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Abstract

AlOQ is relatively abundant around oxygen-rich Asymptotic Giant Branch (AGB) stars, where
it can react with abundant gas-phase species such as H> and H>O to form AIOH. These Al-
containing species are the likely precursors of refractory alumina nano-particles, which may
provide the nuclei for dust formation. In the present study, the kinetics of these AlO reactions
were measured from 295 - 780 K using the pulsed laser photolysis of Al(CsH70.)3, with time-
resolved laser induced fluorescence detection of AlO. The experimental results were
interpreted using quantum chemistry calculations and a Master Equation solver for reactions
with multiple energy wells. For the recombination reaction AlO + H2O (+ N2) — Al(OH)a,
logio(krec,0/ cm® molecule s7') = -32.9185 + 8.80276 logio (7) - 2.4723(10g10(T))2; logio(krec,
/ cm® molecule! s!) = -19.4686 + 7.62037 logio (T) - 1.47214(logio(T))*; Fc = 0.28
(uncertainty £13% from 295 — 760 K). For the bimolecular reactions, k(AlO + H O — AIOH
+ OH) = (3.8940.47) x 1071° exp(-(1295+150)/T) and k(AlO + H, — AIOH + H) = (5.37+0.52)
x 10713 (T/300)>77#019) exp(-(2190£110)/T) cm? molecule™ s™!. Rate coefficients for Al + H,O
— AIOH + H, AIOH + H — AlO + H; or Al + H>0, and the absorption cross sections of AIOH
and AlO, were calculated theoretically. Al chemistry around an O-rich AGB star was then
investigated using a S-trajectory model, which predicts that AIOH is the major gas-phase Al
species beyond two stellar radii, and shows that the relative AlO abundance is very sensitive
to the AIOH photolysis rate.
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Introduction

Asymptotic Giant Branch (AGB) stars are evolved stars experiencing significant mass loss at
the end of their lifecycle. Within the CircumStellar Envelope (CSE) around an AGB star, gas-
phase chemistry produces thermally stable molecules which aggregate and condense into dust
particles as the gas cools, forming an optically thick shell.! The release of molecules and dust
formation in the CSEs around AGB stars are a major source of dust grains in the universe.?

A range of candidates has been proposed for the primary initial dust grains around oxygen-rich
AGB stars (i.e. C/O < 1), including metal titanates, metal silicates, SiO and Al,Os (alumina).>
* Many infra-red (IR) spectra of O-rich CSEs suggest that O-rich dust such as silicates, and
especially alumina, are likely candidates for the initial dust grains.* Alumina is particularly
favoured as an initial dust seed in the inner wind of O-rich AGB stars due to its refractory
nature and high condensation temperature (around 1400 K).> A broad emission band at 11 um
in the IR spectra of many O-rich AGB stars is widely thought to come from amorphous Al,03.%
7 Begemann et al. 8 determined the optical constants of alumina particles and showed that a
feature at 13 um might arise from crystalline o-Al>O3 (corundum), although Posch et al. °
suggested MgAl,Os (spinel) as a more likely carrier. Subsequently, Sloan et al. '° used
correlations between IR spectra to argue that the 13 um band arises from crystalline Al>Os.
When modelling the CSEs of a group of 37 AGB stars in the Large Magellanic Cloud, Jones
et al. ' found that an appreciable fractional abundance of alumina in dust (up to 50%) improved
the fitting of IR spectra. For AGB stars S Ori and R Cnc, Karovicova et al. > were able to
describe the observed spectra with a pure alumina dust shell.

A range of Al-containing species has been observed around AGB stars, with AlO and AIOH
the most abundant.” ' 13-1* A]O has also been detected in the CSE of the young, massive star
Orion Source I.1> These relatively abundant Al species are thought to be the direct precursors
to alumina dust, with Gobrecht et al. '® proposing that A0 undergoes dimerization to (AlO),,
which is then oxidized to Al,Os. The Al>Os3 then itself dimerizes before clustering further and
condensing to form dust grains. Other reaction pathways to alumina may be possible, including
reactions involving AlO, AIOH and Al(OH), with other gas-phase species. !’

Decin et al. '* found that the variable chemistry of AGB stars leads to differences in the
fractional abundances of AIO and AIOH, with both species apparent at distances from the star
both before and after dust condensation occurs. For example, AIOH is more readily detected
than AlO in the CSE of high mass-loss Mira-type O-rich star IK Tau, while conversely AlO is
approximately 70 times more abundant in the CSE of the low mass-loss rate semi-regular O-
rich AGB star R Dor. In the O-rich red supergiant VY CMa, AIOH was found to be 17 times
more abundant than AlO.!? Understanding the gas-phase chemistry between AlO and AIOH in
CSEs (where temperatures in the dust formation region are around 500 — 2000 K) is crucial to
understanding the variable chemistry observed from star to star and in understanding the initial
steps of how dust forms around AGB stars.

H>O is one of the more abundant reactive species around O-rich AGB stars; e.g. the relative
abundance of H2O to H, at IK Tau is 6.6 x 10”. '8 H,O could react with AlO in a termolecular
recombination reaction:

AlO + H,0 (+ M) — AI(OH), AH®(0 K) = -307 kJ mol’ (R1a)

where M is the bath gas (Hz in the case of stellar chemistry). Reactions of this type should
become slower with increasing temperature, and should be pressure-dependent. Therefore, in
the relatively low pressure and high temperature environment close to an AGB star it may be
a minor removal pathway for AlO, while bimolecular reaction channels may become more
important:
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AlO + H,0 — AIOH + OH AH°(0 K) = 15 kJ mol"! (R1b)
— OAIOH + H AH®(0 K) = 26 kJ mol! (Rlc)
— OAIO + H, AH°(0 K) = 111 kJ mol”! (R1d)

Depending on the specific AGB star, Hz is 4 - 10 orders of magnitude more abundant than any
other species, and so could provide another possible pathway to AIOH formation via R2a:

AlO + H> — AIOH + H AH®°(0 K) = -41 kJ mol! (R2a)
— Al + H,O AH°(0 K) =20 kJ mol! (R2b)
The reactions
Al + H,O — AIOH + H AH°(0 K) = -61 kJ mol’! (R3a)
— AlO + H; AH°(0 K) = 20 kJ mol™! (R3b)
and
AIOH + H — AlO + H» AH°(0 K) =41 kJ mol! (4a)
— Al + H,0O AH°(0 K) = 61 kJ mol! (4b)

take place on the same potential energy surface (PES) as R2, and are likely to be important in
outflow chemistry because of the relatively large abundances of H.O and H. The enthalpy
changes (at 0 K) listed above for these reactions are calculated at the G4 level of theory - 2°
(see the Discussion). All of these bimolecular reaction channels (apart from R1d which is
significantly endothermic compared to the other channels of R1) could potentially influence
the gas-phase abundances of AIO and AIOH around AGB stars, and hence the rate of alumina
dust formation in their CSEs.

Another reason for studying reaction 1 concerns the chemistry of Al which ablates from cosmic
dust entering planetary atmospheres.?!: 2> Al atoms react rapidly with Oz to form AlO,?* which
can then recombine with H>O at the comparatively lower temperatures (< 300 K) and higher
pressures (~ 10 bar) typical of the atmospheric region in which ablation occurs.?* In our
recent study of the chemistry of meteor-ablated Al in the Earth’s upper mesosphere, we used
quantum calculations to show that AIOH may have a large photolysis cross section below 260
nm, and this would significantly change the A10/AIOH ratio.?> AIOH photolysis is also likely
to be important in the inner region of a stellar outflow, before the stellar radiation is obscured
by dust formation.

To the best of our knowledge, the reaction kinetics of AlO with H>O has not been studied
previously, and only an upper limit for AIO + H, of 5 x 107'* cm® molecule™ s has been
reported at 298 K.» The reaction of Al with H>O has been studied from 298-1174 K, though
the products were not identified. There do not appear to be any experimental studies of the
reaction between AIOH and H.

In the present study we report kinetic measurements of R1 and R2 at temperatures up to 780
K. A combination of electronic structure calculations and Rice-Ramsperger-Kassel-Markus
(RRKM) theory is then used to extrapolate the experimental results over the full temperature
range (150 — 2000 K) pertinent to both planetary atmospheres and dust formation around AGB
stars (500 - 2000 K), as well as predicting the reaction products. Reactions R3 and R4 are
explored in the same way. In the final part of the Discussion we explore the impact of these
reactions, together with AIOH photolysis, on the ratio of AlO to AIOH around two examples
of AGB stars.



135

136
137
138
139
140
141
142
143
144
145
146
147
148

149
150
151
152
153
154
155
156

157
158
159
160
161
162
163
164
165
166

167
168
169
170
171

172

173
174
175
176
177

178
179
180

Experimental

Reactions R1 and R2 were studied using the pulsed laser photolysis-laser induced fluorescence
(PLP-LIF) technique within a temperature-controlled reactor (192 — 1100 K). A schematic
diagram of the experimental layout is shown in Figure 2 of Mangan et al. 7 A10 molecules
were produced in the reactor by the multiphoton dissociation of aluminium acetylacetonate
(A1(CsH702)3, also known as Al(acac)3) vapor by a loosely focused KrF excimer laser (Physik
COMPEX 102) at 248 nm, with a typical pulse energy of 40 mJ at 10 Hz ( < 5 mJ in the reactor).
Solid Al(acac)s powder was inserted into one of the chamber arms, contained in a steel boat
attached to the end of a thermocouple (K-type), and heated to ~340-370 K using heating tape
around the reactor arm in order to achieve a sufficient Al(acac); vapour pressure, estimated to
be 2.4 x 10 Torr at 340 K.2® A flow of N, over the steel boat entrained and transported the
Al(acac)s vapour into the main reactor volume. Experiments were conducted up to a maximum
temperature around 780 K; above this temperature the LIF signal degraded, presumably due to
decomposition of the Al(acac); precursor in the reactor.

The transition probed by LIF was the AlO (BZ* - X?2*(0,0)) band at 484.23 nm *° using a
Nd:YAG (Quantel Q smart 850 at 355 nm) pumped dye laser (Sirah Cobra-stretch CBST-G-
18) with Coumarin 102 laser dye. The time delay between the counter-propagating dye laser
(probe) and excimer laser (photolysis, t = 0) beams was varied to produce scans of the relative
AlO concentration with time. Typical kinetic traces were produced from 1000 laser shots, with
an accumulation time of 100 s. The AIO LIF signal was collected using a photomultiplier tube
(Electron Tubes, model 9816QB) positioned orthogonal to the laser beams, through an
interference filter (Amax = 480 nm, fwhm = 10 nm).

A total gas flow through the reactor of 180 - 600 sccm included the Al(acac)s vapor entrained
in the bath gas, the reactant gas (H20 or Hz) and a balancing flow of the bath gas (either N2 or
He). These flows were set using calibrated mass flow controllers, and the pressure in the reactor
(4 — 24 Torr) measured with a capacitance manometer. The AlO concentration in the reactor
was estimated to be < 10'! molecule cm™, based on the vapour pressure of Al(acac)s in the
reactor side-arm (see above) being diluted by the other flows entering the reactor, and assuming
at most 1% photolysis producing AlO. This AlO concentration was several orders of magnitude
lower than the concentrations of H2O or H; in the reactor (e.g. [H20] = (0.02 — 1) x 10"
molecule cm™) to ensure pseudo first-order conditions, consistent with the observed single
exponential decays of AlO (see Results).

In the case of experiments studying R1, after each change of the H>O gas flow the reactor was
conditioned for 30 minutes. Repeat measurements of the first-order rate of AlO removal, taken
several minutes apart, were used to confirm that the concentration of H>O vapor in the reactor
had reached a steady state, at which point the concentration was assumed to be consistent with
that of the H2O/N2 mixture made up on the glass gas-handling line.

Materials. N> (99.9999% pure, Air Products) and He (99.9999 % pure, BOC) were used
without any further purification. Hz (99.99 % pure, BOC) was flowed through a liquid N2 cold
trap. H>O vapor was produced by freeze-pump thawing deionized water for three cycles and
subsequent dilution with N> in a glass bulb. Al(acac)s (99% pure, Sigma Aldrich) was warmed
under vacuum in the reactor for at least 30 mins prior to experiments.
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Results
AlO + H20

The time-resolved LIF signals of AlO are described by a single exponential form A.exp(—k't),
where ¢ is the time delay between the photolysis and probe lasers and k”is the pseudo first-
order decay coefficient. In the case of reaction R1, the rate equation is given by:

k" = kqife + k1o [HoO][N,] + (k1p + kqc + kq)[H,0] (E1)

where kqisr is the rate of diffusion of AlO molecules out of the photolysis volume observed by
the PMT, as well as any reaction between AlO and the Al(acac); precursor. As Rla is a
termolecular reaction the rate should be dependent on both the reactant [H>O] and bath gas
[N2]. Shown in the example kinetic trace of Figure 1 (and consistent with previous reactions
studied in Mangan et al. *°), AlO is rapidly and directly made by photolysis of the precursor in
the absence of an O; flow, with the LIF signal peaking within ~ 40 ps. The more gradual rise
in the AIO LIF signal near the peak is likely caused by quenching of rovibrationally excited
AlO.?® The kinetic traces were fitted at longer times (> 100 ps) after which relaxation of the
excited states no longer significantly affects the single exponential nature of the decay,
ensuring pseudo first-order behaviour was observed.
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Figure 1. Kinetic trace showing AlO LIF signal after PLP at = 0 us of Al(acac)s for [H20] =
1.19 x 10" molecules cm™ at 590 K with a total pressure of 8.9 Torr. The inset shows the

associated bimolecular plot for R1 at all [H2O] measured at these conditions with ki =
(5.36 £0.55) x 107" cm® molecule™ s7'.

Shown in the inset of Figure 1 is a plot of k”against [H20], taken at 8.9 Torr at 590 K. The
slope of the linear fit provides the second order-rate coefficient k1. The full set of measured
values are provided in Table S1 of the Supplementary Information. As was seen in Mangan et
al. 3°, the non-zero intercept kqirr is higher than the expected diffusion rate for AlO in N> under
these conditions,?” because AlQ is likely reacting with the precursor (or possibly a fragment of
Al(acac)s at higher temperatures). Repeat measurements of k“in the absence of reactant at the
beginning and end of each set of experiments were consistent within error. The second-order
rate coefficients were also independent of both gas residence time in the reactor (0.1 - 1 s) and
the precursor concentration, suggesting no interaction between the precursor and H>O.
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Figure 2 shows the pressure dependence of ki over the temperature range 295-760 K. At 295
K the reaction exhibits clear fall-off behaviour over the pressure range studied (3.2 - 12.1 Torr),
indicating that R1a is the dominant channel, and this also explains the negative 7-dependence
up to 590 K. At higher temperatures the reaction exhibits little pressure dependence and
switches to a positive 7-dependence, indicating that one or more of the bimolecular reaction
channels 1b — 1d has opened. This is explored further in the Discussion.
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Figure 2. Pressure dependence of k1 (AlO + H20) at 295 - 760 K in N> bath gas. The symbols
are experimental values, and the lines are Master Equation fits which include contributions
from R1a, R1b and R1c (see the Discussion).

AlO + Hz

The pseudo first-order decay of AlO in the presence of H> for the bimolecular reaction R2 can
be described by:

k, = kdiff + kz [Hz] (Ez)

Kinetic traces were satisfactorily fitted either using a single exponential decay after a time
delay (as described for R1 above), or using a bi-exponential to fit both the growth and loss of
the AlO signal, with both determinations of k”agreeing within error. k2 is much slower than k;
over the entire temperature range, so it was necessary to work with [Hz] up to 3 orders of
magnitude larger than the [H2O] needed to study R1. At such high H2 concentrations, it is
possible that secondary chemistry between H» and the precursor might result in reactive species
that remove AIO, and thus affect the determination of k». To investigate this possibility,
measurements of k> were carried out over a range of residence times in the reactor for each
temperature. Changing the residence time was achieved by varying the ratios of total pressure
versus the total flow rate. An example plot of the measured value of k> at 694 K versus the
residence time is shown in Figure 3, which illustrates that k> increased by roughly a factor of 2
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at the longest residence time (i.e. highest pressure:flow ratio). This suggests that secondary
chemistry between H» and the Al(acac)s precursor does produce a reactive species that removes
AlOQ, resulting in an overestimate of k> at the longest residence times. Since the relationship
between the measured rate coefficient and the residence time is complex, extrapolating the
measured k> to zero residence time is not straightforward. However, visual inspection of the
measured rates vs residence time at each temperature show that at the lowest residence times
the measured k> becomes effectively independent of residence time, suggesting little or no
contribution from secondary chemistry. Thus, the final values reported for k> at each
temperature are only those obtained at the shortest residence times, where the measured value
was essentially independent of residence time (Figure 3). The rates obtained using this visual
inspection method are in good agreement with rates obtained by extrapolating to zero residence
time using an exponential function, but are around 40% higher than rates obtained extrapolating
using a linear fit. The values of k> over the range of temperature and pressure conditions studied
are listed in Table S1.
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Figure 3. Bimolecular rate coefficients (k2) for R2 at 694 K measured at different reactor
residence times in s.

The other potential problem with having to use high concentrations of H> was the possible
presence of contaminants in the Ha, specifically H2O and Oz which recombine relatively rapidly
with AlO (see above and Mangan et al. *°, respectively). To investigate this possibility and any
potential termolecular channel for H», the pressure dependence of the AIO + H» reaction was
investigated. In Figure 4, k> is plotted against total pressure (concentration [M]) over the
temperature range 467 - 780 K. A H>O leak on its own would only account for a 10 — 20%
change in k2 with pressure at each temperature studied, a change similar to the experimental
error. However, H>O contamination would have had to come from an air leak, so that the
recombination reaction of A1O with Oz must also be included. If there had been a sufficient air
leak in the gas line from the H> cylinder to account for the measured k», this would have
produced an approximately 50% increase in k2 over the pressure range studied at 467 K, and
30% increase at 700 K. In fact, Figure 4 shows that no pressure dependent behaviour was
observed within the experimental uncertainty (only 10 - 20%). This indicates the absence of
both a significant leak and a termolecular channel for the H» reaction, further confirmed by
observing no difference in k> measured with either N> or He as the bath gas (the former is
roughly twice as efficient as a third body 3!). At higher temperatures, the bimolecular channel



270  of AlO + H>O could play a role if the H> were contaminated with HoO from an air leak.
271  However, this point is discussed further - and ruled out - in the Discussion below.
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273 Figure 4. Plot of k> against the total concentration [M] in molecule cm’ for the reaction of AlO
274  +Hyat T=467-780 K.
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276 k> was measured from 463 — 785 K, as shown in Figure 5. The low temperature limit was set
277 by the reaction becoming too slow at lower temperatures to measure with this system, and the
278  high temperature limit by decomposition of Al(acac)s. An Arrhenius fit to the dataset (dashed
279  line) yields k2(463 — 785 K) = (5.8 % 2.1) x 10! x exp®372£29T cm? molecule™! s™!. The
280 theoretical fit to the dataset (red line) and subsequent extrapolation to the higher temperatures
281  pertinent for AGB stellar chemistry are discussed in the Discussion below.
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283  Figure 5. Temperature dependence of the measured (open black circles) bimolecular rate
284  coefficients (k2) for AIO + H,. The dashed line is an Arrhenius fit to the experimental points
285 and the red solid line is a theoretical fit using RRKM theory (see the Discussion).
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Discussion

The reaction between AlO and H>O (R1) does not appear to have been studied previously.
However, in the case of AlO + H» (R2), Parnis et al. > measured an upper limit at 298 K of 5
x 10'* cm® molecule™! s™!, which is consistent with the extrapolated value of 2 x 1076 cm?
molecule™! s!in the present study (using the Arrhenius expression determined in the Results
section). The reaction between Al and H,O (R3) has been studied from 298 - 1174 K . A
number of theoretical studies of the potential energy surfaces connecting Al + H,O with A1O
+ Ho, including transition state theory (TST) estimates of k3 and k4, have been published over
the past 50 years.>** These studies have mainly been driven by interest in Al combustion
chemistry.

In order to extrapolate the rate coefficients measured in the present study to temperatures above
1000 K pertinent to stellar outflow chemistry, and also to determine product branching ratios,
we combined electronic structure calculations of stationary points on the relevant PES with
RRKM theory. Because reaction R3 (Al + H>0) occurs on parts of the same PES as R2 (Al1O
+ Hy), we also extrapolated the previous measurements of k3 2° to higher temperatures. The
geometries of the Al-containing molecules were first optimized at the B3LYP/6-311+g(2d,p)
level of theory within the Gaussian 16 suite of programs,' and then accurate energies were
determined at the G4 level of theory ?°. This level of theory was chosen because it is reasonably
computationally efficient and in general appears to perform well on reactions involving small
Al-containing molecules (though see below). For example, the reaction enthalpy for Al + O>
— AlO + O is calculated at the G4 level to be AH°(0 K) = -9.9 kI mol !, in excellent agreement
with the very high level (but computationally expensive) W1BD compound method,* which
gives AH°(0 K) = -10.2 kJ mol™. These values are consistent with the experimental value of -
14 £ 9 kJ mol !, %

The Cartesian coordinates, rotational constants, vibrational frequencies and heats of formation
of the stationary points on the PESs for R1 and R2/R3 are listed in Tables S2 and S3,
respectively. The PESs are shown in Figure 6, which also illustrates the geometries of these
stationary points. The energies shown include zero-point energies, and this is why the energy
of the saddle point labelled TS2 in Figure 6a appears slightly below that of the AlO-H>O
adduct.

RRKM calculations were then performed using the Master Equation Solver for Multi-Energy
well Reactions (MESMER) program.*® Each reaction is assumed to proceed via the formation
of an excited adduct, which can either dissociate or be stabilized by collision with the N> third
body. The internal energy of this adduct was divided into a contiguous set of grains (typical
width between 100 and 150 cm™) containing a bundle of rovibrational states. Each grain was
then assigned a set of microcanonical rate coefficients for dissociation, which were determined
using inverse Laplace transformation to link them directly to krec, the high pressure limiting
recombination coefficient. The density of states of each adduct was calculated with the
vibrational frequencies and rotational constants listed in Table S2 or S3, without making a
correction for anharmonicity, and a classical densities of states treatment for the rotational
modes. The microcanonical rate coefficients for reactions over barriers were treated using
RRKM theory, with Eckart tunnelling applied where an H atom transfer occurred.®

The probability of collisional transfer between grains was estimated using the exponential
down model, where the average energy for downward transitions is designated <AE>down, and
the probabilities for upward transitions are determined by detailed balance.’! <AE>gown Was
assigned a small temperature dependence of the form 77. The collision rate of N, with the

10
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adduct as a function of temperature, Z(7), was calculated using Lennard-Jones parameters (o
and ¢) to characterise the intermolecular potential. The Master Equation (ME), which describes
the evolution with time of the adduct grain populations, was then expressed in matrix form and
solved to yield the recombination rate constant at a specified pressure and temperature. The
adjustable parameters used to perform a global fit to all the experimental data points for each
reaction were krec», 0, AE>down and f. Table 1 summarises the results.

Table 1. Parameters used in RRKM fits to the kinetics of reactions R1, R2 and R3.

ReaCthIl (AE)down ﬁ a krec,oo Z(T) b

cm!'  at cm® molecule™! s! cm? molecule™! 5!

298 K
AlO + H20 (R1) | 290 -0.5 | 7.0x 10" exp(-265/T) | 3.43 x 10710 (77298)"178
AlO +H> (R2) | 300 0.0 | Not applicable since | 2.52 x 10710 (77298)%178

first step is over a
significant barrier — see
Fig. 6(b)

Al + H20 (R3) 300 0 3.0 x 107 (77298) %197 | 2.52 x 10719 (77298)*178
Y (AE)down(T) = {AE)aown(T / 298)P

b Collision frequency between the adduct and Na. For R1, o= 3.5 A and glks = 300 K; for R2
and R3, o= 3.0 A and &/ks = 300 K.

AlO + H20

The recombination reaction R1la has a small submerged barrier (TS2 in Figure 6a) where the
initial AIO-H>O adduct rearranges to form the product AI(OH). The well is deep (-307 kJ mol
! with respect to the reactants). Hence, the recombination is very fast, and is in the fall-off
region over the experimental pressure range (Figure 2). The fitted value of <AE>qown of 290
cm! at 298 K is within the expected range for N, along with the small temperature dependence
of # =-0.5.3! The fitted Lennard-Jones parameters (footnote to Table 1) give Z(T) essentially
at the collision frequency. The fitted value of krec for reaction R1 is a factor of ~2.4 times
smaller than the dipole-dipole capture rate between AlO and H>O, with a small positive
temperature dependence.

The rate coefficient k1. can then be expressed by a Lindemann expression modified by a
broadening factor Fc *”: logio(kirec,0 / cm® molecule? s') = -32.9185 + 8.80276 logio (7) -
2.4723(1og10(T))?; logio(kiree / cm® molecule? s) = -19.4686 + 7.62037 logio (T) -
1.47214(10g10(T))2; Fc = 0.28, with an uncertainty of +13% within the experimental
temperature range (295 — 760 K).

In terms of AlO chemistry in planetary atmospheres, the termolecular channel R1a will usually
not compete with recombination of AlO with significantly more abundant species such as Oz
and COz or, in the case of the terrestrial atmosphere, bimolecular reaction with Os. 2> 3°

The bimolecular reaction between AlO and H>O can form either AIOH (R1b), OAIOH (R1c¢)
or OAIO (R1d). AI(OH) dissociates to AIOH without a barrier, although the overall reaction
enthalpy of R1b is 15 kJ mol™! endothermic. In contrast, the direct pathway via TS1 (blue route

11
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in Figure 6a) involves a barrier of 60 kJ mol™! and so is uncompetitive. Channel R1c involves
either a direct reaction over a significant barrier (red route, TS3 at 87 kJ mol ™), or dissociation
of AI(OH), to OAIOH + H which is endothermic by 26 kJ mol™! (Figure 6a). Reaction channel
1d to form OAIO + Ha is very endothermic (111 kJ mol™!). Hence, reaction 1b to form AIOH
+ OH via AI(OH); is the dominant bimolecular reaction channel (>99% over the temperature
range 300 — 1600 K):

ki(AlO + H,0 — AIOH + OH) = (3.8940.47) x 107'% exp(-(1295+150)/T) cm?® molecule’!
-1
s
This reaction channel will also very likely be too slow to be important in a planetary
atmosphere.

100

| T o AIOH + OH — :NOH il
AIO + 1,0 ; 9
2 5 ab ‘H L

o

-100 -

-200 +

Potential energy / kJ mol”

(@)

-300 ~

100

50 +

-B0 4

-100 ~

Potential energy / kJ mol™

-150 - ”\ =
W
>0 =TS

-200

Reaction coordinate

Figure 6. Potential energy surfaces for a) AlO + H>0 and b) AlO + Ha. The relative energies
include zero-point energy corrections. These are calculated using the G4 quantum chemistry
compound method.*®

AlO + Hz

The PES for this reaction is illustrated in Figure 6b. It is generally in good agreement with three
relatively recent theoretical studies,* *, particularly with Sharipov et al. ** who used G3
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theory. The products AIOH + H can be formed directly through H atom abstraction via TS1,
or indirectly via insertion of the AlO into the H-H bond via TS2 to form cis-HAIOH or trans-
HAIOH (connected by TS3), which can then dissociate to AIOH + H. As shown in Figure 6b,
TS1 is 17 kJ mol! lower than TS2, and so the direct pathway (red line in Fig. 6b) should be the
dominant pathway. In fact, it was not possible to match the experimental points with a TS1
barrier height of 45 kJ mol™! above the reactant energy. When this was reduced to 31 kJ mol™!,
a satisfactory fit was achieved to the experimental data points from the present study (Figure
5, red line). Although this difference of 14 kJ mol™! is greater than the average absolute
deviation of 5 kJ mol™! for energies of non-hydrogen molecules at the G4 level of theory,?
several of the significant outliers (> 10 kJ mol! absolute difference) in that study are Al-
containing molecules.

A possible explanation for the measured rate of R2 being faster than predicted with the
calculated TS1 barrier of 45 kJ mol! would be contamination of the H, with a leak of humid
lab air, since the bimolecular channel AlO + H>O (R1b) starts to become rapid above 500 K.
However, this possibility can be ruled out because the activation energy measured for k2 is 32
kJ mol™!, which is much larger than the 11 kJ mol™! measured for k15 (see above). Moreover, to
account for the apparent rate increase at 540 K would require a 7.5% air contamination in the
H> flow (at the measured lab relative humidity of 40%). At the highest experimental
temperature of 785 K, the H> flow would need to be more than 50% contaminated with room
air to explain the difference between k> calculated using the G4 theory barrier height and the
measured value.

The best fit to the experimental points in Figure 5 gives (400 - 2000 K):

k2(AlO + Ha — AIOH + H) = (5.3740.52) x 10713 (77300)77%19) exp(-(2190£110)/T)
cm? molecule! s7!,

with an uncertainty of £23% within the experimental temperature range (463 — 785 K). At 800
K, more than 99% of the reaction product is AIOH + H; 96.3% of the AIOH is formed via TS1,
2.3% from dissociation of cis-HAIOH, and 1.4% from dissociation of trans-HAIOH. The other
product, Al + H>O which is produced via the blue route in Figure 6b, is negligible (0.008%)

Al + H20 and AIOH + H

The same PES for reaction R2 can now be used to estimate rate coefficients for k3 and k4. As
shown in Figure 7a, a satisfactory fit to the experimental measurements of McClean et al. *° is
achieved, yielding (250-1200 K):

k3(Al + H2O — AIOH + OH) = (1.740.2) x 10712 exp(-(422+50)/T) + (1.5£0.4) x 10719 exp(-
(2657+190)/T) cm® molecule™ s™!.

The MESMER calculation captures the experimental data below 600 K significantly better than
the canonical variational theory fit of Sharipov ef al. 3, as shown in Figure 7a. AIOH is
predicted to be the only significant product (>99%). At 300 K, 19% of the AIOH is formed via
TS5 (Figure 6b), 42% via TS4 and trans-HAIOH, and 39% via TS3, TS4 and cis-AlIOH. The
amount of AlO, formed via TS4, TS3 and TS2, is negligible (1.8 x 10 %).

The calculated rate coefficients for the two reaction channels of AIOH + H (R4) are shown as
a function of temperature in Figure 7b. Arrhenius behaviour is predicted from 700 — 2000 K:

kaa(AIOH + H — AIO + H») = 8.89 x 107! exp(-9092/T) cm? molecule™ s™!
kan(AIOH + H — Al + H,0) = 4.31 x 10! exp(-9457/T) cm® molecule™ s™!
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The ratio of AlO to Al product ranges from 2.5 to 3.5 over this temperature range. For channel
R4a at 1300 K, AlO + H» is produced via TS1 (94%) and TS2 (6%); for channel R4b, Al +
H>O0 is produced via TS4 (52%) and TS5 (48%) (see Figure 6b). For reasons that are unclear,
although the activation energy of 8762 K calculated by Sharipov et al. * for ks, is in good
agreement with the present result, the pre-exponential factor (between 700 and 2000 K) is a
factor of 260 times smaller. That study did not consider the other significant channel which
produces Al + H>O (R4b).

T/K
1200 1000 700 500 400 300 250
° Experiment (Maclean et al., 1993)
RRKM fit (this study)
— —— Canonical variational theory
" 10" (Sharipov et al., 2011)
‘o
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[§)
o
g 10-12 4
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£
[$)
> Al+H,0 —AIOH +H S~
10713 4 T~
i (a) =
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Figure 7. (a) RRKM fit (black line) to the experimental rate coefficients (points with error
bars) from Maclean et al. % for the reaction between Al and H,O. A canonical variational
theory fit from Sharipov et al. ** is also shown. (b) Theoretical rate coefficients for the reaction
of AIOH with H, producing either Al + H>O or AlO + Ho.

Implications on the chemistry of A1Q and AIOH around an AGB star

We now incorporate these results on R1 — R4 in a model of the outflow from an AGB star,
where the radial position » from the star is expressed as a factor of R+ (where 1R+ is the radius
at the stellar surface). As an example, we consider a Semi-Regular Variable (SRV) star.** Here
we model the stellar outflow with a beta-velocity law, which takes into account the net
acceleration of the wind without explicitly considering pulsations:

Va(r) = vo + (Voo - v0)(1- RefFY (E3)
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where v« is the terminal velocity, which is 5.7 km s™! for the SRV model,'* vo = v(R+) = 1.5 km
s is the initial velocity at the stellar surface R+ (= 2.5 x 10'* cm), and the parameter S = 1. The
temperature profile is given as a power-law with an exponent oo = 0.6 and the density is
expressed using the pressure scale height H = RT R+*/ (uM~ G), the Ideal Gas Law, and a
parameter y = 0.89 (for details, see e.g. Gobrecht et al. '° and references therein):

T(r) = T+(r/R+)™
and  n(r) = n exp(R«(1 — y* YI(H(1 - a)) (1 - r/R»)*")

(E4)
(ES)
The surface pressure n+= 10'* cm™ and the effective temperature T+ is 2400 K.

The chemistry is modelled using a kinetic network which is solved with the FORTRAN routine
LSODE.* The network includes 40 neutral molecular species and 105 reactions pertaining to
the circumstellar environments of O-rich stars. Here, we assume a C/O ratio of 0.75
corresponding to the FRUITY stellar evolution model of a solar metallicity (Z=0.014) star with
an initial mass of 1.5 M=, having experienced 3 (out of a total of 5) dredge-up mixing
episodes.*! The species in the network include the prevalent species Hz, H, CO, CO», H,O, OH
and SiO.*. The rate coefficients are adopted from the NIST kinetics database.* The densities
of Hz, H and H>O (relevant for R1 to R4), as well as the temperature 7, are illustrated in Figure
8a as a function of radial position expressed as a factor of Rx.
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s wie H 2200
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——= J(AIO)
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=
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Figure 8. (a) Predicted densities of Ho, H, H>O and T as a function of radial position for the /-
velocity trajectory model of a SRV star. (b) and (c) First-order removal rates of AlO and AIOH,
respectively, as a function of radius.

The photolysis rates of AIOH and AIO were computed by using the time-dependent density
function theory (TD-DFT) method ** to calculate the vertical excitation energies and transition
dipole moments for transitions from the ground state of each molecule up to the first 30
electronically excited states. The resulting absorption cross sections are illustrated in Figure 9.
Each cross section was then convolved up to its dissociation threshold with a model stellar
irradiance flux from the MARCS data-base for an evolved star with 7+ = 2500 K (the lowest
stellar T+ in the MARCS data-base).*> The irradiance spectrum is plotted in Figure 9. The
photolysis threshold was set to correspond to the bond dissociation energy at the G4 level of
theory, which is an upper wavelength limit. This is because a photon with more than the bond
energy may be required depending on the position of the upper dissociating electronic states,
which have been explored in detail by Trabelsi and Francisco “6. These thermodynamic
thresholds are illustrated in Figure 9. When computing the photolysis rate as a function of
increasing temperature, the threshold was red-shifted to take account of the increasing internal
energy of the molecule. We also assume here that AIOH photolyses to AlO + H rather than Al
+ OH (which is 76 kJ mol™! higher in energy).

The resulting first-order photolysis rates are then: J(AIOH) = 1.5 x 10* exp(1.40 x 103 T,
and J(AIO) = 9.7 x 107 exp(1.02 x 107 T) at 1R+. At a temperature of 2000 K, photolysis of
AIOH is predicted to be 500 times faster than photolysis of AlO. This arises because although
AlO has relatively large absorption features in the near-UV/visible, these are beyond its
photolysis threshold, and stellar irradiance falls rapidly in the near UV (Figure 9). We assume
that in the inner wind the dust-to-gas ratio is too small > !¢ for optical extinction by dust to
significantly attenuate these rates.

1018
- 1017

1018

6 - =
1015 'E
=
10"
‘v
4 i 1013 o
1012 LE>
] c
—— AIO cross section 10M o
—— AIO cross section O
=
o

Stellar irradiance 1010

10°
108
0 A . T 1 + 107
150 200 250 300 350

Wavelength / nm

Absorption cross section / 107" em?

Figure 9. Absorption cross sections of AIOH and AlO computed using time-dependent density
function theory.!” The vertical dashed lines indicate the photolysis thresholds at 252 and 237
nm, respectively, computed from the relevant bond dissociation energies. Also shown (right-
hand ordinate axis) is the spectral irradiance at the surface of an evolved star with an effective
temperature of 2500 K, derived from the MARCS data-base.*’
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Figure 8(b) and (c) show the first-order removal rates of AIO and AIOH, respectively, as a
function of r. The reaction rates generally decrease with stellar distance because of the
decreasing densities of the excess reactants (Hz, H and H>O) and temperature (Figure 8a).
J(AIO) and J(AIOH) decrease as r 2. With the caveat that J(AIOH) is an upper limit, this
photolysis rate could exceed the rate of reaction of AIOH with H (R4) at distances larger than
~2.2R+ (Figure 8c).

Note that the first-order rates in Figure 8 are faster than 107 s! at distances out to 3R+. The
expansion rate of the outflow is given by vs(r)/r, which varies between 7 x 10° and 5 x 10 s™!
over this distance. Hence, the rate of chemical conversion between AlO, AIOH and Al is much
faster than the expansion rate, and the kinetic steady state approximation can be applied. For
this simple model which only involves these three Al-containing species, the total Al density
[Al]worat = [Al] + [AIO] + [AIOH], which we set equal to its photospheric abundance 2.82 x 10
relative to H (= 2[Hz] + [H]). ¥ At steady-state,

[ AIOH] — [Altotal]/ - [H] (E6)
k4plH Jalo kaqlHl+/al10H
(1 + k3[H,0] + (1 + k3[H20]) (k1b[H20]+k2a[Hz]+]Alo)>

_ k4q[H]+] Al10H
[AIO] = (klb[H20]+k2a[H2]+]A10) [AIOH] (E7)

and  [Al] = [Al.] — [AIOH] — [AlO] (E8)

Figure 10 illustrates the abundances of Al, AIO and AIOH with respect to the total gas density
(i.e. [H] + [H2]), as a function of r. The uncertainty envelopes for each species were determined
using a Monte Carlo procedure to calculate the standard deviations of 1000 model runs in which
kib, k2a, and k3 were randomly sampled within their 16 uncertainties (using the uncertainties in
the rate coefficient expressions in the earlier parts of the Discussion). k4. and k4p, were estimated
by detailed balance with k2. and k3, respectively, including random sampling within a +6 kJ
mol ! uncertainty in the reaction enthalpies of R2a and R3 (the expected uncertainty of G4
theory??). AIOH becomes the most abundant Al species at r > 1.8Rx, tracking the increasing
ratio of H» to H which exceeds unity at around 1.3R= (Figure 9a), allowing R2 to dominate over
R4.

The red dashed line in Figure 10 shows the AlO profile when photolysis is turned off: this
relatively minor species decreases by about two orders of magnitude at a distance of 3R+. The
corresponding change in AIOH is relatively small (increase of only 0.8%) because it is already
overwhelmingly the dominant Al species. Recent observations '*#® have detected AlO in the
inner winds of SRV type stars with abundances of the order of 108. The modelled AlO
approaches 3 x 107 at 3R+ (Figure 10), and so is clearly in accord with these observations. Even
without photolysis, AlO reaches 3 x 10® at 1.6R=, which is only a factor of 3 below the
observations (which in turn are quite uncertain because of assumptions that have to be made
about thermodynamic quantities in the CSE).
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Figure 10. Fractional abundances of AIOH, AIO and Al with respect to the total gas density
(i.e. H + H»), as a function of the radial position R: (black curves, filled grey areas are
uncertainty envelopes), predicted by the SRV model with a f-velocity trajectory and steady-
state kinetics. The red dashed line indicates the AlO abundance when photolysis of AIOH and
AlOQ is turned off.

In contrast, observations of AIOH around AGB stars show that the abundance of this molecule
is < 107, * compared with a value of 5 x 10 in our model. There are two likely reasons for
the model overprediction by a factor of more than 50: first is that pulsation-induced shocks,'®
which involve rapid heating that would recycle the AIOH to Al, are not included in our simple
outflow model; and second, much of the Al eventually becomes locked up in alumina
nanoparticles (see the Introduction), rather than remaining in the gas phase.

Finally, Figure 10 shows that the [A1O]/[AIOH] ratio beyond 1.8R+ depends strongly on the
inclusion of AIOH photolysis. An experimental measurement of the AIOH photolysis cross
section should therefore be a priority in future laboratory work.

Conclusions

The reactions of AlO with H,O and H> were measured using the PLP-LIF technique in a
temperature-controlled slow flow reactor. The full set of measured rate coefficients for the
reactions AlO + H>O (R1) and AlO + H> (R2) are listed in Table S1. These reactions were
shown to occur via multiple pathways over complex potential energy surfaces. The surface for
R2 also describe the reactions between Al + H,O (R3) and AIOH + H (R4). Satisfactory fits of
a Master Equation solver for reactions with multiple energy wells to the experimental data
provide the rate coefficient expressions for R1 — R4 summarized in Table 2. These are
appropriate for modelling Al chemistry in stellar outflows and planetary upper atmospheres.

In the inner region of the outflow from an evolved star, where not enough dust has been
produced to cause significant optical extinction in the near-UV, the photolysis of AIOH and
AlO needs to be considered. Upper limits to the photolysis rates of these molecules were
estimated by calculating their absorption cross sections and setting the photodissociation
threshold equal to the relevant bond energy, as well as assuming that AIOH only photolyses to
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AlQO. The stellar outflow chemistry of Al was then investigated using a S-trajectory model of a
Semi-Regular Variable AGB star, where the kinetic steady-state approximation is valid. This
relatively simple model predicts that AIOH is the major gas-phase Al species beyond two
stellar radii, and shows that the relative Al1O abundance is very sensitive to the AIOH photolysis
rate.

Table 2. Summary of rate coefficients determined in this study.

Reaction Rate coefficient?
Rla AlIO + HO (+ N2) — logio(kirec,o/ cm® molecule? s7') = -32.9185 + 8.80276
Al(OH)2 logio (T) - 2.4723(10g10(7))2; logio(kireco / cm’

molecule! s!) = -19.4686 + 7.62037 logio (T) -
1.47214(log1o(T))*; Fc = 0.28 (uncertainty +13% from
295 — 760 K)

R1b AlO + H2O — AIOH + OH  (3.89+0.47) x 1079 exp(-(1295+150)/T)
R2a AlO+H; — AIOH +H (5.3740.52) x 10713 (77300)>77*919) exp(~(2190+110)/T)

R3 Al+H,O — AIOH+H (1.7£0.2) x 10712 exp(-(422+50)/T) + (1.5+0.4) x 1071
exp(-(2657+190)/T)

Rda AIOH +H — AlO + H; 8.89 x 10" exp(-9092/T) ®
R4b AIOH +H — Al + H,0 4.31 x 10! exp(-9457/T) ®

@ Units for bimolecular reactions: cm® molecule! s!. ® Theoretical estimates, not fitted to
experimental data.

Supporting Information: Table S1 provides a list of second-order rate coefficients measured
for reactions R1 and R2, as a function of temperature and pressure (and bath gas for R2). Table
S2 lists the molecular properties and heats of formation (at 0 K) of the stationary points on the
AlO + H2O potential energy surface. Table S3 lists the molecular properties and heats of
formation (at 0 K) of the stationary points on the AlO + H» potential energy surface.
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