed an incorrect formula.

First, to be able to calculate values of the LSPR wavelength shift expected for the case
of a full coverage of the AuNP surface using Equation 3.5 we need to evaluate lg. A sphere of
radius R excited by an electromagnetic field Eo, radiates an optical near field that exponentially
decays from the nanoparticle (see Figure 3.8). The electromagnetic decay length is related to

this exponential decay, where the electric field can be expressed as'®3:

E,=Ey,+A exp( —%) (3.6)
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Figure 3.8: a) Spherical nanoparticle of radius R, bearing a molecular layer of thickness d, in

a medium of index no; The near field radiated by the particle extends over a length lg. b) 2D

representation of the near-field enhancement by a gold nanoparticle in water upon excitation

at its plasmon resonance (4 = 520 nm). The intensity of electric field is enhanced of a factor
of 20 in the vicinity of the nanoparticle surface and decay as 1/r®. Reprinted from %4,

However, as can be seen in relations 3.7 the decrease of the near field is in 1/73 and not
exponential. The near field radiated by a metallic sphere along the xx” and zz’ axis (see Figure

3.8), under an excitation Equ, is:
Evw=Eo(1425)and B, = (1-%)  (3.7)
where x = r/R and ' is the reduced polarizability of the particle.

However, as shown in Figure 3.9, it is possible to fit Equations 3.7 by an exponential
decay similar to that of Equation 3.6. For a spherical gold nanoparticle at the resonance, the

reduced polarizability is @’ = 2.63 and the fit applied to relations 3.7 gives:

Erw = 1.04 X Eg + 4.83 exp —%)

E,p = 0.98 X Eg — 242 exp ( —22)

Which makes us arrive to the following linear relation to evaluate lg:
lg =045 %R (3.8)

In the present case AuNPs have a radius R = 11.0 nm, therefore, [; = 4.95 nm.
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Figure 3.9: Decay of the radiated electric near field along the axis xx’ and zz’ for a gold
nanoparticle in water.

Second, we need to determine the thickness d of the molecular layer. Since we know
that on flat gold surfaces, molecules are attached to the surface at a tilt angle a = 30°%%3, the
effective thickness of the monolayer is smaller than the length | of the molecules and we have
d=1. cos(a) = 1.32 nm with (I = 1.52 nm for MUDA). We must then evaluate the refractive
index of the molecular layer which is not trivial since it depends on the nature of the molecule
and its compactness on the surface. We chose to use n,,,,;.c = 1.46 which is the value measured
by Goldmann et al.'*® for a compact DDT monolayer and reported in other publications®?, We
now have the value of An = npec — Nsowenr = 1.46 — 1.33 = 0.13. Finally, since we
know the values of all the parameters required to use Equation 3.5, we can now calculate the
value of the spectral shift expected for the grafting of a monolayer of MUDA or MHDA on the
whole surface of the AuNPs (see Figure 3.7 b)). We find AA;spr(MUDA) =3.70 nm and
Ad;spr(MHDA) = 4.71 nm (I =2.13 nm and thus d = 1.84 nm for MHDA).

¢ - Evaluation of the coverage of the nanoparticle surface using the Maxwell-Garnett

model

Up to this point, we always assumed a full coverage of the AuNP surface, but we now
focus on the case of a partial coverage (schematized in Figure 3.7 c¢)). Partial coverage allows
to describe what happens before full coverage is reached or not when working with an amount
of thiol molecules inferior to the minimum amount required to reach full coverage. During
Kinetics experiments (similar to the one shown further in Figure 3.11), thiol molecules
progressively cover the nanoparticle surface before full coverage is reached. We had to find a

way to link the evolution with time of the LSPR wavelength (i.e., the shift A4, spg ) to that of
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the molecular coverage. In particular, we needed to verify if a linear relation exists between

Al spr and @ (the coverage).

A partial coverage corresponds to a medium where solvent molecules are inserted in
the free spaces that are not occupied by the molecules to graft (in our case the thiols). The
refractive index of such a medium can be calculated with the Effective Medium
Approximations (EMA) and the Maxwell-Garnett formula (MG)®, The MG formula allows to
calculate the dielectric permittivity &, of an heterogenous medium, here the solvent (of
dielectric permittivity &g,pen:) Which contains inclusions of adsorbed thiol molecules (of
dielectric permittivity €,,,:0c) quantified by the volume fraction f. In our case f corresponds to
the coverage & which varies between 0 (no grafted molecules) and 1 (full molecular coverage).

Consequently, &y, can be expressed as:

Emolec(1+20)+2&501pent(1-0) (3 9)
Emolec(1=0)+&so1vent(2+6) '

EMG = Esolvent

Which simplifies into:

1+2q0 . Emolec~Esolvent
Eme = € ——— With g = /===t 3.10
MG solvent 1-q6 q Emolect2&solvent ( )

If &n01ec 1S ClOSE 10 €gpipent, then g << 1 and (3.10) can be linearized. In our case
Esoent = 1.332 = 1.77 and g,,51c = 1.46% = 2.13, therefore g = 0.064 which satisfies ¢ «
1. The linearization is reasonable, and the equivalent refractive index of the partially complete

molecular layer ny, is obtained:

Nye = (8MG)1/2 = nsolvent(1 + %q@) (3-11)

This result confirms that in the case of an heterogenous medium composed of materials
with refractive indices close to one another, the resultant effective index of this medium is

simply proportional to the surface coverage 6.
d - Application to the case of spherical plasmonic nanoparticles

Let us combine Equation 3.11 with Equation 3.5, now we have An = ny; — Ngoent
and it can be written as An = 2q - 0 - ng,pene Using Equation (3.11). The LSPR wavelength

shift can then be expressed as:
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Adpspr =m - %q "0 " Ngowent [1 — exp (_ %)] (3.12)

Since all the parameters from Equation (3.12) have been previously calculated, in our
conditions, the linear relation between the LSPR wavelength shift and the coverage can be

written for each of the molecules as follows:
A spr = 3.63 x 8 (nm) for MUDA (3.13)
A spr = 4.63 x 8 (nm) for MHDA (3.14)

These two last equations are valid for 22 nm spherical gold nanoparticles in water with

a partial coverage 0 < 1. The calculated and experimental results are summarized in Table 3.3.

Table 3.3: Calculated and measured values of the LSPR wavelength shift induced by the
grafting of each molecule. The effective length of the molecules is given assuming a tilt angle
from the normal to the surface a = 30°.

Molecule | Effective | Nsowent | ALspr (nm) ALspr (nm) ALsPr (nm)
length - d calculated | calculated | measured
(nm) foro=1 foro<1
MUDA 1.32 1.33 3.70 3.63x6 2.7
MHDA 1.84 1.33 4.71 4.63x6 3.9

2 - LSPR wavelength shift at full coverage: calculated versus measured

The experimentally obtained values of the LSPR wavelength shift at full coverage,
respectively 2.7 nm and 3.9 nm for MUDA and MHDA, are inferior to the calculated values
(3.70 nm and 4.71 nm, respectively). Several reasons can explain this discrepancy, first, the
model we proposed relies on a set of three hypotheses. Firstly, we assumed that we had a
compact layer of molecules, secondly, we assumed that these molecules were 30° tilted with
respect to the normal of the surface and finally, we assumed that they had a refractive index
Nmotec = 1.46. All these assumptions, which were impossible to verify experimentally, are

uncertainty sources that affect the accuracy of the model.

We are going to discuss the influence of these assumptions on the value of AA;spg.
First, the molecular layer on the AuNPs is probably not as compact as hypothesized, its density

is probably lower than that of well-organized SAM type layer on a flat gold surface, decreasing
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the value of A4, spg. Second, regarding the tilt angle of the molecules, if we consider that the
molecules are perpendicular to the surface (no tilting angle, a = 0), for a full coverage of MUDA
molecules, the effective monolayer thickness would be 1.52 nm and we would have a much
larger A4, spr Of 6.65 Nnm. This effect would be even stronger for MHDA whose carbon chain
is longer than that of MUDA. However, this configuration is highly unlikely for molecules
possessing such a long carbon chain. Conversely, if we consider a larger tilt angle than we did
of 50° as reported elsewhere!®® instead of 30°, the values of AA;spr become smaller,
respectively 2.9 nm and 3.8 nm for MUDA and MHDA, which corresponds better to our
experimental values. Finally, if we consider a larger value of the refractive index of the
molecules, the values of A4, spr decreases. To sum up, we can say that the model corresponding
to Equation 3.5 is precise enough to give a correct idea of the trend for the values of AA;gpr Of
different molecules. Its limit is set by the accuracy of the parameter values used to calculate
Al spr Using aforementioned Equation 3.5. As previously said, this model will be particularly

useful to calculate the expected AA; gpr Values for a set of molecules to compare.

111 - Functionalization kinetics

1 - Adsorption reaction kinetics measurements

Kinetics measurements were carried out, they consisted in adding a volume of MUDA
solution of known concentration at t = 0 to a volume of AuNPs of known concentration. The
functionalization of the AuNPs by the thiol molecules was monitored by successive acquisition

of UV-visible spectra (shown in Figure 3.10) that were then fitted.
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Figure 3.10: UV-visible spectra recorded during the kinetics measurements.
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As shown in Figure 3.11, the value of the LSPR wavelength was extracted from each fitted
spectrum and plotted versus the time to monitor the progressive evolution of the
functionalization with time and hence gaining information on the functionalization Kkinetics.
More details about the experimental procedure and the treatment of the acquired data are given
in Chapter 2.11.1.c.
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Figure 3.11: Evolution of the LSPR peak wavelength upon functionalization of the AuNPs
surface with MUDA plotted versus the time (to elucidate the functionalization kinetics). The
solution was not stirred during the acquisition of the spectra. 50 pL of MUDA at 35 pM were
added to 2 mL of AuNPs at 0.66 x 10° mol/L, leading to a final MUDA concentration of 0.86

MM in the reacting solution (in the cuvette). The dotted line corresponds to a fit of the data

with a single exponential.

The total LSPR wavelength shift measured in this experiment is 0.33 nm (ALspr evolved
from 519.93 to 520.26 nm) which is consistent with the shift observed during the saturation
experiments at the point for which we had the same MUDA concentration in the reacting
solution. It is no surprise to find a smaller shift value since the amount of MUDA introduced in
the solution is inferior to that required to attain the full coverage of the AuNPs surface. The set
of points corresponding to the evolution of ALspr With the time were fitted with a single
exponential with a time constant T = 15 s. The reaction completion time was thus estimated to
be treac = 3 x T=45 s. Since the experiment was performed without stirring, the reaction occurred
by diffusion which rendered it slow enough to be monitored by the method we chose. If the
experiment was carried out with stirring, the reaction would occur much faster, rendering it

impossible to monitor with our method (the main limit being the acquisition time of a spectrum).
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2 - Functionalization time and adsorption reaction Kinetics

As shown in Figure 3.11, the reaction occurring in the total 2.05 mL of solution with a
concentration of 0.008 UM in MUDA and 0.64 x 10 in AuNPs, induced a progressive spectral
shift of the LSPR peak which follows an exponential law with a time constant T = 15 s.
According to the demonstration given in 1.1 (see Equation 3.9 to 3.11), the LSPR peak
wavelength shift is proportional to the coverage, the latter should then follow the same temporal
evolution than the LSPR peak wavelength i.e, an exponential law. Since both the LSPR peak
wavelength and the coverage present an exponential evolution, it is safe to assume that the

adsorption reaction follows a classical Langmuir kinetics law?!®7168,

According to the Langmuir model, the rate constant k = 1/7 is a combination of two
components: the intrinsic rate constant of adsorption k, and the intrinsic rate constant of
desorption k4. In our case, k = k. Cinior + kg however, the desorption of any thiol molecule
will be neglected, rendering the rate constant k directly proportional to the thiol concentration:
k = kq. Cenior-

Our kinetics measurements gave a reaction completion time treac = 3 x =45 s for a thiol
concentration of C;p;,; = 0.86 uM. This result greatly differs from that of other studies which
reports a much larger reaction time (an “overnight” reaction is often performed)'?31%°. To be
fair, our approach only brings an insight on the functionalization kinetics and especially the
evolution time since it actually depends on many factors. The first one is the amount of thiol
introduced in the AuNPs solution, if we have Cio; > 0.86 uM, full saturation of the AUNPs
surface will be reached and the temporal evolution will stop. In doing so, the reaction
completion time value treac ONly constitutes an upper limit of the completion time. The second
one is the thiol adsorption mechanism which, as Pan et al.®” reported, the Langmuir model does
not suffice to describe. It is important to note that the adsorption mechanism of MUDA on a
flat gold surface has been studied and described by Damos et al.1”® who showed that for certain
thiol concentrations, the kinetics mechanism consists of two steps (a first rapid adsorption step
followed by a slower reorganization step). In the end, we can say that the approach we proposed
allows to obtain information on the most adequate experimental conditions for the
functionalization of gold nanoparticles with thiol molecules regarding the concentration in

thiols and the immersion time.
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Conclusion

To summarize this chapter, the progressive functionalization of spherical 22 nm gold
nanoparticles by thiol molecules was monitored with UV-visible spectroscopy which gave us
access to the LSPR peak wavelength evolution. The absorption of MUDA and MHDA induced
a LSPR peak wavelength shift of 2.7 nm (from 520.2 nm to 522.9 nm) and 3.9 nm (from 520.2
to 524.1 nm) respectively. The LSPR peak wavelength value reached a plateau indicating that
full coverage was reached as soon as the thiol amount added to the 2 mL of AuNPs solution (at
0.66 x 10° M) equaled or overpassed 20 nmol. This quantity of thiol corresponds to 15 000
molecules, forming a layer on the surface of each AuNP, a number of molecules superior to
that given by the geometrical calculation (8400). This calculated result can however be used as
a lower limit for a design of an experiment aiming at full functionalizing AuNPs. An analytical
model was derived to predicting the value of the LSPR peak wavelength shift. The values
calculated with that model corresponded well to the experimentally measured ones. Finally, an
insight on the Kkinetics of the functionalization reaction was given, it would follow a Langmuir
kinetic law and using a MUDA solution of 0.86 uM, the reaction was completed in less than 45

s, a much shorter time than many reported in the literature.

In the following chapters, the analytical predictive model in particular will be reused to
predict the shift expected for the functionalization of supported spherical nanoparticles of

various sizes by thiol-terminated diarylethene molecules.
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Chapter 4: Switching kinetics of diarylethenes CSHT-di-
PSAc and CI-CSHT-PSAc in solution

The aims of this chapter are to introduce the diarylethene molecules that were used for
this PhD work. The structure of the molecules is commented and linked to the properties and
spectral features it confers them®. A photokinetic study of the aforementioned molecules in
solution is presented. The reversibility and symmetry of the switching is investigated as well as
the fatigue resistance of the molecules. The quantum yields for both photo-induced reactions

are calculated as well as the switching ratio associated to each molecule.

All the UV-visible spectroscopy measurements presented in this chapter are made with
approximately 2 mL of a 1.25 x10° M solution in degassed dimethylformamide (DMF) under
600 rpm stirring. This concentration is within the range of concentrations usually employed to
carry out this type of photochemistry studies with DAEs®°1:°659116.17L172 " A stack solution was
prepared for each molecule so that all the experiments are made with the exact same solution.
Before every measurement, the aliquot of solution to be used is illuminated with visible light

(505 nm) for 10 minutes to always start with all the molecules in the open state.
| - Structure and related properties of the molecular switches

The semi-developed formula of the two diarylethenes that were studied are presented in
Figure 4.1. The names of these molecules according to the IUPAC formalism are S,S'-
((cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl))-bis(4,1-phenylene))
diethanethioate which will be designated as C5HT-di-PSAc and S-(4-(4-(2-(5-chloro-2-
methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenyl) ethanethioate which
will be designated as CI-C5HT-PSAc.

o)
7 \Me /] \ )\~
CF s ue s 3

C5HT-di-PSAc CI-C5HT-PSAc

Figure 4.1: Semi-developed formula of the two diarylethenes molecules.
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These diarylethene molecules are dithienylethenes i.e., diarylethenes with thiophene
rings as aryl moieties. They are dithienylperhydrocyclopentene derivatives since their bridging
unit is a perhydrocyclopentene. The role and influence on the properties and spectral

characteristics of each component of the molecules is going to be discussed.

1 - Impact of each component of the molecules on its properties

Each subunit of the molecules is represented in Figure 4.2 below for C5HT-di-PSAc.

Photochromic unit

Thiol functions Bridging
protected by unit
acetyl groups
SN “ (o)
(o Il Al W N~
ST 8" ImMe s” | LS

Methyl groups

Hetaryl moieties

(thiophene rings)

Figure 4.2: Subunits of diarylethene molecule C5SHT-di-PSAc.

a - The photochromic unit

The photochromic unit is composed of the hetaryl moieties (thiophene rings) and the
bridging unit (perhydrocyclopentene ring). Its role is the most import since it is the part where

the photochromism happens, it requires extensive description.

The cyclization of diarylethenes, triggered by UV light, is a 6zm-electron electrocyclic
reaction. It follows the Woodward-Hoffman principle of molecular orbital symmetry
conservation (applied to the m orbitals of the central ring). The cyclization is therefore only
permitted in the excited state and occurs as a conrotatory process. Consequently, the
substituents on each side of the new bond formed through the photocyclization are in trans-
configuration. It is generally considered as a barrierless one-step reaction involving a one
photon excitation that takes place in a unique singlet excited state (S1 - 2A) in the ps time range.
The closed form is fully conjugated with a m-system extended to the whole molecule since all

of its components are in the same plane.26:29:45465155173

125



The cycloreversion reaction, triggered by visible light in our case, also follows the
Woodward-Hoffman principle and a conrotatory path. However, it must overcome an energy
barrier (which is the same as for the symmetry forbidden thermal reaction) corresponding to
the difference of energy between the ground state (So - 1A) of the closed form and that of the
open form. One more singlet state is involved (S: - 1B) which is in this reaction the lowest

excited state near the Franck-Condon transition,26:29:45:46.55.173

A complete description based on theoretical calculations of the mechanisms of these
two reactions is given in Chapter 1.11.1, the main transitions occurring during these reactions
are reminded in a simplified Jablonski diagram (see Figure 4.3).

/

s, (2A)

5,(18)

S, (2A) hv (Vis)

hv (UV)

Sg, € (1A) So, € (1A)

Se 0 (1A)

S, 0 (1A)

Figure 4.3: Simplified Jablonski diagram summarizing the transitions occurring during the
cyclization reaction (left) and cycloreversion (right). Note that ‘o’ stands for opened and ‘¢’
for closed, referring to the opened or closed isomer of the molecule.

A minor photocyclization channel via the triplet state (T1) can also be present, it can be
detected by making experiments in absence of oxygen: if the quantum yield of the cyclization
reaction is reduced in absence of oxygen (no possible quenching of the triplet state which then

cannot contribute to the reaction), it proves the existence of this channel’?.

In order to elucidate all the transitions occurring during the photochromic reactions of
our molecule, measurements with time-resolved ultra-fast spectroscopy techniques
(femtosecond transient spectroscopy®®*™, or nanosecond flash photolysis®®, for example)
would be required. Quantum chemistry calculations could also be made, they are usually made
using the distance between the carbon atoms at positions 2 and 6 of the central ring i.e. the
carbons in between which the bond is formed upon the cyclization reaction as the reaction

coordinate while following the evolution of the potential energy surfaces (PESs)*-4717,

126



b - The hetaryl moieties (thiophene rings)

To justify the use of thienyl as heterocyclic aryl group, thermal stability must be
considered™. Indeed, this heterocyclic aryl group prevents a disrotatory thermally induced
reaction (predictable using Woodward-Hoffman rules) to happen in the ground state i.e the
opening of the molecule induced by heat?®°%173_In the S, state the opened and closed forms of
the DAE are separated by a potential energy barrier that guaranties their thermal stability (all
diarylethenes with heterocyclic aryls are thermally irreversible P-type photochromes) and
define the kinetics of the ring-opening thermic reaction. The barrier height is related to the
energy difference between the ground state of the open and the closed state, it depends on the
type of aromatic nuclei of the molecule. The larger the energy difference, the lower the barrier
on the closed form and the lower the stability of the closed form. Diarylethenes containing
aromatic nuclei with the lowest aromatic stabilization energy are the most thermally stable, they
are the ones with heterocyclic aryl group. The ones we use, thienyls, with an aromatic
stabilization energy of 4.7 kcal/mol, lower than that of furyl (9.1), pyrrolyl (13.8) and phenyl
(27.7) are the most stable. The same trend is observed for the values of the relative ground state
energy difference between the open and close ring form. It is of -3.3 kcal/mol (for the
conrotatory mode) for 1,2-di(3-thienyl)ethene, lower than that of 1,2-di(3-furyl)ethene (9.2),
1,2-di(3-pyrrolyl)ethene (15.5), and 1,2-diphenylethene (27.3)?%%. Thiophene rings also mean

a more effective conjugation (lower aromaticity and lower inter-ring torsional angle)®°.
¢ - The bridging unit (perhydrocyclopentene ring)

The cyclopentene is the bridging ring between the two aryl groups, the three of them
forming the photochromic unit. First of all, one of the main role of this cyclopentene is to
prevent the photoisomerization (which is an unwanted side process) reaction by blocking the
molecule in cis-configuration*®®. Inserting an ethylene group in a third additional ring is the
most efficient way to achieve that, this is what is done here with the perhydrocyclopentene
while in most cases the perfluorocyclopentene is used. We will then justify why the use of the
former is more beneficial than the use of the latter.

The synthesis of the perhydrocyclopentene is easier than that of the perfluorocyclopentene, it
can be synthesized on a large scale and the basic switch can easily be derivatized®. Regarding
the photochromism properties, the perhydrocyclopentene facilitates the tuning of the switch

properties, especially the choosing of the desired excitation wavelength. Indeed, the Amax
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position of the band of the closed form in the visible region on the UV-visible spectrum of the
molecule can be shifted according to the functional groups that are put in para'’®. For example,
a highly electro-attractive group will make the band redshift. The influence of the substituents
is also visible on the chemical shift of the 'H NMR spectrum of the molecule®. For the
perfluorocyclopentene, the position of the band in the visible area for the closed form is always
redshifted no matter what the substituents are, the electron-withdrawing properties of the
fluorine atoms dominate the absorption properties. Changing the functional groups has no effect
on the position of the band on the UV-visible spectrum nor on the chemical shift on the *H
spectrum. In our case, a tunable DAE was required since we wanted to have an overlap between

the absorption band in the visible of the switch and the LSPR peak of gold nanoparticles.

Some claim the presence or absence of fluorine atoms on the cyclopentene ring does not have
any effect on the quality of the switching (fatigue)®°, others claim it does®®. Nevertheless, the
electron-withdrawing effect of the fluorine atoms stabilizes the thienyl groups, reflecting on the
thermal stability of the compounds (absence of ring-opening when exposed to heat). The
perhydro derivatives do not have this extra stabilization, the heterocyclic aryl groups and the
terminal functional groups must therefore be chosen carefully to preserve high thermal

stability3%:176,
d - The methyl groups (on the photochromic unit)

Regarding the presence of the methyl groups in trans configuration in position 2’ of the
thiophene rings (or 2 and 6 of the central phenyl ring), they guarantee the chemical stability of
the DAE molecule against oxidation. It was also demonstrated that these methyl groups (2’-
position) improve fatigue resistance®®, then again, the use of benzothiophene units could also
improve fatigue resistance, although both thiophene and benzothiophene are acknowledged as
the best options regarding the choice of the aryl groups considering the high fatigue resistance

they provide!’?.

Replacing the methyl groups on the photochromic unit by bulkier substituents could
help improve the quantum vyields of the reactions. Let us remind that the open form of a
dithienylethene molecule exist in two conformations: parallel (P), with the thiophene rings in
mirror symmetry; and antiparallel (AP), with the thiophene rings in C, symmetry®. It is possible
to evaluate the relative percentage of each conformation with *H NMR measurements®®. The

photocyclization only happens in the antiparallel conformation, obeying Woodward-Hoffman
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rules. The lifetime of the excited state being shorter than the time required for the
interconversion between the P to the AP conformer, only the molecules already in the AP
conformation can undergo cyclization upon light absorption®®. For unsubstituted
dithienylethenes, there is as many molecules in the parallel conformation as in the antiparallel
conformation thus restricting the photocyclization quantum yield to 0.5 maximum. Both
emission (luminescence) and photocyclization happen, the former from the molecules in P
conformation, the latter from the molecules in AP conformation. There are ways to favorize the
AP conformation (and thus increase the cyclization yield) by attaching (z-donor) substituents
to the reactive carbons of the thiophene rings?®46°1%, Other strategies exist to maximize the
AP population, one of the most employed is to include the DAEs in a crystalline or polymeric
matrix which only permit the AP conformation, the quantum yields can be increased up to 1 if

a population of AP conformers exclusively is achieved®>®,
e - The phenylene linkers

Choosing the right substituents to put on each side of the photochromic unit allows to
tune the absorbance properties to select the desired excitation wavelength of the molecule or
rendering the molecule more adapted to a specific application®°%11® However, the effects of
the different substituents on the photochromic properties must be carefully studied since they

can lead to their degradation or even their loss!’*.
f - The thiol functions protected by acetyl groups

At the extremity of the phenylene linkers we find thiol functions protected by acetyl
groups. These protecting groups prevent the oxidation of the thiol functions (see Chapter 2.1.1.c
for the deprotection procedure of the thiol functions). Thiols functions were chosen for their
affinity with gold since the plan always was to attach the diarylethene molecules to gold
nanoparticles. Nevertheless, the electronic effect (electron-donating group, -M effect) of the

acetyl groups must be considered when reflecting on the properties of the molecules.
2 - UV-Visible spectral characteristics of the opened and closed form of the molecules

The ring-opening/ring-closing reaction of both molecules is presented in Figure 4.4, as
well as the adsorption spectra in solution of their opened and closed forms. The spectra
designated as those of the closed isomers, corresponds to spectra recorded at the PSS after

irradiation of the solution with UV light at Aexc(UV) = 300 nm. The spectra of the open isomers
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were recorded after 10 minutes of irradiation of the DAE solution with visible light at Aexc(Vis)
=505 nm.
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Figure 4.4: Photocyclization and photocycloreversion reaction and the spectra corresponding
to the opened and closed form of each molecule. The isosbestic point are circled in dotted
line. The spectral transitions corresponding to each band are indicated. The molecules are

solubilized in DMF at a concentration of 1.25 x 10° M in a 1 cm cuvette.

It should be noted that the spectra of both molecules present an isosbestic point i.e., a
point for which the absorbance remains constant under irradiation of any kind (these points are
circled on Figure 4.4). This isosbestic point is located at 352 nm for C5HT-di-PSAc and at 334
nm for CI-C5HT-PSAc. Both molecules also display a characteristic absorption band in the UV
range, a band with two features at 290 and 323 nm for C5HT-di-PSAc and a single band at

approximately 272 nm (just before the solvent cut-off) for CI-C5HT-PSAc.

The opened forms of the molecules do not absorb in the visible while the closed forms
of the molecules display a broad absorption band in the visible region. C5HT-di-PSAc’s band
is located in the 400 - 650 nm range with a maximum absorbance at 546 nm. CI-C5HT-PSAc’s
band is in the 400 - 550 nm range with a maximum absorbance at 492 nm. CI-C5HT-PSAc’s
band maxima are blue-shifted because its conjugated system is smaller (the molecule possess
less electronic density) than that of CSHT-di-PSAC™.

The transitions were associated to each band based on the assignations made for
analogous molecules found in the literature’”>"”. The most important transitions are the two So
—> S1 since they are the transitions involved in the photochromic reactions (see 4.1.a). The Amax
of each band, its associated transition, absorbance value, and molar absorption coefficient are

summarized in Table 4.1.
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Table 4.1: Characteristics of each absorption band present on the UV-visible spectra of the
two molecules.

Molecule 1 (C5HT-di-PSAc)
Amax (NM) | Absorbance | e (L.molt.cm™) | Transition

290 (0) 0.4834 38 700 So >S2
323 (0) 0.4167 33300 So >S
356 (c) 0.1470 11 800 So >Ss
373 (c) 0.1456 11 600 So >S:
546 (c) 0.1934 15 500 So >S

Molecule 2 (CI-C5HT-PSAC)
Amax (NM) | Absorbance | ¢ (L.molt.cm™) | Transition
492 (c) 0.0970 7760 So >S,

The position of the absorbance bands is particularly important regarding the choice of
the LEDs. The emission wavelength of the LEDs must correspond as much as possible to the
absorbance maxima of the bands corresponding to the transitions involved in the photochromic
reactions (photocyclization and photocycloreversion) of the molecules. Regarding the
wavelength of the visible LED it is not that important since it was demonstrated that the
quantum yield of the ring-opening reaction was independent from the excitation wavelength
when it is in the visible®®!"t, However, with a LED producing light at 505 nm we are roughly
located in the middle of the absorption band of both molecules in their closed form. Regarding
the wavelength of the UV LED, it is more determinant since the quantum vyield of the
photocyclization depends on the excitation wavelength. Many choose to irradiate the molecules
at the wavelength of the isosbestic points to make sure the influence of changes in the part of
incident light absorbed in the sample are negligeable'!%172, We chose to use a UV LED emitting
at 300 nm i.e., between the band at 323 nm of C5HT-di-PSAc and the band at approximately
272 nm of CI-C5HT-PSAc. We remind that these two bands are those corresponding to the
transitions involved in photocyclization. This LED is therefore adapted to both our molecules.
The absorbance value, and molar absorption coefficient at Aexc(UV — 300 nm) and Aexc(Vis —
505nm) for both the opened and closed forms of the molecules and at Aiso (Wavelength of the

isosbestic point) are summarized in Table 4.2.
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Table 4.2: Absorbance value, and molar absorption coefficient at Aexc(UV — 300 nm), Aexc(Vis
— 505nm) and Aiso.

Molecule 1 (C5HT-di-PSAc)
Absorbance | ¢(L.molt.cm?)

Aexc(UV — 300 nm) - 0 0.4546 36367
Aexc(Vis —505 nm) - 0 0 0
Aexc(UV =300 nm) - c 0.3688 29506
Aexc(Vis —505 nm) - ¢ 0.1377 11017
Aiso (352 nm) 0.1447 11574

Molecule 2 (CI-C5HT-PSAC)
Absorbance | ¢(L.molt.cm?)

Aexc(UV —300 nm) - 0 0.3738 29903
Aexc(Vis —505 nm) - 0 0 0
hexc(UV =300 nm) - ¢ 0.3472 27772
Aexc(Vis — 505 nm) - ¢ 0.0940 7520
Aiso (334 nm) 0.1516 12130

Il - Kinetics of the ring closing reaction: irradiation of the switches with UV
light

In this second part, UV-visible spectroscopy measurements conducted following UV
light irradiation to study the ring-closing reaction kinetics of the molecules as well as their

resistance to fatigue are presented.
1 - Steady-state UV-visible spectroscopy measurements
a - Spectral features corresponding to the closed form

The evolution of the light absorption spectrum of the molecules for the ring-closing
reaction is shown in Figure 4.5. We can see that the absorption band in the visible region
increases upon UV light irradiation: the molecules are progressively switched to their closed
form. In the meantime, the absorbance of the UV bands decreases. The solution goes from
colorless to purple, which is usual for DAEs’?. At some point, the absorbance bands no longer
evolve, the photostationary state - an equilibrium between ring-opening/ring-closing reactions
- has been reached!’. For the ring-opening reaction, i.e., under visible light irradiation, the
reverse evolution is expected but not necessarily in the same time range. The closed form also
absorbs in the UV region, both ring-closing and ring-opening occur after photoexcitation,

explaining why a photostationary state (equilibrium situation) will always be reached3%172,
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Indeed, a UV photon can be absorbed by the open-ring form inducing the expected ring-closing
(switching) reaction, but it can also be absorbed by the closed-ring form inducing the opposite
reaction i.e., the ring-opening (backswitching) reaction. This situation explains why the
photostationary state is an equilibrium state between two reactions in competition, it is reached

when the probability for any of these both reactions to occur is the same.
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Figure 4.5: Evolution of the spectra under UV and visible irradiation for CSHT-di-PSAc (on
the left) and CI-C5HT-PSACc (on the right). The isosbestic points are circled in dotted line.

b - Photostationary state (PSS)

At first, the kinetics of the ring-closing reaction of both molecules was studied. The
solution was exposed to UV light (see Table 4.3), 1000 consecutive short (30 s) irradiations
were performed until the photostationary state was reached. Here, we want to assess the
duration of the UV light exposure required to make the maximum amount of molecules switch.
We also want to know if after the maximum number of molecules underwent photocyclization,

we reached the PSS, or if the molecules are degrading i.e., a side product is formed.

Table 4.3: UV LED (Lexc(UV) =300 nm) parameters for the ring-closing reaction monitoring.

Molecule 1 (C5HT-di-PSAc)
LED | I (A) | P(mW) D Dphotons Irradiation | Irradiation
(mW/cm?) | (photons/s/cm2) | time (s) number
Uv | 05 |55x10? 0.194 2.93 x 10" 30 1000
Molecule 2 (CI-C5HT-PSAC)
LED | I (A) | P(mW) (0] Dphotons Irradiation | Irradiation
(mW/cm?) | (photons/s/cm2) | time (s) number
Uv | 05 |55x10? 0.194 2.93 x 10" 60 1000
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The kinetics of the ring-closing reaction was monitored at the wavelengths chosen as

follows:

_ 450 nm and 600 nm are located at the extremities of the absorption band in the visible

corresponding to the transition involved in the photocycloreversion of both molecules.

_ 520 nm and 537 nm respectively correspond to the LSPR wavelength of 25 nm and

50 nm gold nanoparticles.

520 nm is chosen as monitoring wavelength for most of the experiments presented in
this chapter. The choice of the monitoring wavelength does not appear determinant as long as
it is chosen somewhere on the absorbance band in the visible where the absorbance is high
enough. Indeed, as shown in Figure 4.6 the evolution of the absorbance is extremely similar

whether it is monitored at 520, 537 or even 600 nm.

The monitoring at Amax Of the band in the visible corresponding to the transition involved
in the photocycloreversion is presented and used further in this chapter (see 4.1V) for the

calculations of quantum yields.

The evolution of the absorbance monitored at the different wavelengths is presented in

Figure 4.6.
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Figure 4.6: Evolution of the absorbance under UV irradiation monitored at various
wavelength for CSHT-di-PSAc (on the left) and CI-C5HT-PSAc (on the right).
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It is easily noticeable that C5SHT-Di-PSAc switches faster than CI-C5HT-PSAc. For
C5HT-di-PSAC, it takes 23 100 s (6 h 25 minutes) to reach the plateau corresponding to the
PSS. For CI-C5HT-PSAC it takes 36 660 s (10 h 11 minutes) to reach a plateau before the
absorbance starts to decrease (using data at 520 nm). The time it takes to reach the PSS was
calculated as follows: all data points that clearly belonged to the PSS were averaged (between
24 990 and 30 000 s, 168 points, for C5SHT-di-Ac), this mean value (0.166173 for C5HT-di-
Ac) was then subtracted to all absorbance value. The first value with a difference strictly inferior
to 0.001 to the mean value was considered to correspond to the first point of the PSS. The
calculation was made slightly differently for CI-C5HT-PSAc since at some point the
absorbance starts decreasing. The average value (0.086853) was calculated on a constant part
of the curve (between 40 980 s and 47 040 s, 102 points).

There seemed to be some differences in the evolution according to the monitored
wavelength. Each curve was therefore normalized by its maximum values, and they were all

plotted in Figure 4.7.
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Figure 4.7: Evolution of the normalized absorbance under UV irradiation monitored at
various wavelengths for C5SHT-di-PSAc (on the left) and CI-C5HT-PSAc (on the right).
The UV LED is operating at its maximum power for these measurements (see Table
4.3). It was chosen not to measure the development to the PSS using lower power considering
it already takes a very long time using maximal power. However, using lower power, we would

expect the PSS to appear at the same absorbance value, it would just take longer to reach it.
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2 - Assessment of the fatigue resistance of the molecules
a - Evolution of the absorbance at a specific wavelength and at the isosbestic point
At 520 nm

The presence of degradation is investigated using the absorbance evolution under UV
irradiation data monitored at 520 nm presented in Figure 4.6. Pariani et al.>® showed that the
by-product formation (fatigue) occurred preferentially during the photocyclization reaction
under prolonged UV irradiation due to the irradiation of closed form molecules after this
reaction has occurred. The fact that the absorbance decreases after reaching a plateau indicates

that there is degradation i.e. generation of a side-product!’*.

If we look at the spectra of CI-C5HT-PSAc, shown in Figure 4.8, at the time the
absorbance starts to decrease after reaching a plateau i.e., at t = 36 660 s, and at the last spectra
of the experiment at t = 60 000 s, we can distinguish a small hypsochromic shift of the band
maximum indicating the production of a by-product>**"*, It is typical for thiophene derivatives,
and more pronounced for electron-deficient ones’:. Both the ring-closed molecules and the
side-product display remarkably similar absorbances in the visible region since the -
conjugation pathways throughout their molecular backbone are the same. However, the
absorbance of the byproduct is significantly lower explaining the typical decrease of the

absorption band upon prolonged UV irradiation®®.

This experimentally observed hypsochromic shift was also shown in theoretical results
and explained: the dihedral angle 6 between thiophenes and phenyl rings in dithienylethenes
derivatives is large. It increases upon formation of the by-product from the ring-closed molecule
due to increased steric repulsion caused by the expansion of the former thiophene/thiazole 5-
membered ring to a 6-membered ring. A significant increase of the dihedral angle due to the
strong steric repulsion leads to a more complicated delocalization of the m-electron density,
requiring a stronger twisting of the phenyl group resulting in the experimentally observed

hypsochromic shift of the absorbance maximum of the byproduct?’*.
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Figure 4.8: Spectra allowing to demonstrate the presence of a small hypsochromic shift for
prolonged UV irradiation of CI-C5HT-PSAc.

At the isosbestic points

A particularly useful feature to confirm that there is fatigue or not is the evolution of the
isosbestic points®® 1€, This evolution is shown in Figure 4.9, we can see that CI-C5HT-PSAc’s
isosbestic point is not well defined: it starts shifting after 12 000 s of UV irradiation, confirming
the degradation of the molecules towards a side-product throughout the measurement. In
contrast, C5HT-Di-PSAc’s isosbestic point is perfectly defined and is not modified by the UV
irradiation during the measurement. This indicates that C5HT-di-PSAc molecules are not

degrading.
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Figure 4.9: Isosbestic points for a UV irradiation of 30 000 s (C5HT-di-PSAc, on the left) and
of 60 000 s (CI-C5HT-PSAC, on the right).

The evolution of the absorbance at the isosbestic points is shown in Figure 4.10.
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Figure 4.10: Evolution of the absorbance at the isosbestic point throughout the UV
illumination, for C5HT-di-PSAc (left) and CI-C5HT-PSACc (right).

In the case of CI-C5HT-PSACc, the absorbance at the isosbestic point is steadily
decreasing and almost immediately after the beginning of the UV irradiation (about 200 s), the
fatigue of this molecule is clearly established. In the case of C5HT-di-PSAc, the value seems
to slightly increase before stabilizing but the interval in which the value evolves is very tight,
inferior to the resolution of the spectrophotometer so much that it would not be unreasonable
to consider the absorbance as constant throughout the measurement. Another hypothesis is that
a 3.5% thermal drift of the spectrophotometer occurred over the 8.5 hours duration of the

experiment.

b - Potential origins of the degradation in CI-C5HT-PSAc and nature of its by-product
(BP)

The photochemical mechanisms (origin, steps, nature of the by-products) of degradation
occurring upon photoconversion of DAEs was studied both theoretically and

experi mental |y45’59’116’171’172’178’179.

Different groups of DAEs undergo different photodegradation reactions: oxidation and
elimination reactions from the molecules in the closed form. However, the formation of an
annulated isomer (a condensed ring system) upon UV irradiation of the closed-ring molecules
as a side-product has been reported for both perfluorocyclopentenes and perhydrocyclopentenes
bridged dithienylethenes derivatives with quite different structures. It would occur according to
a formal 1,2-dyotropic rearrangement following a concerted mechanism or a mechanism

involving radical or ionic intermediates®’?.
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Mendive-Tapia et al.*® elucidated the formation mechanism of this BP with theoretical
calculations, it is reminded here in a few words but a more complete description is available in
Chapter 1.11.2.b. For the ring-opening reaction a transition state on the covalent excited state
S1(2A) involving bond breaking of the penta-ring leads to a low energy S1(2A)/So(1A) conical
intersection seam, which lies above one of the transition states leading to the by-product isomer
on the ground state. Radiationless decay from the former to the latter occur leading to formation
of the by-product.

Pariani et al.®® also observed the apparition of this by-product for the series of 1,2-
dithienyloctafluorocyclopentenes they studied. Oplachko et al.!’? also reported that the
asymmetrical diarylcyclopentenone (DCP) bearing benzothiophene units they studied
undergoes photodegradation in two ways : the well-known formal 1,2-dyotropic rearrangement
(no oxygen involved) and oxidation of the DCP molecule (whether it is opened or closed) by
singlet oxygen produced via the quenching of the excited triplet state of the molecule by the

dissolved oxygen in the solution.

The first time this BP was isolated and analyzed, its structure was determined by X-ray
crystallography. Herder et al. isolated it for all the DAEs they studied by UPLC coupled to MS
and characterized it by *H NMR. Performing this kind of analysis for our molecule would
probably confirm that the by-product is also the same in our case. Nevertheless, considering all
the characteristics shared by our molecules and some of the molecules they studied (bridging
unit, heteroaryl moieties, phenyl rings), it is safe to make the hypothesis we have the same kind
of by-product. It is represented in Figure 4.11 for CI-C5HT-PSAc. The terminal substituents
beard by the phenyl rings are different but they would rather influence the quantity of side-
product formed than its naturet’?,

Figure 4.11: Hypothetic by-product of CI-C5HT-PSACc.
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c - Strategies to prevent degradation: introducing specific substituents

According to Herder et all’t, the most electron-rich DTEs bearing
perhydrocyclopentene bridges and electron-donating or electron-neutral substituents on the
adjacent phenyl rings, are almost quantitatively converted to the byproduct. For these molecules
the rate of the BP formation (and thus its QY) is in the same order of magnitude as the rate of
the ring-opening reaction (and thus its QY), which explains the decrease of the amounts
photochromes under continuous UV irradiation and high irreversibility during cycle

measurements. Some changes in the structure of the molecule could however reduce the fatigue.

The possibility to fully block this undesired reaction only exist for
pentafluorocyclopentene derivatives. It consists in introducing methyl group on the 4-position
(B-position) of the thiophene ring, but since the suppression of this reaction (reduction of
fatigue) demonstrated for perfluorocyclopentenes comes from the steric hindrance between the
methyl groups in B-position and the fluorine atoms which prevent the breaking of the C-S bond
in the thiophene ring and subsequent formation of the annulated ring molecules it does not work

for perhydrocyclopentenes®.

Introducing a perfluorocyclopentene bridge strongly reduces byproduct formation by a
factor 15 (on the QY of BP formation reaction) for donor- or electron-neutral substituted
compounds of a factor 15. However, it was explained in 4.1 that introducing this type of bridging

unit involved a loss of the tunability of the molecules!’.

For perhydrocyclopentenes compounds, introducing substituents with sufficient
acceptor strength (—M effect) on the adjacent phenyl rings (in para position) can reduce the
formation of byproduct up to the amount brought by the introduction of the

perfluorocyclopentene ring (in our case the terminal -Ac is rather acceptor)*’.

Other solutions are to use benzothiophenes or thiazoles as hetaryl moieties although
Oplachko et al.1”2 demonstrated the improvement was not guaranteed for the former and Pariani
et al.>® demonstrated the improvement was not guaranteed for the latter. It can also be
envisioned to oxidize the sulfur atom in the thiophene ring or to replace it with an acetyl

groupt™.

Finally, an interesting solution would be to use chemically inert CF3 or SFs groups

(strong —I effect) as terminal substituents at the meta positions of the phenyl rings instead of ClI
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in para (or leaving the Cl in para, it should not make a big difference) since it does not modify
the photoconversion rates nor the absorption spectrum and can reduce by-product formation by

a factor 20 to 30 compared to unsubstituted or donor-substituted DTEs*"%,
d - Prediction of fatigue resistance

After underlining the role of the UV light adsorption by the closed form (C) in the
fatigue resistance, Pariani et al.>® proposed to calculate the ratio of the relative absorbance cross-
section of the two forms (ec/eo) at the UV irradiation wavelength. They found a correlation
between this ratio and the fraction of degraded molecules. A low ratio means a dominant
absorption cross-section of the open-ring molecules, these molecules are the ones that will
absorb most of the UV light leading to the photocyclization reaction. Reciprocally, a high ratio
means a dominant absorption cross-section of the ring-closed molecules, these molecules are

the ones that will absorb most of the UV light leading to an enhancement of the degradation®®.

In the case of our molecules, the ratio for CI-C5HT-PSAc is worth 0.93, it is superior to
that of C5HT-di-PSAc (0.81), which is consistent with the measurements that showed the
presence of degradation for CI-C5HT-PSAc and did not for CSHT-di-PSAc.

To obtain smaller values of this ratio, the wavelengths of the absorbance band in the UV
of the two different forms must be as separated as possible or present the lowest absorbance
band in the UV as possible for the closed form. Such tuning of the absorbance bands is
achievable by introducing the relevant building-blocks in the structure of the molecule® (see
4.).

Pariani et al.>° showed that there is also a correlation between the dose of UV photons
absorbed by the closed molecules and the number of degraded molecules. They also
demonstrate that the formation rate of the side-product is proportional to the number of UV

photons absorbed multiplied by the quantum yield of the side reaction.

All these correlations show how important the spectral characteristics of the molecules
at the UV illumination wavelength are. The ratio ec/eo is a very useful tool to predict the fatigue
resistance for different UV irradiation wavelength since the fatigue resistance will depend on
the spectral characteristics of the molecule at this wavelength and not simply of the energy of

the photons: lower photon energy does not necessarily mean higher fatigue resistance and vice
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versa. If the absorption of the closed molecules at a low irradiation wavelength (i.e., high photon
energy) is weak, the degradation will not be promoted>®.

I11 - Switching in both directions: reversibility, symmetry, and stability

The crucial characteristics of the switching that are its reversibility and symmetry were
determined using UV-visible spectroscopy measurements recorded following luminous
irradiation of the molecules. The ability of the molecules to undergo a large number of

switching cycles was also tested.
1 - Reversibility: back-switching (ring-closing reaction)

The reversibility of the switching was then evaluated. We now use both LEDs with the

parameters given in Table 4.4.

Table 4.4: LEDs (Aexc(UV) = 300 nm and Aexc(Vis) = 505 nm) parameters for the reversibility

measurements.
Molecule 1 (C5HT-di-PSAc)
LED | I (A) | P(mW) D Dpnotons Irradiation Irradiation
(mW/cm?) | (photons/s/icm?) | time (s) number
Uv | 05 |5.5x10? 0.194 2.93 x 10* 30 100 (3000 s)
Vis 1.3 1.30 2.65 6.74 x 10©° 30 500 (15 000 s)
Molecule 2 (CI-C5HT-PSAC)
LED | I (A) | P(mW) D Dpnotons Irradiation Irradiation
(mW/cm?) | (photons/s/icm?) | time (s) number
uv 0.5 | 55x10? 0.194 2.93 x 10" 30 100 (3000 s)
Vis 1.3 1.30 2.65 6.74 x 10©° 30 200 (6000 s)

Only a fraction of the molecules is switched to reduce the duration of the experiment.
We need to know if the molecules switch back, then if they all switch back (full reversibility)
and finally, the duration of the ring-opening reaction. These reversibility measurements are
shown in Figure 4.12. Note that a single switching cycle was performed, it consisted in a 3000
s UV light irradiation (subdivided in 100 consecutive short 30 s UV light irradiation) followed
by a 15 000 s visible light (subdivided in 500 consecutive short 30 s visible light irradiation).
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Figure 4.12: Reversibility measurements for CSHT-di-PSAc (on the left) and CI-C5HT-PSAc
(on the right). The molecules are illuminated with UV light for 3000 s and then with visible
light until they all switch back to their opened form.

Both molecules display full and reversible back-switching: it is possible to switch all
the molecules back to the starting (absorbance) point. For CSHT-Di-PSAc, 840 s of visible
irradiation are necessary to make the molecules that have been switched by the previous 3 000
s of UV irradiation switch back to the open-ring state. For CI-C5HT-PSAc, 660 s of visible
irradiation are necessary to make the molecules that have been switched by the previous 3 000
s of UV irradiation switch back to the open state. However, it is necessary to take into account
the drastic difference of power between the UV and the visible LED. As shown in Table 4.4,
the visible LED is much more powerful than the UV LED. If we look at ®photons, the Vvisible
LED is 23 times more powerful than the UV LED, the UV illumination time must then be
divided by 23, which gives 130 s.

The dotted lines in Figure 4.12 are used to define an even smaller portion of molecules
able to switch fully reversibly in a much smaller amount of time, required to conduct switching
cycles experiments. The irradiation times required to make it switch in both directions are
determined; these values are going to be used for the fatigue resistance cycles measurements

presented further in Figure 4.14.

The method to define this smaller portion is described for C5SHT-di-PSAc. The first
dotted line is drawn at to, uv = 0 s (starting point of UV irradiation) and crosses the absorbance
data of visible irradiation at tr, vis = 3930 s, for safety the end point is chosen to be tf, vis = 4200
s. The second dotted line is drawn at tr, uv = 90 s (of UV irradiation), it crosses the absorbance
data of the visible irradiation part just below to, vis = 3390 s (starting point of visible irradiation).

The times corresponding to the starting and the end point on both sides (UV on the left, visible
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on the right) are subtracted: Atuv = tr uv - to,uv = 90 - 0 = 90 s and Atvis = tf, vis - 1o, vis = 4200 -
3390 = 810 s. We chose to subdivide the UV irradiation time in 3 steps of 30 s and the visible
irradiation time in 6 steps of 135 s. All these values are summarized in Table 4.4. It is important
to note that it has been demonstrated that subdividing an irradiation time in several steps does

not affect the number of molecules that are switched®.
2 - Symmetry of the switching

The symmetry of the switching was also studied with the results of the measurements

presented in Figure 4.12.

The data were replotted (see Figure 4.13) in order to follow the evolution of the
absorbance according to the number of photons the solution receives: the time is simply
multiplied by the photon flux @pnotons. This Dphotons IS 0btained by dividing the luminous flux in

mW/cm? by the energy of one photon (hc/A) in J.
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Figure 4.13: Reversibility measurements according to the number of photons for CSHT-di-
PSACc (on the left) and CI-C5HT-PSACc (on the right).

It appears immediately that the switching is not symmetrical, the photocyclization
(triggered by UV illumination) being faster than the photocycloreversion (triggered by visible
light). In both cases, the solution receives 8.82 x 10 UV photons during the 3 000 s of
irradiation (100 % of the molecules of the small portion are switched). For C5HT-di-PSAc,
5.658 x 10 photons are required to make all the molecules switch back to the open state. In
CI-C5HT-PSAc’s case, 4.45 x 10 photons are necessary to make all the molecules switch
back.
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3 - Stability of the molecular switches under consecutive UV/visible exposure (cycles)

Cycling measurements are a usual method to study the fatigue resistance of

photochromic compounds®®. They consist in subsequent illuminations with UV and visible light

(the following procedure is repeated a certain number of times): the uncolored solution is
exposed to UV light and then to visible light up to the total color bleaching. We want to know

if the molecules can sustain their fully reversible switching over a certain number of switching

cycles (40). The parameters used for these measurements are presented in Table 4.5.

Table 4.5: LEDS (Aexc(UV) = 300 nm and Aexc(Vis) = 505 nm) parameters for the cycles

measurements.
Molecule 1 (C5HT-di-PSAc)
LED | I (A) | P(mW) D Dphotons Irradiation | Irradiation
(mW/cm?) | (photons/s/cm?) | time (s) number
UV | 05 |55x102 0.194 2.93 x 10" 30 3(905s)
Vis 1.3 1.30 2.65 6.74 x 10©° 135 6 (8105)
Molecule 2 (CI-C5HT-PSAC)
LED | I (A) | P (mW) (0] Dphotons Irradiation | Irradiation
(mW/cm?) | (photons/s/cm2) | time (s) number
uv 0.5 | 55x107? 0.194 2.93 x 10* 90 3(2705)
Vis 1.3 1.30 2.65 6.74 x 10©° 165 6 (990 s)

The cycles are performed with the very small portion that had been previously defined

(see Figure 4.12). The results are shown in Figure 4.14.
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Figure 4.14: Evolution of the absorbance over 40 switching cycles for CSHT-di-PSAc (on the
left) and CI-C5HT-PSAC (on the right). In the case of C5HT-di-PSAc, each cycle consists in 3
consecutive UV light irradiations of 30 s followed by 6 consecutive visible light irradiations
of 135s. In the case of CI-C5HT-PSAc, each cycle consists in 3 consecutive UV light
irradiations of 90 s followed by 6 consecutive visible light irradiations of 165s. The insert is a
zoom on the three first cycles for CSHT-di-PSAc.

C5HT-di-PSAc is able to switch fully reversibly over 40 switching cycles: the
absorbance increases and decreases to the same absorbance values for each cycle. If it were not
the case, we would observe a progressive reduction of the amplitude of the variations of the
absorbance. Globally, the absorbance slightly fluctuates, these fluctuations are attributed to the
spectrophotometer. Regarding CI-C5HT-PSAc, the absorbance globally decreases, further
indicating fatigue of the molecules but a contribution to this decrease could be due to an
instrumental issue. In order to free us from absorbance variations of instrumental origin, the

difference between the maximal and minimal value of the absorbance for each cycle was plotted

in Figure 4.15.
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Figure 4.15: Absorbance amplitude of each of the 40 cycles for C5SHT-di-PSAc (top) and ClI-
C5HT-PSACc (bottom).

The consistency of the absorbance amplitude for CSHT-di-PSAc confirms the absence

of degradation. A slight decrease of the absorbance amplitude is still observed for CI-C5HT-

PSAc confirming the degradation of the molecules.

A comment on the effect of the oxygen can be made consecutively to these
measurements, Pariani et al.>® observed no difference for up to 100 cycles regarding the
degradation in the presence or absence of oxygen. They underline it is consistent with the fact
that a single major by product is formed upon short irradiations, no matter the presence of
oxygen. This side-product is likely the condensed derivative found for similar compounds (the
version of this side-product for our molecules has been shown in Figure 4.11). According to
them, side-products resulting from oxidation or elimination were found in aerated solutions
only for long illuminations. This rules out the presence of this kind of product in our case since
the total duration of our cycle mode fatigue experiments is shorter than that of the

aforementioned 100 cycles.

The studies conducted by Cipolloni et al.%% could help understanding the differences

observed for our two molecules. Their first study®® showed that replacing thiophene rings with
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benzothiophene rings significantly improved the fatigue resistance of the DAEs. Our molecules
have thiophene rings but also phenylene linkers that could be considered to play the stabilizing
role that the benzothiophene play here on fatigue resistance. To explain the low fatigue
resistance of the unsymmetric molecule, we should have a look at the actual effect of this

asymmetry. It is what they did in their next study!*®.

They studied two DAE molecules which are the symmetrical and asymmetrical version
of the same molecule (as it is the case for us). The symmetrical one contains benzothienyl
substituents on both sides of the central ring, the asymmetrical one has a benzothienyl
substituent on one side and a thienyl substituent on the other. Both compounds are switching
reversibly, but the unsymmetrical one demonstrates fatigue after a few ring-opening/ring-
closing processes, which is exactly what is happening in our case. They studied the influence
of structure modification that represents going from the symmetric to the unsymmetric form,
by doing a steady state and a time-resolved spectroscopy study as well as a photokinetics study

of both cyclization and cycloreversion reactions.

In their case, the absorption spectra of both opened and closed forms were almost similar
for both molecules. In our case, the spectra presented more differences except for the main
absorption band in the visible. For the closed form, we observe the same factor 2 between the
molar absorption coefficient at Amax Of the absorption band in the visible, the value for the

unsymmetrical form being about half of the value of the symmetrical form.

For the symmetrical molecule, the photocycloreversion to the open form was total.
Regarding the unsymmetrical molecule, both photochemical reactions occur in both molecules
but for the unsymmetrical one, consecutive switching cycles are not reproducible due to the
formation of side-products materialized by appearance of residual absorption. They showed
that the main side-product was the usual ring-condensed one from the formal 1,2-dyotropic

rearrangement.

So, in the end, their symmetrical molecule has lower quantum yield but high fatigue
resistance whereas the unsymmetrical molecule has higher quantum yield but no resistance to
fatigue!*®. The benzothiophene units are known to increase fatigue resistance, removing one of
these substituents would be the simplest explanation to the suppressed fatigue resistance of the
asymmetrical compound. The same probably happens in our molecule with the phenylene

linkers.
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IV - Quantum yield and switching ratio calculations

Finally, the quantum yields of both reactions were calculated from previously shown
UV-visible spectroscopy measurements using a method from the literature. The switching ratios
of both reactions were also calculated using our own method based on the evolution of the
absorbance in function of the number of photons received by the molecules. The calculated
quantum yield and conversion values are summarized in Table 4.6 at the end of 4.1V.1. The

calculated switching ratio values are summarized in Table 4.7 at the end of 4.1V.2.
1 - Quantum yields (QYs) calculations

The quantum yields of the ring-closing and ring-opening reactions are calculated using
the model developed by Cipolloni et al.>® who carried out steady state UV-visible measurements
in solution (in 3-methylpentane, with concentrations in the 1 to 5 x 10~° mol.L™ range) and used
the resulting absorbance-time data to calculate the quantum vyield of both cyclization and
cycloreversion reactions with an accuracy of +/- 10 %. This model was then widely reused>%1"2
and enriched®!8, The model to study the photokinetics of both reactions and to calculate the

quantum yields is the following:

A first equation describes the kinetics of the reversible photo-induced reactions:

d[C]
ar Ip ®oc — Ic Pesp (41)

d[C]/dt is the rate of formation of the closed colored form expressed as a function of the
monochromatic light intensity (number of photons by unit of volume by unit of time) absorbed
by the opened (lo) and the closed (Ic) forms, and the quantum yield of the ring closing (®o-.c)

and ring opening (®c-0).

A second equation describes what happens at the photostationary state, reached after

illumination with 1° intensity:
[C]®co =[0] Poe  (4.2)

From which the open to closed conversion at PSS can be extracted from the ratio
Do_.c/(Po-c + Pc—0).
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They finally arrive at a third equation which is a rearrangement of the first one but
adapted to the case of a 1 cm cell-path, it is also the equation linked to ®o—.c:

dA
d_tc =€c Ppc IPFA® — Ac [I°F €50 (Posc + Peoo)]  (4.3)

this time, the formation rate of the closed form (and thus the color appearance and
increase) is expressed as a function of its absorbance Ac and molar absorption coefficient ec at
the monitored wavelength (in their study 445 nm), F = Arotal/(1 — 10~ 4totat) is the photokinetic
factor, A% is the initial absorbance at the irradiation wavelength, and eiso is the molar absorption

coefficient at the isosbestic point.

According to the third equation, by plotting dAc/dt versus Ac a line is obtained, its slope
is the sum of the quantum yields (®o—.c + ®c-o) and its intercept is the quantum yield of the

ring closing reaction ®o-.c.

A fourth equation is given for the calculation of the quantum yield of the ring opening
reaction ®c—.o, this reaction takes place by irradiation of a solution at the PSS (or a colored

solution of pure closed molecules):

— = e Peoo 101 1074)  (4.4)

With Ac’ the absorbance of the closed colored form at the irradiation wavelength. By
plotting -dAC/dt versus 10~4¢’ a line is obtained, its slope and intercept are equal and

correspond to the value of the ring-opening reaction ®c_.o.

This model was used to calculate the QYs. The conversion was also calculated using the

ratio derived from the second equation, Conversion = ®o_.c/(Po-c + Dc-0).

The quantum yields were calculated the reversibility experiment data (presented in 4.111)
allowing us to calculate the values of the QY's using the same data than for the calculations of

the switching rations (SRs) presented further.

The UV irradiation part of the data had to be replotted at Amax Of the absorption band in
the visible range for both molecules, 546 nm for C5HT-di-PSAc and 492 nm for CI-C5HT-
PSAc. The visible irradiation part of the data had to be replotted at Aexc(Vis) = 505 nm for both
molecules. The plots are shown in Figure 4.16 for C5HT-di-PSAc and Figure 4.17 for Cl-
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C5HT-PSAc. The third equation (4.3) is still used to determine the ring-closing reaction
quantum yield but for the ring-opening reaction quantum yield, since this time we have the data
corresponding to the irradiation of the solution with visible light until full photocycloreversion,

we can use the fourth equation (4.4).
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Figure 4.16:Evolution of the absorbance of C5HT-di-PSAc under UV irradiation monitored at
Amax = 546 nm (band in the visible range corresponding to the maximum absorbance of the
closed-ring molecules) (left) and then visible light irradiation monitored at Aexc(Vis) = 505 nm

(right).
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Figure 4.17:Evolution of the absorbance of CI-C5HT-PSAc under UV irradiation monitored
at Amax = 492 nm (band in the visible range corresponding to the maximum absorbance of the
closed-ring molecules) (left) and then visible light irradiation monitored at Aexc(Vis) = 505 nm

(right).

Let us start with C5SHT-di-PSAc, the temporal derivative of the absorbance of the closed
form dAciosea/dt was plotted versus the absorbance of the closed form Acioseq; it was then fitted
with a linear regression of equation: y = - 9.5648e-05 x + 1.9197e-05, the intercept value is 0.2
it corresponds to ®o_.c. Then, the opposite of the derivative of the absorbance of the open form

-dAopen/dt was plotted versus 10~4eren it was then fitted with a linear regression of equation
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y = - 0.0037582 x + 0.0037553, the value of the slope and the intersect is the same and
corresponds to ®c—.o = 0.038. The aforementioned graphs are presented in Figure 4.18.
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Figure 4.18: Temporal derivative of the absorbance evolution of the C5SHT-di-PSAc closed-
ring molecules (dAciosea/dt) versus the absorbance of the closed-ring molecules (Aciosed) (left)
opposite of the temporal derivative of the absorbance of the open form (-dAopen/dt) versus
10~ 4oven (right).

We proceed the same way for CI-C5HT-PSAc, the temporal derivative of the
absorbance of the closed form dAciesed/dt was plotted versus the absorbance of the closed form
Aciosed; it was then fitted with a linear regression of equation: y = - 0.00022721 x + 1.0703e-05,
the intercept value is 0.047 it corresponds to ®o—.c. Then, the opposite of the derivative of the
absorbance of the open form -dAqpen/dt was plotted versus 10~ 4orer it was then fitted with a
linear regression of equation y = - 0.011999 x + 0.011993, the value of the slope and the

intersect is the same and corresponds to ®c—o = 0.012. The aforementioned graphs are
presented in Figure 4.19.
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Figure 4.19: Temporal derivative of the absorbance evolution of the CI-C5HT-PSAc closed-
ring molecules (dAciosea/dt) versus the absorbance of the closed-ring molecules (Aciosed) (l€ft)
opposite of the temporal derivative of the absorbance of the open form (-dAopen/dt) versus
10~ 4oven (right).

For C5HT-di-PSAc, the same value of ®o_.c was obtained using the data (replotted at
Amax OF the absorption band in the visible region, i.e., 546 nm) of the kinetics of the ring closing
reaction (presented in 4.11) and the third equation (4.3). These data correspond to a solution that
was irradiated until reaching the PSS, unlike the reversibility experiment data (presented in
4.111). It would indicate that the model of Cipolloni et al.>® also works for a solution of molecules
that did not reach the PSS.

Regarding the quantum yields, they show the typical photochemical behavior of
diarylethenes, where the forward quantum vyield is determined by the dynamic equilibrium
between the parallel and antiparallel conformers (with a value comprised between 0 and 1) and
the backward quantum yield is 2 or 3 orders of magnitude lower. Furthermore, their values are
consistent with those found in the literature for analogous DAEs®-°9116.171,

The QYs of both reactions and the conversion are larger for CSHT-di-PSAc than for CI-
C5HT-PSAC.

153



Table 4.6: Quantum yield and conversion values ((Aexc(UV) = 300 nm and Aexc(Vis) = 505

nm).
Molecule 1 (C5HT-di-PSAc)
Do_.c ®c_o | Conversion
0.20 0.038 0.84
Molecule 2 (CI-C5HT-PSAC)
Do_.c ®dc0 | Conversion
0.11 0.012 0.80

2 - Switching ratio (SRs) calculations

The switching ratios are calculated with the reversibility experiment data (presented in
4.111) for which the absorbance was monitored at 520 nm. It is important to note that the SRs
can be calculated from the absorbance data monitored at any wavelength since we demonstrated
in 4.1 that no matter the wavelength chosen for the monitoring, the evolution to the PSS was

quite similar (see Figure 4.7).

The same parts of the data are used than for calculating the QY's with Method 2; for the
UV irradiation part from t =0 s to t = 3000 s (for both molecules) and for the visible irradiation
part from t = 3000 (0 s) to t = 3840 s (840 s) (C5HT-di-PSAc) and t = 3000 s to t = 3640 s (640
s) (CI-C5HT-PSAc). The number of photons received by the solution is calculated using the
photon flux (see Table 4.4) to multiply the time of irradiation which gives a number of photons
per cm? corresponding to the total time of irradiation. The energy of the photon is taken into
account since the photon flux is calculated by dividing the light flux in mW/cm2 by the energy

of one photon in J.

From the data plotted versus the number of photons received (A = f(number of
photons)), for CS5HT-di-PSAc, it took 840 s to fully switch back a portion of molecules that has
received UV light for 3000 s. In terms of photons, for CSHT-di-PSAc, it took 5.658 x 108
visible light (505 nm) photons to fully switch back a portion of molecules that had received
8.82 x 10" UV photons (300 nm).

We obtain SR(UV /Vis) = —photonsUV)__ 882x1077 _ 4 ¢
Nphotons(Visible) 5.658 x 1018 ’ !
. __ TNphotons(Visible) 5658 x 1018
Or SR (Vis/UV) = Monotons@V) | BE2X10T7 6.42.
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For CI-C5HT-PSAC, it took 4.45 x 108 visible light (505 nm) photons to fully switch
back a portion of molecules that had received 8.82 x 10" UV photons (300 nm).

17
We obtain SR(UV /Vis) = —horons@V)__ 882X10 L _ 5
Nphotons(Visible) 4,45 x 1018
. __ Nphotons(Visible) 4.45 x 1018 .
Or SR(Vis/UV) = Monotone@V) | 882X 107 5.06.

The same values of SRs are found whether we calculate them in function of the time or
the number of photons. For C5HT-di-PSAc, the photocyclization is 6.5 times faster than the
photocycloreversion. For CI-C5HT-PSAC, it is 5.06 times faster, note that for this experiment
the UV irradiation time did not exceed 3000 s so CI-C5HT-PSAc should not have undergone

degradation.

Table 4.7: Switching ratio values calculated for both molecules (Aexc(UV) = 300 nm and
Xexc(ViS) =505 nm).

Molecule 1 (C5HT-di-PSAc)
SR (UV/Vis) | SR (Vis/UV)
0.16 6.42
Molecule 2 (CI-C5HT-PSAC)
SR (UV/Vis) | SR (Vis/UV)
0.2 5.06

If we look at the values of the quantum yields of C5HT-di-PSAc and at its value of
switching ratio, we notice that they both indicate that the switching is asymmetric with the ring-
opening reaction taking much longer than the ring-closing reaction. The same observation can
be made for CI-C5HT-PSAc

Finally if we compare the switching ratios of the two molecules, we notice that the

asymmetry of the switching is more pronounced for C5HT-di-PSAc than for CI-C5HT-PSAc.
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Conclusion

In the end, one must remember that all the results presented in this chapter only
corresponds to the experimental parameters chosen here. Indeed, changing the concentration of
the solution or the LEDs (i.e., the illumination wavelengths) would have an impact on the time
it takes to make the molecules switch and the quantum yields of the reactions. Considering the
long time it takes to make our molecules switch, better illumination parameters would be useful

to reduce the duration of experiments involving to make all the molecules in solution switch.

We did not study the effect of temperature on the switching of our molecules, Cipolloni
et al.>®1%6 demonstrated that temperature effects are small and undetectable by quantum yield
measurements on a wide interval around room temperature. Nevertheless and quite
interestingly, Kudernac et al.'® showed it was possible to tune the temperature dependence of

the switching of dithienylethenes.

We did not study the influence of the solvent on the spectral characteristics and on the
quantum yields of our molecules by making experiments with other solvents. The influence of
the solvent is more important for fluorescence than for absorption properties but still; a
significant solvatochromic effect that is to say a redshift can appear with increasing value of
the solvent polarity parameter E1(30). Our molecules possess a perhydrocyclopentene ring so
very low polarity and no atom susceptible to form hydrogen bonds with a protic solvent. We
used dimethylformamide (DMF) which is a polar aprotic solvent so no significant
solvatochromic effect on the absorption properties would be expected. Even less, since our
molecules don’t possess a donor and an acceptor group that would trigger a push-pull effect
and increase the sensibility to the solvent®3184 Regarding the effect of the solvent on the QY
values, Herder et al. showed that using solvents with lower polarity than acetonitrile, which is
the case of DMF® can slightly increase the ring-closing reaction quantum yield but has no

effect on the ring-opening and by-product formation reaction®*.

The effect the structure of the molecule can have on its properties (photochromism,
configuration, thermal stability, tunability, fatigue resistance) and its spectral characteristics
(localization and evolution of the absorbance bands) was explained. Particular attention was
given to the bands corresponding to the transitions involved in the photoconversion reactions,
and to specific points on the spectra: at Aexc(UV — 300 nm) and Aexc(Vis — 505nm) and the

isosbestic points.
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A photokinetic study of both molecules allowed us to assess the time it took for them to
reach the PSS, if they suffered degradation (fatigue), the reversibility and symmetry of their

switching and to calculate their quantum yields and switching ratios.

C5HT-di-PSACc needs 23 100 s to reach the PSS under the experimental conditions that
we used. It is resistant to fatigue, as the clean evolution of its isosbestic point under UV light
irradiation shows as well as the preservation of the same absorbance amplitude throughout the
cycles measurements. Its switching is fully reversible but asymmetric. The quantum yield and
of its ring-closing and ring-opening reaction are worth 0.20 and 0.038 respectively. Its
switching ratio (ratio of the time it takes for both reactions to occur) is worth 6.5.

CI-C5HT-PSAC takes 36 660 s to reach a plateau before the absorbance starts to decrease
under the experimental conditions that we used. This molecule suffers fatigue, it was indicated
by the decrease in the absorbance under UV light irradiation which was accompanied by an
hypsochromic shift on the spectra. It was confirmed by the evolution of its isosbestic point
under UV light irradiation (it shifts) and by the decrease in the absorbance amplitude throughout
the cycles measurements. The switching of the CI-C5HT-PSAc molecules that are not degraded
is fully reversible but asymmetric. The quantum yield of its ring-closing and ring-opening
reaction are worth 0.047 and 0.012 respectively. Its switching ratio (ratio of the time it takes

for both reactions to occur) is worth 5.1.

It what follows, we will investigate if the nanoantenna effect provided by supported gold
nanoparticles on which the molecules will be grafted have an impact on the quantum yields of

one or both reactions and on their switching ratios.
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Chapter 5: Influence of the plasmonic antenna effect on
the switching Kinetics of the diarylethenes grafted on

supported gold nanoparticles

In this chapter, both diarylethene molecules (C5HT-di-PSH and CI-C5HT-PSH) are
grafted on spherical 28 nm gold nanoparticles deposited on ITO substrates. The adsorption of
C5HT-di-PSH and CI-C5HT-PSH on 28 nm gold nanoparticles is expected to cause a shift of
the LSPR wavelength. This shift will be predicted using the model developed in Chapter 3 and
compared to the experimentally obtained value. Then, we will try to observe the switching
(previously observed in solution) of both diarylethene molecules grafted on the AuNPs. The
switching was monitored by optical spectroscopy following the evolution of LSPR peak
position. The conservation of the properties of a molecule (in our case, the fully reversible
switching) upon attachment to the metallic surface of an electrode (in our case, the gold
nanoparticle) is not guaranteed due to the potential excessive strength of the coupling between
the molecule and the metal®*%’. The reversibility and symmetry (by mean of the calculation of
the switching ratios) of the switching will be assessed as well as the fatigue undergone by the

molecules when they are connected to the gold nanoparticles.

As can be seen in Figure 5.1, the absorption band in the visible of the DAE molecules
corresponding to a transition involved in the photochromic reaction (switching) is located in
the same spectral area than the LSPR peak of the gold nanoparticles. We can therefore expect
an influence of the plasmon on the photocyclization and photocycloreversion reactions of the
molecules. Indeed, AuNPs act like plasmonic antenna: the electromagnetic field around them
can be amplified up to 10 times in response to incident light. We will see if this LSPR
enhancement is present in our case and contributes to increase the QY and thus the speed of the
photochromic reactions, especially that of the photocycloreversion reaction. An acceleration of
this latter reaction would result in a more symmetrical photoconversion, indicated by a value
of the SR closer to 1. Let us remind that for C5HT-di-PSAc in DMF, the SR is equal to 6.5
meaning that 6.5 times more visible light photons are needed to trigger the photocycloreversion

after the molecules were switched by the UV light photons.

It is important to note that since we work with ITO, we cannot access the absorbance

peak in the UV region corresponding to the other transition involved in the photochromic

158



reactions (switching). Indeed, the transmittance of ITO drops to 0 below 380 nm. Note that the
band observed between 600 nm and 800 nm on the spectrum of 28 nm AuNPs on ITO on Figure

5.1 is due to the presence of AuNPs aggregates on the ITO substrate.
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Figure 5.1: Normalized UV-visible spectrum of 28 nm AuNPs in water, 28 nm AuNPs
deposited on ITO and C5HT-di-PSAc (left) in DMF or CI-C5HT-PSACc (right).

| - Adsorption and switching of CI-C5HT-PSH and C5HT-di-PSH on 28 nm
AUNPs deposited on ITO

In this first part of Chapter 5, the results presented were obtained with samples prepared
following the DAE grafting protocol 1 described in Chapter 2.1.3.a. However, as shown in Table
2.3, some preparation steps slightly differ from a sample to the other. We are going to study the
effect the variation of some preparation steps has on the switching ability of the molecules once
grafted on the AuNPs.

1-CI-C5HT-PSH

a - Stepwise UV-visible spectroscopy monitoring and subsequent switching

measurements

As can be seen in Figure 5.2, the preparation of sample ADITO69 (see Table 2.3 in
Chapter 2.1.3. for the details of every preparation step) was monitored step by step by recording
a UV-visible spectra after the two main steps of the preparation. The position of the LSPR peak
was extracted and compared to that of the preceding step.
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Figure 5.2: UV-visible spectra recorded after the deposition of the AuNPs, after the
desilanization and after the adsorption of the CI-C5HT-PSH molecules.

Initially, ALspr = 512.7 nm, after the desilanization step, a AlLspr, 1 Of -1.35 nm is
measured and a small decrease of the absorbance is observed, probably due to the removal of
APTES molecules in the vicinity of the AuNPs since a simultaneous decrease of the absorbance
and blueshift of the LSPR indicate a local decrease of the optical index (which is the case when
molecules are removed) a few AuNPs must have detached from the surface during this step.
After the DAE molecules adsorption step, a AALspr, 2 Of 14.84 nm is measured, and a large
increase of the absorption is observed. This value of the LSPR wavelength shift is slightly
superior to the one calculated for the formation of a full molecular monolayer using the
predictive model from Chapter 3, AALspr = 11.98 nm, using Equation 3.4 with the following
parameters m = 73 (calculated for 28 nm AuNPs with the same method than that presented in
Chapter 3), An = nmolec — Nair = 1.46 — 1 = 0.46 (the spectra are recorded with the substrate placed
in the spectrophotometer at air, hence the use of the refractive index of air), d = 13.9 A (length
of CI-C5HT-PSACc in its open form, as given in Chapter 2) and 14 =0.45x R=0.45x14=6.3
(with R the radius of the AuNPs, for 28 nm AuNPs, R = 14 nm, see Chapter 3 for the derivation
of the expression used to calculated lq). A full layer of CI-C5HT-PSH must be present at the
surface of the gold nanoparticles, which is not surprising since the samples were prepared

working with a large excess of molecules (see Table 2.3).

This monitoring was not carried out for all the samples, indeed, recording a spectrum of
the sample after different steps requires to dry it between the preparation steps which is not
recommended according to Cha et al.*?*. For the rest of the samples, the presence of DAE
molecules at the surface was confirmed by the observation of switching. The type of samples
obtained using this first grafting protocol is schematized in Figure 5.3.

160



Figure 5.3: Scheme of the type of sample obtained with grafting protocol 1: ITO/AuNPs(28
nm)/CI-C5HT-PSH. The green sticks are silanes (APTES). Note that this sketch is not on
scale since the size of the DAE molecules is 1.39 nm, that of the APTES molecules is 0.5 nm
and that of the AuNPs in 28 nm.

Switching measurements (cycles measurements) were carried out as described in
Chapter 2.11.2.b, the sample was successively irradiated with UV (300 nm) and visible (505

nm) light The parameters used for each type of illumination are reminded in Table 5.1.

Table 5.1: LEDs parameters used for the switching measurements made on the samples
prepared with grafting protocol 1.

LED | | (A) P (mW) D Dphotons
(mW/cm?) | (photons/s/cm?)

UV | 0.24 0.178 0.251 3.79 x 10*

Vis | 0.7 2.26 3.19 8.10 x 10

The results of the switching cycles measurements performed on ADITOG9 are presented

in Figure 5.4.
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Figure 5.4: UV-visible spectra corresponding to the switching measurements on ADITO69
(28 nm AuNPs).

An increase of the LSPR peak absorbance occurs upon ring-closing of the molecules (in
response to UV light exposure) grafted on the AuNPs, while a decrease of the LSPR peak
absorbance occurs upon ring-closing of the molecules (in response to visible light exposure).
The variation in absorbance occurring upon the switching is 7 x 10 which corresponds to a
relative increase of 2 %. This behavior was observed in comparable proportions by Snegir et
al.*® for furan-based diarylethene molecules grafted on 17 nm gold nanoparticle deposited on

glass substrates.

It is important to note that control switching measurements (switching measurements
on AuNPs deposited on ITO without DAE molecules grafted on them) were made using two
ITO substrates: one with 28 nm AuNPs deposited on it (ADITO55), the other one with 35 nm
AUNPs deposited on it (ADITO56), see Chapter 2.1.2.d for more details about their preparation.
The results of these control switching measurements are shown in the Appendix (see Figure
A.5.1 and Figure A.5.2), the evolution of the LSPR peak absorbance in response to the UV and
visible irradiations is random and much weaker (2 x 10%), demonstrating that the systematic
absorbance increase upon UV irradiation and absorbance decrease upon visible irradiation

corresponds to the switching of the DAE molecules.
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The LSPR peak absorbance and wavelength were then extracted by fitting the peaks (of
Figure 5.4) with a Lorentzian function (see Chapter 2.11.1.d for more details) and the evolution

of the absorbance at ALspr and that of A_spr Were plotted versus the time (see Figure 5.5).
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Figure 5.5: Evolution of the LSPR peak absorbance (left) and wavelength (right) of ADITO69
as a function of time upon irradiation. The dotted line is a guide for the eyes.

The relevant physical quantity to consider appears to be the absorbance. Indeed, even if
the modifications of the absorbance are small, they are still (and always) large enough to be
above the spectrophotometer sensibility. Regarding the modifications of the wavelength, it is
rarely the case, for most samples (as it is the case here). The evolution of the A spr values is

below the spectrophotometer sensibility, usually resulting in erratic variations of ALspr.

As can be seen in Figure 5.5 by looking at the evolution of the absorbance at ALspr
ADITOG69 can switch reversibly but not fully. Indeed, the second step of the visible irradiation
from the first switching cycle (Step 2 of Visible irradiation 1 in Figure 5.4) does not allow to
make the molecules switch back any further. Only half of the molecules were switched back by
the preceding first step of the first switching cycle (Step 1 of Visible irradiation 1 in Figure
5.4).

b - Influence of the gold nanoparticles size: 28 nm and 35 nm

We are going to focus on two samples prepared with 28 nm AuNPs (ADITO49 and
ADITO46) and on two samples prepared with 35 nm AuNPs (ADITO47 and ADITOA48).

ADITO49 and ADITO46 only differed in the DAE molecule adsorption step: two

different solution and immersion time were used. ADITO49 was immersed for 3 hoursina 3.21
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x 10 ethanolic DAE solution while ADITO46 was immersed in a 6.36 x 10 ethanolic DAE
for 15 hours. In a few words, ADITO49 underwent a short immersion in a solution roughly two
times more concentrated than that of ADITO46 that underwent a long immersion. The rest of
the preparation steps were the same for the two samples, similar to those described below for
the second couple of samples. In both cases, the samples were prepared with DAE molecules
in excess so that it could be considered that a full coverage of the AuUNPs was reached.

ADITO47 and ADITOA48 were prepared the exact same way: same baking step (120 °C
for an hour), same desilanization step (immersion in a 0.8 mM NaOH solution), same AuNPs
deposition (immersion for an hour) and finally, aliquots from the same ethanolic DAE solution
at 6.36 x 10 with an immersion time of 15 hours (same solution than for ADITO46).

For ADITOA46 the septum popped out during the DAE grafting step resulting in slow
evaporation of the solution in which the substrate was immersed. This sample thus has a thick

layer of crystallized molecules on it (evidenced by AFM measurements, see Figure A.5.3).

Switching measurements were performed as described in Chapter 2.11.2.b, the sample
was successively irradiated with UV (300 nm) and visible (505 nm) light. The parameters used

for each type of illumination are the ones previously reported in Table 5.1.

The results of the switching measurements performed on ADITO49 are presented in

Figure 5.6.

164



32'8)(10'3--uulvuwvlu--.||.-|].|-

—— Before irradiation
~— Initial visible irradiation (30 min)

UV irradiation 1:

-------- Step 1 (12 min)
o = = Step 2 (+12 min)
= Step 3 (+18 min)

= Step 4 (+6 min

/ 32.6 P AL

4 Visible iradiation 1:

'''' Step 1 (30min)
= = Step 2 (+30 min)
~—— Step 3 (+30 min)

UV irradiation 2:
Step 1 (12 min)
Step 2 (+14 min)
324 Step 3 (+10 min)
Visible irradiation 2:
= = Step 1 (30 min)
= Step 2 (+30 min)

Absorbance

35 x107> T

32.2

Absorbance
&
T
1

TN NS NSRS NSNS N EEE N RN

L B L B L L L L B

sE ~ ] 32.0 YA R RS
A L S s 510 515 520 525 530
400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

—_

Figure 5.6: UV-visible spectra corresponding to the switching measurements on ADITO49
(28 nm AuNPs).
The LSPR peak absorbance and wavelength were then extracted by fitting the peaks (of
Figure 5.6) with a Lorentzian function (see Chapter 2.11.1.d for more details) and the evolution

of the absorbance at ALspr and that of A_spr Were plotted versus the time (see Figure 5.7).
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Figure 5.7: Evolution of the LSPR peak absorbance (left) and wavelength (right) of ADITO49
as a function of time upon irradiation. The dotted line is a guide for the eyes.

As can be seen in Figure 5.7 by looking at the evolution of the absorbance at ALspr for
the first switching cycle (UV irradiation 1 + Visible irradiation 1, see Figure 5.6) ADITO49 can
switch fully reversibly since the second step of Visible irradiation 1 allows to make switch back
all the molecules that had switched. However, if we look at the second switching cycle (UV
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irradiation 2 + Visible irradiation 2, see Figure 5.6) we observe that the first step of Visible
irradiation 2 does not allow to make as many molecules switch back as the first step of Visible
irradiation 1 (taking into account that both steps had the same duration). The reversible
switching is already compromised at the second switching cycle for which longer visible
irradiation steps may be required. Regarding the evolution of the LSPR wavelength values, it

Is erratic since we are below the spectrophotometer sensitivity.

The same measurements and exploitation were made for ADITO46 (28 nm AuNPs, see
Figure 5.8 and Figure 5.9), ADITO47 (35 nm AuNPs, see Figure 5.10 and Figure 5.11) and
ADITO48 (28 nm AuNPs, see Figure A.5.4 and A.5.5).
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Figure 5.8: UV-visible spectra corresponding to the switching measurements on ADITO46
(28 nm AuNPs).
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Figure 5.9: Evolution of the LSPR peak absorbance (left) and wavelength (right) of ADITO46
as a function of time upon irradiation. The dotted line is a guide for the eyes.

As can be seen in Figure 5.9 by looking at the evolution of the absorbance at ALspr
ADITO46 can switch reversibly. The amplitude of its absorbance variation is twice that of
ADITO49. The duration of the visible irradiation is not sufficient to assess if ADITO46 can
switch fully reversibly however if we look at the first step of each visible irradiation, the first
step of Visible irradiation 2 make less molecules switch than the first step of Visible irradiation
1. Regarding the evolution of the LSPR wavelength values, since ADITO46 presents a thick
crystallized layer of molecules, the larger quantity of molecules increases the values of the
variations of ALspr Which are slightly above the sensitivity limit of the spectrophotometer and

thus more consistent with that of the absorbance.
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Figure 5.10: UV-visible spectra corresponding to the switching measurements on ADITO47

(35 nm AuNPs).
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Figure 5.11: Evolution of the LSPR peak absorbance (left) and wavelength (right) of
ADITOA47 as a function of time upon irradiation. The dotted line is a guide for the eyes.
As can be seen in Figure 5.11 by looking at the evolution of the absorbance at ALspr
ADITOA47 can switch fully reversibly. Regarding the evolution of the LSPR wavelength values,

it is erratic since we are below the spectrophotometer sensitivity.

At this point, it is important to underline that the switching ability of the DAE molecules
was preserved upon their grafting on the AuNPs. Reversible switching was observed for
samples prepared with AuNPs of both sizes (28 nm and 35 nm) indicating that this increase of

the AUNPSs’ size does not influence the switching or the possibility to detect it.
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¢ - Influence of the deprotection method and suppression of the desilanization step

We are now going to focus on ADITO60 and ADITO61 that were prepared with a
solution deprotected by adding a few drops of ammonia directly in the solution (unlike for the
previous samples that were deprotected using a N2/NHz flow, see procedure described in
Chapter 2.1.1.c) and more importantly without a desilanization step, meaning that some silanes
remain everywhere on the surface of the ITO substrate (as schematized in Figure 5.12) and not
only under the attached 28 nm AuNPs (as previously schematized in Figure 5.3). They were
prepared with the same AuNPs than ADITO46 and 49 (previously described). Both samples
were immersed in an aliquot of the same DAE solution at 6.38 x 10 but ADITO61 was
immersed twice longer (8h versus 4h). The same measurements and exploitation than for the
previous samples were made for ADITO60 (see Figure 5.13 and Figure 5.15) and ADITO61
(see Figure 5.14 and Figure 5.15).

AR

ITO

Figure 5.12: Scheme of the type of sample obtained with grafting protocol 1 without the
desilanization step: ITO/AuNPs(28 nm)/CI-C5HT-PSH. The green sticks are silanes
(APTES). Note that this sketch is not on scale since the size of the DAE molecules is 1.39
nm, that of the APTES molecules is 0.5 nm and that of the AuNPs in 28 nm.

Regarding the deprotection method, we can already confirm that it does not have an
influence on the switching, indeed, for all the previous samples (deprotected with the
ammonia/argon gas flux), we obtained comparable switching to that obtained by Snegir et al.18

who had deprotected their DAE solutions with liquid ammonia.

Switching cycles measurements were performed as described in Chapter 2.11.2.b, the
sample was successively irradiated with UV (300 nm) and visible (505 nm) light. The
parameters used for each type of illumination are the ones previously reported in Table 5.1. The

results of the switching measurements performed on ADITO60 and ADITOG61 are presented in
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Figure 5.13 and Figure 5.14. The typical switching times are around 45 minutes for the

switching and 120 minutes for the back switching.
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Figure 5.13: UV-visible spectra corresponding to the switching measurements on ADITOG0.

/, 23.1 x10'3 !- T T T T T T T T T T T T T T T T T 3
/ E —— Before irradiation| é
230 = UV irradiation: =3
o e Step 1 (12 min) =
o = = Step 2 (+12 min) =
/ L w— Step 3 (+12 min) E
o Visible irradiation: 3
229F - step 1 @0 miny | 3
- = = Step 2 (+30 min) -
[)] o —— Step 3 (+30 min) | ]
Q - fu
c r u
S E 3
2 228F -
[o} E ]
a o 3
o] - 3
< F =
25 x10 e e 27F =
20F 3 E 3
8 : - :
8 : 226F =
2 10F E 3 3
< F E E
5F 4 E , E
225 L L PR TR TN TR S TR T ¥ T N LU 1
VR 510 515 520 525
400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 5.14: UV-visible spectra corresponding to the switching measurements on ADITOG1.

The LSPR peak absorbance and wavelength were then extracted by fitting the LSPR
peaks with a Lorentzian function (see Chapter 2.11.1.d for more details) and the evolution of the

absorbance at ALspr Were plotted versus the time for both samples (see Figure 5.15).
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Figure 5.15: Evolution of the LSPR peak absorbance of ADITO60 (left) and ADITO61 (right)
as a function of time upon irradiation. The dotted line is a guide for the eyes.

Both samples display reversible switching, however fatigue appear at the second
switching cycle for ADITOG60 (the second UV irradiation does not allow to make as many
molecules switch than the first one had). This fatigue that appears very soon, after only one
switching cycle was also observed by Toyama et al.'®” and Van der Molen et al.*®* when
monitoring the switching of DAEs via the conductance evolution (in high vacuum for the

former and in ambient conditions for the latter) connected in a network of AuNPs.

Van der Molen et al.®® provide two explanations for this drop in efficiency of visible
photons for triggering the ring opening (cycloreversion photoreaction): it could be due to a
strong electronic coupling between the molecules and the metallic nanoparticles that leads to a
charge transfer so that the electron excited in the molecule is captured by the AuNP, instead of
switching the molecule. The second reason is that some molecules are sterically hindered in

their switching process.

Toyama et al.'®” were working with DAE molecules that exhibit strong geometrical
reorganization upon switching and assign the fatigue to the large geometrical changes that
progressively lead the molecule network into a more and more blocked configuration, where

the system could not easily accommodate new movements.
2 - C5HT-di-PSH

We are now focusing on samples ADITO64 and ADITOVI that were still prepared with
28 nm AuNPs following DAE grafting protocol 1 described in Chapter 2.1.3.a. but with a

solution of C5HT-di-PSH. The preparation steps were the same for both samples, the duration
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of some steps was just a bit longer for ADITOVI (see Table 2.4 in Chapter 2.1.3.a). The same

switching measurements and exploitation than for the samples with CI-C5HT-PSH (see LEDs
parameters of Table 5.1) were made for ADITO64 (see Figure 5.16 and Figure 5.17) and
ADITOVI (see Figure 5.A.5 and Figure 5.A.6).
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Figure 5.16: UV-visible spectra corresponding to the switching measurements on ADITOG64.

Time (min)

T T T T T g
o 84 x1 073 - A Before llumination]
2 - A & A UV (300 im) ]
© | ‘/ SN A Vis (505 nm) ]
2 82 i ' .
S F 1
& [ 4 £ ]
o 80F | T
= - i 4 ]
© : 2 % E
g o 4 ]
e A A
4 76F | k. ]
[ 4 i
| EPEFEFI AU BT BT WP
0 50 100 150 200 250

LSPR peak wavelength (nm)

RS ERLEES EERLY L) R
557.5F .
: A A e -
5570 - ‘.' ' A Vis (505 nm) 4
F o8 L ]
556.5F i 3
556.0F i 3
5555F | & E
- “a. i & ]
555.0F | Mg . 3
F 4 ]

B4 51 o o0 o b0 e e b by
0 50 100 150 200 250

Time (min)

Figure 5.17: Evolution of the LSPR peak absorbance (left) and wavelength (right) of

ADITOG64 as a function of time upon irradiation. The dotted line is a guide for the eyes.

Reversible switching was measured for both samples, it was fully reversible in the case
of ADITOVI (see Figure A.5.6 and A.5.7) and it would probably have been the case for
ADITO64 with a longer visible irradiation. For both these sample, a very thick layer of

molecules was present at the surface of the AuNPs, either because some air entered during the
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adsorption of the molecules inducing some crystallization or because the large excess of
molecules that was used favored the formation of di sulfur bridges and therefore C5HT-di-PSH

molecules chains.

Indeed, in these experiments, the LSPR peak shows up at a wavelength of 555 nm
(compared to 525 nm for CI-C5HT-PSH), which indicates a thicker molecular layer. And the
absorbance values are also greater: around 85 x 107 abs. units (compared to 30 x 10~ for ClI-

C5HT-PSH). As a result, the kinetics are also easier to monitor.

For both cycles of each sample, it was possible to calculate a value of switching ratio
using Equation 5.1 (see Table 5.2 for ADITO64 and Table A.5.1 for ADITOVI). The number
of photons received by the sample is calculated using the photon flux to multiply the time of
irradiation which gives a number of photons per cm? corresponding to the total time of
irradiation. The energy of the photon is taken into account since the photon flux is calculated

by dividing the light flux in mW/cm2 by the energy of one photon in J.

SR(VLS/UV) — Nphotons(Visible) — Atyis X Pphotons Vis (51)
Nphotons(UV) Atyy X Pphotons_uv
The calculated values of switching ratio are given with a 6% precision. The uncertainty
on the values of switching ratio was calculated using a formula expressing the propagation of
uncertainty on the relevant parameters (see the section “Calculation of the uncertainty on the

values of the switching ratios” in the Appendix).

For ADITO64, Atvis is determined graphically so that it corresponds to the difference
between the time required to reach the absorbance value after the UV irradiation and the time
required to go back to the initial value of the absorbance before the UV irradiation. The example
of the determination of Atuv and Atvis is given in Figure 5.1 for the 2 cycles of ADITO64:
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Figure 5.18: Example of the determination of Atyv and Atvis for the calculations of the
switching ratios with the data from the cycling measurements made on ADITO64. The time
value corresponding to the absorbance value at the crossing of the black and the red dotted

line is the one used to delimit Atyy. The black dotted line is a guide for the eyes.

Table 5.2: Values of the switching ratios calculated for the two cycles the measurements
made on ADITO64.

ADITO64 | Atuv Atvis | SR(UV/Vis) | SR(Vis/UV)
(min) | (min)
Cycle 1 34 50 0.032 314
Cycle 2 38 60 0.030 33.7

These switching ratio values will be discussed further.

For all the samples studied in this first part, the reversibility (and even full reversibility
for some samples) of the switching that was observed can be attributed to the relevant choice
of phenylene group as the DAE molecules linker (called “spacer” in the field of molecular
electronics). Indeed, all the studies reporting reversible switching for diarylethenes connected
to gold whether it was flat gold surfaces®*9188-191 gold nanoparticles3362639596.187 qf
both®26396.187 (one leg of the molecule being connected to a flat gold electrode and the other
one to a gold nanoparticle) regarded diarylethenes with a phenylene group as a spacer3362-64.94-
9.187-192 This short spacer ensures sufficient decoupling of the molecules and the metal so that
the photocyclization and photocycloreversion are not completely quenched and reversible

switching is conserved as well as the capacity of the molecule to electrically conduct. Duli¢ et
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al.%” showed quite early that using thiophene rings as linker (or spacer) did not allow to have
reversible switching once the molecule was connected to gold.

As an intermediate result, we can confirm that our two molecules exhibit a reversible
switching even when they are chemically linked to AuNPs. This is due to the thiophene and
phenylene linkers that connect the active photochromic unit to the thiol anchoring group. The
~ 0.6 nm decoupling length of these linkers avoids a total quenching of the photocycloreversion
reaction. The question we need to address now is whether the quantum yield of the

photocycloreversion is increased due to the plasmonic effect of the AuNPs or not.

In what follows, the samples are prepared with C5HT-di-PSH using grafting protocol 2
(see Chapter 2.1.3.b) which allows to have a monolayer of molecules at the surface of the
AuNPs and not a thick layer as it was the case for the samples prepared with grafting protocol
1 (see Chapter 2.1.3.a).

Il - Adsorption and switching of a monolayer of C5SHT-di-PSH on 28 nm
AUNPs deposited on ITO

In this second part of Chapter 5, the results presented were obtained with samples
prepared following DAE grafting protocol 2 described in Chapter 2.1.3.b. We are going to study
the effect the variation of some preparation steps has on the grafting of the molecules on the

AUNPs. Then, the switching of the molecules for that type of samples will be investigated.

1 - Adsorption of C5HT-di-PSH on 28 nm gold nanoparticles deposited on ITO: in situ

UV-visible spectroscopy monitoring

In this part, the adsorption of C5HT-di-PSH on the 28 nm has been monitored in situ
with the ITO substrates immersed in solvent (stabilization phase) and in DAE solution
(adsorption phase), see Chapter 2.1.3.b for the full description of the experimental procedure.
All the A\Lspr were calculated by averaging the values of ALspr Of the last fifty spectra of the
stabilization phase and averaging the values of ALspr Of the last two hundred spectra of the
adsorption phase, the value obtained for the stabilization phase is then subtracted to that

obtained for the adsorption phase.
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We must start by explaining that the value of ALspr is not the same whether the sample
is in air (ambient conditions) or immersed in a solvent, in our case DMF, due to the different
refractive index of these two media. This difference is illustrated in Figure 5.19, which shows
the experimentally obtained UV-visible spectra and associated ALspr Of the same sample
(ADITOC, ITO/AuNPs(25 nm)) in air (ALspr = 511.7 nm) and in DMF (ALspr = 532.4 nm). This
figure also shows the spectra that were calculated with an online calculator based on Mie
theory’. These spectra were calculated for 28 nm AuNPs in air (ALspr = 499.3 nm) and in an
effective medium (ALspr = 518.4 nm) of refractive index 1.38 corresponding to an effective
medium made of ITO and DMF (npmr = 1.4305 at 20°C), respectively the substrate and the
solvent with whom the AuNPs are in contact).

12E —— 28 nm AuNPs on ITO in DMF (ADITOC) |
E —— 28 nm AuNPs on ITO in air (ADITOC)

== =28 nm AuNPs in air (calculated)

- - 28 nm AuNPs on ITO in DMF (calculated)

1.0E
0.8E

0.6F

Normalized absorbance

04

Mspr_moar e = 511.7 nM
=499.3 nm

0.25_ A »=532.4nm \ —E

518.4 nm

460 480 500 520 540 560 580 600
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Figure 5.19: UV-visible spectrum of sample ADITOC (ITO/AuNPs(28 nm)) in air (ALspr =
511.7 nm) and in DMF (ALspr = 532.4 nm) and associated calculated spectra of 28 nm AuNPs
in air (ALspr = 499.3 nm) and in an effective medium ITO/DMF (ALspr = 518.4 nm).

a - Control experiments: Evolution of L_spr Upon injection of solvent

First, two control experiments were made, they consisted in injecting solvent (DMF) at
the end of the stabilization phase instead of injecting a DAE molecules solution to start the
adsorption phase. The goal of these control experiments is to confirm that the small variations
of ALspr measured during the experiment is really due to the grafting of the molecules. In the
first (control experiment 1) case the DMF had been degassed (ADITOB) but in the second case
(control experiment 2) it had not been degassed (ADITOS8). The evolution of the LSPR peak

wavelength during the two phases of the experiment is shown in Figure 5.20.
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Figure 5.20: Control experiments conducted with sample ADITOB in degassed solvent
(control experiment 1, on the left) and sample ADITOS8 in non-degassed solvent (control
experiment 2, on the right).

As expected, small values of Al spr are obtained for both samples, 0.87 nm for
ADITOB (degassed) and 0.28 nm for ADITO8 (non-degassed). The origin of these values is a
combination of the maximum values that had been measured in Chapter 2.11.b for the drift of
ALspr over time and the modification of the value of ALspr induced by the repositioning of the

custom sample holder in the cuvette after the injection.

For both ADITOB and ADITO8, two UV-visible spectra are shown for both phases of
the experiment, the stabilization phase (before the injection, on the left part of the dotted line
in Figure 5.20) and the adsorption phase (after the injection, on the right part of the dotted line
in Figure 5.20). These spectra, shown in Figure 5.21 (for the stabilization phase) and Figure
5.22 (for the adsorption phase), allow to ensure that there is no degradation of the AuNPs layer

(and therefore of the LSPR peak) during the experiment.
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Figure 5.21: Two UV-visible spectra from each phase of the experiment (control) made with
ADITOB. On the left, spectrum 10/800 (in black) and spectrum 800/800 (t = 21893 s) of the
stabilization phase. On the right, spectrum 10/2808 (in black) and spectrum 2800/2808 (t

=86480 s) of the adsorption phase (in red).
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Figure 5.22: Two UV-visible spectra from each phase of the experiment (control) made with
ADITOS8. On the left, spectrum 10/611 (in black) and spectrum 600/611 (t = 16503 s) of the
stabilization phase. On the right, spectrum 10/2800 (in black) and spectrum 2800/2800 (t =
84964 s) of the adsorption phase (in red).

The observation is the same for both samples and correspond to the behavior that was

expected, the two spectra from the two phases of the experiment are superimposable, proving

the absence of degradation of the AuNPs layer (no AuNPs detachment from the surface) and of

any significant modification of ALspr during the control experiments.
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b - Influence of the solvent degassing

L. Ruf reported in his Master thesis that degassing the solvent allowed to drastically
reduce the drift of ALspr during both phases of the experiment!?®, We decided to test this
affirmation. First, we studied the influence of degassing the solvent on the drift of ALspr during
the stabilization phase. The evolution of ALspr during three different stabilization phases (two

for which the solvent was degassed, one for which it was not) is presented in Figure 5.23.

LSPR peak wavelength (nm)

Figure 5.23: Evolution of ALspr during three different stabilization phases, two with degassed

solvent (one from the control experiment made with sample ADITOB in green, one from the

experiment made with sample ADITOC, in red) and one with non-degassed solvent (from the
control experiment made with sample ADITQOS).

The stabilization phase presenting the smallest ALspr drift is the one made with non-
degassed solvent. This observation is further confirmed by plotting the data from the two
control experiments (one had been made with degassed solvent and the other with non-degassed
solvent) on the same graph (see Figure 5.24). It appears clearly that the control experiment
displaying the smallest AALspr between the beginning and the end of the adsorption phase is the
one conducted with non-degassed solvent with a AALspr Value of 0.28 nm versus 0.81 nm for
the control experiment made with degassed solvent. At a first sight it is unexpected that the
degassed solvent is the one that causes the most variation for Ai_spr. However, since the initial
sample is in non-degassed DMF, DMF contains dissolved oxygen and nitrogen. The addition
of an equal amount (2 mL) of degassed solvent changes significantly the local optical index
around the nanoparticles which causes the 0.81 nm shift over 60 s as shown in Figure 5.24 (left

panel).
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Figure 5.24: Control experiments made with degassed (in green) and non-degassed (in blue)
solvent.

Degassing the solvent and preparing DAE solutions with degassed solvent is
inconvenient, it takes a lot more time and requires more precautions to avoid
reoxygenation/rehydration of the solvent. We demonstrated that using degassed solvent did not
ensure to significantly and reproductively limit the drift of ALspr during the grafting protocol
and that it could actually create a drift due to the reoxygenation/rehydration of the solvent
during the experiment. In what follows, the grafting protocol has been conducted without
degassing the solvent, except for the experiment with sample ADITOC (whose stabilization
phase has been previously shown in Figure 5.23).

¢ - Influence of the deprotection of the molecules on the grafting

In the literature, it has been claimed that since the Au-S bond formation is so favored,
the S-Ac bond (i.e., the bond between the thiol function and its protecting acetyl group)
spontaneously cleaves upon chemisorption on gold®%+18 rendering deprotection useless!®. It
is important to note that both Katsonis et al.** and Arramel et al.%* worked with DAE molecules
very similar to the ones we are using, rendering the comparison between their work and ours

particularly relevant.

To test if the grafting of our protected molecule (C5HT-di-PSAc) took place to the same
extent or at all compared to when it is deprotected (C5HT-di-PSH), we carried out the grafting
procedure and monitored it without deprotecting C5HT-di-PSAc (sample ADITOL). The test
was also made with CI-C5HT-PSAc (sample ADITOS5). The results are presented in Figure
5.25.
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Figure 5.25: Tentative of grafting of the protected molecules C5HT-di-PSAc (on the left,
sample ADITO1) and CI-C5HT-PSACc (on the right, sample ADITOS5) on 25 nm gold
nanoparticles deposited on ITO.

The values of AkLspr Obtained are similar to that obtained for the control experiment
(without injecting DAE molecules), indicating that no grafting took place. In our case, the
deprotection of the molecules is necessary. In the three previously cited references, SAMs on
flat gold surfaces, flamed Au(111) surfaces in the case of Katsonis et al. and Arramel et al., 60
nm thermally evaporated gold layer on a 500 nm silicon oxide layer with a 1 nm Cr adhesion
layer on top of it and a p-type silicon wafer beneath it in the case of Kronemeijer et al. were
prepared (with immersion times comparable to ours but non-deprotected molecules). In our
case, spherical gold nanoparticles were used. The differences observed may be due to the
geometry differences between both types of gold surfaces (flat and spherical).

For both ADITO1 and ADITOS5, two UV-visible spectra are shown for both phases of
the experiment, the stabilization phase (before the injection, on the left part of the dotted line
in Figure 5.25) and the adsorption phase (after the injection, on the right part of the dotted line
in Figure 5.25). These spectra, shown in Figure 5.26 (for the stabilization phase) and Figure
5.27 (for the adsorption phase), allow to ensure that there is no degradation of the AuNPs layer

(and therefore of the LSPR peak) during the experiment.
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Figure 5.26: Two UV-visible spectra from each phase of the experiment made with ADITO1.
On the left, spectrum 10/572 (in black) and spectrum 570/572 (t = 23009 s) of the
stabilization phase. On the right, spectrum 10/2182 (in black) and spectrum 2180/2182 (t =
93807 s) of the mixing phase (in red).
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Figure 5.27: Two UV-visible spectra from each phase of the experiment made with ADITOS.
On the left, spectrum 10/757 (in black) and spectrum 750/757 (t = 19894 s) of the
stabilization phase. On the right, spectrum 10/2904 (in black) and spectrum 2900/2904 (t =
86680 s) of the mixing phase (in red).

The observation is the same for both samples and correspond to the behavior that was
expected, the two spectra from the two phases of the experiment are almost superimposable,
proving the absence of degradation of the AuUNPs layer and of any significant modification of
ALspr during the grafting without deprotection tests. The noise present on the spectra is due to

the stirring bar hitting the cuvette.
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d - Evolution of ALspr upon injection of C5HT-di-PSH solution: grafting

The evolution of ALspr Of the AuNPs upon injection of 0.5 mL of C5HT-di-PSH is
presented in Figure 5.28 for a sample prepared in non-degassed solvent (ADITOI) and a solvent
prepared in degassed solvent (ADITOC). The expected value of the shift for the formation of a
full molecular monolayer was calculated with the predictive model from Chapter 3 using
Equation 3.4, AkLspr = 2.53 nm with the following parameters m = 73 (calculated for 28 nm
AUNPs with the same method than that presented in Chapter 3), q = 0.064, An = 0.08 (nmolec =
1.46 — Neffective medium ITO-DMF = 1.38), |4 = 6.3 (calculated for AUNPs with a radius R = 14
nm with Equation 3.8) and the length of the molecules in the open form: d = 1.91 nm.
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Figure 5.28: Grafting of C5HT-di-PSH on 25 nm gold nanoparticles deposited on ITO.

Deposition carried out in a DAE solution prepared with non-degassed DMF for sample

ADITOI (on the left) and in a DAE solution prepared with degassed DMF for sample
ADITOC (on the right).

A Alspr Of 3.59 nm (between the end of the stabilization phase and that of the
adsorption phase) is obtained for ADITOI and a Al spr Of 5.15 nm is obtained for ADITOC.
ADITOI, whose AlLspr Value is a bit superior to the calculated one, must be covered by a full
layer of molecules or slightly more and ADITOC, whose AAispr Value is superior to the
calculated one and to that of ADITOI is either covered by more than a monolayer of molecules
or covered with a monolayer of molecules (or even a little less) and part of the shift value is

due to the reoxygenation/rehydration of the degassed DMF during the experiment.
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The evolution of A spr Of the AuNPs upon injection of 0.5 mL of C5HT-di-PSH is
presented for other samples ADITOD (AkLser = 2.41 nm corresponding to a coverage of 95.3
%), ADITOG (AhLspr = 3.34 nm corresponding to more than a monolayer) and ADITOH
(AlLser = 1.79 nm corresponding to a coverage of 70.8 %) in the Appendix, respectively in
Figure A.5.8 for ADITOD, in Figure A.5.9 for ADITOG and in Figure A.5.10 for ADITOH.

For both ADITOI and ADITOC, two UV-visible spectra are shown for both phases of
the experiment, the stabilization phase (before the injection, on the left part of the dotted line
in Figure 5.28) and the adsorption phase (after the injection, on the right part of the dotted line
in Figure 5.28). These spectra shown in Figure 5.29 (for the stabilization phase) and Figure 5.30
(for the adsorption phase), allow to ensure that there is no degradation of the AuNPs layer (and

therefore of the LSPR peak) during the experiment.
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Figure 5.29: Two UV-visible spectra from each phase of the experiment made with ADITOL.
On the left, spectrum 10/633 (in black) and spectrum 620/633 (t = 17119 s) of the
stabilization phase. On the right, spectrum 10/2528 (in black) and spectrum 2500/2528 (t =
76552 s) of the adsorption phase (in red).
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Figure 5.30: Two UV-visible spectra from each phase of the experiment made with ADITOC.
On the left, spectrum 10/571 (in black) and spectrum 570/571 (t = 15377 s) of the
stabilization phase. On the right, spectrum 10/2805 (in black) and spectrum 2800/2805 (t =
86447 s) of the adsorption phase (in red).

The observation is the same for both samples and correspond to the behavior that was
expected for a successful grafting. The two spectra from the stabilization phase are perfectly
(for ADITOI) and almost (for ADITOC) superimposable. A part of the shift can be seen on the
graph containing the two spectra from the adsorption experiment. The aspect of the spectra does
not change from the beginning to the end of the experiment ruling out any degradation of the

AuNPs layer.

The type of samples obtained using this second grafting protocol is schematized in

Figure 5.31.

2

(LA

ITO

Figure 5.31: Scheme of the type of sample obtained with grafting protocol 2: ITO/AuNPs(28

nm)/C5HT-PSH. The green sticks are silanes (APTES). Note that this sketch is not on scale

since the size of the DAE molecules is 1.79 nm, that of the APTES molecules is 0.5 nm and
that of the AuNPs in 28 nm.
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2 - Switching of C5HT-di-PSH grafted on 28 nm gold nanoparticles deposited on ITO

Switching measurements were carried out as described in Chapter 2.11.2.b, the sample
was successively irradiated with UV (300 nm) and visible (505 nm) light. The parameters used

for each type of illumination are reminded in Table 5.3.

Table 5.3: LEDs parameters used for the switching measurements made on the samples
prepared with grafting protocol 2.

LED | | (A) P (mW) o Dphotons
(mW/cm?) | (photons/s/cm?)

UV | 0.07 | 55x1072 0.194 2.93 x 10*

Vis | 0.67 1.30 2.65 6.74 x 10%

The switching measurements presented in Figure 5.32 performed on ADITOI (on Day
1) consisted in 3 UV-visible irradiation cycles with irradiations of the same duration (30
minutes). These measurements were repeated the day after (Day 2, see Figure A.5.11 and
A.5.12) and the day after (Day 3, see Figure A.5.13 and A.5.14) but with different irradiation
durations (see the aforementioned figures for the duration values). The LSPR peak absorbance
and wavelength were then extracted by fitting the LSPR peaks with a Lorentzian function (see
Chapter 2.1I.1.d for more details) and the evolution of the absorbance at A_spr and that of ALspr
were plotted versus the time and versus the number of photons (see Figure 5.33 for the
measurements of Day 1, Figure 5.A.11 for those of Day 2, Figure 5.A.13 for those of Day 3

and Figure 5.35 for the measurement of the three days).
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Figure 5.32: UV-visible spectra corresponding to the switching measurements on ADITOI

(Day 1).
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Figure 5.33: Evolution of the LSPR peak absorbance of ADITOI (Day 1) as a function of time
(left) or number of photons (right) upon irradiation. The dotted line is a guide for the eyes.

Unlike for ADITO64, for ADITOI (but also ADITOC and ADITOVI) Atvis (and not

Atuv) is determined graphically so that it corresponds to the difference between the time

required to reach the absorbance value after the UV irradiation and the time required to go back

to the initial value of the absorbance before the UV irradiation. The example of the

determination of Atyv and Atvis is given in Figure 5.34 for the 3 cycles of ADITOI.
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Figure 5.34: Example of the determination of Atyv and Atvis for the calculations of the
switching ratios with the data from the cycling measurements made on ADITOI (Day 1). The
time value corresponding to the absorbance value at the crossing of the black and the red
dotted line is the one used to delimit Atvis. The black dotted line is a guide for the eyes.

T T T T 1
o 364 X10-3 [ Day 1 Day 2 Day 3 ]
8 : E | r 1 r 1:
g 36.2f v\/\/\ - ]
o [ ol A ]
n o - - "4 -1
= 36.0 [ cycle 1 g .
é F Cycle ZCycIe 3 )/ ]
ot 35.8F Z J
Q B / 4
x - Cycle 1 Cycle 2 L
% 35.6F Cycle 3 Cycle 1
— Cycle 2
Cycle 3
3541 N N i N 1 1 1 2
0 500 1000 1500
Time (min)

Figure 5.35: Evolution of the LSPR peak absorbance of ADITOI over 3 consecutive days of
measurements as a function of time upon irradiation. The time scale between each
measurement day (in the 2 dotted lines zone) was voluntarily shortened, it does not actually
correspond to how much time passed in between the series of measurement.

ADITOI clearly displays fully reversible switching, its ability to switch reversibly is
durable since it was possible to make it switch reversibly during measurement sessions carried
out three days in a row. However, it also undergoes fatigue since always longer visible
irradiations are necessary to make it switch back (it is particularly noticeable if we compare the

durations of the visible irradiations on Day 1 and on Day 3).

For each switching cycle, it was possible to calculate a value of switching ratio (see

Table 5.4) using the method explained in 5.1.2.
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The calculated values of switching ratio are given with a 6% precision. The uncertainty
on the values of switching ratio was calculated using a formula expressing the propagation of
uncertainty on the relevant parameters (see the section “Calculation of the uncertainty on the

values of the switching ratios” in the Appendix).

Table 5.4: Values of the switching ratios (Vis/UV above, UV/Vis in parenthesis below)
calculated for each cycle of each measurement day of ADITOL.

ADITOI Atuy Atvis | SR(UV/Vis) | SR(Vis/UV)
(min) | (min)
Day 1 Cycle 1 30 21 0.062 16.1
Cycle 2 30 25 0.052 19.2
Cycle 3 30 15 0.087 115
Day 2 Cycle 1 29 56 0.023 44.42
Cycle 2 80 73 0.048 21.0
Cycle 3 45 47 0.042 24.0
Day 3 Cycle 1 79 63 0.055 18.3
Cycle 2 75 118 0.028 36.2
Cycle 3 45 101 0.019 51.63

The same measurements and exploitation were made on ADITOC (see Figure 5.36 and
Figure 5.37). A value of switching ratio was calculated for both cycles (see Table 5.5). The

values of the switching ratios are going to be discussed in the last part of this chapter.
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Figure 5.36: UV-visible spectra corresponding to the switching measurements on ADITOC.
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Figure 5.37: Evolution of the LSPR peak absorbance of ADITOC as a function of time (left)
or number of photons (right) upon irradiation. The dotted line is a guide for the eyes.

ADITOC switches fully reversibly however it undergoes fatigue, indeed, the last UV

irradiation that lasted 60 minutes only made a very low amount of molecules switch, much

lower than for the two previous switching cycles.

Table 5.5: Values of the switching ratios (Vis/UV above, UV/Vis in parenthesis below)
calculated for the two cycles the measurements made on ADITOC.

ADITOC | Atuv Atvis | SR(UV/Vis) | SR(Vis/UV)
(min) | (min)
Cycle 1 45 47 0.042 24.0
Cycle 2 90 67 0.058 17.1

It is important to note that at the end of each visible irradiation, we always reach a lower
value of the absorbance at ALspr, it is either due to the fact that not all the molecules were in
their open form before the beginning of the measurements which would be surprising since
initial visible irradiation were performed before the beginning of the switching cycles
measurements precisely so that the measurements would start with all the molecules in their

open form, or it is due to a drift of the spectrophotometer.

Both samples prepared with grafting protocol 2 (see Chapter 2.1.3.b) exhibit fully
reversible switching. As previously explained at the end of the first part of this chapter, it is
attributed to the relevant choice of phenylene group as the DAE molecules linker (see
discussion of 5.1.2). Switching ratios values could be calculated for some of the switching

cycles, they will be discussed and compared to the value calculated for another type of
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switching measurements in the next part of this chapter. Here, the switching is computed with
the DAE linked to the AuNPs and probed in air. The average SR is about 26 (average over the
11 values displayed in Table 5.4 and Table 5.5). This value is higher than the value of 6.4
(Table 4.7) computed for the same C5HT-di-PSH molecule when it is free and in the DMF
solvent. It means that more visible photons are necessary for triggering the cycloreversion
photoreaction when the molecule is linked to an AuNP, compared to the molecule in solution.

We were expecting the opposite trend, and it is discussed in the following section.

111 - Determination of the influence of the plasmonic nanoantenna effect on

the reversible switching Kinetics: comparison with the kinetics in solution

In the last part of this chapter, a last value of switching ratio will be calculated for the
sample ADITOI based on more specific switching measurement. Then, this SR value and all
the previously calculated values will be discussed and compared to the SR value calculated in
Chapter 4 for the DAE molecules in solution. Finally, the presence and influence of the
plasmonic nanoantenna effect, providing LSPR enhancement of the switching reaction will be

discussed.

1 - Calculation of the switching ratio for CSHT-di-PSH grafted on 28 nm AuNPs
deposited on ITO

Additional switching measurements, shown in Figure 5.38, were carried out to be able
to calculate the switching ratio as precisely as possible. These measurements were intended
only for that purpose unlike the previous cycles measurements used to assess the reversibility
and the fatigue but from which it was possible to evaluate the SR. They were conducted in the
same experimental conditions than all the other switching measurements presented in Chapter
5.11 which are described in the last paragraph of Chapter 2.1.1.d. However, here, the UV
irradiation was made particularly long to really make the plateau indicating that the full
switching of the molecules took place appear. The measurements can be decomposed in five

parts:

(1) Fromt=0tot=220 min, three spectra were recorded every 10 minutes before any
irradiation took place to make sure the spectrophotometer is stabilized and provides a
reproducible spectrum of the sample. Then the sample was irradiated with visible light for 90
min so that we could start the experiment with all the molecules in the open form (OF). A
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spectrum was recorded 20 min after this initial 90 min visible irradiation, then a second 90 min
irradiation was made, and a spectrum was recorded immediately after. Since it was identical to
the previously recorded one, we considered all the molecules were in the OF and the experiment

could start.

(2) Fromt =220 tot =431 min, the sample is irradiated with UV light to make all the
molecules switch to their closed form (CF). The absorbance increases until it reaches a plateau

(for Atyv = 60 min) indicating that all the molecules are now in their CF.

(3) Fromt =431 tot =446 min, the sample is irradiated with visible light for 15 min,
the absorbance decreases and goes back slightly below its value before the UV irradiation,
which corresponds to the initial state for which we had all the molecules in the OF. In doing so,
we can be sure that all the molecules were switched back to the OF for Atvis = 15 min.
Furthermore, it confirms that the increase of the absorbance measured for the UV irradiation
was significant (corresponded to the switching) and was not due to a measurement artefact that
would make the absorbance increase. It would have been appreciable to have an intermediate
value of the absorbance upon visible irradiation, however, it was hardly predictable that 15
minutes would be enough to make all the molecules switch back to the open state considering
that it took much longer during the previous measurements made on this sample (and in
general). The cycle measurements performed on Day 2 shown in Figure A.5.14 demonstrates it

quite well.

(4) Fromt =466 to t = 547 min, the sample is irradiated with UV light for 120 min (2
x Atyv = 60 min) to make all the molecules switch to the CF once more. However, the
absorbance value reached after this second UV irradiation is inferior to that reached after the

first UV irradiation.

(5) Fromt =547 tot =617 min, the sample is irradiated with visible light for 50 minutes
to make all the molecules switch back to the OF, which they do.
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Figure 5.38: Evolution of the LSPR peak absorbance of ADITOI as a function of time.

The value of the switching ratio is calculated as previously explained using Equation
5.1 and the durations of the irradiations Atyv = 60 min and Atvis = 15 min required to make the
molecules respectively switch and switch back. We obtain SR(Vis/UV) = 5.76. The much
shorter irradiation times (especially regarding the visible light irradiation time) required to
make the molecules switch and then used to calculate a switching ratio value inferior to those
previously calculated could be explained by the fact that it was the fourth session of
measurements on ADITOI. Some molecules may have been damaged or quenched during the
previous measurement sessions. It means that a lower number of molecules able to switch was
left, explaining why it took less time to make them switch than previously for a larger number

of molecules.

2 - Comparison of the SR values obtained for molecules in solution and molecules
grafted on 28 nm AuNPs deposited on ITO

Let us remind that the value of the switching ratio SR(Vis/UV) obtained for C5HT-di-
PSAc in solution, given in Chapter 4, is 6.42. The values obtained for C5SHT-di-PSH grafted on
28 nm AuNPs with protocol 1 (ADITO64 and ADITOVI) or 2 (ADITOI, ADITOC) deposited

on ITO are summarized in Table 5.6.
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Table 5.6: Values of SR(Vis/UV) obtained for C5HT-di-PSH grafted on 28 nm AuNPs
deposited on ITO.

Sample Mser | Figure | Average SR(Vis/UV)
ADITO64 555.0 | 5.17 32.6
ADITOVI 551.3 | Ab.6 22.9
ADITOI (Day 1) | 522.0 | 5.33 15.6
ADITOI (Day 2) | 521.8 | A5.11 29.8
ADITOI (Day 3) | 521.8 | A.5.13 35.4

ADITOC 518.0 | 5.37 20.6
ADITOI (Day 4) | 524.8 | 5.38 5.8

As previously mentioned for ADITO69, a multilayer of molecules is probably present
on top of the AuNPs of samples ADITO64 and ADITOVI that were prepared with grafting
protocol 1 and thus a large excess of DAE molecules. It explains the larger value of their ALspr
compared to that of samples ADITOI and ADITOC prepared with grafting protocol 2 and thus
a lower quantity of DAE molecules. For these two samples, a monolayer is likely present at the
surface of the AuNPs.

It is delicate to make a direct comparison between molecules in solution and molecules
on the AuNPs for several reasons: the number of molecules in the solution and on the AuNPs
is not the same and some surface confinement effects appear for the molecules on the AuNPs®.
Regarding the number of molecules, very quick and simple order of magnitude calculations can
be made. For 2 to 3 mL of C5HT-di-PSAc solution at 1.25 x 10° mol.L™, we are dealing with
about 10 molecules, however the SR was calculated for measurements during which only
about 13% of the potentially switchable molecules had been switched so roughly 10%
molecules. For the C5HT-di-PSH molecules grafted on the AuNPs, we injected 2.5 mL of
solution at 5 uM so 7.5 x 10'° molecules, considering that every molecule takes 0.25 nm2 on
the surface of the AuNPs, that the surface of the ITO substrate is full covered by AuNPs and
that the measured part of the substrate (considering the geometry of the sample holder) has a

surface of 0.5 cmz2, we are dealing with 10 molecules.

Let us now calculate the expected absorption spectrum in the case of the absence of
interaction between the AuNPs and the DAE molecules. First, we need to calculate the effective
absorbance of a mixture of AuNPs and DAEsS to evaluate the variation of the absorbance of the
mixture when the DAEs switch between their OF and CF. Since both the AuNPs and the CF-

DAEs exhibit a strong absorption band around 520 nm, it is important to know whether the
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switching produce an important change in the absorption of the mixture or not. This calculation
is based on the Beer-Lambert law and thus on the fact that the molar absorption coefficient is
proportional to the absorbance. For 25 nm AuNPs, we can estimate that a full coverage with
DAEs corresponds roughly to Npae = 9000 molecules per nanoparticle. The molar absorptivity
of CF-C5HT-di-PSAc was previously measured (see Table 4.2), its maximum value is reached
at 546 nm, and we have ez, = 15 500 M*cm™. The molar absorptivity of the AuNPs is linked

to their cross section with:

1073

— N, 0o
n 10 A ext AuUNP

Equnpe =

Ooxt aunp Can be calculated from the electrostatic approximation of the Mie theory™
(see Figure 5.39). We obtain a value at LSPR of g,,yp = 2.7 x 10° Mt.cm™. This value is in
agreement with that of Liu et al.® who obtained 4,,5p = 2.9 x 10° Mt.cm™ at ~ 520 nm, the

authors do not provide the values obtained for other wavelengths.

The molar absorbance coefficient of the mixture is:

Emix = €pag " Cpag " b + €aunp * Caunp * b = (€pagr * Npag + Eaunp)Caunp - b

In the following, we plot &,,;x = (€pag * 9000 + €4unp) Caunp * b
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Figure 5.39: Calculation of the molar absorptivity for 25 nm AuNPs within the electrostatic
approximation. The molar absorptivity is proportional to this curve, and we obtain &4,,5p =
2.7 x 10° ML.cm™ at 520 nm (left). Calculated effective molar absorptivity &,,;,, of a mixture

of AuNP and DAE in the case there is no interaction between the two species (right).

This calculation was made considering a mix of AuNPs and DAEs with proportions

corresponding to a monolayer of DAEs on 25 nm AuNPs. It does not take into account the local

refractive index modulation induced by the DAEs nor the plasmonic nanoantenna effect or

quenching resulting from the AuNPs. Only the spectra modulations of the first order are

calculated. This calculation shows that the switching is not supposed to induce a shift of the

LSPR and that the expected modulation of the absorbance at ALspr upon switching of a full

monolayer of DAEs is of 4%, which is readily detectable. Since the experimentally measured

one is of 2%, the calculation confirms that this absorbance modulation is indeed coming from

the switching of the diarylethenes molecules. This lower value comes from the fact that in our

case the AuNPs deposited on ITO substrates and steric hindrance between the DAE molecules

IS present.
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3 - Quenching due to the connection to the AUNPs versus LSPR enhancement provided
by the nanoantenna effect of the AUNPs

The value of SR calculated for molecules in solution corresponded to the following
irradiation time values: Atuv = 50 min and Atvis = 14 min, these values are very close to the
ones from the experiment presented in 5.111.1 of this chapter for molecules on AuNPs Atuv =
60 min and Atvis = 15 min, indicating a similar switching rate (or at least a switching rate of the
same order of magnitude) of the molecules whether they are in solution or grafted on the
AUNPs. This result is in agreement with that of Arramel et al.%* who measured the switching
rate of comparable DAE molecules grafted on a flat gold surface and then compared it to that
of the molecules in solution. They reported a switching time of respectively 1 to 3 s for the
molecules in solution and 90 s for the molecules grafted on the gold surface (SAMs on flamed
Au(111)).

The larger values of SRs obtained for the cycle measurements performed on ADITOVI,
ADITOI and ADITOC resulting from larger values of irradiation times Atuv and Atvis to make
the molecules switch indicate a slower rate of the molecules once they are grafted on the
AUNPs. This result is in agreement with many studies reporting slower switching rates for
DAEs grafted on gold whether it was flat gold, supported gold nanoparticles or gold

nanoparticles in solution (see Chapter 1.111.5).

According to both the studies of Tsuboi et al.®> and Nishi et al.1* (see Chapter 1.111.5)

we would have three areas around the AuNPs, represented in Figure 5.40:

_ the quenching area: 0 nm < dquenching < 5 NM, With dquenching the distance at which the

guenching of the ring-opening/ring-closing reactions is dominant.

_the enhancement area: 5 NmM < dLspRr enhancement < 12 NM, with di_spr the distance at which

the plasmonic enhancement of the ring-opening/ring-closing reactions QY is dominant.

_ the non-enhancement area: 12 nm < dnon-enhancement < 00, With dnon-enhancement the distance

at which the molecules are too far for plasmonic enhancement to occur.
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1 - Quenching area
2 - Enhancement area

3 - Non-enhancement area

Figure 5.40: Scheme of the phenomena occurring in the areas around a spherical gold
nanoparticle.

In our case, considering that our molecules are directly connected to the gold
nanoparticles via their thiol anchor group and that their length is very short (1.91 nm for C5HT-
di-PSH and 1.39 nm for CI-C5HT-PSH, both in their open form), they are experiencing strong
quenching, explaining why no acceleration of any of the photochromic reactions was observed.
Even if some LSPR enhancement is present, it is completely dominated by quenching.

Conclusion

In conclusion, the monitoring of the adsorption of both diarylethene molecules on 28
nm AuNPs was presented. The monitoring was conducted either stepwise (when using grafting
protocol 1) or in situ (when using grafting protocol 2). The value of the LSPR peak wavelength
shift induced by the adsorption of the DAEs was calculated (2.53 nm) and compared to the
experimentally obtained values (1.79 - 5.15 nm). For grafting protocol 2, the effect of several
experimental parameters (degassing of the solvent and deprotection of the molecules) on the

adsorption was described.

The switching measurements conducted on samples obtained with both grafting
protocols were described. For the samples obtained with grafting protocol 1, the effect of
several experimental parameters (AuNPs size, deprotection method and desilanization step) on
the switching was commented. It resulted that the samples prepared with both grafting protocols
displayed reversible switching, some of them fully, some other not. The switching, which was

thus preserved upon grafting of the molecules on the AuNPs, corresponded to a variation of the
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absorbance at Aspr 0f 0.2 to 0.7 X 107 units. Some samples clearly underwent fatigue as soon

as the second cycle.

The cycle switching measurements performed on the samples prepared with C5HT-di-
PSH were used to calculate values of the switching ratio of the DAEs when grafted on AuNPs.
Another switching ratio value was calculated with the data from more specific measurements.
The values of switching ratio calculated for DAEs grafted on AuNPs were compared to the
value calculated for DAES in solution. The tuning of molecules i.e., the absorption band in the
visible of the DAE molecules corresponding to a transition involved in the photochromic
reactions (switching) located in the same spectral area than the LSPR peak of the gold
nanoparticles, did not suffice to guarantee a LSPR enhancement effect. Indeed, the molecules,
whose n-system is directly connected to the AuNPs undergo quenching, slowing down the
photocyclization and photocycloreversion reactions, especially the latter. To further understand
what is occurring at the molecular level, the energy levels corresponding to the molecular
orbitals of C5SHT-di-SH should be either measured (by STM or XPS) or theoretically calculated.

Nevertheless, when aiming at the fabrication of a molecular electronic device, regardless
of the risk of quenching, the sulfur atom from the anchor group should be directly linked to the
7 system of the molecule to ensure sufficient conduction. Putting the thiol anchor group in meta
instead of putting it in para could help reduce the coupling. However, to study the plasmonic
enhancement, which does not involve conductance measurements, it appears better to not
directly connect the DAE molecules to the noble metal NPs and to make sure they are located
at the right distance from the NPs: not too close to avoid quenching and not far to still interact
with the LSPR.
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Chapter 6: Working at the single nanoparticle scale:
coupled measurements of the optical response of neighbor

and DAE-functionalized gold nanoparticles

In this last chapter, unlike for all the previous ones showing results corresponding to the
average response of a very large number of AuNPs, we will be considering the response of
single gold nanoparticles. Subsequently to their dark field microscopy and AFM
characterization, the scattering spectrum of several single 51 nm gold nanoparticles deposited
on ITO was recorded. Using techniques with a nanoscale resolution provides many advantages
such as access to the uniqueness of the nanoparticle, elimination of bulk effects
(inhomogeneous broadening, orientation averaging, and array effects)!'2. The plasmonic
interaction of some of these single 51 nm AuNPs with 28 nm AuNPs was studied. In particular,
the modifications induced by these satellite AUNPs on the UV-visible spectra of the 51 AuNPs
with which they form plasmonic dimers was studied. Then, the adsorption of diarylethene
molecule C5HT-di-PSH was monitored on single 51 nm AuNPs. Finally, we tried to measure

the switching of the DAE molecules on the 51 nm AuNPs on single nanoparticles.
I - Plasmonic spectra of single 51 nm gold nanoparticles

In this first part of Chapter 6, we will be working with an ITO substrate on which 51 nm
AUNPs were deposited according to the AuNPs deposition protocol 3 described in Chapter
2.1.2.d.

1 - The zone of interest: dark field microscopy

A zone of interest (zone A of sample ADITO80) was isolated and a set of 22 single
AUNPs was selected. The zone and the AuNPs selection are shown in Figure 6.1. The criterion
for the selection of the AuNPs was that they were isolated, or at least that they seemed to be.
The main objective after making the selection was to prove that the AuNPs were indeed “single
AuNPs”, in doing so, for similar samples, we would be able to tell just by looking at the

microscopy image which nanoparticle is isolated, and which is not.
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Figure 6.1: Dark field microscopy image of the zone of interest (zone A of ADITO80). The

22 AuNPs indicated in orange are part of a selection of single 51 nm AuNPs. Magnification

100x, exposure time 700 ms, gain 6.2. Red inset: doughnut shaped AuNP. Blue inset: bright
dot AuNP.

Some of the AuNPs on the ITO substrate appear as green dots while some other appear
as green circles, this aspect is due to the substrate’™%419 Chen et al.!®* investigated the effect
of the dielectric properties of the substrate on the far field scattering pattern (spatial distribution
of the scattered light) of 42 by 89 nm gold nanorods (AuNRs). To do so, they studied the
electromagnetic interactions between the AuNRs and different substrates (metals,
semiconductors, and insulators) possessing various dielectric constants. The differences
observed regarding the pattern shape and the color for different substrates was assigned to the
different image dipoles induced by the substrate. They demonstrated, both experimentally and
with FDTD calculations that when the modulus of the dielectric constant of the substrate is
superior to 7, the far field scattering pattern of the AUNRS has a doughnut shape. Conversely,
when the modulus of the dielectric constant of the substrate is inferior to 7, the far field

scattering pattern of the AuNRs has a solid bright spot/dot shape.

The presence of the substrate breaks the symmetry of the AuNR dielectric environment
influencing the plasmonic properties of the supported AuNRs’>!%. Under external optical

excitation, the substrate is polarized, and a non-uniform electric field is generated across the
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metallic NP. This nonuniform electric field can excite the NP multipolar plasmon modes
making their intrinsic electron oscillations interact with the substrate-induced electric field:
image dipoles are induced in the substrate. Those image dipoles interact with the original
plasmonic dipoles in the nanorods. These interactions among the different plasmon modes of
the AuNRs, mediated by the substrate, triggers their hybridization, and strongly influence the
far-field scattering patterns of the AuNRs. The total far-field intensity of the light scattered
from the nanorod is a sum of the contributions from the in plane and normal dipoles. The
observed scattering pattern depends on the relative magnitude of the net in-plane and normal
dipoles. Since the magnitude of the induced image dipole depends on the dielectric properties
of the substrate, the dielectric function of the substrate influences the far field scattering pattern
of the supported Au nanorods. As demonstrated with a simple electrostatic model the ratio of

the electric field intensity between the in-plane and normal dipole radiation is proportional to

the dielectric constant of the substrate (proportional to actually). The ratio is

4|esypstratel?

directly related to the experimentally observed scattering patterns of the AUNRs because the
far-field scattering intensity is proportional to |E|? since the magnitudes of the in-plane and

normal dipoles are fixed for a given Au nanorod under a fixed excitation condition®.

In their case, the distance between the AuNR and the surface of the substrate was
estimated to be 1.5 nm, which is roughly the same in our case. For the AuNRs on the ITO
substrate, they observed red “solid bright spots”. For spherical AUNPs on an ITO substrate, we
observe green dots (or as they call them “solid bright spots™) or partial rings (or as they call
them “doughnut shapes”). Partial rings because unlike for substrates with higher dielectric
constant modulus for which the center of the ring is clearly visible and appears the same color
as the substrate and the ring is very thin, we have thick rings for which the center is not really
visible and exhibit different color than the substrate. The shape is, as they explained, consistent
with the value of the dielectric constant modulus of ITO, |&o| = 3.338 < 7. The color is
explained by the geometry of the NP, in our case a sphere, which possess an isotropic individual

dipolar plasmon mode whose resonance is located at 539 nm on its scattering spectrum.
2 - Confirmation of the isolation: AFM characterization

The zone A of ADITO80 was characterized by AFM (the principle of this technique is
reminded in Chapter 2.11.4) and a topographic image (see Figure 6.2) was recorded to show that

the selected AuNPs were indeed isolated. When zooming on the AuNPs, one can notice that
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they are not all exactly identical, the most obvious difference regards their shape as can be seen
on the images of Figure 6.3. Their size also slightly varies as can be seen in Table 6.1 by looking
at the values of their height and LSPR peak wavelength.
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Figure 6.2: AFM image of the zone of interest. The 22 AuNPs indicated in green are those
from the selection of single 51 nm AuNPs. The AuNP 19 that went missing is indicated in
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Figure 6.3: Zoomed images of AuNPs 1, 6, 17, and 21.

As can be seen on Figure 6.2, all the AuNPs from the selection are single gold
nanoparticles (no dimers, trimers, or aggregates). It confirms our ability to directly identify
single AuNPs using dark field microscopy. It can be noted that AuNP 19 is missing, it may
have stayed stuck on the AFM tip.
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3 - Dark field microscopy coupled to UV-visible spectroscopy: UV-visible spectrum of a

single 51 nm AuNP

The scattering spectrum of each of the 22 AuNPs was recorded using the setup made of
the UV-visible spectrophotometer coupled to the optical microscope described in Chapter
2.11.4, and then fitted by a Lorentzian between 500.14 and 580.74 nm. Working with individual
AUNPs deposited on a substrate requires to make statistical comparisons of many

103 All the spectra are presented in Figure 6.4, the average value of their ALspr iS

measurements
539.31 nm with a standard deviation of 4 nm. The small differences amongst the values of ALspr
are attributed to small size variations amongst the AuNPs®®. The example of AuNP 1 is also
shown (ALspr, aunp1 = 536.09 nm). This average value is in agreement with the value of 540 nm
both calculated (FTDT simulations with a refractive index n = 1.45) and measured by Yoon et
al.1® for single non-ideal realistic (icosahedron) 51 nm AuNPs. For ideal (perfectly spherical)

AUNPs they calculated and measured the position of the LSPR peak to be at 553 nm.

Table 6.1: LSPR peak wavelength and height (measured on the AFM images) of each AuUNP
of the selection.

#AUNP ALSPR Height
(51 nm) (nm) (measured with the AFM)
(hm)

1 536.09 42.3
2 538.54 53.1
3 540.97 54.3
4 540.04 49.8
5 542.74 58.3
6 546.95 49.1
7 543.21 50.8
8 536.54 49.8
9 537.46 55.0
10 538.78 47.5
11 531.42 51.3
12 539.69 46.9
13 541.65 51.8
14 539.51 43.1
15 541.93 52.4
16 537.02 455
17 545.92 47.3
18 537.15 45.6
19 541.79 /

20 541.69 48.2
21 531.72 42.2
22 534.03 46.9
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Figure 6.4: Scattering spectra of each of the 22 AuNPs from the selection of single 51 nm
AUNPs (on the left). Example of a single 51 nm AuNP (AuNP 1) spectrum (on the right).
It can also be interesting to quickly compare the spectrum of a single 51 nm AuNP on
ITO with the spectrum of the AuNP solution batch this AUNP came from, it was made with
AUNP 1 and the YPOP57E batch in Figure 6.5.
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Figure 6.5: UV-visible spectrum of AuNP 1 and the AuNP batch it came from YPOP57E
(AuNPs in agqueous solution).

The broadness of the peaks is comparable, but their position is slightly different because
the LSPR does not peak at the same wavelength in extinction (AuNPs in solutions) and in
scattering (AuNP deposited on ITO, measured by dark field microscopy coupled to UV-visible
spectroscopy) and because the AuNPs are in media with different refractive indices®®. The peak
of the AuNPs in aqueous solution (n = 1.33) is blueshifted compared to that of AuNP 1
deposited on ITO and measured in air (n = 1).

We are able to measure the scattering spectra of individual AuNPs, these spectra show

(through the position of the LSPR peak) that the AuNPs are not all perfectly identical. As can
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be seen in Table 6.1, their LSPR peak wavelengths range from 531.41 to 546.95 nm. Indeed,
they are not perfectly spherical (some of them are elongated), they possess facets, a different
amount of surfactant (citrates) may have remained on their surface, they may not all be attached
to the surface the same way via the APTES molecules. It justifies the use of dark field

microscopy coupled to UV-visible spectroscopy to take into account their individuality.
Il - Elaboration of asymmetric dimers of gold nanoparticles

After the selection of 22 AuNPs from the zone A of sample ADITO80 was fully
characterized and the AuNPs scattering spectra were recorded, we decided to introduce
“satellite nanoparticles” of 28 nm on this sample. These 28 nm AuNPs were drop casted on
ADITO80 (for 15 minutes). The objective is to study the influence of these 28 nm satellite

nanoparticles on the scattering spectra of the original 51 nm nanoparticles.

This size of the satellite AUNPs was chosen for several reasons, first, this size is below
the limit of detection of the optical microscope, it is therefore easier to identify the zone after
the deposition of the second layer of AuNPs since the only AuNPs we can see are the 51 nm
ones. This size difference also facilitated the AFM characterization since the zone containing
the 51 nm AuNPs could still be readily identified, and no confusion could be made between the

much smaller 28 nm AuNPs and the original 51 nm AuNPs.
1 - Assessment of the satellite nanoparticles presence and plasmonic dimers formation

After the deposition of the 28 nm satellite AUNPs, we went back to zone A of ADITO80
and took a dark field microscopy image which is shown in Figure 6.6.
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Figure 6.6: Dark field microscopy image of the zone of interest after the drop casting of 28
nm satellite AuNPs took place. The 22 AuNPs indicated in orange are those from the
selection of single 51 nm AuNPs which might now possess a neighbor 28 nm AuNP. The
AUNP 19 that went missing is indicated in red. Magnification 100x, exposure time 700 ms,
gain 6.2.

The first immediately noticeable difference compared to the previously taken image of
the zone (before the deposition of the 28 nm satellite AuNPSs) regards the color of many AuNPs
present on the image (included in the 22 AuNPs selection or not). Many AuNPs no longer
appear green, they turned orange or red. This change is particularly visible for AUNP 21 that
clearly turned red. These changes of color were obviously expected to reflect the modifications
of the scattering spectra of the AuNPs that experienced them. Nevertheless, some AuNPs

remained green, their spectra were expected to be the same as those measured the first time.

This change of color is in general a useful tool for detection applications, for example
Liu et al.'® developed a mercury ions (Hg?") colorimetric detection method with picomolar
sensitivity based on single AuNPs analysis by dark field microscopy. On the one hand, citrated
70 nm AuNPs are immobilized on a glass slides, then modified with DNA oligonucleotides. On
the other hand, a solution of 70 nm AuNPs modified with complementary DNA
oligonucleotides is prepared. The principle of their method is schematized in Figure 6.7. To test

a sample of industrial wastewater for example, the slide is immersed in the water sample and
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some AuNPs solution is added to it. In the presence of mercury ions, a hybridization of the
DNA oligonucleotides occurs leading to the formation of AuNPs aggregates. This formation is
immediately visible on the dark-field microscopy images since single unmodified AuNPs
appear green (no mercury contamination) while AuNPs aggregates in which mercury ions were

trapped appear yellow.

*Hg?' ® AuNP 1111 §'SH(CH,)TCAGTTITGGC3

4Ll S'SH(CH,)GCCTTTCTGAY

Figure 6.7: Scheme and dark field microscopy images of the Hg?* sensor. Reprinted from*®.

Before recording the UV-visible spectra of all the AuNPs from the 22 AuNPs selection
a second time, AFM topographic images were recorded. Two of these images are shown in
Figure 6.8. and Figure 6.10, the rest of the images can be found in the Appendix in Figure A.6.1.
They were expected to give us clear information about which 51 nm AuNP received a 28 nm
satellite AUNP (or several) and is now part of a “neighbor AuNPs” system, and which 51 nm
AUNP remained alone. It is particularly visible on the zoomed images given in Figure 6.9 and
Figure 6.11.
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Figure 6.8: AFM image of AuNPs 1 to 8 (indicated in green) after the drop casting of 28 nm
satellite AUNPs took place.
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Figure 6.9: Zoomed images of AuNPs 1 to 8.
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Figure 6.10: AFM image of AuNPs 9 to 22 (indicated in green) after the drop casting of 28

nm satellite AuNPs took place.
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Figure 6.11: Zoomed images of AuUNPs 9 to 21.

Based on the observations made on the AFM images, we can say that AuNPs 1, 9, 10,
12, 14, 15, 17, 18, 21 seem to have a satellite AUNP in contact with them or at least so close
from them that it looks like they are in contact on the AFM image. Conversely, AuNPs 2, 3, 4,
5,6,7,8,11, 13, 19 and 20 are surrounded by satellite AuNPs that are clearly not in contact
with them. The next step was to record the UV-visible spectra of each 51 nm AuNP from the
selection and see which of them has had its spectrum modified by the presence of a satellite
AUNP.

At this point, it is possible to assume that some asymmetric plasmonic dimers (see
Chapter 1.1V), schematized in Figure 6.12 were assembled. The gap distance dgsp and the angle
a between the dimer axis and the surface are indicated, we will see further in this chapter that
they are important parameters due to their influence on the spectral features of the dimers.
Regarding the angle a, note that for a gap distance dgap Of 1 nm, the value of the angle is 12°.
However, the actual situation can be different than that represented in Figure 6.12, with the
smaller nanoparticle on top of the bigger one, meaning that the angle o would be comprised
between 12 and 90°. No chemical dimers (see Figure 1.25) were fabricated, this type of dimers

will not be treated in this PhD manuscript.
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Figure 6.12: Asymmetric plasmonic dimer made of a 51 nm AuNP and a 28 nm AuNP
separated by a gap distance dgap. The dimer axis forms an angle a with the surface. The green
sticks are silanes (APTES).

A dimer of metallic NPs is the simplest system to study plasmonic coupling, here we
created asymmetric plasmonic dimers with the simplest, non-controlled, deposition method. It
will be interesting to see if the plasmonic dimers self-assemble in a random manner of if some

trends are observed.

2 - Dark field microscopy coupled to UV-visible spectroscopy measurements: effect of
the 28 nm satellite nanoparticles on the initial 51 nm nanoparticles

The scattering spectrum of each 51 nm AuNP from the selection was recorded and then
fitted by a Lorentzian between 500.14 and 580.74 nm for the spectra presenting a single LSPR
peak and also between 599.82 and 687.01 nm for the spectra exhibiting two LSPR peaks.

a - Single 51 nm AuNPs

Let us start with the AuNPs from the selection whose spectrum (measured by dark field
microscopy coupled to UV-visible spectroscopy) was poorly modified after the deposition of
the second layer of AuNPs, it was the case for AuNPs 2, 4, 5, 7, 8, 10, 11, 13 and 14. These
spectra only display one LSPR peak corresponding to an individual dipolar oscillation mode.
The example of AuNP 8 scattering spectrum before (Measurement 1) and after (Measurement
2) the drop casting of 28 nm satellite AUNPs took place. is given in Figure 6.13. The scattering
spectra of the other AuNPs are shown in the Appendix in Figure A.6.2.
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Figure 6.13: Scattering spectrum of AuNP 8 before (Measurement 1) and after (Measurement
2) the drop casting of 28 nm satellite AuNPs took place.

The values of the LSPR peak wavelength for both measurements and the values of the
difference between them are given in Table 6.2. Although the shape of the LSPR peak was not
modified in between the two measurements, globally we notice that the LSPR peaks of the
second measurements are more intense than those of the first measurements. This intensity
difference could contribute to explain the difference that is also observed regarding the position
of the LSPR peak. The LSPR peaks of the second measurements are all blueshifted compared
to the peaks of the first measurement. Since the former are more intense than the latter, the fit
was probably more accurate for them, influencing the obtained value of LSPR peak wavelength.
This effect combined to the uncertainty on the measurement of the spectrum (see Chapter 2.11.4)

could explain the observed differences between the two measurements.
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Table 6.2: Values of the LSPR peak wavelength of the AuNPs from the selection that do not
possess a 28 nm AUNP neighbor before (ALspR single - individual mode MSMt 1) and after (ALspR single -
individual mode MISMt 2) the drop casting of the 28 nm satellite AuNPs took place; difference
between the LSPR peak wavelength values of the peak corresponding to the individual
oscillation mode (AALSPR single - individual mode).-

#AUNP KLSPR single )MLSPR single )\«LSPR single
(51 nm) - individual - individual - individual mode
mode (nm) mode (nm) (nm)
Msmt 1 Msmt 2

2 538.54 518.08 -20.46
4 540.04 534.61 -5.43
5 542.74 527.76 -14.98
7 543.21 531.67 -11.54
8 536.54 532.68 -3.86
10 538.78 531.57 -7.21
11 531.42 525.52 -5.9
12 539.69 none none
13 541.65 532.21 -9.44
14 539.51 529.74 -9.77
19 541.79 none none

b - Neighbor AuNPs/asymmetric plasmonic dimers

The AuNPs whose spectra were modified are AuNPs 1, 3, 6, 9, 15, 16, 17, 18, 20, 21
and 22. The scattering spectra of AUNP 1 and AuNP 21 are shown in Figure 6.14, the spectra
of the other AuNPs are shown in the Appendix in Figure A.6.3. They present two LSPR peaks
arising from the lift of degeneracy of the dipolar oscillation mode, intrinsic to each 51 nm,
occurring upon the interaction between the plasmonic modes of the neighbor nanoparticles i.e.,
the original 51 nm AuNP and a satellite 28 nm AuNP which form an asymmetric plasmonic
dimer. Following the Nordlander model”>!%° (see Chapter 1.1V.1), the first peak was attributed
to the so-called transversal antibonding dipolar plasmon mode (TADP), it results from the
excitation of the plasmonic dimer by light with a polarization perpendicular to the dimer axis.
The second peak was attributed to the so-called longitudinal bonding dipolar plasmon mode
(LBDP), it results from the excitation of the plasmonic dimer by light with a polarization
parallel to the dimer axis. It should be noted that in our case, since the AuNPs have different
sizes, the coupling is less efficient that for a dimer with same size entities. Another very
important element to note and remember is that we used non-polarized incident light. We
therefore measured the average optical response of the plasmonic dimer i.e., the response

triggered by light polarized along the dimer axis (parallel polarization) and the response
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triggered by light polarized along the normal to the dimer axis (transverse polarization). The
positions of the peaks, the difference between the LSPR peak wavelength of the peaks
respectively corresponding to the individual dipolar mode of the single AUNP and to the TADP
mode of the plasmonic dimer, and the difference between the LSPR peak wavelength of the
peaks respectively corresponding to the TADP mode and the LBDP mode of the plasmonic
dimer are reported in Table 6.3.
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Figure 6.14: UV-visible spectrum of AuUNP 1 (on the left) and AuNP 21 (on the right) before
(single AuNP) and after (neighbor AuNPs) the drop casting of 28 nm satellite AUNPs took
place.

The peak corresponding to the transverse mode of a dimer (no matter the gap distance)
is always located at the same wavelength than the LSPR peak of an individual AuNP (of the
same size than that composing the dimer)°®1%_ In our case, we observe a small blueshift of this
peak which could be attributed to the error on the measurement (see Chapter 2.11.4) but also to
the variation of the angle between the axis dimer and the surface. The effect of the variation of

this angle is discussed further in the chapter.
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Table 6.3: Values of the LSPR peak(s) wavelength(s) of the AuNPs from the selection that
possess a 28 nm AuNP neighbor before (ALspr single - individual mode) and after (ALspR neighbors -
individual mode and ALSPR neigbors - collective mode) the drop casting of the 28 nm satellite AUNPs took
place; difference between the LSPR peak wavelength values of the peak corresponding to the
individual (ALLsPR neighbors - individual mode) @nd Of that corresponding to the collective (arLspr
neighbors - collective mode) OSCillation mode.

#AUNP KLSPR single KLSPR neighbors KLSPR neighbors AXLSPR neighbors A}LLSPR neighbors
(51 nm) | - individual mode -TADP - LBDP -individual - TADP | - TADP - LBDP
(nm) (nm) (nm) (nm) (nm)
1 536.09 524.29 647.88 -11.8 123.59
3 540.97 531.91 660.87 -9.06 128.96
6 546.95 534.64 625.38 -12.31 90.74
9 537.46 522.35 648.85 -15.11 126.5
15 541.93 535.24 623.75 -6.69 88.51
16 537.02 531.00 661.88 -6.02 130.88
17 545.92 539.26 646.44 -6.66 107.18
18 537.15 527.11 685.59 -10.04 158.48
20 541.69 519.91 606.19 -21.78 86.28
21 531.72 522.28 654.84 -9.44 132.56
22 534.03 537.97 624.93 3.94 86.96

These results are globally in agreement with that of Yim et al.1% (see Chapter 1.1V.2),
as was observed in our case, the peaks corresponding to the dimers were always more intense
than the peak of the monomer, and slight spectral differences due to the AuUNPs morphology
differences were also observed (see Figure 6.15). However, in our case, regarding the intensity
of the peaks, the peak corresponding to the LBDP mode was sometimes more intense than the
peak corresponding to the TADP mode (see AuNP 1 in Figure 6.14 for example), sometimes it

was the opposite (see AUNP 21 in Figure 6.14 for example).
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Figure 6.15: (a) Scattering spectra of a single Au nanoparticle monomer and a single dimer on

ITO and scheme of the dark field spectroscopy setup used to record the spectra. (b) Simulated

scattering spectra of a single Au nanoparticle monomer and a single dimer on ITO. Reprinted
from?%,
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Our results are also globally in agreement with that of Esashika et al.1% (see Chapter
1.1V.2). Nevertheless, in their case, the intensity of the LBDP (located around 540 nm) was
always inferior to that of the TADP (located around 640 nm) on their experimental spectra,
whereas the intensity of the LBDP was always superior to that of the TADP on their calculated
spectra. In our case, as previously mentioned and as can be seen in Figure 6.14 and A.6.3, on

some of our spectra the LBDP peak is more intense than the TADP peak, on the other it is the
opposite.
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Figure 6.16: (a) Extinction spectra of 60 nm AuNPs dimers modified with C5 (5-carboxy-1-
pentanethiol), C7 (7-carboxy-1-heptanethiol), C10 (10-carboxy-1-decanethiol) and C15 (15-
carboxy-1-pentadecanethiol). (b) Simulated spectra of 60 nm AuNPs dimers with interparticle
gaps of 1.0 nm, 1.4 nm, 2.0 nm and 3.0 nm. Adapted from?%,

¢ - The neighbor nanoparticles method to form plasmonic dimers

Dark field microscopy coupled to UV-visible spectroscopy measurements allow to
detect and analyze the appearance of neighbor nanoparticles (after the deposition of satellite
AUNPs) via the emergence of the peak corresponding to the plasmon coupling mode on the

scattering spectra and of a new color on the microscopy images.

As previously mentioned, 11 AuNPs (n° 1, 3, 6, 9, 15, 16, 17, 18, 20, 21, and 22)
acquired a neighbor versus 9 AuNPs (n° 2, 4,5, 7,8, 10, 11, 13, and 14) that remained isolated.
The neighbor AuNPs can be divided in two groups according to the position of their LBDP
peaks, located either around 655 nm or around 620 nm. On the one hand, it means that a strong
tendency to form dimers exist spontaneously since the non-controlled deposition of the satellite
28 nm AuUNPs led to the formation of 45% of dimers. On the other hand, it also means that the

deposition does not occur in a random manner since recurrent values of the LBDP peak position
appear.
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I11 - Assessment of the interparticle distance in the asymmetric dimers

1 - Hybridization of the plasmonic modes: case of an asymmetric dimer

Now let us have a closer look on how the plasmonic modes of our asymmetric plasmonic
dimers form. Their hybridization diagram is drawn in Figure 6.17 according to the Nordlander
model (see Chapter 1.1V.1). It should be noted that in our case, since the AuNPs are not of the
same size, the induced dipole moment (resulting from the anti-aligned dipoles of the constituent
AUNPs) of the dark mode must be small but not zero. We would have “grey modes” instead of

actual dark modes.
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Figure 6.17: Plasmon hybridization diagram for an asymmetric plasmonic dimer of spherical
gold nanoparticles. The arrows inside the AuNPs indicate the direction of the induced dipole
moment corresponding to the charge separation occurring upon LSPR excitation.
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2 - Calculation of the gap distance: application of the “plasmon ruler equation” to our

results

Regarding the gap distance in our plasmonic dimers, by looking at the redshift values
(see column ALspr neighbors - TADP - Leop OF Table 6.3) we notice that our AuNPs (except AuUNPs
17 and 18) can be divided in two groups for which we find almost the same redshift values and
thus for which we expect comparable gap distance values. For the first group i.e, AUNPSs 6, 15,
20 and 22, with an average value of the redshift of 88.1 nm, it was possible to calculate an
estimation of the gap distance value using a plasmon ruler equation®’ (Chapter 1.1V.4). For the
second group, AuNPs 1, 3, 9, 16 and 21, with an average value of the redshift of 128.5 nm, it
was not possible to calculate an estimation of the gap distance values: the shift values were too
large. Several hypothesis can be made, the gap distance is actually the same as for the other
group but the morphology of the gap (gap area and gap curvature) is different (and thus the
degree of coupling is different) explaining the different average value of the redshift'%, or the
gap distance is shorter than for the other group meaning that the AuNPs are in the nearly

touching regime considering how large the values of the shift are’>!3,

Although this expression was calculated for an incident light polarized along the axis of
the dimer, it was demonstrated that the effects of the polarization were very low for AuNPs
with a diameter up to 40 nm and start becoming consequent for diameters superior to 87 nm®’.

It means that it is reasonable to use it for our dimers even though we used non-polarized light.

We therefore decided to use this plasmon ruler equation (Equation 1.13) to calculate an
estimation of the gap distance of our plasmonic dimers for which it was possible to do so, i.e.,
those containing AuNPs 6, 15, 20, and 22. Two different diameter values were used, the one
obtained using the method of Haiss et al. and the measured on the TEM images. The results are

shown in Table 6.4.

Table 6.4: Values of the gap distances calculated with the plasmon ruler equation.

#AUNP S (A}LLSPR neighbors — TADP - LBDP) S/D dgap dgap
(nm) (for D =51 nm) | (for D =60.2 nm)

(nm) (nm)

6 90.74 0.0155 0.8 0.9

15 88.51 0.021 1.1 1.3

20 86.28 0.027 1.4 1.6

22 86.96 0.0255 1.3 15
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The values of the gap distances are quite similar whether they were calculated with one
value of the diameter or the other. The values are all close or superior to 1 nm, demonstrating
that none of the AuNPs considered here are in the nearly touching regime’>*3, Instead, although
they are very close from one another, the AUNPs would be separated by their respective citrate

layer exerting electrostatic repulsion on each other.

3 - Simulation of the optical response of the asymmetric plasmonic dimers by BEM

method (collaboration)

The simulations were performed by M. Maurice (PhD student at PROMES laboratory,
CNRS/Université de Perpignan) with the Matlab toolbox MNPBEM. Regarding the dielectric
permittivity of gold, the results given by Olmon et al.'®” were used in addition to a correction
based on the Kreibig and Volmer model'®® to account for the specificities of a finite size

nanoparticle.

The experimental values of gap distances are in agreement with the ones from the
simulations that predicted gap distances inferior to 1.5 nm for all the plasmonic dimers. Indeed,
when the gap is superior to 1.5 nm, it is no longer possible to distinguish the two peaks on the
simulated spectra. The simulated results, shown further, are an average between those obtained
with a parallel polarization and those obtained with a transverse polarization with respect to the
plane of the substrate. Let us remind the configuration of the experimental setup used to record
the spectra (see Chapter 2.11.4). The sample is illuminated by the microscope objective and with
a numerical aperture of 0.9, corresponding to an incidence angle 6 given by sin 6 = 0.9 which
gives O = 64°. It results in a strong contribution of the p-polarized light. All the simulation
results shown further are an average between those obtained with a parallel polarization and

those obtained with a transverse polarization.

The simulations also allowed to study the influence on the spectra of the following
parameters: the distance between the AuNPs and the substrate, the diameters of the AuNPs, the
gap distance between the AuNPs, and the angle between the dimer axis and the surface (see
Figure 6.12). The most influent parameters turned out to be the gap distance and the angle. A
comparison of the spectral behavior of a symmetric and an asymmetric dimer was made for
dimers in vacuum and supported dimers. First, it was noted that for both types of dimers, the
distance from the substrate and the gap distance has no influence on the position of the peak

corresponding to the TADP. It only influences the peak corresponding to the LBDP which
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redshifts when the distance from the substrate and/or the gap distance decreases. The effect of
the variation of the AuNPs diameter on the position of the peaks is quite low whereas the effect
on the amplitude of the peaks is much more pronounced. This observation is in agreement with
that of Romero et al.!*® who obtained similar results for 60 nm AuNPs and for slightly larger or

smaller nanoparticles.

For the spectra simulated in vacuum (see Figure 6.18), the following observations were
made. The absorption cross section of the asymmetric dimer is smaller than that of the
symmetric dimer. It is due to the smaller size of one of the AuNP from the asymmetric dimer.
For the asymmetric dimer, the peak corresponding to the LBDP has a lower intensity, and the
intensity decreases when the gap distance increases. The redshift observed for this peak upon
reduction of the gap distance is less pronounced than for a symmetric dimer. When the gap
distance reaches a value large enough, the peak completely disappears. This behavior is
explained by the smaller size of one of the AuNPs from the asymmetric dimer. It reduces the
efficiency of the coupling between the two AuNPs (it is optimal in the case of the symmetric

dimers since both AuNPs have the same size).
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Figure 6.18: Simulated spectra of a symmetric (left) and an asymmetric dimer (right) in
vacuum in function of their gap distance dg. The symmetric dimer is made of two AuNPs of
60.2 nm whereas the asymmetric dimer is made of an AuNP of 60.2 nm and an AuNP of 29.1
nm.

For the spectra simulated for supported dimers (Figure 6.19), the following results were
obtained. For the symmetric dimer, when the gap distance decreases, the intensity of the peak
corresponding to the LBDP, unlike for a dimer in vaccum, it is not modified when the gap
distance decreases. For the asymmetric dimer, unlike for a dimer in vaccum, the intensity of the

peak corresponding to the LBDP decreases when the gap distance decreases. A blueshift of the
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peak corresponding to the TADP is also observed upon reduction of the gap distance, in
agreement with what was experimentally observed (see Table 6.3) but not with what is usually

observed.
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Figure 6.19: Simulated spectra of a symmetric (left) and an asymmetric dimer (right)
deposited on ITO in function of their gap distance dq. The symmetric dimer is made of two
AuUNPs of 60.2 nm whereas the asymmetric dimer is made of an AuNP of 60.2 nm and an

AUNP of 29.1 nm. In both cases, the dimer axis is parallel to the substrate (no angle a). The
following parameters were used, es = 80 nm (thickness of the substrate’s ITO layer) & =
3.6159 (dielectric permittivity of the substrate’s ITO layer), the layer of glass below that of
ITO is considered infinite and with a dielectric permittivity of £, = 2.3207, the AUNPs are
considered separated by a distance ds = 0.9729 nm from the substrate (solid curves)

corresponding to the size of an APTES molecule.

As shown in Figure 6.20, the importance of the influence of the angle between the dimer
axis and the surface was demonstrated. The angle has an influence of the position on the peak
corresponding to the LBDP. The redshift induced by the reduction of the gap distance decreases
when the angle increases toward 90°. This trend can be explained by the combined influence of
the distance from the substrate (when the distance from the substrate decreases, the peak
corresponding to the LBDP redshifts) and of the polarization direction in relation to the dimer
axis: when the angle goes towards 90°, a parallel polarization is felt like a transverse one and
the AuNPs behave more and more like two independent AuNPs hence the lower redshift. In the
simulations, the polarization is in the plane of the substrate so that when the angle between the
axis dimer and the surface increases, the intensity of the LBDP peak decrease, until it disappears
for an angle of 90°. In the experimental case, since we are working in dark field, the polarization
is not in the plane of the substrate meaning that no matter the value of the angle, the peak of the

LBDP could never disappear.
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When the angle varies from -75° to 20°, and thus the distance from the surface varies, the
position of the peak corresponding to the TADP varies of 6 nm, it could contribute to explain
the blue shift observed after the deposition of the 28 nm AuNPs (see Table 6.3).
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Figure 6.20: Simulated spectra of asymmetric dimers deposited on ITO with various gap
distances dg (left) or various angles o between the dimer axis and the substrate, for a fixed gap
distance of 0.5 nm (right). The asymmetric dimer is made of an AuUNP of 60.2 nm and an
AUNP of 29.1 nm.

These simulations were very useful to detect general trends but are not adapted to more
precise comparisons between the simulated dimers (with ideal perfectly spherical AuNPs) and
the experimental ones (with realistic, faceted AuNPs without perfect monodispersity). As Yoon
et al. pointed out, ideal and non-ideal dimers are not directly comparable and that the average

properties of a group of non-ideal dimers do not correspond to that of an ideal dimer®,

To summarize the preceding parts of this chapter, we demonstrated that we were able to
visually identify a single gold nanoparticle on a dark field microscopy image and to record its
scattering spectrum. We studied the evolution of that spectrum upon formation of asymmetric
dimers: which peaks emerged, how they were shifted, which plasmonic modes they
corresponded to, etc.. The gap distance of the dimers was estimated based on the position of the
peaks using a plasmon ruler equation. We found out that the peak corresponding to the LBDP
was mainly positioned around two values indicating that even though the deposition of the
second layer of AuNPs leading to the formation of the dimers was not controlled, the formation
of the plasmonic dimers does not occur randomly. Something, possibly the electrostatic
repulsion, would define (or at least influence) the distance between the AuNPs. Although their
gap distances are very small, it could be envisioned to post-functionalize the asymmetric

plasmonic dimers (turning them into chemical dimers).
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Plasmonic nanoparticles of other shapes are also of great interest, for example
Grasseschi et al.®® recorded the extinction spectra of individual hexagonal and triangular gold
nanodisks (AuNDs) with a 50 nm diameter and 13 nm thickness deposited on glass by
hyperspectral dark-field microscopy. These geometries are particularly interesting since NPs
presenting sharp tips exhibit higher plasmonic enhancement®®. Large AuNDs (yellow), small
hexagonal (snipped triangles) AuNDs (green), and small triangular AuNDs (red) were present
on the DF microscopy image. These various AUNDs present different spectral profiles. Unlike
our small or medium spherical nanoparticles which present an isotropic charge separation on
the surface, generating a single dipolar mode, non-isotropic particles generate quadrupolar
modes. In the case of flat nanoparticles, such as disks or triangles, two in-plane and two out-of-
plane modes can be involved, from their corresponding dipoles and quadrupoles. The small
triangular AuUNDs presented one peak between 661 and 695 nm, the small hexagonal AuNDs
presented one peak around 580 nm and most of the large AuNDs presented two peaks, the first
one (in plane dipolar modes) in the range 562 - 633 nm and the second one in the range 622 -
709 nm (out-of-plane oscillations of the quadrupolar mode), some other only presented one
peak in the range 623 - 637 nm. For the large AuNDs, to distinguish the triangular from the
hexagonal ones, they made a deconvolution process of the peaks. The differences in the
scattering spectra were associated with the degree of tip snipping of the AuNDs. When the
triangular nanodisks are snipped (hexagonal), due to the electromagnetic field distribution at
the metallic surface, the in-plane dipolar modes undergo blue shifts, while the quadrupole
modes present a small or no shift. Consequently, large AUNDs whose peak corresponding to
the in plane dipolar modes was blueshifted were identified as hexagonal whereas the large
whose peak corresponding to the in plane dipolar modes was where it was expected to be based

on theoretical calculations were identified as triangles.

IV - Measurement of the switching of 51 nm AuNPs functionalized by
C5HT-di-PSH

1 - Adsorption of C5HT-di-PSH on single 51 nm AuNPs

A sample (ADITO82) with 51 nm AuNPs drop casted on ITO was prepared and three
zones of interests were located on this sample. We will focus on zone B on which as previously
done for the other sample, a selection of 31 AuNPs was made. Zone B and the AuNPs selection

are shown in Figure 6.21.
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Figure 6.21: Dark field microscopy image of the zone of interest (zone B of ADITO82). The
22 AuNPs indicated in orange and blue are part of a selection of single 51 nm AuNPs. The
AuUNPs indicated in blue are those used for the switching measurements. Magnification 100X,
exposure time 700 ms, gain 6.2.

The aim was to monitor the functionalization of each of these 31 AuNPs. First, the
scattering spectra of each AuNP from the selection was recorded with the setup made of the
UV-visible spectrophotometer coupled to the optical microscope and then fitted by a Gaussian
between 500.14 and 592.19 nm. Second, the AuNPs were functionalized with C5HT-di-PSH
following grafting protocol 1 (see Chapter 2.1.3.a) and their scattering spectrum was measured
a second time and then fitted by a Gaussian between 500.14 and 592.19 nm. An example of
spectra measured before and after the DAE functionalization corresponding to AuNP 6 is shown
in Figure 6.23, and the scheme showing which type of sample is obtained is shown in Figure
6.22.
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ITO

Figure 6.22: Scheme of the type of sample obtained with grafting protocol 1: ITO/AuNPs(28
nm)/C5HT-di-PSH. The green sticks are silanes (APTES). Note that this sketch is not on scale
since the size of the DAE molecules is 1.79 nm, that of the APTES molecules is 0.5 nm and
that of the AuNPs is 51 nm.

The value of the expected wavelength shift induced by the functionalization of the
AUNPs by the C5HT-di-PSH molecules was calculated using the predictive model of Chapter
3 with Equation 3.4 and the following parameters m = 116 (calculated for 50 nm AuNPs with
the same method than that presented in Chapter 3), An = nmolec — Nair = 1.46 — 1 = 0.46 (the
spectra are recorded with the substrate placed in the spectrophotometer at air, hence the use of
the refractive index of air), d = 17.9 A (length of C5HT-di-PSAc in its open form, as given in
Chapter 2) and Ig = 0.45 x R = 0.45 x 25.5 = 11.475 (with R the radius of the AuNPs, for 51 nm
AUNPs, R = 25.5 nm, see Chapter 3 for the derivation of the expression used to calculate |g).
We obtained AlLspr = 14.3 nm.
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Figure 6.23: Spectrum of a single AUNP (AuNP 6) before and after DAE grafting.
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As can be seen in Figure 6.24, for each pair of spectra (measured on each AuNP), the
value of the LSPR peak wavelength before (AuNP) and after the DAE grafting (DAE

functionalized AuNP) was extracted and plotted versus the AUNP number.

. S L L N B B S B
E 560 F O AuNP ST
£ o O DAE functionalized AuNP 3
= L D.
B 555F E
2 ; m o ]
i) 2 o Lo ]
U>-’ 550F o o m) -
© C B oo B ]
5 545F 0 © . o E
L =
C [u] ]
o 540F o o o o o 3
o [m]
E o go Bof o
& 535F o_ofo oo o o o oBo _Opg 3
- o o
H 1 P 1 | 1 1
0 5 10 15 20 25 30

AUNP number

Figure 6.24: LSPR peak wavelength value before (AuNP) and after the DAE grafting (DAE
functionalized AuNP) given for each AuNP.

As expected, the values of ALspr initial (in black, before the functionalization) are quite
uniform. It is not the case for the values of ALspr DAE functionalized Aunp (in red, after the
functionalization) that are very diverse, meaning that the functionalization of the AuNPs is
inhomogeneous. The lack of uniformity of these values justifies the use of a technique to
measure at the single nanoparticle scale rather than at a more global scale, as was done in
Chapter 5. The values obtained in Chapter 5 correspond to the average response of a large
number of AuNPs functionalized in an inhomogeneous fashion, rendering their interpretation

more complicated.

All the values of the measured LSPR peak wavelength before the functionalization
(ALsprinitial) and after it (ALsPR DAE functionalized Aunp) @S Well as the values of the difference between

these LSPR peak wavelengths (AALspr) are reported in Table 6.5.
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Table 6.5: Values of the measured LSPR peak wavelength before the functionalization (ALspr
initial) and after it (ALsPRr DAE functionalized Aunp); Values of the difference between these LSPR peak
wavelengths (AALspR).

#AUNP XLSPR initial XLSPR after DAE functionalization AKLSPR

(51 nm) (nm) (nm) (nm)
1 533.40 545.64 12.24
2 538.40 561.94 23.54
3 538.81 545.34 6.53
4 536.73 542.69 5.96
5 535.44 539.14 3.70
6 534.12 543.02 8.90
7 535.36 549.24 13.88
8 535.80 539.35 3.55
9 535.52 541.37 5.85
10 536.88 546.13 9.25
11 534.57 554.12 19.55
12 536.61 535.07 -1.54
13 535.08 537.09 2.01
14 538.76 541.22 2.46
15 537.57 545.15 7.58
16 537.24 535.17 -2.07
17 537.71 548.05 10.34
18 535.33 53541 0.08
19 538.95 554.05 15.10
20 535.39 549.66 14.27
21 533.63 551.96 18.33
22 535.76 549.89 14.13
23 536.13 550.96 14.83
24 536.02 551.70 15.68
25 538.07 547.50 9.43
26 534.90 547.61 12.71
27 536.24 561.35 25.11
28 535.65 548.03 12.38
29 535.14 561.13 25.99
30 534.39 557.28 22.89

The average value of the measured LSPR wavelength shift occurring upon
functionalization of the AuNPs by the C5HT-di-PSH molecules is 11.01 nm with a standard
deviation of 7.75 nm. This value is in global agreement with the calculated value of 14.3 nm
confirming the grafting of the C5HT-di-PSH molecules at the surface of the AUNPs. However,
when looking at the values of the experimentally measured ALLspr, We notice that the values
are quite heterogenous which would mean that the grafting of the molecules also is. Let us
remind that C5SHT-di-PSH molecules are dithiol molecules, the AuNPs possessing a shift value
superior to the calculated value for a full monolayer of molecules are probably covered with

more than a monolayer due to the formation of short chains of C5HT-di-PSH molecules
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connected by disulfide (S-S) bridges. Regarding the AuNPs possessing a shift value inferior to
the calculated value, we can assume that they were simply covered with less than a monolayer
of molecules. In the end, we were able to monitor the functionalization of a gold nanoparticle
at the single nanoparticle scale using dark field microscopy coupled to UV-visible

spectroscopy.
2 - Switching of C5HT-di-PSH molecules grafted on single 51 nm AuNPs

A simple UV irradiation setup, shown in Figure 6.25, was built directly on the optical
microscope to make switching measurements on single 51 nm AuNPs functionalized with
C5HT-di-PSH.

Sample location

Figure 6.25: LED irradiation setup combined to the setup made of the UV-visible
spectrophotometer coupled to the optical microscope. The UV light coming from the LED
(trajectory indicated by the purple arrow) is focused on the sample by a lens of f = 25 mm

yielding an illumination zone of 0.27 cm2.
The light flux received by the sample was measured the same way as for the other setups

(see Chapter 2.11.2.b). All the parameters used for the irradiations are given in Table 6.6.
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Table 6.6: LEDs parameters for the switching measurements.

LED | I (A) P (mW) D Dphotons
(mW/cm?) | (photons/s/cm?)

Uv | 0.25 | 0.302 0.933 1.41 x 10%°

Vis | 0.7 2.26 3.19 8.10 x 10"

Switching measurements were performed on 12 AuNPs from the selection of AuNPs
from zone B (those indicated in blue on Figure 6.21). It should be noted that these measurements
are particularly reliable especially regarding the measurement of the scattering intensity since
all the spectra were recorded using the same baseline. The baseline remained stable throughout
the whole measurement session, there was no need to re-record the “White” and the “Dark”

(see Chapter 2.11.4) in between the irradiations.

First, the sample underwent an initial 90 minutes visible light irradiation to make sure
to start the experiment with all the molecules in the open state. Then, the sample underwent two
irradiation cycles consisting of a 45 minutes UV light irradiation followed by a 90 minutes
visible light irradiation. A UV-visible spectrum of each AuNP was recorded after each
irradiation (see the examples of AUNP 19 and 14 in Figure 6.26 and Figure 6.27) and at the end
of the experiment, all the spectra were fitted by a Gaussian between 515.54 and 565.44 nm. The

absorbance at ALspr Was extracted from the fit and plotted versus the time.

Out of the 12 AuNPs that were measured (AuNP 10, 12, 13, 14, 15, 17, 18, 19, 20, 21,
22,23),4 (AuNP 13, 14, 19, 20) clearly presented the expected behavior regarding the evolution
of the scattering intensity at the LSPR peak i.e., an increase of the scattering intensity upon UV
light irradiation and a decrease of the scattering intensity upon visible light irradiation. The
spectra of the AuNPs presenting this evolution are shown in Figure 6.26 (AuNP 19) and Figure
6.27 (AuNP 14) and in the Appendix (see Figure A.6.4 and Figure A.6.5). The typical increase
of the scattering intensity induced by the switching is of 5 x 107 units. By looking more closely
at the values of the LSPR peak wavelength shift occurring upon functionalization (see Table
6.5), the quantity of molecules grafted on the AuNPs is not the factor determining its ability to
switch. Indeed, in both groups of AuNPs, the ones that switch and the ones that do not switch,
LSPR peak wavelength shift values of a few nm or around 15 nm are found. Instead, we can
make the hypothesis that the factor determining the ability to switch of the molecules once they

are grafted on the AuNPs is their geometry.
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Figure 6.26: UV-visible spectra corresponding to the switching measurements on AuNP 19
(left). Evolution of the scattering intensity at ALspr upon irradiation as a function of time.

As can be seen on the left part of Figure 6.26, the spectra corresponding to the AuNP
after it received a UV irradiation (purple and blue) are almost superimposable, the same
observation is made with the spectra corresponding to the AuNP after it received a visible
irradiation (black, green and red). The two states, one for which the molecules are in the open
form and the other one for which they are in the close form, are clearly distinguishable. Now if
we look at the evolution of the absorbance at ALspr, as, it increases upon UV irradiation (and
thus ring-closing of the molecules) and decreases upon visible irradiation (and thus ring-
opening of the molecules). This behavior is consistent with the one observed in Chapter 5 when
measuring the UV-visible spectra corresponding to the average response of many AuNPs with
DAE grafted on them. The amplitude of the absorbance at ALspr Variations are also comparable
to that of the samples presented in Chapter 5. It confirms that we are capable of measuring the
switching of DAE molecules on individual gold nanoparticles, which in itself is a major result

of this work.

A value of switching ratio was calculated with the method explained in Chapter 5.1.2
for the first switching cycle of AuNP 19. In this case we have SR = 15.2. This switching ratio

is in agreement with the ones previously calculated in Chapter 5 (see Table 5.6).
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Figure 6.27: UV-visible spectra corresponding to the switching measurements on AuNP 14
(left). Evolution of the scattering intensity at ALspr upon irradiation as a function of time.

Conclusion

In this last chapter, we started by studying the optical response of single 51 nm AuNPs
deposited on ITO by coupled measurements (optical dark field microscopy and spectroscopy),
the average position of the LSPR peak is 539.1 nm. The same approach was used to study the
optical response of single asymmetric dimers made of a 51 nm AuNP and a 28 nm AuNP (also
on ITO). The position of the TADP is close from that of the original LSPR peak of the individual
AUNPs. The position of the LBDP was either around 655 nm (shifted of 128.5 nm with respect
to the TADP) for a group of AuNPs or around 620 nm (shifted of 88.1 nm with respect to the
TADP) for another group of AuNPs. For this latter group, it was possible to calculate the gap
distance using a plasmon ruler equation, in average the gap distance is 1.2 nm. The
hybridization of the plasmonic modes of the constituent AuNPs was experimentally shown
(peak corresponding to the LBDP on the scattering spectrum) and then explained using the
Nordlander model. General trends regarding the behavior of our asymmetric plasmonic dimers

compared to symmetric ones were unraveled by BEM based simulations.

In the second half of the chapter, the functionalization of 51 nm AuNPs deposited on
ITO by C5HT-di-PSH diarylethene molecules was studied at the single nanoparticle scale. An
average value of the LSPR peak wavelength shift upon the functionalization of 11.01 nm was
measured, close from the calculated value of 14.3 nm. We showed that it was possible to
monitor the grafting of the molecules at the surface of the AuNPs through the evolution of the
LSPR peak wavelength of the AuNP exactly the same way it had been done in the previous

chapter for a large number of AuNPs. This latter point was demonstrated by calculating the
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average LSPR wavelength shift induced by the functionalization of all the individual AuNPs
and showing it was very close to the value calculated with the predictive model developed in
Chapter 3. This agreement between the experimental and calculated values had been shown for
measurements on a large number of AuNPs (see Chapter 5). Finally, after making sure the
AUNPs were bearing DAE molecules, we measured the switching of these molecules still at the
single nanoparticle scale (switching of the molecules beard by one single AuNP) using an
irradiation setup combined to the setup made of the UV-visible spectrophotometer coupled to
the optical microscope. We managed to measure this switching corresponding to an increase of
the scattering intensity of 5 x 10 units at ALspr, On several AuNPs. We noticed that this
switching was analogous to that previously measured in Chapter 5 for a large number of
functionalized AuNPs. Indeed, the amplitude of the variations of the absorbance (in Chapter 5)
were comparable to that of the scattering intensity (in the present chapter) and the switching
ratio of 15.2 calculated in the present chapter is in agreement with those calculated in Chapter
5.
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Conclusion

Measurement of the switching ratio of diarylethenes molecules
In solution

A photokinetic study of the diarylethene molecules in solution (in DMF) was conducted
by UV-visible spectroscopy coupled to an irradiation setup. This study allowed us to calculate
their switching ratio (ratio of the time it takes for both photo-induced reactions to occur) which
were respectively 6.4 for C5HT-di-PSAc and 5 for CI-C5HT-PSAc. The time it took for the
molecules to reach the PSS was also measured: 23 100 s for C5HT-di-PSAc and 36 660 s for
CI-C5HT-PSAc. This study also permitted to investigate the reversibility and symmetry of the
switching as well as the fatigue resistance of the molecules. C5HT-di-PSAc is resistant to
fatigue while CI-C5HT-PSACc is susceptible to it. The switching of both molecules is reversible
yet asymmetrical. One of the possibilities to solve this asymmetrical switching issue was to use
the nanoantenna effect of AuNPs on which the molecules would be grafted: it has been
explored.

Grafted on AuNPs deposited on ITO

The functionalization of 28 nm AuNPs deposited on ITO by C5HT-di-PSH molecules
was monitored in situ by UV-visible spectroscopy. Values of the LSPR wavelength shift
induced by the functionalization experimentally measured were comprise in the range 1.79 -
5.15 nm, while the theoretical value for a full coverage of the AuNPs with a monolayer of DAEs
was calculated to be 2.53 nm. The switching of the DAEs grafted on the AuNPs was then
measured in order to figure out if the nanoantenna effect provided by the gold nanoparticles
generates an acceleration of the photocycloreversion reaction. This acceleration (or any effect
coming from the nanoantenna effect) would have an impact on the switching ratio (it would be
closer to 1 for a more symmetrical switching). An effect was expected since the absorption band
in the visible of the DAE molecules corresponding to a transition involved in the photochromic
reaction (switching) is located in the same spectral area than the LSPR peak of the gold
nanoparticles. The switching of the DAEs grafted on the AuNPs was monitored by optical
spectroscopy following the evolution of LSPR peak position: a 2% modification of the
absorbance at A spr corresponding to the switching was measured. Reversible switching was
preserved for all the samples upon grafting of the DAE molecule on the gold AuNP but fully
reversible switching was only preserved for some of them. Fatigue quickly appeared after a
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couple of switching cycles. The average switching ratio was calculated to be 22, it is about 3
times superior to the switching ratio obtained for DAEs in solution. This increase of the
switching ratio value means that the asymmetry of the switching was increased, instead of
reduced as intended. The photocycloreversion reaction was slowed down upon grafting of the
DAEs on the AuNPs and not accelerated. It would be due to the presence of strong quenching
since the n-system of the diarylethene molecule is directly connected to the AuNPs

Grafted on a single AuNP

We showed that it was possible to monitor the adsorption of DAE molecules at the single AUNP
scale using dark field microscopy coupled to UV-visible spectroscopy. An average LSPR
wavelength shift value of 11 nm was measured for the grafting of CSHT-di-PSH on individual
51 nm AuNPs. This value is close from the calculated one (14.3 nm) for a full coverage of an
AUNP with a monolayer of C5HT-di-PSH. The switching of the DAE molecules present on an
individual AuNP was then measured using the irradiation setup combined to the setup made of
the UV-visible spectrophotometer coupled to the optical microscope. This switching was
similar to the one previously measured for a large number of 28 nm AuNPs bearing C5HT-di-
PSH molecules. It corresponded to a variation of the scattering intensity at A spr 0f 5 x 1073
units, comparable to the variations of the absorbance measured for the switching of the DAES
on a large number of AuNPs. The value of the switching ratio calculated from the switching
measurements at the single AuNP scale is 15, also comparable to the switching ratio values
calculated for the switching of the DAEs on a large number of AuNPs.

Asymmetric plasmonic dimers

Asymmetric plasmonic dimers made of a 51 nm AuNP and a 28 nm AuNP were prepared: 45
% of the 28 nm AuNPs that were drop-casted on the ITO substrate with 51 nm AuNPs already
deposited on it spontaneously formed dimers with the 51 nm AuNPs. These dimers were
characterized individually by AFM and dark field microscopy coupled to UV-visible
spectroscopy. Their scattering spectrum was recorded giving us access to the position of their
hybridized plasmonic modes, especially that of the TADP which is close from that of the
original LSPR peak of the individual AuNPs, and that of the LBDP. The latter was either around
655 nm (shifted of 128.5 nm with respect to the TADP) for a group of dimers or around 620
nm (shifted of 88.1 nm with respect to the TADP) for another group of dimers with an average

gap distance of 1.2 nm, calculated with a plasmon ruler equation.
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Perspectives: Towards the fabrication of dimers with gold

nanoparticles connected by a diarylethene molecule

The preparation of dimers with different diarylethene molecules less susceptible to
guenching is the main perspective of this PhD work. One of the possibilities would be to use
monosubstituted diarylethenes with different a photochromic unit and different linkers/spacers
(see Figure P.1). Another possibility would be to use disubstituted diarylethenes with eventually
a different photochromic unit and/or different linkers/spacers (see Figure P.1). The biphenyl
substituted dithienylethenes used by Hassan et al.**® could be envisioned. A less explored yet
interesting option would be to prepare a “double dimer” i.e., two nanoparticles connected by a
diarylethene dyad?©2%! (see Figure P.1). Note that the possibility to improve the
photochromism of diarylethene dyads by connecting them to gold nanoparticles has been

theoretically investigated by Fihey et al.?%

Regarding the strategy of dimer fabrication, a solution to obtain chemical dimers
prepared via a chemical bottom-up technique would be to implement the methods of Yoon et
al.1%412 to diarylethenes, and then to deposit the dimers on a substrate (see Figure P.1).
Otherwise, the fabrication of dimers via top down lithography techniques®® (see Figure P.1)
could be considered, followed by a post-fabrication functionalization of the dimers gap?®, as it

is done with SERS substrates2®,

i: A j j A Photochromic unit

{ b Linker/Spacer

: : q <> q @ O Anchor group
Monosubstituted Disubstituted Diarylethene
diarylethene diarylethene dyad
L ] Gold nanoparticles
Chemically assembled dimers Dimers patterned by lithography

Dimers in solution

Figure P.1: Scheme of the different types diarylethene structures (monosubstituted DAE,
disubstituted DAE, DAE dyad) that could be used to obtain dimers (top). lllustration of the
different types of dimers that can be fabricated. (bottom).
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Following the obtention of the dimers, the two conductive states of the diarylethene
molecules would have to be measured by conductive AFM.
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Appendix

Chapter 1
A.1.1 Azobenzenes

Similarly to what is observed for diarylethenes, the UV-visible absorption spectrum of
an azobenzene (AB) exhibit two main bands. One in the near UV region corresponding to a
- 7* transition commonly observed in aromatic hydrocarbons like stilbene, and one in the
visible region corresponding to a n = ©* involving the free electron pairs of the nitrogen atoms.
This second transition prevents from further comparison with other aromatic hydrocarbons like
stilbene regarding the photoisomerization mechanism. The cis-trans photoisomerization of
azobenzenes occurs upon excitation triggering So = S1 and Sp = S; transitions, while the trans-
cis photoisomerization occurs upon excitation triggering So = S1 or So = Sz transitions. Unlike
for diarylethenes, the sum of the quantum yields of both isomerization reactions is not equal to

one, meaning that several isomerization channels exist?.

There are three main classes of azobenzenes (or azo-based compounds) differing by the
energy of their electronic states which depends on the substituents present on their aromatic
rings. These energy differences explain that the transitions do not result in the same absorbance
bands on the UV-visible spectrum which in turn explain why each class has a different color.
The first and most simple class is the azobenzene type (Ar-N=N-Ar) azobenzenes, very similar
to the elementary azobenzene (Ph-N=N-Ph). The 7 = =n* band on their UV-visible absorption
spectrum is very intense, while the n = n* is weak, their dominant color is yellow. The second
class is the aminoazobenzene type (ortho- or para- X-CsHs-N=N-Ar, with X an electron-donor
substituent), their two absorbance bands are close from one another (the © = 7* band is slightly
redshifted), their main color is orange. The third class is the pseudo-stilbene type (X-CeHs-
N=N-CeHs-Y, with X and Y respectively an electron-donor and an electron-acceptor
substituent, these azobenzenes are push-pull systems), the ©# = 7* band is largely redshifted

and appears at a higher wavelength than the n = n* band®>%,

The photoisomerization from trans to cis induces a reinforcement of the color intensity,
well translated on the UV-visible spectrum. The one of the trans isomer exhibit an intense m© =
n* band (with an order of magnitude of 10* M.cm™ for its associated molar absorption

coefficient, it is a permitted transition) and a weak n - 7©* band (with an associated molar
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absorption coefficient around 400 M.cm™, it is a forbidden transition). Conversely, the n > m*
band is more intense on the spectrum with an associated molar absorption coefficient around
1500 M.cm™) of the cis isomer for which this transition is permitted, while the 7 = m* band is
blueshifted (hypsochromic effect) and its intensity is lower (with an associated molar
absorption coefficient around 10° M.cm™)?. These differences indicate that a photoconversion
IS possible since the two forms do not respond to the same wavelength. Upon irradiation with a
certain wavelength, a photostationary state is reached corresponding to a mix of a certain
population of the cis and another of the trans isomer. The response of the molecule to a certain
wavelength depends on the substituents born by the aryl groups. It should be noted that the
switching mechanism of azobenzenes is not precisely established although it was extensively
studied. Bandara et Burdette®? reviewed the studies on the isomerization mechanism of the three
classes of azobenzenes and the factors that affect it and its quantum vyield. In a few words, the
cis to trans isomerization would either occur through a reversion mechanism: the free electronic
doublet of each nitrogen atom are able to trigger an = xn* (So = Si) transition involving the
reversal of the one of the N-C bonds (see Figure A.1.1.1), or a rotation mechanism with a &t >
m* (So > Sa) transition leading to a rotation of the N=N bond?>*? (see Figure A.1.1.1).

Q Inversion N:N@"
e ——
Excitation S _
----- NIN-y--  So—S; < N=N
@ . N=N—=Z_J :< , C
trans Rotation cis
/
Excitation
So—~>S2
heat or hv

Figure A.1.1.1: Two types of isomerization mechanism hypothesized for azobenzenes.
Reprinted from?°,

The applications of azobenzenes are plenty and present in various domains. Biology,
with the photocontrol of biological processes by introduction of an azobenzene in a molecular
system with a biological function; biomedicine, by using ABs for drug delivery; data storage,
Stoddart’s group developed rotaxane-based bistable memories, smart polymer materials, such
as a photo-oriented polymer able to convert luminous energy to mechanical energy; and
fundamental chemistry, with photoactive Bronsted bases (bases whose pKa is modified by light

irradiation) illustrating the possibility to photocontrol the reactivity (through the conformation)
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of a molecule?®. Many azobenzene-based molecular devices were fabricated by supramolecular
chemistry. A large number of examples are given in the review of Merino et Ribargorda®®. A
molecular lift (over 7 A) made of a p-mercaptophenyl terminated (on one side) azobenzenes
SAM on an Au(111) layer, the collective response of all AB molecules is quite strong, able to
lift a Hg drop deposited on the SAM (work of Ferri et al.). The lift also acted like an electrical
photoswitch, a difference of the current density between the Au layer and the Hg drop of one

order of magnitude was measured according to the cis or trans configuration of the AB%.
A.1.2 Spiropyrans

The first fully reversible thermochromic i.e., that changes color upon heating,
spiropyrans are the di-pB-naphtospiropyrans (1926), thermochromism was then observed in the
naphto- and indolino- derivatives of the first spiropyran (dibenzospiropyran). These derivatives
include the benzo-B-naphtospiropyrans, the benzo-B-naphtaisospiropyrans, the di-p-
naphtospiropyrans, the indolino-B-naphtospiropyrans, and the indolinobenzospiropyrans. In
addition, the derivatives of the isospiropyrans were synthesized, di-pB-naphtospiropyrans, di-a-
B-naphtospiropyrans, xanthospiropyrans, thiaxantospiropyrans, and acridinospiropyrans.
Finally, combined derivatives such as xanthonaphthospiropyran and benzoxanthospiropyran
were synthesized. All the previously mentioned derivatives are also acidochromic. Following
Wizinger observation that the thermochromism of benzopyrans came from the introduction of
an auxiliary indolino group to polarize the spiro center, the general characteristic of the
thermochromic and acidochromic molecules were determined i.e. the change of color upon
heating and the formation of salt in acidic medium. Heating triggers the ring-opening thermal
reaction, the pyran parts separated by the spiro center are ionized which opens a radical
dissociation pathway. The C-O bond cleaves, and the molecule takes its merocyanine form with
its zwitterionic and quinoidal resonance forms to stabilize it. Depending on factors such as the
nature of the heterocycle, the substituents on the pyran rings, and the solvent, either one or the
other resonance form is the one that better describes the true structure of the molecule. Most of
the time, it is the ionic form, furthermore, a balanced charge delocalization means a greater

stability of the open form, underlining the importance of selecting the right substituents3*.

The ring-opening tendency is what defines the possibility to have thermochromism, the
different classes of spiropyrans having different propension to ring-opening. It obeys to
different rules; the first one is that the spiropyran molecule must possess at least a

napthospiropyran as pyran moiety unless its heterocyclic ring grants a large enough
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stabilization of the delocalized charge (it is the case for the indolinobenzospiropyrans). The
second one is that the electron releasing capacity of the heterocyclic ring must be high enough,
it can be supported by the stabilization of the phenolate brought by the appropriate substituents
on the pyran rings. The third one regards the planarity of the merocyanine form, dictated by
steric hinderance of the substituents and the presence of an H on the C’3 (intramolecular
stabilization via interaction with the phenol group in the open form). When ring-opening is
energetically favorable and the resonance structures of the open form are accessible i.e.,
sterically unhindered and stabilized (intramolecular interaction): the spiropyran can adopt many
different conformations and isomers. When the merocyanine form is planar, rotations around
some of its bonds lead to thermally accessible states at different energy levels. In particular,
cisoid and transoid isomers located at different energy levels exist. At a given temperature, a
weighted average of all thermally accessible colored isomers is observed. To access all the
iIsomers, one must increase the temperature, in total, there are eight merocyanine conformers
and isomers, Z or E configuration at the a, , and y bonds. Note that some conformations and
rotations suppress photochemical and thermal isomerization. The molecular structure can be
blocked in a configuration using molecular organic frameworks (MOFs) or covalent organic

frameworks (COFs) or a specific solvent34,

The indolinobenzospiropyrans and their derivatives exhibit reversible photochromism.
The first photochromic one is the 1,3,3-trimethylindolinobenzospiropyran whose
photochromism was discovered in 1952 (12 years after its thermochromism) by Fischer and
Hirschberg. They demonstrated the overcoming of thermal barrier separating the closed spiro
form and the open merocyanine form by photoexcitation. The switching induced by two
photons absorption with visible and NIR light was then demonstrated in 1989. The first
observation of photochromism in some of these spiropyrans even where thermochromism is
suppressed was rendered possible by the high enough thermal barrier to reversion to the spiro
form even where thermochromism is prevented. The thermally activated nature of the ring
closure (and subsequent bleaching) required to work at low temperatures to trigger
photoswitching to merocyanine isomers. Later, by taking advantage of the stabilization effects
provided by integrations of certain substituents, the four transoid species involved in the
reversible photoconversion could be directly observed. The photostationary state of spiropyrans
corresponds to a mix of the transoid merocyanine (open, more energetically stable) isomers and

spiro (closed, less energetically stable) isomers that were not converted®*,
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The steps of the photoswitching mechanism, illustrated in Figure A.1.2.1, of spiropyrans
are the following, first, subsequently to the luminous excitation to the S; state, the spiropyran
undergoes a m > w* transition that increases its energy via a spontaneous hybridization change
(it loses its double bond character). Secondly, the cleavage of the Cspiro-O bond in the excited
state 1SP* (S1) occurs. Then, there is either pericyclic recombination with the concurrent ring
opening which yields the ground state CCC-MC that quickly relaxes back to the ring-closed
form, or radiationless deactivation of the CCC-1MC* (or species X) to the ground state,
yielding either the cisoid (thermally unstable) or transoid (thermally stable) isomer of the open
merocyanine form. More specifically, species X, which has a perpendicular orientation
undergoes a “free rotor” effect while it travels along the PES © = w*. This effect twists the
molecule in a strain-relieving way, placing it in a geometry (XXX) favorable for the
radiationless deactivation that occurs once the molecule reaches at the conical intersection.
However, the cleavage of the bond in the excited state lowers the energy before any rotation
can occur (due to the much faster electronic motion, up to 104, than nuclear motion), with
radiationless intersystem crossing to “species X” (with the structure of the CCC, but a
perpendicular orientation). Species X therefore either undergoes recombination (electronic
motion - reformation of the Cspiro-O bond) by pericyclic arrangement followed by deexcitation
to the ground state of the closed-ring form, or rotation around the = = 7* system after traveling
along the PES of the excited state (nuclear motion) to a conical intersection (CI) with the ground
state of the open form where radiationless deactivation occurs. Visible light excitation induces
the photoreversion of the (non-substituted) indolinobenzomerocyanines, as well as
fluorescence. Note that indolinonaphthomerocyanines were the first spiropyrans for which
reversible photoswitching was observed. For both the naphto- and benzospiropyrans it was
demonstrated later, as well as the fact that the photoreversion reaction also occurs via the singlet
excited state manifold. Regarding the quantum yields of both reactions, it can be tuned by
introducing certain substituents. For example, the ring-opening reaction QY of a disubstituted
6,8-dinitroindolinospiropyran, is greater than that of a monosubstituted 6-
nitroindolinospiropyran, which is greater than that of an unsubstituted indolinospiropyrans.
Nevertheless, it is important to note that an increase of the ring-opening QY means a decrease
of the ring-closing QY and vice versa; and that the QY of the ring-closing reaction is usually
higher than that of the ring-opening reaction®,
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Figure A.1.2.1: Switching mechanism (ring-opening reaction) of unsubstituted spiropyran
(singlet state pathway). Adapted from34,

The applications of spiropyran-based polymers for the photocontrol of fluorescence,
polymer solubility, volume phase transitions in thermoresponsive polymers, transport through
polymeric systems, mechanical properties procurement, and metal ion complexation, but also
the applications of spiropyran-functionalized surfaces for the photocontrol of surface
wettability, transport through porous media, binding to surfaces, and electrochemical properties

were reviewed by Klajn3®.

The photoswitching of spiropyrans in the solid state is challenging, like other
photochromes they undergo quenching. It was demonstrated to be quite restricted in
monolayers, thin films, and microstructures and required the use of an additional stimulus (pH
or temperature change). Photoswitching of closely packed spiropyrans, in thick layers or
crystals, is rendered more complicated, particularly the ring-opening which requires
considerable geometrical change (elongation and planarization) and charge modification
(densely packed non-solvated zwitterionic charges) in a very constrained environment.
Switching in the solid state was however made possible by methods that preserved a space large
enough around the molecules avoiding their excessive packing. One strategy is to control their
packing by inducing columnar (n-m) stacking; another one is to place them in nanocavities
(nanocages, MOFs, and COFs) whose size can be adjusted which allows to control the

switching kinetics and to retrieve switching rates close to the ones obtained in solution*.
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Chapter 2

Figure A.2.1: On the left, ammonia (colorless solution in the round-bottom flask) and
deprotected C5HT-di-PSH solution (yellowish solution in the two-necks round bottom flask)
after deprotection with No/ammonia flow. On the right, CI-C5HT-PSH solution deprotected
by introducing a few drops of ammonia directly in the vial.

! - P H

Figure A.2.2: Setup used for the deprotection of diarylethene solutions with an N2/NH3 flow
(yellow square) and for the grafting of DAE molecules on AuNPs deposited on ITO according
to grafting protocol 1 (red square).
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Figure A.2.3: On the first image, a pristine ITO substrate (transparent, used as a reference)
and sample ADITOG69 (reddish) after AuNPs deposition and DAE grafting following grafting
protocol 1. On the second image, the first line of transparent cut ITO substrates (T1, T2 and
T3) used as reference; the second line of cut ITO substrates are samples ADITOC,D,1,G and
H (reddish) after AUNP deposition and DAE grafting following grafting protocol 2.

Figure A.2.4: Custom sample-holder (left), custom sample-holder with a cut ITO substrate in
it (middle) and custom sample-holder with a cut ITO substrate in it inside the quartz QS
cuvette from Hellma (right).
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Figure A.2.5: Light flux stability tests, on/off switching of the UV LED (on the left) and
visible LED (on the right).
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Figure A.2.6: LED power measurements setup for the irradiation LEDs setup in Konstanz

university (left) and for the irradiation LEDs setup at INSP (right).

Table A2.1: Fit range for the samples of Table 2.3 and Table 2.4 for which the spectra were

recorded with the Jasco V-750.

Sample | Fit range (nm)
ADITO46 515 - 538
ADITO47 513 - 528
ADITO48 502 - 540
ADITO49 509 - 528
ADITO55 516 - 523
ADITO56 512 - 520
ADITO60 509 - 525
ADITO61 510 - 528
ADITO64 528 - 587
ADITO69 516 - 540
ADITOVI 538 - 565
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Table A2.2: Results of the fits (with a Gaussian between 511.7 and 573.1 nm, with Igor Pro)
of the LSPR peak of the AuNPs from the zone of interest C of sample ADITOR for the two
measurement sessions.

AUNP Measure 1 Measure 2 AXliser (NM) | AAbsorbance
ne at ALpsr
ALser (Nm) | Absorbance | Aiser (nmM) | Absorbance

1 532,72 0,082778 537,31 0,094382 4,59 0,011604
2 533,06 0,043106 539,89 0,054767 6,83 0,011661
5 534,7 0,066589 541,54 0,067125 6,84 0,000536
6 531,57 0,062828 534,43 0,071073 2,86 0,008245
7 535,08 0,077003 537,1 0,084843 2,02 0,00784

8 531,7 0,066581 535,97 0,06849 4,27 0,001909
9 530,3 0,077216 536,92 0,071542 6,62 -0,005674
10 536,69 0,082631 542,92 0,090321 6,23 0,00769

11 532,21 0,08787 543,63 0,065975 11,42 -0,021895
12 531,85 0,098085 538,79 0,076088 6,94 -0,021997
13 535,11 0,080439 540,92 0,058165 5,81 -0,022274
14 533,41 0,097704 533,5 0,101388 0,09 0,003684
15 532,59 0,056304 536,23 0,062623 3,64 0,006319
16 539,35 0,10622 543,58 0,13884 4,23 0,03262

17 533,32 0,078794 535,75 0,1041 2,43 0,025306
18 528,19 0,080238 530,52 0,094867 2,33 0,014629
19 535,59 0,067132 537,24 0,111794 1,65 0,044662
20 530,68 0,085552 532,69 0,110076 2,01 0,024524
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Table A2.3: Uncertainty on the fits (with a Gaussian between 511.7 and 573.1 nm, with Igor
Pro) of the LSPR peak of the AuNPs from the zone of interest C of sample ADITOR for the
two measurement sessions.

AUNP Measure 1 Measure 2 AuAiispr | AuAAbsorbance
n° (nm) at ALpsr
Aulispr | AuAbsorbance | Auliser | AuAbsorbance
(hm) (hm)
1 0,0818 0,001589 0,076 0,00381 0,1578 0,005399
2 0,176 0,00198 0,0712 0,00496 0,2472 0,00694
5 0,0962 0,00405 0,0675 0,00397 0,1637 0,00802
6 0,0797 0,001427 0,0812 0,00147 0,1609 0,002897
7 0,0796 0,001784 0,0759 0,001382 0,1555 0,003166
8 0,105 0,00269 0,0577 0,001487 0,1627 0,004177
9 0,09 0,001998 0,0721 0,0021 0,1621 0,004098
10 0,071 0,00207 0,072 0,00876 0,143 0,01083
11 0,0886 0,001545 0,15 0,0115 0,2386 0,013045
12 0,0801 0,00233 0,117 0,00256 0,1971 0,00489
13 0,0623 0,00278 0,0733 0,00313 0,1356 0,00591
14 0,0518 0,00218 0,0771 0,001729 0,1289 0,003909
15 0,117 0,00353 0,148 0,00173 0,265 0,00526
16 0,0677 0,00608 0,0848 0,251 0,1525 0,25708
17 0,0648 0,00252 0,056 0,00212 0,1208 0,00464
18 0,0983 0,001602 0,0717 0,001206 0,17 0,002808
19 0,105 0,004 0,0359 0,001898 0,1409 0,005898
20 0,0906 0,00162 0,0612 0,001351 0,1518 0,002971
Chapter 3

FTIR spectroscopy experiment. The FTIR spectroscopy measurements were
performed by O. Pluchery. The FTIR spectra were recorded with a Bruker Tensor 27
spectrometer in Transmission geometry with a 70° incidence angle. A reference spectrum was
recorded with a cleaned pristine silicon substrate, the exact position of this substrate in the
sample holder defines the one that will be used for the recording of the samples’ spectra. The
FTIR spectra were recorded with 4 cm™ spectra resolution and a number of accumulation of
500 interferograms?%2%6207 Each spectrum was recorded three time successively in order to
leave enough time for the nitrogen purge to remove as much water vapor from the sample
compartment. Regarding the data treatment, both the rotational and vibrational contributions of
the water vapor were removed by signal processing (using Igor Pro) to a contribution of less

than 1 x 10 absorbance unit. Consequently, any feature presenting an absorbance superior to
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1 x 10 is considered as significant i.e., corresponds to the vibration of a molecular species
present on the substrate.

The FTIR measurements were performed to confirm the presence of the molecules on
the gold nanoparticles substrates after surface saturation was reached. Two samples were
prepared using a 18 nm AuNPs solution at 1.22x10” mol/L"!. The first sample was prepared
with the as-synthesized citrate-decorated AuNPs solution and the second sample with AuNPs
functionalized with MUDA. For this latter sample, 0.75 mL of MUDA solution was added to
1 mL AuNPs solution so that the final concentration of the solution in MUDA was 2 uM. The
mixture reacted for 15 minutes under stirring. Both AuNPs solutions were centrifugated (to
remove the molecules that did not react) for 30 min at 6000 rpm and recompleted with water or
a mixture of 50 vol.% ethanol in water after removal of the supernatant respectively for citrate-
decorated AuNPs and MUDA-functionalized AuNPs. These solutions were then drop-casted
on silicon substrates. Float-zone (FZ) silicon substrates were used, they were chosen for the
ultralow amount of inserted oxygen they contain and because they give access to the silicon
oxide spectral region (1000 — 1400 cm™) allowing us to monitor the surface chemistry of the
AuNPs deposited on silicon oxide. In these conditions the symmetric and asymmetric carbonyl
vibrations of the carboxylate can be detected confirming the presence of MUDA on

functionalized nanoparticles.

Saturation experiment with dodecanthiol (DDT). A slightly different version of the
saturation experiments was conducted with DDT. An 18 nm AuNPs solution at 1.22 x 10° M
has been used, successive additions of the same 187.5 puL volume of various DDT solutions at
concentrations indicated in Table A.3.1 in a mixture of ethanol/water (proportions also

indicated in Table A.3.1). The result of this additional experiment are shown in Figure A.3.1.
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Figure A.3.1: UV-visible spectra of 18 nm spherical gold nanoparticles in solution on which
DDT is progressively adsorbed (left). The resulting LSPR wavelength shift is 15.6 nm. The
experiment was carried out under stirring, explaining the oscillations present on the spectra

due to shocks of the stirring bar on the cuvette. Evolution of the LSPR peak wavelength as a
function of the added amount of DDT (right). The dotted line is a guide for the eye.

Table A.3.1: Saturation experiments parameters (concentration of the added aliquot, amount
of thiol added to the reacting solution, thiol concentration in the reacting solution, volume of

measured LSPR peak wavelengths for DDT.

# [Thiol] Ntiol | Vsolution [Thiol] Vol % Solvent ALsPR
(LM) (nmol) | (pL) (UM) of EtOH | refractive (nm)
in the added | added in the in the index measured
aliguot solution solvent for DDT
0 0 0 1000 0 0 1.333 522.70
1 0.367 0.069 | 1188 0.058 16 1.344 523.58
2 1.97 0.44 1376 0.32 27 1.352 524.07
3 3.33 1.06 1564 0.68 36 1.357 527.10
4 4.33 1.87 1752 1.07 43 1.359 540.64
5 341 2.51 1940 1.3 48 1.361 548.84
6 3.92 3.25 2128 1.53 53 1.362 552.15
7 31 9.06 2316 3.92 57 1.363 555.01
8 58.3 20.0 2504 8 60 1.364 557.54

the reacting solution, volume percentage of the solvent, refractive index of the solvent) and
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Chapter 5
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Figure A.5.1: UV-visible spectra corresponding to the control switching measurements on
ADITOS55 (reference samples with 28 nm AuNPs deposited on ITO).
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Figure A.5.2: UV-visible spectra corresponding to the control switching measurements on
ADITO56 (reference samples with 35 nm AuNPs deposited on ITO).
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Figure A.5.3: AFM images of sample ADITO46 showing the crystallized molecules on and
around the gold nanoparticles but not on the ITO surface (right image).
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Figure A.5.4: UV-visible spectra corresponding to the switching measurements on ADITOA48.
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Figure A.5.5: Evolution of the LSPR peak absorbance (left) and wavelength (right) of
ADITOA48 as a function of time upon irradiation. The dotted line is a guide for the eyes.
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Figure A.5.6: UV-visible spectra corresponding to the switching measurements on ADITOVI.
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Figure A.5.7: Evolution of the LSPR peak absorbance (left) and wavelength (right) of
ADITOVI as a function of time upon irradiation. The dotted line is a guide for the eyes.

Table A.5.1 : Values of the switching ratios (Vis/UV above, UV/Vis in parenthesis below)
calculated for the two cycles the measurements made on ADITOC.

ADITOVI | Atuv Atvis | SR(UV/Vis) | SR(Vis/UV)
(min) | (min)
Cycle 1 24 30 0.037 26.7
Cycle 2 37 33 0.052 19.1
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Figure A.5.8: Grafting of C5HT-di-PSH on 25 nm gold nanoparticles deposited on ITO.
Deposition carried out in a DAE solution prepared with non-degassed DMF for sample
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Figure A.5.9: Grafting of C5HT-di-PSH on 25 nm gold nanoparticles deposited on ITO.

Deposition carried out in a DAE solution prepared with non-degassed DMF for sample
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Calculation of the uncertainty on the values of the switching ratios
Let us first remind the expression of the switching ratio:

photons(ViSible) _ AtVis X (Dphotons_Vis

n
SR(Vis/UV) = =
nphotons(UV) AtUV X q)photons_UV

The uncertainty on the switching ratio thus depends on the uncertainty on the number
of photons and is expressed as:

ASR = SR J <Anpnomns(UV))2 N <Anphomns(Visible)>2

nphOtonS(UV) nphotons(ViSible)
The number of photons is calculated using the following expression:

nphotons = d)photons x At

And the uncertainty on the number of photons is expressed as:

AD porons o (AAE\? AP\ (AAR\?
nphotons nphotons\/( (pphotons At n P At

AP is the uncertainty on the power of the LED and is given by the manufacturer. It
corresponds to a 5% uncertainty on the value of the power P for UV photons and to a 3%

uncertainty on the value of P for visible photons.
At was estimated to be 1 s.

According to the calculations made with this formula (see the examples below), all SR

values are given with a 6% uncertainty.
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Numerical application for Cycle 1 of ADITOG64, using the parameters given in Table
5.1 and Table 5.2:

2

APy N\ [AAtyN\? 1
An (UV) =n ( ) + ( ) =7.73 x 107 [(0.05)2 + (—) =3.87 x 1016
photons \/ Pyy Atyy 2040

2

. . APViS 2 AAtVL’S 2 1
Anyporons(Visible) = n\/( B > + < Tty > = 243 x 10 |(0.03)2 + (m> =7.29 x 10%7

SR = 314 3.87 x 1016\ . 7.29 x 107\ L83
ot I\7.73 x 1017 243 %x1019)

Numerical application for Cycle 1 of ADITOI, using the parameters given in Table 5.3
and Table 5.4:

2

APyN\?  (AAtyN\2 1
An wv)=n ( ) + ( ) =5.98 x 107 [(0.05)2 + (—) =299 x 1016
photons \/ Pyy Atyy 2040

2

- APyis\* | (Adtyis\® 1
Ayporons(Visible) = n\/( P ) + < It ) = 8.49 x 108 (0.03)2 + <m> = 2.55 x 1017

Ask = 164 [(F2OX10Y (285 x 10NE
=101 \5ogx107) *\gaox10) = ¥
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Chapter 6
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Figure A.6.1: AFM images of AuNPs 1 to 7 from the zone of interest of ADITOS80.
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Figure A.6.2: UV-visible spectrum of the AuNPs that do not possess a 28 nm neighbor before
(Measure 1) and after (Measure 2) the drop casting of 28 nm satellite AUNPs took place.
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Figure A.6.3: UV-visible spectra of the AUNPs possessing a 28 nm neighbor before and after
the drop casting of 28 nm satellite AUNPs took place.
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Figure A.6.4: UV-visible spectra corresponding to the switching measurements on AuNP 13
(left). Evolution of the scattering intensity at ALspr upon irradiation as a function of time.
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List of Figures

Figure 1.1: Example of a typical and widely studied diarylethene: 1,2-bis(2,5-dimethyl-3-

thienyl)perfluorocyclopentene. Adapted from?5. ............ccooveiiiecieiee e, 12
Figure 1.2: Example of the absorption spectrum of a typical diarylethene (1,2-bis(2,5-
dimethyl-3-thienyl)perfluorocyclopentene). Adapted from?®. ............ccooevvevveieeeieeeeeee 13

Figure 1.3: Structure and photoisomerization of an azobenzene. The distance between the
carbon atoms in position 4 goes from 9 A to 5.5 A upon isomerization from the flat E form
with no dipolar moment to the Z form with an angular geometry and a 3.0 D dipolar moment.

N Y01 (Yo IR o) 11 TP 14
Figure 1.4: Typical photochromic indolinobenzospiran in its spiro (SP) form on the left and
its merocyanine (MC) form on the right. ... 15

Figure 1.5: (a) Synthesis of a [2]catenane obtained by a double cyclization following Grubbs
ring-closing methodology of an entwined compound with a copper(l) center formed from a
1,10-phenanthroline derivative. (b) A degenerate donor-acceptor [2]rotaxane or "molecular
shuttle”. The CBPQT** ring moves back and forth (1000 times a second in acetone at room
temperature) along the axle in between its two terminal hydroguinone recognition sites. (Top)
The first switchable donor—acceptor [2]rotaxane whose switching is triggered by drop of acid
that protonates the benzidine recognition unit where the presence of the CBPQT*" ring is
favorized. Upon the protonation, the presence of the ring becomes more favored on the
biphenol unit to which it migrates. Back-switching is triggered by an addition of base
(Bottom). (c) Chemical structure and steps occurring during the rotation of a first-generation
biaryl-based 4-step unidirectional molecular rotary motor (Top left). Schematic representation
of the four steps composing its 360° rotation (Top right). Molecular models and structure and
STM image of a four-wheel molecular nano-car based on rotary motors (Middle). Chemical
structure of the third-generation symmetric molecular motor used for the nano-car (Bottom).

Adapted from3Ba08283 e 17
Figure 1.6: Chemical structure of the two isomers hexatriene (HT) and cyclohexadiene
(CHD). Adapted FromM®...........coieieeeceece et 18

Figure 1.7: On the left, scheme of the known switching mechanism of diarylethene. The
energies for the So(1A) (orange, bottom) and S1(2A) (green, top) electronic states are
represented in the space of two nuclear coordinates: (1) reaction coordinate: the internuclear
C-C distance connecting CHD and HT isomers and (2) branching space coordinate: a linear
combination of the gradient difference vector (GDV) and the derivative coupling vector
(DCV) at the conical intersection (Conlnt1). On the right, two-dimensional simplification of
the PESs describing the reaction paths for the ring-closing and ring-opening reactions of the
diarylethene. The letters “c” and “0” in parenthesis respectively stand for “closed” form and
“open” form. Adapted from?. ... ......c..oiiiieee s 20
Figure 1.8: On the left, scheme of the fatigue mechanism leading to the formation of the by-
product of diarylethenes. The energies for the So(1A) (orange, bottom) and S1(2A) (green,
top) electronic states are represented in the space of two nuclear coordinates: (1) reaction
coordinate: the internuclear C-C distance connecting CHD and HT isomers and (2) initial
fatigue coordinate: the internuclear C-CH> distance. In the middle, scheme of the fatigue
mechanism after the vertical excitation of the system in the FC region. On the right, structure
of the by-product. Adapted fromM® . ..........oiiiieeeeeeee e 29
Figure 1.9: (a) Structure of the diarylethene and of perfluoronaphtalene used to make the
cocrystal implemented as a molecular crystal cantilever (top). Bending (photomechanical
work) of the 0.17 mg molecular crystal cantilever (made of the cocrystal represented above)
lifting a 46.77 mg lead ball. The direction of the UV light irradiation is indicated by the blue
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arrow (bottom). (b) Structures of the diarylethene molecules used to make the rod-shaped
cocrystal implement as an actuator (top). Bending (photomechanical deformation) of the
actuator triggering the rotation of the gears of a wheel (bottom). Adapted from?528, ... 31
Figure 1.10: (a) Scheme of the working principle of a S-R latch made of two cross-coupled
NOR gates circuit, with Q the complement of Q. (b) Structure of both isomers of a
diarylethene compound usable as a S-R latch and how to switch between them. (c) Truth table
of the schematized S-R latch, with Q the current memorized (Qcurrent) State and the following
state (Qnext), Which is the actual response triggered by the input. (d) Scheme of the logic
function of a S-R latch, the number between parenthesis corresponds to the entry of the truth
table. AdAPLed FrOMPL. ... ...ttt 34
Figure 1.11: Structure of the all-closed isomer FGc-DTEc of their multifunctional
photochromic logic molecular system (left) Network formed by all the isomers and the stimuli
allowing to switch between them (bottom). The diarylethene unit is represented in red while
the fulgimide units are represented in blue. Adapted from?’. .........cccovvviveeeececeeeeee e, 35
Figure 1.12: Scheme of a gold nanoparticles-diarylethene network. The gold nanoparticles are
bridged by the dithiolated diarylethenes: a photocontrolled network of interdigitated gold
nanoparticles used as electrodes is obtained, it commands the conductance between the two
large gold electrodes. Adapted from?8:83, . ... ...coiiiieeee e 36
Figure 1.13: (a) Scheme of a SAM containing a dodecanthiol matrix with individual
diarylethene integrations scanned by STM in constant current mode (top). Chemical structure
of the closed isomer of the asymmetric diarylethene corresponding to its conductive “on”
state (left) and of its open isomer corresponding to its insulating “off” state (bottom). (b)
Sequence of cropped STM images (of a 100 nm? zone) showing the photoinduced switching
between the more conductive “on” state of the DAE appearing as bright protrusion with a
higher apparent height and the insulting “off” state of the diarylethene for which the
protrusion disappears after 13 minutes of visible light irradiation (top). Evolution of the
apparent height as a function of the irradiation time (bottom). (c) I-V characteristics and dl/dV
curves recorded simultaneously at 77K using the lock in technique (the bias voltage V is
applied to the tip and the sample is grounded). Top left: 1-V curves of As-DE (average of 160
traces obtained at four different locations). Top right: dI/dV curves of As-DE. Bottom left: I-
V curves of DT (average of 1500 traces obtained at five different points and averaged to give
the resulting curve. Bottom right: dI/dV curves of DT. Adapted from?%:64.............ccccovevnee. 37
Figure 1.14: Schematic illustration of the localized surface plasmon resonance (LSPR) in
metallic nanospheres. The induced (by the incident electric field) polarization p is indicated
by the white arrows. In response to the incident electric field, the electrons from the metal
collectively oscillate, hence the description of the NPs as oscillating dipoles. Adapted from®.
.................................................................................................................................................. 38
Figure 1.15: Scheme of the two decay channels of a photoexcited plasmonic gold
nanoparticle. Subsequently to its excitation by the incident electric field, the LSPR decays
both radiatively by re-emitting photons (top) and non-radiatively by generating hot carrier
which triggers lattice heating via electron-phonon coupling (bottom). Teiectron, Tiattice, aNd Troom
are the temperature of the electron system, the lattice, and the environment, respectively.
REPIINIEU FIOMI 2 ...ttt 39
Figure 1.16: Schematics of a metallic nanosphere with the coordinates required to express the
external electric field using the electrostatic model (left). Plasmonic nanoparticle described as
an oscillating dipole (the electrons of its LSPR oscillate as a whole) because the wavelength

of the excitation wave is much larger than its radius (A >> R) (right). Adapted from™. ......... 40
Figure 1.17: Calculated spectra of 28 nm AuNPs showing respectively their absorption,
extinction, and scattering efficiencies. Q = o/nR2. Calculated with™. ...........cccoovevevivecrernrnnn. 42
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Figure 1.18: (a) lllustration of the electromagnetic coupling between a 10 nm silver NP and an
Al>O3 substrate in which charge images are induced, in function of the distance between
them. (b) Induced local field for an applied field normal (left) and parallel (right) to the
interface. (c) Extinction efficiency of the AgNP according to the distance from the substrate d
for an external field normal (left) and parallel (right) to the substrate. The influence of the
distance on the extinction efficiency is much stronger when the field is normal than when the
field is parallel. Adapted from™...........cccoiiicee e, 43
Figure 1.19: (a) Oscillating dipole (at the origin) and its radiated electric field at point M
located at a distance r from the center of the dipole. Logarithmic plot of the amplitude of the
electric field as a function of the distance from the center, along the x axis showing the two
radiation zones of the dipole: the near field with a decay in 1kr3 and the far field with a
decay in 1kr. REPIINIEA FIOM 7. ........oieeeiceeeeeee ettt 45
Figure 1.20: Electromagnetic field radiated by a gold nanoparticle illuminated at its plasmon
resonance ALspr = 520 nm in water corresponding to a near-field enhancement of a factor 20
in the vicinity of the AUNP. Reprinted from”7. ...........cccccooiiiiieiiceeee s 46
Figure 1.21: Illlustration of the concept of plasmonic nanoantenna through the example of a
400 x 100 x 50 nm? silver nanorod. Mapping of the calculated near-field for three plasmonic
modes (n= 1, ALspr = 1375 nm; n =2, A spr = 770 nm; n = 3, Arspr = 630 nm), blue and red
correspond to an enhancement factor of respectively 0.1 and 100. The nanorod is on a glass
substrate and illuminated from the top by a plane wave tilted 20° with respect to the vertical
direction and polarized along its long axis. Reprinted from™..............cccccovvveiiiceiiicrcreinennnne, 48
Figure 1.22: (a) Scheme illustrating the SERS detection of the reduction of 4-NTP to 4-ATP
by hot-electrons generated at the tip of the Ag antenna, in the presence of 0.1M HCI, and
under illumination at A = 633 nm and 1mW (left). Time-dependent Raman spectra showing
the conversion of 4-NTP (blue peak) to 4-ATP (green peaks) (right). (b) Hlustration
representing the mechanism of H. dissociation by plasmon-induced hot electrons generated at
the surface of the AuNPs. (c) Oz dissociation by plasmon-induced hot electrons. Top left:
density of states of O, adsorbed on an Ag (100) surface calculated by DFT, the dashed line
materializing the Fermi level of Ag, the blue curve the bonding orbitals of Oz, and the red line
the antibonding orbitals of Oz. Top right: PES of Oz and O2 on Ag(100). An energy transfer
occurs from the hot electrons to the O» (activating the molecules) vibrational mode after they
get transferred back to Ag. Bottom left: scheme of Oz dissociation triggered by vibrationally
excited states. Bottom right: aerobic oxidation of p-ATP mediated by hot-electrons acting on
the antibonding orbital of the O> molecule, producing the long-lived O that oxidizes p-ATP.
Adapted fromB3 8088 e 50
Figure 1.23: (a) Diarylethene molecules in their “on” state (red) and open, “off” state (blue).
Schemes of 2D networks: of gold nanoparticles protected by octanethiols (left side of the
arrow) and connected by diarylethene molecules in their “on” state (right side of the arrow).
Scheme of the setup used to measure light-induced (Hg lamp) conductance switching or
optical switching (low-intensity white light source). Absorption spectra of the 2D AuNPs
network before (solid, black line) and after (red, dash-dotted line) insertion of the diarylethene
molecules to bridge the AuNPs, which made the LSPR peak shift, and the conductance
increase of a factor of 18. (b) Conductance and molecular switching. They kept the sample in
the dark until t = 0. They made the experiment in an argon flow cell at room temperature. The
sample undergoes an alternance of illumination with either visible (green) or UV (pink) light
and period in the dark, after which an optical spectrum is recorded and the conductance at that
time tis indicated by a red dot. The evolution of G versus the time is plotted in the upper
graph, while that of A_spr Versus the time is plotted in the lower graph. Visible light
illumination makes G and ALspr increase, while UV light illumination makes them decrease.
Inset: First three optical spectra: black, solid line, spectrum at t = 0; blue, dash-dotted line,
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after first visible illumination, ALspr decreased; red, dashed line, after first UV illumination,
ALspr increased, closer to its initial value. The optical spectra demonstrate the molecular
switching, DAEs in their “off” state having a lower permittivity than DAEs in their “on” state.
Conductance switching cycles. The conductance G is plotted versus illumination time t for a
sample with all its DAE bridges in the ON state. In the dark, before the beginning of the
measurements (at t < 0) the sample conductance is constant. Att = 0, visible light illumination
starts, G immediately decreases, upon UV irradiation (at t = 245 s), G increases again. Eight
switching cycles consisting in 245 s of visible light irradiation followed by 125 s of UV light
irradiation were performed. For 2095 < t < 2650 s the sample was left in the dark. The
experiment was done in an argon flow cell at room temperature. To determine G, they
recorded I-V curves, with -10 <V < 10 V, so that for each molecular junction the bias was at
most ~10 mV (linear regime). Note that in real time, this experiment lasted over 5 h. Adapted
1100] 01 SO TT TR 52
Figure 1.24: Scheme of the structure of their Au-poly(DE) systems. Reprinted from®°Z, ....... 53
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Figure 1.26: Typical plasmonic modes hybridization diagram for a dimer of spherical
nanoparticles. Adapted fromIL. .. ... 56

Figure 1.27 : Plasmon coupling in dimers of spherical nanoparticles separated with small
gaps. (a) Constructive dipolar coupling in spherical AgNPs with light polarized along the
dimer axis. (b) Destructive interference between the dipoles of spherical AgNPs with light
polarized perpendicularly to the dimer axis. (c) Electric field intensity of 10 nm spherical
AgNPs separated by a 5 nm gap interfering constructively. The scale bar is 10 nm. (d) Electric
field intensity of 10 nm spherical AgNPs separated by a 5 nm gap interfering destructively.
The scale bar is 10 nm. (e) Extinction efficiency of a dimer of 10 nm spherical AgNPs with
gaps of 50 (darkest trace), 40, 30, 20, 10, 5, 4, 3, 2, and 1 (lightest trace) nm, and with light
polarized along the dimer axis. (f) Same as (e) but for light polarized perpendicularly to the
dimer axis. Reprinted fromB8. ..o 59
Figure 1.28: (a) Experimental representative dark field scattering spectra of individual hybrid
dimers (50 nm AuNS - 50 nm AuNP) of each class. The three classes were defined according
to the position of the LBDP mode on the scattering spectra. The point-contact class, in blue,
comprising the dimers for which the LBDP is located at 707.7 + 3.1 nm; the edge-contact
class, in green, comprising the dimers for which the LBDP is located at 726.9 + 5.6 nm; the
face-contact class, in red, comprising the dimers for which the LBDP is located 771.5 + 13.2
nm. (b) Simulated spectra by the FDTD method of ideal and hybrid dimers and their
corresponding plasmon hybridization diagram. The results for the ideal dimers are in black,
those for the hybrid dimers are respectively in blue (point contact), green (edge contact), and
red (face contact). (c) Scheme of the three hybrid dimers configurations: point contact (blue),
edge contact (green), face contact (red). Adapted from%. ..o, 60
Figure 1.29: (a) Simulated plasmon shift vs the center-to-center distance in an Au disc dimer
for different disc diameters and their least-squares fits to single-exponential decay function 'y
=yo + a. e The decay lengths | extracted from the fit are respectively 13.7, 15.5, and 17.7
nm for nanodisc of respective diameter D = 54, 68, and 86 nm. b) Simulated fractional
plasmon shift vs the ratio of interparticle gap to nanodisc diameter for discs with various
diameters which all follow the same trend and were all fitted by a single-exponential decays
(solid curves) of equationy =a . e**witha=0.14 + 0.01 and T = 0.23 = 0.03. (c)
Experimental fractional plasmon shift measured for an 88 nm diameter disc in function of the
ratio of gap to diameter and its exponential fit (solid curve) witha =0.10 £ 0.01 and t=0.18
+0.02. AdAPLEA FrOMO7 ..ot e 62
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Figure 2.1: Structure of the opened and closed forms of the molecules C5HT-di-PSAc (above)
aNd CI-CE5HT-PSAC (DEIOW). . .eeiieieiiece ettt ste e nne e 65
Figure 2.2: Solution of C5HT-di-PSAc at 1.25 x 10> M in DMF before any irradiation so with
most of the molecules are in the open state (colorless solution on the left) and after UV

irradiation with most of the molecules in the closed sate (purple solution on the right). ........ 65
Figure 2.3: Synthesis of bis(chlorothienyl)cyclopentene (parent DAE). i) glutaryl dichloride,
AlCl3, CSz, 98%; ii) Zn, TiCls(THF)3, THF, 50%. Adapted from 24, ..o, 67

Figure 2.4: Synthesis of C5SHT-di-PSAc. a) nBuLi, THF, 298 K; b) B(OBu)3, THF, 298 K; c)
ArBr, [Pd(PPhs)4], 2M aqueous Na2COs, ethylene glycol, THF, reflux. Adapted from °. ... 68
Figure 2.5: UV-visible spectrum, TEM image and photo of the red solution obtained for 28

nm AUNPs (YPOP49B) and 50 Nnm AUNPS (YPOPSTE). .....ccccoeiiiiiiienieece e 72
Figure 2.6: Scheme of the main components of a single-beam UV-visible spectrophotometer
SIMIIAr t0 the JASCO V-750. ....ccueiiiiiieiieiieeie ettt sttt sre e sbe e sreenne e 82
Figure 2.7: Noise and stability over time test (test n°1), UV-visible spectra recorded every
hour without putting anything inside the spectrophotometer...........cccoccovveveiiencenne e 84
Figure 2.8: Signal to noise ratio test (test n°2) 3 spectra of an ITO substrate with 28 nm gold
nanoparticles deposited on it recorded IN @ FOW. .........oceiuiiiiiiiiieieeee e 84

Figure 2.9: Influence of recording the baseline with different pristine ITO substrate test (test
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Figure 2.10: Stability in time of the wavelength and absorbance values of the plasmon peak
test (test n°4). LSPR peak wavelength and absorbance values of 9 UV-visible spectra of an
ITO substrate with 28 nm gold nanoparticles deposited on it recorded every 15 minutes. ..... 86
Figure 2.11: Influence of the repositioning of the sample holder test (test n°5). Spectra
recorded before and after lifting and putting back the sample holder (with the ITO/AuNPs
substrate in it) IN the CUVELLE. .......cviiieie et re e 87
Figure 2.12: Emission spectra Of the LEDS. ..ot 91
Figure 2.13: Setup for a sample directly put inside the sample holder for substrates from Jasco
(“substrate version”). The sample holder, UV LED and visible LED are respectively indicated
by a red arrow, a purple arrow, and @ gre€n arrOW. ..........coveveieerueerieseesieesieeeese e see e esne e 92
Figure 2.14: Setup for a sample inside the quartz cuvette (“cuvette version). The cuvette, UV
LED and visible LED are respectively indicated by a red arrow, a purple arrow, and a green

Figure 2.15: Setup used in Konstanz university for the irradiation (LEDs, on the left) and
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Figure 2.16: Power measurements for DOth LEDS. ..........ccocoviiiiiiiiiiien e 95
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Figure 3.1: Chemical structure and abbreviation of the thiol molecules used for this study: 11-
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Figure 3.2: UV-visible spectra of 22 nm spherical gold nanoparticles in solution on which
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Dileseigres Angeline - These de doctorat - 2023

Diarylethenes used as molecular switches for the connection of gold nanoparticles
Abstract:

Diarylethene molecules used as molecular switches are envisioned as components of molecular
electronic devices. These photochromic molecules exhibit high thermal stability, resistance to fatigue,
and switching efficiency. Nevertheless, the switching of most diarylethenes (DAES) is asymmetric: their
photocycloreversion reaction possessing a much lower quantum yield than that of their photocyclization
reaction. A strategy to solve that asymmetric switching issue was tested, it consisted in connecting the
diarylethene molecules to gold nanoparticles (AuNPs). Indeed, gold nanoparticles exhibit both a
localized surface plasmon resonance (LSPR), very useful for the monitoring of the adsorption of the
DAEs at the surface of the AuNPs, and a plasmonic nanoantenna effect. This nanoantenna effect,
generating a large enhancement of the electromagnetic field in the close vicinity of the nanoparticle,
was expected to increase the efficiency of the photocycloreversion reaction (its quantum yield), leading
to a more symmetric switching.

The switching of the dithienylethene (DTE) molecules was first characterized for the molecules alone
in solution. Then, the functionalization of 28 nm gold nanoparticles deposited on ITO by the DTE
molecules was monitored in situ by UV-visible spectroscopy. Switching measurement on the samples
ITO/AUNPs/DTE were performed by UV-visible spectroscopy combined with an irradiation setup. It
resulted that for the diarylethene molecules chosen for this study connected to 28 nm AuNPs, although
the switching capacity was preserved upon grafting on the AuNPs, the quenching was largely dominant.
As a consequence, a slowing of the photo-induced reactions was caused and not an acceleration.

Gold nanoparticles were also studied at the single nanoparticle scale by AFM and dark field microscopy
coupled to UV-visible spectroscopy. On the one hand, the functionalization of individual 51 nm gold
nanoparticles was monitored by dark field microscopy coupled to UV-visible spectroscopy. Switching
measurements were then conducted on the diarylethenes molecules beard by single AuNPs, revealing
that this switching was comparable to the one previously measured on a more global scale. On the other
hand, asymmetric plasmonic dimers made of a 51 nm AuNP and a 28 nm AuNP were prepared and
characterized.

Keywords: gold nanoparticles, diarylethenes, molecular switches, plasmonic nanoantenna.
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Diaryléthenes utilisés comme interrupteurs moléculaires pour la connexion de
nanoparticules d’or
Résumé :

Les molécules de diaryléthene utilisées comme interrupteurs moléculaires sont envisagées comme
composants de dispositifs électroniques moléculaires. Ces molécules photochromiques présentent une
stabilité thermique, une résistance a la fatigue et une efficacité de commutation élevées. Néanmoins, la
commutation de la plupart des diaryléthenes (DAES) est asymétriqgue : leur réaction de
photocycloréversion posséde un rendement quantique bien inférieur a celui de leur réaction de
photocyclisation. Une stratégie pour résoudre ce probléme de commutation asymétrique a été testée, elle
consistait a connecter les molécules de diaryléthéne a des nanoparticules d'or (AuNPs). En effet, les
nanoparticules d'or présentent a la fois une résonance plasmonique de surface localisée (LSPR), trés
utile pour le suivi de l'adsorption des DAEs a la surface des AuNPs, et un effet de nanoantenne
plasmonique. Cet effet de nanoantenne, générant une importante amplification du champ
électromagnétique au voisinage immédiat de la nanoparticule, devait augmenter l'efficacité de la
réaction de photocycloréversion (son rendement quantique), conduisant a une commutation plus
symétrique.

La commutation des molécules de dithiényléthéne (DTE) a d'abord été caractérisée pour les molécules
seules en solution. Ensuite, la fonctionnalisation de nanoparticules d'or de 28 nm déposées sur 1TO par
les molécules de DTE a été suivie in situ par spectroscopie UV-visible. Les mesures de commutation
sur les échantillons ITO/AuNPs/DTE ont été réalisées par spectroscopie UV-visible combinée a un
dispositif d'irradiation. 1l en est résulté que pour les molécules de diaryléthéne choisies pour cette étude
connectées a des AUNPs de 28 nm, bien que la capacité de commutation ait été préservée lors du greffage
sur les AUNPs, le piégeage (« quenching ») était largement dominant. Par conséquent, un ralentissement
des réactions photo-induites a été provoqué et non une accélération.

Les nanoparticules d'or ont également été étudiées a I'échelle de la nanoparticule unique par AFM et
microscopie en champ sombre couplée a la spectroscopie UV-visible. D'une part, la fonctionnalisation
de nanoparticules d'or individuelles de 51 nm a été suivie par microscopie en champ sombre couplée a
la spectroscopie UV-visible. Des mesures de commutation ont ensuite été effectuées sur les molécules
de diaryléthénes portées par les AUNPSs uniques, révélant que cette commutation était comparable a celle
précédemment mesurée a une échelle plus globale. D'autre part, des dimeéres plasmoniques asymétriques
constitués d'un AuNP de 51 nm et d'un AuNP de 28 nm ont été préparés et caractérisés.

Mots clés : nanoparticules d’or, diaryléthénes, interrupteurs moléculaires, nanoantenne plasmonique.



