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Bond strengths in POCl3
−, POCl2−, and PSCl2−
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Abstract

The bond strengthsD(OCl2P− Cl) = 172± 7, D(OClP Cl−) = 177± 8, andD(SClP Cl−) = 186± 6 kJ mol−1 have been determined at
0 K by measuring thresholds for collision-induced dissociation in a flowing afterglow-tandem mass spectrometer. This thermochemistry is
consistent with a close balance between dissociative and nondissociative electron capture for POCl3 and PSCl3. B3LYP and G3 computational
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esults give bond strengths lower by an average of about 20 kJ mol−1.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Phosphoryl chloride, POCl3, is used extensively (hun-
reds of kilotons per year)[1] as a precursor for a variety of
rganophosphorus compounds. POCl3 has also been found to
e an effective electron scavenger in flames[2]. Electron cap-

ure by POCl3 produces POCl3
− as well as two dissociative

roducts, Cl− and POCl2− (reactions 1–3)[3,4]. The degree
f dissociation is sensitive to the temperature and pressure of

he electron capture conditions. In contrast, PSCl3 produces
nly dissociative products, Cl− and PSCl2− (reactions 4 and
), except at relatively high pressures[5].

OCl3 + e− → POCl3
− (1)

OCl3 + e− → POCl2 + Cl− (2)

OCl3 + e− → POCl2
− + Cl (3)

SCl3 + e− → PSCl2 + Cl− (4)

SCl3 + e− → PSCl2
− + Cl (5)

Understanding the product distributions depends on
derstanding the thermochemistry of the possible product
some of the necessary data is not well known. The ele
affinities of POCl2 and POCl3 were measured to be 3.83 a
1.41 eV by determining the thresholds for anion forma
upon charge transfer from Cs to POCl3 [6]. The correspond
ing values calculated at the G2 level (3.71 and 1.50 eV[7]
and G3 level (3.73 and 1.59 eV)[8] are in reasonable agre
ment with the experimental results. G3 calculations have
been performed on PSCl2, PSCl3, and their anions[5], but
experimental results are lacking.

The substitution of sulfur for oxygen in POCl3 must af-
fect the thermodynamics in order to cause the differenc
the product distributions. A substantial amount of theo
cal work on the nature of PO and P S bonding has bee
performed[9–13]. Most of the results are consistent w
a picture of a P+ O− single bond with some backbondin
while the sulfur analog is less polarized.

We have performed collision-induced dissociation ex
iments on POCl3

−, POCl2−, and PSCl3− to determine the
mochemistry that can provide additional insight into th
∗ Corresponding author. Tel.: +1 815 753 6870; fax: +1 815 753 4802.
E-mail address:sunder@niu.edu (L.S. Sunderlin).

systems. A related study of POCl4
− and PSCl4− has also been

completed recently[14]. An advantage of these gas-phase
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experiments is that the effects of solvation on the bonding
[15] are eliminated, making the experimental results directly
comparable to computational results.

2. Experimental

Bond strengths were measured using the energy-resolved
collision-induced dissociation (CID) technique[16,17] in a
flowing afterglow-tandem mass spectrometer (MS)[18]. The
instrument consists of an ion source region, a flow tube, and
the tandem MS. The DC discharge ion source used in these
experiments is typically set at 2000 V with 2 mA of emission
current. The flow tube is a 92 cm× 7.3 cm i.d. stainless steel
pipe that operates at a buffer gas pressure of 0.35 Torr, a flow
rate of 200 standard cm3 s−1, and an ion residence time of
100 ms. The buffer gas is helium with up to 10% argon added
to stabilize the DC discharge.

To make POCl3− and POCl2− for this study, POCl3 was
added to the ion source. The main ion produced under our
experimental conditions is POCl3

−. The main products of
direct electron impact on POCl3 are POCl2−, POCl3−, and
a small amount of Cl− [4]. The experiments of Knighton
et al., where branching ratios are measured, were done at
low reagent flow conditions to minimize secondary reactions.
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the reactant ion kinetic energy in the center-of-mass (CM)
frame,Ecm. The octopole is used as a retarding field analyzer
to measure the reactant ion beam energy zero. The ion kinetic
energy distribution for the present data is typically Gaussian
with an average full-width at half-maximum of 0.8–1.1 eV
(1 eV = 96.5 kJ mol−1). The octopole offset voltage measured
with respect to the center of the Gaussian fit gives the lab-
oratory kinetic energy,Elab, in eV. Low offset energies are
corrected for truncation of the ion beam[19]. To convert to
the CM frame, the equationEcm =Elabm(m+M)−1 is used,
wherem andM are the masses of the neutral and ionic re-
actants, respectively. All experiments were performed with
both mass filters at low resolution to improve ion collection
efficiency and reduce mass discrimination. Average atomic
masses were used for all elements.

The total cross section for a reaction,σtotal, is calculated
using Eq.(6), where I is the intensity of the reactant ion
beam,Io is the intensity of the incoming beam (Io = I +�Ii),
Ii is the intensity of each product ion,n is the number density
of the collision gas, andl is the effective collision length,
13± 2 cm. Individual product cross sectionsσ i are equal to
σtotal (Ii /�Ii). Data taken at several pressures is extrapolated
to a zero pressure cross section before fitting the data to avoid
the effects of secondary collisions[20].

I = Io exp(−σtotalnl) (6)
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igher flow rates were used in the present experimen
aximize production of the desired reagent ions. Thus,
ndary reactions have a significant impact on the ion d
ution. Substantial amounts of POCl4

− are also created,
iscussed previously[14]. Approximately 105 collisions with

he buffer gas cool the metastable ions to room tempera
PSCl3 was the precursor for PSCl2

−. Electron attachme
o PSCl3 at the pressures used in these experiments
nly dissociative products[5], although it may be possib

o produce PSCl3
− from secondary reactions. Attempted

eriments on PSCl3
− were inconsistent, probably becaus

s very difficult to cleanly separate the desired ions (w
ave a wide isotope distribution) from other ions with ov

apping mass spectra. Therefore, only computational re
or PSCl3− will be discussed in this paper.

The tandem MS includes a quadrupole mass filter, a
opole ion guide, a second quadrupole mass filter, and
ector, contained in a stainless steel box that is partiti
nto five interior chambers. Differential pumping on the fi
hambers ensures that further collisions of the ions with
uffer gas are unlikely after ion extraction. During CID exp

ments, the ions are extracted from the flow tube and foc
nto the first quadrupole for mass selection. The reactan
re then focused into the octopole, which passes throu
eaction cell that contains a collision gas (argon in the pre
xperiments). After the dissociated and unreacted ions
hrough the reaction cell, the second quadrupole is use
ass analysis. The detector is an electron multiplier oper

n pulse-counting mode.
The energy threshold for CID is determined by mo

ng the cross section for product formation as a functio
Threshold energies are derived by fitting the data
odel function given in Eq.(7), whereσ(E) is the cross sec

ion for formation of the product ion at CM energyE,ET is the
esired threshold energy,σo is the scaling factor,n is an ad

ustable parameter, andi denotes rovibrational states hav
nergyEi and populationgi (�gi = 1). Doppler broadenin
nd the kinetic energy distribution of the reactant ion are
ccounted for in the data analysis, which is done using
RUNCH program written by Armentrout and cowork

19].

(E) = σo
∑

igi(E + Ei − ET)n

E
(7)

Experimental vibrational frequencies are not available
he anions studied in this work. Therefore, vibrational
otational frequencies were calculated using the B3LYP/
c-pVTZ model to give a consistent set of frequencies, g
n Table 1. The calculated frequencies reported here for P
nd PSCl average 2% lower than experiment, which is

cal for this type of system[14,21]. Recent work on close
elated molecules with this model suggests it gives gene
ood agreement with experiment[22]. Therefore, the calcu

ated frequencies were used without scaling. Uncertai
n the derived thresholds due to possible inaccuracies i
requencies were estimated by multiplying the entire se
requencies by 0.9 and 1.1. The resulting changes in int
nergies are less than 2 kJ mol−1. Polarizabilities for neutra
olecules were also taken from the computational res

arying these parameters has a negligible effect on th
ived bond strengths.
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Table 1
Vibrational frequencies and rotational constantsa

Compound Experimental
vibrational
frequency
(cm−1)

Calculated
vibrational
frequency
(cm−1)b

Rotational
frequency
(cm−1)b

Polarizability
(10−24 cm3)b

POCl3− 23.7 0.0337
28.4 0.0518

142 0.0525
184
185
266
393
394

1237

POCl2− 125 0.0543
201 0.0764
252 0.1469
335
395

1203

POCl2 180 0.0602
263 0.0877
308 0.1682
453
508

1209

PSCl2− 135 0.0427
154 0.0771
210 0.0786
304
351
631

POCl 308c 297 0.1287 6.28
489c 479 0.1460
1263c 1277 1.086

PSCl 229d 220 0.0800 9.25
462d 442 0.0921
716d 717 0.6062

Cl – – 2.19
a Numbers in parentheses are degeneracies.
b Present work, calculated at the B3LYP/aug-cc-pVTZ level.
c Ref. [22].
d Ref. [37].

Collisionally activated metastable complexes can have
long enough lifetimes that they do not dissociate on the
experimental timescale (ca. 50�s). Such kinetic shifts are
accounted for in the CRUNCH program by RRKM life-
time calculations, where the reaction transition states are
presumed to be essentially product-like[23]. The uncer-
tainty in the derived thresholds is again estimated by mul-
tiplying reactant or product frequency sets by 0.9 and 1.1,
and by multiplying the time window for dissociation by
10 and 0.1. The effect of these variations is less than
2 kJ mol−1.

The reagents POCl3 and PSCl3 were obtained from
Aldrich. He and Ar were obtained from BOC. All reagents
were used as received.

Computational work on these systems was performed us-
ing the Gaussian 98 Suite[24]. The Natural Bond Orbitals
Analysis (NBO)[25] program was used to study the charge
distributions in these systems.

3. Results

CID of POCl3− gives loss of Cl atom, reaction 8, as the
predominant product. Reactions 9 and 10 were also observed.
In reaction 9, POCl2 may instead be the dissociated prod-
ucts (POCl + Cl). Appearance curves for CID of POCl3

− are
shown inFig. 1. The observed predominance of chlorine atom
loss is consistent with POCl2 having a slightly higher electron
affinity than Cl[6].

POCl3
− → POCl2

− + Cl (8)

POCl3
− → POCl2 + Cl− (9)

POCl3
− → POCl + Cl2

− (10)

POCl2− and PSCl2− both give loss of Cl− as the only
major CID product, reactions 11 and 12. With PSCl2

−, about
0.2% of what is apparently a Cl2

− product ion was also ob-
served. This trace product will not be considered further. The
appearance curves are shown inFigs. 2 and 3.
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OCl2
− → POCl + Cl− (11)

SCl2
− → PSCl + Cl− (12)

Ideally, it would be possible to use modeling software
eloped to simultaneously determine the thresholds for
ompeting reactions to determine the relative energeti
eactions 8 and 9[26]. Attempts at fitting the data failed
atch the observed cross sections. A possible reason f
nsuccessful competitive fit is incorrect calculated dens
f states for the transition states, which as noted above a

ieved to be product-like. This is more likely for systems s
s POCl3−, where the reactant and both polyatomic prod

ig. 1. Cross section for collision-induced dissociation of POCl3
− as a func

ion of energy in the CM frame. The solid and dashed lines represen
oluted and unconvoluted fits to the data, as discussed in the text.
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Fig. 2. Cross section for collision-induced dissociation of POCl2
− as a func-

tion of energy in the CM frame. The solid and dashed lines represent con-
voluted and unconvoluted fits to the data, as discussed in the text.

Fig. 3. Cross section for collision-induced dissociation of PSCl2
− as a func-

tion of energy in the CM frame. The solid and dashed lines represent con-
voluted and unconvoluted fits to the data, as discussed in the text.

have very low vibrational frequencies that may not be har-
monic at higher energy levels. Competitive fits do support the
qualitative observation that the electron affinity of POCl2 is
slightly higher than that of Cl.

The data for POCl3
− was therefore fit with a model involv-

ing a single reaction channel. There are two limiting cases for
modeling this dissociation. One case assumes that formation

of the minor products does not deplete the collisionally acti-
vated ions that would otherwise dissociate to form the main
product, POCl2−. In this situation, the data for formation of
the main product (reaction 8) should be fit using the transition
state parameters for that reaction. The second case is that all
formation of the minor productsdoesdeplete an intermediate
that leads to the main product. This includes the possibility
that some of the products of reactions 9 or 10 are secondary
products formed after initial dissociation of a chlorine atom.
In this case, thetotal cross section should be fit with the pa-
rameters for reaction 8. These two procedures give a negligi-
ble difference in the derived thermochemistry, <1 kJ mol−1,
and the fitting parameters (Table 2) are the same. Thus, the
uncertainty in the dissociation pathways has an insignificant
effect on the derived thermochemistry.

There are two reasons that these derived thresholds are es-
sentially the same. One is that the main product cross-section
has nearly the same shape as the total cross section (the main
product is about 85% of the total cross section at threshold and
declines slowly to about 75%). The other is that for the rela-
tively small molecule POCl3

−, the kinetic shift is small (less
than 0.1 eV). Thus, although the product branching ratios are
sensitive to the details of the transition state parameters, the
overall threshold is nearly insensitive.

The Eq.(7) fitting parameters for all three systems are
g
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Table 2
Fitting parameters and bond strengthsa

Anion ET (eV) n BDEb BDEc

POCl3− 1.78± 0.06 1.0± 0.1 172± 7 172± 7
POCl2− 1.83± 0.07 1.1± 0.1 177± 8 178± 8
PSCl2− 1.93± 0.05 1.0± 0.1 186± 6 187± 6

a See text for discussion of fitting parameters. Bond dissociation enthalpie
b Value at 0 K.
c Value at 298 K.
d B3LYP/6-311 + G(d) value at 0 K.
e B3LYP/aug-cc-pVTZ value at 0 K.
f G3 value at 0 K from ref.[8].
g G3 values at 0 K from T.M. Miller, private communication.
iven inTable 2, and the fits are shown inFigs. 1–3as well.
he effects of reactant and product internal energy ar
luded in the fitting procedure, so the dissociation thresh
orrespond to bond energies at 0 K. The final uncertai
n the bond energies are derived from the standard dev
f the thresholds determined for individual data sets, the
ertainty in the reactant internal energy, the effects of kin
hifts, and the uncertainty in the energy scale (±0.15 eV lab)
hese results are given inTable 2.

The experimental 0 K bond energies determined this
an be converted into 298 K bond enthalpies using the
rated heat capacities of the reactants and products,
re determined using the frequencies inTable 1. These give
98 K bond enthalpies that are nearly unchanged (Table 2).

Calculations on the molecules relevant to this study w
one using several models and basis sets. The optimize
metries are not very dependent on the basis set chose
eometries calculated using B3LYP/aug-cc-pVTZ are g

Calculated BDEd Calculated BDEe Calculated BDE

145 154 155f

155 156 164g

147 147 161g

s in kJ mol−1.
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Table 3
Predicted (B3LYP/aug-cc-pVTZ level) and experimental (microwave) struc-
tural data for POCl3, PSCl3, and related molecules and anions

Species PO(S) P Cl O(S) P Cl Cl P Cl

POCl3 1.464 2.032 114.8 103.6
expa 1.4464 1.9929 114.91 103.53
POCl3− (2) – 2.302 108.66 110.56
(1) 1.478 2.309 108.62 109.73
PSCl3 1.907 2.052 116.4 101.8
expb 1.8835 2.0093 116.35 102.09
PSCl3− (2) – 2.359 111.2 99.4
(1) 1.949 2.176 110.5 123.3
POCl2− 1.490 2.307 106.06 96.83
PSCl2− 1.968 2.271 107.00 96.02
POCl 1.472 2.104 109.88 –
expc 1.462 2.059 110.0 –
expd 1.461 2.060 109.9 –
PSCl 1.912 2.113 110.11 –

Distances are in̊A, angles in degrees. Degeneracies are in parentheses.
a Ref. [38].
b Ref. [39].
c Ref. [40].
d Ref. [41].

in Table 3, and calculated bond energies are given inTable 2.
NBO atomic charges are given inTable 4.

4. Discussion

4.1. Geometries

The calculated geometric parameters for species studied
in this paper are given inTable 3, along with the limited
experimental data. Other computational results for several
of these species have been reported previously[5,8,14], but
not at a consistent computational level. The bond lengths
calculated with the B3LYP/aug-cc-pVTZ method are slightly
longer than the experimental values, which is typical[14,27].
The bond angles are in generally good agreement.

If POCl3 and PSCl3 are assigned formal charges of +1 for
the phosphorus and−1 for the oxygen or sulfur atoms, then
Lewis structures for these molecules have four electron pairs
around each central phosphorus atom. Thus, VSEPR argu-
ments[28] predict nearly tetrahedral structures with threefold
symmetry, in agreement with the experimental and compu-

Table 4
Atomic charges and spin densities calculated using MP2/LANL2DZpd and
the NBO method (degeneracies in parentheses)

M

P
P
P
P
P
P

P
P

tational results. However, the stereochemical effect of the
additional electron in POCl3

− and PSCl3− is less easily pre-
dicted.

Begum and Symons[29] measured the ESR spectrum
of POCl3− in a solid sample of POCl3. They noted that
two chlorine atoms had larger hyperfine couplings (66 G)
while one was smaller (20 G), which rules out threefold
symmetry for POCl3−. They also noted that the hyper-
fine coupling for P was 1359 G. The B3LYP/aug-cc-pVTZ
value for P (1323 G) is in good agreement, but the values
for the chlorine atoms are different (two atoms with 28.7
and one with 28.2 G). The calculated PCl bond lengths
are identical for two chlorine atoms (2.302Å) and slightly
different for the third (2.309̊A), which is consistent with
the small differences in the hyperfine coupling constants.
The calculated atomic charges and spin densities for the
three chlorine atoms (Table 4) are essentially identical.
Fernandez et al., however, calculated a moderate differ-
ence in the MP2/6-311+G(d) NBO populations of the chlo-
rine atoms (−0.492 for two atoms and−0.404 for one)[8].

Although experiment and computation both indicate
that addition of an electron to POCl3 breaks the three-
fold symmetry of the chlorine atoms, the computational
results suggest that the extra electron is almost stereo-
chemically inactive; all of the bond angles in POCl3

−
a 9.5◦
T en-
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s
s
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t
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e
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a spin
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V
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t ge to
o t the
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t -
l hese
p d the
p 120
a

4

p ol
olecule qP qCl qO/S Spin(P) Spin(Cl) Spin
(O/S)

OCl3 1.658 −0.229 −0.970 – – –
OCl3– 1.430 −0.471 −1.018 0.428 0.188 0.007
OCl2– 1.137 −0.550 −1.037 – – –
OCl 1.236 −0.371 −0.865 – – –
SCl3 0.994 −0.216 −0.345 – – –
SCl3− 0.803 −0.466 (2) −0.521 0.446 0.216 (2) 0.066

−0.350 (1) 0.055 (1)
SCl2– 0.548 −0.470 −0.609 – – –
SCl 0.580 −0.323 −0.257 – – –
re within one degree of the tetrahedral angle of 10.
he much greater symmetry breaking in the experim

al hyperfine coupling constants could be caused by
olid state environment. For example, the ClP Cl scis-
ors vibrational mode calculated to lie at 28 cm−1 breaks
he symmetry of the three chlorine atoms; the low
uency indicates that even a weak interaction with ne
oring molecules could substantially affect the solid s
eometry. Similarly, I3−, which has a low asymmetric str

ching frequency, is often distorted in crystal structures[30].
PSCl3− is calculated to be significantly less symmet

ven in the gas phase. The bond lengths are 2.359Å (doubly
egenerate) and 2.176Å, and the calculated hyperfine co
lings are 1238 G for the P atom, 27.3 G for two Cl ato
nd 12.6 G for one Cl atom. The atomic charges and
ensities inTable 4reflect this symmetry breaking as we
ery similar atomic charges were previously reported[5].

POCl2− and PSCl2− have eight electrons around the c
ral P atom, given the assignment of the negative char
xygen or sulfur. Therefore, the VSEPR prediction is tha
(S) P Cl and Cl P Cl angles are somewhat less than

etrahedral angle of 109.5◦. POCl2− and PSCl2− are calcu
ated to have very similar geometries that agree with t
redictions. Since there are three electron clouds aroun
hosphorus atom in POCl and PSCl, bond angles near◦
re expected, in agreement with the calculations.

.2. Experimental and theoretical bond energies

Computed bond energies are given inTable 2with the ex-
erimental results. The calculated values are 13–39 kJ m−1
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below experiment; the G3 calculations are in better agreement
than the B3LYP calculations. B3LYP/aug-cc-pVTZ calcula-
tions of P Cl− bond strengths in 10-electron complexes are
in good agreement with experiment[14], but corresponding
bond strengths in group 14 complexes such as ACl5

− (A = Si,
Ge, Sn) are 10–44 kJ mol−1 lower than experimental results
[31]. The reason for these inconsistent results is not clear.

The bond strengths measured here allow several compar-
isons to be made. The bond strengths in POCl2

− and PSCl2−
are almost the same, consistent with very similar PCl bond-
ing in these systems. The bond strength in POCl3

− is es-
sentially as strong as the bonds in the closed-shell species
POCl2− and PSCl2−. While the reactant is a thermodynam-
ically disfavored radical anion, the chlorine atom product is
also a radical. All three bond strengths measured here, how-
ever, are substantially stronger than the bond strengths mea-
sured[14] in the 10-electron systems POCl4

− and PSCl4−
(43± 5 and 41± 4 kJ mol−1, respectively).

4.3. Heats of formation and electron capture
thermodynamics

The thermodynamics of several POClx species can be
combined to provide additional conclusions, as shown
schematically inFig. 4. The gas-phase heat of formation of
P
a
g
T
g e-
t
t
− ned
w
g
g
� -
t be
1

rides.

1.54± 0.33 eV). These values are somewhat higher than the
experimental value of 1.41± 0.20 eV determined previously
[6], but bracket the G3 computational value of 1.59 eV[5].

The experimental results can be used to determine
the thermochemistry of dissociative electron attachment
more directly by comparing the thermochemistry of the
reactants and products of reaction 3, using�fH298(e−,
g) = 0.0 kJ mol−1 [34]. The reaction 3 enthalpy is calculated
to be 0± 17 kJ mol−1 or 23± 31 kJ mol−1. This supports the
calculated G3 results[5], which show that reactions 2 and
3 are endothermic by 11 and 0 kJ mol−1, respectively. The
near thermoneutrality is consistent with electron attachment
leading to competition between collisional stabilization and
dissociation.

The gas-phase heat of formation of PSCl,�fH298(PSCl,
g), is −11.9 kJ mol−1 (no uncertainties were given for this
measurement)[35]. Combining this value with the threshold
for reaction 12 and�fH298(Cl−, g) =−229.4 kJ mol−1 [34]
gives�fH298(PSCl2−, g) =−428 kJ mol−1. This can be com-
bined with�fH298(PSCl3, g) =−292 kJ mol−1 [36] to give
an enthalpy for reaction 5 of−15 kJ mol−1. G3 calculations
[5] determine enthalpies for reactions 4 and 5 of−20 and
−12 kJ mol−1, respectively; the second number is in good
agreement with experiment. While the uncertainties in the
experimental numbers are large, the greater exothermicity is
c n for
P the
n ula-
t

5

om
p ves
b
1
G ex-
p ture
f on
c
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Na-
t . We
t for
u NIU
C e.

R

ed.,
OCl has been measured by Dudchik and Polyachenok[32]
nd Binnewies et al.[33], giving respectively�fH298(POCl,
) =−274± 15 kJ mol−1 and −251± 30 kJ mol−1.
hese values can be combined with�fH298(Cl−,
) =−229.4 kJ mol−1 [34] and the bond enthalpy d

ermined in this work,D298(POCl Cl−) = 178± 8 kJ mol−1,
o give �fH298(POCl2−, g) =−681± 17 kJ mol−1 or
658± 31 kJ mol−1. These numbers can then be combi
ith the thermochemistry for reaction 8 and�fH298(Cl,
) = 121.3 kJ mol−1 [34] to give �fH298(POCl3−,
) =−732± 18 kJ mol−1 or −709± 32 kJ mol−1. Since
fH298(POCl3, g) =−559.8± 1.7 kJ mol−1 [34], the elec

ron affinity of POCl3 at 298 K can be calculated to
72± 18 kJ mol−1 or 149± 32 kJ mol−1 (1.78± 0.19 eV or

Fig. 4. Reaction energetics scheme for relevant phosphorus oxychlo
onsistent with electron capture giving more dissociatio
SCl3 than for POCl3. More precise thermochemistry on
eutral molecules involved in the thermochemical calc

ions would clarify the energetics of electron capture.

. Conclusions

Collision-induced dissociation of three ions derived fr
hosphoryl chloride and thiophosphoryl chloride gi
ond energies ofD(OCl2P− Cl) = 172± 7,D(OClP Cl−) =
77± 8, and D(SClPCl−) = 186± 6 kJ mol−1. B3LYP and
3 calculations give bond energies that are lower than
eriment. The derived thermochemistry of electron cap

or POCl3 and PSCl3 is consistent with theory and electr
apture experiments.
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