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ABSTRACT 

To gain insight into complex ion–molecule reactions induced by MeV-energy heavy ion 

irradiation of condensed matter, we performed a mass spectrometric study of secondary ions 

emitted from methanol microdroplet surfaces by 2.0-MeV C2+. We observed positive and 

negative secondary ions, including fragments, clusters, and reaction products. We found that a 

wider variety of negative ions than positive ions (such as C2H
−, C2HO−, C2H5O

−, and C2H3O2
−) 

were formed. We performed measurements for deuterated methanol (CH3OD) droplets to 

identify the hydrogen elimination site of the intermediates involved in the reactions, and to 

reveal the mechanism that generates various negative reaction product ions. Comparing the 
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results of CH3OD with CH3OH droplets, we propose that the primary formation mechanism is 

association reactions of anion and neutral fragments, such as CH3O
− + CO → C2H3O2

−. Quantum 

chemical calculations confirmed that the reactions can proceed with no barrier. This study 

provides new insight into the importance of rapid anion–molecule reactions among fragments as 

the mechanism that generates complex molecular species in fast heavy-ion-induced reactions. 

 

1. INTRODUCTION 

Interactions between swift heavy ions and condensed matter are of scientific interest in various 

fields. For example, living cells are irradiated with fast ion beams for cancer therapy.1 In 

astronomical environments, cosmic rays are incident on solid-phase molecules under low-

temperature conditions.2–6 Reactions caused by cosmic rays in ice that contains organic 

molecules such as methanol might form prebiotic species in outer space.3,4,7,8  

MeV-energy heavy ions deposit a large amount of energy into molecules along their 

trajectories via ionization and electronic excitation. As a result, various fragment ions and 

radicals can be produced at high density. Complex molecules are expected to be produced in 

secondary reactions among the fragments. Ionic products play an essential role in a series of 

reactions. However, the ionic species and their reactions are poorly understood because of the 

difficulty of analyzing and predicting complex and transient species. 

Methanol, which is the simplest alcohol, is a fundamental molecule for understanding 

radiation-induced reactions.9–15 Ionic products have been studied by mass spectrometry with gas 

phase targets since the initial days of radiation chemistry research. For example, the fragment 

ions obtained from gas-phase methanol after 50-eV electron impacts are CH2OH+ and CHO+, 

produced by H and additional H2 emissions from parent ions CH3OH+.9 Subsequent ion–
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molecule reactions of the fragment ions with other CH3OH molecules were observed in high-

pressure gas-phase targets, leading to production of protonated methanol ions CH3OH2
+ initiated 

by H+ or H− transfer, as follows:10 

 

CH3OH+ + CH3OH → CH3OH2
+  + CH2OH (or CH3O)                          (1) 

CH2OH+  + CH3OH → CH3OH2
+  + HCHO                                             (2) 

CHO+  + CH3OH → CH3OH2
+  + CO                                                  (3) 

→ CH2OH+  + HCHO                                              (4) 

→ CH3
+  + CO + H2O                                              (5) 

CH3
+  + CH3OH → CH2OH+ + CH4                                                  (6) 

 

Similar reactions are also considered to proceed in condensed matter.11 In fast heavy ion 

collisions, increased production of smaller fragment ions is expected because of multiple 

ionization,16 although measurements of fast heavy ion collisions with isolated methanol 

molecules have not yet been reported, except for a highly charged projectile of 1.2-MeV Ar8+.17  

As negative fragment ions, H−, O−, OH−, and CH3O
− have been observed after dissociative 

electron attachment (DEA) to gas-phase methanol.18,19 In addition to these fragments, CHi
− (i = 

0–2) and CHO− have been observed in electron-induced fragmentation at the collision energy of 

70 eV.20,21 CH3
− has also been reported in secondary ions emitted from a methanol ice surface by 

low-energy electrons. 8 In condensed matter, CH3O
− can be produced as the result of the decay of 

solvated electrons by interaction with parent molecules or neutral radicals.11,13. However, further 

knowledge about negative ions (also termed anions hereafter) in condensed matter is limited. 

Another mass spectrometric study of fast heavy-ion-induced reactions of methanol was 

performed for secondary ions emitted from ice surfaces from an astrochemical viewpoint.3 

Andrade et al. observed positive secondary ions after the impact of 252Cf fission fragments (~65-
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MeV heavy ions).3 The most abundant ion was protonated methanol ions CH3OH2
+. In addition, 

they observed fragments Hi
+ (i = 1–3), CHi

+ (i = 0–3), and CHiO
+ (i = 0–3); reaction products 

C2Hi
+ (i = 0–3); and cluster ions (CH3OH)nH

+ and (CH3OH)nCHO+. Andrade et al. noted that 

swift heavy ions generate a higher variety of positive ions at 3 to 4 orders of magnitude higher 

probabilities than X-ray irradiation.22 Almeida et al. reported that MeV-energy heavy ions emit 

secondary ions at 5 to 6 orders of magnitude higher probabilities than those by electron impact at 

850- to 2200-eV.6 To our knowledge, negative secondary ions from a methanol ice surface by 

fast heavy ion irradiation have not yet been reported. 

In experiments using ice targets, particular care is required to avoid impurities of absorbed 

residual gas and reactions that pertain to the accumulated products on the ice surface when 

considering the elementary reaction processes. Recently, we developed an alternative 

experimental system that enables a mass spectrometric study of secondary ions emitted from 

microdroplet surfaces by fast ion impacts under high vacuum.23,24 This method eliminates the 

aforementioned problems because the product ions always originate from the new fresh surface 

of the droplets. Furthermore, the secondary ions are considered to be emitted on a sub-

nanosecond time scale.25 Thus, they are expected to provide information on the reaction 

intermediates generated on this time scale. More recently, we developed a coincidence technique 

with forward-scattered projectiles.26 This measurement excludes a huge number of background 

ions that originate from residual gas and selectively identifies the secondary ions emitted from 

droplet surfaces. This coincidence technique was demonstrated using ethanol droplets with 4.0-

MeV C3+. Although this technique highlighted the production of various reaction product ions, 

these ions were too complex to investigate the reaction mechanism further. 
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In this study, to investigate the formation processes of reaction product ions in more detail, we 

applied this aforementioned coincidence technique to droplets of methanol (CH3OH), which has 

a simpler structure and a limited number of reaction species than ethanol. We observed positive 

and negative secondary ions emitted from methanol droplets by 2.0-MeV C2+ irradiation. In 

addition, we performed measurements for methanol-d (CH3OD) droplets. By comparing the 

results of CH3OH and CH3OD droplets, we examined the formation processes of the reaction 

product anions with the aid of quantum chemical calculations. 

 

2. METHODS 

2.1 Experimental methods 

Our experimental setup has been reported previously in detail.24,26 Briefly, microdroplets of 

methanol were generated by ultrasonic atomization from liquid methanol CH3OH (99.8% purity, 

Nacalai Tesque, Inc., Japan) and methanol-d CH3OD (99.0 atom% D, Acros Organics, Belgium) 

samples. The diameter of the droplets in a collision area was mainly from several hundred 

nanometers to a few micrometers. The droplets were transported to the collision area with argon 

(Ar) carrier gas by using a differential pumping system. The droplet temperature was estimated 

to be 190–210 K.27 The flow rate of the Ar gas was maintained at 0.3 standard liters per minute 

with a mass flow controller. During the measurement, the vacuum pressure in the collision 

chamber was ca. 2 × 10−4 Pa. 

The droplets were irradiated with 2.0-MeV C2+ extracted from a 2-MV tandem-type Pelletron 

accelerator at the Quantum Science and Engineering Center, Kyoto University. The beam was 

collimated to 2 mm (vertical) × 1 mm (horizontal). Secondary ions produced by the collisions of 

the projectiles were analyzed by time-of-flight (TOF) mass spectrometry. The positive and 
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negative secondary ions were measured separately by reversing the polarity of the electric field. 

In addition, the forward-scattered projectiles at ca. 14 mrad were detected with a passivated 

implanted planar silicon semiconductor detector (SSD, Canberra PD50-12-100, USA) after 

penetrating droplets. The SSD signal was used as the start trigger of the TOF measurements. The 

TOF timing and SSD pulse height were recorded event-by-event in list mode. The correlation 

between the secondary ions and the energy of the forward-scattered particles after the 

measurements can thus be examined. The background ions generated from the gas-phase 

molecules were eliminated by selecting the appropriate energy range of the forward-scattered 

particles. The secondary ion yields emitted per ion impact were evaluated by dividing the 

integrated counts of the TOF peaks by the number of valid start triggers, and a detection 

efficiency of 0.42.26 

 

2.2 Computational method 

We performed quantum chemical calculations with the Gaussian16 package28 in the CISD 

method with the aug-cc-pVDZ basis set to confirm the energetics of anion–molecule reactions 

proposed from the experimental results. The total energies of the reactants and possible structural 

isomers of product anions were compared after geometrical optimization. For C2H3O2
−, 

transition states between these isomers were also investigated. In addition, we obtained potential 

energy curves as functions of the intermolecular distances between the reactants to evaluate the 

energetic feasibility of the proposed anion–molecule reactions. The calculations started from 

distances larger than 4 Å. The optimized structure was used as the input for the next geometrical 

optimization at a shorter distance. Changes in the stable structures and the total energies were 

traced by repeating this calculation while decreasing the intermolecular distances. Ideally, the 
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reaction dynamics should be studied by using multidimensional potential surfaces. The present 

calculations correspond to simplified evaluations by projecting the trajectories on the potential 

surfaces to the one-dimensional potential curves as functions of the intermolecular distances. 

 

3. RESULTS AND DISCUSSION 

3.1 Positive ions 

Figure 1 shows the mass spectrum of the positive secondary ions from CH3OH droplets. The 

vertical axis represents the ion counts divided by the number of start triggers, which provides the 

relative secondary ion yield per single incident ion. The horizontal axis is the mass-to-charge 

ratio (m/z) of the ions. Table 1 shows assignments of the peaks and their secondary ion yields. 

For comparison, Figure 2 shows a TOF mass spectrum of the product ions from gas-phase 

methanol molecules, obtained in a separate experiment of 4-MeV C3+ collisions (unpublished 

results). This result indicates that positive ions emitted from the droplet surface are 

predominantly generated by protonation, instead of direct ionization as in the gas phase. 
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Figure 1. (a) Mass spectrum of the positive ions from CH3OH droplets induced by 2.0-MeV C2+. 

The vertical axis represents the counts divided by the number of start triggers. (b) Expanded 

mass spectrum in the range of m/z <70. 

 

Table 1. Positive secondary ion yields emitted from CH3OH droplets per single 2.0-MeV C2+ 

impact.a 
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15 CH3
+ 0.60 

19 H3O
+ 0.07 

29 CHO+ 0.33 

31 CH2OH+ 0.96 

33 CH3OH2
+ 10.08 

45 C2H5O
+ 0.30 

47 C2H7O
+ 0.97 

50 [(CH3OH)(H2O)]+ 0.09 

51 [(CH3OH)(H2O)+H]+ 0.04 

 ([(CH3OH)n + H] +)  

65 n = 2 15.24 

97 n = 3 12.86 

129 n = 4 9.32 

161 n = 5 7.35 

193 n = 6 6.12 

225 n = 7 5.71 

257 n = 8 4.46 

289 n = 9 3.55 

321 n = 10 3.00 

353 n = 11 2.35 

385 n = 12 1.94 

417 n = 13 1.54 

 Total 93.3 

a We did not evaluate the values for the mixed clusters because of the large uncertainties. 

 

3.1.1 Positive cluster ions 
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Major product ions were protonated cluster ions [(CH3OH)n + H]+ (n = 1–15). In addition, we 

observed protonated mixed cluster ions of [(CH3OH)n(H2O) + H]+ (n = 1–11) and 

[(CH3OH)n(CH3OCH3) + H]+ (n = 1–3) between the [(CH3OH)n + H]+ peaks. Andrade et al. 

reported an intense series of (CH3OH)nHCO+ (n = 1–7) in secondary ions from methanol ice 

surfaces by 252Cf fission fragments.3 However, we did not observe these ions under the present 

experimental conditions. [(CH3OH)n(H2O) + H]+ were suggested to form by elimination of 

dimethyl ether (CH3OCH3) from protonated methanol clusters:29–32 

 

[(CH3OH)n+2 + H]+ → [(CH3OH)n(H2O) + H]+ + CH3OCH3                           (7) 

 

This reaction proceeds with high probability when the cluster size n >6.29–32 The present results 

are consistent with this tendency, exhibiting a distribution of [(CH3OH)n(H2O) + H]+ with a 

maximum ca. n = 9. [(CH3OH)n(CH3OCH3) + H]+ (n = 1–3) can form by dehydration (i.e., H2O 

loss) from protonated methanol clusters:31 

 

[(CH3OH)n+2 + H]+ → [(CH3OH)n(CH3OCH3) + H]+ + H2O                           (8) 

 

3.1.2 Positive fragment and reaction product ions 

Figure 1(b) focuses on a low-mass range of the mass spectrum. In a previous study, a large 

number of background ions from the gas-phase molecules prevented us from identifying the low-

mass positive ions.27 In this study, we could eliminate the background ions because of the 

coincidence method. As a result, we identified H+, H2
+, C+, CHi

+ (i = 0–3), H3O
+, CHO+, and 

CH2OH+ as the fragment ions emitted from the droplet surface.  
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A previous study for ethanol droplets26 indicates that singly charged parent ions dissociate 

post-protonation by rapid proton transfer. Similar processes are expected for methanol droplets; 

namely, fragmentation through protonated methanol CH3OH2
+. The dissociation pathways of 

CH3OH2
+ were suggested in studies of collision-induced dissociation, as follows:33–36 

 

CH3OH2
+ → CH3

+ + H2O                                                     (9) 

CH3OH2
+ → CH2OH+ + H2                                                (10) 

 

H+, H2
+, and C+ are not produced during CH3OH2

+ dissociation.33 Furthermore, in the electron 

impact fragmentation of gas-phase methanol, H+ was not reported, and the yields of H2
+ and C+ 

were negligibly small.37 However, production of these ions was confirmed in fast heavy ion 

collisions with gas-phase methanol (Figure 2). Thus, we suggest that H+, H2
+, and C+ are emitted 

directly by Coulomb explosion of multiply charged parent ions on the droplet surface. We 

confirm that H+ and H2
+ have kinetic energies (KEs) of ~10 eV, estimated from the TOF peak 

width (Figure 3). C+ has a KE of ~5 eV, although the statistics were not sufficiently high for 

precise evaluation. This KE value is consistent with those in dissociation from multiple-ionized 

acetylene C2H2 (~7 eV) and ethylene C2H4 (~5 eV).38,39 
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Figure 2. TOF spectrum of product ions from gas-phase methanol by 4-MeV C3+ collisions 

(unpublished results). 

 

Figure 3. TOF peaks of H+, H2
+, C+, CH3

+, and [(CH3OH)2 + H]+. The horizontal axis is TOF 

divided by the square root of each corresponding m/z. The upper axis represents the kinetic 

energy of the ions. 

We observed secondary reaction product ions C2H7O
+ (m/z = 47) and C2H5O

+ (m/z = 45). 

C2H7O
+ is supposed to be a protonated dimethyl ether (CH3OCH3)H

+ produced from a 

protonated dimer (CH3OH)2H
+  by dehydration (8).29–32,40,41 
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Figure 4 shows the mass spectra of the negative secondary ions emitted from the CH3OH 

droplets. The vertical and horizontal axes represent the relative intensity and m/z of the 

secondary ions, respectively, as in Figure 1. We compared the results for CH3OD droplets with 

CH3OH (Figure 5). The deuterated peaks shifted to the high-mass side. Concomitantly, some 

peaks did not shift when they had no D atoms. Table 2 shows the secondary ion yields evaluated 

from both spectra. Negative ions are emitted with the same order of probability as positive ions, 

indicating that negative ions are efficiently produced by deprotonation. Section 3.3 discusses in 

detail the mechanism that generates various reaction product ions. 

 

 

Figure 4. (a) and (b) Mass spectra plotted as in Figure 1 for negative secondary ions. 
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Figure 5. (a) Comparisons of mass spectra for negative secondary ions emitted from droplets of 

CH3OD (orange line) and CH3OH (blue line filled with gray). (b) Expanded mass spectra in the 

range of m/z <80. The vertical and horizontal axes are the same as in Figure 1. 
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13 CH− 0.39 CH− 0.39 

14 CH2
− 0.09 CH2

− and CD− 0.22 

16 O− 0.20 O− 0.21 

17 OH− 0.54 OH− 0.23 

18   OD− 0.42 

24 C2
− 0.12 C2

− 0.20 

25 C2H
− 0.52 C2H

− 0.69 

26   C2D
− 0.20 

29 CHO− 0.04 CHO− 0.04 

31 CH3O
− 3.63 CH3O

− 3.89 

40 C2O
− 0.10 C2O

− 0.12 

41 C2HO− 0.48 C2HO− 0.45 

42   C2DO− 0.13 

43 C2H3O
− 0.12 C2H3O

− 0.13 

44   C2(H2D)O− 0.05 

45 C2H5O
− 0.42 C2H5O

− 0.45 

49 [(CH3OH)(H2O) − H] − 0.19 [(CH3OD)(H2O) − D] − 0.04 

50   [(CH3OD)(HDO) − D] − 0.07 

51   [(CH3OD)(D2O) − D] − 0.13 

59 C2H3O2
− 0.39 C2H3O2

− 0.56 

61 C2H5O2
− 0.90   

62   C2(H4D)O− 1.14 

 [(CH3OH)n − H]−  [(CH3OD)n − D]−  

 n = 2 5.71 n = 2 6.23 

 n = 3 7.73 n = 3 8.99 

 n = 4 7.25 n = 4 8.64 

 n = 5 5.84 n = 5 6.85 
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 n = 6 5.08 n = 6 6.10 

 n = 7 4.51 n = 7 5.55 

 n = 8 3.85 n = 8 4.75 

 n = 9 3.42 n = 9 4.19 

 n = 10 3.06 n = 10 3.61 

 n = 11 2.75 n = 11 3.30 

 n = 12 2.36 n = 12 2.68 

 n = 13 2.15 n = 13 2.57 

 n = 14 1.97 n = 14 2.36 

 Total 71.2 Total 82.2 

a We did not evaluate the values for the mixed clusters because of the large uncertainties. 

 

3.2.1 Negative cluster ions 

We observed deprotonated cluster ions [(CH3OH)n − H]− or its deuterated species [(CH3OD)n 

− D]− (n = 1–21) as the dominant negative ions. Similarly to the positive ions, we observed 

mixed clusters of [(CH3OH)n(H2O) − H]− (n = 1–13) and [(CH3OH)n(CH3OCH3) − H]− (n = 1–3) 

for CH3OH droplets. For CH3OD droplets, [(CH3OD)n(D2O) − D]− and [(CH3OD)n(CH3OCH3) − 

H]– seem to be dominant (as deduced from the peak at m/z = 51 and 78 for n = 1, respectively), 

although it is difficult to distinguish the H+ or D+ loss in larger clusters because of insufficient 

mass resolution. The origin of the water molecule in [(CH3OH)n(H2O) − H]− could be 

contaminated water molecules, as suggested by Kosevich et al. in experiments of 15-keV Cs+ 

irradiation on methanol ice.42 However, mainly D2O or OD−, rather than absorbed H2O or OH−, 

are involved in the case of the present CH3OD droplet measurement. Therefore, the origins of the 

mixed water molecules in the present experiments seem to be fragments (OH− and OD−) or 

products of CH3OCH3 elimination from deprotonated clusters. 
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3.2.2 Negative fragment ions 

Fragment anions generated from CH3OH droplets were H−, CHi
− (i = 0–2), OHi

− (i = 0, 1), and 

CHiO
− (i = 1, 3) [Figure 4(b)]. Fragment anion species were mostly those observed in the 

electron-induced fragmentation of gas-phase methanol at the collision energy of 70 eV,20,21 

although the intensity distributions were completely different. H−, O−, OH−, and CH3O
− might 

have also been produced by DEA.18,19 In low-energy electron-induced reactions on a methanol 

ice surface, CHi
− (i = 1–3) was proposed to be generated by secondary reactions of H− with 

neighboring methanol molecules.8 However, CH3
− was absent in the present experiments. The 

reason for the difference is unclear. 

In the spectra of CH3OD droplets [Figure 5(b)], peaks of fragment ions containing a D atom 

were evident. The peak intensity at m/z = 14 increased because of CD− production. The CH3O
− 

peak was almost unchanged. Thus, most H+ or D+ desorption occurred from the hydroxy group. 

Note that OH− was still present, even for CH3OD droplets. OH− can be formed by hydrogen 

scrambling, which was reported in electron-induced fragmentation21 and DEA18 to gas-phase 

CH3OD, or secondary reactions of O− with a neighboring methanol molecule.8 

 

3.3 Negative reaction product ions 

Formation of product ions containing two carbon atoms requires secondary reactions that 

involve two methanol molecules. We observed a richer variety of reaction product ions 

compared with positive ions; i.e., C2Hi
− (i = 0, 1), C2HiO

− (i = 0, 1, 3, 5), and C2HiO2
− (i = 3, 5). 

In a previous study for ethanol droplets, we observed hydrocarbon anions such as C3
−, C3H

−, 

C3H2
−, C4

−, and C4H
−.24 They are considered to be produced by chemical reactions associated 
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with a nanoplasma state in a heavy ion track.43 For methanol droplets, C2
− and C2H

− might be 

generated by similar processes. At present, it is difficult to discuss the formation mechanism of 

C2
− and C2H

− in more detail because of the lack of experimental clues to investigate the 

mechanism. In the following sections, we discuss the formation processes of C2HiO2
− (i = 3, 5) 

and C2HiO
− (i = 1, 3, 5) based on comparing the results for CH3OH and CH3OD droplets. 

 

3.3.1. C2H5O2
− (m/z = 61) and C2(H4D)O2

− (m/z = 62) 

Before considering C2H5O2
− at m/z = 61, recall that the peak of the deprotonated dimer 

[(CH3OH)2 − H]−, or (CH3OH)CH3O
−, at m/z = 63 shifted by 1 as the result of deuteration into 

[(CH3OD)2 − D]−, or (CH3OD)CH3O
− in the CH3OD spectrum. The peak of C2H5O2

− at m/z = 61 

similarly shifted by 1 for CH3OD droplets. Thus, we assigned the peak at m/z = 62 to be 

(CH3OD)CHO− generated from (CH3OD)CH3O
− by H2 elimination rather than HD elimination. 

 

3.3.2. C2H3O2
− (m/z = 59) 

In contrast, the peak at m/z = 59 did not shift even for CH3OD droplets, indicating that the 

corresponding reaction product has no D atom. Therefore, we assigned this peak to C2H3O2
−, 

also in the spectrum of CH3OD droplets. To explain the production of C2H3O2
− from CH3OD 

droplets, here we suggest an association reaction between CH3O
− and neutral CO: 

 

CH3O
− + CO → C2H3O2

−                                                     (11) 

 

CH3O
− is the most abundant fragment anion. CO is a major neutral fragments reported in a MeV-

energy heavy ion irradiation study on methanol ice.4 Note that this reaction does not involve D 

atoms, even for CH3OD. 
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As another possible mechanism, here we verify the possibility of DEA to neutral C2H4O2, 

which might be produced by radical–radical reactions. Production of methyl formate 

(CH3OCHO) was reported in a study of MeV-energy heavy ion irradiation on methanol ice.4 The 

DEA to methyl formate is likely to produce more CHO− than C2H3O2
−.44 In the present 

experiments, the CHO− yield was much less than that of C2H3O2
−. Thus, DEA to methyl formate 

negligibly contributed to the present experiments. In the study of DEA to acetic acid 

(CH3COOH), which is a structural isomer of CH3OCHO, Sailer et al. observed formation of 

CH2O2
− (m/z = 46) with a similar intensity as C2H3O2

−.45 In the present experiments, DEA to 

acetic acid can be excluded because of the absence of the peak at m/z = 46 (Figure 2). The other 

possible isomer is glycolaldehyde (HOCH2CHO). However, de Barros et al. did not observe 

glycolaldehyde in MeV-energy heavy ion irradiation on methanol ice.4 Furthermore, selective 

production of C2H3O2
− without D atoms seems difficult in radical–radical reactions because 

CH2OD should be involved in radical reactions. For these reasons, we conclude that DEA to 

neutral reaction products plays a minor role in forming C2H3O2
− in the present experiments. 

Again, the absence of the D atom is attributable to the CH3O
− and CO reaction. 

Regarding the structure of C2H3O2
−, a deprotonated form of methyl formate 

(methoxymethanone, CH3OCO−) is the first candidate. Methyl formate is a neutral product in 

MeV-energy heavy ion irradiation on methanol ice.4 CH3OCO− has a straightforward structure, 

formed by association of CH3O
− with CO. To confirm the possibility of the association reaction, 

we evaluated the total energy of the two-molecule system of CH3O
− and CO, as a function of the 

O atom of CH3O and the C atom of CO. We confirmed that the constructed potential curve 

exhibited no energy barrier (Figure S1 in the Supporting Information). This result indicates a 

pathway that has no barrier in this reaction. Furthermore, we evaluated the binding energy of 
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CH3OCO− (i.e., the difference in the energies before and after the reaction) to be only 0.526 eV. 

Further isomerization might be possible near the projectile trajectory because of high electronic 

excitation. We found acetate anion (CH3COO−) and hydroxymethylcarbonyl anion (OCH2CHO−) 

as additional candidates for C2H3O2
−. The binding energies of CH3COO− and OCH2CHO− were 

calculated to be ca. 2.76 and 0.702 eV, respectively. We found a reaction pathway leading to 

CH3COO− from CH3OCO−, with the transition state expressed as [CH3···CO2]
−: 

 

CH3OCO− → [CH3···CO2]
− → CH3COO−                                   (12) 

 

The energy barrier was 1.94 eV relative to the initial state of CH3O
− + CO, which might be 

overcome by a high energy density around the ion track. We did not find the reaction pathway 

leading to OCH2CHO− in our calculations. Figure 6 shows the energy levels and optimized 

geometries. Sekiguchi and Uggerud reported an energy diagram connecting CH3O
− + CO and 

some different forms of deprotonated glycolaldehyde, with binding energies in the 0.56- to 0.93-

eV range,46 which are also candidates for C2H3O2
−. 

 

  

Figure 6. Potential energy levels of C2H3O2
− relative to the initial state of CH3O

− + CO. 
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3.3.3. C2H5O
− (m/z = 45) 

We assigned C2H5O
− to be deprotonated dimethyl ether (methanidyloxymethane, CH3OCH2

−), 

produced by dehydration of deprotonated dimer anions [(CH3OH)2 – H]−, similarly to the case of 

protonated dimethyl ether  (Section 3.1.1). Note that the results for the CH3OD droplets 

exhibited a negligible or small yield of C2(H4D)O− (m/z = 46) compared with the yield of 

C2H5O
−. This indicates that the dehydration proceeded using the D atom of the hydroxy group: 

 

[(CH3OD) 2 − D]− [or (CH3OD) CH3O
−] → CH3OCH2

− + HDO                          (13) 

 

3.3.4. C2H3O
− (m/z = 43) and C2(H2D)O− (m/z = 44) 

In the CH3OD spectra, a peak at m/z = 44 was evident with an intensity of ca. 40% of C2H3O
− 

(m/z = 43). We assigned this peak to be C2(H2D)O−, in which a D atom replaces an H atom of 

C2H3O
−. C2(H2D)O− cannot be produced by H2 or 2H loss from C2H5O

−, whereas C2(H4D)O− 

was absent. Thus, we propose the following association reactions between fragment anions and 

neutral species as a different mechanism: 

 

C− + CH2OH → C2H3O
−                                                    (14) 

CH− + CH2O → C2H3O
−                                                    (15) 

CH2
− + CHO → C2H3O

−                                                    (16) 

 

We observed substantial quantities of C−, CH−, and CH2
− in the present measurements. Neutral 

fragments of CH2OH, CH2O, and CHO were reported in a study of frozen methanol.4 In these 

reactions, a D atom can be included in the anion or neutral fragments. We confirmed that the 
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potential curves regarding reactions (14)–(16) as a function of the C–C distance exhibited no 

energy barrier (Figure S2). 

 

3.3.5. C2HO− (m/z = 41) and C2DO− (m/z = 42) 

In the same manner as C2H3O
−, production of C2HO− can be explained by association reactions, 

as follows: 

 

C− + CHO → C2HO−                                                    (17) 

CH− + CO → C2HO−                                                    (18) 

 

We confirmed that these association reactions also had no barrier (Figure S3). Figure 7 shows the 

energy levels concerning reactions (14)–(18). In addition to reactions (17) and (18), C2HO− can 

be produced by subsequent H2 loss from C2H3O
− after reactions (14)–(16) because of the 

considerable excess energies in the reactions. 

 

 

Figure 7. Energy levels regarding the association reactions into (a) C2H3O
− and (b) C2HO−. 
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4. SUMMARY 

To evaluate complex reaction processes that form positive and negative ionic products by 

MeV-energy heavy ion irradiation in condensed matter, we performed a mass spectrometric 

study of secondary ions emitted from methanol microdroplet surfaces by 2.0-MeV C2+ 

irradiation. The present mass spectrometric study, using the droplet target in high vacuum, 

enabled precise, systematic comparisons of complex positive and negative ion species generated 

on fresh surfaces without contamination. In particular, coincidence measurements with forward-

scattered projectiles enabled selective observation of secondary ions that originated from the 

droplet surface and quantitative analysis of the secondary ion yields. Comparisons between the 

positive and negative secondary ions clearly indicate that the negative ions tend to form a larger 

variety of product ions. 

We compared the mass spectra of the negative secondary ions obtained from CH3OH with 

CH3OD droplets to reveal the formation processes of the various secondary reaction product ions. 

These results provided evidence of the important role of association reactions of anion fragments 

with neutral fragments. For example, C2H3O2
− at m/z = 59 was produced by CH3O

− and CO, 

based on the result that this product ion did not contain a D atom. We also suggested that 

C2H3O
− (m/z = 43) and C2HO− (m/z = 41) formed by association reactions between fragment 

anions of CHi
− (i = 0–2) and neutral species of CHjO (j = 0–3). Quantum chemical calculations 

confirm that these reactions can proceed without energy barriers.  

The important point is that these reactions proceeded in the sub-nanosecond time scale of ion 

emission from the surface. Therefore, the reactants must be originally produced close to each 

other in high density because there is insufficient time to diffuse and find a reaction partner 

before such a rapid ion emission. In fast heavy-ion collisions, a large number of fragments are 



 24 

produced within each ion track generated by a single ion penetration. A reaction field containing 

a high density of fragments is formed by single-ion impact. It is known that radical–radical 

reactions are enhanced in high linear energy transfer radiation. The present study proposes that 

anion–molecule reactions among fragments are similarly activated in fast heavy-ion-induced 

reactions, and play an important role in generating complex product ions as the unique 

mechanism enabled by fast heavy ion collisions in condensed matter. 
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