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ABSTRACT: Solar fuels production is a cornerstone in the development of emerging sustainable energy conversion and storage 
technologies. Light-induced H2 production from water represents one of the most crucial challenges to produce renewable fuel. Metal-
organic frameworks (MOFs) are being investigated in this process, due to the ability to assemble new structures with the use of 
suitable photoactive building blocks. However, the identification of the reaction intermediates remains elusive, having negative im-
pacts in the design of more efficient materials. Here, we report the synthesis and characterization of a new MOF prepared with the 
use of bismuth and dithieno[3,2-b:2',3'-d]thiophene-2,6-dicarboxylic acid (DTTDC), an electron-rich linker with hole transport abil-
ity. By combining theoretical studies and time-resolved spectroscopies, such as core hole clock and laser flash photolysis measure-
ments, we have completed a comprehensive study at different time scales (fs to-ms) to determine the effect of competitive reactions 
on the overall H2 production. We detect the formation of an intermediate radical anion upon reaction of photogenerated holes with 
an electron donor, which plays a key role in the photoelectrocatalytic processes. These results shed new light on the use of MOFs for 
solar fuel production.

INTRODUCTION
In the search for carbon neutral technologies able to provide 

sustainable energy, it is crucial to develop processes that effec-
tively exploit renewable natural resources. In this context, sci-
entists are allocating efforts to convert and store solar energy
into chemicals and fuels, mimicking photosynthesis. 1,2,3,4 Cur-
rently, the development of artificial photosynthesis depends on 
the search for new, efficient photocatalytic materials able to be 
used as photoelectrodes in photoelectrochemical cells (PEC) to 
produce solar fuels such as water splitting5, or CO2 photoreduc-
tion.6 Generally speaking, a photoelectrocatalyst is a material 
that can be activated upon light absorption, leading to charge 
generation and separation of electron-hole (e--h+) pairs that trig-
ger both reduction and oxidation reactions. Metal oxides are the 
most commonly used in this research topic. However, they suf-
fer of several limitations such as high recombination rates of 
charge carriers, low charge separation efficiency, slow water 
oxidation kinetics, as well as limited absorption across the light 
spectrum, generally leading to limited efficiencies. To over-
come these problems, different strategies are being followed in-
cluding the use of sensitizers, co-catalysts, dopants, band-gap 
engineering, or heterojunctions, with the ultimate goal of im-
proving their activity as photoelectrodes in photoelectrocata-
lytic systems.7,8,9 

Metal-organic frameworks (MOFs) are porous crystalline 
materials built by the combination of metal ions and clusters 
with organic linkers. MOFs are emerging in the field of photo-
catalysis and photoelectrochemistry10,11,9 due to their tailorable 

capacity to absorb light by the judicious selection of metal clus-
ter and organic linkers.10 This ability has been described in a 
number of reports available in the literature concerning the use 
of MOFs as photocatalysts.12,13,14,15 However, their development 
for photoelectrocatalyic processes is still scarce and most pub-
lished works are focused on MOFs as visible photosensitizers 
in combination with metal oxides,16,17,18,19,20 or metal oxide 
structures obtained from MOF calcination.21,22,23 Only few ex-
amples are reported using bare MOFs, probably due to their lim-
ited stability in water against photocorrosion processes. Fur-
thermore, in most examples, H2 quantification is not included 
and only density currents are measured. In a recent work, Padial 
et al.24 studied the photoelectrochemical properties of a hydrox-
amate Ti-MOF with siderophore-type linkers using Na2SO3 as 
electron donor, which exhibits a H2 production of 4.5 μmol/cm2 

in one hour. Ifraemov et al.25 have demonstrated that a MOF-
based electrode can be switched from photo-anodic to photo-
cathodic, and tested it as photocathode in PEC, reaching 0.112  
μmol H2 after 7 h (at -0.8 V vs. NHE). 

It is also worthy to note that none bismuth based porous 
MOF has been reported thus far for PEC H2 production. Most 
importantly, the role of photogenerated charges in the mecha-
nisms involving the formation of active intermediates and prod-
ucts using MOFs still remains unknown. This is mainly due to 
the different time scales in which the multielectronic processes 
take place, which hinders the unambiguous identification of the 
involved species.6

In the present work, we report the synthesis and characteriza-
tion of a new bismuth based MOF, denoted IEF-5, (IMDEA 



Energy Framework-5), specifically prepared for its use as a 
photoelectrode for hydrogen evolution reaction by the choice of 
an electron rich linker with hole-transport ability. Furthermore, 
we have completed a series of theoretical and time-resolved 
spectroscopic studies at different time scales, from fs to ms, to 
unravel the effects of photoinduced charge dynamics in the pho-
toelectrocatalytic hydrogen production mechanism. The under-
standing of the overall process provides a unique insight for the 
development of photoelectroactive materials for light induced 
reactions.

EXPERIMENTAL SECTION
X-Ray diffraction. Single-crystal data were obtained in a 
Bruker four-circle kappa diffractometer equipped with a Cu 
INCOATED microsource (Cu Kα radiation, λ = 1.54178 Å), 
and a Bruker PHOTON I area detector (CPAD Technology). 
Samples were also characterized by X-ray powder diffraction 
(XRD) using a Philips PW 3040/00 X’Pert MPD/MRD diffrac-
tometer with Cu Ka radiation (λ = 1.54178 Å) at a scanning rate 
of 0.2ᵒ s-1 from 3 to 40ᵒ.
X-Ray photoelectron spectroscopy (XPS). XP spectra of the 
powder sample IEF-5 deposited on carbon based double side 
sticky tape were recorded were recorded using a SPECS NAP-
XPS System incorporating the DeviSim NAP reaction cell. The 
spectrometer was equipped with an Al Kα monochromated 
source (h = 1486.6 eV), composed of a SPECS XR50 MF x-
ray gun and a µ-FOCUS 600 monochromator, and PHOIBOS 
150 NAP 1D-DLD analyzer. X-ray gun power was set to 25 W 
(1.68 mA emission current and 15 kV). With this X-ray settings, 
the intensity of the Ag 3d5/2 photoemission peak for a Ag sam-
ple, recorded at 10 eV pass energy (PE), was 1×104 cps and the 
full width at half maximum (FWHM) was 0.60 eV. Binding en-
ergy calibration was made using Au 4f7/2 (84.01 eV), Ag 3d5/2
(368.20 eV) and Cu 2p3/2 (932.55 eV). The survey scans were 
acquired using 30 eV pass energy, 1 eV step size and 7 seconds 
(1 s x 7 scans) dwell times. O 1s, C 1s, Bi 4f and S 2p high 
resolution spectra were acquired using 10 eV pass energy, 0.1 
eV step size and 10 seconds (1s x 10 scans) dwell times. The 
sample was     analyzed at an electron take-off angle normal to 
the surface with respect to the analyzer. The analyzer is set up 
at an angle close to the magic angle of 54.7° with respect to the 
x-ray beam.

Core Hole Clock (CHC) measurements. X-ray absorption 
(XAS) and Auger decay measurements on drop casted IEF-5 
films were performed at the B07-1 Ambient Pressure branch-
line at VERSOX (Diamond Synchrotron). The source is a bend-
ing magnet resulting on a photon flux > 1 x 1010 ph/s and the 
hemispherical electron energy analyzer is a Phoibos NAP150 
from SPECS. XAS spectra were recorded using 0.3 eV step and 
10 seconds dwell time with Auger snapshots at PE200 eV. Au-
ger spectra (for CHC experiments) were collected using 10 eV 
pass energy and 0.1 eV step size at different dwell times de-
pending on signal to noise ratios. No beam damage effects were 
observed in the photoabsorption and photoemission spectra 
over-time. Casa XPS was used for data interpretation. Shirley 
or two-point linear background subtractions were employed de-
pending on background shape. Peaks were fitted using GL(30) 
line-shapes; a combination of a Gaussian (70%) and Lorentzian 
(30%).

Laser Flash Photolysis (LFP). The laser flash photolysis 
equipment is based on a pump-probe setup purchased from Ed-
inburgh Co (LP980-K). The pump source is an optical paramet-
ric oscillator (OPO) pumped by the third harmonic of a 
Nd:YAG laser (EKSPLA). The excitation wavelength em-
ployed for the measurements was of 355 nm. The single pulses 
were ca. 5 ns duration, and the energy lower than 1 mJ/pulse. A 
pulsed xenon flash lamp (150 W) was employed as detecting 
light source. A monochromator (TMS302-A, grating 150 
lines/mm) disperses the probe light after it has passed the sam-
ple. The probe light is then passed on to a PMT detector (Ha-
mamatsu Photonics) to obtain the temporal resolved picture. 
The absorbance of the solutions was kept at 0.3 at λexc = 355 
nm both for the free ligand and the corresponding IEF-5 (as dis-
persed solution). All transient spectra were recorded at room 
temperature using 10 x 10 mm2 quartz cells with 3 mL capacity 
and were bubbled for 15 min with N2 before acquisition. Triplet 
lifetimes of dyads were measured in aqueous solution, from the 
monoexponential fitting of the decay traces registered at 440 
and 520 nm.
Quenching Experiments. In a typical quenching experiment, 
the appropriate volumes of a freshly prepared Na2SO3 solution 
(2 M) as electron donor, were added to the aerated or purged 
DTTDC solution or IEF-5 suspensions. The absorbance of the 
samples was kept at 0.1 or 0.3 at λexc = 355 nm for fluores-
cence or LFP experiments, respectively. In analogous experi-
ments, chloroplatinic acid (H2PtCl6) (0.25% wt) was employed 
as electron acceptor. All the photophysical measurements were 
performed at room temperature in a quartz cell of 1.0 cm optical 
path length.

Photoelectrochemical measurements. Experiments were per-
formed in a three-electrode glass cell with a quartz window con-
taining an aqueous solution of 0.5 M Na2SO3 for photoelectro-
chemical measurements and 0.1 M of [(nBu)4)N]PF6 in acetoni-
trile for electrochemical characterization. IEF-5 powders were 
dispersed in ethanol and then deposited by drop casting on ITO 
cover glasses and used as working electrodes. The counter elec-
trode was a platinum wire, and the reference one was an 
Ag/AgCl electrode. Voltage and current density (at dark and 
under illumination) were measured with a potentiostat-gal-
vanostat PGSTAT204 provided with an integrated impedance 
module FRAII (10 mV of modulation amplitude is used at
400Hz). A solar Simulator (LOT LSH302 Xe lamp and a 
LSZ389 AM1.5 Global filter) was used as a light source.

Computational details. Theoretical calculations by periodic
density functional theory (DFT) were carried out using crystal-
lographic data of IEF-5. Geometry and electronic structure were 
performed using the projected augmented wave method imple-
mented in Viena ab initio simulation package (VASP).26,27 The 
total energies corresponding to the optimized geometries of all 
samples were calculated using the spin polarized version of the 
Perdew−Burke−Ernzerhof (PBE)28 and the Heyd-Scuseria-En-
zerhof hybrid functional (HSE06).29 The cut-off for the kinetic 
energy of the plane-waves was set to 450 eV to ensure a total 
energy convergence better than 10−4 eV. The VESTA package 
v.3.3.930 was used to represent the electron localization. Time 
dependent Density Functional Theory (TD-DFT)31,32 imple-
mented in the software Gaussian 1633 employing a B3LYP 
functional.34,35,36 The standard 6–31G(d.p) and 



LAND2DZ37,38,39 basis was chosen for ligand and IEF-5 respec-
tively. In the case of TD-DFT calculations for Bi-MOF a fix 
number of 400 states were selected.

Results and Discussion
MOF synthesis and characterization. Our strategy to mini-

mize charge recombination while allowing visible light absorp-
tion is based on the selection of a linker based on fused hetero-
cycles. Condensed thiophene -systems have been successfully 
used as building blocks for materials with electronic and optical 
properties. Dithieno[3,2-b:2’,3’-d]thiophene (DTT) comprises 
three fused thiophene rings, which create an electron rich rigid 
core that alongside π-staking permit electronic delocalization 
and mobility. This moiety has been used in photo- and electro-
luminescent devices, two-photon absorption and excited fluo-
rescence, non-linear optical chromophores and photocromic 
materials.40 In particular, the 2,6-dicarboxylic acid functional-
ized DTT, dithieno[3,2-b:2',3'-d]thiophene-2,6-dicarboxylic
acid (DTTDC, Scheme 1, S1 and S2), appears as a suitable 
linker to reticulate fused thiophene units into MOF crys-
tals.41,42,43

Scheme 1: Dithieno[3,2-b:2',3'-d]thiophene-2,6-dicarbox-
ylic acid (DTTDC) is reacted with bismuth nitrate to form 
IEF-5.

The solvothermal reaction between DTTDC and 
Bi(NO3)3·5H2O in a mixture of DMF and ethanol at 120 ᵒC for 
72 h resulted in the formation of IEF-5 in the form of orange 
crystals (see supporting information, S1, for full experimental 
details). Single crystal X-ray diffraction (SCXRD) analysis re-
vealed that IEF-5 crystallizes in the monoclinic system, space 
group C2 with lattice parameters a = 25.5961(19), b = 
22.5938(19), c = 17.2880(2),  = 100.512(8)ᵒ. Table S1 con-
tains full crystallographic and refinement details. The frame-
work of IEF-5 is formed by an inorganic secondary building 
unit (SBU) consisting of three bismuth atoms linearly arranged, 
coordinated to twelve carboxylic groups from the organic link-
ers (Figure 1a). The Bi-O distances range between 2.299(14) 
and 3.078(8) Å. Each inorganic SBU is connected to six neigh-
boring ones with pairs of parallel linkers, resulting in the for-
mation of a pcu network (Figure 1b). There are two interpene-
trated networks in the structure of IEF-5, with presence of DMF 
and water molecules located between them. Considering the 
SBU formula of [Bi3(-CO2)12]3-, the presence of cations is re-
quired for balancing the framework charge. Despite, the loca-
tion of the counterions could not be unambiguously determined 
from the SCXRD refinement, the results of the elemental anal-
ysis and XPS are consistent with the presence of twelve dime-
thyl ammonium cations per unit cell, which are formed by de-
composition of DMF solvent molecules, and resulting in a final 
MOF formula of [Bi12(DTTDC)24]·12[DMA]·4DMF·2H2O 
(32.61%C; 2.20%N; 1.74% H; 22.67% S calc. and 31.72%C; 
2.160%N; 1.35%H; 21.97% S found). A plausible location of 
the DMA cations was determined with DFT calculations (Fig-
ure 1c). The phase purity of IEF-5 was determined by compar-
ison of the powder X-ray diffraction (PXRD) pattern with the 

one calculated from the single crystal structure (Figure S1).
During the optimization of the synthetic procedure, another 
MOF crystal was identified (IEF-6), which according to the 
SCXRD analysis consists of a monometallic SBU, formed by a 
bismuth cation coordinated to four DTTDC linkers, resulting in 
stacked square layers. However, it has not been possible to iso-
late this MOF as a pure phase yet. Section S2 contains structural 
details of this material (Table S2 and Figure S2).

Figure 1. a) The inorganic SBU in IEF-5 is formed by three bis-
muth atoms. b) Each SBUs is connected to other six ones, forming 
a pcu type network. c) Representation of the simulated interaction 
of the DMA cations with the framework atoms. Bismuth is purple, 
oxygen is red, carbon is black, sulphur is yellow and nitrogen is 
blue.

Additional spectroscopic characterization including FTIR (Fig-
ure S3, and Table S3 and S4) and solid state NMR (Figure S4)
further confirms the purity of the IEF-5 sample. XPS spectra
complete the chemical information and electronics environ-
ments (Figure S5). The N1s signal is characteristic of DMF 
molecules encapsulated in crystalline networks (Figure S6). 
The Bi 4f signal (Figure S7 a) is characteristic of Bi3+ atoms 
(160.0 eV). The C1s signal (Figure S7 b) can be deconvoluted
with three main contributions at 285.2 eV (C-C bonds), 286.3 
(C-S bonds) and 288.7 (O=C-C) and the S2p signal of thiophene 
containing polymers (Figure S7 b). 44 The calculated percent-
ages (Table S5) match the theoretically calculated ones within 
error. Valence band (VB) region of XPS also permits to deter-
mine the Fermi edge (Figure S8). IEF-5 exhibits a surface area 
of 30 m2 g-1 calculated by BET (Brunauer-Emmett-Teller) the-
ory, according to the N2 adsorption/desorption isotherm rec-
orded at 77K (Figure S9). The low surface area measured is 
consistent with presence of DMA cations in the pores. Struc-
tural stability experiments were performed by thermogravimet-
ric analysis, which shows no significant weight loss below 250 
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C, both in argon and air streams (Figure S10). Beyond this 
temperature, the material begins to decompose, as proved by the 
50% weight loss observed in the curve recorded in argon atmos-
phere (~70% in air). Thermodiffraction experiments show that 
the structure is thermally stable up to ca. 220 °C, with no sig-
nificant changes in the PXRD patterns (Figure S11). Chemical 
stability of IEF-5 was tested by soaking the MOF in common 
solvents (Figure S12). IEF-5 stability was also tested in sodium 
sulfite solution (Figure S13-S17), which was used as the elec-
trolyte in the photoelectrocatalytic measurements.

Optoelectronic characterization. Upon successful synthesis of 
a novel MOF incorporating the hole transport DTTDC linker, 
we turned our efforts to fully understand the light induced 
charge transfer properties and their influence on the photo(elec-
tro)catalytic activity. For this purpose, we have combined elec-
trochemical and time resolved optical techniques with theoreti-
cal calculations to thoroughly characterize the optoelectronic 
features of the linker and IEF-5. UV-vis absorption spectrum of 
DTTDC shows a band with an edge at 375 nm and a maximum 
at 335 nm. These transitions are related to HOMO and HOMO-
1 to LUMO orbitals (see Figure S18 and Table S6).

DFT calculations were also performed to determine the elec-
tronic structure of IEF-5 and its effect on the photo(electro)cat-
alytic behavior. Figure 2a shows the density of states (DOS) of 
IEF-5 where valence band (VB) is composed of C2p, O2p and 
S3p orbitals, while conduction band (CB) is comprised mainly 
by the linker C2p and S2p states, while the Bi2s contribution is 
significantly smaller and at higher energies (ca. 3.5 eV). The 
energy of the fermi level is EF = 0.95 eV, in near agreement with 
the value obtained by XPS (EF = 1.1 eV, see Figure S8). In ad-
dition, electron localization function (ELF) plots (Figure 2b)
show an evident charge distribution mainly in the aromatic rings 
and in the sulphur atoms. Related electronic distribution where 
conduction band contributions are located in the ligand and 
metal, which facilitate the ligand to ligand charge transfer, have 
been previously reported.24 To confirm this fact, we also per-
form TD-DFT calculations with a cluster of this MOF (see Fig-
ure 2c and Section S4). The results exhibit a high number of 
electronic transitions mainly attributed to vibronic states, which 
corroborate the higher contribution of ligand to ligand charge 
transfer (Figure S19).

Theoretical studies show a band gap of Eg =2.2 eV, which 
agrees with the optical measurements determined by UV-Vis 
diffuse reflected spectroscopy, using the Tauc method as an in-
direct transition (Figure S20). Cyclic voltammetry measure-
ments (Figure 2d) indicate an electronic band gap energy of 
2.4±0.1 eV, in line with the measured optical band gap (usually 

the optical and electrochemical band gaps differ between 0.2 or 
0.3 eV).24 The combination of these theoretical and experi-
mental studies makes possible to determine the band energy di-
agram of IEF-5.

Photoelectrochemical measurements (PEC). These studies 
were carried out with the IEF-5 thin film electrodes over indium 
tin oxide (ITO). These films show a mean height of 2.5 m de-
termined by atomic force microscopy (Figure 2e, Figure S21
and Table S7). The measurements were performed in a three-
electrode glass cell, using a solar simulator (A.M. 1.5) (Figure 
S22). The observed signals, along with the positive value of the 
photopotential measurements (Figure 2f) are indicative of a 
certain p-type semiconductor behavior of IEF-5. This Bi-MOF 
presents both positive and negative photoresponses in the linear 
sweep voltammetry. This can be explained by the position of 
the fermi level, determined by the flat band potential, which is 
not so close to the valence band. The energy of the flat band 
potential was determined as the point in which positive photo-
currents changes to negative ones, as at this potential there is no 
band bending (Figure 2f). 

The highest photocurrent values are observed at positive po-
tentials, supporting its use as a photoanode. This observed pho-
toconductivity is likely due to ligand-ligand charge transfer in-
volving sulphur-sulphur interactions. In a related example, Park 
et al. found that isostructural MOFs M2(TTFTB) (M = Mn, Co, 
Zn and Cd; H4TTFTB = tetrathiafulvalene tetrabenzoate) exhib-
ited a striking correlation between their single‐crystal conduc-
tivities and the shortest S···S interaction defined by neighboring 
tetrathiafulvalene (TTF) cores, which inversely correlated with 
the ionic radius of the metal ions.23 This behavior may be en-
hanced in the case of IEF-5 favoring photoconductivity, due to 
the  staking of the DTTDC ligand.
IEF-5 shows a positive photovoltage of 0.04 V vs Ag/AgCl 
(Figure S23). Moreover, changes in the immediate signal in 
photocurrent measurements of IEF-5 with chopped illumination 
demonstrate the photoactivity of the MOF (Figure 2f) along 
different bias potentials. In the case of chronoamperometric 
measurements (Figure 2g), the cell was illuminated with on/off 
cycles with regular intervals. IEF-5 shows a stable behavior, 
with photogenerated current densities of ca. 6.5 µA·cm-2 at 
0.3V. Moreover, we perform chronoamperometries at different 
light illumination intensities in order to investigate the possible 
existence of recombination losses during the photo-anodic re-
action (Figure S24). Results confirms a linear behavior of the 
photocurrents with the illumination intensity, demonstrating 
that the recombination losses do not govern the charge transfer 
process.



Figure 2 a) Atom-projected partial density of states (PDOS) for Bi2s (magenta), Bi2p (blue), C2p (grey), sulphur (yellow), oxygen (red), b) 
ELF isosurfaces and sections for IEF-5, atom color: Bi (magenta), C (brown), H (white) ,S (yellow), O (red); c) Solid UV–Vis spectra of 
IEF-5, TD-DFT (6-31G**) calculated excitation energies (vertical bars) and selected molecular orbitals, d) cyclic voltammetry measurement 
of IEF-5 in non-aqueous electrolyte at a scan rate of 50mVs/, and experimental band diagram obtained with the water splitting redox couples 
at pH=0, e) Scheme of MOF electrodes films deposited onto ITO cover glasses and AFM topography image; f) Linear sweep voltammetry 
under chopped illumination showing the photocurrent density at different bias potentials; g) Chronoamperometry at 0.3V bias potential under 
chopped illumination; h) Photoelectrochemical H2 production accumulated in 60 min under AM1.5 irradiation at 0.35 V.

Following, we performed photoelectrocatalytic H2 evolution re-
action (HER) experiments under simulated solar irradiation 
(A.M. 1.5) and 0.35 V vs Ag/AgCl applied potential. A 0.5M 
Na2SO3 solution was employed as electrolyte and hole scaven-
ger. The PEC cell was connected to a gas chromatograph and 
an argon flow of 50 sccm was passed through the cell in order 
to drag the reaction products. A hydrogen flow was detected 
upon irradiation, showing a constant evolution and reaching an 
accumulated value of 2.35 mol/cm2 after 60 minutes under ir-
radiation (Figure 2h), giving a constant increasing photocurrent 
(Figure S25). To check the stability of the system, a measure-
ment of photocurrent at 0.2V was conducted before and after H2
production, showing a consistent value (Figure S26).

Charge dynamics. To fully understand the photo(electro)cata-
lytic behavior of IEF-5 it is key to elucidate the photoinduced 
charge transfer dynamics at different time scales, from fs to ms. 
For this purpose, we have combined core hole clock (CHC), 

time resolved photoluminescence (TRPL), and transient ab-
sorption spectroscopy (TAS) measurements.

Core hole clock (CHC) synchrotron experiments allow meas-
uring charge delocalization rates in the attosecond scale for the 
first steps of charge separation. Such measurements can be per-
formed on delocalized systems containing sulfur atoms45,46,47 by 
recording the S KLL Auger spectra at different excitation ener-
gies around the sulphur K-edge (Section S7). Figure 3 features 
a characteristic 2D plot of the CHC experiment for IEF-5 with 
three representative S KLL spectra. In the 2D spectrum (Figure 
3a) it can be seen how the resonant signal increases in kinetic 
energy with excitation energy while the non-resonant signal 
shows always constant energy, as expected. Electron delocali-
zation times are calculated from the S KLL Auger spectra using 
the life time of the S1s hole (1.27 fs) 48,49,50 and the area ratio 
between the non-resonant and resonant signals (Figure c and 
S27). Delocalization times are dependent on the conduction 
band orbital to which electrons are promoted varying from 0.2 



to 18 femtoseconds. These ultra-fast delocalization times are 
within the range of those calculated for a series of thiophene 
containing polymers.50 It can be seen how electron delocaliza-
tion times decrease as the excitation energy increases, meaning 
that electrons promoted to more energetic conduction band or-
bitals (such as σ* or Rydberg states) exhibit faster delocaliza-
tion than when they are promoted to lower lying energy states 
such as π*.

Figure 3. a) 2D Core hole clock measurements of IEF-5 including 
b) the NEXAFS scan (top right), c) representative S KLL spectra 
recorded at 2496.24 eV, 2495.17 eV and 2498.87 eV excitation en-
ergies showing the resonant (red) and non-resonant (green) contri-
butions to the Auger spectra and d) Electron delocalization times at 
the different excitation energies where the resonant peak is ob-
served.

For a better understanding about charge photogeneration and 
transfer processes and their kinetic implications on the overall 
reaction pathways, a series of photophysical studies were per-
formed. Solid state photoluminescence measurements show a 
significant quenching of the fluorescence emission in IEF-5, as 
compared to the linker (Figure 4a). Remarkably, time-resolved 
emission of IEF-5 (Figure 4a, inset) exhibits a singlet lifetime 
of 1.25 ns, which is nearly 3 times higher than the correspond-
ing to the free ligand (0.45 ns). In several studies, this behaviour 
is attributable to a ligand to metal charge transfer, through in-
teraction between the carboxyl groups and bismuth atoms.51,52,53

However, taking into account TD-DFT calculation (see Section 
S4) the ligand to ligand charge transfer pathways seems more 
plausible.

Once the first steps in the light induced charge separation pro-
cesses with IEF-5 have been depicted, we focused on investi-
gating charge transfer kinetics, intermediate states, and their 
role in redox reactions. Considering that these processes occur 
in the s to ms timescale, laser flash photolysis (LPF) experi-
ments were carried out. Transient absorption spectra (TAS) of 
IEF-5 exhibits a main band at 440 nm, with a long lifetime over 
25 s showing a first-order kinetic (Figure S28). To unequivo-
cally assign the observed transient, quenching experiments by 
oxygen were performed.54 It is well-known that the quenching 
of the triplet excited state of aromatic molecules by molecular 
oxygen (3O2) occurs via triplet energy transfer,55,56,57 being this 
process favored in long-lived excited triplet state. As expected 

for triplet, IEF-5 was efficiently quenched by oxygen with Kq = 
3.6 · 108 M-1 s-1 (Figure S29), confirming the triplet nature of 
the 440 nm transient. Moreover, the population dynamic be-
tween singlet and triplet states is heavily dependent of the na-
ture of the media. In this context, besides the well-known effect 
of a heavy atom in the enhancement of the intersystem crossing 
rate (ISC),58,59,60,61 it has been reported the increase of ISC in 
small oligothiophenes by increasing the -system compared to 
thiophene unit through calculation of spin–orbit coupling 
strength together with the singlet–triplet energy gap.62 In addi-
tion to that, recently it has been demonstrated that the presence 
of sulfur atoms and thiophene moieties in squaraine and arene 
rings, respectively, leads to significantly reducing the sin-
glet−triplet energy difference, and in enhancement of the S1 
(nπ*) → T1 (ππ*) transition.63,64 These reasons are consistent
with the high triplet-triplet absorption population for IEF-5. On 
the other hand, the remarkable value monitored for triplet life-
time could be attributed to an efficient charge separation that 
can facilitate the H2 production reaction pathways.65,66

In addition, LPF experiments were performed in presence of 
electron-acceptor or electron-donor probe molecules to deter-
mine the charge transfer process, and intermediates involved in 
the reaction pathways. Measurements were first performed in 
presence of an electron donor such as Na2SO3 (Figure 4b),
which we used as sacrificial agent in photo-electrochemical H2
production. The measurements exhibit a quenching in the 440 
nm signal, attributed to the electron transfer from SO3

2- (E0
SO3

2-

/SO4
2- =0.93 V vs NHE)67 to the MOF excited state.

More interestingly, a new transient band was observed at 515 
nm. This new species shows a huge increase in lifetime com-
pared to the one corresponding to the 440 nm band (Figure 4c, 
inset). Moreover, a delay in the formation of IEF-5 signal was
observed. This induction time can be attributed to diffusion pro-
cesses limiting the charge transfer from the electron donor to 
IEF-5, and possibly this is the rate-determining step. This was 
further confirmed by observing how increasing amounts of sul-
fite anions lead to a progressive enhancement of the transient at 
515 nm (Figure S30). The obtained transient was assigned to a 
MOF radical anion (IEF-5•-) due to the played role of sulfite as 
electron donor. In addition, it has been reported the formation 
of radicals from thiophene moieties in presence of electron do-
nor / acceptor units.68 This assignment was confirmed by LPF 
measurements in presence of other electron donors, which have 
been employed in the literature to generate radical anions,69

such as triethylamine Et3N (E = 0.96 V vs SCE), triethanola-
mine TEOA or triethylenediamine DABCO (E(D·+/D) = 0.56 
V vs SCE)70 (Figure S31). Moreover, as expected due to the 
efficient triplet quenching by oxygen; under O2-saturated solu-
tions, IEF-5•- radical anion signals were not detected, demon-
strating that the transient observed at 515 nm is formed only 
from the excited states (Figure S32). Otherwise in presence of 
chloroplatinic acid (electron-acceptor) the signals attributable 
to triplet-triplet absorption were not observed (Figure 4c), in-
dicating that photogenerated electrons are transferred to the ac-
ceptor to reduce platinum, in agreement with its potential as 
electron-acceptor (E0

[PtCl6]2-/[PtCl4]2-=0.68 V, E0
[PtCl4]2-/Pt=0.755 

V).67,71



Figure 4. a) Emission spectra (exc = 350 nm) of DTTDC (blue)
and IEF-5 (magenta) in solid. Inset: Decay traces (exc = 372 nm) 
of DTTDC and IEF-5; b) TAS obtained at different delay times 
(exc = 355 nm) for IEF-5 in presence of Na2SO3 0.5 M as electron 
donor; c) TAS upon UV excitation (exc = 355 nm) for IEF-5 (ma-
genta) and using H2PtCl (green) as electron acceptor or Na2SO3
(blue) as electron donor. Inset: Triplet lifetimes monitored at 440 
and 520 nm in absence (magenta) or in presence (blue) of NaSO3; 
d) Changes in the triplet lifetimes (exc = 355 nm) with increasing 
concentrations of Na2SO3. Insets: Stern-Volmer plot obtained from 
the kinetic analysis for singlet (blue) and triplet (red).

To corroborate the main contribution of triplet charge transfer 
pathway, quenching experiments using Na2SO3 were followed 
by time-resolved analysis monitoring singlet and triplet states. 
Stern-Volmer values (kSV) obtained for IEF-5 were KSV (S) = 1.85 
and KSV (T) = 5.35 M−1 for singlet and triplet measurements, re-
spectively. The observed lower dynamic kSV for singlet quench-
ing (Figure S33) could be explained by the insignificant fluo-
rescence quantum yield value of IEF-5. In fact, a low value of 
fluorescence quantum yield has been reported for the DTT mon-
omer (F = 0.01),72 being probably much lower for IEF-5 in ac-
cordance with the results obtained through fluorescence meas-
urements (Figure 4A). Thus, it can be assured that charge trans-
fer from the electron donor occurs via excited triplet state. All 
these results demonstrate the key role of the MOF radical anion 
in the redox process, resulting in an improvement in the photo-
catalytic activity for IEF-5.

Based on the combination of experimental results, we can pro-
pose a reaction mechanism, which explains the involvement of 
charge-electron transfer processes in photocatalytic H2 produc-
tion (Figure 5). After illumination IEF-5 suffers a charge sepa-
ration, generating a singlet excited state (1IEF-5*) that under-
goes a triplet excited state (3IEF-5*), by intersystem crossing 
(ISC). At this time, the hole scavenger (SO3

2-) interacts with the 
holes generated in IEF-5, injecting charge into the framework, 
with the subsequent formation of a radical anion intermediate 
state (IEF-5•-). This oxidation reaction can be performed on 
1IEF-5*or 3IEF-5*states, being most probably the main contri-
bution in the latter. On the other hand, photogenerated electrons 
in IEF-5 are transferred to the cathode (Pt), where the redox cy-
cle is closed by H2 evolution reaction.

Figure 5. Scheme of photo(electro)catalytic H2 production mecha-
nism, where S0 (Fundamental state), S1 (Singlet excited state); T1
(Triplet excited state), A (Anion) and ISC (intersystem crossing).

CONCLUSIONS
We have reported the synthesis of a novel bismuth-based MOF 
incorporating DTTDC as a hole transport linker specifically 
chosen for photoelectrocatalytic applications. This is among the 
few examples where bare MOFs are studied as photoanode un-
der solar simulator irradiation for hydrogen production. Optoe-
lectronic experimental and theoretical characterization indi-
cates that the ligand plays the most important role in the charge 
transfer process, where the ligand to ligand transfer dominates 
over ligand to metal one.

Through the combination of CHC, TLF, and LPF, it has been 
possible to determine the intermediate states and to understand 
the charge dynamics behavior, which govern the kinetically 
controlled PEC reaction mechanism. These studies have shown 
that this involves a series of competitive processes in excited 
state at different time scales. First, charges are photogenerated 
and separated (fs) and transferred from excited state to triplet 
one (ns-ms) where the holes react with electron donors (SO3

-) 
through a radical anion intermediate. The electrons are trans-
ferred to the Pt cathode where H2 is produced. These results 
open new insights in the photo(electro)catalytic behavior of 
MOFs in light induced reactions for environmental remediation 
or solar fuel productions.
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