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Abstract
A transition from fossil- to bio-based hydrocarbon fuels is required to reduce greenhouse gas emissions; yet, traditional 
biomass cultivation for biofuel production competes with food production and impacts negatively on biodiversity. Recently, 
we reported a proof-of-principle study of a two-step photobiological–photochemical approach to kerosene biofuels in which 
a volatile hydrocarbon (isoprene) is produced by photosynthetic cyanobacteria, followed by its photochemical dimerization 
into  C10 hydrocarbons. Both steps can utilize solar irradiation. Here, we report the triplet state  (T1)-sensitized photodi-
merization of a broader set of small 1,3-dienes to identify which structural features lead to rapid photodimerization. Neat 
1,3-cyclohexadiene gave the highest yield (93%) after 24 h of irradiation at 365 nm, followed by isoprene (66%). The long 
triplet lifetime of 1,3-cyclohexadiene, which is two orders of magnitude longer than those of acyclic dienes, is key to its 
high photoreactivity and stem from its planar  T1 state structure. In contrast, while isoprene is conformationally flexible, 
it has both photochemical and photobiological advantages, as it is the most reactive among the volatile 1,3-dienes and it 
can be produced by cyanobacteria. Finally, we explored the influence of solvent viscosity, diene concentration, and triplet 
sensitizer loading on the photodimerization, with a focus on conditions that are amenable when the dienes are produced 
photobiologically. Our findings should be useful for the further development of the two-step photobiological–photochemical 
approach to kerosene biofuels.

Graphical abstract

1 Introduction

Small alkenes and conjugated dienes are essential building 
blocks in the petrochemical industry. They can be oligomer-
ized into larger hydrocarbon chains to produce energy-dense 
fuels in the range  C8–C16 suitable for jet fuels [1]. Today, 
small conjugated dienes are mainly produced as by-products 
in the production of ethylene through steam cracking of fos-
sil-based naphtha [2, 3]. Thus, great attention has recently 
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been directed to more sustainable routes to small bio-based 
conjugated dienes through direct production from living 
organisms (e.g., microbes, algae, and plants) as well as from 
biomass-derived sugars and plant oils [4].

The direct biotechnological production of  C8–C16 hydro-
carbons by microbes is possible [5–8]; however, this process 
is limited due to the toxicity of these hydrocarbons as they 
accumulate in the cells and interfere with the cell membrane 
integrity [9]. Besides this, the extraction and purification 
processes of large molecules require energy-intensive pro-
cedures leading to increased production costs. As an alter-
native method to overcome these complicating issues, we 
recently proposed a two-step photobiological–photochemi-
cal approach where photosynthetic cyanobacteria produce 
volatile isoprene directly from  CO2, water, and (solar) 
light, followed by its photochemical dimerization into  C10 
monoterpenoids [10]. The second step is a triplet-sensitized 
photodimerization that also can be run by solar light. Indeed, 
the triplet state photosensitized dimerization of conjugated 
dienes is an established approach within organic photo-
chemistry to produce [2 + 2], [4 + 2] and [4 + 4] cycload-
ducts [11–15], and after hydrogenation, the cycloadducts are 
attractive as kerosene-type fuels with high energy density 
[16]. A life cycle assessment of our photobiological–pho-
tochemical approach to biojet fuels via isoprene indicated 
that the climate change impact was about 20% that of fossil-
based jet fuels [10]. Now, can this method be applied also 
for, e.g., 1,3-butadiene?

The general approach of the fourth generation of bio-
fuels is to use genetically modified photosynthetic micro-
organisms to produce organic compounds directly from 
 CO2, water, and sunlight (Fig. 1), which avoids biomass 
cultivation, harvesting, and processing [17, 18]. Recent 
advances in the metabolic engineering of cyanobacteria 
have been reported to produce short-chain olefins [19, 20], 
including isoprene [21]. One may also go via even shorter 

hydrocarbons, e.g., ethylene produced photosynthetically 
[19, 22], to form conjugated dienes such as 2,4-hexadiene 
[23]. Furthermore, metabolically engineered non-photosyn-
thetic microbes can produce other conjugated dienes (e.g., 
1,3-butadiene) and trienes [24, 25], and incorporation of 
the corresponding genes into photosynthetic microorganisms 
might be a viable route.

While the direct photosynthetic production of 1,3-dienes 
by microbes is still in its early stages with too low produc-
tion rate of dienes for large-scale applications [21], these 
compounds can also be produced through biomass process-
ing (Fig. 1). Plant oil derivatives and microalgal lipids have 
been used for a range of chemical transformations, includ-
ing oligomerizations and olefin metathesis [26]. The latter 
can produce 1,4-cyclohexadiene as a common by-product 
[27, 28], and this compound can be further converted to 
1,3-cyclohexadiene via photoisomerization [29–31]. 
Besides the biological production of 1,3-cyclohexadiene, 
other industrially important dienes can be produced via a 
number of renewable approaches, including (i) catalytic 
conversion of bio-derived ethanol,  C4 alcohols, and diols 
to produce 1,3-butadiene, [3, 32] (ii) bio-based production 
of 2,3-dimethyl-1,3-butadiene by acid-catalyzed dehydra-
tion of pinacol in ionic liquids [33], and (iii) 1,3-pentadiene 
production from lignocellulose biomass [34, 35]. Although 
several studies focused on the production of dienes from the 
fermentation of biomass sugars, none of the pathways have 
been commercialized for industrial production.

Taken together, several (photo)biological approaches are 
being developed for the production of conjugated dienes. 
Likewise, several methods for the conversion of small hydro-
carbons into fuels exist, spanning from traditional and com-
mercially established C–C bond-forming reactions, e.g., 
Fisher–Tropsch synthesis and acid-catalyzed oligomeriza-
tion [36, 37], to the more recently developed thermal and/
or metal-catalyzed reactions [38, 39]. From a sustainability 

Fig. 1  Our principle of the combined photobiological and photo-
chemical production of  C8–C12 hydrocarbons from  CO2, together 
with the aspects investigated in this work. Sources represented: pho-

tosynthetic microorganisms, lignocellulose (for fermentation), and 
plant oils. See the main text for further details. PS = photosensitizer, 
1,1-dinaphthylmethanone



1877Photochemical & Photobiological Sciences (2023) 22:1875–1888 

1 3

perspective, the routes to oligomerize small hydrocarbons 
need to be further developed to reduce the environmental 
impact. Here, photochemical oligomerization reactions 
triggered by visible or near-ultraviolet light have significant 
importance for the development of such routes, as these 
reactions can utilize sunlight as the main energy source. In 
this context, we recently revealed that mono- and sesquit-
erpenes with conjugated diene units can be photodimerized 
with solar light to products that can serve as biodiesel and 
lubricant oils [40]. Thus, even though small and volatile 
1,3-dienes can be especially suitable for biotechnological 
production using photosynthetic microorganisms. There is 
also a diversity of renewable sources of small conjugated 
dienes. Combined with their sunlight-driven photodimeriza-
tion, this can be a route to reduce the environmental impact 
of jet fuel production.

To guide future photobiological work, we now seek to 
find out which conjugated dienes are easiest to transform 
photochemically into their dimers and asked the following 
questions: How do the substituents and the structures of the 
1,3-dienes affect the photochemical dimerization? What are 
the main factors affecting the triplet-sensitized photodimeri-
zation? Can another small conjugated diene than isoprene 
provide for a more efficient photodimerization? We utilized 
1,1-dinaphthylmethanone as photosensitizer (PS, Fig. 1), 
as it has been identified as a suitable photosensitizer under 
solar irradiation [10, 40, 41]. The effects of solvent viscos-
ity, dilution, and photosensitizer loading on the dimeriza-
tion yields were also mapped out, and these factors were 
optimized considering conditions that are relevant for pho-
tobiological diene production. Our work can provide insights 
that will benefit future efforts on the combined photobiologi-
cal–photochemical production of kerosene-type biofuels.

2  Experimental

2.1  Materials

Isoprene (mass purity > 99%), 2,3-dimethyl-1,3-butadiene 
(98%), E-1,3-pentadiene (90%), 2,4-hexadiene (90%), 
1,3-butadiene (15 wt. % in hexane), 3-methyl-1,3-pentadi-
ene (98%), 1,3-cyclohexadiene (97%), 1,3-cycloheptadiene 
(95%), and Z,Z-1,3-cyclooctadiene (97%) were obtained 
from Sigma-Aldrich. All chemicals were directly used as 
received unless mentioned otherwise. Before the photo-
chemical reaction, tert-butyl catechol was removed from 
the following dienes: isoprene, 2,3-dimethyl-1,3-butadiene, 
and 1,3-cyclohexadiene. 1,1-Dinaphthylmethanone was 
synthesized according to previous reported literature. [10] 
Noteworthy, the hexane solution of 1,3-butadiene did not 
contain any stabilizer.

2.2  Photosensitized dimerization of conjugated 
dienes

An inhibitor (tert-butyl catechol)-free liquid diene was 
mixed with 1,1-dinaphthylmethanone (photosensitizer 
used in the range of 0.1–0.5 mol%). Two different vol-
umes of reaction solutions were used in this study: 5 mL 
in all the experiments with neat dienes (> 90 wt%); and 
20 mL for reactions of diluted dienes (< 60 wt%). A solu-
tion of diene and photosensitizer was then degassed by 
using freeze–pump–thaw cycles (3 ×) and left in an argon 
atmosphere. By using a syringe, the homogenous solution 
was then transferred to the coiled tube reactor (Teflon tube 
O.D. × I.D.: 3.18 mm × 2.1 mm, loop size ~ 20 mL) [10] 
sealed with septa. The reactor had been previously purged 
with argon gas for 3 min. The coiled tube reactor was then 
connected to the chiller at a constant temperature (7 °C) 
to maintain the reaction at a low temperature to avoid the 
build-up of pressure or loss of starting material. Either an 
RPR-100 or -200 Rayonet Photochemical Chamber reactor 
was used for the photoreaction. The photochemical reac-
tion was initiated under irradiation at 365 nm (Xenon lamp, 
16 × 24 WUV lamp purchased from Southern New England 
Ultraviolet Company) and run for 24 h (if not mentioned 
otherwise). The light intensity in the reactor was approxi-
mately 8 mW/cm2 (if not mentioned otherwise) as measured 
by a portable radiometer (spectral radiometer RM12 pur-
chased from Opsytec). After the reaction time, the solution 
was passed through a silica gel column using pentane as the 
eluent. The diene dimers were separated by distillation under 
reduced pressure.

2.3  Characterization of reaction products

An Agilent 7890A GC and 5975 MSD system was used for 
monitoring the photoreactions, using split injection (1 μL 
injection volume; split ratio: 100:1; 250 °C inlet tempera-
ture; flow rate: 120 mL/min) and capillary column (19091S-
433: 325 °C: 30 m × 250 μm × 0.25 μm (front SS inlet: He; 
out: vacuum)). The initial temperature of the column oven 
was 70 °C (0.5 min equilibration time) and the final tem-
perature of the sample run was 320 °C. The rate of tem-
perature was set to 20 °C/min resulting in a 12.5 min total 
run time. Helium gas was used as a carrier gas at a flow rate 
of 1.2 mL/min. The source and Quad temperatures of the 
mass spectrometer are, respectively, 230 and 150 °C. The 
total yield of dimers was determined gravimetrically. The 
1H NMR spectra were recorded on a JEOL (400YH magnet) 
Resonance 400 MHz spectrometer. Chemical shifts δ are 
reported in ppm and coupling constants J in Hz. 1H NMR 
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chemical shifts are referenced to the residual solvent signal 
 (CDCl3, 1H 7.26 ppm).

2.4  Computational methods

Geometry optimizations were performed with Gaussian16 
at the (U)B3LYP-D3/6-311 + G(d,p) level [42–45]. Triplet 
states were calculated with the unrestricted Kohn–Sham 
DFT formalism. Stationary points were characterized as 
minima or transition states through frequency calculations. 
The Gibbs free energies used in the mechanistic investiga-
tion were calculated at 298 K.

3  Results and discussion

Our analysis starts with the combined experimental and 
computational exploration of structural effects on the pho-
todimerization of acyclic 1,3-dienes, before analyzing cyclic 
1,3-dienes. Subsequently, we probe photodimerizations of 
dilute solutions of isoprene and the effects of triplet sensi-
tizer loadings and solvent viscosity.

3.1  Structural effects of 1,3‑diene 
photodimerizations

A series of different 1,3-dienes were selected (1–9, Fig. 2) 
to investigate the effects of molecular structure on the 

photosensitized dimerization. We first focused on 1–7. This 
set of compounds allows us to explore the effects of (i) 
increasing the number of methyl substituents, (ii) the posi-
tion of the methyl substituents on the conjugated diene, i.e., 
substitution at the central  C2/C3 atoms versus the terminal 
 C1/C4 atoms, and (iii) acyclic versus cyclic structures. Not 
all dienes 1–7 are volatile, yet with these we can assess the 
structural effects on triplet-sensitized photodimerizations of 
1,3-dienes. Noteworthy, there is a fourth dimethyl-1,3-buta-
diene isomer, 2-methyl-1,3-pentadiene; however, it is not 
readily available and has a boiling point of 78 °C. It was 
therefore excluded. In a later section, we discuss the larger 
cycloalka-1,3-dienes 8 and 9 in their  T1 states to probe the 
effect of ring size on the twisting of the diene segments and 
its impact on the diene dimerization yields (vide infra). We 
did not consider the small 1,3-cyclopentadiene as it dimer-
izes thermally within hours via the Diels–Alder reaction.

The triplet energies, E(T1), of the conjugated dienes 1–7 
and the photosensitizer 1,1-dinaphthylmethanone at (U)
B3LYP-D3/6-311 + G(d,p) level are listed in Table 1. Since 
we utilized a mixture of Z- and E-isomers in the experiments 
with 5 and 6, we computed E(T1) of all the isomers present. 
The E(T1) of 1,1-dinaphthylmethanone (52.2 kcal  mol−1) is 
slightly higher than those of the dienes studied herein, mak-
ing it a suitable sensitizer in our studies. The triplet lifetime 
of 1,1-dinaphthylmethanone is 300 ns, [41] which is long 
enough for molecular collisions and energy transfer to take 
place. Furthermore, the  T1 state of 1,1-dinaphthylmethanone 
has a ππ* character, which prevents the competing H-atom 
abstraction pathway [46].

All dimerization reactions were run in a Teflon tube 
coiled around a water-cooled condenser (Fig. 3), using neat 
dienes, except for 1,3-butadiene (1) which was run dilute in 
hexane, i.e., the form in which it is commercially available. 
Photoirradiations of dienes 2–7 with a 0.1 mol% photosen-
sitizer loading (λ = 365 nm, t = 24 h) gave the dimer yields 
reported in Table 1. Considering that the photosensitizer 
1,1-dinaphthylmethanone is kept throughout this study, and 
for an applications point of view, we base our comparisons 
on the yields of the dimer products and not on the quantum 
yields.

The formation of dimers in all irradiated samples could 
be confirmed through GC–MS analyses (Figs. S1–S3, ESI). 
Trace amounts of trimers were found for 7 and 2 (Fig. S4, 
ESI), and the photosensitizer was preserved in the irradiated 
samples, without formation of H-atom abstraction products 
(i.e. di(naphthalen-1-yl)methanol, Fig. S5, ESI). Interest-
ingly, a varying degree of selectivity in the photodimeriza-
tions is observed in the chromatograms since some dienes 
produced a larger number of different dimer isomers than 
others (Figs. S1–S3, ESI). In the case of 5, the large num-
ber of dimer isomers in the products can be traced back to 
the different isomers in the starting material. Considering 

Fig. 2  The 1,3-dienes investigated in this study and their boiling 
points (b.p.): 1,3-butadiene 1, isoprene 2, 2,3-dimethyl-1,3-butadiene 
3, E-1,3-pentadiene 4, 2,4-hexadiene 5, 3-methyl-1,3-pentadiene 6, 
1,3-cyclohexadiene 7, 1,3-cycloheptadiene 8, Z,Z-1,3-cyclooctadiene 
9 
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that we are interested in the total yield of dimers, we do 
not assess the specific structures of each of the dimers pro-
duced. Earlier studies have explored the structure of dimers 
in detail for some of the 1,3-dienes, and found that photo-
sensitized dimerization of isoprene, 1,3-cyclohexadiene, and 
2,3-dimethyl-1,3-butadiene were observed as, respectively, 
seven, three, and seven different dimers [11, 13]. The com-
positions of these product mixtures (dimer isomers) were 
strongly dependent on the photosensitizers employed and 
on the distribution between the available diene conformers 
in the  S0 state [11, 13]. Interestingly, the various 1,3-dienes 
exhibit a wide range in the yields of their dimers, spanning 
from 93% down to values below 9%. Among the acyclic 
dienes that can be used neat (2–6), 2 displayed the highest 
yield, followed by 3 and 4, while the lowest was obtained 
for 5 and 6 (both ~ 9%). At this point, it can be noted that 5 
exhibits also a low quantum yield of sensitized Z/E-photoi-
somerization. [47]

The 1,3-butadiene photodimerization could only be run 
in hexane solution (15 wt.% as commercially available), and 
the observed yield was merely 6.5%. Now, when 2 and 5 (the 
most and the least reactive acyclic diene, respectively) were 
run in hexane under the same conditions as those of 1, the 
yield of dimers of 2 was still higher (18%) than that of 1, but 
that of 5 decreased from 9 to 1% (Table 1, footnote e). These 
results show that 5 is much less reactive than 1, and together 
with 6, the least reactive of the acyclic 1,3-dienes. As 2 still 
gives the highest yield among our selected small acyclic 
1,3-dienes, it becomes apparent that 2 has advantages over 
1 from a photochemical point of view, besides that it already 
can be produced photobiologically. A potential benefit of 1 
could be that it should evaporate more easily from the cells 
than 2.

Next, we used DFT computations to identify the rea-
sons for the different reactivities among the investigated 
1,3-dienes. The reaction mechanism of the photosensitized 
dimerization of conjugated dienes can be seen as a sequence 
of three major steps, as depicted in Scheme 1: (i) excitation 
of the photosensitizer to its triplet state; (ii) energy trans-
fer and (iii) dimerization. We studied the effect of methyl 
substitution on the E(T1) of conjugated dienes and on the 
activation and reaction energies of the step that leads to the 
dimer radical pair intermediate (first product of step iii in 
Scheme 1).

In their  T1 states, the acyclic conjugated dienes can be 
described as triplet radical pairs composed of two non-inter-
acting radicals oriented perpendicularly to each other; one 
alkyl radical and one allyl radical (Figs. 4A and S6, ESI). 
The product of the first reaction step, on the other hand, can 

Table 1  Triplet state energies of small 1,3-dienes and the photodimerization yields (0.1  mol% 1,1-dinaphthylmethanone), using neat dienes 
unless otherwise stated 
 

a Calculated at (U)B3LYP-D3/6-311 + G(d,p) level with thermal free energy corrections at 298 K. bZ,Z-isomer. cE,Z-isomer. dE,E-isomer. eYield 
in parenthesis when diluted diene samples (15 wt% in hexane) are used. fZ-isomer. gE-isomer

Compound number Diene Computed E(T1) (kcal  mol−1)a Dimer yield (wt%)

1 1,3-Butadiene 50.4 (6.5)e

2 Isoprene 49.8 66 (18)e

3 2,3-Dimethyl-1,3-butadiene 50.1 29
4 E-1,3-Pentadiene 49.7 20
5 2,4-Hexadiene 46.4b/47.3c/49.4d 9 (1.0)e

6 3-Methyl-1,3-pentadiene 46.7f/47.2g 9
7 1,3-Cyclohexadiene 46.4 93
8 1,3-Cycloheptadiene 48.9 45
9 Z,Z-1,3-Cyclooctadiene 45.1 7

Fig. 3  The coiled Teflon tube around the water-cooled condenser is 
used for the photodimerization reaction of dienes. The reaction was 
run at ~ 7  °C. The starting experimental solutions containing diene 
and 1,1-dinaphthylmethanone mixture were transferred into the Tef-
lon tube and both ends were sealed with rubber septa
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be described as a bis(allyl) radical pair dimer with triplet 
multiplicity (Fig. 4B), a short-lived intermediate that under-
goes intersystem crossing to the singlet radical pair and then 
closes to the observed dimers. Yet, when in their singlet 
state, the bis(allyl) radical pairs may also, in a competing 
reaction, dissociate via cleavage of the central C–C bond, 
which leads back to two diene reactants (see further below).

The methyl substituents have two effects: they hypercon-
jugatively stabilize the alkyl and allyl radicals that develop 
in the  T1 state diene; however, the more the methyl sub-
stituents, the more extensive is the steric congestion at the 
transition state that leads to the dimer radical pair interme-
diate. For the triplet state dienes and the dimer radical pair 
intermediates at their least congested (most stable) conform-
ers, the methyl substituents only provide hyperconjugative 
stabilization. The steric effects, on the other hand, play a role 
at the transition states. The first three acyclic dienes (1–3) 
adopt lowest energy conformers described as one primary 
alkyl radical and one allyl radical, whereas 4–6 adopt triplet 
state conformers described as one secondary alkyl radical 
and one allyl radical.

So why does isoprene give the highest yield among the 
acyclic dienes? The yields decrease both when a second 
methyl group is attached to a central C atom of 2 leading 
to 3 and when the methyl group of 2 is removed leading 
to 1. First, we consider the relative E(T1) of 1–3 (0.6, 0.0, 
and 0.3 kcal   mol−1, respectively), which do not reveal a 
gradual stabilization of the  T1 state with increasing methyl 

substitution. In the most stable conformer of 32, the methyl 
group is positioned at one of the ends of the allyl radical (at 
the inner end). In 33, both methyl groups are bonded to the 
internal C atoms, and one of these groups will be attached 
to the C2 atom of the allyl moiety of 33. At this position, 
the singly occupied molecular orbital (SOMO) has no coef-
ficient, and this methyl group provides no additional stabi-
lization when compared to 2. One should also compare the 
two isomers 2 and 4, and although E(T1) of 4 and 2 are the 
same, the methyl group in the most stable conformer of 34 
sits at the alkyl radical moiety in contrast to 32 where it must 
sit at the allyl radical. Finally, when going to the dimethyl 
substituted 5 and 6, one can note lowered E(T1) for some 
of the isomers. However, for Z,Z-5 and Z-6, these should 
stem from destabilizing steric congestion in the  S0 state. Yet, 
the E(T1) is also low for E-6 where the low energy instead 
reveals hyperconjugative stabilization of both the alkyl and 
the allyl radical moieties of the  T1 state.

Differences in the rate constants of triplet quenching have 
earlier been observed among different dienes as quenchers 
[48], and Sandros and Bäckström concluded that the tri-
plet energy transfer is a diffusion-controlled process [49]. 
Changes in the steric hindrance of the photosensitizer have 
also been shown to not affect the energy transfer from car-
bonyl compounds to different substrates [50]. We previously 
identified the rate-determining step to be the addition of a  T1 
state diene to an  S0 state diene leading to the triplet bis(allyl) 
radical pair intermediate [10]. The most reactive part of each 

Scheme  1  Three main steps in the reaction mechanism of the pho-
tosensitized dimerization of conjugated dienes: (i) the excitation of 
the photosensitizer (1,1-dinaphthylmethanone) to its triplet state; (ii) 
the energy transfer from the photosensitizer to a ground state diene; 
(iii) the dimerization step, started by the attack of a  T1 diene to an 
 S0 diene, leading to a cyclic product after cyclization of the bis(allyl) 

radical pair intermediate, here exemplified on the simplest diene 
1,3-butadiene. The product shown is only one of possible dimers (4-, 
6-, and 8-membered rings, depending on the radical combinations in 
the final step). The bonds formed during the reaction are depicted in 
red. ISC intersystem crossing
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triplet 1,3-diene is the alkyl radical moiety. Given the vari-
ous possible conformers of the two reactants, we consider 
the reaction path when the  T1 state diene in its most sta-
ble conformer adds to an  S0 state diene in its most stable 
conformer, and we discuss the paths with the least steric 
congestion between the two reactants which should lead to 
the lowest activation barriers. In the case of 5 and 6, the 
 S0 state conformers considered were the most stable ones 
of the E- and E,E-isomers. Furthermore, two orthogonally 
twisted  T1 state structures are possible for each of 2, 4, and 
6 as these dienes can be twisted about either the  C1–C2 or 
 C3–C4 bond (Fig. 4).

First, the activation energies for the addition of 31 and 
32 to the corresponding  S0 dienes are lower than those of 
3–6. For 4–6 the reactive alkyl radical site is a secondary 
radical, which explains the slightly higher activation barri-
ers for these dienes. On the other hand, the higher activation 
energy and lower dimerization yield of 3, as compared to 2, 
could result from larger steric congestion at the transition 
state of the dimerization of 3. This can be seen in several 
properties. First, the reactant molecule 33 at the transition 
state for dimerization of 3 is more distorted than the reactant 

molecule 32 at the transition state for dimerization of 2 (cal-
culated distortion energies for 33 and 32 are, respectively, 3.1 
and 1.7 kcal  mol−1). This is corroborated with the fact that 
the transition state of the photodimerization of 3 exhibits a 
shorter C–C bond-forming distance than what is the case 
for 2 (Fig. 5), simultaneously as the hydrogens from the 
two dienes are further apart in the case of 3 (Fig. S7, ESI). 
However, the reason for the lower reactivity of 1, which 
we observed experimentally, is not clear as its computed 
activation energy resembles that of 2. It may be a result of a 
slightly larger energy difference in the E(T1) of 1,1-dinaph-
thylmethanone sensitizer and 1 than between this sensitizer 
and 2. In addition, the bond formed in the bis(allyl) radical 
pair of 1 is 0.009 Å longer than in the one of 2 (Fig. 5). Here, 
one may argue that the longer the bond distance, the more 
favorable it should be with a C–C bond cleavage, leading 
back to the starting diene reactants. Indeed, a more facile 
bond cleavage in 1 than in 2 may explain the lower dimer 
yield in the reaction of 1 compared to 2. In fact, all the acy-
clic dienes except 6 show a correlation between the C–C 
bond distance and the yield of dimerization (Fig. S8, ESI), 
suggesting that this competing reaction occurs.

Fig. 4  A Schematic drawings of the most stable conform-
ers of  T1 state dienes 1–6 based on the optimized (U)B3LYP-
D3/6–311 + G(d,p) geometries. B Activation energies (kcal  mol−1) for 
the addition of a  T1 diene to an  S0 diene leading to a bis(allyl) radical 
pair intermediate, computed at (U)B3LYP-D3/6–311 + G(d,p) level as 

Gibbs free energies at 298 K. The chosen conformers of the  T1 diene 
and the  S0 diene are the most stable ones, combined to give the least 
steric congestion at the transition state and presumably the lowest 
activation barrier
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Of the two isomers 2 and 4, diene 4 has a 0.7 kcal  mol−1 
higher activation barrier than 2 for the first dimerization 
step, which should stem from the fact that the reactive alkyl 
radical part is a secondary radical in 34. This explains the 
lower dimerization yield of 4 than of 2.

For the three dienes 4–6, which have most stable con-
formers with secondary alkyl radical moieties, there are 
higher-energy conformers with primary alkyl radical 
moieties. For 4, such a conformer is at a relative energy 
0.7 kcal  mol−1 above that most stable one, while for 6 such a 
conformer is less accessible at 2.8 kcal  mol−1 above the most 
stable. In this less stable conformer of 6 with primary radi-
cal sites, the allyl radical moieties either experience steric 
congestion between methyl substituents on two adjacent C 
atoms or adopt a less favorable Z-configuration of the methyl 
substituted allyl radical. Thus, conformers with reactive pri-
mary alkyl radical moieties are less populated in the case 
of 6 (Fig. S9, ESI). In diene 5, the methyl substituents are 
placed at the ends of the diene segment, and as a result, the 
alkyl radical moiety of this diene in its  T1 state will always 
be a secondary radical moiety.

The reaction energies become gradually less exer-
gonic when going from 1 to 5 and 6, which in part can be 
described by an increased hyperconjugative stabilization 
of the triplet diene reactants. In 31, there is no hypercon-
jugative stabilization, while in 5 and 6 the triplet dienes 
experience hyperconjugative methyl group stabilization of 
both the alkyl and allyl radical moieties. Accordingly, the 

gain in energy upon dimerization is smaller in the latter 
species. A second contributing factor may be a greater 
loss in entropy in the dimerization of 5 and 6 than of 1, 
as the products of the two first dienes will be more struc-
turally confined due to steric clashing between methyl 
substituents.

The activation energies of the rate-determining steps 
of 1–6 correlate moderately with the reaction energies 
(R2 = 0.80, Fig. S10A, ESI), i.e., the more exergonic the 
addition step, the lower is the activation barrier, in line with 
the Bell–Evans–Polanyi principle [51, 52]. Furthermore, 
the computed spin densities in the transition state structures 
show a clear distinction between the reacting diene in its  T1 
state and the reacting diene in its  S0 state (Fig. S11, ESI), as 
well as the spin polarization effect which the former has on 
the latter. These results reveal a reactant-like transition state, 
in line with the exergonic reaction profiles (Fig. 4).

Noteworthy, the even more substituted 2,5-dimethyl-
2,4-hexadiene, where the  T1 state would be described as 
composed of a tertiary alkyl radical and a terminally dime-
thyl substituted allyl radical, has been reported to not form 
dimers when the sensitized photodimerization is attempted 
[11]. This supports our observation of a relationship between 
the reactivity of 1,3-dienes in these photoreactions and the 
extent of methyl substitution at or near the reactive C atom 
of the alkyl radical moiety. Isoprene (2) in  T1 is the most 
reactive diene because it is the mono-methyl substituted 
diene with a reactive alkyl radical moiety being a primary 

Fig. 5  Structures of transition states (TS) and bis(allyl) dimer radical pair intermediates formed in the addition of one  T1 diene to an  S0 diene 
calculated at (U)B3LYP-D3/6-311 + G(d,p) level. The bond distances of the forming bonds in the TS (blue) and intermediates (red) are indicated
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alkyl radical. Its isomer, piperylene (4), is less reactive as 
its most stable conformer in the  T1 state has a secondary 
alkyl radical moiety. The dimethyl substituted dienes are all 
considerably less volatile and/or have less reactive second-
ary alkyl radical moieties.

3.2  Cyclic 1,3‑dienes

The  T1 state of 7 has the dominant radical character at the 
two terminal C atoms of the conjugated diene segment 
(Fig. 6A, B), and this diene gives the highest yield of dimers 
after 24 h of irradiation (93%). After 12 h, the yield of 
dimers was already 80 wt.%, while it reached 95 wt.% after 
36 h. Clearly, 7 has feature(s) not accessible to the acyclic 
1,3-dienes which lead to faster kinetics.

Indeed, the much faster photodimerization of 7 than of 
2–6 should (in part) result from its long  T1 state lifetime of 
1.3–6.0 μs [53], which is two orders of magnitude longer 
than those of 2 and 5 being 27 and 32 ns, respectively. [53] 
Moreover, because of the planar  T1 state structure, 37 is best 
described as two localized radicals at C1 and C4, localized 
to these atoms due to Pauli repulsion between the two same-
spin electrons in the planar π-orbital system. Thus, there 

being two causes of the rapid photodimerization of 7; (i) 
it has a long triplet lifetime, since it has fewer deactivation 
pathways due to the geometrically confined six-membered 
ring [54], and (ii) its two radicals are fairly localized in a 
1,4-diradical leading to a higher reactivity. Cyclic conju-
gated dienes with larger and more flexible rings should have 
shorter  T1 lifetimes, and for 8 and 9 they are 400–550 and 
40–120 ns, respectively [54, 55]. From the calculated  T1 
state structures of the cyclic dienes 7–9 (Fig. 6C), the grad-
ual change toward the structure of an acyclic diene becomes 
clear.

Triplet cyclohexadiene 37 has C2 symmetry so that the 
H–C1–C2–H and H–C3–C4–H dihedral angles are both 
9.3°. In contrast, 38 can exists in two different conformers: 
the most stable being a non-twisted Cs symmetric conformer 
with both terminal H–C–C–H dihedral angles of 6.5°, and a 
second conformer at a relative energy of 2.3 kcal/mol with 
an H–C–C–H dihedral angle of 77.4° and a planar allyl radi-
cal fragment. Finally, 39 exists only as a twisted conformer 
described as one alkyl radical and one allyl radical moiety, 
and with one H–C–C–H dihedral angle of 80.8°. Similar 
results have been found by Allonas et al. [55], although the 
twisted conformer of 38 (38′) was not noted in their work. 

Fig. 6  A Geometries of the cyclic 1,3-dienes 7 – 9 in their  T1 
states (two conformers of 8; 8 and 8’, respectively), calculated 
at the (U)B3LYP-D3/6–311 + G(d,p) level, B their spin densities 

(isovalue = 0.004), and C dihedral angles (written in red and blue). 
For 1,3-cycloheptadiene, two minima were found, and their relative 
free energies are shown in parentheses
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Indeed, 38’ may be the conformer from which decay to  S0 
occurs. In 39, the level of twisting is comparable to what 
is found in the acyclic 1,3-dienes in their  T1 state (Fig. 
S12, ESI), and, consequently, its lifetime resembles those 
of acyclic triplet dienes. Both the shorter triplet lifetimes 
and the gradual decrease of spin density localized at the 
two terminal C atoms of the diene units (Fig. 6B) should 
reduce the efficiency of the sensitized photodimerization of 
cyclic 1,3-dienes as the ring size increases. Now, how is this 
reflected in the activation barriers?

As seen in Fig. 7, the activation barriers become higher 
and the dimerization steps become less exergonic as the 
ring size increases. Yet, the activation energy for the first 
dimerization step of 7 is even lower than those of 1 and 2, 
a result of higher reactivity of the non-twisted 37, a planar 
1,4-diradical, with Pauli repulsion between the two same-
spin electrons. On the other hand, the reaction of 7 is less 
exergonic than those of 1 and 2, which relates to the more 
congested diradical intermediate formed in the case of 7. 
In addition, the longer  T1 lifetime contributes for the more 
rapid dimerization of 7, as it leads to a higher concentration 
of 37 than of other 1,3-dienes in their  T1 states. By assuming 

that every encounter between the  T1 photosensitizer and 7 
is successful for the energy transfer, and that these encoun-
ters are diffusion controlled (see the ESI), we estimate the 
concentrations of  T1 state species as:  [37] = 8.3 ×  10–7 M, 
 [38] = 2.6 ×  10–7 M,  [39] = 2.6 ×  10–8 and  [32]  = 1.7 ×  10–8 M 
(see the ESI, Sect. 1.2). Thus, the concentration of 37 is 3 to 
nearly 50 times higher than the ones calculated for the two 
larger cyclic dienes and for isoprene.

Hence, we tested the sensitized photodimerization of the 
larger 8 and 9 under the same conditions as 7, leading to 
yields of, respectively, 45% and 7% (Table 1). Clearly, as 
the degree of twisting in the  T1 state increases, the yield of 
dimers decreases, confirming that the twisting of the larger 
cyclic 1,3-dienes in their  T1 states reduces the efficiency of 
the photosensitized dimerization. In fact, for 9 the yield is 
comparable to that of 5. Interestingly, 8 shows a lower yield 
of dimers than 2 despite having a significantly longer triplet 
lifetime (~ 500 vs. 27 ns). With regard to the reactions of 8 
and 9, it should be noted that trace amounts of intramolecu-
lar cyclization products were observed (Fig. S13, ESI).

Taken together, the results indicate that 1,3-cyclohexa-
diene and isoprene are the most suitable substrates in the 
photodimerizations. If one plots the activation energies of 
the first dimerization steps of 1–9 against the correspond-
ing reaction energies, one sees that 7 and 8 are outliers (Fig. 
S10B, ESI). With 7 and 8 included, an R2 value of 0.32 
is obtained for a linear regression, whereas a value 0.79 
is found without these compounds. Dienes 7 and 8 have a 
lower activation energy than predicted from the fit, a fact that 
should stem from their localized 1,4-diradical characters.

We now proceed to further explore the optimal reaction 
conditions.

3.3  Effects of diene and sensitizer concentrations 
on photodimerization yields

Earlier herein, we irradiated hexane solutions of isoprene (15 
wt%) to enable a comparison with the corresponding results 
for 1,3-butadiene. We now tested different concentrations of 
isoprene solutions (5–60 wt% in hexane) keeping a constant 
photosensitizer concentration (0.1 mol%) to explore how 
dilution affects the dimerization yield. Low isoprene con-
centrations are interesting as they resemble the dilute solu-
tions that result when photobiologically produced isoprene 
is trapped. As seen in Fig. 8A, the yield of dimers decreases 
linearly with decreased isoprene concentrations.

We also explored the impact of increasing the photo-
sensitizer concentrations (0.1–0.6 mol%) using a hexane 
solution of isoprene (15% in hexane). An increased sen-
sitizer concentration should favor the bimolecular triplet 
energy transfer, and as seen in Fig. 8B, the yield of isoprene 

Fig. 7  Activation barriers of the addition of a  T1 state diene to an  S0 
state diene to form bis(allyl) radical pair intermediates, for dienes 
7–9. Calculated at (U)B3LYP-D3/6-311 + G(d,p) level as Gibbs free 
energies at 298  K. The energy barriers and relative energy of the 
intermediates formed are in kcal  mol−1 and they are relative to the 
energy of the reactants
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dimers increased by up to a value of 54% with 0.4 mol% of 
1,1-dinaphthylmethanone. This is almost three times higher 
than in the reaction using the solution with 0.1 mol% photo-
sensitizer. However, with 0.5 and 0.6 mol% photosensitizer 
the dimer yields dropped, a result of either self-quenching 
between two photosensitizer molecules or quenching of 32 
by a photosensitizer molecule. Although endergonic, the 
latter may occur given that the E(T1) of isoprene is close to 
that of the sensitizer [49]. Thus, a loading of 0.4 mol% is 
the optimal photosensitizer loading in the diluted condition 
of 15 wt.% isoprene in hexane. We also tested the neat iso-
prene (99%) with a higher concentration of photosensitizer 
(0.4 mol%), but in this case, the yield of dimers did not 
increase when compared to the 0.1 mol% case (Table S1, 
ESI). Thus, increasing the photosensitizer concentration will 
improve the efficiency of the photodimerization in dilute 
isoprene concentrations, but not in more concentrated ones.

3.4  Solvent viscosity and dimerization yield

The photosensitized dimerization of 1,3-cyclohexadiene in 
solution has been shown to be viscosity dependent, with 
an increase in the yield of dimers as the pressure and, con-
sequently, the viscosity of the solvent increases [56]. The 
decay from the  T1 state also has a dependence on the solvent 
viscosity at low viscosity ranges [57], behaving as a diffu-
sion-limited process. For this reason, we tested solvents with 
different viscosities (hexane (0.3 cP), cyclohexane (1.0 cP), 
tetradecane (2.3 cP), and hexadecane (3.4 cP)), and carried 
out irradiation experiments (24 h) on solutions of isoprene in 

these solvents (15 wt%) and with 0.1 mol% of 1,1-dinaphth-
ylmethanone. The relative yields of dimers were assessed by 
1H NMR spectroscopy (Table 2, Fig. S14, ESI), based on the 
ratio of the integration of protons from the starting material 
isoprene and the protons of the dimers formed.

In contrast to earlier observations by Liu et al. [15], our 
results show that the yield of isoprene dimers is indeed 
affected by a change in solvent viscosity; however, there is 
not a linear dependence on the viscosity over the range we 
chose. In fact, the yield decreases when going from hexane 
(0.3 cP) to cyclohexane (1.0 cP) and tetradecane (2.3 cP), 
but slightly increases again when going to hexadecane (3.4 
cP). Just like the  T1 decay dependence upon solvent vis-
cosity, the yield of isoprene dimers is viscosity-dependent 
only for a low range of viscosity values. Among the ones 
studied herein, hexane is clearly the optimal solvent with 
a somewhat higher dimerization efficiency than the other 
alkane solvents.

Fig. 8  Effects of concentrations of isoprene and 1,1-dinaphthylmeth-
anone on the photodimerization yields. A The total yield of dimers 
(wt%) as a function of isoprene concentration (5–99 wt% in hexane) 
with 1,1-dinaphthylmethanone (0.1  mol%, related to the isoprene 

concentration). B The total yield of dimers from the photodimeriza-
tion of 15% isoprene in hexane as a function of 1,1-dinaphthylmetha-
none concentration (0.1–0.6 mol%)

Table 2  Effect of different viscosity of solvents on photodimerization 
of isoprene (15 wt%, and 0.1 mol% 1,1-dinaphthylmethanone). Sam-
ples were irradiated for 24 h

Solvents Viscosity (cP at 
20–25 °C)

Relative integration 
of dimers signal (%)

Hexane 0.3 60
Cyclohexane 1.0 48
Tetradecane 2.3 41
Hexadecane 3.4 43
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4  Conclusions

Through comparisons of the photosensitized dimeriza-
tion of various conjugated dienes, we could identify how 
different electronic and structural factors affect their 
reactivities. Being the most reactive, the photodimeriza-
tion of 1,3-cyclohexadiene is favored both by its long  T1 
lifetime and its more reactive triplet with a 1,4-diradical 
character. Thus, pathways to photobiological production of 
1,3-cyclohexadiene should be sought, although a drawback 
is its nonvolatility (b.p. = 80 °C) making it unusable in our 
previously reported two-step photobiological–photochemi-
cal approach to jet fuel hydrocarbons.

Among the acyclic conjugated dienes, isoprene gave 
the highest yield of dimers. Importantly, and in contrast to 
1,3-cyclohexadiene, isoprene is volatile enough to escape 
from the cyanobacteria cells, facilitating its harvest. Yet, 
it is still a liquid at room temperature, which makes it 
facile to handle in the photochemical dimerization step. 
Such advantages put isoprene as the ideal 1,3-diene in 
our two-step photobiological–photochemical route to jet 
fuels. The smallest conjugated diene, 1,3-butadiene, has a 
lower photoreactivity and is a gas at ambient temperature 
(b.p. −4 °C). The lower reactivities of other linear con-
jugated dienes result from their higher number of methyl 
substituents and their radical character in the  T1 state 
structures being placed in internal carbons, which leads to 
more hindered radicals and provide for hyperconjugative 
stabilization. Indeed, our results showed that the methyl 
substitution patterns affect the photosensitized dimeriza-
tion of 1,3-dienes, while the large difference in the triplet 
lifetimes dominates the effects for cyclic 1,3-dienes.

The trapping of photobiologically produced dienes 
will likely be in alkane solvents. As the dilution of dienes 
reduces the yields of dimerization, we explored raising the 
photosensitizer loading, which improved the conversions, 
until an optimal loading is reached after which the conver-
sion decreased. The results support further development of 
our two-step photobiological–photochemical production of 
jet fuel hydrocarbons via small 1,3-dienes, with a special 
focus on isoprene as the most suitable diene as it is readily 
available photobiologically and known to undergo a highly 
efficient photosensitized dimerization.
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