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Rate  coefficients  for attachment  of  electrons  to  POCl3 have  been  measured  in two  FALP  (flowing-afterglow
Langmuir-probe)  apparatuses,  extending  the  temperature  range  of  earlier  experiments.  The  results  for
equal gas  and  electron  temperatures  are  compared  with  data for independently  varied  temperatures.
An  analysis  of the  rate  coefficients  in  terms  of  electron-polar  target  capture  theory  leads  to  empirical
electron–phonon  coupling  factors  which  are  markedly  smaller  than  unity.  These  factors  depend  on  the
lectron attachment
electron  energy  but do  not  seem  to  depend  on  the  gas  temperature,  which  is in  contrast  to observations
made  for  the  electron  attachment  to  SF6. Besides  s-wave  attachment,  contributions  from  higher  partial
waves  are  analyzed  and suggested  to contribute  to some  extent.  Attachment  cross  sections  and  specific
rate  constants  for electron  autodetachment  are  finally  constructed  in a way  which  is consistent  with
the experimental  attachment  rate  coefficients.  Autodetachment  is  shown  to be  negligible  compared  to
dissociation  of  POCl3− which  is  analyzed  in  a subsequent  publication.
. Introduction

Electron attachment rate coefficients kat are known to depend
n the temperature of the electrons, Tel, and of the neutral target
pecies, Tgas, in an intricate way, see e.g. Ref. [1].  There are a num-
er of factors which contribute to the experimental kat (Tel, Tgas).
n upper limit to kat is provided by the rate coefficient kcap (Tel) for
apture of the electron by the target molecule (polar with dipole
oment �D and/or polarizable with polarizability ˛). kcap can

e calculated from generalized Vogt–Wannier capture theory, see
efs. [2–6]. Whether the captured electron finally is “integrated”

nto the electronic shell of the neutral target forming an anionic
tate, depends on the efficiency of the coupling between electron
nd target nuclear motions, i.e. on “electron–phonon coupling”
r “intramolecular vibrational redistribution (IVR)”. If metastable
nions are formed by IVR, they may  subsequently redetach the elec-
ron, dissociate, or be stabilized by collisions or radiation which

ay  introduce a bath gas pressure dependence [7] in addition to
he dependences on Tel and Tgas.
In order to rationalize the analysis of experimental attach-
ent rate coefficients kat, in Ref. [7] we have analyzed the role of

econdary processes by kinetic modelling. Provided that kat corre-
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sponds to the primary attachment process only, such as we shall
assume in the present article, we  compare the experimental kat

with calculated capture rate coefficients, kcap, and we represent
the difference by IVR factors, PIVR, to be defined either on the level
of attachment rate coefficients or cross sections, see below. Further
interpretation of the empirically derived IVR factors may  be done
by rigorous theory or by empirical considerations.

We  express the dependence of the IVR factors on the electron
temperature Tel by the dependence on a reduced temperature �
defined by:

� =
(

e�

h̄2

)
�kTel (1.1)

Likewise, we express the dependence on the electron energy Eel
through a reduced wave vector � defined by:

� = �e(2˛Eel)
1/2

h̄2
(1.2)

We hence consider IVR factors in the attachment rate coefficients,

kat(Tel, Tgas) = PIVR
k (�, Tgas)kcap(�) (1.3)

or in the attachment cross sections,

IVR
�at(�, Tgas) = P� (�, Tgas)�cap(�) (1.4)

Instead of the dependence on the bath gas temperature Tgas,
more generally a dependence on individual rovibrational states of
the neutral target molecule could be specified.

dx.doi.org/10.1016/j.ijms.2010.09.026
http://www.sciencedirect.com/science/journal/13873806
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An important contribution to the PIVR are Franck–Condon factors
or overlap of the nuclear wave functions of the neutral and anion
otential energy surfaces, differing for endothermic or exothermic
ases, with or without intermediate barriers along the nuclear coor-
inates [1].  Obviously, these contributions vary with the vibrational
tate of the neutral target and depend on Tgas. Generally there will
e an additional electron–phonon coupling contribution which,
ithin a given vibrational state of the target, depends on the elec-

ron energy Eel and the partial wave of the electron. In favourable
ases, this can be characterized by resonance R-matrix theory [8]
hich, however, generally requires empirical adjustment of some
t parameters. On a more operational level, we  suggested [7] to
irectly characterize empirical PIVR such as derived by comparing
he experimental kat(Tel, Tgas) with the calculated kcap(Tel).

Our first example treated in this way [7] was the electron attach-
ent to SF6 where PIVR

� was tentatively expressed in the form

IVR(�, Tgas) = exp[−c1�2] (1.5)

ith a fit parameter c1 which empirically was found to decrease
ith increasing Tgas. kcap(Tel) in this system was assumed to be
ominated by s-wave capture. An analogous analysis was made [9]
or electron attachment to SF5Cl. Here, an additional preexponen-
ial factor A(Tgas) being smaller than unity was required to fit kat

nd �at at the same time, i.e.

IVR(�, Tgas) = A(Tgas) exp[−c1�2] (1.6)

as chosen. The factor A(Tgas) was suggested to account for a
ranck–Condon overlap which was less complete than for the SF6
ystem.

Separating the dependences of kat on Tgas and Tel (or Eel) requires
 considerable amount of experimental work. This has been per-
ormed for electron attachment to SF6, see Refs. [7,9] and the work
ited therein. Looking for systems with similarly detailed experi-
ental information, one may  consider the electron attachment to

OCl3. In part I of this work [10], for this system kat was measured
ver the range 297–552 K of Tgas and 297–6800 K of Tel. At the same
ime, branching fractions were measured as functions of bath gas
ressure for Tgas = Tel. New measurements of branching fractions
ver an extended temperature range and their detailed analysis
ill be described in part III of this series [11] and are not subject

f the present article. Here we extend measurements of primary
ttachment rate coefficients kat beyond the results of part I [10]
nd earlier work [12], and we perform a more detailed analysis of
he dependence of kat on Tel and Tgas than this was possible in part I.
he comparison with the SF6-system appears particularly attractive
ecause POCl3, in contrast to SF6, has a permanent dipole moment
ffecting kcap. As high electron temperatures were studied, it also
ppeared interesting to investigate whether there are indications
or contributions from higher than s-partial waves of the electrons.

. Experimental rate coefficients for attachment

.1. Experimental apparatus

Two flowing-afterglow Langmuir-probe (FALP) apparatuses
ere used in measuring kat for POCl3. One was the conventional

ALP apparatus (300–550 K) which has been described in detail in
efs. [13,14]. The second was a high-temperature FALP apparatus
HT-FALP, 300–1200 K), which has also been described in the lit-
rature [15], as has the FALP method itself [16]. A few details are
iven in the following. In both the apparatuses, a microwave dis-

harge is used to establish a weak plasma in a fast flow of He buffer
as (with about 2% Ar added downstream) in a cylindrical flow
ube (about 7 cm diameter, about 1 m length) at pressures typically
f 1–2 Torr. The electron-Ar+ (containing some He+) plasma con-
ass Spectrometry 306 (2011) 123– 128

centration decays down the length of the flow tube by ambipolar
diffusion. If an electron-attaching gas (e.g., POCl3) is added through
an inlet located approximately halfway downstream in the flow
tube, the plasma concentration decays faster beyond that point,
depending on the attachment rate coefficient and concentration of
the gas. A movable Langmuir probe was used to measure the elec-
tron concentration along the flow tube axis [15]. The probe was
also used to determine the propagation time of a pulse disturbance
of the plasma, to provide a time scale for the measurements made
along the length of the flow tube. If diffusion were a negligible loss
mechanism for the plasma, electron attachment would result in a
simple exponential decay of the electron concentration. The reality
is that the electron concentration ne(t) decays in time t according
to the coupled effects of diffusion and attachment [16,17],

ne(t) = ne(0)[�a exp(−�at) − �D exp(−�Dt)]
(�a − �D)

(2.1)

where ne(0) is the electron concentration at the reactant gas inlet
(t = 0), and �a is the electron attachment rate, related to the attach-
ment rate constant kat and the reactant concentration nr by �a = kat

nr [5–7]. The diffusion rate, �D, is measured in absence of reac-
tant gas. At the downstream end of the flow tube ions are sampled
through a small aperture (330 �m diameter) for mass analysis and
detection. Ion-molecule reaction studies are carried out to deter-
mine mass discrimination correction factors [18]. Neutral products
of reactions are not observed in these experiments.

The FALP and HT-FALP apparatuses have engineering differ-
ences related to the fact that the main part of the HT-FALP flow
tube is enclosed in a commercial furnace, so that all ports must enter
the flow tube from the upstream end (i.e., Langmuir probe, gas inlet
tubes, pressure measurement tube, and thermocouple temperature
sensor) [15]. The HT-FALP utilizes a quartz flow tube, while the
FALP flow tube is stainless steel. The HT-FALP mass spectra show
background ions, positive and negative, due to imperfect sealing of
the quartz flow tube against the vacuum box containing the fur-
nace. In the FALP, the plasma is maintained at ground potential
by the stainless steel flow tube. In the HT-FALP, ground potential
is established by a stainless steel tee through which the plasma
flows on its way to the main (heated) quartz flow tube. Above
900 K, the Langmuir probe current-voltage characteristic (HT-FALP)
shows distortion on the negatively-biased side which we believe
is related to thermionic emission, but does not appear to affect
the electron concentration measurement on the positively-biased
side [15]. Plasma velocity measurements are straightforward at low
temperatures in both apparatuses, but the pulses undergo greater
diffusion in the HT-FALP at high temperatures. Because of this,
plasma velocities at temperatures >500 K in the HT-FALP were cal-
culated from the buffer gas bulk velocity by multiplying by a factor
1.7 as determined from measurements at lower temperatures. The
bulk velocity was  obtained from the buffer gas volume flow rate
(measured with MKS  Instruments flowmeters) divided by the cross
sectional area of the flow tube. As is well known, the plasma velocity
is faster than the bulk gas flow velocity because the plasma radial
profile overlaps more of the faster-moving part of the parabolic
velocity profile of the buffer gas in laminar flow [15]. Aside from
these differences, the FALP and HT-FALP apparatuses use different
gas flowmeters and pressure-measuring instruments, which has
the potential to result in several percent differences in measured
diffusion and attachment rate coefficients. The main uncertainty in
the kat measurements is in knowing the concentration of reactant
(POCl3) in the flow tube. This concentration (typically 3 parts per
million in the buffer gas) is determined from measurement of the

total gas pressure and the volume flow rates of buffer and reactant
gases. The uncertainty in measurements of ne(t) using the Lang-
muir probe are not directly involved, aside from the importance of
linearity, because it is only the change in ne(t) that matters, as long
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Table  1
Experimental rate coefficients for electron attachment to POCl3 vs temperature
(Tgas = Tel), (measurements on the FALP and HT-FALP apparatuses).

Tgas/K kat(FALP)/cm3 s−1 kat(HT-FALP)/cm3 s−1

300 1.8 × 10−7 1.8 × 10−7

400 1.4 × 10−7 –
500 1.2 × 10−7 –
503 – 1.5 × 10−7

602 – 1.1 × 10−7

697 – 7.6 × 10−8

805 – 6.5 × 10−8

853 – 6.5 × 10−8

900 – 5.5 × 10−8

957 – 6.4 × 10−8

1031 – 6.6 × 10−8

1110 – 5.0 × 10−8

1200 – 6.3 × 10−8
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Fig. 1. Reduced rate coefficients ��) = kcap/kL for capture of electrons by POCl3 as a
1210 – 4.8 × 10−8

s ne(t) is small enough that electron–cation and ion–ion neutral-
zation reactions are negligible. Overall, we estimate the average
at in this work to be accurate to ±25%.

.2. Experimental rate coefficients

Experimental kat measured with the FALP and HT-FALP appa-
atuses for POCl3 are presented in Table 1. We  have previously
ublished kat using the FALP apparatus with POCl3, 296–552 K [12].

 later FALP study in which the electron temperature Te was varied
ielded a higher value for the room temperature kat, though within
ncertainties [10]. In the present work we have tried to pin down
he room temperature value of kat(POCl3) through comparison with
at(SF6), which is accurately known (2.27 ± 0.7 × 10−7 cm3 s−1) and
omparable in magnitude to kat(POCl3) [19]. The present room tem-
erature results agree with the lower values of kat determined in
he original study. There is a small discrepancy between the current
ALP and HT-FALP rate constants at 500 K. We  have been unable to
etermine the cause of the discrepancy, and using an average of the
ALP and HT-FALP results is the best that can be done at present.
he attachment reaction is interesting partly because the nascent
OCl3− anion can either be stabilized or dissociates. New measure-
ents of the branching fractions and modelling of the unimolecular

rocesses will be presented in paper III of this series [11].

. Calculation of rate coefficients and cross sections for
lectron capture by POCl3

The experimental attachment rate coefficients kat of Section
 are compared with calculated capture rate coefficients kcap in
his section. In order to obtain information on the contribution
rom higher partial waves of the electrons relative to that of s-
ave electrons, we compare s-wave and higher-wave capture rate

oefficients. We  base our analysis on the results of Refs. [4,20].
he molecular parameters of POCl3 used in the calculations are
he polarizability,  ̨ = 10.06 × 10−24 cm3, and a dipole moment,

D = 2.54 (±0.05) D. We  are not aware of measurements of ˛. The
bove value is from a B3LYP/6-311 + G(3df) DFT calculation, while
he empirical additivity method of Ref. [21] gives 9.85 × 10−24 cm3,
.e. in good agreement. The value for �D is from Ref. [22]; our DFT
alculation finds 2.42 D. With the given values of  ̨ and �D, the
haracteristic parameters of the system are determined, such as
he reduced dipole moment
 = e��D

h̄2
= 1.0 (3.1)
function of the reduced electron temperature � (lowest curve: s-waves, l = 0; middle
curve: s- and p-waves, l = 0 and 1; upper curve: all-waves l = 0, 1, 2, . . .; see text).

the reduced temperature � of Eq. (1.1), i.e.

� = 6.45 × 10−2
(

Tel

300 K

)
(3.2)

and the Langevin rate constant

kL = 2�e
(

˛

�

)1/2
= 3.17 × 10−7 cm3 s−1 (3.3)

We express our results in the form of reduced rate coefficients �
defined by:

�(�) = kcap

kL
(3.4)

Numerical reduced rate coefficients, for d = 1, have been
obtained in Ref. [4] for s-wave capture, �s(�), as well as for all-wave
capture, �(�), in Ref. [5]. Fig. 1 compares the results. One observes
that �s(�)/�(�) > 0.7 as long as � < 0.12 which in the present case
corresponds to Tel < 600 K. On the other hand, �s(�)/�(�) = 0.3 at
� = 1.2, corresponding to Tel ≈ 6000 K. Capture rate coefficients kcap

according to Fig. 1 are larger than the Langevin rate constant
kL = 3.17 × 10−7 cm3 s−1 over wide temperature ranges. The com-
parison with the experiments from Ref. [10] shows that kat < kcap

which we empirically represent by IVR factors PIVR smaller than
unity. Even if an uncertainty of up to a factor of two of the exper-
imental results is allowed for, the experimental data fall to values
well below the capture results, i.e. IVR factors markedly below unity
are observed. There does not appear to be a dependence of the IVR
factors on the gas temperature Tgas which is in contrast to what
was observed for the SF6-system in Ref. [7]. Instead, the tempera-
ture dependence of the experimental attachment rate coefficients
appears to be dominated by the dependence on the electron tem-
perature Tel.

The experimental results of kat = (1.5 − 2) × 10−8 cm3 s−1 (cor-
responding to � = 0.05 − 0.07) at Tel > 3000 K (corresponding to
� > 0.6) may  suggest a major contribution from higher partial waves,
although that would also imply IVR factors markedly smaller than
unity. Although there is no way  to unambiguously separate the IVR

factors for s-wave and higher wave-capture on the basis of Fig. 2,
we try to provide a tentative separation in the following. We  do this
by employing IVR factors for cross sections of the form of Eqs. (1.5)
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nd (1.6). In this case, cross sections are thermally averaged over a
axwell–Boltzmann distribution F(�,�) which has the form

(�, �) = 2�2�−3/2(2�)−1/2 exp

(
−�2

2�

)
(3.5)

here � = 2.234 (Eel/eV)1/2 according to Eq. (1.2).With capture cross
ections

cap(Eel) =
(

�h̄2

2�Eel

) ∞∑
l=0

l∑
m=−l

Pl,m(�) (3.6)

ll-wave and s-wave reduced capture rate coefficients are obtained
s:

all(�) =
∞∑

l=0

l∑
m=−l

∫ ∞

0

(2�)−1Pl,m(�)F(�, �)d� (3.7)

nd

s
(

�
)

=
∫ ∞

0

(2�)−1Ps(�)F(�, �)d� (3.8)

here the Pl,m(�) denote the attachment probabilities. The maxi-
um of these probabilities is provided by the capture probabilities

VW
l,m

(�) from extended Vogt–Wannier capture theory. For polariz-
ble molecules, they have been calculated in detail and represented

n approximate analytical form over the range l = 0–12 in Refs.
4,6]. The corresponding results for targets with permanent dipole

oment (i.e. d > 0) are given in the form of analytical approxima-
ions in a separate publication [20] (data for the present case are
Fig. 3. Rate coefficients kat for attachment of electrons to POCl3 (T = Tgas = Tel; exper-
imental points: � from Ref. [10], © from this work (FALP) and � from this work
(HT-FALP); lines = fit with variable IVR parameter c1 (c2 = 0.03), see text).

given in Appendix A). One should note the large difference between
PVW

0,0 (�, d) = PVW
s (�, d) for nonpolar target molecules (d = 0), i.e.

PVW
s (�, d = 0) ≈ 1 − 0.25 exp(−1.387�) − 0.75 exp(−4.871�) (3.9)

and for polar targets, e.g.:

PVW
s (�, d = 1) ≥ 0.9 (3.10)

for the present case (see Fig. 4 of Ref. [4];  the small �-dependence
of PVW

s (�,d = 1) between 0.9 and 1 is not very relevant; for more
accurate results, see Appendix A).

In order to rationalize the experiments of Fig. 2, we  first consider
s-wave capture probabilities Ps(�) in the form of

Ps(�) = PIVR
s (�)PVW

s (�) (3.11)

with PVW
s (�) from Eq. (3.10).  We  again employ PIVR

s (�) in the tenta-
tive form of Eq. (1.5) with a fitting parameter c1. The experimental
data are certainly not sufficiently precise to allow for a separation of
s-wave and higher-wave contributions. One may specify the func-
tional form of IVR factors of higher waves with less precision. For
simplicity, therefore, we  employ an energy-independent PIVR

n,m = c2
for n ≥ 1. Fig. 2 compares two  alternative representations of the
experimental data from Ref. [10], one with c1 = 3 and c2 = 0.03, and
one with c1 = 6 and c2 = 0.05. For the former, s-wave and all-wave
contributions are shown separately.

The experimental uncertainties unfortunately prevent us from
a more accurate determination of the fit parameters c1 and c2. This
is illustrated in Fig. 3 where results from Ref. [10] and the present

results from our two  FALP systems up to 1200 K, all with Tgas = Tel,
are compared with fits varying c1 between 3 and 12 (keeping c2
constant at a value of 0.03). The new data are best represented
with c1 = 9 and c2 = 0.03. For comparison, we note that fit parame-
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−

ig. 4. Cross sections for capture �cap and attachment �at of electrons to POCl3 (cal-
ulations for s-waves and s + p + d-waves; IVR fit parameters (c1, c2) = (9, 0.03) such
s  derived from thermal attachment experiments, see Fig. 3 and text).

ers c1 = 1.92, 0.69, 0.13, and 0.05 at Tgas = 300, 400, 500, and 600 K
espectively were derived for the SF6-system [7].

. Prediction of attachment cross sections and specific rate
onstants for autodetachment

After experimental attachment rate coefficients kat(Tel, Tgas)
ave been analyzed in Section 3, we make use of the derived param-
ters and model the corresponding attachment cross sections

at(Eel) =
(

�h̄2

2�Eel

) ∞∑
l=0

l∑
m=−l

PVW
l,m (�)PIVR

l,m (�) (4.1)

We show �at in Fig. 4, including partial waves up to l = 2
nd employing the calculated capture probabilities PVW

l,m
(�) from

ppendix A as well as the fitted IVR factors PIVR
l,m

(�) described in Sec-
ion 3. The latter are consistent with the experimental attachment
ate coefficients as a function of Tel (and, in this case, apparently do
ot show an additional dependence on Tgas). Fig. 4 also illustrates
here the respective partial waves start to contribute to the cross

ections.
For further kinetic modelling of the system, such as performed

n part III [11], it is important to investigate whether the reverse of
he attachment process, i.e. electron autodetachment, could com-
ete with the dissociation of vibrationally excited POCl3−. The latter
akes the reaction a dissociative electron attachment (DEA) pro-

ess. Employing statistical unimolecular rate theory, analogous to
he treatment of SF6 in Ref. [7],  we calculate specific rate constants
det(E, J) for electron detachment in the form

det(E, J) = Wdet(E, J)
h	(E, J)

(4.2)

ere 	(E, J) denotes the rovibrational density of states of POCl3−

nd Wdet(E, J) is the cumulative reaction probability as given by

det(E, J) =
∑

i

P(E − E0i) (4.3)

The summation extends over all rovibrational states E0i of neu-
ral POCl3 with E0i < E. The internal energy E of POCl3− is counted
rom the ground vibrational level of POCl3−. The P(E − E0i) corre-

pond to the attachment probabilities of Section 3 with � replaced
y �i = �e[2�(E − E0i)]1/2/�2. s-Wave and higher partial wave con-
ributions are to be included. Further details of the procedure are
escribed in Ref. [7].  The molecular parameters required for the
(E = vibrational energy of POCl3 counted from the vibrational zeropoint level; IVR
factors with (c1, c2) = (9, 0.03) such as derived from thermal attachment experiments,
see Fig. 3 and text; upper curves: all-wave results and lower curves: s-wave results).

calculations are summarized in Appendix B. The resulting specific
rate constants kdet(E, J = 0) for autodetachment are shown in Fig. 5.
It turns out [11] that they are much smaller than the specific rate
constants for dissociation of POCl3− to POCl2− + Cl such that autode-
tachment for this system can safely be neglected.

5. Conclusions

The measurement of DEA rate coefficients in the POCl3 system
over wide ranges of electron and bath gas temperatures has pro-
vided the opportunity to perform an analysis in terms of electron
capture theory and to express the differences from experiments in
terms of empirical IVR factors. A comparison of results for the polar
POCl3 target and the unpolar target SF6 was made. It was shown
that not only s-waves but also higher partial waves might have to
be considered. The functional form of the derived IVR factors PIVR

s
(�) was similar to those tentatively assumed for SF6. Being of sim-
ilar magnitude as in SF6

−, nevertheless quantitative differences of
the dominant s-wave fit parameter c1 were noted. The observed
absence of a dependence of c1 on Tgas also differs from the results
for SF6. It appears valuable now to have empirical IVR factors for
the polar POCl3 in comparison to the unpolar SF6. Obviously the
derived IVR factors wait for an interpretation in terms of rigorous
attachment theory.

The analysis of experimental attachment rate coefficients as
separate functions of gas and electron temperature has allowed

us to predict cross sections as well as the specific rate constants for
autodetachment of electrons from POCl3−. The comparison of the
latter with specific rate constants for dissociation of vibrationally
highly excited POCl3−, which will be considered in part III [11],
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ndicates that autodetachment does not play a role in this system,
hich differs from attachment experiments with SF6 [7,9] and C60

23,27].  The derived cross sections are an indispensible element for
he analysis of the pressure and temperature dependences of the
EA product branching fractions analyzed in part III of this series

11].
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ppendix A.

Partial wave-selected electron capture probabilities PVW
0,0 (�,

 = 1) within the extended Vogt–Wannier capture model of Refs.
4,5,20,24].

For s-waves and a reduced dipole moment d = e��D/�2 = 1.0, the
umerical results of Ref. [4] can well be approximated by

VW
0, 0 (�, d = 1) = 1 − 0.120 exp[−1.677(0.988 + log �)2] (A1.1)

or higher partial waves, the Pl,m(�, d = 1) can be approximated by

l, m(�, d) =
(

1
{1 + exp[−2Hl, m(�, d)]}

)
(A1.2)

ith

l, m(�, d) = a1[� − �1/2
l, m

(d)] + b1[� − �1/2
l, m

(d)]
2 + c1[� − �1/2

l, m
(d)]

3

(A1.3)

or d = 1, the �1/2
l, m

(d = 1) are given as 1.31, 1.13, 3.21, 3.26, and

.16 when (l,m) = (1,0), (1, |1|), (2,0), (2, |1|), and (2, |2|), respec-
ively. For further details, see Refs. [20,24].  The d-independent
oefficients al, bl, and cl are [20,24] (al,bl,cl) = (1.5,−0.5,0.1) and
0.89,−0.138,0.018) for l = 1, and 2, respectively.

[
[
[
[

ass Spectrometry 306 (2011) 123– 128

Appendix B.

Molecular parameters for autodetachment calculations
Vibrational frequencies (in cm−1). POCl3: 1321.5, 480.5, 265.5,

590(2), 333(2), 187(2) from Ref. [25]. Our B3LYP/6-311 + G(3df) cal-
culations without scaling factor gave 1318.9, 461.4, 258.9, 567.3(2),
325.6(2), 183.1.

POCl3−: our B3LYP/6-311 + G(3df) calculations gave 1245.8,
271.6, 135.1, 387.5, 405.6, 174.8, 210.5, 81.6, 40.1.

Rotational constants in (cm−1). POCl3: A = B = 0.0658, C = 0.0478;
� = 3.

POCl3−: A = 0.0629, B = 0.0459, C = 0.0342; � = 1.
Electron affinity of POCl3: 1.41(±0.20) eV, experimental value

from Ref. [26]; our G3 calculations gave 1.59(±0.1) eV.
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