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Abstract

NORBORNADIENES FOR SOLAR THERMAL ENERGY STORAGE AND NEW

APPLICATIONS

Design, Synthesis, Characterisation and Device Testing

Ambra Dreos
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

The energy demand worldwide is steadily increasing, therefore it is fundamental to
efficiently utilise renewable energy resources. Energy storage technologies are partic-
ularly relevant in order to be able to exploit renewable energy resources such as solar
energy, since these are typically intermittent and not evenly distributed. The work presen-
ted in this thesis is focused on trying to optimise norbornadiene-quadricyclane systems
to harness and store solar energy. Norbornadienes are able to absorb light, and undergo
photoinduced isomerization to the high energy isomer quadricyclane, which is stable over
time. When quadricyclanes back isomerise to norbornadienes they release the absorbed
energy as heat. This technology is called “molecular solar thermal”, or MOST. Differ-
ent features need to be optimised in order to utilise norbornadiene-quadricyclane pho-
toswitches for MOST applications. In my work I focused on synthesising new norbor-
nadienes, characterising their molecular and spectroscopic properties, and trying to op-
timise them for energy storage purposes. In particular I focused on identifying specific
structure-properties relationship that allow selectively engineering the kinetic stability of
quadricyclanes, to achieve longer storage times. This was in fact achieved in a series of
norbornadienes by selectively increasing the entropy of activation to the back isomeriza-
tion. A small device was also built, in order to test a hybrid technology that would combine
MOST and solar water heating. These laboratory-scale experiments were particularly in-
structive in demonstrating the potential of MOST systems, and learning about the future
challenges. Liquid, neat norbornadienes were also made, and their properties assessed.
They retained the ability to photoisomerise and back convert in neat samples, but new
challenges arose, such as stability over multiple cycles and storage times. Moreover, the
use of a norbornadiene-quadriyclane photoswitch as a molecular keypad lock is demon-
strated.

Keywords: Solar energy; energy conversion; thermal energy storage; molecular switch-
es; norbornadiene; quadricyclane; molecular logic; molecula keypad locks
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Chapter 1

Introduction

The average temperature on Earth has been significantly increasing in the last
200 years, which is now attributed mainly to the impact of human induced emis-
sions of greenhouse gasses.1 Profound changes in the climate have been ob-
served worldwide, and widespread effects are predicted to transform the global
environment.

In 2016, 196 country representatives met in Paris to discuss the climate
change Paris agreement, which is one of the first global efforts to set com-
mon objectives in order to contrast climate change. In this agreement one of
the main goal is to maintain the global average temperature below 2°C above
pre-industrial levels, with focus also put on the systemic changes necessary to
achieve it.2 While an important milestone, the Paris agreement was also received
with criticism because it does not agree on specific plans, it is voluntary and not
enforced and, according to many, not enough is in fact happening to ensure that
the defined goals will be respected.3–5

Energy generation and industry are responsible for about 65% of the emit-
ted green house gasses, therefore the energy sector needs to be re-thinked in
order to respect the 2°C target.6 In IRENA global energy roadmap “REmap”, it
is shown how, while today 84% of the used energy come from fossil fuels, 65%
of the energy could actually realistically come from renewables past 2015.7 This
achievement, together with energy efficiency, would allow respecting of the 2°C
goal as set in the Paris agreement, by meeting about 90% of the needed decar-
bonisation.

Solar and wind energy could play a key role in the future energy landscape
due to their tremendous potential.

The sun irradiation has a lot of energy, as can be seen in Figure 1.1. Even in
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Figure 1.1: World map of Direct Normal Irradiation, a parameter showing the potential of solar
energy when collected by tilted or sun-tracking photovoltaic modules. © 2017 The World Bank, Solar
resource data: Solargis.

Sweden, where the sun radiation is not at its peak, there is at least about 1000
kWh/m2 that could be potentially collected over a year. To put this value into
context, in Sweden, in 2014, 13000 kWh of electric power has been consumed
per capita, which means that 13 m2 would be enough to supply the yearly electric
power needed for one person.8

Utilising the sun radiation is not an easy challenge; it requires new efficient
harvesting technologies, and adapting the energy grid to them. A lot of research
is nowadays being invested toward new technologies for harvesting, storage and
utilisation of solar energy. Some fields that have seen promising advances are
photovoltaic (harnessing of solar light to provide electricity),9–13 artificial photo-
synthesis (harnessing of solar light to provide fuels which store the solar en-
ergy)14,15 and solar thermal (harnessing and storing thermal energy).16,17

Integrating storage solutions in the energy grid can increase its flexibility and
stability, improving access and utilisation of variable renewables and helping
matching supply and demand. While some storing technologies are already be-
ing demonstrated and commercialised (such as batteries, underground thermal
energy storage, or residential hot water storage), many are still being researched
at early stages (such as thermochemicals, supercapacitors and others).18 Since
emerging storage technologies can play such a crucial role in the evolution of the
global energy system toward decarbonisation, it is fundamental to keep investing
in them in order to explore their full potential.

Energy storage technologies can be simply distinguished, based on their out-
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come, in electrical or thermal. Thermal energy consist of about 50% of the total
energy consumption, with 55% of it used in industry and agriculture, and 45%
for domestic use.19 Thermal energy is nowadays mainly obtained by fossil fuels,
and partially from electrical energy.19 Obtaining thermal energy from renewables
as solar will have a significant impact on reducing greenhouse gas emissions.
Decoupling thermal and electrical energy and effectively utilising thermal energy
storage solutions is also an advantage, since it allows for load levelling by re-
lieving peaks of demand in electrical energy, and contributing to overall more
efficient energy systems. This has been practically implemented, for example
in France where thermal energy storage solutions contributed to reducing the
winter peak electricity demand by about 5%.18 Different heating storage tech-
nologies can be distinguished in terms, for example, of their location, efficiency,
output temperature ranges, storing time ranges.18

The landscape of possible energy storage technologies is complex, and there-
fore it is not trivial to exploit the great potential value of emerging technologies. It
is important to analyse the existing market to understand what are the available
technologies, and where there is potential for new applications. With new tech-
nologies being constantly researched and developed it is important for agencies
and policy makers to keep an eye on the development of the energy storage field,
and promote targeted actions to purposefully meet the energy system needs.

In the work presented in this thesis, a new energy storage technology is being
investigated and developed. This technology is based on organic photoswitches;
these are expected to absorb sun light, store it as chemical energy and to re-
lease the stored energy as heat on demand. The presented work covers a gen-
eric background explaining the concept, the molecular systems and the intrinsic
limitations and challenges. Results on the molecular design, optimisation of the
properties, and possible applications will be presented and discussed.
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Chapter 2

Molecular Solar Thermal
Energy Storage

In this chapter the concept of Molecular Solar Thermal Energy storage is intro-
duced and explained. Diferent molecular system that have been considered as
MOST in the past are briefly presented, and norbornadiene-quadricyclane based
MOST are introduced. Open challenges and some of the scientific questions be-
hing the work presented in this thesis are defined.

2.1 General Concept and Requirements

One energy storage concept is based on the exploitation of chemical systems
which undergo photo induced processes, to store solar energy in form of chem-
ical energy. The idea is to use compounds that upon exposure to light transform
into high energy metastable species to harvest sun light and store its energy
as chemical energy. The kinetically controlled thermal back conversion would
then release the stored energy as heat. The thermal back conversion could be
triggered by using heat or a catalyst, releasing the absorbed energy as heat on
demand. This concept has been called “molecular solar thermal energy storage”
(MOST) or “solar thermal fuels”.20,21

The key parameters defining the performance of a MOST system have been pre-
viously discussed,22–24 and some of them are listed in Table 2.1. They can be
divided in three main different categories: production and availability, photochem-
ical and thermodynamic properties, and applications and materials. Specific key
aspects are defined for each of these properties. Following is a general overview

5
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Table 2.1: Some key properties of a MOST system.

Production and
Availability

Photochemical
and Thermodynamic

Properties
Applications and

Materials

Starting materials Solar spectrum match Application

Synthesis Spectral window Physical state

Costs Quantum yield Cyclability

Energy storage density Heat release trigger

Heat capacity Materials safety

High energy isomer
half-life Materials disposal

of some of the properties and main concepts that define a MOST performance;
these will be also discussed more in detail in the next chapters.

To be a competitive alternative to other thermal storage solutions on the market,
MOST materials should be synthesised in simple and scalable ways from cheap
starting materials, and the molecular properties of the chosen system should
fulfil certain requirements. It is of course important for a MOST system to ex-
hibit good solar spectrum match, by absorbing as much as possible light in the
visible region. The high energy compound should not have an absorption spec-
trum overlapping with the parent compound. A spectral window between the two
spectra is necessary to maximise the conversion of the parent compound, and
to avoid the formation of a photostationary state. A relevant parameter is the
quantum yield of the photo induced process. It is defined as:

f =
nconverted

nphotons
(2.1)

with nconverted the number of converted molecules, nphotons the number of absorbed
photons; an ideal MOST should have f close to unity. The stored energy, ex-
pressed by DHstorage, should be as high as possible, and the molecular weight as
low as possible in order to ensure a high energy storage density. The heat capa-
city CP affects the observed temperature increase DT according to the following
equation:
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DT =
DHstorage

CP
(2.2)

therefore it needs to be as low as possible. The energy barrier of the back con-
version should be sufficiently high, in order to ensure storage of the absorbed
energy for extended periods of time with minimal discharge. In order to achieve
high cyclability, both the photoconversion and back conversion processes should
occur quantitatively with minimal degradation of the two compounds.

It is important to define the intended applications when developing a material.
Daily or seasonal storage, medium or low heat would require MOST systems with
very different properties in terms of energy storage times and density. The ap-
plication would also dictate, for example, if a fast or slow heat release is needed;
the use of a catalyst to trigger the back isomerization would allow fast release
of the stored heat. Other challenges, as materials safety or disposal, are better
evaluated at later stages.

2.2 Molecular Systems for MOST Applications

Different molecular systems which undergo photo induced processes have been
investigated as MOST systems in the past.22,24,25 These are usually photoswitch-

es based on organic or organometallic compounds, which typically undergo iso-
merization or dimerisation as a consequence of absorption of light.

To understand how a hypothetical molecular system could be designed for
this application, it is useful to describe a simplified energy diagram of a MOST
system. As we can see in Figure 2.1, absorption of light induce the system to be
in an excited state (simplified as S1here). After relaxation, instead of converting
back to the parent molecule, the system photoisomerise to a high energy isomer
which is kinetically stable over some time. The high energy isomer eventually
thermally rearranges to the parent compound, and release the stored energy as
heat. From this scheme it is possible to correlate some of the above mentioned
MOST properties to the specific molecular aspects determining them. The en-
ergy difference between the ground and excited state determine the absorption
onset of the material. The probability of the photoisomerization to happen is ex-
pressed by the photoisomerization quantum yield (Equation 2.1). The energy
difference between parent molecule and photoisomer correspond to the stored
energy, and the activation energy for the thermal back isomerization will determ-
ine the energy storage time.
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Figure 2.1: Energy scheme of a generic MOST system. Absorption of light, photo induced isomer-
ization and thermal back conversion are indicated as red arrows. Some of the important parameters
such as absorption onset (Aonset ), energy storage (4Hstorage) and free energy of activation (4G‡) are
indicated as well.

Looking at the energy scheme in Figure 2.1 it is clear how all these properties
are correlated, since they are different aspects of the same molecular system,
which obey to basic physics laws. Eventual modifications are often limited and
not independent, affecting multiple parameters at the same time. Discussions
on the intrinsic limitations, and the potential of MOST technologies have been
previously published.25,26 It is important to notice how red-shifting the Aonset has
usually the effect of reducing 4G‡, and often also 4Hstorage. Due to the non-
crossing rule of electronic energy levels it is unrealistic to predict infinitely high
4G‡, and therefore the barrier for the back isomerization will have to be “paid”
with part of the absorbed energy (at the end, there is no such thing as a “free
lunch”). How much energy is needed, and for how long the energy needs to be
stored, will therefore affect also how much it is realistic to red-shift the Aonset .

Börjesson et al. calculated the theoretical efficiency limit of an ideal MOST
system, based on some assumptions.26 For example, it was stated that an op-
timal MOST material should be liquid and solvent free (since addition of solvents
would reduce the energy storage density). The parent molecule should be cap-
able of absorbing all incoming photons below the absorption onset. In addi-
tion, this molecule should convert to a colourless photoisomer with f as near
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as possible as 100%. The solar energy conversion efficiency was then calcu-
lated assuming an energy barrier for the back isomerization (in this work defined
equivalent to 4H‡ ) from 110 kJ/mol to 140 kJ/mol. These values would imply
a half-life of the photoisomer, t1/2, equal to 24 days at 25 °C or 4.3⇥ 106 days
respectively. A 4H‡ parameter of 120 kJ/mol (t1/2 = 1.4 · 103 days), could be a
good value if seasonal storage applications were considered, and would yield
a maximum calculated energy conversion efficiency between 10.6% and 12.4%
with an absorption onset between 656 nm and 685 nm. It has been also pre-
viously stated that a MOST could be based on a compound with a molecular
weight as low as 130 g/mol,25 and it was then predicted that an overall optim-
ised NBD could reasonably reach an energy storage density of 480 J/g. These
values should give a good first indication of limitations and potential of a MOST
technology, and should help to evaluate real molecular systems properties.

Organic and organometallic photoswitches have been considered in the past
as MOST candidates. These molecular systems have often been modified, em-
ploying interesting chemical design approaches to engineer their properties and
improve their performance as MOST. Some examples of studied systems in-
clude intramolecular dimerisation of anthracene and their derivatives,27 cis/trans
isomerization of stilbenes,28 cis/trans isomerization of azobenzenes,21,29,30 re-
arrangement of fulvalene diruthenium derivatives,20,31,32 dihydroazulene - vi-
nylheptafulvene photochromes, norbornadiene - quadricyclane, and others.33,34

Some of these systems are illustrated in Figure 2.2.

Figure 2.2: a) dimerisation of anthracene; b) trans/cis isomerization of stilbene; c) trans/cis iso-
merization of azobenzene; d) ring opening and closing of dihydroazulene-vinylheptafulvene.
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Anthracenes undergo photo induced dimerisation, via [4+4] cycloaddition (see
Figure 2.2a), and have been considered in the past as MOST candidates.27,35

Anthracene absorbs strongly around 400 nm, while the dimer absorbs below 300
nm and can store about 65 kJ mol�1. Introducing electron withdrawing (EWG)
groups increases the energy storage density up to 84 kJ mol�1.27 The photodi-
merisation quantum yield has been measured up to 30% but it is, reasonably,
concentration dependent. Interestingly, covalently linking two anthracene moi-
eties made the photoisomerization concentration independent (with measured
quantum yield up to 36%) and pushed the absorption onset up to about 500 nm.
While linking the two anthracenes in a ring was expected to increase their energy
storage, this decreases respect to other systems (measured energy storage up
to 36 kJ mol�1).27

The double bond of stilbene derivatives isomerise from trans to cis (as shown
in Figure 2.2) when irradiated with light between 300 and 700 nm, making it an in-
teresting candidate for MOST applications.28 A significant drawback is although
the very small energy storage density of the cis isomer (only 5 kJ mol�1). It is
very interesting to see how the energy storage of these systems was significantly
improved by increasing the energy difference between the cis and trans isomers.
Up to 104 kJ mol�1 were achieved by stabilising the trans isomer with extended
conjugated systems and at the same time introducing bulky groups that induce
steric hindrance and destabilise the cis isomer.36,37

Azobenzene derivatives have been thoroughly investigated also as MOST
materials, with interesting results which were recently summarised in a review.38

Unsubstituted azobenzene undergo trans to cis isomerization when absorbing
UV light (365 nm), with 49% quantum yield. The high energy cis isomer can
store 49 kJ mol�1, and it has a half-life of 4.2 days.25,38 These parameters
are not optimal for energy storage purposes, moreover the overlap between
the trans and cis spectra, usually leads to the formation of a photostationary
state. Azobenzenes have been widely investigated as functional materials with
advanced features, such as sensors,39 actuators,40 optical data storage.41 The
first azobenzene derivatives that had been investigated for energy storage pur-
poses did not achieve high performances, mainly due to the low energy storage
density and poor photoconversion efficiency.42 The theoretical work of Gross-
man et al. attracted new attention on azobenzenes for energy storage applica-
tions. He showed how packing azobenzenes on carbon nanotubes (CNT) would
significantly increase the energy storage time and also the energy difference
between the two isomers, therefore increasing the energy storage density of the
material.21 Preparation of densely packed azobenzenes anchored on CNT have
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not been trivial. The materials that were eventually made and characterised
reached 120 kJ mol�1 in energy storage density, which was an increase with re-
spect to the pristine systems, but still below the calculated values.43,44 Graphene
templated azobenzenes have been also fabricated and tested for MOST applica-
tions. Some of these materials reached energy storage densities of 572 kJ mol�1

(up to almost 500 J g�1), and half life of the charged material up to 5400 h.38

Azobenzenes have also been attached to polymers, to achieve solid MOST ma-
terials;45,46 these polymer films are very promising promising, buy had serious
drawbacks which still need to be addressed, for example the photoisomerization
had to be performed in the liquid phase, which implies that they are not fully
operational in the solid polymer. Azobenzenes have been also combined with
solid-liquid phase change materials (PCM) to improve their performances, which
is an interesting and promising concept.47 Heat is absorbed by the PCM, and UV
light induced photoisomerization to the cis isomer increases the energy barrier to
the recrystallisation, therefore increasing the storage time. Visible light can then
be used to convert the azobenzenes back to trans, lower the barrier and allow
the exothermic phase change.

Dihydroazulene–vinylheptafulvene (DHA-VHF) is a relatively recent photo-

switch which has attracted a lot of attention as MOST candidate. DHA under-
goes ring opening after irradiation with visible light. Systematic study of synthetic
approaches and properties-relationship of DHA-VHF derivatives, supported by
theoretical investigations and device testing were done. These allowed in depth
understanding of DHA-VHF derivatives and significant advance toward their ap-
plication as MOST. Some of the achievements are, for example, increased en-
ergy storage density, VHF life-time, and development of catalysts to efficiently
trigger the thermal back reaction.48–54

2.3 Norbornadienes for MOST Applications

Norbornadiene (NBD) is an organic compound which undergoes a photo induced
[2+2] cycloaddition when exposed to UV light (Figure 2.3). The product is the
highly strained and unsaturated quadricyclane (QC). The NBD-QC couple was
first investigated in the early ´60s,55,56 and it has been extensively studied in the
past as candidate for MOST applications. The literature on this topic is fairly rich,
and it has been the subject of several reviews and book chapters.22,24,25,57–61

NBD-QC have very high energy storage density (89 kJ mol�1, correspond-
ing to about 1 MJ kg�1),62 and high activation barrier for the back conversion
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Figure 2.3: Photoisomerization and back conversion of Norbornadiene (NBD) and Quadricyclane
(QC).

(which leads to a very long half-life of QC, measured as 14 h at 140 °C)55. Nor-
bornadiene is commercially available (it costs about 200 euro for 250 mL from
Sigma-Aldrich), and both NBD and QC are liquid at room temperature, which al-
lows potential applications in closed flow systems without the need for a solvent.
The main drawbacks of the NBD-QC system for MOST applications are the ab-
sorption onset (Aonset ), which falls below 300 nm (outside the solar spectral win-
dow), and the low quantum yield of photoisomerization f (⇠5%).63Tackling these
main issues, without compromising the other properties, is fundamental in order
to achieve a functional NBD-QC based MOST system.

Donor and acceptor groups on the two double bonds, or a donor and ac-
ceptor group on one double bond have been introduced in the past to red-shift
the absorption of NBDs. Two research groups have been particularly prolific,
Dubonosov et al.61,64–66 and Yoshida et al.,23,63,67,68 and a great deal of norbor-
nadiene derivatives have been synthesised and their properties characterised,
which have also been summarised in the aforementioned reviews.24,25,57,59,60

Typical norbornadienes synthesis have traditionally relied upon Diels-Alder cyc-
loaddition reactions of modified cyclopentadienes with acetylene derivatives.23,57,60,69

Conjugating donor and acceptor groups to the olefins of the NBDs revealed to be
an efficient strategy, and many of these derivatives exhibit Aonset up to 400-500
nm, often with high f .23,57,60 Some compounds with Aonset of 580 nm70 or even
as high as 700 nm71 have been made, but they tend to have dramatic drawbacks
like degradation, very low activation energy for the back conversion or low f . To
improve f , the use of triplet sensitisers (as acetophenone) have been explored,
often successfully.55–57,59,72,73 Catalysts for triggering the back isomerization of
QC have been developed and tested,67,74 and some demonstration devices have
been designed and tested too.75 Interestingly, norbornadiene derivatives have
also been mixed in polymeric solid films, maintaining the overall properties, and
achieving outstanding stability over thousands cycles.63 Norbornadiene moieties
have been also incorporated into polymers.70,76–78 Research in this field seemed
to come to a halt after a quite optimistic review in 2002.60 More recent work from



13

Yoo, Tam and coworkers,79,80 introduced a new synthetic protocol for synthes-
ising substituted norbornadienes, based on the Suzuki-Miyamura coupling reac-
tion. The possibility of accessing new classes of norbornadiene derivatives, to-
gether with more advanced computational methods, sparked a renewed interest
in this class of compounds. This resulted in the synthesis and characterisation
of new derivatives with donor-acceptor groups and low molecular weight.81,82

These studies were complemented by theoretical insights.83,84 It is about at that
time that the work presented in this thesis started, and in the following section
some of the challenges that needed to be addressed will be discussed.

2.4 Open Challenges

A challenge that has not been overcome yet is to design, synthesise and char-
acterise a compound with all the aforementioned properties fully optimised. An
ideal compound with all the parameters optimised does not seem to exist yet.
This is not an easy challenge, since the ideal properties depend on the chosen
application. Moreover, it is fundamental to keep in mind the potential, properties
and limitations of a MOST systems, which have been previously discussed.26

In order to optimise NBD-QC systems for MOST applications, it is neces-
sary to develop strategies to selectively engineer the different properties. The
introduction of electron withdrawing and electron donating groups allowed to sig-
nificantly red-shift the absorption onset of NBD and serendipitously make prom-
ising candidates. But at the time this project was started there were almost no
available strategies to selectively and efficiently control the energy storage dens-
ity, the photoisomerization quantum yield, or the activation energy for the back
conversion. Moreover, both quantum yield and QC lifetime seemed to often de-
crease when the absorption spectrum was red-shifted. The NBD-QC system is
an extremely versatile system, and its properties can change within a very wide
range of values, depending on the chemical modifications.

An important tool to design new optimised norbornadienes is the use of theor-
etical calculations. In the last years some works have been published where the-
oretical modelling have been used to predict and screen new norbornadienes.83

This is an important challenge, and while some parameters can be predicted very
accurately, others are harder to simulate. One example is the activation energy
for the back conversion 4G‡, which is a key parameter, but is not always well
predicted with the available models.

There are still a lot of open challenges and the field needs to be further ex-
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plored to its full potential. The work presented in this thesis will try to address
some of these challenges.

The main scientific questions that motivated the work discussed in the next
chapters are the following:

- Is it possible to selectively engineer the activation energy for the
thermal back isomerization in NBD-QC based MOST, without com-
promising the other properties, especially the energy storage dens-
ity?

- What are the possible applications of a MOST technology? Can
laboratory-scale test devices be of help in identifying potential ap-
plications at a research level?

- Is it possible, and convenient, to obtain functional neat liquid norbor-
nadiene based MOST materials?

- What are the other potential applications of NBD-QC photoswitches?



Chapter 3

Design, Synthesis and
Characterisation of New
Norbornadienes for MOST
Applications

In this chapter norbornadienes syntheses, and their key photochemical and ther-
modynamic properties will be presented one by one. Work mainly published in
Papers I and II is discussed and put into context.

3.1 Synthesis of New Norbornadienes

In this section the synthesis of some norbornadiene derivatives (published in
appended Paper I) is presented. The chosen synthetic strategy is discussed and
compare with other recent approaches.

Chemical modifications on the NBD backbone is of great interest in order to
investigate structure properties relationships. An in depth knowledge of these
relationships allows selectively engineering the individual properties of NBDs to
match desired properties for MOST applications. The syntheses were done as
for now mostly in small scales for research purpose, but the synthetic methods
will have a big impact on the development of the final product. It is therefore
important to identify synthetic methods that allow exploration of a wide range of
compounds on a research level, but also highlight cheap and available starting

15
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materials, and simple and scalable syntheses.
NBD synthesis through Diels-Alder reaction has been reported already in

1956.85 Since then, a great deal of NBD derivatives have been made for different
purposes, included as intermediates for the synthesis of bioactive compounds,
memory devices, MOST applications, or more.69 A comprehensive review on the
synthesis of modified NBDs was published in 2013 by Tam et al.69 A large num-
ber of NBD derivatives for MOST applications have been synthesised, and are
best summarised in previous reviews and book chapters.23–25,57,59,60

Synthesis of substitute norbornadienes relies nowadays mainly on two dif-
ferent approaches, as seen in Figure 3.1: Diels-Alder cycloaddition reaction
between modified cyclopentadienes and acetylenes, or post modifications on
the commercially available norbornadiene. In the recent years, advances in the
latter approach involved introduction of halogens on the double bonds of NBD,
and subsequent coupling reactions (such as Suzuki or Sonogashira coupling) to
easily introduce a wide range of groups in these positions.79,81,82,86

Figure 3.1: Retrosynthesis scheme showing commonly used approaches for the synthesis of a
wide range of NBD derivatives.

Diels Alder reactions have been used for many years to make NBD deriv-
atives, and are an efficient and versatile approach; this was chosen to make
a serie of NBD derivatives (published in appended Paper I). Limitations are in-
duced by the mechanism of the reaction. It is possible to introduce substituents
in any of the position on the cyclopentadiene or acetylene, but especially the
electronic properties of the substituents have to be considered carefully to not in-
terfere with the mechanism of the cycloaddition reaction. Cyclopentadiene is an
excellent diene for D-A reactions; it is electron rich (which is favourable in normal
electron-demand D-A) and already locked in the optimal conformation to react
in the D-A. Substituents on the cyclopentadienes should not alter its electronic
properties significantly: electron withdrawing substituents would slow down the
D-A reaction, and electron donating substituents risk to make it so reactive that
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it will immediately dimerise.87 Moreover, the hydrogens of cyclopentadiene are
subjected to facile thermal sigmatropic rearrangements, producing a mixture of
structural isomers after a short time at room temperature.

Acetylene is not a good dienophile, but electron withdrawing substituents can
improve its reactivity in D-A with dienes.88 In the specific case of the NBDs serie
published in Paper I, an electron withdrawing and an electron donating group
were wanted on at least one of the norbornadiene double bond, which could
be introduced on the acetylene derivative. These requirements are limiting the
choices in terms of acetylene derivatives when synthesising NBDs for MOST
applications using D-A reactions.

Figure 3.2: Performed synthesis of NBD derivatives, based on Diels-Alder cycloaddition reactions
of modified cyclopentadienes and acetylene.

In Figure 3.2 are shown some of the synthesized compounds. Small alkyl
groups were added to the cyclopentadienes, and when possible two alkyl groups
were introduced on C5, to prevent sigmatropic shifts. Some of the used cyc-
lopentadienes were commercially available (1a, 1e, 1f, 1g), the others were all
known compounds,89–93 and some were synthesised in collaboration with Jonas
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Udmark from Copenhagen University (1a-c, 3b). Acetylene 2 in Figure 3.2 was
chosen after careful literature research as a promising acetylene for the purpose
of this project. It is a known compound that have been previously reported in D-A
reactions (also with cyclopentadienes 1a and 1b).94 This acetylene is simple to
synthesise, as it is obtained in one step from the commercially available ethyl
ester.95 It reacts extremely well in the D-A, and it affords norbornadienes with a
polarised and delocalised double bond. Norbornadienes 3a-h in Figure 3.2 were
synthesised by reacting cyclopentadienes 1a-h with acetylene 2. The obtained
norbornadienes were mostly in the form of oil at room temperature (compounds
3a-d). The D-A reactions were quite insensitive to the used solvents, and pro-
ceeded in many cases also under solvent free conditions (which would be a
favourable choice when scaling up the reactions). The use of a microwave re-
actor resulted in significant reduction of the reaction time from days to hours.
The yields are from acceptable to very good for the different compounds (from
34% to almost quantitative) and could be possibly improved in some cases by
reducing the reaction time. In summary, the chosen acetylene and overall syn-
thetic approach is versatile, efficient, simple and potentially scalable. A similar
synthetic approach, based on D-A of modified cyclopentadienes and acetylene
derivatives, was used by K. Jorner in the appended paper II.96 It afforded a
series of NBDs derivatives with donor acceptor groups on the two double bonds
and different alkyl groups on the C7 position (see Figure 3.3 a). Functionalisa-
tion of di-halogenated NBD derivatives through Suzuki or Sonogashira coupling
with appropriate substituents was instead used in our group by Gray et al.81 and
Quant et al.,82 to afford a range of 2,3 substituted NBDs (see Figure 3.3 b). This
approach was first used by Tam et al.,79 and it has the advantage to allow easy
preparation of derivatives that would be difficult to obtain through the D-A ap-
proach. Moreover it is convenient to use the same precursor (di-halogenated
NBD 11 in Figure 3.3 b) for a wide range of reactions. However, in the perspect-
ive of future scale up, the D-A approach has many advantages. It allows solvent
free conditions, it involves fewer steps and gives higher yields, and it does not
require the use of expensive catalysts like in the coupling reactions.
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Figure 3.3: Recent alternative synthetic approaches to NBD derivatives for MOST. a) Synthesis of
substituted NBDs based on Diels-Alder reactions of modified cyclopentadienes and acetylene, done
by K. Jorner in appended paper II. 96 b) Synthesis of NBDs done by M. Quant, based on coupling
reactions (Sonogashira and Suzuki) of halogenated NBD 11. 82
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3.2 Tuning the Absorption Spectra of Norbornadi-
enes for MOST Applications

In this section the spectral properties of norbornadienes are presented, and dis-
cussed from the perspective of MOST applications. The spectral properties of
the synthesized compounds (published in appended Paper I) are presented and
compared with others.

Figure 3.4: Energy scheme of a NBD-QC system, showing absorption of light by the parent system,
and the energy corresponding to the absorption onset (Aonset ) of norbornadiene. The absorption
process is indicated as a red arrow.

Appropriate optical properties are of fundamental importance in order to make
efficient MOST materials. The absorption spectrum of the MOST should overlap
as much as possible with the solar spectrum. It is also important for the high en-
ergy isomer to not absorb the sun photons, in order to not compete for it with the
parent isomer. For this reason the intrinsic properties of the NBD-QC system are
favourable, since the photoisomerization involves the breaking of double bonds
and the formation of single bonds, and the QC spectrum is therefore blue-shifted.
It is also in general undesirable to have light induced photoisomerization of the
high energy isomer back to the parent isomer. This can be avoided or minim-
ised by choosing a system where this photoisomerization is not allowed or not
efficient, or by having a high energy isomer with low absorption above 300 nm.

In Figure 3.4 it is shown the energy scheme of a generic NBD-QC system.
As presented in Chapter 2, the energy difference between the parent isomer and
its excited state S1 correlates to the absorption onset (Aonset ) of the system. It
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is therefore beneficial to decrease the S0 � S1 gap in order to absorb as many
as possible of the solar photons. As we have seen previously, NBD spectral
properties have been tuned by introducing a wide range of substituents.57,59,60

Successful approaches involved introducing donor and acceptor substituents, on
the two double bonds and interacting through space, or conjugated through one
of the double bonds. The latter approach has been recently preferred because it
allows to red-shift the NBD absorption significantly, avoiding sensitisers induced
side reactions, while keeping the molecular weight low (and therefore the energy
storage density high).

Table 3.1: Spectral properties of synthesised norbornadienes 3a-h, and published norbornadienes
8, 96 16, 81 18 82 for comparison. UV-Vis spectra of 3a-h were measured in toluene. Molecular weights
are reported too. Aonset is defined as the wavelength where log(e)=2.

Compound emax (M�1cm�1) Amax (nm) Aonset (nm) MW (gmol�1)

NBD - - <300 92
NBD 3a 5.2⇥103 323 426 264
NBD 3b 5.5⇥103 341 431 290
NBD 3c 6.1⇥103 326 436 318
NBD 3d 5.7⇥103 323 439 292
NBD 3e 4.9 ⇥103 - 3.4⇥103 305 - 364 437 304
NBD 3f 6.0⇥103 - 3.0⇥103 309 - 363 445 429
NBD 3g 1.4⇥103 346 426 348
NBD 3h 2.5⇥103 350 439 306
NBD 8 2.5⇥103 341 391 360

NBD 16 30⇥103 398 456 260
NBD 18 8.0⇥103 308 389 244

Due to the presence of the electron donating (EDG) and electron withdrawing
(EWG) groups on the double bond of the synthesised NBDs 3a-h, their absorp-
tion spectra is red-shifted into the visible range, with Aonset up to about 450 nm.
Parameters from the recorded absorption spectra are reported in Table 3.1. Op-
timised Aonset for seasonal heat storage has been theoretically defined as about
600 nm, and there have been previously reported compounds which reached up
to 700 nm, but with drastically low f .71 Very few compounds with Aonset up to
or above 400 nm have overall good properties for MOST;97 they often exhibit
very low t1/2,97 f ,61,71 or degradation issues.97,98 In the synthesized series, and
especially in the case of 3a, satisfying spectral features are obtained with very
few synthetic steps, and maintaining good overall properties (as MW, half-life of
QC and energy storage density, which will be discussed in later sections). The
compounds synthesised by K. Jorner in appended Paper II have also quite red
shifted spectra (Aonset = 391 nm), but the molecular weight is higher (8 has a
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MW of 360 g mol�1, compared to 3a which has 264 g mol�1), and therefore their
energy storage density is decreased also for this reason.

Figure 3.5: a) Previously made norbornadienes 18 and 16. 81,82 b) Solar irradiation spectrum and
transmittance of a solution of 18 and 16 in toluene. 18 absorbs the yellow portion of the spectrum
(3.8%), while 16 absorbs also the orange part (12%). Image used with permission from RSC.

Norbornadiene 18 in Figure 3.5 has been previously synthesised and char-
acterised in our group, and has Aonset = 389 nm,81, while 16 has Aonset = 456
nm. If we look at the solar spectrum in Figure 3.5, these 100 nm are of extreme
importance, since in this range there is a significant increase of solar irradiation.
Assuming that all photons below the Aonset are absorbed, NBD 18 absorbs 3.8%
of the solar spectrum, while 16 absorbs up to 12%; this will significantly affect
the performance of these compounds the device test, as it will be discussed in
Chapter 4.

3.3 Quantum Yield of Photoisomerization

In this section the quantum yield of NBD to QC photoisomerization is presented.
Its importance for MOST applications and ways to improve it are discussed. The
values measured for the series of synthesized compounds (appended Paper I)
are presented and compared with other published results.

Once a NBD molecule has absorbed a photon, it will be in an excited state,
and after fast vibrational relaxation to S1 different processes can occur. After
relaxation to a local minimum, it can relax to the original parent molecule, or pho-
toisomerise to QC through a conical intersection. Photoisomerization is usualy
accompanied by a typical decrease of the absorption band of the NBD, since the
QC spectrum is blue-shifted.The photoisomerization quantum yield f expresses
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Figure 3.6: Energy scheme of a NBD-QC system, showing some of the possible relaxation path-
ways of NBD* from the excited state S1(in red arrows). The different pathways can lead to the original
NBD, or to the photoisomer QC, where the photoisomerization quantum yield f express the probab-
ility of the latter to happen.

the probability of the photoisomerization event to happen. Radiative decay would
be a competing process, but it very rarely occurs in NBD systems.99

For MOST applications it is important for the photoisomerization quantum
yield f to be as near as possible as 100%, but often this is not the case. Of
all the studied compounds in the past literature, values from very low (as 5%
for NBD)63 to 100%23 have been measured. Some trends have been observed
before,65 but rational strategies to increase f by molecular modifications did not
really exist when the work presented in this thesis was started. In some cases (as
for unsubstituted NBD) the preferred photoisomerization mechanism is thought
to involve intersystem crossing (ISC) to a triplet state and then relaxation to QC,
and it is therefore favoured in the presence of triplet sensitisers.57,60 In other
cases, the preferred mechanism is on the S1surface, and triplet sensitisers do
not facilitate the photoisomerization.100

Photoisomerization quantum yields to the respective QC isomers have been
measured for all the synthesised compounds 3a-h (appended Paper I). This was
done by using a chemical actinometer to measure the irradiation photon flux, and
by correlating the observed photoisomerization in optically dense toluene solu-
tions after defined irradiation times; the method is described in more detail in
the Methods Chapter. The measured values can be found in Table 3.2. Norbor-
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Table 3.2: Measured quantum yield of NBD to QC photoisomerization (f ) in toluene solutions of
compounds 3a-h (at 365 nm). The published values of NBD, 8-10, 96 16 82 and 18 81 are reported for
comparison.

Compound f (%)

NBD 0.05
3a 53
3b 45
3c 51
3d 55
3e 45
3f 34
8 73
9 86

10 88
16 28
18 60

nadienes 3a-d, have all f of about 50 %, which is a good value for energy storage
applications. Interestingly, NBDs 3g-h irreparably degraded upon irradiation with
light, which could be correlated to the vicinity of the methyl on the bridgehead
and carbonyl group on the double bond. This was surprising since other NBDs
bearing methyl groups on the same bridgehead were not reported to degrade.23

The exact causes and mechanism of the degradation were not identified, but this
molecular design was discarded for obvious reason. While these observations
did not find a space in Paper I, it is still important to report them.

In appended Paper II, theoretical calculations done by K. Jorner showed how
introducing bulky groups on the C7 (bridge) position correlates with increased
quantum yield (see values for 8-10 in table 3.2), increased half-time of QCs and
decreased energy storage density. With insights from DFT calculations, it be-
came clear how the f trend is due to the destabilisation of NBDs induced by
the steric pressure from the bulky groups. Destabilisation of the NBDs induces
changes to the energy landscapes, so that the energy barrier on S0is moved
toward the NBD isomer. Because of this, the position of the conical intersec-
tion end up being more on the QC side of the energy barrier, and therefore the
photoisomerization quantum yield is increased. The drawback is that destabil-
isation of NBD is accompanied by a decrease in energy storage density. This
result is of great interest, since it correlates stabilisation effects on NBDs to the
photoisomerization properties, and it is a useful tool for engineering the photoi-
somerization quantum yield in future designs.
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3.4 Energy Storage Density of MOST

In this section the energy storage density of MOST materials is presented. The
measured values are reported, and ways to improve this parameter are dis-
cussed.

Figure 3.7: Energy scheme of a NBD-QC system, showing the energy difference between QC and
NBD, which corresponds to the stored energy.

The energy difference between QC and NBD isomer corresponds to the en-
ergy that is, in fact, eventually stored by the MOST material. This energy rise
mainly, in this case, from the high strain in the QC bonds. Unsubstituted quadri-
cyclane can stores a large amount of energy (about 1 MJ mol�1)62, which could
potentially translate to a DT of 600 °C. Water, in comparison, can store 209
J/g,101 and modern Li-ion batteries can reach energy densities up to 875 J/g.102

Unfortunately, unsubstituted norbornadiene does not absorb in the visible range;
it has been discussed previously how substituted norbornadienes could theoret-
ically reach about 480 J/g.26 Considering a CP equal to the one measured for
NBD, this value could translate to a temperature increase of 289 °C, which would
be useful for a range of applications where medium/ low heat is needed.18

Nowadays the released heat is in most cases measured using differential
scanning calorimetry (DSC), which was also done on all the compounds syn-
thesised in the MOST team. The energy storage densities of the QC isomers of
3a-d, 8-10, 16, were measured, and are reported in Table 3.3. The presented
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Table 3.3: Measured energy storage enthalpies of QCs 3a-d, 8-10, 16. Literature values of QC, 62

and calculated values are reported for comparison.

Compound 4Hstorage (kJ mol�1) 4Hstorage(kJ mol�1) 4Hstorage (J g�1) 4T (°C)
calculated measured measured predicted

QC 93 92 1000 602
QC 3a 100 152 577 349
QC 3b 98.4 103 354 213
QC 3c 92.1 48 152 92
QC 3d 84.2 49 167 100
QC 3e 88.4 - - -
QC 3f 84.5 - - -
QC 8 82.4 85 236 142
QC 9 69.9 68 176 106

QC 10 58.2 46 104 62
QC 16 124 103 396 238
QC 18 111 86.5 354 213

results have been published in appended Papers I, II and III respectively. These
are compared with the published values of NBD, 18,84 and to the calculated val-
ues (calculations done by K. Jorner,96 Z. Wang,103 or Erhart et al.82,84).

Figure 3.8: The measured DSC thermogram for compound 16. 82

Energy densities were measured by producing a small amount of the relative
QC isomer by irradiation, and inserting a neat sample (accurately weighed and
sealed in an aluminium pan) in a DSC machine. The sample was then subjected
to multiple cycles of heating and cooling. Heat was released during the first cycle
of heating, and not during the second one. The area of the measured exothermic
peak (see example in Figure 3.8) was then normalised by the weight of QC, to
give the storage energy density. In most cases the measurements gave accur-
ate and reliable values. Moreover, back isomerization of QC while preparing the
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samples was accounted by measuring an NMR on a sample at the same time
of the DSC experiment, and correcting the amount of QC accordingly. For few
molecules some difficulties arose, and different solutions were found in order to
obtain some indicative values; in these cases the measured values were always
reported together with the calculated values. In some cases the back conver-
sion was so fast (3a-d) that the only way to measure some heat release was
to irradiate the DSC samples for a long time until discolouration was observed
by eye, and then immediately inserting the samples in the DSC machine. It is
understandable that back conversion of QC made these values an underestima-
tion. The measured energy density of 3a is strangely higher than the calculated
value, which was suggested could be due to degradation. In some cases it has
not been possible to measure any value, because of significant degradations
(3e-f) or because potential concurring phase changes (as for example for 13-15,
published by Quant et al.).82 NBD has, as previously mentioned, a very high en-
ergy storage density, but overall poor properties as MOST. Compound 3a stands
out as very promising, with good energy storage density, and overall properties
(as easy synthesis, red-shifted absorption, high f , long t1/2 as will be discussed
later). Looking at the energy diagram in Figure 3.7, and learning from past ex-
amples, it is easy to see how both a stabilisation of NBD, or a destabilisation of
QC would lead to an increase in energy storage density. The first case would
imply also blue-shifting of the absorption spectrum, while the latter would most
likely affect negatively the half-life of QC. Chemical modifications have to be done
with groups as small as possible, to keep the MW as low as possible and not de-
crease the energy storage density. The overall properties of the system have to
be also satisfying, which is usually the biggest challenge (as in the example of
unsubstituted NBD). It is important to note that the systems should eventually
work in neat or highly concentrated form, since diluting or mixing would obvi-
ously decrease the energy storage density. While the measured energy storage
densities are usually satisfying if evaluated for medium/low heat applications, in
most of the studied cases the properties (as Aonset ,f , or t1/2) were often below
the desired targets. Slightly compromising the energy storage density in favour
of other key properties could be a viable strategy toward overall better performing
systems in future designs.
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3.5 Activation Energy for the Thermal Isomeriza-
tion of Quadricyclane to Norbornadiene

In this section the kinetic stability of quadricyclanes is examined. The meas-
ured values (Paper I and II) are presented, and different strategies to efficiently
increase the energy storage time are discussed.

Figure 3.9: Energy scheme of a NBD-QC system, showing the energy barrier 4G‡ for the thermal
isomerization of QC to NBD. The isomerization process is indicated with a thin red arrow. The heat
release which accompanies the isomerization is also indicated with a wide red arrow.

Quadricyclane is a high energy molecule which is kinetically stable also for
long times, but it does eventually thermally back isomerise to norbornadiene.
The kinetic stability of quadricyclanes is a key parameter in order to use them
to store solar energy. While unsubstituted quadricyclane has an extremely long
half-life (t1/2 = 11 h at 150°C),104 chemical modifications, introduced mainly to
optimise other parameters, often affect it negatively.81,82 In the work by Börjesson
et al. it is discussed how the energy barrier can be considered as a sort of “loss”
of the energy absorbed from NBD, which is clear when looking at the energy
scheme in Figure 3.9. In the same work it is calculated how a 4G‡ value of 120
kJ/mol allows a QC half-life of 1400 days, which is good for seasonal storage
applications; for day to night storage applications it is enough with a 4G‡ of 110
kJ/mol.26

NBD derivatives with half-lives from years to minutes have been made,59

therefore this property can be potentially tailored to best fit the desired applic-
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ation. When this project was started there was really no method to selectively
engineer the activation energy to the thermal isomerization of QC to NBD. In the
previous literature some trend emerged, for example it seems that red-shifting
the Aonset is often accompanied by reduced t1/2 of QC.81 One way to increase
4G‡ could be by stabilisation of QC, but this would happen at the expenses of
the energy storage density, which is usually undesirable.

Table 3.4: Measured kinetic parameters for the thermal back isomerization of QC isomers to NBDs
3a-d and 8-10 in toluene solutions. Published values of QC, 104 16, 82 18, 81 19-22 105 are reported
for comparison.

Compound t1/2 @25°C 4G‡ @25°C (kJ mol�1) 4H‡ (kJ mol�1) 4S‡ (J mol�1 K�1)

QC 83000 y 145 154 31
QC 3a 72 h 105 74.9 -100
QC 3b 128 h 106 85.6 -69
QC 3c 48 h 104 81.2 -76
QC 3d 84 h 105 80.3 -83
QC 8 6.3 h 99 89.5 -31
QC 9 7.7 h 99 89.7 -32

QC 10 56 h 104 90.7 -45
QC 16 5 h 98 92.5 -19
QC 18 42 d 112 109 -9
QC 19 89.8 d 113.3 116.3 10.2
QC 20 2680 d 121.6 179.9 195.5
QC 21 78 d 112.9 116.4 11.8
QC 22 2273 d 121.3 134.4 44.1

Half-life of QCs were measured for the synthesised compounds 3a-f (pub-
lished in appended Paper I). Unfortunately, it was not possible to characterise
the kinetics of 3e and 3f since they have a very long half-life, but also degraded
during the process. The back isomerization of QC 3a-d was characterised by
following the isomerization at different temperatures and using the Eyring equa-
tion106,107 to calculate half-lives, free energy, enthalpy and entropy of activation.
The half-lives of these QCs was in general above 2 days, which is unusually high
for compounds with such red-shifted absorption (for example 16 has t1/2= 5 h,82

as reported in Table 3.4).
After measuring the half-life of the QCs 8-10 (published in Paper II) it was

observed how the t1/2 of 10 was significantly higher than the other two (56 h,
respect to 7.7 h and 6.3 h, values are in Table 3.4). Moreover, characterisation of
the enthalpy and entropy of activation gave a significantly higher negative value
of 4S‡ for 10, while the 4H‡ were comparable (see Table 3.4). We formulated an
hypothesis that the rotation of the isopropyl (iPr) groups is hindered in the NBD
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isomer, while there is more space in the QC isomer therefore iPr can rotate more
freely.

Figure 3.10: a) 1H NMR spectra of a 50:50 toluene solution of NBD and QC isomer of 10 measured
at temperatures between -32 °C and 45 °C. Peaks from protons on NBD are filled in blue, the ones
from QC are filled in orange. b) detail of the peaks from the iPr protons on QC 10 between -32 °C
and 45 °C. Reproduced with permission of RSC.

1H NMR peaks of the iPr were in fact broad in the NBD isomer, which can be
due to hindered rotation, while they were sharp in the QC NMR. Variable temper-
ature (VT) NMR spectra of a mixture of both NBD and QC of 10 were recorded
and are shown in Figure 3.10. iPr protons of the QC are in slow conformational
exchange with respect to the NMR timescale at low temperature (-32 °C), co-
alesce at about -5 °C, and are then in fast exchange at 45 °C (orange peaks in
Figure 3.10). Instead, NBD iPr signals did not change over this range of temper-
ature (blue peaks in Figure 3.10). These observations supported our hypothesis,
confirming that the hindered rotation of iPr groups in the NBD isomer of 10 is
the cause of the high negative activation entropy in the isomerization of QC to
NBD, which makes the QC isomer having a longer half-life compare to 8 and 9.
These findings give a valuable insight on the thermal isomerization of QC, which
can be used in future designs to selectively increase the half-life of QC without
negatively affecting other properties.

Another recent work published by Jevric et al.105 presents a similar but sub-
stantially different strategy to increase the activation energy of the back isomer-
ization of QCs. A series of donor-acceptor NBDs were made by Jevric et al., with
cyano and aryl substituents. These have different substituents in ortho, meta or
para position, and some of the studied compounds are shown in Figure 3.11.
Characterisation of the kinetic, thermodynamic and photochemical properties re-
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Figure 3.11: Recently made NBD derivatives with donor-acceptor substituents. 105 The ones with
ortho substituents have very long half-life of the quadricyclane isomer.

vealed that NBDs bearing substituents in the ortho positions had an extremely
long half-life of the QC isomer (from about 80 days in the meta variation, to more
than 2000 days in the ortho, see compounds 19-22 Table 3.4), without signi-
ficantly compromising the other properties. Insight from theoretical calculations
revealed that constrains from the steric hindrance of the ortho substituents in-
duce high energetic barriers on the QC ground state energy landscape, which
make the pathway to the transition state to the isomerization to NBD higher in
energy. It is interesting to note how in this set of compounds, QC to NBD isomer-
ization in the cases of ortho substituents have a very high positive contribution of
the entropy of activation compared to their meta or para counterparts (see Table
3.4). The effect of temperature on the lifetime of QC 8-10 and QC 20 and 22 will
be different, due to their different entropy of activation. Isomerization of QC 22
has a large positive entropy of activation, therefore its half-life is largely changing
with temperature, and is expected to significantly decrease at higher temperat-
ures, to the point where it will be shorter than the one of 20. These two different
approaches to engineering the half-life of QC derivatives by selectively affecting
the enthalpy and entropy of activation can both have their advantages, and are
extremely valuable tools for future designs tailored toward specific applications.
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Chapter 4

Testing Applications and New
Materials:

In this chapter a laboratory scale device test (Paper III) is described, and obser-
vations from these experiments lead to a conversation on MOST limitations and
potentials. In addition, characterisation of neat liquid MOSTs (Paper I) is presen-
ted, and new outlooks for high energy density MOST materials are analysed.

4.1 Laboratory Scale Device Testing

Testing MOST materials in real devices can serve as “proof of concept”, demon-
strating and developing immature technologies at early stages. These kind of
experiments can be very instructive for MOST, in order to identify potentials, lim-
itations, and future challenges of promising candidates and applications. From
the experiments, insights on how the technology should be developed can be
gained; moreover, the efficiency of the compounds can be actually measured,
and the improvements in different systems assessed. Different devices have
been planned, built and tested to show the potential of MOST.20,67,75,81,108

It was decided, as presented in appended paper III, to investigate the po-
tential of a hybrid technology which combines MOST and solar water heating
(SWH). Even an ideal MOST is supposed to absorb only part of the solar spec-
trum, up to about 600 nm, but most of the existing NBDs that have overall prom-
ising properties usually have Aonset between 350 nm and 450 nm. The idea was
to make a device with an upper layer where to flow a fluid MOST (like a norbor-
nadiene solution), and a lower layer where to flow water. In this way the incoming
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Figure 4.1: Illustration of a hybrid solar energy conversion device. The upper collector is used for
the conversion of the MOST system; the lower collector is used for solar water heating. Measured
efficiencies are reported (NBD 16 as MOST, 0.1 M in toluene, n̊ = 2.710-8mol s�1, m̊ = 1.6 10�5 kg
s�1). Reproduced with permission of RSC.

photons can be partially absorbed (and therefore stored) by the MOST, and the
transmitted photons result in heating the water underneath. Such a technology
would combine the perks of both MOST (storing heat) and SWH (readily available
thermal energy with high efficiency). A device to test this concept was designed,
and a schematic illustration can be seen in Figure 4.1.

Figure 4.2: Planning and construction of the hybrid collector. a) Custom made quartz microfluidic
chip; b) 3D model of the SWH collector; c) picture of the assembled SWH collector including connec-
tion tubes and thermocouples; d) detail of a T-junction with thermocouple; e) detail of the combined
hybrid collector. Reproduced with permission of RSC.

A custom made fused silica microfluidic chip was used for the upper collector
(Figure 4.2 a). It was connected with syringe needles to PTFE tubings, and a
syringe pump was used to pump the solution. The lower collector (Figure 4.2
c) was made with a 3D printed winding channel (Figure 4.2 b), covered with a
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quartz slide, and connected with syringe needles to PTFE tubings. In the tubings,
before and after the lower collector, two thermocouples where inserted through
a T-junction (Figure 4.2 d). The hybrid collector was obtained by glueing the two
on top of each other (Figure 4.2 e).

To test the device the two norbornadienes 16 and 18, shown in Figures 3.3
and 3.5 were selected. They had both been synthesised, characterised, and pre-
viously published by some of us.81,82 The properties of 16 and 18 have partially
discussed in the previous chapter. They both have a red-shifted absorption onset
(389 nm and 456 nm respectively); the overlap with the solar spectrum, however,
is not ideal, as can be seen in Figure 3.5 b, but the portion of sun photons ab-
sorbed is greatly increased with 16. 18 has a good quantum yield (60%), very
long t1/2 (42.9 days), and good energy storage (86.5 kJ/mol, which could poten-
tially give a temperature rise of about 200 °C). 16 has a much improved Aonset ,
but the quantum yield is unfortunately lower (28%); the energy storage is also
good (103 kJ/mol), and could potentially give a temperature rise of 238 °C.

A solution of 16 and 18 in toluene (70 mM and 100 mM respectively) was cir-
culated in the MOST collector, while irradiating it with a simulated solar radiation.
The conversion of NBD to QC was then measured with 1H NMR. The following
equation was used to calculate the solar energy storage efficiency, hMOST , of the
MOST system:

hMOST =
ṅMOST ·aQC ·4Hstorage

A ·EAM1.5
(4.1)

where aQC is the measured conversion fraction of NBD to QC after irradi-
ation, 4Hstorage is the QC storage energy (in J mol�1), ṅMOST is the MOST flow
speed (mol s�1), A is the irradiated surface, and EAM1.5 the energy of the in-
coming radiation (1000 W m�2for the AM 1.5 solar standard). hMOST of 18 and
16 was therefore calculated to be 0.1% and 1.1% respectively. These values
are a great improvement compared to the previously reported MOST device test
(up to 2 orders of magnitude).20 The previously used MOST system was based
on a ruthenium difulvalene derivative, which has a much lower quantum yield.
These systems already represent a significant improvement of many of the key
MOST properties. Moreover, a cyclability test of 16 in toluene was performed by
Z. Wang and after 127 cycles the degradation was negligible demonstrating an
excellent robustness.

Water was then flowed in the lower collector at different rates, while irradiating
under simulated sun conditions. A the same time, in the MOST collector, air, or
toluene, or 18 or 16 in toluene solutions were circulated, to investigate the effects
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of these on the performance of the SWH device. The efficiency of the solar water
heating collector hSWH was then calculated according to the following equation:

hSWH =
ṁH2O ·CPH2O ·4T

A ·EAM1.5
(4.2)

where ṁH2O is the flow rate of the water (Kg s�1), CPH2O is the heat capa-
city of water (J Kg�1 K�1), 4T is the measured temperature increase (K). The
measured 4Tand hSWH at the different flow rates are in Figure 4.3. The thermal
behaviour of the device was also simulated (the simulation was performed by K.
Börjesson), giving a good agreement with the experimental data. It is shown that
the presence of the MOST does not significantly affect the performance of the
SWH collector. The simulation was also used to predict the efficiency hSWH when
an optimised norbornadiene (with an onset of absorption of 590 nm)26 is used in
the MOST collector. In this case hSWH is more affected by the MOST layer which
absorbs a significant part of the incoming light, but it is calculated that the total
efficiency of the device will be still higher respect to the SWH device alone (see
attached Paper III).

Figure 4.3: Increase of water temperature and SWH at different flow rates. In the upper collector air
(black), toluene (red), 18 (blue) or 18 (pink) in toluene were circulated; errors as standard deviations
are reported for the measurements done while in the upper collector is circulating air, toluene or 18.
The measured points are compared with the simulated values (solid lines, same colour coding). The
device operating with an optimised MOST system with cut off at 590 nm is also simulated (green
line). Image reproduced with permission of RSC.
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An evaluation of the different energy losses competing to the efficiency hMOST

was done. Part of the energy is lost because of the poor spectral overlap with
the sun spectrum. This can be improved by red-shifting the NBD absorption or
by utilising the transmitted photons, as suggested here, to heat water. Of the
absorbed energy, part of it is not stored due to inefficient photoisomerization
process, and in 16 this loss equals to 72%; highlighting the significance of this
property on the storing efficiency of a MOST system. This loss parameter, Eiso,
can be calculated as follows:

Eiso =

ˆ lonset

0
n f ·E f · (1�f)dl (4.3)

where n f is the photons flow in the solar spectrum at each wavelength (in s�1

m�2 nm�1) and E f is the energy of each photon (in J nm�1).

Some energy is also lost when the excited NBD undergo radiationless re-
laxation to a local minimum and then photoisomerise to the QC, this parameter,
Erelax, is calculated as:

Erelax =

ˆ lonset

0
n f · (E f �

4Hstorage

NA
) ·fdl (4.4)

where NA is the Avogadro´s number. This loss parameter include also part of
the energy that is used for the barrier to the back isomerization.

Figure 4.4: Energy scheme of 16 with reported the measured values. 4G‡ is calculated at 25 °C.
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If we look more in detail at 16 in Figure 4.4, the energy difference between
NBD and its excited state S1is 262 kJ mol�1 (calculated from the measured ab-
sorption spectrum), and 4Hstorage was measured to be 103 kJ mol�1. Of their
difference, which equals to 159 kJ mol�1, at least 98 kJ mol�1 are used to ac-
commodate the activation energy barrier (this is the 4G‡ at 25 °C), and leaves
about 61 kJ mol�1 of losses which will most likely result in heating of the MOST
medium. This energy gap could be hypothetically decreased if the vibrational
relaxation on S1 and its energy difference with S0 were minimised. Except “trial
and error”, supported by theoretical modelling, there are to date no strategies for
minimising the energy difference between the excited state of NBD and QC to
the amount of energy needed for a reasonable barrier to the back isomerization,
without compromising other properties as the Aonset and 4Hstorage.

Other fundamental aspects emerged from these proof of concept experi-
ments; for example NBDs 16 and 18 are solid compounds at room temperature,
which have been diluted in toluene. Dilution obviously decrease the energy stor-
age density, and needs to be taken into account. Dilution is mostly needed in
order to perform characterisations, but has to be reduced or removed to make
high energy density operational MOST materials.

4.2 Developing new Norbornadienes Based Mater-
ials for MOST

MOST materials that are developed based on norbornadiene derivatives should
be solid or liquid. NBDs have been previously added to polymers, and they were
able to switch between the isomers, maintaining an impressive robustness over
thousands cycles.63 Liquid, neat norbornadienes are of great interests since they
could be used in closed system flow devices, but had never been made or tested
before. Neat NBDs 3a-d have very promising properties in solution, moreover
they are all liquid at room temperature. Their shear viscosity was measured and
it is between 0.03 and 0.07 Pa s, which is comparable to the one of colza oil (see
Figure 4.5).

A thin layer of neat NBDs was obtained by putting a drop of each in between
two microscope glass slides. The samples prepared in this way could be inser-
ted in a spectrophotometer and also irradiated. After irradiation with LEDs (365
nm), the absorption band decreased, which is typically correlated with the pho-
toisomerization to QC ( see Figure 4.6 a). The absorption at 355 nm was then
followed over time at room temperature, and it increased following an exponen-
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Figure 4.5: a) Picture of about 300 µ l of liquid NBD 3a in the rheometer. b) Measured shear
viscosity of 3a-d and colza oil. Reproduced with permission of Wiley.

tial curve, confirming a first order kinetic process (Figure 4.6 b). The measured
QC half-life gave variable results, which was suggested could be due to the dif-
ficulty of controlling the temperature in this experimental set-up. Although de-
gradation or other effects (for example the influence of slides thickness) could
not be totally excluded. Even more surprisingly, the measured t1/2 fall within the
range of minutes, which is much shorter than the values measured in solutions.
It was therefore speculated that microscopic phenomena of local heat release
were facilitating the thermal isomerization. Moreover, a change in medium (in
this case from solvent to neat) could potentially also affect the transition state or
the mechanism, but these are only hypothesis as for now. Future studies should
investigate NBD derivatives with different donor-acceptor groups, and also the
eventual effect of dilution in highly concentrated samples.

Figure 4.6: a) Decrease of the absorption band is observed after irradiation (365 nm) of neat
samples of 3a - d. b) After stopping the irradiation, the absorption (measured at 355 nm) increases
over time at room temperature. Reproduced with permission of Wiley.

An interesting difference between solutions and neat samples was the sta-
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bility toward repeated cycles of NBD to QC photoisomerization and back con-
version. Samples dissolved in solutions exhibited relatively good stability toward
multiple isomerization cycles even without degassing the solution. Neat samples
instead showed a significant degradation during the first cycle (about 60%), and
small degradation during the subsequent cycles, as seen in Figure 4.7. Using
radical stabiliser or removing oxygen from samples of 3a did not seem to im-
prove the stability during the first isomerization cycle. NMR of the samples after
the degradation show the appearance of broad peaks which could be correl-
ated to formation of polymeric byproducts. Based on the observed degradation
it seems that even a small dilution of the samples, or other strategies to interfere
with intermolecular reactions, could potentially significantly improve their stability.

Figure 4.7: Absorption measured at 323 nm of a toluene solution of 3a undergoing multiple cycles
of irradiation (365 nm) and thermal back conversion (above 60°C). b) Absorption measured at 410
nm of a neat thin film of 3a undergoing multiple cycles of irradiation (365 nm) and back isomerization
at room temperature.



Chapter 5

Summary of Significant
Achievements and Outlooks

A simple, scalable, and efficient synthesis toward donor-acceptor norbornadienes
have been identified. The synthesized series of donor-acceptor norbornadienes
(3a-d) have overall good properties, with well red-shifted Aonset , t1/2 of about 100
hours that would suit day to night storage applications, high quantum yield, and
high energy density for low/medium heat applications. An efficient way to control
the kinetic stability of QCs by engineering the entropy of activation have been ra-
tionalised. This is based on the introduction of bulky iPr groups on the bridge (C7)
position of NBDs; their rotation is more sterically hindered in the NBD isomers,
and less in the QCs. The gained insight into the mechanism of the back iso-
merization is of great value for designing future MOST systems with long storage
times. A laboratory scale microfluidic device have been designed, built, and used
to test a hybrid technology combining MOST with solar water heating. Testing it
demonstrated how combining these technologies would lead to an overall higher
total efficiency and performance. Moreover, these experiments helped identify-
ing new challenges to be faced in the future development of MOST technologies.
The importance of high quantum yield of photoisomerization, and functional high
energy density materials were therefore highlighted. The properties of the syn-
thesized norbornadienes (3a-d) which are liquid at room temperature have been
tested in neat samples. The liquid NBDs pohotoisomerised and back-converted
in neat samples, but new challenges emerged. Future research will have to aim
for longer half-life of QCs in neat, or highly concentrated samples, and improve
the stability over multiple cycles of photoisomerization and back conversion.

41
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The work presented in this thesis has been part of a larger project, where
team efforts allowed to reach many remarkable results. The MOST technology
is still at a research level but significant advancements were achieved in the
last years.Some of the most noteworthy results by the MOST team colleagues
are for example innovative NBDs oligomers with dimeric or trimeric structures.?

These exhibit red-shifted absorption (up to above 400 nm), in most cases high
f (up to 94%), and high energy storage density (measured up to about 600 kJ
mol�1). As previously discussed, a way to reach outstanding improvements in
storage time has been discovered by Jevric et al. in donor-acceptor NBDs with
aromatic groups bearing ortho substituents.105 Wang et al. managed to measure
the microscopic heat released by the catalysed conversion of a quadricyclane
derivative to the norbornadiene isomer, with observed 4T up to 63 °C.109

Future work will have to address challenges that are still unresolved. It
emerges from the work in this thesis how the strategy to extend the storage times
and improve f in Paper II could be applied to existing molecules to improve their
features (for example 16). More work needs to be invested into developing neat
or highly concentrate operational liquid or solid MOSTs. Defined applications
need to be clearly identified, and the goal properties have to be stated. Device
testing will play a crucial role in this phase. Devices to test the full cycles of
photoisomerization and catalysed backconversion will be particularly interesting
in assessing MOST technologies, and developing efficient catalysts. New com-
pounds with overall optimised properties toward the selected applications need
to be identified, and it is fundamental to develop efficient syntheses and scale
them up. Scaling up plays a vital role also in device testing (more material is
often needed in that case), safety assessment, and costs evaluation; these are
very important goals in order to achieve real applications. To exploit the potential
of NBD-QC systems and technologies such as MOST, not only basic research,
but more significant collaborations with industries and agencies are needed. It is
believed by the author of this thesis that it will be these precious collaborations
that will allow to fill the gap with the “ivory tower” that is university research. It
will be exciting to see what the future will bring.

Norbornadienes are very versatile systems, and derivatives have been invest-
igated not only for MOST, but also for a diverse range of applications. Examples
of other potential applications are as switches for molecular electronic applic-
ations,110 optoelectronic,111,112 data-storage,113 and chemosensors.114 While
being immersed in working toward efficient MOST systems, it has been also im-
portant to not forget how university research is in many cases a wonderfully free
environment. Original ideas, collaborations, side tracks, and serendipitous dis-
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coveries can still some times find place to happen and grow. Historically, they
have often brought amazing and impactful discoveries and are key to identific-
ation of potential new applications. It is important, while dutifully pursuing our
main research objectives, to not forget about keeping our minds open and play-
ful, chase fun ideas, and enjoy serendipity. The next chapter will present one of
these enjoyable and fruitful “side-tracks”.
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Chapter 6

A Versatile Norbornadiene:
Exploring New Applications
in Molecular Logic

In this chapter the field of molecular logic is briefly introduced. A norbornadiene
based molecular keypad lock is demonstrated (Paper IV).

Molecular logic is an interdisciplinary field based on the concept of using
intrinsic features of molecular systems to perform logic operations. While tradi-
tional silicon based logic elements are voltage dependent, molecular switches
and systems can, upon receiving chemical or photonic inputs, become distinct
species with specific physical properties as outputs. It was suggested to use
these systems to perform Boolean logic operations and process information at
a molecular level. De Silva published in 1993,115 a molecule that can bind hy-
drogen and sodium ions. It gives different fluorescence signals depending on
the ions concentration, with high intensity fluorescence only when both ions are
above a certain concentration. This system works in fact as an AND logic gate.
During the years the field developed and attracted a lot of attention. Systems
utilising different chemical and physical signals as inputs and outputs (such as
pH, redox agents, ions, light, temperature and more) have been demonstrated as
logic gates.116–120 One of the big challenges have been concatenation of logic
gates into larger systems with more advanced functionalities, and photochem-
ical processes have been the favourited choice because of their efficiency and
lack of chemical byproducts.121,122 The idea of making molecular based com-
puters hampered over the years due to intrinsic difficulties, and new ways to
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use the complex functionalities of these systems have been explored. Molecular
logic systems have been investigated for example for drug release, drug activa-
tion and sensing, and other advanced applications.123–125 One of the suggested
use is for security measures, to encrypt and protect sensitive data, and in the
past different switches or more complex molecular systems have been invest-
igated as keypad locks. In these systems a combination of inputs, applied in
a specific order (a “key”) gives a unique output.126–128 Different molecular pho-
toswitches have been investigated for this application, and molecules undergo-
ing photoinduced processes are in general the preferred choice for the above
mentioned reasons.121,126,129–133 To the best of our knowledge, norbornadiene-
quadricyclane photoswitches had never been investigated for molecular logic or
security applications before.

6.1 A Norbornadiene-Quadricyclane Based Molecu-
lar Keypad Lock

Norbornadiene-quadricyclane 16 is a versatile molecular photoswitch which, as
discussed in the previous chapters, has very promising features for MOST ap-
plication.

Figure 6.1: a) Interconversion scheme between the four species NBDH+, NBD, QC, and QC+. b)
Spectra of the four species, measured in toluene solution.

It is simply and efficiently synthesised from the commercially available NBD
in just 3 steps. Due to the presence of the donor and acceptor groups on the
double bond, the absorption of NBD 16 is red-shifted with an onset of about 450
nm. Upon photoisomerization the double bond between the donor and acceptor
groups is converted to a single bond, breaking the conjugation and therefore
blue-shifting the absorption of QC 16 down to 344 nm. NBD 16 photoisomerise
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to QC 16 upon irradiation between 375 and 450 nm (f = 28% measured at 410
nm). Interestingly, it was observed by colleagues Z. Wang and B. E. Tebikachew
how irradiation of QC 16 with light at 310 nm would induce photoisomerization
back to NBD 16, with f = 53% measured at 300 nm. Photoisomerization of QC
to NBD upon irradiation with deep UV light has been observed before (in NBD
moieties incorporated into polymers) but this feature is rarely observed.77,78 In
this case, it allows 16 to be used for applications where fast (< 1 min) intercon-
version between NBD and QC isomer is required. Another interesting feature of
16 is the methylated amino group, which can be protonated. It was predicted
how protonation of the amino group would decrease it electron-donating char-
acter, disrupting the push-pull system. This would in turn further blue-shift the
absorption spectra in the protonated forms (NBDH+ and QCH+ seen in Figure
6.1), which was in fact observed (Figure 6.1 b).

It is possible to observe in Figure 6.1 how 16 (in toluene solution) can in-
terconvert between 4 different species, each of them with a distinct absorption
spectrum. NBD 16 as an absorption maximum at about 405 nm; it can be pro-
tonated to NBDH+ 16 (which has an absorption maximum at about 330 nm) by
addition of acid (for example trifluoroacetic acid TFA). The deprotonation back to
NBD 16 proceed readily by adding a base (such triethylamine Et3N). NBD 16 can
be readily photoisomerised to QC 16 (which has a high absorption maximum at
about 300 nm, and onset at 344 nm) by irradiation at 410 nm. The back conver-
sion to NBD 16 occurs thermally (time constant of about 7 h at 25 °C in toluene)
or, as we have seen, photochemically (irradiation at 300 nm). QC 16 can also
be protonated to QCH+ 16, which has a very blue shifted spectrum with onset at
around 320 nm, by addition of an acid such as TFA. Deprotonation back to QC
16 can be accomplished by adding a base such as Et3N. Irradiation of NBDH+16
at 340 nm showed partial decrease of the absorption band usually associated
with photoisomerization. QCH+16 thermally convert to NBDH+16 with a time
constant of about 2.5 h at room temperature in toluene solution, but some de-
gradation is also observed in this process. More importantly, due to its spectral
features (the absorption is extremely blue-shifted), and also to the solvent cut-off,
it is not possible to photoisomerise it back to NBDH+16. The photoinduced iso-
merisation proceed usually efficiently within a minute of irradiation with LEDs of
appropriate wavelength (and power between 25−870 mW), while within this time
scale the thermal isomerisations are minimal. The interconversions between the
four states of 16 are well understood and their properties rationalised. It was
therefore suggested in appended Paper IV to exploit this system for making a
three-input molecular keypad lock. The three inputs are: (a) acid, (b) base, and
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(UV) light at 310 nm. QCH+16 is chosen as the initial state. Looking at the in-
terconversion scheme, it is evident that there is only one way to make NBDH+16
from QCH+16, which is to apply the inputs in the following sequence: b, UV, a.
NBDH+16 has a characteristic absorption maximum at 330 nm; the measured
absorbance at 330 nm is chosen as output, and needs to be high in order to
“open the lock”. All the possible combinations of inputs are listed in Table 6.1,
and the predicted formed species are in Table 6.2. All the input sequences were
tested on toluene solutions of QCH+16 (which was formed in situ from the syn-
thesised NBD 16 by irradiation at 405 nm and protonation with TFA), and the
spectra after each input were recorded recorded. The absorption spectra were
read at the output wavelength of 330 nm, and as expected only sequence 4 gave
an absorbance higher than the threshold, here set at A = 0.25 (see Figure 6.2).
Reading the absorbance at 310 nm or 405 nm (Figure 6.2 b and c) gives the
information if QC or NBD have been formed as predominant specie, and the
results reflect the expected ones from Table 6.2.

Table 6.1: Possible permutations of the three inputs: acid (a), base (b), 310 nm light (UV).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

a a b b UV UV a b a UV b UV a b UV
b UV a UV a b b a UV a UV b

UV b UV a b a

Table 6.2: Species that are expected to form when a QCH+ toluene solution is subjected to each
of the possible combinations of the three inputs a, b and UV. Only combination 4 forms NBDH+.

1 2 3 4 5 6

QCH+ QCH+ QCH+ QCH+ QCH+ QCH+

QCH+ QCH+ QC QC QCH+ QCH+

QC QCH+ QCH+ NBD QCH+ QC
NBD QC QCH+ NBDH+ QC QCH+

7 8 9 10 11 12 13 14 15

QCH+ QCH+ QCH+ QCH+ QCH+ QCH+ QCH+ QCH+ QCH+

QCH+ QC QCH+ QCH+ QC QCH+ QCH+ QC QCH+

QC QCH+ QCH+ QCH+ NBD QC

The performed experiment demonstrates how this system could conceptually
work as a molecular keypad lock. There are also some drawbacks, for example
chemical inputs are not the best choice, especially if it is expected to use the
system over multiple cycles, because of the formation of byproduct. All-photonic
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Figure 6.2: a) Output reading of the absorption at 330 nm of the final species after applying se-
quences 1-5 to a toluene solution of QCH+. The absorption after sequence 4 is the only one above
the threshold level, arbitrarily set at A = 0.25. By reading the absorptions at 310 nm (b) or 405 nm
(c), it is possible to identify if QC (sequences 2, 5, 7, 12, 14) or NBD (sequences 1, 11) have been
formed.

systems are preferred and should be the first choice in future molecular logic ap-
plications. Moreover, a three input, 15 sequences lock is not highly secure, and
would likely not be useful for real safety applications. Still, it is the first known ex-
ample of a NBD-QC based molecular logic element, and it will hopefully attract
more interest on these systems in the future. NBD-QC based photoswitches are
extremely versatile systems, with a vast library of easy to synthesise derivatives.
Their properties are well understood and change within a wide range of values.
Therefore, it is believed that they have a great potential as molecular logic ele-
ments, and also for new and diverse applications.
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Chapter 7

Methods

This chapter is intended to very briefly illustrate some of the concepts and theory
behind the methods used in the work presented in this thesis.

7.1 Optical spectroscopy

When a molecule interacts with light many different processes may occur. Light-
matter interactions can be described with a so-called a Jablonski diagram (in
Figure 7.1). When a molecule absorbs light with an appropriate energy, an elec-
tron will be promoted to a higher energy level, and the molecule will be in an
excited state. The excited molecule can then undergo different processes, of
which the main ones can be summarised in radiationless vibrational relaxations,
internal conversion or intersystem crossing (see Figure 7.1). Moreover the ab-
sorbed energy can be emitted through fluorescence or phosphorescence.

A useful characterisation technique consists into measuring the absorption of
light in the UV-Vis range, meaning between 200 and 800 nm. Whit an UV-Vis
spectrophotometer it is possible to measure the absorbance, defined as:

A = log10

✓
I0

I

◆
=�log10T (7.1)

where A is the measured absorbance, I0 is the intensity of the incident light, I is
the intensity of the transmitted light, and T the transmittance.

From the absorbance it is possible to calculate the molar absorptivity e using
the Lambert - Beer law:

A = elc (7.2)
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Figure 7.1: Jablonski diagram. Thick black lines indicate electronic energy levels, thin black lines
indicate vibronic energy levels. Blue arrows indicate absorbance of light, green arrows are for fluor-
escence emission, red arrows phosphorescence emission. Ondulated arrows indicate radioationless
transitions, ic is internal conversion and isc intersystem crossing.

where l is the path length of the light through the material and c the concentration.
This relationship is valid in a wide range of diluted organic solutions, and it is
extremely useful since it correlates the concentration to the mesured absorbance
in a linear way. UV-Vis absorption spectroscopy is a versatile technique which
allows to determine the exact concentration of the absorbing species in solution,
and to follow eventual variations of this concentration with very high sensitivity.
It is valid only for diluted solutions, therefore it will deviate form linearity when
concentrations become very high. Deviation from linearity or change in intensity
can also indicate the presence of more than a specie in solution, or changes to
the solute composition .

7.1.1 Kinetics of the Thermal Isomerization

The compounds that have been studied in this thesis absorb light in the ultravioelt-
visible range. Upon exposure to light, the compounds photoconvert to the quadri-
cyclane isomer, and the absorption of the latter is significantly blue-shifted (since
the conjugation through the double bond is broken).

This property can be exploited to follow conversion between NBDs and QCs.
Specifically, it is of value to measure the kinetics of the thermal back isomeriza-
tion of quadricyclanes to norbornadienes. Typically the quadricyclane solution is
prepared in situ by irradiation, and the absorption at a specific wavelength and
temperature is then followed over time. The thermal isomerization of QC to NBD
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follows a first order kinetic, therefore the measured curve can be fitted to a first
order exponential function, to obtain the rate constant (k) for the process. Know-
ing the rate constants at different temperatures (T ) it is possible to calculate the
enthalpy and entropy of activation (4H‡ and4S‡ respectively) using the linear
form of the Eyring-Polanyi equation:106,107

ln
k
T

=
�4H‡

R
· 1

T
+ ln

kB

h
+

4S‡

R
(7.3)

where R is the gas constant, kB is the Boltzmann constant, h is the Planck´s
constant.

Since the process follows a first order kinetic, the half life t1/2 (defined as
the time where the concentration is decreased by half) can be easily calculated.
It simply depends from the rate of the reaction and the natural logaritm of 2,
according to the following equation:

t1/2 =
ln2
k

(7.4)

7.1.2 Photoisomerization Quantum Yield

UV-Vis absorption spectroscopy is also the chosen tool to characterise the effi-
ciency of the NBD to QC photosomerization. The theory and methods for de-
termining the photoisomerization quantum yield of photoswitches used in the
work presented in this thesis is the same as described in a previously published
work.134

In a generic system with two molecule A and B, different photo and thermally
induced processes can occur, as described in Figure 7.2. These include photoi-
somerization of A to B (blue arrow in figure), photoisomerization of B to A (green
arrow), and thermal conversion from B to A (red arrow). The equation which
describe the the rates of these processes is:134

dA
dt

=�fA · I ·bA(t)
NA ·V

+
fB · I ·bB(t)

NA ·V
+ kt,B!A [B] (7.5)

where fA and fB are photoisomerization quantum yield of A and B respect-
ively, I is the photon flux of the light source, bA and bB are the fractions of photons
absorbed by A and B respectively, NA is Avogadro´s number, kt is the rate con-
stant for the thermal back conversion, V the volume of the sample, and [B] the
concentration of B.

In this thesis, the used method assumes a total absorption regime. In this
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Figure 7.2: Simplified energy scheme of a molecular system undergoing photo and thermally
induced processes between isomers A and B. Blue arrow follow the photoisomerization of A to B
while green arrow show the photoisomerization of B to A. Red arrow indicates the thermally driven
conversion of B to A.

condition, the absorbance of A at the irradiation wavelength is above 2 during
the experiment, therefore at least 99% of the photons are absorbed. Moreover,
the absorbance and thermal isomerization of B are negligible at the chosen ex-
perimental conditions. Therefore in this specific case it can be safely assumed
that the photoisomerization of A to B is the main process occurring. After irradiat-
ing the B containing solution for a certain time tirr, an amount of A will be formed.
By using the Lambert-Beer equation (see eq. 7.2) to correlate the concentration
of A in solution to its measured absorbance, equation 7.5 can be simplified and
integrated to give:134

[A] = [A0]�
fA · I
NA ·V

· tirr (7.6)

It is of course necessary to know the photon flux of the light source, which
should be monochromatic and with a collimated beam. To determine the photon
flux, chemical actinometry was used. A compound which undergoes a photo-
chemical process with a known quantum yield is used as a reference standard
to determine the photon flux. In the present work, a modified version of the pre-
viously published ferrioxalate actinometry135 was used. It is based on the photo-
chemical degradation of ferrioxalate, which was chosen because of the reliability
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of the given results:

Fe(C2O4)
3�
3

hn! Fe2++C2O·�
4 +2C2O2�

4 (7.7)

Fe(C2O4)
3�
3 +C2O·�

4
4! Fe2++C2O·�

4 +2CO2 +C2O·�
4 +3C2O2�

4 (7.8)

The method for measuring the photon flux in this way is described more in detail
in a recently published work.134

The set up of the quantum yield measurement has been recently improved
in the group. It consists of a UV-Vis spectrophotometer equipped with a four
way cell holder, that has also a temperature controller and the possibility to apply
stirring. In this way it is possible to irradiate and monitor the solution at the
same time. Collimated diodes of the appropriate wavelength were controleld
manually or using a computer controlled trigger, programmed to irradiate the
sample for defined time intervals. After each irradiation the UV-Vis spectra were
recorded. By doing a linear fitting of the measured absorption after different
irradiation times, and using equation 7.6, it is possible to calculate the quantum
yield.

7.2 NMR Study of Dynamic Processes

Basic knowledge of the theory behind nuclear magnetic resonance (NMR) spec-
troscopy is assumed as known. Variable temperature experiments to study dy-
namic processes in the molecular systems have been conducted in the work
presented in this thesis. The theory behind them is very briefly presented.

Dynamic processes can be faster or slower in respect to the NMR measur-
ing time scale. In the first case the measured signals result from an average of
the conformations the atoms have occupied during the experiment time. In the
second case different signals are measured for the different conformations occu-
pied by the atoms, as can be seen in Figure 7.3. By changing the temperature
the dynamic processes will of course occur faster or slower. At a temperature
where the speed of the processes is intermediate, a broad signal is observed,
and it is said to have coalescence.136 If the processes are slow enough on the
NMR scale, the signals could also give cross peaks due to chemical exchange in
a NOESY experiment. In this type of experiment the signal due to NOE effect will
have the opposite sign with respect to the diagonal of the spectrum, while signals
due to chemical exchange will have the same sign. In this way it is possible to
distinguish the two different types of cross peaks, and further confirm the peaks
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Figure 7.3: Expected NMR spectra of a molecular system interconverting between two conforma-
tions A and B each giving different signals.

that are eventually associated to the same nuclei.

7.3 Differential Scanning Calorimetry

Differential scanning calorimetry is a thermoanalytical technique. It measures
how much energy is required to heat a sample at a certain temperature compared
to a reference. If the sample is undergoing an endothermic process it will need
more power than the reference; if it undergoes an exothermic process then it
will need less power than the reference to reach the same temperature. DSC is
mainly used to determine energetics of phase transitions.

In the work presented in this thesis, the observed process is the thermal
isomerization of quadricyclanes to norbornadienes. This process can be induced
by heating, and it is accompanied by heat release. By knowing the exact amount
of material in the DSC sample it is possible to normalise the measured heat
release, and to calculate the enthalpy difference between the quadricyclane and
norbornadiene isomer. This correspond to the energy storage density of the
MOST system.
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