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Abstract

The kinetics of I + O3, IO" + O3, and IO" + O are measured using a selected-ion flow tube
apparatus over the range 160 — 300 K. Recommended rate constants (cm?® s') are: I' + O3 k =

8.9 +1x 1071 (=) ™015;10" + 03 k=8+2x 107 10"+ Ok =16+

0.5x 10710 (ﬁ)"z cm® 57!, The IO + O; reaction yields primarily 10," + O», with an upper

limit on I + 202 of 10! cm® s!. The results are supported by density functional calculations. A
previously reported implementation of iodine chemistry using the Whole Atmosphere
Community Climate Model is updated with these values and the chemistry of iodine in the upper
atmosphere discussed.

Introduction

Early assessments of the impact of spacecraft and rocket exhaust on the upper atmosphere did
not show large cause for alarm.!> However, the dramatic increase in the number of spacecraft
operating in low earth orbit requires updating and expanding those assessments.> ¢ Motivated by
the development of iodine as a fuel for Hall thrusters powering nanosatellites,”® recent work by
some of the present authors highlighted the effects of iodine in the stratosphere and
mesosphere/lower thermosphere.’

The effects of iodine on the upper atmosphere as well as the lifetimes of iodine-containing
neutrals and cations were estimated by extending the Whole Atmosphere Community Climate
Model (WACCM) model'® with the pertinent iodine chemistry. Unfortunately, rather little iodine
cation chemistry has been reported in the literature,' !¢
constants involving I'" and 10" to be estimated,

requiring several relevant reaction rate

I'+ 05 > 10" + 0, AHC = -2.02 £0.02 eV (1)



[0"+0> T +0;, AHC = -2.04 £0.02 eV (2a)
S1+0° AHC = -0.42 £0.02 eV (2b)

Oy +1>T"+0; AHC=-1.6184(4) eV 3)
[0"+e>1+0 AHC = -7.37 £0.02 eV (4)

where 0 K thermicities are derived from the Active Thermochemical Tables.!” Reaction 1 was
assumed to occur at 4.5 x107'% cm? 57!, two-thirds the Langevin capture rate constant.'®

Reactions 2 and 3 were assumed to occur at the Langevin capture values, 5.5 x10'% cm® s™! and
1.07 x10? cm® 57!, respectively, with reaction 2 proceeding entirely through channel 2a.

Reaction 4, the dissociative recombination of IO, was assumed to have the same rate constant as
the dissociative recombination of 02", 2x107 cm® s! at room temperature.

Here, we provide experimental determinations of the relevant I and IO chemistries with O, O»,
and O3 between 150 — 300 K, covering most of the atmospherically relevant temperature range.
The charge exchange reaction 3 with neutral iodine atoms and the dissociative recombination of
10" reaction 4 are not addressed. The updated rate constants are incorporated into the prior
WACCM-X model and the impacts discussed.

Methods
Experimental

Kinetics were measured using the previously described variable-ion source temperature-
adjustable selected-ion flow tube (VISTA-SIFT) shown in Figure 1.!> Briefly, reactant ions
(either I or IO") were produced in a flowing afterglow source.'”> Helium (99.999% Matheson)
was discharged inside a 17 diameter glass tube passing through an Evenson-style cavity'’
operated at 30 W and 2.6 GHz. Resulting He*, He>", and metastable He" entered a 5-cm
diameter stainless steel flow tube operated at ~ 1 Torr and reacted with CF3l introduced through a
precision needle valve (Granville Phillips). Multiple species were produced, including I". The
concentration of CF3l, while not explicitly determined, was kept small (<10'! cm™) to minimize
the secondary reaction of I'* with CF31.'"> Quenching of excited states of I by the helium buffer
gas is inefficient and an additional quenchant (N2O ~100 std. cm® min™') was added downstream.
The presence of excited states of I" was monitored by reaction with Cl,.!* A single-exponential
decline in the I* signal, consistent with the literature rate constant (k =4.5 x 107" cm? s™),
indicated that the reaction was dominated by the ground-state *P> channel. Excited state reactants
(either the triplet spin-orbit states or the singlet electronic state) may remain present at <5% of
total ions. 10" was produced by oxidation of I" by O3 in the flowing afterglow source; a mixture
of Oz and O3 was introduced using an O3 generator.



Ions were transported through a series of rectilinear quadrupole ion guides?® and quadrupole
benders (the benders couple to alternative ion sources not used in the present study) to a
quadrupole mass filter. The desired reactant ion was mass-selected and transported to the
reactant flow tube using a series of trapezoidal ion guides to compress the radial extent of the ion
packet and a Venturi inlet to inject the ions into a large helium flow (typically 14 std. L min™!)
entering the reaction flow tube.

Neutral reactants were introduced either 59 cm (O2, O3) prior to the terminus of the 1-m long, 7.3
cm diameter stainless steel flow tube through 1/8” diameter finger inlets or 49 cm (O) from the
terminus though a 2" pyrex tube, surrounded by stainless steel shim to prevent charging. The
pressure of the flow tube was monitored using a capacitance manometer through a port 29.5 cm
prior to the terminus. Typical flow tube pressure was 0.35 Torr. The temperature of the flow
tube was varied from room temperature to 150 K by flowing liquid nitrogen through three zones
of copper coils surrounding the flow tube plus precooling the helium. The temperature of each
zone was actively monitored using an resistive temperature device (RTD) and the liquid nitrogen
flow metered using solenoid valves actuated by proportional-integral-derivative (PID)
temperature controllers (Omega).
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Figure 1. Cartoon schematic of the VISTA-SIFT apparatus as used in the present experiment.

Ions were sampled through a 2-mm aperture in a rounded molybdenum nose cone and
transported to a high vacuum region using a rectilinear quadrupole ion guide. Ions entered an
orthogonally-accelerated Reflectron time-of-flight mass spectrometer (Jordan TOF, Inc.) pulsed
at 10 kHz and were detected using a “Z-stack” of three microchannel plates and counted by a
time to digital converter (Fast ComTec).



Kinetics with the three oxygen allotropes were measured in separate experiments by monitoring
reactant and product ions as a function of neutral concentration. Oz (99.999%, Matheson)
reactant was used neat and metered using a mass flow controller.

O3 was produced using a commercial generator (Absolute Ozone, Atlas). Oz (99.98% Matheson)
was partially converted to O3 and metered using a mass flow controller (MKS Inst.) into a 10-cm
long absorption cell. The transmission of light from a deuterium lamp source (OtO photonics
LS-DH) through the cell was monitored using a UV/VIS spectrometer (Ocean Optics, STS-UV).
The O3 concentration was determined from the absorption at 298 nm, the total mass flow rate,
and the pressure in the absorption cell.?! Typical O3 concentrations were 16% of the nominal O

flow.

O(*P) was produced by microwave discharge of dynamically-mixed helium and between 0 — 4%
0,.22 The O(C’P) concentration was quantified by VUV absorption spectroscopy using the
multiplet near 130 nm. About 10% of O2 were dissociated at smaller Oz flows, decreasing to
about 8% at higher O, flows. Charge transfer and oxygen abstraction reactions of I'" and 10"
with O, and O2('A,) are endothermic and cannot occur under thermal conditions. An alternative
method of producing O(°P) by titration of N with NO was disfavored due to the complication of
competing reactions of IO with N and NO. In separate experiments, the rate constants derived
using these two methods have been consistent; further details are given in supporting
information.

Quantum Chemical Calculations

Density functional calculations were performed at the B3LYP/def2-TZVP level? using the
Gaussian 16 quantum chemical package.?* Minima and transition states were confirmed to
contain either zero or one imaginary frequency under normal mode analysis. Intrinsic reaction
coordinate calculations were performed on each transition state to confirm the connecting
minima. Where energies are reported, they are zero-point corrected. All species were calculated
unrestricted at singlet, triplet, and quintet multiplicities.

Kinetic Analysis

Kinetic data was analyzed using the Statistical Kinetic Analysis (SKA) method. The reaction
system is represented as a system of ordinary differential equations (ODEs) and numerically
integrated using a Dormand-Prince 5(4) solver for a given set of rate constants and the initial
concentrations of each species. By repeatedly integrating this set of ODEs to the reaction time,
and for each of the neutral concentrations, a simulated matrix of each species is produced for our
reaction conditions. This simulated matrix is compared the measured matrix to calculate a
goodness-of-fit (GOF) value that quantifies how similar the matrices are. A best fit is found by
varying the rate constants to minimize the GOF using the JADE implementation of the
differential evolution algorithm, and the rate constants are recorded.



Error is analyzed by bootstrapping. The measured data is resampled, with replacement, to
produce a trial set of data. This trial is then refit using the same method as above, and the best fit
rate constants are recorded. This process is repeated 500 times to build up a distribution of best
fit rate constants, with the error in each rate constant represented by the total width of its specific
distribution.

Results
Quantum chemical calculations

Calculated reaction coordinates for the indicated reactions are shown in Figures 2 - 5. In
addition to reactions 1-4, this includes

10"+ 03 2> 102" + O AH°=-3.0eV (5a)
>1 +20; AH°=-1.0eV (5b)

where the thermicities are calculated at the B3LYP/def2-TZVP level. Spin-orbit coupling is not
considered in the calculations although it is certainly significant in these systems.
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Figure 2. Reaction coordinate for I + O3 calculated at the B3LYP/def2-TZVP level. The
multiplicity of each coordinate [triplet (red), singlet (blue)] is indicated. A quintet state of
107(0y) is omitted for clarity. Leading superscripts indicate the multiplicities of separated
species. lodine atoms are shown in purple, oxygen atoms are shown in red.

Some general chemical intuition concerning these systems is gained by noting that I'" is valence
isoelectronic with O, IO with O», and 10," with O;. I*, like O, has a *P» ground state, but with
much larger spin-orbit splitting between the J = 0 and 1 states. Calculated IO" and 10,"

structures are shown in Figure 3. IO has a triplet ground state with a singlet excited state, like



O, but with a larger splitting of 1 ¢V. 10" has a significantly smaller bond dissociation energy
(3.05 eV) than O, (5.11 €V). 10, can form an analogue to O3, a triplet Cav structure, calculated
to be slightly (0.2 V) higher in energy than the electrostatically bound triplet I'(O2) isomer. The
['(Oy) structure is weakly bound (0.2 eV) to O, dissociation, while the O3 analogue is more
strongly bound due to a > 1 €V barrier that must be overcome to dissociate. The OI'-O BDE is
calculated to be 2.0 eV, larger than that of O2-O, 1.1 eV. The interplay of IO;" structures is
illustrated in Figure 4.
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Figure 3. Structures of [O" and 10," calculated at the B3LYP/def2-TZVP level. Bond distances
(A), bond angles (degrees), multiplicities (in parentheses), and energies relative to the triplet

ground states are indicated. lodine atoms are shown in purple, oxygen atoms are shown in red.
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Figure 4. A portion of the [I02]" system calculated at the B3LYP/def2-TZVP level with singlet
(blue), triplet (red), and quintet (green) multiplicities. Leading superscripts indicate the
multiplicities of separated species. lodine atoms are shown in purple, oxygen atoms are shown in
red.

Reaction 1, I" + O3, (Figure 2) is calculated to be barrierless. It is exothermic to produce either
excited state singlet O» or singlet IO*. Reaction 2, IO + O, (Figure 5) can proceed on singlet,



triplet, or quintet reaction surfaces. The triplet and quintet pathways are calculated to have small
energetic barriers, while the singlet pathway is fully submerged. Crossing points between
surfaces were not explicitly calculated but given the large spin-orbit coupling expected for heavy
atoms, intersystem crossing is likely to be efficient.
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Figure 5. Reaction coordinate for [O" + O calculated at the B3LYP/def2-TZVP level. The
multiplicity of each coordinate (singlet (blue), triplet (red), quintet (green) ) is indicated. Leading

superscripts indicate the multiplicities of separated species. lodine atoms are shown in purple,
oxygen atoms are shown in red.
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Figure 6. Reaction coordinate for IO" + Os calculated at the B3LYP/def2-TZVP level. The
break indicates the loss of an initial O»; to the right of the break the possible sequential loss of a
second Oz . The multiplicity of each coordinate (triplet (red), singlet (blue), and quintet (green) )
is indicated. Leading superscripts indicate the multiplicities of separated species. lodine atoms
are shown in purple, oxygen atoms are shown in red.



Reaction 5, 10" + O3, (Figure 6) is exothermic both to oxidation of IO" to I0," and the “apparent
reduction” of 10" to I'".  Although reaction 5b could appear to reflect I'" oxidation of O3, it is
better understood as a harsh oxidation of IO" by O3 that leaves the 102" product with enough
internal energy for further dissociation. To proceed on the triplet surface of the initial oxidation,
the reaction must overcome a small energetic barrier

Kinetics

Bimolecular reactions of I and 10" with O are highly endothermic and cannot occur under
thermal conditions. Association of I" with O is bound by 0.2 eV as calculated at CAM-
B3LYP/def2-TZVP. The calculated equilibrium constant reaches K°=~1 at 150 K. Statistical
calculations indicate a small rate constant of less than 10> cm® s! at that temperature, negligible
in the upper atmosphere. Note that any association would be expected to form triplet I'(O.) as
the O3 analogue singlet OIO" is calculated 0.2 eV higher in energy and would require a
substantial barrier to rearrangement. 103" similarly is calculated to be a weakly bound (0.2 eV)
cluster and the association to IO"(O2) may be stable at below ~150 K. Empirically, I'" and 10"
are, as expected, inert to O2 under the experimental conditions here with rate constants <10°

12 emd sl

I'+0,>10"+0 AH° =2.05 £0.02 eV (6a)
> 17(0y) AH® =-0.2 eV Kago = 0.07 (6b)
10" +0,> 10, + 0 AH =3 eV (7a)
> 107(0y) AHC =-0.2 eV Kago = 0.4 (7b)

Thermicities with uncertainties indicated are derived from literature values where available,!’
and from calculations at the B3LYP/def2-TZVP level where not. This fact simplifies the
experimental measurements of reaction with O and O3, obviating the need to produce those
species without O; present or to deconvolute the reactivity.

Typical measured ion counts of reactant 10" as a function of O(*P) concentration are shown in
Figure 7. A single exponential decay of IO" was observed. Reaction 2b, production of O>", was
not observed, setting an upper limit of 102 cm? s”!. Derived rate constants and uncertainty
distributions for reaction 2a as a function of temperature are shown in Figure 8.

The rate constants kaa is well-represented across this temperature range by 1.6 £0.5 x101%cm? s™!
(T /200 K)2. The Langevin capture rate k is 5.5x107'% cm® s, and somewhat larger (kcqp = ki +
1.1x101% cm? 7! (T / 200 K)°3%) if attraction due to higher order electric moments of 0" are
considered.?>*® Extrapolation of the power law fit will exceed kcq» and become unphysical at
temperatures below 100 K.
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Figure 7. . Example measured counts of IO" and I" as a function of O atom concentration at 250
K. Multiple data sets are simultaneously fit, shown by different shades of blue (I0") and green
(I"). The dark lines indicate the median fit, with shaded regions showing the uncertainty.
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Figure 8. 10" + O — I" rate constant as a function of temperature. Rate constants are shown as
violin plots, where the widest part is the most probable value. Taller violins represent less well
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defined rate constants than shorter ones. The most probable, and extreme points, as shown by
solid horizontal lines. The uncertainty in a rate constant is taken by the total spread of the
distribution.

Typical measured counts of I" and products as a function of O3 concentration are shown in
Figure 9.
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Figure 9. Measured ion counts for I" + O3 — IO" + O and subsequent reactions as a function of
O3 concentration. Multiple data sets are fit simultaneously, indicated by different shades of blue
(I'"), green (I0M), red (I02"), brown (O2"), pink (IOs"), and gray (I0s"). The dark lines indicate
the median fit, with the shaded regions indicating the uncertainty.

Derived rate constants and uncertainty distributions for reactions 1 (I"' + O3) and 5 (I0" + O3) as
a function of temperature are shown in Figure 10.
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Figure 10. Rate constants for the reactions I" + O3 — 10"+ O; (blue) and IO" + O3 — " + 20,
(green) as a function of temperature. Rate constants are shown as violin plots, where the widest
part is the most probable value. Taller violins represent less well-defined rate constants than
shorter ones. The most probable, and extreme points, as shown by solid horizontal lines. The
uncertainty in a rate constant is taken by the total spread of the distribution.

Reaction 1 (I" + Os) proceeds near the capture rate constant?’ (8.9x10'% cm? s (T/200K) 13
with the temperature dependence due to the dipole moment of O3 (contributions from higher
order terms are negligible). The apparent dip at 200 K is most likely an artifact of the
experiment or of the analysis, but not one we were able to identify. We recommend the capture
rate constant for reaction 1 at all temperatures.

Reaction 5a, I0" + O3 = 102" + Oz proceeds with an average rate constant of about 8x10°!! cm?

s, The 200 K point may be spuriously low. The reaction occurs well below the capture rate
constant (8.7x1071% cm? s! (T/200K)*!1%) with a possible large hard sphere component increasing
the value by ~20% at 300 K). The slight dip in the temperature dependence makes extrapolation
outside the temperature range difficult. We recommend 8+2 x107!! cm? s! across the
temperature range. The product here must be the Oz analogue, singlet OIO™, which is metastable
but significantly more bound than the lower energy I7(O>) isomers.

Reaction 5b, the harsh oxidation reforming I", occurs inefficiently, if at all. The reaction would
present itself as “curvature” in the primary I decay. Such curvature is absent for the first two
orders of magnitude decrease in the I'" signal and possible (but not clearly present) only in the



12

third order of magnitude decrease. The data provide an upper limit of 107! cm? s! on reaction
5b.

Despite being significantly exothermic, we see no definitive evidence of the bimolecular reaction
8a of I0," with Os. Instead, the association reaction 8b

10, + 03 > 10" + 20, AH°=-18¢V (8a)
10, + 03 + He > 105" + He (8b)

is observed occurring close to the capture rate, along with further clustering with O3 to yield I0g"
and IO11" at the lowest temperature. At most, ~10% of reaction 8 occurs through 8a under the
present conditions.

Table I. Recommended rate constants for IOy + Oy reactions

Reaction k (cm® s
I'+ 0, <1012
10"+ 0, <102
I0"+0>1"+0; 16 £0.5x 1070 (=72 [T> 100K
5.5x10"1°+ 1.1x10"'° (T / 200 K)**°| T<100 K
I+ + O3 > 10+ +0O 8.9 +1x 10—10 (L)—ms
200 K
10"+ 03 2 10" + O3 8+2x10"1!
10"+ O3 2 10" + 20, <5x10"11

Atmospheric Implications

The measured rate constants were input into the global 3-D Whole Atmosphere Community
Climate Model (WACCM), which extends vertically from the surface up to the lower
thermosphere (~140 km).%?® As in our previous study of the impact of thermospheric iodine
emissions on the stratosphere,” we employed for the present study WACCM version 4
(WACCM4), which uses the NCAR community Earth System Model (CESM version 1.1.1) as a
common numerical framework.”” WACCM4 is a comprehensive numerical model with detailed
descriptions of processes throughout the atmosphere (e.g., Marsh et al.>°), which has been widely
used for the Coupled Model Intercomparison Project (e.g., Eyring et al. 3!), Chemistry-Climate
Model Initiative (CCMI) (e.g., Morgenstern et al.,*> Orbe et al.**), and other detailed process
studies. The horizontal resolution is 1.95° latitude x 2.5 ° longitude, with 88 vertical levels from
the surface to 5.96 x10° hPa, providing a vertical resolution of ~1.2 km in the troposphere/lower
stratosphere and ~3.5 km in the mesosphere/lower thermosphere.

For neutral iodine chemistry we used the detailed chemistry scheme from Cuevas et al. (2022),%*
supplemented by reactions of HOI and HI with O and H atoms, where the rate constants are
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estimated by quantum theory calculations and transition state theory.” For the ion-molecule
chemistry of iodine, I" forms from charge transfer between I and O,", and neutralization through
dissociative recombination of 10" with electrons.’ In the previous study, reaction 1 (I + O3) was
assigned a rate constant of 4.5 x1071° cm® s™! independent of temperature; this estimate is ~66%
of the simple Langevin capture rate constant, which accounts for the branching ratio into the *10*
ground state (Figure 2). However, the present study shows that the reaction rate is significantly
enhanced by the O3 dipole moment. Assuming that 10" is rapidly quenched to *IO" by collisions
with air molecules, or reacts at a similar rate as *IO* with O and electrons, we now adopt the
measured k; in WACCM i.e. a rate which is ~2 times faster at 200 K. For reaction 2a (I0" + O),
the measured rate constant at 200 K is 3.4 times slower than the Langevin limit used in Feng et
al. (2023), and this discrepancy will increase in the warmer lower thermosphere. Of the other
reactions in Table 1, reaction 5a oxidizes I0" to I0,". 10," very likely reacts with O to form 10"
+ O,. The rate constant for this reaction was set to that for reaction 2a, and the rate constant for

3

dissociative electron recombination of 10," was set to the (typical) value of 2 10”7 cm® s™! used

for dissociative recombination of IO*.

In order to observe the changes in iodine chemistry in the middle and upper atmosphere that
result from the present study, two simulations of 1 year duration were performed. The control run
used the base case scenario of thermospheric injection of I" from small satellites (TII1) and
original iodine chemistry in Feng et al. (2023). The second run used the modified ion-molecule
chemistry from the present study. The specified-dynamics (SD) version of WACCM (SD-
WACCM), which is nudged to the MERRA-2 reanalysis dataset,>> was used to ensure that both
model simulations had the same winds and temperatures below 50 km.*® Both simulations used
the same initialization conditions file produced after running for 15 years up to 2013.° The model
was then run for the whole of year 2014 (this is because the observed external forcings used from
CMIP6®! are only available up to early 2015).

Figure 11 shows the vertical profiles (globally averaged) of I" and I, for the base case run’ and
with the new rate constants and chemistry from the present study. As expected, given the
increase in ki and decrease in ks, in the new chemistry, there is an increased rate of neutralization
of I', so I increases and I" decreases (cf. the red and black curves in Figure 11(a)). The lower
panel (b) shows the fractional change in I, which starts to increase from zero below 110 km,
where Os; present at sufficient concentrations for reaction 4 to come into play. The largest
fractional increase (a factor of 1.8) occurs just above 80 km. The fractional change returns to
zero below 60 km because the I concentration is several orders of magnitude larger than I*, as
shown in Figure 11(a). The fractional change in I" is zero above 110 km (where there is very
little O3) and then becomes increasingly negative at lower altitudes.
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Figure 11. (a) Vertical profiles (globally averaged) of the I" and I concentrations, for the base
case run’ and with the new chemistry and rate constants from the present study; (b) the fractional
change in I" and I as a function of altitude.

A more detailed picture is provided by the diurnal variations in the vertical profiles of I'", T and
their ratio, shown in Figure 12. These are annual averages, at the equator. The top row shows the
results from Feng et al. (2023), and the bottom row the results from the present study. Note that
the large increase in I (panels (a) and (d)) during daytime below 60 km results from the
photolysis of various neutral iodine-containing reservoir species (HOI, INO3 etc.). In this region
of the atmosphere ion-molecule chemistry is not significant, so the two models are essentially
identical. With the new chemistry there is an increase in [ between 60 and 100 km (panels (a) and
(d)) accompanied by a marked decrease in I" (panels (b) and (e)). Comparing the I"/I ratio plots
in panels (c¢) and (f) illustrates the balance shifting to I between 60 and 100 km with the new
chemistry.
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row shows the results from Feng et al. (2023),” and the bottom row the model results with the

new chemistry and rate constants.

Conclusions

The kinetics of ion-molecule chemistry of I0," (n = 0 — 2) with O, O», and O3, of upper
atmospheric interest, were measured over the temperature range 160 — 300 K. The rate
constants for these reactions had previously been estimated and implemented in WACCM to
determine the impact of iodine released from small satellite propulsion systems. The model was
updated using the rate constants reported here. Above 100 km the changes to the I and I*
abundances from those previously reported’ are negligible. The predicted I abundance is
increased by a factor of 1.7 between 80 — 85 km and unchanged at altitudes below 60 km. The

predicted I abundance is decreased at altitudes below 80 km.

* /1 ratio

1" /| ratio
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- Details of OCP) production and characterization
- Calculated structures and energies
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