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Abstract: Acetaldehyde (CH3CHO) is ubiquitous throughout the 
interstellar medium and has been observed in cold molecular clouds, 
star forming regions, and in meteorites such as Murchison. As the 
simplest methyl-bearing aldehyde, acetaldehyde constitutes a critical 
precursor to prebiotic molecules such as the sugar deoxyribose and 
amino acids via the Strecker synthesis. In this study, we reveal the 
first laboratory detection of 2,3-butanedione (diacetyl, 
CH3COCOCH3)—a butter and popcorn flavorant—synthesized within 
acetaldehyde-based interstellar analog ices exposed to ionizing 
radiation at 5 K. Detailed isotopic substitution experiments combined 
with tunable vacuum ultraviolet (VUV) photoionization of the subliming 
molecules demonstrate that 2,3-butanedione is formed predominantly 
via the barrier-less radical-radical reaction of two acetyl radicals 
(CH3ĊO). These processes are of fundamental importance for a 
detailed understanding of how complex organic molecules (COMs) 
are synthesized in deep space thus constraining the molecular 
structures and complexity of molecules forming in extraterrestrial ices 
containing acetaldehyde through a vigorous galactic cosmic ray 
driven non-equilibrium chemistry. 

Introduction 

To date, more than 200 molecules ranging from molecular 

hydrogen (H2) up to fullerenes (C60, C70) have been detected in 

circumstellar and interstellar environments.[1] Complex organic 

molecules (COMs)—usually defined by the astronomical 

community as carbon-bearing organics comprised of six or more 

atoms, mostly carbon, oxygen, and/or nitrogen at various degrees 

of hydrogenation—represent a key class of interstellar molecules 

and main contributor to the cosmic carbon budget since they 

account for nearly one third of all detected molecules in 

extraterrestrial environments.[2] Laboratory simulation 

experiments along with astronomical observations suggest that 

the majority of these organics are synthesized in cold molecular 

clouds—opaque environments with gas phase number densities 

of 104 to 106 molecules cm-3 and nanometer-sized, ice-coated 

dust particles.[3] The opaqueness of these molecular clouds 

results in average temperatures of the dust particles as low as 

10 K. Considering the low temperature, gas-phase molecules and 

atoms accrete on these silicate-and carbon-bearing dust particles 

resulting in the aggregation of several hundred nanometer thick 

ices.[4] Water (H2O), carbon monoxide (CO), carbon dioxide (CO2), 

methanol (CH3OH), methane (CH4), ammonia (NH3), and 

formaldehyde (H2CO) represent the main constituents of these 

ices.[4,5]  

Through interaction with the internal ultraviolet (UV) field 

generated even within dense molecular clouds[6] and by energetic 

galactic cosmic ray particles (GCRs), energies of up to 0.3–3.0 

eV per molecule are deposited on average into each molecule 

within the ices over typical life times of these clouds of 106–107 

years.[7] This energy deposition initiates chemical bond breaking 

processes and the synthesis of new molecules via non-

equilibrium processes such as amino acids,[8–11] dipeptides,[12] 

astrobiologically important phosphorus bearing molecules like 

(di)phosphates[13] and alkylphosphonic acids,[14] along with sugar-

related molecules such as glycolaldehyde (HCOCH2OH).[15] One 

key class of the organics detected are carbonyl-bearing (−C=O) 

species including molecules with an aldehyde group (−CHO) (Fig. 

1) as they constitute key building blocks of prebiotic molecules as 

for example sugars[16] and amino acids[17,18] along with their 

precursors methanol[19] and acetic acid.[20] Eventually, at the end 

of their lifetimes, molecular clouds undergo gravitational collapse, 

new stars form, and molecules synthesized on the dust particles 

are incorporated at least partially into planetary systems along 

with asteroids and comets, which can then deliver organics to 

planets such as proto-Earth.[3,21,22]  

Acetaldehyde (CH3CHO) in particular has emerged as a critical 

precursor to biologically relevant molecules: the sugar 2-
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Figure 1. Selected carbonyl-bearing complex organic molecules (COMs) 

detected in the interstellar medium (ISM). 

 

deoxyribose (HCOCH2(CHOH)3H) may form via the reaction of 

acetaldehyde with glyceraldehyde (H2COHCHOHCHO), which  
in turn can be synthesized from formaldehyde (H2CO) and 

glycolaldehyde (HCOCH2OH).[23],[24] Laboratory experiments 

provide compelling evidence that acetaldehyde can easily form in 

interstellar ices containing carbon monoxide and methane,[25–28] 

methanol, [29] ethane (CH3CH3) or ethylene (CH2CH2),[30] pure 

methanol ices,[31] or by oxidation of ethanol (CH3CH2OH)[32]/2-

propanol (CH3CH2OHCH3)[33] exposed to ionizing radiation.  

Considering the facile formation of acetaldehyde in interstellar 

and solar system analog ices, it is not surprising that the 

acetaldehyde molecule has been detected throughout the 

interstellar medium: in cold molecular clouds such as TMC-1, in 

warmer envelopes around star-forming regions, e.g., Sgr B2 [34,35], 

towards hot cores such as NGC 6334F,[36] quiescent regions like 

CB 17,[37] in meteorites like Murchison,[38] comets such as Hale-

Bopp[39] and during the Rosetta mission on 67P/Churyumov-

Gerasimenko.[40] Furthermore, tentative detections of 

acetaldehyde in interstellar ices have been published with upper 

limits of 3% [41,42] and 10% [5] relative to water. 

However, despite the fundamental importance of acetaldehyde as 

a precursor to biologically relevant, complex organic molecules in 

extraterrestrial ices, the underlying low-temperature and radiation 

chemistry of acetaldehyde on interstellar and solar system analog 

ices is still elusive as research has focused predominantly on gas 

phase reactions, both experimentally and computationally, during 

the last decades, especially as a model compound for roaming 

processes.[43] In pyrolysis studies 796 K, the main radicals formed 

are methyl (ĊH3) and formyl (HĊO) via simple carbon-carbon 

bond cleavage. Furthermore, the acetyl radical (CH3ĊO) is 

subsequently generated by hydrogen abstraction initiated by 

atomic hydrogen.[44] Under these conditions, the formyl radical 

rapidly decomposes into atomic hydrogen and carbon monoxide, 

whereas methyl and acetyl radicals react to form ethane and 

acetone (CH3COCH3). At higher temperatures (1000–1900 K), 

additional products are observed, including vinyl alcohol 

(CH2CHOH), water, and acetylene (HCCH)[45] as well as methane 

and carbon monoxide through hydrogen roaming pathways 

and/or via a tight transition state.[46,47] 

Further, gas phase photolysis studies reveal a strong 

dependence of the products and reaction pathways on the photon 

energy. At wavelengths around 308 nm, formyl, methyl and acetyl 

are the main radicals formed.[48] Furthermore, carbon monoxide 

and methane form predominantly by methyl radical roaming, but 

also from hydrogen atom roaming.[49–51] In the photolysis of 

acetaldehyde cations between 316 and 228 nm, cations of the 

same molecules were observed: C2H3O+, HCO+, CH3
+, and 

CH4
+

.
[52] Triple fragmentation to yield carbon monoxide, atomic 

hydrogen and methyl was observed as an additional channel at 

248 nm.[53] Neither ketene (H2CCO) nor acetyl (CH3CO) were 

found to be a significant intermediate to the formation of carbon 

monoxide in the acetaldehyde photolysis.[54] In gas phase 

photolysis studies at 205 nm, however, both vinoxy and acetyl 

radicals were detected at a ratio of 2 : 1.[55] Ketene was first 

detected as a product in gas phase photolysis experiments 

conducted at 157 nm, where its formation with molecular 

hydrogen constitutes a major reaction channel alongside acetyl 

and atomic hydrogen, formyl and methyl, methylene (CH2) and 

formaldehyde, vinyl (C2H3) and hydroxy (OH) radicals, and 

acetylene plus water.[56] Recently, Harrison et al. also revealed 

ketene as a major product in photolysis experiments conducted at 

305.6 nm and confirmed that this molecule forms alongside 

molecular hydrogen from acetaldehyde molecules.[57] 

In the solid phase, only limited studies were conducted. Irradiation 

of acetaldehyde at 25–35 K with low energy electrons (15.5 eV) 

yielded methane (CH4), carbon monoxide (CO), and 

propionaldehyde (CH3CH2CHO) indicating that vinoxy (ĊH2CHO), 

but likely no acetyl radicals (CH3ĊO), are formed or that the acetyl 

radicals immediately dissociate into methyl and carbon 

monoxide.[58] On the other hand, electron spin resonance (ESR) 

studies of solid acetaldehyde in noble gas matrices at 77 K 

exposed to high energy electrons (1 MeV) revealed acetyl 

(CH3ĊO) to be the dominating radical.[59] This was supported by 

another ESR study of acetaldehyde isolated in freon matrices 

after irradiation with γ-radiation. These experiments showed that 

acetaldehyde cations formed during the irradiation undergo 

charge neutralization and convert into either acetyl or 

1-hydroxyethyl (CH3ĊHOH) radicals.[60] An extended study 

processing acetaldehyde ices at 77 K with either X- or γ-rays 

revealed that solid acetaldehyde polymerizes primarily by 

(unknown) radicals “R” connecting to acetaldehyde to form 
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CH3CHOR, which can then react with acetaldehyde molecules to 

form long polymer-like  chains.[61] Furthermore, hydrogen atom 

bombardment of solid acetaldehyde was found to produce 

methane, methanol, formaldehyde, and possibly ethanol.[62] 

Recently, Hudson and Ferrante suggested that irradiation of 

acetaldehyde with 0.8 MeV protons leads to the formation of the 

acetyl and vinoxy radicals along with ketene, carbon monoxide 

and methane, however, complex organics could not be identified 

due to the overlap of their infrared modes with those of 

acetaldehyde.[63] 

In this study, we demonstrate that 2,3-butanedione (diacetyl, 

CH3COCOCH3)—a butter flavorant exploited in artificial butter 

flavor for popcorn—is synthesized within acetaldehyde-based 

interstellar analog ices exposed to ionizing radiation at 5 K by 

exploiting vacuum ultraviolet (VUV) photo ionization (PI) of the 

subliming products coupled with a reflectron time-of-flight mass 

spectrometer (ReToF-MS). The laboratory identification of 2,3-

butanedione—a vicinal diketone carrying two adjacent C=O 

groups—delivers persuasive evidence that chemically complex 

organics carrying two carbonyl moieties can be synthesized easily 

in acetaldehyde-doped interstellar and solar system ices at 

temperatures as low as 10 K predominantly via the recombination 

of two acetyl radicals (CH3ĊO). Although complex organics 

carrying two oxygen-bearing functional groups such as ethylene 

glycol (HOCH2CH2OH), methoxymethanol (CH3OCH2OH), and 

glycolaldehyde (HCOCH2OH) have been detected in the 

interstellar medium (Figure 1), diketones are still elusive; their 

astronomical detection would expand our understanding of the 

radiation-induced low temperature chemistry within interstellar 

ices and could define the inventory of radicals and successive 

radical-radical reactions followed by the decomposition of 

precursors to complex organics in deep space.   

Results and Discussion 

The experiments were carried out in an ultrahigh-vacuum (UHV) 

surface-science chamber at pressures of a few 10-11 Torr.[64] In 

separate experiments, ices of acetaldehyde (CH3CHO) and 

acetaldehyde-2,2,2-d3 (CD3CHO) were prepared by condensing 

gaseous acetaldehyde or acetaldehyde-2,2,2-d3 onto a polished 

silver wafer at 5 K. After the deposition, the ices were subjected 

to energetic electrons at doses from 0.31 ± 0.06 to 

1.2 ± 0.2 eV molecule-1 simulating the energy deposited in 

interstellar ices by secondary electrons generated by galactic 

cosmic rays (GCRs) penetrating the ices over lifetimes of 

molecular clouds of a few 106 years (Table S1).[25] The exploitation 

of partially isotopically labeled reactants permits the assignments 

of distinct mass-to-charge (m/z) ratios that do not overlap with 

other COMs to be correlated with the isomers of interest in this 

study (Scheme 1).  

 
Scheme 1. Interaction of acetaldehyde-2,2,2-d3 with energetic electrons can 

lead to the formation of the acetyl and the vinoxy radical by removal of a 

deuterium or hydrogen atom, respectively. The vinoxy radical can react with 

another vinoxy radical to form succinaldehyde (m/z = 90) or with an acetyl 

radical to form 3-oxobutanal (m/z = 91). Diacetyl (m/z = 92) can form from the 

reaction of two acetyl radicals.  

 

After irradiation, the sample was heated at 0.5 K min-1 to 320 K 

(Temperature Programmed Desorption, TPD) to sublime the 

reactant and product molecules. Changes in the ice during 

irradiation and warm up were monitored on line and in situ by 

Fourier Transform Infrared Spectroscopy (FTIR) to observe the 

emergence of spectral features of newly formed smaller 

molecules along with functional groups during irradiation as well 

as changes in these patterns upon heating. As COMs often have 

similar infrared absorptions, infrared spectroscopy rarely allows 

the unambiguous detection of discrete molecules due to 

overlapping absorptions.[65] Therefore, the subliming molecules 

were also photoionized (PI) by tunable vacuum ultraviolet (VUV) 

light and detected according to their m/z ratios in a reflectron time-

of-flight mass spectrometer (ReToF-MS). By systematically 

tuning the photon energy, distinct structural isomers of the 

products can be exclusively distinguished.[64] Note that these 

interstellar model ices containing acetaldehyde were chosen to 

explore the proof of concept that COMs carrying (methyl-) 

carbonyl moieties can be synthesized through energetic 

processing by ionizing radiation. Considering that carbon 

monoxide (CO) and methane (CH4) were both observed in 

interstellar ices by the Spitzer space telescope toward low-mass 

star-forming regions[66] and laboratory experiments revealed 

explicitly the formation of acetaldehyde in carbon monoxide-

methane ices,[25–27] although not unambiguously detected, 

acetaldehyde is expected to be present in interstellar ices. 

Acetaldehyde was suggested as a potential carrier of the
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 Figure 2. FTIR spectra of acetaldehyde (top) and acetaldehyde-2,2,2-d3 (bottom) before (black) and after irradiation (red). To enhance the visibility of small peaks 

arising after irradiation, the spectra have been offset by 0.001. 

 

1350 cm-1 (7.41 µm) band observed toward W 33A,[42] but this 

proposition requires confirmation in follow-up observations. 

Figure 2 depicts the spectra of both acetaldehyde and 

acetaldehyde-2,2,2-d3 ices before and after the electron 

bombardment with a dose of 1.2 eV molecule-1. The absorptions 

in the unirradiated ice can be attributed to distinct vibrational 

modes of acetaldehyde ices such as the stretching mode of the 

carbonyl moiety (ν4) at 1718-1926 cm-1 (Tables S2 and S3, 

Supporting Information). As a result of the irradiation, the 

decrease in absorbance of all peaks associated with 

acetaldehyde is apparent revealing that 18 ± 3% and 11 ± 2% of 

acetaldehyde and acetaldehyde-2,2,2-d3, respectively, was 

transformed to new molecules. The formation of these molecules 

is evident from several new infrared features in the irradiated 

acetaldehyde ice emerging at 3550–3200 cm-1, 2140 cm-1, and 

1300 cm-1. These can be liked to OH stretching modes, an overlap 

of the CO stretch of both carbon monoxide and ketene, and the 

deformation of methane, respectively, as degradation products of 

acetaldehyde.[67] These conclusions are supported by the FTIR 

spectra of the acetaldehyde-2,2,2-d3 ice. Here, new absorption 

features are emerging at 3550-3200 cm-1, 2140 cm-1, and 2098 

cm-1, which can be assigned to OH stretching, the CO stretch of 

carbon monoxide, and the CO stretch of ketene-d2 (CD2CO).[68] 

Most important, the acetyl radical (CH3ĊO) can be identified at 

1841 cm-1 (Fig. 3) in the irradiated acetaldehyde ice, whereas the 

acetyl-d3 is detected at 1852 cm-1 in the irradiated acetaldehyde-

2,2,2-d3 ice. Both absorptions are in good agreement with 

measuements of the acetyl radical in an argon  

matrix by Jacox, who identified the acetyl radical at 1842 cm-1 and 

the acetyl-d3 radical at 1855 cm-1.[69]  

Furthermore, absorptions are detected at 1571 cm-1 and 

1540 cm-1 in the irradiated acetaldehyde and acetaldehyde-2,2,2-
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d3 ice. Hudson and Ferrante assigned an absorption at 1572 cm-1 

to the vinoxy radical (ĊH2CHO),[63] however, Jacox reported the 

absorptions of vinoxy at 1525 cm-1 and 1541 cm-1
 and those of 

vinoxy-d2 (ĊD2CHO) at 1534 cm-1 and 1537 cm-1 (indicated by 

grey lines in Fig. 3) .
[69]

 Although the position of the absorption in 

the acetaldehyde-2,2,2-d3 ice is in reasonable agreement with the 

values by Jacox and the absorption in the acetaldehyde ice is in 

good agreement with the value reported by Hudson and Ferrante, 

the isotopic shift of 31 cm-1 is too large for this assignment to be 

correct as shifts reported by Jacox for the vinoxy-d2 radical 

amounted to only 9 cm-1 and 4 cm-1 with respect to vinoxy.[69] 

The intensities of this peak and the one associated with the acetyl 

radical decrease rapidly upon warming of the irradiated samples 

once temperatures reach around 40 K. As seen in Fig. S1, the 

peak around 1550 cm-1
 vanishes completely at around 60 K, 

whereas the acetyl peak can be seen up to temperatures of 90 K. 

This suggests that both peaks are linked to radicals (or thermally 

labile closed shell species) that degrade or react with other 

molecules/radicals once their mobility in the ice is sufficient. 

However, the isotopic shift of 31 cm-1 found in this study between 

the CH3CHO and CD3CHO ice is too large for this assignment as 

Jacox et al. measured shifts of 12 cm-1 and 7 cm-1 for the two CCO 

absorptions they found in the matrix isolation study of the same 

isotopologues.[69]  

Most important, since the fundamentals of functional groups such 

as of carbonyls in COMs potentially synthesized during the 

radiation processing of acetaldehyde often fall in the same range, 

infrared spectroscopy rarely allows an identification of individual 

COMs.[63,70] Therefore, an alternative analytical technique is 

critical to probe discrete organics in the irradiated ices. This goal 

is accomplished by exploiting PI-ReToF-MS (Figs. 4–6) during the 

temperature programmed desorption (TPD) phase of the 

irradiated ices. Considering the infrared spectroscopic detection 

of the acetyl-d3 radical (CD3ĊO), the PI-ReToF-MS studies are 

also aimed in the elucidation of potential reaction mechanisms. 

Here, partly deuterated acetaldehyde-2,2,2-d3 (CD3CHO; 

m/z = 47) can lose a hydrogen or deuterium atom from the methyl 

and formyl group, respectively, upon exposure to ionizing 

radiation (Scheme 1). This would lead to acetyl-d3 radical (CD3ĊO, 

m/z = 46) and to the vinoxy-2,2-d2 radical (ĊD2CHO m/z = 45), 

respectively. Radical-radical recombination can therefore form 

three distinct structural isomers: diacetyl-d6 (m/z = 92; 

recombination of two acetyl-d3 radicals), 2-oxobutanal-d5 

(m/z = 91; recombination of one vinoxy-2,2-d2 and one acetyl-d3 

radical), and succinaldehyde-d4 (m/z = 92; recombination of two 

vinoxy-2,2-d2 radicals). 
 

Figure 3. IR spectrum in the region of the acetyl radical (top) and the vinoxy 
radical (bottom) before (black) and after irradiation (red). The grey labels in the 
bottom graphs denote reported energies of the CCO stretch of the vinoxy radical 
in a solid argon matrix.[69]  
 
 
To elucidate the reaction product(s) formed, the studies were first 

conducted in separate experiments with acetaldehyde and 

acetaldehyde-2,2,2-d3 ices at a photon energy of 10.49 eV to 

ionize the subliming molecules (Fig. 4, top left, Fig. S2). 

Compared to the non-irradiated samples (Fig. S3), several distinct 

peaks arise after irradiation with a dose of 0.31 eV molecule-1 

(Table S4, supporting information). Furthermore, the ReToF-MS 

desorption profile of acetaldehyde changes drastically. After the 

irradiation, it sublimes from its nominal sublimation onset at 90 K 

(non-irradiated sample) up to 320 K, i.e. the maximum 

temperature exploited in the TPD phase. This indicates a 

polymerization of the acetaldehyde, either due to radical reactions 

with acetaldehyde as studied by Chaechaty and Marx after 

irradiation of acetaldehyde ice with X- and γ-rays, or ionic 

reactions as concluded as main reaction pathway by A. 

Charlesby.[61,71] Most important, ion counts connected to C4D6O2 

(m/z = 92), C4D5HO2 (m/z = 91), and C4D4H2O2 (m/z = 90) are 

detected in the TPD traces and exhibit the same TPD profile as 

C4H6O2 (m/z = 86) and C4D6O2 (m/z = 92) in irradiated 

acetaldehyde and acetaldehyde-d4 ices, respectively (Fig. 5), 

confirming the assumed empirical formula. Considering the 

calculated adiabatic ionization energies (IE; Tabs. S5 – S7), ion 

counts at these mass-to-charge ratios could correspond to all 

products of acetyl and vinoxy radical-radical recombination, i.e 

diacetyl-d6, 2-oxobutanal-d5, and succinaldehyde-d4 (Scheme 1) 

including their (di)enol tautomers. Therefore, additional PI-

ReToF-MS experiments were conducted exploiting photon 

energies of 10.11 eV, 9.50 eV, 9.30 eV, and 9.10 eV to 

discriminate the isomer(s) formed. These photon energies in 

combination with the isotopic labeling of the acetaldehyde-2,2,2- 
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Figure 4. Temperature-dependent PI-ReToF mass spectra of subliming reactants and products in irradiated acetaldehyde-2,2,2-d3 ices recorded at different photon 
energies. The graphs have been scaled to the height of the highest product peak. 

d3 allow for unambiguous identification of all possible isomers at 

the aforementioned mass-to-charge ratios based on the following 

strategy. 

 

 
Figure 5. Temperature programmed desorption profiles of mass-to-charge 
ratios corresponding to C4D4H2O2 (m/z = 90), C4D5HO2 (m/z = 91), and C4D6O2 
(m/z = 92) in irradiated acetaldehyde-d3 ice. For comparisons, C4H6O2 
(m/z = 86) in irradiated acetaldehyde ice and C4D6O2 (m/z = 92) in irradiated 
acetaldehyde-d4 ice are also shown. Profiles were recorded at a photon energy 
of 10.49 eV. Left: raw data, right: normalized data. 
 

At m/z = 92 (Table S5), the three highest photon energies (10.49 

eV, 10.11 eV, 9.50 eV) ionize all isomers. Experiments conducted 

at 9.30 eV exclude the cis and trans isomer of 3-hydroxybut-3-en-

2-one (IE = 9.40 eV and 9.39 eV, respectively); at 9.10 eV, 

diacetyl (IE = 9.25 eV) cannot be ionized leaving only buta-1,3-

diene-2,3-diol (IE = 8.95 eV / 8.77 eV) as a possible isomer if a 

signal is still detected. Exploring possible reactions of one acetyl 

with one vinoxy radical leading to 2-oxobutanal-d5 (m/z = 91, 

Table S6), photon energies of 10.49 eV and 10.11 eV can ionize 

all isomers with the exception of (E)-4-hydroxybut-3-en-2-one 

(IE = 10.34 eV) at 10.11 eV. Furthermore, data collected at 

9.50 eV then exclude the (Z)-isomer (IE = 9.98 eV) and 

(trans/cis)-oxobutanal (IE = 9.58 / 9.96 eV); experiments at 9.30 

eV exclude 3-hydroxybut-2-enal (IE = 9.34 eV). Signals detected 

at 9.10 eV can only be due to (trans/cis)-3-hydroxybut-3-enal 

(IE = 9.23 eV / 8.68 eV) and buta-1,2-diene-1,3-diol 

(IE = 8.50 eV), which could be distinguished at photon energies 

of 8.60 eV if necessary. Finally, reaction products resulting from 

the potential recombination of two vinoxy-2,2-d2 radicals 

(m/z = 90, Table S7) can be ionized at 10.49 eV. Succinaldehyde 

(IE = 10.19–10.37 eV) can be excluded at 10.11 eV. Each of the 

TPD profiles of the previously discussed masses only exhibits a 

single peak (Figs. 5 and 6) suggesting that only one isomer is 

formed with each m/z ratio as desorption temperatures depend 

on the polarity of the molecules with more polar molecules 

desorbing later than less polar molecules. Furthermore, the 

desorption profiles are identical after scaling for all three m/z 

ratios (Fig. 5, right panel). The results obtained for m/z = 92, 91, 

and 90 at distinct photon energies are shown in Fig. 6. 

Considering the normalized TPD traces in the lower panel, it is 

evident that the shape of the sublimation profile does not change 

with different ionization energies. Since the TPD traces of 

m/z = 92 (Fig. 6) reveal only ion counts from 10.49 eV down to 

9.3 eV and all TPD traces overlap after scaling, we can firmly 

identify the diacetyl-d6 isomer contributing to ion counts at m/z = 

92. 
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Figure 6. Temperature programmed desorption profiles of mass-to-charge ratios 90, 91, and 92 recorded at different photon energies. Top: raw data, bottom: 
normalized data. 

 
Note that the shape of the profile remains the same (after scaling) 

for both m/z = 92 and 91 down to 9.30 eV and vanishes at 9.10 eV. 

The signal at m/z = 90 at 9.30 eV is expected to be below two 

counts (Fig. 6), which is too low to distinguish it from the 

background noise. Therefore, the identical TPD traces for each 

mass channel at various photon energy as discussed above 

suggest that a single isomer is formed with different deuteration 

levels.  

This assignment is further confirmed by comparing the desorption 

profile of the detected molecule with that of diacetyl as shown in 

Fig. 7. Pure diacetyl deposited onto the silver surface exhibits two 

desorption peaks, a small one at T = 135 K and the major 

desorption peak at T = 158 K, far off the temperature seen in the 

irradiation experiments of acetaldehyde. However, when 

codepositing the diacetyl with acetaldehyde-d4 and irradiating the 

sample using the same parameters as in the experiments 

presented here, most of the diacetyl gets trapped in the polymer 

matrix forming on the sample upon irradiation. The resulting TPD 

profile exhibits three distinct desorption peaks, a sharp peak at 

T = 160 K followed by a broad peak centered at T = 206 K, and a 

small peak at T = 236 K. The first peak is close to that of the pure 

diacetyl and is most likely due to diacetyl not trapped in the matrix, 

whereas the second peak represents different adsorption 

geometries within the acetaldehyde polymer matrix that are not 

notably occupied by diacetyl formed in the irradiation experiments. 

In contrast, the last peak appears at similar temperatures as seen 

in the experiments only using acetaldehyde and is therefore likely 

linked to the adsorption site occupied by the diacetyl formed in the 

acetaldehyde irradiation experiments. This is further indicated by 

the overlap of this desorption event with that of the C4D6O2 

(m/z = 92) formed in the acetaldehyde-d4 in this codeposition 

experiment. 

The same delaying effect can be seen for the desorption of 

C5D6H3O3 at m/z = 123, which grows substantially upon irradiation 

and shifts from a peak sublimation temperature of T = 155 K in 

unprocessed ice to T = 200 K after irradiation as shown in Fig. S4. 

Based on TPD profiles (Fig. 5), their dependence on the photon 

energy (Fig.6), and the FTIR data (Figs. 2-3), these findings 

concur with the formation of the diacetyl-d6 isomer 

(CD3COCOCD3; 92 amu) formed via recombination of two 

acetyl-d3 (CD3ĊO) radicals. This conclusion seems to contradict 

the aforementioned predictions that the synthesis of three distinct 

isomers—diacetyl-d6, 2-oxobutanal-d5, and succinaldehyde-d4—

has to be reflected by ion counts at three different m/z values of 

m/z = 92, 91, and 90. At 10.49 eV, the integrated signal strengths 

of m/z = 90 and m/z = 91 compared to m/z = 92 are 7 ± 4% and 

21 ± 5%, respectively.  

Considering the isotopic purity of acetaldehyde-2,2,2-d3 at the 

CD3 group of >98%, up to 6% of the acetaldehyde molecules 

could have one deuterium at the methyl group replaced by 

hydrogen. Therefore, as a result of the recombination of two 

acetyl-d3 radicals (CD3ĊO), up to 12% of the formed molecules 
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Figure 7. Temperature programmed desorption profiles of pure diacetyl, 
diacetyl added to acetaldehyde-d4 and irradiated using the same parameters as 
in the other experiments and of the C4D6O2 isomer formed from the irradiated 
acetaldehyde-d4. Desorption profiles were recorded at a photon energy of 10.49 
eV.  
 

could exhibit a mass-to-charge ratio of 91 and only 0.4% a mass-

to-charge ratio of 90. These levels are too low to rationalize that 

ion counts at m/z = 91 and 90 are purely the results of the isotopic 

purity. This could either be explained by H/D exchange in the ice 

or alternative reaction mechanisms contributing to diacetyl-d5 (91 

amu) and diacetyl-d4 (90 amu).  

Detailed mechanistic studies with acetaldehyde-2,2,2-d3 reveal 

that the dominating reaction pathway involves the unimolecular 

decomposition of acetaldehyde-2,2,2-d3 via carbon-hydrogen 

single bond rupture forming atomic hydrogen along with the 

acetyl-d3 radical (CD3ĊO). This process is endoergic by 

377 kJ mol-1 (3.9 eV, Table S8, Supporting Information) with the 

energy for the bond cleavage supplied by the energetic electrons 

(reaction (1)). Two acetyl-d3 radicals can recombine barrierlessly 

in an exoergic reaction (-303 kJ mol-1; 3.1 eV) to the diacetyl-d6 

isomer (CD3COCOCD3) if they have a favorable recombination 

geometry either at 5 K or at higher temperatures during the TPD 

phase, when they become more mobile inside the ice. The overall 

reaction to form diacetyl from two acetaldehyde molecules is 

endoergic by 451 kJ mol-1 (4.7 eV) and 14 kJ mol-1 (0.1 eV) for 

reaction (3) and (4) highlighting the need of external energy 

sources such as from galactic cosmic rays to convert 

acetaldehyde to diacetyl within extraterrestrial ices.  

 

 

(1)         2 CD3CHO → 2 CD3ĊO + 2 H 

(2)     CD3ĊO + CD3ĊO → CD3COCOCD3 

(3)     2 CD3CHO → CD3COCOCD3 + 2 H 

(4)     2 CD3CHO → CD3COCOCD3 + H2 

 

The ion counts at m/z= 91 of diacetyl-d5 detected at a level of 

21 ± 5% compared to m/z = 92 would require a high level of H/D 

exchange to be rationalized with the aforementioned radical-

radical recombination pathway (reactions (1)–(4)). Could the only 

other major reaction product—ketene-d2 (D2CCO)—play a role in 

the formation of diacetyl-d5? As the formation of vinoxy-d2 

(CD2CHO) radicals is not observed in the FTIR spectra, the 

formation of ketene-d2 does not proceed via hydrogen atom 

removal from the aldehyde group of the vinoxy-d2 radical. 

Consequently, ketene-d2 either forms by removal of one 

deuterium atom from the acetyl-d3 radical by atomic hydrogen or 

by a concerted removal of the hydrogen atom from the aldehyde 

group and one deuterium atom from the methyl group leading to 

hydrogen deuteride (HD). This process is endoergic by 

122 kJ mol-1 (1.3 eV), but this energy could be supplied by the 

impinging energetic electrons. Ketene-d2 (D2CCO) could react 

then with acetaldehyde-d3 (CD3CHO) via a concerted, four-center 

molecular reaction pathway leading to diacetyl-d5 

(CHD2COCOCD3). This reaction is exoergic by 107 kJ mol-1 

(1.1 eV) but has to pass a transition state located about 

170 kJ mol-1 (1.8 eV) above the separated reactants (reaction (5)). 

A comparison of this barrier to the endoergicity of the hydrogen 

atom loss from acetaldehyde forming the acetyl radical (reaction 

(1)) suggests that the barrier of the concerted, molecular reaction 

can be overcome with the excess energy supplied by the 

impinging radiation. Consequently, two pathways may contribute 

to the formation of diacetyl in acetaldehyde ices: a radical-radical 

mechanism leading to diacetyl-d6 (CD3COCOCD3; 92 amu) and a 

molecular pathway forming diacetyl-d5 (CHD2COCOCD3; 

91 amu) with branching ratios defined by the ion counts of 

m/z = 92 and 91 detected of 4.8 ± 1.0 : 1. Most importantly, the 

detection of ketene-d1 (HDCCO; 43 amu) at levels of 10 ± 2% with 

respect to ketene-d2 (D2CCO; 44 amu, Fig. 8) and inherent 

reaction with acetaldehyde-d3 (CD3CHO) to diacetyl-d4 

(CH2DCOCOCD3; 90 amu) involving the molecular pathways via 

reaction (6) might explain the detection of ion counts at m/z = 90 

at levels of 7 ± 4% with respect to m/z = 92.  

 

(5)     D2CCO + CD3CHO  → CHD2COCOCD3 

(6)    HDCCO + CD3CHO  → CH2DCOCOCD3 

 

As acetaldehyde is only expected to be a minor constituent of 

interstellar ices with upper limits of 10 % with respect to water,[5] 

the formation of diacetyl was additionally investigated in 10:1 

mixtures of deuterium oxide (D2O) and either acetaldehyde or 

acetaldehyde-2,2,2-d3. After subjecting these ices to 5 keV 
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Figure 8. PI-ReToF-MS TPD profiles of ketene-d2 (m/z = 44) and ketene-d1 (m/z = 43) 

recorded at 10.11 eV after irradiation of acetaldehyde-2,2,2-d3 ice (right) and 

normalized spectra compared to m/z = 42 and 44 in irradiated acetaldehyde and 

acetaldehyde-d4, respectively, recorded at 10.49 eV 

 

electrons with doses of 0.34 ± 0.05 eV molecule-1, diacetyl was 

still detected as the main reaction product at m/z = 86 and 

m/z = 92 for acetaldehyde and acetaldehyde-2,2,2-d3, 

respectively, as shown in Fig. 9 and Fig. S5. In these ice mixtures, 

the desorption profile of diacetyl exhibits two distinct events. The 

first desorption event coincides with the desorption of diacetyl not 

trapped in the polymer matrix (first peak in Fig. 7). By comparison 

with the desorption profile of deuterium oxide recorded by a 

quadrupole mass spectrometer, the second desorption peak can 

be attributed to codesorption of the diacetyl with the deuterium 

oxide, which is seen for most of the molecules present in the ice.  

 
Figure 9. Temperature programmed desorption profiles of diacetyl (m/z = 86) 

formed in a 10:1 mixture of deuterium oxide and acetaldehyde and diacetyl-d6 

(m/z = 92) formed in a 10:1 mixture of deuterium oxide and acetaldehyde-d3. 

The QMS signal for deuterium oxide (m/z = 20) is also shown to demonstrate 

the overlap of its desorption with the second desorption peak, indicating 

codesorption of the molecules. 

Conclusion 

To conclude, by exposing (partially deuterated) acetaldehyde 

interstellar analog ices to ionizing radiation and exploiting an array 

of complementary in situ analytical tools, the present study offers 

compelling evidence on a facile formation of the diacetyl isomer 

(CH3COCOCH3). On Earth, the diacetyl molecule has been used 

to impart butter flavor in microwave popcorn and is also found in 

electronic cigarette fluids, where it is suspected to be linked to 

recent cases of vaping-related lung diseases[72]. 

Overall, the identification of 2,3-butanedione (diacetyl)—a vicinal 

diketone carrying two adjacent C=O groups—provides convincing 

testimony that chemically complex organics carrying two carbonyl 

moieties can be synthesized easily in acetaldehyde-bearing 

interstellar and solar system ices either via a dominating radical-

radical recombination pathway through acetyl radicals or through 

a molecular mechanism involving ketene and acetaldehyde with 

the excess energy for both mechanisms provided by the 

impinging energetic radiation. The reaction pathways leading to 

diacetyl are efficient enough to dominate the reactions even in a 

astrochemically more relevant 10:1 mixture of deuterium oxide 

and acetaldehyde. Therefore, 2,3-butanedione should be 

spectroscopically detectable upon sublimation of the irradiated 

ices in star forming regions as it has a non-zero dipole moment of 

about 1 Debye in the gas phase due to torsional vibration around 

the central C-C bond.[73,74] With the commission of the Atacama 

Large Millimeter/Submillimeter Array (ALMA), the detection of 

heavier molecular weight organics will continue to grow, and a 

critical understanding of these data does rely on substantial 

advances in experimental laboratory astrophysics as 

demonstrated here.  

Experimental Section 

Experiments were conducted in an ultrahigh vacuum (UHV) 

chamber evacuated down to 10-11 Torr using hydrocarbon free 

magnetically levitated turbo molecular and scroll pumps.[64] A 

silver mirror was mounted onto an oxygen free high conductivity 

copper target interfaced to a helium closed cycle refrigerator (cold 

head). Cooled down to 5 K, the cold head is rotatable and can be 

translated vertically using a doubly differentially pumped 

rotational feedthrough and a UHV compatible bellow. Isotopically 

labeled acetaldehyde (CD3CDO, Sigma Aldrich, ≥ 99 atom % D; 

CD3CHO, CDN isotopes, ≥ 98 atom % D) or unlabeled 

acetaldehyde (Sigma Aldrich, p. a., anhydrous, ≥ 99.5% purity) 

was stored in a glass vial and residual atmospheric gases were 

removed by several freeze-thaw cycles exploiting liquid nitrogen. 

Acetaldehyde vapor was introduced into the main chamber 

through a glass capillary array at pressures of 3 × 10-8 Torr. The 

deposition onto the cooled silver substrate was monitored by 

recording interference fringes using a helium-neon laser 

(632.8 nm) and a photodiode as described previously.[75] Using a 
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refractive index of n = 1.303 for acetaldehyde,[76] the thickness of 

the ices was determined to be  500 ± 50 nm. After the deposition, 

an infrared spectrum was collected using a Fourier Transform 

Infrared (FTIR) spectrometer (Nicolet 6700). Afterwards, the ice 

was processed by irradiating an area of 1.0 ± 0.1 cm2 with 5 keV 

electrons at a current of 15 ± 2 nA for 5 minutes (0.31 ± 0.06 eV 

molecule-1) and 20 minutes (1.2 ± 0.2 eV molecule-1) to simulate 

secondary electrons generated by galactic cosmic rays 

penetrating interstellar ices.[77,78] Monte Carlo simulations were 

performed exploiting the CASINO program suite to determine the 

corresponding dose (Table S1).[79] During the irradiation, IR 

spectra were collected to monitor the chemical changes on line 

and in situ. Following the irradiation, the temperature 

programmed desorption (TPD) phase was executed by heating 

the substrate from 5 K to 320 K at 0.5 K min-1 thus subliming the 

acetaldehyde ice along with the volatile reaction products. 

Changes in the ice during the TPD were also monitored by taking 

IR spectra with integration times of 2 minutes to collect one 

spectrum per 1 K. This allows distinguishing between radicals, 

which will disappear at low temperatures due to their reactivity, 

and stable reaction products. Critical information on the nature of 

the subliming molecules is obtained by exploiting tunable vacuum 

ultraviolet (VUV) photoionization reflectron time-of-flight mass 

spectrometry (PI-ReToF-MS). The subliming molecules are 

ionized by coherent VUV light at 30 Hz repetition rate in a soft 

single photon ionization process to minimize (or exclude) 

fragmentation of parent molecules in the ionization process. The 

VUV light for this process was generated by resonant or non-

resonant four wave mixing in a pulsed krypton or xenon gas jet 

with backing pressures of the pulsed valve at 2,000 Torr and 

pressures inside the mixing chamber around 10-4 Torr. Photon 

energies of 10.49 eV were generated inside the xenon jet by non-

resonant four wave mixing of the frequency tripled output of a 

Nd:YAG laser (354.6 nm, Spectra Physics, Quanta Ray Pro 250-

30). The remaining photon energies used in this study were 

generated by resonant four wave mixing[80] in a xenon (10.11 eV, 

9.50 eV) or krypton jet (9.30 eV, 9.10 eV). To achieve this, the 

outputs of two separate dye lasers (Sirah, Cobra-Stretch) pumped 

by two Nd:YAG lasers (Spectra Physics, Quanta Ray Pro 250-30 

and 270-30, respectively) were tuned to the wavelengths needed 

to generate the VUV light and spatially and temporally overlapped 

inside the pulsed valve (Table S9, supporting information). 

Separation of different energies generated in the four-wave 

mixing was achieved by passing the beams through a bi-convex 

LiF lens in an off-axis geometry. The dispersion of this lens 

separates the different photon energies and allows only the 

desired photon energy to pass through a 1 mm aperture into the 

main UHV chamber to ionize the molecules. The ions generated 

by the VUV light are then probed with a ReToF-MS (Jordan TOF 

Products, Inc.) and detected by a microchannel plate (MCP). A 

multichannel scalar (FAST ComTec, P788-1 E) analyzes the 

signal according to arrival times in 4 ns bin widths. Spectra are 

integrated for 3600 sweeps at 30 Hz, corresponding to an 

integration time of 2 minutes, which corresponds to a temperature 

increase in the TPD experiments of 1 K per individual mass 

spectrum. 
 

Computational Methods 
The geometries were optimized and harmonic frequencies 

computed utilizing density functional theory (DFT) via the 

B3LYP[81–83] method along with the aug-cc-pVTZ basis set. These 

geometries are then utilized to determine single-point energies 

with coupled cluster theory at the singles, doubles, 

and perturbative triples [CCSD(T)] level[84,85] in conjunction with 

aug-cc-pVTZ and aug-cc-pVQZ basis sets.  The CCSD(T)/aug-

cc-pVTZ and aug-cc-pVQZ energies are extrapolated to the 

complete basis set (CBS) limit via a 2-point formula.[86] These 

CCSD(T)/CBS energies are then combined with the zero-point 

vibrational energies (ZPVEs) from B3LYP/aug-cc-pVTZ for the 

total energy of each isomer. The relative energies and ionization 

potentials are then determined from these CBS+ZPVE isomeric 

energies.  The CCSD(T) computations utilize the Molpro2015.1 

quantum chemistry program,[87,88] and the DFT optimizations and 

vibrational frequencies are from Gaussian09.[89] 
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Exploiting photoionization reflectron time-of-flight mass spectrometry, we demonstrate that the popcorn and butter flavorant 2,3-
butanedione (diacetyl) represents the main reaction product of acetaldehyde ices exposed to ionizing radiation. 
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