A\C\S

ARTICLES

Published on Web 01/04/2003

Gas-Phase S 2 and Bromine Abstraction Reactions of
Chloride lon with Bromomethane: Reaction Cross Sections
and Energy Disposal into Products

Laurence A. Angel and Kent M. Ervin*

Contribution from the Department of Chemistry and Chemical Physics Program,
University of Neada, Reno, Neada 89557

Received July 22, 2002 ; E-mail: ervin@chem.unr.edu

Abstract: Reaction cross sections and product velocity distributions are presented for the bimolecular gas-
phase nucleophilic substitution (Sy2) reaction CI~ + CH3Br — CH3Cl + Br~ as a function of collision energy,
0.06—24 eV. The exothermic Sy2 reaction is inefficient compared with phase space theory (PST) and
ion—dipole capture models. At the lowest energies, the Sy2 reaction exhibits the largest cross sections
and symmetrical forward/backward scattering of the CH3Cl + Br~ products. The velocity distributions of
the CH3Cl + Br~ products are in agreement with an isotropic PST distribution, consistent with a complex-
mediated reaction and a statistical internal energy distribution of the products. Above 0.2 eV, the velocity
distributions become nonisotropic and nonstatistical, exhibiting CHsCl forward scattering between 0.2 and
0.6 eV. A rebound mechanism with backward scattering above 0.6 eV is accompanied by a new rising
feature in the CH3Cl + Br~ cross sections. The competitive endothermic reaction CI- + CHzBr — CH3 +
CIBr~ rises from its thermochemical threshold at 1.9 + 0.4 eV, showing nearly symmetrically scattered
products just above threshold and strong backward scattering above 3 eV associated with a second feature
in the cross section.

Bimolecular nucleophilic substitution (8) with inversion the energy of the reactants. Reaction inefficiency results from
of the carbon center is a fundamental reaction mechanism indynamical constraints accompanying the PES central bar-
chemistry. Study of @ reactions in the gas phase allows rier414-17.18-21 Four possible dynamical bottlenecks that have

examination of the intrinsic reaction mechanism in isolation peen identified are angular momentum constraints, inefficient
from solvent. Laerdahl and Uggerjudlave reviewed recent energy transfer among modes, mode-specific energy require.
literature in the area. The most extensively studied gas-phasements, and steric factors. Kinetic energy and random impact
Sw2 reaction is of a halide ion with halomethane, reaction 1, parameters in the initial collision results in orbital angular
momentum, which leads to centrifugal barri&t$’-2225 Forma-

X~ + CHY = XCH, + Y @ tion of the entrance channel complex may be restricted by poor

which proceeds through a double-well potential energy surface
(8) Brauman, J. 1J. Mass Spectron1995,30, 1649-1650.

6—8 i ini H
(PES)- TWO potgntlal energy minima CorreSpond to mn_ (9) DePuy, C. H.; Gronert, S.; Mullin, A.; Bierbaum, V. M. Am. Chem.
molecule intermediates on both the reactant and product sides  Soc.112 112 8650-8655.

. P . (10) O’Hair, R. A.; Davico, G. E.; Hacaloglu, J.; Dang, T. T.; DePuy, C. H,;
of a central energy barrier, corresponding to the pentacoordinate Bierbaum. V. M.J. Am. Chem. Sod994 116 3600-3610.
[X—CHs—Y] transition state. A schematic PES exhibiting the ( 1) /L%ngéel L; EJNIC EJ Phés RChem f/fx?m %05 4,8'4t2;]435} B Al
Cs, stationary points for reaction 2 is shown in Figure 1. 12) Le Garrec, J.1 Phye1997 107 Ty tehe - A any,
(13) Kato, S.; Davico, G. E.; Lee, H. S.; Depuy, C. H.; Bierbaum, VIM. J.
- . - Mass SpectronQOO], 210/211 223—229
Cl" + CH;Br — CICH; + Br (2) (14) Levine, R. D.; Bernstein, R. B. Phys. Cheml988 92, 6954-6958.
(15) Wang, H.; Peslherbe G. H.; Hase, W.1..Am. Chem. S0d.994 116,
i ; ida i ; 9644-9651.
Exothermic {2 reactions of halide ions with halomethanes (16) Peslherbe, G. H.. Wang, H.. Hase, W..1.Am. Chem. Sod996 118

proceed below the collision rate of the react&#s® even in 2257-2266.

17) Wang, H.; Hase, W. LJ. Am. Chem. Sod.997 119, 3093-3102.

cases such as reaction 2 where the central barrier lies belovv((ls) SuU T. Wang, H.: Hase, W. LI Phys. Chem. A998 102 9819-9828.

19) Su, T.; Morris, R. A Viggiano, A. A.; Paulson, J.F.Phys. Cheni99Q

(1) Laerdahl, J. K.; Uggerud, Ent. J. Mass Spectron2002 214, 277—-314. 94, 842&8430

(2) Gronert, SChem. Re. 2001, 101, 329-360. 20) Schmatz, S.; Clary, D. Q. Chem. Phys1999 110, 9483-9491.

(3) Chabinyc, M. L.; Craig, S. L.; Regan, C. K.; Brauman, Bdiencel998 (21) Schmatz, SChem Phys. LetR00Q 330, 188-194.

279 1882-1886. (22) Levine, R. D.; Bernstein, R. Blolecular Reaction Dynamics and Chemical

(4) Hase, W. L.Sciencel994,266, 998-1002. Reactvlty Oxford University Press: New York, 1987.

(5) Shaik, S. S.; Schlegel, H. B.; Wolfe, $heoretical Aspects of Physical (23) Mann, D. J.; Hase, W. L1. Phys. Chem. A998 102, 6208-6214.
Organic Chemlstry The Mechanlstohn Wiley and Sons: New York, (24) DeTurl V. F Hlntz P. A.; Ervin, K. MJ. Phys. Chem. A997 101,
1992. 5969-5986.

(6) Olmstead W. N.; Brauman, J.J. Am. Chem. S0d977, 99, 4219-4228. (25) Angel, L. A.; Garcia, S. P.; Ervin, K. MJ. Am. Chem. So002, 124
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Figure 1. Schematic potential energy surface for reaction 205
symmetry. The energies of the stationary points relative to reactants are
calculated by Schmatz et®lat the CCSD(T)/431cGTOs level and corrected
for basis set superposition error and zero-point energy. The diagrams of
the stationary points illustrate the total electron density calculated at the
SVWN/DN** |level at the geometries calculated by Schmatz.

energy coupling between “intermolecular” modes of the
Cl~---CH3Br ion—dipole complex (the stretch and two bending
modes of Ct---CHj3Br) and “intramolecular” CHBr modes (the
vibrations of CHBYr), resulting in a high dissociation rate back
to reactant$:25-28 Crossing of the PES central barrier has been
shown to be sensitive to mode-specific internal energy
distributions*15.16.252931 The highly structured nature of the
S\2 transition state restricts the orientation of the reactants to
lie nearly along theCs, axis of CHY.

Influence from dynamical constraints has brought into
question the validity of statistical theories such as Rice
RamspergerKasset-Marcus (RRKM) theory and phase space
theory (PST) in modeling reaction 1. Several
studie413:1516,27,28,3135 gn reaction 2 in particular have sug-
gested that the reaction behaves nonstatistically. Graul an
Bowers?33 determined that the dissociation of metastable
Cl~---CH3Br complex ions results in translationally cold Br
+ CHgsClI products, as compared with the prediction of PST,
coincident with high internal excitation of GBl. The rate
coefficients for reaction 2 have been found by Viggiano and
co-workers to be independent of the internal temperature gf CH
Br at fixed kinetic energie%! which is not consistent with
RRKM theory for reaction 2° Classical trajectory calculations
by Hase and co-worket$°>16.28:3have found nonstatistical and

(26) Cho, Y. J.; Vande Linde, S. R.; Zhu, L.; Hase, WJLChem. Physl992
96, 8275-8287.

(27) Wang, H.; Hase, W. LChem. Phys1996 212 247-258.

(28) Wang, H.; Goldfield, E. M.; Hase, W. LJ. Chem. Soc., Faraday Trans.
1997, 93, 737-746.

(29) Vande Linde, S. R.; Hase, W. . Am. Chem. Sod989 111, 2349-
2351.

(30) Ayotte, P.; Kim, J.; Kelley, J. A.; Nielsen, S. B.; Johnson, M.JAAm.
Chem. Soc1999 121, 6950-6951.

(31) Tonner, D. S.; McMahon, T. Bl. Am. Chem. SoQ00Q 122, 8783—
8784

(32) Graul, S. T.; Bowers, M. TJ. Am. Chem. Sod.991 113 9696-9697.

(33) Graul, S. T.; Bowers, M. TJ. Am. Chem. Sod.994 116, 3875-3883.

(34) Viggiano, A. A.; Morris, R. A.; Paschkewitz, J. S.; Paulson, JJ.FAm.
Chem. Soc1992 114 10 47710 482.

(35) Wang, H.; Hase, W. LJ. Am. Chem. S0d.995 117, 93479356.

(36) Wang, Y.; Hase, W. LJ. Chem. Physin press.

Table 1. Enthalpies of Reaction for CI- + CH3Br — Products
reaction products AHy (exptl),2 kJ mol~*

Cl~ + CHsBr 0

2 Br~ + CHsClI -31+1

3 CIBr~ + CHs 184+ 14°
CHyBr~ + HCI 248+ 12
CHyCI~ + HBr 2644+ 18
ClI~ + CHs + Br 289+ 1
Br~+ CHz; + ClI 313+ 1
Br~+ HCIl + CH; 341+ 4
Br~+ CH,Cl +H 379+ 10
ClI~ + HBr + CH; 383+ 4
ClI~ + CH.Br+H 403+ 14
CHCI~ + Hz + Br 4874+ 30
CHBr~ + Hy+ Cl 601+ 17
CHBr- + HCI+H 605+ 17
CHyCI~+H + Br 6274+ 18
CIBr- + CH+ H; 6284+ 14°
CHCI~ + HBr +H 629+ 30
CBr~ + HCIl + H 630+ 35"
CIBr- + CH,+H 640+ 17°
CCI~ + HBr + H; 660+ 40"
CH;Br-+H+ Cl 676+ 12
CHCI-+H+H+ Br 919+ 30
CHBr- +H+H+ClI 1033+ 17

a Enthalpies of reactions calculated with enthalpies of formation values
cited in Gurvich et af%7% except as noted.Using EA(CIBr) = 2.47 +
0.13 eV calculated here at the CCSD(T)/aug-cc-pVTZ le¥€lalculated
usingA¢Ho(CH,Br~) = 90 + 12 kJ/mol?374 d Calculated using EA(CKCI)
= 0.80+ 0.16 eV determined by Bartmé3srom work by Ingemann and
Nibbering”! ¢ Calculated using EA(CEBr) = 0.79+ 0.14 eV determined
by Bartmes& from work by Hierl et al’4 f Calculated using EA(CHCH=
1.210 &+ 0.005 eV published by Gilles et &. 9Calculated using
AfHo(CHBr-) = 231 4+ 17 kJ/mol determined by Bartmeé3dsrom work
by Gilles et al’® and Ingemann and Nibberirf§. " Using EA(CCI) =
—0.024 eV and EA(CBr)y 0.23 eV calculated here at the CCSD(T)/aug-
cc-pVTZ level.

non-RRKM behavior such as inefficient mode coupling, central
barrier recrossing, and a direg{ZBreaction mechanism. Tonner
and McMaho#! observed that formation of the Gal + Br~
products is enhanced by mode-specific vibrational excitation
of C—Br in the CI---CH3Br complex. The observed deuterium
kinetic isotope effect is inversekd > ky) as predicted by
transition state theory, but experimentally the isotope effect is
significantly stronger than predicted statisticaffy?>37

d A basic tenet of statistical rate theory is that internal energy

is randomized among all available modes and only the total
energy, angular momentum, and densities of states determine
the dissociation rate into productg8 Statistical transition state
theory models such as PST can account for angular momentum
conservation (one possible dynamic restriction on reaction 2)
but not for nonstatistical behavior such as steric factors, poor
energy transfer, or mode-specific reactivity. Recrossings of the
dividing surface at the transition state, identified in trajectory
calculations for reaction ¥ represent a violation of an
additional fundamental assumption of statistical rate theory.

In addition to the {2 products, reaction 2, we observe
endothermic Br abstraction, reaction 3, which is driven by
translational energy in the collision energy range-120 eV.

Cl™ + CH,Br — CH, + CIBr~ A3)

The reaction energetics are given in Table 1. Reaction 3 has
been previously reported by Cyr et®ICompetition between

(37) Hu, W.-P.; Truhlar, D. GJ. Am. Chem. Sod.995 117, 10 726-10 734.
(38) Baer, T.; Hase, W. LUnimolecular Reaction Dynamics: Theory and
ExperimentsOxford University Press: New York, 1996.
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halogen abstraction reactions ang2$as also been observed Possible light product species (and H) are not detected because of
previously in our laboratory, including €1 from the reaction  inefficient trapping by the octopole beam guide and the lower mass

Cl= + CHsCI2* and FCt from F~ + CHiCl and CF + limit of the quadrupole mass spectrometer.
CHgF 11.25 Absolute reaction cross sections are determined as a function of

collision energy by scanning the octopole dc potential and counting

The $,2 and Br abstraction reactions may be categorized as the reactant and product ions for predetermined dwell tith@he

proceeding by either a ba_ck5|de Qr front-side attack meChanlsm'laboratory ion energy is measured by using retarding potential analysis,
The Si2 PES shown in Figure 1 illustrates the backside attack ,nfirmed by time-of-flight measurements, and converted to relative
where the path Of. the approgchmgf@les on the methyl side  ¢ojlision energyE, in the center-of-mass (c.m.) frarf&#:Background
of CH3Br. Front-side attack is where the Chpproaches the  jon counts occurring outside the reaction cell are also collected and
CH3Br molecule from the €Br bond side and may result in  subtracted from the total. All cross sections are measured at three
Br~ displacement or Br abstraction at higher energies. The pressures in the range<{5) x 10°°> mbar. The results are extrapolated
competing reactions may also be characterized as proceedingo zero pressure by a least-squares linear regression, ensuring that the
Via a Complex_mediated or a direct reaction mechanism_ reported Cross sections are in the Single—COIIiSion [f4fitThe threshold
Complex-mediated reactions are usually expected to result inbehavior of the CIBr cross section is modeled using an empirical
i i 144 i "

isotropic scattering and statistical energy distributions of the threshold law described previousty* ! using the CRUNCH pro

. . . . . .~ gram“ Reported error limits for fits to cross sections are propagated
products. A direct mechanism, in contrast, involves an impulsive

llisi lting i . . ! d istical from individual known sources of uncertainty and represer&
collision, resulting in anisotropic scattering and nonstatistical ¢,nineq standard uncertainitiésr an approximate 95% confidence

energies of the products. Intermediate cases are also possibleeye|. The estimated accuracy of absolute cross section magnitudes is
This paper presents the cross sections for reactions 2 and 3:509% and is limited by the determination of the effective gas cell

for the center-of-mass collision energy range 6:08 eV. The length and the cell pressure.

velocity distributions of the products are also measured, Reactant and product ion axial velocity distributions are recorded

revealing information on the reaction mechanism and the by using the octopoles as the free flight region for TOF measurements,

distribution of available energy into kinetic and internal energy. Using methods that have been previously developed by several

Phase space theory and ab initio calculations are used to helgfoups’’ ** A pulsed CI"ion beam is prepared by applying a pair of
interpret the experimental results. bipolar symmetrical voltage pulses on the deflectors with pulse widths

in the range of 16150 us. The ion TOFs are measured by using a
Experimental Methods multichannel scalar (EG&G TurboMCS) triggered by the deflector

) ) pulse. The recorded CITOF is converted to axial velocity distributions
Our guided ion beam (GIB) mass spectrometer has been recentlyby inversion of eq 42

modified with two sequential octopole ion guide regions replacing the

original single octopole. This split octopole arrangement provides for N I,

time-of-flight (TOF) measurements used in determining the velocity t=t+ o t——

distributions of reaction products. The original configuration has been i (v"+20AVim)

described in detaft A brief description is presented here with emphasis

on the recent modifications. The first termto represents the TOF outside the two octopoles. The
Chloride anions are produced in a microwave discharge source from second and third terms represent the TOF spent inside the two octopoles,

room-temperature trichloromethane, Chi@htroduced into a flowing ~ Where |1 and I, are the lengths of the first and second octopole,

He buffer gas. The ions pass along a flow tube and are sampled throughrespectively. Indices refer to CI reactant ionst; is the total TOF

a nose cone. The Clon beam is then shaped, focused, and accelerated Measuredy refers to axial laboratory velocity in the first octopote,

by a series of lenses to a magnetic mass spectrometer, which mas@ndmare the charge and mass of ions, @dis the dc offset between

selects thé*Cl- ions. A bipolar deflector after the second slit of the  the first and second octopole. The TOF spectra for the product ions,

magnetic sector is used to pulse the ion beam when required. AnotherBr-or CIBr~, are converted to axial velocities via eq 5.

set of lenses guides ti#CI~ ion beam into the first radio frequency | | | 1

octopole ion trap. The radio frequency potentials are applied to the t=t f—— L 2 +t (ﬁ) (5)

octopoles by a radio frequency power souftjith a frequency of ! 270 2y, (Upz + 2qAV/mp)l’2 5 m

4.4 MHz and amplitude of 60 V for the present work. The length of

the first octopole is 33.5 cm. Situated at the center of the first octopole  The first termt, is the CI TOF from the pulsing lens to the first

is a reaction cell (3.2-cm long body with two 3.5-cm extension tubes), octopole. The second term represents the TF from the beginning

where the bromomethane (Matheson Tri-Gas, 99%) reactant gas isof the first octopole to the reaction cell, whek(is the average

introduced. The effective path length of the reaction cell is 7.0 cm |ahoratory velocity of Ci. The third and fourth terms are the product

based on calibrations against the previous gas cell configuration (8.9-jon TOFs from the reaction cell to the end of the second octopole,

cm body with 5.7-cm extensions), for which an effective path length \here indicesp refer to the product ion, and the final term is the TOF
of 14.6 cm was estimated The collision energy between the chloride
ions and the neutral bromomethane is controlled by the dc potential (41) Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166-189.

i i ] (42) Armentrout, P. Bint. J. Mass Spectron200Q 200, 219-241.
dlffergnce between the flow tube ion source and the f_lrst octopole. Theé43 Schultz, R. H.: Creliin. K. G Armentrout, P. 8. Am. Chem. Sod.991
anionic reactants and products are collected and guided by the secon 113 8590-8601.
octopole (length= 67.8 cm), which is floated at a dc voltage offset  (44) Dalleska, N. F.; Honma, K.; Sunderlin, L. S.; Armentrout, P.JBAm.

)
) h

above the first octopole, to a quadrupole mass spectrometer where they,s) Chem. S0c1994 116 3513-3528.
)

“

; - e Armentrout, P. B.; Ervin, K. MCRUNCH Fortran program, version 5.0,

are mass analyzed. lon intensities are detected by a collision dynode/ 2002.
inli i ve-i i (46) Taylor, B. N.; Kuyatt, CGuidelines for aluating and Expressing the
channeltron multiplier operated in negative-ion pulse counting mode. Uncertainty of NIST Measurement ResuST Technical Note 1297:

Washington, DC: National Institute of Standards and Technology, 1994.

(39) Cyr, D. A.; Scarton, M. G.; Wiberg, K. B.; Johnson, M. A.; Nonose, S.; http://physics.nist.gov/Document/tn1297.pdf.

Hirokawa, J.; Tanaka, H.; Kondow, T.; Morris, R. A.; Viggiano, A. A. (47) Gerlich, D.Adv. Chem. Phys1992 82, 1-176.

Am. Chem. Sod995 117, 1828-1832. (48) Dressler, R. A.; Salter, R. H.; Murad, Ehem. Phys. Lett1993 204
(40) Jones, R. M.; Gerlich, D.; Anderson, S. Rev. Sci. Instrum.1997, 68, 111-118.

3357-3362. (49) Muntean, F.; Armentrout, P. B. Chem. Phys2001, 115 1213-1228.
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through the quadrupole mass spectrometer detector. The total dead time 800 1 L !

for reaction ionsty, is the sum ot; andts. A calibration procedure is ()

performed to determin&. TOF spectra are recorded at a series of

octopole dc voltages. The TOF peaks are fit to eq 6 wkigrepresents 600 r

the potential of the ion source.

Br™ Ton Counts
S
3

l, l,
=t + +
T g Vo | g av—vgim® O
200 1 0.05 pbar i

A nonlinear least-squares fit of eq 6 is used to determine initial values 0.03 pbar
for to andVo. The TOF measurement fdk is then compared to thé, 0.02 pbar
value obtained by retarding potential measurem#rithie agreement 0 0 ) (')0 2(‘)0 3(')0
is typically within 0.05 eV at energies below 1 eV and within 0.2 eV TOF / pus
at higher energies. These discrepancies are systematic and, as discussed ! * * }
previously, can be attributed to the effect on the TOFs of variable field 1.0 4 ®) i

penetration by the entrance and exit lenses before and after the octopoles
as the octopole dc voltage is changédhe V, value obtained by the
retarding potential analysis is therefore used in eq 6 to calculate the
final to value. We find that, can be accurately calculated by using the
known lengths and potentials of ion lenses along the beam line, and
therefore estimates of its division intpandts for eq 5 are made by
using similar calculations. All time-to-velocity conversions include the

Relative Probability
=3
E=)

I
|
|
|
|
|
|
|
|
|
|
I
|

appropriate Jacobian transforms of the intensities on the basis of eqs 4 0.2 1 I

and 5. 00

" Thedmeasu_red Ivelott:tlty_dlstrlbuttlons re_prets(e;ntlthe cttrJ]mpongnts of the 2000 -1500 -1000 500 O 500 1000
ree-dimensional scattering vectors projected along the ion beam axis. u(CH,C]) - u(Br) / m 5™

Conversion of axial velocity distributions from the laboratory to the

center-of-mass frame is given by egs 7 and 8, which assume a stationarygure 2. (a) The Br time-of-flight spectrum at 0.10 eV c.m. and three
CHsBr target2249 CHsBr gas cell pressures of 0.05, 0.03, and Qibar. The artifactual signal

above 20Qus decreases as the gas cell pressure is reduced. (b) Transform
of the time-of-flight spectrum at 0.02bar to the product axial relative

Up = ¥p ~ Vem ™ velocity distribution in the center-of-mass frame. The solid vertical line is
the zero center-of-mass velocity; the dashed vertical line is the relative
Vem = mUp/mrotal (8) velocity above which the Brions would be backward scattered in the lab

frame.
wherewv represents laboratory velocities andepresents velocities in
the center-of-mass (c.m.) frame,m is the laboratory velocity of the  for low collision energies, are truncated for positive valueggfrom
center-of-mass of the system,is the laboratory ion velocity before eq 9 (corresponding to the most-forward-scattered@roducts in
collision, andmya is the total mass. Individual product velocities in  the c¢.m. frame). The time-to-velocity transformation compresses the
the center-of-mass frame are then converted to relative product velocitiesjong-time portion of the spectrum corresponding to positive values of
for reactions 2 and 3 by egs 9 and 10. Urer in Figure 2b. Measurement of the product velocities for collision
energies below 0.10 eV c.m. (0.14 eV lab) were not feasible because
_ Motal Uy, (reaction 2) 9) of this effect and because of the ion energy spread (typically 0.26 eV
Mool Br- lab full width at half-maximum). The integral cross-section measure-
ments also employ a pulsed mode of operation to eliminate the effect
Metal ) of ions that are trapped for long times, as described previgtisiyt
Urel = Ugrc- ~Uen, = — Ug,c- (reaction 3) (10) with a longer delay of about 1 ms before the rf is switched off to collect
Mep, . :
all product ions that have a forward laboratory velocity component.
These equations describe the directional scattering of the product species The potential offset of the second ogtoponev In €q 4 would
containing the Cl atom for positive values af; n_ormally be set to_ a value a few _volts higher th.an the first octopqle,
At collision energies below 0.6 eV, the Bproduct TOF spectra high enough to efficiently extract ions from the first octopole but still

exhibit a pressure-dependent artifact, observed as a tail at long timesIOW fc.)r 9408%(3 dispersion of the gmes-of-fllg_ht for dn‘feren_t product
as shown in Figure 2a for 0.10 eV. This phenomenon is due to ions velocities?*®4° However, for reaction 2 the high cross section at low

that undergo a velocity-slowing collision and then become trapped by en_ergtl1es resuItCT ina S|g|gn|f|cgnt bahckgrfoundhsgnal from re_5|dhua4 CH g
the octopole rf potentia®’. These trapped ions eventually undergo Brint Ies_econ gctop;)e reg\g/lon.hT ereh ore, 1 € 10n energy |n.t e_secon”
additional collisions, react, and drift to the detector. To eliminate the °CtoPOI€ is setabove 100 eV, where the reaction cross section is small.

artifactual signal, two procedures are combined. First, the lowegt CH There is still sufficient time resolution as shown in Figure 2.

Br gas cell pressure of 0.02bar is used, reducing the artifact to @  Tpgqretical Methods

minimum. Second, the radio frequency trapping field applied to the

octopoles is switched off after a delay that allows the majority of the ~ Reaction 2 has been studied extensively by ab initio methods.
Br~ ion signal to be collected. The rf remains off for a-Z&0-us period, Most theoretical values needed for statistical reaction models
long enough to eliminate the trapped ions from the octopoles before here are taken from recent high level coupled cluster CCSD(T)
the next pulse cycle. Figure 2a shows that the procedure allows for the c5|cylations by Schmatz et 8 Other calculations needed for

main feature of the Br signal to be collected, and Figure 2b shows yqqeling parameters or interpretation were performed by
the resulting product relative velocity distribution. However, eliminating

trapped ions does result in a loss of the most-backward-scattered Br (50) Schmatz, S.; Botschwina, P.: Stoll, kt. J. Mass Spectron200q 201,
products in the lab frame. Therefore the product velocity distributions, 277-282.

Urel = Uch,cl — Upr- =

J. AM. CHEM. SOC. = VOL. 125, NO. 4, 2003 1017
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Table 2. Molecular Parameters Used in the PST Model

Cl~ + CHa3Br CI~(CH3Br) [CI-CH3-Br] ~ CIBr~ + CHs Br~ + CH,Cl
vibrational frequenciescm-1 3197 (64) [2] 3247 (65) [2] 3397 (68) [2] 3291 (66) [2] 3184 (64) [2]
3087 (62) 3125 (63) 3178 (64) 3102 (62) 3080 (62)
1492 (15) [2] 1476 (15) [2] 1420 (14) [2] 1406 (14) [2] 1501 (15) [2]
1339 (13) 1276 (13) 1020 (10) 498 (6) 1386 (14)
972 (10) [2] 932 (9) [2] 972 (10) [2] 203 (1.2) 1034 (10) [2]
622 (3) 531 (3) 186 (1) 741 (4)
102 (0.7) 185 (1) [2]
76 (0.4§[2]
rotational constantsgm—1 5.222 5.238 4.853 9.325 5.251
0.318 0.027 0.030 9.325 0.443
0.318 0.027 0.030 4.663 0.443
0.090
polarizability¢ A3 5.87 1.93 5.35
dipole moment debye 1.81 1.87
rotational symmetry 3 3 3 6 3
EoteV 0.0 —0.48 —0.095 1.9% —0.32

aCCSD(T) harmonic frequencies from Schmatz et%xcept CH and CIBr calculated here at the CCSD(T)/aug-cc-pVDZ level. Estinfasharmonicity
constants given in parentheses. Degeneracies given in bratRatational constants calculated by using CCSD(T) geometries from Schmat%t al.,
except CH and CIBrcalculated here at the CCSD(T)/aug-cc-pVDZ leveMiller.5® 9 Nelson et af® € CCSD(T) energy relative to reactants including
counterpoise correction from Schmatz e¥%nd corrected for zero point energy using the anharmonic frequeh&iesarmonicity based on Morse potential
and dissociation energ§.From Table 1.

standard methods. MgllePlesset (MP2) and coupled cluster followed by the statistical unimolecular decomposition of the

(CCSD(T)) calculations were performed by using Gaussiatt 98. complex either back to reactants via an orbiting transition state
A Sy2 pseudocollinear potential energy surface was calculatedor to the Br + CHsCl products via the fixed, tight &

at the MP2/aug-cc-pVDZ //IMP2/CEP-121G level, selected for transition state barrier. A statistical distribution is assumed at
speed and reasonable relative energies of stationary dints. the transition state with conservation of orbital angular mo-

Front-side attack stationary points and one-dimensional cutsmentum out to products. The competition from reaction 3 has
through the potential energy surface were calculated by usingalso been included in the PST model, with products treated by

MP2/aug-cc-pVDZ. The electron affinities of the dihalogens
were calculated at the CCSD(T)/aug-cc-pVTZ level. Rotational
constants and vibrational frequencies for the CIBf CHs
channel were calculated at the CCSD(T)/aug-cc-pVDZ level.
Spartaf® was used for illustrating the total electron densities
at stationary points, as in Figure 1.

an orbiting transition state. The molecular parameters are taken
from experiments and theoretical calculatith8:5° and are
presented in Table 2. Vibrational anharmonicities are estimated
as described by Duncan etfiThe sums and densities of states
are calculated in the rigid-rotor Morse-oscillator approximation
using the BeyerSwinehart SteirrRabinovitch direct count

Phase space theory (PST), a form of transition state theoryalgorithm®82-64 The PST cross sections are convoluted over the

that explicitly conserves angular momentéis used to model

experimental kinetic energy distributions and the internal energy

energy-dependent reaction cross sections or rates and produdistribution of CHCI at 300 K by numerical integration using
energy distributions. In the microcanonical PST model used the CRUNCH program® Test calculations including the ien

here%5-58 the total angular momentum is approximated by the

dipole association complex by unified transition state th&ory

orbital angular momentum from the collision process and the yielded no change in the calculated cross sections. Using either
phase space for the rotational degrees of freedom of thean ion-induced-dipole potential with zero permanent dipole for
transition states are calculated classically by using the sphericalcalculating the centrifugal barrier in the entrance channel or a

rotor approximation for nonlinear molecules. The GICH3Br
ion—molecule complex is formed by capture over the centrifugal
barrier of the long-range electrostatic itomolecule potential,

(51) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; 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. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, Baussian98
Revision A.7; Pittsburgh, PA: Gaussian, Inc., 1998.

(52) Hoyt, B.; Ervin, K. M., unpublished results.

(53) Deppmeier, B.; Driessen, A.; Hehre, T.; Hehre, W.; Johnson, J.; Klunzinger,
P.; Lou, L.; Yu, J.Spartan Wave function Inc.: Irvine, CA 92612.

(54) Pechukas, P.; Light, J. @. Chem. Phys1965 42, 3281-3291.

(55) Chesnavich, W. J.; Bowers, M. J. Chem. Physl977, 66, 2306-2315.

(56) Chesnavich, W. J.; Bowers, M. T. Statistical Methods in Reation Dynamics,
In Gas-Phase lon Chemistriichael T. Bowers, Ed.; Academic: New
York, 1979; pp 119-151.

(57) Webb, D. A.; Chesnavich, W. J. Phys. Chem1983 87, 3791-3798.

(58) Grice, M. E.; Song, K.; Chesnavich, W.JJ Phys. Cheni986 90, 3503—
35009.
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locked-dipole approximation also makes no difference for the
Sy2 product channel, because the reaction cross section is
limited by the effective potential at the central barrier. Increasing
the initial collision-capture probability in the PST model merely
increases the probability for back-dissociation to reactants.
For modeling product energy distributions with phase space
theory, we use a Fortran program obtained from the Michael
T. Bowers group (University of California, Santa Bar-
bara§233:56.66and modified to generate the axial relative velocity
distributions assuming isotropic scattering of products in the

(59) Miller, T. M. Atomic and Molecular Polarizabilities, liandbook of
Chemistry and Physi¢c31st ed.; Lide, D. R., Ed.; CRC Press: Boca Raton,
FL, 1990; pp 10-19310-209.

(60) Nelson, R. D.; Lide, D. R., Jr.; Maryott, A. A. Selected Values of Electric
Dipole Moments in the Gas Phase Handbook of Chemistry and Physics
Lide, D. R., Ed.; CRC Press: Boca Raton, Florida, 1990; pp-9-8.

(61) Duncan, J.; Allan, A. L.; McKean, D. QJol. Phys.197Q 18, 289-303.

(62) Beyer, T. S.; Swinehart, D. Eommun. ACML973 16, 379.

(63) Stein, S. E.; Rabinovitch, B. 8. Chem. Phys1973 58, 2438-2445.

(64) Stein, S. E.; Rabinovitch, B. &hem. Phys. Lettl977, 49, 183-188.

(65) Miller, W. H. J. Chem. Physl976 65, 2216-2223.

(66) Graul, S. T.; Carpenter, C. J.; Bushnell, J. E.; van Koppen, P. A. M.; Bowers,
M. T. J. Am. Chem. S0d.998 120, 6785-6796.
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Figure 3. Single-collision cross sections for the product ions Bnd CIBr 0
from the reaction of Cl + CH3Br as a function of relative collision energy °c 1
in the center-of-mass frame. The iedipole capture cross section is 3 ii
calculated from the model of $§.Phase space theory cross sections for Em_H i
Br~ and CIBr are calculated with the parameters in Table 2 and convoluted IS
over experimental energy distributions. 2
8
.. .. - . Q @ VI-SIFDT
statistical limit. The PST model is identical to that used for cross © O oB
sections, except that the harmonic oscillator approximation is 10-12 4 — psT
used for the densities of states and only the ion-induced dipole , ,
potential is used. The contribution of experimental energy 0.1 1

broadening to the velocity distributions is calculated by using
the Monte Carlo simulation program VELSIM developed by
Scott L. Anderson (University of Utalk}. The simulation

<KE..>/ eV

Figure 5. Comparison of the & guided ion beam cross section data with
the VT-SIFDT results of Viggiano and co-worke¥sThe circles represent

includes the Ci ion beam energy spread and the BHthermal the drift tube rate coefficients as a function of the mean energy in the center-
velocity distribution. of-mass frame. The squares are the cross sections from the present work
converted to rate coefficients as described in the text. The solid line is the
Integral Cross Section Results and Discussion phase space theory reaction rate constant calculated with the parameters in
Table 2 and convoluted over experimental energy distributions for the GIB
Survey mass spectra exhibited the major products &8rd experiment.

CIBr~ plus CHCI~ and CHBr~ (n= 0, 1, or 2) as very minor
channels. No CI (CH3Br) adducts are observed, indicating that 1. Br~ + CH3Cl Products. The observed cross sections for
all ion—molecule complexes formed in the bimolecular colli- reaction 2 in Figure 3 compare well with previously reported
sions dissociate within the 0.4-ms detection time window. Figure work at low energies. The experimental cross sections are 0.4%
3 shows the reaction cross sections for the Bnd CIBr of ion—dipole capture for the energies 6.:0.2 eV This
channels and Figure 4 shows the cross sections for th€CH compares with previously measured 300 K rate coefficients for
and CHBr~ channels. For comparison, we have plotted in reaction 2 of 2.372.72 x 1011 cm® s71, giving a reaction
Figure 3 the theoretical Cl+ CHsBr ion—dipole capture-  efficiency ofkex/k. = 1%°13348.7The difference is consistent
collision cross section from parametrized trajectory calcula- with the decrease in the cross section with increasing kinetic
tions88 Table 1 lists the experimental enthalpies of reaction energy (300 K corresponds to a mean kinetic energy of 0.026
for product channels that could influence the cross-section eV). Using a variable-temperature selected-ion flow drift tube
behaviorsd-76 (VT-SIFDT), Viggiano and co-workeféreported rate constants
for reaction 2 as a function of kinetic energy at several
temperatures. Their results at 300 K are compared to our reaction
(68) Su, T.J. Chem. Phys1994 100, 4703, _ _ cross section data in Figure 5. Our cross sections have been
(69) Gurieh L eyt Acock, C. BTnermedynanic Propertesf converted to energy-dependent rate coefficiérscording to

York, 1989; Vol. 1, Elements O, H (D, T), F, Cl, Br, I, He, Ne, Ar, Kr,  K(IED) = o(Ecm)vre, Where vy = (2Ec/u)Y2 is the relative

Xe, Rn, S, N, P and Their Compounds, Parts21 iai R — i
(70) Gurvich, L. V.; Veyts, I. V.; Alcock, C. BThermodynamic Properties of collision Ve|0C|ty’ (EL= Eem + (3/2)VKBT is the mean energy

Individual Substancesdth ed.; Hemisphere: New York, 1991; Vol. 2,  of the distributionu = (Mon Myad(Mon + Myag is the reduced
Elements C, Si, Ge, Sn, Pb, and Their Compounds, Pars 1

(71) Ingemann, S.; Nibbering N. M. M. Chem. Soc., Perkin Trans.1®85

(67) Chiu, Y.; Fu, H.; Huang, J.; Anderson, S. L.Chem. Phys1995 102
1199

837, 837-840. (74) Hierl, P. M.; Henchman, M. J.; Paulson, J.Ift. J. Mass Spectrom. lon
(72) Bartmess, J. E. Negative lon Energetics Dat®IBIT Chemistry WebBook, Processed992 117, 475-485.
NIST Standard Reference Database NumbeMgglard, W. G.; Linstrom, (75) Born, M.; Nibbering, NJ. Am. Chem. S0d.994 116, 7210-7217.
P. J., Eds.; National Institute of Standards and Technology: Gaithersburg, (76) Gilles, M.; Ervin, K.; Ho, J.; Lineberger, Wl. Phys. Chem1992 96,
MD, July 2001. http://webbook.nist.gov. 1130-1141.
(73) Poutsma, J.; Nash, J.; Paulino, J.; Squires).RFAm. Chem. Sod 997, (77) Gronert, S.; DePuy, C. H.; Bierbaum, V. M1.Am. Chem. S0d991, 113
119 4686-4697. 4009-4010.
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mass, ang’ = Mgn/(Mon + Myag. Good agreement is observed
between the two experiments where they overlap. In a recent
ICR study, Craig and Braumé&h obtained kinetic energy
dependent rate constants for the region 8.04.0 eV, also in
excellent agreement with the VT-SIFDT results.

a. Low-Energy Behavior. At the lowest collision energy of
0.06 eV, the {2 channel exhibits a maximum reaction cross
section of 1.3x 10716 cm?. With increasing collision energies
over the range 0.060.6 eV, the cross section declines to 0.08
x 1071 cn?. In the low energy region, 0.660.2 eV, the
reaction and iordipole collision cross sections decrease
roughly in parallel, but at higher collision energies, -0®6
eV, the experimental cross section declines more rapidly than
the ion—dipole capture cross section. Similar behavior has been
previously observed for the 7+ CH3Cl S\2 reactiodl17-19
and has been explained by the tedipole complex formation
partly controlling the reaction at the lowest energies but having (b) C,, -0.11 eV
less influence at higher collision energies. Figure 6. Stationary points found at the MP2/aug-cc-pVDZ level with the

Above 0.2 eV, the reaction cross sections decline faster thantotal electron density as in Figure 1. (a) The front-side attack &
the ion—dipo|e cap[ure cross sections. The behavior Suggeststransition state and (l)3, front-side attack bromine abstraction minimum.
the §2 reaction is transforming from complex-mediated to a
direct reaction mechanism (also evident from product velocity
distributions, vide infra). The trajectory calculatiéhg’&°have
predicted a direct 2 reaction mechanism not requiring
formation of a complex. As collision energies increase sBH
has less time to orient its dipole to the incoming Qlesulting
in an increased range of encounter angles. Therefore, shorter
Cl~---CH3Br interaction times and tighter orientational require-
ments could explain the rapid decline of the experimental cross
sections at collision energies of 8:2.6 eV. An orientational
effect of this type has been discussed for+ CHsCl by Su et

MP2/aug-cc-pVDZ Energy / eV
o
o

o
o
L

a|.19
b. High-Energy Feature. Above 0.6 eV, the § cross 100 120 140 160 180
section exhibits a rising feature, observed here for the first time. CI-C-Br angle / degrees

The cross section rises to 06 10716 cn? before declining Figure 7. Potential energies of the [ECH;—Br]~ transition state relative
again at energies above 3 eV. This late rising feature is typical ©© CI' + CHsBr as a function of the CtC—Br bond angle calculated at

. . . . I . the MP2/aug-cc-pVDZ level it€s symmetry.
behavior for a reaction occurring with an activation barrier and
can be attributed a new reaction mechanismCAtransition C—Br angle. The acceptance cone angles increase from 180 to
state for reaction 1 has previously been recognized for front- 135° at 0.5 eV to angles of 180100° at 1.5 eV. Trajectory
side attackl81.82The structure of theC; transition state for  calculations by Hase and co-work&¥&’have indicated a direct
reaction 2 is shown in Figure 6a. The energy for the front-side reaction can occur with 0.5 eV of energy deposited into the
transition state at the MP2/aug-cc-pVDZ level is 1.67 eV above C—Br stretch mode, providing another explanation for the high-
reactants, which is much too high to account for the rising cross energy feature if ¥V energy transfer becomes more probable
section originating at 0.6 eV. The new rising feature, therefore, at these collision energies. New trajectory calculations by Wang
must be due to an increased efficiency of passage over theand Hasé® also exhibit a dip and recovery in the cross section,
backside §2 central barrier via a new dynamic mechanism. although with a minimum at 0.260.35 eV versus 0.6 eV

Similar high-energy features were observed for the-€ICHs- observed here. They attribute the feature to a decline in indirect
Cl — CICH; + CI7 and F + CHsCl — FCH; + CI~ (complex-forming) trajectories and an increase in direct reaction
reactions-1.23.24 trajectories as the collision energy increases.

Because of the short collision time above 0.6 eV, the reaction The pseudocollinear two-dimensional potential energy sur-
mechanism is probably direct with no significant influence from faceé®® shown in Figure 8 illustrates the importance of transla-
the complex-mediated mechanism. A greater range of reactivetional to vibrational (f~V) energy transfer for promotion for
collision orientations provides one explanation for the rising the $2 reactior83 Initially, the reactants pass along the Cl
cross-section feature. A cut through the PES shown in Figure 7 + CH3Br entrance valley at the-€Br equilibrium distance. The

describes the dependence of th@ Barrier height on the €l translational energy dependence of the reaction can be elucidated
by considering the influence of the transition state and the

(78) Craig, S. L.; Brauman, J. I. Phys. Chem. A997 101, 4745-4752. i i

(79) Vande Linde, S. R : Hase, W. 1l. Chem. Phys1990 93 7962-7980. repulsive wall at the top of the entrange valley. At energies of

(80) Hase, W. L.; Cho, Y. 1. Chem. Phys1993 98, 8626-8639. 20 kJ/mol (0.2 eV) and lower (relative to ClH CH3Br)

(81) AGrlrlmjkg?]\g;evs’éwds'a\lééplﬂfgsifz';sgrl]Ilezgeezlf H.B. Bach,R.D.;Radond, L. reactants must navigate a tight ‘bend’ to pass over the transition

(82) Deng, L.; Branchadell, V.; Ziegler, . Am. Chem. S02994 116, 10645~
10656. (83) Polanyi, J. CAcc. Chem. Red.972 5, 161-168.
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Br™ + CH,CI S\2 transition state as an adjustable parameter in the PST model
to fit our cross sections up to 0.25 eV yields a barrier height of
AEqt = —0.02 £ 0.05 eV, where the uncertainty allows for a
+50% error in absolute cross sections, a 10% variation in
vibrational frequencies, a 5% variation in the rotational constant
of the central barrier, varying the energy range of the fit, and
the uncertainty of the convolution over the ion energy distribu-
tion near the low ion energy cutoft.

—— — At low energies, 0.060.6 eV, the PST cross sections exhibit
e N———— s a negative slope similar to the observed energy dependence.

As energies increase, the PST cross sections level off to a plateau
2 3 4 5 region followed by a modestly rising feature above 0.9 eV. It
HC-=Cly/ A is interesting to observe that PST includes a rising feature at

Figure 8. Contour plot of the potential energy surface of reaction 2 treated higher energies as does experiment. For these energies, there is
as a pseudocollinear pseudotriatomic reaction on mass-skewed coordinates faster increase in the densities of states for the tight transition
T o vt caosoted e MR e v T SIS Felaive 10 the orbiting transition stae of the reactants
solid contour intervals are 20 kJ/mol relative to Gt CHsBr with dashed because of the lower frequencies of the former. An increase in
contours 10 kJ/mol. the accessible densities of states is a complementary explanation

to the direct reaction discussed earlier for the increased
state and into the product channel. Reflections off the repulsive efficiency of $2 above 0.6 eV. However, the experimental cross
wall at the end of the Cl+ CH3Br entrance surface send the sections show a deeper dip than predicted by PST, indicating
trajectories back toward reactants and the GCH3;Br complex nonstatistical behavior, and as stated above the reaction mech-
well. For these conditions, ¥V energy transfer is not an  anism is most likely direct at these collision energies. The
effective mechanism for thend reaction. For translational  experimental and PST cross sections decline above 3 eV because
energies above 60 kJ/mol (0.6 eV), the angle of the repulsive of competition from the Br abstraction reaction. PST overesti-
wall becomes more favorable for reflecting trajectories toward mates the magnitude of the CiBrross sections because of
the Br- + CHsCl product channel. Specular reflections off the the use of a loose orbiting transition state and because of other
repulsive wall and a less restricted opening over the transition dissociative processes at higher energies not included in the PST
state saddle point at higher energies can produce thetBr  model.

CHzCl products in a more efficient direct process. These features  as a check of the effect of the molecular parameters on the
of the PES show that for collision energies above 0.6 eV a direct pST calculation, we also used the parameters from the work of
reaction mechanism becomes energetically and dynamically Graul and Bowerd3 who estimated somewhat different frequen-
more probable. cies and a central barrier height AF,* = —0.085 eV below

The S2 cross sections in Figure 3 continue to rise until about reactants (versus0.095 eV from the CCSD(T) calculatiéf).
2 eV, where competition from Br abstraction (reaction 3) starts These parameters give cross sections about 40% smaller as
to restrict &2. At 3 eV, a collision-induced dissociation (CID)  compared with the cross sections using the parameters in Table
reaction resulting in the products Br CH; + CI™ is also 2, but the energy dependence is identical. The magnitude
energetically possible as shown in Table 1. The observed declinedifference is due in about equal parts to the different barrier
in the §2 cross sections at energies above 3 eV is, therefore, height and different vibrational frequencies.

due to competitive reactions. The barrier height in the PST model must be raised from the
c. Phase Space Theory.The experimental results are CCSD(TF°value of—0.095 eV up to-0.02- 0.05 eV in order
compared with phase space theory calculations in Figures 3 andg sjow the PST reaction probability to match experiment. The
5. PST predicts cross sections or reaction rates that a8 4 g initio energies for the barrier height have been calculated at
times higher than the GIB experiment at low energies. The 5 high level of theory and appear to be nearly converged.
magnitude of PST at low kinetic energies depends critically on Therefore, the observation that the experimental cross sections
the height of the central\@ energy barrier. The PST model  gre smaller than the PST predictions is likely due to nonstatistical
uses the best available ab initio energy from CCSD(T)/ pehavior rather than the barrier being higher than predicted. The
431cGTOs calculatiofi$(Table 2) with an §2 barrier energy  jnefficiency of the reaction compared with PST corroborates
of AEo* = —0.095 eV relative to reactants. This value compares the interpretation of trajectory calculations by Hase and co-
well with a recent kinetic determination of the activation yorkerd:16.26.28nat the reaction exhibits nonstatistical and non-

enthalpy using high-pressure mass spectrometry (HFSMSﬁ_i ~ RRKM dynamical bottlenecks in the entrance channel and at
= —0.078 ev, %nd with other values estimated from kinetic the parrier. However, the effect in terms of cross-section
experiment8:>-7" We prefer the high level ab initio value,  magnitude is relatively small at low energies and this interpreta-
however, because the HPMS kinetics value may be dependentjon assumes that the PST model gives the true “statistical” rate.
on the experimental temperature and because all of the available 2. CIBr- + CHs Products. For reaction 3, we observe
expe_nmental values of the barrier h?'ght are based on fits _to (Figure 3) a small initial feature rising from a threshold energy
statistical rate theory. That leads to a circular argument regardlngOf Eo = 180 + 40 kJ/mol (1.9+ 0.4 eV), as obtained by an
statistical or nonstatistical behavior. Using the energy of the empirical threshold law fit, followed by a'1 more rapid increase

(84) Li, C.; Ross, P.; Szulejko, J. E.; McMahon, T.BAm. Chem. S0d996 beginning at 3 eV and a peak at 6 eV. Cross sections for CIBr
118 9360-9367. reaction 3, have previously been published by Cyr &P &br

J. AM. CHEM. SOC. = VOL. 125, NO. 4, 2003 1021



ARTICLES Angel and Ervin

Table 3. Ab Initio and Experimental Electron Affinities (eV) of

b In the detection limit as the mass resolution of the quadrupole mass
Selected Dihalides

spectrometer is increased. Table 1 shows that many dissociative

ccsp(my/ . product channels are accessible at high energies. Below 5 eV,
aug-cc-pvTZ experiment the only accessible products are §8f + HCl and CHCI~
g:Br g-g > 40L 02082454 0156 2,39 0,106 2,38 010 + HBr. At higher energies, formation of CHClbecomes
2 . . ZUT 2. 197 2. 107 2. . . . _ — _
B, 251  2.64+0.2022.55% 0.10P 2.62+ 0.20¢ 2,51+ 0.10° possible above 5 eV, along with GEI", CHCI™, CH,Br™,

CBr— and CCtI above 6 eV (Table 1). The cross sections are
greatest above 10 eV, suggesting the main products are
dissociative channels.

In ion beam/gas cell experiments on Gt CH3Br, White et
al.# reported that electron detachment cross sections; €l
+ [CH3Br], rise from an apparent threshold at 6 eV (well above
the thermodynamic detachment threshold of EAGH 3.6 eV)
to a plateau of 10x 10716 cn? above 100 eV (c.m.). That
indicates that the electron detachment process is an additional
competitive channel leading to the decline of reactions 2 and 3
above 6 eV. White et & further reported strong inelastic
scattering of Ct at these higher energies, which they attributed
to processes resulting in dissociation of 4B

aNeutral beam ionization, Dispert and Lacm&in? Neutral beam
ionization, Baedé> ° Endoergic electron transfer, Lifshitz et®l.9 Eno-
dergic electron transfer, Chupka etl.

seven collision energies in the range 15 eV. Their CIBr
cross sections exhibit an onset energy of about 2 eV and a
maximum at 7 eV and are in reasonable agreement with the
CIBr~ cross sections presented here.

The measured threshold energy is near the thermochemical
endothermicity of reaction ofAsHy = 184 + 14 kJ/mol,
estimated from established enthalpies of form#&fdhand a
theoretical electron affinity calculated here at the CCSD(T)/
aug-cc-pVTZ level, EA(CIBr)= 2.47 £ 0.13 eV. The error
bars for EA(CIBr) are estimated by comparing the CCSD(T)/ Product Velocity Distribution Results and Discussion
aug-cc-pVTZ values for the EA(Br = 2.51 eV and EA(G) 1. Br~ 4+ CHsCl Products. The relative axial velocity
= 2.43 eV with experimental values shown in Tabl&3# distributions for the § products at a series of collision energies
Good agreement between the threshold energy and theoreticahre shown in Figure 9. For isotropic scattering, the axial velocity
values supports the accuracy of EA(CIB¥)2.47 + 0.13 eV distributions peak at zero velocity in the center-of-mass frame
from the CCSD(T) calculation. because side-scattered ions {@feflection angle) have zero

At about 3 eV, the CIBT cross sections exhibit a second velocity component along the beam direction for all azimuthal
stronger rising feature increasing to 101076 cn? by 6.0 angles 6-27. Scattering is described as "forward" when the
eV. The 3 eV onset energy is coincident with a decreasy®y S  product that contains the chlorine atom is scattered in the
cross section and the energy where the CID reaction to form direction of the reactant Clion velocity vector. That is, the

Cl~ + CH3Br — CHs + Br + CI~ may proceed. Cross sections
for the CID reaction are not measured because thep@iduct
is indistinguishable from the Clreactant ion by mass. The

measured Br velocities have been converted into relative c.m.
velocities according to eq 9 with a change of sign to represent
scattering of neutral C¥Cl. At the lowest collision energy of

CIBr~ cross sections appear to be enhanced at the energies wherg.10 eV, the §2 product velocity distribution is symmetric with
the CID reaction can proceed. This behavior has been previouslyrespect to the c.m. velocity, which is consistent with complex
recognized-2®> and might be explained by the association of formation and isotropic scattering. The peaks of the velocity
the two halide species from an impulsive dissociative process distributions move toward forward scattering at collision ener-
resulting in the dihalide ion. Above 6.0 eV, the CiBcross gies from 0.2 to 0.5 eV, then a new backscattered peak grows
sections decline because of further dissociation of CtBrCI~ in at 0.5 eV and higher. These asymmetric distributions are
+ Br. experimental proof of direct reaction mechanisms.

Similar cross section behavior was previously observed for ~ Figure 9 shows that most of the product velocities fall into
FCI~ formation from the reaction+ CHzCI.1! In the previous the range where the detected Bons have forward velocity in
work a minimum structure was located on the PES for the front- the laboratory frame. However, a fraction of the Bons could
side halide abstraction reaction. A minimum structure for the be backscattered in the lab and lost. Judging by the peak
front-side attack mechanism for reaction 3 is also found here, velocities and shapes of the velocity distributions, the impact
calculated at MP2/aug-cc-pVDZ level, and is shown in Figure of backward scattered ions on the integral cross section
6b. However, this minimum is shallow-0.11 eV relative to measurements is less than 15% below 1 eV and negligible at
Cl= + CHsBr) and might not be important for a direct higher collision energies.
abstraction reaction at elevated energies. At the energies of The product velocity distributions from phase space theory
reaction 3, theC, front-side transition state region of the PES, are displayed in Figure 9. The PST velocity distributions are
Figure 6a, can also be accessed. less sensitive to molecular parameters than are the PST reaction

3. Dissociative and Detachment Channel3.he CH,CI~ and rates, and they vary fairly slowly with collision energy. Little
CH\Br~ cross sections (Figure 4) are near the detection limit difference is found between our molecular parameters (Table
and were measured at a single pressure with low resolution to2) and those used by Graul and Bow#&33 Also shown in
maximize sensitivity. Determination of the exact masses of theseFigure 9 at 0.10 eV is the contribution of experimental energy
species was impractical because the weak signals fall belowbroadening to the PST model. The broadening effects on product
velocity distributions are minor.

a. Lowest Collision Energy, 0.10 eVThe velocity distribu-
tion of §y2 at the collision energy of 0.10 eV is symmetric and

(85) Baede, A. P. MPhysical972 59, 541-544.

(86) Dispert, H.; Lacmann, KChem. Phys. Lettl977, 47, 533-536.

(87) Hughes, B. M.; Lifshitz, C.; Tiernan, T. Q. Chem. Physl973 59, 3162-
3181.

(88) Chupka, W. A.; Berkowitz, J.; Gutman, D.Chem. Physl971, 55, 2724~
2733.

(89) White, N. R.; Scott, D.; Hug, M. S.; Doverspike, L. D.; Champion, R. L.
J. Chem. Phys1984 80, 1108-1115.
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agrees well with the prediction of the PST model. The
symmetric, statistical scattering at 0.10 eV indicates that the
Sy2 reaction is complex-mediated at the lowest collision
energies.

The trajectory calculations of Hase and co-workéfs?®
show nonstatistical dynamic bottlenecks in the energy transfer
from the inter- to the intramolecular modes of ¢B#. At a
collision energy of 0.10 eV, Figure 9 shows that the velocity
distributions are nevertheless statistical according to the PST
model. That is not necessarily inconsistent with the reported
nonstatistical effects in the entrance channel, because the product
energy distribution reflect the dynamics of reactive trajectories
that have made it through the bottlenecks to the complex and
over the barrier. That is, the product energy distribution can be
statistical even if the overall bimolecular reaction is not
statistical. For example, a trajectory st8¥ighows that strong
coupling in the exit channel can lead to statistical product
energies even when the unimolecular lifetime is non-RRKM.

The statistical behavior observed fa2ZSvelocity distributions
at 0.10 eV can be compared with previous work on metastable
Cl=---CH3Br complex dissociation by Graul and Bowé&fs3
who reported kinetic energy release distributions for the products
Br~ + CHs3CI. They observed significantly narrower kinetic
energy release distributions experimentally than predicted by
PST, implying higher internal excitation of GHI. Although
that result is different than observed here at 0.10-eV c.m., the
experimental conditions are also significantly different. For the
metastable ion dissociation experiment, the-€CH;Br adducts
are formed by association reactions in the ion source between
ClI~ ions and CHBr at a pressure of 0.65.1 Torr. Only at
these relatively high source pressures were the metastable
Cl~---CHg3Br ions detected in the experiment, which requires
Cl~--CH3Br lifetimes of 10-20 us before dissociatiof?-33
Collisions in the ion source significantly cool the internal energy
and angular momentum distributions of the metastabte-€l
CHsBr complexes, but this initial ion internal energy distribution
is poorly characterized. No matter what the source ion energy
distribution, however, the subsequent metastable ion dissociation
preferentially samples complexes with energies below reactants
and just above the central barrier, i.e., below 0 eV and probably
closer to—0.095 eV. In contrast, the present experiments sample
all of the angular momenta from random impact parameters in
a single bimolecular collision, at a mean total energy of 0.15
eV for the nominal collision energy of 0.10 eV (including the
mean energy of the kinetic energy distributiband the CH-

Cl internal energies at 300 K). The contrast between the
statistical product energy distribution in the bimolecular reaction
here and the significantly nonstatistical behavior found in the
meta_lsta_ble ion _study may be attributed, therefore, to different 6000 4000 -2000 0 2000
distributions of internal energy and angular momentum. W(CH,CI) — u(Br) / m s
Hase and co-worke¥slhave also used trajectory calculations _ _ S ,
Figure 9. Relative axial velocity distributions for the products of reaction

to investigate energy disposal into products on three different 2 at 0.10, 0.20, 0.25, 0.5, 1.0, and 4.0 eV. Circles are the experimental

potential energy surfaces. Striking differences were found in resuits with the solid line showing the phase space theory velocity
the detailed dynamics obtained from the three surfaces. Onedistributions, which peak at zero c.m. velocity. The PST model convoluted
PES gives a cold relative translational energy distribution in ©ver expgrlmental energy dISFrIbutIOI’].S is shovyr_1 by the dotted line at 0.10

t with the Graul and Bowers experiment. The OthereV. Po_smve values of the axial reIapve velocities corr_espond to forward
agreemen g ) P AR scattering of the CECI product relative to the Clvelocity vector. The
two surfaces yield product translational energy distributions dashed vertical lines are the relative velocities above which theidrs
similar to and a factor of 3 more energetic than the PST would be backward scattered in the lab frame.

statistical prediction, respectively. Hase and co-worers

relative probability

concluded that trajectories on a higher-level ab initio potential
(90) Hase, W. LChem. Phys. Lettl979 67, 263-266. energy surface would be required to elucidate all aspects of the
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kinetics and dynamics. For comparison with experiments,
dynamics calculations also need to take into account the different
energy and angular momentum distributions and the kinetic time
windows of various experiments. The total energy used for the
classical trajectory calculations on @QCH3Br) complex de-
compositiod® was 11.3 kJ/mol or 0.12 eV above reactants,
similar to the mean total energy of the guided beam experiment
at 0.10-eV c.m. collision energy, but significantly higher than
the energies sampled in the metastable ion dissociation experi-
ment of Graul and Bower®:33

Viggiano and co-workeP8 observed that at fixed kinetic
energy the rate constants for reaction 2 remain unchanged when
the CHBr temperature is varied from 207 to 564 K, while the
rates decline for a comparable increase in kinetic energy. That
is in contradiction of statistical behavior as modeled by RRKM
theory3® which shows higher rate constants with increasing
internal temperature (although the RRKM maodetlid not
consider the effect of the experimental kinetic energy distribu-
tions). We cannot directly compare the temperature-dependent
rate coefficients with our energy-dependent cross sections or
product velocity distributions because the $BiH temperature
cannot be separately controlled with the current experimental
apparatus. Our product velocity distributions are sensitive to a
different part of the dynamics than are the rate coefficients
versus reactant internal energies in the work of Viggiano and 12000 -8000 -4000 O 4000 8000 12000
co-workers?t w(BrCl) - u(CH,) /ms™

b.' ngher Collision Energies. With just a Sma!l Ingregse .Of Figure 10. Relative axial velocity distributions for the products of reaction
collision energy to 0.20 and 0.25 eV, the velocity distributions 373t 22, 4.0, and 6.0 eV. Positive values of the relative axial velocities
become decidedly asymmetric with a preference for forward correspond to forward scattering of the CtBsroduct relative to the Cl
scatering of the CHCI product, as extibited in Figure 0 L0l erl Tt ol ) e e e e Gy
Forward scattering implies that. the .reacyon is .not statistical, ;s would be backward scattered in the lab frame.
for which the complex would dissociate isotropically. Asym-

metric scattering results from an interaction between the gy js due to competitive dissociation channels. The high internal
reactants on a time scale less than a rotational period of thegycitation of CHCI also absorbs energy that might otherwise

complex (about 102 s). Asymmetric scattering confirms that  cayse collisional electron detachment, which was obs8tved
the reaction mechanism is changing from the complex-mediatedqp|y apove 6 eV.

to a more dlrect mechanllsm. This behawor is consistent with 5 ~|g— + CH3 Products. Velocity distributions for the Br
the more rapidly decreasing cross sections over the range 0.2 gpqiraction reaction at a series of collision energies are shown

0.6 ev. in Figure 10. At 2.2 eV, just above the threshold, the CIBr

The velocity distribution at 0.5 eV in Figure 9 shows that product exhibits nearly symmetrical scattering around the zero
there are two independent mechanisms with the forward- center-of-mass velocity. The symmetric scattering may also
scattered peak now centered around 750 haed a new weaker  indicate a relatively long interaction between the reactants or
backscattered peak atLl000 m s*. The backscattering feature  products as they pass along the PES. Halogen abstraction has
becomes dominant at 1.0 and 4.0 eV. Backward scattering of previously*2>been identified to proceed via a steep exit surface,
CHsCl is consistent with a direct rebound mechanism. This new indicating that the important interaction is between the products
behavior cannot be explained by front-side attack because theas they surmount the exit barrier. Figure 10 shows asymmetric,
energy is below that of th€, transition state (Figure 6), at  strongly backscattered velocity distributions for CiBat
least near the threshold of the feature. Instead, it is most likely collision energies of 4 and 6 eV, corresponding to the second
due to a combination of a new efficient direct, impulsive rising feature of the CIBr cross section (Figure 3). The observed
backside attack mechanism and angular momentum constrainthackscattering indicates that a direct rebound mechanism is
at higher kinetic energies that favor collisions with low-impact responsible for this feature. This behavior is consistent with the
parameters. impulsive rupture model discussed earlier where-V energy

At a collision energy of 4.0 eV, the Gl velocity distribu- transfer results in CH.Br dissociation, and an association of
tion peaks at about 3000 m s. Converting the peak velocity  the halide species to form CIBris responsible for the cross
into a kinetic energy release for reaction 2 gives 1.4 eV. The sections at energies above 3 eV. A direct rebound mechanism
available energy for products is approximately 4.4 eV, which is also exhibited by & at energies above 0.6 eV. Br abstraction
means about 3.0 eV remains in the internal degrees of freedomlikely results from front-side attack whilen@ proceeds via
of CHsClI, on average. Such high internal excitation is close to backside attack. Competition between these two direct mech-
the dissociation limit of CHCI, which supports the conclusion  anisms explains the decrease in the Bross section above 3
that the decline in the total cross section for reaction 2 above 4eV.

relative probability
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The peak scattering of CIBwvelocities at 6.0 eV can be used over the {2 barrier. Trajectories at those energies must pass
to estimate a relative kinetic energy release for reaction 3 of over the saddle point closely parallel to the reaction coordinate,
approximately 2.5 eV. The total energy available for the products which is a vector pointing toward the product channel but with
is approximately 4.3 eV, giving internal excitation of 1.8 eV a large fractional component of GHCI vibrational motion.
for CIBr— + CHs;. The available energy is more evenly Assuming a straight trajectory from the saddle point and using
distributed in the direct front-side mechanism of reaction 3 than geometric considerations in the mass-weighted coordinate
in the direct backside mechanism of reaction 2. Direg2 S  systemd? of the PES in Figure 8, one can estimate that about
backside attack enforces the inversion of the methyl group, 88% of the available product energy would initially appear as
whereas front-side attack results in the rearrangement from avibrational energy?! With a reaction exoergicity of-0.32 eV
tetrahedral ChBr to planar geometry of Ci The energy and an initial total energy of-0.095 eV, that corresponds to
deposited into internal energy for reaction 3 can account for 0.20 eV in vibrational energy, in good agreement with the 0.17
the dissociation of CIBT, for which Do(CIBr~) = 1.3 eV. The eV of “fixed” vibrational energy reported by Graul and
dissociation of CIBr — CI~ + Br explains the decline of the = Bowers33

CIBr~ cross section observed in Figure 3 for collision energies At the h|gher collision energy accessed in the present
above 6 eV. experiments (about 0.1 eV or 10 kJ/mol), reactive trajectories
can pass over the barrier with a wider range of energy in degrees
of freedom perpendicular to the reaction coordinate and at
geometries farther away from the saddle point. Reactive
On the whole, the present results demonstrate Stmng|ytrajectories can include those that have passed through more
nonstatistical behavior for reaction 2. Except at the lowest than one turning point in the entrance channel, either in the
collision energy, the product velocity distributions exhibit COmplex region or bouncing off the inner repulsive wall. These
asymmetric forward or backward scattering, proving that the effects will tend to randomize the energy distributions as the
reaction mechanisms are direct and definitely nonstatistical. System passes over the barrier region and through the exit
Below 0.2 eV, the reaction cross sections are smaller by a factorchannel, leading to statistical behavior as regards product
of 4-8 than predicted by phase space theory, in qualitative velocities. At still higher energies, trajectories can reflect off
agreement with classical trajectory calculatfofid6.2%hat show the repulsive wall and pass directly to thg23roduct channel
dynamic bottlenecks for formation of the entrance-channel Without complex formation, accounting for the observed asym-
complex, nonstatistical energy transfer within the complex, and Metric product energy distributions.
non-RRKM recrossings of the central barrier. Despite the observed statistical product energy distribution

The Si2 product velocity distribution at the lowest measured at low collision energy, the magnitude of the cross section of
collision energy (0.1 eV) is the single experimental observation réaction 2 is 4-8 times lower than predicted by phase space
in the present work that implies statistical behavior. The velocity theory and 250 times lower than the iedipole capture cross
distribution is symmetric about the center-of-mass and agreessection. It is useful to elucidate the reasons for the low reaction
with the prediction of phase space theory as shown in the top €fficiency. In the PST model, the iemmolecule complex is
panel of Figure 9. Although we cannot measure product formed at the collision-capture rate on the long-range electro-
distributions down to room-temperature kinetic energies (0.026 Static potential. The most important factors in PST favoring
eV), it would be surprising if the product distributions become back-dissociation to reactants over the formationi Sroducts
asymmetric again at lower energies for single bimolecular are (1) the relative densities of states of the two dgcomposmon
collisions. Thus, it appears that statistical behavior is likely for channels and (2) angular momentum constrahisigure 11
the product energy distributions for the thermal bimolecuje S shows the calculat_ed rovibrational sums of states of the two
reaction, regardless of nonstatistical behavior of other aspectschannels as a function of energy. The sums of states of the loose
of the reaction. Once the system achieves its way through transition state for the Cl+ CH3Br entrance channel quickly
suspected dynamic bottlenecks to the central barrier, the degree§Vertake those of the tightd transition state, favoring the back-
of freedom for products are randomized. decomposition to reactants by a 13:1 at a total energy of 0.15

In contrast, Graul and Bowe#s® observed nonstatistical €V @Pove the Cl + CHsBr reactants? Thus, the low density
product energy distributions from metastable dissociation of of states of the t'ght_ transfmct:n state Iat the central barrier
Cl—---CH3Br complexes, with excess vibrational excitation of disfavors decomposition of the complex tQu2S products.
the CHCI products compared with the phase space theory However, the calculated factor of 13 is far smaller than the
prediction. The difference between those experiments and the®PServed factor of 250 compared with the tafipole capture
present work on the bimolecular reaction can be explained by model. Therefore, the den_S|_t|es of states only partly explain the
the different energy and angular momentum distributions in the observed low reaction _efﬂmency. _ _
two experiments. The long-lived metastable ions have energies  The effect of the orbital angular momentum on reaction 2 is
below those of a nascent bimolecular collision and just above illustrated in Figure 12a. This shows a calcula@g collinear
the central barrier£0.095 eV relative to reactants). Referring

i i i i 91) Based upon the velocity vector tangent to the reaction coordinate at the
to the pseudocollinear pOtemlal energy.surface !n Flg.ure .8’ we () barrier foPming a70anglgwith the C—Igr translational coordinate. Because
can speculate on a dynamic explanation for high vibrational this simple model assumes no energy transfer between vibration and
excitation of the metastable dissociation products. The required . ranslation in the exit channel, it is probably an upper limit.

. e . R . (92) At higher energies, beyond those shown in Figure 11, the preference for
long metastable ion lifetime (320 us) kinetically selects the back-reaction declines to a minimum of 2:1 at 8 eV. The sum of states
complexes that are trapped in the entrance well with barely high for the 2 transition state below the energy of reactants is extremely small

(<300), suggesting that quantum effects could be important for the
enough energy (and low enough angular momentum) to pass  metastable ions observed at those energies by Graul and B##ers.

Statistical and Nonstatistical Behavior in the ClI -+
CH3Br S\2 Reaction
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Figure 11. Rovibrational sums of states for the 'Ck CH3Br reactants

(loose transition state) and the [€THz--Br]~ Sy2 central barrier (tight 103 L) L )
transition state) calculated from the molecular parameters in Table 2 using
Beyer-Swinehart Steir-Rabinovitch direct counting, as a function of the
energy above Cl + CHzBr. The arrow marks the mean total energy
(translational and internal energy) of 0.15 eV that pertains to the nominal o 10
collision energy of 0.10 eV c.m. in the present experiments.

ion-dipole capture

2

/

central barrier
— ~—

-~

11 |u,u|l

potential energy curve at the MP2/aug-cc-pVDZ level, with the 10!

effective centrifugal potential added in for several values of the
orbital angular momentum. Details of this treatment have been
given previously?® Figure 12a illustrates that the effective
potential at the @ transition state is far more important in
limiting the reaction than is the centrifugal barrier in the entrance 10
channel. A simple collision model described previo&slyan T Ty :

be used to predict the maximum reaction cross section for 0.1 1

overcoming the effective potential barrier as a function of Energy / eV

collision energy. This model is shown in Figure 12b. The ggyre 12 (a) Effective potential energy curves for reaction 2. The lowest
angular momentum barrier reduces the cross sections by abouturve is the potential energy calculated at the MP2/aug-cc-pVDZ level.
an order of magnitude from the iewlipole capture cross section The higher curves are the effective potential energies for increasing amounts
at 0.1 eV. Figure 12b shows that the energy dependence of theﬁfzo(;:"lt_"’z" ingg’u'f‘é‘”;?gg’t“ﬁ’igz) :er?]%’aﬁgghggohqi%c; i?gszjsﬁionsl
PST cross sections largely follows the trend for crossing the collision-capture cross section for CH CHsBr calculated for the ios
central angular momentum barrier, illustrating the importance dipole potential using the parametrized trajectory calculations &¥(Salid

of the conservation of orbital angular momentum generated by !iné). Cross section for crossing the angular momentum barrier atyhe S
the collision®? central barrier (dashed line). Phase space theory model (solid dots).

Experimental cross sections from the present work (open circles). The model
Thus, the inefficiency of the © reaction as predicted by cross sections do not include convolutions over internal or kinetic energy
PST is a combination of the low density of states and the high distributions.
angular momentum barrier at the centraRSransition state.
The details of explicit conservation of total angular momentum ) -~ o i
(orbital and rotational) also play a role in the PST model. The  1he bimolecular nucleophilic substitution\d reaction C
remaining deviation between the PST model and experiment T CHsBr — CHsCl + Br displays five distinctive patterns of
can then be attributed to “nonstatistical” effects, assuming that P€havior for the collision energies of 0:684 eV.
the PST model accurately represents the statistical limit. Because (1) For low collision energies from 0.06 to 0.2 eV, the2S
of approximations in the PST model and because the PST andreagﬂon cross se(.:tllons exhibit Iqwer reaction eff|C|ency t.ha}n
RRKM approaches give different rate constaft& that as- the ion—dipole coII_ls_|on cross section or than pred|cte_d statisti-
sumption is not necessarily reliable at low energies where the C2lly- The low efficiency of the reaction can be attributed to
primary deviation from experiment is the magnitude of the cross the low density of states and high angular momentum barrier
sections. However, the observed energy dependence of the cros@t the central § transition state, with possible additional
sections and the product velocity distributions at higher energies/Nefficiency due to nonstatistical dynamic bottlenecks  for
(>0.2 eV) are clearly different than the statistical prediction. éaching the 2 central barrier as predicted by trajectory
calculationst1516 The velocity distribution of symmetrically
(93) For calculating the central barrier collision model cross section, we used a scattered CkCl + Br~ products at 0.10 eV agrees with an
moment of inertia ?btsheedﬁﬁf{l'ggﬁgse:ggggg‘?h&tge wﬁ&?@gﬁ?@ﬂhe”m' isotropic statistical distribution predicted by PST, implying
0.16 cmr? from A = 4.85 cmi andB = C = 0.030 cn1t (Table 2). The statistical behavior in the exit channel for the bimolecular
magnitude of the effective potential depends strongly on this rotational ragction at near-thermal energies.

constant. Because the [GCH;-Br]~ transition state is highly nonspherical .. . X
and because the angular momentum barrier is especially important for this ~ (2) At collision energies of 0:20.6 eV, the §2 reaction cross

reaction, explicit consideration of the transition state as a symmetric rotor ; ; h
could affect the PST reaction probabilities, even though as a general rule sections decrease with a greater slope thar-tbpole capture

the spherical rotor approximation has been found to be acclirzie or phase space theory and have asymmetric product velocity

Ll

10°

Cross Section/ 107" cm
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distributions with CHCI forward scattering, showing thatenergy 2 and 3 in various energy regimes, adding to previous
disposal is definitely nonstatistical. The reaction proceeds experimental information about this system. Great insight into
through an intermediate with a lifetime less than a rotational the mechanism of reaction 2 has also been provided by theory,
period of the complex and changes from the complex-mediatedincluding classical trajectorié$>16:36and quantum dynamics

to a more direct reaction mechanism. calculationgt2:20.21.28However, because of uncertainties in the

(3) At 0.6—3.0 eV the cross sections for reaction 2 exhibit a potential energy surface, issues with treatment of zero-point
new rising feature and the velocity distributions show thagCH  vibrational energy for classical trajectories, and limits on the
Cl is backward scattered. The behavior is explained by a new number of degrees of freedom that can be treated in quantum
direct rebound reaction mechanism but still with backside attack calculations, quantitative theoretical descriptions of this system
at least near the threshold of this feature. The increasing remain a challenge.
efficiency can be explained by the opening up of the orienta-
tional cone of acceptance and reflections off the inner repulsive
wall more favorably directing trajectories toward the product
channel at higher energies.

(4) At energies above 3.0 eV, th@Zcross section declines
due to competition from the Cl+ CHzBr — CH3; + CIBr~
reaction. The Br abstraction reaction rises from its thermody-
namical threshold at 1.3 0.4 eV. A small initial rise in the
cross sections are accompanied by a velocity distribution
exhibiting close to symmetrical scattering. A second stronger
rise in the CIBr cross sections is observed at energies above
3.0 eV with the velocity distributions now showing a backward
scattering. The direct rebound behavior is consistent with an
impulsive front-side attack competing with the direct backside
attack of R2.

(5) At higher energies, both the;&and bromine abstraction
cross sections decline because of dissociative channels producin
CI~ or collisional electron detachment.

The product velocity distributions measured in this work have
uncovered several different reaction mechanisms for reactionsJA021003+
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