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Abstract: The bond dissociation energies i Fare determined from energy-resolved collision-induced
dissociation cross sections measurements in two tandem mass spectrometers. The gas-jphabend
dissociation energy is measured to be 1409.11 eV, and the energy for dissociation teH+,~ is 0.28+

0.07 eV higher. After accounting for solvation energies, it is shown that theésfot expected to be stable

with respect to dissociation in aqueous solution. Last, from the spectroscopic parameters, it is deduced that
F,~ formation is favored at high energies, in agreement with experimental results.

The trihalide anions X (X = F, Cl, Br, and I) are Electron-capture mass spectrometry gigives mainly F and
prototypical examples of hypervalent bonding, with 10 electrons F,~, but i~ is also observed as a minor product. Low-energy
in the valence shell of the central atoms. Because of the collision-induced dissociation of trifluoride ion with an argon
hypervalent bonding, the ions£| Brs~, and k~ have all been target gas produces Fand i~ as ionic fragments (reaction 1).
well studied, using a wide range of experimental techniques. At a collision energy of 25 eV in the laboratory frame (10.3
However, the trifluoride ion, £, is not well characterized eV center-of-mass),F is the major fragment observéd his
because it has, until recently, only been observed at cryogenicresult is somewhat surprising because reaction 1a is energetically
temperatures in a rare gas mafr&Thus, for example, whereas favored over reaction 1b by 0.4 eV10
the bond strengths in the other three trihalides have been

measured both in the gas ph#sand in solutior? the bond F, =F +F (1a)
strength of B~ is not known. B _
Computational studies of the bonding properties 9f Fave Fs —F+F (1b)

been carried out at very high levels of theory, but have proven | h b . N he bond
to be challenging-8 Even with large basis sets, the theoretical . " recent years, we have been |nyestlgat|ng the bon
values for the bond dissociation energy for formation of-F dissociation energies in difluoritfeand trihalidé#ions. Inspired
F> range from 53 kJ/mol at the MCSCF level of thebty 197 by the results of '_I'umman, et "9.'-We §oyght to exter]d these
kJ/mol from BLYP calculationg At the highest levels of theory studies by measuring Fhe pond dissociation Qnergleslri-lére .
(CCSD(T)/TZ2P#)5 the bond dissociation energy for the we report the determination of the bond dissociation energies
gaseous ion is cal(;ulated to be 103 kJ/mol. Therefore, the F of FS__ as measured using energy-res_olved collision-induced
ion is predicted to be stable with respect to dissociation in the dlSSOCIE?.’[IOh measurements. From the difference between t.he two
gas phase, which would imply that the inability to generate the bond dissociation energies, we calculate an electron affinity for
ion in solu"[ion is a consequence of solvent effécts F, that is in good agreement with the previously reported values.
In agreement with the theoretical predictions, Tuinman &t al. Last, we show that the preference for the formationzofkpon

recently reported that the gaseous trifluoride ion is sufficiently collision-induced dissociation at higher energies is a result of

stable to survive the source conditions of a mass SpeCtrometerstatistical effects in the transition states for the two channels.
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respectively. The typical He pressure for the 92 gn7.3 cm reactor cross sections measured with the NIU instrument agree to within 10%
at NIU was 0.4 Torf. with the literature results, and therefore do not need to be corrected.
The R~ ion was formed by the addition of o F,. The F was The threshold energies for dissociation are determined by fitting the
formed by electron ionization of NFand F, at Purdue and NIU, product ion appearance curves with the model function given by eq 2,
respectively. Other fluorine-containing ions, including, F~~, and which takes into account the rovibrational contributions to the total

HF,~, were also observed. Under some source conditions, we observedavailable energy’

a small amount of & (m/z 95), but unfortunately, the signal is too

weak for subsequent studies. Care must be taken during these o=o0, zPDgi(E+ E, — Eo)"/E (2)
experiments to avoid the presence of water in the flow tube, because :

the water adduct of HF has the same nominal maseg/£57) as k™.

lons formed in the flowing afterglow are thermalized to ambient |n eq 2, E, is the dissociation threshold enerdy,is the center-of-
temperature by ca. 2Qollisions with the helium buffer gas. More  mass collision energyy is a scaling factom is an adjustable parameter,
efficient stabilization of the metastable addition product was achieved i denotes reactant ion vibrational states having enErgnd population
by adding NF or N;O to the flow tube. The ions in the flow tube are ¢ (Sg; = 1), andPy is the probability for dissociation of the ion at a
sampled through a small orifice into the analyzer region of the given energy.
instrument. The tandem mass spectrometer at NIU has a quadrupole  The appearance curves are modeled using the CRUNCH data analysis
octopole-quadrupole configuratiof while the instrument at Purdue  program written by Armentrout, Ervin, and co-worké#d718 The
is a triple quadrupol&: In both instruments, mass selection gf fvas analysis utilizes an iterative procedure in whigh oo, andn are varied
carried out in the first quadrupole, collision-induced dissociation so as to minimize deviations between the data and the calculated cross
occurred in a gastight collision cell surrounding the second analyzer sections in the steeply rising portion of the threshold region. A Doppler
element, and products were mass-selected with the last quadrupoleproadening functio® which accounts for the random thermal motion
The collision energy is adjusted by changing the DC offset voltage of of the target, and the kinetic energy distribution of the reactant ion
the second element, with the absolute energy scale determined by aapproximated by a Gaussian function with a full width at half-maximum
retarding potential analyst$. A conversion dynode and electron  of 1.5 eV (lab frame) are also convoluted together with the calculated
multiplier operating in pulse-counting mode are used for ion detection. cross sections obtained with eq 2. The threshold energies obtained in

Gas purities were as follows: He (99.995%), Ne (99%); (#R%), this manner correspond O K bond dissociation energies. The 298 K
F2 (99%). dissociation enthalpies are derived by combining @K bond energy

Data Analysis. The data collection and analysis procedures used with the calculated difference in-298 K integrated heat capacities
for CID threshold measurements have been described in &etaih of the dissociation products and reactants, plus a PV work tBM+H

these experiments, the yields of the particular CID product ions are 2.5 kJ/mol at 298 K).
monitored while the axial kinetic energy of the reactant ion is scanned.  The cross section model shown in eq 2 explicitly accounts for the
Product ion appearance curves are generated by plotting the CID crosspossibility of kinetic shifts by incorporating a probability factétp,
sections versus the reactant ion-target collision energy in the center-for the dissociation of the ion at a given energy. Because of the small
of-mass (cm) frameEcn = Ea[mV(M + m)], where E, is the lab- size of the ions and relatively low dissociation energies eof, F
frame energymis the mass of the neutral target, avids the mass of dissociation of the collisionally activated ions occurs rapidly on the
the reactant ion. The energy axis origin is verified by retarding potential instrumental time scale~3 x 10°° s) and is not subject to kinetic
analysis, and the reactant ion kinetic energy distribution is generally shifts. However, the reaction onsets likely suffer from competitive shifts
found to have a near-Gaussian shape with a full width at half-maximum due to the presence of a second dissociation pathway. The competition
of 0.5—1.5 eV. Absolute cross sections for the formation of a single between the two channels is modeled by treating the competition as
product from CID g, are calculated using the thin-target expression,  statisticaP® Both channels are assumed to have loose, product-like
= I/INI, wherel, and | are the measured intensities of the product transition states using the “phase space limit” approach described by
and reactant ion signalblis the number density of the target gas, and Rodgers and Armentroé?.This issue will be discussed below.
| is the effective collision path length for reaction (24 4 cm at
Purdue'2 13 + 24 at NIU). At Purdue, phase incoherence between the Results and Discussion
quadrupolar flel(_js in the triple quadrupolg ana_lyzer leads to oscillations Cross sections as a function of center-of-mass energy for the
in the apparent intensity of the reactant ion signal, but not the product ST - . .

collision-induced dissociation of 3F with neon target gas

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 Measured at Purdue and at NIU are shown in Figure 1, a and b,

maximum transmitted intensity in the region of the dissociation onset. respectively. Two products, Rnvz19) and i~ (m/z 38), were

This factor, as well as possible differences in the collection or detection observed in the dissociation. Excellent correspondence is
efficiencies for the reactant and product ions, generally leads to a factorobserved between the data from the two instruments. The
of 2 in the uncertainties in absolute cross sections an#i28% apparent onset for formation of Fs slightly less than 1 eV,
uncertainty in relative cross sections. However, because of the high\hereas that for £ is higher by about 0.5 eV. Moreover,
mass capabilities of the Purdue triple quadrupole, the mass discrimina-gjthough the onset for formation of Fis lower than that for

tion is much more severe for ions belowz ~25. To account for this — ; ; e hi
2 ; . : ' F,~, at energies above3 eV the cross section forFis higher
calibration experiments were carried out usingdt(H-0), (m/z 55), than that for F, as found by Tuinman et 4.

which dissociates by loss of one or two water molecules to give products . o .

atm/z 37 and 19, respectively. It was found that the cross section for The _bond dlssoma_tlon energies for the channe_ls_ can be
the formation of HO* as measured in the triple-quadrupole needed to determined by analysis of the energy-dependent collision cross
be scaled by a factor of 1.6 in order to reproduce the literature ratio Sections for CID, as described above. Where available, experi-
[HsO*(H20))/[Hs0"] of 4.0 at a center-of-mass collision energy of 10 mentally known properties (Table 1) were utilized in the
eV 18 Given that the masses of the®t and HO*(H,0) products are analysis?'=24 For thev, mode in i~, we use the extrapolated
very similar to those of the Fand k™ ions examined in this work, the  value of 260 cm? obtained by Heard et &lat the CCSD(T)
cross sections of Fhave been scaled in the same manner. The relative |eye| of theory. Rotational constants fogFand K~ were
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F>~ is not known but has been calculated to be 1.Gtosing

a multiconfiguration valence bond appro@hie have also
carried out the fitting using values of 0 and 2.13 @nfthe
Birge—Sponer estimaté. 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 AEy) for reaction 1a is determined to be 0.98
+ 0.13 eV and 1.06t 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 G:26.06
- il , and 0.30+ 0.06 eV, respectively. The uncertainties include the
0.0 10 20 30 standard deviations in parameters for the individual data sets,

Collision Energy (c.m.), eV as well as the effects of the uncertainties in the calculated
Figure 1. Cross sections for collision-induced dissociation ef F frquenmes, potential mass d!scrl_rnlnatlon (estlmateflm%
measured at (a) Purdue University and (b) Northern Illinois University. for either produg:t), the uncertainty in the e”erg}’ scale (estimated
The solid lines are calculated fits to the data, assuming statistical ©© be 0.15 €V in the lab frame), and an estimated 0.015 eV
partitioning to give the products, and the dashed lines are nonconvolutedcontribution due to uncertainty in the anharmonicity of Frhe
curves. 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
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Table 1. Calculated and Measured Spectroscopic Constants for
F, R, R, and B

exptl i i
B3LYP MP2 QCISD(T) expt refer%nce argon target produced Iowgr qyallty Qatg than those carried out
using neon but gave quantitatively similar results.

Fs~ —299.45989 —298.83623 —298.86225 Aft bining th Its f h )
" 439 206 396 261 1 ter combining the results from the two instruments, we
V2 263 259 247 obtan a 0 Kbond dissociation energy of 1.02 0.11 eV and
Ez gfﬁs 82195 81124 550 1 an energy difference between the two channels of 82807
F:, 19967468 —199. 24950 —199.26385 eV (Table 1). _Because the difference in the two _thresholds is
” 358 484 449 460 22 equal to the difference between the electron affinities (EAs) of
Be 0.44 0.48 0.47 F and B, the present results can be combined with EA{F)
Do 1.74 123 118 121 1 3.4012 eV8to give EA(R) = 3.124+ 0.07 eV, in reasonable
F —199.53541 —199.12692 —199.14800 t with th ousl ted val £ 200 071
" 1022 934 831 916.64 21 agreement wi e previously reported values of 07
Be 0.90 0.87 0.84 0.890 21 and 3.08+ 0.10 eV?® The measuredF~F~ bond dissociation
o/4meo 1.09 1.04 111 1.054 24 energy is also in reasonable agreement with CCSD(T) (1.07
Do o T eoem e _ooaaa, 0 A eV)5 MCSCF+MP2 (1.31 eV QCISD(T) (1.15 eV), and MP2
F —09.73950 —99.53707 —99 55020 (1.20 eV) calculations (Table 1). Significantly worse agreement
o/4meo 0.43 0.41 0.44 0557 23 is found for the simple CASSCF (0.53 e\gnd B3LYP levels
Do(F—F7) 146 115 120 1.020.11 thiswork of theory (Table 1), the latter of which fails to correctly
Do(F-F27)  1.19 1.29 127  1.380.13 this work

reproduce the relative energies of the two channels.
2Units: absolute energies in fgftreesy frequencies and rotational  The reactant ion#F initially is in the ground singlet electronic
constants in e, polarizabilities in &, and bond dissociation energies a1 Collisional activation is expected to cause rotational and
in eV. All calculations were carried out using an aug-cc-pVDZ basis _. . o . o . o
set. vibrational excitation, but not electronic excitation. Dissociation
on the initial electronic surface leads without a barrier to the
obtained from molecular orbital calculations carried out in this ground-state singlet products F- F~.3° The other product
work.2> A comparison of the computational results from three 25 Frisch. M. 3 Trucke, G W. Schiegel HLB. S G E Robb
H H H H riscn, M. J.; 1rucks, G. W.; Scnlegel, A. b.; Scuseria, G. E.; RODD,
different _Ievels of theory is provided in Table 1. Of the M. A; Cheeseman, J. R.. Zakrzewski, V. G.. Montgomery, J. A.. Jr.
computational methods .examlned, t.he QC|SD(T_) level provides stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
the best agreement with the available experimental results.D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
—CO- M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ther_Eforle’ QC|SD(T1)_II$UQ cc pV_DZ re.su:::S arle Lljse% ]for the Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
rotational constants. The uncertainties in the calculated frequen-p " - Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.:
cie® and rotational constants are estimated toHi®%. Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
Because the difference in the anharmonicities of the dissocia- |, Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-laham, M. A.;

. . . Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
tion products may affect the branching ratio, they have been W.: Johnson, B.: Chen, W.: Wong, M. W.. Andres, J. L.; Head-Gordon,

included in the analysis. FopRthe experimental anharmonicity  m.; Replogle, E. S.; Pople, J. &aussian 98revision A.9; Gaussian Inc.:

of 11.24 cnm! was used! The experimental anharmonicity for ~ Pittsburgh, PA, 1998.
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3046. (30) Electronic state correlations during ion dissociation are discussed
(23) Miller, T. M.; Bederson, BAdv. At. Mol. Phys.1977 13, 1-55. in: Armentrout, P. B.; Simons, J. Am. Chem. Sod992 114, 8627

(24) Miller, K. J.J. Am. Chem. S0d.99Q 112, 8533-8542. 8633.



10670 J. Am. Chem. Soc., Vol. 122, No. 43, 2000

el dle e
4. OO [dp] O
4 OO ()OO

F F———F
Figure 2. Molecular orbital diagram of £.

channel, F+ F,~, correlates to singlet and triplet excited
electronic states of#.3° 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 fort following the same procedure
used here gives results in agreement with known thermochem-
istry 3t 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
F>~, which would give too low a value for EA@F. The present
value is slightly higher than the literature values, again sug-
gesting that mixing is complete.

The preference for the formation obFat higher energies
(>3 eV) noted by Tuinman and co-workéris 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, theFchannel is favored by enthalpy
because the threshold for this channel is smaller in energy.
However, the rotational and vibrational constants ef Bre
lower than those for £ resulting in a higher density of states
for the K~ channel. Therefore, at high energies eq 1b becomes
the dynamically favored reaction.

The bonding in hypervalent systems such asttas generally
been explained using two modékThe expanded octet model
involves the promotion of an electron froa p orbital on the
central atoma 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 atbital in
parentheses is occupied. The promotion required is frompan
orbital to annd orbital for Cl, Br, and | § = 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 o§ CBr3;~, and
I3~ (but not ™) in solution appears to support this model.
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107, 6359-6362.

(36) Magnusson, EJ. Am. Chem. S0d.99Q 112 7940-7951.
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(38) Marcus, Y.lon Properties Marcel Dekker: New York, 1997.

(39) Woods, T. L.; Garrels, R. MThermodynamic Values at Low
TemperaturgOxford University Press: Oxford, 1987.
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of the rare gases, another set of nonpolar molecules (6 kJ/mol difference
between He and Xe): Benson, B. B.; Krause JDChem. Physl976 64,
689-709.

(41) Christie, K. OJ. Fluorine Chem1995 71, 149-150.
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The three-center, four-electron (3C-4E) mdéét assumes
that the @ 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 bondirng: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 as1981, 994 53 1274+ 73
and 1264 6 kJ/mof for X = F, Cl, Br, and |, 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 Xand X~ + X,. According
to the Born modet! AGsq Of an ion is inversely proportional
to its ionic radius. The ionic radius of thesFanion can be
estimated by assuming the volume af ks 3 times that of F.
Therefore, withAGgo(F~) = —510 kJ/mol in wate?® the free
energy of solvation of £ in water is estimated to be350
kJ/mol. The free energy of solvation of Ean be estimated as
10 kJ/mol by extrapolation of the values for gaseoysBl»,
and Ch (—3, 4, and 7 kJ/mol, respectivel§3° Thus, the
difference betweeAGsq(F3~) andAGso(F~ + F») is roughly
150 kJ/mol.

The calculated spectroscopic parameters fordan be used
to determine a gas-phase reaction entropx8feq 1a)= 104.5
J/mol K. This can be combined with the experimental bond
energy, converted taAH,gg, and the solvation free energy to
give AGgogeq la)= 72 and—80 kJ/mol in the gas phase and
aqueous solution, respectively. Thereforg;(Bqg) is not ex-
pected to be stable with respect to dissociation in aqueous
solution.

According to the Born equatiot,AGsq is also proportional
to (1 — 1), wheree, is the relative permittivity of the solvent
(er for vacuum= 1). This can be combined with the above
thermochemistry to estimate thagFshould be stable with
respect to dissociation in solvents withvalues less thar1.7.
Compounds with permittivities lower than 1.7 include He, Ne,
Ar, Kr, Hy, N2, Oy, F,, and CR. This explains why F could
be observed in an Ar matri%¢ but could not be made as a
(CH3)4N™ salt in CHCN or CHR:.* Interestingly, this implies
that i~ can be prepared in environments such as liquidr
CF4, which may allow more facile spectroscopic measurements
on this unusual hypervalent anion.
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