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ABSTRACT

The gas-phase reaction of O+Hj has two exothermic product channels, OH™ +Hy and HoO+ +H. In
the present study, we analyze experimental data from a merged-beams measurement to derive thermal
rate coefficients resolved by product channel for the temperature range from 10 to 1000 K. Published
astrochemical models either ignore the second product channel or apply a temperature-independent
branching ratio of 70% vs. 30% for the formation of OH™ + Hy vs. H,O1 + H, respectively, which
originates from a single experimental data point measured at 295 K. Our results are consistent with
this data point, but show a branching ratio that varies with temperature reaching 58% vs. 42% at
10 K. We provide recommended rate coefficients for the two product channels for two cases, one where
the initial fine-structure population of the O(3P;) reactant is in its J = 2 ground state and the other

one where it is in thermal equilibrium.

Keywords: Interstellar molecules (849) — Molecular clouds (1072) — Collision processes (2065) —
Molecule destruction (2075) — Molecule formation (2076)

1. INTRODUCTION

At the low temperatures typical of diffuse and dense
molecular clouds (~ 10 — 100 K), gas-phase formation
of water is dominated by a sequence of exothermic ion-
neutral reactions (van Dishoeck et al. 2013). Two paral-
lel formation pathways have been identified: One path-
way proceeds via the reaction

OH' +H 0.66 eV 1
O+Hf — tH2 A ¢ (1a)
H,OT +H + 1.70eV, (1b)
which is the focus of the present paper. The quoted

energies represent the exoergicities of the reactions pro-
vided by Milligan & McEwan (2000). The other path-
way proceeds via cosmic-ray ionization of O to O™ or en-
dothermic charge transfer with HT, produced by cosmic
ray ionization of H and Hs, and the subsequent reaction
(Bulut et al. 2015; Kovalenko et al. 2018)

O* +Hy — OH" +H. (2)
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Both pathways are followed by the reactions (Tran et al.
2018; Kumar et al. 2018)

ot 2 H,0t 2 H;0T. (3)
Dissociative recombination (DR) of electrons with
H30" then leads to the formation of HyO (Novotny
et al. 2010). Two other important ingredients for an
accurate gas-phase reaction network for forming water
are the DR rate coefficients leading to the destruction
of OHT (Amitay et al. 1996; Stroe & Fifirig 2018) and
HyO0™" (Rosén et al. 2000; Nkambule et al. 2015).

The various routes of interstellar water chemistry, in-
cluding reactions (1)-(3), have been reviewed by van
Dishoeck et al. (2013, 2021). The branching ratio for re-
action (1b) is particularly important for describing the
ortho-to-para ratio of water in interstellar clouds (Faure
et al. 2019). Furthermore, the observed abundances of
OH™, HyO%, and H3O™ are used to infer the cosmic-ray
ionization rate (Hollenbach et al. 2012; Indriolo et al.
2015; Neufeld & Wolfire 2017; Indriolo et al. 2018). At
temperatures of ~ 250 K, endothermic neutral-neutral
reactions such as O + Hy — OH + H become accessi-
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ble and dominate the gas-phase water formation process
(van Dishoeck et al. 2021). This sets an upper limit for
the temperature range of interest for reactions (1)-(3).

In the present paper, we investigate the temperature-
dependent thermal rate coefficients and branching ratios
for reactions (1a) and (1b). We derive our results from
the merged-beams experiment performed by de Ruette
et al. (2016). In their work, they derived the thermal
rate coefficient for the sum over both product channels,
but not those resolved by product channel. We pro-
vide the relevant details of the experimental data set in
Sec. 2. In Sec. 3 we present our results and compare
them to the data available in the literature. Lastly, in
Sec. 4 we discuss possible implications of our results on
astrochemical models.

2. EXPERIMENTAL DATA

In the merged-beams experiment of de Ruette et al.
(2016), a beam of atomic oxygen was overlapped with
a beam of HI at a well-defined relative collision energy.
The product ions, either OH™ or HoO™, were counted,
normalized to the intensities of the two parent beams
and the interaction volume, and corrected for transmit-
tance and detection efficiencies. The particle densities
in the interaction volume were low enough to exclude
the formation of HyOT by sequential collisions.

From the data, absolute cross sections as a function
of the relative collision energy, F,, were derived for
each product channel individually. The range of E, was
3.5 meV to 15.5 eV and 3.5 meV to 130 meV for the
OH™T and HyO™ products, respectively. At values of E,
higher than the ones investigated, the individual cross
sections were smaller than the detection sensitivity of
the experiment.

The data for each product channel was parameterized
by the fit function

ao + a1/2E3/2

B2 4 by By + byE2 + by B

ou(Ey) = (4)
Here, = {OH', HyO%} refers to reactions (1a) and
(1b), respectively, o, is in units of cm?, and E, is in eV.
The ~ E;z/g scaling in the limit of E, — 0 reflects the
effect of the long-range charge-quadrupole interaction
between the HJ ion and the oxygen atom, as was dis-
cussed by Klippenstein et al. (2010). The fit parameters
are given in Tab. 1. The total uncertainty of the cross
sections was given by the fitting uncertainty and the
relative systematic uncertainty of 13%, both summed in
quadrature.

Considering the astrochemical motivation of this
study and the range of measured collision energies, we
derived translational rate coefficients, kI'(7'), in the
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Table 1. Parameters for o,(E;) defined in
Eq. (4).
Parameter Product channel x
OH' + H.* H,Ot + H
ao 1.1880 x 1071%  9.8531 x 10*7
ai)e 5.1976 x 10"° -
by - —4.0668 x 10°
by 7.3434 x 102 —4.1891
by 8.3488 x 10™*  5.1780 x 10?

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

temperature range of T = 10 — 1000 K by convoluting
each cross section times the relative collision velocity,
0.(E;) X vy, with a Maxwell-Boltzmann distribution.
The uncertainties of the rate coefficients were propa-
gated from the total uncertainties of the cross sections.
Furthermore, we define the branching ratios, f.(T), as
the relative yields,

ktr

fou+ =14 OfL — (5a)
ot kE)H+ + kIt{20+
: (5b)

The uncertainty of f,(T) is solely affected by statistical
fluctuations, while the systematic uncertainty cancels
out. In the considered temperature range, the relative
uncertainties of foy+ and fy,o+ range from 3 to 5% and
5 to 12%, respectively, while the absolute magnitude of
the uncertainty is identical for both branching ratios.

To understand the relation between k(7)) and the
thermal rate coefficient, k,(7"), we will discuss the role
of the internal excitation of the two reactants in Secs. 2.1
and 2.2, respectively.

2.1. The H:o,|r reactant

The merged-beams experiment of de Ruette et al.
(2016) was performed with an internally excited Hj
beam. Most of the possible influences of this internal ex-
citation on the measured merged-beams rate coefficient
were discussed in their publication. In the experiment,
the internal temperature of the Hé" ions was estimated
to be Tint =~ 2500 — 3000 K. In Hillenbrand et al. (2019),
we performed a more detailed analysis of the H;{ internal
temperature and its dependency on the H, pres-
sure in the ion source. From these results we
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confirmed that the H, pressure applied in the
measurements of de Ruette et al. (2016) corre-
sponds consistently to the previously estimated
internal temperature. Here, we discuss an additional
aspect of the H;‘ internal temperature that was not con-
sidered in de Ruette et al. (2016).

For comparison, the exothermic reaction of C+Hyj —
CH™T + H was studied in Hillenbrand et al. (2020). In
that reaction, a low-lying endoergic reaction channel
forming C* + H + H is energetically accessible at zero
translational energy, provided that the internal excita-
tion of the HJ reactant is sufficiently high. We found
that this considerably reduced the measured merged-
beams rate coefficient for all translational energies in-
vestigated.

For the reaction studied here, the lowest endoergic
channel is (de Ruette et al. 2016)

O+Hj - OH+Hj —1.77 eV. (6)
We can estimate the fraction of H;r ions, whose internal
energy is above this threshold, Fi,; > Fy, = 1.77 eV,
for a given internal temperature of T, by integrating
the Boltzmann distribution over the internal energy,

int

1 [P ( E )
_ exp | — dFE;,
(Eint) /o P (Eint) ‘
=exp | — Ein

<Eint> .

Based on the partition function provided by Kylanpaa
& Rantala (2011), Tine = 2500 and 3000 K correspond
to mean internal energies of (Ei,) = 0.64 and 0.86 eV,
where 6% to 13% of the HJ ions have an internal en-
ergy above E}y,, respectively. A part of this fraction can
potentially form OH + Hj , even at the lowest measured
translational energies. As a worst-case scenario, we can
assume that all reactions of H3 ions with Ei, > FEyp
do not contribute to reactions (1a) or (1b). This would
mean that the cross sections and rate coefficients re-
ported by de Ruette et al. (2016) need to be scaled up
by a factor 1.06 to 1.15. This scaling lies well within the
total experimental uncertainty limits. Moreover, it af-
fects both channels in the same direction and therefore
does not affect the branching ratios.

fEint>Eth =1-

(7)

2.2. The O (3P]) reactant

In de Ruette et al. (2016), the atomic oxygen beam
was generated through laser detachment of an oxygen
anion beam (O’Connor et al. 2015b). The resulting oxy-
gen atoms were in the 3P; ground term and the fine
structure levels were populated according to their mul-
tiplicity, with fractional populations being 5/9, 3/9, and
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1/9 for J = 2, 1, and 0, respectively. This statistical
population was verified at the few percent level in the
experiment of Génévriez et al. (2018).

For O(3Py), J = 2 represents the ground level, while
the J = 1 and the J = 0 levels are excited by E; =
19.6 meV and Ey; = 28.1 meV, respectively (Lique
et al. 2018). The three fine-structure levels comprise a
total of nine magnetic sublevels. As first pointed out by
Gentry & Giese (1977), only the three sublevels corre-
sponding to J = 2 with M; = +1 or M; = 0 correlate
to the reactive *% potential energy surface (PES). The
other six sublevels all correlate with the nonreactive 3II
PES (Gentry & Giese 1977; Bettens et al. 1999; Klip-
penstein et al. 2010). Since both product channels only
proceed on the Y PES, the branching ratio of the prod-
uct channels is independent of the initial fine-structure
population. This aspect was overlooked by de Ruette
et al. (2016) and prevented them from deriving thermal
rate coefficients for the individual product channels.

Two astrochemical scenarios for the fine-structure
level population may be of interest: Either only the
J = 2 ground level is populated or the fine-structure
level populations are in thermal equilibrium. Which of
the two cases is applicable actually depends on the par-
ticle density. According to Lique et al. (2018), atomic
oxygen is thermalized only at H or Hy densities on the
order of 106 — 107 cm~3.

The conversion of the measured translational rate co-
efficients into thermal rate coefficients assuming a sta-
tistical population of the fine-structure levels in the
merged-beams experiment and a thermal population in
the astrochemical environment is (de Ruette et al. 2016)

ko(T) = k3'(T) (®)
9

X :
5+ 3exp (—E1/ksT) + exp (—Ey/ksT)

Here, kg is the Boltzmann constant. For the scenario of
a pure O(3P,) reactant, the relation reduces to k,(T') =
kY (T)x9/5. As discussed above, the rate coefficients for
O(3P;) and O(3P,) reactants are zero for both scenarios.

3. THERMAL RATE COEFFICIENT
3.1. Summed over both product channels

The thermal rate coefficient summed over both prod-
uct channels, assuming a thermal population of the
O (*Py) fine-structure levels, has been discussed in de-
tail by de Ruette et al. (2016). The temperature depen-
dency of the thermal rate coefficient is mainly formed
by the effect of the long-range charge-quadrupole inter-
action [see Eq. (4)], and the effect of the fine-structure
population [see Eq. (8)]. The results were compared
to two published experimental data points, both mea-
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10 100 1000

T (K)

Figure 1. Thermal rate coefficient for the OH™ + H, chan-
nel (upper bold data) and the HoO" + 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.

20 sured at room temperature: Fehsenfeld (1976) used a
2n flowing afterglow technique to measure the thermal rate
2 coefficient summed over both product channels, and
21 Milligan & McEwan (2000) applied a combined flow-
2 ing afterglow /selected flow tube technique to measure
235 thermal rate coefficients resolved by product channel.
236 Both methods are such that the translational temper-
7 ature and the internal temperature of both reactants
238 were in thermal equilibrium. The results of de Ruette
20 et al. (2016) were in good agreement with the measure-
20 ment of Fehsenfeld (1976) and in reasonable agreement
a1 with the measurements of Milligan & McEwan (2000).
22 Furthermore, the theoretical rate coefficients of Bettens
23 et al. (1999) and Klippenstein et al. (2010) had the same
24 temperature dependency as the result of de Ruette et al.
25 (2016), but were overall a factor of about 1.5 higher. Fol-
26 lowing the discussion of Sec. 2.1 it is unlikely that such
a7 a discrepancy was caused by the internal excitation of
s the H}f beam in the experiment.

249 3.2. Resolved by product channel

0 The thermal rate coefficient resolved by product chan-
251 nel, derived from the data of de Ruette et al. (2016), are
22 shown in Fig. 1. Considering the mutual uncertainties,
253 they agree reasonably well with the measurement of Mil-
2 ligan & McEwan (2000) at 295 K. Astrochemical models
255 such as UMIST (McElroy et al. 2013), KIDA (Wakelam
26 et al. 2015), and UGAN (Hily-Blant et al. 2018) imple-
7 mented channel resolved rate coefficients using the total
25 Teaction rate coefficient of Klippenstein et al. (2010),

90— " —150

HyO" + H yield (%)
) o o~
SRS S——

—_
o

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.

250 the branching ratio from Milligan & McEwan (2000),
»%0 and assumed the ratio to be temperature-independent.
s Our results are generally lower than the rates imple-
22 mented in the models. Of particular note is the factor
23 1.7 difference at 10 K for the OH' 4+ Hy channel.

264 3.3. Branching ratio

s The branching ratio defined in Eq. (5) is plotted in
26 Fig. 2. For the HoO™" +H product channel the branching
267 ratio derived from our results ranges from (42 4+ 3)% at
26 10 K down to (22 £ 3)% at 1000 K. At 295 K, our result
260 Of (33 +2)% is consistent with the value of (30 £9)%
20 measured by Milligan & McEwan (2000). Up to now,
an those astrochemical models that considered the branch-
o ing ratio assumed it to be 30% independent of the tem-
213 perature, based on the measurement of Milligan & McE-
+ wan (2000).

zs The branching ratio calculated by Bettens et al. (1999)
2 was (5.6 = 1.6)% for the HoO*+H product channel, and
a7 thus does not agree at all with either set of experimen-
o tal results. For the analog reaction of C +Hi, we found
279 & similar discrepancy between our experimental results
20 in O’Connor et al. (2015a) and the theoretical results
s of Bettens & Collins (1998, 2001). These findings may
22 suggest a shortcoming of the classical trajectory simu-
253 lations and the PES used. The good agreement for the
25 branching ratio for O + H;‘ from the experimental re-
265 sults of Milligan & McEwan (2000) and our results in
26 de Ruette et al. (2016), which used two different ex-
27 perimental methods with differing systematics, and for
2 C 4+ Hy from Savié et al. (2005) and ours in O’Connor

2
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Table 2. Recommended thermal rate coefficients for O +
Hj, given as parameters of Eq. (9) for T = 10 — 1000 K.

O(*Py) product e Jé] 5
population  channel (107 cm?® s™1) (K)
J oo OH™ + H» 0.612 0.05 -3.08
H,Ot +H 0.271 -0.21  0.57
OH' + Hy 0.465 -0.14 0.67
J thermal
H,O" + H 0.208 -0.40 4.86

et al. (2015a), which also used two different experimen-
tal methods with differing systematics, suggest that the
discrepancy is not an experimental issue.

3.4. Recommended rate coefficients

We used the Arrhenius-Kooij formula,

K(T) = a <3O§K>ﬁ exp (—%) :

to parameterize our results for the two product channels
in the temperature range of 10 to 1000 K for implemen-
tation into astrochemical models. The fit parameters,
a, B, and ~y, are shown in Tab. 2 for the two cases of
the O(3Py) level population discussed in Sec. 2.2 and
the two product channels. The fits describe our results
to better than 5% for reaction (la) and to better than
10% for reaction (1b).

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

9)

OH' 4+ p-H, [1/2] (10a)
OH' 4 o-H 1/2 10b
04 pHI +oHy [1/2]  (10D)
p-H,OT +H  [1/2]  (10c)
o-H,OF +H  [1/2]  (10d)
and
HY +o-H 1 11
O +o-Hf — O +ot; 1] (11a)
o-H,OF +H  [1], (11b)

where p- signifies para and o- signifies ortho. In reac-
tions (10) and (11), the numbers given in squared brack-
ets represent the statistical factors resulting from the
nuclear-spin selection rules (Oka 2004). In nuclear-spin
state resolved astrochemical networks, the rate coeffi-
cients are typically scaled by multiplying the parame-
ters « with the statistical factor while the parameters
B and v are considered to be independent of the spin
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states (Majumdar et al. 2017; Hily-Blant et al. 2018).
This approach is justified for reactions where the ex-
oergicity does not differ significantly between different
spin-resolved product channels. The same approach can
be applied to our results given in Tab. 2 and the result-
ing nuclear-spin-resolved rate coefficients can be imple-
mented into models studying the ortho-to-para ratio of
gas-phase formed water (Faure et al. 2019).

4. ASTROCHEMICAL IMPLICATIONS

In de Ruette et al. (2016), the derived thermal rate
coeflicient summed over both product channels was im-
plemented into the KIDA model (Wakelam et al. 2015),
and potential implications were studied for the predicted
abundances of H3O1, HyO, and other molecules down-
stream the reaction chain. Here, we briefly discuss the
relevance of the O + H7 branching ratio along the fol-
lowing simplified reaction chain:

o 0t + H+ H,

sy OH++H2 o

0 —% (12)

H,Ot + H.

For typical astrochemical environments, the Hy den-
sity is high enough such that the H,O%1 formation
through the intermediate step of OH™ formation pro-
ceeds with an effective rate coefficient comparable to
the direct formation pathway. In this case, including
the branching ratio decreases the predicted OH' abun-
dance, but not the HoO" abundance nor subsequent
products along the reaction chain, such as H3O" and,
prominently, HoO. However, in those scenarios where
the destruction of OH' by DR plays a significant role,
direct formation of HyO presents a bypass with re-
spect to the OH" destruction by DR, and thus may
enhance the abundance of H,O™ and its subsequent re-
action products.

5. SUMMARY

Based on the experimental data of de Ruette et al.
(2016), we have derived temperature-dependent thermal
rate coefficients for reactions (la) and (1b). The ex-
perimental data were measured with internally
excited H; reactants, but we find that this has
no significant effect on the derived rate coeffi-
cients.

Up to now, the general understanding for the branch-
ing ratio of these reactions relied solely on the fixed tem-
perature measurement of Milligan & McEwan (2000) at
295 K. At that temperature, we found a branching ra-
tio that is consistent with the one implemented in com-
monly used astrochemical models, but we find an en-
hanced yield for the HoO™ +H product channel towards
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18 lower temperatures. Our results underline the impor-
30 tance of including both product channels into reliable
30 models.

s1 This research was supported, in part, by the NSF Di-
s62 vision of Astronomical Sciences Astronomy and Astro-
363 physics Grants program under AST-2002461. X. U. is a
s Senior Research Associate of the Fonds de la Recherche
35 Scientifique-FNRS.

REFERENCES

66 Amitay, Z., Zajfman, D.; Forck, P., et al. 1996, Phys. Rev.
7 A, 53, R644

38 Bettens, R. P. A., & Collins, M. A. 1998, JChPh, 108, 2424
360 —. 2001, JChPh, 114, 6490

30 Bettens, R. P. A., Hansen, T. A., & Collins, M. A. 1999,
sn JChPh, 111, 6322

sz Bulut, N., Castillo, J., Jambrina, P. G., et al. 2015,

3 JPhChA, 119, 11951

374 de Ruette, N., Miller, K. A., O’Connor, A. P., et al. 2016,
s AplJ, 816, 31

a6 Faure, A., Hily-Blant, P., Rist, C., et al. 2019, MNRAS,

sr7 487, 3392

ars Fehsenfeld, F. C. 1976, ApJ, 209, 638

379 Génévriez, M., Dunseath, K. M., Terao-Dunseath, M., et al.
0 2018, PhRvA, 98, 033410

st Gentry, W. R., & Giese, C. F. 1977, JChPh, 67, 2355

32 Hillenbrand, P.-M., Bowen, K. P., Dayou, F., et al. 2020,
3  PCCP, 22, 27364

ss¢ Hillenbrand, P.-M., Bowen, K. P., Liévin, J., Urbain, X., &
s Savin, D. W. 2019, ApJ, 877, 38

36 Hily-Blant, P., Faure, A., Rist, C., Pineau des Foréts, G., &
sz Flower, D. R. 2018, MNRAS, 477, 4454

38 Hollenbach, D., Kaufman, M. J., Neufeld, D., Wolfire, M.,
80 & Goicoechea, J. R. 2012, ApJ, 754, 105

so0 Indriolo, N., Bergin, E. A., Falgarone, E., et al. 2018, ApJ,
31 865, 127

302 Indriolo, N., Neufeld, D. A., Gerin, M., et al. 2015, ApJ,
03 800, 40

304 Klippenstein, S. J., Georgievskii, Y., & McCall, B. J. 2010,
s JPhChA, 114, 278

36 Kovalenko, A., Tran, T. D., Rednyk, S., et al. 2018, ApJ,
7 856, 100

308 Kumar, S. S., Grussie, F., Suleimanov, Y. V., Guo, H., &
a0 Kreckel, H. 2018, SciAd, 4, eaar3417

a0 Kylanpaa, 1., & Rantala, T. T. 2011, JChPh, 135, 104310
a1 Lique, F., Klos, J., Alexander, M. H., Le Picard, S. D., &
a2  Dagdigian, P. J. 2018, MNRAS, 474, 2313

403 Majumdar, L., Gratier, P., Ruaud, M., et al. 2017,

a4  MNRAS, 466, 4470

a0s McElroy, D., Walsh, C., Markwick, A. J., et al. 2013, A&A,
a6 550, A36

a7 Milligan, D. B., & McEwan, M. J. 2000, ChPhL, 319, 482
a8 Neufeld, D. A., & Wolfire, M. G. 2017, ApJ, 845, 163

w0 Nkambule, S. M., Larson, A., Fonseca dos Santos, S., &
a0 Orel, A. E. 2015, PhRvA, 92, 012708

a1 Novotny, O., Buhr, H., Stiitzel, J., et al. 2010, JPhChA,
a2 114, 4870

413 O’Connor, A. P., Urbain, X., Stiitzel, J., et al. 2015a,

as  AplJS, 219, 6

a5 O’Connor, A. P., Grussie, F., Bruhns, H., et al. 2015b,

a6 RScl, 86, 113306

a7 Oka, T. 2004, JMoSp, 228, 635

a8 Rosén, S., Derkatch, A., Semaniak, J., et al. 2000, Faraday
a9 Disc., 115, 295

a0 Savié, 1., Cermék, I., & Gerlich, D. 2005, IJMSp, 240, 139
w1 Stroe, M. C., & Fifirig, M. 2018, JPhB, 51, 025202

a2 Tran, T. D., Rednyk, S., Kovalenko, A., et al. 2018, ApJ,
23 854, 25

a4 van Dishoeck, E. F., Herbst, E., & Neufeld, D. A. 2013,
25 ChRv, 113, 9043

426 van Dishoeck, E. F., Kristensen, L. E., Mottram, J. C.,
e et al. 2021, A&A, 648, A24

428 Wakelam, V., Loison, J.-C., Herbst, E., et al. 2015, ApJS,
20 217, 20



	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

