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Abstract 
MOLECULAR SOLAR THERMAL ENERGY STORAGE SYSTEM: EVALUATION OF DIFFERENT 

CANDIDATES 

Characterization, Modification and Integration into Devices 

ZHIHANG WANG 

Department of Chemistry and Chemical Engineering 
Chalmers University of Technology 

The development of solar energy can potentially meet the growing requirements for a global 

energy system beyond fossil fuels, however necessitates new scalable technologies for solar 

energy storage. One approach is the development of energy storage systems based on molecular 

photoswitches, so-called molecular solar thermal energy storage (MOST). By using organic 

photoswitchable compounds, the material can absorb sunlight thus photoisomerized to a 

metastable high energy photoisomer for ideally a long period of storage time, in such way, solar 

energy can be transformed to chemical bond strength of the molecule. When energy is needed, 

the converted molecule can be passed through a catalytic fixed bed reactor to release 

efficiently the stored energy in the form of heat, which could be used for, in this instance, 

domestic heating and low-temperature industrial heating purposes. Various candidates 

have been proposed for MOST applications, however a systematic evaluation and 

comparison of the proposed candidates is still scare. Here in this thesis, three candidates 

with difference photoswitching mechanisms including a norbornadiene derivative, an 

azobenzene derivative, and a dihydroazulene derivative have been characterized in detail 

for their availability of MOST purposes. Some modifications of tested norbornadiene has 

been tried as a further effort to improve the molecules’ properties. Later, all three 

candidates have been integrated into either indoor or outdoor devices for real application 

evaluations. Moreover, for stored energy release part, suitable catalysts for each candidate 

has been discovered, more discussion about future catalyst perspective have been 

performed in the context. Results show in a clear way how far this technology can be 

industrialized and the direction of next generation of MOST candidates. 

Keywords: Solar Energy; Energy conversion; Energy storage and release; Thermal dynamics; 

Molecular switches; Norbornadiene; Quadricyclane; Azobenzene; Dihydroazulene; 

Vinylheptafulvene; Catalyst 
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Chapter 1 

 

Introduction 

With an increasing world population, the demand for energy is rising rapidly every year. 

According to statistics from the BP plc (formerly The British Petroleum Company plc and BP 

Amoco plc), in 2018, the global energy consumption increased by 2.9% compared to 2017, 

which was the largest yearly growth since 2010.1 On the other hand, the United Nations 

projects that the global population is estimated to reach 8.5 billion by 2030 and further, it 

will exceed 9.1 billion by 2050.2 This continuously increasing population and rapid economic 

growth consequently give rise to a cumulative demand on energy, resulting in predictions 

that the energy consumption will certainly be doubled within the next 40 years.3 

Considering as one of the world's consumable carbon sources, fossil fuels, including oil, coal 

and natural gas, are still the main resources consumed today. Statistical data shows that, in 

2018, CO2 emissions from the consumption of these resources grew by 2.0%, producing, 

again, the fastest expansion for many years, with an increase in emissions of around 0.6 

gigatonnes over the previous year.1, 4 However, CO2 emissions from the combustion of these 

fossil fuels are causing serious environmental issues. In fact, the massive emissions of CO2 

have resulted in a significant increase in the average temperature of the Earth over the last 

200 years, a trend that still continues today.5 Consequently, various abnormal changes in 

the climate are an indication that the world is facing a global warming issue.6-15  

To discuss the countermeasures of this potential risk for the whole planet, in 2016, 195 

countries gathered together in Paris for a multilateral agreement, in an attempt to reduce 

the human impact on climate change. The ‘Paris agreement’ was intended to curb the global 

temperature rise to below 2 degrees above pre-industrial levels, while, at the same time, 

pursuing efforts to limit the temperature increase to 1.5 °C above pre-industrial levels. 16 
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One potential solution to achieve the stipulations laid out in the Paris agreement is the 

development of sustainable energy sources. It is important to mention that, even though 

the demand for all fuels increased in 2019, the growth of demand was particularly strong 

for renewable energy sources. Most notably, after the establishment of the Paris agreement, 

in the power generation sector, the use of renewable energy increased by 14% in 2018, 

indicating that the energy production sector focus shifted towards renewable energy 

technologies. 17 

Regarding green energy sources, the Sun can be considered as one of the most abundant 

energy resources available on Earth. As shown in figure 1.1, the world energy consumption 

in 2015 was estimated as 18.5 TWy y-1, while the total solar power that reached the Earth 

during that same year was around 23000 TWy y-1. This can be interpreted that, with only 

seven hours of total irradiation from the Sun, all energy needed for mankind for an entire 

year can be fully supplied. Thus, being able to harvest and store even a small portion of the 

solar energy can certainly fulfil, or at least relieve, the pressure of the growing world energy 

requirements. 18, 19 

 

Figure 1.1: Estimated finite and renewable planetary energy reserves, for 2015 (Terawatt-years). Adapted from 
IEA SHC solar update 2015. 
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However, harvesting solar energy is quite challenging since efficient technologies to convert 

sunlight into secondary energy forms and a low loss energy grid are difficult to realize. 

Technically, it can be categorized into three parts: solar energy capture, conversion, and 

storage.3 Some existing technologies already significantly impact the use and development 

of sustainable energy sources, such as photovoltaics,20, 21 which capture and convert solar 

energy into electricity; artificial photosynthesis,22-24 that captures, converts and stores solar 

energy for water-splitting; and solar thermal heating,25, 26 which captures, converts and 

stores solar energy as heat.   

The latest case, solar thermal technologies, refers to the transfer and storage sunlight to, 

sooner or later, be released in the form of heat. Heat consumption, such as low-temperature 

heat demand in industry and domestic heating, can be considered as the most important 

sector of energy consumption. In the European Union in 2017, household energy 

consumption resulted in 27.2% of the final energy consumption and thus, 17.2% of the gross 

inland energy consumption.27 In addition, according to the statistical data of International 

energy agency (IEA), the average worldwide growth rate of solar thermal energy increased 

11.2% from 1990 to 2017, demonstrating that solar thermal technology has gained 

increasing attention during recent decades.17  

This thesis presents research efforts into a developing technology called molecular solar 

thermal energy storage (MOST,28-30 also referred to as solar thermal fuels,31 STF). Based on 

organic photoswitchable materials, such a system can ideally absorb sunlight, then store the 

sunlight for future use. When energy is required, the stored solar energy can be released 

efficiently, using a catalyst, and on-demand as heat, completely free of greenhouse 

emissions, and environmentally friendly. According to projections from the transparency 

market research, the unique characteristics of such a system will likely drive the solar 

thermal fuel market by 2027.32 

The thesis starts with the introduction containing a fundamental background, and then, 

three photoswitchable candidates have been selected, characterized and discussed for 

MOST purposes. The presented work also includes detailed analysis in devices, thus building 

a more general view to guide future molecular design and system evaluations, and finally 

shows that MOST can potentially play a significant role in the future development of 

renewable solar energy, especially for periodic heating purposes such as night-time and 
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seasonal domestic heating and low-temperature heating purposes in housing and 

buildings.29  
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Chapter 2 

 

Molecular Solar Thermal Energy 

Storage System (MOST) 

In this chapter, the background and fundamental functioning mechanism of MOST is 

presented. 

 

2.1 Photoswitchable molecules 

In 1819, Grotthuß found a photobleaching process and stated that light can cause certain 

chemical reactions, but only if the irradiation light color matches to the absorption 

properties of the substance.33 Further understanding of such photochemical processes did 

not progress much until the complete theory on how light interacts with the matter was 

described later in the nineteenth century. Nevertheless, there were more discoveries of 

photochromic species in the meantime.34 

 

Scheme 2.1: Schematic illustration of photochromic molecules. A represents parent molecules, B corresponds 
to the high energy metastable photoisomer of A after irradiation. The back-conversion from B to A can be 
realized with light (different wavelength than the conversion process), heat or in the presence of a suitable 
catalyst. 
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Photoswitchable molecules, also called photochromism or photochromic compounds, are 

defined as compounds A (parent) that can undergo a photon-induced chemical reaction to 

isomer forms B (photoisomer), and later, switched back either by light (P-type), heat (T-type) 

or even catalyst-driven to the initial state A. (see Scheme 2.1)  

Various types of photochromic materials in both inorganic and organic forms have been 

previously reported. For inorganic materials, this includes some metal oxides such as 

Hackmanite,35 alkaline earth sulfides,36 titanates, like silver loaded titanium dioxide thin 

film,37 metal halides,38 as well as some transition metal compounds, for instance, tungsten 

oxide39 and molybdenum oxide.40 The most well-known examples are silver halides which 

have been largely used in transition lenses.41 Once exposed to sunlight, the transparent 

glasses will darken, because irradiating UV light can provide reduction reaction, thus forming 

darker elemental silver. While in shade, the material can be later oxidized to silver cations 

which are transparent. Inorganic photochromic compounds usually have good resistance to 

fatigue, i.e., they feature a large recycling charge and discharge number. However, the 

spectral difference between parent and photoisomer is not significant and, in addition, they 

often require a long response time.42, 43 

Concerning organic photochromic compounds, the first organic photoswitchable chemical 

substance is considered to have been discovered by Fritzsche in 1867:44 the reversible 

dimerization of anthracene molecules under irradiation, shown in scheme 2.2. It was found 

that the dimer can form crystals, which have a higher melting point than corresponding 

parent anthracene molecules. This reaction was then studied in detail later by Weigert.45-48  

He was, in fact, the first person to suggest that anthracene dimerization can be used for the 

purpose of solar energy storage and stated that at least 5% of the sunlight can be artificially 

converted into mechanical work. Therefore, his report could be considered as the first 

introduction to the MOST concept. 

 

Scheme 2.2: Photon-induced dimerization of anthracene molecules, the first described organic photoswitchable 
material. 
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The applications for organic and organometallic photochromic materials are broad. They can 

be used for molecular machines,49, 50 optical data storage,51-55 single molecular electronics,56-

59 sensing,60-64 liquid crystals65-68 and bioimaging.69 Several photoswitchable molecules are 

shown in scheme 2.3, below, including anthracene,70-76 nitrones,77-79   3.5-diaryl-2-

isoxazoline,80 endo-tricyclo[5.2.1.02,6]deca-4,8-diene-3-one,81 1-ethoxycarbonyl-1H-

azepine,82 stilbene,83, 84 dithienylethene,85-89 azobenzene,31, 49, 90-104 Dewar,105 spiropyran,106, 

107 Stenhouse adducts,108-110 norbornadiene,28, 59, 93, 111-131 dihydroazulene,57, 58, 119, 132-143 and 

fulvalene-tetracarbonyl-diruthenium.29, 93, 144-148 

 

Scheme 2.3. Several reported photoswitchable couples, some of which have been pursued for solar energy 
storage applications. 
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Since the spectral properties of A and B are normally different, the molecules can be 

categorized as negative photochromism149 or positive photochromism (see Figure 2.1).150 

The absorption profile of the parent state of the negative photochromic molecules is red-

shifted compared to their absorption spectrum after irradiation with light, i.e. for the 

metastable. For instance, Chapter 4 features the negative photochromic molecule couple, 

an NBD/QC derivative (NBD1/QC1), which is represented in detail. The initial state of a 

positive photochromic molecule is normally blue-shifted compared to its corresponding 

photoisomer, and specific examples can be found in Chapter 5 for a DHA/VHF derivative 

(DHA1/VHF1) and an AZO cis-trans derivative (AZO1). In all these cases, some photochromic 

molecules are suggested and evaluated for solar energy storage purposes.  

 

Figure 2.1. a) Progressive irradiation spectrum changes of a negative photochromic molecule couple, NBD1/QC1, 
as described in Chapter 4. b) Progressive irradiation spectrum changes of a positive photochromic molecule 
couple, DHA1/VHF1, as described in Chapter 5.  

 

2.2 Photochromic compounds for molecular solar thermal energy 

storage purpose 

Energy storage of photons in photoswitches requires the formation of new chemical 

bonds.28, 29 As shown in figure 2.2a, the parent molecules (C) can absorb sunlight, be excited 

and photoisomerized to the high metastable energy state (D). The metastable D can then be 

stored, ideally over the years, for future use. When energy is required, with an efficient heat 
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source or a catalyst, the photoisomer can release the stored energy in form of latent heat 

“on-demand”. The heat released from the reverse reaction can then be used for domestic 

heating purposes or even creating steam for secondary energy generation in the forms of 

electricity, mechanical energy, etc (see Figure 2.2b). This solar energy collection, materials 

charge/storage, and heat release process is called molecular solar thermal energy storage 

system (MOST). 

 

Figure 2.2. a) Schematic illustration of photoswitchable molecules for MOST application, where C represents the 
parent molecule. After absorbing sunlight, it can be charged to a high energetic photoisomer, D. The stored 
energy can be released either thermally or catalytically in the form of heat; b) Blueprint of a cycling MOST system 
from solar energy collection and storage to energy release for domestic heating. © Reproduced with permission 
from the Royal Society of Chemistry. 

 

2.3 Basic criteria for MOST concept 

In an energy diagram, the whole functioning process of MOST can be described as in figure 

2.3. Various research studies show that modifications can eventually affect several 

properties, since all intrinsic properties of a given system are not completely independent 

from each other.114, 128, 130 For instance, a low excitation energy of the system can potentially 

affect the back-conversion energy barrier, ΔHǂ
therm, at the same time, often reducing energy 

storage density, ΔHstorage. 113 
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Figure 2.3. Energy diagram of the MOST system, where hν represents the energy to excite the molecule. ΔHǂ
therm 

is the thermal activation energy of back conversion, ΔHǂ
cat corresponds to the catalysis activation energy of back 

conversion. ΔHstorage is to the energy storage enthalpy. © Reproduced with permission from the Royal Society of 
Chemistry. 

Therefore, some features are necessary for a good potential MOST system. All criteria have 

been well summarized and explained in earlier reports,28, 111, 112, 147, 151 as:  

1. The air mass (AM) 1.5 solar irradiation spectrum shows that more than 50% of the 

photons are between 300 nm to 800 nm. Therefore, the absorption spectrum of the 

parent molecules should be able to absorb in this broad spectral region. 

2. The absorption wavelength of the photoisomer should preferably not overlap with the 

absorption wavelength of the parent molecules, and the photoisomer may not quench 

any sensitizer. 

3. The photoisomerization quantum yield 𝜙𝑖𝑠𝑜 , which describes the photoisomerization 

capacity of the photoisomer, is a unitless factor. In the ideal case, this factor should be 

as close to 100% as possible for an efficient conversion process. 

4. Once charged, the high energy metastable photoisomer should have a long half-life 𝑡1/2 

at room temperature, in order to ensure an application-relevant storage period, which 

normally can consider to be daily, monthly, yearly or even longer storage periods. 

5. As an energy storage media, the metastable photoisomer should have a high energy 

difference relative to the parent molecule. At the same time, the molecular weight 

should be as low as possible to maintain a high energy density of the MOST couple, 
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which literature suggests to be > 300 J g-1, exceeding the heat stored in the salt hydrates 

(Δ𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 250 J g-1).  

6. The charge and discharge repeating cycle should be able to withstand an infinite number 

of repetitions without any degradation of the photoswitchable compounds. 

7. To easily collect charged compounds, store sunlight and release the energy, MOST 

materials should ideally be in liquid form or have a high solubility in an appropriate low 

specific heat capacity solvent. Additionally, MOST compounds can also include phase 

change properties for more advanced heat release purposes. 

8. For liquid-based MOST applications, an appropriate heterogeneous catalyst should be 

employed for a rapid energy release of the charged photoisomer on demand. 

9. For economical and sustainability purposes, MOST compounds should be easy and 

cheap to make on a large scale for industrial production and these materials should be 

environmentally benignant nontoxic. 

With all the above criteria under consideration, ideal MOST candidates certainly need to be 

wisely designed. In previous literature, it was suggested that for an ideal MOST, which is 

able to absorb visible light, the molecular weight 𝑀𝑤 should lie in the range around 130 g 

mol-1.128 At the same time, the activation energy, ΔHǂ
therm, which relates to the energy 

storage half-life, should be at least in the range of 110 kJ mol-1 for daily, 120 kJ mol-1 for 

seasonal or 140 kJ mol-1 for even longer energy storage periods at room temperature. Thus, 

assuming if the onset of absorption of an ideal parent molecule located at 656 nm or 685 

nm, previous calculations estimated that the maximum energy conversion efficiency varies 

between 10.6% and 12.4%.147 

 

2.4 Four photoswitchable couples in MOST research 

Even though molecular photoswitches have been discovered over a long time, only a few 

photoswitchable couples have been investigated in detail for MOST purposes. Four 

photoswitchable pairs, including the cis-trans isomerization based AZO molecules, the 

reversible electronic [2+2π] cycloaddition reaction-based NBD couple, the 10π 

retrocyclization based DHA1 couple and the noble organometallic photoreaction based 

fulvalene Ru complex (FvRu2) have been proposed as candidate motifs for MOST (see 
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Scheme 2.4). A comparison of their intrinsic properties including absorption spectra, energy 

storage density, and molecular weights can be found in review from Sun et al. in 2019.90 (see 

Table 2.1)  

 

Scheme 2.4. Four photoswitchable molecules that have been proposed as MOST materials in literature. 

Table 2.1. Key parameters of the four couples used in MOST research. See scheme 2.4 for molecular structures. 
MM stands for molar mass. 

 

 [a] λmax, parent: the maximum absorptive wavelength of parent isomer; λmax, isomer: the maximum 

absorptive wavelength of the metastable isomer. 

Clearly, each photoswitch has its drawbacks as an ideal MOST system. The rare metal 

ruthenium-based material will not be suitable for industrialization. The absorption onset of 

unfunctionalized NBD/QC occurs in the UV region, poorly overlapping with the solar 

spectrum. Additionally, the photoisomerization quantum yield of NBD is too low to be 

applicable for further applications in devices. AZO and DHA1 both posess relatively high 

molecular weights, thus, have lower energy storage density (MJ kg-1) for energy storage 

purposes. Therefore, in the next chapters, with or without modification of the compounds, 

NBD/QC derivatives (NBD1/QC1), AZO trans-cis derivatives (AZO1 cis-trans) and 

Photoswitch
λ max, parent       

(nm) [a]
Φ iso  (%)

λ max, isomer       

(nm) [a]

ΔH storage 

(kJ mol−1)

ΔH
ǂ

therm     

(kJ mol-1)

MM 

(g mol−1)

FvRu2 ~350 13%–17% N/A 83±6 125±8 444

NBD/QC 213, 236 5% <210 89±1 140 92

AZO cis-trans ~320 10%–35% ∼450 49±5 95 182

DHA1/VHF1 ∼350 35%–55% ∼470 ∼28 106 256
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DHA1/VHF1 couples have been discussed for MOST availability and efforts for 

improvements of their intrinsic properties or working environments have been evaluated. 
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Chapter 3 

 

Motivation and aims 

As described in the previous chapter, an ideal photoswitchable couple still does not exist 

and as it should preferably address all the summarized criteria. Therefore, modifications 

based on different photochromic molecules to fit MOST purposes have been studied, with 

hundreds of different derivatives investigated in lab-scale experiments.30, 90, 93 Yet, a 

systematic investigation, including solar capture, storage and stored energy release in 

applicable devices is currently scarce. Hence, the motivation of this thesis will mainly focus 

on a detailed evaluation of different MOST candidates consisting of several types of 

photoswitches in devices striving towards real application in the not too distant future. 

To achieve this goal, NBD derivatives (NBD1) and two other MOST candidates (AZO1, DHA1) 

with different switchable mechanisms have been selected for detailed photophysical 

evaluations. Their unique properties reflect the intrinsic function of each compound, 

showing whether the materials are suitable for further MOST applications. Additionally, 

detailed characterizations will specify directions for future generations of the molecules. 

Since tested NBD derivative has overall an outstanding performance for MOST purpose, 

considering as a side project, some efforts to improve the existing properties of the tested 

NBD derivative have also been explored synthetically. From previous literature, extending 

the π-conjugation of donor-acceptor pair can potentially red shift the absorption spectrum 

towards a better overlap with the solar irradiation spectrum.113 Therefore, the aim of such 

exploration focused on performing some small modifications to pre-existing compounds for 

supplementary amelioration. Subsequently, the three couples (NBD1, AZO1 and DHA1) 

have been integrated into fluidic devices for real application tests, providing a functional 

overview of real life testing scenario.  
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As the last part of the MOST concept, catalyst design for a fast heat release is certainly 

necessary. To have an efficient on-demand energy collection, identification and applications 

of functional catalysts have also been studied and tested for each system. In the end, some 

detailed theoretical calculations for understanding the catalytic functioning mechanism 

have been proposed based on density functional theory, which is expected to inspire the 

future strategy of catalyst design.  

With all the above experimental and theoretical efforts, it is possible to compare tested 

candidates systematically, while, at the same time, establishing a future evaluation protocol 

for all other MOST candidates, including preexisting and those made in future research. Such 

a protocol can hopefully increase the efficiency of testing a potential new MOST system. In 

this way, the gap between laboratory experiments and industrial production for real-life can 

be shortened, and consequently, implementation of MOST concept into real-life scenarios 

can be achieved in the near future. 
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Chapter 4 

 

Methods 

This chapter focuses on the theoretical background of the instruments and experimental 

methods used to evaluate the MOST system.  

 

4.1 Jablonski diagram 

The Jablonski diagram represents the electronic states of a molecule and possible transitions 

between those levels. It is the clearest way to describe the energy evolution of a certain 

molecule. A brief example of the energy levels and possible energy transfers between those 

levels is represented in figure 4.1. 

 

Figure 4.1. Jablonski diagram indicating different energy transfer processes between available energy levels: 
absorption (blue arrows), fluorescence (green arrows), phosphorescence (red arrows), internal conversion, 
intersystem crossing, and vibrational relaxation. Radiative and non-radiative transitions are represented by 
straight and dashed arrows, respectively. Energy states are indicated with horizontal black lines. Thick black lines 
correspond to electronic states, while the thin lines illustrate the different vibrational states present in each 
electronic state. Sn and Tn refer to the singlet and triplet states.  
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4.2 Absorption spectroscopy 

To characterize the absorptivity, the thermal back-conversion half-life 𝑡1/2 and to calculate 

the catalytic back-conversion rate, absorption spectroscopy is the most common and 

quantitative instrument to use.  

The absorbance 𝐴(𝜆)  is determined with Equation 4-1, where 𝐼0  is the intensity of the 

incident light and 𝐼𝑇 is the transmitted intensity through the sample (see Figure 4.2): 

𝐴(𝜆) = log(
𝐼0
𝐼T
) 

(4-1) 

At the same time, 𝐴(λ) also depends on the concentration, 𝑐, of the prepared sample, the 

pathlength, 𝑙 , of the light through the sample and the molar absorptivity, 𝜀(𝜆), of the 

molecule. This equation is known as the Beer-Lambert law152:  

𝐴(𝜆) = 𝜀(𝜆) · 𝑐 · 𝑙 (4-2) 

With 𝜀(𝜆) in M-1 cm-1, c in M and 𝑙 in cm.  

All experimental molar absorptivity values measured in this thesis are the mean value of 

absorptivity calculated from three individual measurements. 

 

Figure 4.2: Schematic figure of a UV-Vis spectrophotometer. 

 

4.3 Quantum yield for photoisomerization 

The photoisomerization quantum yield, 𝛷𝑖𝑠𝑜, for a reaction, as a unitless factor, is defined 

as the number of conversion reactions that have occurred divided by the number of photons 

absorbed. 
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For an ideal photoisomerization reaction, 𝛷𝑖𝑠𝑜 should be as close to unity (100%) as possible. 

Theoretically, for a photoswitchable molecule, the conversion and back-conversion process 

are shown in figure 4.3, where a and b correspond to the parent molecule and its converted 

photoisomer, respectively.  

 

Figure 4.3: Energetic diagram of possible photochemical and thermal back-reaction processes. The yellow arrow 
shows the conversion process from a* (excited state of a) to b, while the blue arrow shows the photo-induced 
back-conversion process from excited photoisomer b* to ground state a. The red arrow shows the thermal back-
conversion process from photoisomer b to a. 

Therefore, for a solution of a single photoswitchable molecule, the concentration evolution 

due to irradiation can be expressed as:153  

𝑑[𝐴(𝜆)](𝑡)

𝑑𝑡
= −

𝛷𝐴𝐼𝛽𝐴(𝑡)

𝑁𝐴𝑉
+
𝛷𝐵𝐼𝛽𝐵(𝑡)

𝑁𝐴𝑉
+ 𝑘 𝐵→𝐴[𝐵(𝜆)] (4-3) 

Where 𝛷𝐴 , 𝛷𝐵  represent the quantum yield of photon-induced conversion and back 

conversion, respectively; 𝛽𝐴 , 𝛽𝐵  refer to the fraction of photons absorbed by A, B, 

respectively; 𝑁𝐴  is the Avogadro number; V is the reaction volume of the solution; 𝑘𝐵→𝐴 

corresponds to the thermal back-conversion reaction rate constant in s-1; and finally, 𝐼 

corresponds to the photon flux in Einstein s-1, which can be determined using the 

ferrioxalate actinometer method, described below. 

This method is based on the photochemical degradation of ferrioxalate, Fe(C2O4)3 to Fe2+ in 

the presence of light. It was initially introduced by Parker and Hatchard.154 The modified 
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detailed operating procedure can be found in a previously published article.153 Thus, the 

ferrioxalate degradation reaction equations can be found as follows: 

𝐹𝑒(𝐶2𝑂4)3
3−

ℎ𝜈
→ 𝐹𝑒2+ + 𝐶2𝑂4

·− + 2𝐶2𝑂4
2− (4-4) 

𝐹𝑒(𝐶2𝑂4)3
3− + 𝐶2𝑂4

·−
Δ
→𝐹𝑒2+ + 2𝐶𝑂2 + 3𝐶2𝑂4

2− (4-5) 

In this thesis, it has been assumed that the photon-induced back-conversion does not exist, 

and the thermal-induced back-conversion from state b to a can be ignored. Therefore, in 

equation 4-3, term  𝛽𝐵(𝑡)  and the term 𝑘𝐵→𝐴[𝐵]  are considered to equal zero. 

Experimentally, a solution with an absorbance above 2 at the irradiation wavelength is 

prepared, supposing that 99% of the light is absorbed by the solution. Thus, equation (4-3) 

can be simplified as:  

[𝐴(𝜆)](𝑡) = [𝐴0(𝜆)] −
𝛷𝐴𝐼

𝑁𝐴𝑉
𝑡 (4-6) 

Hence, by progressively irradiating the sample, the solution concentration and irradiation 

time, t, remain linearly dependent, and 𝛷𝐴  can be fitted out.  

For the 𝛷𝑖𝑠𝑜 measurements in this thesis, the experimental setup used consists of a UV-Vis 

spectrophotometer and a sample holder with four open access slots, a temperature 

controller and a magnetic stirring motor. In this setup, a sample can be irradiated with an 

appropriate collimated LED light source under a specific wavelength over a certain time 

period and then measured immediately with the UV-Vis spectrophotometer. 

 

4.4 Kinetic studies for thermal back conversion 

The thermal back-conversion of the photoisomer to the parent molecule can be described 

by a pseudo-first-order kinetic equation: 

[𝐴(𝜆)](𝑡) = [𝐴0(𝜆)]𝑒
−𝑘𝑡 (4-7) 
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Where [𝐴(𝜆)](𝑡), [𝐴0(𝜆)] are the actual and initial concentrations, respectively; 𝑘  is the 

reaction rate constant in s-1 and t is the reaction time in s. 

The half-life of the photoisomer at a specific temperature corresponds to a moment where 

[𝐴(𝜆)] equals [𝐴0(𝜆)]/2. From equation 4-7, it can be written as: 

𝑡1/2 =
ln (2)

𝑘
 

(4-8) 

This half-life actually depends on the thermal activation barrier of the back conversion.  This 

energy barrier can be quantitatively described using either the Arrhenius equation or the 

Eyring equation. 

As an empirical equation, the Arrhenius equation, which helps to qualify the reaction rate, 

is written as: 

𝑘 = 𝛼𝑒−
𝐸𝑎
𝑅𝑇 (4-9) 

Where 𝛼 represents a pre-exponential factor, a fingerprint constant for individual chemical 

reactions. According to collision theory, this factor refers to the collision frequency of the 

molecules with correct orientations. 𝑇 refers to the temperature in 𝑘 and 𝑅 represents the 

gas constant in J K-1 mol-1. Finally, 𝐸𝑎 refers to the activation energy of the back-conversion 

in J mol-1, which corresponds to the above-mentioned thermal activation energy barrier. 

To account for the thermal dynamics, the energy description of a certain chemical reaction 

can be specified by the Gibbs free energy. Thus, the reaction rate constant 𝑘 can, therefore, 

be described by the Eyring equation: 

𝑘 =
𝑘𝐵𝑇

ℎ
𝑒−
Δ𝐺ǂ

𝑅𝑇  (4-10) 

Where 𝑘𝐵 is Boltzmann constant in J K-1; ℎ is the Plank constant in J s; Δ𝐺 ǂ refers to the Gibbs 

free energy in J mol-1. In addition, the Gibbs energy can be written in relation to enthalpy 

and entropy: 
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Δ𝐺 ǂ  =  Δ𝐻𝑡ℎ𝑒𝑟𝑚
ǂ  –  𝑇Δ𝑆ǂ (4-11) 

Where Δ𝐻𝑡ℎ𝑒𝑟𝑚
ǂ  represents the activation enthalpy of the thermal back-conversion and ΔSǂ 

is the entropy. Consequently, equation 4-10 can also be expressed as: 

𝑙𝑛
𝑘

𝑇
= 𝑙𝑛

𝑘𝐵
ℎ
−
∆𝐻ǂ𝑡ℎ𝑒𝑟𝑚
𝑅𝑇

+
∆𝑆ǂ

𝑅
 

(4-12) 

It can be seen that, at a specific temperature, 𝑙𝑛
𝑘

𝑇
  is a linear equation dependent on 

1

𝑇
, and, 

therefore, experimentally Δ𝐻𝑡ℎ𝑒𝑟𝑚
ǂ , and ∆𝑆ǂ can be fitted out. 

To link 𝐸𝑎  and Δ𝐻𝑡ℎ𝑒𝑟𝑚
ǂ , for a unimolecular, single-step reaction, a relation can be 

established: 

𝐸𝑎 = ∆𝐻
ǂ
𝑡ℎ𝑒𝑟𝑚 + 𝑅𝑇 (4-13) 

However, due to the relatively small magnitude of 𝑇Δ𝑆ǂ and 𝑅𝑇, the values of 𝐸𝑎, Δ𝐺 ǂ, and 

∆𝐻ǂ𝑡ℎ𝑒𝑟𝑚 are often conflated and all referred to as the "activation energy". 

 

4.5 Cycling test 

To test the cyclability of a given MOST candidate, a cycling test setup has been built with a 

UV-Vis spectrophotometer. A temperature tunable sample holder was installed inside the 

spectrometer.  

For T-type back-conversion photoswitches, the temperature can be set high for a fast back-

conversion. A time delay controllable LED source is programmed to convert the sample at 

defined time intervals. 

Alternatively, for P-type back-conversion photoswitches, the sample holder temperature 

can be set at room temperature for the stabilization of the system. In this case, two-time 
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delay controllable LED sources are programmed to convert and back-convert the sample at 

defined time intervals. (see Figure 4.4) 

 

Figure 4.4: Experimental setup for the cycling test. a) T-type photoswitch cycling test setup, the LED light source 

is controlled by a time delay controller; b) P-type photoswitch cycling test setup, two LED light sources are 

controlled by two time delay controllers. 

 

4.6 Differential scanning calorimetry and Thermogravimetric analysis  

Differential scanning calorimetry (DSC) is a thermo-analytical technique that can measure 

the melting point and heat capacity of a material, as well as the energy release or 

consumption in e.g. phase change of molecular or polymer systems.  

Instrumentally, two alumina pans are equally heated up simultaneously inside the DSC 

chamber; one of the pans contains the sample, and the other one is empty for a reference 

value. When the sample undergoes an endothermic heat absorption process, it will require 

more heat to increase the temperature compared to the reference. In the case of an 

exothermic heat release process, it will need less heat to balance the temperature compared 

to the reference.  In this thesis, DSC is mainly used to measure the exothermic energy release 

process of the charged photoisomer state, resulting in a direct method to determine the 

energy storage capacity, ΔHstorage. 

Thermogravimetric analysis (TGA) can measure the maximum tolerance temperature of the 

chemical compound. When increasing the surrounding temperature, TGA measures the 
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mass change of the material. Indeed, it is important and necessary to know the thermal limit 

of MOST molecules in order to choose an optimum working temperature. 

 

4.7 Catalytically driven back-conversion and heat release 

To estimate the temperature which can be released from a charged photoisomer, a 

simplified equation, without taking into account the material phase, can be represented as: 

∆𝑇 =
𝑐 ∙ 𝑀𝑤 ∙ Δ𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒 

𝑐 ∙ 𝑀𝑤 ∙ 𝐶𝑖𝑠𝑜𝑚𝑒𝑟 + 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ∙ 𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 (4-14) 

Where c and Mw are the concentrations of the photoswitch and its corresponding molecular 

weight, respectively; 𝐶𝑖𝑠𝑜𝑚𝑒𝑟 refers to the specific heat capacity of the material in J g-1 K-1; 

𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 and 𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡 correspond to the volumetric mass density in g L-1 and the specific heat 

capacity in J g-1 K-1 of the solvent, respectively. 

However, this estimation is not accurate for a liquid-phase material, since a neat compound 

will not involve any solvent dependency. Therefore, equation 4-14 should be rewritten as:  

∆𝑇 =
𝑐 ∙ 𝑀𝑤 ∙ ∆𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑐2 ∙ 𝑀𝑤
2

𝜌𝑖𝑠𝑜𝑚𝑒𝑟
∙ 𝐶𝑖𝑠𝑜𝑚𝑒𝑟 + (1 −

𝑐 ∙ 𝑀𝑤
𝜌𝑖𝑠𝑜𝑚𝑒𝑟

)𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ∙ 𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡

 
(4-15) 

With this approach, the volume load factor of the solvent (1 −
𝑐∙𝑀𝑤

𝜌𝑖𝑠𝑜𝑚𝑒𝑟
) , and 

photoisomer
𝑐∙𝑀𝑤

𝜌𝑖𝑠𝑜𝑚𝑒𝑟
, were considered, i.e. when the concentration approaches neat 

conditions, the (1 −
𝑐∙𝑀𝑤

𝜌𝐴𝑍𝑂1
)𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ∙ 𝐶𝑝_𝑠𝑜𝑙𝑣𝑒𝑛𝑡  approaches to zero. Compared to the first 

approximation, this correction is reasonable for all MOST candidates with close to neat 

conditions. 
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4.8 Conversion percentage determination with isosbestic point 

To calculate the conversion percentage for a solution where a mixture of parent and 

photoisomer molecules co-exist in the solution, a determination method with isosbestic 

points can be used. For instance, figure 4.5 represents a spectrum of the AZO1 solution 

where the conversion process is ongoing. 

 

Figure 4.5. Spectral changes over the photoconversion process. The blue curve shows the pure parent state, the 
red curve shows the converted photoisomer form. Grey curve represents a spectrum taken during conversion. 
A350 nm is the absorbance at 350 nm during conversion. Aiso@306nm corresponds to the absorbance at the isosbestic 
point at 306 nm. 

The absorbance at the isosbestic point can be expressed as: 

𝐴𝑖𝑠𝑜@306 𝑛𝑚 = 𝑐𝑝𝑎𝑟𝑒𝑛𝑡𝜀𝑖𝑠𝑜@306 𝑛𝑚𝑙 + 𝑐𝑖𝑠𝑜𝑚𝑒𝑟𝜀𝑖𝑠𝑜@306 𝑛𝑚𝑙 (4-16) 

Where 𝑐𝑝𝑎𝑟𝑒𝑛𝑡  is the concentration of parent state solution; 𝜀𝑖𝑠𝑜@306 𝑛𝑚  is isosbestic 

absorptivity at 306 nm; 𝑐𝑖𝑠𝑜𝑚𝑒𝑟  represents the concentration of photoisomer state solution. 

 This can be re-written as: 

𝑐𝑝𝑎𝑟𝑒𝑛𝑡 =
𝐴𝑖𝑠𝑜@306 𝑛𝑚
𝜀𝑖𝑠𝑜@306 𝑛𝑚𝑙

− 𝑐𝑖𝑠𝑜𝑚𝑒𝑟 (4-17) 
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Meanwhile, at 350 nm: 

𝜀𝑝𝑎𝑟𝑒𝑛𝑡@350 𝑛𝑚𝑐𝑝𝑎𝑟𝑒𝑛𝑡𝑙 + 𝜀𝑖𝑠𝑜𝑚𝑒𝑟@350 𝑛𝑚𝑐𝑖𝑠𝑜𝑚𝑒𝑟𝑙 = 𝐴@350𝑛𝑚 (4-18) 

Therefore, replacing 𝑐𝑝𝑎𝑟𝑒𝑛𝑡 with (4-17): 

𝑐𝑖𝑠𝑜𝑚𝑒𝑟 =
𝐴@350 𝑛𝑚𝜀𝑖𝑠𝑜 − 𝐴𝑖𝑠𝑜@306 𝑛𝑚𝜀𝑖𝑠𝑜𝑚𝑒𝑟@350 𝑛𝑚

(𝜀𝑝𝑎𝑟𝑒𝑛𝑡@350 𝑛𝑚 − 𝜀𝑖𝑠𝑜𝑚𝑒𝑟@350 𝑛𝑚)𝜀𝑖𝑠𝑜@306 𝑛𝑚𝑙
 (4-19) 

It is known that the concentration of the prepared solution can also be calculated using the 

absorptivity at the isosbestic point: 

𝑐𝑡𝑜𝑡 =
𝐴𝑖𝑠𝑜@306 𝑛𝑚
𝜀𝑖𝑠𝑜@306 𝑛𝑚𝑙

 (4-20) 

Therefore, it leads to a formula for the conversion percentage written as: 

Conversion % =
𝑐𝑖𝑠𝑜𝑚𝑒𝑟
𝑐𝑡𝑜𝑡

∙ 100% =

𝐴@350 𝑛𝑚
𝐴𝑖𝑠𝑜@306 𝑛𝑚

∙ 𝜀𝑖𝑠𝑜@306 𝑛𝑚 − ε𝑖𝑠𝑜𝑚𝑒𝑟@350𝑛𝑚

𝜀𝑝𝑎𝑟𝑒𝑛𝑡@350 𝑛𝑚 − 𝜀𝑖𝑠𝑜𝑚𝑒𝑟@350 𝑛𝑚
 (4-21) 

Which can be used to calculate the conversion percentage during the conversion process. 

 

4.9 Energy storage efficiency 

The maximum energy storage efficiency can be calculated with equation 4-22: 

𝜂𝑀𝑂𝑆𝑇 =
∫

𝐸𝐴𝑀 1.5(𝜆) ∙ (1 − T(𝜆, 𝑐)) ∙ 𝜙𝑖𝑠𝑜 ∙ 𝛥𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒
ℎ𝜈 ∙ 𝑁𝐴

∙ 𝑑𝜆
𝜆𝑜𝑛𝑠𝑒𝑡
0

∫𝐸𝐴𝑀 1.5(𝜆) ∙ 𝑑𝜆
∙ 100 % (4-22) 

For certain photoswitches, optical bandpass filter can be used, therefore, the maximum 

energy storage efficiency can be calculated with bandpass filter by equation 4-23: 
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𝜂𝑀𝑂𝑆𝑇 =
∫

𝐸𝐴𝑀 1.5(𝜆) ∙ 𝑇𝑟𝑎𝑛𝑓𝑖𝑙𝑡𝑒𝑟(𝜆) ∙ (1 − T(𝜆, 𝑐)) ∙ 𝜙𝑖𝑠𝑜 ∙ Δ𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒
ℎ𝜈 ∙ 𝑁𝐴

∙ 𝑑𝜆
𝜆𝑜𝑛𝑠𝑒𝑡
0

∫𝐸𝐴𝑀 1.5(𝜆) ∙ 𝑇𝑟𝑎𝑛𝑓𝑖𝑙𝑡𝑒𝑟(𝜆) ∙ 𝑑𝜆
∙ 100 % (4-23) 

Where T(𝜆, 𝑐) is the wavelength and concentration-dependent transmittance in a specific 

device with a specific optical pathlength. And 𝑇𝑟𝑎𝑛𝑓𝑖𝑙𝑡𝑒𝑟(𝜆) is the transmittance of the 

bandpass filter, this term equals 1 when no bandpass filter is used.  

For a fluidic conversion experiment, the experimental energy storage efficiency with 

different residence time in a certain device can be calculated as: 

𝜂MOST =
𝑛̇parent ∙ 𝛼conversion ∙ Δ𝐻storage

𝑆 ∙ ∫𝐸AM 1.5(𝜆) ∙ 𝑑𝜆
 (4-24) 

Where 𝑛̇parent is the flow speed of parent molecule in mol s-1, 𝛼conversion is the conversion 

ratio from parent state to photoisomer and 𝑆 is the irradiated area in m2. 

 

4.10 Catalysis rate constant, turn over number and turn over frequency  

To qualitatively and quantitatively check the functionality of a catalyst candidate, 1H NMR 

experiments, the catalysis rate constant, turn over number and frequency are necessary to 

achieve. 

Conversion determination using 1H NMR  

To check the activity of a potential catalyst, the switchable compound was initially dissolved 

in CDCl3 or toluene-d8 and a 1H NMR spectrum was taken to check the purity of the sample. 

The sample is then irradiated using a lamp at an appropriate wavelength until a full 

conversion was obtained, where a second 1H NMR spectrum was obtained. Next, the 

potential catalyst was added to the NMR tube containing the metastable compounds, 

incubated for a short period (typically much shorter than the half-life of the photoisomer), 

then checked using 1H NMR again to determine whether a catalytic back-conversion has 

occurred. 
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Catalysis rate constant determined by UV-Vis  

The catalysis triggered back-conversion curve can be fitted by the pseudo-first-order kinetic 

model: 

𝑦(𝑡) =  𝑦0 + 𝐴1𝑒
−𝑘 c𝑐𝑎𝑡𝑎 (𝑡−𝑡0) (4-25) 

Where 𝑘  is the reaction constant;  c𝑐𝑎𝑡𝑎  represents the concentration of the catalyst, 

assuming the suspension of the insoluble catalyst was homogeneously distributed in the 

solution; 𝑡 represents the variable of time in s and 𝑦0, 𝐴1 are unitless parameters from the 

fit. 

Turn over number (TON) and turn over frequency (TOF)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

The performance of the catalyst can be described by the Turn over number (TON) and Turn 

over frequency (TOF).  

The TON is defined as the maximum number of chemical reactions occurring in a single 

catalyst site before depletion:  

TON =
mol of the product (mol)

mol of the reacted catalyst (mol)
 

(4-26) 

In order to quantify this factor on a time scale, the Turn over frequency (TOF) is introduced. 

It can be calculated by using TON divided by the functional time of the catalyst before 

depletion, supposing a full catalytic conversion has been achieved: 

TOF (s−1) =
TON

functional time of the catalyst (s)
 

(4-27) 

  

4.11 Photoswitching mechanisms and synthesis methods 

In this thesis, few chemical reactions have been involved. This section briefly lists some key 

reactions.  
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Pericyclic reaction and Woodward-Hoffmann rules 

AZO based photoswitching molecules follow cis-trans isomerization mechanism, NBD and 

DHA based compounds follow pericyclic photoswitching mechanism. 

A pericyclic reaction is a rearrangement of π-electrons in a conjugated system, wherein the 

transition state of the molecules contains cyclic geometry. Woodward-Hoffmann rules can 

be used as a set of criteria to predict whether a pericyclic mechanism for a reaction is 

favorable. Typically, depends on the number of π-electrons involved in the reaction, the 

reaction condition can be different either by heat or light, thus hint the rotation direction of 

the bonds, providing a specific stereochemistry of the cyclic product (conrotatory and 

disrotatory, see Table 4.1 and Scheme 4.1). At the same time, the orbital symmetry 

conservation before and after the reaction need to be fulfilled in most of the cases. 

Therefore, those rules can predict most of the reaction conditions. 

Table 4.1. The relation between the number of π-electrons, the trigger of reaction, and the reaction mode. 

 

 

Scheme 4.1. Example of the stereospecifity of the electrocyclic ring-closure (conrotatory and disrotatory) of the 
substituted buta-1,3-diene, by a) heat condition and by b) light condition.  

The Horner-Wadsworth-Emmons olefination and the Wittig reaction 

Aldehyde moiety is a versatile functional group for extension of the π-system. A reaction 

such as Horner-Wadsworth-Emmons or Wittig with a stabilized phosphonate (Horner-

No. of π-electrons Trigger of reaction Reaction mode

Δ Conrotatory

hν Disrotatory

Δ Disrotatory

hν Conrotatory

4n

4n+2
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Wadsworth-Emmons)155 or phosphonium salt (Wittig)156 is convenient for achieving this 

extension while at the same time maintaining other units in the structure. 

The Horner-Wadsworth-Emmons reaction starts with deprotonation of the phosphonate 

starting material, producing nucleophilic carbanion containing intermediate (a). Afterward, 

(a) will add onto the aldehyde group (b) through the nucleophilic addition reaction resulting 

3a or 3b. The intermediates 3a and 4a, 3b and 4b can interconvert with each other. Finally, 

4a and 4b (oxaphosphetane) will yield E-state of c and Z state of d by a reaction eliminating 

an organophosphate, with by-product of dialkyl-phosphate. This reaction typically favors the 

E-isomer. (trans, See Scheme 4.2) 

 

Scheme 4.2. The Horner-Wadsworth-Emmons reaction mechanism. 

For Wittig reaction, a stabilized ylide (a) can react with the aldehyde group (b) through the 

nucleophilic addition reaction resulting in 3a or 3b. As intermediate products, 3a and 4a, 3b 

and 4b can interconvert with each other. Finally, 4a and 4b (oxaphosphetane) will yield E-

state of c and Z state of d by rearrangement reaction, with a by-product of phosphine oxide, 

this reaction also favors E-state. (trans, See Scheme 4.3) 

 

Scheme 4.3. The Wittig reaction mechanism. 
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Chapter 5 

 

Norbornadiene/Quadricyclane 

based photoswitches for MOST 

In this chapter, an NBD derivative with outstanding MOST performance has been 

characterized in detail, further integrated into devices for both energy storage tests and heat 

release experiments. This NBD derivative has also been chemically modified to observe its 

enhanced performance for MOST behavior. (Paper I, II) 

 

5.1 Introduction 

In the year of 1931, norbornadiene-2,3-dicarboxylic acid, and a dimethyl ester derivative 

were synthesized by Diels-Alder reactions starting from cyclopentadiene and acetylene 

dicarboxylic acid or acetylene dicarboxylic acid dimethyl ester, respectively.157 It took until 

1951, for unsubstituted norbornadiene to be first synthesized.158 This unsubstituted 

material, providing a 3-dimensional geometry, also named bicyclo[2.2.1]hepta-2,5-diene, 

which contains two unconjugated double bonds, is a bicyclic organic compound. Such 

molecular geometry of the two double bonds is in close proximity enables possible 

intramolecular [2+2π] cyclization reactions. Thus, several efforts to prepare 

norbornadiene’s (NBD) strained isomer form, quadricyclane (QC), via a synthetic route was 

made, however all failed. Later, Cristol and Snell’s found that, a diacid derivative, under UV 

irradiation, can undergo a [2+2π] cycloaddition reaction forming QC diacid derivatives.159 

Therefore, in 1961, the first photoisomerization of parent NBD to QC was observed by direct 
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irradiation with UV light,160 and also, it was independently demonstrated to work in the 

presence of a triplet sensitizer.161  

With quite special properties, NBD, as the thermally stable parent molecule, can only 

convert to the corresponding QC through light irradiation. QC was found to be thermally (T-

type) active in back converting to NBD. This conversion and T-type reverse reaction can be 

explained by Woodward-Hoffmann rules. 162-164 

It is noteworthy to mention that the energy level of NBD is about 145 kJ mol-1,165 while the 

strain energy of QC can reach as high as 402 kJ mol-1,166 more than two times higher than 

the energy of NBD. Of that strained energy, 92 kJ mol-1 can experimentally be released as 

heat, enough to vaporize water since that enthalpy only equals to 40.7 kJ mol-1. Meanwhile, 

QC has a relatively long half-life of 655 hours in benzene under air at 293 K,167 providing an 

extremely long storage time at ambient temperature. Nowadays, NBD is commercially 

available at reasonable prices (31.5 USD for 5 mL, Sigma Aldrich, 2019) from chemical 

companies. As mentioned in the previous chapter, an ideal MOST is preferably in liquid form. 

Both NBD and QC are liquid, and thus, easy to pump through a solar collecting device, and 

store in a chemical reservoir for later use. 

Based on energetic criteria, NBD seems a good energy storage medium to harvest sunlight 

into chemical energy for future use. Yet, even though unsubstituted NBD can be one 

fascinating candidate, some drawbacks still remain. For instance, its absorption spectrum 

barely covers any solar spectrum, as it only absorbs in the UV, thus cannot be used directly 

for solar energy conversion and storage purposes. Conversion of NBD molecules need to be 

accompanied by a photosensitizer such as benzophenone or acetophenone. In addition, the 

photoisomerization quantum yield 𝜙𝑖𝑠𝑜 determined for this process is only 9%. Therefore 

for practical use, it is necessary to chemically modify the NBD core by connecting different 

π-conjugated substituents to one or both olefins. 

In the 1980s and 1990s, a large number of substituted NBDs were designed and synthesized 

mainly by two groups: Yoshida et al. in Japan and Dubonosov et al. in Russia.28, 111, 112 Yoshida 

introduced, in 1985, a new concept of “donor-acceptor” (D-A) to redshift the absorption of 

norbornadiene (Figure 5.1 a). This gives a greater degree of red shifting for relative 

molecular weight added to the molecule, so as to keep the energy density as high as possible. 
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As shown in scheme 5.1b (1), the interaction of electron-donating groups at one side of the 

olefin double bond with electron-accepting groups through space, forming a homocoupling 

can result in a long-wave absorption edge as high as 500 – 560 nm. However, the molecular 

mass of those molecules is relatively high resulting in a low energy density. 

The synthesis of type (1) norbornadiene derivatives faces a lot of difficulties: polysubstituted 

cyclopentadiene derivatives and disubstituted acetylene need to be firstly synthesized, then 

brought into Diels-Alder reaction. Later on, studies have shown that, in many cases, a pair 

of a single electron-donating group and a single electron-accepting group on one side of the 

olefin (2 in Scheme 5.1b) is enough to redshift the spectrum, thus giving similar or even 

better spectral qualities than D-A on both sides.151 Therefore, the substitution of NBD in such 

a way has been selected as the main direction for current MOST candidates. 

 

Scheme 5.1. a) Energy correlation diagram of a donor-acceptor based system; b) Two NBD donor-acceptor (D-A) 

molecular forms, with D-A on a single double bond (1), D-A on both double bonds (2). 

 

5.2 Characterization of a new push-pull NBD1 molecule 

The synthesis of type (2) norbornadiene derivatives (Scheme 5.1) can be done by either a 

simple Diels-Alder reaction between cyclopentadiene and a sufficiently activated acetylene 

or via coupling reactions to pre-existing NBD derivatives. Base on this strategy, a new donor 

(phenol methoxy group)-acceptor (cyano group) based NBD1 has been synthesized. (NBD1 

in Scheme 4.1). In this instance, two synthetic pathways have been developed for producing 

NBD1, including a Suzuki coupling reaction with a palladium catalyst (Method 1 in Scheme 

5.2), or a direct Diels-Alder reaction from the cyclopentadiene and the 3-(4-
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methoxyphenyl)propionitrile in the microwave (Method 2 in Scheme 5.2). The author of this 

thesis did not participate in the synthesis work, and therefore, only the reaction steps are 

shown, without presenting detailed synthesis notes. It should be noted that for the latter 

method, NBD1 can be easily synthesized both avoiding the use of inorganic toxic cyanide 

and costly catalyst reagents, at the same time on a large scale (ca. 10 g).  

 

Scheme 5.2. Two methods for the synthesis of NBD1. Method 1 uses a Suzuki coupling reaction as the key step; 
Method 2 instead uses a Diels-Alder reaction approach. 

To assess the photophysical properties of NBD1 (see Figure 5.1a), toluene was selected as 

the solvent because of its non-polarity properties, and low specific heat capacity for later 

heat release purposes. A comprehensive characterization including a comparison of 

absorption spectra between NBD1 and corresponding metastable QC1, the 

photoisomerization quantum yield, the thermal back-conversion half-life, and the cyclability 

studies. These data are presented in Figure 5.1.  From the results, it can be seen that the 

absorption onset blue-shifts upon progressive irradiation. The maximum molar absorptivity 

for NBD1 is εmax = 1.3 x 104 M-1 cm-1 at λmax = 326 nm, with the onset of absorption beginning 

at 380 nm (defined as the wavelength of an absorbance ≥ 100), thus providing a 4% 

absorption efficiency of the incoming photons from the solar spectrum. At the same time, 

the absorption spectrum of QC1 is greatly diminished leaving a spectral window of 34 nm to 

fully convert NBD1. (see Figure 5.1b) 

The 𝜙𝑖𝑠𝑜  was measured as 61%, indicating that QC1 can be easily formed via the 

photoisomerization reaction (Chapter 4, section 4.3). The half-life was performed with 

kinetic measurements using both Arrhenius and Eyring plot (Chapter 4, section 4.4), 

resulting in a 𝑡1/2 of 30 days in toluene at room temperature. 
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Concerning the energy storage density, Differential scanning calorimetry (DSC) was used 

showing that the actual measured energy storage density equals 89 kJ mol-1, thus 

corresponds to 0.4 MJ kg-1, less than the value of the unsubstituted NBD. At the same time, 

this value is close to a typical Li-ion battery energy storage scale,168 showing great potential 

for energy storage purpose. (see Figure 5.1c) 

 

Figure 5.1. a) Structure and reaction scheme for NBD1 and QC1; b) Absorption spectra of NBD1 (in blue) and its 
photoisomer, QC1 (in red). The sample was irradiated with a λ = 310 nm LED light. The inset figure shows the 
kinetic back-conversion of QC1 under 80 °C; c) A DSC thermogram for QC1 conversion to NBD1, (ΔHstorage = 89 kJ 
mol-1 was based on an average of two measurements). The dashed line shows the second run after heat release; 
d) Cyclability experiment for a solution of 0.7 x 10-4 M in toluene showing absorbance of NBD1 in blue dots and 
QC1 in red dots at λ = 325 nm. The black line indicates the degradation of 0.14% per cycle over 43 cycles. © 
Reproduced with permission from the Royal Society of Chemistry. 
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For an ideal MOST system, the material should be able to charge and discharge over an 

infinite number of cycles. Therefore, a cyclability test of NBD1 was performed. The setup 

was based on a UV-Vis spectrophotometer as described in Chapter 4, section 4.5. A 

temperature tunable sample holder was installed inside the spectrophotometer, together 

with a time delay controllable LED light source (325 nm) which has been programmed to 

irradiate the sample at defined time intervals. It was found that in toluene, with a 

concentration of 0.7 x 10-4 M, the degradation rate was calculated as only 0.14% per cycle, 

affirming somewhat good robustness of the system (Figure 5.1d). Speculatively, the 

degradation could be the formation of dimerization through the unsubstituted olefin side of 

NBD1, however, due to the extreme diluted solution used for cycling test, it is hard to verify 

by NMR or other techniques.  

 

5.3 Device conversion demonstration   

After fully characterizing the MOST performance, NBD1 was tested into an outdoor testing 

device (see Figure 5.2). This construction consisted of a parabolic concentrator combined 

with a solar tracker (with a net surface of 27.3 x 32.7 cm2). Sunlight was focused on an 

apparatus where a double jacketed glass tube was located. It is noteworthy to mention that 

under a high flux of concentrated solar irradiation, the light focus point’s temperature can 

potentially damage or even thermally back convert metastable molecules. To address this 

technicality, this double-layered glass tube was custom-made. The inner tube allows for 

flowing water to cool down the outer layer (5.8 mL with a pathlength of 1 mm), where the 

MOST solution flows. Theoretically, a saturated solution of NBD1 can attend a maximum 

energy storage efficiency of 0.51%. (See Equation 4-22) 

An NBD1 solution of 4 mM in toluene was pumped through the outer layer of the glass 

tubing using different residence times which were inversely proportional to the average 

time that the solution is exposed to sunlight. The absorption spectrum before and after 

irradiation were recorded with a portable flow UV-Vis spectrophotometer. This experiment 

was performed on the 4th of May, 2016, on a sunny day in Gothenburg, Sweden. 

Theoretically for such concentration, the estimated maximum energy storage efficiency can 
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be reached to 0.20%. However, the highest measured energy storage efficiency was only 

0.03%, with a conversion percentage of 64%. 

Such a low energy storage efficiency could be attributed to the low compatibility of NBD1 

absorption spectra with the solar spectrum, thus wasting most of the incoming photons. For 

an ideal MOST device, the energy storage efficiency should change linearly with residence 

time before a full conversion. 

 

Figure 5.2. a) Outdoor solar tracker setup. Box 1 and 2 show the flow spectrometer, while device 3 represents a 
double-layered glass flow cell. The inner layer serves to pass through cooling water and the outer layer serves 
to flow NBD1 solution. Device 4 shows a custom-made solar tracker; b) Conversion percentage (black) and 
energy storage efficiency (blue) varies with residence time for outdoor tests. © Reproduced with permission 
from the Royal Society of Chemistry. 

 

5.4 Catalyst discovery, NMR studies and reaction rate determinations                          

Molecular design for long half-lives is necessary for energy storage purposes, however 

harnessing this energy is impractical when demand for the released energy is needed over 

a relatively short period. This issue can be circumvented by the use of a rapid back-

conversion driven catalyst. Moreover, since MOST system should ideally be in liquid form, 

therefore, an efficient, heterogeneous catalyst is necessary to release “on-demand” the 

stored energy.28 Various types of catalysts have been proposed for the back-conversion of 

QC and QC derivatives including rare metal-based salts and metal complexes.111, 169, 170 In this 

thesis, 14 different heavy metal complexes and inorganic salts with transition metals, such 
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as Cu, Co, Pd, have been assayed initially with 1H NMR, measuring in a rough way whether 

the catalyst candidate has any effect on QC1. These qualitative tests consisted of various 

NMR experiments. A solution of NBD1 in CDCl3 or toluene-d8 was subjected to irradiation 

using a 310 nm LED lamp and monitored by 1H NMR until complete QC1 formation had 

occurred. At this point, a few milligrams of either the metal salt or complex was added to 

the tube. Around few minutes or half an hour later, progress of the back reaction is further 

monitored by 1H NMR again.  

Meanwhile, to quantify the rate of the potential catalyst, a 160 mL NBD1 solution of 7.52 x 

10-5 M in toluene (A(𝜆𝑚𝑎𝑥) = 1) was prepared. For each catalyst candidate, 2.5 mL of the 

solution was transferred to a 1 cm pathlength cuvette and irradiated until fully converted to 

QC1. A catalyst candidate was then added to the solution and the absorption change was 

recorded by a UV-Vis spectrometer at 347 nm over one hour. Later to calculate catalyst rate, 

the catalyst candidates are all considered as completely dissolved in toluene, assuming the 

back-conversion rate curve follows pseudo-first-order kinetics. With those two 

approximations in mind, a detailed list of catalytic performances can be found in table 5.2. 

In order to avoid any purification steps after each heat release cycle, the selected catalyst 

should be insoluble in the functioning solvent, i.e., the catalyst should be heterogeneous, 

thus essential for a working device that can undergo multiple operating cycles. Interestingly, 

Co-based metal complex, cobalt (II) phthalocyanine (CoPc), showed a promising catalytic 

rate to trigger the QC1 molecules back to NBD1 (172 s-1 M-1). Unfortunately, Ghani et al. 

determined that CoPc exhibited a low solubility in toluene, indicating that CoPc can 

potentially poison the liquid MOST and prevent or interfere with multiple cycling of the 

photoswitch couple.171 Therefore, if CoPc is to be used as a catalyst, it needs to be fixed to 

a support that prevents potential leaching of the complex into a toluene solution containing 

NBD1. However, modifying CoPc with anchoring groups might affect the catalytic activity of 

the complex. In fact, the complex is a large polycyclic flat molecule which is capable of π-

stacking, this can then be exploited by stacking onto insoluble support such as activated 

carbon by physisorption.  
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Table 5.2. Candidates of salts and transition metal complexes for the catalytic back-conversion of QC1. ✔ 

represents an active catalytic behavior by 1H NMR, ✖ shows no obvious behavior of catalytic activation. 

 

Number Catalyst Name

Potential 

activity in 

CDCl3

Potential 

activity in 

toluene

Reaction rate in 

toluene (s
-1

 M
-1

)

CoPc ✔ ✔ 172,05

2 CoPc@C ✔ ✔ 11788,22

3 Co(NO3)2·6H2O ✖ ✔ 3,88

4

5,10,15,20-Tetrakis(4-

methoxyphenyl)-21H,23H-

porphine cobalt(II)

✖ ✔

Dissolve in toluene and 

spectral overlap with 

NBD1, hard to follow 

by UV-Vis.

5 CuBr Degradation ✔ 2,41

6 CuI ✖ ✔ 8,73

7 CuCN ✔ ✔ 4,09

8 [Cu(CH3CN)4]PF6 Degradation / /

8*
[Cu(CH3CN)4]PF6 + Butylated 

hydroxytoluene

Low 

degradation
/ /

9 CuCl2 Degradation ✔ 2,52

10 CuCl2·2H2O Degradation ✖ 0,03

11 CuSO4 ✔ ✔ 6,07

12 (CH3COO)2Cu ✔ ✔ 0,02

13 (CH3COO)2Cu·H2O ✔ ✔ 32,39

14 PdCl2 ✔ ✔ 3,62

15 (CH3COO)2Pd ✔ ✔

Slowly dissolve in 

toluene and spectral 

overlap with NBD1, 

hard to follow by UV-

Vis.

Co(II)

Cu(I)

Cu(II)

Pd(II)
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Experimentally, CoPc was dissolved firstly in THF, then activated carbon was added and 

stirred over one week under Argon gas. The suspension solution was then centrifuged and 

washed a few times with toluene until no CoPc seems to be removed in solution. Later, it 

was found in macroscopic heat release experiments that leaking of CoPc from the support 

is caused by residual unremoved THF. Therefore, the powder was then dried to completely 

remove stacked THF molecules. To check the loading percentage of CoPc on carbon particles, 

XPS measurements were performed. It was finally calculated that around 13% of CoPc have 

been successfully adsorbed on the surface of activated carbon.  

A UV-Vis scaled photoswitchable compound solution (ca. 10-5 M) was prepared. For each 

catalyst candidate, 2.5 mL of the solution was transferred to a cuvette with a 1 cm 

pathlength and irradiated until a full conversion is obtained. A potential catalyst (ca. 0.5 mg) 

was then added to the solution and the progressive absorption change was recorded by a 

UV-Vis spectrophotometer at a specific wavelength for at least one hour. 

Surprisingly, the determined catalytic rate for the back-conversion of QC1 to NBD1 using 

this 13% loaded CoPc@C increased to 11.8 x 103 s-1 M-1, which corresponded to a 69 time 

higher rate compared to pristine CoPc. This observation can be explained by the increase in 

relative surface area of active catalyst CoPc distributed over the surface of the carbon, as 

it’s possible that CoPc can otherwise form intermolecular π-stacking aggregates thus 

blocking more of the active sites.  

To confirm this hypothesis, Scanning Electron Microscope (SEM) images were obtained. 

From the SEM picture of the used pure activated carbon with 100 mesh (see Figure 5.3), it 

can be seen the carbon pieces are uniform, while, at the same time, containing big holes 

which can enlarge the surface area. However, no obvious aggregation of CoPc was observed 

on the CoPc@C SEM images, thus confirming the CoPc@C contains a very large reaction 

surface, potentially a very good sample for further macroscopic heat release demonstration. 
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Figure 5.3. SEM images of: a) low magnification image of activated carbon; b) higher magnification image of 
activated carbon; c) low magnification image of CoPc@C; d) higher low magnification image of CoPc@C. © 
Reproduced with permission from the Royal Society of Chemistry. 

 

5.5 Vacuum catalytic reaction chamber and macroscopic heat release 

demonstration  

Previously, the energy density of NBD1 was determined by DSC measurements, it is also 

important to measure in a macroscopic way the heat release from QC1 when exposed to 

the heterogeneous catalyst. To practically make this catalyst reaction center, CoPc@C was 

packed into a Teflon tube (1.27 mm inner diameter, Cole-Parmer Instrument Company) with 

cotton blocking each side. When a charged QC1 solution passes through the center, a 

temperature difference before and after the catalyst part can be measured with 
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thermocouples. However, it should be noted that, even with a low conductivity of the Teflon 

tube, convection heat loss from the reaction center to its surrounding area can still be a 

major problem. Based on this issue, the use of a vacuum chamber was necessary to minimize 

this energy dissipation to get more reliable values for the heat release process.  

Connected to a turbo pump, this vacuum chamber can experimentally lower the inner 

pressure down to ca. 10-5 mbar. A schematic illustration of the experimental setup can be 

found in figure 5.4.  

 

Figure 5.4. Illustration of the vacuum chamber. © Reproduced with permission from the Royal Society of 
Chemistry. 

Meanwhile, for the purpose of obtaining the highest possible macroscopic heat release form 

the liquid MOST, the maximum solubility of NBD1 in toluene need to be measured. It was 

determined that the solubility of NBD1 in toluene can be reached to 1.52 M. Thus, the heat 

release temperature gradient vs. concentration is predicted in Figure 5.5, gray curve. It can 

be seen from Chapter 4, section 4.7, simulation method that, for a saturated solution, the 

theoretical maximum temperature difference can be as high as 66 °C, by considering the 

same specific heat capacity of QC1 as unsubstituted QC, which equals to 1.66 J g-1 K-1.  
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To experimentally quantify the macroscopic heat release, five solutions with different 

concentrations of NBD1 in toluene from 0.10 M to 1.50 M were prepared and fully 

converted to QC1 form under irradiation. It should be noticed that at low concentrations 

such as UV-Vis scale (ca. 10-5 M), the absorption of QC1 can be more or less disregarded. 

However, at higher concentrations of the photoswitch couple, the inner filter effect can be 

largely amplified, such that when the concentration of NBD1 is increased, the accumulating 

QC1 can make a significant impact. With this issue in mind, all prepared QC1 solutions were 

firstly prepared at high dilution in toluene and irradiated until a full conversion was obtained, 

then carefully concentrated to the desired concentration. 

Meanwhile, the catalytic reaction center was loaded with ca. 5 mg of CoPc@C, then placed 

under high vacuum. When the vacuum pressure reached 10-5 mbar, the QC1 solution was 

injected into the CoPc@C contained reactor with a flow speed of 5 mL h-1. Compared to the 

predicted values, the measured temperature differences (blue and red dots in Figure 5.5) fit 

very well with the simulation. Much to the delight, a maximum temperature difference of 

63.4 °C (an absolute temperature of 83.4 °C) from the 1.50 M charged NBD1 solution was 

obtained, thus demonstrated a full functioning cycle of NBD1 based MOST system from 

energy capture, energy storage and energy release.  

 

Figure 5.5. Theoretical simulation (grey line) and experimental data (blue dots for first measurement and red 
dot for the second measurement) of heat release vs. concentration. © Reproduced with permission from the 
Royal Society of Chemistry. 
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Unfortunately, it was found that the CoPc molecules cannot be fixed tightly on the activated 

carbon support while using a concentration higher than 0.10 M. The catalyst was observed 

to leak into the solution inflow, thus stopping the heat generation (see Figure 5.6). 

 

Figure 5.6. a) to d) show the heat released from 0.1 M to 1.5M concentrate samples. Each concentration was 
repeated once to confirm the final results. © Reproduced from the Royal Society of Chemistry. 

With equations 4-26 and 4-27 from Chapter 4, a minimum TON of 482 and a TOF of 2.0 s-1 

was determined for the ability of CoPc@C to convert QC1 to NBD1 in toluene. To put this 

into perspective, these values are far lower than the capabilities found for a typical enzyme 

such as carbonic anhydrase, which has a TOF of 4 x 105 ~ 6 x 105 s-1. Certainly, more stable 

support for CoPc, or anchoring CoPc on fixed support with covalent bonds is unquestionably 

necessary, if this type of technology is to be used in a device capable of multiple cycling. 

To further determine the effect of the leached CoPc on the 𝜙𝑖𝑠𝑜 of NBD1 conversion, the 

blue colored solution just after the reaction center was collected, appropriately diluted and 
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remeasured the 𝜙𝑖𝑠𝑜. It was found that the blue color of the metal complex faded gradually 

over time to yellow under ambient conditions, very likely due to the catalytic activity loss of 

the metallated phthalocyanine. This observation was later confirmed by detailed quantum 

yield measurements. In any case, the freshly collected blue solution showed an approximate 

4% decrease in quantum yield compared to that of the pure NBD1 solution. In addition, after 

11h, the absorption at 364 nm was observed to be increased, confirming that this dissolved 

CoPc contaminant still had a catalytic effect on back-converting QC1 molecules in solution. 

After 3 days, when the solution changed its color completely to yellow, its quantum yield for 

the photoconversion of NBD1 returned back to original 61%. A 1H NMR spectrum was also 

taken, where no degradation of NBD1 was observed. (see Figure 5.7) 

 

Figure 5.7. Color changes of NBD1 solution with depleted catalyst over time. (photo from left to right: 0 hour, 3 

hours, 6 hours, 11 hours, 3 days) © Reproduced with permission from the Royal Society of Chemistry. 

 

5.6 Theoretical calculations of the back-conversion mechanism 

To understand in detail how the CoPc worked for QC1 molecules, a detailed DFT calculation 

was also performed at La Rojia University, Spain. In brief, Co(II) ion is presumably 

coordinated with QC1 molecule, proceeding via various transition states en route back to 

NBD1 form. Therefore, all possible transition states of the energy landscape have been 

proposed, including energy changes caused by positions or orientations of D-A substituents 

relative to the catalyst. Thus, a full catalyst reaction route has been proposed in figure 5.8 

in an attempt to rationalize experimental observations. 
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Figure 5.8. a) Critical points along the potential energy surface for the catalytic reaction conversion of QC1 to 
NBD1 using CoPc (free energies in kJ mol-1 computed in toluene referred to a 10 Å separation of CoPc and QC1). 
The color coding represents molecular structures or orientations. b) Catalytic cycle for the back-reaction. © 
Reproduced with permission from the Royal Society of Chemistry. 

 

5.7 Modification of the push-pull NBD for extending the conjugation 

through donor-acceptor (D-A) 

As mentioned earlier, the extension of the π-conjugation system typically redshifts the 

absorption spectrum of the molecule, due to the lowering of the HOMO-LOMO gap of the 

molecule. This lowers the energy needed for excitation, but more importantly, this can be 

used to better align the absorption of a photoswitch with the solar spectrum.113, 172 As NBD1 

can be easily synthesized on large scale, this provides an opportunity to make new 

derivatives based on NBD1, specifically, extending the conjugation along the D-A chain.  

Conveniently, NBD1 possesses a cyano-group which can undergo further functionalization. 

With this in mind, the nitrile group of NBD1 was therefore reduced to the aldehyde by the 

treatment of NBD1 with diisobutylaluminiumhydride (DIBALH), affording NBD2. The 

reactive nature of the aldehyde moiety could be taken advantage of where NBD2 could be 

treated with both a phosphonate ester (1) for a Horner-Wadsworth-Emmons olefination 
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forming E/Z-NBD3, and stabilized phosphorane (2) for a Wittig reaction forming E-NBD4 (see 

Scheme 5.3). In both these cases nitrile and ester acceptors have been introduced while at 

the same time extending the conjugation by one olefin. 

 

Scheme 5.3. Reduction of NBD1 giving NBD2 and subsequent reactions to extend conjugation from the 2-
position to form E/Z-NBD3 and E-NBD4. 

All these new molecules were examined for their suitability for MOST. Spectroscopically, the 

onset of absorption for the aldehyde derivative, NBD2, was found to be slightly red-shifted 

compared to NBD1. 

For the π-extended derivatives E-NBD3 and E-NBD4 a larger degree of redshifting of the 

absorption spectrum was observed. In fact, the latter exhibited an absorption onset of 427 

nm in toluene. However, it was found that metastable E-QC3 and E-QC4 exhibited extremely 

short lifetimes of only minutes in toluene. As expected, the half-life of E-QC4 was measured 

to be longer than that of E-QC3, since this is a common challenge to overcome in MOST, 
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where redshifting the absorbance of an NBD typically is associated with decrease in half-life. 

(see Table. 5.3). 

Table 5.3. UV-vis spectral data and kinetic data for NBDs and corresponding QCs in toluene. [a] It was not possible 
to measure quantum yields and onsets for purified E-QC3 and E-QC4 due to their short half-lives. 

 

To summarize, the modifications of NBD1 by extending the π-conjugation can give 

derivatives with a relative red shifting of the onset of absorption. However, at the same time, 

the energy storage half-life of these derivatives were drastically affected by such 

modifications. At the same time this work was being undertaken, efforts were made to place 

bulky substituents to the C7 position of NBD1 (see Scheme 5.4) and, in this cases, the energy 

storage half-life has been significantly increased, confirming previous observations of 

bulkier groups stabilizing the QC form, however in these cases the 7 position substitution 

does not afford a redshift in absorption for the new derivatives. 116  

 

Scheme 5.4. Numbered carbon positions for an NBD molecule (C1 to C7, olefins locate through C2-C3 and C6-

C7). 

 

  

NBD λ max  (nm)
λ onset 

(nm)
Φ iso  (%) QC

λ onset 

(nm)

Spectral 

window (nm)

ΔH
ǂ

therm     

(kJ mol-1)

ΔS ǂ                     

(J mol-1 K-1)

ΔG ǂ                   

(kJ mol-1)
t 1/2 @ 25 °C 

1 326 380 61 1 345 35 103,8 -22,4 110,5 30 days

2 332 408 78 2 382 26 71,9 -101,6 102,3 25.4 hours

E -NBD3 355 419 -a E -QC3 -a - 59,4 -83,3 84,2 1.0 min

E -NBD4 356 427 -a E -QC4 -a - 75,6 -48,6 86,1 2.4 min
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Chapter 6 

 

Other photoswitches for MOST 

In this chapter, two other MOST candidates including an AZO derivative and DHA1 

photoswitches were characterized in detail. The two systems were later integrated into 

devices for full MOST evaluations. (paper III, IV). 

 

6.1 Azobenzene derivative 

6.1.1 Introduction 

As a potential MOST candidate, azobenzenes (AZO) have been in the spotlight over the last 

few decades because of its broad optical absorption, robustness, and storage lifetime as 

well as its tunable energy storage density.31 Unsubstituted azobenzene has been 

determined to have an energy storage density of 50 kJ mol-1 with a photoisomerization 

quantum yield of 45%.31, 90, 103 It has even been integrated into a device for evaluating its 

MOST efficiency.94 However, the compound is not suitable for solar energy storage because 

of the high efficiency of the photon-induced back-conversion from cis to trans state, 

therefore forming a photostationary state after a long periods of irradiation, where the 

conversion and back-conversion process turned into an equilibrium over irradiation.94, 104 

Thus, various efforts have been made to improve the molecular behavior by modifying the 

substituents to separate the absorption profiles between cis and trans isomers.31 

One of the improved samples was synthesized by K. Masutani, M. Morikawa and N. Kimizuka, 

whereby adding a branched 2-ethylhexyloxy group, resulted in the formation of a liquid 

azobenzene derivative(AZO1, see Figure 6.1a).102 As mentioned in Chapter 2, this liquid form 
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photoswitch could potentially be a promising candidate for MOST applications in device. 

Moreover, the measured energy storage density of this AZO1 is equal to 52 kJ mol-1, which 

can potentially fulfill MOST requirements. Therefore, further characterization was 

performed, with the goal of incorporation into a device in order to achieve the first 

demonstration of an azobenzene derivative for a lab-scale test. 

 

6.1.2 Characterization of the materials  

Previously, it was reported that azobenzene derivatives behave differently in solvents with 

different polarities,102 therefore, to be able to compare the MOST performance with NBD 

derivatives as well as dihydroazulene derivative (DHA1) later in this chapter, toluene was 

chosen as the working solvent for all characterization and device tests in this thesis.  

Spectroscopically, the onset absorption of AZO1-trans is located at 513 nm (ε@513 nm > 100 

M-1 cm-1, λmax = 350 nm, ε350 nm = 2.5 x 104 M-1 cm-1, see Figure 6.1b). However, the effective 

conversion wavelength remains below 400 nm, which can be assigned to π-π* absorptions. 

The converted cis form of AZO1 can also absorb light. However, with photons from ca. 400 

to 513 nm, which correspond to n-π* absorptions, it can actually photon-induced back 

convert the charged cis state (P-type back-conversion).102 Therefore, in the end, both 

absorptions produce a photostationary state. In addition, it was observed that, at 340 nm, 

the conversion quantum yield was determined to equal 21%; conversely, at 455 nm, the 

photo-induced back-conversion quantum yield was equal to 23%, slightly higher than the 

conversion process. For further tests, a bandpass filter was used in all device conversion 

experiments to prevent the photo-driven back-conversion (thickness of 1 mm from SCHOTT, 

filters out all light above 400 nm).  

Concerning half-life, as a nonpolar solvent, toluene gives the cis photoisomer a half-life of 

36.3 h, which can potentially fulfill a daily storage period. From the Arrhenius equation, it 

was found that the activation energy Ea equaled 96 kJ mol-1. The activation enthalpy could 

also be determined from the Eyring plot, giving values of ΔHǂ
therm = 93.7 kJ mol-1, together 

with an activation entropy ΔSǂ
therm = -31.7 J mol-1 K-1. (see Figure 6.1c) 
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A cyclability test was carried out using a diluted AZO1 toluene solution (ca. 10-5 M). Two LED 

light sources with wavelengths of 340 nm (~60 mW, 100 s) and 455 nm (~1020 mW, 300 s) 

were irradiated alternatively to charge and discharge the solution. Experimentally, a 

solution of AZO1 in toluene with ca. 10-5 M was prepared without degassing. The charge and 

discharge processes were achieved with a 340 nm LED (~60 mW) over 100 s and a 455 nm 

LED (~1020 mW) over 300 s, alternatively. The absorbance was monitored at 350 nm. Results 

showed that over 203 charging and optical discharging cycles, no degradation was observed, 

thus showing high stability of this photoswitch, even under aerobic environment. (see Figure 

6.1d) 

 

Figure 6.1. a) Structure of AZO1 in trans and cis states. b) Absorption spectra of AZO1 -trans (in blue) and its 
corresponding photoisomer in the cis state (in red). The sample (ca. 2 mg into 100 mL toluene) was converted 
with a 340 nm LED lamp. c) Eyring plot of AZO1-cis. The half-life at 25 °C was determined as 36.3 h in toluene 
solution. d) Optical cycling test of AZO1 in toluene. The figure shows 203 cycles in total. © Reproduced with 
permission from the Royal Society of Chemistry. 

 

6.1.3 Conversion device tests 

In 1987, Taoda et al. tested unfunctionalized azobenzene in a device, however structurally 

modified azobenzene derivatives have never been integrated into devices.94 Hence, a flow 
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system was built to further demonstrate the AZO1 material in a lab-scale microfluidic chip 

under AM 1.5 simulated solar light. Two solutions with concentrations of 0.2 mM and 0.5 

mM of AZO1-trans in toluene were prepared and passed through the microfluidic chip 

individually with different residence times. The microfluidic chip was customized with a 

channel depth of 100 μm, and a total volume of 33.9 mm3. The conversion status was 

checked with a portable flow UV-Vis spectrometer. Since photo-induced back-conversion 

can happen while irradiating with a full solar spectrum, a bandpass filter (> 400 nm blocked) 

was inserted in between the solar simulator and microfluidic chip. The setup of such an 

experiment can be seen in figure 6.2a. 

 

Figure 6.2. a) Experimental setup of AZO1 in a fluidic chip device. Gray boxes 1 and 2 contain a flow UV-Vis 
detection device connected to a portable spectrophotometer. Device 3 corresponds to a total volume of 33.9 
mm3 quartz chip, with a 100-μm optical path length. b) Experimental data of two concentrations used: 2 x 10-4 
M in green, and 5 x 10-4 M in red. Conversion percentage of AZO1-trans with different residence times in the 
microfluidic chip. c) Measured energy storage efficiency of the AZO1 compound in toluene. © Reproduced with 
permission from the Royal Society of Chemistry. 

To calculate the conversion percentage and energy storage efficiency, the isosbestic point 

can be used. This is a specific wavelength where the total absorbance of the sample solution 

does not change during a certain chemical, photophysical or photochemical reaction. Unlike 
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NBD compounds, the absorption spectrum of the AZO1-cis state has an overlap with its trans 

state. Therefore, a conversion percentage formula can be used with the help of isosbestic 

points. Hence, the conversion percentage and energy storage efficiency can be calculated 

using the method described in chapter 4, section 4.8 of this thesis.  

Theoretically, without a photo-induced filter, the maximum energy storage efficiency was 

calculated to be 2.6%. However, in order to avoid photo back conversion, a filter that can 

cut off all incident photons above 400 nm would be needed. Therefore, using equation 4-

23, it was determined that the maximum energy storage efficiency for a neat sample was 

estimated to be 0.88%. For a concentration of 0.5 mM and 0.2 mM, the efficiencies were 

expected to be as high as 0.02% and 0.01%, respectively.  

Experimentally, the actual measurements are shown in Figure 6.2b, c. It was found that a 

maximum conversion of only 79% forming the metastable isomers can only be achieved, 

even with a diluted sample of 0.2 mM. This was very likely due to the photo-stationary state 

between the two AZO1 isomers. The maximum storage efficiency was, however, 

determined to be 0.009% and 0.005% for 0.5 mM and 0.2 mM, respectively. It seems that a 

huge efficiency loss was observed, likely due to complications coming about from the 

photostationary state between the two isomers. Since AZO1 can be back-converted by 

visible light (P-type back-conversion), the outdoor test for this system was not performed.  

 

6.1.4 Catalytic back-conversion in device 

To further estimate the maximum energy that a fully charged AZO1 solution can release, the 

theoretical maximum temperature was estimated with a more accurate equation 4-15 from 

chapter 4, specifically for neat sample. As result, assuming a neat 100% converted AZO1 

sample was used, the estimated maximum temperature increase was determined to be ca. 

226 °C. 

Regarding the facilitation of the back-conversion, various catalysts have been previously 

investigated, which included electrocatalytic methods,173 gold nanoparticles that can 

perform redox reactions,174 as well as several mineral acids, such as perchloric acid175 and 

Cu(II) salts176. For a closed operating system, a heterogeneous form catalyst akin to CoPc@C 
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used with the QC1 system which can be fixed in a reaction center was certainly needed. 

Since the solvent used in these studies was toluene, in which the previously used CoPc@C 

and [Cu(CH3CN)4]PF6 exhibited a very low solubility, it was thought that these transition 

metal-containing entities could be integrated into a Teflon tube as catalyst reactors, 

individually. Firstly, since CoPc had been previously found to have catalytic effect on AZO 

molecules,94 only [Cu(CH3CN)4]PF6 was mixed with a pre-converted AZO1-cis solution in 

toluene-d8 (molar ratio as AZO1-cis: [Cu(CH3CN)4]PF6 = 2:1 in toluene). After 1 h and 30 mins, 

a full back-conversion from AZO1-cis to AZO1-trans has been successfully observed via 1H 

NMR spectrum, showing a positive catalytic effect of on AZO1 molecules.  Then, the 

corresponding back-conversion rates were determined via UV-Vis spectroscopy, this was 

done by adding the transition metal directly to a converted cis isomer solution in a cuvette 

(0.5 mM AZO1 in toluene, 79% conversion from trans to cis state accomplished). As 

calculated, the back-conversion rate was fitted to 30 s-1 and 131.9 s-1 for [Cu(CH3CN)4]PF6 

and CoPc@C, respectively. Additionally, CoPc@C was still observed to have a slight leaking 

effect in toluene, thus it was decided that [Cu(CH3CN)4]PF6 would be incorporated as the 

catalytic device for the flow reactor. 5 mg of this Cu(I) salt was inserted into a 5 cm long, 1 

mm inner diameter Teflon tube (see Figure 6.3). With 1 mL h-1 flow speed, a 0.5 mM solution 

of 79% AZO cis solution was passed through the reaction center. This resulted in 48% of the 

converted cis state which was successfully back converted to its initial trans state.  

 

Figure 6.3. Conceptual device demonstration of the catalytic back-conversion of AZO1-cis. Around 5 mg of Cu(I) 
salt was loaded into the reaction center. A 0.5 mM 79% AZO1-cis solution was flown through the Cu(I) reactor 
with a speed of 1 mL h-1. 69% of the AZO1-trans was obtained after the reaction center, i.e. 48% of the AZO1-cis 
can be successfully back converted to AZO1-trans state. © Reproduced with permission from the Royal Society 
of Chemistry. 

To further investigate the fundamental functioning mechanism of Cu(I) salt on AZO1-cis, DFT 

calculations were performed at La Rojia University in Spain. In brief, it was found that in the 

presence of Cu(I), the reaction barrier can be decreased by 4 orders of magnitude, thus 
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lowering the energy barrier and consequently accelerating the back-conversion process of 

the cis state. 

 

6.1.5 Conclusion  

In this part, an AZO1 based MOST system has been successfully demonstrated, including 

molecule charging and discharging. Compared to unsubstituted azobenzene, AZO1 trans-

state did not exhibit a significant spectral shift. However, it still features a strong absorption 

(𝜀𝑚𝑎𝑥@350 𝑛𝑚 = 2.6 x 104 M-1 cm-1) and a long half-life (𝑡1/2 = 36.3 h at room temperature) 

in toluene. The cycling tests showed very high stability for the AZO1 as no significant 

degradation was observed over 203 optical charge and discharge cycles. Some drawbacks 

still remain for its use for MOST purposes, such as a low quantum yield for conversion 

reaction above 340 nm and a photostationary state caused by the photoinduced back-

conversion around 455 nm. Concerning energy storage, it can be predicted that with a 

bandpass filter below 400 nm, the simulated maximum energy storage efficiency for a neat 

sample can reach 0.88%. However, as neat AZO1 samples cannot be completely converted 

to pure cis state, two solutions of 0.2 mM and 0.5 mM were prepared for testing. The 

calculated maximum energy storage efficiency was equal to 0.02% and 0.01%, respectively. 

Experimentally, with a flow system, efficiencies of 0.005% and 0.009% were finally measured. 

To further investigate the catalytic back conversion, it can be calculated that the fully 

charged neat sample can theoretically release 226 °C. Finally, [Cu(CH3CN)4]PF6 salt was 

identified as an efficient catalyst and then integrated as a reaction center in the Teflon tube. 

At 0.5 mM, 48% of the cis state can be successfully back converted to trans state when using 

a flow speed of 1 mL h-1, however, this conversion rate and flow speed are still too slow to 

be used for a macroscopic heat release experiment, even under vacuum due to low catalyst 

rate of the used Cu(I) salt. Finally, a DFT calculation was performed to determine the 

functioning mechanism of the Cu(I) salt. This discovery could help future catalyst design for 

all different types of azobenzene-based MOST systems.  

Even though the work showed a complete charge and discharge azobenzene derivatives-

based MOST demonstration, just like what J. Olmsted et al. claimed, it can still be concluded 

that azobenzene is not favored for energy storage purpose.104 However, such a system can 
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be combined chemically93, 119 (fused to a single MOST molecule) or physically (solution 

mixture of different MOST candidates) with other MOST candidates in order to form a 

complement for each other’s systems.  

 

6.2 Dihydroazulene photochromic derivative 

6.2.1 Introduction 

In 1984, Daub et al. discovered a photoswitchable molecule that can undergo a 10π 

retrocyclization reaction, named the dihydroazulene derivative DHA1 which converts to its 

corresponding vinylheptafulvene VHF1 structure (see Scheme 6.1, where the DHA1 shown 

is considered as the DHA-moiety).133 The charged VHF1, itself, has two-states, however, the 

trans-state is thermaldynamically more stable. In fact, it needs to be in the cis form to adopt 

transition state for the back-conversion. As with QC derivatives, VHF1 can later be thermally 

or catalytically back-converted to reform DHA1 and therefore, molecules bearing this 

photochromic motif have been studied as possible candidates for MOST.119, 140, 142, 143, 177 

During recent decades, many DHA-based derivatives have been synthesized and 

characterized, however, a lab-scale MOST demonstration for DHA-derivatives has not been 

previously realized. 

 

Scheme 6.1. Photoisomerization reaction of the dihydroazulene derivative (DHA1) and its corresponding 
vinylheptafulvene (VHF1) couple. 

There are a few methods to synthesize DHA1. Early methods involved a key step of [8+2π] 

cycloaddition reaction, but this method did not translate well to large scale.178 More detailed 

descriptions of the problem are beyond the scope of the thesis and will not be listed. In 2011, 

Broman et al. reported an alternate protocol for the formation of DHA1. This alteration 

translated to the possibility of a large scale synthesis, ca. 15 g.138 Hence, as the first step 

approaching industrialization, in this thesis, DHA1 was tested in devices for a detailed MOST 

demonstration. 
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6.2.2 Characterization of the materials  

Due to the polarity differences between the parent and photoisomer state, it is known that 

DHA1 behaves differently depending on the polarity of the solvent used.138 Therefore, the 

functional solvent needs to be chosen wisely in order to simplify the integration into a 

practical MOST device. Thus, three potential solvents: toluene (relative polarity: 0.099), 

acetonitrile (relative polarity: 0.460) and ethanol (relative polarity: 0.654), with increasing 

polarity, were selected to cover a large polarity range (The values for relative polarity are 

normalized from measurements of solvent shifts of absorption spectra and were extracted 

from literature).179 A comparison of the photoisomerization quantum yield, thermal back-

conversion half-life, solubility as well as the degradation rate of DHA1 in each of the three 

solvents can be found below in table 6.1. 

Table 6.1. The physical properties of DHA1 in different solvents. © Reproduced with permission from 
ChemSusChem, John Wiley and Sons. 

 

Clearly, toluene is the most favorable solvent for further MOST demonstrations, because of 

the high photoisomerization quantum yield, long thermal half-life, high solubility and robust 

performance of the photon charge, thermal discharge cycling repetition. In addition, it was 

also found that only 0.01% degradation occurred after 70 cycles (see Figure 6.4a). The 

solutions in ethanol and acetonitrile were also analyzed with LC-MS after the cyclability tests, 

but many side products can be found, which were difficult to identify. In addition, the two 

polar solvents can help facilitate the elimination of hydrogen cyanide, the driving force being 

the formation of an aromatized azulene. When the cycling was carried out in ethanol, an 

ethanol adduct could also be identified. (see Figure 6.4b). 

Thermally-induced 

back‐conversion 

half‐life at 25 °C

Solubility Degradation

Toluene 0,6 1474 55 0,01

Acetonitrile 0,55 218 36 0,18

Ethanol 0,5 202 5 0,21

Solvent
Photoisomerization 

quantum yield

(min) (mg mL−1) (% loss per cycle)
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Figure 6.4. a) Cyclability test (concentration ca. 10-5 M for each case) for DHA1/VHF1 based on absorbance at 
460 nm in toluene (blue), acetonitrile (purple) and ethanol (red). The experiments were performed at a constant 
temperature of 60 °C during the experiments, in order to reduce the back-conversion time. Light at 365 nm was 
repeatedly switched on and off. One cycle corresponds to one light-on period and one light-off period. A total of 
70 cycles are shown. The baseline absorption increase for the ethanol sample is potentially attributed to the 
formation of azulene. Parasitic signals (spikes) appear in acetonitrile and ethanol samples due to instrument 
fluctuations; b) Possible degradation products based on mass spectrometry analysis. © Reproduced from 
ChemSusChem, John Wiley and Sons. 

It is worth mentioning that the onset of absorption for DHA1 in toluene is positioned around 

450 nm (ε@450 nm > 100 M-1 cm-1, λmax = 360 nm, ε350 nm = 1.6 x 104 M-1 cm-1, see Figure 6.5), 

indeed covering a part of the visible solar spectrum. However, as a positive photochromic 

material, like the absorptivity for the AZO1-cis/trans couple, the converted VHF1 also has a 

spectral overlap with its corresponding photoisomer, DHA1. Therefore, a full conversion can 

hardly be achieved due to the shielded light from the increasing VHF1 concentration 

throughout the conversion. 

 

Figure 6.5: Absorption spectra of DHA1 (in blue) and its photo-isomer VHF1 (in red); insert shows color change 

of the compound in toluene before and after irradiation with 365 nm light. © Reproduced with permission from 

ChemSusChem, John Wiley and Sons. 
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With these preliminary results in mind, and for the convenience of comparing the results 

directly with NBD1 and AZO1, toluene was selected as the device testing solvent for DHA1.  

 

6.2.3 Conversion device tests 

To demonstrate a DHA-based proof-of-principal concept, a commercial chip from Syrris Ltd 

(a total volume of 62.5 μL; contains an effective exposure volume of 35.72 μL, irradiation 

surface of 5.18 cm2 and a channel depth of 85 μm), was used to establish the microfluidic 

conversion setup similar as the setup used in Section 6.1.3.  

It was found that the calculated maximum energy storage efficiency that could be reached 

is 0.83%, with a spectrum cut-off wavelength of 454 nm under a simulated AM 1.5 solar light 

(0.81% under global AM 1.5 real sunlight). (See Figure 6.6) 

 

Figure 6.6: a) Simulated maximum energy storage efficiency varies with a concentration in commercial Syrris 
chip. The black line indicates the simulation of the efficiency under a simulated light source; b) Conversion 
percentage and measured energy storage efficiency vary with different residence times of the solution. Blue dots 
correspond to a concentration of 0.7 mM and red dots correspond to a concentration of 0.3 mM. © Reproduced 
with permission from ChemSusChem, John Wiley and Sons. 
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Experimentally, two concentrations with ca. 0.7 mM and 0.3 mM were prepared and stored 

in the dark. With different flow speeds, these two solutions were passed through the 

microfluidic chip, individually, to determine the conversion percentage and energy storage 

efficiency. In theory, for 0.7 mM and 0.3 mM, a theoretical limit of 0.26% and 0.45% can be 

calculated, respectively. The experimentally measured values were 0.03% and 0.10% with a 

residence time in the chip of 3.6 s and 2.9 s, respectively, approaching the expected values, 

however somewhat lower than the calculated values. In an ideal case, a good MOST system 

should show a linear dependence of energy storage efficiency vs. residence time. Conversely, 

in this case, the efficiency dropped significantly with increasing residence time, thus showing 

strong inner filtering effects due to accumulating VHF1, whose absorption competes with 

that of its parent molecule DHA1.  

 

Figure 6.7. a) Maximum energy storage efficiency of the outdoor tests. The black line shows the results under a 
simulated solar lamp while the red line shows the efficiency under AM 1.5 global sunlight; b) Conversion 
percentage and energy storage efficiency for an outdoor test. Data were collected twice during one sunny day 
in Gothenburg, Sweden. © Reproduced with permission from ChemSusChem, John Wiley and Sons. 

The evaluation of a DHA-based system has never been tested under outdoor conditions, and 

so, a large scale device demonstration could further determine where future efforts should 

be directed. Additionally, a large scale prototype is necessary to achieve a lab-to-site 

technical transfer. Therefore, the custom-made solar parabolic concentrator, which was 
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used for the NBD1 system, was also used to test the DHA1/VHF1 couple for its MOST 

performance. (see Figure 6.7) 

Under direct sunlight, the maximum energy storage efficiency was limited to 0.81% as 

mentioned before, and therefore, a solution of 0.3 mM was tested on a sunny day, without 

clouds assuming to have solar irradiation of AM 1.5, in Gothenburg, Sweden. According to 

the results, 0.47% was the limited efficiency for this concentration. However, the real 

measurement only reached 0.013% efficiency, significantly lower than the predicted value. 

This huge efficiency loss was likely caused by the long pathlength of the collecting tube, 

which consequently wastes incoming photons, thus amplifying the complications coming 

about from inner filter effects.  

 

6.2.4 Catalytic back-conversion in device 

In previous research, Cu(I) ion source was found to be catalytically active for the back-

conversion from VHF1 to DHA1.142 Yet, a device proof with efficient catalytic back-

conversion had not been tested. Thus, [Cu(CH3CN4)]BF4 was then integrated into a Teflon 

tube to form a reaction center. ca. 1 mM of the pre-converted VHF1 solution was passed 

through the reaction center with a flow speed of 5 mL h-1, and the concentration status was 

checked before and after the catalyst center with an inline UV-Vis spectrometer (See Figure 

6.8, similar as in Section 6.1.4 for the back-conversion reaction of AZO1-cis).  

This resulted in up to 81.3% back-conversion of VHF1 to DHA1. Still, it needs to be 

mentioned that, at this concentration and conversion percentage, a macroscopic heat 

release demonstration like the case for NBD1 could still not be achieved, and further 

investigation into a more efficient catalyst is certainly necessary.  
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Figure 6.8. Catalytic conversion in a flow reactor. a) and b) Scheme and photo of the back-conversion setup. 
Boxes 1 and 2 contain flow UV-vis spectrophotometers positioned in the flow system before and after irradiation; 
c) UV-vis spectra before (red) and after (blue) exposure to [Cu(CH3CN)4]PF6. © Reproduced with permission from 
ChemSusChem, John Wiley and Sons. 

 

6.2.5 Conclusion  

In this chapter, the interconversion of DHA1/VHF1 couple was characterized in three 

solvents of differing polarity, where toluene was found to be the optimal solvent for further 

device tests. By introducing a toluene solution of DHA1/VHF1 couple into a microfluidic chip 

for both indoor and outdoor demonstrations, a successful conversion was obtained with 

different residence times. However, it should be noted that the energy storage efficiency is 

still largely limited by a strong inner filter effect of the molecule. Moreover, a Cu(I) ion based 

salt, [Cu(CH3CN4)]BF4, was tested as a catalytic back-conversion reactor under flow 

conditions. Interestingly, this copper salt works for both AZO1 and DHA1 systems. Yet, a 

more effective catalyst needs to be found to further the research into DHA derivatives 

applications for MOST, as the current results from the Cu(I) ion source tested are not 

sufficient to achieve a macroscopic heat release.  
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Chapter 7 

 

MOST candidates: A brief 

comparison 

In this thesis, three MOST candidates have been studied in detail for further application 

purposes, a summarized table of several key parameters can be found in table 7.1. For all 

three tested compounds, the absorption spectrum of the parent states is still located in the 

UV, and only covers a small portion of visible light. It seems that the negative photochromic 

materials, such as NBD1, are much more attractive compared to positive photochromic 

compounds, like AZO1 and DHA1. The absorption spectrum of a photoisomer from negative 

photochromism can significantly decrease the usage of incoming solar light since the 

increasing absorption of photoisomer will waste the incoming photons in useless excitation 

energy losses. At the same time, it is very often that the positive photochromic photoisomer 

has spectral overlap with its parent state, thus forming a photostationary state. In such a 

situation as DHA1, the photoconversion process will be almost stopped due to the inner 

filter effect. This issue can be solved by decreasing the optical pathlength of the device while 

passing the solutions. However, P-type photoswitches, as the AZO1 case, are not 

recommended for MOST applications, because the cis state of AZO1 can be photo-back-

converted to trans state under visible irradiation, hence in a device without an appropriate 

optical filter, the practical energy storage efficiency is limited. In addition, NBD1 and DHA1 

have more promising photoisomerization quantum yields than the AZO1 compound and are 

thus favored for further energy conversion purposes.  

In general, single NBD unit based photoswitchable compounds have higher energy storage 

efficiency compare to single AZO and DHA based materials, because of the band strength 
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and relatively low molecular weight. In this thesis, NBD1 (88.5 kJ mol-1) has a high energy 

storage density compare to AZO1 (52.0 kJ mol-1) and DHA1 (35.2 kJ mol-1 in theory), and is 

able to release an absolute temperature of 63.4 °C. Due to catalyst limitations, macroscopic 

heat release cannot be performed for AZO1 and DHA1. The limitation for NBD1 to release 

even higher energy was identified as a solubility limit. Therefore, efforts on increasing the 

solubility or how to make a robust neat sample are goals for the future. 

Table 7.1. Key parameters summarized for three MOST candidates which have been integrated into devices in 
this thesis. 

 

 

 

 

 

 

 

 

 

 

  

λ onset (nm)
λ max 

(nm)

ε max           

(M-1 cm-1)
Φ iso  (%) t 1/2 Solubility (M) Degradation rate

ΔH storage         

(kJ mol-1)

NBD1 326 326 1.3 x 104 61% 30 days 1.52 0.14% 89

AZO1 513 350 2.5 x 104 21% 36 hours neat N/A over 203 cycles 52

DHA1 452 360 1.6 x 104 60% 25 hours 0.21 0.01% 35
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Chapter 8 

 

Concluding remarks and outlooks 

Molecular solar thermal energy storage is a technology that stores solar energy in the form 

of chemical bonds, and this energy can later be released as heat using thermal or catalytic 

activation. This thesis focused on the characterization of different proposed MOST 

candidates and then these devices were evaluated for developing towards real-world 

applications. Three MOST candidates, including an NBD derivative (NBD1), an AZO derivative 

(AZO1) and a DHA derivative (DHA1) have been systematically studied and evaluated for 

application purposes. Among the three candidates, NBD1 had better spectroscopic behavior 

than AZO1 and DHA1, because of its intrinsic negative photochromism after conversion by 

light.  

Since NBD1 can be produced in large quantities, there was an attempt to modify the 

compound by extending the conjugation through the C2 position. As a result, the absorption 

spectra of the modified derivatives were red-shifted, however, the energy storage half-lives 

have been significantly decreased to the range of a few minutes. Alternatively, with 

structural modifications in the C7 position, the half-life can be largely improved, which 

confirms that the increasing steric bulk in the NBD form positively extends the half-life, as 

discovered in previous work, while, at the same time, leaves the possibility of polymerizing 

NBDs through functionalities introduced to the C7 position in the future. 

All three photoswitches showed robust charging and discharging cycles under either light or 

thermal conditions. The energy storage period can be varied between days to months under 

room temperature of around 25 °C. Additionally, as discussed before, Jevric et al. discovered 

that in donor-acceptor NBDs, steric bulky substituents placed in the ortho position of the 

aromatic ring could hamper the rotation motion of the side groups along the back-
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conversion path, consequently resulting in exceptionally long half-lives without significantly 

affecting other photophysical properties.123, 130  

To further evaluate those compounds for real MOST applications, all three compounds 

focused upon in this work were integrated into solar devices. Photoswiches DHA1 and AZO1 

were tested in a microfluidic chip on the lab-scale. In both cases, the energy storage 

efficiency detected was very low due to strong inner filter effects. Due to the photo back-

conversion of AZO1-cis with a clear photostationary state, only DHA1 and NBD1 were 

further evaluated with the outdoor solar facility. However, similar to in the lab-scale tests, 

huge efficiency losses for both cases were observed. It is almost certain that the inner filter 

effect has been amplified by the long pathlength of the solar collection tube and could be a 

result of running them at high concentrations.  

The catalytic back-conversion was then tested for three candidates in the device setup. 

Following previous literature, the pre-converted VHF1 solution was successfully back 

converted to its initial state by using [Cu(CH3CN)4]PF6. This Cu(I) salt has also been used and 

provides a positive effect on the AZO1 cis to trans back conversion. To better understand 

the functional mechanism of the back-conversion with [Cu(CH3CN)4]PF6, a detailed DFT 

calculation was performed for AZO1, showing that the coordination of the copper ion can 

decrease the isomerization barrier enough to reduce the storage half-life by 4 orders of 

magnitude. However, the effect of such a catalyst is still not effective enough to be applied 

to macroscopic heat generation.  

Even in view of the high energy density of the NBD1 compound, a fast and efficient catalyst 

needs to be discovered. After screening 14 different metal complexes as well as salts, the 

most efficient catalyst found for QC1 was Cobalt phthalocyanine. To fix the catalyst on a 

support, CoPc was physisorbed onto activated carbon. In order to practically demonstrate 

the functionality of fixed bed CoPc@C, a vacuum-based heat release device was constructed. 

With a saturated, pre-converted QC1 solution, an absolute temperature of 63.4 °C was 

successfully achieved, which matched well with the theoretical prediction. For a further 

understanding of the catalytic functionality, a detailed DFT calculation was performed. The 

results implied a low energy barrier in agreement with the observed experimental data.  
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Future research directions need to focus on these existing challenges. Specifically, liquid 

MOST or highly concentrated MOST solution needs to be further investigated.180 

Additionally, a negative photochromism with a parent state that is redshifted, or a positive 

photochromism with a photoisomer that is blue-shifted needs to be synthesized because a 

slight spectrum overlap between parent state and photoisomer will be significantly 

amplified by the inner filter effect in large scale devices. In addition, a strategy of extending 

the storage half-lives while also increasing energy storage density needs to be further 

investigated, potentially by introducing bulky substituents on C7 position of NBD1 and 

extending the π-conjugation at the same time. Concerning the photoisomerization quantum 

yield, it is still unclear how to chemically design desired values, and this needs more 

attention in the future. As mentioned before, from a previous theoretical study, it was 

predicted that the maximum solar energy conversion efficiency is at least 10.6% at a 1.89 

eV S1-S0 gap (corresponding to 656 nm), thus there remains a huge space (theoretical 

maximum energy storage efficiency with different optical pathlength in this thesis for NBD1: 

0.51%, AZO1: 0.88% and DHA1:0.81%) for the development of current MOST systems in the 

future.147 Additionally, for energy collection after storage, it is necessary to develop a 

universal catalyst that can work efficiently for each MOST candidate, while remaining stable 

on a fixed support. The author suggests testing metal-organic framework based catalysts, 

functionalized resins, and nanoparticles for such requirements in the future. 

In order to speed up the evaluation process while obtaining a new molecule, it is worthwhile 

to establish a characterization protocol for future MOST candidate tests. Therefore, the 

following points are suggested as a checklist to criticize the functionality of a certain MOST 

candidate in the future. It is necessary to measure: 

1. Absorption spectrum for both parent molecule and photoisomer molecule 

2. Photoisomerization quantum yield 

3. Energy storage half-life 

4. Cyclability  

5. Energy storage density  

6. Theoretical maximum energy storage efficiency  

7. Experimental energy storage efficiency evolution over residence time in an irradiated 

device 
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8. Theoretical maximum heat release temperature 

9. Maximum experimental heat release temperature  

10. Catalyst reaction constant  

11. Catalyst TON, TOF number 

12. Solvent effect of the MOST candidate 

Together with a more advanced flow system, new devices to continue testing full cycles of 

the MOST candidates can be addressed by applying such established evaluation protocols, 

hence efficiently testing potential MOST systems. To further realize a lab-to-site technology 

transfer, it is also necessary to consider material hazards and estimate material costs for 

future industrialization. With all the above research directions in mind, the author of this 

thesis believes that MOST has great potential to be an optimal green energy resource in the 

near future. 
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