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Introduction

Alkali metal cation-anchored hydrated hydroxide
complexes at the nanoscale interface as catalytic
active sites for selective liquid-phase aerobic
oxidation of benzyl alcohol to benzaldehydef

abd

Bo Peng,®® Weiyu Zhou,?® Jiayu Dong,?® Changjiu Xia,*® Peng Wu and

Kun Zhang () *@>9

Although water and alkali species synergistically activate C—H bonds and O, molecules in alcohol selec-
tive oxidation, the chemical states of these species and their regulatory mechanisms of the reaction
pathways remain poorly understood. Herein, we report that alkali metal hydroxides alone act as efficient
catalysts for the selective oxidation of benzyl alcohol to benzaldehyde under aqueous conditions. The
catalytic efficiency is profoundly governed by the microstructural interplay at the biphasic interface,
which is delicately modulated by parameters including the type and dosage of base, water content, alkali
cation identity, and solvent polarity. Through isotopic labeling experiments and advanced spectroscopic
analyses—including UV-vis absorption, fluorescence spectroscopy, and *H NMR—we identify the active
catalytic site as a hydrated hydroxide complex anchored by alkali metal cations at the biphasic nanohe-
terogeneous interface. Notably, smaller alkali metal cations exhibit stronger water-binding affinity, which
paradoxically reduces the reactivity for benzaldehyde formation. This counterintuitive behavior is attribu-
ted to metastable interfacial states that favor substrate and O, activation, thereby accelerating electron
transfer and reaction kinetics. Our findings reveal that these complexes generate surface electronic
states (SESs) through spatial orbital overlap between O atoms in H,O and OH™, enabling concerted elec-
tron—-proton transfer. This work not only clarifies the pivotal role of hydrated hydroxide complexes in
selective alcohol oxidation, but also provides new insights into the design of metal-free catalytic systems
for sustainable chemical synthesis.

However, conventional alcohol oxidation methods often rely
on stoichiometric amounts of toxic high-valent metal salts or

Direct liquid-phase oxidation of alcohols using molecular oxy-
gen represents a promising strategy in organic synthesis, offer-
ing green pathways for producing high-value chemicals and
intermediates. Benzaldehyde, a versatile intermediate and high
value-added fine chemical, is widely used across pharmaceuticals,
dyestuffs, food, cosmetics, and agrochemical industries."™
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organic oxidants, posing significant economic and environ-
mental challenges.”® Over the past two decades, noble metals
(e.g., Pt, Au, Pd) and transition metals have been extensively
used as heterogeneous catalysts for alcohol oxidation.’* Yet,
their activity and selectivity typically depend on the presence of
a base (usually NaOH or K,COj3), which facilitates O-H and C-H
bond cleavage in alcohols.’”*** For instance, Jiang et al.**
reported that Au nanoparticles supported on various metal-
organic framework (MOF) catalysts have often been documen-
ted to give relatively high yields of aldehyde formation under
basic conditions in the oxidation of aqueous alcohols, but some
of the catalysts show no activity in the absence of NaOH. The
importance of the base was generally related to the coverage of
OH on the metal surface, which can facilitate the cleavage of
the O-H and C-H bonds in alcohol.>* Notably, NaOH can
also catalyze selective aerobic alcohol oxidation without metal
catalysts,”®?” suggesting that the base itself may play a more
critical role than previously recognized. Similar to bases, water
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acts as a promoter in alcohol aerobic oxidation, directly parti-
cipating in the reaction and enhancing kinetics. Recent studies
have begun to elucidate water’s role at nanoscale interfaces, but
the interplay between interfacial OH™ species and water,
and their influence on electron and proton transfer, remains
unclear.?>%%44

Recent experimental and quantum mechanical studies have
revealed that hydrated hydroxide complexes, also termed struc-
tural water molecules (SWs), confined within specially designed
nanocavities, are responsible for bright photoluminescence in
structured nanomaterials.**>' These SWs are not conventional
hydrogen-bonded water molecules; instead, their O atoms’
p-orbitals form a new p-band intermediate state (PBIS) through
spatial interactions, exhibiting n-bonding characteristics,>*>?
and thus display unique electronic and optical properties.>
This discovery resolved a century-long debate on whether and
how water can emit light.>*>® Follow-up research showed that
SW-dominated surface states not only regulate the photolumi-
nescence of metal nanoclusters but also enhance the catalytic
kinetics by mediating electron and proton transfer at hetero-
geneous nanoscale interfaces.’**%%

Inspired by the concept of SWs as both emitters and catalytic
active centers, we investigated the liquid-phase oxidation of
benzyl alcohol to benzaldehyde using oxygen as the oxidant in
organic solvents. Our work elucidates how hydrated hydroxide
complexes, mediated by alkali metal cations, accelerate syner-
gistic proton and electron transfer in the absence of metal
catalysts, thereby enhancing the reaction kinetics. We found
that alkali metal hydroxides alone can efficiently catalyze this
oxidation, with performance highly dependent on base dosage,
water content, alkali cation type, and solvent. Notably, chemical
reactivity exhibits a significant upward trend with increasing
alkali metal ion radius (Li"* < Na" < K" < Rb" < Cs"). Through
isotopic labeling and advanced spectroscopic analyses (fluores-
cence, and 'H NMR), we identified the active catalytic site as an
alkali metal cation-anchored hydrated hydroxide complex fea-
turing a distinct n-bonding structure. Unlike isolated water
molecules or hydroxide ions, this complex confined at the
biphasic heterogeneous interface bridges the substrate and
O, via spatial p-orbital interactions, thereby accelerating sur-
face electron transfer through n conjugation and enhancing the
reaction kinetics.

Results and discussion

In the absence of a metal catalyst, the conversion of benzyl
alcohol (BA) and the selectivity of benzaldehyde (BAD) using
different amounts of NaOH as catalyst and O, as oxidant are
shown in Table 1. Control experiments in the absence of NaOH
demonstrated negligible BA conversion (<2%), highlighting
the essential role of alkaline conditions in initiating the oxida-
tion process. With increasing dosage of NaOH from 1 to
2 equivalent to BA, the conversion of BA increased from
44.0% to 67.3% after 2 h, accompanied by the loss of selectivity
of BAD from 97.0% to 75.6%, and the main by-product was
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Table 1 Effect of reaction parameters on benzyl alcohol conversion and
benzaldehyde selectivity in liquid-phase oxidation®

Sel. (%)

NaOH Time Conv. Benzoic
Entry (equiv.) Atmosphere (h) (%) Benzaldehyde acid
1 — 0, 1 — — —
2 2 >99 —
2 1 0, 1 229  >99 —
2 44.0 97.0 3.0
3 2 O, 1 44.0 78.5 21.5
2 67.3 75.6 24.3
4 2 N, 1 — — —
2 3 >99 —
5 3 0O, 1 41.2 70.7 29.3
2 63.1 47.5 52.3

“ Reaction conditions: 10 ml toluene, 100 pl benzyl alcohol, 100 pl
n-decane (used as internal standard), 80 °C, pressure = 1 atm, O,
bubbling rate (30 ml min™").

benzoic acid. A further increasing dosage of NaOH (3 equiv.) in
the reaction system showed a negligible difference in the
conversion of BA (63.1%) but a dramatic decrease in the
selectivity of BAD (47.5%), suggesting that the reaction goes
through the alcohol-aldehyde-acid pathway. Monitoring of the
reaction over time confirmed that aldehyde was most likely to
be the reaction intermediate (Fig. 1): as the reaction time
increased, the conversion of BA increased continuously from
35.6% to 98.7% within 150 minutes, while the selectivity of BAD
decreased from 81.3% to 9.7%. To further understand the
kinetics of the oxidation process of benzyl alcohol, the effect
of reaction temperature on overall conversion and selectivity for
benzaldehyde and benzoic acid was investigated (Fig. S1 and
Table S1, ESIt). Both the overall conversion and benzoic acid
selectivity increased with temperature, similar to the trend
observed with reaction time. This further supports that oxida-
tion of benzyl alcohol followed continuous reaction pathways,
whereby benzaldehyde was first generated and then trans-
formed into benzoic acid (Fig. 1b). Gas source screening
(Table 1) confirmed that O, was directly involved in the reaction
process as an oxidant, and only traces of BA (~3%) converted
to BAD were detected under a N, atmosphere, probably due to
incomplete replacement of O, by N,.

In the catalytic system of noble metal, the water-promoted
effect on the oxidation of alcohol was frequently obser-
ved,**?%%* and the water absorbed on the metal surface was
probably beneficial for the activation of 0,.**®° Interestingly,
the water-promoted effect on the oxidation of BA using NaOH
as a catalyst in the liquid reaction was also prominent. As
shown in Fig. 2 and Table S2 (ESIf), the addition of trace
amounts of water (10 pl and 20 pl) to the toluene solvent
dramatically increased the conversion of BA from 44% to
83.1%. However, the addition of excess water (30-200 pl) led
to a drastic reduction in benzyl alcohol (BA) conversion from
83.1% to 5.8%. This decline is likely attributed to the increased
mass transfer resistance of reactants across the biphasic
interface,*"**%” yet we cannot rule out the influence of micro-
structural alterations on the surface state at the oil-water
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Fig. 1 Conversion/selectivity (a) and concentration (b) of the substrate and products versus time for the selective oxidation of benzyl alcohol
using a NaOH catalyst. Reaction condition: 2 mmol NaOH, 10 ml toluene, 100 pl benzyl alcohol, 100 ul n-decane (used as internal standard), 80 °C,
pressure = 1 atm, O, bubbling rate (30 ml min~Y). Inset: A simple kinetic model for the oxidation of benzyl alcohol. Error bars represent the standard

deviations of three replicate measurements.
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Fig. 2 Catalytic performance of NaOH catalysts with the addition of
different volumes of water for the selective oxidation of benzyl alcohol.
Reaction conditions: 2 mmol NaOH, 10 ml toluene, 100 pl benzyl alcohol,
100 pl n-decane (used as internal standard), 80 °C, pressure = 1 atm, O,
bubbling rate (30 ml min™Y), time 1 h. Error bars represent the standard
deviations of three replicate measurements.

interface.®®”" The pivotal role of solvent type in modulating

chemical reactivity was further corroborated by the impact of
excess water on microstructural dynamics at the biphasic inter-
face (Table S3, ESIt): high benzyl alcohol (BA) conversion was
achieved in hydrophobic (nonpolar) solvents—toluene (67.3%),
cyclohexane (71.9%), and n-heptane (> 99%)—whereas negligi-
ble reactivity (Conv. <7%) was observed in hydrophilic (polar)
solvents like acetonitrile, ethanol, and methanol. Therefore,
the combined effects of water content and solvent polarity on
catalytic performance underscore the decisive role of the
biphasic heterogeneous interface in modulating chemical
reactivity.

The water-promoting effect was further confirmed by the
kinetic isotope effects (KIEs) using deuterated water (D,O)
instead of water (H,O) in the same volume of water. The results

This journal is © the Owner Societies 2025

of catalytic performance and reaction kinetics are shown in
Fig. 3, the conversion of BA using D,O as additives was all
surpassed compared to that of H,O at the same time no
matter whether the additive volume of water was 10 pl or
50 pl (Fig. 3a and c), and all the reactions follow pseudo-first-
order kinetics. The KIE (Ky/Kp) value was 0.41 and 0.82 for the
addition volume of 10 and 50 pl, respectively (Fig. 3b and d),
indicating that the dissociation of the O-H bond of water may
not be the rate-determining step (RDS). The enhanced isotopic
reaction kinetics are attributed to the stronger hydrogen bond-
ing of heavy water relative to ordinary water molecules, which
favors the stabilization of the transition state of the reaction
and thus facilitates the electron and proton transfer process at
the interface. These results suggest that complexes or compo-
sites composed of water and hydroxide may be catalytically
active centers in the selective oxidation of benzyl alcohol and
mediate the synergistic transfer of electrons and protons in the
key reaction step of BA reduction to BAD, and the feature of
catalytic performance is extremely sensitive to the delicate
change in the surrounding micro-environment, indicating that
the surface state dominated by the hydrate-hydroxide complex
has meta-stability.

To further illustrate the synergistic effect of water and
hydroxide, different alkali metal hydroxide catalysts were used
for the selective oxidation of BA. As shown in Fig. 4a and Table
S4 (ESIY), the catalytic performance of these hydroxides for the
selective oxidation of BA was highly dependent on the type of
alkali metal cation (Li' < Na" < K' < Rb" < Cs"). LiOH
catalysts showed extremely low conversion (~4.8%) of BA and
thus no acid products were detected. Meanwhile, the water-
promoter effect in the LiOH catalytic system was also not
pronounced (Table S5, ESIt), with increasing the dosage of
water volume from 0 to 100 pl, the conversion of BA was only
gradually increased from 4.8% to 11.76%. The activity and the
BAD selectivity of the NaOH, KOH, RbOH, and CsOH catalysts
obviously showed an increasing trend from 44.0% to 100% and
from 78.5% to 97.5%, respectively (Fig. 4a). In contrast to the
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Fig. 3 Catalytic performance versus time (a) and (c) and reaction kinetics (b) and (d) of the NaOH catalyst with the addition of 10 pl or 50 ul HO and D,O
for the selective oxidation of benzyl alcohol. Reaction conditions: 2 mmol NaOH, 10 ml toluene, 100 pl benzyl alcohol, 100 ul n-decane (used as internal
standard), 80 °C, pressure = 1 atm, O, bubbling rate (30 ml min~Y). Error bars represent the standard deviations of three replicate measurements.
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Fig. 4 Catalytic performance of MOH (M represented alkali metal cations, Li*, Na*, K*, Rb* and Cs™) catalysts for the selective oxidation of benzyl
alcohol (a) and benzaldehyde (b). Reaction conditions: 2 mmol catalyst, 10 ml toluene, 100 pl substrate, 100 pl n-decane (used as internal standard),
80 °C, pressure = 1 atm, O, bubbling rate (30 ml min™), time 1 h. Error bars represent the standard deviations of three replicate measurements.

alcohol-aldehyde-acid reaction pathway of the NaOH catalyst,
it is worth noting that the RbOH and CsOH catalysts had high
activity (>99%) and high selectivity for BAD (>90%), the over-
oxidation of aldehyde to acid can hardly occur with RbOH and
CsOH as the catalyst, suggesting that the selectivity of BA
towards BAD is strongly dependent on the nature of the alkali
metal cations.

16198 | Phys. Chem. Chem. Phys., 2025, 27, 16195-16203

As CsOH catalysts showed the highest overall conversion
and best control over benzaldehyde selectivity, we further
investigated the effect of catalyst concentration (Fig. S2 and
Table S6, ESIT), reaction time (Fig. S3 and Table S7, ESIt) and
water additive (Fig. S4 and Table S8, ESIt) on CsOH catalytic
performance. The overall conversion trend is generally similar
to that of the NaOH catalytic systems (Fig. S3, ESIT), except that
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the activity is insensitive to catalyst concentration (Fig. S2,
ESIT), implying that a tiny amount (even as low as 0.25 mmol)
of CsOH is sufficient to facilitate the oxidation of benzyl
alcohol. Another prominent feature is that CsOH consistently
exhibits high benzaldehyde selectivity (>99%) under various
reaction conditions; however, the addition of a small amount of
water (10 pl) increases the activity and generates a comparable
amount of benzoic acid (Fig. S4, ESIt), suggesting kinetic
control of the reaction pathways, and when the water amount
was further increased to 40 pl, the chemical reactivity was
almost completely quenched. This observation suggests that
the surface state dominated by hydrous hydroxide complexes at
the nanoscale interface is exquisitely sensitive to subtle
changes in the microenvironment. Specifically, the introduc-
tion of excess water likely destabilizes the p-band intermediate
state (PBIS) through hydrogen-bond interactions of water sur-
rounding the active sites.

But, we can’t completely exclude the contribution of the
Cannizzaro reaction to the selectivity, where BAD could be
converted to equivalent BA and benzoic acid products by a
disproportionation reaction of an aldehyde lacking a hydrogen
atom in the o-position to the carbonyl group.”” As evidence,
benzaldehyde was used as the substrate under the standard
conditions (Fig. 4b and Table S9, ESIt), and only NaOH and
KOH promote the oxidation of benzaldehyde in the absence of
0O,, but showing a low BAD conversion of 33.9% and 5.8%
respectively, and almost equivalent BA and benzoic acid pro-
ducts were obtained as expected for the Cannizzaro reaction.
Therefore, in the cases of NaOH and KOH, the decline in
selectivity towards BAD can be partially ascribed to the occur-
rence of the Cannizzaro reaction. LiOH, RbOH and CsOH
catalysts showed no activity, suggesting an alkali metal
cation-mediated reaction pathway for the selective oxidation
of BA. To our surprise, not only the oxidation of BA but also the
Cannizzaro reaction of BAD exhibit an alkali-metal cation-
dependent effect. Although the investigation of the Cannizzaro
reaction lies outside the scope of this research, we tentatively
attribute the alkali-metal cation-dependent chemical reactivity
of this reaction to hydrous hydroxide-mediated electron-proton
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transfer pathways. Furthermore, no activity towards BA oxida-
tion was observed in a diagnostic experiment using alkali metal
chloride as a catalyst (not shown). These results further con-
firmed that the active site of the hydroxide catalysts may be
composed of H,0, OH™ and M' (M" represents the alkali metal
cations) in the form of (H,0-OH )M'. M" with different atomic
radius show different affinity towards H,O and OH ", and thus
the corresponding hydroxide catalysts (MOH) showed a signifi-
cant difference in reaction activity.

The chemical and electronic structure of the catalytically
active centers composed of three elements (M*, H,0 and OH ")
were further investigated using spectroscopic techniques. Fig. 5
shows the excitation and photoemission spectra of the catalytic
reaction system (a mixture of toluene, BA and MOH). In
contrast to the catalytic activity, the LiOH catalytic reaction
system emitted the strongest fluorescence centered at ca.
340 nm with an excitation band at ca. 290 nm, which is
followed by NaOH, KOH, RbOH and CsOH. The emission band
centered at 340 nm was attributed to the structural water
molecules confined in the hydrophobic toluene solvent accord-
ing to the previously reported results.”>*® The trend of the
fluorescence intensity as a function of the affinity of the alkali
metal cations for water, in the order Li* > Na* > K" > Rb" >
Cs’, suggests that alkali metal ions with highly bound water are
more favorable for stabilizing the interfacial states formed by
structural water molecules and less favorable for activating
reaction substrates and molecular oxygen (Fig. 5b). However,
in the absence of BA reactants, the intensity of photolumines-
cence (PL) did not show an alkali metal cation-dependent
effect (Fig. S5, ESIT), suggesting that even at room temperature
(non-reaction temperature), the introduction of BA can signifi-
cantly affect the electronic structure of the surface states.
Apparently, Cs" favors the adsorption and activation of the BA
substrate, thus enhancing the reaction kinetics. A possible
mechanism (Fig. 5b) was proposed to understand the catalytic
process using MOH as a typical catalyst. First, the deprotona-
tion of the OH group of BA could be achieved by interacting
with an equivalent MOH and forming an alkoxide and an
equivalent H,O. And then another equivalent of MOH could

. Solvent: Toluene _ ~
s S & [ A End
< < <« b
4
B eryil cokel 17
72 i
o £

Interface state mediated the
cleavage of C-H bond

Fig. 5 Excitation and photoluminescence spectra (a) of the catalytic system (mixture of toluene, BA and MOH, M represented alkali metal cations,
Li*, Na*, K*, Rb* and Cs*) of hydroxide and our proposed surface electronic states (SRSs) dominate the concerted electron and proton transfer

mechanism (b).
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interact with the C atom of -CH, to weaken the C-H bond.
While the cleavage of the C-H bond was attributed to the
formation of new surface electronic states due to the spatial
overlap of p-orbitals of O atoms from the ternary system
(M', H,0 and OH"), which act as an alternative channel for
concerted electron and proton transfer, thus facilitating the
activation of O, and subsequent reaction kinetics. It is impor-
tant to note that the unique oil-water biphasic interface serves
as a prerequisite for electronic states through the spatial
interaction of oxygen atom p-orbitals (Fig. 5b).

Reaction test and fluorescence spectrum demonstrate the
presence of a water-hydroxyl-alkali metal cation complex
((H,0-OH™)M"), but there is insufficient evidence to determine
its chemical structure. 'H NMR spectroscopy provides direct
evidence for this assignment. In order to improve the accuracy
of H determination, we did not add additional water, since the
source of H,O only by absorption of H,O in the air into
the reaction system is sufficient to collect the information of
the local hydrogen environments, except for CsOH which read-
ily deliquesces to form amorphous or liquid mixtures. Depend-
ing on the presence or absence of MOH, the "H NMR spectrum
in Fig. 6 shows two typical features with high resolution multi-
plets. In the absence of MOH, the "H spectrum of PhCH,OH
alone is composed of three components (Fig. 6a and Fig. S6,
ESIT): one set of resonance signals at the region between
7.2-7.5 ppm are aromatic hydrogens on the benzene ring,
one resonance signal at ca. 4.60 ppm comes from -CH,- of
PHCH,OH, and the other one at ca. 5.82 ppm comes from the H
of the alcohol hydroxyl group OH.

In general, the typical H chemical shift for single water
molecules and OH ™ species is located at ca. 4.8 ppm. However,
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only one resonance signal was observed: at ca. 6.26 ppm for Li",
and within a narrow range of 5.62-5.89 ppm for other cations.
This suggests that the signal originates from the H atom of the
alcohol hydroxyl group, indicating that water and OH™ are
coupled via a defined chemical structure. The integration
area ratio of the 4.6 ppm peak (-CH,- of PhCH,OH) to the
5.6-6.3 ppm region was estimated to be approximately 2:4
(Fig. S7-S10, ESIY). Excluding the contribution of excess water
molecules surrounding the catalytic active site (H,0-OH )M,
the complex composition is determined as PhCH,OH
(H,0-OH )M" (Fig. 5b). The single peak center in the 5.6-6.3
ppm range confirms that all delocalized H atoms share the
same chemical environment, exhibiting acidic properties.

As expected, the resonance signal at ca. 5.82 ppm—assigned
to the H atom of the alcohol hydroxyl group—was not easily
detected (Fig. 6a and Fig. S6-510, ESIt). This suggests that the
H' in the alcohol hydroxyl group of PhCH,OH is highly active
(trace protons were detected at a chemical shift of 5.82 ppm,
Fig. 6a and Fig. S6, ESIt). Consequently, it readily reacts with
neighboring hydroxide ions, implying that the complex most
likely exists as PhCH,O (H,0-OH,)M". This accounts for the
estimated integration area ratio of ~2:4 between the 4.6 ppm
peak (-CH,- of PhCH,0H) and the 5.6-6.3 ppm region across
all complexes with different alkali metal cations (Fig. S7-5S10,
ESIY). An exception is PhCH,0™ (H,0-OH,)Cs", which exhibits a
remarkably low 4.6 ppm/5.62 ppm area ratio (2.00:10.68,
Fig. S10, ESIt), attributed to the highly deliquescent nature of
CsOH—introducing excessive water into the reaction system.
Thus, 'H NMR spectroscopy provides direct evidence that the
intermediate species exists as PhCH,0 (H,O-OH,)M" at the
heterogeneous biphase interface.
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Fig. 6 'H NMR spectra to probe the intermediate species and the reaction mechanism of the oxidation of benzyl alcohol and benzaldehyde when using
MOH (M = Li, Na, K, Cs) as a catalyst: (a) benzyl alcohol added MOH (M = Li, Na, K, Cs) as the catalyst; (b) benzaldehyde added MOH (M = Li, Na, K, Cs) as

the catalyst.
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Closer inspection revealed that the addition of LiOH and
NaOH induced a low-field shift of the resonance signal at
5.82 ppm (to 6.26 ppm for LiOH and 5.89 ppm for NaOH),
indicating a decrease in electron cloud density around the H
nucleus. This suggests that both alkali metals exert a compar-
able electron-withdrawing inductive effect (Fig. S7 and S8,
ESIT). Conversely, introducing KOH and CsOH caused a high-
field shift of the 5.82 ppm signal (to 5.73 ppm for KOH and
5.62 ppm for CsOH), implying an increase in electron density
around the H nucleus and suggesting an electron-donating
inductive effect (Fig. S9 and S10, ESIt). Notably, the resonance
signal at ca. 4.60 ppm remained unaffected, as expected,
confirming the stability of the C-H bonds. Evidently, the
presence of alkali metal cations with larger radii and greater
hydrophobicity facilitates the enrichment of both PhCH,OH
and O, reactants. This also modulates the electronic and
geometric structure of the transition state, thereby altering
the reaction pathways and enhancing the reaction kinetics.

To further investigate the inhibitory effect of alkali metal
cations with large ionic radii on the aldehyde-to-acid reaction
pathway, '"H NMR spectroscopy was conducted to examine
changes in the hydrogen nuclear chemical environment within
benzaldehyde-MOH mixtures (Fig. 6b and Fig. S11-S15, ESIT).
In the absence of MOH, the 'H spectrum of PhCHO alone
consists of two components (Fig. 6b and Fig. S11, ESIt): one set
of resonance signals centered in the 7.2-8.0 ppm range corre-
sponds to aromatic hydrogens on the benzene ring, and
another signal centered at ca. 10.01 ppm originates from the
-CHO hydrogen. However, upon introducing MOH, additional
resonance signals centered in the 5.40-6.30 ppm range were
observed (Fig. 6b and Fig. S12-S15, ESIY), indicating that the
(H,0-OH™) M" complex exhibits a similar electronic structure.

The key distinction lies in the significant alteration of the
chemical environment for aldehyde-group hydrogen, shifting
from a single narrow peak at 10.01 ppm to a broad peak that
varies with alkali metal cations. LiOH induces the most pro-
nounced chemical shift (from 10.01 to 8.54 ppm), with other
cations affecting shifts in the order CsOH (8.78 ppm) > KOH
(8.97 ppm) = NaOH (8.97 ppm). The half-peak width bro-
adens in the sequence 0.85 ppm (LiOH) < 1.05 ppm (NaOH)
< 1.15 ppm (KOH) < 1.30 ppm (CsOH), indicating enhanced
electron delocalization around the hydrogen nucleus. Notably,
when compared to PhCH,OH (Fig. 6a), the chemical shift
variation of the complex, ranging from 6.29 to 5.45 ppm, is
less pronounced for the same alkali metal cation (Fig. 6b),
indicating that (H,0-OH )M" species exhibit characteristics of
metastable intermediate molecules and analogous electronic
states.

The most significant change occurs in the H atoms attached
to the CHO functional group in BDA (Fig. 6b). Generally, Li" has
the smallest ionic radius and highest charge density, leading to
a strong electrostatic interaction with OH . This makes OH™
less prone to dissociate into free ions in solution, thereby
reducing its nucleophilicity. Contrary to intuition, the chemical
shift of H atoms bonded to the CHO group exhibits the largest
chemical shift (ca. 1.47 ppm) with a very narrow half-peak
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width, suggesting that PhCHO interacts strongly with the
(H,0-OH)Li" complex through the spatial overlap of p orbitals
on C and O atoms. The most stable intermediate state is
evidenced by the PL spectrum with the highest intensity
(Fig. S16, ESIf). In contrast, for Na' and K'—which have
medium ionic radii and weaker affinity for OH —the smallest
chemical shift (ca. 1.04 ppm) is observed (Fig. 6b), indicating
weak electronic coupling between the C and O atoms (Fig. S16,
ESIT). During the reaction, OH™ attacks the aldehyde group to
form an alkoxide anion intermediate (IMS-2, Fig. 6b). The
stabilizing effect of Na* and K* on this intermediate is relatively
weak, facilitating subsequent proton transfer and disproportio-
nation (i.e., the Cannizzaro reaction). For Cs', the largest cation
with the weakest affinity for OH™, the PhCHO-(H,0-OH )M"
complex cannot form (no PL signal, Fig. S16, ESIf), blocking
subsequent proton and electron transfer and quenching the
reaction. This likely explains the high selectivity of BA to BAD in
the presence of Cs* (Fig. 4a). Thus, 'H NMR not only pro-
vides direct evidence that the catalytic active site consists of
(H,0-OH )M", but also explains why the reaction activity and
selectivity trend depend on the ionic radius of alkali metal cations.

Conclusion

In summary, our metal-free catalytic system demonstrates excep-
tional performance in the selective oxidation of benzyl alcohol to
benzaldehyde, with RbOH and CsOH catalysts enabling near-
quantitative conversion (>99%) and high selectivity (>90%). Iso-
topic labeling experiments combined with advanced spectroscopic
analyses—including UV-vis absorption, fluorescence spectroscopy,
and '"H NMR—unambiguously identify the water-hydroxyl-alkali
metal cation complex (H,O-OH )M" at the biphasic interface as
the active catalytic site. This complex generates surface electronic
states (SESs) through the spatial overlap of p-orbitals from OH™ and
H,O at the subnano- and/or nanoscale interface, forming what we
term p-band intermediate states (PBIS).°*”*”* These states are
exquisitely sensitive to subtle changes in the microenvironment
around the active site, including the type of alkali metal cations,
water content, solvent properties, and even the reactants themselves
(benzyl alcohol and benzaldehyde). Indeed, these special surface
states with n-character—operating via the Marcus inner-sphere
electron transfer mechanism—act as a ligand bridge to facilitate
electron-proton transfer at the nanoscale interface during the
oxidation process, thereby enhancing the reaction kinetics signifi-
cantly. Our findings not only elucidate the pivotal role of hydrated
hydroxide complexes in selective alcohol oxidation but also offer new
insights into electron—proton transfer mechanisms in homogeneous
catalysis and at confined heterogeneous nano-interfaces. This work
highlights the potential of designing metal-free catalytic systems for
sustainable chemical synthesis.
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