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ABSTRACT7

The gas-phase reaction of O+H+
3 has two exothermic product channels, OH++H2 and H2O++H. In8

the present study, we analyze experimental data from a merged-beams measurement to derive thermal9

rate coefficients resolved by product channel for the temperature range from 10 to 1000 K. Published10

astrochemical models either ignore the second product channel or apply a temperature-independent11

branching ratio of 70% vs. 30% for the formation of OH+ + H2 vs. H2O+ + H, respectively, which12

originates from a single experimental data point measured at 295 K. Our results are consistent with13

this data point, but show a branching ratio that varies with temperature reaching 58% vs. 42% at14

10 K. We provide recommended rate coefficients for the two product channels for two cases, one where15

the initial fine-structure population of the O(3PJ) reactant is in its J = 2 ground state and the other16

one where it is in thermal equilibrium.17

Keywords: Interstellar molecules (849) — Molecular clouds (1072) — Collision processes (2065) —18

Molecule destruction (2075) — Molecule formation (2076)19

1. INTRODUCTION20

At the low temperatures typical of diffuse and dense21

molecular clouds (∼ 10 − 100 K), gas-phase formation22

of water is dominated by a sequence of exothermic ion-23

neutral reactions (van Dishoeck et al. 2013). Two paral-24

lel formation pathways have been identified: One path-25

way proceeds via the reaction26

O + H+
3 →

{
OH+ + H2 + 0.66 eV (1a)

H2O+ + H + 1.70 eV, (1b)

which is the focus of the present paper. The quoted27

energies represent the exoergicities of the reactions pro-28

vided by Milligan & McEwan (2000). The other path-29

way proceeds via cosmic-ray ionization of O to O+ or en-30

dothermic charge transfer with H+, produced by cosmic31

ray ionization of H and H2, and the subsequent reaction32

(Bulut et al. 2015; Kovalenko et al. 2018)33

O+ + H2 → OH+ + H. (2)34

Both pathways are followed by the reactions (Tran et al.35

2018; Kumar et al. 2018)36

OH+ H2−→ H2O+ H2−→ H3O+. (3)37

Dissociative recombination (DR) of electrons with38

H3O+ then leads to the formation of H2O (Novotný39

et al. 2010). Two other important ingredients for an40

accurate gas-phase reaction network for forming water41

are the DR rate coefficients leading to the destruction42

of OH+ (Amitay et al. 1996; Stroe & Fifirig 2018) and43

H2O+ (Rosén et al. 2000; Nkambule et al. 2015).44

The various routes of interstellar water chemistry, in-45

cluding reactions (1)-(3), have been reviewed by van46

Dishoeck et al. (2013, 2021). The branching ratio for re-47

action (1b) is particularly important for describing the48

ortho-to-para ratio of water in interstellar clouds (Faure49

et al. 2019). Furthermore, the observed abundances of50

OH+, H2O+, and H3O+ are used to infer the cosmic-ray51

ionization rate (Hollenbach et al. 2012; Indriolo et al.52

2015; Neufeld & Wolfire 2017; Indriolo et al. 2018). At53

temperatures of ∼ 250 K, endothermic neutral-neutral54

reactions such as O + H2 → OH + H become accessi-55
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ble and dominate the gas-phase water formation process56

(van Dishoeck et al. 2021). This sets an upper limit for57

the temperature range of interest for reactions (1)-(3).58

In the present paper, we investigate the temperature-59

dependent thermal rate coefficients and branching ratios60

for reactions (1a) and (1b). We derive our results from61

the merged-beams experiment performed by de Ruette62

et al. (2016). In their work, they derived the thermal63

rate coefficient for the sum over both product channels,64

but not those resolved by product channel. We pro-65

vide the relevant details of the experimental data set in66

Sec. 2. In Sec. 3 we present our results and compare67

them to the data available in the literature. Lastly, in68

Sec. 4 we discuss possible implications of our results on69

astrochemical models.70

2. EXPERIMENTAL DATA71

In the merged-beams experiment of de Ruette et al.72

(2016), a beam of atomic oxygen was overlapped with73

a beam of H+
3 at a well-defined relative collision energy.74

The product ions, either OH+ or H2O+, were counted,75

normalized to the intensities of the two parent beams76

and the interaction volume, and corrected for transmit-77

tance and detection efficiencies. The particle densities78

in the interaction volume were low enough to exclude79

the formation of H2O+ by sequential collisions.80

From the data, absolute cross sections as a function81

of the relative collision energy, Er, were derived for82

each product channel individually. The range of Er was83

3.5 meV to 15.5 eV and 3.5 meV to 130 meV for the84

OH+ and H2O+ products, respectively. At values of Er85

higher than the ones investigated, the individual cross86

sections were smaller than the detection sensitivity of87

the experiment.88

The data for each product channel was parameterized89

by the fit function90

σx(Er) =
a0 + a1/2E

1/2
r

E
2/3
r + b1Er + b2E2

r + b4E4
r

. (4)91

Here, x = {OH+, H2O+} refers to reactions (1a) and92

(1b), respectively, σx is in units of cm2, and Er is in eV.93

The ∼ E
−2/3
r scaling in the limit of Er → 0 reflects the94

effect of the long-range charge-quadrupole interaction95

between the H+
3 ion and the oxygen atom, as was dis-96

cussed by Klippenstein et al. (2010). The fit parameters97

are given in Tab. 1. The total uncertainty of the cross98

sections was given by the fitting uncertainty and the99

relative systematic uncertainty of 13%, both summed in100

quadrature.101

Considering the astrochemical motivation of this102

study and the range of measured collision energies, we103

derived translational rate coefficients, ktrx (T ), in the104

Table 1. Parameters for σx(Er) defined in
Eq. (4).

Parameter Product channel x

OH+ + H2
∗ H2O+ + H

a0 1.1880 × 10−16 9.8531 × 1017

a1/2 5.1976 × 1016 -

b1 - −4.0668 × 102

b2 7.3434 × 102 −4.1891

b4 8.3488 × 10−4 5.1780 × 102

∗The values for this reaction were misprinted in
de Ruette et al. (2016).

temperature range of T = 10 − 1000 K by convoluting105

each cross section times the relative collision velocity,106

σx(Er) × vr, with a Maxwell-Boltzmann distribution.107

The uncertainties of the rate coefficients were propa-108

gated from the total uncertainties of the cross sections.109

Furthermore, we define the branching ratios, fx(T ), as110

the relative yields,111

fOH+ =
ktr
OH+

ktr
OH+ + ktrH2O+

, (5a)112

fH2O+ =
ktrH2O+

ktr
OH+ + ktrH2O+

. (5b)113

The uncertainty of fx(T ) is solely affected by statistical114

fluctuations, while the systematic uncertainty cancels115

out. In the considered temperature range, the relative116

uncertainties of fOH+ and fH2O+ range from 3 to 5% and117

5 to 12%, respectively, while the absolute magnitude of118

the uncertainty is identical for both branching ratios.119

To understand the relation between ktrx (T ) and the120

thermal rate coefficient, kx(T ), we will discuss the role121

of the internal excitation of the two reactants in Secs. 2.1122

and 2.2, respectively.123

2.1. The H+
3 reactant124

The merged-beams experiment of de Ruette et al.125

(2016) was performed with an internally excited H+
3126

beam. Most of the possible influences of this internal ex-127

citation on the measured merged-beams rate coefficient128

were discussed in their publication. In the experiment,129

the internal temperature of the H+
3 ions was estimated130

to be Tint ≈ 2500−3000 K. In Hillenbrand et al. (2019),131

we performed a more detailed analysis of the H+
3 internal132

temperature and its dependency on the H2 pres-133

sure in the ion source. From these results we134
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confirmed that the H2 pressure applied in the135

measurements of de Ruette et al. (2016) corre-136

sponds consistently to the previously estimated137

internal temperature. Here, we discuss an additional138

aspect of the H+
3 internal temperature that was not con-139

sidered in de Ruette et al. (2016).140

For comparison, the exothermic reaction of C+H+
2 →141

CH+ + H was studied in Hillenbrand et al. (2020). In142

that reaction, a low-lying endoergic reaction channel143

forming C+ + H + H is energetically accessible at zero144

translational energy, provided that the internal excita-145

tion of the H+
2 reactant is sufficiently high. We found146

that this considerably reduced the measured merged-147

beams rate coefficient for all translational energies in-148

vestigated.149

For the reaction studied here, the lowest endoergic150

channel is (de Ruette et al. 2016)151

O + H+
3 → OH + H+

2 − 1.77 eV. (6)152

We can estimate the fraction of H+
3 ions, whose internal153

energy is above this threshold, Eint > Eth = 1.77 eV,154

for a given internal temperature of Tint by integrating155

the Boltzmann distribution over the internal energy,156

fEint>Eth
= 1− 1

〈Eint〉

∫ Eth

0

exp

(
− Eint

〈Eint〉

)
dEint157

= exp

(
− Eth

〈Eint〉

)
. (7)158

Based on the partition function provided by Kylänpää159

& Rantala (2011), Tint = 2500 and 3000 K correspond160

to mean internal energies of 〈Eint〉 = 0.64 and 0.86 eV,161

where 6% to 13% of the H+
3 ions have an internal en-162

ergy above Eth, respectively. A part of this fraction can163

potentially form OH + H+
2 , even at the lowest measured164

translational energies. As a worst-case scenario, we can165

assume that all reactions of H+
3 ions with Eint > Eth166

do not contribute to reactions (1a) or (1b). This would167

mean that the cross sections and rate coefficients re-168

ported by de Ruette et al. (2016) need to be scaled up169

by a factor 1.06 to 1.15. This scaling lies well within the170

total experimental uncertainty limits. Moreover, it af-171

fects both channels in the same direction and therefore172

does not affect the branching ratios.173

2.2. The O
(
3PJ

)
reactant174

In de Ruette et al. (2016), the atomic oxygen beam175

was generated through laser detachment of an oxygen176

anion beam (O’Connor et al. 2015b). The resulting oxy-177

gen atoms were in the 3PJ ground term and the fine178

structure levels were populated according to their mul-179

tiplicity, with fractional populations being 5/9, 3/9, and180

1/9 for J = 2, 1, and 0, respectively. This statistical181

population was verified at the few percent level in the182

experiment of Génévriez et al. (2018).183

For O(3PJ), J = 2 represents the ground level, while184

the J = 1 and the J = 0 levels are excited by E1 =185

19.6 meV and E0 = 28.1 meV, respectively (Lique186

et al. 2018). The three fine-structure levels comprise a187

total of nine magnetic sublevels. As first pointed out by188

Gentry & Giese (1977), only the three sublevels corre-189

sponding to J = 2 with MJ = ±1 or MJ = 0 correlate190

to the reactive 3Σ potential energy surface (PES). The191

other six sublevels all correlate with the nonreactive 3Π192

PES (Gentry & Giese 1977; Bettens et al. 1999; Klip-193

penstein et al. 2010). Since both product channels only194

proceed on the 3Σ PES, the branching ratio of the prod-195

uct channels is independent of the initial fine-structure196

population. This aspect was overlooked by de Ruette197

et al. (2016) and prevented them from deriving thermal198

rate coefficients for the individual product channels.199

Two astrochemical scenarios for the fine-structure200

level population may be of interest: Either only the201

J = 2 ground level is populated or the fine-structure202

level populations are in thermal equilibrium. Which of203

the two cases is applicable actually depends on the par-204

ticle density. According to Lique et al. (2018), atomic205

oxygen is thermalized only at H or H2 densities on the206

order of 106 − 107 cm−3.207

The conversion of the measured translational rate co-208

efficients into thermal rate coefficients assuming a sta-209

tistical population of the fine-structure levels in the210

merged-beams experiment and a thermal population in211

the astrochemical environment is (de Ruette et al. 2016)212

kx(T ) = ktrx (T ) (8)213

× 9

5 + 3 exp (−E1/kBT ) + exp (−E0/kBT )
.214

Here, kB is the Boltzmann constant. For the scenario of215

a pure O(3P2) reactant, the relation reduces to kx(T ) =216

ktrx (T )×9/5. As discussed above, the rate coefficients for217

O(3P1) and O(3P0) reactants are zero for both scenarios.218

3. THERMAL RATE COEFFICIENT219

3.1. Summed over both product channels220

The thermal rate coefficient summed over both prod-221

uct channels, assuming a thermal population of the222

O
(
3PJ

)
fine-structure levels, has been discussed in de-223

tail by de Ruette et al. (2016). The temperature depen-224

dency of the thermal rate coefficient is mainly formed225

by the effect of the long-range charge-quadrupole inter-226

action [see Eq. (4)], and the effect of the fine-structure227

population [see Eq. (8)]. The results were compared228

to two published experimental data points, both mea-229
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Figure 1. Thermal rate coefficient for the OH+ + H2 chan-
nel (upper bold data) and the H2O+ + H channel (lower fine
data). Shown are: our results by the red solid lines, with
the gray area indicating the total experimental uncertainty
at one standard deviation; the results of Milligan & McE-
wan (2000) by the circular data points (shifted slightly in
temperature for clarity); and the data implemented in the
astrochemical models listed in Sec. 3.2 by the green dashed
lines.

sured at room temperature: Fehsenfeld (1976) used a230

flowing afterglow technique to measure the thermal rate231

coefficient summed over both product channels, and232

Milligan & McEwan (2000) applied a combined flow-233

ing afterglow/selected flow tube technique to measure234

thermal rate coefficients resolved by product channel.235

Both methods are such that the translational temper-236

ature and the internal temperature of both reactants237

were in thermal equilibrium. The results of de Ruette238

et al. (2016) were in good agreement with the measure-239

ment of Fehsenfeld (1976) and in reasonable agreement240

with the measurements of Milligan & McEwan (2000).241

Furthermore, the theoretical rate coefficients of Bettens242

et al. (1999) and Klippenstein et al. (2010) had the same243

temperature dependency as the result of de Ruette et al.244

(2016), but were overall a factor of about 1.5 higher. Fol-245

lowing the discussion of Sec. 2.1 it is unlikely that such246

a discrepancy was caused by the internal excitation of247

the H+
3 beam in the experiment.248

3.2. Resolved by product channel249

The thermal rate coefficient resolved by product chan-250

nel, derived from the data of de Ruette et al. (2016), are251

shown in Fig. 1. Considering the mutual uncertainties,252

they agree reasonably well with the measurement of Mil-253

ligan & McEwan (2000) at 295 K. Astrochemical models254

such as UMIST (McElroy et al. 2013), KIDA (Wakelam255

et al. 2015), and UGAN (Hily-Blant et al. 2018) imple-256

mented channel resolved rate coefficients using the total257

reaction rate coefficient of Klippenstein et al. (2010),258
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Figure 2. Branching ratio expressed as relative yield for the
two product channels. Shown are: our results by the red solid
line, with the gray area indicating the total experimental
uncertainty at one standard deviation; the results of Milligan
& McEwan (2000) by the circular data point; the results of
Bettens et al. (1999) by the blue dotted line; and the ratio
implemented in the astrochemical models listed in Sec. 3.2
by the green dashed line.

the branching ratio from Milligan & McEwan (2000),259

and assumed the ratio to be temperature-independent.260

Our results are generally lower than the rates imple-261

mented in the models. Of particular note is the factor262

1.7 difference at 10 K for the OH+ + H2 channel.263

3.3. Branching ratio264

The branching ratio defined in Eq. (5) is plotted in265

Fig. 2. For the H2O++H product channel the branching266

ratio derived from our results ranges from (42± 3)% at267

10 K down to (22± 3)% at 1000 K. At 295 K, our result268

of (33± 2)% is consistent with the value of (30± 9)%269

measured by Milligan & McEwan (2000). Up to now,270

those astrochemical models that considered the branch-271

ing ratio assumed it to be 30% independent of the tem-272

perature, based on the measurement of Milligan & McE-273

wan (2000).274

The branching ratio calculated by Bettens et al. (1999)275

was (5.6± 1.6)% for the H2O++H product channel, and276

thus does not agree at all with either set of experimen-277

tal results. For the analog reaction of C + H+
3 , we found278

a similar discrepancy between our experimental results279

in O’Connor et al. (2015a) and the theoretical results280

of Bettens & Collins (1998, 2001). These findings may281

suggest a shortcoming of the classical trajectory simu-282

lations and the PES used. The good agreement for the283

branching ratio for O + H+
3 from the experimental re-284

sults of Milligan & McEwan (2000) and our results in285

de Ruette et al. (2016), which used two different ex-286

perimental methods with differing systematics, and for287

C + H+
3 from Savić et al. (2005) and ours in O’Connor288
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Table 2. Recommended thermal rate coefficients for O +
H+

3 , given as parameters of Eq. (9) for T = 10 − 1000 K.

O(3PJ) product α β γ

population channel (10−9 cm3 s−1) (K)

J = 2
OH+ + H2 0.612 0.05 -3.08

H2O+ + H 0.271 -0.21 0.57

J thermal
OH+ + H2 0.465 -0.14 0.67

H2O+ + H 0.208 -0.40 4.86

et al. (2015a), which also used two different experimen-289

tal methods with differing systematics, suggest that the290

discrepancy is not an experimental issue.291

3.4. Recommended rate coefficients292

We used the Arrhenius-Kooij formula,293

k(T ) = α

(
T

300 K

)β
exp

(
− γ
T

)
, (9)294

to parameterize our results for the two product channels295

in the temperature range of 10 to 1000 K for implemen-296

tation into astrochemical models. The fit parameters,297

α, β, and γ, are shown in Tab. 2 for the two cases of298

the O(3PJ) level population discussed in Sec. 2.2 and299

the two product channels. The fits describe our results300

to better than 5% for reaction (1a) and to better than301

10% for reaction (1b).302

Resolved by the nuclear-spin states, reactions (1a) and

(1b) read

O + p-H+
3 →





OH+ + p-H2 [1/2] (10a)

OH+ + o-H2 [1/2] (10b)

p-H2O+ + H [1/2] (10c)

o-H2O+ + H [1/2] (10d)

and

O + o-H+
3 →

{
OH+ + o-H2 [1] (11a)

o-H2O+ + H [1], (11b)

where p- signifies para and o- signifies ortho. In reac-303

tions (10) and (11), the numbers given in squared brack-304

ets represent the statistical factors resulting from the305

nuclear-spin selection rules (Oka 2004). In nuclear-spin306

state resolved astrochemical networks, the rate coeffi-307

cients are typically scaled by multiplying the parame-308

ters α with the statistical factor while the parameters309

β and γ are considered to be independent of the spin310

states (Majumdar et al. 2017; Hily-Blant et al. 2018).311

This approach is justified for reactions where the ex-312

oergicity does not differ significantly between different313

spin-resolved product channels. The same approach can314

be applied to our results given in Tab. 2 and the result-315

ing nuclear-spin-resolved rate coefficients can be imple-316

mented into models studying the ortho-to-para ratio of317

gas-phase formed water (Faure et al. 2019).318

4. ASTROCHEMICAL IMPLICATIONS319

In de Ruette et al. (2016), the derived thermal rate320

coefficient summed over both product channels was im-321

plemented into the KIDA model (Wakelam et al. 2015),322

and potential implications were studied for the predicted323

abundances of H3O+, H2O, and other molecules down-324

stream the reaction chain. Here, we briefly discuss the325

relevance of the O + H+
3 branching ratio along the fol-326

lowing simplified reaction chain:327

O
H+

3−→





OH+ + H2

{
H2−→ H2O+ + H + H2

e−−→ O + H + H2

H2O+ + H.

(12)328

For typical astrochemical environments, the H2 den-329

sity is high enough such that the H2O+ formation330

through the intermediate step of OH+ formation pro-331

ceeds with an effective rate coefficient comparable to332

the direct formation pathway. In this case, including333

the branching ratio decreases the predicted OH+ abun-334

dance, but not the H2O+ abundance nor subsequent335

products along the reaction chain, such as H3O+ and,336

prominently, H2O. However, in those scenarios where337

the destruction of OH+ by DR plays a significant role,338

direct formation of H2O+ presents a bypass with re-339

spect to the OH+ destruction by DR, and thus may340

enhance the abundance of H2O+ and its subsequent re-341

action products.342

5. SUMMARY343

Based on the experimental data of de Ruette et al.344

(2016), we have derived temperature-dependent thermal345

rate coefficients for reactions (1a) and (1b). The ex-346

perimental data were measured with internally347

excited H+
3 reactants, but we find that this has348

no significant effect on the derived rate coeffi-349

cients.350

Up to now, the general understanding for the branch-351

ing ratio of these reactions relied solely on the fixed tem-352

perature measurement of Milligan & McEwan (2000) at353

295 K. At that temperature, we found a branching ra-354

tio that is consistent with the one implemented in com-355

monly used astrochemical models, but we find an en-356

hanced yield for the H2O+ +H product channel towards357
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lower temperatures. Our results underline the impor-358

tance of including both product channels into reliable359

models.360
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Savić, I., Čermák, I., & Gerlich, D. 2005, IJMSp, 240, 139420

Stroe, M. C., & Fifirig, M. 2018, JPhB, 51, 025202421

Tran, T. D., Rednyk, S., Kovalenko, A., et al. 2018, ApJ,422

854, 25423

van Dishoeck, E. F., Herbst, E., & Neufeld, D. A. 2013,424

ChRv, 113, 9043425

van Dishoeck, E. F., Kristensen, L. E., Mottram, J. C.,426

et al. 2021, A&A, 648, A24427

Wakelam, V., Loison, J.-C., Herbst, E., et al. 2015, ApJS,428

217, 20429


	Introduction
	Experimental data
	The H3+ reactant
	The O(3PJ) reactant

	Thermal rate coefficient
	Summed over both product channels
	Resolved by product channel
	Branching ratio
	Recommended rate coefficients

	Astrochemical implications
	Summary

