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Abstract

A selected ion flow tube was used to investigate the positive ion chemistry of thiophosphoryl chloride, PSCl3. Rate coefficients

and ion product branching ratios have been determined at room temperature for reactions with 19 cations; H3O
þ, CFþ

3 , CF
þ, NOþ,

NOþ
2 , SF

þ
2 , SF

þ, CFþ
2 , O

þ
2 , H2O

þ, N2O
þ, Oþ, COþ

2 , CO
þ, Nþ, Nþ

2 , Arþ, Fþ and Neþ (in order of increasing recombination energy).

Complementary data described in the previous paper have been obtained for this molecule via the observation of threshold pho-

toelectron photoion coincidences. For ions whose recombination energies are in the range 10–22 eV, comparisons are made between

the product ion branching rations of PSCl3 from photoionisation and from ion–molecule reactions. In most instances, the data from

the two experiments are well correlated, suggesting that long-range charge transfer is the dominant mechanism for these ion–

molecule reactions; the agreement is particularly good for the atomic ions Arþ, Fþ and Neþ. Some reactions (e.g. Oþ
2 + PSCl3),

however, exhibit significant differences; short-range charge transfer must then be occurring following the formation of an ion–

molecule complex. For ions whose recombination energies are less than 10 eV (i.e. H3O
þ, CFþ

3 , CF
þ and NOþ), reactions can only

occur via a chemical process in which bonds are broken and formed, because the recombination energy of the cation is less than the

ionisation energy of PSCl3.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The measurement of ion–molecule reaction rates and

product distributions is of fundamental interest. These

reactions are also relevant to the technological plasmas

community, where a need exists for a detailed under-

standing of interactions occurring within plasmas which

can lead to improvements in processing techniques. A

better understanding of the mechanism of charge
transfer, vital to plasma modelling [1], can be obtained

from ion–molecule reaction studies. Chlorinated mole-

cules are widely used in plasma etching processes, and in
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this paper we present data on the reactions of a number
of small gas-phase cations with thiophosphoryl chloride,

PSCl3.

Rate constants and product ion branching ratios for

thermal (298 K) reactions of PSCl3 with the following

cations are reported: H3O
þ, CFþ

3 , CFþ, NOþ, NOþ
2 ,

SFþ
2 , SF

þ, CFþ
2 , O

þ
2 , H2O

þ, N2O
þ, Oþ, COþ

2 , CO
þ, Nþ,

Nþ
2 , Arþ, Fþ and Neþ. These ions cover a large range of

recombination energies, from 6.37 eV (H3O
þ +e� !

H2O+H) to 21.56 eV (Neþ + e� !Ne). Since the first

adiabatic ionisation potential of PSCl3 has been deter-

mined from threshold photoelectron spectroscopy to be

9.70 eV (with a vertical ionisation energy of 10.41 eV)

[2], both chemical reactions (i.e. the forming and

breaking of bonds, important for recombination ener-

gies less than the ionisation potential) and charge

transfer processes (occurring at recombination energies
above the onset of ionisation) should be observed. While

mail to: r.p.tuckett@bham.ac.uk
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charge transfer is expected to be the dominant process at

higher recombination energies, chemical processes may

compete if charge transfer occurs within an ion–mole-

cule complex at short range.

We have published a review of the charge transfer
(CT) process in ion–molecule reactions [3]. A long-range

CT mechanism implies that the cation and neutral exert

a mutual charge-induced dipole attraction, and an

electron ‘jumps’ at a critical separation where the po-

tential energy curves of Aþ +BC and A+BCþ cross. In

the simple case where the potential can be expressed

solely as a function of the charge-induced dipole inter-

action, the critical separation is inversely proportional
to the difference between the recombination energy of

the ion and the energy provided in ionising the neutral.

This means that, for a CT process to occur at long-range

(defined here as P5 �A), the recombination energy of the

ion must be resonant with the energy required to ionise

the neutral molecule BC either into the ground state or,

more usually, into a vibronically excited state of BCþ. If
long-range CT is unlikely, then two possibilities exist.
Either the proximity of the reactants causes a pertur-

bation in their potential energy curves which could allow

a curve crossing much like the long-range mechanism, or

the reactants form an ion–molecule complex in which

chemical bonds are formed and broken or charge

transfer occurs; that is, chemical and CT processes can

compete.

In order to investigate the nature of CT processes
occurring in PSCl3, the ion–molecule reactions were

compared to the fragmentation patterns of energy-se-

lected cations produced by photoionisation of PSCl3 via

the observation of threshold photoelectron–photoion

coincidences (TPEPICO) [2]. The branching ratios as-

sociated with the cations formed by long-range CT

should correlate closely to those of the ion fragments

produced by ionisation of the neutral with a photon
energy equivalent to the recombination energy of the

reactant ion. Any differences in ion product branching

ratios would suggest that perturbation of the initial

states has occurred, resulting in changes to the branch-

ing ratios observed.
2. Experimental

The selected ion flow tube (SIFT) used to measure the

reaction rate coefficients and product ion branching ra-

tios has been described in detail previously [4,5]. In brief,

the reagent ions were generated in an electron impact

high-pressure ion source containing an appropriate gas

(Ne for Neþ, CF4 for F
þ and CFþ

x (x ¼ 1–3), Ar for Arþ,
N2 for N

þ and Nþ
2 , CO for COþ, CO2 for CO

þ
2 , N2O for

Oþ, NOþ and N2O
þ, H2O for H2O

þ and H3O
þ, O2/N2

for Oþ
2 , SF6 for SF

þ
x (x ¼ 1–5) and NO2 for NOþ

2 ). The

high pressure of the gases used in the ionisation source
(several Torr) helps to quench electronically and/or

vibrationally excited states of molecular ions prior to

their injection into the flow tube. However, vibrational

quenching is not complete, with significant vibrationally-

excited populations being observed in Oþ
2 and Nþ

2 re-
agent ions [6]. The ion injection energy is therefore

minimised, whilst maintaining a reasonable ion signal.

The reagent ions were mass selected using a quadrupole

mass filter, before being injected into a drift region

containing high purity (99.997%) helium carrier gas

typically maintained at a pressure of ca. 0.5 Torr. The

buffer gas was passed through a liquid nitrogen cooled

zeolite trap before use. The reagent ions were trans-
ported along the flow tube before interacting with the

PSCl3 gas over a short reaction length at its far end. A

capillary was used to control the amount of the reactant

entering the flow tube. The loss of the reagent ions and

the appearance of product ions as a function of the re-

actant concentration were monitored by a quadrupole

mass spectrometer at the end of the flow tube. Once

identified, the product ion counts were measured with
degraded resolution on the detection quadrupole mass

spectrometer in order to minimize mass discrimination

effects. Assuming pseudo-first-order kinetics, reaction

rate coefficients and ion product branching ratios were

determined in the usual way [4,5,7]. Provided that no

ions are being produced with the same mass as the re-

agent ion and that vibrationally-excited states are not

present in significant numbers, the reaction rate coeffi-
cient can be extracted from a linear least-squares fit to a

graph of the logarithm of the reagent ion signal versus

reactant neutral concentration. Sufficient concentration

of the reactant gas was used to reduce the reagent ion

signal by at least 90% to ensure the graphs were linear.

The rate coefficient determined represents the sum of the

rates of all available channels for each reagent ion. The

product ion branching ratios are only accurate to �20%,
the error increasing for small branching ratios. However,

since the product ion branching ratios, determined from

the product ion counts as a function of reactant neutral

concentration, are only used to provide a qualitative

indication of the important reaction channels, no greater

accuracy needs to be sought for the purposes of this in-

vestigation. Water contamination both in the flow tube

and the He buffer gas resulted in electron transfer from
H2O to those injected ions whose recombination energies

are greater than the ionisation potential of H2O, 12.61

eV. This resulted in an H2O
þ signal typically 6 5% of the

total ion signal, which is routinely corrected for in cal-

culating product ion branching ratios. Since the reaction

of H2O
þ with PSCl3 produces solely PSClþ2 , the correc-

tion in this case was simple.

The experimental procedure for the acquisition of
TPEPICO data has been described in the preceding

paper [2]. Breakdown diagrams were constructed from

the ion yields in the normal manner.
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3. Results and discussion

The rate coefficients of the reactions between the 19

cations and PSCl3 are shown in Table 1, together with

the product ions, the branching ratios, and the proposed
neutral products. All the ions studied react with PSCl3
with a rate coefficient greater than 10�10 cm3 s�1 and,

with the exception of NOþ, all approach the collisional

limit; this latter quantity is shown in square brackets in

column 2 of Table 1. These coefficients, representing

unit efficiency of reaction with capture, were obtained

from modified average dipole orientation calculations

which utilise parameterised fits to results obtained from
trajectory calculations [8]. In the absence of a literature

value, the polarisability of PSCl3 was estimated to be

1.22� 10�29 m3 using the technique of Miller of adding

atomic hybrid components [9], while the value used for

the dipole moment of PSCl3, 1.41 D, was that measured

by Smyth et al. [10]. As found in our previous study of

the ion–molecule reactions of perfluorocarbons [3], the

changes in rate coefficient with recombination energy of
the reactant ion did not always follow the variation of

photoelectron signal with photon energy. This work

suggests that long-range CT may occur provided there is

an energy resonance, but its efficiency is not necessarily

dependent on Franck–Condon factors.

To produce the branching ratios shown in Table 1,

the experiment measured the relative intensities of ions

of different masses produced from the ion–molecule re-
action under consideration. The identities of the likely

neutral products associated with a specific product ion

were deduced via chemical reasoning. Knowledge of the

constituent atoms of the reactant ion and the co-reagent

was sufficient in most cases to make an unambiguous

determination of the ionic products. However, some

ambiguities still remain, particularly in the reactions of

CFþ
x with PSCl3 since P

þ has the same mass as CFþ, but
thermochemical arguments helped to restrict the num-

ber of possible channels. The channels considered most

plausible for each reaction are listed in Table 1. The

majority of the enthalpies of formation at 298 K used

for the thermochemical calculations were taken from

standard sources [11,12]. The values used for the en-

thalpies of formation of CFx, CF
þ
x and SFx, SF

þ
x were

taken from Ricca [13] and Bauschlicher and Ricca [14],
respectively, from coupled cluster ab initio calculations.

The enthalpies of formation of PSClþ2 and PClþ2 were

determined from the appearance energy at 298 K (AE298)

for these ions from PSCl3 and PCl3 in complementary

TPEPICO experiments [2,15], allowance being made for

the small correction needed to convert AE298 of a frag-

ment ion into DrH0
298 for the unimolecular reaction [16].

Upper limit enthalpies of formation of 629 (PSClþ2 ) and
722 (PClþ2 ) kJmol�1 were obtained [2]. Values for

DfH 0
298 of PClþ and PSClþ are unknown, and shown as

such in column 5 of Table 1. Many of the DfH 0
298 values
for the proposed neutral products are also unknown,

and shown accordingly.

3.1. Reactions of ions with recombination energies below

the onset of ionisation of PSCl3

At low recombination energy, ions are produced that

are formed from bond cleavage and formation in ion–

molecule complexes. The reaction between H3O
þ and

PSCl3 proceeds exclusively via proton transfer to

HPSClþ3 , indicating that the proton affinity of PSCl3 is

greater than that of water. Oþ transfer occurs with NOþ
2 ,

OPSClþ3 being the major product. The reactions of NOþ

and CFþ with PSCl3 warrant some discussion. A signif-

icant amount of NO �PSClþ3 is formed from the first re-

action, but the major product is PSClþ3 (47%). As the rate

constant observed is less than a quarter of the capture

value, one might expect this reaction to be slightly en-

dothermic, and indeed the energy available from the re-

combination of NOþ is significantly less than the

experimentally-determined ionisation energy of PSCl3. It
has been found, however, that a significant amount of

vibrationally excited NOþ is created in selected ion flow

tubes by electron impact ionisation [17], which may ac-

count for the shortfall in the energy available to the re-

action; the v ¼ 2 level of NOþ X 1Rþ has a recombination

energy of 9.83 eV, making its reaction with PSCl3 just

exothermic. Despite this fact, the majority of the ions

should be in the ground vibrational state, making it dif-
ficult to account for a 47% branching ratio for this

channel. Furthermore, 7% of the products of this reac-

tion are PSClþ2 ions, which is even more endothermic

than production of PSClþ3 . We note that the endo-

thermicities for production of PSClþ2 +ClNO given in

Table 1 are upper limits, and they will take lower values if

DfH0
298(PSCl

þ
2 ) is significantly less than 629 kJmol�1. A

possible mechanism for the formation of PSClþ3 and
PSClþ2 is via collisionally-induced dissociation of

NO �PSClþ3 as it accelerates into the detection region.

Unlike NOþ, the major difficulty in interpreting the

CFþ data is that of product assignment. The major

product of the reaction of CFþ with PSCl3, with a yield of

64%, has mass 63 u. Its identity could be CFSþ or PSþ.
The production of CFSþ requires the breaking of one

P@S bond, whilst that of PSþ needs three P–Cl bonds to
break. The reaction CFþ +PSCl3 ! CFSþ +PCl3 is

exothermic, provided DfH 0
298(CFS

þ) is less than 1037

kJmol�1. However, the PSþ channel is also exothermic,

since the reaction CFþ +PSCl3 ! PSþ +CFCl3 has an

enthalpy of reaction, DrH 0
298 ¼ �13 kJmol�1. Evidence

from other reactions illustrates that the three P–Cl bonds

may be broken. Thus, Nþ unambiguously produces PSþ,
admittedly at a low level of 1%, via the same chemical
mechanism (Nþ +PSCl3 ! PSþ +NCl3; DrH 0

298 ¼ �203

kJmol�1). However, the reaction also produces NSþ at

the 5% level via the same potential mechanism for pro-



Table 1

Rate coefficients at 298 K, product cations, branching ratios, and suggested neutral products for the reactions of 19 cations with PSCl3

Reagent ion (RE/eV) Rate coefficient/10�9

cm3 s�1

Product ions (%) Proposed neutral

products

DrH 0
298/kJmol�1

H3O
þ (6.37) 1.9 [2.6] H �PSClþ3 (100) H2O )443+DfH 0(H �PSClþ3 )

CFþ
3 (9.04) 1.1 [1.6] PSClþ2 (48) CClF3 )106

CF3 �PSClþ3 (44) – )27+DfH 0(CF3 �PSClþ3 )
PFClþ3 (8) CF2S )377+DfH 0(PFClþ3 )

CFþ (9.12) 1.9 [2.1] PSþ and/or CCl3F )13
CFSþ (64) PCl3 )1037+DfH 0(CFSþ)

PFClþ2 (15) CClS )748+DfH 0(PFClþ2 ) +DfH 0(CClS)

PClþ2 and/or CClFS )26+DfH 0(CClFS)

CFClþ2 (9) PSCl )45+DfH 0(PSCl)

CFSClþ3 (7) P )432+DfH 0(CFSClþ3 )

PFClþ3 (4) CS )468+DfH 0(PFClþ3 )

CClSþ (1) PFCl2 +187+DfH 0(CClSþ) +DfH 0(PFCl2)

NOþ (9.26) 0.49 [2.2] PSClþ3 (47) NO +42, +15, )13a

NO �PSClþ3 (33) – )604+DfH 0(NO �PSClþ3 )
PClþ2 (13) ClNOS +365+DfH 0(ClNOS)

PSClþ2 (7) ClNO +77, +50, +22a

NOþ
2 (9.75) 1.8 [1.8] O �PSClþ3 (97) NO )504+DfH 0(O �PSClþ3 )

NO �PSClþ3 (3) O )345+DfH 0(NO �PSClþ3 )

SFþ
2 (10.15) 1.4 [1.5] PSClþ3 (66) SF2 )43

S �PSClþ3 (13) F2 )304+DfH 0(S �PSClþ3 )
FSþ

2 (8) PFCl3 +507+DfH 0(PFCl3)

PFClþ3 (8) FS2 )304+DfH 0(PFClþ3 ) +DfH 0(FS2)

PClþ3 (5) SSF2 )38

SFþ (10.22) 1.6 [1.7] PSClþ3 (69) SF )50
PSClþ2 (14) SFCl +20+DfH 0(SFCl)

PFClþ3 (6) S2 )1110+DfH 0(PFClþ3 )

ClSþ
2 (4) ClF+ClP )530+DfH 0(ClSþ

2 )

PClþ3 (3) FS2 +58+DfH 0(FS2)

Sþ
2 (2) PFCl3 +422+DfH 0(PFCl3)

S �PSClþ3 (2) F )530+DfH 0(S �PSClþ3 )

CFþ
2 (11.45) 1.4 [1.7] PSClþ3 (69) CF2 )169

PClþ3 (25) CF2S )215
PSClþ2 (4) CClF2 )178
PFClþ3 and/or CFS )532+DfH 0(PFClþ3 ) +DfH 0(CFS)

CF2Clþ3 (2) PS )393+DfH 0(CF2Cl
þ
3 )

Oþ
2 (12.07) 1.6 [2.1] PSClþ3 (73) O2 )229

PSClþ2 (21) Cl +O2 )35
O2 �PSClþ2 (6) Cl )664+DfH 0(O2 �PSClþ2 )

H2O
þ (12.61) 2.0 [2.7] PSClþ2 (100) Cl +H2O )87

N2O
þ (12.89) 1.6 [1.8] PSClþ2 (93) Cl +N2O )114

PClþ2 (6) SCl +N2O +14.6

PSClþ3 (1) N2O )308

Oþ (13.62) 2.4 [2.8] PSClþ2 (69) Cl +O )184
PSClþ3 (18) O )378
PClþ2 (13) SCl +O )55

COþ
2 (13.77) 1.7 [1.8] PSClþ2 (80) Cl +CO2 )198

PSClþ3 (11) CO2 )392
PClþ2 (6) SCl +CO2 )70
O2 �PSClþ2 (3) CCl )53+DfH 0(O2 �PSClþ2 )

COþ (14.01) 1.9 [2.2] PSClþ2 (93) Cl +CO )221
PClþ2 (6) SCl +CO )93
PSClþ3 (1) CO )415
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Table 1 (continued)

Reagent ion (RE/eV) Rate coefficient/10�9

cm3 s�1

Product ions (%) Proposed neutral

products

DrH 0
298/kJmol�1

Nþ (14.53) 2.4 [3.0] PSClþ2 (62) Cl +N )272
PSClþ3 (16) N )466
PClþ2 (15) SCl+N )144
NSþ (5) PCl3 )665
PSClþ (1) Cl2 +N )1022+DfH 0(PSClþ)

PSþ (1) NCl3 )203

Nþ
2 (15.58) 2.0 [2.2] PSClþ2 (80) Cl +N2 )373

PClþ2 (14) SCl+N2 )245
PSClþ (4) Cl2 +N2 )1123+DfH 0(PSClþ)

PSClþ3 (2) N2 )567

Arþ (15.76) 1.7 [1.9] PSClþ (39) Cl2 +Ar )1140+DfH 0(PSClþ)

PSClþ2 (38) Cl +Ar )391
PClþ2 (21) SCl+Ar )263
PSClþ3 (2) Ar )585

Fþ (17.42) 2.0 [2.6] PSþ (38) Cl2 +ClF )406
PClþ2 (22) SCl+F )422
PSClþ (17) Cl2 +F )1300+DfH 0(PSClþ)

PSClþ2 (15) Cl +F )550
PClþ (5) SCl2 +F )1318+DfH 0(PClþ)

PSClþ3 (3) F )745

Neþ (21.56) 2.0 [2.6] PSþ (46) Cl2 +Cl+Ne )555
PClþ (36) SCl2 +Ne )1718+DfH 0(PClþ)

PClþ2 (7) SCl+Ne )822
PSClþ2 (5) Cl +Ne )950
PSClþ3 (3) Ne )1144
PSClþ (2) Cl2 +Ne )1700+DfH 0(PSClþ)

Sþ (1) PCl3 +Ne )707
Clþ (trace) P+SCl2 +Ne )30

The recombination energy of the ion is shown in column 1. Experimental rate coefficients are shown in column 2; values in square brackets are

theoretical capture coefficients (see text). The product ions and their branching ratios are shown in column 3; ambiguities in the products are shown

in italics. The most likely accompanying neutral products are given in column 4, with the enthalpy of the proposed reaction given in column 5.
a The three values quoted are for the enthalpy of reaction at 298 K involving the v ¼ 0, 1, and 2 levels of the ground electronic state of NOþ.
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ducing CFSþ (Nþ +PSCl3 !NSþ +PCl3; DrH0
298 ¼

�665 kJmol�1). We conclude that the product ion of

mass 63 u in the CFþ +PSCl3 reaction is an unknown

combination of CFSþ and PSþ. Examination at higher

resolution was unable to determine the specific compo-

sition of the combined peak, as both products have one

sulphur atom and hence an isotope of similar intensity at

mass 65 u. The parent ion signal was not sufficient to
permit the observation of 13C19F34S with mass 66 u. This

ambiguity is also present in the reactions of CFþ
2 and

CFþ
3 , however most of the alternative products are un-

likely to occur due to the extensive rearrangement re-

quired within the reaction complex. Where a significant

ambiguity exists, both possible channels are presented in

italics in column 3 of Table 1.

3.2. Reactions of ions with recombination energies above

the onset of ionisation of PSCl3

The adiabatic ionisation potential of PSCl3 is 9.70 eV

and the threshold for production of PSClþ2 is 11.55 eV
[2]. For ions whose recombination energy spans 10.15–

11.55 eV (i.e. SFþ
2 , SF

þ and CFþ
2 ) the major product ion

is PSClþ3 , presumably formed via long-range CT. For

ions with recombination energy greater than 11.55 eV,

reactions proceed via dissociative CT. As observed in

the reactions of saturated and unsaturated perfluoro-

carbons [3], the degree of fragmentation increases with

increasing recombination energy. We note, however,
that there is still some branching ratio from non-disso-

ciative CT producing PSClþ3 even at the highest re-

combination energy studied, 21.56 eV.

Fig. 1 of the preceding paper [2] shows the threshold

photoelectron spectrum of PSCl3 and the coincident ion

yields following dissociative photoionisation at a reso-

lution of 0.3 nm. Four product ions are observed;

PSClþ3 , PSCl
þ
2 , PXClþ and PXþ, where X¼ S or Cl. The

difficulties of resolving the masses of PSClþ from PClþ2
and PSþ from PClþ were discussed earlier [2]. The

parent ion is dominant up to 11.5 eV, PSClþ2 becomes

dominant for hm > 11:8 eV, PClþ2 shows a low yield of

ca. 10% for hm > 12 eV and PSClþ shows a greater yield
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Fig. 1. Comparison of the products from ion–molecule studies of PSCl3 with TPEPICO photoionisation branching ratios over the energy range 10–

22 eV. A colour version of this figure is available electronically on the web.
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for hm > 15:2 eV, and PXþ shows a very weak yield for
hm > 16 eV. The solid lines of Fig. 1 of this paper show

the resulting breakdown diagram over this photon range

of 10–22 eV. For simplicity, we have shown only the

yields of unresolved PXClþ and PXþ. The individual

data points shown in Fig. 1 give the branching ratios

from the ion–molecule reactions for the product ions

that could result from CT over this same range of ion

recombination energies, 10–22 eV. We consider the re-
sults in two groups; ions with recombination energy in

the range 10–15 eV, and those in the range 15–22 eV.

For ions with recombination energies between 10 and

15 eV (SFþ
2 through Nþ), the major product ions are

PSClþ3 , PSCl
þ
2 and PClþ2 . These ions are also observed in

the photon-induced study [2]. With the exception of the

Oþ
2 data, there is reasonable agreement between the

product ion branching ratios from the photon- and ion-
induced reactions. This suggests that long-range CT,

both non-dissociative and dissociative, is the dominant

mechanism for ion–molecule reactions of PSCl3 with

ions whose recombination energy lies in the range 10–15

eV. We note that the yield of PSClþ2 reaches 100% for

the reaction of H2O
þ with PSCl3, and suggests that a

large Franck–Condon overlap exists between neutral

PSCl3 and an excited vibronic state of PSClþ3 that dis-
sociates to PSClþ2 +Cl at the recombination energy of

H2O
þ, 12.61 eV. This is confirmed by the threshold

photoelectron spectrum (Fig. 1(a) of [2]).
We now consider the anomalous data for Oþ
2 (12.07

eV) and, to a lesser extent, aspects of the H2O
þ data.

The Oþ
2 + PSCl3 reaction produces PSClþ3 as the domi-

nant ion, whilst photoexcitation of PSCl3 at 12.07 eV

produces PSClþ2 as the dominant ion. This phenomenon

can probably be explained by the presence of O2 �PSClþ3
at the 6% level. An ion–molecule complex must form to

produce this product, and it is therefore not surprising

that the PSClþ2 relative yields from the two experiments
do not match. At a lower level of disagreement, the re-

actions of Oþ
2 and H2O

þ with PSCl3 produce zero yield

of PClþ2 , whereas photoexcitation in the range 12.1–12.6

eV produces this ion with a yield of ca. 10%. Using the

value for DfH 0
298(PCl

þ
2 ) of 722 kJmol�1 derived from

dissociative photoionisation of PCl3 [15], the reaction

PSCl3 + hm!PClþ2 + SCl + e� requires the photon en-

ergy to be at least 12.88, 15.35 eV if the neutral products
are S+Cl. PClþ2 , however, has an AE298 of 11.8 eV from

PSCl3 [2]. The disparity in these results was noted in the

previous paper, and cannot be explained. We note that

PClþ2 is not observed as a CT product from any ion–

molecule reaction unless the recombination energy of

the ion is greater than that of N2O
þ, 12.89 eV. This

observation is therefore consistent with the thermo-

chemistry for PClþ2 derived from the PCl3 + hm!PClþ2 +
Cl + e� reaction [15].

We now consider ions with recombination energy in

the range 15–22 eV. For the three atomic ions in this
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range, Arþ, Fþ and Neþ, the trend of increasing frag-

mentation with increasing recombination energy is ap-

parent. Thus with Arþ, PSClþ2 and PSClþ are the

dominant ions with approximately equal branching ra-

tios. With Fþ, PClþ2 and PSþ are the two most dominant
ions. With Neþ, PSþ and PClþ are the two dominant

ions. Furthermore, the branching ratios mimic very

closely those from the photon-induced study (Fig. 1).

This is particularly strong evidence to support the the-

ory that, for the reactions of these three atomic ions,

long-range CT dominates. The results for the reaction of

Nþ
2 (15.58 eV) with a similar recombination energy to

that of Arþ, however, are slightly anomalous. This is the
photon energy where the relative yield of PSClþ2 is re-

ducing steeply as that of PSClþ increases steeply. At

15.58 eV, the branching ratio for production of PSClþ2
from photoionisation is ca. 0.5, whereas the yield of this

ion from Nþ
2 +PSCl3 is 0.80. Likewise, the combined

yield of PSClþ and PClþ2 from the photon experiment is

also ca. 0.5 whereas the yield of these two ions from the

ion–molecule reaction is only 0.18. This would suggest
that the potential curves of the reactants are being per-

turbed in the ion–molecule reaction, and charge transfer

is occurring at a shorter distance [3].

Finally, we note that in the range 10–22 eV PClþ3 was

not observed as a product of dissociative photoionisa-

tion or as a product of any CT ion–molecule reaction. In

addition, a study of the fragment ions produced from 70

eV electron impact ionisation of PSCl3 found that the
yield of PClþ3 was also very low [18]. This suggests that

there is no energy resonance between PSCl3 and a po-

tential curve that dissociates to PClþ3 + S. While the P@S

bond is never broken exclusively in long-range disso-

ciative CT, PClþ3 is observed when a short-range inter-

action takes place. Thus for the CFþ
2 reaction, S�

abstraction via the reaction CFþ
2 +PSCl3 !PClþ3 +

CF2S is the only exothermic pathway that can produce
PClþ3 , and this channel has a significant branching ratio

of 25%. S� abstraction was also observed in the reac-

tions of the SFþ
x ions.
4. Conclusions

The reactions of 19 ions with PSCl3 have been stud-
ied, with data presented for the rate constants and the

product ion branching ratios. With the exception of

NOþ +PSCl3, all reactions proceed at or close to the

collisional limit. For those ions with recombination en-

ergies greater than the ionisation energy of PSCl3, 9.70

eV, dissociative charge transfer is the dominant process.

Thus in the energy range of 10–22 eV, the charge

transfer products observed via ion–molecule reactions
are in most instances in good agreement with photoi-

onisation fragment distributions obtained from thresh-

old photoelectron photoion coincidence data. The

agreement is particularly good for the three high-energy

atomic ions, Arþ, Fþ and Neþ. However, for some re-
actions marked differences have been observed,

Oþ
2 + PSCl3 being the most notable example. In these

instances, the results indicate that short-range charge

transfer must be occurring within an ion–molecule

complex. For those ions with recombination energies

less than 9.70 eV, a chemical reaction occurring within

the ion–molecule complex is the only mechanisms

available to produce the observed products.
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