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Proton transfer in acetaldehyde–water clusters mediated by a 
single water molecule  

Oleg Kostko,* Tyler P. Troy, Biswajit Bandyopadhyay and Musahid Ahmed
 

Proton transfer in aqueous media is a ubiquitous process, occurring in acid-base chemistry, biology, and in atmospheric 

photochemistry. Photoionization mass spectrometry coupled with theoretical calculations demonstrate that a relay-type 

proton transfer mechanism is operational for single-water-molecule-assisted proton transfer between two acetaldehyde 

molecules in the gas phase. Threshold photoionization of acetaldehyde-water clusters leads to proton transfer between 

the formyl groups (-CH=O) of one acetaldehyde molecule to another, and the subsequent formation of cationic moieties. 

Density functional theory computations reveal several plausible pathways of proton transfer in mixed cluster cations. 

Among these pathways, water-mediated proton transfer is energetically favored.  Mass spectra and photoionization 

efficiency curves confirm these theoretical findings and also demonstrate the increased stability of cluster cations where 

acetaldehyde molecules are symmetrically bonded to the hydronium ion. 

Introduction 

Water is ubiquitous on Earth driving numerous important 

chemical reactions, on both macro and molecular scales. 

Proton transfer (PT) in aqueous media is one such process and 

is a fundamental reaction in biological systems,
1
 

electrochemistry,
2–4

 and atmospheric photochemistry.
5–7

 A 

detailed understanding of PT is crucial for the design of 

proton-exchange membranes used in the construction of 

efficient fuel cells.
3,4

 Inside biological systems, water is 

confined within nano-channels and may act as water wires. For 

instance, a proton is transferred to the protein interior 

through a chain of water molecules inside of Rhodobacter 

sphaeroides.
1
 Lengthy H-bonded networks between amino 

acids and water molecules were found in the extracellular 

region of bacteriorhodopsin.
1
 Single-molecule-mediated PT is 

not only found in biology. A single OH – terminated atomic 

defect of graphene has been observed to transfer water’s 

proton through a single graphene layer.
8
 A single water 

molecule has also been demonstrated to mediate PT accepting 

a proton from one molecule and donating it to another.
9
 

 Acetaldehyde plays a significant role in tropospheric 

chemistry
10

 and is a carcinogenic air pollutant.
11

 Acetaldehyde 

can exist in two isomeric forms: keto and enol in the gas 

phase, which has been investigated both via experiment and 

theory.
12–14

 For the neutral acetaldehyde molecule, keto-enol 

isomerization is endothermic by 9.9 kcal/mol. In contrast, the 

process in the ionized system is exothermic by about 17.1 

kcal/mol.
12

 Investigations of ionized acetaldehyde have shown 

that the assistance of one or more solvent molecules enables 

proton transfer from a methyl group to oxygen and thus 

significantly decreases the energy barrier to isomerization.
12,13

 

It was also shown that methanol is a better catalyst than water 

for proton transfer.
12

 In the case of the reaction of the 

acetaldehyde cation with methanol, the isomerization to a 

vinyl alcohol is shown to be a barrierless process.
12

 A water 

molecule can catalyze the oxidation reaction of acetaldehyde 

by a hydroxyl radical,
15

 though this result has been recently 

contradicted.
16

 Di Palma and Bende used tunable radiation to 

probe tautomerism in acetaldehyde – water clusters, however 

interpretation did not extend to probing the PT dynamics in 

this particular system.
17

 Here, we present tunable vacuum 

ultraviolet (VUV) photoionization mass spectrometry coupled 

with density functional theory (DFT) to reveal single-water-

molecule-mediated PT in mixed acetaldehyde – water clusters. 

Experimental and computational methods 

The experiment was performed on a molecular beam 

apparatus coupled to a 3m monochromator at the Chemical 

Dynamics beamline (9.0.2) at the Advanced Light Source, 

Lawrence Berkeley National Laboratory.18,19 Acetaldehyde and 

acetaldehyde-water clusters were generated via expansion of 

300 Torr of 2% acetaldehyde in helium and water-argon 

mixtures through a 100µm orifice. Neutral species were 

skimmed before ionization by tunable synchrotron VUV 

radiation in the interaction region of a reflectron time-of-flight 

(TOF) mass spectrometer. TOF mass spectra were measured 

for photon energies in the range 8.0 to 11.3 eV at 0.05 eV 

increments. The PIE curves were obtained by integrating over 
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the mass peaks at each photon energy and normalizing with 

respect to photon flux measured by a silicon photodiode. 

 Calculations were performed using the Gaussian 09 

package.20 Neutral structures were optimized at the B3LYP/6-

31g(d) level and final geometry optimizations and frequency 

calculations using the long-range and dispersion-corrected 

ωB97X-D functional with a 6-311+G(d, p) basis set. Frequency 

calculations allowed identification of stationary points. 

Adiabatic ionization energies (aIEs) were obtained from the 

differences in the zero-point corrected electronic energies for 

each neutral cluster and its corresponding cation. Vertical 

ionization energies (vIEs) were computed by single-point 

energy calculations of the cations at the respective neutral 

ground-state geometries. This method has demonstrated in 

thermochemical computations accuracies within 3.37 kcal mol
-

1
.
21,22

 

Results and Discussions 

 The photoionization mass spectrum of gas-phase 

acetaldehyde-water mixture, generated via a supersonic 

molecular beam expansion, shows a strong monomer cation 

peak followed by two series of peaks: protonated 

acetaldehyde cluster cations (An·H
+
) and protonated 

acetaldehyde – water (AnH·H2O
+
) complexes. The mass 

spectrum obtained at 10.5 eV photon energy, which is above 

the ionization energy of acetaldehyde monomer (10.23 eV)
23

, 

is shown in Fig. 1. Protonated acetaldehyde-water cluster 

cations are less abundant than the protonated acetaldehyde 

species since the water content of the molecular beam is 

small. 

 As a general case, the ionization of hydrogen-bonded 

clusters leads to the formation of cluster cations 

(acetaldehyde, An
+
) or protonated cations (An·H

+
) according to 

the following reactions: 

 

 An + hν → An
+
 + e

-
  (1) 

 An + hν → An
+*

 + e
-
 → An-1

+
 + A + e

-
  (2) 

 An + hν → An
+*

 + e
-
 → An-1·H

+
 + (A-H)· + e

-
  (3) 

 

In reactions (2) and (3) Franck-Condon ionization leads to 

excited state(s) of cation (A
+*

), which dissociates into smaller 

species. The mass spectrum in Fig. 1 suggests that reactions (1) 

and (2) do not occur efficiently since larger non-protonated 

ionic species are not detected apart from the monomer and 

small traces of the dimer. Therefore, only reaction (3) 

produces the observed protonated acetaldehyde cations. 

Likewise, protonated acetaldehyde – water complexes are 

formed by the following reactions: 

 

 An·H2O + hν → An·H2O
+*

 + e
-
 → An-1H·H2O

+
 + (A-H)·+ e

-
  (4) 

 

Previously, it was observed that fragmentation of hydrogen-

bonded clusters by evaporation of more than one monomer is 

insignificant.
24

 

 Comparison of the peak intensity distributions for (An·H
+
) 

and (AnH·H2O
+
) species (Fig. 1) shows that protonated 

acetaldehyde cluster intensity (green dashed line) 

exponentially decreases with increasing n. This distribution 

agrees with a model, describing cluster growth in supersonic 

expansions whereby the collisions between gas molecules lead 

to the formation of dimers and to the sequential growth of 

larger clusters via collisions with surrounding molecules.
25

 A 

drop in gas density after the supersonic expansion leads to the 

prevalence of smaller species and an exponentially decreasing 

population of larger clusters. In contrast, the distribution of 

protonated acetaldehyde – water cluster cations is different; 

where rather the protonated trimer-water (A3H·H2O
+
) shows 

the maximum intensity.  This behavior cannot be simply 

explained by a growth mechanism of the clusters, as in the 

case of An·H
+
 species. 

 In an attempt to explain the intensity distribution and to 

understand the cluster formation mechanisms, theoretical 

calculations were performed for the acetaldehyde – water 

complexes. To decipher the formation of AH·H2O
+
 species 

using DFT calculations, a number of initial neutral 

acetaldehyde dimer – water structures are considered (see 

Supplemental Information for details). Here we discuss in 

detail those three representative photoionization processes 

depicted in Fig. 2. 

 Three general structural trends are observed in neutral 

species. In one case a water molecule bonds to two 

acetaldehyde moieties, as shown in Fig. 2(IIIa). Though the 

A2·H2O clusters shown in Fig. 2 (Ia) and (IIa) look quite similar, 

the difference becomes apparent after an analysis of 

intermolecular distances. In both cases, one acetaldehyde is 

more strongly bound to water than another (the bond length 

between the stronger bound acetaldehyde and water is about 

1.87 Å). The weaker bound acetaldehyde is further from 

acetaldehyde-water pair in case (Ia), being substantially closer 

 

Figure 1. Photoionization time-of-flight mass spectrum of acetaldehyde – 
water complexes (AmH+ and AnH∙H2O+), measured at 10.5 eV photon 
energy. Two series of peaks detected in the experiments are color coded: 
green corresponds to protonated bare acetaldehyde clusters (AmH+), red 
peaks represent protonated acetaldehyde – water (AnH∙H2O+) complexes. 
Dashed lines demonstrate intensity trends for AmH+ and AnH∙H2O+ species. 
Ar+ and Ar2

+ peaks appear due to high harmonic ionization of argon which 
is used as carrier gas. The small peak at m/z = 84 corresponds to the 
acetaldehyde – argon ion complex. 
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to water than to another acetaldehyde moiety (see 

intermolecular distances in Fig. 2 Ia). For structure (IIa), the 

weaker bound acetaldehyde is almost equidistant to both 

water and another acetaldehyde. The neutral structure (Ia) is 

the energetically most favorable structure, lying 39 meV below 

structure (IIa). Structure (IIIa) is the least favorable, lying 75 

meV above the isomer (Ia). Strong adiabatic cooling in a 

supersonic expansion of a molecular beam leads to 

preferential population of the most stable isomer, (Ia) in this 

case. 

 Vertical ionization of neutral A2·H2O clusters leads to 

excess internal energy in the system and subsequent geometry 

relaxation. Examination of the cations (Fig. 2) leads to an 

understanding of the different dynamics at play for the three 

above-mentioned cases. Case (IIIb) does not occur, since the 

intact A2·H2O
+
 cation is not detected in the mass spectrum. In 

case (IIb), the proton transfers from a formyl group of one 

acetaldehyde to another (the direction of proton movement is 

indicated with a blue arrow in Fig. 2 IIb), similar to the case of 

pure acetaldehyde clusters.
17

 Case (Ib) is the most interesting 

under which a water molecule participates in PT from one 

acetaldehyde to another. Here, water forms a “relay-type” 

transport of protons, resembling the Grotthuss mechanism,
26

 

where rapid exchange between a covalent and hydrogen bond 

takes place between two adjacent acetaldehydes (see red 

arrows depicting the proton movement direction in Fig. 2 Ib). 

 Absorption of a VUV photon by neutral A2·H2O structures 

(I) and (II) induces vertical ionization to the cationic state. 

Charge redistributions in the structures lead to barrierless PT, 

followed by spontaneous fragmentation (see Fig. 2 Ic and IIc), 

since the excess energy gained during vertical ionization is 

sufficient to overcome the small dissociation barrier and to 

form the experimentally detected AH·H2O
+
 cations. 

 Photoionization efficiency (PIE) curves (providing 

information on ionization and/or fragmentation energetics) 

were measured to quantify which neutral structures populate 

the molecular beam. A PIE curve for the protonated 

acetaldehyde-water monomer is shown in Fig. 3(a) together 

with the PIE curve for AH·D2O
+
 distinguished by a dotted line. 

An experiment with deuterated water (D2O) was conducted to 

 

Figure 3. (a) Photoionization efficiency (PIE) curve for AH·H2O+ (m/z = 63). 
The dotted line in the panel corresponds to PIE signal from m/z = 65 
(AH·D2O+). (b) The PIE curve for A2H·H2O+ (m/z = 107). The black arrows in 
panels (a) and (b) denote the experimental PIE onsets. Blue arrows denote 
theoretical energy ranges obtained for vertical ionization energies, 
corresponding to different PT processes in An·H2O clusters. (c) Two 
examples of proton-transferred acetaldehyde trimer-water complexes. 

 

Figure 2. Schematic energy diagram for the ionization and fragmentation of three different isomers of acetaldehyde dimer – water 
complexes. The adiabatic ionization energy (aIE) and appearance energy (AE) is shown only for structure I. 
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test where the proton in AnH·H2O
+
 cations is sourced – from 

acetaldehyde or another water molecule. In that experiment, 

the peaks observed in the mass spectrum corresponding to 

protonated acetaldehyde-water complexes, are shifted by 2 

amu, in accordance to formula AnH·D2O
+
. The appearance 

energy (AE, mass signal onset) for m/z = 63 (AH·H2O
+
) may be 

determined from the PIE curve to be 9.78 ± 0.10 eV. The PIE 

curve for the deuterated experiment, m/z = 65 (AH·D2O
+
) 

demonstrates an excellent correlation with that of m/z = 63, 

confirming that the proton is coming from another 

acetaldehyde moiety and therefore that the energetics in both 

cases are similar. 

 The computed vIEs for all examined cluster isomers are 

shown in Fig. 3(a) for both cases: water mediated PT (case I 

above) and direct PT between acetaldehydes (conventional PT, 

case II). A good correlation of the experimental onset with the 

computed vertical ionization energy suggests that the Franck-

Condon factors are unfavorable for an adiabatic transition, 

which is about 1 eV lower than the vertical ionization energy 

(see Table 1 and Table S1 in the Supplemental Information) 

and therefore only a vertical transition is observed 

experimentally. The PIE curve onset (9.78 ± 0.10 eV) and the 

theoretical vIE value, corresponding to the water-mediated 

case of 9.61 eV (9.62eV for A2·D2O
+
 species) are in excellent 

agreement. The agreement of the theoretical vIE with the 

experimental AE, coupled with the fact that the neutral 

structure (I) is the most energetically favorable, confirms that 

the water molecule mediates PT under these experimental 

conditions. 

 The experimental value of the appearance energy for the 

A2H·H2O
+
 cation, determined from the PIE curve shown in Fig. 

3 (b) is 9.45 ± 0.10 eV. The DFT calculations for A3·H2O, similar 

to the case of A2·H2O ionization, reveal three different 

scenarios for what could occur upon ionization: (a) A3·H2O 

ionizes intact, (b) proton transfers from one acetaldehyde to 

another followed by fragmentation and (c) proton transfer is 

mediated by water. Two examples of cases (b) and (c) are 

shown in Figure 3 (c). The acetaldehyde-water complex, shown 

in Fig. 3(c, I), corresponds to case (c) where water is mediating 

PT from one acetaldehyde to another. Again, as in the case of 

AH·H2O
+
 formation, the neutral parent A3·H2O molecule, 

corresponding to the case (c) is the lowest in energy, being 12-

55 meV below the examined proton-transferred cases (b) and 

55-57 meV below the ionized intact complexes (see Table S1 in 

Supplemental Information). This suggests that under molecular 

beam conditions, the most stable structure, shown in Figure 3 

(c, I) is dominant. An excellent agreement of the calculated vIE 

for case (c) with the observed experimental onset (9.47 and   

9.45 ± 0.10 eV, respectively) further bolsters the case that for 

the acetaldehyde trimer – water cluster, water mediated PT 

again dominates upon cluster ionization. 

 The structures of protonated cations of the most stable 

acetaldehyde – water complexes where PT is mediated by 

water are shown in Fig. 4. In two of the three presented cases, 

the acetaldehyde molecules are bound to a hydronium ion 

(H3O
+
), creating structures with the formulas A2·H3O

+
, and 

A3·H3O
+
. While in the case of AH∙H2O

+
 the proton is closer to 

acetaldehyde’s oxygen, for A3∙H3O
+
, the hydronium ion and all 

three surrounding acetaldehydes are equidistant (see Fig. 4c, 

the bond lengths between the acetaldehydes and hydronium 

are 1.57 Å). The high symmetricity of the A3∙H3O
+
, whereby the 

 

Figure 4. DFT computed structures for (a) AH·H2O+, (b) A2·H3O+, and (c) 
A3·H3O+ structures, for which water-mediated proton transfer is observed. 

 

Table 1. Adiabatic and vertical ionization energies (aIEs, vIEs), and appearance energies (AE) for DFT computed structures compared with experimental AEs. Three different 

ionization processes are presented: direct ionization (DI), conventional PT (cPT), and water mediated PT (WmPT). 

Parent Type of ionization aIE, eV vIE, eV AE, eV Detection channel m/z Exp. AE, eV 

A2·H2O 

cPT 8.43-8.44 9.29-9.56 8.65-9.21 
AH·H2O

+ 63 9.78±0.10 
WmPT 8.21 9.61 8.74 

DI 8.96-9.00 9.78-9.88 — A2·H2O
+ 106 — 

A2·D2O 
cPT 8.43-8.44 9.29-9.57 8.65-9.18 

AH·D2O
+ 65 9.75±0.10 

WmPT 8.21 9.62 8.74 

A3·H2O 

cPT 7.72-8.20 9.22-9.29 8.04-8.33 
A2H·H2O

+ 107 9.45±0.10 
WmPT 8.51 9.47 8.90 

DI 8.53 9.38-9.39  — A3·H2O
+ 150 — 

A4·H2O WmPT 8.32 9.16 8.52 A3H·H2O
+ 151 9.40±0.20 
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acetaldehyde fills up the solvation shell, makes the cation the 

most stable and the most abundant in the mass spectrum (Fig. 

1). Appearance of such structure-driven magic numbers has 

been previously observed e.g. for alcohol – water clusters.
27

 In 

the latter case, the energetically stable clusters prefer to 

maximize the number of hydrogen bonds and minimize the 

distance between the alcohol molecules and the ion core.  

Conclusions 

We carried out experimental and theoretical investigations of 

mixed acetaldehyde-water clusters and found an increased 

stability of the protonated acetaldehyde trimer – water 

cluster.  This work provides new insight into proton transfer 

mechanisms whereby a single water molecule can lead to the 

formation of more stable acetaldehyde-water clusters, which 

upon ionization, transfer a proton from one acetaldehyde to 

another with the assistance of water. 
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