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Abstract: Microdroplets show unique chemistry, espe-
cially in their intrinsic redox properties, and to this we
here add a case of simultaneous and spontaneous
oxidation and reduction. We report the concurrent
conversions of several phosphonates to phosphonic acids
by reduction (R� P ! H� P) and to pentavalent
phosphoric acids by oxidation. The experimental results
suggest that the active reagent is the water radical
cation/anion pair. The water radical cation is observed
directly as the ionized water dimer while the water
radical anion is only seen indirectly though the sponta-
neous reduction of carbon dioxide to formate. The
coexistence of oxidative and reductive species in turn
supports the proposal of a double-layer structure at the
microdroplet surface, where the water radical cation and
radical anion are separated and accumulated.

Microdroplet chemistry is a relatively new field that has
engendered much recent interest and the topic has been
reviewed.[1,2] Chemical reactions in micron-sized droplets
under ambient conditions are often orders of magnitude
faster than the equivalent bulk reactions.[3–9] The catalyst-
like role of microdroplets makes them excellent tools for
rapid chemical derivatization[10,11] and small-scale
synthesis.[3,12–17] The observed reaction acceleration is ex-
plained by the peculiar environment at the droplet air/
solution interface, where reactants are only partially
solvated[1,2, 18,19] and which is characterized by a high electric
field.[20–23] Both these features strongly influence the rates of
reactions intrinsic to the chosen reagents, but they may also
activate solvent molecules at the interface and this can result
in microdroplet-specific reactions that are distinct from
ordinary bulk reactions. Two fundamental processes have
been considered to be involved in aqueous microdroplet
redox chemistry: (i) Disproportionation of hydroxide due to
the electric field to give hydroxyl radical and electron,
resulting in spontaneous oxidation[24–27] and reduction;[28,29]

and (ii) dissociation of the radical cation/anion pair (H2O
+

*/H2O
� *), recently argued to exist in pure bulk water,[30] to

provide the free radical cation and radical anion.[26,27,31]

Notably, simultaneous oxidation and reduction in micro-
droplets has not yet been reported; such an observation
would support the second source of reactive species in water
microdroplets.

Phosphonates comprise a minor fraction of total organic
phosphorus,[32] but are highly significant in biochemistry.[33]

On the one hand, through enzymatic carbon-phosphorus
(C� P) bond cleavage, phosphonates can serve as the
phosphorus source for the creation of biologically important
molecules, e.g. adenosine triphosphate.[34] On the other
hand, some organophosphorus compounds, such as the
chemical agent Sarin, are highly toxic. Consequently,
research on phosphonates, particularly on their spontaneous
interconversions, is important for an understanding of their
transformations, including their degradation in biological
systems.

In this study, we present evidence for the simultaneous
and spontaneous oxidation and reduction of phosphonates
to the corresponding phosphoric and phosphonic acids. We
show evidence that the water radical cation/anion pair acts
as both oxidant and reductant when pure water is sprayed.
The result suggests that the oxidative and reductive species
can coexist in a microdroplet and trigger opposite but
simultaneous reactions. The recent suggestion of a double-
layer structure at the droplet surface[19,35–38] accounts for the
co-occurrence of these two reactions with separation of the
water radical cation/anion pairs into free ions by the strong
electric field which also acts to accumulate them in
oppositely-charged surface layers.

A solution of dimethyl methylphosphonate (1a) in water
was sprayed and analyzed using nanoelectrospray ionization
mass spectrometry (nESI-MS); the spectra obtained in the
positive and negative modes are displayed in Figure 1. The
water radical cation adduct (2a) was observed at m/z 142.
This observation is consistent with a high-throughput DESI-
MS analysis of a library of 21000 non-proprietary chemicals,
in which water radical cation adducts ([M+H2O]+*) of
significant intensity were found in 65% of all the X=Y
double bond-containing compounds.[27] Replacing water by
heavy water (D2O) gave the corresponding deuterated ions
(Figure 1c) while [M+18]+* was still seen due to rapid H� D
exchange. Tandem mass spectrometry (see Figure S1 in
Supporting Information) showed that the water adduct,
RP(OR)2(OH)2

+*, is covalently bound. Strikingly, in the
negative mode, a product at m/z 95 was found and shown by
MS/MS analysis to fragment by neutral loss of MeOH which
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characterizes it as reduced product 3a (Figure 1d, top
panel).[39] Although complete hydrolysis of phosphonate 1a
can produce methylphosphonic acid 4,[40] an isomer of 3a,
the distinctive MS/MS spectrum (Figure 1d) of the reaction
product (3a) compared to authentic methylphosphonic acid
(4) confirms that the generated product at m/z 95 is not the
methylphosphonic acid. To rule out the possibility of
contributions from electrochemical reactions near the
electrode,[41–43] inductive nESI (without physical contact
between solution and electrode), was performed and peaks
at m/z 142 (positive) and 123 (negative mode) were still
observed (see Supporting Information, Figure S2).

We also investigated the effect of changes in the
concentration of 1a in water and of the distance between
the sprayer and MS inlet upon the reduction reaction.
Increased concentration gave the predicted increase in
conversion to yield the reduced product (see Supporting
Information, Figure S3a). The extended spray distance also
produced higher conversion to product, as a result of the
longer reactiontime and the smaller microdroplets generated
from the spray (see Figure S3b).[44] This result, as well as the
fact that negligible conversion was observed in the corre-
sponding bulk reaction (2 mL, 72 hours) (see Figure S4),
indicates that the reduction occurs in microdroplets.

To explore further the mechanism underlying the
observed oxidation, viz. the generation of the adduct of
phosphonate and water radical cation, and the reduction,
viz. the yield of phosphonic acid, several comparisons were

made. A key question concerns the actual oxidant, with the
candidates being (i) water radical cation and (ii) hydroxyl
radical, as noted in the introduction. To answer the question,
reactions of 1a were compared in the presence and absence
of 15% H2O2 and the outcome is displayed in Figure 2a. In
the presence of H2O2, the protonated phosphonate signal
([1a+H]+) increased relative to the water radical cation
adduct, likely due to the higher Brönsted acidity of H2O2

than water. A similar pattern was found (Figure 2b) when
pure water and 15% H2O2 aqueous solution were compared
without adding the phosphonate reagent 1a. Protonation is
favored by introducing H2O2 into the reaction system,
suggesting that the strong signals for [1a+H2O]+* observed
for the 1a aqueous solution, as well as that for (H2O)2

+* in
pure water, are not associated with peroxide. Further
evidence for this is the detection of the ion at m/z 34, which
is assigned as H2O2

+* but not seen in pure water. We
conclude that the radical cation is the oxidant.

Figure 1. Oxidation and reduction of DMMP (1a). Solutions of DMMP
in water were converted to microdroplets by nESI and the ionized
products were directly detected by MS. Mass spectra in a) positive
mode and b) negative mode, 10 mM phosphonate 1a at spray distance
of 5 mm, showing the oxidation and reduction products at m/z 142
and 95, of different polarities. c) Mass spectrum of 10 mM phospho-
nate 1a in heavy water in the positive mode. d) Distinctive MS/MS
spectra of the reduction product (assigned as 3a) and its isomer 4,
showing characteristic neutral losses of MeOH and CH4, respectively.

Figure 2. Mechanistic investigation of oxidizing and reducing species in
water a) Comparison of positive mode spectra of 1a (10 mM) with and
without 15% H2O2 in aqueous solution; protonated 1a at m/z 125 and
oxidized 1a at m/z 142 are highlighted. b) Comparison of positive ion
spectra of pure water and 15% H2O2 aqueous solution. Mass spectra
in negative mode of c) pure water, d) degassed pure water (N2 used to
degas the water) sprayed in air and e) degassed water with a N2 gas
atmosphere, showing the signal due to formic acid, superoxide and
adventitious chloride ions. More formate was seen in (c), (d), and (e)
when the spray distance was increased from 10 mm to 35 mm.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2022, 61, e202210765 (2 of 5) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



In the negative mode, an intriguing signal at m/z 45 was
observed (Figure 2c), presumably due to formic acid
generated by reduction of carbon dioxide from either
dissolved CO2 in water or in air. To explore the CO2 source,
pure water degassed by N2, was sprayed and a weak formate
signal was observed, indicating a contribution from dissolved
CO2 (Figure 2c). Later, as N2 gas was introduced near the
sprayer, the expected decrease in HCO2

� was found,
suggesting that ambient CO2 is also involved in formic acid
generation. The distance effect shown in Figure 2c–e, viz.
longer spray distances (e.g. 35 mm) yield much higher
formate ion intensities, confirms the participation of CO2 in
air. To validate the fact that formic acid is produced from
CO2, we provide a CO2-rich environment for the water
microdroplets, and a clear response of the formate signal to
CO2 “on” and “off” was found (see Supporting Information,
Figure S5). This reaction suggests the possibility of applica-
tion of microdroplets in CO2 fixation;[37,45] to the best our
knowledge there is no precedent for this in the literature.
Inductive nESI analysis was performed and both the water
radical cation and formic acid were identified (see Support-
ing Information, Figure S6). Processes explaining the ob-
served ions are illustrated. Our evidence suggests that the
primary reactive species in the positive and negative modes
are the water radical cation and the water radical anion (the
hydrated electron), respectively, and that water is the source
of both ions. We see no evidence for hydroxy radical as a
reagent although we do not exclude it.

Although the intrinsic redox characteristics of water
microdroplets are demonstrated by the above results, the
products of oxidation and reduction were identified by
measurements made using different ion polarities. A stron-
ger case could be made by using a single polarity measure-
ment to observe products of both reduction and oxidation.
When a solution of 1a in acetonitrile (not intentionally
dried) was sprayed, three different types of products were
seen (Figure 3) in the negative mode: the phosphonic acid
3a formed by reduction, the alkyl phosphonic acid 5a by
hydrolysis, and the phosphoric acid 6a by oxidation. The
failure to observe the acidic products in the positive mode is
simply explained by their low ionization efficiency, given
that no external proton source was provided in this experi-
ment. A lower ratio of [1a+H2O]+*/[1a+H]+ was found in
acetonitrile compared to water. Moreover, no deprotonated
reactant (4a) was observed. The differences between water
and acetonitrile microdroplets (which include traces of
water) cause different local concentrations of phosphonate
and water at the droplet surface where the water radical
cation is thought to be generated.[26,46,47] In solutions with
only traces of water, the generated water radical cation has a
good chance to first encounter and oxidize phosphonate. By
contrast, in water microdroplets, the water radical cation
would most likely first encounter neighboring water mole-
cules, producing the hydronium cation and hydroxyl radical.
The lower oxidizing power of hydroxyl radical compared to
the water radical cation[48] results in the absence of oxidation
products in water microdroplets.

Other phosphonates, including diethyl meth-
ylphosphonate (1b), diisopropyl methylphosphonate (1c),

diethyl difluoromethyl phosphonate (1d), diethyl phenyl-
phosphonate (1e) and diphenyl phenylphosphonate (1 f)
were explored in acetonitrile microdroplets, and the corre-
sponding products from reduction, hydrolysis and oxidation
were seen and are marked in figure 3. In all alkyl
phosphonate cases, the oxidation products were observed
except for 1d, where the high electronegativity of the
difluoromethyl group makes oxygen insertion difficult. The
reduction reaction occurred in 1a to 1e, suggesting the need
for alkyl groups on the phosphonates. By contrast, the aryl
group-rich substrate 1f showed the highest [M+H2O]+*/[M
+H]+ ratio but the absence of a reduction product. These
facts suggest that the substituents on the reactants greatly
affect the outcome of the redox reactions. The proposed
oxidation mechanism, which is analogous to the spontaneous
oxidation of the carbon-heteroatom double bond in
microdroplets,[26,27] involves the production of the water
radical cation adduct, followed either by direct homolysis of
the P� C bond or by 1,2-migration and then C� O cleavage
(see Supporting Information, Figure S7). The reduction
mechanism is still under investigation.

Simultaneous reduction and oxidation was observed at
the same polarity, suggesting that the oxidizing and reducing
species must coexist in the analyzed microdroplets. This in
turn suggests a double-layer model for the structure of the
charged microdroplets. As illustrated in figure 4, the con-
version from water molecules to the water radical cation/
anion pair and then to the highly reactive free cations and
anions will be promoted by the strong electric field known
to exist near the droplet surface.[19,35–37] Due to their opposite
polarities, these free ions will be accumulated in different
layers and produce the double-layer structure. The outer
layer is enriched in the water radical cation, which gives it
strong oxidative abilities to convert phosphonate into
phosphoric acid derivatives. The inner layer accumulates
water radical anion, thus presenting highly reductive proper-
ties that allow the generation of phosphonic acid. If the
polarity of the droplet is changed a similar structure will
result but with outer reductive layer and inner oxidative
layer. The redox layer enables the simultaneous oxidation
and reduction events even at the same polarity.

In summary, we report the simultaneous and sponta-
neous oxidation and reduction of phosphonates in micro-
droplets. The intrinsic redox properties of water micro-
droplets is demonstrated by the generation of water dimer
radical cation as well as formic acid (from the reduction of
carbon dioxide in air). Importantly, the reduction and
oxidation of phosphonate to phosphonic acid and
phosphoric acid was observed in acetonitrile microdroplets
at the same polarity, indicating that the oxidative and
reductive species must coexist in the same microdroplets.
This result supports a double-layer model,[19,35–38] where the
strong electric field aids the dissociation of the water radical
cation/anion pair to free ions as well as enrichment of
oppositely charged ions in separate layers. As a result of
oxidizing and reducing layers being established, oxidation
and reduction occur simultaneously. The spontaneous con-
version of phosphonate, involving oxidation and reduction
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as well as hydrolysis, could provide new insights into its
biological transformations.
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