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A flowing afterglow-tandem mass spectrometer has been used to determine 0 K bond strengths in three
hypervalent polyhalide ions:D(Cl2-Cl-) ) 99 ( 5 kJ/mol,D(Br2-Br-) ) 127 ( 7 kJ/mol, andD(Br2-
Br3

-) ) 40 ( 7 kJ/mol. These bond strengths are close to the previously measured valuesD(I2-I-) ) 126
( 6 kJ/mol andD(I2-I3

-) ) 49 ( 6 kJ/mol. In contrast, Cl5
- and F3

- are not formed at room temperature
in the flowing afterglow. Solvation energies for the trihalides derived from this work and literature
thermochemistry are inversely correlated with the size of the ion, in reasonable agreement with the predictions
of the Born model. The electron affinities EA(Cl3) ) 4.60( 0.09 eV and EA(Br3) ) 4.55( 0.10 eV can
also be derived. The gas-phase bond strengths are more consistent with the three center-four electron bond
model than with the expanded octet model.

Introduction

Polyhalide anions are prototypical examples of hypervalent
bonding.1 For example, the central atom in X3

- (X ) I, Br,
Cl, or F) has 10 valence electrons. Two models have been used
to explain hypervalent bonding.2 One involves “expansion of
the octet” through use of low-lying d orbitals. Such expansion
should become more prevalent lower in the periodic table
because the energy gap between the valence p orbitals and the
lowest empty d orbitals decreases. The expanded octet model
has been largely discredited by recent theoretical work, which
shows that d functions in the basis set primarily improve electron
correlation or polarization.3,4 It is still popular in general
chemistry textbooks.5

The other model, due to Pimentel6 and Hach and Rundle,7

involves the three pσ orbitals on the linear X3- molecules, as
shown in Scheme 1. These can be combined to form a strongly
bonding orbital, a largely nonbonding orbital, and an antibonding
orbital. Four electrons fill the lowest two orbitals, giving a three
center-four electron bond. In contrast to the expanded octet,
this type of bonding should not be strongly dependent on which
halide is chosen.

The experimental trihalide bond strengths in aqueous solution
are listed in Table 1. The data appear to be most consistent
with the expanded octet model of hypervalent bonding. The
nonobservation of F3- in solution8 and the negative bond
enthalpy for Cl3- suggest that accessible d orbitals are indeed
necessary. However, X3- is much larger than X-, and the
charge is spread out over the whole molecule. Since X3

- is
more poorly solvated than [X2 + X-], the bond strengths for
solvated ions may reflect solvation effects more than the intrinsic
bond strengths. The solvent effect can be substantial:D(I2-
I-) ) 17 kJ/mol in aqueous solution,≈47 kJ/mol in acetone,9

and 126 kJ/mol in the gas phase.10 Therefore, gas-phase bond
strengths are a better test of the nature of hypervalent bonding
than solution-phase values. While the solution-phase bond
strengths for many polyhalides were measured as long ago as
the 19th century, experimental work on the gas-phase bond
strengths has been remarkably sparse.10-12

The bare polyhalide ions have been used as a test case for
computational chemistry techniques. This work is summarized
in Table 2. These results suggest that there is no dramatic trend
in the X2-X- bond strength as X changes from I to F.
However, these calculations are not consistent with each other.
While the polyhalides might seem to be a simple computational
subject, substantial difficulties are caused by large electron
correlation effects, relativistic effects for the heavier nuclei, and
the need for diffuse functions to properly model anions.13-16

Accurate experimental results would be a useful benchmark for
determining the computational method most appropriate to
hypervalent systems. This determination is relevant to other
systems that have similar electronic structures, such as SN2
intermediates.17

Polyhalide ions, particularly polyiodides, are also of practical
significance. Formation of the dark iodine-starch complex
upon addition of iodine/iodide is still used as a test for the
presence of starch; this complex involves the I5

- anion.18 Mixed
polyhalide anions also have significance as analytical tools for
the detection of halide ions because of their characteristic UV-
vis spectra.19 Such species have also been used as dopants to
modify the electronic properties of polymers20 and superconduc-
tors.21 Hypervalent halogen compounds are useful reagents in
organic synthesis.22

Experimental Section

The polyhalide bond strengths were measured using energy-
resolved collision-induced dissociation in a flowing afterglow-
tandem mass spectrometer (MS) described in detail previously.10

The instrument consists of an ion source region, a flow tube,
and the tandem mass spectrometer. The ion source used in these
experiments is a dc discharge that is typically set at 1200 V
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with 1 mA of emission current. The flow tube is a 92 cm×
7.3 cm i.d. stainless steel pipe, which operates at a buffer gas
pressure of 0.4 Torr and flow rate of 200 standard cm3/s. The
buffer gas is He with up to 5% Ar added to stabilize the dc
discharge source. Approximately 105 collisions with the buffer
gas (and neutral halogen molecules) cool the ions to room
temperature. The cooling should be efficient23 because the
polyhalide anions have low-frequency vibrational modes, which
are given below.

The tandem MS is contained in a stainless steel box that is
divided by interior partitions into five chambers. Differential
pumping on the five chambers ensures that further collisions
of the ions with the buffer gas after extraction from the flow
tube are unlikely. The tandem MS includes a quadrupole mass
filter, an octopole ion guide,24 a second quadrupole mass filter,
and a detector.

In the collision-induced dissociation (CID) experiments, ions
are gently extracted from the flow tube through a 0.5 mm orifice
by applying a 0-2 V potential to the nose cone at the end of
the flow tube. The ions are then focused through electrostatic
lenses into the first quadrupole mass filter (Q1). The reactant
ions from Q1 are then focused into the octopole, which passes

through a cell that contains the collision gas (Ar for Cl3
- and

Xe for Br3- and Br5-). From the octopole, the dissociated and
unreacted ions are focused into a second quadrupole for mass
analysis. The detector is an electron multiplier operating in
pulse-counting mode.

The threshold energy for CID of a reactant ion is determined
by modeling the intensity of product ions as a function of the
reactant ion kinetic energy in the center-of-mass (CM) frame,
ECM. The reactant ion beam energy zero is measured using the
octopole as a retarding field analyzer.24,25 The first derivative
of the beam intensity as a function of ion energy is ap-
proximately Gaussian, with a typical full width at half-maximum
of 1.0 eV (1 eV) 96.49 kJ/mol). The laboratory energyElab

in electronvolts is given by the octopole rod offset voltage
measured with respect to the center of the Gaussian fit. This
energy is corrected at low offset energies to account for
truncation of the ion beam.25

Conversion to the CM frame is accomplished by use ofECM

) Elabm/(m + M), wheremandM are the masses of the neutral
and ionic reactants, respectively. To improve the signal, the
mass filters were generally operated at low resolution, where
all of the isotopic peaks were transmitted. For data collected
in this manner, the average of the isotopic masses was used as
the ion mass. For Cl3

- and Br3-, some data sets were collected
at higher resolution on an individual isotopic peak. The results
were indistinguishable from the low mass resolution results.
Similarly, the average xenon mass was used.

Total cross sections for reaction,σtotal, are calculated using
eq 1,25 whereI is the intensity of the reactant ion beam,I0 is

the intensity of the incoming ion beam (I0 ) I + ∑Ii), and Ii

are the intensities for each product ion. The number density of
the neutral collision gas isn, andl is the effective collision cell
length, 13( 2 cm.10 Individual product cross sectionsσi are
equal toσtotal(Ii/∑Ii).

To derive CID threshold energies, the threshold region of
the data is fitted to the model function given in eq 2, where

σ(E) is the cross section for formation of the product ion at
center-of-mass energyE, ET is the desired threshold energy,σ0

is a scaling factor,n is an adjustable parameter, andi denotes
rovibrational states having energyEi and populationgi (∑gi )
1). The CRUNCH program written by Prof. P. B. Armentrout
and co-workers is used in the threshold analysis described above.
Broadening due to the thermal motion of the collision gas
(Doppler broadening) and the kinetic energy distribution of the
reactant ion are accounted for by the program.

Experimental stretching frequencies for the trihalides3 and
calculated bending frequencies for F3

- 3 and Br3- 26 are used
in the above data analysis. The bending frequency for Cl3

- is
estimated by interpolating the force constants for F3

- and Br3-.
Rotational constants for these molecules are derived from
calculated bond lengths.16 Frequencies for Br5

- are estimated
using the force constants and geometries computed for I5

-.15

The rotational and vibrational frequencies used are summarized
in Table 3. The internal energy is small (6-10 kJ/mol for the
triatomic molecules and 21 kJ/mol for Br5

-) and only moder-
ately sensitive to the vibrational frequencies. The effect of
incomplete dissociation on the experimental time scale (kinetic
shifts) is negligible for the triatomic atoms and 0-1 kJ/mol for

TABLE 1: Solvation Thermochemistrya

X
D-

(X2-X-
(aq))

radius-
(X-)e

radius-
(X3

-)e
∆Hsol-
(X-)e

∆Hsol-
(X2)f

∆Hsol-
(X3

-)g

F 1.33 510
Cl 2b 1.81 2.55 365 23 291
Br 6c 1.96 2.70 335 33 247
I 17d 2.2 2.85 290 41 222

a Energies in kJ/mol, radii in Å. All values at 298 K.b From∆G )
-4.1 kJ/mol and∆S) 19.5 J/(mol K) for reaction 3 in aqueous solution
(Hine, F.; Inuta, S.Bull. Chem. Soc. Jpn.1968, 41, 71-75). The entropy
is corrected from gas-phase chlorine to aqueous chlorine using the
entropy of solution of Cl2 ) -101.8 J/(mol K) (reff ). c Ramette, R.
W.; Palmer, D. A.J. Solution Chem.1986, 15, 387-395. d Palmer, D.
A.; Ramette, R. W.; Mesmer, R. E.J. Solution Chem.1984, 13, 673-
683. e Reference 30.f Woods, T. L.; Garrels, R. M.Thermodynamic
Values at Low Temperatures for Natural Inorganic Materials; Oxford
University Press: Oxford, 1987.g This work.

TABLE 2: Computational Bond Energies (kJ/mol at 0 K)

ref I--I2 Br--Br2 Cl--Cl2 F--F2 methoda

b 157 166 164 202 NLDF
c 118 159 166 198 NLDF
d 118 108 81 99 PHF
e 150 164 163 HF
f 114 PHF
f 135 NLDF
g 126 PHF
h 104 HF
i 98 PHF
j 136 HF
k 209 NLDF
l 110 NLDF
m 115 PHF
n 46 PHF

a NLDF is nonlocal density functional techniques, HF is Hartree-
Fock, PHF is post-Hartree-Fock. See individual references for detailed
descriptions of the computational techniques.b Landrum, G. A.; Gold-
berg, N.; Hoffmann, R.J. Chem. Soc., Dalton Trans.1997, 3605-
3613.c Gutsev, G. L.Russ. J. Phys. Chem.1992, 66, 1596-1599.
d Reference 16.e Tasker, P. W.Mol. Phys. 1977, 33, 511-518.
f Reference 15.g Reference 14.h Saethre, L. J.; Gropen, O.; Sletten, J.
Acta Chem. Scand. A1988, 42, 16-26. i Reference 12.j Riedel, E. F.;
Willett, R. D. Theor. Chim. Acta1976, 42, 237-246. k Sosa, C.; Lee,
C.; Fitzgerald, G.; Eades, R. A.Chem. Phys. Lett.1993, 211, 265-
271. l Reference 13.m Ewig, C. S.; Van Wazer, J. R.J. Am. Chem.
Soc.1990, 112, 109-114. n Reference 3.

I ) I0 exp(-σtotalnl) (1)

σ(E) ) σ0∑
i

gi(E + Ei - ET)n/E (2)
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Br5
-, depending on whether the transition state for dissociation

is loose (product-like) or tight (reactant-like). Therefore, the
derived thresholds are only slightly sensitive to the spectroscopic
parameters. Because the reactant and product internal energies
are taken into account, the reaction thresholds correspond to
bond energies (or enthalpies) at 0 K.

The collision gas pressure can influence the observed cross
sections because an ion that is not sufficiently energized by one
collision with the target gas may gain enough energy in a second
collision to be above the dissociation threshold. Such collisions
can lead to a measured threshold that is too low. This is
accounted for by linearly extrapolating data taken at several
pressures to a zero pressure cross section,27 which is then fit
with the method described above.

Results

When small amounts of bromine are added to the ion source,
Br- and Br3- are the main species observed. A trace of Br2

-

is also seen. The Br- is due to dissociative attachment of an
electron to Br2, while Br2- is due to collisionally stabilized
electron attachment. At higher flow rates, the Br- and Br2-

are depleted, and Br3
- and Br5- are the dominant ions. These

are due to collisionally stabilized attachment of Br2 to Br- and
Br3

-.
Although several precursors for Cl3

- were tested, the best
results are obtained by simply introducing Cl2 into the ion
source. Use of CHxCl4-x (x ) 0-2) as a Cl- precursor leads
to impurities near the mass range of Cl3

-. Use of SO2Cl2 as a
Cl2 donor gives lower intensities of Cl3

-.
No Cl5- is observed with Cl2 partial pressures as high as 50

mTorr, implying that Cl5- is less stable than Br5
-. Similarly,

attempts to make F3- by addition of up to 6 mTorr of F2 to the
flow tube were also unsuccessful. The F-/F3

- ratio was at least
80:1, and the minimal signal at the mass of F3

- may have been
due to an impurity. This indicates that F3

- is not as stable as
the other three trihalides. If it is assumed that equilibrium has
been reached under the conditions described above,D(F--F2)
e 54 kJ/mol can be derived using the data for F3

- and F2 in
Table 3 and ref 28, respectively. However, collisional stabiliza-
tion of the F3

- may not be sufficiently rapid to ensure
equilibrium.

The cross sections for CID of Cl3
-, Br3-, and Br5- are shown

in Figures 1-3. The reaction channels observed are given in
reactions 3-7. For X3

-, the two products correspond to

cleavage of an X2-X bond with a competition between X2 and
X for possession of the extra electron. As seen in Table 4, it
is always lower in energy for X to retain the electron. The
difference in energy goes from 1.22 eV for X) Cl to 0.82 eV
for X ) Br to 0.54 eV for X) I. The X-/X2

- cross section
ratio at a collision energy of 4 eV is 50 for X) Cl, 20 for X

TABLE 3: Spectroscopic Constantsa

species rotation vibration

F3
- 146 (×2) 277 (×2), 461, 550

Cl3- 43 (×2) 156 (×2), 242, 268
Br3

- 15 (×2) 81 (×2), 168, 187
Br5

- 3.1, 3.6, 24 18, 67, 71, 72, 76, 112, 142, 181, 199

a Vibrational constants in cm-1, rotational constants in 10-3 cm-1.
See text for sources.

Cl3
- f Cl- + Cl2 (3)

Cl3
- f Cl + Cl2

- (4)

Br3
- f Br- + Br2 (5)

Br3
- f Br + Br2

- (6)

Br5
- f Br3

- + Br2 (7)

Figure 1. Appearance curve for collision-induced dissociation of Cl3
-

as a function of kinetic energy in the center-of-mass frame. The solid
line is the model appearance curve calculated using eq 2 and convoluted
as discussed in the text. The dashed line is the unconvoluted fit. The
fitting parameters are given in Table 5.

Figure 2. Appearance curves for collision-induced dissociation of Br3
-

as a function of kinetic energy in the center-of-mass frame. The solid
line is the model appearance curve calculated using eq 2 and convoluted
as discussed in the text. The dashed line is the unconvoluted fit. The
fitting parameters are given in Table 5.

Figure 3. Appearance curve for collision-induced dissociation of Br5
-

as a function of kinetic energy in the center-of-mass frame. The solid
line is the model appearance curve calculated using eq 2 and convoluted
as discussed in the text. The dashed line is the unconvoluted fit. The
fitting parameters are given in Table 5.
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) Br, and 10 for X) I. This is consistent with the decreasing
energy gap between the two channels.

The data for CID of Br5- show a nonzero cross section even
at the lowest translational energies. This is attributed to ions
with enough internal energy to be very near the dissociation
threshold, which is only twice the average internal energy
content of the molecules. These molecules should have a very
high cross section for dissociation with even low-energy
collisions. The data at translational energies below 25 kJ/mol
are not included in the fit.

The eq 2 fitting parameters for the data are given in Table 5.
The dissociation thresholds correspond to the bond energies at
0 K, which are reported in Table 4. Uncertainties in the reaction
thresholds are derived from the standard deviation of the fits to
individual data sets and the uncertainty in the energy scale ((0.1
eV lab). The parameters for loss of X2 from the trihalides are
remarkably similar: for I3-, n ) 1.5 ( 0.2 and the threshold
energy is 126( 6 kJ/mol.10 The data for reactions 4 and 6
cannot be fit reliably because of the small size of the cross
section and the slow rise from threshold due to competition from
loss of X2.

The 0 K bond energies can be converted into bond energies
at 298 K using the spectroscopic constants. The results areD298-
(Cl2-Cl-) ) 97 ( 5 kJ/mol,D298(Br2-Br-) ) 125 ( 7 kJ/
mol, and D298(Br2-Br3

-) ) 36 ( 7 kJ/mol. The bond
enthalpies are higher by∆PV ()RT): DH298(Cl2-Cl-) ) 99
( 5 kJ/mol, DH298(Br2-Br-) ) 127 ( 7 kJ/mol, and DH298-
(Br2-Br3

-) ) 38 ( 7 kJ/mol. The bond enthalpies and the
heats of formation of the fragments,28 ∆fH298(Cl2(g)) ) 0.0 kJ/
mol, ∆fH298(Cl-(g)) ) -227.3 kJ/mol,∆fH298(Br2(g)) ) 30.9 kJ/
mol, and∆fH298(Br-

(g)) ) -212.7 kJ/mol, can be combined to
give ∆fH298(Cl3-

(g)) ) -326 ( 5 kJ/mol, ∆fH298(Br3
-

(g)) )
-309 ( 7 kJ/mol, and∆fH298(Br5

-
(g)) ) -316 ( 10 kJ/mol.

Discussion

Solvation Energies. Measurements of association constants
as a function of temperature have been used to derive the
aqueous bond strengths in Table 1. The difference between
the bond strengths in the gas phase and in solution equals the
difference between the enthalpies of solvation of [X- + X2]
and X3

-. This thermochemistry is summarized in Table 1. The
solvation energy decreases with increasing size of the anion.
The standard Born Model for solvation energetics29 states that
the free energy of solvation should be proportional to 1/ranion.
Figure 4 shows the free energies of solvation plotted against
the ionic radii.30 The linear regression to the data, shown in

Figure 4, has a slope of 648 kJ Å/mol and anx-intercept of
-19 kJ/mol; a fit to more data gives a slope of 686 kJ Å/mol.29

The magnitude of this slope demonstrates the significance of
solvent effects on bond strengths and indicates that even if F3

-

were as strongly bound as the other trihalides in the gas phase,
it would not be stable in solution. More sophisticated models
of solvation effects have been derived;30 the precision of the
data does not warrant a more detailed treatment.

The solvation energies of the trihalide anions are important
for understanding the mechanism of halogen uptake by saltwater
droplets. While dihalogen molecules are not very soluble in
pure water, formation of trihalide anions in monohalide solutions
increases the rate of removal of dihalogens from the gas
phase.12,31,32 This is a complex subject because the process
fundamentally occurs at the gas-liquid interface rather than in
the bulk solution.

Electron Affinities. From this work and previously known
thermochemistry, it is possible to use eq 8 to derive the electron

affinity of X3. The relevant data are again summarized in Table
4. Nearly all of the molecules with known higher electron
affinities are metal halides, hydrogen-bonded species such as
ClHCl, or perfluorinated hydrocarbons.28 If the trihalides are
thought of as halogen halides, then all of these systems fit a
pattern of central moieties with multiple halide ligands.

Comparison to Previous Experiments. In a previous
determination of the trichloride bond strength,11 reactions 9-11
were observed and reactions 9 and 11 were believed to be in
equilibrium in a high-pressure ion source at essentially room
temperature. The enthalpy for reaction 9 was estimated to be
4 kJ/mol.11 Since elimination of Cl2 from SO2Cl2 is 58 kJ/mol
endothermic,28 this leads toD(Cl--Cl2) ) 54 kJ/mol. How-
ever, reactions 10 and 11 can be added together to give reaction
12. If reaction 12 is exothermic, as suggested by the observation
of reactions 10 and 11, thenD(Cl--Cl2) g 116 kJ/mol. The
discrepancy between these two values forD(Cl--Cl2) indicates

TABLE 4: Gas-Phase Thermochemistrya

X EA(X) b EA(X2)b EA(X3) D(X-X)b D(X2-X) D(X2-X-) D(X2-X3
-)

F 3.401 3.01( 0.07 155
Cl 3.613 2.4( 0.20 4.60( 0.09c 239 4( 7e 99 ( 5c

Br 3.364 2.55( 0.10 4.55( 0.10c 170 13( 7e 127( 7c 40 ( 7c

I 3.059 2.52( 0.10 4.15( 0.12d 149 21(10f 126( 6d 49 ( 6d

a Electron affinities in eV; other thermochemical values in kJ/mol. All values at 0 K.b Reference 27.c This work. d Reference 10.e Kawasaki,
M.; Sato, H.; Inoue, G.J. Phys. Chem.1989, 93, 7571-7575. Error limits are estimated from the range of values given.f Kang, S. H.; Kunc, J. A.
Phys. ReV. A 1991, 44, 3596-3605. See also ref 10.

TABLE 5: CID Threshold Measurementsa

reaction threshold n

3 99( 5 1.7( 0.2
5 127( 7 1.5( 0.3
7 40( 7 0.8( 0.2

a Threshold values in kJ/mol. See text for discussion of the fitting
parametern.

Figure 4. Aqueous solvation energy of halide and trihalide anions as
a function of ionic radius. The line is a linear regression fit to the data.

EA(X3) ) EA(X) + D(X2 - X-) - D(X2 - X) (8)
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that equilibrium had not been established and that the thermo-
chemistry from these experiments is unreliable. The 99 kJ/
mol bond enthalpy derived in this work indicates that reaction
12 is endothermic by about 17 kJ/mol, which suggests that
reactions 10 and 11 are both slightly endothermic.

Two groups have noted that Cl2 will rapidly displace D2O
from Cl-(D2O) under room-temperature conditions.12,33 This
implies thatD(Cl--Cl2) g D(Cl--D2O) ) 62 kJ/mol.34 This
is in agreement with the bond strength derived in this work.

Herschbach and co-workers35 determined the electron affinity
of Cl3 by measuring the translational energy threshold for
dissociative electron transfer from Rb to (Cl2)2. They derived
EA(Cl3) ) 4.6 or 5.1 eV depending on the method of analysis.
The first number is in excellent agreement with the present
results.

Comparison to Theory. When the computational results in
Table 2 are compared to the experimental values, several trends
emerge. There is no strong correlation between the level of
calculation and the agreement with experiment, but three recent
calculations at very high levels of theory are in good agreement
with the present results.12,14,15 The density functional calcula-
tions give bond strengths that are consistently too high. The
agreement is best for I3

- and gets consistently worse for smaller
ions, with most of the calculations for smaller ions overestimat-
ing the bond strength. Apparently, the errors from incomplete
basis sets (which tend to give bond strengths that are too low)
and inaccurate estimates of correlation energy (which tend to
give bond strengths that are too high) often cancel.13 The
effective core potentials used for the heavier atoms do not appear
to cause any inaccuracy. However, it is clear from the widely
scattered results for F3

-, and the general disagreement with the
experimental evidence for a weak bond, that correlation effects
are still not well understood for this anion.

Implications for Hypervalent Bonding. The most funda-
mental question this work addresses is the participation of d
orbitals in hypervalent bonding. The first conclusion is that
solution-phase bond strengths can give misleading periodic
trends. The gas-phase bond strengths do not fit perfectly with
either the expanded octet model or the simplest interpretation
of the three center-four electron model, which suggests that all
trihalide bonds should be about equal. To resolve this discrep-
ancy, two other sets of data should be considered: the electron
affinities of the halogen atoms X and the bond strengths of X2.
Neither of these sets of molecules is hypervalent, but both show
very nonmonotonic periodic trends. In both cases, it is clear
that placing more electrons around a fluorine atom is less
favorable than placing them around a chlorine atom. This can
be attributed to electron-electron repulsion in the very small
fluorine systems. It is not surprising that F3

- is weakly bound
because F2 and F- are also weakly bound. Thus, the bond
energies in this paper are consistent with the three center-four
electron model when the unique nature of fluorine is considered.
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