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Introduction

A combined photobiological-photochemical
route to C,( cycloalkane jet fuels from carbon
dioxide via isoprenet

2 Dalia M. M. Yacout,?
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Cecilia Sundberg, (2 ** Mathias Berglund,*© Pia Lindberg (2 *2 and

Henrik Ottosson (2 *2

The hemiterpene isoprene is a volatile Cs hydrocarbon with industrial applications. It is generated today
from fossil resources, but can also be made in biological processes. We have utilized engineered photo-
synthetic cyanobacteria for direct, light-driven production of bio-isoprene from carbon dioxide, and show
that isoprene in a subsequent photochemical step, using either near-UV or simulated or natural solar
light, can be dimerized into limonene, paradiprene, and isomeric C;qH;¢ hydrocarbons (monoterpenes) in
high yields under photosensitized conditions (above 90% after 44 hours with near-UV and 61% with simu-
lated solar light). The optimal sensitizer in our experiments is di(naphth-1-yl)methanone which we use
with a loading of 0.1 mol%. It can also easily be recycled for subsequent photodimerization cycles. The
isoprene dimers generated are a mixture of [2 + 2], [4 + 2] and [4 + 4] cycloadducts, and after hydrogen-
ation this mixture is nearly ideal as a drop-in jet fuel. Importantly the photodimerization can be carried
out at ambient conditions. However, the high content of hydrogenated [2 + 2] dimers in our isoprene
dimer mix lowers the flash point below the threshold (38 °C); yet, these dimers can be converted ther-
mally into [4 + 2] and [4 + 4] dimers. When hydrogenated these monoterpenoids fully satisfy the criteria
for drop-in jet fuels with regard to energy density, flashpoint, kinematic viscosity, density, and freezing
point. Life-cycle assessment results show a potential to produce the fuel in an environmentally sustain-
able way.

ment of alternative transportation infrastructures,® still
implies more than a three-fold increase in air traffic by 2050

In order to mitigate global warming and reach the goals of the
Paris agreement, a shift towards carbon neutral fuels is necess-
ary. For the year 2050, the International Air Transport
Association (IATA) emission reduction roadmap projects a
reduction in CO, emissions from aviation by 50% compared to
2005 levels." This may seem modest, yet, globally air traffic
increased by 4.5-8.7% per year during the period 2009-2019,
and a low annual increase of 4% until 2050, resulting from
changes in travel patterns due to COVID-19 and the install-
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when compared to 2019 and approximately six-fold when com-
pared to 2005. As the increase in air traffic is often consider-
ably steeper in growing economies, fulfilment of the IATA goal
requires prompt technological development and introduction
of new sustainable aviation fuels far beyond the biofuels based
on biomass cultivation and processing currently in use or at
the stage to be introduced on the market.

Today, there are different technologies and feedstock
alternatives to conventional jet fuels.”® An emerging route to
biofuels goes via direct production of hydrocarbons by engin-
eered photosynthetic microorganisms, such as algae or
cyanobacteria.”*° Cyanobacteria are photosynthetic bacteria
which grow on water, minerals, and CO, from the atmosphere,
using sunlight as their energy source. Many cyanobacterial
strains are amenable to genetic engineering, by which new
pathways may be introduced leading to generation of specific
target products, and thus, they are ideal hosts for biotechnolo-
gical production of sustainable fuels."* ™

This journal is © The Royal Society of Chemistry 2022
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Fossil-based jet fuels consist mostly of Cg-C;¢ hydro-
carbons. More explicitly, they are mixtures of n-, iso- and cyclo-
alkanes, small aromatics (<25%) and alkenes (<5%)."*'®> The
fuel should be a proportional mixture of these compounds in
order to follow the strict requirement for jet-fuels in terms of
energy density, freezing point, and viscosity. In one typical jet
fuel, JP-8, the proportion of C;, hydrocarbons is ~21%.°
Hydrogenated monoterpenes (Cy0) and sesquiterpenes (Cjs)
have long been considered as potential jet fuels due to their
low viscosity and high energy density. Limonane (hydrogen-
ated limonene) has been in focus among hydrogenated mono-
terpenes because of its availability from biomass fermentation
and the low estimated cost of the resulting fuel (~0.73 USD per
L)."” Sesquiterpenes, e.g. bisabolene, farnesene and epi-isozi-
zaene, are also molecules with potential utility."”°

While biotechnological production of monoterpenes and
sesquiterpenes has been demonstrated in various microorgan-
isms, the toxicity of these compounds to the cells is often pro-
blematic.?® Mono- and sesquiterpenoids tend to accumulate in
the biological membranes, due to their hydrophobic nature,
and interfere with their integrity and function.”* On the other
hand, smaller hydrocarbons, e.g., alkenes such as iso-butene
and the 5-carbon-atom hemiterpenoids, are more volatile and
tend to easily escape through the cell membranes.>>** Their
diffusion to the extracellular environment makes them less
toxic to the cells and their harvest/capture is less costly since
there is no need for cell disruption. We, therefore, suggest a
two-step procedure in which these small volatile hydrocarbons
(Cs and smaller) are produced photobiologically, followed by
their photochemical oligomerization in a second separate
step. Isoprene is a volatile five-carbon hydrocarbon and can be
an ideal precursor. It contains CC double bonds which are
useful as sites for (photo)oligomerization, and its production
by photosynthetic engineered cyanobacteria has been
demonstrated.”>**”*” Thus, even while there is at present no
fully developed technology that could produce them on a com-
mercial scale, hydrogenated isoprene oligomers could be ideal
as drop-ins replacing presently used aviation fuels. To realize a
production process of this type of fuel at scale will require
process development to reach environmental as well as econ-
omic sustainability, both of which will be absolute require-
ments for commercialization of new types of sustainable avia-
tion fuels.

There are already well-established chemical methods using
heterogeneous catalysts common in industry for oligomeriza-
tion of alkenes and dienes,*® which require high temperatures
and pressures. Recently, Harvey and co-workers reported iron-
catalyzed dimerization processes of alkenes and dienes,
including isoprene, that run at ambient temperature and
pressure and that produce [2 + 2] and [4 + 4] cycloadducts
(Fig. 1).>>° Interestingly, the hydrogenated [4 + 4] dimers of
isoprene have better fuel properties compared to conventional
jet fuels (Jet-A), and a life-cycle assessment and technoeco-
nomic analysis showed that the process can be further
improved to reduce cost and emission to compete within the
sustainable aviation fuel sector.”® The [2 + 2] oligomerization
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Fig. 1 (A) The two iron-based catalysts by Harvey and co-workers, 230

and (B) the catalyzed oligomerization of isoprene. (C) Photochemical
dimerization of isoprene which resulted in the formation of [2 + 2], [4 +
2] and [4 + 4] photodimers.®* Bonds formed in the reaction are marked
in red.

of isoprene was not selective for dimers since also trimers and
tetramers were formed in significant amounts. Recently, it was
also reported that [4 + 2] and [2 + 2] isoprene dimers are
formed upon heating at 200 °C, representing a viable route to
drop-in sustainable aviation fuels.*

We have explored to what extent isoprene can be dimerized
photochemically through triplet sensitizers using as mild con-
ditions as possible, ultimately with solar light and in ambient
conditions. The photochemical dimerization of isoprene was
reported already in the 60s by Hammond, Turro and Liu using
benzophenone (5 mol%) as photosensitizer (Fig. 1C), leading
to 65% conversion to isoprene dimers when irradiated for five
days in a sealed tube.*® Interestingly, the composition of the
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dimer mixtures, i.e., the distribution of [2 + 2], [4 + 2] vs. [4 + 4]
cycloadducts, depended on the triplet energies of photosensiti-
zers,>® yet importantly, trimers and longer oligomers were not
formed. Combined with photosynthetic generation of isoprene
from CO,, this could provide for sustainable production of
hydrocarbons for jet fuels. Here it can be noted that there are
only a few earlier studies on the direct production of jet fuels
from CO,.*>” An inexpensive heterogeneous Fe-Mn-K cata-
lyst prepared by the organic combustion method was utilized
for direct conversion of CO, to jet fuel range hydrocarbons,
with a yield of 17% for such hydrocarbons when run at 300 °C
and 1 MPa for 20 hours,*” thus requiring a rather large energy
input. Recently, a model of thermochemical solar fuel pro-
duction has been demonstrated where CO, and H,O were cap-
tured from ambient air in a process that will be suitable for
fuel production in desert regions.’® Yet, we seek a process that
requires as modest energy input as possible. Hence, we now
report on the first formation of C;, hydrocarbons, suitable as
jet fuel drop-ins after hydrogenation, in a combined two-step
photobiological-photochemical approach with CO, as carbon
source and with light, either as (simulated) solar or ambient
light, as the predominant energy source for the process.

To ensure a sustainable production route, a system analysis
perspective is needed as it allows us to understand the
different impacts of the product throughout its entire life
cycle.*® Today, life cycle assessment (LCA) is employed as the
main decision-support tool for implementing renewable
energy technologies using a holistic framework,’*** and
several earlier studies have assessed the environmental
impacts of biofuel production from microalgae using LCA.**™>"
Furthermore, it has been shown that algae-derived biodiesel is
the most efficient alternative in terms of land use as it avoids
competition with food crops.’>*® The environmental impacts
of producing cyanobacteria-based biofuels have also been
assessed.>**>* Both Luo et al and Quiroz-Arita et al
employed LCA to assess the life cycle energy and greenhouse
gas (GHG) emissions of ethanol production via
cyanobacteria,*** and revealed that the ethanol purification
process was the main energy consumer and a significant con-
tributor to the carbon footprint of the process. Nilsson et al
assessed the environmental impacts of photosynthetic butanol
production by genetically engineered cyanobacteria,”* and
found that in order to displace fossil fuels using butanol pro-
duced by cyanobacteria, significant metabolic engineering-
based improvements in carbon and energy conversion efficien-
cies per cell are needed.

As the process reported herein is based on a volatile
product which spontaneously separates from the cell culture,
we can eliminate the energy requiring distillation or proces-
sing of biomass, in contrast to ethanol and larger alcohols as
well as direct biodiesel production. Our combined photobiolo-
gical and photochemical process thus avoids the costly and
energy intensive cell disruption and organic extraction pro-
cedures required for bioproduction of non-volatile aviation
fuels.>®® The process resembles a previously envisioned strat-
egy on catalyzed oligomerization of ethylene produced by
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cyanobacteria, which was explored in a technoeconomic ana-
lysis study and revealed to yield economically viable biofuels
in the long term.”” We used LCA to assess the different
environmental impacts of jet fuel production through the com-
bined photobiological-photochemical route in order to ident-
ify the hot spots and improvement options. Our results should
aid the further development of the novel emerging technology
presented herein as it pinpoints the hurdles that need to be
addressed, and thus, enable a faster realization of the techno-
logy at a large scale.

Experimental section
Cell culture and trapping of isoprene

Isoprene production in cyanobacteria was performed using an
engineered Synechocystis sp. PCC 6803 strain, expressing an
optimized version of isoprene synthase from Eucalyptus globu-
lus, together with two other enzymes — DXS and IDI. Details on
biological materials, seed cultures, production, extraction and
trapping of isoprene can be found in the ESL{

Materials

Isoprene (99%, contains <1000 ppm p-tert-butylcatechol inhibi-
tor as stabilizer) used for these studies was purchased from
Sigma Aldrich (Merck). Inhibitor was removed by passing iso-
prene through a pack of activated basic alumina and used
immediately. Benzophenone (99%), xanthone (97%) and thiox-
anthone (97%), and all common reagents used for the syn-
thesis of other photosensitizers were purchased from Sigma
Aldrich (Merck) and used for photoreaction without further
purification. Detailed synthesis descriptions of the other
photosensitizers can be found in the ESI.}

General characterization methods

Gas chromatography-mass spectrometry (GC-MS) (Agilent
7890A GC and 5975 MSD system) was used for monitoring the
photoreactions. The starting temperature of the column oven
was 70 °C (0.5 min equilibration time) and the ending temp-
erature was 320 °C, and helium was used as the carrier gas.
The column used was an Agilent 19091S-433: 325 °C: 30 m X
250 pm x 0.25 pm. Mass spectrometer: source temperature:
230 °C, quad-temperature 150 °C. The 'H and '*C NMR
spectra were recorded on JEOL (400YH magnet) Resonance
400 MHz spectrometer. UV-Vis absorption spectra were
measured by a Varian Cary 5000 UV-Vis spectrophotometer.
Further details on the general characterization methods and
measurement of jet fuel properties can be found in the ESI.}

Photodimerization of isoprene

RPR-100 and 200 Rayonet Photochemical Chamber Reactors
were used for photoreaction. A set of 16 x 24 W UV lamps at
365 nm (purchased from Southern New England Ultraviolet
Company) was used for photoirradiation. Photoreactions were
performed on two different set up (a) small-scale photoreac-
tions: 18 mL quartz cylindrical tubes (RQV-7: Rayonet;

This journal is © The Royal Society of Chemistry 2022
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@ 13 mm) were used for batch reaction setup and solution was
stirred during photoirradiation to homogenize the irradiation
to the solution. The typical ambient temperature of the
Rayonet photoreactor was ~35-40 °C. (b) Large-scale photo-
reactions: Fluorinated ethylene propylene polymer (FEP) tube
(O.D. x I.D.: 3.18 mm x 2.1 mm, loop volume ~ 120 mL) and
FEP tube (O.D. x LD.: 6.35 mm x 7.94 mm, loop volume:
400 mL) coiled around the water-cooled jacketed beaker (2 L,
@: 130 mm; height: 280 mm) were used. The distance between
sample solutions and the lamps was 8.5 cm ~ 3.3". A SS-F5-3A
solar simulator by Enlitech, with a 300 W Xe lamp, was used
in the experiments with solar simulated light. The photoreac-
tion in solar simulator (~10 mL loop volume) and solar
irradiation (~50 mL loop volume) were carried out in home
designed flat type cell. In this setup, FEP tube (O.D. x LD.:
3.18 mm x 2.1 mm) was coiled spirally on a flat wooden
surface covered with reflective aluminum foil. Parr hydrogen-
ation apparatus was used for hydrogenation of unsaturated iso-
prene dimers. More details on the photochemical dimerization
procedure and photoreactors, including images, can be found
in the ESL¥

General details on computational methods

Geometry optimizations were performed with Gaussian 16,°®
at the (U)B3LYP/6-311+G(d,p), (U)B3LYP-D3/6-311+G(d,p) and
(U)M06-2X/6-311+G(d,p) levels.’* ' Stationary points were
characterized as minima or transition states through frequency
calculations. The enthalpy corrected energies and the Gibbs
free energies were calculated at 298 K. The enthalpies of com-
bustion are computed using the method provided by Major
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and co-workers® at the M06-2X/6-31+G(d,p). Further details on
the computational methods can be found in the ESL}

Results and discussion

The photobiological formation and trapping of the isoprene
produced by the cyanobacteria are presented first, followed by
optimization of the photoinitiated dimerization of isoprene
(including bio-isoprene) to yield C,o hydrocarbons (monoter-
penoids). The dimerization mechanism is analyzed through
density functional theory (DFT) computations, unravelling why
isoprene trimers are formed in only trace amounts. To be
useful as a fuel, the monoterpenoids formed need to be hydro-
genated and we determine various properties and assess the
values of our hydrogenated monoterpenoids in relation to
what is required for a jet fuel. We also carry out a life cycle
assessment in order to pinpoint the different environmental
impacts of bio-jet fuel production and to identify the related
hot spots and improvement options. The results of the study
will facilitate further development of the emerging technology
presented.

Microbial production and trapping of isoprene

Cyanobacteria, like other bacteria, are able to generate terpe-
noids via the methylerythritol-4-phosphate (MEP) pathway, but
do not naturally produce isoprene (Fig. 2A).°* In previous
work, we have established engineered strains of the unicellular
cyanobacterium  Synechocystis sp. PCC 6803 (hereafter
Synechocystis), capable of light-driven isoprene production

Air

Acetonitrile / Dry ice
Slurry (-40 °C)
V4
\\ T
\\
\ / ™~ Heptane

Culture Tube Collector Tube

(A) Schematic representation of cyanobacterial terpenoid pathway (green) and genetic modifications (blue arrows) in the isoprene-producing

strain used in this study. (B) Schematic representation of the customized isoprene capturing system. CBB — Calvin—Benson—Bassham; TCA — tricar-
boxylic acid; Pyr — pyruvate; G3P — glyceraldehyde-3-phosphate; MEP — methylerythritol-4-phosphate; IPP — isopentenyl-pyrophosphate; DMAPP
— dimethylallyl-pyrophosphate; CfDXS — 1-deoxy-p-xylulose-5-phosphate synthase from Coleus forskohlii; sIDI — IPP/DMAPP isomerase from
Synechocystis sp. PCC 6803; EglspS — isoprene synthase from Eucalyptus globulus. Vac = vacuum line. The red arrows indicate the flow of the iso-
prene vapor.
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from CO,, via photosynthesis. This was achieved through the
introduction of genes encoding an efficient isoprene synthase
(IspS) and two enzymes upstream in the MEP pathway — DXS,
1-deoxy-p-xylulose-5-phosphate synthase, and IDI, isopentenyl-
diphosphate isomerase (Fig. 2A).>> DXS performs the first step
of the pathway by combining the two substrates pyruvate and
glyceraldehyde-3-phosphate to form 1-deoxy-p-xylulose 5-phos-
phate (DXP). IDI performs the interconversion of isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP),
the substrate for the isoprene synthase to form isoprene.”>?
The reaction catalyzed by DXS includes a decarboxylation step,
thereby serving as a gateway for the flux of carbon into the
MEP pathway. The expression of IDI is likely necessary to
maintain the balance between IPP and DMAPP, and thus
enable the synthesis of essential terpenoids downstream in the
terpenoid biosynthesis, when IspS expression would otherwise
deplete the levels of DMAPP in the cell.?®

Here, we have used the engineered Synechocystis cells for
photosynthetic production of isoprene in small-scale cultures.
20 mL of cyanobacterial culture were grown for four days in
sealed 60 mL culture tubes under a constant illumination of
50 pmol photons m™> s™*, with addition of 50 mM NaHCO; to
the culture medium. Thereafter, the headspace gas was drawn
through 20 mL of cold heptane to capture produced bio-iso-
prene from the cultures (Fig. 2B). Isoprene concentrations in
the gas phase of the cultures were determined by gas chrom-
atography comparing to an isoprene standard, before and after

A)

; sIr0168 ;

8C02

Strep-slpi
/ res_Strep-Clxs

Double
Terminator

res+ Pirc20
EglspS-FLAG \

Py tre

Q)

W Ko
w v s W»

N
w

”

o
v

g

Cumulative production (mg L?)

0 24 48 72 96 120 144 168

time (h)

—e—no cycling —e—12h —-24h 48h 72h

Fig. 3

View Article Online

Green Chemistry

capturing of the gas phase. For further experimental details,
see Fig. S1, ESL{

We achieved an isoprene titre of 1.60 mg L™ culture after
four days of cultivation under the abovementioned conditions.
After capturing the isoprene in heptane in our customized
trapping setup, the equivalent of 935 pg L™' of culture
remained in the cultivation tube, which translates into a
capture efficiency of 41.4% (Fig. S2 and Table S1, ESIf). A
second cycle of trapping resulted in the capture of ca. 490 pg
L' culture and a higher efficiency (52.4%), for a combined
trapping efficiency of ca. 70%. Additionally, we achieved
higher capture efficiencies in a single trapping step for other
tests, reaching as high as 89% of the isoprene produced. The
bio-isoprene trapped in the heptane of the collector tubes was
then used for the photochemical dimerization experiments
(see section below on Photodimerization of bio-isoprene).

Throughout the experiments, we observed variability in the
isoprene production by the engineered strain, likely due to
genetic instability of the expression constructs. In order to
improve long-term isoprene production, we therefore gener-
ated another strain of Synechocystis, where the genetic con-
structs conferring ability to produce isoprene are expressed
from the cyanobacterial chromosome rather than from a
plasmid. This was achieved by integration into the slr0168
neutral site in the genome, resulting in successful expression
of EglspS from the new site (Fig. 3A).°%°> The resulting strain,
ANS1::2MEP-EgIspS, was evaluated for stability of isoprene

B)
Cycle interval

12h

24h
I | | 1

48h

Day O

Day 3

Integration of isoprene expression construct into the Synechocystis genome and cultivation with intermittent collection of the headspace.

(A) Genetic map showing the inserted DNA construct in strain ANS1::2MEP-EglspS. Py — trc promoter; BCD2 - bicistronic device 2; Strep-slpi —
codon-optimized gene encoding N-strep-tagged IPI from Synechocystis; RBS* — ribosome binding site; Strep-Cfdxs — codon-optimized gene
encoding N-strep-tagged DXS from C. forskohlii; EglspS-FLAG — codon-optimized gene encoding C-FLAG-tagged IspS from E. globulus; Pycoo0 —
synthetic variant of Py.;%® Km® — resistance cassette against kanamycin. (B) Culture appearance during six days of cultivation with different venting
regimes. (C) Cumulative isoprene production during the six-day experiment. In (B) and (C), '12 h', ‘24 h’, ‘48 h" and ‘72 h' denote the different intervals
at which the respective cultures were opened for venting the gas phase. Error bars represent standard deviations of two biological replicates.
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production. Compared to the previous strain,
ANS1::2MEP-EgIspS presents a consistent productivity, even
when seed-cultures are inoculated from cultures that have
been kept growing for several weeks (data not shown).

Furthermore, since the isoprene production is performed
in closed vessels where isoprene accumulates in the head-
space, we hypothesized that over time the concentration of iso-
prene and oxygen in the culture tubes may become inhibitory
for cell growth and productivity. We therefore performed a set
of experiments where the headspace gas was vented from the
cultures at different intervals. In these experiments, closed cul-
tures of ANS1::2MEP-EgIspS were grown for 6 days with
sampling and removal of the gas phase at 12, 24, 48 or
72 hours intervals, and growth and isoprene production was
evaluated (see Fig. S3%). In cultures with more frequent
venting of the gas phase (12-48 h cycles), growth as well as
productivity continued for a longer time period, and total
cumulative isoprene production and rates of production were
higher than in cultures in which the headspace was vented
every 72 h (Fig. 3B, C and Table S2, ESIt). Regardless of the
periodicity of these cycles, the cumulative amounts of isoprene
were always higher than when no cycling was applied. These
results are in agreement with previous reports on butanol and
isobutanol production in cyanobacteria, where semi-continu-
ous cultivation with frequent dilution resulted in prolonged
and enhanced productivity of the cultures.®”*® While chal-
lenges remain regarding the details of how the downstream
process for separation of product and biomass would be per-
formed efficiently at scale, the strategy of continuous or fed-
batch cultivation with frequent product removal is thus a
potential avenue for developing the isoprene production
process on larger scale.

Screening of triplet sensitizers

To establish a photochemical isoprene dimerization process
that utilizes solar irradiation (natural or simulated) we started
at the triplet sensitized diene dimerization reported by
Hammond, Turro and Liu in the 60s.>* Arylketones are excel-
lent photosensitizers due to their relatively high triplet
quantum yields and exceptional photostability. The excitation
wavelength of arylketones can be tuned to the visible region by
extension of m-conjugation of the aryl groups. Additionally, the
triplet quantum yield of ketones can be greatly improved com-
pared to the corresponding arene chromophore.®® Such modu-
lations push the excitation of the sensitizers toward the visible
wavelength region where they can be activated by solar light
(see below). In the screening of photosensitizers suitable for
photodimerization of isoprene we used benzophenone (9),
xanthone (10), thioxanthone (11), di(naphth-1-yl)methanone
(12), naphthalen-1-yl(naphth-2-yl)methanone (13), and di
(naphth-2-yl)methanone (14), see Fig. 4. The synthesis of the
photosensitizers is discussed in the ESL.T The triplet energies
(E(T,)) of 9-14 and isoprene, both experimentally determined
and calculated using density functional theory (DFT) at the (U)
B3LYP-D3/6-311+G(d,p) level,>*’°7> indicate that these
ketones are suitable for effective photosensitization because

This journal is © The Royal Society of Chemistry 2022
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their E(T,)’s are slightly higher than that of isoprene (Fig. 4
and Fig. S4, ESIT). Furthermore, the T; states of dinapthylke-
tones (12-14) are of nn* character which prevents the compet-
ing H atom abstraction,”® a photoreaction that many ketones
with T, states of nn* character initiate. In a typical photoreac-
tion, a mixture of inhibitor-free isoprene and aryl ketone was
contained in a quartz test tube under argon and irradiated
with 365 nm light (Fig. S5, ESI{). The solution was stirred
during the photoirradiation in order to achieve uniform light
exposure.

The isoprene dimers formed were characterized by "H
nuclear magnetic resonance (NMR) and gas chromatography-
mass spectrometry (GCMS) analysis (Fig. S6-S9, ESIY).
However, we confirmed the structure of the isomers by "H
NMR as the GC chromatograms can give erroneous results on
the relative product distribution due to thermal rearrangement
of the dimers (see below). Seven isomeric isoprene dimers
(2-8) were observed, in line with findings reported by
Hammond, Turro and Liu (Fig. 1C and Fig. S9, ESI{).>® It was
also proposed by Hammond and Liu that cyclooctadienes 7
and 8 might have resulted from thermal rearrangements in the
GC,”” but our 'H NMR data of the isoprene dimers (purified
by silica gel column by using pentane as eluent) reveals that
these two dimers originate from photoinitiated dimerization
and cyclization. Here it can be noted that the distribution of
the various isomers depends on the E(T;)’s of the photosensiti-
zers used. It is also noteworthy that trace amounts of isoprene
trimers were formed, but not any longer oligomers (Fig. S7,
ESIY).

The screening of the photosensitizers was performed by
using 2 mol% loading, unless otherwise mentioned in Table 1.
Depending on the photosensitizer, with the quartz tube setup
(@ 13 mm, Fig. S5, ESIt) we observed 8-41% conversion to iso-
prene dimers with di(naphthalen-1-yl)methanone 12 giving
the highest conversion. A control experiment carried out
without photosensitizer clarified its crucial role as the conver-
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Table 1 Photosensitizer screening for the isoprene photodimerization performed in quartz test tubes in a Rayonet photoreactor

)\/ 365 nm _ )
> Isoprene Dimers
Photosensitizers
44 h
Photosensitizer Loading of photosensitizer (mol%) Isolated yield (%) Loading of photosensitizer (mol%) Isolated yield (%)
— 0 0.5 — —
9 2 36 0.1 22
10 (0.4) 8 0.1 12
1 (0.1) 32 0.1 32
12 2 44 0.1 42
13 (0.3)° 34 0.1 28
14 (0.3) 21 0.1 28
15 2 11 0.1 5

“The actual loading was lower due to poor solubility of the sensitizer in isoprene.

sion dropped to 0.5% after 44 h of irradiation with A = 365 nm
(Fig. S10, ESIY).

Interestingly, the efficiency of the three dinaphthylmetha-
none isomers (12-14) to convert isoprene to its dimers varied
from 21 to 44% due to the positional effect of naphthyl
groups. Thus, the isomeric dinaphthylmethanones (12) acts
as a better photosensitizer than benzophenone (9), while
similar yield of isoprene dimers could be obtained with 13,
and comparably the lowest yield could be obtained when 14
was used. If we compare the relative absorbance of the benzo-
phenone (9) and the three dinaphthylmethanone isomers
(12-14) at 365 nm, the maximum molar extinction coefficient
is observed for 13 and minimum for 9 (Fig. S11 and S12,
ESIt), and from the E(T;)’s of 12-14 (Fig. 4) it is clear that 12
is the dinaphthylmethanone with a triplet energy closest to
that of isoprene. Additionally, the absorption tails of the
dinapthylmethanones go beyond 400 nm, which possibly
enable solar light photosensitization. As a result, the isoprene
photodimerizations using dinaphthylmethanone sensitizers
can be run with very low sensitizer loadings and as they
absorb solar irradiation, it is apparent that particularly 12 is
a suitable photosensitizer.

The yields of isoprene dimers when xanthone 10 and thiox-
anthone 11 were used as photosensitizers were significantly
lower as compared to when benzophenone (9) was used, and
we initially considered this to arise from their poor solubility
in neat isoprene. To improve the solubility, we designed and
synthesized 3,6-di(octyloxy)xanthenone (15) with solubilizing
alkyl groups (for synthesis see ESIT). Yet, despite an improved
solubility, the improvement in the isoprene-to-dimer conver-
sion is minute (from 8 to 11%). Instead, the higher E(T,) of
both 10 and 15 compared to 9 may cause less efficient triplet
energy transfer to isoprene and, consequently, a less efficient
isoprene dimerization. Indeed, the calculated triplet energy of
15 is higher than that of 10 by 10.9 k] mol™, revealing that
substitution allows for further tailoring of xanthone-type sensi-
tizers, similarly as recently reported by Booker-Milburn and
co-workers.”®

9608 | Green Chem., 2022, 24, 9602-9619

Optimization of dinaphthylmethanone sensitized dimerization

Having identified the most suitable photosensitizers among
those selected, we determined the loading of 12 required for
the optimal conversion of isoprene to its dimers. The photo-
sensitizer loadings were screened from 0.5 down to 0.01 mol%
with a similar setup as used above (see Table S3, ESI{). We
could observe 21% yield of isoprene dimers in 44 h with the
loading of 12 as low as 0.01 mol%. It is worth noting that the
yield of the isoprene dimers does not correlate linearly with
the loading of 12 as the light transmission through the solu-
tion, which is a function of the sensitizer concentration, influ-
ences the yields. We found that a loading of 12 of 0.1 mol%
was adequate to get an optimized yield of the isoprene dimers.
Additionally, we re-screened all photosensitizers (9-15) at
0.1 mol% concentration and the results confirmed that 12 was
the most efficient photosensitizer at this concentration
(Table 1).

Further improvement of the photodimerization was carried
out in modified reaction setups. We first used a fluorinated
ethylene propylene polymer (FEP) tubing (outer diameter:
3.2 mm, ~120 mL loop size) coiled around a water-cooled
jacketed beaker (Fig. S13, ESIt). The FEP tubing setup exten-
sively increased the surface area for the incident light, which
in turn improved the light absorption. The water-cooled
beaker also allows the reaction to run at ~10 °C which, with a
setup which is not fully sealed, prevents evaporation of the
volatile and flammable isoprene. With this setup and with
0.1 mol% of loading of 12, we observed 89% yield of isoprene
dimers (120 mL scale) when photo-irradiated for 44 h.

We further scaled up the reaction to 400 mL by using wider
FEP tubing (outer diameter: 7.9 mm) coiled around the water-
cooled jacketed beaker (Fig. S13, ESI{) and we observed a 48%
yield of isoprene dimers when using the reaction conditions
described above. Here, the lower yield can be attributed to the
increased FEP tube diameter which prohibits an equal light
distribution over the width of the tube. The yield of the iso-
prene dimers in the current larger-scale set up could be

This journal is © The Royal Society of Chemistry 2022
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improved by employing efficient mixing and by using light
source with higher intensity.

The isomer distribution between the isoprene dimers, as
quantitatively determined through the 'H NMR spectrum,
were found to be: 2 (16.1%), 3 (16.5%), 4 (10.7%), 5 (20.8%), 6
(21.8%), and 7 and 8 (14%) (Fig. S14, ESIf). Therefore, the
major fraction of the dimers consists of [2 + 2] isoprene cyclo-
adducts (43.3%), in accordance with the ratios observed by Liu
et al.>® The lower triplet energy of dinapthylmethanone 12
than of 9 leads to preferential activation of s-cis isoprene,
resulting also in high amounts of [4 + 2] cycloadducts (42.6%).
The isoprene dimers and photosensitizer 12 could easily be
separated by passing through a short silica gel column by
using pentane as eluent or by distillation under reduced
pressure (65 °C at ~0.1 mmHg).

The isoprene dimers could be stored at 4 °C for a few months
without noticeable decomposition (Fig. S15, ESIT). However, the
conversion of kinetically stable [2 + 2] photodimers to the other
thermodynamically more stable dimers was observed after a few
months in storage (Fig. S16, ESIT) or upon heating over 100 °C in
air. Also noteworthy is that under ambient conditions the photo-
dimers tend to convert slowly over time to the corresponding
immiscible epoxides and alcohols (Fig. S17 and S18, ESI}).

Now, can the photochemical formation of isoprene dimers
be run under ambient atmosphere? To explore this, we ana-
lyzed the photodimerization with the aforementioned setup
(120 mL) and photosensitizer content for 44 h under ambient
conditions and we observed the same yield (86%) as before.
The improved photosensitizing efficiency of 12 compared to
benzophenone 9 is attributed to the higher absorption at
365 nm (Fig. S11, ESIT), lowest triplet energy difference as well
as higher photodimerization quantum yield (¢ = 0.91 for the
dinaphthyl methanone 12 versus ¢ = 0.43 for benzophenone 9,
see ESIT for details). It is also noteworthy that 12 is straightfor-
wardly synthesized in a one-pot reaction using readily available
and inexpensive reagents, and after the photoirradiation it can
easily be recovered (up to 95%), purified, and then used for
another cycle. Finally, very low amounts of 12 as photosensiti-
zer (0.1 mol% loading) are needed, which together with its
recyclability, should significantly reduce the cost for large-
scale production of isoprene dimers.

Dimerization induced by (simulated) solar irradiation

Our ultimate goal is to carry out the photodimerization of iso-
prene  with  solar irradiation  (Fig.  S21,  ESIf).
Dinaphthylmethanone 12 might be an ideal photosensitizer as
its absorption tail stretches until ~400 nm and the solar
irradiation has significant light intensity at the surface of
Earth at wavelengths longer than 350 nm (Fig. S22, ESIf). For
this reason, we first performed the isoprene photodimerization
in a solar simulator (1 sun, AM 1.5G) using a newly designed
flat spiral coil made of FEP tubing for simulated solar
irradiation of isoprene (Fig. 5). Now, we could obtain 61%
yield of isoprene dimers (4 mL scale) when irradiated in the
solar simulator for 44 h using 0.1 mol% of dinaphthylmetha-
none 12 as photosensitizer (Fig. S23, ESIT).

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) The custom-made setup with a coiled FEP tubing (O.D. x I.D.:
3.18 mm x 2.1 mm, 10 cm diameter) on a flat surface for solar simulator
irradiation of isoprene. (B) The isoprene being photoirradiated by the
solar simulator. The arrow indicates the filling level of isoprene.

Using flat spiral coils (4 mL and 50 mL, Fig. 5 and S247)
and 0.1 mol% of 12, the isoprene dimerization was also tested
outdoors in sunlight (Uppsala, Sweden 59°51'09.5"N 17°39’
19.9"E, approximately 30 m above sea level on May 30-31, 2020
and September 1-2, 2021). In both experiments we observed
17% yields after a total sunlight exposure time of 20 h
(Fig. S24 and S25, ESIf). These results are qualitative since
reduction in light intensity due to clouds was not considered
and as the solar light intensity varies over the day and
locations. Thus, the experiments demonstrate that the for-
mation of isoprene dimers under sunlight irradiation is
achievable. Furthermore, the higher yield that can be esti-
mated after 20 h in the solar simulator (28%) can be rational-
ized by the fact that the solar simulator has a higher relative
intensity in the 350-400 nm range when compared to natural
solar irradiation (see Fig. S22, ESIt).

Photodimerization of bio-isoprene

The bio-isoprene produced by the Synechocystis cells and cap-
tured in heptane was mixed with dinaphthylmethanone 12
(0.02 M), filled into the flat spiral coil and irradiated in the
solar simulator (24 h, 1 sun, AM 1.5G). Despite that the con-
centration of bio-isoprene was low, the reaction produced bio-
isoprene dimers as confirmed by GC-MS (Fig. 6), which
demonstrates that we are able to generate C;, hydrocarbons
from CO,. Importantly, experiments with commercially avail-
able isoprene in a similarly dilute solution (0.05 M solution in
heptane) gave a comparable distribution pattern of dimers
(Fig. S26 and S27, ESIT). This proof-of-principle experiment
shows the possibility to turn CO, used as carbon source into
C;o cycloalkanes with our combined photobiological-photo-
chemical approach. Bio-isoprene dimerization was also
attempted under natural sunlight, yet, no dimers were
detected in GCMS. This might result due to two factors; (i) the
weaker intensity of the natural solar light compared to the
simulated one in the 350-400 nm range (Fig. S22, ESI{), and
(if) the low concentration of the bio-isoprene in heptane. Thus,
one next step is to increase the production of bio-isoprene so
that a higher concentration can be achieved. This may be
addressed via further metabolic engineering of the cyanobac-
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Fig. 6 (A) Gas chromatogram showing peaks of bio-isoprene dimers

(for the relationship between peaks and isomer types and full chromato-
grams, see Fig. S26, ESIt). (B) The average mass spectrum for the region
RT = 2.392 to 3.623 min, for bio-isoprene solution in heptane. The reac-
tion was photosensitized by dinaphthylmethanone 12 (0.02 M, heptane).
The sample was irradiated under simulated sunlight, xenon lamp (1 sun,
AM 1.5G, 24 h, flat spiral coil).

terial strain to enhance flux of fixed carbon towards the iso-
prene product combined with more efficient trapping of iso-
prene from the culture.

Photodimerization mechanism

The reaction mechanism for light-induced formation of the
isoprene dimers involves six steps (steps 1-6, Fig. 7) which we
explored through DFT computations at the (U)B3LYP/6-311G
(d,p) level®>”°7* (for details on the computations and for
additional results at MO06-2X/6-311G(d,p) level®™"* see the
ESIT). The first step is the excitation and intersystem crossing
(ISC) of the photosensitizer to its triplet state, followed by
triplet energy transfer from the sensitizer to isoprene in the
ground state, yielding isoprene in its T, state. The T, state iso-
prene can be described as a radical-pair composed of one reso-
nance stabilized allyl radical and one methyl radical, and it
exists in four different conformers with nearly equal energies,
yet, separated by activation barriers of 63-67 k] mol™'. One
molecule of isoprene in its T, state can add to an S, state iso-
prene via a number of reaction paths. Among these, the

9610 | Green Chem., 2022, 24, 9602-9619
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addition of the methyl radical site of a T, state isoprene mole-
cule to an S, state isoprene molecule proceeds over slightly
lower activation barriers (step 3, lowest barrier ~56 kJ mol™)
than the addition of the allyl radical part of T; isoprene to an
S, state isoprene (lowest barrier ~61 k] mol™"). The triplet life-
time of isoprene has been determined to 27 ns,”® sufficiently
long to allow the activation barrier for dimerization to be over-
come. The additions, which are markedly exergonic (—90 to
—70 kJ mol™), lead to intermediate isoprene dimers that can
be described as triplet state bis(allyl) radical pairs. Thus, once
formed there will be no back reaction. As the two radical sites
of the bis(allyl) radical pair are only weakly coupled, the
singlet diradical is essentially isoenergetic with the triplet, and
a rapid ISC should occur (step 5). Furthermore, the bis(allyl)
radical pairs have high conformational flexibilities irrespective
of electronic state because the conformer interconversions
involve C-C single bond rotations (in the T, state the rotational
barriers are 10-19 kJ mol™", step 4). Finally, when a singlet
state bis(allyl) radical pair adopts a conformer with the two
unpaired electrons at a sufficiently close distance they will
combine into a C-C single bond (step 6), leading to the
observed isoprene dimers with either cyclobutane, cyclohexene
or cyclooctadiene rings (Fig. 1C).

So why is further oligomerization hampered? As the bis
(allyl) radical pairs are composed of two allyl radicals which
are internally stabilized through =-conjugation, they will be
less reactive than triplet state isoprene which can be described
as one allyl radical and one reactive methyl radical fragment.
Thus, the rate for the addition of the bis(allyl) radical pair to
an isoprene in its S, state, leading to a trimer bis(allyl) radical
pair, should be slow (step 7). Indeed, the lowest activation
barrier for the addition of the bis(allyl) radical pair to an S,
state isoprene is 83 kJ mol ™', significantly higher than the
addition of a T, state isoprene to an S, state isoprene (56 kJ
mol ™" as seen above). A second potential route to trimers goes
via addition of an T; state isoprene to a C-C double bond of a
cycloadduct (step 8), but this process should also be slow as it
leads from a single carbon-centered radical to another. For
this process we find a lowest calculated activation energy of
79 kJ mol~". Together with the fact that the ring-closure of the
dimer bis(allyl) radical pair is a unimolecular reaction in con-
trast to the bimolecular reaction to trimer bis(allyl) radical
pair, this explains why the further oligomerization to trimers,
tetramers, etc. is not competitive with the closure of the bis
(allyl) radical pair to the cyclic dimers observed.

Finally, since the combined portions of isoprene dimers
that are either [2 + 2] and [4 + 4] cycloadducts make up more
than half of the dimer mix, we also tested a T, state concerted
mechanism that would involve a transition state with a cyclic
array of 4n electrons stabilized by through-space Baird-
aromaticity,®°"®> however, we could not locate such a pathway.
For further discussions, see ESL.{

Hydrogenation and fuel performance

The isoprene dimers are unsaturated, which is not ideal if they
should function as a jet fuel as soot would form due to incom-

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 The various steps in the reaction mechanism for the formation of the cyclic isoprene dimers (steps 1 to 6) and trimers (steps 7 and 8) with
the lowest activation energies at UB3LYP/6-311G(d,p) level. ISC = intersystem crossing. For further details see the ESI,{ Section S6.

plete combustion when ignited. The isoprene dimers (here
labelled ID-1) were therefore hydrogenated in presence of Pd/C
as a catalyst at 10 atm hydrogen pressure, providing hydrogen-
ated isoprene dimers (HID-1) in near quantitative isolated
yields (see ESIf for detail procedure). These hydrogenated iso-
prene dimers appeared as a colorless liquid (Fig. S28, ESIY),
and they were further characterized by '"H NMR and GCMS
analysis (Fig. S29, ESI}). The disappearance of the alkene
signals of the isoprene dimers in the 'H NMR spectrum proves
a complete reduction of the C-C double bonds, leading us to
the cycloalkane-based jet fuel equivalent.

For this mixture of hydrogenated isoprene dimers, we deter-
mined the key fuel properties, i.e., the net heat of combustion
(NHOC), kinematic viscosity, density, and flash point
(Table 2). The measured density of HID-1 is 0.77 ¢ mL™" at
15 °C (Table S7 and Fig. S40, ESIT) which matches well with
the lower required density of Jet-A. The density of the fuel is
lower than that of dimethylcyclooctanes (DMCO) due to the
presence of high amounts of isomers with cyclobutane rings.
Moreover, the hydrogen content of the HID-1 (14.37%) is sig-
nificantly higher than that of Jet-A due to the absence of aro-
matic and unsaturated moieties, which eventually gives a
higher gravimetric NHOC value and produce clean burn

This journal is © The Royal Society of Chemistry 2022

Table 2 Selected key ASTM (American Society for Testing and
Materials) fuel properties of HID-1, HID-2, HID-3, DMCO and Jet-A avia-
tion fuel

Fuel property HID-1 HID-2 HID-3 DMCO“ Jet-A®
Gravimetric net heat of 44.23 43.57 43.59 43.82  >42.8
combustion (NHOC), MJ kg™*

Density (15 °C), g mL ™ 0.770 0.809 0.808 0.827  >0.775
Volumetric NHOC, M] Lt 34.05 35.25 35.22 36.22 >33.17
Kinematic viscosity (—20 °C), 1.71 3.16 2.92 4.17 <8.00
mm® s~

Freezing point, °C <-78 <-78 <-78 <-78 <—40
Flash point, °C 33.5 38.5 38.5 50 >38
Hydrogen content, % mass 14.37 14.37 14.37 — >13.4

% ASTM specification for Jet-A. Data taken from ref. 29.

without soot formation. The gravimetric NHOC is an impor-
tant parameter for a jet fuel, and it should be above 42.8 M]
kg™' according to the standard specification for jet fuels.”®
Additionally, the volumetric NHOC value of HID-1 is higher
than that of conventional jet fuels (Jet-A). For the two Cj,
hydrocarbons (18, 19, 25 and 26) in Fig. 8 which have experi-

mentally determined NHOC,"®*® we find that computed values

Green Chem., 2022, 24, 9602-9619 | 9611
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Fig. 8 Computed and experimentally determined net heat of combustion (NHOC) values for a few C; hydrocarbons that exist in the Jet-A fuel and
in our HID-1. Experimental values (in blue) from ref. 15 (compounds 18 and 19) and ref. 25 (compounds 25 and 26, determined as a 1: 10 mixture).

The NHOC values were computed following a DFT-based procedure by Major and co-workers developed for the M06-2X functiona

1.2 These values

contain two corrections which are needed to achieve accuracy; (i) a correction for the addition of the enthalpy of vaporization of terpenes and

water, and (ii) a correction of the enthalpy of O,. The enthalpies of vaporizations were calculated using the SMD solvation mode

calculated with a DFT-based procedure by Major and co-
workers®® are in good agreement (for a further description of
the method see the caption Fig. 8 and the ESI}). Thus, based
on the computed NHOC of the C;oH,, hydrocarbons contained
in HID-1 we can also conclude that their energy contents are
in line with expected for aviation fuel.

Additionally, we have measured the kinematic viscosity of
HID-1 from —40 °C to 20 °C as it is an important parameter
in terms of safety and combustion of the fuel.** A higher vis-
cosity leads to a poorer atomization of the fuel which leads to
incomplete combustion and formation of soot, eventually
reducing fuel efficiency. To achieve proper atomization and
combustion of a jet fuel it is strongly recommended to have a
kinematic viscosity value below 12.00 mm?® s™' at —40 °C.
Rewardingly, the kinematic viscosity of HID-1 (1.71 mm® s™*
at —20 °C) is more than 4.5 times lower than the rec-
ommended value for conventional fuel (8.00 mm? s™%), and it
is even 2.4 times lower than that recently reported for DMCO
(4.17 mm?® s™" at —20 °C) which is closely related to the struc-
ture of the molecule (Cy,). The kinematic viscosity at —40 °C
is 2.60 mm” s~" (Table S5 and Fig. $39, ESI{), which is 4.6
and 3.1 times lower when compared to Jet-A and DMCO
(7.95 mm?® s7'), respectively. The lower kinematic viscosity
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might result from the higher portion of alkylated cyclobutane
isomers over cyclooctane isomers, and it will allow the drop-
in to be blended with other conventional jet fuels at any
ratio.

The freezing point of the jet fuel is also crucial for the
safety and the flow of the fuel at high altitudes. We assessed
the freezing properties of HID-1 by placing it in a dry ice/
acetone bath (—78 °C) for 1.5 h and did not observe any cloudi-
ness or crystallization, indicating that the freezing point of
HID-1 is lower than —78 °C, i.e., it is much lower than the rec-
ommended value for conventional jet fuel (—40 °C). The low
freezing point of HID-1 suggests that it is possible to use as a
fuel in high altitude flight. Yet, a drawback of HID-1 is the
flashpoint which was found to be 33.5 °C, lower than the
specified value for conventional jet fuel (38 °C). The lower
flash point may limit the use of HID-1 as jet fuel surrogate due
to safety issues, although the commercially available Jet-B and
TS-1 have much lower flash points (—18 and 28 °C, respect-
ively) compared to the recommended value.®® Yet, these fuels
have very low freezing points allowing them to be used in extre-
mely cold environments. The low flash point of HID-1 can be
attributed to the isomers with cyclobutane rings as these are
more volatile.

This journal is © The Royal Society of Chemistry 2022
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Further modification of the C,, fuel

The fact that the flash point is slightly below the rec-
ommended value prompted us to consider modifications of
the isoprene dimer mix ID-1 before the hydrogenation step.
The boiling points of the various isomeric isoprene dimers
(2-8, Fig. 1C) were earlier reported by Hammond, Turro and
Liu and it was revealed that the [2 + 2] isomers have relatively
lower boiling points than the others (Fig. S14, ESIt),>® with 2
having the lowest. This should also contribute to the low flash
point of HID-1 as the flash point of a hydrocarbon correlates
with its vapor pressure. A further modification of ID-1 could
be performed through moderate heating which led to the con-
version of cyclobutane-containing isomers to cyclooctadiene-
and cyclohexene-containing ones through Cope and other
thermal rearrangements.** Here we probed two different temp-
eratures, 135 and 160 °C, and subsequent hydrogenation gave
the modified hydrogenated isoprene dimers HID-2 and HID-3
(see ESIT for detailed synthetic procedure, Fig. 9). The reaction
mixtures were analyzed by "H NMR and GCMS measurements
(Fig. S30-S33, ESIY).

When ID-1 is heated at 135 °C for 1.5 h, leading to ID-2,
isomer 2 rearranges to isomers 5 and 8, where isoprene is
formed as a byproduct to 5% (Fig. S34, ESI{). In order to trans-
form all [2 + 2] isoprene dimers into [4 + 2] and [4 + 4] isomers
the temperature had to be elevated to 160 °C for 4 h, giving
ID-3. Yet, in this case the amount of isoprene formed through
a back-reaction increased to 11%, even though 3 and 4 after
prolonged heating remained in the post-modified ID-3 in trace
amounts of 1% and 2%, respectively (Fig. S35, ESIT). It is
worth noting that the post-modification of ID-1 can be justi-
fied, as the isoprene formed as a byproduct can be recycled.
After the removal of isoprene from ID-2 and ID-3, these dimer
mixtures were hydrogenated using the conditions described
above leading to quantitative formation of HID-2 and HID-3

= 135°C )\/
+ + 7
~ 15h Pz
2 8 5 1
ct @” i Q-
6 7 1
160 °C )\/
—_— =
4h * *
4 8 28

Fig. 9 Isomerization of the cyclic [2 + 2] isoprene dimers to plausible
cyclic [4 + 4] and [4 + 2] isomers through thermal Cope and other
rearrangements.
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(Fig. S36-S38, ESIt). Here it is noteworthy that the hydrogen-
ation of isoprene dimers (ID-3) could be run at 1 atm H,
pressure to obtain HIDs (HID-3) in quantitative yield. However,
the reaction requires longer time (48 h) to complete and 1%
p-cymene is formed due to the aromatization of limonene
(Fig. S69, ESIY).

After the heat treatments, the flash points of HID-2 and
HID-3 increased to 38.5 °C (Table 2), ie., above the rec-
ommended value. The identical flash point of HID-2 and
HID-3 can be rationalized as they are mixtures of hydrogenated
cycloalkanes with very similar boiling points. The gravimetric
NHOC values of HID-2 and HID-3 decreased to 43.57 and
43.59 MJ kg™, respectively, lower than that of HID-1 which is
explained by the reduced amounts of cyclobutane isomers in
the modified HID blends. Yet, the modified HID’s have higher
densities (both 0.809 g mL ™" at 15 °C) (Table 2 and Table S7,
Fig. S40, ESIt) which leads to higher volumetric NHOC values
(35.25 and 35.22 MJ L™, respectively). The volumetric NHOC
values for modified fuels are 6.3% greater compared to conven-
tional Jet-A (>33.17 MJ L"), which should be an added advan-
tage. With regard to the kinematic viscosities (3.16 and
2.92 mm? s~! at —20 °C for HID-2 and HID-3, respectively) HID
these are higher than that of HID-1 due to their lower contents
of cyclobutanes (Table 2 and Table S5, Fig. S39, ESIY). Still, the
values are more than 2.5 times lower than the largest rec-
ommended values, facilitating a good atomization of the HID’s
when used as fuels. Finally, both modified fuels have very low
freezing points (<—78 ©°C), enabling high altitude flight
(Table 2). The easy modulation of the ID-1 to ID-2 and ID-3
should be an advantage as they after hydrogenation should be
ideal as drop-ins for conventional fuels for high-altitude jet
engines.

There are also further favorable features of HID-1-HID-3.
Conventional jet fuels contain mixtures of aromatic com-
pounds which have added benefits as they swell the nitrile
rubber elastomer valves which helps to protect the integrity of
the jet engine. However, modern elastic materials do not
require the aromatic content to swell the elastomers, and
recent studies have shown that cycloalkane blends have
similar properties as aromatics and are able to swell nitrile
rubber elastomer valves.®®®” Additionally, the content of aro-
matic compounds in jet fuels leads to lower NHOC values as
well as formation of carbon soot during the combustion which
adversely affects the lifetime of the engine. Finally, aromatic
compounds in jet-fuels are major health and environmental
hazards. Thus, avoidance of such compounds is favorable for
these reasons, and substantial interests have been focused
towards development of bio-cycloalkane based fuels that miti-
gate the abovementioned problems.®® The very recent review
by Muldoon and Harvey further highlights the potential of bio-
cycloalkane based hybrid fuels for future use in military and
civilian aviation fuel industries.*® In this context it can be
noted that JP-10 (exo-tetrahydrodicyclopentadiene) is a syn-
thetic Cy, cycloalkane-based missile fuel.*>°° Taken together,
our jet fuel mixtures (HID-1 to HID-3), which are C,, cycloalk-
anes, fulfil all requirements for future, less environmentally
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hazardous jet fuels, they are devoid of aromatic content and
have high NHOC values.

System, efficiency and scale-up potentials

The emerging technology reported here is at a very early stage
of development (approx. at technology readiness level 2
(TRL2)). To clarify where future research and development
need to focus, we identify technological challenges by using
information from recent analyses of approaches that resemble
our combined photobiological-photochemical one. We also
performed a life-cycle assessment (see below).

In order to develop this platform into a commercial pro-
duction system which is both energetically and economically
sustainable, extensive improvements in performance are
necessary on several levels. For the photosynthetic production
of isoprene, the conversion from solar energy and CO, to
product needs to be more efficient. This will require further
engineering of the host organisms, for improved photosyn-
thetic efficiency and increased carbon fixation as well as for
increased partitioning of carbon towards product formation.
Furthermore, cultivation conditions need to be optimized for
cell productivity. Cultivation and harvest systems also need to
be further developed. While photobioreactors are commer-
cially produced, albeit still mostly at smaller scale, efficient
harvesting of a volatile product from the culture remains a
challenge to solve.

A technoeconomic analysis of ethylene production by cya-
nobacteria has earlier been reported,®” and it was estimated
that gasoline-equivalents, produced by oligomerization of the
bioethylene, could be sold at a price of $28.66 per gallon in
the near-term and at a price of $5.36 in the long-term. The
largest cost that determined the gasoline price was the capital
investment for the photobiology reactors, followed by the elec-
tricity cost for the power intense cryogenic distillation.
Isoprene, contrary to ethylene, will not require cryogenic distil-
lation as it condenses at much higher temperatures than ethyl-
ene (—104 °C vs. +34 °C). A further difference is the subsequent
oligomerization which in case of ethylene uses a Ziegler cata-
lyst, a mature technology utilized widely within the petrochem-
ical industry. Our photochemical dimerization of isoprene is
not an established technology and needs extensive process
development, yet, if carried out with natural solar light it will
be much less power demanding than the catalytic approach
for ethylene oligomerization. The efficiency of the photochemi-
cal step is such that we can assume that all isoprene produced
photobiologically within one day can be dimerized photo-
chemically within the same amount of time. Thus, the main
limiting factor for the photoproduction is the photobiological
production step.

One drawback of our first strain of cyanobacteria used for
isoprene generation was genetic instability of the plasmid-
borne DNA construct. We successfully circumvented this by
instead inserting the genes required for isoprene production
into the genome of the host cyanobacterium (Fig. 3). This
enables long-term stable production of isoprene, opening the
possibility for continuous cultivation of the production strain
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for longer time periods. In a fully developed system at large
scale, fed-batch or continuous cultivation combined with con-
tinuous product removal has the potential to increase pro-
ductivity of the culture, while further strain engineering to
enhance the productivity per cell will also be necessary.

As described above, the photochemical dimerization can be
performed to very high yields (~90%) in batch setup using
thin FEP tubing, yet the yield decreases when the tube dia-
meter increases. Process optimization in which various con-
ditions are varied (flow rate, irradiation intensity, tubing
width, laminar vs. tubular flow, and reactor design) is
required. One may also search for photosensitizers with
smaller S; — T,y energy gaps than compound 12, yet still with
E(T,) above that of isoprene. Such sensitizers could absorb
within the visible (blue) wavelength region of the solar spec-
trum where the intensity is higher and still be able to transfer
the triplet energy to isoprene and initiate the dimerization.

Life cycle assessment

To assess whether large scale production of photosynthetic jet
fuel according to our system may become an environmentally
sustainable process, we have performed a life cycle assessment
(LCA) for the integrated photobiological-photochemical
process, using one tonne of fuel as the functional unit
(Fig. 10). For the cultivation and production of isoprene from
cyanobacteria, we have used as a starting point a scenario
described by Nilsson et al.,"* where the authors modeled cya-
nobacterial butanol production. In this system, cultivation
would take place in an array of serially connected vertical flat
panel photobioreactors with a total volume of 750 m?, covering
1 ha of land. We assume that the cyanobacterial cultivation
would be performed in two phases. First, a pre-cultivation is
performed in 10% of the whole bioreactor volume for five days
to generate biomass, during which period product formation
is inhibited. Second, the biomass is transferred to the whole
reactor volume for a production phase of three weeks where
production is induced, and 90% of fixed carbon is directed to
isoprene production in the cells. Isoprene product is continu-
ously removed and transferred to the downstream photochemi-
cal process. We make the following assumptions: (i) the
carbon fixation rate is at 0.6 g L™" day ", based on a biomass
formation rate of 1.2 g L™" day™' as shown by de Vree and co-
workers in outdoor experiments during 77 days in the summer
in the Netherlands at a latitude of approximately 52° North,
and the estimate that half of the biomass is carbon;”""* (ii) in-
organic carbon is supplied from a waste resource such as
biomass combustion, thus providing a carbon source at no
environmental cost to our system; (iii) 80% of the water from
the reactor plant is recycled after each production round; (iv)
electricity needed is supplied in accordance with the Swedish
energy mix based on 40% nuclear, 40% hydropower, 11%
wind, 8% biofuels and waste, and 1% others (International
Energy Agency and Swedish Energy Agency).”>** In the scen-
ario we modeled, nutrients other than CO, are supplied based
on the composition of BG11 growth medium.”®> With these
assumptions, the pre-cultivation phase results in a biomass

This journal is © The Royal Society of Chemistry 2022
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concentration of 1.33 g L™". In the production phase, with the
mentioned carbon fixation rate and 90% of carbon allocated
to isoprene formation, the same partitioning as modelled by
Nilsson et al.,** the time of operation of the 750 m? reactor for
generating one tonne of jet fuel at the end of the process is 2.4
days. The simultaneous biomass formation rate is 0.12 g L™"
d™", resulting in the formation of 215 kg biomass per tonne of
final fuel. This includes the effect of having day/night cycles,
as the assumptions are based on outdoor experiments where
no artificial light was used during the night.**

The bio-isoprene produced will subsequently be dimerized
photochemically, and in our modeling, we utilised the input
from the lab scale experiment and scaled up to produce 1
tonne of HID-2. Upon solar irradiation of isoprene (60 h) in
presence of 12 as a photosensitizer to obtained isoprene
dimers in 51% yield. The unreacted isoprene is distilled off to
be used in the next cycle, while the isoprene dimers are separ-
ated by distillation under reduced pressure (~70 °C, 10 mmHg
pressure). The photosensitizer is easily recovered from the
residue by washing with pentane and methanol (~95% recov-
ery, see above), and it was therefore excluded from the LCA
since merely 0.1 mol% was used in the photoreaction. Further,
the isoprene dimers produced will be treated thermally at
135 °C under an inert N, atmosphere to produce ID-2 in 92%
yield. The residual isoprene produced during reaction should
be distilled off and used again in the photoreaction cycle.
Finally, we assume that heat-treated isoprene dimers will be
hydrogenated by using 10 wt% Pd/C (0.5 mol%) and H, to

This journal is © The Royal Society of Chemistry 2022

obtain HID-2 in near quantitative yield, utilised as drop-in jet
fuel and storable at the production site. The product could be
separated by filtration of Pd/C to obtained jet fuel. The excess
hydrogen used in this process would be recycled and used in
the next hydrogenation cycle. The Pd/C (10 mol%) was not
included in the LCA model due to low amount of loading
(0.5 mol%) and reusability of the catalyst.

The process and system boundaries modeled in the LCA are
shown in Fig. 10, and all inventory data summarized in
Table S9, ESL{ Results from the LCA are presented in
Table S10.1 The climate impact was approximately 0.7 tonne
CO, eq. per tonne biofuel (Table S10, ESIt), mainly attributed
to emissions from the production of sodium nitrate used in
the photobiological processes (Table S117). For further discus-
sion on contributions to climate impact of different process
parameters, see ESI 7.1 and Table S11.f The climate impact is
about 20% of that of fossil jet fuel (approx. 3.8 CO, eq. per
tonne for conventional Jet-A),’® and is at the lower end of the
range from 0.6-2.7 tonne CO, eq. per tonne biofuel found in
the study by Nilsson et al,** which investigated the environ-
mental impacts of cyanobacteria-produced n-butanol using
three different reactors. In other studies, some investigated
biojet fuels had the best result at 0.8 tonne CO, eq. per
tonne.**

From the assessment of the overall environmental impact
we see that under the assumptions made, the production of
sodium nitrate completely dominates the impacts in all
environmental categories (Fig. 11 and Table S11, ESIY).
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This nitrate is used as a nutrient for cultivation of the cyano-
bacteria, and amounts to 155 kg consumed per tonne of jet
fuel produced. The source of sodium nitrate in our model is
the global market, and it is produced using fossil fuels. Use of
alternative raw materials from waste streams as a source for
nitrogen instead of sodium nitrate can be a potential solution
for reducing the environmental impacts. It has been shown
that cyanobacteria can grow on several such waste sources of
nutrients, e.g. municipal waste water and effluents of various
industries.””'°° Increasing the photosynthetic efficiency of the
cyanobacteria would also reduce the overall environmental
impact.

Conclusions and outlook

In this study, we demonstrated that it is possible to generate
photosynthetically derived isoprene from CO, using engin-
eered cyanobacteria, capture the isoprene, and use it for sub-
sequent biofuel generation via a photochemical process driven
by sunlight. While further optimization of the engineered
microorganisms is required for industrial applications, we
were able to trap isoprene with high efficiencies relying on a
simple, scalable capturing method. We could also show that
repeatedly removing the product enhanced productivity from
isoprene producing cyanobacterial cultures.

In a subsequent photochemical step, the isoprene was
dimerized into cyclic CioH,o isomers in nearly quantitative
yields by usage of dinapthylmethanones as photosensitizers.
The photoreaction could be run under ambient conditions,
facilitating a fully renewable fuel production. Our current
studies reveal that rather simple modifications of the reaction
setup can greatly improve the yield of the photoreaction.

9616 | Green Chem., 2022, 24, 9602-9619

Combined with a careful choice of photosensitizer this
enables photodimerization of isoprene by use of solar light.
The isoprene dimer mixture can be further modified by
heating at moderately elevated temperatures (130-160 °C),
resulting in C;, hydrocarbon mixtures which after hydrogen-
ation fulfil all criteria to function as drop-ins for conventional
jet fuels. Indeed, the modified and hydrogenated isoprene
dimers have better fuel properties than the commercially avail-
able Jet-A. The very low freezing points and low viscosity
should make these fuels ideal for high-altitude flights.

It is usually a challenge to compare the results and environ-
mental impacts of an emerging technology with a mature
technology due to several uncertainties such as missing data,
upscaling assumptions and modeling issues.'®" In case of pro-
duction of photosynthetic biofuels using microalgae and cya-
nobacteria, the process is still in its early stages and significant
productivity improvements can be expected. The results of the
current LCA study will assist in further improving our novel
two-step technology for bio-jet fuel production from cyanobac-
teria. Our LCA showed an overall positive result on the environ-
mental sustainability of our system. It was noted that the pro-
duction of nutrients, in particular nitrate, dominates the
environmental impact categories. Cyanobacteria can also con-
ceivably grow well on municipal or other wastewaters as a
source of nutrients, including nitrogen,”” % something we
have not included in the above model and which would likely
increase sustainability.

Hence, our results described are the very first steps toward a
completely renewable jet fuel generated from CO,, water and
solar light, provided that cultivation is carried out outdoors and
that the hydrogenation and thermal rearrangement steps also
utilize renewable energy. We report on the first proof-of-principle
study of a combined photobiological-photochemical approach

This journal is © The Royal Society of Chemistry 2022
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for jet fuel production. Extensive future research and develop-
ment along various lines are needed, and several different short
alkenes and dienes could be useful for similar processes. At this
point it is noteworthy that emerging photobiological as well as
photochemical outdoor plants utilizing solar light for direct fuel
production (hydrogen) exist, although there are many challenges
that remain to be addressed and solved."**'%*
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