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In a Molecular Solar-Thermal Energy Storage (MOST) system, solar energy is converted to chemical energy using a 

compound that undergoes reversible endothermic photoisomerization. The high-energy photoisomer can later be 

converted back to the parent compound and the excess energy is released as heat. One of the most studied MOST systems 

is based on fulvalene-tetracarbonyl-diruthenium, and this paper demonstrates, for the first time, the possibility to tune 

the photochemical properties of this system by positive steric hindrance working on the fulvalene unit.

Introduction 

 

The energy received by planet Earth in the form of sunlight 

exceeds our energy consumption by orders of magnitude, yet 

techniques to harvest and store this energy are still at a rather 

rudimentary stage, when considering the fact that only a very 

small fraction of the world’s energy demand is covered by 

solar energy. A possible method to store solar energy is by 

using compounds undergoing reversible, endothermic 

photoinduced isomerization.1, 2 Important parameters to 

design for such a system are extended absorption range within 

the solar spectrum as well as a high energy storage capacity. 

For efficient utilization of the sunlight, the photoisomer must 

be essentially transparent at the wavelengths of interest. 

Furthermore, the barrier of back-conversion must be high 

enough to allow energy to be stored over extended periods of 

time; back-conversion should preferably be facilitated by 

catalysis. A number of molecular systems have been proposed 

for solar energy storage, the most widely studied compounds 

being small organic molecules, such as norbornadiene, which 

undergo a photochemical intramolecular [2+2] cycloaddition 

to quadricyclane3-5, trans-stilbene and trans-azobenzene 

derivatives that undergo photoinduced isomerization to the 

corresponding cis-forms.6-12 For a detailed account of previous 

work in the field, we refer to reviews.13-16 A general challenge 

for several of the systems exemplified above is that they 

absorb light in the UV-region of the spectrum, were solar 

emission is low. In this respect, a promising compound is 

fulvalene-tetracarbonyl-diruthenium (1, Scheme 1) introduced 

by Vollhardt and co-workers;17-20 irradiation with visible light 

causes cleavage of  both the fulvalene ligand and the metal‒

metal bond leading to two bridging cyclopentadiene dianions 

binding in a σ
1, η

5 mode. The use of ruthenium in these 

compounds appear to be essential; recently, iron analogues of 

1 were prepared, but showed no tendency to photoisomerize, 

an observation reflecting the differences in electronic 

structures of iron and ruthenium.21 Since the discovery of 1, 

efforts have been made in order to modify its properties, e.g. 

its solubility,22-24 but the photochemical properties have so-far 

not been subjected to rational design. Tuning photochemical 

properties of ruthenium complexes is of importance to several 

areas of chemistry; ruthenium  complexes have been used as 

photosensitizers since the 1970ies25 and have found 

applications i.e. in dye-sensitized solar cells,26 organic 

photoredox reactions,27 water photoreduction,28 water 

photooxidation.29, 30 and carbon dioxide photoreduction.31 

Although 1 has an absorption spectrum considerably red 

shifted compared to e.g. norbornadiene, this type of 

compounds suffer from relatively low photoisomerization 

quantum yields.32 In this work we set out to find a strategy to 

modify the structure of 1 in order to increase the quantum 

yield and thus achieving a more efficient solar harvesting 

system.  

 

 

Scheme 1. Structure of fulvalene-tetracarbonyl-diruthenium 

1 and its photoisomer 1b. 
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Table 1. Photochemical data (extinction coefficient, absorption onset, activation enthalpy, activation entropy, half-life of the 

photoisomer and isomerization quantum yield, respectively) for compounds 1, 2 and 3 in deuterated toluene. λ = 400±5.4 nm. 

 

Compound εmax [M
-1

cm
-1

] Aonset
a
[nm] ∆H

ǂ
 [kJ mol

-1
] ∆S

ǂ
 [J mol

-1
K

-1
] t½

b
 [days] ϕ

c 
[%] 

1 6000 (330 nm) 458 133.6  ± 6.4 63.5 ± 18.1 165 1.9 

2 6950 (333 nm) 460 127.4 ± 21.9 47.2 ± 61.5 94 3.3 

3 6800 (335 nm) 461 137.9 ± 12.5 78.6 ± 35.2 149 6.5 
a 
Absorption onset defined as lg(ε) = 2. 

b
 Determined from Eyring parameters at 25 °C. 

c
 Measured in toluene-d8 at 400±5.4  nm. 

Results and discussion 

 

 

The mechanism of the photoisomerization of 1 was recently 

elucidated using a combination of X-ray transient absorption 

spectroscopy, picosecond IR spectroscopy and computational 

methods.33, 34 This study stated that upon radiation the Ru‒Ru 

bond is broken and a Ru-centered biradical is formed. Due to 

the high spin-orbit coupling expected for a Ru complex the 

interconversion between spin states should be facilitated and 

a stepwise mechanism featuring a biradical intermediate 

adopting an anti-conformation of the Ru complex is formed, 

the rate limiting step being rotation about the central C‒C 

bond.34 Based on the proposed mechanism, we worked with a 

hypothesis that substitutions on the Cp rings would induce a 

steric constrain on the triplet syn-biradical and the 

intermediate (the two states having the Cp rings in plane), 

while leaving the transition states more or less unaffected, 

thus, facilitating the isomerization. To evaluate this hypothesis, 

two new compounds with three (2) and four (3) methyl groups 

were prepared and their properties were studied compared 

both experimentally and theoretically with the unsubstituted 

compound (1) 

 

Scheme 2. Synthesis of compounds 2 and 3. Tri- and 

tetramethylcyclo-pentadiene were prepared from the 

corresponding cyclopentenones via Shapiro reactions, see ESI 

for experimental details. 

Compounds 2 and 3 were synthesized from triruthenium 

dodecacarbonyl and the corresponding dihydrofulvalenes in 

refluxing xylenes (Scheme 2), inspired by the synthesis of (3-

tert-butyl-fulvalene)-tetracarbonyl-diruthenium19, cf. 

supplementary information. The use of tri- and 

tetramethylcyclopentadiene rather than mono- and 

dimethylcyclopentadiene, respectively, eliminate the 

possibility of isomerism. Reports on unsymmetrically 

substituted fulvalene-tetracarbonyl-diruthenium compounds 

are otherwise scarce, another example being an indenyl-

analogue,35 where the corresponding “dihydrofulvalene” is 

stable enough to be prepared by Neigishi-coupling.36 Like 1, 

compounds 2 and 3 are bright yellow solids, sparingly soluble 

in most organic solvents. Prolonged exposure to air leads to 

slow degradation and discoloration.  

 

Figure 1. Superimposed absorption spectra of 1 (A), 2 (B) and 

3 (C) during photoisomerisation. The decrease in absorbance 

at 400 nm are shown in D (for 1), E (for 2) and F (for 3). The 

molar extinction coefficients in toluene at 400 nm for 2 and 3 

are 1.6×103 M-1 cm-1 which is comparable to 1.2×103 M-1 

cm-1 for 1. 
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Table 2. Calculated enthalphies at 298 K for compounds 1, 2 and 3, all energies in kJ mol
-1

. 

 

 P 

S0-S1 

(1
st
 excit) 

P S0 – 

B S0 

 

BS0 – 

C S0 

P S0 – 

PI S0 

P S0 – 

A T1 

A T1 – 

B T1 

B S0 – 

B T1 

B T1 – 

C T1 

C S0 – 

C T1 

PI T1 – 

C T1 

PI S0 – 

PI T1 

1 277.5 127.4 41.5 90.7 139.2 -4.2 7.6 237.9 204.0 43.0 78.2 

2 279.5 120.7 44.9 88.6 134.7 0.5 14.5 232.3 202.0 79.3 76.9 

3 279.6 118.9 45.5 81.4 123.1 1.3 5.5 240.0 200.1 83.9 83.0 

 

The absorption spectra (Fig. 1) of 2 and 3 are similar to the  

spectrum of 1, having absorption on-sets at approx. 460 nm, 

well within the visible region of the solar spectrum. When 

irradiating solutions of 1-3 the absorbance decreases until a 

complete conversion to the photoisomer has occurred. 

Importantly, the photoisomers do not display any significant 

absorption of visible light, which satisfies a crucial requirement 

for MOST systems. Also the calculated absorption follow the 

same trend, Table 2. One of the most important parameters 

for a photoswitchable molecule is the photoisomerization 

quantum yield. This was determined at an irradiation 

wavelength of 400±5.4 nm using potassium ferrioxalate as a 

chemical actinometer. Optically thick solutions (abs>2) was 

used for all samples and NMR spectroscopy was used to 

determine the isomerization ratio. The quantum yield of 1 

(Table 1) was found to be 1.9%. As we used monochromatic 

light this value is not directly comparable to that previously 

reported.19 For compounds 2 and 3, the quantum yields were 

found to be 3.3% and 6.5%, respectively, representing an 

increase in quantum yield of up to 3.4 times compared to 1. 

 

A rationalization of the observed increase in quantum yield 

going from 1 to 3 was sought using Density Functional Theory 

(DFT) calculations. Geometry optimizations where done in 

vacuum using the 6-311+G(d,p)37 basis set for all elements 

except for Ru where effective core Potential LANL2DZ38, 39 

were used in combination with hybrid B3LYP40, 41 functional. 

Singlet and triplet calculations were done for the parent 

compounds (P), anti-biradical intermediate (B) and the 

photoisomers (PI) of the three compounds 1, 2 and 3, 

respectively (Fig. 2 and Table 2). In addition, transition state 

searches were done between A and B; B and PI, respectively. 

Earlier computational studies have used DFT to calculate a 

relatively high barrier of the first transition state between A 

and B (38 kJ mol-1).42 However, due to the high biradical 

character of the first transition state (A to B), DFT is not 

suitable to describe this multi-reference problem. We are 

therefore using more conventional arguments to rationalize 

the difference in photoisomerization efficiency between 1, 2 

and 3, with respect to the initial rotation to form B from P. The 

transition state between B and the PI is found and well 

characterized.  

 

As P is excited, the Ru‒Ru bond is cleaved and a syn-biradical 

(A) is formed, the relaxed triplet lying well below the excited 

singlet and the reaction will cross-over to the triplet surface. 

As can be seen in Fig. 3 and Table ESI1, the relaxed triplet A T1 

structuresare already twisted by 38.8‒60.8°, where the largest 

twist is for the substituted compounds 2 and 3. When 

compared  

 

Figure 2. Schematic energy profile for the photoisomerization 

of 1 on singlet surface (solid line), and triplet surface (red, 

dotted line).Note that representations of molecular 

structures are only schematic. 
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Figure 3. Optimized structures of P S0, A T1, B T1 and B S0 at 

B3LYP/6-311+G(d,p)/LANL2DZ. 

 

with the relaxed structure of B T1 we see that these are also 

twisted by 131.8‒172.4° where the least twist is for 2 and 3. 

Thus, the degree of rotation required for converting A to B 

decrease in the order 1> 2> 3. 

 

The C‒C bond lengths (RCp-Cp; Table ESI1) between the Cp rings 

are in the order of 1.416‒1.473Å indicating that these bonds 

have single bond character between two sp2 hybridized C 

atoms. When comparing with C‒C bond lengths (R1CC and 

R2CC) in the Cp rings we see that they only differ with 

maximum 0.039 Å (B S0) showing the full conjugation of the 

rings. Taken together, this indicates delocalized Cp-rings 

connected with single bond rather than a fulvalene ligand with 

localized double bonds in the five-membered rings and a 

double bond between the rings. For 1, A is 4.2 kJ mol-1 lower in 

energy than B T1, as opposed to 2 and 3 where it is 0.5 

respectively 1.3 kJ mol-1 higher, see Table 1. Rotation around a 

carbon‒carbon single bond is typically low (12 kJ mol-1 for 

ethane and about 25 kJ mol-1 for butane).43 Therefore  

 

Figure 4. Quantum yield of 4 as a function of viscosity. The 

vis-cosity was modulated using different linear aliphatic 

solvents at ambient temperature (circles: pentane to 

decane), or by changing the temperature (squares: in 

heptane). 

we conclude that, as the reaction takes place on the triplet 

surface after the excitation, and that the relaxed A T1  and B T1 

already are rotated around the single bond between the Cp 

rings, there should only be a small barrier connected with this 

rotation. The higher quantum yields of 2 and 3 compared to 1 

can thus be rationalized by; 1) A and B T1 structures are most 

alike (less difference in rotational angle DCCCC) 2) B T1 is lower 

in energy than A T1. The S-T splitting of B is 5.5‒14.6 kJ mol-1 

allowing the compounds to relax and the reaction to proceed 

on the singlet surface. As can be seen in Figure 2 and Table 2 

the enthalpies on the triplet surface for transition state C T1 

and PI T1 lies significantly higher than the corresponding S0 

states. 

 

 

Since the step from A to B involves a considerable molecular 

rearrangement (in contrast to the B to PI step), the viscosity of 

the reaction medium may influence the quantum yield: lower 

viscosity would assist rotation. To investigate this, we 

measured the photoisomerization quantum yield in a series of 

alkane solvents (pentane to decane) of increasing viscosity 

(Fig. 4). The study was made using bis(1,1-dimethyl-

tridecyl)fulvalene-tetracarbonyl-diruthenium (4; Figure 5),23 

which has a higher solubility in alkanes than does 1. The 

viscosity was found to have a significant effect on the quantum 

yield, which was more than twice as high in pentane, the least 

viscous solvent, compared to decane. This is similar to the 

photoisomerization of trans-stilbene, where the quantum yield 

also decrease with increasing viscosity,44  and gives further 

experimental support for a mechanism where the A to B 

rearrangement is the rate-limiting step. It has previously been 

observed that the quantum yield is dependent on 

temperature,34 and this is also the case here. From 

measurements of the photoisomerization quantum yield in 

heptane at different temperatures it is clear that the change in 

viscosity as a function of temperature does not fully account 

for the temperature dependence of the quantum yield.  

For fulvalene-tetracarbonyl-diruthenium to be used as a MOST 

system, the photoisomer needs to be stable over an extensive 

period of time. To determine the thermal activation barrier for 

back conversion from e.g. compound 1b to 1, the first order 

rate constants of the reaction was determined at different 

temperatures by both UV-vis spectroscopy and NMR. Eyring 

plots of the rate constants as a function of T are shown in 

Figures ESI4-6 and the associated thermodynamic parameters 

summarized in Table 1. The compounds 1-3 all show similar 

values of ΔG
ǂ, indicating that the thermal back 
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Figure 5. Compound 4 is obtained as a mixture of two isomers 

with indistinguishable photochemical properties. 

 

 

isomerisation is not affected in the same way as the photo-

induced isomerization. 

Conclusions 

In conclusion, we have re-investigated the mechanism of 

photoisomerization of fulvalene-tetracarbonyl-diruthenium by 

DFT calculations, a study suggesting that increased steric 

hindrance around the central carbon‒carbon bond would 

facilitate isomerization. By synthesizing a series of compounds, 

it was shown that the isomerization quantum yield indeed is 

sensitive to steric hindrance. Introducing methyl groups in the 

2 and 5 positions increases the quantum yield from 1.9 % for 

compound 1 to 3.3% and 6.5%, for compounds with one or 

two methyl groups, respectively. This constitutes the first 

example of tuning the photochemical properties in this 

important class of compounds. 
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