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Owing to its outstanding photoactivity, ferrioxalate is originally used as an actinometer and subsequent
work has discovered that photochemistry of ferrioxalate is also fundamentally or technically important
in atmospheric chemistry and water treatment. While the overall products generated from photoly-
sis of ferrioxalate are known to include Fe(Il), a series of oxidizing (e.g., ‘OH, O,~/HO,"~) or reducing
(C304'7/CO, ) radicals and H,0,, however, at the molecular level, the primary step of the photoreaction
of ferrioxalate remains as an unsolved mystery due to the difficulty in examining such ultrafast processes.
Benefiting from the development of time-resolved spectroscopy, this old question has been studied with
increasing vigor recently, by means of such ever-more-sophisticated techniques (e.g., flash photolysis,
time-resolved X-ray absorption spectroscopy (XAS), femtosecond infrared (IR) absorption spectroscopy,
ultrafast photoelectron spectroscopy (PES)). There are two contrary views on the primary reaction mech-
anism: (1) Intramolecular electron transfer (ET) precedes the cleavage of the metal-ligand bond; (2) The
dissociation of C-C or Fe-O bond occurs before intramolecular ET. Thus, this review presents a compre-
hensive summary about the overall reaction mechanism and molecular level mechanism of ferrioxalates.
In chronological order, we have elaborated two predominant but controversial views from the perspec-
tives of different experimental approaches. Some challenges and research opportunities in this active field

are also briefly discussed.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Oxalic acid (H,C;04) is an important dicarboxylic acid in at-
mosphere and is a common component of fog [1], tropospheric
aerosols [2], precipitation [1], surface water and soil solutions [3].
Oxalic acid is not only derived from automobile exhaust, fossil
combustion, biomass combustion and other incomplete combus-
tion [4,5], but is a common product of photochemical oxidation
reaction of many hydrocarbons [6,7]. Their concentrations in the
atmosphere range from 10ng/m3 in remote areas to hundreds or
even more than 1000ng/m? in urban areas [8-10]. Besides, ox-
alic acid in soil mainly originates from roots secretion [11], plant
residues and microbial metabolites [12], and its concentration is
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usually in the range of 0-50 pmol/L in soil [13]. In aqueous and at-
mospheric environment, oxalic acid is often chelated with iron to
form photosensitive complexes [14], namely Fe(Ill)-oxalate. Since
the 1950s, a large number of studies have found that upon expo-
sure to sunlight, aqueous Fe(Ill)-oxalate complexes would undergo
a rapid photochemical redox process [15-20].

Initially, the photochemistry of ferrioxalate has gained increas-
ing attention due to its high solubility, high molar absorption co-
efficient and high reaction quantum yield. The quantum yield of
Fe(Il) (Preqny) is insensitivity to temperature, concentration, and
light intensity [19,21], so that Fe(Ill)-oxalate is known as the most
widely accepted standard actinometer [22]. A pioneering work by
Parker measured the @p ) using ferrioxalate as a chemical ra-
diometer [18]. Now the ®pqq) is a known parameter at a spe-
cific wavelength range, for instance, 1.25-0.9 for ferrioxalate in the
wavelength range of 250-500nm [22]. Considering the high sen-
sitivity and precision, wide wavelength responsiveness, stability of
photolyte and photolysis products [18,19,23,24], ferrioxalate acti-
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Fig. 1. The redox cycling of iron and associated ROS generation in the photolysis of
Fe(IIl)-oxalate.

nometer has been recommended by the International Union for
Pure and Applied Chemistry as an actinometry used in liquid phase
[25,26].

More than an actinometer, the ferrioxalate is known as a preva-
lent photoactive compound in atmospheric photochemistry and
water treatment [27-29]. The photochemical redox reaction of fer-
rioxalate is an important source of reactive oxygen species (ROS)
[30,31], such as carbon dioxide anion radicals (CO,"~), superox-
ide radical anions (O,"~), hydroperoxyl radical (HO,") and hydroxyl
radical ("OH) (Fig. 1). The photochemical reaction of ferrioxalate
could represent a vital source of H,O, in the atmospheric liquid
phase, which plays a critical role in atmospheric chemistry, such
as the oxidation of SO, to H,SO4 [32,33]. The photolysis process
of ferrioxalate can promote the dissolution of Fe(Ill) [34], and its
decarboxylation process is an important mechanism of carbon cy-
cle in natural waters. Besides, the production and consumption of
ROS may also affect the redox process of some environmental el-
ements, such as sulfur (S) [35], arsenic (As) [36], chromium (Cr)
[37], and the decomposition and transformation of natural organic
matter and man-made pollutants.

Photo-Fenton assisted by Fe(Ill)-oxalate has been developed as
a new advanced oxidation processes. The strong oxidizing species
(*OH) generated in this process can effectively degrade most re-
fractory organic compounds [38-41]. The addition of ferrioxalate
complex [42-46] can promote the photo-Fenton reaction at neu-
tral pH, and avoid acidification and precipitation of iron hydroxide
in traditional Fenton reaction [47,48]. It shows strong application
potential in solar energy utilization, stabilization of the presence
of iron in the solution during the sewage treatment, and mineral-
ization of refractory organic pollutants [49-51]. Some examples of
photo-ferrioxalate system in the treatment of organic pollutants in
actual wastewater are summarized in Table S1 (Supporting infor-
mation).

The wealthy photochemical properties of ferrioxalate complexes
have been the focus of several ultrafast spectroscopy studies, in-
cluding pump/probe transient absorption (TA) spectroscopy such
as flash photolysis, time-resolved X-ray absorption spectroscopy
(XAS), femtosecond infrared (IR) absorption spectroscopy and ul-
trafast photoelectron spectroscopy (PES). The intermediate and sta-
ble products of the photolyzed ferrioxalate are well known, but
there are some controversies yet about the initial photolysis of fer-
rioxalate at molecular level.

Therefore, in order to facilitate readers to better understand this
old story, we have summarized the photochemical studies of fer-
rioxalate over the past century into a chronicle (Fig. 2). The first
detailed study of the photochemical activity of ferrioxalate can be
traced back to 1929 [16]. Later, Parker [52] first proposed that the
initial step after photoexcitation is intramolecular electron transfer
(ET), and introduced flash photolysis to confirm their view. This
idea was later denied by DeGraff and Cooper [53] in 1971, who in-
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Fig. 2. A chronicle of advances in the photochemistry of ferrioxalate at molecular
level over the past century.

ferred that the dissociation of the C-C bond on the oxalate ligand
would occur prior to ET. A year later, an experimental work using
flash photolysis by Patterson and Perone [54] agreed with Cooper
et al. In 1996, Nadtochenko and Kiwi [55] confirmed the ET mech-
anism by flash photolysis in the microsecond range, and suggested
that a new ultrafast spectroscopy should be introduced. Therefore,
in 2007, Chen et al. [24] introduced XAS into this system and pro-
posed that the dissociation of the Fe-O bond is the first step in
the photolysis of ferrioxalate. In 2008, Pozdnyakov et al. [56] com-
mented on the work by Chen et al. A review by Pozdnyakov et al.
[57] concluded that the main photochemical processes of Fe(IIl)
complexes with aliphatic (poly)carboxylic acids include ET and the
formation of Fe(ll), which is further explained in another article
[58]. Since then, both XAS and time-resolved infrared spectroscopy
(TR-IR) investigations have been carried out to confirm the initial
ET mechanism and further define the time range of ET occurrence.
In 2018, Chen and Browne [59] reviewed the transient reduction
of iron centers and the oxidative degradation of organic ligands in
the photochemical reaction of ferrioxalate, which also supported
the classical statement of ET. Recently, Longetti et al. [60] used a
new method, PES, for the first time, and proposed that ET occurs
in the range of less than 30 fs. However, despite advances in both
fundamental research and applications, there is no consensus on
the molecular-level mechanism, so the story remains unfinished.

Despite the growing interest in the primary events of the fer-
rioxalate in the past, to our best knowledge, no reviews have been
published so far that focus on the controversy about the molecular-
level photolysis mechanism of ferrioxalate. Therefore, this review
comprehensively discusses the mechanism and potential of the
photochemical reaction of ferrioxalate. Also, more concerns are ex-
pressed about the behavior trajectory of ferrioxalate complexes un-
der photoexcitation, including the overall reaction of ferrioxalate
and the molecular level. Based on chronological order, the differ-
ent TA spectroscopic methods used by different research groups
are classified, which highlights the current controversy of ET and
dissociation mechanism of ferrioxalate. Finally, we propose further
prospects about the reaction mechanism of ferrioxalate as well as
its application.

2. Primary photochemical processes of ferrioxalate

Although the general photochemical processes and their pho-
toproducts are widely accepted (see Text S1 in Supporting infor-
mation for a brief review of previously reported general photo-
chemical reaction mechanisms for ferrioxalate), its early chapters
of this old story (the primary step of the photoreaction) remains as
an unsolved mystery. So far, various methods have been employed
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to study the photoreaction of ferrioxalate in order to explain its
redox mechanisms, especially TA spectroscopic [24,53-55,61]. The
photochemical mechanisms proposed previously for the photolysis
of ferrioxalate can be roughly divided into “prompt” and “delayed”
ET. Fig. S3 (Supporting information) illustrates the main processes
of intramolecular ET and bond dissociation in ferrioxalate.

The essential difference between these two most widely dis-
cussed mechanisms lies in the chronological sequence of one-
electron reductions in iron center. The former photoexcitation re-
sults in one-electron ligand-to-metal charge transfer (LMCT), which
leads to instantaneous reduction of Fe(Ill) and oxidative degrada-
tion of oxalate ligands [59,62-65]. In the latter case, the dissoci-
ation of C-C bond happens before ET, thereby producing a ferric
intermediate with a double radical property in the ligand center
[54,66]. In addition, electron photodissociation, and photoinduced
spin crossover may be should also be considered. It cannot be ne-
glected that the electrons in the ferrioxalate can charge out into
the solution, and the complex also have spin crossover that may
affect the reaction process.

2.1. Intramolecular ET

This mechanism was first proposed by Parker [52] in 1954, indi-
cating that intramolecular ET is the major event after light excita-
tion. The electrons in the ferrioxalate molecule are transferred im-
mediately from oxalate ligand to iron center under light excitation,
thereby rendering the reduction of Fe(Ill). The reaction mechanism
within 100 ps is described in Eq. 1.

[Fel (C;04); ] + hv — [Fe'(C,00)3 ]
— [(*C204)Fe! (C;04),]" (1)
— [Fe(C204),]" + €205 /€O, CO3~

The metastable [("C,04)Fell(C,04),]3~ is generated after an
electron in the oxalate ligand moving into the iron center. Then,
the key active intermediates C;04~ or CO,"~ are produced af-
ter the ligand dissociation. The photoreduction may also alter the
molecular structure of ferrioxalate. The length of Fe(Il)-O bond is
generally 0.1-0.2 A longer than the length of Fe(Il)-O bond in the
same iron complex [67,68], while the relocation and reallocation of
an electron between iron metal and oxalate ligand would disrupt
the D3 symmetry of the parent molecule [69].

2.2. Dissociation of bonds in ferrioxalate

In 1971, Cooper et al. conducted a more detailed kinetic study
using 340-500nm irradiation, and concluded from the observed
transient spectra that the primary process of ferrioxalate photolysis
is not intramolecular ET [53,69]. Firstly, a C-C bond breaks before
the ET, and generates a ligand-centered ferric intermediate with
biradical character (Eq. 2). Secondly, the dissociation of Fe-O bond
also needs to be considered. The valence state of iron remains at
+3 (Eq. 3). In this mechanism, the transient (Fe!''(C,04),~) is gen-
erated within 5 ps, and its decay life is in the range of nanosecond.
In short, the primary photodissociation of ferrioxalate includes the
dissociation of the Fe-O bond between the iron center and oxalate
ligand, and the cleavage of the C-C bond in the oxalate ligand.

[Fel (C;04)5]" +hv — [Fel(C,04)3 7]
(0C*0),Fel(C;04),]" )
Fell(C;04),]" + C,05/C0,, CO3~

—

—

[Fel (C;04),]" +hv —

—

Fe(C04)3 7|

Fell (C;04),] +2C03" ®
2 2

e
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In conclusion, the initial redox reaction of Fe(Ill)-oxalate under
light may involve ET, dissociation, or both. In both mechanisms,
either C;04 ~or CO,*~ anion radicals may be generated. These rad-
icals will further react with Fe''(C,0,4)33~ molecules to form an
additional Fe(Il) product, resulting in total quantum yields larger
than one in the photochemical reaction of ferrioxalate.

2.3. Electron photodissociation

Previous studies [24,68,69] have identified visible absorption
bands in the regions of 500-800nm and 380-500nm in TA spec-
trum, among which the absorption band at 500-800nm is as-
signed to hydrated electrons. Although the direct photoionization
of ferrioxalate in water is impossible under photoexcitation of less
than 4.7 eV, the fact that an electron to be stripped from iron ox-
alate into the solvent under the electrostatic attraction of the sol-
vent cannot be ignored. This process is called charge transfer into
a solvent. Thus, the reaction may produce hydrated electrons, and
the reaction formula is shown as Eq. 4. In the process of electron
detachment, the polarization of the iron anions may increase due
to the change of the electrostatic interaction between surround-
ing solvent molecules and ferrioxalate complexes, thereby chang-
ing the length of the Fe-O bond [69].

[Fel(C;04)s]" +hv — [Fell(C;04)3 | @
— [Fe" (C204)3]27 +e(aq)

2.4. Photoinduced spin crossover

Previous studies have observed intersystem crossover between
low-spin and high-spin configurations in many hexagonal metal
complexes [70]. After photoinduced Fe(Il) spin-crossing, the pi-
cosecond extended X-ray absorption fine structure (EXAFS) has ob-
served that the change of metal coordination bond length is about
0.2A [71,72]. For the spin crossing of ferrioxalate complex, the
molecule is first excited from ground state (°GS) to high electron
state (°ES) with the same spin, and then crosses between the sys-
tems to a lower spin state (“ES or 2ES) (Eq. 5). Thus, the struc-
tural changes and the absorption differences of ferrioxalate molec-
ular could reflect these spin changes [69].

[Fe!l (c204)3]3’(s =5/2) +hv— [Fe"(C,04)37] (s =5/2)

— [Fe(C204)3 | (s = 3/2,1/2)
(5)

3. The dispute over the “prompt” and “delayed” ET

Two most widely debated views are ET from a complexing ox-
alate ligand to the central iron ion and bond dissociation between
them. Several methods are applied to explore the primary photo-
chemical reaction mechanism of ferrioxalate, including flash pho-
tolysis, time-resolved XAS, femtosecond pump/probe mid-infrared
(MIR) TA spectroscopy and PES. Fig. 3 describes the principle of TA
spectroscopy and the advantages and disadvantages of the three
main methods.

3.1. Flash photolysis

Flash photolysis is an experimental method to study rapid pho-
tochemical process. It was first invented by Porter and Norrish
[73,74] for the study of chemical reaction kinetics and photochem-
istry in 1948. This method uses an excitation lamp to generate
high-intensity light pulses instantaneously to irradiate the sample,
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Fig. 3. Principle of different TA spectra. ADC, analog-digital converter; DAC, digital-
analog converter.

which induce the molecules to achieve photodecomposition or ex-
citation state and generate enough transient molecules to be de-
tected. The absorption spectrum of transient molecules detected
by flash lamp or spectral lamp can be directly used to analyze the
kinetic process of the reaction. With the application of lasers, ex-
perimental devices constructed by laser instead of excitation lamp
or spectral lamp has enabled the temporal resolution of transient
molecules to reach nanoseconds or even picoseconds.

Among early investigations on the photochemical behavior of
ferrioxalate between 1910 and 1950 (see more details in Text S2
in Supporting information), flash photolysis was introduced firstly
to conduct a detailed study on the photolytic reaction of potas-
sium ferrioxalate by Hatchard and Parker [19] in 1956, in order to
establish ferrioxalate as a standard chemical actinometer for pho-
tochemical research. In 1959, Parker and Hatchard carried out the
preliminary explorations on ferrioxalate solution using flash pho-
tolysis [20]. Before that, only Parker and Hatchard used the tran-
sient sensing technology to probe the primary photolysis reac-
tion of Fe(lll)-oxalate, and they had already observed long-lived
intermediates. Thus, the intramolecular ET mechanism of ferriox-
alate was formally proposed by Parker and Hatchard [20]. Firstly,
the change of the first-order constants does not vary with a large
change of the initial ferrioxalate concentration, while the second-
order “constants” does. Therefore, it is inferred that what is ob-
served is an intramolecular reaction of ferrioxalate. Secondly, the
observed long-lived intermediates have greater assimilation ability
than ferrioxalate at long wavelengths of 405nm and 436 nm. Fi-
nally, the rate-controlling step takes place before the reduction of
the second molecule. It is speculated that the electrons on the lig-
and are transferred to the central atom after excitation, so that the
electron forming one of the bonds between an oxalate ion and the
central atom become unpaired. Thus, it is tentatively proposed that
the photoreduction mechanism on the nanosecond range includes
the initial excitation, followed by dissociation into ferrous oxalate
molecules and oxalate anions. Then the oxalate radical reacts with
another ferric oxalate ion.

However, a different view emerged in late 1971. DeGraff and
Cooper [53] used 340-500 nm irradiation to conduct a more de-
tailed kinetic study. Basing on the observed transient spectra, they
concluded that the dissociation between iron center and oxalic lig-
and prior to intramolecular transfer should also be considered as
the major primary reaction [69]. But the rapid reduction of central
iron also occurs on the nanosecond range, which is consistent with
Parker and Hatchard [20]. Then, another scenario was reported by
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Rentzepis et al. [75] that electron photolysis also occurs in ferriox-
alate complexes. In the process of electron dissociation, the static
electricity between the surrounding solvent molecules and Fe(III)-
oxalate have changed, and the uneven interaction increase the po-
larization of iron oxalate anions, causing a slight change of the
length of the Fe-O bond. Soon after, Jamieson and Perone [66] ap-
plied electrochemical measurement techniques to study the sec-
ondary photolysis of ferrioxalate solutions irradiated by flash. They
found that photoexcitation could cause homolytic cleavage of the
C-C bond on the oxalate ligand, which generate two free radi-
cals attached to the ferric dioxalate molecule. Next, the interme-
diate reacts with ferrioxalate to generate ferrous oxalate. There-
fore, the photolysis mechanism about intramolecular ET of ferriox-
alate proposed by Parker and Hatchard [20] was denied, because
[Fell(C,04),]*~ and C,04~ are formed instantaneously, whereas
[Fe'l(C,04),27-C,04°"] is the intermediate of initial photolysis. The
experimental observation by Jamieson and Perone [66] showed
that the primary intermediate is a ferric diradical containing both
reducible and oxidizable groups. Thus, some scholars believe that
the reduction of metal ions and the oxidation of oxalate ligands are
not the first step in the photoreduction process of metal-oxalate
complex [76].

Additionally, based on the previous electrochemical detection
method [66], Patterson and Perone [77] tracked the intermedi-
ate photoproducts generated by the flash photolysis of ferrioxalate
using spectrophotometric and electrochemical monitoring tech-
niques. Since the solution and photolytic conditions used in the
earlier flash photolysis studies [66] are different from Parker and
Hatchard [20] and DeGraff and Cooper [53], the overall proposed
mechanisms are different. Therefore, Patterson and Perone [77] car-
ried out the experiment again under the control of the same con-
ditions. The result showed that the relationship between the ab-
sorbance and time of the ferrioxalate solution under flash photol-
ysis is the same as previous researches [20,53] at all wavelengths.
The initial reaction process is the dissociation of C-C bond on ox-
alate, generating ferrioxalate diradical species (Fig. S4 in Support-
ing information) short-lived substances that can be electrochemi-
cally oxidized at —0.1V [66,76]. Therefore, the intramolecular redox
process is the most likely single-molecule reaction that the ferriox-
alate diradical specie generate Fe(ll)-dioxalate, CO,, and CO,"~.

In another study conducted by Nadtochenko and Kiwi [55],
the behavior of ferrioxalate complexes under laser irradiation and
quenching in the presence of H,0, were investigated by using
347 nm ruby laser. The absorption of photons and the deactivation
of excited substances may occur in the microsecond range. More-
over, with the support of the nanosecond flash photolysis, the view
that intramolecular ET is the main cause of the primary photoly-
sis reaction of ferrioxalate is supported by Pozdnyakov et al. [56].
Fig. S5 (Supporting information) illustrates their proposed mech-
anism of ferrioxalate photolysis [21,31,56]. This is contrary to the
conclusion that the Fe"-0 bond breaks before the ET proposed by
Rentzepis and colleagues [69] earlier.

Flash photolysis has opened a road to explore the photochem-
ical reaction process of ferrioxalate. Its long-lived intermediates
have been observed by TA, and the reaction rate constant has been
determined. But so far, the conflicting views on the reaction char-
acteristics at the molecular level are present in the flash photolysis
studies. Furthermore, the data obtained by flash photolysis is insuf-
ficient to resolve the dispute over primary photochemistry. Thus,
more advanced methods that can detect transient species need to
be introduced for probing the ferrioxalate photochemical system.

3.2. Ultrafast high-resolution transient XAS

Time-resolved XAS is a type of TA spectroscopy that is able to
detect transient species. In essence, this method is similar with
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ultrafast pump-probe detection technology, but the most impor-
tant component, the detector, is not optical, but absorbed X-ray
pulses [78]. Laser pulse excitation is used to initiate a series of ba-
sic photochemical processes, and then the reaction intermediates
can be detected by XAS to obtain corresponding structural infor-
mation [79]. Time-resolved XAS is not limited by the time range,
and the complex dynamic processes can be clearly observed in the
femtosecond field. It is easy to gain information that cannot be ob-
tained from pure laser experiments [78], such as bond length, co-
ordination number. Specifically, XAS mainly includes X-ray absorp-
tion fine structure (XAFS), X-ray absorption near edge structure
(XANES) and EXAFS. EXAFS and XANES can take transient snap-
shots of stationary atoms even during rapid chemical reactions. Be-
sides, EXAFS can determine the existence of long-lived transient
intermediates based on flash photolysis, and further observe the
changes in the Fe-0 bond and C-C bond lengths of ferrioxalate af-
ter light irradiation. The experimental data of EXAFS [78,79] pro-
vide some evidence for the reaction mechanism that the dissocia-
tion precedes the intramolecular ET [69].

However, Chen et al. [24,68,69] reported that the primary re-
action of ferrioxalate after photoexcitation is not intramolecular
ET, and there may be another main photochemical process. They
used ultrafast pump/probe absorption laser device to examine the
Fe-0O bond distance measured by EXAFS. Within 0-2ps after ex-
citation, ferrioxalate is in excited state, and the intermediate Fe-O
bond distance is 2.16 A, about 0.14 A longer than that of the ground
state. In this time frame, neither ET nor ligand dissociation has oc-
curred. Within 4-5 ps after excitation, the length of the Fe-O bond
varies from 1.87A to 1.93 A, which is considered as a pentacoor-
dinate [(C;03)0-Fel!(C,04),]3~. The reaction process is shown as
Egs. 6-9. In this scenario, no ET take place within 140 ps while the
oxalate ligand begins to cleave at 5 ps, generating two CO,'~ radi-
cals. Chen et al. [24] provided the following evidences: Firstly, the
excited light energy is enough to break the C-C and Fe-O bonds of
oxalate molecules. Secondly, the observed Fe-O bond is stretched
and the forces between the bonds is weaken, which make it prone
to cleavage. Finally, intramolecular ET has a high spatial barrier and
is not easy to occur. They argued that dissociation instead of ET
dominates, but intermolecular ET cannot be completely excluded.
Thus, Chen et al. proposed that the successive cleavages of the
Fe-0O bond and the C-C bond occur before the ET [31]. However,
the experiment only observed and measured the distance of Fe-O
bond, while the order of the breakage of Fe-O bond and C-C bond

has not been indistinguishable.
[Fe(C204)37]" — [(C203)0 — Fel(C204),]"

11 - o— (6)
— [Fell(C;04),] +2C03

[Fe" (C;04),] + €03~ — [Fe”(C204)2]2* + CO, (7)
[FellI(C204)3]3_ +C05 — [Fe"(C204)2]2_ +C0, +G05~  (8)

[Felll(czo4)3]37 +CO5 — [Fe”(CzO4)3]L + CO, 9

It is worth noting that different methods of TA spectroscopy
would show diverse results. The result proposed by Pozdnyakov
et al. [56] in 2008 was queried by Chen et al. [58] who argued
that Pozdnyakov et al. misinterpreted their study published in 2007
[68] and thus came to a wrong conclusion. Chen et al. [58] pointed
out that previous studies did not provide specific transient spec-
tral data and no experimental data was analyzed, thus denied the
view of Pozdnyakov et al. [56] on intramolecular ET. Neverthe-
less, Cooper and DeGraff [80] suggested that CO,'~ free radical-
scavenging experiments can distinguish between ET and dissocia-
tion. Both Chen et al. and Pozdnyakov et al. carried out the free
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radical scavenging experiments, but conducted by use of the two
different scavengers. Chen et al. used thymine as the CO, '~ free
radical scavenger, while Pozdnyakov et al. selected methyl viologen
dication (MV2*) [56]. They obtained different radical scavenging
experimental results [68]. Chen et al. considered that the radical-
scavenging reaction would not affect the intramolecular ET process.
If ET is the only mechanism, the decrease in the Fe(Il) amount
formed will not exceed 50%. However, using thymine as a CO,"~
radical scavenger results in more than 50% decrease of the @y
in the reaction. It proves strongly that the dissociation is the dom-
inant photoredox reaction and supports the mechanism proposed
by Chen et al. [58] of dissociation prior to ET.

Then, Pozdnyakov et al. responded to Chen et al. and adhered
the view of ET. They discussed these two views in terms of the
properties of Fe(Ill) complexes, the properties of primary photo-
chemical reaction from the free radical species (CO,*~ and C;04°7),
the longevity intermediate ferrous oxalate, and oxalic acid [81].
They also responded to the question that no time resolution in
the picosecond time range was given. They explained that ET and
the cleavage of bond in the molecule are well-known in the pi-
cosecond time range. Moreover, regarding free radical scavenging
experiments, Pozdnyakov et al. [81] stated that they used a kind
of famous electron acceptor, MV2*+, On the contrary, Chen et al.
[24] chose thymine, which is a poor CO,*~ radical scavenger. To
understand the photochemistry of ferrioxalate in depth, it is neces-
sary to combine detailed studies of the dynamic behavior of tran-
sient substances, the quantum chemical calculations, and the spec-
tral data in the ranges of femtoseconds (fs) to milliseconds (ms).

EXAFS can provide information such as the bond length and co-
ordination number between central atom and coordination atom,
but it is not sensitive to the three-dimensional structure and only
offers average structural information. Moreover, it does not supply
any information about the direction of the bonds. However, XANES
can reflect the three-dimensional coordination environment of ab-
sorption atoms, which allows to determine the coordination geom-
etry of absorption atoms.

Soon after, a further study on the UV photochemical reactions
of ferrioxalate solution was carried out by Ogi et al. [82], who
used femtosecond (268 nm) time-resolved XAS. The transition of
ferrioxalate from an excited state to a LMCT state was predicted
by observing the time evolution of XAS near Fe K-edge and den-
sity functional theory calculations. It showed that an initial red-
shift by over 4eV of the K-edge, occurring within the temporal
resolution of 140 fs, then it decreases and stabilizes to a value of
~3eV within ~3 ps, which undergoes no subsequent evolution at
least up to 100 ps. However, the magnitude of Fe(Ill) is expected
to be smaller than 3 eV. Thus, they speculated that the iron in the
reaction product should be divalent. The conclusion is not in ac-
cord with that of Chen et al. [69], who reported the blue shift of
Fe K-edge under the excitation of 267 nm light. However, the rea-
son for the difference is unclear. In another study, the red shift
under 400 nm light excitation was observed by Goldstein and De-
Graff [83]. These different results may be due to limited signal-to-
noise, which makes it impossible to accurately measure the K-edge
shift. Hence, Ogi et al. [82] proposed that the reaction occurs in
two steps. Firstly, the excited ferrioxalate undergoes intramolecular
ET within 140 fs and loses one CO, to form [(CO,")Fel(C;04),]7~.
Then, the vibrational thermal complex (CO,"~ ligand) is dissociated
from [(CO,")Fe!l(C,04),]3~ to produce [Fe'(C,04);]>~ within 3 ps.
Moreover, the C-C bond of the ligand in the ET state is weakened
and then dissociated, and the Fe-O bond gradually elongates. The
isomeric form of the transient intermediate is shown in Fig. S6
(Supporting information). Besides, free radical scavenging experi-
ments showed that the @y [18,83,84] changed in the presence
of scavengers, indicating that the ligand C,0,4°~ or CO,"~ may dis-
sociate from the complex.
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In a similar study, a desktop device based on a laser plasma
X-ray source and a low-temperature microcalorimeter X-ray detec-
tor array was first adopted by O’Neil et al. [85]. Comparing these
results with formerly issued transient X-ray absorption measure-
ment results on the same reaction, it is inconsistent with the views
of Chen et al. [24,68], but consistent with the conclusion of Ogi
et al. [82]. Chen et al. did not discuss the edge shift, but focused
on the change of the Fe(Ill)-O bond length, and found that the in-
termediate’s Fe-O bond length is closer to that of Fe(Ill) compound
[24,68,69,85]. However, Ogi et al. [82] indicated that the length of
Fe-0 bond does not change much, but they observed a significant
edge shift of —4eV to —5eV among 140 fs. Moreover, O’'Neil et al.
[85] observed an edge shift of —1.854+0.4eV in the XAS spectrum
of intermediate state, which is consistent with Ogi et al. [82]. Thus,
it is speculated that the intermediate is Fe(Il) compound at this
moment, which supports view of the rapid ET mechanism. Fur-
thermore, O’'Neil et al. [85] indicated that arguments of Chen et al.
[24,68,69] are too reliant on the observing changes in Fe-O bond
length. They [85] also used two methods to evaluate the change
of the ferro-oxygen bond length, but did not find a major vari-
ance. Thus, it is not enough to prove that ligand dissociations or
fragmentations are primary process just by looking at the change
of Fe-0 or C-C bond length. Although the time-resolved XAS ex-
periments is sensitive to the change in oxidation states, the asso-
ciated edge shifts also depends on bond elongation [86] and the
ratio of excited substances [87]. Therefore, it is necessary to intro-
duce more advanced methods to ascertain the specific situation of
intramolecular ET.

3.3. Resolution pump/probe MIR-TA spectroscopy

IR absorption spectroscopy is a well-established and very pop-
ular analysis approach widely used in all fields of chemistry. In
recent years, TR-IR has become one of the strong tools for ex-
ploring photochemical kinetics in solution. TR-IR has structural
specificity inherent of IR absorption, and can provide a direct ob-
servation of chemical dynamic processes at the molecular level
[88]. Compared with the previous time-resolved absorption spec-
troscopy, it is more characteristic and has higher sensitivity to
molecular structure. When studying the photochemical process of
substances in solution, TR-IR can be generally carried out through
two ways, purely laser-based pump probe spectroscopy and real-
time Fourier-transform IR detection spectroscopy after flash pho-
tolysis [89]. Therefore, the time gap of the TA spectrum in the
past can be filled, and the photochemical process from hundreds of
femtoseconds to hundreds of seconds can be scanned almost with-
out delay.

Around 2017, Mangiante et al. [90] studied the photolysis of fer-
rioxalate in water and heavy water after 3 ns light excitation us-
ing pump/probe MIR-TA spectroscopy with 0.1 ps resolution. Fig.
S7 (Supporting information) shows the photolysis mechanism of
ferrioxalate within 3 ns. The time resolved MIR data showed that
intramolecular ET occurred on a sub-picosecond range. After ET,
an unstable oxalate anion C;04~ and two bystander ferrioxalate
ligands were produced. Within 40 ps after ET, C;04"~ quickly dis-
sociated into free solvated CO, and CO,'~, where CO, is expected
to depart the Fe(Il) coordination sphere during 100 ps, and CO,"~
stay at least 10ns on the coordination sphere. This interpretation
largely consistent with that of Ogi et al. [82] whose observations
of Fe K edge motion are also consistent with the Vas (C-0) region
motion by Mangiante et al. [90] in relation to the transition from
ferric to ferrous oxalate.

Similarly, the transient spectral method applied by Straub et al.
[91,92] is UV-pump/MIR-probe spectroscopy in femtosecond range,
which can explore the main reaction process of ferrioxalate as
radiometer, namely the kinetics of decarboxylation and the for-
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Fig. 4. The experimental (upper, symbols) and theoretical (lower) infrared spectra
of (a) ferric parent, (b) ferrous carbon dioxide complex and (c) ferrous product.
Reprinted with permission [92]. Copyright 2022, Copyright Clearance Center, Inc.

mation of primary intermediates (Fig. 4). After absorbing the
266 nm photons, the excited electrons are transferred rapidly from
the complexing oxalate ligand to the central ion, so that the
[Fel'(C,04)33~]* in the electronic excited state dissociated into
neutral, vibratory CO, and a penta-coordinated intermediate com-
plex of ferrous dioxalate. This complex has a curved carbon diox-
ide radical anion ligand (OCO*~) (Fig. S8 in Supporting informa-
tion). There are three different geometric shapes, square-pyramidal
(sp) coordination mode with the OCO*~ ligand occupying the api-
cal (ap) binding site, a triangular bipyramidal (tbp) coordination
sphere with the OCO'~ ligand locating in axial (axe) and equatorial
(eq) position. Then, the breakage of Fe-O bond releases CO,*~ from
the ligand sphere within 400 ps, causing Fe(Ill) reduction to form
[Fe''(C,04),]%. This as-called thermal decomposition is mainly di-
vided into two continuous processes, Eqs. 10 and 11. Meanwshile,
the loose carbonaceous complex can also be isometric as an ox-
alate anion, according to Eq. 12. However, some shell fragments,
such as OCO"~, CO,*~ and C,04'~, might react with another iron
oxalate, resulting in the total quantum yield of ferrioxalate more
than one.

[Felll(C;04);] +hv — [Fel1(C,04),(C0,)]™ +CO;

2 (10)
— [Fe'(C;04),]" + €O, + CO3~

[Fe“(czo4)2(000)]3’. --COy — [Fe" (C204)2]27 +0C0*~ - .. CO,
(11)
0C0*~ + CO; — C,05” (12)

Of the many reports, Pilz et al. [93] used step-scanning Fourier-
transform IR spectroscopy to monitor the primary photolysis pro-
cess of aqueous ferrioxalate complex under 266 nm irradiation on
microsecond-to-millisecond range. By analyzing the latest UV/IR
pump probe and ultrafast IR spectral data, the intramolecular
transfer mechanism was supported. The photochemical reaction
mechanism of ferrioxalate is reorganized as Egs. 13-15.

[Fe" (C204);]" + hv — [(C;04),Fe" (~0C*0)]" + €O,

k>2.0x 10" L mol~! s7! (13)

[(C204),Fe" (—0C*0)]*™ — [Fe™(C;04),]" + G0

k=25x10° L mol! s~! (14)

[Fe"(C,04);]" + G205 — [Fel(C,04),]" +C,02 +2€0,

k=2.9x10° L mol~! s7! (15)

Straub et al. [94] revealed the primary changes of light-induced
aqueous ferrioxalate by UV-pump/MIR-probe spectroscopy in the
femtosecond domain using 266 nm excitation pulses. They moni-
tored the structural changes of the ligand sphere around the iron
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center in combination with tunable MIR probe pulse and found
that the major Fe-O and C-C bond fracture after original photon
absorption. After LMCT excitation, the ferrioxalate complex in the
excited state is dissociated within 500 fs, and then, the breakages
of Fe-O and C-C bond compete with internal conversion, which
is required for the CO,-release. In fact, the photochemical mech-
anism presented by Straub et al. [94] largely elucidates the long-
sought molecular level drawing of inner photolysis of ferrioxalate
complex. However, the chemical reactivity of the carbon and oxy-
gen center (OCO-ligand) which has significant spin density needs
to be explored in future.

3.4. Other method

As an emerging technique, ultrafast PES can track the oxidation
state changes of atoms or molecules by measuring their binding
energy [95-97]. It is especially sensitive to the change of the metal
oxidation state and its process, so it is widely used to study the
ultrafast kinetics of solvated transition metal complexes [98-100].
In the study of Longetti et al. [60], the ferrioxalate complexes in
steady-state and transient state were characterized by observing
the emission signal from the Fe 3d orbitals in PES. Due to the obvi-
ous spectral characteristics of ferric and photogenic ferrous species,
changes in the oxidation state of iron center have been well moni-
tored. Combining the results of these three time-resolved methods
(XAS [82], fs-IR [91] and PES), Longetti et al. proposed the follow-
ing initial process of ferrioxalate under photoexcitation (Fig. S9 in
Supporting information). The initial step for the photoexcitation of
ferrioxalate is a prompt metal photoreduction, occurring on a time
less than 30 fs. Thus, the viewpoint of delayed reduction of metal
as previously proposed by Chen et al. [69] is not supported, while
they confirmed the conclusion by Ogi et al. [82] that the absorption
at wavelengths less than 440 nm is due to the LMCT state. Besides,
they also observe that about 25% of the reduced species recom-
bined into the steady-state parent ferric molecule in ~2 ps due to
the interaction between the dissolved molecules and the solvent
molecules after photoreduction. This interpretation resolves some
discrepancies found in previous fs X-ray and the TR-IR studies on
the initial events of ferrioxalate photolysis. Fig. S10 (Supporting in-
formation) illustrates the process of ferrioxalate from photoexcita-
tion to CO, decomposition. Next, it can be confirmed by further
studies using a deep-ultraviolet pump-probe TA study [101] in the
LMCT absorption region.

4. Conclusion

It is essential to elucidate the reaction mechanism of ferriox-
alate under photoexcitation, especially to clarify the controversy
over the primary photolysis mechanism at the molecular level.
Understanding its primary mechanisms is crucial to optimizing
the reaction pathway. However, throughout the controversy, it has
been largely unclear on (i) whether the formation of the carbona-
ceous radical anion requires a prior ET from the oxalate ligand to
the metal center, (ii) what time range the initial ligand release oc-
curs. A complete picture of the initial photoreaction steps of fer-
rioxalate is still lacking.

In the past century, with the continuous development of TA
spectroscopy, great advances in investigating the reaction mech-
anism of ferrioxalate photolysis under UV-vis have been made.
Flash photolysis opens a road to observe transient intermediates,
and XAS could measure the bond length. TR-IR absorption spec-
troscopy further determines the time range of ET in the primary
photochemical reaction of ferrioxalate. According to the reported
studies, the view about intramolecular ET precedes dissociation has
gained more experimental support. However, the ultimate molec-
ular level mechanism has not been well understood. For instance,

Chinese Chemical Letters 34 (2023) 107752

which electrons in the oxalate ligand undergo intramolecular ET
and the order of cleavages of C-C and Fe-O bonds have not been
identified. While ET is believed to occur within sub-picosecond, a
more precise time range is not yet clear. Thus, although the inter-
mediates and products of photoreactions are well known, there is
no consensus on the original ET mechanism.

Therefore, the significance of this review is to help researchers
clearly understand the current status of research on the photoly-
sis process of ferrioxalate by sorting out different existing views.
In addition, this review analyzes the advantages and disadvantages
of different ultrafast time-resolved methods, which will help to
find new methods for in-depth detection of ET and bond disso-
ciation. The subsequent work should make full use of the advan-
tages of existing technologies to achieve more accurate monitoring
and analysis of the photochemical reaction process of ferrioxalate
through combined methods, and focus on the more precise time
range of ET occurrence currently unresolved. Furthermore, previ-
ous studies on ferrioxalate are mainly in liquid phase, but there
are relatively few cases on other forms of ferrioxalate complex or
heterogeneous ferrioxalate. Therefore, the primary photochemical
processes in the multiphase media will be an important and chal-
lenging work awaiting for in-depth investigation.
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