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Abstract

The bond strengthB(OCLP~—Cl)=17247, D(OCIP—CI~) =177+ 8, andD(SCIP-CI~) = 1864 6 kJmol'* have been determined at
0K 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 capturefand®SIG. B3LYP and G3 computational
results give bond strengths lower by an average of about 20 kimol
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Understanding the product distributions depends on un-
derstanding the thermochemistry of the possible products, but
Phosphoryl chloride, POgJl is used extensively (hun- some of the necessary data is not well known. The electron
dreds of kilotons per yeaf)l] as a precursor for a variety of  affinities of POC) and PO} were measured to be 3.83 and
organophosphorus compounds. Pgi@s also beenfoundto  1.41eV by determining the thresholds for anion formation
be an effective electron scavenger in flaff#&sElectron cap- upon charge transfer from Cs to PQ@]. The correspond-
ture by POC] produces POGI™ as well as two dissociative  ing values calculated at the G2 level (3.71 and 1.50[&Y)
products, Ct and POG)~ (reactions 1-3]3,4]. The degree  and G3 level (3.73 and 1.59 eY§] are in reasonable agree-
of dissociation is sensitive to the temperature and pressure ofment with the experimental results. G3 calculations have also
the electron capture conditions. In contrast, RSEbduces been performed on PS£IPSCE, and their anion$5], but
only dissociative products, Cland PSCI~ (reactions 4 and  experimental results are lacking.
5), except at relatively high pressuié$. The substitution of sulfur for oxygen in PO{ust af-
fect the thermodynamics in order to cause the differences in

POCk+ e~ — POCk @) the product distributions. A substantial amount of theoreti-
POCk+e~ — POCh+ CI™ 2) cal work on the nature ofFO and P-S bonding has been
performed[9—-13]. Most of the results are consistent with
POCk+e” — POChL™ +Cl ®3) a picture of a P—O~ single bond with some backbonding,
PSCk+e™ — PSCh+ClI™ 4) while the sulfur analog is Ie_zs_s pqlarized. _ o
We have performed collision-induced dissociation exper-
PSCk+e — PSCh™ +Cl (5) iments on POG, POCb~, and PSG~ to determine ther-

mochemistry that can provide additional insight into these

* Corresponding author. Tel.: +1 815 753 6870; fax: +1 815 753 4802. SyStéms. Arelated study of PQCland PSC™ hasalso been
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experiments is that the effects of solvation on the bonding the reactant ion kinetic energy in the center-of-mass (CM)
[15] are eliminated, making the experimental results directly frame,Ecm. The octopole is used as a retarding field analyzer
comparable to computational results. to measure the reactantion beam energy zero. The ion kinetic

energy distribution for the present data is typically Gaussian

with an average full-width at half-maximum of 0.8-1.1eV
2. Experimental (1 eV =96.5kJI mot?). The octopole offset voltage measured

with respect to the center of the Gaussian fit gives the lab-

Bond strengths were measured using the energy-resolvedratory kinetic energykap, in €V. Low offset energies are

collision-induced dissociation (CID) techniq{5,17]in a corrected for truncation of the ion bed®]. To convert to
flowing afterglow-tandem mass spectrometer (V18). The the CM frame, the equatioBcm = Ejppm(m+M)~1 is used,
instrument consists of an ion source region, a flow tube, andwherem andM are the masses of the neutral and ionic re-
the tandem MS. The DC discharge ion source used in theseactants, respectively. All experiments were performed with
experiments is typically set at 2000 V with 2 mA of emission both mass filters at low resolution to improve ion collection
current. The flow tube isa 92 cm7.3cm i.d. stainless steel  efficiency and reduce mass discrimination. Average atomic
pipe that operates at a buffer gas pressure of 0.35 Torr, a flomasses were used for all elements.

rate of 200 standard chs—1, and an ion residence time of The total cross section for a reactiengg, is calculated

100 ms. The buffer gas is helium with up to 10% argon added using Eg.(6), wherel is the intensity of the reactant ion

to stabilize the DC discharge. beam,|l, is the intensity of the incoming beary €1 + XI;),
To make POG~ and POCJ~ for this study, POG was I is the intensity of each product iomjs the number density

added to the ion source. The main ion produced under ourof the collision gas, andlis the effective collision length,
experimental conditions is PO£Z1. The main products of 134+ 2cm. Individual product cross sectioasare equal to
direct electron impact on POgare POCI—, POCE ™, and ototal (Ii/X1;). Data taken at several pressures is extrapolated
a small amount of Cl [4]. The experiments of Knighton  to azero pressure cross section before fitting the data to avoid
et al., where branching ratios are measured, were done athe effects of secondary collisiof20].

low reagent flow conditions to minimize secondary reactions.
Higher flow rates were used in the present experiments to

maximize production of the desired reagent ions. Thus, sec- Threshold energies are derived by fitting the data to a

ondary reactions have a significant impact on the ion distri- model function given in E¢(7), whereo (E) is the cross sec-

bution. Substantial amounts of PQClare also created, as tjon for formation of the production at CM enerfyEr is the

discussed previous[#t4]. Approximately 16 collisions with desired threshold energys, is the scaling factom is an ad-

the buffer gas cool the metastable ions to room temperature justable parameter, afidlenotes rovibrational states having
PSCE was the precursor for PSLCI. Electron attachment  energyE; and populatiorg; (£g; =1). Doppler broadening

to PSC} at the pressures used in these experiments givesand the kinetic energy distribution of the reactant ion are also

only dissociative productf], although it may be possible  accounted for in the data analysis, which is done using the

to produce PSGI” from secondary reactions. Attempted ex- CRUNCH program written by Armentrout and coworkers
periments on PS@T" were inconsistent, probably because it [19].

is very difficult to cleanly separate the desired ions (which

I = Io eXp(-O'totaV’ll) (6)

. PR— n
have a wide isotope distribution) from other ions with over- (g) — 00)_;8i(E + Ei — E7) @)
lapping mass spectra. Therefore, only computational results E
for PSCE™ will be discussed in this paper. Experimental vibrational frequencies are not available for

The tandem MS includes a quadrupole mass filter, an oc-the anions studied in this work. Therefore, vibrational and
topole ion guide, a second quadrupole mass filter, and a de-+otational frequencies were calculated using the B3LYP/aug-
tector, contained in a stainless steel box that is partitioned cc-pVTZ model to give a consistent set of frequencies, given
into five interior chambers. Differential pumping on the five in Table 1 The calculated frequencies reported here for POCI
chambers ensures that further collisions of the ions with the and PSCI average 2% lower than experiment, which is typ-
buffer gas are unlikely afterion extraction. During CID exper- ical for this type of systenil4,21] Recent work on closely
iments, the ions are extracted from the flow tube and focusedrelated molecules with this model suggests it gives generally
into the first quadrupole for mass selection. The reactant ionsgood agreement with experimda?]. Therefore, the calcu-
are then focused into the octopole, which passes through dated frequencies were used without scaling. Uncertainties
reaction cell that contains a collision gas (argon in the presentin the derived thresholds due to possible inaccuracies in the
experiments). After the dissociated and unreacted ions pasgrequencies were estimated by multiplying the entire sets of
through the reaction cell, the second quadrupole is used forfrequencies by 0.9 and 1.1. The resulting changes in internal
mass analysis. The detector is an electron multiplier operatingenergies are less than 2 kJ mblPolarizabilities for neutral
in pulse-counting mode. molecules were also taken from the computational results;

The energy threshold for CID is determined by model- varying these parameters has a negligible effect on the de-
ing the cross section for product formation as a function of rived bond strengths.



Table 1

Vibrational frequencies and rotational const&nts
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Computational work on these systems was performed us-
ing the Gaussian 98 Suifg4]. The Natural Bond Orbitals

Compound  Experimental

Calculated Rotational Polarizability

Analysis (NBO)[25] program was used to study the charge

vibrational vibrational ~ frequency  (10-24cm@)° distributions in these systems.
frequency frequency  (cm1)P
(cmt) (cm-1)P
POCk~ 237 0.0337
284 00518 3. Results
142 00525 _ .
184 CID of POCk™ gives loss of Cl atom, reaction 8, as the
185 predominant product. Reactions 9 and 10 were also observed.
;gg In reaction 9, POGI may instead be the dissociated prod-
394 ucts (POCI + Cl). Appearance curves for CID of P@Céhre
1237 shown inFig. 1L The observed predominance of chlorine atom
POCH- 125 00543 Io;s is consistentwith POgtaving a slightly higher electron
201 00764 affinity than CI[6].
o 01469 POCk~ — POChL™ +Cl 8)
395 _ _
1208 POCE™ — POChL+CI 9
POCh 180 00602 POCk™ — POCI + Clyo™ (10)
263 Q0877 .
308 01682 POCbL~ and PSCI~ both give loss of Ct as the only
453 major CID product, reactions 11 and 12. With P&Clabout
508 0.2% of what is apparently a £1 product ion was also ob-
1209 served. This trace product will not be considered further. The
PSCh™ 135 Q0427 appearance curves are showrFigs. 2 and 3
154 Q0771
210 Q0786 POCL™ — POCI + CI™ (11)
304
351 PSChb™ — PSCI+ CI™ (12)
631
poCl 308 297 01287 Ideally, it yvould be possible to use modeling software de-
48F 479 01460 veloped to simultaneously determine the thresholds for two
1263 1277 1086 competing reactions to determine the relative energetics of
PSC 224 220 00800 reactions 8 and f6]. Attempts. at fitting thg data failed to
4620 442 00921 match the observed cross sections. A possible reason for the
716 717 06062 unsuccessful competitive fit is incorrect calculated densities
cl _ _ of states for the transition states, which as noted above are be-

@ Numbers in parentheses are degeneracies.

b Present work, calculated at the B3LYP/aug-cc-pVTZ level.
¢ Ref.[22].

d Ref.[37].

Collisionally activated metastable complexes can have
long enough lifetimes that they do not dissociate on the
experimental timescale (ca. p@). 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-ligg3]. 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
2kJ mol .,

The reagents POgland PSG were obtained from
Aldrich. He and Ar were obtained from BOC. All reagents
were used as received.

lieved to be product-like. This is more likely for systems such
as POC4—, where the reactant and both polyatomic products

Cross Section (10716 cm?)

Energy (eV, CM)

Fig. 1. Cross section for collision-induced dissociation of POGIs 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.
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3S5rT T T T T T T T T T T T of the minor products does not deplete the collisionally acti-
— [ > vated ions that would otherwise dissociate to form the main
€ 3.0 i product, POCI™. In this situation, the data for formation of
o 25F the main product (reaction 8) should be fit using the transition
‘:c_a i state parameters for that reaction. The second case is that all
=t 2.0 i formation of the minor productboesdeplete an intermediate
2 15} that leads to the main product. This includes the possibility
§ - that some of the products of reactions 9 or 10 are secondary
@ 1.0 i products formed after initial dissociation of a chlorine atom.
e o5k In this case, théotal cross section should be fit with the pa-
L rameters for reaction 8. These two procedures give a negligi-
0.0 ble difference in the derived thermochemistry, <1 kJmol

0.0 05 10 15 20 25 30 35 4.0

and the fitting parameter3gble 2 are the same. Thus, the
Energy (eV, CM)

uncertainty in the dissociation pathways has an insignificant
Fig. 2. Cross section for collision-induced dissociation of POGIs a func- effect on the derived thermOChemIStry' .

tion of energy in the CM frame. The solid and dashed lines represent con- There are two reason_s thatthese d_erlved thresholds are_ es-
voluted and unconvoluted fits to the data, as discussed in the text. sentially the same. One is that the main product cross-section
has nearly the same shape as the total cross section (the main

productis about 85% of the total cross section at threshold and
&~ 20F declines slowly to about 75%). The other is that for the rela-
E§ 5 tively small molecule POGI, the kinetic shift is small (less
e 45k than 0.1 eV). Thus, although the product branching ratios are
e v sensitive to the details of the transition state parameters, the
g overall threshold is nearly insensitive.
g 1.0 The Eq.(7) fitting parameters for all three systems are
& - given inTable 2 and the fits are shown ffigs. 1-3as well.
% osk The effects of reactant and product internal energy are in-
< J cluded in the fitting procedure, so the dissociation thresholds
o - &/ . ; X .y
L /. ' . . . correspond to bond energies at 0 K. The final uncertainties
0.0 L ockCE 1 1 1 1 1 - . . . .
00 05 10 15 20 25 30 35 40 in the bond energies are_denved _fro.m. the standard deviation
of the thresholds determined for individual data sets, the un-
Energy (eV, CM) L . S
certainty in the reactant internal energy, the effects of kinetic
Fig. 3. Cross section for collision-induced dissociation of BS@s a func- shifts, and the uncertainty in the energy scai@ (5 eV lab).
tion of energy in the CM frame. The solid and dashed lines represent con- These results are given frable 2
voluted and unconvoluted fits to the data, as discussed in the text. The experimental 0 K bond energies determined this way

can be converted into 298 K bond enthalpies using the inte-

have very low vibrational frequencies that may not be har- grated heat capacities of the reactants and products, which
monic at higher energy levels. Competitive fits do support the are determined using the frequencie§able 1 These give
gualitative observation that the electron affinity of Pl 298K bond enthalpies that are nearly unchandedbie 9.
slightly higher than that of CI. Calculations on the molecules relevant to this study were

The data for POGI™ was therefore fit with a modelinvolv-  done using several models and basis sets. The optimized ge-
ing a single reaction channel. There are two limiting cases for ometries are not very dependent on the basis set chosen. The
modeling this dissociation. One case assumes that formationgeometries calculated using B3LYP/aug-cc-pVTZ are given

Table 2

Fitting parameters and bond strengths

Anion Er (eV) n BDEP BDEC Calculated BDE Calculated BDE Calculated BDE
POCE~ 1.78+0.06 1.0£0.1 172+7 172+7 145 154 155

POChL~ 1.83+0.07 1.1+0.1 177£8 178+8 155 156 164

PSCh~ 1.93+£0.05 1.0£0.1 186+ 6 187+6 147 147 164

a See text for discussion of fitting parameters. Bond dissociation enthalpies in k3.mol
b value at OK.

¢ Value at 298 K.

d B3LYP/6-311 + G(d) value at O K.

€ B3LYP/aug-cc-pVTZ value at O K.

f G3value at 0K from ref8].

9 G3 values at 0K from T.M. Miller, private communication.
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Table 3
Predicted (B3LYP/aug-cc-pVTZ level) and experimental (microwave) struc-
tural data for POG|, PSC§, and related molecules and anions

Species P-O(S) P-CI O(Sy—P—ClI CI—P—CI
POCk 1.464 2032 1148 1036
exd 1.4464 19929 11491 10353
POCk™ (2) - 2302 10866 11056
(6] 1478 2309 10862 10973
PSCh 1.907 2052 1164 1018
exp? 1.8835 20093 11635 10209
PSCh~ (2) - 2359 1112 994
) 1.949 2176 1105 1233
POCb™ 1.490 2307 10606 9683
PSCh~ 1.968 2271 10700 9602
POCI 1472 2104 10988 -
exd 1.462 2059 1100 -
exp? 1.461 2060 1099 -
PSCI 1912 2113 11011 -

Distances are i, angles in degrees. Degeneracies are in parentheses.
a Ref.[38].
b Ref.[39].
¢ Ref.[40].
4 Ref.[41].

in Table 3 and calculated bond energies are givemable 2
NBO atomic charges are givenable 4

4. Discussion

4.1. Geometries

The calculated geometric parameters for species studie
in this paper are given iffable 3 along with the limited
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tational results. However, the stereochemical effect of the
additional electron in PO@t and PSG~ is less easily pre-
dicted.

Begum and Symonf29] measured the ESR spectrum
of POCE™ in a solid sample of PO@GI They noted that
two chlorine atoms had larger hyperfine couplings (66 G)
while one was smaller (20 G), which rules out threefold
symmetry for POG~. 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 28.2G). The calculated-®& bond lengths
are identical for two chlorine atoms (2.3@2 and slightly
different for the third (2.3093\), which is consistent with
the small differences in the hyperfine coupling constants.
The calculated atomic charges and spin densities for the
three chlorine atomsTéble 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 ane 0.404 for one)8].

Although experiment and computation both indicate
that addition of an electron to PO{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 PQCI
are within one degree of the tetrahedral angle of 109.5
The much greater symmetry breaking in the experimen-
tal hyperfine coupling constants could be caused by the

gsolid state environment. For example, the-R+Cl scis-

sors vibrational mode calculated to lie at 28chbreaks

experimental data. Other computational results for severalthe symmetry of the three chlorine atoms; the low fre-

of these species have been reported previoi#s8;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 typjtdl27]
The bond angles are in generally good agreement.

If POCI3 and PS{ are assigned formal charges of +1 for
the phosphorus and1 for the oxygen or sulfur atoms, then

Lewis structures for these molecules have four electron pairs
around each central phosphorus atom. Thus, VSEPR argu

mentq28] 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)

Molecule gp de dors Spin(P) Spin(Cl)  Spin
(0/s)
POCk 1.658 —0.229 —-0970 - - -
POCk™ 1430 —-0.471 —1.018 0428 Q188 Q007
POChL™ 1.137 —0.550 -1037 - — -
POCI 1236 —-0.371 —0.865 - — -
PSCk 0.994 -0.216 —0.345 - - -
PSCh~ 0.803 —0.466 (2) —0.521 Q446 0216 (2) 0066
—0.350 (1) 0055 (1)
PSCh~ 0.548 —-0.470 —0.609 - - -
PSCI 0580 —0.323 —-0.257 - - -

quency indicates that even a weak interaction with neigh-
boring molecules could substantially affect the solid state
geometry. Similarly,4~, which has a low asymmetric stre-
tching frequency, is often distorted in crystal structUggy.
PSCk~ is calculated to be significantly less symmetric,
even in the gas phase. The bond lengths are Z&Xﬁ@ubly
degenerate) and 2.176 and the calculated hyperfine cou-
plings are 1238 G for the P atom, 27.3 G for two Cl atoms,
and 12.6 G for one Cl atom. The atomic charges and spin

densities inTable 4reflect this symmetry breaking as well.
Very similar atomic charges were previously reporfteld

POCL™ and PSCI™ have eight electrons around the cen-
tral P atom, given the assignment of the negative charge to
oxygen or sulfur. Therefore, the VSEPR prediction is that the
O(S)-P-Cl and CIP-Cl angles are somewhat less than the
tetrahedral angle of 109.5POCb~ and PSCI~ are calcu-
lated to have very similar geometries that agree with these
predictions. Since there are three electron clouds around the
phosphorus atom in POCI and PSCI, bond angles nedar 120
are expected, in agreement with the calculations.

4.2. Experimental and theoretical bond energies

Computed bond energies are givemable 2with the ex-
perimental results. The calculated values are 13-39 kJ'mol
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below experiment; the G3 calculations are in better agreement1.544 0.33 eV). These values are somewhat higher than the

than the B3LYP calculations. B3LYP/aug-cc-pVTZ calcula-
tions of R-CI~ bond strengths in 10-electron complexes are
in good agreement with experimdi#], but corresponding
bond strengths in group 14 complexes such agACA = Si,

Ge, Sn) are 1044 kJ mol lower than experimental results
[31]. The reason for these inconsistent results is not clear.

experimental value of 1.4% 0.20 eV determined previously
[6], but bracket the G3 computational value of 1.59[6Y

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, usigH2gg(€™,

The bond strengths measured here allow several comparg) = 0.0 kJ mot® [34]. The reaction 3 enthalpy is calculated

isons to be made. The bond strengths in POGINd PSCI~
are almost the same, consistent with very simila€Pbond-
ing in these systems. The bond strength in POQk es-

to be 04 17 kI mott or 23+ 31 kJ mot L. This supports the
calculated G3 resultfs], which show that reactions 2 and
3 are endothermic by 11 and 0kJmb] respectively. The

sentially as strong as the bonds in the closed-shell speciesear thermoneutrality is consistent with electron attachment

POCbL™ and PSCI~. 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-

leading to competition between collisional stabilization and
dissociation.
The gas-phase heat of formation of PSE{H295(PSCI,

ever, are substantially stronger than the bond strengths meag), is —11.9kJmot? (no uncertainties were given for this

sured[14] in the 10-electron systems PQCland PSCG|~
(43+ 5 and 41 4 kJ mol 1, respectively).

4.3. Heats of formation and electron capture
thermodynamics

The thermodynamics of several PQGpecies can be
combined to provide additional conclusions, as shown
schematically irFig. 4. The gas-phase heat of formation of
POCI has been measured by Dudchik and Polyachggik
and Binnewies et a[33], giving respectivelyAtH2gg(POCI,
g)=—274+15kIJmolf!  and  —251+30kJmot™.
These values can be combined withh{Hogg(Cl™,
g)=—229.4kJmot! [34] and the bond enthalpy de-
termined in this workD29g(POCHCI~) =178+ 8 kI mol1,
to give AfHpeg(POChb~, ¢)=—681+17kJmoft?! or
—658+ 31 kJmot L. These numbers can then be combined
with the thermochemistry for reaction 8 anskH2gg(Cl,
g)=121.3kIJmot? [34] to give AfHoeg(POCk™,
g)=—732+18kJmot! or —709+32kJmotl. Since
AfHo9g(POCE, g)=—559.8+ 1.7 kI mot ! [34], the elec-
tron affinity of POC} at 298K can be calculated to be
172+ 18kJImot* or 149+ 32kJImot™ (1.784+0.19eV or

POCI + CI"+ Cl

Dissociative
Electron
Attachment

D(POCI - CI7)

POCI,+Cl" POCI; +Cl  POCI,+¢"

3

D(POCI;- Cl)

POCI3

Fig. 4. Reaction energetics scheme for relevant phosphorus oxychlorides.

measuremen{B5]. Combining this value with the threshold
for reaction 12 and\tHogg(Cl—, g) =—229.4 kJ mot? [34]
givesAtH29g(PSCh~, g) =—428 kJ mot L. This can be com-
bined with AtHo9g(PSCk, g) =—292 kJ mot ! [36] to give

an enthalpy for reaction 5 6f15 kJ mot 1. G3 calculations

[5] determine enthalpies for reactions 4 and 5-&0 and
—12kJ mol1, respectively; the second number is in good
agreement with experiment. While the uncertainties in the
experimental numbers are large, the greater exothermicity is
consistent with electron capture giving more dissociation for
PSCk than for POG. More precise thermochemistry on the
neutral molecules involved in the thermochemical calcula-
tions would clarify the energetics of electron capture.

5. Conclusions

Collision-induced dissociation of three ions derived from
phosphoryl chloride and thiophosphoryl chloride gives
bond energies dd(OCLP~—CI) =172+ 7,D(OCIP-CI™) =
177+ 8, and D(SCIPCI~) =186+ 6 kJmol L. B3LYP and
G3 calculations give bond energies that are lower than ex-
periment. The derived thermochemistry of electron capture
for POCk and PSd is consistent with theory and electron
capture experiments.
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