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Abstract

The reaction kinetics of the ground and first two extcgttes of atomic phosphorus, P, with
atmospherically relevant species, were studied at tempesatamging from ~ 200 750 K,
using a pulsed laser photolysis-laser induced fluorescesdenitue. The temperature
dependence of the rate coefficients are parameteriz@his: cm molecule s, 1 ¢ errors):

K(pep)+ 0,) (189S TIK <701) = (7.10 £ 1.03) x 1072 x (T/298) 42 *043x exf374=4D/D
K(p2p)+ 0,) (188<T/K <714) = (1.20 £0.29) x 10+ x (T/298§821 £0207% @yf(177£70)/T)
k(pD)+ co,) (296< T/K < 748) = (5.68+ 0.36) x 101 x (T/298§-800=0-103
K(pp)+ Ny (188< T/K < 748) = (1.42 = 0.03) x 1072 x (T/298}-6 004
K(p(ts)+ 0,) (187<T/K <732)=(3.08 £ 0.31) x 16° x (T/298f2**°2

Electronic structure theory combined with RRKM calculasidvave been used to explain the
unusual temperature dependence dSP@# Q. The small pre-exponential factor for the
reaction results from a tight steric constraint, togewith the requirement that the reaction
occurs on doublet rather than sextet electronic surfaces

1. Introduction

Phosphorus, P, is a key biological element with majsrin replication, information
transfer, and metabolisﬁ]Orthophosphate (oxidation state +5) is the dominant form of
inorganic P at the Earth’s surface; however, due to the low water solubility and reactivity of
P(V) salts, they have a poor bio-availabilithne low concentration of orthophosphate salts is
also believed to be one of the major limiting factorglierdevelopment of life over long time
Scaleglln contrast,dss oxidised forms of P (oxidation state < +3) are far more bio-available.

It has been suggested that these reduced forms of P mawphginated from extra-terrestrial
material that fell to Earth during the heavy bombardmpenbd: previous studies have focused
on the direct delivery of P to the surface in meteoriteandergo processing through agueous
phase chemist@. However, interplanetary dust contains aroun8%® P by elemental
abundanc@,and meteoric ablation in the 1 pbar region of a plapetpper atmosphere can



generate significant amounts of atomic P, which will thedergo atmospheric processing
before deposition at the surface. The atmospheric chgnatablated P in the oxidizing
atmospheres of the terrestrial planets, which is thesubf this paper, does not appear to have

been investigated previously.

Most of the mass of extra-terrestrial P enteringaagtiary atmosphere is carried by
interplanetary dust particles (IDPsith a mass of ~ 5ug and a radius of ~ 100 umE|A
substantial fraction of these IDPs ablates due to aerolradt heights of ~ 80 km on Mars,
90 km on Earth, and 115 km on Veﬁfﬁhe vaporized P atoms will then undergo chemical
processing to form a variety of compounds, in which P m#st & different oxidation states
due to the presence of both oxidizing and reducing agentglenatary upper atmosphere.
Figure 1 is a schematic diagram of the likely chemical payisvirom P to either phosphonic
(P oxidation state 3) or phosphoric acid (P oxidation &gat€his scheme has been constructed
by performing high-level electronic structure calculati¢aisthe CBS-QB3 level of thecﬂf
of P species reacting with atmospherically relevantispego determine energetically viable
reaction pathways. Initial oxidation of P is likely to prate® reactions R1 and R2 to produce
PQO. From PQ, an exothermic route to phosphoric acid exists via thedbon of HOPQ
(reactions R3 and 4). However, the bio-available compd#RC; should also form via HPO

(reactionR5and 6:

P¢S) + @ — PO+ 0
PO+Q— PO, + O

PO + OH (+ M)— HOPO:

PO + H (+ M) — HPO?

AH®(0 k) (kJ mot?)

- 100 (R1)
- 12 (R2)
- 441 (R3)
HOPQ + H:0 (+ M) — HaPOy - 188 (R4)
- 333 (R5)
- 173 (R6)

HPO; + H,O (+ M) — HaPO;

0,, 0,,
€O, OH |

‘ P 4—{Meteoric Ablation

@

¥ CO,, OH

0,, 0,
0,

— PO, =— PO,

HT Hk H

Wo, W0,

H,0 H,0
4 .
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Figure 1. Proposed reaction scheme of the neutral chemisfyimthe upper atmosphere of a

terrestrial planet.



Only two reactions from this scheme have been previonggstigated (R1 and R2).
However, no temperature dependences were determined, and foedmitbns R1 and R2, the
rate constants reported disagree by over an order of dehe poor characterization
of the gas-phase chemistry of P may also reflect i@ trelerof-magnitude difference between
the observed and modelled abundances of PO in stelﬂmmﬂ

In this paper, we present results from the first paruofrovestigation into the reactions
of meteor-ablated phosphorus, reporting temperature-depeaswidficients for the reaction of
ground state P§) atoms with Q. Rate coefficients were determined using a pulsed laser
photolysis-laser induced fluorescence (PLP-LIF) technigh&iwwe describe in Section 2. In
addition, we also report rate coefficients for the remhmf the first two excited states of
phosphorus (the AD) and the PP) states) with atmospherically relevant species (et
R7-R12). We show that both of these states are formagnifisant quantities following the
PLP of the precursors PCGind dimethyl methyphosphonate (DMMP).

AH®(0 k) (kJ mot?)

PeD)+O, — PO+O - 236 (R7a)
— P(¢S)+ O - 136 (RB)
PeD)+CO — PO +CO - 202 (R9
— P(*S) +CQ - 136 (R8)
PCD)+ N2 — P(*S)+ N - 136 (R9)
PCP)+Q — PO+O - 324 (RE)
— P@D) + O - 88 (R10)
— P(¢S)+Q - 224 (R16)
PP)+CQ — PO+CO - 290 (RE)
— P(D) + CO - 88 (R1b)
— P(*S) +CQ - 224 (R1t)
PCP)+ N — PCD)+N: - 88 (R12)
— P(S) + N - 224 (R1B)

2. Experimental Procedure

The experimental apparatus employed in this study has teseribed in detail
recentl)@ so only a brief synopsis is given here. All experimemtse carried out in the
slow flow reaction cell using the PLP-LIF technique, witted&on of either the first or second
excited state of P (th#® and?P states, respectively, hereafter collective refetweas P), or
of the PO molecule. The reaction cell consists©fledrical stainless steel chamber with four
orthogonal horizontal arms and a fifth vertical siden.aThe chamber was enclosed in a



thermally insulated container, which can be operated @asnace or filled with dry ice,
providing a temperature range from 190800 K. Temperatures inside the reactor were
monitored by a K-type thermocouple, placed at the cefititee chamber. The different radical
precursors were introduced into the cell via one of thetatial side arms asdilute mixture

of between 0.5 and 5 % in eithep Nr He (total precursor concentrations in the cell were
typically much less than 0.1 %Jhe reagent and bath gases were combineal nmxing
manifold prior to entering the chamber, and the mixture intratittceugh three different ports
to allow homogeneous mixing in the central volume ofrdeetor where the reactions were
initiated. Flow rates were controlled using calibrated rflagscontrollers (MKS instruments),
with total flow rates ranging from 100400 standard chmin™’. These total flow rates were
sufficient to ensure a fresh flow of gas into the @mileach photolysis laser pulse. The total
pressure, as measured by calibrated capacitance manonBsteaatdn MKS PR 4000) was
controlled by a needle valve on the exit line to the purhp.photolysis and probe laser beams
were introduced collinearly on opposite sides of the cadl,the fluorescence signal collected
using a photomultiplier tube (Electron Tubes, model 9816QB) teduarthogonally to the
laser beams.

For reactions R1, and R7 12, P and P* atoms were produced by multiphoton
dissociation of PGlat 248 nm (R13). Some experiments were also carried wighh DMMP
was used as a P atom precursor, as our investigation deatedstat multiphoton dissociation
of DMMP at 248 nm (R14) produced significant amounts of P*. The r2a8light was
generated from a KrF excimer laser (Lambda Physik COMP&EX The excimer beam was
loosely focused using a 50 cm focal length lens, with tbal feoint positioned approximately
10 cm beyond the centre of the reaction chamber, giviegua lzross section in the interaction
region of ~ 8 mra Photolysis pulse energies of between 30 and 70 mJ/pulsaisette

PCk + nhv — P(*S), PED), P@P) + co-products (R13)
DMMP + nhv — PO, P(*S), PED), P@P) + co-products (R14)

The LIF detection scheme used to monitor the first twated states of P and the PO
radical is shown in Table 1. The probe light was geedray frequency-doubling the output
of a Nd:YAG pumped dye laser (a Quantel Q-smart 850 pumping aGatada-Stretch with
a BBO doubling crystal)The LIF signal was measured by the photomultiplier tuber aft
passing through an appropriate interference filter (see Tapknd recorded using a digital
oscilloscope (LeCroy, LT262). The temporal evolution feg LIF signal was recorded by
varying the time delay between the photolysis and probeslaBeypical time-revolved LIF
profile (Figure 2) consisted of 250 delay steps and resulted the average of 5 individual
delay scans.

Materials

He (99.999 %, BOC), N(99.9995 %, BOC), £(99.999 %, BOC), C&(99.999 %,
BOC) were used without further purification. BCt 99.0 %, VWR), POClz (99 %, Sigma
Aldrich), and DMMP (97 %, Sigma Aldrich) were initially degad$sy freeze-pump-thawing
to remove volatile contaminants, and then made up as déytours in Nor He.



Tablel. Transitions used for laser-induced fluorescence detextitwe first two excited states
of P and of PO.

Radical Species Excitation A (nm)? Transition Laser dye Filter®
PGP) 253.6 393 (3P)4s?Py2— 353p° P2 Coumarin 503 254 (8)
PEP) 215.4 3$3p%('D)4s?Ds2 — 3€3p° 2P°312 Exalite 428 216 (10)
PED) 214.9 33P(3P)4s%Py; — 3$3p° 2D%3)2 Exalite 428 216 (10)
P(D) 213.6 33 (3P)4s?Py2 — 353p° D52 Exalite 428 216 (10)

PO 246.3 AT — X2II (v'v" 0,0¥ Coumarin 503 254 (8)

aBBO frequency-doubling crystal employédnerference filter peak transmission, FWHM in parenthégex*
— X?I1 (v',v" 0,0) transition pumped at 246.3 nm and the non-resoarit@,1) LIF monitored at 255.4 .

0.5
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Figure 2. Decays of PP) LIF signal (open symbols) at three different @ncentrations,
together with a nonlinear least-squares fits of Equation Eietdata (solid lines), at T = 380
K and a total pressure of 3.2 Torr.

3. Results
3.1 P(D) and P{P) removal

For both the first D) and second?P) excited states of P, the LIF signal decayed
exponentially with time (Figure 2), with no increasehie LIF signal observed even at very
short probe-photolysis delay times. As all experiments warged out under pseudo-first
order conditions, such that the co-reagent, R, was in greass of the radical species, the
temporal evolution of Pis given by:

!

[P]e = [P*]oe™ " (E1)



where [P]ois the initial concentration of'From reaction R13t is the time delay between the
photolysis and probe laser pulses, and k' is the expetatheobserved pseudo-first order loss
rate, which is equal to:

k' = ke[R] + koo (E2)

This expression encompasses the rates for all los$€sintluding diffusion and removal by
the precursor and bath gas (summe#ag), and removal by theo-reagent, R. Equation E1
was fitted to the Pprofiles to extract the parameters]jrandk’. A plot ofk' vs[R] then yields
a straight line with a slope equal to the bimolecular catestant, k and intercepk’ioss Figure
2 shows typical examples of the temporal evolutiorthef LIF signals for PP) at three
different @ concentrations, while Figure 3 illustrates bimoleculargiot reaction R7 at three
different temperatures. The relatively small interc@pE&gure 3 demonstrate that loss ofB(
is dominated by removal with the> €o-reagent.

Temperature
60 - o 191K
> 483K
o 701K

45 4

30

k'/10%s?

15

T T
10 15 20 25
[0,] / 10** molecule cm™

o
o1+

Figure 3. Bimolecular plots for the removal of4P) with G at three different temperatures.

The bi-molecular rate coefficients for the removies?¢P) with &, and for the removal
of P@D) with O,, CO,, and N, are presented in Table 2, and compared with availablatlirer
data in Figure 4Errors reported are the 95 % confidence intervals offileeest squares fits
of the pseudo first-order coefficients plotted as a fonctdf co-reagent concentration.
Additional details regarding the experimental conditiemployed in each run are presented
in Tables S1- S4 of the Supporting Information (SINo effects were observed on the
bimolecular rate coefficients as pressure and radicalecwration were varied by around a
factor of 3, or when using different probe wavelengths.rdhas been only one previous
investigation into the removal kinetics of By various collision partners: Acuna, Husain, and
Wiesenfeld used time-resolved atomic resonance absogp@mtroscopy to study P* removal
at room temperatuln a similar method to that used in this studywBs produced by the
pulsed photolytic irradiation of P&€dt short wavelengths (A > 160 nm).
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As can be seen in Figure dur room temperature result for?P){ with G is in good
agreement with that reported|by Acuna, etldlooking at the temperature dependence of the
reaction, we see typical Arrhenius behaviour at room tesype= and above, with a small
positive temperature dependence. However, below room temperdtare is a small
turnaround in the rate coefficient, with removal offB(at T ~ 191 K being slightly faster than
at room temperature. The smddloss values obtained in these experiments indicate that
quenching of the PP) state by N(R12) is a very minor process, for which we can only obtain
a small upper limit of 5 x ¥ cn® molecule! s*. The removal of PP) by CQ was also
investigated; however, we could only obtain an upper limihefrate coefficient of 5 x 1
cm® molecule! s?, just below the value of (7.3 + 1.9) x¥cm® molecule! st determined by
[Acuna, et al’| The removal of PP) with the PGl precursor was also investigated at room
temperature, for which we determined a rate coefficie(it.86 + 0.59) x 18! cm® molecule
1 s This is significantly lower (by around a factor of 5)rththe value of (1.1 + 0.1) x 10
reported by Acuna, et allThe reason for this large discrepancy is unkndwmvever, it should
be noted that the value we report is the average of tHmparate determinations using two
different probe wavelengths.

For the reaction of BD) with O, our room temperature value is around 50 % faster
than that reported by Acuna, et'dLooking at the temperature dependence of the reaction, as
with the second excited state of P with, @e observe typical Arrhenius behaviour at room
temperature and above. However, no change in the rafécieme is observed as the
temperature was lowered to 188 K, suggesting no turnaround rattheoefficient at lower
temperatures as was observed wittPPgith &, or that any turnaround occurs at temperatures
below 188 K. For the reaction of4) with CQ, our room temperature values are again higher
than those gf Acuna, et &). by around 80 %. Looking at the temperature dependence of the
removal of PD) with CQ,, we again see typical Arrhenius behaviour at room temrerand
above. We were unable to measure a removal rate ) Rith CO; at T ~ 180 K, due to the
CO; co-reagent freezing out in our reaction chamber at this teye. We also measurdukt
removal of P{D) with the PC{ precursor at room temperature, for which we obtained a rate
coefficient of (2.46 + 0.11)x ¥ cn® molecule! s*. This value is around 2.5 times higher
than that value of (9.7 + 0.9)x bcn? molecule' s* reported bl Acuna, et ai|

When measuring removal rates o[ with O, and CQ, it was noted that the
intercepts of the bimolecular plots, which relatek'tgs were significantly higher than those
for the removal of PP), or what would be expestfor a diffusional loss rate (see Tab®s
— S3in the SI). This implies that tH&D) state was being effectively quenched by thdath
gas. Using the kss values obtained in these experiment® were able to determine rate
coefficients for the removal of f) by Ny, by dividingK'ss by the total concentration of;N
used in each experiment. When doing this, a small carretti thek'ioss values was made to
account for removal of PD) by the precursor, using the room temperature rate detetrinine
this study. This method yields rate coefficients fax temoval of PD) with N2 over the
temperature range of 188748 K (Table S4). Comparing our room temperature rate for the
removal of P{D) with N to the upper limit of 5 x I8 cn®® molecule* s* reported bl Acung
et al?, it can be seen that our value is around 3000 times laggyesting either a significant
error in the previous study, or an error in our methodsirfig K'ioss to determine the rate.
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Therefore, to confirm the validity of our method foretetining the removal rate of48) with

N2, two additional experiments were carried out. In the fiwgtpbserved the removal of’Bj

as the total pressure ot lath gas (and thus pN was varied. In this experiment the flows of
N2 and the precursor were adjusted to ensure the samg {le§pite changes in the pressure
in the cell. In the second experiment, we again monitorecetheval of P{D) as we varied
[N2], however in this case the total flow and pressure ircélewere kept constant by using
helium as a make-up gas. These two additional experimerégaie coefficients in excellent
agreement with the two room temperature values determined kigis values (Table S4),
confirming the validity of this method for determining tleenoval of P{D) with N..

Some experiments looking at the loss rates tidPith O; and CQ that used helium
as a bath gas also show highss values, when compared to the values seen for removal of
P(P) (Tables S1 to S3). This is the result of the fasteowaiof PED) by the PG precursoy
compared witlP(P). Indeed, th&'.ss values obtained are consistent with the concentrafion
PCk employed and the #3) + PC} rate coefficient determined.

The temperature dependences of the rate coefficientdidoremoval of Pcan be
parameterised as follows (see dotted lines in Figure 4. Umitsmolecule! s, 1 ¢ errors):

K(pep)+ 0,) (189S T/K <701) = (7.10t 1.03) x 10 x (T/298) 2 * 043x exf374 =40/ D
K(p(D)+ 0,) (188 T/K < 714) = (1.20% 0.29) x 10+ x (T/298§ 52 * P07 x exg(77=70/D
K(p2D)+ cop) (296< TIK <748) = (5.68 £ 0.36) x 1073 x (T/298) 800 #0102

k(pp)s ny) (188 T/K < 748) = (1.42+ 0.03) x 10°% x (T/298}36+004

Table 2. Rate coefficients for reactions R7-R10.

PEP) + PED) + O PED) + CQ PED) + N2
T ke (10 T ke (107 T ke (1072 T ke (1072
K) | cm?moleculets?) | (K) | cm?moleculets?) | (K) | cn®moleculets?) | (K) | cn® molecule s?)
189 2.70+£0.22 188 2.09+0.14 296 6.00 £ 0.25 188 0.72+0.04
189 2.75+£0.21 295 2.06 £0.09 296 5.29+£0.30 295 1.38 £0.03
191 2.66 £0.15 295 1.96 +0.12 296 6.32£0.17 295 1.39+£0.05
196 2.65+0.17 296 2.12+0.10 406 5.72+£0.43 296 1.39+£0.04
291 2.65+0.27 296 1.95+0.15 521 8.65+0.35 296 1.46 £0.14
291 2.63+£0.23 296 2.20+£0.05 632 10.1+0.5 386 2.21+0.08
295 2.43 +£0.07 386 2.15+0.18 748 12.5+0.4 406 2.52+0.12
380 2.82+0.17 491 2.43+£0.33 491 3.17+£0.22
483 3.18 £0.27 598 2.97+0.24 521 3.20£0.1
582 3.56 £0.27 714 3.18 £0.32 598 3.77£0.12
701 3.97+£0.34 632 4.03+£0.17
714 4,12 +0.23
748 4.72+0.13

Errors are the 95 % confidence intervals in the lineastl squares fitting of the pseudo first-order coefficients a
a function of co-reagent concentration.
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Figure 4. Temperature dependence of the rate coefficients forpaopl.P¢P) + G — this
study (black circles|Acuna, et al’| (turquoise triangle); an®(D) + Oz — this study (red

triangles)[Acuna, et al’(dark blue diamond). Bottom pan®D) + CQ; — this study (blue
squarel|Acuna, et at’|(dark red star); PD) + N, — this study (green triangd¢ Dotted lines

are parameterized fits to the data provided by this study.

3.2  P(S) removal

Initially we expected that following photolysis of BRGh the presence of Dthe
following reactions would occur:

PCk + nhv — P(*S) + Ck co-products (R15)
P¢S) + G — PO +0 (R1)
PO +Q — PO+ O (R2)



Under pseudo-first order conditions (i.e2[® [P(*S)] and [PO]), the PO LIF signal should be
bi-exponential in nature, described by equation E3:

[PO], = (B2 [P(§)Jg (6 Mamomint — e Kremowait)  (EQ)

k’removal _k’growth

where kyowth and kiemovalare the pseudo first-order rate coefficients for reastR1 and R2,
and [P{S)]o is the initial amount of P8) formed following photolysis of P&IPlots ofk growtn
andK'remova VS [O2] should then be linar with slopes equal to the bimolecular rate coefficient
for reactions R1 and R2, and interceiss(Equation E2). Initial experiments monitoring the
PO LIF signal did produce profiles that appeared to be bi-expaha nature (Figure 5), and
the parameter8growt, K'removay and [P{S)]o were obtained by fitting equation E3 to the data. It
should be noted when analysing these bi-exponential PO prdfilet if the reaction forming
PO is faster than the reaction removing PO (i.e. Ristefahan R2), then a growth and loss
profile of the PO LIF signal such as that in Figure 5 ballobserved, in which the growth rate
(K'gromt) in the early part of the profile is governed by the foraratf PO (reaction R1), while
the loss ratelremova) in the tail end of the profile is governed by the reat@f PO (reaction
R2). However, if the reaction forming PO is now slowenttige reaction removing it (i.e. R1
is slower than R2), then a bi-exponential profile willlstié observed (albeit with lower
absolute signal), except thBtown in the early part of the profile is governed by the fast
removal of PO (reaction R2), whik&emovalin the tail end of the profile is governed by the slow
formation of PO (reaction R1). Therefore, to be able sigaswhetherk growth Or K'removal iS
related to R1 or R2, knowledge of which reaction is fastexqgaired.

There are significant discrepancies in the literaturer dlre rate coefficients of both
reaction R1 and R2. For the reaction betweé8)nd Q, there have been four previous room
temperature determinatiops: Husain and Nofasd Husain and Slatéffound k ~ 2.0 x 10
12 cnm?® molecule* s?, while Clyne and Onthand Henshaw, et almeasured k~ 1.0 x 163
cnm® molecule! st i.e. a factor of 20 times smaller. The lower values pieviby the two more
recent studies were both obtained using VUV resonance faeares detection of ground state
P(*S) atoms in a discharge-flow system, with théSPatoms formed by passing diluted PClI
and/or PBgthrough a radio-frequency discharge. The higher valuesnelok in the two earlier
studies employed repetitive pulsed irradiation ofsRGIproduce PE) atoms, the temporal
evolution of which were monitored by either attenuationtofréc resonance radiation in the
VUV |_1_T|or as in the two later studies, by VUV resonance fluemixﬂThe large discrepancy
between the four studies is discussed by Clyne and|Qitey suggest that the larger
concentrations of Peprecursor used in the earlier studies, coupled with tké fiotolysis
technique, produced significant amounts of secondary dissmgmoducts (such as BCPCI,

Cl, and C}) relative to P{S) atoms, when compared to the RF discharge technique and lowe
PCEk concentrations employed in the two more recent stud@llesse secondary products may
have influenced the kinetics of the*8) + G reaction, particularly if significant amounts of
secondary Glwere formed. This is because the rate 88Pwith Ck has been shown to be
significantly faster than the rate with, ® both Husain and Slatérand Clyne and Orip
although again both studies disagree significantly onltkelate value of the B$) + Cb rate.

As a consequeng€lyne and Ongwere careful to minimise the possible effects of these
secondary dissociation products. Indeed, no significamgehan P(*S) depletion rates was
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found when substituting PBfor PCk as the source of P atoms, suggesting the effect of any
secondary products in this later study to be minor. Foettessons, we expected the value for
ki to lie at the lower end of the range i.e. close to thgevaf ~ 1.0 x 103 cn?® molecule* st
found by Clyne and Oritand Henshaw, et af|

For the reaction between PO and (B2), there have also been four previous room
temperature determinations ef{Rleksandrov, et alland Wong, et akjmeasuredzk~ 2 x 10
13 cn?® molecule' s*, while|Long, et al|and Sausa, Zm.found that k~ 1.3 x 16" cn?®
molecule! st i.e. 60 times faster. The lower values were obtained fest flow tube studies,
using a microwave discharge of DMMP to produce PO, theolbagichwas then monitored
using LIF. Both studies have significant uncertaintidsaound a factor of 2) arising from
uncertainties in the flow rates. The two larger rate fenefnts were measured using PLP of
DMMP to produce PO, the loss of whiates again monitored by LIF. In the study[by Salisa
et all* a KrF excimer laser (248 nmjas used as a photolysis source. As is discussed in their
paper, it is possible that the focused KrF radiation reaylt in the dissociation of£3s0 that
they observe the reaction of PO + O atoms ratherRka# Q. Indeed, they noted a significant
deviation from exponential decay of PO when the photofmiscewas switched to a shorter
wavelength ArF laser (193 nm), which is well known to generatetdihsa However,
interference from O atoms can in fact be ruled iuthe study by Long, et af|in which PO
was produced from the infrared multiphoton dissociation ofNIlM a method which cannot
generate O atoms frompQa bimolecular rate constant forwas obtained in good agreement
with that from the KrF laser stu.Another possible cause of the discrepancy between the
laser photolysis vs flow tube experiments may lie in ine scales of the experiments. While
the laser photolysis studies occur on a microseconddate the flow discharge experiments
occur on the scale of milliseconds. The comparativedy faie for reaction R2 (PO +6»
PQ; + O) as measured py Long, et"dhnd Sausa, et &limplies a relatively low reaction
barrier. This, coupled with the near thermsrality of the reaction (AH = -12 kJ mot at the
CBS QB3 level of theory) suggestbat an equilibrium between the forward and reverse
reactions might be reached in experiments where theselaag contact time between the
reactants, such as the flow discharge experiments. Tdtidepn would be compounded by the
probable presence of O atoms in the flow discharge expesnier these reasons we consider

that k lies closer to the value of 1.3 x¥0cm?® molecule* s* obtained by Long, et af|and
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Figure 5. Bimolecular plots for the formation (upper panel) aachoval (lower panel) of PO
following PLP of PCd in the presence of Lat a temperature of T = 392 K, at three different
pressures (black circles; P = 2.6 Torr, red trianglesgs T orr, blue squares; P = 10.8 Torr).
Insets show the apparent biexponential behaviour of eLIF profiles. As the reaction
forming PO (R1) is slower than the reaction removing PO (Rif3nges in the fast growth of
the PO signal relate to the fast PO removal via R2, whdegds in the slow loss of PO signal
relate to the slow formation of PO via R1 (see text foaits).

From this review of the literature we conclude thatkk»,which means that in the PO
profiles obtained following PLP of P&€h the presence ofOthe growth in signal in the early
part of the profile relates to the removal of PO by R2, withieloss of signal at the tail end of
the profile relates to the slow formation of PO from Ritial experiments monitoring the PO
LIF signal following PLP of PGlin the presence of Owere conducted over a range of
temperatures and pressures. Figure 5 shows a typical exahtp&e apparent bi-exponential
nature of the PO LIF signal, as well as bimolecular spfor the formation and removal
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reactions of PO at three different pressures. Inspedidfigure 5 shows that the rate of
formation of PO decreases with increasing pressure, wigleate of removal of PO remains
relatively constant as P is varied. This pressure dependescebserved over the temperature
range investigated (295720 K). This inverse pressure dependence on the rate cdtform
of PO is a surprising result, which can be attributed to tbsepice of the two reactive low-
lying metastabléP and?D states of PAs the reactions of these states withade faster than
for P(*S), PO is formed faster, giving an inflated rate to read®dan At higher bath gas
pressures, these excited states are more effectivelyclygmnresulting in a rate of PO
formation that more closely resembles théSlP¢ G rate. Therefore, in order to measure the
true rate of reaction between*8) and Q, experiments were carried out at higher bath gas
pressures and with high fDIn these experiments, any rmed would be rapidly removed,
either by collisional quenching by the bath gas, or by i@agtith O,. This would appear as a
fast growth and loss of PO LIF signal. Any ground stat&)Pformed would then react with
O2 on a much longer timescale; this slow formation of PQlevappear as a slow decay of the
PO LIF signal. A typical PO LIF profile obtained at athigath gas pressure (~ 20 Torr) and
high [O] is shown in Figure Gn which the fast growth and loss of the PO LIF sigtajether
with the slow decay on a longer timescale, is cleadipig. As these experiments are carried
out under pseudo first-order conditions, the tail end ofP@eLIF signal can be fitted to a
single exponential:

[PO], = [P(*S)]pe*"* (E4)

where [P{S)]o is the initial concentration of %), formed either directly from the
photolysis of PG| or from the fast quenching of excited statetRs the time delay between
the photolysis and probe laser pulses, lansl the experimentally observed pseudo-first order
rate for reaction the reaction of'Bf with & (R1). A plot of k' vs [O2] then yields a straight
line with a slope equal to the bimolecular rate constarefaction R1 (inset in Figure.6The
temperature dependence efckan be parameterised as follows fanmolecule! s, 1 o errors):

k(pts)+ 0y (187 TIK <732) = (3.08 +0.31) x 1012 x (T/298F24+0-29
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Figure 6. PO LIF signal following PLP of P&ht a total pressure of 20.6 Torr and][© 3.97

x 10" molecule cri, at T = 291 K. Inset shows a bimolecular plot for readRdrat T = 291
K, giving k= (2.70 + 0.12) x 1% cn?® molecule! s?.

Table 3. Rate coefficients for P) + Q.

T (K) ke (1013
cn? molecule! s?)
187 1.42+0.18
291 2.70+£0.12
2952 1.1+0.2
293P 0.99 £0.04

300° (2.1+0.6) x 162
300¢ (2.0+0.2) x 162

393 7.75%+0.79
481 11.5+0.9
583 16.4+£1.7
732 14.0+2.8

Errors are the 95 % confidence intervals in the lineastl squares fitting of the pseudo first-order coefficienits a
a function of co-reagent concentration. * Literaturesealtaken fromyHenshaw, et &% 4Clyne and OnY ©
[Husain and Slaté {Husain and Norris|

14



4. Discussion
4.1  Comparison with previous work

The bimolecular rate coefficients for the reactidfP(#S) with & (R1) determined in
this study are compared with the literature values inéelrdldnd Figure 8. Additional details
regarding the experimental conditions employed in eanhare presented in Table S5 of the
Supporting Information (SI). The room temperature valuerdeted in this study is around
2.5 times larger than the values present¢d by Clyne ande@ddienshaw, et al} and around
8 times smaller than the values presentgd by Husain and Nanis Husain and Slatey As
discussed previously, Clyne and Osniggested the discrepancy between the measured rates
of reaction R1 may be due to interference from seconplaoyolysis products in the earlier
studies by Husain, the result of the (relatively) high preswsncentrations employed in their
studies (=18 molecule cri compared to ~18 molecule criin the later studies). However,
the room temperature rate determined in this study is ctost#me lower values of the later
studies, despite using PQbrecursor concentrations (~>610'® molecule cr) which are
towards the higher end of those employed in the literafinis.implies that interference from
secondary photolysis products is not a significant problem.

The other possible source of error in measurementsi®frkerference from P*, which
has not been discussed in the previous studies. As our stodss, photolysis of a range of
phosphorus precursors produces substantial amounts of P*, ednicleact with @to form
PO, or be relaxed down to ground stattSIP(All four previous studies have determinedbk
monitoring the removal of PE) in the presence of Olf in these experiments P* are being
relaxed down to the ground“8j state, the observed removal would be slower, regtittia
smaller rate coefficient for the reaction. Thisad expected to be a problem for the earlier two
studie@ in which higher bath gas pressures, precursor concentsaind [@ mean that
the majority of any Pformed should have been removed before monitoring t)Pgarted
(due to gating of the photomultiplier tube in those experig)eitowever, in the latter two
studies, in which a similar delay between data acquisitiintlae initiation of the reaction is
employed (~ 200 ps), the lower bath gas pressures, precursor concentrations, and [O2]
employed would mean that any Rormed would be removed on the timescale of the
experiment, which could result in an underestimate of dhe coefficient. Indeed, the room
temperature rate coefficients reported by the latter gtudies are significantly smaller than
that determined in the present study.

In our experiments, where the rate of the reaction(t)Pwith & was measured by
monitoring the formation of the PO product, we ensured thaefoval occurs on a much
faster time scale than the slow production of PO freaction 1 was observed. For example,
even at the lowst [O2] used in our experiments (~ 2 x2@nolecule cr#), > 99 % of Pwould
be removed within20 us, using kP@D) + O;) =2 x 10 e molecule! st at T =298 K. The
rate of P{P) with & is even faster. This ensured that production of PO from ®; did not
inflate our removal rate, or that formation of®Y from quenching of Preduce the removal
rate of P{S) at the longer reaction times whegevas determined.
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4.2 Theoretical Calculations

In order to understand the unusual kinetic behaviour of tlitisasbetween PG) and
O, and also to extrapolate to conditions relevanplanetary atmospheres, electronic structure
calculations were combined with Rice-Ramsperger-KassekiMa(RRKM) theory. The
hybrid density functional/Hartree—Fock B3LYP method was employed from within the
Gaussian 16 suite of prograﬁscombined with Dunning's quadruple-aug-cc-pVQZ
correlation consistent basis, augmented with diﬂfusetionﬂ Molecular geometries were
first optimized and checked for wave function stabilityd etheir respective vibrational
frequencies were calculated. The resulting geometriggtional constants, vibrational
frequencies and energies with respect {8 P¢ G are listed in Table 4. The resulting potential
energy surface is illustrated in Figure 7, which also depiesggeometries of the stationary
points.

For the RRKM calculations, the Master Equation Solvar Ntulti-Energy well
Reactions (MESMER) progr@ was used. The reaction is assumed to proceed via the
formation of an excited P-OO adduct, which can either diasmback to P + &£or forward to
OPO, before dissociating to the PO + O product. Stabilizatiocobigion with the N third
body into either the P-OO or the relatively deep OPO vegllalso occur. The internal energy
of the adduct is divided into a contiguous set of grains (widthc2®f), each containing a
bundle of rovibrational states. Each grain is therigassl a set of microcanonical rate
coefficients for dissociation back to the reactantsoothe products, using inverse Laplace
transformation to link them directly to the high-presslimiting recombination coefficients.
In the case of P +an Arrhenius expression was optimised to give the hedtthe RRKM
model to the experimental data, yielding & + Q) = 4.4x 10%? exd 2D cn?® molecule! s
1 For PO + O, KPO + 0) was set to 1.0 10° exd?®" cm® molecule! st i.e. a typical
capture rate coefficient with a small positive temperatigeendence. The calculated rate
coefficient for P + @is not sensitive to.XPO + O) unless it is reduced by a factor of more
than 100. The probability of collisional transfer betweeaingr was estimated using the
exponential down model: the average energy for downwardtiognss AE)down Was set to 300
cmit, typical of M = N at 300 K, with a $*°temperature dependev@.

Figure 8 illustrates a satisfactory fit to the experimlesha from this study. There is a
negligible pressure dependence to the reaction even up to 10T 800 K), because the
transition state between P-OO and OPO is 66 k3 imelbw the entrance channel, and the exit
channelto PO + O is 84 kJ rradxothermic. Indeed, the RRKM calculations suggest aymess
of 4000 bar (at 300 K) would be required for OPO to form 50 % qgfitheucts via collisional
stabilization. What is interesting is the small ps@onential factor and activation energy in
the fit of k(P + @) to the experimental data (see above). There aredasons for the small
pre-exponential factor. First, there is a tight stegastraint: Figure 9 illustrates the doublet
potential energy surface for the approach of P40a® a function of P-OO distance and P-O-
O angle. This shows that for the barrier to form the Pk@€&mediate to be lower than 10 kJ
mol?, the P-O-O approach angle is limited to between 105 arfd $26ond, the combination
of P(*S) and Q(3%y) generates surfaces of both doublet and sextet spin haitkipHowever,
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the sextet surfaces are repulsive which further reducegsdbability of successful reaction by
a factor of ~2

The temperature dependence for the reaction is predicbed to

K(p(ts)+ 0,y (150 T/K < 1400) = 4.20 x 1072 x exF®™ cn?® molecule' s*.

4.2  Atmospheric Implications

Meteoric ablation of IDPs entering the upper atmosphereefestrial planet occurs
at around the 1pbar reg@?hosphorus will likely ablate from these particdsd?, PO and
PO, but hyperthermal collisions with atmospheric molecw@simmediately dissociate the
molecules to P and P*Rons are also likely to form during ablation, but thesetreapidly
with O, and CQ to yield POE| which will then undergo dissociative recombination with
electrons to yield P and Pk the Earth’s atmosphere at the ablation peak around 85 @Iﬁf
will be rapidly removed by collisions withOthe P¢P) state will have an e-folding lifetime of
around 1.2 ms, while the ) state will have a lifetime of ~1.4 ms, with almost®®f PED)
removed by Qrather than N Ground state P§) atoms will survive somewhat longer with
lifetime against oxidation by £of around 280 ms. The resulting PO will in turn be oxidized
by O to PO,. Note that because there is around tifles more @than Q at this aItitud@
oxidation by Q is not significant. As there are no exothermic prozes$s convert PO or RO
back to P, the speciation of phosphorus will depend onlyeaations converting?Q, into
HOPO, HPQ and HOPQ, as shown in Figure 1.

Table 4. Molecular properties of the stationary points on thebdiet potential energy surface
for P¢*S) + Q (illustrated in Figure ¥

Molecule Geometry Rotational | Vibrational E(0 K)
(Cartesian co-ordinates in A) | constants | frequencies (kJ mott) ®
(GHz)? (cm?) 2
TS1 (from P + @ | P, 0.002, 0., 0.009 76.364 121i, 225, 1497 3.1
to P-OO 0O, 0.002, 0., 2.531 3.7430
0, 1.058, 0., 3.134 35681
P-O0O P, -0.267, 0., -0.122 90.083 259, 671, 1016 -97.3
0O, 0.257,0., 1.415 6.6848
0, 1558, 0.,1.729 6.2231
TS2 (from POO | P, -0.623, -0.544, 0. 34.713 -341i, 392, 1103 -66.2
to OPO) 0O, 0, -0.033, 0.862, 0. 10.162
0, 1.387,0.181, 0. 7 8608
OPO P, 0.421, 0., 0.627 95.64863 | 389.5170 -572
0O, -0.699, 0., 1.586 8.59957 | 1072.3812
0O, 1.888,0.,0.775 7.89018 | 1316.7849

2 Calculated at the B3LYP/aumgs-pVQZ level of theory ® Energy with respect to %) + Q
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5. Conclusions

The reactions of the ground and the first two excitatestof phosphorus (the*8,
P(D), and P{P) states, respectively) with atmospherically relevant sgetiave been
investigated using the PLP-LIF technique, with the temperatependence of the reactions
being reported for the first time. For the reactiom@fund state PS) with & (reaction R1)
there is significant discrepancy in the literature vakported for katroom temperature, with
values varying by around a factor of 20. We have determinedateroperature rate constant
towards the lower end of the literature values, with .70 + 0.12) x 18 cm® molecule! s
1. The unusual temperature dependence of R1 has also besinexpising electronic structure
theory combined with RRKM calculations. The small pre-ewgmial factor for the reaction
results from a tight steric constraint, together wlith requirement that the reaction occurs on
doublet rather than sextet electronic surfaces.

Supporting Information

Additional details regarding the experimental conditiengployed in each rate coefficient
determination are presented in Tables-S5 of the Supporting Information (SI).
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