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Rate constants and product ion branching fractions for the gas-phase reactionanaf Q with the anions

(a) PQCI, (b) POCE, (c) POC}, and (d) PQCl,~ were measured in a selected-ion flow tube (SIFT). The
kinetics were measured at temperatures of-14830 K and a He pressure of 0.4 Torr. Only 8D reacts

with O, to a measurable extent, havik(163—400 K) = 1.1 x 10°§T/K) 1% cm® molecule* s, while s

reacts with all of the anions except R&),~. The fitted rate constant expressions for ther€action with

anions a-c are as follows:ky(163—400 K) = 3.5 x 10 §T/K) 1, k,(163—400 K) = 4.0 x 107 /(T/K)12,
andk,(163—400 K) = 3.7 x 10 /(T/K) 14 cm?® molecule ! s %. Calculations were performed at the G3 level

of theory to obtain optimized geometries, energies, and electron affinities (EAS) of the reactant and product
species, as well as to determine the reaction thermochemistry to help understand the experimental results.
The PQCI,~ anions that have lower electron binding energies (eBE) and higher spin multiplicities are more
reactive. The doublets are more labile than the singlets. How the extra electron density is distributed in the
anion does not predict the observed reactivity of the ion. The reactions gIP@ith O, and Q yield
predominantly P@ and PQ . The reaction of POGI with O3 yields mostly CI and PQCI,~, while the

POCE™ reaction with Q yields mostly Q- and PQCl,".

Introduction of theory to obtain optimized geometrje3 K total energies,
298 K enthalpies, and electron affinities (EA) are also included
for the relevant reactant and product molecules. These results
have been utilized to determine the reaction thermochemistry
and to help understand the experimental data.

The toxicity, reactivity, and decomposition pathways of
phosphorus-containing compounds are particularly interesting
for their role in the use, production, incineration, and accidental
emissions of chemical warfare nerve agents, pesticides, plasti-
cizers, flame retardants, and hydraulic fluld§ Concerns arise Experimental Section
in the contamination of plasma by these compounds in coal-
fired magnetohydrodynamic electric generatosiso, flame
tests intimate that the addition of a few percent of either
phosphine (Pk) or oxyphosphorus compounds to hydrogen-

The AFRL selected ion flow tube (SIF¥)?’ was used to
make the measurements. The instrument has been discussed in
detail elsewhere and is only briefly described as it pertains to
fueled scramjet combustors yields a measurable increase of thdN€ current experiments. The ions were formed in a remote
flameholding stability and output thrust in the supersonic moderate pressure ?Iectronilmpact ion source at about0.1to 1
expansion because of enhanced H, O, and OH recombination! ©T- PQCI™, PQCl", POCL™, and POG" were formed from
kinetics®~12 Furthermore, evidence suggests that combustion " OCEt (Aldrich, 99%). The POGlwas used as obtained from

the manufacturer except for performing several freqaemp—

is sensitive to and can be enhanced by-amlecule chemis- h q bl ) | q
try.13 Consequently, the reactions of certain neutral and anionic thaw steps to remove condensables. Rgaptant lons were selecte
with a quadrupole mass filter and then injected into a fast flow

hosphorus-containing compounds with common gases have
pnosp g P J of helium buffer gas (AGA, 99.997%) in a 1-m long flow tube

been studied? 18 in part to elucidate pathways for RO . o !
productionts.18 using a Venturi inlet, giving a flow tube pressure of 0.4 Torr.

To address these issues, kinetics measurements for theT,he He buffer gas was passed through a liquid nitrogen'cooled
reactions of PGCI-, POCl,~, POCh-, and POGJ- anions with sieve trap in order to remove water vapor before entering the
the oxidants @ and Q (0zone) have been made. Ozone is flow tube. The reactant ions were thgn thermally (_aqumbrated
interesting because it can attach electrons and it is a very strong®"d Proceeded downstream past an inlet used to introduce the
oxidant, while reactions with group V compounds producing neutral reactant. BothﬂM_assgchusetts Oxygen, 99.999%) and
species such as RCcan be chemiluminesce?:2? Rate Os were us_ed alternately in this study. The ozone was produced

§y interfacing an Orec O3V-0 ozonator to the SIFT apparatus
as described in detail in a previous wdfkThis technique
yielded a reactant flow of ca. 5%30n O,. At the end of the
reaction tube, a portion of the gas was sampled through an
aperture in a blunt nose cone into a second quadrupole, and the
mass-filtered ions were counted using a particle multiplier.

* Corresponding author. E-mail: albert.viggiano@hanscom.af.mil. The rate constants were obtained from the pseudo-first-order
 National Academy of Sciences Postdoctoral Research Fellow. attenuation of the reactant ion signal that depends on the reaction

from 163 to 400 K for the P¢I,~ ions mentioned above and
these data are compared with previous work on these systems
However, a dearth of studies of the ion chemistry of these
systems exist¥23-25 The results of calculations at the G3 level
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TABLE 1: G32 Total Energies, Enthalpies, and Electron TABLE 2: Bond Lengths (in A) and Angles (in deg) for
Affinities (EA), All Units except EA in Hartrees Relevant Species Obtained at the G3 Level of Theory,
total caled Where the Superscripts Distinguish the O and CI Atoms
energy enthalpy EAC parameter P@Il~ POCl,~ POCIl, POCI PO~ POClI PO;~ Cl,O-
species (0K) (298 K) EA° (eV) (eV)
r(P—0) 1509 1.491 1.630 1.477 1.666.47¢ 1.508
OCP) —75.03099  —75.02863 1.338(1.464) r(P—0?) 1.477 1.666 1.620
O~ (?P) —75.08014 —75.07778 r(P—09) 1.496 1.620
0,(35) —150.24821 —150.24490 0.401 (0.451) r(P—CIh 2270 2115 2010 1.998 1.987
0, (Uly) —150.26294 —150.25963 rég:é—g; ;-Zgg
r — .
03(C2,, A1) —225.31826 —225.31437 2.157 (2.1028) O(O'—P—ClY) 106.28 106.8 98.8 112.7 114.8
05 (C2,2B1) —225.39754 —225.39357 DEoz_p_Cpg 108.2
CI(3P) —459.99096 —459.98860 3.609 (3.612%7) 0O-P-0? 12595 127.5 119.8 134757.72 126.7 120.0
Cl=(1s) —460.12360 —460.12124 0(0?>—P—-09) 114.6 61.2 120.0
3—pP—
CliSy) —920.07127 —920.06777 2.465 (2.38) SESII_F;_%?Z) 063 o6g 227
LY B _ . .
Cla(2=%y) 920.16188 —920.15805 O(Ch—0—CP) 116.3
CIO(IT) —535.12026 —535.11685 2.321 (2.276) dihed(T,09¢  136.3 102.0 180.0 147.6
ClO~ (i) —535.20556 —535.20200 d@hed((},(:lz)e 110.5
ClOA(C2,2By)  —610.24282 —610.23871 2.245 (2.140) dihed(G,CIY 1278 1257 1427
ClO; (Cx,'A;)  —610.32562 —610.32123 dihed(G,09) 104.6
! dihed(G,0%)9 64.1
Cl,O(Co,,*A1) —995.16647 —995.16208 2.37%2.2)
Cl,O~(Cs2A") —995.25362 —995.24808 2P0, has two double bonds and two single bonds. O atoms labeled
POX(C2,,2A1) —491.59301 —491.58890 3.464 (3.42 1 and 2 are single-bonded while 3 and 4 are double-bondedt®P.
' 3.713.6" atom 1 is double bonded to P while the other two share a boFide
PO (Co,tAY) —491.72030 —491.71624 O—P—-0 angle agrees with the bounded estimate,4B@r.4> 9 P—
PO3(C2,,2B2) —566.77102 —566.77622 5.155 (4.95) ClI* is the reference axis.P—O! is the reference axi$P—0? is the
pr(D”;h’lAl) —566.96044 —566.95590 reference axis? P—O? is the reference axis.
POy(C2,,%A2) —641.884035 —641.878008 5.067 S
POy (Ca,,tA1) —642.070234 —642.064763 to POCH~ upon injection into the flow tube was corrected by
POCK(Cs?A’)  —1336.5486 —1336.5429 3.732(3.8) 3.71 a similar subtraction procedure because POGlalso reactive
POCL (Cs'A’)  —1336.6857 —1336.6795 with Os. Another breakup product is Cl however, a back-
POCK(Cs,,'A;) —1796.67736 —1796.67057 1.586 (1.8) 1.50 ground subtraction could also be used asi€lunreactive with
POCE™(Cs?A")  —1796.73562 —1796.72744 0O, and Q.2° These observations are consistent with previous
POZCIECZU,12A1) —951.710965 —951.705948 2.145 studies of both dissociative and nondissociative electron attach-
POCIT(C*A)  —951.789794 —951.784401 ment to POGJ, where POGH and CI are the major and minor
POCI(Cy2A)  —1411.72046 —1411.71449 5.788 dissociative products, respectivéii®25In all cases, the product

- 1 — — . . N .
POCL"(Cz,"A1) —1411.93316 —1411.92673 branching ratios were renormalized after making background
POCI(Cs!A)  —1026.81474 —1026.80895 4.399 corrections
POCI-(Cs?A)  —1026.97642 —1026.97046 '

aThe Gaussian 2003 program pack®geas used to perform the Computational Method
calculations? The numbers in parentheses are experimental results from ]
previous work* Calculated EA using the G2 methét. Neumark The Gaussian 03W program pack#beas used to perform
and Lykke*® eTravers et af® fDrzaic et af® 9Berzinsh et aft calculations on the reactant and product species involved using
"Gilles et al?? " Wecker et af? | The structure of this ion (see Table  the G3 theoretical methdd.The wave function stability of the
2) has a long C+O bond that indicates a more electrostatic interaction  minimum energy structures from the Hartreeock (HF)

which may introduce inaccuracies in the Hartré®ck zero point P ) .
energy (ZPE) value since electron correlation is not taken into account. optimization step of G3 at the 6-31G(d) level have been verified

To correct for this, an MP2 calculation was performed and the zPE fOF the neutral and ionic species, with the exception of, PO
was found to be 28 meV greater. Thus, a more accurate estimate ofneutral as discussed later. The3® K energies, 298 K

the EA would be lower by this valué.Xu et al>* ' Miller.5® ™ Lohr .22 enthalpies, and EAs are compared with the literature values
"Wang and Wang® ° EA(PQy) was calculated using the G3B3 method  whenever possible. These data are given in Table 1 for the
(see text)? Mathur et af? optimized structures that have the parameters listed in Table 2.

. : The G3 enthalpies at 298 K have also been used to calculate
ime and th ncentration of the neutral r nt, the latter of .
time and the concentration of the neutral reactant, the latter o the heat of reaction at 298 K\H,, for all of the pathways

which is varied during a measurement. The rate constants haved. d in the followi ! Th bsol
relative uncertainties 0f=15% and absolute uncertainties of dlsqu?se ' "':ht (esgo OV\/ll[ng&sc)egtdlrcinsv Og 4a|l/er?ge Pa3fo ute
1£25%26 For the product distributions, the SIFT was operated 9€V'ation In the results o). N é? cal mor).

under conditions of modest attenuation of the reactant ion signaIAdd't'ona”.y’ a natura_l populatlo“n ana'!y S(NPA) was US.Ed
and the product branching fractions were extrapolated to al° ?‘SC‘?”a'” the I.ocat|on of ‘h‘? gxt(rja e!ectrcl\)ﬂnpge:slllty n tue
condition of zero neutral reactant concentration. Thus, the eﬁectsg?s'i'lf’r'(;%s)olngsgl'es were optimized using (Full) at the
of secondary chemistry are accounted for. The mass resolution )

of the downstream mass filter has also been adjusted to minimize

mass discrimination during the branching fraction measurements.EXpe”mental Results

The branching fractions have relative uncertaintiestd0% Rate constants and branching fractions for the reactions of
of the major product peaks. POCI~, POCI,~, POCL™, and POG~ with O, and & were
Because of the unavoidable presence efddring the Q measured from 163 to 400 K at a He pressure of 0.4 Torr. Only

experiments, corrections to the branching fractions for the PO,Cl~ reacts with Q to a measurable extent, while R~
PO,CI™ reaction with Q were made by subtracting the product was found to be unreactive with both,Gand Q. This
counts from the @reaction with PQCI~. When the POGI + observation is in agreement with earlier work where,€g-,
05 system was studied, the breakup of roughly 5% of ROCI  POCL~, and POG}~ were found to be unreactive with,®':25
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- T T T TABLE 3: Rate Constantst and lon Product Branching
RN 1 Fractions for the Reactions of PQCI—, PO,Cl,~, POCl,™,

PRTSY It | and POCl;~ with O, and O3°

3 L TR " POCI; +0, ] reaction 163K 294K 400K

nfs’ [ R - "\":;é.\___j POCI- + O, 0.60[6.0] 0.33[6.0] 0.24[6.0]
§ POC,+0, T T~L_  pogr+o, —~ POy +CIO 0.49 42 41

g 00 SN PO, + Cl 0.51 0.58 0.59

8 N POCI~ + O3 11[9.9] 5.0[8.9] 2.6[8.6]

§ ] — PO~ + CIO, 0.62 0.65 0.66

8

POCI +0, PG~ + Cl+ O,
PO,~ + CIO 0.34 0.34 0.33
" Cl-+PO;+ 0, 0.04 0.01 0.01
10° . . .
100 200 300 400 500 POCL™ + O3 3.3[9.7] 1.1([8.6] 1.0[8.3]
T K — ClI- + POCI + O, 0.71 0.79 0.60
' Cl-+PO;+CIO
Figure 1. Rate constants in chs™? for the reactions of P&l POZ(}'f +O 0.26 0.20 0.35
POCL—, and POG)~ with O, and Q as a function of temperature in K g%_ i g:?; cl 0.02 0.01 0.03
) . R
as measured in a selected ion flow tube (SIFT). PO, + Cly 001 <0.005 0.02
) o o POCL™ + O3 10[9.3] 4.0[8.3] 3.6[8.1]
Moreover, this lack of reactivity is not surprising as the EA of — O3~ + POC} 0.50 0.55 0.55
O, is smaller than that of POgIl(see Table 1). The SIFT POCLl," + CIO, 0.44 0.42 0.44
apparatus is capable of accurate measurement of rate constants POCl +CI+ O,
. 12 Y C-+POCL+0, 0.06 0.03 0.01
approximately as low as & 10712 cm? s1. Consequently, the Gl + PO, + Clp + Oy
rate constants for the reactions of 8B, POCL~, and POG~ Cl- + POCI + ClO

; 12 —1 i
with O have a value<5 x 1072 cm® s™. A similar upper aRate constants in units of 1®¥ cm® s!; bracketed numbers

limit csin t,)e placeq Qn the ratg constant f‘?r the reaction of represent calculated collisional rate constants obtained by the param-
PQ,Clz~ with O as it is unreactive as well, since no products  etrized trajectory approach of Su and Chesnati€h.> Measurements

are formed. of the rate constants of BOIl,~, POCL~, and POG™ with O, and of
The rate constants for the reaction of 8D with O, given PQO,Cl,~ with O3 yielded upper limits of 5x 10712 cm® 5L
by eq 1

are also shown in Figure 1, while the product branching fractions
POCI™ +°%0,—PQ,” +%CI0O AH,,=-1.18eV (la) are listed in Table 3. A best fit to the rate constants gives the
o expressiork(163—400 K) = 3.5 x 107%T/K)~16 cm?® molecule?
PO, +°Cl AH,,= —0.48¢eV (1b) s~1for reaction 2. Clearly, @reacts about an order of magnitude
faster than @ The same decrease with increasing temperature
are shown in Figure 1. The superscripts in eq 1 and all is also seen with ozone. Unlike the previous reaction, the major
subsequent reaction equations denote the spin multiplicity andproduct ion is P@ and its fraction is about twice as great than
only the spin-allowed, exothermic channels are given. The that of PQ~. Also, a small amount of Clis produced; however,
energetics of the reactants and products calculated using G3t is less than 5% of the total products and it also decreases
theory for all the listed reactions are also shown in Table 1. with increasing temperature.
For purposes (_)f efficiency, thg rate constant data_for allof the  The rate constants for the reaction of P@GAith O3 given
reactions studied are shown in Figure 1. A best fit to the rate by eq 3
constants for reaction 1 in Figure 1 yields the expresgin63—
400 K) = 1.1 x 10°§T/K)~1% cm?® molecule® s1. This case

1 -1~ 1~ 1 1 1
is the only one where oxygen reacts to a measurable extent with POCL + 70, Cl" +POLI+70,(a Ag)

PQCI,” in the SIFT. Clearly, the rate constants decrease with AH,,=—-1.15eV (3a)
increasing temperature, indicative of a reaction involving either e o )
an intermediate collision complex or transfer of an electron. Cl +°PO;+°CIO AH,,=—-0.557eV (3b)
The product ion branching fractions for the products;PO 1 A a _ Nz
and PQ~ are listed in Table 3. The fraction of ROis POCI, +704aAy) AH,,=—3.86eV" (3c)
somewhat greater than that of PGat all temperatures and I — | 2 2 _
increases with increasing temperature. PO, +°CIO+"Cl AH,,=—1.84eV (3d)
- 'I(;zezrate constants for the reaction of 8D with Oz given 1PQ7 + lCIZO AH, =-3.34eV (3e)
1 - 1
PO, +°Cl, AH,,=—-3.60eV (3
’PQCl +'0,— PO, +%CIO, AH,,=—2.61€V (2a) ! 2 T 30

'PQ,” +%CI+°%0, AH,,=-2.47eV (2b) are well fitted by the expressiork(163-400 K) =
3.7 x 1077(T/K) 14 cm? molecule’! s 1 and are somewhat less
1pq‘ +2C|+ 102(a1Ag) AH. = —1.49eV (2c) than the rate constants for the D~ reaction. Nevertheless,
the rate constants demonstrate the same negative trend with
'PO,” +°ClIO AH,,,=—2.08eV (2d) increasing temperature. The product ion branching fractions in
e 5 Table 3 show that Clis by far the major product, while the
ClI” +°PO;+°0, AH,,=-1.19eV (2e)  POCI, yield is roughly 25% and increases to 35% at 400 K

e 2 1 1 at the expense of Cl Trace amounts of PO and PQ~ were
Cl +"PO,+0OxaAy) AH,,=—-021eV (2f) also observed.
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TABLE 4: Natural Population Analysis of the PO4Cly O. Interestingly, most of the extra electron density from adding
Specied an electron to form the anion resides on the Cl atom(s), whereas
charge associated with each atom the O atom(s) receive a much smaller portion. This was also
p o 02 cIt CI2 IE observed in the NPA calculation from the electron attachment
. . 6 i o

POCE 1547 095 0199 0199 —0.199 sFudy involving POQ and PCY. The be_hawor of PECIl,~ is

POCkL~  1.399 -1.012 —0.404 —-0.492 —0.492 different than that of the other anions in that the O atoms are

extrae  0.15 0.06 0.21 0.29 0.29 not equivalent and do get a considerable portion of the extra

POCh 1.405 —0.929 —0.238 —0.238 density. Moreover, the P atom of RCl, loses electron density

POCI{ 1.117 —-1.022 —0.547 —0.547 upon attachment_

extrae  0.29 0.09 0.31 0.31

POCIP 1.777 —0.435 -0.944 -0.199 -0.199
POCl,~ 1.952 —-1.063 -—1.063 -—0.413 -0.413
extrae  -0.175 0.628 0.119 0.214 0.214

Discussion

It is clear that ozone is more reactive than oxygen, despite

POCI 1.980 —0.883 —0.883 —0.214 ) ; i ;
POGC 1630 —1048 -1048 —0533 the fact that ground state ozone has a singlet multlphc_lty whllt_e
exttae 0350 0165 0165  0.319 ground-state oxygen is a triplet. These results are consistent with
a Superscripts used to label different O and Cl atohidere, the the strong oxidizing ab!“ty,Of ozon@Thg negative 'gemperature
charges on the two O atoms are not equivalent since #® Bond of the rate constants indicates that either a collision complex
lengths are not equal; see Table 2. or a transfer of electrons is involved in the reactions. Ozone
reactions with olefins can proceed via channels utilizing five-
Finally, the reaction of PO@I with O3 given by eq 4 membered-ring ozonide intermediaf€s6 If a similar mecha-

nism is involved in these reactions, the ozone could add to the
’POCL™ 4+ '0,—%0,” + 'POCl, AH,,,=—0.61eV (4a) double bond connecting P and O.
1 o Alternatively, a four-membered collision complex may be
POCIl, +°ClO, AH,,=—3.36eV (4b)  formed by an @ attack on the electropositive P atom of the
1 _ 3 PQCly ;3" the approach would be end-on since the terminal O
PQCIl, +°CI+70, AH,,=—3.22eV (4c) atoms of Q are more negatively charged than the middle atom.
1 _ 9 1 1 . The NPA results in Table 4 confirm that the P atom is more
POCI, +7Cl+70aAy) AH,,=—2.24eV (4d) positively charged. The more positive middle O atom af O
1~— 4 2 3 _ would be attracted to the more negatively charged Cl atoms in
Cl" +"POCL, +70, AH,, = —1.06eV (de) the collision complex. The spin-allowed, exothermic product
I~ 4 2 1 1 _ channels are listed in Table 3 and reactions4dlmay well
Cl" + “POClL, + "O,(aA,) AH,,= —0.08eV (4f ST
O.Ll, A&AY) Ay (4N produce GO, neutral fragments or £a !A), indicating that
'CI” +'POCI+CIO AH,,,=—0.14 eV (4g) rearrangements could subsequently occur during the reaction
that would result in the observed product ions. A similar
is as rapid as that of PGI- with Os. The best fit expressionto ~ Mechanism occurs in the reaction of alkyl cations wig#@n
the rate constants k163-400 K) = 4.0 x 10~ 7(T/K) 12 crr? those systems, the mtermeo!lgte complex forms with the termmal
molecule s for reaction 4. @ is the major product, resuling O Of Os bonded to the positively charged C atom of the ion,
from direct electron transfer, while the RQ,~ product yield  followed by rapid Q ejection and subsequent rearrangements
is somewnhat less. Another similarity with the g~ reaction ~ t© give the final products. HF geometry optimizations at the

is the presence of trace amounts of @toduct ions which also ~ 6-31G(d) level for PGCI,-Os™ complexes show that stable
decrease with increasing temperature. structures can be found having either the ozonide-type or the

_ alkyl cation—Os3; type structure for PCI-, POC}L~, and
Computational Results POCE™. More detailed calculations of the;@action potential

Table 1 shows the G3 calculated K energies, 298 K energy surface and detailed reaction paths for the various
enthalpies, and EAs of the relevant species. The calculated EAs’eactant ions are beyond the scope of this work.
and the available experimental values from earlier work are in  Inspection of Table 4 reveals that there is no correlation
excellent agreement. The G3(B3LYP) method was used to between the electron density on the constituent atoms of the
calculate EA(P@ because of a problem in maintaining the PQCI,~ anions and the reactivity. This observation is similar
lowest-energy wave function throughout the HF and Mgller  to the computational results of Langeland and Werstiuk regard-
Plesset (MP) steps of an attempted G3 calculation for neutral ing the reactivity of several neutral tertiary phosphite esters with
PQ;,. However, the G3(B3LYP) method is of comparable Os. In that work using density functional theory (DFT) and
accuracy to the G3 methdd. atoms-in-molecules (AIM) methods, no correlation was found

Table 2 contains the optimized geometries of some of the between the size of the activation barriers to produce phosphates
reactant and product anions. Examining the data in Table 2 and 'O, and the atomic charges on the phosphorus atom or
shows that the P@I,~ anions studied in the SIFT all have oxygen atoms that make up the four-membered ring of the
nonplanar minimum energy structures. 20 and POG~ both phosphite ozonide intermediaté.
have umbrella shaped geometries, while PO@hd PQCI are It is interesting to note that only the reaction of P@QGNith
tetrahedral. Adding the electron to the #Dneutral shown in O3 undergoes charge transfer. Of the four reactants, only £OCI
Table 2 causes the trigonal planar structure to distort to the has an electron binding energy (eBE) that is considerably less
umbrella shape. The BOI,~ ion has the two O atoms on the than the EA of Q (see Table 1). The eBE of BOI™ is about
same side of the P atom arranged trans to the two Cl atoms onequal to that of @ and the charge-transfer reaction is thermo-
the opposite side. neutral but is not observed. Not surprisingly, the more reactive

The results of the NPA computations given in Table 4 show ions, PQCI~ and POCG{~, have lower eBEs than the less labile
that the electron densities of both the neutral and charged specie®OCL~. The unreactive P&I,~ ion has the highest eBE. A
are concentrated around the more electronegative atoms, Cl andimilar observation was made for the F species® In
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