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Abstract: The bond dissociation energies in F3
- are determined from energy-resolved collision-induced

dissociation cross sections measurements in two tandem mass spectrometers. The gas-phase F2-F- bond
dissociation energy is measured to be 1.02( 0.11 eV, and the energy for dissociation to F+ F2

- is 0.28(
0.07 eV higher. After accounting for solvation energies, it is shown that the F3

- is not expected to be stable
with respect to dissociation in aqueous solution. Last, from the spectroscopic parameters, it is deduced that
F2

- formation is favored at high energies, in agreement with experimental results.

The trihalide anions X3- (X ) F, Cl, Br, and I) are
prototypical examples of hypervalent bonding, with 10 electrons
in the valence shell of the central atoms. Because of the
hypervalent bonding, the ions Cl3

-, Br3-, and I3- have all been
well studied, using a wide range of experimental techniques.
However, the trifluoride ion, F3-, is not well characterized
because it has, until recently, only been observed at cryogenic
temperatures in a rare gas matrix.1,2 Thus, for example, whereas
the bond strengths in the other three trihalides have been
measured both in the gas phase3,4 and in solution,3 the bond
strength of F3- is not known.

Computational studies of the bonding properties of F3
- have

been carried out at very high levels of theory, but have proven
to be challenging.5-8 Even with large basis sets, the theoretical
values for the bond dissociation energy for formation of F- +
F2 range from 53 kJ/mol at the MCSCF level of theory7 to 197
kJ/mol from BLYP calculations.7 At the highest levels of theory
(CCSD(T)/TZ2Pf+),5 the bond dissociation energy for the
gaseous ion is calculated to be 103 kJ/mol. Therefore, the F3

-

ion is predicted to be stable with respect to dissociation in the
gas phase, which would imply that the inability to generate the
ion in solution is a consequence of solvent effects.8

In agreement with the theoretical predictions, Tuinman et al.9

recently reported that the gaseous trifluoride ion is sufficiently
stable to survive the source conditions of a mass spectrometer.

Electron-capture mass spectrometry of F2 gives mainly F- and
F2

-, but F3
- is also observed as a minor product. Low-energy

collision-induced dissociation of trifluoride ion with an argon
target gas produces F- and F2

- as ionic fragments (reaction 1).
At a collision energy of 25 eV in the laboratory frame (10.3
eV center-of-mass), F2- is the major fragment observed.9 This
result is somewhat surprising because reaction 1a is energetically
favored over reaction 1b by∼0.4 eV.10

In recent years, we have been investigating the bond
dissociation energies in difluoride11 and trihalide3,4 ions. Inspired
by the results of Tuinman, et al.,9 we sought to extend these
studies by measuring the bond dissociation energies in F3

-. Here
we report the determination of the bond dissociation energies
of F3

- as measured using energy-resolved collision-induced
dissociation measurements. From the difference between the two
bond dissociation energies, we calculate an electron affinity for
F2 that is in good agreement with the previously reported values.
Last, we show that the preference for the formation of F2

- upon
collision-induced dissociation at higher energies is a result of
statistical effects in the transition states for the two channels.

Experimental Section

The experiments were carried out using the guided-ion beam
instruments at Purdue University and Northern Illinois University (NIU).
Detailed explanations of these instruments and the experimental
procedures have been given previously.3,4,12 At both institutions, ions
are generated using electron ionization in a flowing afterglow. The
pressure and flow rate of the helium buffer gas in the 1 m× 7.3 cm
(i.d.) flow reactor at Purdue were 0.4 Torr and 200 STP cm3/s,
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respectively. The typical He pressure for the 92 cm× 7.3 cm reactor
at NIU was 0.4 Torr.4

The F3
- ion was formed by the addition of F- to F2. The F- was

formed by electron ionization of NF3 and F2 at Purdue and NIU,
respectively. Other fluorine-containing ions, including F-, F2

-, and
HF2

-, were also observed. Under some source conditions, we observed
a small amount of F5- (m/z 95), but unfortunately, the signal is too
weak for subsequent studies. Care must be taken during these
experiments to avoid the presence of water in the flow tube, because
the water adduct of HF2- has the same nominal mass (m/z 57) as F3-.

Ions formed in the flowing afterglow are thermalized to ambient
temperature by ca. 105 collisions with the helium buffer gas. More
efficient stabilization of the metastable addition product was achieved
by adding NF3 or N2O to the flow tube. The ions in the flow tube are
sampled through a small orifice into the analyzer region of the
instrument. The tandem mass spectrometer at NIU has a quadrupole-
octopole-quadrupole configuration,3,4 while the instrument at Purdue
is a triple quadrupole.12 In both instruments, mass selection of F3

- was
carried out in the first quadrupole, collision-induced dissociation
occurred in a gastight collision cell surrounding the second analyzer
element, and products were mass-selected with the last quadrupole.
The collision energy is adjusted by changing the DC offset voltage of
the second element, with the absolute energy scale determined by a
retarding potential analysis.13 A conversion dynode and electron
multiplier operating in pulse-counting mode are used for ion detection.

Gas purities were as follows: He (99.995%), Ne (99%), NF3 (99%),
F2 (99%).

Data Analysis. The data collection and analysis procedures used
for CID threshold measurements have been described in detail.14,15 In
these experiments, the yields of the particular CID product ions are
monitored while the axial kinetic energy of the reactant ion is scanned.
Product ion appearance curves are generated by plotting the CID cross
sections versus the reactant ion-target collision energy in the center-
of-mass (cm) frame,Ecm ) Elab[m/(M + m)], where Elab is the lab-
frame energy,m is the mass of the neutral target, andM is the mass of
the reactant ion. The energy axis origin is verified by retarding potential
analysis, and the reactant ion kinetic energy distribution is generally
found to have a near-Gaussian shape with a full width at half-maximum
of 0.5-1.5 eV. Absolute cross sections for the formation of a single
product from CID,σ, are calculated using the thin-target expression,σ
) Ip/INl, whereIp and I are the measured intensities of the product
and reactant ion signals,N is the number density of the target gas, and
l is the effective collision path length for reaction (24( 4 cm at
Purdue,12 13 ( 24 at NIU). At Purdue, phase incoherence between the
quadrupolar fields in the triple quadrupole analyzer leads to oscillations
in the apparent intensity of the reactant ion signal, but not the product
ion signals, as the Q2 pole offset voltage is scanned. Accordingly, the
intensity of the reactant ion beam is estimated to be equal to the
maximum transmitted intensity in the region of the dissociation onset.
This factor, as well as possible differences in the collection or detection
efficiencies for the reactant and product ions, generally leads to a factor
of 2 in the uncertainties in absolute cross sections and a(20%
uncertainty in relative cross sections. However, because of the high
mass capabilities of the Purdue triple quadrupole, the mass discrimina-
tion is much more severe for ions belowm/z∼25. To account for this,
calibration experiments were carried out using H3O+(H2O)2 (m/z 55),
which dissociates by loss of one or two water molecules to give products
at m/z 37 and 19, respectively. It was found that the cross section for
the formation of H3O+ as measured in the triple-quadrupole needed to
be scaled by a factor of 1.6 in order to reproduce the literature ratio
[H3O+(H2O)]/[H3O+] of 4.0 at a center-of-mass collision energy of 10
eV.16 Given that the masses of the H3O+ and H3O+(H2O) products are
very similar to those of the F- and F2

- ions examined in this work, the
cross sections of F- have been scaled in the same manner. The relative

cross sections measured with the NIU instrument agree to within 10%
with the literature results, and therefore do not need to be corrected.

The threshold energies for dissociation are determined by fitting the
product ion appearance curves with the model function given by eq 2,
which takes into account the rovibrational contributions to the total
available energy.17

In eq 2, E0 is the dissociation threshold energy,E is the center-of-
mass collision energy,σ0 is a scaling factor,n is an adjustable parameter,
i denotes reactant ion vibrational states having energyEi and population
gi (Σgi ) 1), andPD is the probability for dissociation of the ion at a
given energy.

The appearance curves are modeled using the CRUNCH data analysis
program written by Armentrout, Ervin, and co-workers.13,17,18 The
analysis utilizes an iterative procedure in whichE0, σ0, andn are varied
so as to minimize deviations between the data and the calculated cross
sections in the steeply rising portion of the threshold region. A Doppler
broadening function,19 which accounts for the random thermal motion
of the target, and the kinetic energy distribution of the reactant ion
approximated by a Gaussian function with a full width at half-maximum
of 1.5 eV (lab frame) are also convoluted together with the calculated
cross sections obtained with eq 2. The threshold energies obtained in
this manner correspond to 0 K bond dissociation energies. The 298 K
dissociation enthalpies are derived by combining the 0 K bond energy
with the calculated difference in 0-298 K integrated heat capacities
of the dissociation products and reactants, plus a PV work term (RT)
2.5 kJ/mol at 298 K).

The cross section model shown in eq 2 explicitly accounts for the
possibility of kinetic shifts by incorporating a probability factor,PD,
for the dissociation of the ion at a given energy. Because of the small
size of the ions and relatively low dissociation energies of F3

-,
dissociation of the collisionally activated ions occurs rapidly on the
instrumental time scale (∼3 × 10-5 s) and is not subject to kinetic
shifts. However, the reaction onsets likely suffer from competitive shifts
due to the presence of a second dissociation pathway. The competition
between the two channels is modeled by treating the competition as
statistical.20 Both channels are assumed to have loose, product-like
transition states using the “phase space limit” approach described by
Rodgers and Armentrout.20 This issue will be discussed below.

Results and Discussion

Cross sections as a function of center-of-mass energy for the
collision-induced dissociation of F3

- with neon target gas
measured at Purdue and at NIU are shown in Figure 1, a and b,
respectively. Two products, F- (m/z19) and F2- (m/z38), were
observed in the dissociation. Excellent correspondence is
observed between the data from the two instruments. The
apparent onset for formation of F- is slightly less than 1 eV,
whereas that for F2- is higher by about 0.5 eV. Moreover,
although the onset for formation of F- is lower than that for
F2

-, at energies above∼3 eV the cross section for F2
- is higher

than that for F-, as found by Tuinman et al.9

The bond dissociation energies for the channels can be
determined by analysis of the energy-dependent collision cross
sections for CID, as described above. Where available, experi-
mentally known properties (Table 1) were utilized in the
analysis.21-24 For theν2 mode in F3-, we use the extrapolated
value of 260 cm-1 obtained by Heard et al.5 at the CCSD(T)
level of theory. Rotational constants for F3

- and F2
- were
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obtained from molecular orbital calculations carried out in this
work.25 A comparison of the computational results from three
different levels of theory is provided in Table 1. Of the
computational methods examined, the QCISD(T) level provides
the best agreement with the available experimental results.
Therefore, QCISD(T)/aug-cc-pVDZ results are used for the
rotational constants. The uncertainties in the calculated frequen-
cies5 and rotational constants are estimated to be(10%.

Because the difference in the anharmonicities of the dissocia-
tion products may affect the branching ratio, they have been
included in the analysis. For F2, the experimental anharmonicity
of 11.24 cm-1 was used.21 The experimental anharmonicity for

F2
- is not known but has been calculated to be 1.0 cm-1 using

a multiconfiguration valence bond approach.26 We have also
carried out the fitting using values of 0 and 2.13 cm-1 (the
Birge-Sponer estimate).27 The F- binding energies obtained
using these three different values agree to within 0.03 eV. The
reported value is the average of the three results, and a 0.015
eV contribution has been included in the uncertainty. The energy
differences between the two channels using the three approaches
agree to within 0.002 eV.

The threshold (∆E0) for reaction 1a is determined to be 0.98
( 0.13 eV and 1.06( 0.10 eV from fits to the Purdue and
NIU data, respectively. The difference between the thresholds
for the two reaction channels is determined to be 0.25( 0.06
and 0.30( 0.06 eV, respectively. The uncertainties include the
standard deviations in parameters for the individual data sets,
as well as the effects of the uncertainties in the calculated
frequencies, potential mass discrimination (estimated at(20%
for either product), the uncertainty in the energy scale (estimated
to be 0.15 eV in the lab frame), and an estimated 0.015 eV
contribution due to uncertainty in the anharmonicity of F2

-. The
variation in parameters for individual data sets is the primary
source of uncertainty in the overall threshold, and the possible
mass discrimination is the dominant source of uncertainty in
the difference between the thresholds. Experiments utilizing
argon target produced lower quality data than those carried out
using neon but gave quantitatively similar results.

After combining the results from the two instruments, we
obtain a 0 K bond dissociation energy of 1.02( 0.11 eV and
an energy difference between the two channels of 0.28( 0.07
eV (Table 1). Because the difference in the two thresholds is
equal to the difference between the electron affinities (EAs) of
F and F2, the present results can be combined with EA(F))
3.4012 eV28 to give EA(F2) ) 3.12 ( 0.07 eV, in reasonable
agreement with the previously reported values of 3.01( 0.0711

and 3.08( 0.10 eV.29 The measured F2-F- bond dissociation
energy is also in reasonable agreement with CCSD(T) (1.07
eV),5 MCSCF+MP2 (1.31 eV),6 QCISD(T) (1.15 eV), and MP2
(1.20 eV) calculations (Table 1). Significantly worse agreement
is found for the simple CASSCF (0.53 eV)7 and B3LYP levels
of theory (Table 1), the latter of which fails to correctly
reproduce the relative energies of the two channels.

The reactant ion F3- initially is in the ground singlet electronic
state. Collisional activation is expected to cause rotational and
vibrational excitation, but not electronic excitation. Dissociation
on the initial electronic surface leads without a barrier to the
ground-state singlet products F2 + F-.30 The other product
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Figure 1. Cross sections for collision-induced dissociation of F3
-

measured at (a) Purdue University and (b) Northern Illinois University.
The solid lines are calculated fits to the data, assuming statistical
partitioning to give the products, and the dashed lines are nonconvoluted
curves.

Table 1. Calculated and Measured Spectroscopic Constants for
F3

-, F2
-, F2, and Fa

B3LYP MP2 QCISD(T) exptl
exptl

reference

F3
- -299.45989 -298.83623 -298.86225

ν1 439 406 396 461 1
ν2 263 259 247
ν3 463 729 512 550 1
Be 0.15 0.15 0.14
F2

- -199.67468 -199.24950 -199.26385
ν1 358 484 449 460 22
Be 0.44 0.48 0.47
Do 1.74 1.23 1.18 1.21 11
F2 -199.53541 -199.12692 -199.14800
ν1 1022 934 831 916.64 21
Be 0.90 0.87 0.84 0.890 21
R/4πε0 1.09 1.04 1.11 1.054 24
Do 1.48 1.38 1.25 1.60 21
F- -99.87037 -99.66595 -99.66934
F -99.73950 -99.53707 -99.55020
R/4πε0 0.43 0.41 0.44 0.557 23
Do(F2-F-) 1.46 1.15 1.20 1.02( 0.11 this work
Do(F-F2

-) 1.19 1.29 1.27 1.30( 0.13 this work

a Units: absolute energies in hartrees, frequencies and rotational
constants in cm-1, polarizabilities in Å3, and bond dissociation energies
in eV. All calculations were carried out using an aug-cc-pVDZ basis
set.
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channel, F+ F2
-, correlates to singlet and triplet excited

electronic states of F3-.30 The singlet states can couple through
their vibrational manifolds, but it is not obvious that this will
be efficient on the dissociation time scale. However, statistical
modeling of the CID data for I3

- following the same procedure
used here gives results in agreement with known thermochem-
istry,31 indicating that vibrationally mediated coupling between
different electronic states is efficient when the energies of the
two dissociation channels are reasonably close. Incomplete
coupling between the electronic states would lead to too little
F2

-, which would give too low a value for EA(F2). The present
value is slightly higher than the literature values, again sug-
gesting that mixing is complete.

The preference for the formation of F2
- at higher energies

(>3 eV) noted by Tuinman and co-workers9 is qualitatively
reproduced in the calculated fits of the data. Examination of
the fitting parameters provides insight into the origins of this
result. At low energies, the F- channel is favored by enthalpy
because the threshold for this channel is smaller in energy.
However, the rotational and vibrational constants of F2

- are
lower than those for F2, resulting in a higher density of states
for the F2

- channel. Therefore, at high energies eq 1b becomes
the dynamically favored reaction.

The bonding in hypervalent systems such as F3
- has generally

been explained using two models.32 The expanded octet model
involves the promotion of an electron from a p orbital on the
central atom to a d orbital. These two-half-filled orbitals are
then used to bond to the two terminal atoms. The molecular
orbital scheme is shown in Figure 2, where the dσ orbital in
parentheses is occupied. The promotion required is from annp
orbital to annd orbital for Cl, Br, and I (n ) 3, 4, or 5), but
from a 2p orbital to a 3d orbital for F. Therefore, the promotion
energy is much higher for F. The existence of Cl3

-, Br3-, and
I3

- (but not F3
-) in solution appears to support this model.

The three-center, four-electron (3C-4E) model33,34 assumes
that the dσ is not occupied; rather, the intermediate molecular
orbital in Figure 2 is a nonbonding orbital localized on the
terminal atoms with no contribution from the orbital in
parentheses. Recent computational work has strongly supported
this interpretation of the bonding.32,35-37 Since only p orbitals
are involved, the 3C-4E bonding scheme predicts that trifluoride
should not have an uniquely weak bond.

The 0 K gas-phase bond dissociation energies in the trihalide
ions have now been measured as 98( 11, 99( 5,3 127( 7,3

and 126( 6 kJ/mol4 for X ) F, Cl, Br, and I, respectively,
which correspond to 298 K bond dissociation enthalpies of 101,
100, 127, and 126, respectively. Although there is a small
upward trend in these values, it is clear that the bond energies
are not significantly different. This contradicts the expanded
octet model and therefore provides strong experimental support
for the 3C-4E model.

The bond strengths of the trihalide anions are much higher
in the gas phase than in solution. This is due to differences
between the solvation energies of X3

- and X- + X2. According
to the Born model,27 ∆Gsolv of an ion is inversely proportional
to its ionic radius. The ionic radius of the F3

- anion can be
estimated by assuming the volume of F3

- is 3 times that of F-.
Therefore, with∆Gsolv(F-) ) -510 kJ/mol in water,38 the free
energy of solvation of F3- in water is estimated to be-350
kJ/mol. The free energy of solvation of F2 can be estimated as
10 kJ/mol by extrapolation of the values for gaseous I2, Br2,
and Cl2 (-3, 4, and 7 kJ/mol, respectively).39,40 Thus, the
difference between∆Gsolv(F3

-) and∆Gsolv(F- + F2) is roughly
150 kJ/mol.

The calculated spectroscopic parameters for F3
- can be used

to determine a gas-phase reaction entropy of∆S(eq 1a)) 104.5
J/mol K. This can be combined with the experimental bond
energy, converted to∆H298, and the solvation free energy to
give ∆G298(eq 1a)) 72 and-80 kJ/mol in the gas phase and
aqueous solution, respectively. Therefore, F3

-(aq) is not ex-
pected to be stable with respect to dissociation in aqueous
solution.

According to the Born equation,27 ∆Gsolv is also proportional
to (1 - εr

-1), whereεr is the relative permittivity of the solvent
(εr for vacuum) 1). This can be combined with the above
thermochemistry to estimate that F3

- should be stable with
respect to dissociation in solvents withεr values less than∼1.7.
Compounds with permittivities lower than 1.7 include He, Ne,
Ar, Kr, H2, N2, O2, F2, and CF4. This explains why F3- could
be observed in an Ar matrix,1,2 but could not be made as a
(CH3)4N+ salt in CH3CN or CHF3.41 Interestingly, this implies
that F3

- can be prepared in environments such as liquid F2 or
CF4, which may allow more facile spectroscopic measurements
on this unusual hypervalent anion.
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Figure 2. Molecular orbital diagram of F3-.
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