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Although activation mechanisms of oxidants diverge significantly across dif-

ferent transition metals, whether the universal descriptor exists that can unify
these pathways remains unknown. Herein, taking periodate (PI) as an example,
we systematically explored the connection among Group VIII (8) metals (Fe(lI),
Ru(lll), Os(I)). While all three metals activate PI effectively, Os(lll) exhibits
fundamentally different activation behavior compared to Fe(ll) and Ru(lll). PI
activation by Os(lll) primarily generated -OH, promoting hydroxylated pro-
ducts formation; whereas high-valent metal-oxo species dominate in Fe(ll) and
Ru(lll) systems, yielding epoxy products. Theoretical calculations indicate that
Os(Ill) possesses a significantly higher positive charge density than that of
Fe(Il) and Ru(lll). The high charge density of Os(lll) enhances oxygen affinity,
and reduces the energy barrier for single-electron transfer to water ligands,
thereby promoting radical generation. Conversely, the lower charge density of
Fe(Il) and Ru(lll) indicates a stronger affinity for electrons, favoring the oxygen
atom transfer process. This work identifies metal charge density as a key
descriptor modulating reaction mechanisms of oxidants and informs the
design of tunable oxidation processes.

M Check for updates

Advanced oxidation processes (AOPs) have been widely used for the
degradation of organic pollutants due to their advantages in terms of
ease of storage and transport”. Various methods have been proposed
for the activation process of oxidants, including photoactivation, ultra-
sonic activation, carbon-material-mediated activation, and transition
metal activation®®. Among them, transition metal activation is a sus-
tainable strategy without requiring consumable chemicals or energy
input’. The most common activation mechanisms involving transition
metals include single electron transfer (SET) and oxygen atom transfer
(OAT)**. In the SET process, the transition metal bound to the oxidant

can provide electrons to the antibonding orbitals of the oxidant'®", thus
weakening the I-O or O-O bond, and ultimately generating reactive
species™?”. Conversely, in the OAT process, transition metals have the
capacity to accept an oxygen atom from the oxidant, thereby generating
high-valent metal-oxo species (HVMO)’*. At present, there is no theo-
retical framework capable of unifying the apparent mechanistic differ-
ences and explaining the connections between the disparate activation
pathways exhibited by various transition metals. This deficiency severely
limits our in-depth understanding of the activation mechanism and
hinders the rational design of oxidant activators.
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In contrast, specific descriptors (such as d-band centers) have
been successfully applied to characterize catalytic differences and
guide catalyst design in the field of nitrogen reduction reactions®.
However, descriptors that clarify the differences in the mechanisms of
metal-activated oxidants are still lacking. It is noteworthy that even
adjacent fourth-period metals (e.g., Mn, Fe, and Co) exhibit distinctly
different dominant mechanisms (radical pathway vs. nonradical
pathway) for persulfates, which is primarily attributed to differences in
their electronic structures, particularly differences in spin states'®™,
Given that the pronounced mechanistic differences observed among
elements within the same period stem predominantly from their
intrinsic elemental properties (e.g., electron configuration, spin state),
a fundamental question pertinent to the periodic law arises: Do ele-
ments within the same group, despite possessing analogous valence
electron configurations, exhibit different mechanistic patterns when
activating oxidants? Since Fe(ll) and Ru(lll) were found to exhibit
considerable efficiency in periodate (PI) activation*’, and Os(lll) in the
sixth period has a similar electronic structure to Fe(ll) and Ru(lll)"?, it is
crucial to investigate whether metal ions in the same group activate PI
via similar or fundamentally different mechanisms.

In this study, PI is used as the model oxidant to systematically
investigate PI activation by metal ions in Group VIII (8) (i.e., Fe, Ru, and
Os), aiming to reveal the commonalities and differences in their activa-
tion processes. The periodic law states that elements within the same
group, yet situated in different periods, exhibit analogous chemical
properties’®”’. However, when investigating the effect of Os(lll) on PI
activation for different pollutant degradation, experimental phenomena
are encountered that cannot be explained by the reaction mechanism
proposed in the Fe(ll)/PI and Ru(lll)/PI systems. For instance, the
degradation of pollutants shows no significant selectivity in the Os(llI)/Pl
system, quite different from the high selectivity in the Fe(ll)/Pl and

Ru(lll)/PI systems. This prompts us to conduct an in-depth comparative
study of the PI activation with transition metals in the same group. We
hypothesize that a fundamental property of transition metals governs
the bifurcation of activation pathways, and the hydrated metal center’s
positive charge density is identified as this key universal descriptor,
establishing the “Charge Density Control Mechanism”.

Results
Degradation of CBZ by PI activated with different
transition metals
To systematically evaluate the performance of transition metals in PI-
based AOPs, we conducted a comparative analysis of 12 metal ions in PI
activation for carbamazepine (CBZ) degradation. As illustrated in
Fig. 1A, Fe(ll), Ru(lll) and Os(lll) (abbreviated as Group VIII (8))
demonstrated exceptional PI activation efficiency, achieving sig-
nificant CBZ degradation within 40 min. In contrast, activation of PI
with other transition metals, such as Co(ll), Ni(Il), and Cu(ll), showed
negligible removal rates towards CBZ (<10%) (Fig. S1, see supporting
material for details). This limited reactivity may be attributed to their
relatively weak oxidative potentials or poor oxophilicity, which hinder
both electron transfer and I-O bond cleavage during PI activation®*.
Remarkably, significant reactivity divergences were observed within
Group VIII (8) congeners. Ru(lll) demonstrated ultrafast activation
efficiency towards PI, achieving complete CBZ degradation within
1min, consistent with previous reports®. In contrast, Fe(ll) exhibited
limited activation capacity with only 20% CBZ removal after 40 min. Of
particular significance is the intermediate activation performance of
Os(llI), which attained 50% pollutant elimination within 40 min. This
study is among the first to identify Os(lll) as a competent PI activator.
The activation capacity of Fe(ll), Ru(lll), and Os(lll) in Group VIII
(8) towards PI exhibits no consistent increase or decrease across
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Fig. 1| Reactivity and influencing factors of the Group VIII (8) metal/PI systems
with emphasis on the Os(III)/PI process. A The degradation of carbamazepine
(CBZ) by the Group VIII (8)/ periodate (PI) system; B The degradation of different
pollutants (including CBZ, nitrobenzene (NB), tetracycline (TC), ciprofloxacin
(CIP), enrofloxacin (ENR), sulfamethoxazole (SMX) and benzoic acid (BA)) by
Os(111)/P1; Effect of C Os(lll) concentration, D PI concentration, E pH and F Humic
acid (HA) concentration on the degradation of CBZ by the Os(lll)/PI process.
Experimental conditions: [Pollutants (including CBZ)] =10 pM, [Metal ions
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0 10 20 30 40 50 60 70 80

Time (min)
(including Os(111))]1 = 50 uM, [PI] =100 pM, pH 7.0 (unless specified).
C [0s(1l)]=0-100 pM; D [PI] = 0-250 uM; E pH 3.0-9.0; F [HA] =5-50 mg/L. Data
are presented as mean + SD. For the Os(Ill) system ([Os(1l)] =50 uM, [PI] =100 pM,
pH 7.0), experiments involving the degradation of CBZ and NB were performed in
three independent replicates (n = 3) to enable reliable comparison with the Fe- and
Ru-based systems and to assess differences in selectivity. All other experiments
shown with error bars were conducted in two independent replicates (n = 2).
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periods. The observed kinetic measurements reveal significant reac-
tivity disparities that Ru(lll) demonstrates 10-fold higher activity than
Os(lIN), and Os(Ill) shows 2.5-fold greater activity than Fe(ll). According
to Pauling’s valence bond theory, these congeners should possess
analogous valence electron configurations and consequently similar
activation capabilities”**. The non-periodic variation implies the
absence of a discernible pattern governing their activation efficiency
and reveals a lack of a suitable theoretical framework to explain the
underlying mechanism. These results suggest that factors beyond
valence configuration (such as ionic radius and charge) may critically
influence PI activation, necessitating deeper investigation into peri-
odic trends for the activation process.

Comparison of group VIII (8) in PI activation

Degradation of different micropollutants. The reactivity patterns of
Group VIII (8)-activated PI systems were systematically investigated
using different micropollutants with contrasting electronic properties.
As depicted in Fig. 1B, rapid and non-selective degradation of all
selected micropollutants was observed in the Os(Ill)/PI system, irre-
spective of their electron-donating or electron-withdrawing functional
groups. In contrast, strong substrate selectivity was observed in Fe(ll)/
PI and Ru(lll)/PI systems, with >95% removal of tetracycline achieved
within 5 min and low efficacy against carboxyl-substituted benzoic acid
and nitro-substituted nitrobenzene (Fig. S2). Such behavior implies
fundamentally distinct activation mechanisms between Os(lll)-based
systems and Fe(Il)/Ru(lll)-based systems.

Impact of metal ion and Pl concentrations. The concentration-
dependent behaviors of Group VIII (8)/PI systems were systematically
evaluated using CBZ as the model pollutant. Notably, a distinct
volcano-shaped curve for CBZ degradation was observed in the Os(lll)/
PI system in Fig. 1C, D, where CBZ degradation was accelerated with
increasing Os(lll) (0-50 uM) and PI (0-100 pM) concentrations, yet
declined sharply at higher concentrations (> 50 pM Os(lIl) or >100 pM
PI). At higher concentrations of Os(lll), accelerated PI activation leads
to a rapid initial decay of CBZ within the first 0-5 min, followed by a
pronounced decrease in the reaction rate as the oxidizing equivalents
become depleted. In contrast, when concentrations of PI are further
increased to 250 uM, the overall degradation rate decreases from the
beginning because excess Pl scavenges reactive species. This scaven-
ging represents a classical self-quenching effect, which continuously
reduces the availability of ROS throughout the reaction.

The reverse concentration dependence at high concentration
suggests a self-quenching mechanism analogous to those reported in
H,0,-based AOPs*?, where oxidants scavenge excess reactive spe-
cies, thereby reducing the availability of reactive species towards
contaminant oxidation. In the Fe(Il)/Pl and Ru(lll)/PI systems, however,
the contaminant degradation was reported to increase monotonically
with both metal ion concentration and oxidant dosage”’. The self-
quenching behavior observed in the Os(lIl)/PI system stands in sharp
contrast to the monotonic activation patterns of Fe(Il)/Pl and Ru(lIl)/PI
systems, emphasizing the unique activation mechanism of Os(lIl).

Impact of pHs. The degradation of CBZ in the Os(lll)/Pl system
exhibited a distinct pH-dependent activation pattern. As shown in
Fig. 1E, the degradation efficiency of CBZ increased remarkably from
45% to 95% within 40 min as the solution pH elevated from 3.0 to 9.0.
This pH-dependent activation mechanism may be attributed to two
synergistic effects: (1) Progressive ionization of PI (H410¢™ to H3l0¢*)
enhances its redox potential from 1.7V to 2.3 V¥, thereby strength-
ening its electron abstraction capacity. (2) Increased hydroxide coor-
dination forms Os(ll)(OH)n complexes that elevate the electron
density of the metal center. In contrast, the inverse pH dependency
was observed in the Fe(ll)/PI and Ru(lll)/PI systems, characterized by
accelerated CBZ degradation under acidic conditions but significantly

suppressed reactivity under alkaline environments (Fig. S3). Previous
studies have established that HYMO (Fe(IV) =0 and Ru(IV) =0) are
primarily generated in these systems, with their formation decreasing
at higher pH due to hydroxide precipitation and oxidant
decomposition®®. These combined effects suggest that the Os(lll)/PI
system was likely to proceed through a fundamentally different path-
way compared to the Fe(ll)/Ru(lll)-based systems.

Impact of water matrices. The impact of common water matrices (CI,
NO;~, HCO3™ and humic acid (HA)) on CBZ degradation was compared
in the Group VIII (8)/Pl systems. As illustrated in Fig. S4, the presence of
CI" (1-100 mM) and NO5™ (1-100 mM) showed no significant inhibitory
effect on CBZ degradation in the Os(Ill)/Pl system, consistent with
previous reports on Fe(ll)/PI and Ru(lll)/PI systems>’. The addition of
HCO;3" significantly inhibited the degradation of CBZ, suggesting that
HCO5;™ may have reacted with the reactive species present in the sys-
tem. Notably, the Os(lll)/PI system exhibited superior resistance to HA
interference compared to the Fe(ll)/Pl and Ru(lll)/PI systems. As
depicted in Fig. 1F, >80% degradation efficiency of CBZ was maintained
across HA concentrations of 5-50 mg/L in the Os(lll)/PI system, con-
trasting sharply with the significant inhibitory impact of HA observed
in Fe(ll)/PI and Ru(lll)/PI systems™’. This difference in experimental
phenomena suggests that the activation mechanism of Os(lll) likely
differs from that of Fe(ll) and Ru(lll). In the Fe(Il)/PI and Ru(lll)/PI
systems, electron-rich phenolic moieties in HA competitively interact
with HVYMO, thereby quenching these primary oxidants and suppres-
sing contaminant degradation. In contrast, the anomalous behavior
observed in the Os(lIl)/Pl system suggests two possible mechanistic
explanations: (1) the primary reactive species may not be HYMO, but
radical-type intermediates generated through the SET process; and (2)
the interaction between Os(lll) and organic ligands may modulate the
electronic structure of the metal center, thereby facilitating electron
transfer’®” and, to some extent, compensating for the quenching
effect of HA on reactive species.

Differences in degradation products. The degradation products of
CBZ were further explored with LC/MS/MS (Table S1, Fig. S5 and
Text S1, see supporting material for details). In the Os(llI)/PI system,
the hydroxylated CBZ derivatives such as dihydroxy-CBZ (TP 270a, TP
270b) and ring-opening small-molecule products including benzoic
acid (TP 122) were detected (Fig. S5). These degradation products
exhibited significantly reduced ecotoxicity compared to the parent
compound (Fig. S6). In contrast, epoxy-CBZ and less hydroxylated
intermediates were produced in both Fe(ll)/PI and Ru(lll)/PI systems,
and the formation of epoxy-CBZ originates from the OAT reactions of
HVMO?’. The complete absence of epoxy-CBZ in the Os(Ill)/PI system
strongly excludes the participation of high-valent Os-oxo species. This
could be attributed to either the lack of detectable Os(V)=0 inter-
mediates under the studied conditions or the lower reactivity of
Os(V) =0 toward OAT compared to Fe and Ru. The formation of
hydroxylated products and small-molecule fragments instead implies
a distinct reaction pathway that favors sequential hydroxylation and
mineralization processes.

Overall, the Os(Ill)/PI process exhibits fundamentally different
activation behavior compared to the Fe(ll)/PI and Ru(lll)/PI systems.
Specifically, contaminants are oxidized non-selectively in the Os(lII)
process, in contrast to the selectivity towards electron-rich pollutants
observed in the Fe(ll)/Pl and Ru(lll)/PI systems. Furthermore, HA
showed a negligible impact on contaminant degradation in the Os(lII)/
PI system but exerted significant quenching effects on that in the
Fe(ll)/Pl and Ru(lll)/Pl systems. Notably, self-quenching behavior
occurs at elevated metal concentrations in the Os(llI)/PI system,
diverging from the linear concentration dependence observed with
Fe(ll) and Ru(lll). Product analysis further highlights this mechanistic
divergence, that oxygen-transfer adducts dominate in Fe(ll)/PI and
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A [PMSO] =50 M, [Os(lll)] =50 uM, [PI] =100 pM; B [PMSO] =50 pM, [Os(IV)] =
50 uM, [PI] =100 pM; C [PMSO] =10 pM, [Fe(II)] = 500 pM, [PI] = 500 uM and

D [PMSO] =10 pM, [Ru(ll)]=1pM, [PI]=100 pM. Data are presented as mean +
standard deviation. Error bars represent standard deviation calculated from two
independent experiments (n=2).

Ru(lll)/PI systems, whereas hydroxylation products prevail in the
Os(IN)/PI process. Collectively, these distinct behaviors across pollu-
tant selectivity, impact of pH and HA, concentration dependence, and
product profile strongly suggest a fundamentally different activation
mechanism in the Os(lll)/Pl system, challenging the assumption of
similar chemistry among these group elements and prompting further
investigation into the reactive species involved in Os(lll)-mediated PI
activation.

Group VIII (8)/PI: nonradical vs. radicals

Previous studies’>%*' have shown that reactive species such as HYMO,
reactive oxygen species (ROS), and reactive iodine species (RIS) are
generated in the PI activation system. The electron spin resonance
spectroscopy (ESR) analysis, molecular probe experiments and
quenching experiments were carried out to investigate the reactive
species responsible for contaminant degradation in the Group VIII (8)/
PI system.

HVMO. Benzoic acid (BA) was used to determine the potential gen-
eration of ROS in the Os(lll)/PI system due to its inertness to HVYMO*>*,
The results indicated rapid degradation of BA (>80% within 40 min,
Fig. 1B) in the Os(Ill)/PI system, implying that ROS other than HYMO
are likely operative in this system. In contrast, only marginal BA
degradation (<20% within 40 min) was observed in the Fe(ll)/PI and
Ru(lIN)/PI systems (Fig. S2). This minimal degradation provides strong
evidence that HYMO dominates contaminant degradation in the Fe(Il)/
PI and Ru(lII)/PI systems.

Phenyl methyl sulfoxide (PMSO) is a specific probe for HYMO,
generating the product of PMSO, via OAT*’. In the Os(lII)/PI system at
neutral pH (both buffered and unbuffered), no significant PMSO, for-
mation was detected (Fig. 2A, S7). This absence of PMSO, oxidation was

further supported by the lack of epoxy-CBZ product formation (Fig. S5),
indicating no involvement of Os(V) = O species in substrate oxidation. To
further investigate whether HYMO were generated in the Os/PI system,
Na,OsClg was used as a potential source of HVYMO. It is noteworthy that
in the Os(IV)/Pl system, the characteristic signal of HYMO (PMSO,)
remains undetectable (Fig. 2B). However, the observed degradation of
PMSO indicates that Os(IV) can still activate Pl to generate reactive
species, yet these species are not HVYMO. Overall, in the presence of
either Os(Il) or Os(IV), the Os/PI activation system mediates PMSO
degradation without producing any detectable PMSO, intermediates.
This necessitates two plausible explanations: (1) Os(V) = O species do not
form during activation, or (2) they exhibit intrinsically low OAT reactivity
toward PMSO. An in-depth investigation at the mechanistic level was
required through theoretical calculations in the following sections.

In sharp contrast, significant PMSO, accumulation was observed
in both Fe(ll)/PI and Ru(lll)/PI systems (Fig. 2C, D), confirming HYMO
generation along PI activation®’. To validate their dominance in con-
taminant degradation, dimethyl sulfoxide (DMSO), a selective
quencher for HYMO?**, was introduced in the Fe(ll)/PI and Ru(lll)/PI
systems. The addition of DMSO could nearly completely inhibit CBZ
degradation (Fig. 3D, E), confirming HVYMO as the primary reactive
species, which is consistent with the previous studies®’.

RIS. As illustrated in Fig. S8, the addition of excess phenol (a scavenger
of RIS (104, 105, 105, and 10-) and -OH**¢) strongly inhibited CBZ
degradation in the Os(lll)/PI system, indicating the potential involve-
ment of RIS or -OH in the contaminant degradation. In contrast to the
Os(lIN)/PI system, studies have proven that in both Fe(II)/Pl and Ru(lll)/
PI systems, RIS either fails to form or requires prohibitively high acti-
vation energy for generation®’. To further detect the generation of RIS
in the Os(ll)/Pl system, ESR analysis with 5,5-dimethyl-1-pyrroline
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Fig. 3 | Experimental evidence supporting hydroxyl radical generation and
single-electron transfer pathways in the Os(III)/PI system. A The fluorescence
emission spectra of terephthalic acid (TA) as a probe for hydroxylation products
(formed by -OH addition to TA) in different systems; B, C Extracted ion chromato-
gram (EIC) of PMS'"0-°OH (m/z =157.032, [M + H]*) and PMS"O-*OH (m/z =159.028,

[M+HI") of PMSO-OH (the hydroxylation product of PMSO) prepared in Os(lIl)/Pl/
H,'®0 process; The schematic representation of Os(lll) undergoing single electron
transfer (SET) pathway with D PI and E surface water molecules. Experimental con-
ditions: A [TA] =100 pM, [Os(Il)] = 50 uM, [PI] =100 pM; B [PMSO] =2 mM,

[Os(lID] =2 mM, [PI] = 4 mM.

N-oxide (DMPO) as a spin-trapping agent was conducted. As shown in
Fig. S9, the six peaks of equal intensity representing the signals of
DMPO-105*’, were observed in the ESR spectra, indicating the pre-
sence of 103- in the Os(Ill)/PI system. However, multiple studies have
reported the low reactivity of 105- toward CBZ?, implying that RIS likely
plays a minor role in this system. Given that TBA does not react with
105*%, the almost complete inhibition of CBZ degradation after the
addition of TBA suggests that other reactive species (e.g., ‘OH) can
promote the degradation of CBZ in the Os(lll)/PI system (Fig. S1I0A),
which will be discussed later.

ROS. The ESR analysis was also employed to probe the generation of
ROS in the Os(1I)/PI system (Figs. S9, S11). The DMPO--OH adduct with
the characteristic 1:2:2:1 quartet signal was observed in the ESR spectra
of the Os(llI)/PI system, confirming the generation of -OH. Degradation
of terephthalic acid (TA) was further conducted to corroborate -OH
production, because TA selectively reacts with -OH to form highly
fluorescent 2-hydroxyterephthalic acid (HTA)"*. Intense HTA fluores-
cence signals were clearly detected in the Os(lll)/PI/TA system
(Fig. 3A), providing strong complementary evidence consistent with
the ESR results for -OH generation. Separately, the ESR spectrum dis-
played the characteristic three-line signal (1:1:1 intensity ratio) of the
TEMP-'0, adduct (2,2,6,6-tetramethyl-4-piperidone-N-oxyl, TEMPO),
which confirms the generation of 'O, (Fig. S9).

Furthermore, the quenching experiments demonstrated that
both tert-butanol (TBA, a -OH scavenger®**°) and methanol (MeOH, an
effective scavenger of both HYMO and -OH) significantly suppressed
CBZ degradation (> 80%, Fig. S10A), whichiillustrates that -OH serves as
the predominant reactive species responsible for CBZ degradation in
the Os(IlN)/PI system. Crucially, subsequent theoretical calculations
(presented below) confirmed the low reactivity of Os(V) =0 species,
effectively eliminating the possibility of Os(V) = O quenching by these
scavengers. Consequently, the observed inhibition of CBZ degradation
(>80%, Fig. S10A) upon DMSO addition (k.on +pmso = 7.0 X 10° M™'s™)

should therefore be attributed specifically to the scavenging of -OH.
Besides, the addition of furfuryl alcohol (FFA), a scavenger of -OH and
10,%, also reduced the degradation of CBZ (>80%, Fig. S10B). Given the
established dominance of -OH as the primary oxidant, the significant
degradation inhibition observed upon FFA addition was primarily
attributed to -OH scavenging. In general, these observations collec-
tively confirm that -OH serves as the predominant reactive species
involved in CBZ degradation, with RIS (104, 105:, 105+, and 10-) and 'O,
playing a negligible role in the Os(lll)/PI system.

In contrast, the markedly different active species were observed in
the Fe(ll)/PI and Ru(lll)/PI systems compared to the Os(Ill)/PI system.
Specifically, no HTA fluorescence signal was observed in these systems
(Fig. 3A), indicating the absence of -OH generation. This observation
was further supported by quenching experiments that the addition of
TBA caused negligible inhibition of CBZ degradation (Fig. S10C, D).
Significantly, although the addition of MeOH substantially suppressed
CBZ degradation efficiency (> 80%), given that MeOH can react with
Fe(IV) species (Kreqv) + meon = 2.5 X 10° M s™)?, the observed inhibition
is therefore attributable specifically to MeOH’s reaction with HYMO,
rather than -OH. Therefore, these findings collectively demonstrate
that ROS play insignificant roles in the Fe(Il)/Pl and Ru(lll)/PI systems,
where HVYMO dominates the reaction pathways.

The combined evidences demonstrate that while HYMO dominates
in Fe(ll)/PI and Ru(lll)/PI systems, -OH is the primary reactive species in
the Os(llI)/PI system. Considering that the suitable descriptor to explain
this mechanistic divergence remains elusive, further investigation into
the molecular reaction mechanisms underlying the differential activa-
tion of PI by Group VIII (8) elements is motivated.

Activation mechanism of PI with Os(IlII)

Origin of -OH in the Os/PI system. Among Group VIII (8) investigated
in this study, prominent -OH production was observed only in the
Os(lIN)/PI system (Fig. 3A). This unique behavior raises a critical ques-
tion regarding why Os(lll), despite sharing a similar electron
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configuration with Ru(lll) in the same group, demonstrates unique -OH
production activity. We first sought to identify the oxygen source for
‘OH formation, as it holds the key to understanding Os’s exceptional
activation behavior. Within the Os(llI)/PI system, both water molecules
(H,0 potentially oxidized to -OH) and PI (104~ potentially cleaved to
-OH) could serve as possible ‘OH precursors. An ¥0 isotopic tracing
experiment was performed by replacing H,O with H,'*0 while main-
taining natural abundance oxygen in PI and tracking the potential
incorporation of 0 in the hydroxyl oxygen in the PMSO-OH. Strik-
ingly, LC-MS analysis revealed a definitive absence of 0 enrichment in
PMSO-OH (Figs. 3B, C, S12), thereby excluding water as the oxygen
source. This provides conclusive evidence that PI serves as the exclu-
sive oxygen donor for -OH generation in this system, likely through
cleavage of the I-O bond.

Generation mechanism of -:OH in the Os(lll)/PI system. Two poten-
tial mechanisms have been proposed to explain the enhanced degra-
dation observed in the Os(lll)/Pl system under alkaline conditions,
including the influence of increased OH™ coordination number on the
oxidation state of Os(lll) and the enhanced oxidizing capability of PI
itself. To elucidate this phenomenon, we first investigated how the OH"
coordination number affects the electronic properties of the Os(lll)
center. Theoretical calculation was conducted to investigate the
mechanistic link between the Os(lll) coordination structure, specifi-
cally the increase in OH™ coordination number, and its SET capacity.
Computational results show that the addition of OH™ to Os(lll) pro-
gressively elevates the HOMO energy level (Table S2). According to
Frontier Orbital Theory, an elevated HOMO energy level weakens the
binding capacity of the active center for electrons*, rendering the
Os(Ill) center more likely to lose electrons. Considering that the
number of OH™ coordinating with Os(Ill) increases with the increase of
pH value, Marcus theory calculations were performed to analyze the
SET energy barrier between Os(lll) and 10,4~ (Fig. 3D). As shown by the
blue curve in Fig. 4A, B, the reaction energy barrier decreases with
increasing OH™ coordination (or alkalinity). However, since the pro-
duct energies exceed the reactant energies, and the energy barriers
exceed 200 kJ/mol during this reaction (considering the effects of
H40¢™ and H3l04%), the reaction is unlikely to occur at room tem-
perature. Nevertheless, the calculation results indicate that the
increase in the number of OH™ coordinating with Os(lll) facilitates SET
from Os(llI).

Molecular-level analysis of the reaction system showed that the
Os(IN)/PI system was mainly composed of Os(lll), 10,4, OH", and H,O0,
which might be involved in the -OH generation process. The calcula-
tions have shown that SET processes between Os(lll) and 10, are
thermodynamically unfavorable (Fig. 4A, B), and SET from OH™ to
Os(lll) (reducing Os(lll) to unstable Os(ll)) obviously will not occur
either. Given that the aforementioned pathways are unlikely to occur,
the water molecule-mediated SET process involving Os(I1I)-H,O-PI was
identified as a candidate pathway warranting further investigation
(Fig. 3E). In aqueous solution, Os(Ill) predominantly exists as hydrated
complexes such as [0s(H,0)¢]** or hydroxide-coordinated species like
[Os(OH)3(H,0)3]. The Os-bound water molecule (Os(H,0)) can be
conceptualized as Os(OH)(H'). Guided by these observations, we
conducted calculations of the energy barrier for SET between Os(lII)
and H* under different OH™ coordination numbers. As depicted in the
red curve in Fig. 4A, B, the reaction energy barrier decreases markedly
with increasing OH™ coordination (119.1 kJ/mol), rendering the reaction
thermodynamically feasible. The observed decrease in the energy
barrier with increasing basicity (increase in the number of OH™ coor-
dinations) suggests that alkalinity facilitates PI activation and sub-
sequent pollutant degradation, consistent with the experimental
observation in Fig. 1E that CBZ degradation accelerates at higher pH.

The SET from [Os(OH)3(H,0);] to H* leads to the simultaneous
oxidation of Os(ll) to Os(IV) and the formation of the unstable

intermediate H--104" (i.e., Os(Ill)-H,0-104 > Os(IV)-OH™ + H--104"). The
AG of this reaction step becomes significantly less than 0, rendering it
thermodynamically favorable. Subsequently, H--10,~ dissociates into
‘OH and 1057, whereby the O in -OH is derived from 10, which is
consistent with the results of the isotope labeling experiment (Fig. 3B,
C). After Os(lll) undergoes electron transfer to form Os(IV), the
resulting Os(IV) species can further participate in electron transfer
reactions with Pl to promote pollutant degradation. This
OH™-enhanced mechanism contrasts with Fe(ll)/Pl and Ru(lll)/PI sys-
tems, whose higher energy barriers hinder analogous pathways, as
discussed below.

Os(I11)/PI system versus Fe(Il)/PI and Ru(lIl)/PI systems
Electron transfer between Group VIl (8) and coordinated water.
Given that -OH is dominant in the Os(1lI)/PI system but is absent in both
the Fe(ll)/PI and Ru(lll)/PI systems, we calculated the energy barriers
for SET from Fe(ll) and Ru(lll) species to H* in coordinating water
molecules to elucidate the reason for the lack of -OH formation. The
results (Table S3) revealed that the energy barriers for SET in both
Fe(l1)/PI and Ru(lll)/PI systems gradually decreased with increasing pH.
Under alkaline conditions, the energy barriers for Fe(OH),(H,0)4 and
Ru(OH),(H,0)," were calculated to be 208.1 and 194.9 kJ/mol, which
are still higher than the 119.1 kJ/mol observed in the Os(Ill)/PI system.
These high barriers, generally considered insurmountable for reaction
initiation under common experimental conditions, provide a com-
pelling mechanistic explanation for the absence of -OH in the Fe(ll) and
Ru(lll) systems. While this resolves the divergence in -OH generation
pathways, the observed variations in HYMO formation remain an open
question, necessitating further comparative analysis of these species
to fully illuminate the distinct activation mechanisms across the
Group VIII (8).

Reactions of HVMO with PMSO. Given the limited existing studies on
Os(V) =0 reactivity with PMSO, we conducted transition state calcu-
lations for interactions between Os(V) =0 and PMSO alongside com-
parative analyses of Fe(IV) =0 and Ru(V)=0 systems. Under acidic
conditions, theoretical results show the energy barrier for PMSO,
formation from PMSO oxidation by Fe = O(H,0)s is 14.1kJ/mol, com-
pared to 26.3 kJ/mol for Ru=0(H,0)s and 90.5 kJ/mol for Os = O(H,0)s
(Fig. 4C). Hence, the Os=0(H,0)s exhibits a substantially higher
reaction barrier with PMSO, indicating greater difficulty in the gen-
eration of PMSO,. Crucially, the 90.5 kJ/mol barrier remains thermally
accessible under acidic conditions, allowing slow PMSO, formation
consistent with experimental detection of trace signals of PMSO, at pH
3 (Fig. 2A and S5). This observation further supports the presence of
the Os(IV)=0 species in the reaction system, as this high-valent
intermediate enables limited oxygen atom transfer to PMSO under
acidic conditions. In contrast, under neutral or alkaline conditions, the
dominant Os = O(OH)3(H,0), species exhibits an energetically prohi-
bitive barrier (>164.8 kJ/mol) for PMSO oxidation to PMSO, (Fig. 4D).
This high activation barrier explains the absence of PMSO, formation
above pH 3. Although these energy barriers explain the observed dif-
ferences in reactivity between elements in Group VIII (8), no suitable
descriptors have yet been found to explain these differences.

The hydrated metal charge density: a universal descriptor

Variations in oxygen-binding affinity at HYMO metal centers likely
underlie the differential OAT energy barriers observed during PMSO,
generation. Theoretical calculations demonstrate that the Os(V) center
spontaneously abstracts an oxygen atom from Pl to form a stable
Os(V) = O species (Fig. S13), indicating significantly stronger Os(V) = O
bonding compared to its Fe(IV) =0 and Ru(V) = O analogs. Mulliken
charge analysis of the optimized HVMO structures (Fig. 4E) reveals
progressively higher positive charge densities on the metal centers,
with values of +L11 for Fe, +1.28 for Ru, and +1.39 for Os. This trend
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correlates with enhanced electrophilicity at the Os(V) center, which
intensifies stabilization of the Os(V)=0 bond. Consequently, the
Os(V) = O species exhibits diminished chemical reactivity toward CBZ,
as evidenced by undetectable levels of epoxy-CBZ products (Fig. S5).
Also, despite the structural homology of the Os(V) = O species with its
reactive Fe(IV) = O and Ru(V) = O counterparts, the charge effect of the
Os(V) center severely attenuates its OAT reactivity toward PMSO.
Consequently, these probes fail to generate the PMSO, signal for
Os(V) =0, highlighting the limitation in detecting HVYMO of transition
metals using OAT-based methodologies.

The divergent reactivity patterns among Group VIII (8) arise from
periodic variations in atomic electronic structure. Descending the
periodic table to the sixth period, Os exhibits an increased atomic
radius compared to its Fe and Ru congeners. This expanded electron

cloud reduces the effective nuclear charge attraction toward valence
electrons at the Os center. Consequently, Os develops substantially
higher positive charge density (+1.39 vs. +1.28 for Ru and +1.11 for Fe;
Fig. 4E), thereby intensifying its oxophilicity through reinforced elec-
trostatic stabilization. This higher positive charge center suppresses
conventional OAT pathways, directly accounting for the absence of
both PMSO, generation and epoxy-CBZ formation observed experi-
mentally. Simultaneously, the weakening of electron retention pro-
motes the SET process of metal ions, causing the dominant reaction
mechanism to shift from OAT to free radical reactions triggered by
SET. These contrasting behaviors, namely the suppression of OAT by
high charge density coupled with the promotion of SET due to wea-
kened electron retention, are unified under the Charge Density Control
Mechanism. This intrinsic property of the hydrated metal center acts
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activation mechanisms. The lower right panel illustrates the outer-shell electronic
configuration of Os(Ill), highlighting its electronic features associated with strong
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tions and depicts the mechanistic divergence of Pl activation pathways mediated by
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electron transfer (SET) processes, whereas metals with lower charge density,
exemplified by Fe(Il) and Ru(lll), promote oxygen atom transfer (OAT) pathways
through metal-oxygen interactions.

as the primary switch, directing the activation flux either towards
radical-mediated oxidation (high charge density, e.g., Os) or HYMO
(lower charge density, e.g., Fe, Ru).

Preliminary computational and literature evidence further sug-
gest that this charge-density-based descriptor may possess broader
generality beyond Group VIII (8) metals. For instance, in the case of
Mn(ll)-mediated PI activation, the Mn(Il)-EDTA complex exhibits an
OAT pathway** with a calculated metal center charge of +1.020,
whereas the Mn(Il)-picolinic acid complex follows a SET mechanism*,
with a corresponding charge density of +1.305. These results are fully
consistent with the mechanistic boundary (around 1.3) predicted by
the Charge Density Control Mechanism, demonstrating that the same
descriptor can effectively distinguish between OAT and SET-
dominated pathways in other transition-metal systems as well. This
cross-system consistency underscores the theoretical generality and
predictive utility of the metal charge density descriptor as a unifying
electronic parameter governing PI activation. It not only bridges the
mechanistic understanding across different metal centers but also
provides a rational basis for designing coordination environments that
emulate precious-metal-like reactivity using earth-abundant metals,
thereby enhancing the translational relevance of this work to practical
catalytic systems.

As summarized in Fig. 5, the fundamental divergence in reactivity
between the Os(lll)/PI system and the Fe(ll)/Pl or Ru(lll)/PI systems
stems from the higher charge density of the Os(lll) center. The high-
valent Os-oxo species formed by this high charge density is kinetically
inert due to the strong bonding of the Os = O bond. The weaker elec-
tron retention ability of the Os(lll) center causes the system to tend
toward the SET mechanism, which produces non-selective -OH. Con-
sequently, alkaline pH enhances reactivity by weakening the Os cen-
ter’s electron retention capability, facilitating SET and -OH production.
However, this radical pathway also leads to self-quenching at high
oxidant or catalyst concentrations. While HA can quench ROS, it
simultaneously promotes the SET process in the Os system via coor-
dination, resulting in retained efficiency and hydroxylated products as

the dominant outcome. In stark contrast, the lower charge density of
Fe(ll) and Ru(lll) centers enables the facile generation of reactive
HVMO via the OAT mechanism. This nonradical pathway exhibits high
substrate selectivity, yielding OAT products. The OAT pathway is
favored under acidic conditions but is significantly inhibited by HA,
which quenches the key HYMO. Thus, the intrinsic metal charge den-
sity dictates the operative mechanism (SET vs. OAT), explaining the
distinct reactivity patterns, selectivity, pH dependence, HA effects, and
product distributions.

Discussion

This work systematically deciphers the divergent activation mechan-
isms of oxidants with Group VIII (8) metals (Fe(ll), Ru(lll), Os(Ill)),
revealing a fundamental dichotomy where Fe(ll)/Ru(lll) systems
operate via oxygen atom transfer (OAT) dominated by HVYMO (e.g.,
Fe(IV) = O, Ru(IV) = 0), and Os(lll)/PI uniquely follows the SET pathway
generating -OH. Crucially, we establish the positive charge density of
the hydrated metal center as the universal descriptor governing this
bifurcation, i.e., the Charge Density Control Mechanism. Descending
Group VIII (8) (Fe > Ru~ Os), escalating charge density exerts dual
control. First, the charge density stabilizes Os(V) = O bonding through
enhanced oxophilicity, suppressing OAT reactivity. Second, the charge
density weakens electron retention, lowering the SET barrier for -OH
generation from PI cleavage. This charge density control rationalizes
Os(lll)’s unique alkaline enhancement (facilitated SET) and humic acid
resistance, contrasting sharply with Fe/Ru’s acid-favored OAT selec-
tivity and sensitivity to quenchers. Establishing charge density as the
universal descriptor not only unifies these divergent pathways but also
provides a powerful predictive framework. This framework predicts
that high-charge-density metals favor radical-driven, non-selective
mineralization, making them ideal for treating complex organics in
alkaline or humic acid-rich waters. Conversely, lower-charge-density
metals enable selective OAT transformations, which are suited for
acidic streams. This paradigm shift from phenomenological optimi-
zation to electronic-structure-based design opens avenues for
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tailoring AOPs for various metals across the periodic table and for
diverse oxidants, advancing precision water decontamination tech-
nologies for sustainable water security.

Methods

Materials

Sodium periodate (NalO,, 99%) and Osmium(lll) chloride hydrate
(OsCl3-xH,0, 99.9%) were purchased from Aladdin Biochemical Tech-
nology Co., LTD. (Shanghai, China). The ultrapure water was generated
from the Milli-Q Water Purification System (18.25 MQ-cm, Millipore,
Bedford, USA). Other reagents used were summarized in Text S2.

Experimental procedure

All experiments were conducted at a controlled temperature
(22 +2°C) in 150 mL quartz beakers containing 100 mL reaction solu-
tion, using a magnetic stirrer. The reactions were initiated by adding
transition metals (Fe(ll), Ru(lll) and Os(lll)) to solutions containing the
target organic contaminant (i.e., carbamazepine (CBZ)) and PI. Con-
sidering the observed pH instability in the Os(lll)/PI system (pH
dropping to 3 within 15s), pH adjustment was performed using
phosphate buffer solution (10 mM PBS, pH 7). Figure S14 illustrates the
negligible influence of the PBS on CBZ degradation. The pH was
adjusted using 0.1 mM H,SO4 and 0.1 mM NaOH in the Fe(ll)/PI and
Ru(lll)/PI systems. The specific sample processing procedures are
described in Text S3. All experiments were repeated at least twice
under the same conditions. Data are presented as mean + standard
deviation in figures.

Analytical methods

The concentrations of CBZ and other pollutants were determined
using high-performance liquid chromatography (HPLC, Agilent 1260),
equipped with a UV diode array detector and a ZORBAX SBC18 column
(2.4 mm x 150 mm, 5 pm). The mobile phase and the detection wave-
lengths are presented in Table S4. The presence of free radicals and 'O,
was confirmed by electron spin resonance spectroscopy (ESR) utilizing
5,5-dimethyl-1-pyrroline-n-oxide (DMPO) and 2,2,6,6-tetra-
methylpiperidine (TEMP), as detailed in Text S4. Terephthalic acid (TA)
was employed as a probe to capture -OH, and the presence of -OH is
confirmed by detecting the generated fluorescent compounds. The
experimental procedure is outlined in Text S5. Ultra-high-performance
liquid chromatography equipped with quadrupole time-of-flight mass
spectrometry (UPLC-Q-TOF-MS, Agilent 6545, USA) was employed for
the analysis of “O/®0 isotopically labeled methyl phenyl sulfone
(PMSO-OH). The detailed methodology is presented in Text S6. The
degradation products were identified and characterized using HPLC-
triple quadrupole mass spectrometry (TSQ Quantum Ultra EMR,
Thermo Fisher Scientific, USA). The specific instrumental parameters
and analytical procedures are detailed in Text S7.

Quantum chemical calculations for the activation

mechanism of Pl

Quantum chemical calculations based on density functional theory
were performed at the PBEO/def-2svp level** using the Gaussian 16
software package® (Gaussian, Inc., USA), based on density functional
theory. The specific details of the reaction mechanism
calculations®***’ are outlined in Text S8. The key molecular coordi-
nates are provided in the source data file.

Data availability

Source data are provided with this paper. The minimum dataset
necessary to interpret, verify and extend the findings of this study is
included in the Source Data file or Supplementary Information. All the
raw data relevant to the study are available from the corresponding
author upon request. Source data are provided with this paper.
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