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Abstract: Despite the high stability of bulk water, water 

microdroplets possess strikingly different properties, such as the 

presence of hydroxyl radicals (OH•) at the air-water interface. 

Previous studies exhibited the recombination of OH• into H2O2 

molecules and the capture of OH• by oxidizing other molecules. 

By spraying pure water microdroplets into a mass spectrometer, 

we detected OH• in the form of (H4O2)+ that is essentially OH•--

H3O+, a hydroxyl radical combined with a hydronium cation 

through hydrogen bonding. We also successfully captured it with 

two OH• scavengers, caffeine and melatonin, and key oxidation 

radical intermediates that bear important mechanistic information 

were seen. It is suggested that some previous reactions involving 

(H4O2)+ should be attributed to reactions with OH•--H3O+ rather 

than with the water dimer cation (H2O-OH2)
+. 

In recent years, water microdroplet chemistry has emerged 

as an exciting new field because of its abilities to accelerate 

chemical reactions by many orders of magnitude compared to the 

same reactions in bulk water and/or trigger spontaneous 

reactions that cannot occur in bulk solution.[1-4] Among the unique 

properties of water microdroplets, is the observation that water 

microdroplets form the highly reactive hydroxy radical OH•, which 

has been observed indirectly by using salicylic acid as a 

scavenger.[5] Another indirect observation is the detection of the 

recombination of hydroxyl radicals to form hydrogen peroxide 

(H2O2) in water microdroplets.[6-10] The power of water 

microdroplets to promote redox chemistry unlike that found in bulk 

water has also been demonstrated in the reduction of dissolved 

chloroauric acid (HAuCl4) in water microdroplets to yield gold 

nanoparticles and nanowires,[11] the reduction of doubly charged 

ethyl viologen (EV+2) dissolved in water microdroplets to singly 

charged ethyl viologen (EV+1),[12] and the formation of pyridyl 

anion and m-hydroxypyridine in spraying an aqueous solution 

containing dissolved pyridine to form microdroplets.[13] It is 

possible to generate OH• radicals by other means, such as by 

cavitation,[14] and by reactions of O3 or O2 at the microdroplet 

periphery.[9,15] The OH• inside microdroplets has never been 

directly detected, because it has no charge and is extremely 

reactive, hampering its observation. In this study, we present 

observation of OH• in the form of the (H4O2)+ cation by spraying 

pure water microdroplets into a mass spectrometer. We also 

successfully captured it using caffeine (CAF) and melatonin 

(MLT), two well-known OH• scavengers. 

 
Figure 1. Observation of OH• with mass spectrometry. (a) A 

schematic drawing of the experimental setup. (b) A typical mass 

spectrum showing the H4O2
+ peak. (c) Relative intensities of 

H4O2
+ when the sheath gas pressure is increased stepwise from 

60, to 80, and then to 100 psi. (d) A typical mass spectrum 

showing the proton scrambling when spraying D2O. 

 

Figure 1a presents the experimental setup. Detailed 

experimental conditions are described in the Supporting 

Information. Pure water is forced by a syringe pump through a 

capillary that sits inside a larger capillary through which N2 gas 

flows at high pressure. The resulting spray of microdroplets is 

aimed toward the inlet of a mass spectrometer (LTQ-XL, Thermo-

Fisher, Waltham, MA) operated in positive mode of detection (Fig. 

S1 shows a photograph of the setup). Figure 1b presents a typical 

mass spectrum showing the spontaneous generation of (H4O2)+ 

at m/z 36 when pure water is sprayed to form microdroplets. The 

signal can be as high as 5  104 a.u. and is the strongest peak. It 

is estimated to have a concentration in excess of 1 mg/L. In 

addition, a minor signal of the Na+(H2O) impurity was observed. 

The same (H4O2)+ species was also produced by spraying water 

microdroplets with an ultrasonic humidifier (Fig. S2). The spray 

10.1002/anie.202207587

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

  

 

 

 

2 

experiments were repeated separately at both Nankai University 

and Stanford University. To investigate the significance of the air-

water interface of the microdroplets in forming (H4O2)+, we also 

monitored the (H4O2)+ intensity when the sheath gas pressure is 

changed (Fig. 1c). A clear increase in the intensity of (H4O2)+ is 

observed upon consecutively increasing the pressure from 60 psi 

to 80 psi, and then to 100 psi. Increasing the pressure decreases 

the sizes and increases the ratios of surface area to volume of the 

microdroplets,[16] manifesting the importance of the microdroplet 

water-air and water-support interface in generating OH•. Figure1d 

presents the mass spectrum by spraying D2O, which confirms the 

presence of H4O2
+ when H2O is sprayed. The microdroplets pick 

up ambient H2O, resulting in the proton scrambling products, (H4-

nDnO2)+ (n = 0 - 4). The ultrafast D/H exchange observed here 

might also be a result of the microdroplet effect.[17] The mass 

spectrometer inlet temperature is maintained at 45 °C for all 

experiments shown in Fig. 1. Increasing the temperature 

significantly decreases the signal of (H4O2)+, indicating its weakly 

bound character. Efforts were made to fragment the H4O2
+ by 

collision induced dissociation (CID) but we were unable to find the 

fragments. This failure, although disappointing, is common for 

small molecular ions in CID.  

Two OH• scavengers, caffeine (CAF) and melatonin 

(MLT),[18-20] are used to capture the OH• generated by 

microdroplets. A glass capillary soaked with 100 μM CAF or MLT 

solutions is positioned between the sprayer and the mass 

spectrometer inlet (Fig. 2a). Directly spraying CAF or MLT 

solutions can obtain qualitatively similar results. For CAF, two 

major radical products are observed (Fig. 2b), corresponding to 

the addition of a OH• radical to the parent ion at m/z 212 and 234 

(+ 17 Da), followed by the uptake of an ambient O2 molecule (+ 

49 Da) to form a peroxyl radical at m/z 244 (vide infra). Collision-

induced dissociation (MS2) of these products led to loss of OH, 

H2O, CO2, and NO2 (Figs. 2c and d), further confirming that what 

is being observed are the oxidation products of CAF.  Especially 

the loss of CO2 and NO2 of the m/z 244 product supports the 

observation of the peroxyl radicals (vide infra). For MLT, only the 

+17 Da products are observed (Fig. 2e), and again MS2 of the 

product confirms that they are the oxidation products of MLT (Fig. 

2f). The decreasing of the H2O4
+ peak with the rise of the CAF or 

MLT oxidation products (Fig.2g) confirms that H4O2
+ is the carrier 

of the hydroxyl radical that is causing these reactions to happen.  

We next consider how the products observed in these mass 

spectra are formed. It has been reported that OH• prefers to attack 

the C5, C8, and C4 positions of CAF (ranked by the reaction 

probability),[21,22] resulting in three distinct radicals, which are 17 

Da more than the parent molecule. A striking observation is the 

subsequent uptake of an ambient O2 molecule by C4, N9, or C5 

Figure 2. Capture of OH• with caffeine (CAF) and melatonin (MLT). (a) A schematic drawing of the experimental setup. (b) A typical 

mass spectrum showing the oxidation products of CAF. (c) MS2 of the m/z 212 product. (d) MS2 of the m/z 244 product. (e) A typical 

mass spectrum showing the oxidation products of MLT. (f) MS2 of the m/z 250 product. (g) Decrease of the H2O4
+ signal when CAF or 

MLT is added to water. 
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(Fig. 3a). Even though this step has been predicted by theory,[22] 

here we show the first experimental confirmation. The loss of CO2 

and NO2 in MS2 (Fig. 2d) provides evidence for the coexistence 

of these three potential isomers at m/z 244 with the –COO• and –

NOO• moieties (Fig. 3a). The consecutive uptake of a OH• radical 

and an ambient O2 molecule is a widely accepted mechanism in 

the atmospheric oxidation of olefins initiated by •OH (red box in 

Fig. 3a),[23] but seldom do we observe the two radicals 

simultaneously, which clearly supports these mechanistic steps, 

indicating the in-situ advantage of using microdroplets to study 

reaction mechanisms.  

The observation of the peroxyl radical product at m/z at 244 

clearly demonstrates that reaction of CAF with OH•--H3O+ is 

occurring.  If the double bond at the position between the C4 and 

C5 in CAF is oxidized by (H2O-OH2)+, the oxidation product 

cannot be the one at m/z 244. However, the oxidation product at 

m/z 212 could result from reaction of CAF with either OH•--H3O+ 

or (H2O-OH2)+.  Consequently, these observations support the 

existence of OH•--H3O+ in solution, but cannot rule the presence 

of any (H2O-OH2)+, although as will be argued, we regard that as 

unlikely. 

For MLT, OH• preferentially attacks the C2, C3, or the 

benzene ring,[20,24] resulting in the +17 Da radical products (Fig. 

3b). Further uptake of O2 was not observed, which might be a 

result of the fragile nature of the resulting peroxyl product that 

cannot survive the long detection cycle of the mass spectrometer. 

As a side observation, the resolutions (m/Δm) of the product 

peaks at m/z 212, 234, and 244 for CAF and m/z 250 and 272 for 

MLT are obviously poorer than the reactant peaks (Table S1), 

suggesting that these unstable radical products are decomposing 

during the resonance ejection in mass analysis, resulting in 

broadened kinetic energy distribution and consequently 

broadened mass spectral peaks. This phenomenon has been 

previously documented and explained.[25] 

 
Figure 3. Proposed mechanisms for the oxidation of caffeine and 

melatonin. The red box highlights a general mechanism for the 

oxidation of olefins initiated by OH•. 
 

The H4O2
+ cation has been observed before in many 

different contexts, such as exposing water vapor to UV 

photoionization, electron-impact ionization, dinitrogen chemical 

ionization, femtosecond multiphoton ionization, photoionization in 

a supersonic jet expansion, or soft X-ray irradiation. References 

to these previous studies can be found in Wang et al.,26 who made 

H4O2
+ in an energy-tunable discharge in atmospheric-pressure 

water vapor as well as in electrosprayed water microdroplets. It 

seems that the H4O2
+ cation has not previously been observed in 

uncharged water microdroplets as reported here. The strong 

oxidizing power of H4O2
+ has been beautifully illustrated by the 

spontaneous oxidation in water microdroplets of benzene,[26] 

aromatic sulfones to sulfonic acids,[27] and the oxidation of 

molecules containing double bonds.[28]  

The H2O4
+ cation has commonly been referred to as the 

water dimer cation, but as we will argue this often might be a 

misnomer. The H2O4
+ cation can exist in two forms. The first 

involves a two-center three-electron O-O half bond, (H2O-OH2)+, 

reminiscent of hydrazine (H2N-NH2), and is called the water dimer 

cation. The second is a hydroxyl radical combined with a 

hydronium cation through hydrogen bonding, OH•--H3O+. 

Theoretical calculations by Barnett and Landman[29] place (H2O-

OH2)+ lower in energy than OH•--H3O+, whereas calculations by 

Schaefer and coworkers[30] reach the opposite conclusion. 

Infrared studies[31,32] clearly demonstrate that the lowest energy 

structure is OH•--H3O+in the gas phase, which is also supported 

by mass spectrometry experiments on the photodissociation of 

rare gas water clusters cations,33 but what is needed is evidence 

of what happens in the liquid phase.  
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In 2021, Lin et al.[34] succeeded in using an ultrafast electron 

diffraction technique to measure the intermolecular oxygen-

oxygen and oxygen-hydrogen bonds of H2O4
+ formed by ionizing 

liquid water with a focused 800 nm laser beam with ~65 ± 5 fs 

pulse width. They reported that their femtosecond electron 

diffraction measurements of the intermolecular revealed the 

presence and structure of the solvated OH•--H3O+ radical-cation 

pair that was formed at ~140 fs following water ionization, directly 

confirming previous theoretical results,[35,36] suggesting that 

hydronium cations and hydroxyl radicals dominate the initial 

structural dynamic response in the laser ionization of water. It 

would seem that the H2O4
+ cation we are observing under very 

gentle conditions is correctly assigned to the capture of the 

hydroxyl radical by the hydronium ion in water microdroplets. It 

should also be expected that hydroxyl radicals will also be 

captured by H2O itself, again by hydrogen bonding. 

It is useful to clarify that the HO•--H3O+ observed here is not 

a result of the ultrafast proton transfer from (H2O-OH2)+. Instead, 

it is just the spontaneously formed •OH that recombines with 

hydronium at the surface of water microdroplets, because (H2O-

OH2)+ needs to ionize a water molecule, but the ionization energy 

of H2O (12.6 eV)[37] is much higher than the electron detachment 

energy of OH- (1.8 eV, determined by the electron affinity of 

•OH).[38] Second, the cationic HO•--H3O+ is not the only form that 

•OH can exist in microdroplets, but only a charged form that can 

be observed by a mass spectrometer; •OH can also form 

hydrogen bonding with neutral water molecules.  

It may be wondered how hydroxy radicals are formed in the 

first place in the absence of contact of the water microdroplet with 

any reactive gas.  It has been speculated that the presence of a 

strong electric field at the gas-water or solid-water interface may 

assist OH- to lose its electron.13 Another exciting possibility has 

recently been suggested by Ben-Amotz39 who has proposed at 

the interface a water dimer spends part of its time as H2O---H2O+, 

which if it loses an electron rapidly converts into •OH + H3O+. We 

have argued that this species becomes in less than 200 fs HO•--

H3O+. 

 

In conclusion, we have provided observation of •OH in 

sprayed water microdroplets in the form of H2O4
+ using a mass 

spectrometer operated in positive ion mode. Arguments are 

presented that H2O4
+ results predominantly, if not exclusively, 

from the hydrogen bonding of •OH to H3O+ under our gentle 

conditions of formation. Two hydroxyl radical scavengers were 

shown to capture •OH in water microdroplets, and key radical 

intermediates were observed, supporting previously proposed 

oxidation mechanisms. We wish that this study deepens our 

understanding of the intriguing properties of water microdroplets 

and helps to inform us what distinguishes their chemistry from that 

of bulk water.  
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