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Bond strengths for a series of Group 15 tetrachloride anions ACl4
� (A � P, As, Sb, and Bi) have

been determined by measuring thresholds for collision-induced dissociation of the anions in a
flowing afterglow-tandem mass spectrometer. The central atoms in these systems have ten
electrons, which violates the octet rule: the bond dissociation energies for ACl4

� help to clarify
the effect of the central atom on hypervalent bond strengths. The 0 K bond energies in kJ mol�1

are D(Cl3A-Cl
�) � 90 
 7, 115 
 7, 161 
 8, and 154 
 15, respectively. Computational results

using the B3LYP/LANL2DZpd level of theory are higher than the experimental bond energies.
Calculations give a geometry for BiCl4

� that is essentially tetrahedral rather than the see-saw
observed for the other tetrachlorides. NBO calculations predict that the phosphorus and arsenic
systems have 3C–4E bonds, while the antimony and bismuth systems are more ionic. (J Am Soc
Mass Spectrom 2002, 13, 469–476) © 2002 American Society for Mass Spectrometry

Group 15 tetrahalide anions are standard exam-
ples of hypervalent bonding [1, 2, 3]. For exam-
ple, an electron dot structure for PCl4

� shows ten
electrons around the phosphorus atom, nominally vio-
lating the octet rule. Two main competing models have
been used to explain how this bonding occurs. One is
the expansion of the octet through the use of d orbitals
[4]. The other is the three-center four-electron (3C–4E)
model [1, 5, 6, 7], where three p orbitals aligned with a
molecular axis are used to form three molecular orbit-
als. This model is illustrated in Figure 1. Most modern
theoretical work suggests that the 3C–4E model is more
accurate [8]. Most introductory textbooks, however, still
explain hypervalent bonding using the expanded octet
model [9]. Additional models that emphasize the ionic
character of the bonding have also been proposed [10].
Hypervalent compounds are computational chal-

lenges because of the number of electrons involved
and strong electron correlation effects [11, 12]. The
majority of the computational studies on group 15
halides have focused on bond energies and electron
affinities for phosphorus fluorides [13, 14, 15] and
phosphorus chlorides [16]. Ab initio calculations on
hypervalent group 15 hydrides and fluorides [12, 17,
18], trihalides and pentahalides [19], and a variety of

phosphorus and arsenic species [20] suggest that d
orbital involvement in the bonding is minimal. How-
ever, computational work on other hypervalent group
15 halides is lacking.
The work of Peter Armentrout has exemplified the

use of systematic measurements of bond strengths and
reaction dynamics to clarify periodic trends in bonding
[21]. Analysis of periodic trends in the bond strengths in
hypervalent compounds can provide insight into the
nature of hypervalent bonding. However, solution-
phase measurements of bond strengths to halide anions
are difficult to interpret because of strong solvation
effects [22]. Although some gas-phase measurements of
the thermochemistry of group 15 halide anions have
been made, previous studies have not been comprehen-
sive. Larson and McMahon [23] measured D(F3P-F

�) �
168 kJ mol�1, D(F3As-F

�) � 202 kJ mol�1, D(F3P-Cl
�) �

65 kJ mol�1, D(F3As-Cl
�) � 108 kJ mol�1, and the

strikingly high D(F5P-F
�) � 356 
 42 kJ mol�1. Haartz

and McDaniel obtained lower limits on the fluoride
affinities D(F5A-F

�) �297 kJ mol�1 (A � P, As) [24].
This study measures the bond dissociation energies for
ACl4

� (A � P, As, Sb, and Bi) to clarify the effect of the
central atom on hypervalent bond strengths.
Group 15 halides are of practical significance. They

are utilized as Friedel-Crafts reagents, oxygen atom
abstraction agents, halide transfer reagents, semicon-
ductor dopants, strong Lewis acids, nonaqueous sol-
vents, and electron transfer catalysts [25, 26]. The hexa-
halides are among the best noncoordinating anions [27,
28], and are often found as counterions for highly
reactive cations [29].

Published online March 27, 2002
This paper is dedicated to Peter Armentrout in celebration of his winning
the 2001 Biemann Medal, and in appreciation of his mentoring and
friendship.
Address reprint requests to Dr. Lee Sunderlin, Department of Chemistry
and Biochemistry, Northern Illinois University, DeKalb, Illinois 60115, USA.
E-mail: sunder@niu.edu

© 2002 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received December 5, 2001
1044-0305/02/$20.00 Revised February 13, 2002
PII S1044-0305(02)00369-0 Accepted February 13, 2002



Experimental

Bond strengths were measured using the energy-re-
solved collision-induced dissociation (CID) technique
developed substantially by Peter Armentrout and co-
workers [30, 31] in a flowing afterglow-tandem mass
spectrometer (MS) [32]. 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 0.4 torr with a
flow rate of 200 standard cm3 s�1. The buffer gas is helium
with up to 10% argon added to stabilize the DC discharge.
To make the ions for this study, the Group 15

trichlorides were added to the ion source. Electron
impact on ACl3 (A � P, As, Sb, and Bi) produces Cl�,
which adds to ACl3 to form ACl4

�. Approximately 105

collisions with the buffer gas cool the metastable ACl4
�

ions to room temperature.
For the lighter trichlorides, the flow of the precursor

was controlled through a metering valve. A flow of argon
over BiCl3 was used to increase the flow rate of the
trihalide. SbCl3 and BiCl3 were heated to an estimated 100
and 200 °C, respectively, in a round-bottom flask grooved
and wrapped with coils of nichrome heating wire.
The tandem MS includes a quadrupole mass filter,

an octopole ion guide, a second quadrupole mass filter,
and a detector, contained in a stainless steel box that is
partitioned into five interior chambers. Differential
pumping on the five chambers ensures that further
collisions of the ions with the buffer gas are unlikely
after ion extraction. During CID experiments, the ions
are extracted from the flow tube and focused into the
first quadrupole for mass selection. The reactant ions
are then focused into the octopole, which passes
through a reaction cell that contains a collision gas. Ar
was used as the collision gas for PCl4

� and AsCl4
�, and

Xe was used for SbCl4
� and BiCl4

�. Xe is a more effective
energy transfer reagent, while the effects of ion beam

energy broadening are less in the case of Ar. In exper-
iments on SbCl4

�, the two collision gases give indistin-
guishable thermochemical results. After the dissociated
and unreacted ions pass through the reaction cell, the
second quadrupole is used for mass analysis. The
detector is an electron multiplier operating in pulse-
counting mode.
The energy threshold for CID is determined by

modeling the cross section for product formation as a
function of the reactant ion kinetic energy in the center-
of-mass (CM) frame, Ecm [31]. The octopole is used as a
retarding field analyzer to measure the reactant ion
beam energy zero. The ion kinetic energy distribution is
typically Gaussian with a full-width at half-maximum
of 0.5–1.2 eV (1 eV � 96.5 kJ mol�1). The octopole offset
voltage measured with respect to the center of the
Gaussian fit gives the laboratory kinetic energy, Elab, in
eV. Low offset energies are corrected for truncation of
the ion beam. To convert to the center-of-mass (CM)
frame, the equation Ecm � Elabm(m � M)�1 is used,
where m and M are the masses of the neutral and ionic
reactants, respectively. All experiments were performed
with both mass filters at low resolution to improve ion
collection efficiency and reduce mass discrimination.
Average masses were used for Cl, Sb, and Xe, which
have substantial populations of two or more isotopes.
The total cross section for a reaction, �total, is calcu-

lated using equation 1, 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, and l is
the effective collision length, 13 
 2 cm. Individual
product cross sections �i are equal to �total (Ii/	Ii).

I� Io exp(��totalnl ) (1)

Threshold energies are derived by fitting the data to
a model function given in equation 2, where �(E) is the
cross section for formation of the product ion at center-
of-mass energy E, ET is the desired threshold energy, �o
is the scaling factor, n is an adjustable parameter, and i
denotes rovibrational states having energy Ei and pop-
ulation gi (	gi �1). Doppler broadening and the kinetic
energy distribution of the reactant ion are also ac-
counted for in the data analysis, which is done using the
CRUNCH program written by P. B. Armentrout and
coworkers [31].

��E� � �o �
i
gi(E� Ei � ET)

n/E (2)

Although the ACl3 vibrational frequencies [33] and
some of the ACl4

� vibrational frequencies [33, 34] are
known, the available data is not complete, and con-
densed-phase intermolecular interactions may affect the
available data. Therefore, vibrational and rotational
frequencies for gas-phase ACl4

� and ACl3 (A � P, As,
and Sb) were calculated using the B3LYP method and
the LANL2DZpd basis set, which supplements the

Figure 1. Molecular orbital diagram for hypervalent bonding,
aligned with a sketch of ACl4

�.
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relativistic effective core potential and double-zeta va-
lence basis set of LANL2DZ [35] with additional polar-
ization and diffuse functions [36]. The frequencies are
given in Table 1. The calculated frequencies are lower
than the experimental values for ACl3 by 3–8%. Uncer-
tainties in the derived thresholds due to possible inac-
curacies in the frequencies were estimated by multiply-
ing the entire sets of frequencies by 0.9 and 1.1. The
resulting changes in internal energies were less than 1
kJ mol�1. Therefore, the calculated frequencies were
used without scaling. Polarizabilities for neutral mole-
cules were also taken from the computational results.
Collisionally activated metastable complexes can

have sufficiently long lifetimes that they do not disso-
ciate on the experimental timescale (ca. 30 	s). Such
kinetic shifts are accounted for in the CRUNCH pro-
gram by RRKM lifetime calculations [31]. The kinetic
shifts depend on calculated densities of states for the
activated ion and the dissociation transition state. The
dissociation is taken to have a loose, product-like tran-
sition state [30, 31]. The relatively small molecules
studied in this work are calculated to have small kinetic
shifts, less than 4 kJ/mol. The uncertainty in the density
of states is again estimated by multiplying reactant or
product frequency sets by 0.9 and 1.1, and by multiply-
ing the time window for dissociation by 10 and 0.1. The
effect ranges from less than 1 kJ mol�1 for PCl4

� to 3
kJ/mol for BiCl4

�.
An ion not sufficiently energized by one collision

with the target gas may gain enough energy in a second
collision to be above the dissociation threshold. This
effect is eliminated by linear extrapolation of the data
taken at several pressures to a zero pressure cross
section before fitting the data [37].
Computational work on these systems was per-

formed using the Gaussian 98 Suite [38]. Basis set

superposition error was determined by counterpoise
calculations to be minor (�4 kJ/mol) in these systems.
The Natural Bond Order Analysis (NBO 5.0) [39] and
Atoms In Molecules (AIM) [40, 41, 42] programs were
also used to study the nature of the bonding in these
systems. Because the AIM calculations as implemented
in G98W are not compatible with effective core poten-
tials, the calculations were done using the B3LYP
method and the 3–21G* basis set supplemented with
diffuse functions taken from the LANL2DZpd basis set
[36]. No AIM calculations on the bismuth systems were
done because of the lack of an appropriate basis set.
Where direct comparisons are available, the
LANL2DZpd and augmented 3–21G* basis sets give
similar geometries, NBO atomic charges, and other
parameters.

Table 1. Rotational and vibrational constants for Group 15 chlorides

Compound
Vibrational Frequencies

in cm�1
Rotational Constants

in cm�1 Polarizabilities in Å3

PCl3 exp.a 186 x2, 258, 504 x2, 515
PCl3 calcb 174 x2, 241, 471 x2, 495 0.0822 (x2), 0.0461 8.105
PCl4

� calcb 88.8, 115, 148, 157, 197,
213, 280, 431, 460

0.0593, 0.0330, .0280

AsCl3 exp.a 150 x2, 193, 391 x2, 417
AsCl3 calcb 143 x2, 184, 369 x2, 399 0.0683 (x2), 0.0424 8.770
AsCl4

� calcb 73.2, 86.4, 127, 143,
154, 217, 226, 332, 360

0.0520, 0.0303,
0.0263

SbCl3 exp.a 122 x2, 151, 359 x2, 381
SbCl3 calcb 112 x2, 140, 334 x2, 356 0.0555 (x2), 0.0372 10.094
SbCl4

� calcb 59.4, 67.7, 110, 121,
125, 220, 220, 297, 319

0.0448, 0.0270,
0.0234

BiCl3 exp.a 107 x2, 123, 322 x2, 342
BiCl3 calcb 99.5 x2, 116, 308 x2,

332
0.0497 (x2), 0.0345 10.541

BiCl4
� calcb 28.7, 28.7, 31.6, 61.2,

63.1, 231, 231, 231, 269
0.0263, 0.0262,
0.0262

aRef. [33].
bCalculations using B3LYP/LANL2DZpd [36].

Figure 2. Cross section for collision-induced dissociation of PCl4
�

as a function of energy in the center-of-mass frame. The solid and
dashed lines represent convoluted and unconvoluted fits to the
data, as discussed in the text.
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Results

CID of ACl4
� gives loss of Cl�, Reaction 3, as the

predominant product in all cases. Reactions 4 and 5 are
also observed for all four reactant ions. Trace amounts
of Reactions 6 and 7 were observed for A � Sb and Bi.
The neutral products for these reactions are assumed on
thermodynamic grounds to be those listed. Appearance
curves for CID of the group 15 tetrachloride anions are
shown in Figures 2–5. Only the largest secondary prod-
uct (reaction 4 for A � Bi) is shown; the other products
all had cross sections less than 1% of that for reaction 3
over the energy ranges shown.

ACl4
�3 ACl3 � Cl� (3)

ACl4
�3 ACl3

� � Cl (4)

ACl4
�3 ACl2 � Cl2

� (5)

ACl4
�3 ACl2

� � Cl2 (6)

ACl4
�3 ACl� � Cl2 � Cl (7)

The equation 2 fitting parameters are given in Table
2, and the fits are shown in Figures 2–5 as well. The
cross sections for minor products are negligible in the
threshold region, and are not included in the fit. The
dissociation thresholds correspond to bond energies at
0 K, since the effects of reactant and product internal
energy are included in the fitting procedure. The final
uncertainties in the bond energies are derived from the
standard deviation of the thresholds determined for
individual data sets, the uncertainty in the reactant
internal energy, the effects of kinetic shifts, and the
uncertainty in the energy scale (
0.15 eV lab). These
results are given in Table 3.
The 0 K bond energies can be converted into 298 K

bond enthalpies using the heat capacities of the reac-
tants and products. The heat capacities are determined
using the frequencies calculated at the B3LYP/
LANL2DZpd level, Table 1. These give 298 K bond
enthalpies that are essentially identical to the 0 K
values, Table 3. The uncertainty in the heat capacities
can be estimated by multiplying the reactant and prod-
uct frequency sets by 0.9 and 1.1, and has a negligible
effect on the final uncertainties.

Discussion

Periodic trends moving down the periodic table.

As shown in Table 3, the data show a trend of increas-
ing Cl3A-Cl

� bond strengths from A � P to A � Sb,

Figure 3. Cross section for collision-induced dissociation of
AsCl4

� as a function of energy in the center-of-mass frame. The
solid and dashed lines represent convoluted and unconvoluted
fits to the data, as discussed in the text

Figure 4. Cross section for collision-induced dissociation of
SbCl4

� as a function of energy in the center-of-mass frame. The
solid and dashed lines represent convoluted and unconvoluted
fits to the data, as discussed in the text.

Figure 5. Cross section for collision-induced dissociation of
BiCl4

� as a function of energy in the center-of-mass frame. The
solid and dashed lines represent convoluted and unconvoluted
fits to the data for formation of Cl�, as discussed in the text.

Table 2. Fitting parameters for CID of ACl4
� anionsa

A ET (eV) n �0

P 0.93 
 0.06 1.23 
 0.05 3.5 
 0.9
As 1.20 
 0.07 1.38 
 0.14 2.7 
 0.9
Sb 1.67 
 0.10 1.16 
 0.13 4.5 
 1.9
Bi 1.60 
 0.16 1.45 
 0.18 3.9 
 2.1

aSee text for discussion of fitting parameters.
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with the bismuth bond strength similar to that for
antimony. Similar trends are seen in the calculated
hydride and fluoride affinities [12, 18]. Two experimen-
tal bond energies in fluoride systems, D(F3P-F

�) � 168
kJ mol�1 and D(F3As-F

�) � 202 kJ mol�1 [23], also
follow a similar trend to that seen in the present data:
the ratio of the fluoride bond strengths for arsenic and
phosphorus is 1.20, and the ratio of the chloride bond
strengths is 1.28. This trend contrasts with the average
of the 298 K neutral bond enthalpies: DH(A-3Cl)/3 �
316, 306, 311, and 289 kJ/mol for A � P, As, Sb, and Bi
[43].
Important computed bond lengths and angles are

given in Table 4. The ACl4
� molecules are all calculated

to have C2v symmetry, while the ACl3 molecules are
C3v. The average bond lengths are longer for central
atoms lower in the periodic table. The difference be-
tween the axial (R12 and R13) and equatorial (R14 and
R15) A–Cl bond lengths gets smaller for heavier central
atoms, and calculations give a geometry for BiCl4

� that
is essentially tetrahedral (with four nearly equal Bi–Cl
bond lengths) rather than a see-saw.
The maximum cross sections for A � P to Bi are 2.2,

1.8, 1.7, and 2.6 Å2, respectively. There is a general trend
of smaller cross sections for molecules with stronger
bonds. Additionally, there is a smaller cross section for
CID with Ar (A � P and As) than with Xe (A � Sb and
Bi). The size of the anion (largest for A � Bi) may also
have an influence on the observed cross sections.
These trends can be compared with results from the

AIM and NBO calculations discussed in the experimen-
tal section. The atomic charges calculated with these
methods are given in Table 5. Both models indicate that
the central atoms are positively charged, and become
more so for atoms lower on the periodic table. Addition
of Cl� to ACl3 has a negligible effect (less than 0.1
electron) on the charge of the central atom. Although

the axial chlorides bear formal charges of �0.5 in the
3C–4E model, the axial chlorides in PCl4

� are more
negatively charged than the equatorial chlorides by
only 0.24 electrons, and the difference drops to zero for
bismuth. This indicates that A–Cl bond polarization is a
more important factor than the formal oxidation state
on the atomic charges, and that the bonding becomes
more ionic for heavier central atoms.
The AIM calculations indicate that the longer axial

A–Cl bonds have a lower bond order than the equato-
rial bonds, Table 6. The equatorial and axial bond
orders are in good agreement with the respective values
of one and 1/�2 (0.71) predicted using the 3C–4E
model [44]. However, neither the axial bond orders nor
the sum of all the bond orders correlate with the trend
in the experimental bond strengths.
The NBO (Natural Population Analysis) calculations

show differences between the bonding in the ACl4
�

systems. While the phosphorus and arsenic systems are
computed to have 3C–4E bonds, the antimony and
bismuth systems are calculated to have structures that
are better considered as �3 ions surrounded by four
chloride anions. All four species, no doubt, lie on the
continuum between the covalent 3C–4E description
and a purely ionic description, with the heavier atoms
giving more ionic bonding [10]. The lone pair of elec-
trons in BiCl4

� is in a nearly pure 6s orbital, while for the
other species studied, there is some p character to the
orbital. This is consistent with the geometry calculated
for BiCl4

� (tetrahedral) but not the other ACl4
�molecules

(see-saw) or any of the ACl3 molecules (pyramidal). The
tendency of bismuth to have a stereochemically inactive
lone pair of electrons in the s orbital, which can be
attributed to greater relativistic stabilization of electrons
in lower angular momentum orbitals on heavy atoms
(the inert pair effect), has been previously discussed [3].

Table 3. Bond dissociation enthalpies for ACl4
� anionsa

A 0 K 298 K Theo. (0 K)b

P 90 
 7 90 
 7 108.4
As 115 
 7 115 
 7 139.1
Sb 161 
 8 160 
 8 173.2
Bi 154 
 15 153 
 15 207.6

aValues in kJ mol�1

bCalculated using B3LYP/LANL2DZpd [36].

Table 4. Structural properties of ACl4
� and ACl3

a

ACl4
� ACl3

A R12 R14 �213 �214 RACl �ClACl

P 2.44 2.14 170.6 93.0 2.10 100.4
As 2.51 2.26 169.9 93.3 2.21 99.4
Sb 2.63 2.44 174.6 91.7 2.39 98.0
Bi 2.62 2.62 109.4 109.5 2.45 99.2

aBond distances in Angstroms and angles in degrees calculated using
B3LYP/LANL2DZpd [36]. For atom labels refer to Figure 1.

Table 5. Calculated atomic chargesa

Technique A

ACl4
� ACl3

qA qCl (ax) qCl (eq) qA qCl

AIM P 1.08 �0.61 �0.42 1.17 1�0.39
As 1.24 �0.64 �0.49 1.27 �0.42
Sb 1.47 �0.68 �0.56� 1.46 �0.49

NBO P 0.77 �0.56 �0.32 0.80 �0.27
As 0.97 �0.59 �0.40 1.01 �0.34
Sb 1.31 �0.65 �0.51 1.35 �0.45
LBi 1.47 �0.62 �0.62 1.43 �0.48

aSee text for discussion of model and basis set choices.

Table 6. AIM bond ordersa

A BO (ACl4
�, ax) BO (ACl4

�, eq) BO (ACl3)

P 0.75 1.05 1.10
As 0.76 0.98 1.07
Sb 0.72 0.88 0.99

aCalculated using the B3LYP method and the 3-21G* basis set aug-
mented with additional diffuse functions as discussed in the text.
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The NBO calculations also give total valence d or-
bital occupancies of 0.07 electrons or less in all ACl3 and
ACl4

� systems, and the occupancy in ACl3 is greater
than or equal to the occupancy in ACl4

� for any central
element A. This supports the idea that d orbitals on the
central atom do not participate significantly in the
bonding molecular orbitals of the molecule.

Periodic trends moving across the periodic table.

The bond energies in SiCl5
�, PCl4

�, SCl3
�, and ClCl2

� are
101
 8 [23], 90
 7, 85
 8 [45], and 99
 5 kJ/mol [11],
respectively. All of these values are equal within their
combined uncertainties. This indicates that the bond
energy does not change significantly as the central atom
is changed across the periodic table, maintaining the
same ten-electron count on the central atom.

Comparison to previous studies.

Trinquier et al. [20] calculated D(Cl3P-Cl
�) � 79 kJ

mol�1 using a relatively small basis set and no electron
correlation. Gutsev [16] obtained a value of 129 kJ mol�

using comparatively sophisticated density functional
calculations. 0 K bond energies calculated at the
B3LYP/LANL2DZpd level, given in Table 3, are higher
than the experimental bond energies for A � P, As, and
Sb by 12–24 kJ/mol. This is similar to the computational
overestimate seen for the trihalide anions [36]. The
values for bismuth differ by 54 kJ/mol, suggesting that
the B3LYP/LANL2DZpd method is not reliable for the
energetics of bismuth compounds. However, the agree-
ment with the experimental frequencies for BiCl3 sug-
gest that other properties may be accurate.
Larson and McMahon [23] measured DH(F3P-Cl

�)�
65 kJ mol�1 and DH(F3As-Cl

�) � 108 kJ mol�1. These
are close to the 298 K values measured in this work,
DH(Cl3P-Cl

�) � 84 kJ mol�1 and DH(Cl3As-Cl
�) � 109

kJ mol�. This indicates that the nature of the remaining
halide ligands does not significantly affect the strength
of the bond being broken. Similar results are seen in
another hypervalent system: D(F4Si-Cl

�) � 98 kJ mol�1

and D(Cl4Si-Cl
�) � 101 kJ mol�1 [23]. Work is in

progress in this laboratory to explore the effect of
charge distributions on bond strengths in hypervalent
compounds in more detail.
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