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ABSTRACT: Excited-state quenching and reduction of [Fe(phtmeimb),]*, where phtmeimb is phenyl[tris(3-methyl-imidazolin-2-
ylidene)]borate, with iodide, bromide and chloride were studied in dichloromethane, acetonitrile, and acetonitrile/water 1:1 mixture
by means of steady-state and time-resolved spectroscopic techniques. Quenching rate constants were almost diffusion-limited in
dichloromethane and acetonitrile and followed the expected periodic trend, i.e. [>Br>CI". Confirmation of excited-state reductive
electron transfer was only unambiguously obtained when iodide was used as quencher. The cage-escape yields, i.e. the separation of
the geminate radical pair formed upon bimolecular excited-state electron transfer were determined. These yields were larger in di-
chloromethane (0.079) than in acetonitrile (0.017) and no photoproduct could be observed in acetonitrile/water 1:1. This study further
emphasizes that solvents with low dielectric constant are more suited for productive excited-state electron transfer using Fe(III)

photosensitizers with 2LMCT excited-state.

The current energy landscape requires new approaches to solar
fuels formation. Solar energy has long been considered a prime
alternative with several technologies that have been developed
over the years.'"'® Solar energy conversion to electricity is com-
monly efficiently achieved with photovoltaic panels. Yet, a di-
chotomy exists between the moment when energy is most
needed and when sunlight reaching the earth is the most intense.
Hence, current developments are focused on novel avenues to
store solar energy. Batteries are an obvious choice that presents
several benefits but also some limitations.!” An alternative is to
store solar energy in chemical bonds, i.e. the so-called solar
fuels." 182 Typical examples include hydrogen gas (H,) which
is considered worldwide as a promising target for large scale
energy storage and distribution.?” Alternative solar fuels include
liquid fuels from CO» reduction,® 2% as well as halogen (X),
that could be concomitantly formed with H, upon hydrohalic
acid (HX) splitting.***! HX splitting would operate according
to a mechanism depicted in Figure 1 where the excited photo-
sensitizer oxidizes the halide (X), forming the corresponding
X that further reacts with X~ to form X,™. The reduced photo-
sensitizer can activate a proton reduction catalyst that in turn
generates H, from a proton source. The main drawback of hy-
drohalic splitting is the thermodynamic demand associated with
halide oxidation. Aqueous halide oxidation occurs at potentials
E°(X"") of 1.33, 1.93 and ~2.1-2.3V vs NHE for iodide, bro-
mide and chloride, respectively.” This wide range of potentials
was shown to be narrower in organic solvents where E° (X"")
of 1.23, 1.35 and 1.46 V vs NHE have been roughly estimated
in acetonitrile for iodide, bromide and chloride, respectively.’>
33 Hence, such oxidations are thermodynamically very demand-
ing in water and often requires using photosensitizers based on
rare ruthenium and iridium metals. Whereas evidence for iodide

or bromide oxidation in organic solvent with Ru(Il) and Ir(III)
photosensitizers was unambiguously confirmed by transient ab-
sorption spectroscopy,’*** it is only very recently that evidence
for chloride oxidation in water-like conditions was provided us-
ing Ir(IlI) dinuclear photosensitizers.>* Notably bromide and
chloride photo-oxidation have been monitored in acetone using
Ru(II) photosensitizers**2” as well as by one- or two-photon ex-
citation of N-phenylphenothiazine in acetonitrile.*®
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Figure 1. Structure of [Fe(phtmeimb),]* alongside the proposed
scheme for the HX (X =1, Br, Cl) splitting reaction. The mech-
anism for hydrogen production using [Fe(phtmeimb),]* has
been proposed by Wirnmark and co-workers.** Halide oxida-
tion represents the focus of this work.

The use of Ir(Ill) and Ru(Il) photosensitizers helps perform
these challenging oxidations using single photon excitation but
represents a drawback in terms of sustainability. A luminescent
iron(III) photosensmzer [Fe(phtmeimb),]" (Figure 1), where
phtmeimb is phenyl[tris(3-methyl-imidazolin-2-



ylidene)]borate, was recently pioneered by Warnmark and co-
workers.*” This photosensitizer has been thoroughly character-
ized spectroscopically and its use in photoredox catalysis and
hydrogen photoproduction has also been documented,**’ but it
has yet to be used for halide oxidation, which could open the
way to HX splitting. With its 2 ns excited-state lifetime and ex-
cited-state reduction and oxidation potential of 1.6 V and —1.3
V vs NHE respectively, this photosensitizer shows great prom-
ise for excited-state electron transfer and catalysis.*’ In here, we
investigated the use of [Fe(phtmeimb),]* as photosensitizer for
halide oxidation in dichloromethane (CH,Cl,), acetonitrile
(CH;CN) and CH3CN/H,O 1:1 mixture. In neat organic solvent,
large quenching rate constant close to the diffusion limit were
obtained. In CH;CN/H,O 1:1 mixture, iodide and to a lesser ex-
tend bromide were competent for excited-state quenching. Di-
rect evidence for excited-state electron transfer was only ob-
tained by nanosecond transient absorption spectroscopy for io-
dide in dichloromethane and acetonitrile. The cage-escape
yields were also determined and were shown to be larger in di-
chloromethane (0.079) than in acetonitrile (0.017). Altogether,
the results presented herein represent a first step towards the
transition to earth abundant photosensitizers for halide oxida-
tion, albeit only in organic solvent.
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Figure 2. UV-Vis (solid lines) and photoluminescence (dashed
lines) spectra of [Fe(phtmeimb),]* recorded at room tempera-
ture under air in CH,ClL, (orange), CH3;CN (blue) and
CH;CN/H,0 1:1 (purple).

The ground-state absorption and excited-state photolumines-
cence spectra (Figure 2) were only slightly sensitive to the sol-
vent nature, as expected for the doublet ligand-to-metal charge
transfer excited-state character of [Fe(phtmeimb),]".*> 45 The

excited-state lifetime was also not drastically affected and
ranged from 1.8 ns in CH;CN/H>O 1:1 to 2.4 ns in CHxCl.

Excited-state quenching was then investigated with tetra-n-bu-
tylammonium iodide, bromide and chloride in CH,Cl,, CH;CN
and CH3CN/H>O 1:1 mixture (Figure 3 and Figures S1-S12).
In CH3CN, the quenching rate constants (kq) followed the ex-
pected periodic trend with &, that ranged from 1.49 x10'° to 2.06
x10'" M!s™! for chloride and iodide, respectively (Table 1).%°

Table 1. Excited-state quenching rate constants for the reaction be-
tween [Fe(phtmeimb),]* and tetra-n-butylammonium halide.

Solvent kq (x10'° M5
Todide Bromide Chloride

CH;CN 2.06 1.87 1.49
CH;CN:H;0 1:1 1.46 0.25 -4
CH,Cl, 2.03 2.02 1.71
CH,CL,* 2.14 2.05 1.63
CH,CL," 0.39 0.31 0.24
CH,CL* 0.39 0.30 0.20

“eluted through basic ALO;. "with 0.5 M TBAPFs. ‘eluted
through basic AL,Os and with 0.5 M TBAPF;. “no excited-state
quenching observed.

The kq in CH3CN/H,O 1:1 slightly decreased to values of 1.46
x10'" and 2.49 x10° M's™! for iodide and bromide, respectively.
Excited-state quenching with chloride could not be observed
under these conditions. In dichloromethane, the &, were on the
same order of magnitude as those determined in acetonitrile
(Table 1). Note that, in neat dichloromethane, the downward
curvature of the Stern-Volmer plots at higher quencher concen-
trations was most likely due to the kinetic salt effect and the
quenching rate constants with chloride in neat dichloromethane
are an estimate.’'3¢ The excited-state quenching experiments
were thus performed in dichloromethane containing 0.5 M of
tetra-n-butylammonium hexafluorophosphate (TBAPFs). A
~10 fold excess of TBAPF; vs halide in neat CH,Cl, was used
to investigate this kinetic salt effect. In this case, the excited-
state quenching rate constant were one order of magnitude
smaller, i.e. 3.9 x10°, 3.1 x10° and 2.4 x10° M's™! for iodide,
bromide and chloride, respectively. This is in line with a de-
creased diffusion rate upon the introduction of large concentra-
tion of electrolyte. All experiments were also repeated with di-
chloromethane freshly eluted over basic ALO; to remove any
residual traces of HCI or other impurities, which led to identical
results.”’



100

a) B lodide b) 6 m lodide
10000 Bromide Bromide
ﬂ A cChloride 1 A Chloride
A -
80004 ! 75+ z
] :°
] o
¥ |
c 6000 \ —_
3 \ T 504 : . ,
o | 0.00 0.02 0.04 0.06
40004 | | 0.00 0.02 0.04 0.06 [Halide] (M)
\ [Halide] (M)
] 25 4
2000 | ! 0.00 mM —l—o.oo mM
\
‘\ —72.50 mM —— 7250 mM
0 | T ' 0
0 5 10 15 550 600 650 700 750 800 850 900 950 1000
Time (ns) Wavelength (nm)
150
C) lodid d) 10 B lodide
10000 1 451 B todide L lodide
Bromide 8 Bromide
Bromide E X Bromide
A Chloride [ Chloride
8000 e 3.0 /\ Chloride L 6 /\ Chloride
< 100 < o
e 4
2 .
S 6000+ 1.5 | 2
[} o
© 000 004 008 012 0.6
4000 4 004 008 012 0.6 504 ’ ’ " 'I_d M' ’
[Halide] (M) [Halide] (M)
20004 | TO-OO mMm 0.00 mM
[l
1 Jl \ ——169.00 mM ——169.00 mM
0 —  fFH————r 11
0 5 10 15 550 600 650 700 750 800 850 900 950 1000
Time (ns) Wavelength (nm)

Figure 3. Time-resolved (a,c) and steady-state (b,d) excited-state quenching of [Fe(phtmeimb),]* with iodide in argon purged CH;CN
(a, b) and in CH,Cl, with 0.5 M TBAPF; (c,d). The inset represents the corresponding Stern-Volmer plots with iodide (purple),
bromide (orange) and chloride (green) in CH3CN (a,b) and in CH,Cl; (¢,d, open symbols) and CH,Cl, containing 0.5 M TBAPF (c,

d, closed symbols).

As Stern-Volmer experiments do not inform on the exact nature
of the quenching process, nanosecond transient absorption
spectroscopy was carried out to gain insight into the mechanism
of the photo-induced process.*® Pulsed 470 nm light excitation
of solutions containing [Fe(phtmeimb),]* and iodide showed
clear evidence for excited-state electron transfer in CH,Cl, and
CH3CN (Figure 4 and Figures S13-16). This was evidence by
novel absorption features centered at 385 nm and 750 nm, at-
tributed to a combination of a reduced [Fe(phtmeimb),] species
and I,", the latter formed through a reaction between I" and I
5% The kinetic rate constant for the formation of I," could not
be determined as it appeared within the instrument’s response.
Modelling of the transient absorption spectra using authentic
spectra of the reduced photosensitizer and I, highlighted that
they were formed in a 1:1 ratio (Figure 4 and Figure S19). Di-
rect evidence for excited-state electron transfer was not ob-
served with the other halides or in CH;CN/H,O 1:1 (Figures
S17-S18).
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Figure 4. Nanosecond transient absorption spectrum (blue) of
a solution containing [Fe(phtmeimb),]* and 45 mM of iodide in
CH;Cl,. Spectrum is shown 25 ns after the laser pulse and was
integrated for 50 ns. The spectra were modeled (orange dashed
line) using a 1:1 ratio of Fe(II) to I,'~ (2.45 uM of each). Exper-
iments were carried out in argon purged solvents using 470 nm
pulsed light excitation at 10 mJ/pulse.



The cage-escape yields (®cg), i.e. the efficiency with which the
geminate pair of radicals separate after bimolecular excited-
state electron transfer were quantified by comparative actinom-
etry using Eq. 1 and 2 with [Ru(bpy);]** as actinometer.*
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Figure 5. Single wavelength absorption changes recorded at
385 nm following pulsed light 470 nm excitation in the presence
of increasing amounts of iodide (top). The single wavelength
absorption changes were deconvoluted using a 1:1 ratio of re-
duced [Fe(phtmeimb),]| to I, which was used to determine the
cage-escape yields (bottom).

The transient absorption changes were monitored at 385 nm, i.e.
at the maximum absorption changes corresponding to a combi-
nation of the reduced photosensitizer and I, (Figure 5). As
spectral modelling showed that these were produced in a 1:1
ratio (Figure 4), the single wavelength absorption changes were
analyzed using Agsgsam = 7200 M~'em™ and 8600 M'cm™" for
Fe(Il) and I,", respectively.”> *° These signals were compared
to the changes in absorption of the reference [Ru(bpy)s]** (ESier)
at 450nm. A Ag value of —11000 M'cm™" was used for the ac-
tinometer at 450 nm.%%” Ocg were obtained by comparing the
relative yield of mono-reduced PS produced (D) to the percent-
age of quenched photoluminescence (%PL). Using this proce-
dure, cage-escape yields ranged from 0.079 in dichloromethane
to 0.017 in acetonitrile (Table 2). ®cg could not be determined

for bromide and chloride. This could imply that the in-cage
geminate charge recombination is much faster than the cage-
escape process.*! These ®cg are small compared to values rec-
orded in organic solvents for photosensitizers where X, was
observed, with values of 0.25-0.96.3% - % In some instances,
low @k (~0.04) with observation of I, in acetonitrile have also
been reported using Ru(Il) photosensitizers.*

Table 2. Cage-escape yields for the reaction between [Fe(phtme-
imb),]* and iodide in the indicated solvent.

Solvent Dcr

CH;CN 0.017
CH:CL, 0.072
CH,Cl, - ALLO; 0.079
CH,Cl; - 0.5 M TBAPF; 0.041

CHCl; — AL,O; - 0.5 M TBAPF, 0.038

The origin of the difference in ®cg is at this stage not easy to
rationalize. Contrary to what has been reported in the literature,
there does not seem to be any effect of the driving force for
geminate charge recombination on the ®cg, as larger ®cg would
have otherwise been observed with bromide and chloride.®*7
An impact of the solvent on the intersystem crossing of the gem-
inate radical pair, as previously hypothesized,” may result in
state mixing with a higher spin state such as the *CS which
would convey a partial spin-forbidden character to geminate
charge recombination, thus increasing ®ce. lodide could also
promote such state mixing through heavy atom effect compared
to the other halides, hence increasing the spin-forbidden char-
acter of the geminate charge recombination. Excited-state elec-
tron transfer would yield an overall neutral reduced photosensi-
tizer and a neutral halogen atom and as such, electrostatic re-
pulsion is not expected to be a main contributor to these ®cg,
although the data in CH,Cl, and with added electrolyte could
suggest otherwise. As iodide is the most polarizable halide, we
propose that the larger ®¢g observed in dichloromethane stems
from either a better solvation of the separated iodine atom and
the reduced photosensitizer than in acetonitrile or that the gem-
inate radical pair is more stabilized in acetonitrile, decreasing
the gap with the ground state product, thus favoring recombina-
tion.

In conclusions, a known Fe(IIl) photosensitizer was used for
bimolecular excited-state reactivity with iodide, bromide and
chloride in CH,Cl,, CH;CN and CH;CN/H,O 1:1 mixture.
Steady-state and time-resolved excited-state quenching experi-
ments were in line with dynamic quenching with a potentially
small static quenching process. Large quenching rate constant
were obtained in most conditions. Unambiguous proof for ex-
cited-state electron transfer was obtained with iodide, where
both the monoreduced photosensitizer and I, were spectro-
scopically observed. The absence of signals for bromide and
chloride suggests that the in-cage geminate charge recombina-
tion is faster than the kinetics for the cage-escape process.*' ®cg
for the reaction with iodide were determined and ranged from
0.079 to 0.017 in CH,Cl, and CH;CN, respectively. The origin
of the difference in @k is currently under investigation. These
results however highlight the great versatility of [Fe(phtme-
imb),]" since its initial report by Warnmark and co-workers in
2019 and open great opportunity for bimolecular excited-state
reactivity of iron complexes in photoredox catalysis and solar
fuels formation.
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A Fe(III) photosensitizer with ligand-to-metal charge transfer (LMCT) excited state was used to perform visible light halide oxidation
of iodide, bromide and chloride in dichloromethane, acetonitrile and acetonitrile/water 1:1 mixtures. A combination of steady-state
and time-resolved spectroscopic techniques confirmed that reductive excited-state electron transfer occurred efficiently with iodide.
Cage-escape yields were quantified by comparative actinometry and ranged from 0.079 in dichloromethane to 0.017 in acetonitrile.




