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Abstract

Cid Gomes, L. 2023. Light-Induced Routes to Sustainable Biocrudes for Fuels and
Lubricant Oils. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 2227. 90 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-1682-6.

Fossil-based hydrocarbons are at present the ideal compounds for jet fuels and lubricant
oils, so their replacement by novel technologies is not easy. Instead, sustainable routes to
hydrocarbons, such as sunlight-driven processes, are desired to reduce the environmental impact
by the transport sector. Photosynthetic microorganisms can convert water and CO, into small
hydrocarbons, yet, a second step is needed to convert them into jet fuels and lubricant oils. The
aim of this thesis is to investigate photochemical routes for this second step.

We first explore the triplet photosensitized dimerization of isoprene produced by
cyanobacteria. We developed a combined photobiological-photochemical route from CO, to C;,
jet fuel via isoprene that has a climate change impact 80% lower than that of fossil jet fuel.
The photosensitizer 1,1-dinaphthylmethanone absorbs in the near-UV light, so natural sunlight
can be used with low photosensitizer loading (0.1 mol%). Later, other small conjugated dienes
were investigated, providing a deeper understanding of the photodimerization. We concluded
that isoprene is the ideal diene to be dimerized into jet fuel, as it has a suitable boiling point that
facilitates its harvesting and as it dimerizes more efficiently than the other small volatile dienes.

The photodimerization is then expanded to larger substrates to produce lubricant oils and
diesel-like fuels. We found that a-phellandrene dimerizes very efficiently (>90%, 12h), and we
utilize it in a cross-dimerization with less reactive monoterpenes and with isoprene. We also
investigated the influence of light intensity in the reaction of a-phellandrene and the rates of
triplet quenching of the photosensitizer by different monoterpenes.

A final part of this thesis addresses the need of photochemical routes that can oligomerize
unsaturated hydrocarbons other than conjugated dienes. The seminal idea is to use photoacids
as catalysts. This journey started by designing a new photoacid based on the anilinium and
dibenzotropylium cationic moieties. We found computationally a strong photoacidity, with
pK. = -12. We discovered that the photoacidity is operating by a novel mechanism involving
a reorganization of charge distribution within the dibenzotropylium moiety upon excitation,
which interacts electrostatically with the anilinium moiety and makes the acidic proton of the
anilinium unit more acidic.

The work described in this thesis provides further understanding of the triplet photosensitized
reactions first reported in the early 1960s, and it applies this important organic photoreaction
in the context of renewable energy. Furthermore, the last part of this thesis contributes to new
interpretations of photoacidity.
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1 Introduction

“You put together two things that have not been put together before. And the
world is changed. People may not notice at the time, but that doesn’t matter.
The world has been changed nonetheless.”

-Julian Barnes, Levels of Life

A couple of years ago, the words of Julian Barnes had me thinking of the work
described in this thesis. While Barnes was talking about combining ballooning
and photography,' this thesis addresses the use of photochemical reactions to
convert photobiologically produced compounds into fuels and lubricant oils —
i.e. a combined photobiological-photochemical approach to reduce the envi-
ronmental impact compared to traditional routes. As early as 1860s, CO, and
other greenhouse gas (GHG) emissions have been correlated to climate
change.>* Worldwide, the transport sector was responsible for releasing 22 %
of the total CO, emissions in 2020.* Renewable sources represent only 3 % of
the final energy consumption by the transport sector, leaving crude oil as the
main source for fuel production, which explains the high CO, and GHG emis-
sions.” Indeed, the oil industry poses several environmental issues: non-re-
newability of its source; high GHG emissions and release of hazardous chem-
icals during the extraction and refining processes; and often risk of water and
land contamination. The unsustainable nature of crude oil also leads to envi-
ronmental impacts from products other than fuels, such as lubricant oils and
organic solvents.

A variety of approaches have been proposed to replace fossil fuels. Two of
the cleanest alternatives are the use of electricity and hydrogen gas to power
light vehicles.®® On the other hand, hydrocarbons are still the ideal com-
pounds for high energy density fuel applications and lubricant oils.”'! Be-
cause the fuel combustion still produces CO,, the focus to reduce environmen-
tal impacts is to find both sources and synthetic routes that are more sustaina-
ble. Therefore, several biological sources and chemical routes have been in-
vestigated in the past decades, giving rise to advanced liquid biofuels.” They
share similar chemical structure to fossil fuels, which allows for quicker tran-
sition without deep changes in the infrastructure of the fuel industry.'!

Advanced biofuels is a broad category that can be broken down into the sum
of second-, third- and fourth-generation biofuels. The second-generation of bio-
fuels are obtained from the conversion of non-edible biomass, mainly
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hydrotreated vegetable oils, fermentation of waste or modification of byprod-
ucts from industrial processes, such as the hydrogenation of monoterpenes in
turpentine from paper pulping process.'? Third- and fourth-generation biofuels
designate fuels derived from feedstock produced by microorganisms and bioen-
gineered microorganisms, respectively, such as microalgae and cyanobacteria."
The latter can utilize sunlight, water and CO» to produce a range of small hy-
drocarbons, such as ethylene, isobutene and isoprene, but also larger com-
pounds, e.g., a-phellandrene, myrcene and o-bisabolene, to name a few.'* 2

Depending on the targeted product, small hydrocarbons can be further oli-
gomerized in longer chains, while larger compounds can be directly hydro-
genated or further reacted to produce larger molecules. There are several
routes to carry out these modifications, ranging from traditional methods uti-
lized in the oil industry, to more recent developments with metal catalysis and
photochemical reactions.'>*+?°

However, one may ask “why to oligomerize e.g. isoprene produced by cy-
anobacteria into Cyg or C;s compounds if the production of mono- and ses-
quiterpenes is also possible by cyanobacteria?”’. The answer relies on the in-
creasing complexity and cost to remove the products from cell cultures as the
size of the products increase.”> Compounds as large as monoterpenes can also
be toxic to the cyanobacteria strains,*” therefore, compounds with lower mo-
lecular weight are more advantageous as they can escape from the cells more
easily, saving the energy of harvesting the feedstock as well as sparing the
cells for further cycles of production.

On the other hand, a price is paid when replacing some of the work done
by cyanobacteria with chemical synthetic routes: the commercially available
oligomerization methods do not utilize sunlight as driving force. Ideally, the
further modifications of the photobiologically produced hydrocarbons should
also make use of sunlight. Photosensitized and photoacid-catalyzed reactions
are presented here as two such alternatives. The photochemical aspects of
these routes and their implementation are the backbone of this thesis, accom-
panied by the investigation of which compounds can be sourced from photo-
synthetic microorganisms, and how some of them can be more efficiently ol-
igomerized. At the same time, considering the present gap to achieve a com-
mercial production of hydrocarbons by cyanobacteria, the work in this thesis
was also written in the light of other renewable feedstocks that are more read-
ily available at the present (second-generation of biofuels).

Similar to combining ballooning and photography, combining photobiol-
ogy and photochemistry create challenges, yet, to a large extent, this thesis
aims to address such challenges and present the development of solutions that
will contribute to change the world.
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2 Background

2.1 Small Hydrocarbons as Renewable Substrates

Several routes and feedstocks have been explored to address the need of ad-
vanced liquid biofuels. The “oil-to-fuel” route and the use of lignocellulosic
biomass were earlier discussed in the context of a licentiate thesis, presented
on 24 March 2021, entitled “From terpenes to advanced biofuels: Light-in-
duced routes to sustainable biocrudes for high energy density fuels”. In the
two first sections of the present thesis, focus is given to compounds that are
possible to obtain from cyanobacteria (small hydrocarbons and terpenes), and
other renewable sources available for these compounds.

Ethylene, isobutene and 1,3-butadiene (Fig. 2.1A) have industrial im-
portance on the synthesis of fuels and polymers, so it is convenient that these
building blocks — or their immediate precursors in case of 1,3-butadiene — can
be photosynthetically produced by cyanobacteria.”**'>* The photosynthetic
production of ethylene via conversion of carbon dioxide was first reported in
1997,%" and since then, the overexpression of specific enzymes in the carbon
fixation metabolism,*® or immobilization of cyanobacteria in artificial bio-
films,*® represent some of the advances towards a future commercial and
large-scale production of bio-ethylene.

AN SN

Ethylene Isobutene 1,3-Butadiene  Isoprene

B)
/>_/< NN
2,3-Dimethyl-1,3-butadiene E-1,3-Pentadiene
NN @
E,E-2,4-Hexadiene 1,3-Cyclohexadiene

Fig. 2.1 A) Structures of small alkenes and conjugated dienes that can be pro-
duced by photosynthetic microorganisms. B) Structure of further small conju-
gated dienes from alternative renewable sources.
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Though essential in the existing routes to fuels, ethylene, isobutene and 1,3-
butadiene have boiling points below 0 °C, which requires the use of high pres-
sure to perform further oligomerization reactions. Isoprene, on the other hand,
is a liquid at room temperature, but volatile enough to rapidly escape from cell
cultures.?® Metabolically engineered cyanobacteria such as Synechocystis and
Synechococcus can produce isoprene with titers up to 50 pg/g of dry cell
weight/day. >’

The production of small hydrocarbons by cyanobacteria utilizes sunlight,
CO; and water in the synthetic pathway, neutralizing CO, emissions and mak-
ing the route possible to be carbon neutral. In Paper I, the production of bio-
isoprene by cyanobacteria Synechocystis sp. was combined to its photochem-
ical dimerization to yield a crude mixture of Cio-cycloalkenes. After mild ther-
mal conversion and hydrogenation, the product has suitable properties to be
used as jet fuel.

That study has directed our attention to the photochemical dimerization of
other small conjugated dienes from bio-based sources (Fig 2.1B) in order to
assess the effects of different chemical structures on the efficiency of the pho-
tochemical dimerization step, and to find out if another bio-based diene than
isoprene could be ideal (Paper II).

In the broader set of small conjugated dienes, not all compounds are re-
ported to be directly produced by photosynthetic organisms. The deoxydehy-
dration of xylitol followed by deoxygenation can produce bio-based 1,3-pen-
tadiene,® as well as the metal-catalyzed conversion of 1,4-pentanediol derived
from levulinic acid obtained from lignocellulose.* Further conjugated dienes
- 1,3-cyclohexadiene, 2,3-dimethyl-1,3-butadiene and 2,4-hexadiene — can be
obtained from chemical transformations of compounds obtained from plant
oils,*** platform chemicals from lignocellulose biomass such as pinacol,*
and photosynthetic microorganisms (in this case, the building block is bio-
ethylene to produce 2,4-hexadiene).** Even though these several routes repre-
sent gains in renewability over the traditional fossil sources, our ultimate goal
in Paper II was to evaluate if any of these conjugated dienes could serve as
more efficient substrate in the photochemical dimerization step. If so, then it
would be encouraged to seek photobiological routes to produce such conju-
gated dienes. Yet, the conclusion from Paper II was that isoprene is still the
ideal substrate.

Besides the C4 — Cs conjugated dienes, longer conjugated dienes can be
sourced from cyanobacteria or other alternative renewable sources. They are
mainly derivatives of isoprene, forming the class of compounds named as ter-
penes. Utilizing the range from Cjo— Cs as substrate enables the access to
dimers in the range of diesel and lubricant oil applications (Paper I1I).
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2.2 Larger Hydrocarbons as Renewable Substrate

Terpenes are both cyclic and open-chain hydrocarbons derived from isoprene
and they can be grouped according to the » number of isoprene units, for ex-
ample: n = 2, monoterpenes; n = 3, sesquiterpenes; n = 4, diterpenes, and so
on (Fig. 2.2).*> Two monoterpenes that are present in high amounts in turpen-
tine are the bicyclic isomers a-pinene and B-pinene. The former can be photo-
chemically converted to ocimene,*® while the pyrolysis of B-pinene produces
myrcene.*’ Another cyclic monoterpene, a-phellandrene, is present in substan-
tial amounts in the leaf oil of pepper trees Schinus mole and also in eucalyptus
oil (46 % and 31 %, respectively).***

@Tiﬁ?@ﬁ?

a-Pinene Z-Ocimene B-Myrcene  Z-Allocimene  Limonene «o-Phellandrene p-Phellandrene a-Terpinene
B- Plnene a-Bisabolene a-Zingiberene -Sesquiphellandrene

Fig. 2.2 Structures of several terpenes.

Despite the natural abundance of terpenes, their extraction is sometimes ener-
getically costly, so alternative routes that use microorganisms in the produc-
tion of terpenes should be more economically and environmentally beneficial,
provided that better strategies to harvest them from cell cultures are also de-
veloped. Monoterpenes, such as limonene and myrcene, can be produced by
aerobic fermentation of sugars by Escherichia coli strains,”*' however, the
supply of air required increases the costs of the production. A reported pro-
duction of myrcene was improved by 34-fold as approaching to in situ extrac-
tion has minimized cell toxicity and myrcene evaporation.”' Microbial pro-
duction of bisabolene by E. coli and Saccharomyces cerevisiae was also re-
ported with high titers (900 mg L™").>* Furthermore, photosynthetic microor-
ganisms that convert CO; directly into terpenes are even more advantageous.
Several studies addressing metabolically engineered cyanobacteria from the
genera Synechocystis and Synechococcus report the production of terpenes
such as limonene,* B-phellandrene®* and bisabolene.*’

Owing to their multiple sources and the chemical structure similarities to
fossil fuels, terpenes have been used as feedstock in a variety of biofuel syn-
thetic routes. The most straightforward approach is the hydrogenation of
mono- and sesquiterpenes, converting them into linear and cyclic alkanes.
Blends of hydrogenated sabinene, limonene and a-pinene (sabinane, p-
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menthane and pinane, respectively, catalyzed by PtO, or Pd/C) with synthetic
paraffinic kerosene exhibit higher net heat of combustion (NHOC) compared
to the conventional jet fuel Jet-A.'> Hydrogenated bisabolene and farnesene
were also shown to be candidates for diesel and jet fuel surrogates.’*>

Some other routes involved more steps than just hydrogenation, yielding
products with different applications. The thermal dimerization of myrcene,
followed by the hydrogenation of the dimers afforded C,9 camphorane isomers
with higher energy content compared to biodiesel from vegetable oil, and sat-
isfactory cetane number and low temperature properties.”’” Yet, too high vis-
cosity led the authors to test blends with diesel (50 %) which improved the
viscosity. Further, an iron catalyzed cross-coupling between isoprene and
myrcene was reported to yield Cjs — Cy9 compounds suitable for jet fuel and
diesel applications.?” The acid catalyzed dimerization of pinenes, camphene
and limonene has also been reported to generate renewable high-density
fuels.’”® Lastly, Major and co-workers developed a computational tool for
the design of biofuels derived from terpenes and terpenoids, covering the es-
timation of cetane number and the calculation of heat of combustion (based
on the enthalpies of combustion).*

In light of the multiple renewable sources of terpenes, and especially the
growing field of their production by photosynthetic organisms, we chose these
compounds as the feedstock for production of high-density fuels and lubricant
oils in Paper III via photosensitized (cross)dimerization of Cs — C;s substrates.

2.3 Key Aspects in Organic Photochemistry

Interaction between matter and light leads to photophysical and photochemi-
cal processes. In the former, no chemical modification occurs to the molecule,
while in the latter the starting materials are changed into other compounds.
The wavelength range from 290 to 820 nm corresponds to 35 and 100 kcal
mol™!, which is enough to break chemical bonds and promote photochemical
reactions.®” Photochemical reactions are useful routes to synthesize molecules
that are not possible through thermal reactions. This is the case for many
strained compounds such as cubanes and sterically hindered Z-isomers.®"* It
is also through interactions with light that aromatic compounds are turned into
excited state anti-aromatic species, leading to reactivities that are opposed to
those of the stable ground state aromatic compounds.*® Photochemistry is also
paramount to understand the formation of complex organic molecules in the
outer space.* Back to Earth, the understanding of interactions between mole-
cules and photons is essential to harvest and use sunlight: the most abundant
energy source in renewable energy context, as seen in solar cells and in the
synthesis of solar fuels.®

Fundamental information of the electronically excited states of a compound
is given by its corresponding UV-Vis absorption spectrum.®® Though it is a
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simple technique to perform in the laboratory, UV-Vis absorption spectros-
copy reveals which wavelengths can promote a specific compound to its elec-
tronically excited states and, therefore, which light sources are suitable for
promoting further photophysical or photochemical changes. It is also possible
to rationalize ranges of light absorption based on the chemical structure and
functional groups: for example, a purely saturated hydrocarbon will not absorb
near-UV light (300 — 400 nm). In fact, alkanes absorb at wavelengths below
200 nm.°® Ketones, on the other hand, have a redshifted absorption and when
conjugated systems are added, e.g. aryl groups, their absorption can reach
even the visible region, a feature of importance when developing reactions
driven by sunlight.®’

In spectroscopy, the absorption frequencies match the energy differences
between ground state and electronically excited levels, which are in general
accessed via absorption of one photon.®® Therefore, the relationship between
functional groups and wavelengths that a compound absorbs is underlined by
the energy levels of a molecule, especially its HOMO and LUMO energies,
which are affected by different functional groups. For instance, n-conjugation
lowers the energy gap between HOMO and LUMO, requiring less energy (i.e.
longer wavelengths) to excite valence electrons.” Such reduced energy gaps
can reflect on the energy gap between the electronic states of a molecule (So,
Si, S», etc.). These states and the transitions between them are depicted in en-
ergy state diagrams (Fig. 2.3A), also known as Jablonski diagrams, named
after the physicist Aleksander Jablonski, and they are an important represen-
tation when describing photophysical processes.

Fig. 2.3 A) Jablonski diagram with photophysical transitions. a) Electronic
absorption, b) internal conversion/vibrational relaxation, ¢) fluorescence, d)
intersystem crossing and e) phosphorescence. Dashed lines represent the vi-
brational levels. B) Representation of the Franck-Condon principle. The blue
(*) represents the spectroscopic state originated from the vertical transition.

Jablonski diagrams display different electronic and vibrational levels of a mol-
ecule in a simplified way, in which it is possible to illustrate different transi-
tions: in Fig. 2.3A, a) electronic absorption, b) internal conversion/vibrational
relaxation, c¢) fluorescence/emission, d) intersystem crossing and e)
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phosphorescence/emission.®® For each of these transitions — as well as for pho-
tochemical reactions — a quantum yield (¢x) can be determined, which
measures the efficiency of the photophysical or photochemical process and it
is equal to the number of events (ny) divided by the number of photons ab-
sorbed (n,) — see Section 2.5.%

Relaxed ground state geometries can differ extensively from relaxed geom-
etries in the excited state. On that account, according to Born-Oppenheimer
approximation and the Franck-Condon principle, because electrons move
much faster than nuclei, the electronic transitions take place at one single ge-
ometry of a molecule (Fig. 2.3B).%> Therefore, they are also named as vertical
transitions and the starting/ending points of such electronic transitions are
called spectroscopic states. Any geometrical relaxation to a minimum occurs
after the electronic transition.

Additionally, the singlet and triplet spin multiplicities are displayed in the
Jablonski diagram. The electronic spin is a fundamental property of elec-
trons,” and the spin of an electron can be assigned to either +1/2 or -1/2, or
up and down. A singlet state is the case in which the electronic configuration
of a molecule has all the electrons in different orbitals with paired spins (1),
i.e. spins with opposite signs (Fig 2.4). If two electrons in a system have un-
paired spins (11), the configuration is at a triplet state, i.e. the system has mul-
tiplicity M = 3.9 The letters S and T are used to designate a singlet or triplet
state, respectively, and a subscript number indicates in which level the state
related to the ground state of the molecule (So). Although excited states higher
than S, and T, exist, the internal conversion from the higher states to S; or T,
often occurs very rapidly, with radiative processes being unable to compete
with them.®® Consequently, processes other than internal conversion, such as
emission (fluorescence or phosphorescence), intersystem crossing and photo-
chemical reactions, are mostly considered to happen from S; or T; states - the
so-called Kasha’s rule.

Fig. 2.4 Qualitative and simplified representation of singlet and triplet states.
The arrows represent electrons and their direction represents the sign of the
spin.

Singlet excited states have short lifetimes due to the competition with other
allowed transitions (i.e. fluorescence), while triplet states have longer life-
times and hence they are easier to control and more likely to partake in
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chemical reactions, giving rise to varying reactivity and products according to
which spin multiplicity is involved.”’ The transition from singlet to triplet is
called intersystem crossing (ISC) and it requires an electron spin flip induced
by magnetic interactions,*®> which allows for the mix of spin states and pro-
vides conservation of the total angular momentum. The rate constants for ISC
are usually very low because of the general weak magnetic coupling of elec-
tron spin to another source of angular momentum.®**> However, in the case of
a transition of which the magnetic moment of the electron spin flip can be
strongly coupled to the magnetic moment of the orbital motion - spin-orbit
coupling (SOC) - the rates of ISC are higher and, indeed, molecules that ex-
hibit this feature have quantum yields of ISC up to unit.

A strong SOC occurs when the energy gap between the states involved is
small (energy gap law), or/and when a heavy atom is near the electron that has
its spin flipped.®**® As the energy gap between S; and T; become smaller,
spin-vibronic coupling and mixing of T, states can boost the ISC — if sym-
metry allowance can be borrowed from the other T, states.®® On the other
hand, the heavy atom effect is a consequence of the higher orbital magnetic
moment originated by the higher acceleration of the electron when it ap-
proaches the nucleus, which is a higher acceleration because of the higher nu-
clear charge in heavy atoms compared to lighter atoms.®® The same heavy
atom effect can be triggered by an external heavy atom, as in a solvent.®® The
resulting interpretation of SOC factors is translated into the El Sayed’s
rule,7"7? which states that faster rates of ISC are observed when there is a
change in the orbital type during the transition. Therefore, transitions of the
type 'n,m* > *m* or 'm,* > *n,n* are allowed, whilst transitions are forbid-
den when only the spin state is changed (e.g. 'n,t* = *n,n*). Noteworthy,
ketones often satisfy these criteria.

In view of such selection rules, it is expected that several compounds dis-
play inefficient intersystem crossing by direct excitation — i.e. compounds that
do not meet the selection rules requirements. However, triplet states in these
compounds are still accessible through sensitization.

2.4 Triplet Sensitized Reactions

A molecule absorbing light at certain wavelength can be excited and then
transfer that energy to another molecule that does not absorb light of the same
wavelength. This process is called sensitization or photosensitization, and it is
based on the occurrence of energy transfer from a singlet or triplet excited
donor (D*) to an acceptor (A), resulting in the excitation of A to its singlet or
triplet excited state.®> The mechanisms considered for energy transfer between
D* and A are either via dipole-dipole interaction (also designated as Cou-
lombic, Forster or resonance mechanism, Fig 2.5A), or via electron exchange,
which were theorized by Forster’® and by Dexter,” respectively (Fig. 2.5B).%
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In the former mechanism, D* has an oscillating dipole field induced by the
oscillation of its excited electron.®* When the oscillation frequency matches a
natural frequency of A, both species can resonate and, as a result, A* is pop-
ulated by excitation of its electron under the influence of the oscillating dipole
field generated. An overlap of the orbitals of D* and A is not required and the
interaction occurs through space.

Fig. 2.5 Energy transfer mechanisms.

On the other hand, the Dexter mechanism requires orbital overlap (between
SOMO of D* with LUMO of A and between SOMO-1 of D* with HOMO of
A, see Fig. 2.5B) and van der Waals contact between D* and A. Consequently,
dilution can affect the rates of energy transfer operating via the Dexter mech-
anism to a larger extent.” The amount of electronic states that can resonate
once D* and A is coupled by orbital overlapping also affects the efficiency of
the energy transfer.®” For the particular case of triplet-triplet energy transfer,
though it is overall a spin allowed transition (the spins are conserved), it can-
not occur via dipole-dipole interaction mechanism since A has a zero transi-
tion dipole moment in the singlet-triplet absorption.®® Hence, triplet-triplet
energy transfer are plausible to occur via the Dexter mechanism.

In photosensitized reactions, the species D is called photosensitizer (later
designated as PS in this thesis). Certainly, a triplet photosensitizer must have
a high ¢;gc for efficient sensitization, as well as a triplet energy higher than
the triplet energy of the sensitized molecule A.% Arylketones and their deriv-
atives (e.g. xanthone and thioxanthone) are common examples to possess high
disc and triplet energies between 60 — 70 kcal mol ™, thereby they can sensitize
molecules that have triplet energies below those values. In fact, triplet photo-
sensitization is also observed when the sensitized molecule has a triplet energy
higher than that of the photosensitizer, however, in this case the transition in
the sensitized molecule is believed to start from a vibrational excited level, i.e.
it needs to be thermally excited.®

Arylketones such as benzophenone absorb light in the near-UV range and
it has been observed that extending the m-conjugation enables redshifted ab-
sorptions and efficient ISC. This is due to the reduction of energy gap between
HOMO and LUMO, which leads to better mixing of states and spin-vibronic
coupling, and allowed transitions such as S; = T4 = T1.5® UV-vis absorp-
tions and triplet energies can also be tuned by electron donor and electron
acceptor substituents, such as reported for thioxanthone derivatives.”
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Ketones, arylketones and other aromatic compounds have been used exten-
sively on the photosensitized dimerization of conjugated dienes in the early
1960s.” In most cases, the products were cyclic compounds whose cycload-
dition is thermally forbidden.”® Isoprene — among other small conjugated
dienes — was dimerized under benzophenone photosensitization to afford
[2+2], [4+2] and [4+4] photocycloaddition products.”””® Interestingly, a study
with several photosensitizers and isoprene revealed the dependence of the di-
mer distribution upon the triplet energy of the photosensitizer.”® This observa-
tion is explained by the fact that some dimers resulted from s-cis isoprene (six-
member rings), and others resulted from s-trans (four- and eight-member
rings). Since the s-cis and s-trans isoprene triplets have different energies (the
triplet energy is 6 kcal mol™' smaller for s-cis), a photosensitizer with lower
triplet energy will preferably excite s-cis isoprene.

Previously, monoterpenes were also subject to photosensitized reactions,
such as a-phellandrene, ocimene and myrcene.’®””% Ocimene was studied for
its £/Z photosensitized isomerization and a-phellandrene was reported to di-
merize when naphthalene was used as photosensitizer. Myrcene was reported
to both dimerize and also to produce a byproduct from the internal diene ad-
dition to its isolated double bond.

2.5 Quantum Yields of Photochemical Reactions

As stated earlier, quantum yield is defined as the number #, of events x divided
by the amount 1, of photons absorbed by the reactant (Equation 2.1).%° It is
paramount to strictly define what is the process x when comparing different
quantum yields, e.g. if it is the disappearance of a reactant or if it is the product
formation.

o, = Z—: Equation 2.1

The number of incident photons 7, per unit of time is the molar photon flux P
(Equation 2.2).

P=— Equation 2.2

When replacing n, by P in Equation 2.1, it is possible to use the rate constant
k(x) for the formation of products in process x:

(1) =2 Equation 2.3
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The Equation 2.3 provides the basis to actinometry, i.e. the use of a photo-
chemical reaction with well-known quantum yield to determine the 7, via pho-
ton flux P.*' The actinometer is a compound that undergoes a known photo-
chemical reaction with an accurately known quantum yield.® In this case, the
photon flux that reaches a sample is calculated based on the measured rate
constant for the reaction of the actinometer, and later that value is used to
calculate the quantum yield of the studied photochemical reaction by running
it under the same conditions.

Potassium ferrioxalate is a widely used actinometer, yet, its quantum yield
is wavelength dependent.® If a non-monochromatic light source is used, a
full spectra analysis is needed in this case.®"* Taking a photosensitized reac-
tion as example, the full spectra analysis embodies: a) the determination of the
actual light intensity absorbed by the actinometer, done by multiplying the
emission intensity of the light source by the transmittance of the actinometer
at each wavelength (and the same is done for the photosensitizer); and b) the
integration of spectra obtained in (a) to determine the total light intensity ab-
sorbed by the actinometer and by the photosensitizer. The final equation to
determine the quantum yield ¢« should include the total intensities determined
in (b):

k(product formation) I(actinometer,total)

b = P

Equation 2.4

I(photosensitizer,total)

This method was used to determine the quantum yield of the photosensitized
dimerization described in Paper L.

2.6 Photoacids and Determination of Photoacidity

Despite being a very useful route, the triplet photosensitized dimerization
methodology under visible light is energetically restricted to conjugated
dienes. Other bio-based building blocks such as ethylene, isobutene, limonene
and pinenes are not possible to be sensitized, as their triplet state energies lie
too high above the triplet state energy of the photosensitizers absorbing in the
visible light range. Traditionally, pure alkenes are industrially dimerized or
oligomerized in acid catalyzed processes.*® It is then possible to envision that
a photochemical route to the oligomerization of alkenes could be found on the
realm of photoacids. We start this journey in Paper IV, by computationally
investigating the strong photoacidity of a new photoacid and its mechanism of
photoacidity.

Photoacids are neutral or charged organic compounds that become more
acidic upon excitation.** Such changes in acidity are reflected in the changes
of values of pK,, in the ground state and in the excited state (pK2). In the
most traditional example of photoacid, 2-naphthol has a basic pK, in the
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ground state (pK,= 9.5), but in the S; state it has a low and acidic pK’ of
2.8.% 2-Naphthol is among the photoacids earlier studied by Forster and
Weller.*® The former was the first to describe a thermodynamic cycle to
illustrate the relative energies of a photoacid and its conjugate base, and as a
consequence, the cycle is known as “Forster cycle” (Fig 2.6).

[R-H*
f— = RYT
Sy

AEacid AEbase

SO R—

R-H

Fig. 2.6 The Forster cycle showing the relative energies of a photoacid and its
conjugate base in the ground and first excited state.

From the Forster cycle one can roughly estimate the pK2? from the known
pK, by using the differences in the excitation energies of the transition Sy =
S in both acid and base.

AAE

hv _
PKa" = pKq + RT In 10

Equation 2.5

Where AAE = AEpqs. — AE,iq- The excitation energies AE, ;4 and AEp s,
can be obtained from experimental UV/Vis absorption spectroscopy or from
the emission spectra of the acid and base. Alternatively, the energies can be
calculated by computational methods such as time-dependent density func-
tional theory, TD-DFT.¥ The Forster cycle is useful for estimating the pK2?,
and, even though it does not always give accurate results as it does not con-
sider changes in molecular conformations or solvation relaxation,”®"" it still
gives a good estimation and is much easier to perform than time resolved tech-
niques.

Nevertheless, the use of the Forster cycle requires previous knowledge of
the ground state pK,. Experimentally, the pK, of a compound can be meas-
ured by quantifying the amount of acid and conjugate base in equilibrated so-
lutions of different pH, using traditional analytical techniques such as UV/Vis
absorption spectroscopy.”” An alternative and more robust method to deter-
mine the pK, of a compound is through the Born-Haber thermodynamic cycle
(Fig. 2.7).

23



AGygs .
R'Hgas - R_gas + H gas

AGsolv (RH) E AGsolv (R_)

: AGsolv (H +)

' AGsolv ) .
R'Hsolv - Rs:olv + H solv

Fig. 2.7 Born-Haber thermodynamic cycle.

The Born-Haber cycle is used to find the reaction free energy AG’ for the
deprotonation of the acid. To determine AG’, the solvation free energy is cal-
culated by considering the free energies of the equilibrium between the acid
and the conjugate base in both gas phase and solvent phase.*** Note that the
Born-Haber cycle can be used to determine both pK,, and pK, provided that
one computes the geometries in the ground and excited states, respectively.
We utilized both the Born-Haber and the Forster cycles, as well as experi-
mental methods to determine the pK, and pK2’ of a new photoacid in Paper
IV, and further discussed the origins of the photoacidity on that compound
based on computational analyses.

2.7 Topics in Computational Quantum Chemistry

Throughout this thesis the experimental work is accompanied by quantum
chemical calculations. In general, density functional theory (DFT) methods
were used to investigate in detail the reaction mechanisms and reactivities of
different substrates in the triplet photosensitized dimerization reactions (Pa-
pers L, II and III), and to compute the enthalpy of combustion of some hydro-
genated dimers (Papers I and III). In Paper IV, DFT and TD-DFT methods
were used to support experimental data on the conformational characterization
of the photoacid in solution, to investigate its electronic structure, to determine
the pK, and pK[” of the photoacid and to test the hypothesis of the origin of
its photoacidity.

In this section, I would like to comment briefly on some of the computa-
tional topics that are more specific to the work presented in this thesis — i.e.
the quantum chemical protocol to compute fuel properties developed by Major
and co-workers;’ the choice of the Solvation Model Based on Density (SMD)
as the solvent model used in our studies; and the computational indices Mul-
ticenter Index (MCI) and Fluctuation Index (FLU) to quantify (anti)aromatic-
ity. The reader is referred to textbooks’*® and to a tutorial review® for general
discussions of DFT and TD-DFT methods and the use of different basis sets.
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Major and co-workers have recently developed a protocol to compute several
physical properties of compounds used as biofuels,’ such as the cetane num-
ber, boiling point and enthalpies of vaporization and combustion. We applied
their method to compute the enthalpies of combustion of selected hydrogen-
ated dimers in Papers I and III. The enthalpies of vaporization (AH,q,) of
water and of the hydrogenated dimers are needed to compute the enthalpy of
combustion AHcembustion according to the Eq. 2.6:

m
AHcompustion =N (Ecorr)coz(g) + r [(Ecorr)HZO(g) - AHvap,HZO] -

[ cpttm(@) — Dvap o + (1 +2) - B0y
Equation 2.6

where E€°™" is the electronic energy plus the enthalpy correction at 298 K,
which are computed by a hybrid DFT method in the gas phase, and the factors

n, % ,and n + (n + %) are related to the stoichiometry of the combustion

reaction and will depend upon the chemical formula of the hydrogenated di-
mer, Eq. 2.7:

Coll (n +2) 0, > nCO, + ZH,0 Equation 2.7

The correction to the liquid phase is done by adding the enthalpies of vapori-
zation of water and of the hydrogenated dimer in Eq. 2.6. The enthalpy of
vaporization for the dimer is obtained from the conversion of the computed
free energy of solvation, AGg,;,, with Equation 2.8:

AHyqp = a* (=AGsow) + b T SASA+ ¢ Equation 2.8

where SASA is the solvent accessible surface area’*° (172.863 A? for tolu-
ene, the solvent modeled in our calculations in Paper I and III), and T is the
temperature (298 K). Using multiple linear regression for a set of terpenes,
Major and co-workers determined the factors a, b and ¢ as a = 1.170093, b =
0.000084 and ¢ = 0.059668.

The solvent modeled to compute the free energy of solvation (toluene) was
modeled by the implicit solvation model SMD.'” The same solvent model
was used in Paper IV to compute the NMR spectra and the free energies of
solvation of the photoacid. The main descriptors utilized in the SMD model
are dielectric constant, refractive index, bulk surface tension, and acidity and
basicity parameters.'” The SMD model is a Polarizable Continuum Model
(PCM) and uses solutions of the integral equation formalism variant (IEF),'"
1% thus being part of the IEF-PCM methods. The main difference is that in the
SMD method the solute is described by its total continuum charge density, in
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opposition to the representation of the solute as the sum of its partial atomic
charges.'® At the present, the SMD is the recommended model for computing
free energy of solvation,'” and it has been the solvent model chosen in com-
putations of pK, and pK of (photo)acids,**'® as it is done in Paper IV.

A final topic to be discussed in this section is the computational assessment
of (anti)aromaticity. Aromaticity in the excited state is described by the rules
derived by Baird in 1972.'"” They are the reversal of Hiickel’s rule in the Sy
state, i.e. systems with 4n+2 n-electrons are antiaromatic in their lowest wn*
triplet and singlet excited states.'” Excited-state aromaticity and antiaroma-
ticity have been used to explain several photophysical and photochemical pro-
cesses.'” ' (Anti)aromaticity can be computationally assessed by geometric,
energetic, magnetic and electronic indices. The multicenter index (MCI)''*!"”
and aromatic fluctuation index (FLU)'"® are examples of electronic indices
and they were utilized in Paper V.

In electronic indices, the extent of electron delocalization is the source of
the (anti)aromaticity assessment. In the FLU index, the electron delocalization
of the molecule of interest is compared to a known aromatic compound as
reference. The FLU index returns values close to zero for aromatic com-
pounds, and larger positive values for non-aromatic and antiaromatic com-
pounds. On the other hand, MCI values close to zero designate antiaro-
matic/nonaromatic systems and larger values are found for aromatic systems.

2.8 Outline for Thesis

The more sustainable production of biofuels and lubricant oils is needed to
reduce the GHG emissions and their effects on climate change. We have pro-
posed as ideal the approach of combining photobiological production of vol-
atile substrates to their photochemical conversion into fuels and lubricant oils.
Photosynthetic microorganisms such as cyanobacteria have been shown to be
good candidates for the photobiological part. On the other hand, despite the
historical close interaction that photochemistry and renewable energy had
over the years, there is no example of a photochemical route coupled to the
photobiological production of substrates, therefore, the photochemical path-
way to be used in that approach requires more studies within that context. On
the photochemical part, we chose the photosensitized dimerization of conju-
gated dienes as the manifold to oligomerize the bio-substrates produced by
cyanobacteria. The first three papers of this thesis is devoted to study the pho-
tosensitized dimerization of conjugated dienes in the context of the photobio-
logical-photochemical production of fuels and lubricants. Therefore, a direct
focus is to find conditions with a higher efficiency in the use of sunlight for
the reaction, shorter reaction times, understanding of different reactivities
among substrates and the effects of diluted conditions. Finding the most
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suitable substrates is also required. Furthermore, this thesis also initiated a
search for alternative photochemical steps where the photosensitized dimeri-
zation could not be used — i.e. a photoacid catalyzed oligomerization of al-
kenes. In this context, deeper understanding of photoacidity phenomenon and
its mechanisms might guide us towards a successful route.

In Chapter 3 (Paper I), the proof-of-principle of the combined photobiolog-
ical-photochemical production of bio-jet fuels is presented utilizing the pho-
tosensitized dimerization of isoprene in the photochemical step. The first chal-
lenges on the photochemical step, along to its solutions, are discussed. We
highlight how the choice of the photosensitizer 1,1-dinaphthylmethanone
could allow the use of wavelengths available in the emission spectrum of the
sun. The quantum yield of the reaction shows an efficiency twice higher for
1,1-dinaphthylmethanone when compared to the traditional photosensitizer
benzophenone. Further design of reactors to increase surface area exposure to
light was used to increase the yields of dimers. In the context of jet fuel, the
initial hydrogenated dimers were not yet fully within the specifications, so we
performed mild thermal isomerization of the [2+2] dimers in order to adequate
the fuel properties. Finally, an LCA corroborates that our approach contributes
to a reduction of the climate impact in the production of fuels when compared
to fossil fuels.

In Chapters 4 and 5 (Papers II and III) we deepened the understanding of
the varying reactivities of different substrates in the photosensitized dimeriza-
tion. In Chapter 4, we addressed the need of finding the most suitable sub-
strate. Our study revealed that isoprene is the ideal substrate in the photochem-
ical step. Moreover, we identified how its structure favors the dimerization by
having a reduced substitution of methyl groups, which decreases the steric
hindrance, but still makes the triplet state energetically accessible. 1,3-Cyclo-
hexadiene was found to be extremely efficient for the photochemical step, due
to the endocyclic nature of the conjugated diene unit and, consequently, the
longer lifetime of its triplet state. However, 1,3-cyclohexadiene is not as vol-
atile as isoprene, which imparts the harvesting from the cells in the photobio-
logical step. We further put the reaction in the present context of photobiolog-
ical production of conjugated dienes, i.e. very diluted conditions, and we ex-
plored how to optimize the reaction.

In Chapter 5, more information is gained on the different reactivities of
larger substrates (monoterpenes), which are more complex than the small sub-
strates studied in the preceding chapters. The reaction is then affected by in-
tramolecular byproducts that can be formed and trap the reactants, sterically
hinderance of the radical sites, the triplet lifetimes of the substrates (as studied
in Chapter 4), and also how they quench the photosensitizer. The chapter also
contributes to understand the light intensity dependency of the reaction. Fi-
nally, we show that the photosensitized dimerization can be used to produce
diesel-like fuels and lubricant oils.
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In Chapter 6 (Paper IV), we study a new photoacid and propose a novel
mechanism of photoacidity. The chapter is an ensemble of mainly computa-
tional, but also experimental investigations, which lead us to conclude that the
new compound has photoacidic properties that could be useful to the oli-
gomerization of alkenes. Yet, the short lifetimes of singlet excited states can
be an issue for the observation of reaction and lack of thereof. Nonetheless,
this is a seed-work that contributes to further development in the study of pho-
toacids and the development of photochemical oligomerization reactions of
small alkenes.

In the final outlook of this thesis (Chapter 7), a general summary is given,
highlighting the importance of understanding the photosensitized dimerization
of conjugated dienes as an important contribution to climate change mitiga-
tion. The final chapter also addresses the further development required to
bring the photosensitized dimerization to a large-scale level, and to develop
the photoacid-catalyzed oligomerization.
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3 A Combined Photobiological-Photochemical
Route to Cio Cycloalkane Jet Fuels From
Carbon Dioxide via Isoprene (Paper I)

In this chapter, the combined photobiological-photochemical production of
Cio hydrocarbons via isoprene is described at a laboratory scale. Several as-
pects of this novel and interdisciplinary approach are addressed: 1) the photo-
biological production of isoprene by cyanobacteria, and the strategies of trap-
ping the photobiologically produced bio-isoprene; 2) The photochemical tools
and optimization of conditions required for the photosensitized dimerization
of isoprene under natural and simulated sunlight; 3) Computational investiga-
tion of the mechanism in the photochemical step; 4) Further chemical trans-
formations of the isoprene dimers to provide a mixture of alkanes suitable as
jet fuel; 5) The sustainability metrics of the combined photobiological-photo-
chemical approach using Life Cycle Assessment tool.

3.1 Introduction

In order to obtain a drop-in sustainable fuel, renewable sources should be com-
bined with sustainable routes to produce biofuels that resemble the existing fossil
fuels — i.e. hydrocarbons. Both photobiological and photochemical routes enable
the use of sunlight as the main energy source. While photosynthetic microorgan-
isms can produce small hydrocarbons that can escape easily from the cultures,”*?*
these compounds are too short for being used as jet fuels. On the other hand, pho-
tobiological production of longer hydrocarbons (e.g. monoterpenes) poses tox-
icity to the cells and demands more costly methods of harvesting.**!"* Therefore,
it should be beneficial to have a subsequent step that can oligomerize the photo-
biologically produced small hydrocarbons, and be driven by sunlight. The work
presented in this chapter tests the approach of combining a photobiological step
to a photochemical step to produce C;o hydrocarbons to be used as jet fuel, and
the work has been developed in collaboration to microbial chemistry groups of
Pia Lindberg, Karin Stensjo, and Peter Lindblad.

The small hydrocarbon utilized as substrate is isoprene, which can be produced
by metabolically engineered cyanobacteria Synechocystis sp. We highlight the
possibility of using sunlight in the two main steps, namely the CO, and water
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conversion into isoprene and its further photosensitized dimerization into Cj cy-
cloalkenes (products of [2+2], [4+2] and [4+4] cycloaddition).

Cio cycloalkanes showing excellent jet fuel properties were provided after
small thermal modifications of some of the dimers, followed by their hydro-
genation. The mechanism of reaction was studied by computational methods
(density functional theory, DFT) in order to understand the near absence of
larger oligomers formation. Finally, the system was modelled to a larger scale
and evaluated by a Life Cycle Assessment (LCA) tool, which showed the po-
tential of the technology to reduce environmental impact when compared to
traditional fossil fuels.

3.2 Bio-Isoprene Production

The work in this section has been performed by the microbial chemistry groups
and has also been discussed in the Doctoral Thesis of Dr. Jodo Rodrigues. Iso-
prene is not naturally produced by cyanobacteria and, therefore, metabolic en-
gineering is required. The modifications in the methylerythritol-4-phosphate
(MEP) pathway were performed by introducing genes encoding three different
enzymes that catalyze three different steps (see Fig. 3.1): A) conversion of py-
ruvate and glyceraldehyde-3-phosphate into methylerythritol-4-phosphate; B)
isomerization of isopentenyl diphosphate to dimethylallyl diphosphate; C) and
conversion of dimethylallyl diphosphate into isoprene. The cultures of metabol-
ically engineered Synechocystis were exposed to constant illumination during
four days, and then the headspace of the cultures was flushed with air in order
to drag the isoprene vapors into a collector tube containing cold heptane (kept
at -40 °C). The bio-isoprene trapped in heptane was later used in photochemical
dimerization experiments. The titer achieved was up to 1.60 mg L™ and the trap-
ping efficiency reached up to 89 %.
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Fig. 3.1 Reactions catalyzed by the three enzymes introduced in the
metabolically engineered Synechocystis. A) conversion of pyruvate and
glyceraldehyde-3-phosphate into methylerythritol-4-phosphate, catalyzed by
DXS (1-deoxy-D-xylulose-5-phosphate synthase); B) isomerization of
isopentenyl diphosphate to dimethylallyl diphosphate, catalyzed by IDI
(isopentenyl-diphosphate isomerase); and C) conversion of dimethylallyl
diphosphate into isoprene, catalyzed by IspS (isoprene synthase).

In addition, two problematic aspects of the production of bio-isoprene were
investigated: genetic instability of the Synechocystis strains, which caused
variable production of isoprene; and inhibition of cell growth and productivity
caused by accumulation of isoprene and oxygen. The genetic instability was
addressed by expressing the genetic constructors from the cyanobacterial
chromosome instead of expressing them from a plasmid. The new strains were
superior in stability (evaluated over several weeks of cultivation). Improve-
ments on the growth and productivity were achieved by incorporating frequent
vent cycles during the cultivation, collecting the gas phase containing iso-
prene. All experiments with frequent vent cycles showed higher cumulative
amounts of isoprene compared to experiments without vent cycles. This was
an important finding to pave the development of efficient bio-isoprene pro-
duction in larger scale.

3.3 Isoprene Photosensitized Dimerization

Isoprene has an experimental triplet energy of 59.6 kcal mol™ for the s-trans
conformer and 53.5 kcal mol™ for the s-cis.”® Therefore, we tested various suit-
able arylketones to promote the isoprene triplet photosensitized dimerization
under 365 nm, 44 h (Fig. 3.2).
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ID (E(Ty)) keal mol”! 3.5 (54.7, 57.8) 3.6 (54.6,59.2) 3.7 (70.0, n/a)
Dimers yield (%) 28 28 5

Fig. 3.2 Photosensitizers tested and their respective triplet energles in paren-
thesis (blue is the adiabatic triplet energies in kcal mol” computed at
(U)B3LYP-D3/6-311+G(d,p) level; red is the experimental value).”'2*'% It
also shows the isolated yields of isoprene dimers obtained for each photosen-
sitizer tested (loading of 0.1 mol%), in quartz test tube under irradiation at 365
nm for 44 h.

After the screening of photosensitizers and performing optimization of the
setup (vide infra), 1,1-dinaphthylmethanone 3.4 was found to give the best
results (91% yield, 0.1 mol% loading, 44 h), exceeding the performance of the
conventional photosensitizer benzophenone 3.1. The compound 3.4 has, in-
deed, a higher molar extinction coefficient at 365 nm and a smaller singlet-
triplet energy gap, favoring the ISC.®” Even though the isomers of 3.4 (3.5 and
3.6) have a higher absorption extinction coefficient at 365 nm, they performed
worse. The compounds 3.2 and 3.3 have poor solubility in isoprene and much
higher triplet energies. Additionally, we determined the quantum yield of the
photosensitized dimerization of isoprene for benzophenone (¢gp = 0.43), and
for 1,1-dinaphthylmethanone (¢pnm = 0.91), which is almost twice higher. Po-
tassium ferrioxalate was used as the actinometer, since it is a standard com-
pound used in actinometry and it absorbs at the near-UV light range.

Besides the beneficial spectroscopic properties that 3.4 exhibit, the more effi-
cient dimerization also resulted from using a reaction setup with higher surface
area compared to a regular quartz test tube. The setup was composed of a Teflon™
tubing (O.D. x L.D.: 3.18 mm x 2.1 mm) coiled around a water condenser (Fig.
3.3A). A similar approach is employed in further experiments using simulated
and natural sunlight, albeit a redesign into a flat spiral was required to fit the setup
according to the light source (sun or solar simulator, Fig. 3.3B).
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Fig. 3.3 Illustrative representation of the reaction setups designed for higher
surface area to be exposed to light. A) Teflon tubing (O.D. x I.D.: 3.18 mm
x 2.1 mm) coiled on a water condenser, allowing for cooling and irradiation
from surrounding lamps - as using a Rayonet photoreactor. B) Same Teflon
tubing in a flat spiral reaction setup designed for natural and simulated
sunlight experiments.

The extended m-conjugation in 3.4 allows a redshifted absorption compared to
benzophenone.®’” Indeed, the band absorption tail stretches up till approxi-
mately 400 nm (Fig. 3.4). This feature is extremely important in order to carry
out the photosensitized dimerization under sunlight. Using the flat spiral setup,
4 mL scale, the isoprene dimerization was tested both under simulated sunlight
(one sun equivalent, AM 1.5G, 44 h, 61% yield) and natural sunlight (20 h, 17
% yield, Uppsala, Sweden 59°51'09.5"N 17°39'19.9"E, approximately 30 m
above sea level on May 30 - 31, 2020). These results were important to high-
light the feasibility of this reaction to be performed under solar irradiation.
Regarding the natural sunlight experiment, it is important to clarify its quali-
tative nature, considering the relative low sunlight intensity in Sweden and the
intermittence of sunlight during the day. Under the same conditions, using
benzophenone in 2 mol% loading and 24h of irradiation, the yield of dimers
was only 10 %.
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Fig. 3.4 UV-Vis absorption spectra of 1,1-dinaphthylmethanone and
benzophenone in DCM.

At last, we combined the photochemical dimerization under simulated sun-
light with the photobiological production of bio-isoprene by the Synechocystis
cells. The heptane solution, earlier used to trap bio-isoprene from the cyano-
bacteria cultures, was mixed with 3.4 (0.02 M) and irradiated under simulated
sunlight (24 h, 1 sun, AM 1.5 G). The reaction produced bio-isoprene dimers
that could be identified by GCMS analysis, proving the viability of a photobi-
ological-photochemical route from CO, and water to C;o hydrocarbons via iso-
prene.

Apart from demonstrating the use of sunlight in both isoprene production and
photodimerization, it is noteworthy to mention additional advantages regarding
the usage of the photosensitizer 3.4: its separation from the products are readily
possible by distillation, silica column or recrystallization, and the reactions can
be carried out under ambient conditions (92 % yield when degassing was not
applied). Furthermore, the recovered photosensitizer can be reused and its syn-
thesis is on one-pot basis, from inexpensive starting materials.

3.4 Hydrogenated Isoprene Dimers as Jet Fuels

The different isomers of isoprene dimers were further hydrogenated to pro-
duce HID-1 (hydrogenated isoprene dimers) and some key fuel properties
were measured (Table 3.1, column HID-1). The heats of combustion were
also computed using calculated enthalpies of combustion.” Despite having
both volumetric net heat of combustion (NHOC) and kinematic viscosity
within the specifications for jet fuel (Jet-A, ASTM D1665),%® the density of
HID-1 and its flash point were below the corresponding values required in the
jet fuel specification.
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Table 3.1 Fuel properties of different hydrogenated dimers.

Fuel property HID-1 HID-2 HID-3 Jet-A%
Density (15 °C) g mL! 0.770 0.809 0.808 >0.775
Volumetric NHOC, 34.05 35.25 35.22 >33.17
MJ L!

Kinematic viscosity 1.71 3.16 2.92 <8.00
(-20 °C), mm? s™!

Flash point, °C 33.5 38.5 38.5 >38
Freezing point, °C <-78 <78 <-78 <-40
Flash point, °C 33.5 38.5 38.5 >38

Therefore, further modifications in the isoprene dimers were needed. Since
the flash point can be roughly correlated to the boiling point, the lower boiling
point cyclobutane-containing dimers were thermally converted into six- and
eight-member ring isomers (Fig. 3.5). The thermal rearrangements were per-
formed at two different temperatures, 135 °C and 160 °C, producing two dif-
ferent mixtures to be hydrogenated separately to form HID-2 and HID-3, re-
spectively. Noteworthy, the conversion into eight-member ring isomers is via

the Cope-rearrangement.'** The fuel properties were measured once more for

the new HID mixtures, revealing that HID-2 and HID-3 were in accordance
to the specifications to jet fuels (Table 3.1, columns HID-2 and HID-3).
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Fig. 3.5 Syntheses of hydrogenated isoprene dimers, including the thermal re-
arrangements of four-member rings into six- and eight- member rings. Bonds
in red are the bonds formed in the dimerization.

3.5 Computational Mechanistic Studies

According to the DFT calculations at (U)B3LYP/6-311G(d,p) level, the iso-
prene dimerization occurs through five downhill steps (Fig. 3.6): 1 — excitation
of the photosensitizer followed by ISC; 2 — triplet energy transfer to isoprene;
3 — alkyl or allyl radical addition to another ground state isoprene, forming a
bis(allyl) radical pair; 4 — ISC to the singlet diradical and 5 —ring closure from
the radical pair combination. Further evidence was also found to explain why
trimers and other oligomers were formed in very small amounts: while step 3
has the lowest energy barrier of 13.4 kcal mol™, the lowest energy barrier for
the addition of the bis(allyl) radical pair to another isoprene molecule was cal-
culated to be higher (19.8 kcal mol™). Moreover, the ring closure in step 5 is
more kinetically favored than a bimolecular reaction (addition of bis(allyl)
radical pair to another isoprene in its Sy state). Additionally, the possible path-
way to trimers from the addition of T; isoprene to one of the dimers formed
had an energy barrier of at least 18.9 kcal mol™' — a step that renders a single
carbon-centered radical, which is less stable than a bis(allyl) radical pair (step

3).
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Fig. 3.6 Reaction mechanism and energy barriers in the formation of the cyclic
isoprene dimers and trimers. Energies were calculated at (U)B3LYP/6-
311G(d,p) level. ISC = intersystem crossing.

3.6 Life Cycle Assessment

A life cycle assessment was performed to evaluate the environmental sustain-
ability metrics of our present system in a large scale, as well as to identify
what improvements are required. The functional unit was set as one tonne of
fuel (1000 kg). The input data for the photobiological step was based on the
model used for cyanobacterial production of butanol recently reported by Nils-
son et al.”® The photobioreactor was set to have 750 m® and to cover 1 ha of
land (1 ha = 10000 m?), and further assumptions were made: carbon fixation
at 1.2 g L' day™'; 80 % of water is recycled; and the Swedish energy mix is
used as the model for electricity supply.'*>!2¢

Based on the laboratory scale experiments, the time required for the sun-
light-driven dimerization of isoprene to reach 51 % yield was set to 60 h (ex-
trapolation of the experiment giving 17 % yield in 20 h). The high recovery
percentage of the photosensitizer (95 %) associated with the low loading (0.1
mol%) supported the decision to exclude it from the LCA. Further input data
for the downstream processes was based on reported literature of consolidated

industrial processes (e.g. distillation, hydrogenation of alkenes and production
Of Nz) .
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The LCA evaluated the process in ten different categories of environmental
impact: Climate change (CC), human toxicity non-cancer effects (HTX), hu-
man toxicity cancer effects (CE), particulate matter (PM), photochemical
ozone formation (POF), acidification potential (AP), terrestrial eutrophication
(TE), freshwater eutrophication (FE), marine eutrophication (ME) and fresh-
water ecotoxicity (FEC). The climate change impact was found to be 0.7 tonne
CO; eq./tonne fuel, which is 80 % lower than the conventional Jet A. It is also
a value lower or comparable to other recently reported biofuels.”>*’

The percentage contribution of different processes to the different catego-
ries of environmental impact are shown on Fig. 3.7. The use of sodium nitrate
(i.e. its production) is the major contributor in all categories (from 78 % in
HTX to 97.1 % in TE), representing the bottleneck of the system in terms of
sustainability. Sodium nitrate is an essential macronutrient for the cultivation
of cyanobacteria, and therefore more environmentally friendly alternatives
must be found, such as waste streams sources or the efficient recycling of the
utilized sodium nitrate.'””"'* Following the sodium nitrate, the electricity is
the second major contributor on the climate change category, while the pro-
duction of ZnSO4 heptahydrate and tap water use represents the second major
contributors in the HTX and CE categories, respectively. Other processes not
mentioned had contributions lower than 5 % in the different categories.

FEC
ME
FE
TE
AP
FOF
PM
CE

HTX [—
cel |
o S 10 15 20
Process contribution (%)
[ NanO, production [l Others Il zrS0, - 7H,0 production [l MgSO, -7H,0 production
:] Wood chips -Tap water use - Citric acid production - Electricity, high voltage

Impact category

-
=]
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Fig. 3.7 Contribution analysis showing percent of impacts originating from
the different processes in the different environmental impact categories. Cli-
mate change (CC), human toxicity non-cancer effects (HTX), human toxicity
cancer effects (CE), particulate matter (PM), photochemical ozone formation
(POF), acidification potential (AP), terrestrial eutrophication (TE), freshwater
eutrophication (FE), marine eutrophication (ME) and freshwater ecotoxicity
(FEC).
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3.7 Conclusions

We showed for the first time, as a proof-of-concept, the possible coupling be-
tween the photobiological production of isoprene and its photochemical di-
merization using sunlight irradiation to afford C;o hydrocarbons. On the pho-
tochemical part, it is valuable that the reaction can run under ambient condi-
tions with a reusable photosensitizer in very low concentration. The accom-
plishment of high yield dimerization by modifications in the reaction setup
exemplifies that further adjustments could provide even better results in in-
dustrial scale. The final product - the thermally modified dimers - revealed a
jet fuel composition that entirely fulfils and even excel the Jet-A specifica-
tions. Noteworthy, even HID-1 is already nearly ideal product to be used as
jet fuel.

The present work faces several challenges regarding enhancement for in-
dustrial scale. The production of bio-isoprene needs to achieve higher titers,
while the photodimerization step should ideally be optimized to shorter reac-
tion times or photosensitizers that can utilize longer wavelengths of the solar
spectrum. Nevertheless, the LCA indicates that the reported route is an excit-
ing alternative for a drop-in bio-jet fuel generated primarily from CO,, water
and sunlight, as it allows the mitigation of CO, emissions compared to existing
fossil fuels.

Lastly, we conclude that further small conjugated dienes should be inves-
tigated to gain more mechanistic information and to find out the ideal substrate
for the photochemical step.
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4 Towards a Combined Photobiological-
Photochemical Route to Kerosene-Type Fuels:
Which Small 1,3-diene Photodimerizes Most
Efficiently? (Paper II)

In this chapter, we investigate a broader set of conjugated dienes as substrates
in the photosensitized dimerization route introduced in Paper 1. These dienes
are also available from renewable sources, mainly indirectly through the con-
version of platform chemicals from lignin or photosynthetically produced bio-
precursors. This work addresses the following three questions: How do differ-
ent structures of conjugated dienes affect the efficiency of the triplet photo-
sensitized dimerization reaction? What are the main factors driving such dif-
ferent reactivities? And lastly, is isoprene the most suitable diene for the com-
bined photobiological-photochemical production of jet fuel hydrocarbons, or
are there other small dienes that are more attractive based on their chemical
properties, the sustainability of their sources and their efficiency in the photo-
dimerization step?

4.1 Introduction

Small conjugated dienes are traditional substrates in the production of fuels
and polymers. However, the non-renewability of the sources associated to the
traditional methods for the oligomerization of these substrates cause the exist-
ing routes to be unsustainable. While efforts to develop more environmentally
friendly methods of oligomerization have been proposed, e.g. using thermal
or metal catalyzed cyclodimerization that operates at lower temperatures,** 2
our sunlight-driven dimerization of isoprene strategy from Paper I can also be
applied to different conjugated dienes, affording lower CO, emissions when
compared to the existing routes.

On the other hand, despite that several conjugated dienes other than iso-
prene have already been reported to dimerize under triplet photosensitized
conditions, it is expected that different structural and electronic features might
affect the dimerization efficiencies, which is crucial to the development of
cleaner routes to fuels that are also economically viable. Conveniently, the
mechanistic investigation of structural effects can be coupled to a selection of
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conjugated dienes that can be produced by renewable sources, especially pho-
tosynthetic microorganisms (Fig. 4.1), rendering a study that not only ad-
dresses the differences in reactivity of different conjugated dienes, but also
shines light onto the most desirable combined photobiological-photochemical

route to biofuels.
Effects on the dimerization
Position of -CH, in the substrate;

Triplet lifetimes;

Cyclic versus linear conjugated dienes
H,0 w
? R~ g 1} tL ?’ Q
s WP

_/‘( o O 5 2) H,
c|2

Fig. 4.1 The combined photobiological and photochemical production of Cg —
Ci2 hydrocarbons from CO», together with the aspects investigated in this
chapter. Sources represented: photosynthetic microorganisms, lignocellulose
(for fermentation), and plant oils. See the main text for further details. PS =
photosensitizer, 1,1-dinaphthylmethanone.

In addition, the routes to produce and harvest small conjugated dienes via pho-
tosynthetic microorganisms have, at the moment, intrinsic conditions that af-
fect the overall efficiency of the photochemical-photobiological route. One
example is the current diluted amounts of photobiologically produced small
dienes that are trapped in solvents. From this perspective, we also study the
effects of such conditions and ways to optimize the photosensitized dimeriza-
tion step.

4.2 Linear Conjugated Dienes

A set of small conjugated dienes was selected to assess how structural differ-
ences can affect the rates of the triplet photosensitized dimerization (Figure
4.2, compounds 4.1 — 4.7). As described in Chapter 2, these compounds can
be obtained directly or indirectly from photosynthetic organisms or other re-
newable sources. However, we stress that the production by photosynthetic
organisms (cyanobacteria) should be the preferred one. The compounds 4.8
and 4.9 were later added in order to assess the particular reactivity found for
cyclic conjugated dienes (vide infra).

Going from 4.1 — 4.3 and 4.4 — 4.5, the effects of increasing the number of
methyl substituents can be assessed. Comparing the sub-sets 4.2/4.4 and
4.3/4.5/4.6, gives information regarding the effects of the methyl substituent
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position. Finally, the comparison of 4.5 and 4.7 gives information about the
influence of a cyclic structure versus a linear structure on the reactivity.

Fig. 4.2 Structure of the selected small conjugated dienes: 1,3-butadiene 4.1,
isoprene 4.2, 2,3-dimethyl-1,3-butadiene 4.3, E-1,3-pentadienc 4.4, 2,4-hexa-
diene 4.5 (mixture of isomers), 3-methyl-1,3-pentadiene 4.6 (mixture of iso-
mers), 1,3-cyclohexadiene 4.7, 1,3-cycloheptadiene 4.8, Z,Z-1,3-cyclooctadi-
ene 4.9.

Neat conjugated dienes were mixed with 0.1 mol% of 1,1-dinaphthyl-
methanone as the photosensitizer and irradiated using the same coiled setup
as in Paper I. The irradiation was limited to 24 h and the isolated yields are
reported in Table 4.1. Only 1,3-butadiene 4.1 was initially irradiated in dilute
solution (15 wt% in hexane) as it is commercially available. Later, isoprene
4.2 and 2,4-hexadiene 4.5 were also irradiated diluted in hexane in order to
compare the results with the reaction of 4.1 (foot note “a” in Table 4.1).

Table 4.1: Yields of photosensitized dimerization of different small conju-
gated dienes (0.1 mol% 1,1-dinaphthylmethanone) and triplet energy £(T:) of
conjugated dienes.

Entry Diene Dimer E(T)) (kcal mol™)
yield
(wt%)

1 1,3-Butadiene 6.5? 50.4

2 Isoprene 66 49.8
182

3 2,3-Dimethyl-1,3-butadi- 29 50.1

ene
4 E-1,3-Pentadiene 20 49.7
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5 2,4-Hexadiene 9 46.4°/473°/494 ¢

1.0°
6 3-Methyl-1,3-pentadiene 8.7 46.7°/472°
7 1,3-Cyclohexadiene 93 46.4
8 1,3-Cycloheptadiene 45 473
9 Z,7Z-1,3-Cyclooctadiene 7 45.1

Yield when using diluted diene samples (15 wt% in hexane). ® Z Z-isomer. ©
E,Z-isomer. ¢ E, E-isomer. ¢ Z-isomer. { E-isomer. Energies calculated at
(U)B3LYP-D3/6-311+G(d,p) level of theory with thermal free energy correc-
tions at 298 K.

The results with neat linear conjugated dienes reveal that the dimerization of
isoprene 4.2 is the most efficient, and that the least reactive substrates are 2,4-
hexadiene 4.5 and 3-methyl-1,3-pentadiene 4.6. The set of diluted dienes con-
firms the dimerization of isoprene having the highest yield (higher than the
one for 1,3-butadiene 4.1) and that 2,4-hexadiene 4.5 is the least reactive (less
reactive than 4.1). In the set of neat conjugated dienes, isoprene is followed
by 2,3-dimethyl-1,3-butadiene 4.3, which has half of the yield of dimers com-
pared to isoprene, and then £-1,3-pentadiene.

We initially observed that the addition of one methyl group (4.1 versus 4.2)
can benefit the photosensitized dimerization, while adding a second methyl
substituent (4.2 versus 4.3) reduces the efficiency of the photodimerization.
The addition of one methyl group reduces the triplet energy of the conjugated
diene (Table 4.1), which makes it more energetically accessible in the triplet
energy transfer step.'*® The triplet biradicals formed when the triplet energy is
transferred to the conjugated diene are twisted structures with one allyl radical
and one alkyl radical (Fig. 4.3). The decrease in energy is due to the stabiliza-
tion of the triplet radical through hyperconjugation with the methyl group.

Fig. 4.3 Most stable biradical structures of conjugated dienes 4.1 — 4.6 in their
T state (4.1 — 34.6), based on the optimized geometries at (U)B3LYP-D3/6-
311+G(d,p) level.

On the other hand, the addition of a second methyl group (4.2 versus 4.3) does
not further stabilize the triplet biradical since the second methyl group will be
attached to the central atom of the allyl radical moiety, which has no orbital
coefficients of SOMO, and therefore, no hyperconjugation adds up to the sta-
bilization. Instead, the steric hindrance effect of a more congested transition
state dominates as seen in the calculated structure for the transition of the
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addition of one triplet conjugated diene to a ground state diene (Fig. 4.4).
Comparing the transition state for the reaction of 4.2 and 4.3, one can see that
the bond forming distance in 4.3 is shorter, which forces a longer distance
between the neighboring hydrogens of the different units, when compared to
4.2.

o

e #
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Isoprene 4.2 2,3-dimethyl- 1,3 -butadiene 4.3

Fig. 4.4 Transition state geometries calculated for isoprene 4.2 and 2,3-dime-
thyl-1,3-butadiene 4.3. Values in red are the bond forming distances in the
transition states, and the values in black are the distances between the neigh-
boring hydrogen atoms. All distances are in A. Structures calculated at
(U)B3LYP/6-311+G(d,p) level.

The higher steric hindrance in the transition state of the addition step in the
dimerization of 4.3 is also reflected in the energy barriers calculated for that
step (Fig. 4.5), in which 4.3 shows an energy barrier that is 2.6 kcal mol
higher than the one of 4.2.
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Fig. 4.5 Activation barriers for the addition of a T state diene biradical to an
So state diene. The energy barriers were calculated at (U)B3LYP/6-
311+G(d,p) level as Gibbs free energies at 298 K The energy barriers and
energies of intermediates formed are in kcal mol ™ and they are relative to the
energies of the corresponding reactants.
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The next trend observed in our results is related to the position of the methyl
substituents. In the linear dienes there is a decrease in the yield of dimers when
the methyl group is attached to the terminal carbons of the conjugated diene
units, compared to being attached to the central atoms — see results for 4.2
versus 4.4 and 4.3 versus 4.5. A similar explanation involving the steric hin-
drance of these sites could be used, as the substitution in the terminal sites
yields to alkyl radicals in internal carbons. However, the energy barriers of
4.4 and 4.5 do not exceed the values calculated for 4.3. In this case, we believe
the dominant effect is the local stabilization of the alkyl radical in the com-
pounds with terminal methyl substituents — i.e. the alkyl radical in 4.3 is more
reactive than the alkyl radical in 4.5 because the alkyl radical in 4.5 is stabi-
lized by hyperconjugation.

In addition, £-1,3-pentadiene 4.4 shows higher yield than 4.5 because it has
the possibility of forming a triplet biradical in which the alkyl radical is in a
terminal carbon — even though this is not the lowest triplet biradical option for
4.4. Yet, why should 4.4 exhibit a higher yield than 4.6, since both have the
terminal/primary alkyl radical as a possibility? The answer relies on the en-
ergy difference between the two possible biradicals in the two compounds
(Fig. 4.6): while the two twisted structures are separated by 0.7 kcal mol™ in
the case of 4.4, that energy difference is of 2.8 kcal mol” for 4.6. Therefore,
the structure with the secondary alkyl radical is more favored in the compound
4.6.

Fig. 4.6 Different twisted triplet biradicals of compounds 4.4 and 4.6. Relative
energies calculated at (U)B3LYP/6-311+G(d,p) level.

4.3 Cyclic Conjugated Dienes

Conversely, the two alkyl radicals in the triplet biradical of 1,3-cyclohexadi-
ene 4.7 are also secondary radicals. Yet, 4.7 has the highest yield in the pho-
tosensitized dimerization, exceeding that of isoprene. Even after only 12 h of
irradiation, the yield of dimers of 4.7 was already at 80 wt%. Unlike the acy-
clic dienes, 1,3-cyclohexadiene triplet biradical is not twisted, therefore, the
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alkyl radicals are much more reactive due to the Pauli repulsion between the
two same-spin n-electrons (Fig. 4.7). For being confined in a small ring, 4.7
has restricted mobility that also yields to a longer triplet lifetime. In fact, the
triplet lifetime of 4.7 is two orders of magnitude higher than the values of
acyclic conjugated dienes (1300 ns)."!

347 34.8 i X:3
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Fig. 4.7 Geometries of the cyclic conjugated dienes 4.7 — 4.9 in their T; states,
calculated at (U)B3LYP-D3/6-311+G(d,p) level. The dihedral angles are writ-
ten in red and blue. For 1,3-cycloheptadiene two minima were found, and their
relative Free energies are shown in parentheses.

The larger cycloalkadienes, 1,3-cycloheptadiene 4.8 and Z,Z-1,3-cyclooctadi-
ene 4.9, have gradually decreasing triplet lifetimes (550 ns and 120 ns, respec-
tively)."*>!** As expected, these compounds have also a higher flexibility due
to their larger rings and, therefore, twisted biradicals (less reactive biradicals)
are formed in their triplet states (Fig. 4.7). We found two possible triplet bi-
radical structures for 4.8, one is planar as in 1,3-cyclohexadiene while the
other is twisted. Further testing the dienes 4.8 and 4.9 in the photosensitized
dimerization reaction (same conditions as 1,3-cyclohexadiene) has shown a
decrease in the yields as the size of the ring increases (Table 4.1). The results
of Z,Z-1,3-cyclooctadiene 4.9 are comparable to the low reactive 2,4-hexadi-
ene. It allows us to conclude that the main factors responsible for the efficient
dimerization of 1,3-cyclohexadiene are: (a) its two highly reactive alkyl radi-
cals in the triplet state biradical (i.e. more reactive due to the non-twisted struc-
ture); and (b) its longer triplet state lifetime, which increases the concentration
of triplet excited state 1,3-cyclohexadiene in the solution, favoring the attack
to another 1,3-cyclohexadiene molecule.

Up to this point, isoprene shows advantages from the photobiological point
of view, as it can be produced directly from CO,, water and sunlight by cya-
nobacteria, plus advantages from the photochemical aspect, as it is the best
performing acyclic diene in the photosensitized dimerization reaction. Despite
being even more efficient in the photochemical step, 1,3-cyclohexadiene has
not yet been directly produced by cyanobacteria. Furthermore, 1,3-
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cyclohexadiene is much less volatile than isoprene (their boiling points are
respectively 80 °C and 34 °C), and therefore, the eventual escape of 1,3-cy-
clohexadiene from cyanobacteria cultures would be less rapid than that of iso-
prene. We then proceed with optimizing the conditions of the dimerization of
isoprene in conditions related to its photobiological production.

4.4 Optimizing the Conditions of Dimerization for the
Combined Photobiological-Photochemical Route

Comparing the results with neat and diluted isoprene in Table 4.1 and in Chap-
ter 3 we see that, as expected, the dilution reduces the efficiency of the photo-
sensitized dimerization. We then performed a few experiments to assess to
what extent it affects the dimerization efficiency and how one can improve it.
First, we tested different concentrations of isoprene in hexane solutions, mixed
with 0.1 mol% of 1,1-dinaphthylmethanone (PS, load related to the amount of
isoprene). We could see a linear dependence between the yield of dimers after
24 h of irradiation and the concentration of isoprene (Fig. 4.8A), with yields
below 10% when approaching a concentration of isoprene of 10 wt%. Since
present titers of bio-isoprene production would render even lower concentra-
tion in trapping solvents, we checked how much the yield can be improved if
increasing the amount of photosensitizer, using a solution of isoprene 15 wt%
in hexane (Fig. 4.8B).

Fig. 4.8 Effect of different concentrations of isoprene and 1,1-dinaphthyl-
methanone on the photochemical dimerization. (A) The total yield of dimers
(Wt%) from the photodimerization of various concentrations of isoprene (5-99
wt% in hexane) with 1,1-dinaphthylmethanone 0.1 mol% (related to the iso-
prene amount); (B) the total yield of dimers from the photodimerization of
15% isoprene in hexane with different concentrations of 1,1-dinaphthyl-
methanone (0.1-0.5 mol%).
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Increasing the amount of photosensitizer has improved the conversions of iso-
prene into dimers and an optimal value was found for the solution of isoprene
15 wt% (0.4 mol% of photosensitizer). Interestingly, our experiments also
show that this approach cannot be used to enhance the yields of neat condi-
tions, as the yields start to decrease when using higher amounts of sensitizer.
This effect is due to self-quenching by photosensitizer molecules or back
transfer from triplet isoprene to a photosensitizer molecule, given that their
triplet energies are close.'*

Lastly, we assessed the influence of solvents with different viscosities as
the medium for the photosensitized dimerization. We selected four different
solvents: hexane (0.3 cP), cyclohexane (0.1 cP), tetradecane (2.3 cP), and hex-
adecane (3.4 cP), and irradiated solutions of 15 mol% of isoprene mixed with
0.1 mol% of photosensitizer. In contrast to what has been observed by Liu ef
al.,” our results show a higher yield of isoprene dimers when utilizing sol-
vents with lower viscosity. Therefore, among the solvents investigated, hex-
ane gave the highest yield (Table 4.2).

Table 4.2: Effect of different viscosity of solvents on photodimerization of
isoprene (15 wt%, and 0.1 mol% 1,1-dinaphthylmethanone). Samples were
irradiated for 24 h.

Solvents Viscosity Relative integration of dimers
(cP at 20-25°C)  signal (%)

Hexane 0.3 60

Cyclohexane 1.0 48

Tetradecane 2.3 41

Hexadecane 34 43

4.5 Conclusions

In this work we were able to get more understanding on how the methyl sub-
stitution patterns in different conjugated dienes and the different structures
affect their photosensitized dimerization. We identified electronic factors, ste-
ric effects and concentrations of excited states — due to longer lifetimes — as
an ensemble of variables that defines the efficiency of photodimerization of
the conjugated diene.

The outstanding reactivity of 1,3-cyclohexadiene should encourage further
development of photosynthetic routes to produce 1,3-cyclohexadiene directly
from CO,, water and sunlight. For now, we conclude that isoprene is still the
most suitable substrate in the combined photobiological-photochemical route
to produce jet fuels, as overall it has advantages in both steps — possible to be
produced by cyanobacteria, ideal volatility, liquid at room temperature and
most reactive among the small linear conjugated dienes. Our optimization of
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the photosensitized dimerization under dilute conditions will be useful for fur-
ther development of the large-scale realization of our combined photobiolog-
ical-photochemical solution.

After getting deeper knowledge on the photosensitized dimerization of
small conjugated dienes, in the next chapter we explore this photochemical
route applied to larger substrates.
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5 Light-Driven (Cross-)Dimerization of
Terpenes as a Route to Renewable Cis5 — Cs3g
Crudes for Fuel and Lubricant Oil
Applications (Paper III)

There are several larger compounds available from renewable sources which
also contain a conjugated diene unit in it. This chapter describes the use of
some of these compounds (i.e. monoterpenes and sesquiterpenes) as substrates
in the photodimerization sensitized by 1,1-dinaphthylmethanone — the photo-
sensitizer introduced in Chapter 3. In this chapter, the starting material are
larger hydrocarbons, so the dimerization products can have applications other
than the ones covered by the isoprene dimers. As reactivity differences are
identified among the different substrates, a cross-photodimerization approach
was developed to make a better use of the less reactive compounds. Some key
physical properties of the hydrogenated crudes were measured and they indi-
cate that these crudes can serve as surrogates to high energy density fuels and
lubricant oils.

5.1 Introduction

As discussed in the previous chapters, the photosensitized dimerization of iso-
prene can be run successfully under sunlight irradiation and, followed by hy-
drogenation, it affords a mixture suitable as jet fuel surrogate. Yet, the Cio
compounds that are obtained cannot replace some other products from fossil
origin (e.g. diesel-like fuels and lubricant oils). In this light, it was required to
find further renewable substrates that provide crudes suitable to a more diverse
range of products. In this chapter, the photosensitized dimerization of mono-
and sesquiterpenes is discussed as an alternative route to diesel-like fuels and
lubricant base oils (LBO). This work also addresses the cross-photodimeriza-
tion of the substrates, including the cross-photodimerization with isoprene.
The different approaches render a range of products from Cjo to C3o hydrocar-
bons, with substrates that can be harvested from different renewable sources,
including cyanobacteria (Fig. 5.1).
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C; - Cys Hydrocarbons Cyp - C4 Cycloalkanes

Fig. 5.1 The photosensitized dimerization of several conjugated dienes from
different renewable sources (i.e. photosynthetic microorganisms, industrial
waste and fast-growing trees and biomass), enabling a diversity of products:
jet fuel, diesel-like fuels and lubricant oils.

5.2 Photodimerization of Monoterpenes

The optimized photosensitized dimerization reactions of a-phellandrene 5.1,
B-myrcene 5.2 and ocimene 5.3 (Fig 5.2) were performed using 1,1-dinapthyl-
methanone 3.4 as the photosensitizer, under irradiation at 365 nm and using
the high-surface-area coiled setup introduced in Chapter 3 (see Fig. 3.3A).
These compounds were chosen based on their potential and existing renewa-
ble sources, discussed in Chapter 2.

o @ oug

a-Phellandrene 5.1  B-Myrcene 5.2 (Z) and (£)-Ocimene 5.3

Fig. 5.2 Structure of the monoterpenes studied in this work.

The yields of dimerization under optimized conditions are reported in Table
5.1, along with the reaction conditions and the triplet energies calculated at
the (U)MO06-2X/6-311+G(d,p) level with thermal free energy corrections at
298 K. The triplet energies were calculated to assure the suitability of the mon-
oterpenes to the photosensitized dimerization, i.e. to check if their triplet en-
ergies were lower than the triplet energy of the photosensitizer 3.4 (55.5 kcal
mol™)."* Compared to the photosensitized dimerization of isoprene, one can
see the much higher efficiency of the photosensitized dimerization of a-phel-
landrene 5.1 — as similar but even more reactive than 1,3-cyclohexadiene (see
Chapter 4). Indeed, the dimerization of 5.1 is also more efficient than the re-
actions of the other aliphatic monoterpenes, requiring only 12 hours to reach
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a conversion higher than 90 wt%. The main reason for the outstanding result
is the endocyclic nature of the conjugated diene in 5.1, which halts the twisting
of that moiety and grants a longer life-time to the triplet excited state.'*! We
also performed the photosensitized dimerization of 5.1 in a larger scale (262
), in which a FEP tubing with larger internal diameter (6.35 mm) were coiled
around a larger template (2 L jacketed beaker, @:130 mm; height: 280 mm).
The reaction time required in that case was longer (24 h), which is a result of
the poorer light penetration in wider FEP tubes.

Table 5.1 Photosensitized dimerization of monoterpenes with photosensitizer
3.4. Optimized conditions (high-surface-area setup, 365 nm).

o-Phellandrene Myrcene  Ocimene
. 47.5 (Z)
1
E(T), kcal mol 49.6 52.1 474 (E)
Reaction time, h 12 48 48
Photosensitizer, mol% 0.2 0.5 0.5
Yield, wt% 96.1; (99)* 59.4 16.5

* In parenthesis: reaction run at 262 g scale, using a FEP tubing with larger
internal diameter (6.35 mm) and a larger template (2 L jacketed beaker, @:130
mm; height: 280 mm). The yield of 99 % was achieved after 24 h.

Remarkably, the high reactivity of 5.1 is also realized under simulated sunlight
irradiation, reaching up to 90.8 wt% yield of dimers after 12 h (1 sun equiva-
lent, AM 1.5 G, 0.2 mol% of 3.4) and a considerable yield is reached under
natural sunlight irradiation (46.6 wt%, exposed to daylight for 18 h, Uppsala,
Sweden 59°51'09.5"N 17°39'19.9"E, approx. 30 m above sea level, in Sep-
tember, 2020). In the experiments with simulated and natural sunlight, the flat
spiral setup was used (Fig. 3.3B). These two experiments highlight the feasi-
bility of these reactions to be carried out under sunlight. The lower conversion
when sunlight irradiation is used could be related to the lower light intensity
under such conditions. Knowing that the light intensity plays an important role
on photoreactions, we investigated the effects of different light intensities on
the conversions of 5.1 (Fig. 5.3A). Furthermore, we found a linear correlation
of the light intensity and the pseudo rate constant, (Fig. 5.3B) with a conver-
sion dependency of 1.19 mmol per h mW™' cm?.
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Fig. 5.3 Experiments with varying light intensities. A) Conversion of 5.1 into
dimers versus irradiation time, under irradiation at 365 nm in different inten-
sities, 0.2 mol% of 1,1-dinaphthylmethanone. B) Correlation between the light
intensity and the conversion rate constant in the dimerization of a-phellan-
drene.

The mixtures of dimers produced in each reaction are products of [2+2], [4+2]
and [4+4] cycloadditions. Consequently, and based on '"H NMR data of the
crude mixtures, the likely structures of the dimers of a-phellandrene, myrcene
and ocimene are displayed in Fig. 5.4. Similar to the isoprene dimers discussed
in Chapter 3, the dimers of monoterpenes are cycloalkenes and, therefore, their
hydrogenation should provide high energy density cycloalkanes.” Addition-
ally, [4+2] cycloadducts of myrcene have been reported to be suitable for die-
sel-fuel blends.”’
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Fig. 5.4 Structures of [2+2], [4+2] and [4+4] cycloadducts of a-phellandrene,
myrcene and ocimene produced on the photosensitized dimerization. Bonds
in red are the bonds formed in the photodimerization.

In order to predict the suitability of the dimers of monoterpenes as diesel-like
fuel surrogates, the heats of combustion for some hydrogenated dimers were
calculated following the method developed by Pahima et a/ (Table 5.2).°° The
calculated enthalpies of combustion for the various hydrogenated dimers are
in between 42.3 and 43.3 MJ kg, with the [2+2] and [4+4] dimers having the
highest enthalpies of combustion (Table 5.2, entries 3, 4 and 8). Since they
were in a suitable value range to high energy density fuels,” we measured the
experimental heats of combustion and further fuel properties: density, viscos-
ity and cold properties such as pour point (see section 5.5).

Table 5.2 Heats of combustion computed at the M06-2X/6-31+G(d,p) level.
The Self-Consistent Reaction Field Solvent method (SCRF) was used to
model the solvent toluene, using the Solvation Model Based on Density
(SMD).

Entry Hydrogenated dimer Heat of combustion (MJ kg™)
1 5.1a-H; 42.46
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2 5.1¢-H; 42.30
3 5.2a-H; (cis) 43.29
4 5.2a-H; (trans) 43.32
5 5.2¢g-H, 43.02
6 5.2k-H, 43.19
7 5.3h-H; 43.10
8 5.3k-H; 43.23

5.3 Myrcene and Ocimene Reactivities

Following the observed differences in reactivities towards the photodimeriza-
tion, we investigated the possible reasons for the lower reactivities of myrcene
and ocimene. As revealed by the optimization of geometries at the T, state,
the triplet state biradicals of myrcene and ocimene are twisted. In comparison
to a-phellandrene, myrcene and ocimene have more motion-freedom for not
being restricted by a cyclic structure. This motion-freedom allows the access
to deactivation pathways more easily, which reduces their triplet state life-
times. As discussed in Chapter 4, small cyclic conjugated dienes (Cs and Ce)
have triplet lifetimes on the ps order, while acyclic dienes are on the ns or-
der.”®! Consequently, it reduces their reactivity towards dimerization. Another
factor in the case of myrcene is that it can undergo a photosensitized internal
cyclization,® in which the diene moiety adds to the isolated double bond to
form 5,5-dimethyl-l-vinylbicyclo[2.1.1]hexane 5.4 (Fig. 5.5).

5,5-dimethyl-l-vinylbicyclo[2.1.1]hexane 5.4

Fig. 5.5 Product formed in the internal cyclization of myrcene.

We reasoned that the compound 5.4 halts further dimerization as it cannot be
sensitized by 3.4 because the former, as an olefin, has a triplet energy that is
much higher than the triplet energy of the photosensitizer 3.4. One supporting
evidence to our conclusions was obtained by carrying out the epoxidation of
the isolated double bond in myrcene 5.2 and further attempting to dimerize
the epoxide, photosensitized by 3.4 (Fig 5.6). The conversion into dimers was
substantially higher than the one for myrcene 5.2 under the same reaction con-
ditions (80.6 wt% versus 59.4 wt%). Therefore, compared to a-phellandrene,
the lower yields for dimers of myrcene is highly influenced by its shorter tri-
plet life-time and by the byproduct 5.4 that traps the reactant.
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Fig. 5.6 Epoxidation of myrcene followed by photosensitized dimerization of
myrcene epoxide. Note: the depicted structures for the productsd are not all
the dimers formed in the reaction.

Regarding the low efficiency in the dimerization of ocimene 5.3 compared to
myrcene 5.2, a possible reason related to the differences in reactivity is the
alkyl radical of their most stable triplet biradical structures (Fig. 5.7), as sim-
ilar to the cases of isoprene and 1,3-pentadiene discussed in Chapter 4. In myr-
cene, the twisted triplet state is composed of one alkyl radical and one allyl
radical, and the alkyl radical always reside at a terminal carbon. On the other
hand, ocimene has one of its possible triplet biradical structures with the alkyl
radical at an internal carbon (structure 5.3”). Structure 5.3 has a stabilizing
methyl group bonded to the edge of the allyl moiety, unlike structure 5.3’
and, as a result, structure 5.3’ is more stable by 3 kcal mol™. Compared to the
most stable biradical structure of myrcene (5.2”) the alkyl radical in structure
5.3’ is less reactive, and therefore the lower reactivity observed for ocimene
is reasonable.

)\/\)L/

)\/ . ) Most stable
e Y triplet biradical

53 MO of the
AE3.3 = 3.33 kcal mol™! allyl radical

5.2

5.2"
AEyp = 0.22 kcal mol™

Fig. 5.7 Structures of triplet biradicals of myrcene and ocimene and their en-
ergy differences (calculated at the (U)M06-2X/6-311+G(d,p) level).

The different reactivities could also have been affected by differences in the

rates of quenching of the photosensitizer triplet energy. The emission spectrum
(phosphorescence) of the photosensitizer 1,1-dinaphthylmethanone was
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recorded at 77 K and it shows maximum intensity at the 560 nm band (Fig.
5.8A). We monitored the intensity of this band in a series of measurements with
increasing amounts of the three monotepernes (quenchers), using cyclohexane
as the solvent.

l 1.0+ ) 124 -
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Fig. 5.8 A) Emission spectrum of 1,1-dinaphthylmethanone in cyclohexane, 25
uM, excitation at 338 nm. B) Stern-Volmer plot for the quenching of 1,1-
dinaphthylmethanone by the three monoterpenes (a-phellandrene, myrcene and
ocimene). The origins of the axes were set to non-zero for better visualization.

We then plotted the Stern-Volmer plots for each of the monoterpenes (Fig.
5.8B). Using 300 ns as the triplet lifetime t of 1,1-dinaphthylmethanone, the
Stern—Volmer plots for these quenching experiments allow us to determine
the quenching rate constant kq for the different monoterpenes (Fig. 5.8B).
Ocimene has the second highest kg, followed by myrcene, while the kq of a-
phellandrene is hundred times higher than that of ocimene. Even though these
results support the higher efficiency of the dimerization of a-phellandrene, the
conclusions should be taken with care because we use neat conditions of the
monoterpene in the reactions, i.e. high amounts of the quencher, the energy
transfer — quench of the photosensitizer - becomes very favorable in all cases.

5.4 Cross-Photodimerization and Beyond C, Crudes

Following the understanding of the lower reactivities of myrcene and oci-
mene, we hypothesized that the observed higher reactivity of a-phellandrene
could be useful to enhance the conversion of the other monoterpenes through
a cross-photodimerization. Thus, different ratios of 5.1 mixed with 5.2 and 5.3
were tested in the presence of 0.25 mol% of the photosensitizer 3.4. In both
cases, improvements of the conversion of the monoterpenes were observed
(Fig. 5.9). When mixing a-phellandrene with ocimene in the ratio of 2:1, 76.6
wt% of ocimene was observed to be converted into dimers and cross-dimers.
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The (cross)-photodimerization of myrcene was even further enhanced, reach-
ing conversions higher than 90 wt% after 24 h.

100 [ Myrcene
1 I Ocimene

904
BD:
TD:
GU-

50

Conversion (wi%)

30
204
10

MNeat |[1.00 eq. 0.50 eq. Neat |1.00 eq.|0.50 eqg.
48 h [ 24h 48 h

Fig. 5.9 Improvements on the conversion to dimers of ocimene and myrcene
in the cross-photodimerization with a-phellandrene (0.25 mol% of 3.4). The
labels 1.0 eq. and 0.5 eq. describe the amount of monoterpene used as starting
material related to a-phellandrene (mol). Reaction times are also indicated on
the x axis.

Once the cross-dimerization between monoterpenes was found to be a valua-
ble way to improve the conversions of less reactive monoterpenes, we applied
the same approach to obtain products in the range of Cis hydrocarbons. A 1:1
mixture of isoprene 5.5 and a-phellandrene 5.1 was irradiated under 365 nm
light (0.25 mol% of 3.4). After 48 h, the reaction produced mainly C;s cross-
dimers, followed by Cjo and Cyy dimers of isoprene and a-phellandrene, re-
spectively (Fig. 5.10).

[ 3.4 (0.25 ypet®)
+ 365 nm C10-C20
48 h (cross)-dimers
5.1 5.5

Fig. 5.10 GCMS trace of cross-dimerization between a-phellandrene and iso-
prene (1:1), where C10 — C20 hydrocarbons can be observed.

Intensity

Retention Time (min)
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Subsequently, we were able to (cross-)dimerize the sesquiterpenes o-zingi-
berene 5.6 and B-sesquiphellandrene 5.7 present in the C;s fraction of ginger
oil sample (Fig. 5.11). The sesquiterpene a-zingiberene 5.6 is particularly in-
teresting because of its endocyclic conjugated diene moiety, which has been
shown to be a highly reactive feature in a-phellandrene 5.1 and 1,3-cyclohex-
adiene. Indeed, nearly full conversion of 5.6 was observed. Considering the
initial amount of conjugated C;s-dienes in the ginger oil sample, the yield of
dimers was of 61 wt%. Since sesquiterpenes are C;s compounds, the obtained
Cso dimers are within the range of compounds that are suitable to lubricant oil
applications. Therefore, we were able to expand the photosensitized dimeri-
zation approach to routes producing Cio - Cs crudes of hydrocarbons.

Fig. 5.11 GCMS trace of the ginger oil sample mixed with photosensitizer 3.4
(0.5 mol%) after irradiation under 365 nm, showing Cso dimers. Inset: chro-
matogram for the region of C;s, before and after irradiation showing that 5.6
peak is very reduced after irradiation.

5.5 Physical Properties of Selected (Cross)Photodimers

The high computed heats of combustion (Table 5.2) and the visual increase in
viscosity of some of the (cross)photodimers hints to the likely suitability of
these crudes as fuels and lubricant oils. Thus, we selected four Cjs - Cso
(cross)-dimers to be hydrogenated (PtO,, 0.15 wt%; Ha, 6 bar) and have fur-
ther physical properties measured. The hydrogenated samples were identified
as HAPID, HAPD, HMD and HGOD (hydrogenated a-phellandrene and iso-
prene cross-dimers; hydrogenated a-phellandrene dimers; hydrogenated myr-
cene dimers; and hydrogenated ginger oil dimers; respectively). Following the
hydrogenation, some key properties were measured and compared to the prop-
erties of existing diesel-like fuels and lubricant base oils (Table 5.3).
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Table 5.3 Selected properties measured for hydrogenated (cross)dimers and
reference products for comparison.

Diesel fuels

Property HAPD HMD HAPID Diesel D-2'3*  Bio-

C20H3s Ca0Hao Ca0H36 diesel'3*
CisHas

Density at 25 0.931 0.861 0.904 0.850 0.880

°C, g/mL

Volumetric 40.13 37.65 39.15 35.97 32.94

NHOC, MJ/L at

25°C

KV40, mm?/s 41.1 12.7 6.45 1.3-4.1 4.0-6.0

Pour point, °C  -21 <-45 <-45 -35to -15 -5t0 10

Lubricant and base oils

Property HAPD HMD HGOD Ci3; PAO mix- LBO LBO
C2H3zs Ca0Hso CsoHss  ture!! API from
Group I1 6'%  es-
tolides'3¢
KV40, mm?%/s 41.1 12.7 303 15.23 41.5 102 to 519
KV100, mm®/s 4.16 2.89 14.7 3.63 6.4 -
Pour point, °C ~ -21 <-45 -15 -72 -12 -15to -6

NHOC = Net Heat of Combustion; KV40 = Kinematic Viscosity at 40 °C;
KV100 = Kinematic Viscosity at 100 °C; LBO = Lubricant Base Oil.

As expected, the cycloalkanes in our products render high heats of combus-
tion, higher than the ones of commercial diesel (Diesel D-2) and biodiesel,'**
and the pour points were also adequate. However, the HAPD and HMD have
too high kinematic viscosities, which makes them unsuitable as a drop-in sur-
rogate to diesel-like fuels. On the other hand, the use of viscosity improvers
or blend formulations are alternatives to tune the viscosities into required val-
ues. In the case of HAPID, the kinematic viscosity at 40 °C is much closer to
the one for Diesel D-2 and biodiesel, therefore the HAPID approaches a drop-
in surrogate for diesel-like fuels.

The high viscosities of HAPD and HMD make them suitable for lubricant
base oil applications.'"'*> The product with highest kinematic viscosity,
HGOD, also fits into the class of lubricant base oils, with viscosities compa-
rable to those of LBO derived from estolides.*® Yet, how much the viscosity
changes with temperature (i.e. the viscosity indexes) of HAPD, HMD and
HGOD, need improvements, and again, viscosity additives might provide the
tuning required.
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5.6 Conclusions

The photosensitized dimerization of terpenes could also be carried out under
simulated and natural sunlight. In this work, we made use of the endocyclic
nature of the conjugated diene moiety in a-phellandrene as a key feature to
provide photosensitized dimerization and cross-dimerization reactions that are
very efficient. The high reactivity of a-phellandrene enabled a better conver-
sion of other less reactive compounds into Cyy hydrocarbons, via the cross-
photodimerization. Such approach applied to a-phellandrene and isoprene has
allowed us to produce C;s crudes. Moreover, the photosensitized dimerization
protocol could be extended up to Cso hydrocarbon production.

We therefore reached a point in which we can produce Cio, Cis, C2 and Cso
hydrocarbons from substrates of renewable sources, and with the main energy
source for the reactions being sunlight. Therefore, the light-driven route here
reported is certainly an alternative to the synthesis of non-fossil fuels and lub-
ricant oils.

The sunlight-driven photosensitized dimerization route has been shown to
be useful to produce a diverse range of products. Yet, only conjugated dienes
are suitable as substrates. Despite being a large class of compounds, it does
not include other important building blocks that can be photosynthetically pro-
duced by cyanobacteria, such as the small hydrocarbons ethylene and isobu-
tene.
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6 Remote Electrostatic Repulsion Trigged by
Excited State Antiaromaticity Relief as the
Origin of the Photoacidity in an Organic Dye
(Paper IV)

Despite that we successfully have demonstrated the triplet photosensitized di-
merization route as an alternative to transform small hydrocarbons into fuels,
there is still a need of alternative photochemical routes to oligomerize small
photobiologically produced hydrocarbons other than the conjugated dienes.
Photoacids that are activated under visible light irradiation represent such a
potential catalyst to oligomerize small alkenes, e.g., isobutene and ethylene,
which can be produced photosynthetically. In this chapter, an initial step is
taken in that direction by introducing a new type of superphotoacid. The new
photoacid is formed by one dibenzotropylium cation unit and one anilinium
cation unit, and the computational assessment of its properties reveals a strong
photoacidity under visible light irradiation. A new type of photoacidity mech-
anism was found as the driving force to the enhanced acidic character in the
excited state, which opens up a field for future development and design of
photoacids.

6.1 Introduction

Photoacids are compounds that become more acidic upon electronic excita-
tion,** and they find applications in light-controlled processes that range from
modulation of the pH of the medium,’>"*”"** initiation of polymerization re-
actions'**'* and organic synthesis.'*'"'*}

The strength of the photoacid, i.e. how low is its pK*¥, can affect the suit-
able applications of a photoacid, so it is important to be able to tune it. For
example, pyrene-based photoacids such as hydroxy- and aminopyrenes show
pK[* values that range from 1.0 to -12.9.°"14"146 The lifetime of the photoacid
is another important feature when applying photoacids to organic synthesis.
Das et al. have developed photoacids with higher intersystem crossing rates,
which yielded to a longer lifetime of the photoacid and facilitated the bimo-
lecular protonation reaction of silylenol ethers.'"’
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Here, we hypothesize that a very strong photoacid could be used to promote a
light induced oligomerization of alkenes. Therefore, we designed the new pho-
toacid 5-[4-(dimethylammonio)-2,6-dimethylphenyl]-5H-dibenzo[a,d][7]an-
nulen-5-ylium bis(tetrafluoroborate) HDMAPAN-(BF,), and its conjugate
base (Fig. 6.1) and computationally assessed its photoacidity using the Born-
Haber thermodynamic cycle (see Chapter 2). After finding a strong pho-
toacidic character, we computationally investigated the possible cause of the
photoacidity of HDMAPAN-(BF,),.

~Heo o~
N@ BFy BFy | :

_Yogelegel

HDMAPAN-(BF,), DMAPAN-BF,

Fig. 6.1 Structure of the photoacid HDMAPAN-(BF); and its conjugate base,
DMAPAN-BF,, as well as their respective isolated solid samples.

There are three major mechanistic interpretations of the origins of photoacid-
ity in different organic compounds, and they are usually presented as combin-
ing factors.'*® First, photoacidity is commonly explained by a reorganization
of charge distributions in the nearby regions of the proton donating group upon
excitation.'*!*” Another interpretation describes the influence of the easiness
of delocalizing the negative charge of the conjugate base as a driving force to
the photoacidity."” Finally, the concept of excited state antiaromaticity
(ESAA) relief has also been used.®*'>' The rules of aromaticity in the excited
state were derived by Baird in 1972.'" They are the reversal of Hiickel’s rule
in the Sy state, i.e. systems with 4n+2 m-electrons are antiaromatic in their
lowest * triplet and singlet excited states.'”*!** More recently, the values of
nucleus-independent chemical shifts (NICS) — a (anti)aromaticity index —
were correlated to the ApK,, values of naphthalene derivatives.'>

Our investigation of the origins of the photoacidity in HDMAPAN-(BF4)»
could not find support in the existing mechanistic interpretations. Unusual to
other photoacids, the photoexcitation in HDMAPAN-(BF4); is localized to a
fragment remote to the unit containing the photoacidic proton (respectively,
dibenzotropylium and anilinium units), and the units do not interact electron-
ically as they are oriented orthogonally to each other. Therefore, we postulated
anew mechanism that functions through space as an electrostatically repulsive
interaction develops between the two units upon excitation. Our computa-
tional data support this hypothesis and indicate that the charge redistribution
occurs as a consequence of ESAA relief.
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6.2 The Ground State of HDMAPAN-(BF,), and its
Conjugate Base

Initially, we determine the crystal structures of HDMAPAN-(BF4); and its
conjugate base DMAPAN-BF, (Fig. 6.2). They are markedly different in their
conformations. While HDMAPAN-(BF,); has a twisted structure, with the
anilinium fragment orthogonal to the dibenzotropylium fragment, the conju-
gate base has its fragments facing the same direction, in a butterfly-like con-
formation.

) |

Fig. 6.2 A) Crystal structure of HDMAPAN-(BF4); and B) DMAPAN-BF,.
Nitrogen atoms are represented in blue. The counterions BF4 were omitted.

The analysis of the 'H and *C NMR spectroscopic data in acetonitrile, to-
gether with comparisons of computed NMR spectra of structures optimized at
the CAM-B3LYP/6-311+G(d,p) level, indicated that the conformers in solu-
tion are similar to the crystal structures. Thereby, the computed twisted con-
former tw-HDMAPAN-(BF,4); and the computed butterfly conformer btf-
DMAPAN-BF; are the representative structures of the photoacid and conju-
gate base in solution. We utilized these two structures as the input to the ener-
gies in the Born-Haber thermodynamic cycle. The Gibbs free energies of solv-
ation were obtained using the Gibbs free energy of the gas phase geometry
and the total energy of a single point calculation in solvent phase (SMD) using
the gas phase geometry. From this data we determined the pK,= 3.0. Addi-
tionally, we performed an experimental determination of the pK, by measur-
ing the UV-Vis absorption spectra of aqueous solutions of DMAPAN-BF4
with different pH values, ranging from 1.57 to 8.46 (Fig. 6.3).
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Fig. 6.3 UV-Vis spectra of DMAPAN-BF4in aqueous solutions at different

pH.

Plotting the absorbance measured at 313 nm against the pH gave rise to a curve
that could be fitted to a sigmoidal curve (Boltzmann, Fig. 6.4). From the point
of inflection, the pK, = 3.14, confirming the value we estimated computation-

ally.
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Fig. 6.4 Sigmoidal curve fitting for the experiment with DMAPAN-BF, (left)
and for the experiment with HDMAPAN-(BF,); (right).
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6.3 The Excited State and Photoacidity of HDMAPAN-
(BF4)2

Further inspection of the absorption spectra of HDMAPAN-(BF4);and DMA-
PAN-BF,in Fig. 6.3 (blue and orange, respectively), gives information about
the energies of the Sp = S; transition in each of these compounds. Considering
that the transition energy for the conjugate base (band at 356 nm, 3.48 eV) is
higher than the transition energy for the photoacid (band at 568 nm, 2.18 eV),
according to the definitions in the Forster thermodynamic cycle (Fig. 2.6) a
decrease in the pK, upon excitation should not be observed, and therefore, no
photoacidic character.

The Forster thermodynamic cycle considers the twisted conformer of
HDMAPAN-(BF4); and the butterfly conformer of DMAPAN-BF,. How-
ever, a rapidly conformational change of HDMAPAN-(BF4); in the excited
state is hindered due to the presence of the methyl groups in the position 3 and
5 of the anilinium ring. In addition, the experimental emission spectrum of
HDMAPAN-(BF4); shows a small Stokes shift (0.03 eV, Fig. 6.5), indicating
negligible changes in the excited state of the photoacid.

Fig. 6.5 Experimental emission spectrum HDMAPAN-(BF,),. The excitation
was at 407 nm.

The computed energies of the different conformers of HDMAPAN-(BF4);
and DMAPAN-BF; in the S; state reveal a preference for the twisted con-
former in both cases. Therefore, we computationally assessed the pK2¥ of the
photoacid using the Born-Haber thermodynamic cycle and the twisted con-
formers of the photoacid and the conjugate base. In this assessment, we found
the pK"V = -12.3, which represents a jump of 15.3 units from the experimental

PKa.
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Table 1 Relative energies of twisted and butterfly conformers of HDMA-
PAN-(BF4); and DMAPAN-BF, in the S, states. CAM-B3LYP/6-311+G(d,p)
level, (SMD, water).

State  AGyy_pey (kcal mol™)

HDMAPAN-(BF.), S -11.4
DMAPAN-BF, S -25.9

6.4 Probing the Origins of the Photoacidity in
HDMAPAN-(BF,),

A first puzzling fact about the first singlet excited state of HDMAPAN-(BF4);
and its photoacidity is that the Sp = S, is a pure HOMO - LUMO transition,
and these molecular orbitals are located in the dibenzotropylium fragment
(Fig. 6.6A). The changes in bond distances in the Sy state and S, state are in
accordance to the population of the LUMO, and they are mostly localized in
the dibenzotropylium unit (Fig. 6.6B-C).

A) f'\rl..

HOMO ~ elongated

Fig. 6.6 A) Frontier molecular orbitals of tw-HDMAPAN-(BF,),. B) Bond
lengths in the dibenzotropylium unit and C) anilinium unit in their Sp and S,
states. Bond lengths in black and red are reported in Angstrom. Note: one me-
thyl group (bonded to the N atom) was removed from the anilinium for better
visualization on the figure. Calculated at CAM-B3LYP/6-311+G(d,p) level,
solvent = water.

To understand how the HOMO - LUMO transition in the dibenzotropylium
unit could be affecting the acidity of the proton in the anilinium unit, we com-
puted the electrostatic potential (ESP) maps of the tw-HDMAPAN-(BF4); in
different electronic states (Fig. 6.7). The ESP maps show a charge redistribu-
tion in the dibenzotropylium unit that places slightly more positive character
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on the “top” (region closest to the anilinium ring) of the flanking 6-member
rings.

S, (vertical) S,(min)

Negative [N T o

Fig. 6.7 Electrostatic potential maps of tw-HDMAPAN-(BF4); in different
electronic states. Blue indicate more positively charged regions, and red is
more negatively charged regions. Calculated at CAM-B3LYP/6-311+G(d,p)
level, solvent = water.

The redistribution of charges upon excitation can be seen as a closer approach
of positive charges in the dibenzotropylium towards the anilinium ring, and
thus, closer to the acidic proton. In this view, the repulsive electrostatic inter-
action between the acidic proton and the dibenzotropylium unit would be
strengthen upon excitation, leading to an increased acidity (photoacidity). We
further tested this hypothesis through two approaches.

First, we placed rigid insulating spacers (bicyclo[1.1.1]pentane groups) be-
tween the dibenzotropylium and the anilinium units and calculated their pK,
values in the ground and excited states, as done before for the tw-HDMA-
PAN-(BF4),. Interestingly, the ApK,, values are gradually reduced as the num-
ber of spacers increases (Fig. 6.8), supporting our hypothesis.
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Fig. 6.8 Structures of tw-HDMAPAN-(BF,); and two derivatives containing
the spacer bicyclo[1.1.1]pentane, showing how the ApK, is affected by the
distance between the anilinium and the dibenzotropylium units. Here, ApK,
= pK, - pK"’. Calculated at CAM-B3LYP/6-311+G(d,p) level.

Next, we used constrained DFT calculations to compute the energies of a sys-
tem containing one N,N,3,5-tetramethylanilinium cation with an approaching
positive point charge 0.5 at different distances. The results indicate a rise in
energy as the point charge gets closer to the anilinium cation (Fig. 6.9), once
again supporting our hypothesis for the origins of the photoacidity in the tw-
HDMAPAN-(BF4),. An opposite trend in the energy of the system is found
when using N,N,3,5-tetramethylaniline (neutral molecule, Fig. 6.9).
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Fig. 6.9 The effects of an approaching positive charge of 0.5 on the relative
energies of the NN, 3, 5-tetramethylanilinium (top) and N, N, 3, 5-tetramethyl-
aniline (bottom).

Finally, as several authors have earlier identified the ESAA relief as the driv-
ing force to different photochemical and photophysical phenomena, including
photoacidity, we investigated the aromatic character of tw-HDMAPAN-
(BF4); and the conjugate base in its different electronic states. We computed
the values of multicenter index (MCI)"** for all the rings in the two species
(Fig. 6.10). The observed decrease of MCI values in the 7-member ring in the
dibenzotropylium unit upon excitation to the S; state indicates a loss of aro-
maticity. On the other hand, the changes in the MCI values of the anilinium
unit in the tw-HDMAPAN-(BF4); are negligible. It is then rightful to say that
the excited state antiaromaticity of the tw-HDMAPAN-(BF,), triggers a re-
distribution of charges in the dibenzotropylium unit, which escalate to a larger
electrostatic repulsion between that unit and the acidic proton, giving rise to a
photoacidic character.
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Fig. 6.10 MCI values of tw-HDMAPAN-(BF4), and tw-DMAPAN-BF, in
different electronic states: Sy (in black and bold), So = S; (vertical excitation,
in red and italic) and S; (optimized, in red and bold). MCI values for tw-
HDMAPAN-(BFy); in the first T; state were also computed (vertical excita-
tion, in parenthesis, red and italic). Calculated at CAM-B3LYP/6-311+G(d,p)
level, solvent = water.

6.5 Conclusions

We have designed and characterized a new photoacid that exhibits a very low
pK[* in the range of superphotoacids. Most important, the photoacid operates
through a new mechanism of photoacidity, and we gave sufficient computa-
tional data to support it: the localized electronic excitation triggers a charge
redistribution, placing a positive charge character closer to the unit containing
the acidic proton. These two units therefore interact electrostatically and the
photoacidity is a result of this destabilizing interaction.

Despite not yet realizing the photoacid catalyzed oligomerization of small
alkenes, the new photoacid HDMAPAN-(BF4); here described can be a po-
tential candidate for such application or a gate opener to a new class of pho-
toacids that can be useful as the catalyst in the oligomerization.
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7 Conclusions and Outlook

Hydrocarbons are the ideal compounds to be used as aviation fuels and lubri-
cant oils, so their replacement by other technologies for these specific appli-
cations are far in time, if ever possible. Their present production and use rep-
resent, however, a major part of the GHG emissions and have negative impacts
on the climate change. Therefore, ways of making hydrocarbon fuels and lub-
ricant oils is a demand to mitigate the environmental impacts of the transport
sector.

We have developed new routes to bio-jet fuels and lubricant oils that rely
on the use of sunlight as the main energy source. In order to counterbalance
the CO, emitted in the combustion of hydrocarbon fuels, we have combined
the photodimerization of hydrocarbons with their production from metaboli-
cally engineered cyanobacteria and other renewable sources.

The results from the LCA in our work to produce jet fuel via bio-isoprene
(Paper 1) confirm the reduction of the climate impact of our solution when
compared to fossil-based jet fuel (our process amounts to 0.7 tonne CO;
eq./tonne fuel, 80 % lower than the conventional jet fuel). We showed that a
well-known organic photochemical reaction — the photosensitized dimeriza-
tion of conjugated dienes — could be successfully applied in the production of
renewable jet fuel. The design of new reaction setups, providing higher sur-
face area exposed to light, together with the use of a more efficient photosen-
sitizer (1,1-dinaphthylmethanone), provided a conversion into dimers >90 %
in 44 h (365 nm light), using low amounts of the photosensitizer. These results
represent a large improvement on the optimization when compared to the re-
sults from the 1960s, where the reaction was run for 5 days and using 5 % of
benzophenone as the photosensitizer. Moreover, the obtained mixture of Cjo
dimers are suitable as jet fuel after hydrogenation with only a mild thermal
conversion required between the isomers in order to have an adequate flash
point. The final products meet all the key property requirements of a jet fuel.

The photosensitized dimerization as a route to jet fuels was further studied
in paper 11, where we were able to unravel the varying reactivities of different
small conjugated dienes and conclude that isoprene is the ideal substrate in the
photobiological step (due to the low boiling point that favors the escape from
the cells and the existing possibility to be photosynthetically produced), as
well as ideal in the photochemical step, showing the highest efficiency in the
dimerization when compared to other small acyclic dienes.
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The works in papers I and II require further study of the ways to scale up
the production of bio-isoprene by cyanobacteria and the shortening of reaction
times in the dimerization step. From a sustainability point of view, it is also
required to find alternative sources for the nutrients utilized by cyanobacteria,
as they were the main sources of the climate change impact in the LCA. In
addition, the design of photosensitizers with higher absorption in the visible
light would also benefit the more optimal use of sunlight.

In paper III we were able to show that the photosensitized dimerization is
not limited to be used to produce jet fuels, but it can also be a route to lubricant
oils and diesel-like fuels. The key aspect in this diversity of products was the
use of larger substrates (mono- and sesquiterpenes) and the combination of
more reactive substrates with less reactive substrates (cross-dimerization).
Further understanding of the different reactivities was provided by the quench-
ing experiments, DFT calculations and the correlation of light intensity and
the conversion rates. Additional work required is related to the scalability of
the process (similar to previously discussed for papers I and II) and the adjust-
ments that are needed in the viscosities of the crudes obtained for lubricant
oils. Altogether, the first three papers contribute to place the sunlight-driven
photosensitized dimerization of conjugated dienes as an important route to en-
able a sustainable production of hydrocarbons used in the transport sector.

In the last paper (paper 1V), a new photoacid was studied with the aim to
be used as a catalyst in the oligomerization of alkenes. The strong computed
photoacidity (pK* = -12) was shown to originate from a new mechanism that
involves the rearrangement of charge upon excitation in a remote unit, and the
electrostatic repulsion of that unit and the acidic proton. The rearrangement of
charge is a result of excited state antiaromaticity alleviation which that moiety
exhibits upon excitation. Therefore, unlike the first three papers that contrib-
ute to a known photochemical reaction, paper IV can be seen as a door opener
for a new class of photoacids and their use in oligomerization reactions of
alkenes. Yet, our experimental attempts in the reaction itself have not been
successful. The future of such route might rely in photoacids that have a longer
excited state lifetime, ideally triplet state photoacids.

Together, the work in this thesis contributes to the development of a field that
has great importance in the present context of climate change: renewable en-
ergy. Furthermore, this thesis contributes to a deeper understanding of photo-
sensitized dimerization of conjugated dienes and the origins of the photoacid-
ity phenomenon.
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Popularvetenskaplig Sammanfattning

Raéolja dr huvudkaillan till ett stort antal produkter som anvénds i vart dagliga
liv, sdsom olika plaster, 16sningsmedel, firg och brinslen. Aven om det har
varit mycket anvindbart for samhillets framvéxt under de senaste drhundra-
dena, leder utvinningen och raffineringen av rdolja samt anvéindningen av dess
derivat — till exempel brinslen — till att féroreningar slapps ut i atmosfaren.
Vixthusgaser, sa som koldioxid, dr exempel pa dessa och bidrar till klimatfor-
andringarna pa var planet. Dessutom &r rdolja en resurs som inte kan ersittas
pa kort tid, darfor behovs ett substitut inom en snar framtid i och med dess
begriansade natur och pa grund av de skadliga effekter som dess hantering och
anvéndning har pa miljon. Med andra ord, inte bara kéllan bor bytas ut utan
aven den industriella processen maste bli mer héllbar.

En av de viktigaste fossilbaserade produkterna som behdver bytas ut ar
brianslen. Dessa ér kemiska foreningar som kallas kolvéten och deras forbréan-
ning i bilar och flygplan producerar koldioxid. Alternativa brinslen &r vétgas,
vars forbranning endast producerar vatten, och el — som i elbilar. Problemet &r
att dessa tva alternativ inte kan tillgodose behovet av flygbrinslen — sérskilt
for langa flygningar — eller andra brinslen med hdg energidensitet (diesel).
For dessa typer av brianslen ar kolvdten ideala féreningar. Som ett alternativ
finns vissa biotekniskt modifierade mikroorganismer (cyanobakterier) som
drivs av solljus och som kan producera sma kolviten fran vatten och koldi-
oxid, vilket skulle kunna ge upphov till en netto koldioxidneutral process, men
dessa smé foreningar aterfinns i gasform och ér inte tillrdckligt stora for att
anvindas som flygbrinsle eller diesel. Fler kemiska omvandlingar kravs for
att omvandla dem till sddana produkter. Ett mer hallbart sitt att géra det pa ar
att anvénda ljus fran solen, vilket dr en av de renaste och mest rikliga energi-
kéllorna som finns tillgéngliga. P4 sa sétt kan man ténka sig en kombinerad
fotobiologisk-fotokemisk metod som anvénder solljus i bada stegen (Fig. 1).
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Fig. 1 Representation av det kombinerade fotobiologiska-fotokemiska tillva-
gagingssittet for att producera brinslen med solljus och substrat fran biotek-
niskt modifierade cyanobakterier. Denna avhandling fokuserar pa det andra
steget — den fotokemiska sammankopplingsreaktionen av biosubstraten.

Anvindningen av ljus fOr att frimja reaktioner &r ett omrade som kallas foto-
kemi. I denna avhandling beskrivs tvé sitt att anvénda solljus till att frimja
omvandlingen av sma kolvéten till rdvara som kan anvidndas som brénsle och
smorjoljor. Bada tillvigagangssétten anvander en forening som ar ansvarig for
att absorbera ljuset och sedan anvénda den energin for att frimja reaktionen
hos de sma kolvitena. I den forsta metoden kallas denna férening for en foto-
sensibilisator (PS) och energin fran det absorberade ljuset dverfors till det
mindre kolvétet via kollision. Darefter kan det mindre kolvétet som fick ener-
gin (dvs foreningen har exciterats) reagera med ett annat kolvéite och bilda
storre foreningar (Fig. 2).

Excitering av fotosensibilisator Ljus
ps —= 3PS

3
Energidverféring 3PSy 4+ \\V\\\\ — = PS + '__ .
Iy
Togo
J 0

PS = 1,1-Dinaphthylmethanone

3
~
Dimerisering W AV Y
‘H

Bréansle

Fig. 2 Dimerisering av sma kolvéten (konjugerade diener) frdmjas av en foto-
sensibilisator (PS). Den bildade produkten kan anvdndas som brénsle efter
hydrogenering. Den illustrerade produkten ar ett exempel bland flera mdjliga
isomerer.

I den andra metoden foreslar vi att en forening som blir surare nér den absor-
berar ljus (en fotosyra) ocksa kan fridmja reaktioner hos de sma kolvitena
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genom att overfora ett laddat vite till ett kolvite, vilket initierar en kedjere-
aktion (Fig. 3). En forening eller ett tillstdind som &r mer surt ger en situation
dér dissociationen av en férening i en negativ och positiv (vite) del blir littare.
En fordel ar att surheten hos fotosyran upphor nédr ljuskillan tas bort, vilket
gor att ljuset kan anvindas for att styra nir reaktionen ska avslutas eller hur
langa oligomererna ska bli.

AH = A+ H

"
Qoo 07X

Fig. 3 Oligomerisering av alkener som framjas av (foto)syror. I figuren mots-
varar AH fotosyran.

Tillvigagéangsitt likt dessa dr mer héllbara, eftersom de kombinerar den renare
killan av sma kolvidten som kommer frdn mikroorganismer samt anvand-
ningen av solljus for att frimja ytterligare reaktioner for att producera branslen
och smorjoljor. Denna avhandling ger en djupare forstaelse for sadana reakt-
ioner och beskriver tillimpningen av detta kombinerade tillvigagéngssitt, vil-
ket bidrar till ytterligare utveckling for att mildra klimatférdndringarnas effek-
ter. Teknikmognadsnivén i vért kombinerade tillvigagéngssétt dr dock i ett
tidigt skede (runt 2 pa en skala fran 1 till 9), dir ytterligare utveckling och
skalbarhet kravs for att f& teknologin till en kommersiell niva. De frimsta be-
gransningarna ar de i nuldget 14ga méngderna av sma kolvéten som cyanobak-
terier kan producera, den stora méngden niringsimnen som skulle krdvas av
cyanobakterierna i en storskalig produktion samt den nagot ldnga tid som
krévs i fotodimeriseringssteget (som for nérvarande dr mellan 12- 48 timmar).
I det avseendet kan vidareutveckling av reaktionsuppséttningen mojliggora
kortare reaktionstider, och ytterligare framtagning av nya absorberande fore-
ningar (fotosyra eller fotosensibilisator) kan ocksa ge en bredare anvandning
av solljusspektrumet.
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Popular Science Summary

Crude oil is the main source of several products used in our daily lives, such
as plastics, solvents, paints and fuels. Though very useful for the progress of
societies in the past centuries, the extraction and refining of crude oil and the
use of its derivatives — for example fuels — release pollutants into the atmos-
phere. Some of these pollutants are the so-called greenhouse gasses, which
include carbon dioxide and contribute to the effects of climate change in our
planet. Furthermore, crude oil is a source that cannot be replaced by new tech-
nologies in a short time, therefore alternatives are needed in the near future
due to its finite nature and because of the damaging effects that its handling
and use have on the environment. In other words, not only the source should
be replaced, but also the industrial process has to be more sustainable.

Fuels are one of the main fossil-based products that are required to be re-
placed. They are normally compounds called hydrocarbons and their combus-
tion in cars and airplanes produces carbon dioxide. Existing alternatives are
hydrogen gas, which only produces water upon combustion, and electricity —
as in electric cars. The problem is that these two options cannot address the
need of aviation fuels — especially for long flights — or other high energy den-
sity fuels (diesel). For those types of fuels, hydrocarbons are the ideal com-
pounds. Alternatively, some bioengineered microorganisms (cyanobacteria)
are powered by sunlight and can produce small hydrocarbons from water and
carbon dioxide, which could yield a net carbon neutral process, however, these
small compounds are gaseous and not large enough to be used as aviation fuel
or diesel. More chemical conversions are required to transform them into such
products. A more sustainable way to do it is by using light provided by the
sun, which is one of the cleanest and most abundant energy sources available
to us. In that way, a combined photobiological-photochemical approach that
uses sunlight in both steps can be envisioned (Fig. 1).
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C; — Cy; (Fuels)

Fig. 1 Representation of the combined photobiological-photochemical ap-
proach to produce fuels using sunlight and substrates sourced from bioengi-
neered cyanobacteria. This thesis focusses on the second step — the photo-
chemical elongation of the bio-substrates.

The use of light to promote reactions is a field called photochemistry. In this
thesis, two routes are described to use sunlight to promote the conversion of
small hydrocarbons into crudes that can be used as fuels and lubricant oils.
Both routes utilize a compound that is responsible for absorbing the light and
then utilizing that energy to promote the reaction of the small hydrocarbons.
In the first route, that compound is called a photosensitizer (PS) and the energy
of the light absorbed is transferred to the small hydrocarbon via collision.
Later the small hydrocarbon that received that energy (i.e. the compound that
is excited) can react with another small hydrocarbon, forming larger com-
pounds (Fig. 2).

Excitation of the photosensitizer (PS) Light
=}

Energy transfer PSY)  + \,/\ —» Ps + \/\.‘
;.

3r 5

PS = 1,1-Dinaphthylmethanone
I -
Dimerization V\i“ + R, ™

Fig. 2 Dimerization of small hydrocarbons (conjugated dienes) promoted by
a photosensitizer (PS). The product formed can be used as fuel after hydro-
genation. The product shown is one example of several possible isomers.

In the second route we propose that a compound that becomes more acidic
when it absorbs light (a photoacid) can also promote the reaction of the small
hydrocarbons by transferring one charged hydrogen to one hydrocarbon, ini-
tiating a chain reaction (Fig. 3). A more acidic compound or state is a
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condition in which the dissociation of a compound into one negative and pos-
itive (hydrogen) units is easier. One benefit is that the photoacidity vanishes
when the light is turned off, which can offer light-control of the reaction ter-
mination and the length of the oligomers.

Light
—

AH A + H

-
Lo %f< BT e

Fig. 3 Oligomerization of alkenes promoted by (photo)acids. In the figure, AH
represents the photoacid.

Such routes are more sustainable, because they combine the cleaner source of
small hydrocarbons coming from microorganisms and the use of sunlight to
promote the further reactions in order to produce fuels and lubricant oils. This
thesis provides a deeper understanding of such reactions and describes the ap-
plication of this combined approach, contributing to further development in
the mitigation of the climate change impacts. However, the technology readi-
ness level of our combined approach is at an early stage (around 2 on a scale
from 1 to 9), in which further development and scalability is required to bring
the technology to a commercial level. The main bottlenecks are the presently
low amounts of small hydrocarbons that cyanobacteria can produce, the large
amount of nutrients that would be required by the cyanobacteria in a large-
scale production and the somewhat long duration required in the photodimer-
ization step (which at the present is in between 12 - 48 h). In that regard, fur-
ther engineering of reaction setups could enable shorter reaction times, and
the further development of new absorbing species (photoacid or photosensi-
tizer) may also provide a broader use of the sunlight spectrum.
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