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Abstract: An experimental and computational study of+temolecule association reactions of the methyl halides

has been carried out. A two-center three-electron bonded speciegX[CkCH3]*t, has been observed for

I and Br. MS/MS metastable and collision-induced dissociation experiments provide strong support of the
atomic connectivity for both species. Computationally, tweHECI;]*" structures have been found: the 2c-

3e bonded dimer, [C¥TI0 CICHz]**, and the ylide bound structure, [EI—H—CICH,]**. Both are supported

by the MS/MS results which give evidence of the £, CH;Cl**, and CHCIH* fragment ions. The study

of [CoHeF2]*™ proved to be somewhat more complicated. ThreeH|E,]*" structures were found
computationally: the 2c-3e bonded dimer, [§H FCHs]*t, a dihydrogen bonded structure, [FEH—
HCH,F]'*, and a hydrogen bonded structure, EHHCH,F]'*. The F-H bonded species was computed to

be the most stable. Kinetic energy release distributions, KERDs, have been measured for all the metastable
reaction products and compared with KERD models obtained by using statistical phase space theory. We
report here the experimental and theoretical results and the theoretical potential energy surface for all four
systems.

Introduction halides exist=° This type of bonding, however, has been the
) ) ) ) subject of solution studiés12 and numerous theoretical
Organic halides, which have been extensively used asinyestigationd:1314 Here we present a detailed study of the

refrigerants, propellants, pesticides, and solvents, are knownsormation of 2c-3e bonded methyl halides in the gas phase.
environmental contaminants. The effect of chlorine and fluorine  >¢.3e ponding can be illustrated by the molecular orbital

on ozone depletion has been widely studied; however, bromine gijagram shown below.
has recently been shown to be 50 times more effective, on a

per atom basis, than chlorine at destroying oZorgudies show o

that most of the methyl bromide released into the atmosphere S B

. . - . PE | —H —

is degraded in the troposphere and contributions to stratospheric s

bromine levels are small. However, even in small amounts, °
X~ X]*

bromine’s effectiveness at destroying ozone makes it a signifi-
cant environmental threat. Methyl iodide can also react with ) o ] ) ) )
ozone, although its environmental impact is currently minimal. 1his type of bonding interaction was first studied by Linus

Most of the methyl iodide present in the atmosphere now is Pauling in 193£> The MO diagram predicts that, since the
believed to be of marine origin; however, recent studies have Pond order is one-half, the 2c-3e bond should have a bond

proposed using methyl iodide as a replacement for methyl €N€rgy that is approximately one-half that of a normal 2c-2e
bromide as a soil fumigart. bond. As a result of the lone electron occupying Wte

. : .. _antibonding orbital, this bond should also be much longer than
Our group has long been interested in the 2c-3e bonding in . .
. S . a 2c-2e bond. These predictions have proved to be correct in
gas-phase ionmolecule association reactions and recently

i i _ 16—18 i
began studying the formation of these hemibonds in the methyl prior studies of 2¢-3eSS bonds! Furthermore, lliies and
halide systems. Gas-phase bimolecular methyl halide-ion (7) dgv_issgr,fs. P.;b?e Koning, L. J.; Nibbering, N. M. 4Am. Chem.
molecule reactions have been previously studied by othérs, ~Soc.Submitted for publication.

. o (8) Booze, J. A.; Baer, TJ. Chem. Phys1992 96, 5541.
yet very few gas-phase studies of the 2¢c-3e bonding in methyl (9) lllies, A. J.; Livant, P.J. Am. Chem. S0d991 113 1510.

(10) Maity, D. K.; Mohan, H.Chem. Phys. Lettl994 230 351.

(1) Thomas, WAtmos. Emiron. 1996 30, i and ii. (11) Asmus, K.-D.; Mohan, HJ. Phys. Chem1988 92, 118.

(2) Gennari, M.; Cignetti, A.; Gentile, I. A.; Vindrola, CRestic. Sci (12) Shoute, L. C. T.; Neta, B. Phys. Chem1991, 95, 4411.
1995 45, 221 (13) Hess, A. B., Jr.; Zahradnik, BR. Am. Chem. S0d99Q 112, 5731.

(3) Sims, J. J.; Ohhr, H. D.; Grech, N. Mim. Nurserymari997, 185 (14) Zahradnik, RAcc. Chem. Re<€.995 28, 306.
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Livant have previously estimated the enthalpy of reaction for reactions and bond dissociation than HartrEeck theory?* Further-

the IO1 interaction in [CHIOICH3]** to be within the 23-26 more, density functionals have been successful in reproducing known
kcal/mol rangé. This range is approximately 65% of a normal fundamental frequencies whereas HF, MP2, and QCISD results are
|—I 2¢c-2e interaction. systematically too larg€. In addition, spin contamination does not

In studying the [GHeX2]*" systems (X= I, Br, Cl, F), we seem to be as serious for DFT compared to HF thé&bory.

hope to confirm the atomic connectivity of the methyl halide ~ Unimolecular Kinetic Modeling. Calculations on KERDs were
structures and to learn more about the nature of 2c-3e bonding &/S° Performed by using statistical phase space modeling. The programs

- - . used for the phase space modeling were developed and supplied by
Furthermore, by using theoretical calculations and phase SpaCE'Bowers and co-workers and have been used to describe systems with

modeling, we hope to 'ea”! more "?‘b"”‘ the potential energy competing fragmentation pathways and to calculate the corresponding
surface, PES, of each species studied. kinetic energy releasé$. Parameters such as rotational constants,
vibrational frequencies, and energies used in the phase space calcula-
Experimental Methods tions were taken from the optimized DFT results. The programs include
an ion-induced dipole attractive potential but not an-idipole
MS/MS experiments on the fsX2]** dimers were carried out with potential. To compensate for this we used larger véfufes the
a modified VG-ZAB 1F. These modifications have been described molecular polarizabilitied® The values used were obtained by scaling
previously in the literaturé2?® A collision cell has been added in the  the ion-induced dipole plus ierdipole potentials at distances of the
second field-free region and a variable-temperature ion source has alscappropriate bond distance plus 0.5 A. The thermakomwlecule
been incorporated. The scan control and signal detection were collisions determine the collision complex energy and angular mo-
interfaced to a PC, the electrostatic analyzer, ESA, scan through a Cybementum distribution® The energies used in modeling the KERDs
Research PC-166 16 bit D/A card, and signal detection through a are given in the text, and other molecular parameters used for the phase
Modern Instrumentation TeChnOIOgieS Inc. MTS 100 pulse preamplifier space mode”ng have been provided as Supporting Information.
conne_cte/c(ijto a Cl)llber_ Resef::\Vrvch CYRCTM 05_t|me_r/cour;tter b_osrd. T_he Statistical phase space theory is similar to RRKM theory in that it
scanning/data collection software was written in Microsoft Quick Basic ;s o icrocanonical rate theof§. However, statistical phase space

for DOS. : ;
. . . . theory rigorously conserves energy and angular momentum in calculat-
The new ZAB ion source has been described in detail elsewh&te. ing the ability to pass over the transition state barrier. This theory has

;:o(;:w)T)leStser?ffrae;ﬁﬁxrllaloerlztjtgt(i)\r/]i er;gang(:/ Ik;)enr ell)i(llJtmlil:/oCI Z?usrf:inllj:s”; previously been shown to be successful in modeling KERDs for
Y9 9 ty copper, bery Pper, reactions which are statistical in nati#te At the core of this theory is

steel, glass,_ and ceramics. _The source h:_:\s alarge Wldth-tc_)-length rathhe idea, or assumption, that the partitioning of energy among the
of 3.4/1, which results in uniform electric fields over the entire volume - : . .

- L . reaction coordinate and all internal degrees of freedom at the transition
covered by the ion exit slits. The source is heated and cooled by . . . "

. tate will remain statistical as the products are fordfiedhe ability
temperature-controlled air that passes through a heat-transfer tube tha 5 model the experimental KERDs allows us to examine the PES for
is silver-soldered to the source body. each svstem in Fr)nore detail

The second field free region collision cell was placed just before Y ’
the 5-slit. Metastable scans were carried out in the second field-free
region at a base pressure 02108 Torr with use of multiple scanning Results and Discussion
methods. Collision-induced dissociation, CID, spectra were also
recorded with use of multiple scanning methods. Helium was used as
a collision gas, and the parent peak intensity was reduced by 40%.
Kinetic energy release distributions, KERD, were obtained from the
metastable peaks shape by standard metHods.

MS/MS metastable and CID experiments give information
on the structures of the species studied. CID fragmenting ions
have greater internal energies than metastable ions, causing them
to be short-lived; for this reason, CID fragmenting ions do not
usually undergo extensive rearrangements. Metastable ions
generally have sufficiently longer lifetimes, due to their lower

DFT Calculations. Calculations were performed by using the internal energies, allowing for structural rearrangements to occur
Gaussian 94 program systéi.The geometry of each species was prior to fragmentatior§?33 Hence, the metastable spectra are
first optimized at the AML1 level and then used as the input for the not as informative as CID spectra in deducing the atomic
density functional theory, DFT, calculations at the B3LYP/6+&(d) connectivity of ions* Therefore, metastable experiments yield
level of theory. The nature of the stationary points was checked by jnformation on competing reactions and the PES of metastable

Callct‘ﬂl‘f"titng \#bra:_tional freq”te”i_iels'd Dule todthbeirEI;arge sizée?,aall quasi- gnecies while CID experiments are used to provide direct
relativistic etiective core potential developed by Bergner et aas evidence of the atomic connectivity of an ion.
used for the core electrons of bromine and iodine while the valence

electrons were dgscnbed with a 311/311/1 basis set cont.ract|on.l The (24) Ziegler, T.Chem. Re. (Washington, D.C.J991 91, 651.
pseudopotential simulates the effects of the core shells while restricting (25) Johnson, B. G.; Gill, P. M. W.; Pople, J. A Chem. Phys1993
guantum chemical treatment to the valence shell. DFT calculations gg, 5612, ' T ’ '

have been shown to give a more accurate model of the energetics of (26) Baker, J.; Scheiner, A.; Andzelm,Qhem. Phys. Lettl993 216,

Computational Methods

380.

(29) llies, A. J.; Nichols, L. S.; James, M. A. Am. Soc. Mass Spectrom. (27) Carpenter, C. J.; Van Koppen, P. A. M.; Bowers, MJTAm. Chem.
1997, 8, 605. Soc.1995 117, 10976.

(20) James, M. A.; McKee, M. L.; lllies, A. J. Am. Chem. S0d.996 (28) llies, A. J.; Jarrold, M. F.; Bass, L. M.; Bowers, M. X..Am. Chem.
118 7836. Soc.1983 105 5775.

(21) Jarrold, M. F.; lllies, A. J.; Kirchner, N. J.; Wagner-Redecker, W.; (29) CRC Handbook of Chemistry and Physidsde, David R., Ed.;
Bowers, M. T.; Maudich, M. L.; Beauchamp, J. I.. Phys. Chem1983 CRC Press: Inc.: Boca Raton, FL, 1994.
87, 2213. (30) Bass, L. M.; Cates, R. D.; Jarrold, M. F.; Kirchner, N. J.; Bowers,

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; M. T. J. Am. Chem. Sod 983 105 7024.
Johnson, B. G.; Robb, M. A.; Checseman, J. R,; Kieth, T.; Petersson, G.  (31) Hanratty, M. A.; Beauchamp, J. L.; lllies, A. J.; Van Koppen, P.;
A.; Montgomery, J. A.; Ragharachari, K.; Allaham, M. A.; Zakrzewski, V.  Bowers, M. T.J. Am. Chem. S0d.988 110 1.
G.; Ortiz, J. V.; Foresmar, J. B.; Cioslowski, J.; Stefanov, B. B.; (32) Jennings, K. RInt. J. Mass Spectrom. lon Phyk968 1, 227.
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. V.; Chen, W.; (33) McLafferty, F. W.; Bente, P. F., lll; Kornfeld, R.; Tsai, S. C.; Howe,
Martin, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. I. J. Am. Chem. S0d.973 95, 2120.
Gaussian 94 (re. B.1), Gaussian, Inc.: Pittsburgh, PA, 1995. (34) Cooks, R. G.; Beynon, J. H.; Caprioli, R. M.; Lester, G. R.
(23) Bergner, A.; Dolg, M.; Kuchle, W.; Stoll, H.; Preuss, Mol. Phys. Metastable lons Elsevier Scientific Publishing Co.; Amsterdam, The
1993 80, 1431. Netherlands, 1973.
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Table 1. Total Energies (hartrees) and Zero-Point Energies Table 2. Relative Energies (kcal/mol) of Association Prodécts
(kcal/mol) - -
species energies (kcal/mol)
B3LYP/ ZPE R

species PG state 6-31+G*? (NIF)P {g:Z:BDrIIZICBTE]::IsP :gig
I P —11.38195 [CH3CIO CICHg)** —32.0
CHl Cs A —51.32184 23.00 (0) [H2CCl—H—CICH;z]*" -9.2
CHgl**+ Cs A —50.96372 21.51 (0) [CH3FO FCHg]*+ -25.1
[(CHa)2l] T C, A;  —90.92712 46.53(0) [FH,C—H—FCHg]"" —35.1
[CH3IOICH3]** Can 2By —102.33788 46.45 (1) [FH,CH—HCHF]** —21.6
[CH3IOICH,]** C; B —102.33926 46.51 (0) - - -
[CHal —CHs—1]** Cs 2A" —102.29698 46.19 (3) a Zero-point energy corrections have been included.
[CH3l —=CHs—I]** (TS) G °2A —102.29763 »
Br 2p —13.34083 12 T T T T
CH;gBr Cs A —53.29979 23.34 (0) R + 4
CH4Br+ Cs A —52.91017 21.25(0) ! CH3I'+ [(CH3), 1)
[(CH3)-Br* Co A —92.89541 47.15 (0) ., 08F 1
[CHsBr BrCH3)** Can 2B, —106.26726 47.01(1) % o6k i
[CH3BrOBrCHz]** C. B —106.28070 47.04 (0) S -
[CHsBr—CHs—Br]** Cs 2A" —106.22045 46.43(3) E o4} 4
[CH3Br—CHz—Br]** (TS) C; 2A —106.22144 »
cr P -460.13831 0.2 .
CHCI Cs;, 'A; —500.11152 23.87 (0) 0
CHsCI*+ Cs 2A"  —499.69731 20.60 (0) 1 L 1 L L
[(CHa)CIN* C, 'A  —539.69577 48.16(0) 80 120 160 200 240
[CHsCIO CICHg)** Cx 2B, —999.86583 47.90 (1) m/
[CHsCIOCICHg]+ Cs 2A" —999.86586 47.93(1) z
[CH:CIOCICH;]** C; B —099.86595 47.94 (0) Figure 1. MS/MS metastable spectrum of [GHI ICH3]"".
[CH3Cl—=H—CICH,]** Cs 2A" —999.82236 43.72(0)
CH,CI* Cy 2By —499.44251 14.27 (0) 12 T ™ T T
CH,CI* C, 'A; —499.11835 15.97 (0) 1
CH,CIH** G 2A —499.66820 19.88 (0)
CH;CIH* C: ?A —500.35596 29.09 (0) = 08
HCI Cor ¥y  —460.79800 4.60 (0) =
F 2 -99.73059 5 06
CHsF Cs, 'A;  —139.75108 24.72(0) S 04
CHzF+ C: Z2A —139.28834 20.71(0) o
[(CHg)FI* C, ‘A —179.31274 49.16 (0) 0.2
[CH3FO FCHg]*+ Cx 2B, —279.08183 46.74(0) 0
[FH,CH—HCH,F]** Cx 2B, —279.07587 45.50(0) L 1 1 L
[CH3F—H—CH,F]** Cs 2A" —279.09548 46.99 (0)
CH,F C. 2! ~139.07981 15.52 (0) 0 0.01 0..02 - 0.03 0.04 0.05
CHoF* C, Ay —138.74285 17.00 (0) Kinetic energy, eV
CHzFH* C, A’ —139.97857 30.39(0) Figure 2. Metastable kinetic energy release distribution and kinetic
gi ) CD:W ;ig _1;28322397, 1223 Egg modeling results for reaction 1. Phase space distributions are indicated

3 3h 2 —oY. . i i i

CH, i 10552061  28.25 (0) by the solid continuous line.

2| and Br calculations included the effective core potential from ref which occurs from direct cleavage of the 2c-3e bond, the

23 and used a 311/311/1 basis set contraction bas_:i‘s Zeto-Point weakest bond in the molecule. The second peak, JEH
energy (kcal/mol) with number of imaginary frequencies in parentheses. m'z 157. originates from a fragmentation process that must
¢ Optimizations converged to a transition state but vibrational frequen- ! g g p

cies were not calculated. Relative energies were computed by usinginvolve structural rearrangement of the parent ion. This
the zero-point energy of th€s symmetry structure. rearrangement product was also seen previously in ICR studies

Phase space calculations have been performed on theby Beauchamp et 4. These two peaks in the metastable

metastable products in order to model the measured KERDSspectrum show that there+ are two competing fragmentation
and to clarify the fragmentation pathways for the PES. DFT pathways for [CHILI ICH3] N o
calculations were performed in order to further elucidate the Figure 2 shows the Iﬂnetlc energy release distribution, KERD,
PES for each species studied. The absolute energies for the®Ptained from the Cii™ metastable peak. The KERD results
CHsX neutrals, CHX* cations, and their association and N an average kinetic energy release, KER, of 6.5 meV. The

reaction products were calculated at the B3LYP/6-81d) small KER is consistent with direct fragmentation in a process
level. The results are given in Table 1. Relative energies of that has a small or no reverse activation barrier. The distribution
all association products are given in Table 2. shape is also consistent with a direct fragmentation process since
[CH3IOICH 3]** and [CH8'BrO81BrCH 3]**. Two compet- it peaks near 0 meV and its intensity falls to zero probability
ing reactions were observed for the metastable decompositionmonotonically. The KERD for [(CH).l]* (Figure 3) extends
of [CH3IOICH3] ™. over a much larger energy range than the KERD obtained for
direct cleavage of the dimemnote that thex-axis scale in this
[CH,IOICH,]"™" — CH,l"" + CHLl 1) plot is different than that in Figure 2. The average KER for
[(CH3)2l] ™ is 51.5 meV compared to 6.5 meV for GH. Both
[CH,IOICH,]"™ — [(CH,),I1 " + I’ @) a large reverse activation barrier and a rearrangement forming

lower energy products would contribute to a larger value for
The most intense peak in the metastable product spectrum ofthe average KER® This indicates that a structural rearrange-
[CH3IOICHz]*", m/z 284 (Figure 1) is due to Cit*, m/z 142, ment is indeed occurring.
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Figure 3. Metastable kinetic energy release distribution and kinetic

modeling results for reaction 2. Phase space results are represented by i o )
the solid continuous line. Figure 5. PES for CHI** + CHsl undergoing an association reaction

to form the 2c-3e bonded dimer before rearrangement to{QH +

Reaction Coordinate

1.2 T T — T I*. Energies are given in kcal/mol.
. +
r CH3I* [CH;1,] The theoretical potential energy surface for the reaction of
5, 08F CHgl** with CHgl is shown in Figure 5. The C#ineutral and
'§ 0.6 CHal*™ monomers were chosen as the reference structures. The
g 04 b 2c-3e bonded dimer, formed from monomers (reaction 1), has
= ’ [(CH,IT* C, symmetry and an(| pinding energy of 31.7 kcal/r_nol, in
0.2 + 32 reasonable agreement with an earliet bond energy estimate.
0 ! JL A The Cyy, structure, which is 0.9 kcal/mol higher in energy, is a
4 L 1 L transition state for rotation around thg Il axis.
100 150 200 250 The [CHIOICH3]*" dimer undergoes a rearrangement via
m/z reaction 2 to form [(CH).I] * + I*. The migrating methyl group
Figure 4. Collision-induced dissociation spectrum of [@HICHg]**. interacts with both iodines in the transition state with-IC

distances of 2.81 and 2.62 A. The transition vector is character-
The results of the phase space theory calculations modelingized as an asymmetric stretch involving the methyl carbon and
both competing pathways are also shown in Figures 2 and 3.both iodines. The transition state h&s symmetry while a
In Figure 2, the agreement between the measured and calculatedtationary structure wittCs symmetry and three imaginary
distributions for reaction 1 is tolerably good. This indicates frequencies was located 0.4 kcal/mol higher in energy.
that the KERD is statistical in nature. The modeled KERD in It can be seen (Figure 5) that the reaction forming [Q’éﬂ-ﬁ'
Figure 2 is often seen for a reaction involving a simple bond has a significant reverse activation barrier of 7.4 kcal/mol, which
cleavage for which there is no barrier to the reverse associationresults in a large KER, while direct cleavage of the 2c-3e bond
reaction®* The orbiting transition state used in calculating this involves essentially no reverse activation barrier, resulting in a
surface resembles very loosely associated products. small KER. The facts that (1) the rearrangement product is
Figure 3 shows the measured and calculated distributions forlower in energy than the reactants and (2) the possible
reaction 2. The KERD is broader than the previous KERD, involvement of a reverse activation barrier in the rearrangement
Figure 2. In modeling this KERD, we used a tight transition process lead to more energy available for kinetic energy release
state for the rearrangement and a loose orbiting transition statein this channel. These observations parallel the experimental
for the final step in the reaction. The use of phase space theoryresults shown in Figures 2 and 3.
in modeling this type of reaction has been shown to be valid [CH3BrOBrCHz]** (m/z 192, the8Br containing species)
only if, after passing through the tight transition state, the behaves very similarly to the [GHIICH3]* system. Two
trajectories remain statistical up to the orbiting transition state. competing reactions were also observed for this dimer.

The CID results for [GHel2]*" are presented in Figure 4. The

most intense peak in this spectrum occurs aglCHWz 142, [CH,BrO |3rCH3]'Jr — (_‘,HSBr'Jr + CH;Br 3)
the product resulting from direct cleavage of the 2c-3e bond.
The 2¢-3e bond is the weakest bond in the ion. Therefore, one [CH,BrOBrCH,]"" — [(CH,),Br* + Br' 4)

would expect the peak representing the species formed as a result
of direct cleavage to be the most intense peak in the CID
spectrum. [CHIZ]*™, m/z 269, the next most intense peak, results
from breaking one+C bond, which is a simple direct cleavage
process. Peaks are also presentdt, im/z 254; [(CHs).l] T,

m/z 157; and T, m/z 127. The large difference in the GH"

and [(CH).I] * ratios in the metastable and CID spectra strongly
support the conclusion that Gl originates by direct bond
cleavage while [(Ch).I]* originates from a rearrangement
process. The peaks at', m/z 254 and t, m/z 127 are much
less intense due to the number of bonds being broken.

The MS/MS results for the ion are shown in Figures 6 through

Figure 6 shows the metastable product spectrum of
[CH3BrOBrCHg]*". As was the case with [C#HIICH3]*",
there are two peaks, GBr+, miz 96, and [(CH).Br]*, m/z
111. CHBr+, mvz 96, results from a direct cleavage of the
2c-3e BfBr bond, the weakest bond in the ion, while
[(CH3)2Br]™, miz 111, results from the rearrangement process
shown in reaction 4. The KERD for the formation of ¢B#**,

m/z 96 (Figure 7), results in an average KER of 5.5 meV. The

(35) Hanratty, M. A.; Beauchamp, J. L.; lllies, A. J.; Van Koppen, P.; KERD for [(CHs)2Br]*, m/z 111, shown in Figure 8, is much
Bowers, M. T.J. Am. Chem. Sod.988 110, 1. broader than the KERD for G4Br**™ and results in a much larger
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1'2 Ll L) 1 1 1 T ) 1'2 L L} L} ) T ) v
1 + . 1k C + 1
03 [(CH3),Br] H;Br
z z 08 [(CHy)BrT*
2 06 - Z 06} .
< S CH,B
= 04 CH3Br'+ . E o4} [ 3 rZ]j
0.2 - 0.2 |- -+ -
| J_ ™
0 0
L 1 ] 1 L — 1 1 1 1 A L i
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Figure 6. MS/MS metastable spectrum of [GFBrO#BrCHs]**. Figure 9. Collision-induced dissociation spectrum  of
[CHBrO®BrCH]"*.
1.2
1
> 0.8
3 06
2
e 04
-9
0.2
0
1 1 [l 1 .
0 0.01 002 0.03 0.04 0.05 5|
Kinetic energy, eV
Figure 7. Metastable kinetic energy release distribution and kinetic Reaction Coordinate
modeling results for reaction 3. Phase space results are indicated byFigure 10. PES for CHBr+ + CHsBr undergoing an association
the solid continuous line. reaction to form the 2c-3e bonded dimer before rearrangement to
14 [(CH3)-Br]* + Br. Energies are in kcal/mol.
o T 1 T ] T
1.2 (CHa),Br]* CHsl (Figure 5). Initially, the two reference monomers react
o1 32 to form the [CHBrOBrCHy]*t dimer. The dimer ha<,
Z 08 symmetry and lies 34.0 kcal/mol below the reference monomers.
= . .
= 06 The dimer can then either cleave the 2c-3e bond or undergo an
E 0.4 exothermic rearrangement (reaction 4) to form [¢GBr]™ +
02 Bre (13.9 kcal/mol below the reference monomers). The
'0 transition state for reaction 4 h& symmetry and lies 5.4 kcal/
R , N L mol below the reference monomers. As in the [OHICHg]**

system, &C; stationary point with three imaginary frequencies
Kinetic energy, eV was Iocate_d 0.6 kcal/mol above tg symmetry transi_tion state.
’ The resulting products, [(CHLBr]™ + Bre, are lower in energy

Figure. 8. Metastable klneth energy release distribution a.nd.kinetic than the reactant monomers; this result aga|n agrees with the
modell_ng resglts for reaction 4. Phase space results are indicated bylarger average KER and broader KERD for the [(EBr]+
the solid continuous line. product as compared to GBI+
average KER of 70.2 meV (note the differentiis scale in [C2H6™Cl2]**. Recently we learned of studies by Nibbering
Figures 7 and 8). et al. who, with ab initio calculations, predicted the existence

Figures 7 and 8 also summarize the phase space results foPf two association products, [GBIL CICHz]*" and [CHCIH-
reactions 3 and 4, respectively. Since the §BHIBrCHs]** CICHg]"*. They were able to form both ions by the ligand
system was similar to the [GHI ICH3]** system, we used the ~ €xchange reaction of X%e with methyl chloride in an FT-ICR
same assumptions to model the KERDs. The agreementMass spectrometér.Booze and Baer also formed the dimer
between the calculated and the measured distributions is veryion in photoionization studie’. o
good, indicating that the reactions are statistical in nature and  Initially, our studies on [GHeClo]"* (the **Cl-containing
exit through orbiting transition states. species) proved to be problematic. Three attempts to form the

The CID spectrum for the [C#Br BrCH3]*+ (Figure 9) has dimer were made. In the first attempt, we used neat@H
four major peaks: CHEBr, m/z 96; [(CHa)-Br]*, m/z 111; The next attempt involved the use ob®l as a bath gas. In
Bro+, m/z 162; and [CHBr;]*, Mz 177. Cleavage of the 2c-  both studies, there was a pealm(g 100. However, the signal .
3e bond results in CyBr*, which is the strongest peak in the ~Was so weak that MS/MS experiments for structure determi-
spectrum, while the product intensity due to the [€EBr]* nation were inconclusive. A magnet scan, at a pressure of 1
rearrangement in the CID spectrum (Figure 9) is much lower. TOr, on our highly modified DuPont mass spectrom¥ter
This further supports a direct fragmentation process for the Showed that this peak did not increase significantly at lower
formation of CHBr+, m/z 96, and a rearrangement process for temperatures which would promote clustering. Thus, there was
the formation of [(CH).Br]*, m/z 111. no evidence to support the formation of a [§HJ CICHg]**

The theoretical PES for the GBHr** ion—molecule associa- (36) Eckern, S.; lliies, A. J.; McKee, M. L.; Peschke, 81.Am. Chem.
tion reactions (Figure 10) is very similar to that for g + Soc.1995 115 12510.
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Figure 11. Collision-induced dissociation spectrum of,[{&3°Cl]**.

dimer in either system. Previous experiments on the@#
ion—molecule association reactions by others failed to produce
the dimer in the neat system at pressures up to 0.5°3T6#r.
Rolli et al. found that proton transfer (reaction 5)
[CH,X]"" + CHaX — [CH,XH] " + CHX" (5)

was endothermic in cases where=XBr, | and exothermic for
X = CI, F38 This proton-transfer reaction also occurred when
X = Cl, F in the methyl halide studies by Beauchafnp.

Upon learning of the results by Nibbering etalve attempted
to form the association product by the Xdigand exchange
reaction. Our CHCI/Xe studies confirmed these findings. The
intensity of the methyl chloride dimer radical cation was low
and no metastable product ion could be observed; however, CID
experiments, shown in Figure 11, could be carried out. Three
peaks were observed: GQEI*" or CHCIH*t, m/z50; CHCIH™,
m/z 51; and CHCI*, m/z 49. The presence of these products
indicates that, much like the methyl fluoride system (see below),
part of the observed [£ElsCl;]** association products vz
100 may not contain a 2c-3e bond. The following reactions
help to explain the formation of each of the three products.

[CH,CIOCICH,]"" — CH,CI"" + CH,CI (6)
[CH,CIH—CICH,"" — CH,CIH"" + CH,Cl ~ (7)
[CH,CIH—CICH,]"" — CH,CI" + CH,CIH"  (8)

[CH,CIH—CICHJ"" — CH,CI" + CH,"+ HCIl  (9)

Hess et al. had computationally studied theHgCI,]*"
system and had failed to find a minimum on the PES foH§g&
Clpy]*".28 Our initial DFT studies resulted in the formation of
[CH3CIH]* and CHCI*, the products of reaction 8. However,
the recent ab initio calculations by Nibbering et al. resulted in
two stable structures for the methyl chloride dimer radical cation,
[CH3CIOCICHg]*™ and [CHCIH—CICHz]*".” We were also
able to confirm the two structures for the J&Cly]*" species
using DFT.

The PES calculated for this system (Figure 12) shows that
the reference monomers, @EI** and CHCI, undergo an
association reaction to form the [@EIL CICHg]** species. This
C, symmetry species has a binding energy of 32.4 kcal/mol
and fragments to form C4€I't and CHCI. The calculations
also show that the monomer ylidium ion, @EIH**, can react
with CH3Cl to form [CH,CIH—CICHg]**. This ion was found

(37) Lias, S. G.; Ausloos, Plon—Molecule Reactions American
Chemical Society: Washington, DC, 1975.

(38) Ralli, E.; Houriet, R.; Maquestiau, A.; Flammang, R.; Bouchoux,
G. Org. Mass. Spectroni987, 22, 770.
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Reaction Coordinate

Figure 12. PES for CHCI** + CHsCl undergoing an association
reaction to form the 2c-3e bonded dimer. £HH*" + CHsCl react to
form the ylide bound structure. Energies are in kcal/mol.
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Figure 13. Collision-induced dissociation spectrum offGF]**.

20

to haveCs symmetry and lie 9.2 kcal/mol below the reference
monomers. Fragmentation of this species via reactions 7, 8,
and 9 could result in the formation of GaAIH*", CH;CIH™,
and CHCI™, the ions observed in the CID spectrum. This
association product alone could give rise to each of the peaks
seen in the CID spectrum; however, the presence ob{H—
CICHz]** and [CHCIOCICHg]** at m/z 100 cannot be ruled
out.

[CoHeF2*t. In previous studies on the methyl halides,
Beauchamp noted that at pressures of 3077 Torr, the only
ions present were G, CHF**, and CH™. Only at increased
pressures was the proton-transfer productgfHH, seerf

At even higher pressures, we observe the association reaction.

CHF" 4 CHF — [CHgF ™ (10)

Our studies on [gHeF2]*" were very different from those with
methyl iodide or methyl bromide. Much like the {8¢Cl;]**
results, the main beam was small and there was no detectable
metastable; therefore, no KERs could be measured. The CID
spectrum for [GHeF2]*" is shown in Figure 13; it contains two
peaks of almost equal intensity. GFf", m/z 34, is consistent
with a 2c-3e bonded dimer; however, g, m/z 33, is also
present. Formation of this product would require breaking two
bonds in the 2c-3e bonded [GFI FCH]*™ dimer. On the basis
of our previous studies, the cleavage of two bonds in the CID
would result in a less intense peak than a peak resulting from
the cleavage of one bond. The above observation indicates that
the peak at CHF", m/'z 33, should be less intense than the peak
at CHsF*, m'z34. However, this is not the case, the two peaks
are of the same relative intensity. These results provide
evidence for another association product.
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3e bond for the cases where=X1 or Br. The computational
studies on these two systems also provide evidence of the 2c-
3e bonded structure. The small average KERs for reactions 1

0.04 2.9 and 3 are consistent with a statistical unimolecular process with
ol a small or no reverse activation barrier. The larger average

PE )L'N;{ KERs obtained for reactions 2 and 4 indicate that a rearrange-
1 ment process occurs. Each of these mechanisms is supported

.21.6
-25.1 }\N

-35.1

by computational evidence.
The MS/MS CID experiments for the BCl;]** and
[CoHgF2]* radical cations do not fully support the presence of

u..
a 2c¢-3e bond; instead, they give evidence of a different atomic
Reaction Coordinate connectivity. The CHCI** studies indicate that both [GH
Figure 14. PES of CHF** + CHgF forming three association products, ~ CIO CICHg]*™ and [CHCI—H—CICH,]** could be present at
a dihydrogen bonded structure, a 2c-3e bonded structure, and a hydrogem/z 100; however, [CHCI-H—CICH,]** alone could give rise
bonded structure. Energies are given in kcal/mol. to the observed CID spectrum. Computational work indicates
. that the [FHCH—FCHg]** cation is the most stable association
+
The tp?tentlllal ?n;rgg bSUfoaﬁe J%H?H q + CHsF wgs_ product in the CHFt + CHsF reaction. This ion is also most
computationally studied by zahradi and reexamined in consistent with the formation of the equally intense experimental
this study. The PES for this reaction (Figure 14) shows that products, CHFE" and CHF*+
+ ) .
thebTeference_ ’T‘°“°medrsv GH Tand cf:"ﬂ: can forrr|1 threed b The ability to model the experimental KERDs so closely with
;tah € dagsortl:latlon pro .UCtSh'. hWOI 0 It else lwtgre ocate yphase space theory indicates that the reaction processes studied
anradnik, NOWever, using higher level calculialions, We Were g.q giatistical in nature. The good agreement between theory

able to locate a third, [F®ECH—FCH;z]**. The least stable of d : t further clarifies the PES f h ies studied
the products was [FKCH—HCH,F]** (Can symmetry), which and experiment further clarifies the or each species studied.
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most stable ion, [CEFO FCHs]*", hasCy, symmetry and abond  donation of the ZAB 1F (serial no. 120). L.S.N. acknowledges
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[CH3sXOXCHg]** radical cations support the presence of a 2c- JA9736440
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