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Femto-Microsecond Electron transfer and Intermediates in Al/Fe CO2 Photoreduction 

Systems through Optical and X-ray Spectroscopy 

Maxime Sauvana, Ashok Ugalea, Lucia Velascoa,b, Asterios Charisiadisa, Fan Mac, Xiaoyi Zhangd, Jia-
Wei Wangc*, Dooshaye Moonshirama*

This study reveals the reaction pathways of 2 Al-Fe earth-abundant 
photocatalytic systems for CO2 reduction through femto-
nanosecond optical transient absorption and microsecond X-ray 
spectroscopies. Time-resolved experimental findings with time-
dependent density functional theory illustrate the formation of an 
elusive FeI octahedral species with bound aqua ligands and 
lifetimes of 23-29 µs. 

The increasing burning of fossil fuels has over the past decades 
resulted in an increasing CO2 concentration that is responsible for 
today’s global warming. The photochemical transformation of CO2 
into natural gases or liquid fuels, using water as an abundant electron 
donor, could not only generate renewable fuels1 but also mitigate 
greenhouse gas emissions. The reduction of CO2 is, however, not a 
trivial process and requires proton-assisted multiple electron 
transfer steps2 that can further outcompete H2 formation.  
Multielectron-proton reactions can effectively be achieved through 
redox-photosensitizer, catalytic systems3 that can couple transient 
one-electron excited states in the presence of an electron donor to 
the catalyst. An efficient and selective CO2 reduction catalyst with 
multiple electrons can subsequently react with CO2 and release 
reduction products while avoiding side proton reduction reactions.
Rare noble photosensitizers composed of Re4, Os5 or Ru6 centres 
have extensively been employed in homogeneous CO2-reduction 
photocatalysis. The lack of efficient noble-metal-free 
photosensitizers has further prompted the development of 
exclusively earth-abundant metal complexes, such as binuclear Cu(I) 
complexes7 composed of two tetradentate ligands which achieved 
photocatalytic CO2 reduction in the presence of either Fe or Mn 
catalysts.8 Such families of Cu photosensitizers have, however, been 

known to display the formation of a flattened geometry within their 
excited states that enables nucleophilic attack by solvent molecules 
or counter anions. As a result, low-energy excited states known as an 
‘‘exciplex’’ 9, 10 that decay to the ground state within microsecond 
time scales are formed, limiting their stabilities during 
photocatalysis.

Scheme 1. Structure of the Al photosensitizers and Fe catalyst studied in a 
multimolecular system with BIH electron donor and TEOA proton donor and 
acceptor. 

In the search of a larger library of economical CO2 photocatalytic 
systems, multimolecular assemblies composed of a 
[FeII(qpy)(OH2)2]2+ (qpy = 2,2´:6´,2”:6”,2’’’-quaterpyridine)  catalyst 
and Al-based photosensitizers  featuring monoanionic 2-
pyridyloyrrolide ligands11, 12  with varying number of methyl ligands 
denoted here as Al-1 and Al-2 (Scheme 1) were further explored in 
the presence of BIH (1,3-dimethyl-2-phenyl-2,3,dihydroxo-1H-
benzo[d] imidazole) electron donor and TEOA (triethanolamine) 
(Scheme 1).  Al-based complexes represent for instance an 
interesting class of earth-abundant photosensitizers with an earth 
abundance of 14000 ppm13 and have been less explored for 
photophysical and photochemical applications. The noble-metal-free  
Al/Fe systems were further shown to display ligand-ligand charge 
transfer (LLCT) excited states11, impressive turnover numbers of 
10250 for CO formation and higher robustness than benchmarking 
Cu and Ru photosensitizers, thus providing a promising platform for 
CO2 reduction. A complete photocatalytic system composed of Ru or 
Cu based photosensitizers with the Fe catalyst under the same 
experimental conditions for instance showed much lower turnover 
numbers of 401 and 72 respectively. 11 Importantly, the excited 
states were found to be a singlet in nature while the triplet excited 
states displayed non-emissive behaviors. 
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Although the photophysics of the Al photosensitizers (Scheme 1) 
together with their catalytic activities were probed, the kinetics 
along with the electronic and structural conformation of the Fe 
catalyst upon photoexcitation with the Al photosensitizers were 
elusive, yet of crucial importance for the development of cost-
effective photocatalytic systems for durable CO2 reduction. In this 
regard, femto-nanosecond optical transient absorption (OTA) 
together with pico-microsecond time-resolved X-ray absorption 
spectroscopy (tr-XAS, Fig. S1) are employed herein to investigate the 
formation of the Al excited states and electron transfer events to 
generate the active FeI species. The structural conformation of the 
FeI reduced state responsible for CO2 reduction is further 
corroborated with time-dependent density functional theory 
calculations (TD-DFT). This work provides valuable insights into the 
overall mechanistic scenario of a family of earth-abundant molecular 
photocatalytic systems crucial for the development of artificial 
photosynthetic assemblies for CO2 utilization.
Prior to investigating a full photocatalytic system through time-
resolved spectroscopy, steady state X-ray Absorption Near Edge 
Structure (XANES) and Extended X-ray Absorption Fine Structure 
(EXAFS) measurements were carried out to compare the 
coordination behaviours and structural conformations of the Fe 
catalyst in solid vs solution (Fig.  1). The XAS measurements were 
conducted at 15 K with a defocused beam to minimize radiation 
damage (Fig.1). The XANES spectra of the Fe catalyst in solid and 
solution display K-edge energies of 7123.1 eV and 7123.6 eV 
respectively at half height and normalized fluorescence 0.6 
consistent with a FeII oxidation state14 (Fig. 1A). Although the Fe 
complex maintains the same oxidation state in both solid and 
solution, a small shift in the XANES rising edge of 0.5 eV (Fig.  1A) 
together with a decrease in the pre-edge intensities (Fig. 1A inset) is 
observed upon dissolution in a mixture of 0.93:0.07 CH3CN: DMF 
suggesting a change in the local Fe symmetries. A small amount of 
DMF was employed to match the same solvent experimental 
conditions as OTA and tr-XAS experiments elaborated below.

Fig. 1. A. Normalized Fe K-edge XANES of 1 mM of the FeQPY catalyst in solid 
(black) and a solution mixture of 0.93:0.07 CH3CN: DMF. Inset. Zoom-in of the 
pre-edge features B. Experimental Fourier transforms of k2-weighted Fe 
EXAFS of the FeQPY solid and solution complex (1 mM). Inset. Back Fourier 
transforms experimental (solid lines) and fitted (dashed lines) Re[χ(k)]. 
Experimental spectra were calculated for k values of 2.118 to 13.443 Å-1. 

The FeII catalyst in a 3d6 high spin distorted octahedral geometry has 
4 unpaired electrons,  2 in each one of its t2g and eg levels thus leading 
to broad multiplet pre-edge features with peak energies at 7112.6 
and 7114.2 eV (Fig. 1 A inset). The  presence of pre-edge features 
correspond to the weak 1s to 3d quadrupole transitions which gain 
intensity through the dipole excitations of the core electrons into the 

valence 3d states hybridized with the N/C ligand p orbitals.15 
Interestingly, the Fe catalyst in solution displays a small decrease in 
its pre-edge intensity confirming a more centrosymmetric 
coordination environment than that in solid state (Fig. 1A inset). 
Indeed, complexes in a centrosymmetric coordination have been 
shown to exhibit weaker pre-edge features than non-
centrosymmetric complexes.14 The trends in the pre-edge features 
further rule out the formation of a distorted FeII complex bound to 
only one water or solvent molecule.
To further assess the structural conformation of the Fe catalyst upon 
dissolution, DFT optimization calculations were carried out using the 
BP86 functional in gas phase and through the conductor-like 
polarizable models for the solid and solution complexes respectively, 
as elaborated in the supporting information. Several possible 
geometries were theoretically explored and the best agreement 
between both the pre-edge and rising edge features was found for 
an FeII complex bound strongly to two aqua ligands in solution (Fig. 
S2).
The EXAFS spectrum of the catalyst in solid and solution further 
displays a prominent peak I corresponding to the average 
contribution of the Fe-N/O bond distances (Fig. 1B). The EXAFS fits 
for the extraction of the actual distances are shown in Fig. 1B inset, 
S2 and Table S1. Analysis of the first peak for the Fe solid complex 
clearly resolves 6 Fe-N distances at 2.15 Å (Table S1, Fig. S3) in perfect 
agreement with its X-ray diffraction (XRD) analysis and DFT 
calculations conducted in gas phase (Table S2, Appendix). By 
contrast, the Fe complex in CH3CN: DMF reveals six slightly shortened 
Fe-N bond distances at 2.13  Å  in agreement with the DFT structure 
of the optimized complex in solution phase (Table S1, Fig. S3).  The 
shortened Fe-N distances and six-coordinated geometry explains its 
shifted XANES spectra vs its solid spectrum, and thus slightly larger 
energy needed to eject a core 1s electron. The extracted bond 
distances for the catalyst in solution additionally rules out the 
formation of a FeII complex ligated with a single CH3CN, single aqua 
or a square planar FeII geometry whereby an averaged Fe-N bond 
distances of 2.09, 2.10 and 2.08 Å (Table S2, Appendix) would be 
respectively expected. Importantly theoretical methods including 
geometrical optimizations and XANES simulations reproduce the 
experimental EXAFS analysis well showing that they can be employed 
to deduce the structural conformation of the photoinduced catalytic 
species.
Following steady state XAS of the catalyst, optical transient 
absorption was carried out to probe the electron transfer events in 
both Al photosensitizers separately (Fig. 2) as well as in a complete 
photocatalytic system with the Fe catalyst, BIH and TEOA (Fig. 3). The 
TEOA can in this case function both as a proton acceptor for the 
deprotonation reaction of BIH and as a proton donor for the 
facilitation of the CO2 reduction reaction as previously shown.11 The 
Al-1 and Al-2 photosensitizers with (2-(3,5-dimethyl-1H-pyrrol-2-
yl)pyridine) and (2-(3,4,5,trimethyl,1H,pyrrol,2-yl) pyridine  ligands 
were designed to serve as π-acceptors for the stabilization of the 
metal reduced states in a photocatalytic system. Al-2 further bore 3 
methyl groups vs Al-1 with only 2 methyl groups to explore the 
effects of the methyl electron-donating groups on the ligands that 
would allow for a stable metal coordination as well as optimized 
photophysical properties within this class of photosensitizers.11 
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Both Al-1 and Al-2 were known to exhibit a broad absorption band 
above 350 nm peaking  around 393 and 405 nm respectively.11 Upon 
laser excitation at 355 nm, a broad negative absorption between 520 
nm and 700 nm with a maximum peak at 570 nm is observed due to 
stimulated emission (Fig. 2A,C). A broad positive peak at around 485 
nm can further be seen corresponding to the formation of the singlet 
excited state. The singlet excited state Al* was found to occur faster 
and within 514 + 55 fs in Al-2 (Fig. 2 C, S3) vs 716 + 46 fs in Al-1 (Fig. 
2A, S4) due to the presence of more electron donating methyl groups 
which play an important role in populating the excited state. By 
contrast, the intersystem crossing rate from the singlet to the triplet 
excited state occurs at a slower nanosecond rate within 4.40 + 1.17 
ns (Fig. 2B) and 4.61 + 1.20 ns (Fig. 2D) in Al-1 and Al-2 respectively 
in agreement with previous findings.11 Our femto-sub nanosecond 
laser measurement did not allow observation of the microsecond-
lived triplet absorption found11 in the range of 430 to 500 nm. 

Fig. 2. OTA spectra of a solution of A. 0.3 mM Al-1, C. 0.3 mM Al-2 in 0.93:0.07 
CH3CN: DMF upon light excitation at 355 nm between pump-probe delays 
from 144 fs up to 4.80 ps. Inset A,C. Kinetic decay profiles at λ = 485 nm after 
excitation at λexc = 355 nm illustrating the formation of the singlet excited 
state. OTA spectra of a solution of B. 0.3 mM Al-1, D. 0.3 mM Al-2 in 0.93:0.07 
CH3CN: DMF upon light excitation at 355 nm between 25.6 ps and 1.99 ns. 
Inset B, D. Kinetic decay profiles at λ = 485 nm after excitation at λexc = 355 
nm illustrating the intersystem crossing rate from the singlet to the triplet.

Fig. 3. OTA spectra of a complete photocatalytic system of A. 0.3 mM Al-1, B. 
0.3 mM Al-2  with 0.3 mM Fe catalyst, 30 mM  BIH and 30 mM TEOA in 
0.93:0.07 CH3CN: DMF. Inset A.B. Quenching of the Al* singlet excited state 
by BIH to generate the reduced optically silent Al- reduced species.

Nevertheless, the study of a complete photocatalytic system with the 
Fe catalyst, excess BIH and TEOA show that an emissive singlet 
excited state is effectively quenched for Al-1 and Al-2 within 1.24 + 
0.140 ns (Fig. 3A) and 1.19 + 0.260 ns (Fig. 3B) respectively, thus 
illustrating the reductive quenching of the photosensitizers singlet 

excited states to be the dominant pathway for photoinduced 
catalysis. Previous work11 has shown that the lifetimes of the Al 
photosensitizers could only be dynamically quenched by BIH rather 
than the Fe catalyst. However, while the OTA measurements 
effectively illustrate the quenching of the singlet excited states, the 
formation of the reduced Al- state or photocatalytic FeI species could 
not be observed due to their overlapping absorption bands with the 
stimulated emission together with the lower extinction coefficient of 
the photocatalyst.

Fig. 4. Top. Formation of a photoreduced FeI species with 2 loosely 
coordinated molecules for a multimolecular assembly composed of 2.5 mM 
Al-1 photosensitizer, 1 mM FeQPY catalyst, 100 mM BIH and 100 mM TEOA 
in a solution mixture of 0.93:0.07 CH3CN:DMF. A small amount of DMF is 
added to help improve the solubility of the Al-based photosensitizers used 
hereby in 2.5 mM concentrations. A similar transient signal was obtained for 
a complete photocatalytic system with  Al-2  as sensitizer . A. Experimental 
Laser ON-OFF spectra corresponding to  formation of FeI at 14.2 µs B. 
Experimental Laser ON-OFF spectrum (black) in comparison with theoretical 
XANES simulations corresponding to the formation of a [LFeI-(OH2)2] (black), 
[LFeI-(CH3CN)2], [LFeI-(OH2) (CH3CN)] (cyan) octahedral complex, a square 
bipyramidal [LFeI-OH2] (magenta), [LFeI-CH3CN] (blue) and a [LFeI] square 
planar photoreduced species (blue) from [LFeII-(OH2)2].

Time-resolved XANES was thus applied to monitor the kinetics and 
electronic configurations of the photo-induced FeI in a complete 
photocatalytic system. The multimolecular Al/Fe photocatalytic 
systems were optically pumped at 400 nm and probed with X-ray 
pulses from 100 ps to ~25 µs (Fig. 4, Fig. S5A). Upon light excitation, 
low lying LLCT initially occurs to form a singlet excited state followed 
by the BIH electron donor quenching to generate a reduced Al- state. 
This process is followed by an electron transfer from the Al- reduced 
state to the FeII catalyst, generating the elusive FeI species (Fig. 4A). 
The time-resolved XANES obtained by subtracting the Laser-ON and 
Laser-OFF (dark) spectra provided valuable information about the 
photo-induced dynamics, electronic and structural nature of the 
photoinduced FeI. The time resolved XANES spectrum at an averaged 
delay of 14.2 µs between the laser pump excitation and X-ray probing 
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for both photocatalytic mixtures composed of Al-1 and Al-2 is shown 
in Fig. 4A. The transient signals display a time-dependent broad peak 
at 7123.5 eV together with a dip at 7148 eV which relates to the 
characteristic formation of the reduced FeI species and ground state 
bleaching of the FeII ground state respectively (Fig. 4A). These two 
transitions further show that the FeII K-edge energy shifts to lower 
energy upon photoexcitation thus confirming the effective electron 
transfer process from the reduced Al- state to the FeI catalyst. It is 
also important to note that no transient signals were observed in the 
absence of BIH electron donor thus showing that the electron donor 
is indeed essential to quench the singlet excited state Al* to generate 
Al- which thereby transfers an electron to the Fe catalyst.

Scheme 2. Mechanistic pathways for the photoexcitation reaction of Al 
photosensitizers Al-1 and Al-2 followed by electron transfer reaction to the 
Fe-based CO2 reduction catalyst 

It should be mentioned that the excited state fractions of the 
photoreduced FeI was too low (less than 5 %), to reconstruct the 
EXAFS and structural conformation.Tr-XANES spectrum were thus 
next combined with TD-DFT to extract the structural conformation of 
the photo-generated FeI species (Fig. 4B). Several FeI geometries 
were considered namely an FeI complex coordinated with 2 aqua 
(black), another with 2 CH3CN (red) or with 1 aqua and 1 CH3CN 
(cyan) ligand (Fig. 4B). A square bipyramidal FeI complex with a single 
aqua (magenta) or CH3CN (blue) ligand, as well as a square planar FeI 
geometry (green), were also considered. The best agreement 
between the experimental trends and best energy matching was 
obtained for that of an FeI species with 2 elongated aqua molecules 
at 2.29 Å (Fig. 4, Table S2, Appendix) which would allow coordination 
and activation of a CO2 molecule. The progressions and decays of the 
transient signals for both photocatalytic systems composed of Al-1 
and Al-2 photosensitizers were further analysed at successive time 
points ranging from 2.75-25.7 µs (Fig. S5). The FeI reduced species 
was shown to be formed within 1.02-1.72 µs and decay within 23.2-
28.9 µs in both photocatalytic systems (Fig. S5). In summary, we 
report the application of femto-picosecond optical as well as pico-
microsecond X-ray spectroscopy together with TD-DFT calculations 
to monitor the electronic and structural dynamics of the elusive FeI 

species in two sets of earth-abundant robust and selective Al-Fe 
multimolecular systems for CO2 reduction (Scheme 2). Upon light 
excitation in a complete photocatalytic system, LLCT initially triggers 
the formation of a singlet excited state within 716 fs and 514 fs 

respectively in Al-1 and Al-2 followed by an electron transfer to BIH 
within 1.2 ns to form the reduced Al- state (Scheme 2, Figs. 2A,B, 3). 
The Al* excited state is notably formed faster in Al-2 due to the 
presence of more electron donating methyl groups. The reduced Al- 
species subsequently transfers an electron to the FeII catalyst within 
1.1 to 1.7 µs to form a long-lived FeI species with lifetimes of 23 to 
29 µs (Scheme 2, Fig. 4, S5). The singlet excited states were further 
shown to display intersystem crossing rates of 4.4-4.6 ns in the 
absence of BIH and TEOA (Fig. 2C,D, Scheme 2) showing that the 
reductive quenching of the singlet is the predominant pathway. 
These findings report for the first time the mechanistic scenario and 
structure of the elusive FeI species in a fuly noble metal-free 
molecular system for CO2 reduction and thus constitute an important 
step for the future design of robust and durable earth-abundant 
photosensitizer/catalytic assemblies.
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