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Kinetics of the reaction Bi+ CH,CIBr <= CHCIBr + HBr (1, —1) were studied experimentally in the forward
direction. The absolute reaction kinetics method of laser flash photolysis coupled with Br atom resonance
fluorescence detection and three different relative-rate methods with gas-chromatographic analysis were applied
to carry out the experiments. The rate constants determined were found to obey the Arrhenius law in the
wide temperature range @f= 293-785 K providing the kinetic expressida = (2.8 + 0.1) x 10" exp[—

(47.6+ 0.3) kJ mol'/RT] cm® mol~* s* (the errors given refer todlprecision). An ab initio direct dynamics
method was used to study reaction (1]1) theoretically. The electronic structure information including
geometries, gradients, and force constants was obtained at the MP2 level of theory; and energies were improved
at higher theoretical levels. Rate constants were calculated using the canonical variational transition state
theory with small-curvature tunneling correction over the temperature rangel®00 K. Theory substantially
underestimate&; compared to experiment. The agreement was found good kvitlieported previously
predicting positive temperature dependence. The experimental kinetic parameters were utilized in thermo-
chemical calculations yielding the recommended standard enthalpy of formatighlGbs (CHCIBr) = (140

=+ 4) kJ mol* (with 20 accuracy given).

1. Introduction provide data for comparison with theory in a wide range of
q temperatures. A further motivation has been to determine a
reliable enthalpy of formation value for the CHCIBr radical by
combining the kinetics information from the present study with
that available for the reverse-{) reactiont®

Both absolute and relative-rate (competitive-kinetics) methods

Br + CH,CIBr <> CHCIBr + HBr (1,-1) are used in the experiments to be presented. We have found
these methods to be essentially complementary to each other

Bromine atoms are known to be highly effective in depleting for the purpose of the present study. Reaction 1 is relatively
the Earth’s ozone layer through catalytic cycleShe main  gjow for absolute techniques, and therefore the absolute kinetics
source of Br is CHBr, but CHCIBr is also a permanent  measurements were carried out at elevated temperatures, while

biogenic halocarbon that contributes to the bromine load of the e relative-rate techniques were better suited for investigations
atmospheré_# (Br without the spectroscopic term symbol 4t |ower temperatures down to ambient.

designates ground-state B?¢,) atom throughout the paper.)
Experimental studies of the kinetics of equilibria involving
the reactions of Br atoms with organic molecules have been a
major source of thermochemical information on polyatomic free
radicals for more than 60 yeats? To add to this importance,
the long-lasting debate continues in the chemical kinetics an

dynamics literature on whether the reactions of hydrocarbon b . . di d Hessi “on the fiv". al
free radicals with HBr have positive or negative temperature ﬁ/usmg gnerglers], gSra ;:ants, an essla;]ns, gnt ety aOfrIglJI
dependence. (For recent developments of the debate see, e.giN€ reaction path. Such an approach has been successtully
refs 9-15.) applied for several hydrogen abstraction reactions; see, e.g., refs

We have decided to study the kinetics of the reaction of Br 17—19. Finally, in a third step, we obtain kinetic information
atoms with CHCIBr (reaction 1) with the main objective to by performing variational transition-state theory (VTST) cal-

culations with the inclusion of multidimensional tunneling

T Part of the special issue “David M. Golden Festschrift’. . effects (SCT).
un;fg;“fj%"f]g')”g authors. E-mail: dobe@chemres.hu (S.D.); joaquin@  To our knowledge, this is the first report of a combined

# Permanent address: Wroctaw University of Medicine, Department of €XPerimental and direct dynamics study for a Br atom
Chemistry, pl. Nankiera 1, 50-140 Wroctaw, Poland. reaction.
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Experimental and theoretical studies of the kinetics an
dynamics of “bromination equilibrium reactions”, such as
reaction (1,—1), have been and continue to be the focus of
research interest for several reasons.

In the present work, we perform a theoretical study of reac-
tion (1, —1), i.e., in both directions. We first calculate the
stationary point properties by using high level ab initio methods.
In a second step, we apply theoretical information along the
d reaction path in a way which is usually referred to as a “direct
dynamics” method? This method describes a chemical reaction
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Figure 1. Schematic drawing of the experimental setups used for kinetic studies of the reaction of Br atoms ¥@tBICHP/RF = laser flash
photolysis/resonance fluorescence absolute kinetics method. RR(A}GE&ative-rate method: photobromination with gas-chromatographic
determination of products. RR(B)/GE relative-rate method: photobromination with gas-chromatographic determination of the consumption of
reactants. RR(C)/GE relative-rate method: thermal bromination with gas-chromatographic determination of productsmMBl reactor equipped

with water-cooled window holders, SR Suprasil reactor, PR= Pyrex reactor, QR= quartz reactor; SW= Suprasil window, BaF2\W= BaF,
window, CaF2W&L= Cak, window and Caklens, SL= Suprasil lens; IRF= infrared filter, COF= cutoff filter, WF = water filter; M = Al

mirror; SH= shutter; GC= sampling port for GC analysis; RH regulated resistance heating, FHthermostat; TG= retractable thermocouple;

PM = photomultiplier.

2. Experimental Section (0.1%)/He through a microwave discharge, was attached directly
to the reactor through a Caklwindow. The induced Br atom

. Fo_ur experiment_al techniques were applied to study the resonance fluorescenceé £ 160 nm) was detected by a solar-
kinetics of the reaction of Br atoms with GEIBr. A schematic blind PM at right angles to both the laser beam and the RF

‘F’TaW'”gl of the ex:oen:nental Setps 1s pres?r&t‘ed 'Sb':'gwt? L analytical light beam through a Baklter (1 = 135 nm). The
u;%lg?n ts:zltersre?]tsoaoesrummarlze some ot the abbrevia IonsBal'7 filter prevented the possible impurity radiation of excited
Paper. O and Cl atoms from entering the photomultiplier. Dry\Was

Lg-l- Abf"('ju'[? rl1<ir_1etics Telchgique.Laser f:(?Sh PhotolySiS  own in front of the PM tube to prevent absorption of the Br
(LP) coupled with time-resolved resonance fluorescence Spec-g¢onance fluorescence radiation by O

trometry of Br atoms (RF) was applied to determine absolute Th " it fl th h th Il at ¢
rate constants for reaction 1. The apparatus and methodology € reaction mixtures were flown through the cell at a rate
sufficient to replenish its content after four or five laser flashes

were very similar to those described previou®!
y P - #0 that the complications from product accumulation could be

The reactor was constructed of stainless steel and heate ! voided. The main He flow and the GEIBr flow, premixed
electrically. A recently installed temperature controller provided P
(~10%) in helium, were regulated by an electronic mass flow

stability of the reaction temperature within0.5 K (T ~ 750 . .
Y P 4y controller and a needle valve, respectively. The concentration

K). (The quoted uncertainties throughout this paper arefl . T . ;
the measurement precision, unless otherwise stated, and do no f CHCIBr was obtained by measuring its partial flow with
e pressure-rise method and from the overall pressure in the

include estimated systematic errors.) The reaction temperature
was measured in the middle of the cell with a retractable "€actor. Br atom fluorescence decay traces were captured by a

shielded thermocouple. Optical windows were attached to the digital storage oscil.loscepe and transferred to a PC for averaging
reactor through water-cooled, O-ring-sealed flanges. and further analysis. Signals from 562000 laser shots were
The 248 nm exciplex laser p;hotolysis of the reactant molecule averaged to increase the signal-to-noise ratio. The detection limit

CH,CIBr proved to be a convenient source of Br atoms. The for [Br] was less than 3¢ 107 mol cn™.

laser energy entering the reactor was kept low and changed by The LP/RF technique was used at the highest temperature
means of metal sieves when the £HBr concentration was  'ange of the investigations (= 699-785 K).

varied in the kinetic experiments in order to maintain a small,  2.2. Relative-Rate TechniquesIn the relative-rate ex-
approximately constant initial Br atom concentration ({B¥ periments rate constant ratioky/k,, were determined. The
(2—5) x 1071 mol cn13). In the present arrangement, the Br reference was the reaction of Br atoms with neopentane (2,2-
atom resonance fluorescence lamp, operated with flowing Br dimethylpropane) for which absolute kinetic parameters are
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available from our previous study. K, in the whole reaction volume. The photolysis time was varied
between 20 and 300 min, and the conversion of the reactants
Br + neoC;H;, — neoC.H,; + HBr 2 was in the range of 655%.

Samples for analysis were withdrawn by a gastight syringe

Sources of Br atoms were either the stationary photolysis or through a septum connected to a glass capillary tube which
the thermal decomposition of Br reached in the center of the bulb. The dead volume of the

RR(A)/GC Method Application of this method involved  sampling line was evacuated and flushed before sampling.
performing competitive photobromination experiments with  The concentrations of the organic reactants were determined
CHCIBr/neoCsH12/Bra/He mixtures in combination with gas-  py temperature programmed gas chromatographygusi@ m
chromatographic determination of the products CHel@nd  porapak P column and FID. Calibrations against the internal
neoCsH11Br. The experimental apparatus and procedure were standard were accomplished with gas samples of known
similar to those described, e.g., in refs 22 and 23. The RR(A)/ composition.
GC measurements were carried out at and above room temper- RR(C)/GC MethodThe source of Br atoms was the thermal
ature in~120 K temperature interval. decomposition of B, and here again products were measured

The reactor was a cylindrical Suprasil cell of 150%ralume 1y GC. The 180 cihcylindrical reactor was made of fused silica.
equipped with plane-parallel windows. It was surrounded by a |t \yas placed in an electric oven, in which forced air circulation
thermostating oil jacket allowing the reaction temperature t0 provided uniform temperature withi0.5 K. The temperature
be kept constant withie-0.2 K. Br/He and (CHCIBr + neo was regulated by means of a feedback system the sensing
CsHiz)/He mixtures were prepared manometrically in a con-  element of which was a Pt resistance thermometer. The transient
ventional vacuum line and stor_ed in large volum_es. The reaCta”tStemperature regimes were minimized by using capillary tubing
were admixed in the photolysis cell and were filled up to 1 bar j the gas-filling/sampling lines. Also, the reaction components
with He. Irradiation was made by the parallel light beam of @ \yere premixed and preheated to 413 K in a separate volume
high-pressure mercury arc. A 350 nm cutoff filter was applied pefore entering the reactor. Gas-chromatographic analyses were
to prevent the photodecomposition of the organic reactants andgyone as described above for RR(A)/GC. The temperature range

products while allowing the photolysis of BrThe irradiation a5 the closest to that of the LP/RF investigations but not yet
time was varied from 1.5 to 180 min depending on the reaction overlapping T = 435-583 K).

temperature to keep the formation of the secondary bromination  p1aterials. He (99.996%, Messer-Hungaria) was used as
products as low as possible. The conversion onOB_r and provided. CHCIBr (99%, Aldrich), neoCsH1, (99%, Fluka),
necCsHi, was always less than 7%. No dark reactions were CHCIBr, (98%, Aldrich), neoCsH1:Br (98%, Aldrich), and
observed even at the highest temperature photolytic experiment%_cﬂz14 (97%, Fluka) were degassed by freepaimp—thaw

(T = 413 K). The reaction products were measured by cycles prior to use. Br(99+%, Aldrich) was stored over KBr

isothermal (383 K) gas chromatography @sm 3 mdinonyl-  an4 subjected to several low-temperature trap-to-trap distillations
sebacate (10%)/Chromosorb W column and a flame ionization {5 remove traces of Gl

(FID) detector; N was the carrier gaghe photolysis cell was

_equipped with a GC sampling port, which inclu_ded a septum 3 Computational Method

joint and could be evacuated separately. After irradiation, the

sampling line was flashed through with the reaction mixture  3.1. Ab Initio Calculations. Molecular orbital calculations
and samples for GC analysis were withdrawn by a gastight were carried out using the GAUSSIAN 98 system of pro-
syringe. Measured peak areas were corrected for the relativegrams?® The geometrical parameters were fully optimized
sensitivities of the detector response that was accuratelyat the second-order MgllePlesset perturbation (MP2) theoreti-

determined by calibrations with authentic samples. cal levef® with full electron correlation using the 6-31G(d,p)
RR(B)/GC MethodThis is also a photolysis method, but in  basis set. Singlet states (molecules) and doublet states (radicals)
this case the consumption of the reactants,,CBr and were calculated applying the restricted version (R) and the

neaCsH1,, was measured and compared. Similar experiments unrestricted version (U) of the theory, respectively. This is our
were described, e.g., by Bierbach et?4alThe RR(B)/GC  level 0 ((R-UMP2=FULL/6-31G(d,p)).
experiments were conducted in a 10 L Pyrex bulb, close to room At this MP2/6-31G(d,p) level we have constructed the
temperature. “intrinsic reaction coordinate” (IRC), or minimum energy path
The reaction mixture, besides @EIBr, neaCsH1,, and B, (MEP), starting from the saddle point geometry and going
contained also an inert gas-chromatographic internal standard downhill to both the asymptotic reactant and product valleys in
perfluoro-methyl-cyclohexane (c7E.4), in order to determine mass-weighted Cartesian coordinates with a gradient step size
the consumption of the organic reactants even at low conversionsof 0.02 bohr amt2. Along this MEP, the reaction coordinate,
accurately. The organics andBvere measured into the reactor S, is defined as the signed distance from the saddle point, with
manometrically, and the total reaction pressure was set to 1.0s < 0 referring to the Br+ CH,CIBr reactants’ side. In the

bar with He. present works is given in bohr, and the reduced mass to scale
For photolytic production of Br atoms, we used a modified the coordinate¥ is set to 1 amu. Moreover, both the harmonic
movie projector, the light source of which wa 3 kW Xearc. vibrational frequencies and the reaction path curvature compo-

A parabolic reflector collimated the light of the Xe arc to a nents were computed each two points along the reaction path
parallel beam of about 30 cm diameter. The IR component from in the ranges = £1 bohr.

the irradiating light beam was removed by means of a heat In a second step, in order to obtain more reliable reaction
reflecting mirror in the lamp house and a water filter of 15 cm energy and barrier height, we have performed single-point
optical path length placed in front of the reactor. To maintain energy calculations at higher theoretical levels:

uniform reaction conditions in the irradiated mixture, the bulb Level 1. In this case single-point calculations were carried
was rotated with a speed of 16 rpm and a wall mirror was placed out at the fourth order of MgllerPlesset perturbation theory
behind it. The reaction temperature was measured with awith the frozen-core approximation and single, double,
retractable thermocouple and was found constart,310+ 3 triple, and quadruple replacements (MP4SDTQ), using the
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6-311G(3d,2p) basis set. The energy obtained in this way is
denoted by

(R-U)MP4SDTQ/6-311G(3d,2p)//
(R-U)MP2=FULL/6-31G(d,p)

This approach presents two problems. First, it is well-known
that MP perturbation theory converges slowly, especially in the
case of free radicaf$:?® Second, as the UHF wave function is
not necessarily an eigenfunction of tBeoperator, we find spin
contamination in the radicals. The saddle point presents the
largest expectation value &: 0.786 at the UMP2/6-31G(d,p)
level. This contamination was corrected by use of projecting
operators as implemented in GAUSSIAN ®8 he energy after
the spin decontamination will be PMPn (projected MPn).

Level Il. The procedure applied here corresponds to single-
point calculations of the total electronic energy by means of
single and double coupled cluster theory with inclusion of a
perturbative estimate for triple excitatio#’sCCSD(T), using
the 6-311G(d,p) basis set. We denote this energy as

CCSD(T)/6-311G(d,p)//(R-U)MP2FULL/6-31G(d,p)

Level Ill. Gaussian-2 (G2) TheoryThe G2 theory is based
on a combination of ab initio calculations and is described fully
in the original papef! In brief, it uses structures optimized at
the MP2/6-31G(d) level and energies calculated at the MP4/6-
311G(d,p) level and augmented by corrections for diffuse
functions, a correction for higher polarization functions, a
correction for correlation effects beyond fourth-order perturba-
tion theory, and an empirical higher-level correction to account
for remaining basis set deficiencies. Although G2 was not
specifically designed to compute reaction transition states, the
performance of this method was found remarkably good for
different classes of reactiof332 The classical barrier heights

for the studied reactions were predicted with an absolute average

deviation of about 6 kJ mot, but the G2 method was concluded
less successful in predicting geometries and frequefefés.
3.2. Direct Dynamics Calculations.We have performed a

generalized normal-mode analysis projecting out frequencies at

each point along the ME®. With this information, we have
calculated, first, the ground-state vibrationally adiabatic potential
curve

Va(9) = Vierl9) + € (9) 0]
whereVyep(s) is the classical energy along the MEP with its

zero at the reactants & —o), and €inS(s) is the zero-point
energy ats from the generalized normal-mode vibrations

Imrik et al.

tion path that minimizes the generalized TST rate constants,
kCT(T,s), for a given temperaturdl,. Thermodynamically, this

is equivalent to locating the transition state at the maximum
AGECT?[T,s*CVT(T)] of the standard-state free energy of activa-
tion profile AG(T,s).37:38 Thus, the thermal rate constant will
be given by

KVT(T) = OE

K exp[AGET(T,s* YTk T]

(1)

wherekg is Boltzmann’s constanty is Planck’s constanty is

the reaction degeneracy (the number of equivalent reaction paths,
which were taken 2 and 1 for the forward and reverse reactions,
respectively), and® is the reciprocal of the standard-state
concentration, taken as 1 mol cf(we note, however, that all
thermochemical quantities reported in our paper refer to the
usual 1 bar standard state).

As a last step, we consider the tunneling contribution. Since
we have information only on the reaction path, the centrifugal-
dominant small-curvature tunneling (SG%J° approximation
is used.

All kinetics and dynamics calculations were carried out with
the general polyatomic rate constant code POLYRATE.

4. Experimental Results

4.1. Rate Constants for Reaction 1LP/RF ResultsThe
absolute kinetics experiments were carried oul at 699—
785 K reaction temperature and pressures in the range-of
160-215 mbar, in He buffer gas. The bimolecular rate constant,
ki, was determined by the usual pseudo-first-order experimental
approach of monitoring the concentratioreaction time ([Br]/
t) profiles after laser flashes in the presence of a large excess
of the reactants, [CKCIBr] > [Br]o; [CHCIBr]/[Br]o > 1CP.
In the absence of interfering parallel or consecutive reactions,
which significantly consume or re-form the Br atoms, the decay
of Br concentration is given by the simple rate expression

[B1/[Brlo = I/1o = exp(=k,'t) (V)

k,' = k,[CH,CIBr] + ki V)
where [Brp and [Br} are the concentrations of Br at times zero
andt, respectively o and|; are the corresponding resonance
fluorescence signal strengthg; is the measured pseudo-first-
order rate (decay) constant, ads the first-order rate constant
for removal of Br in the absence of GEIBr and is primarily
attributed to diffusion out of the detection volume.

orthogonal to the reaction coordinate. As a second step, the The temporal profile of [Br] followed a single-exponential

coupling terms,Byr(s), were computed. TheByg(S) terms
quantify the coupling between the normal mod#te,and the
motion along the reaction coordinate, mogeThey control

the nonadiabatic flow of ener&y?3® allowing us to calculate
accurate semiclassical tunneling factors, i.e., dynamical features
The coupling terms are also components of the reaction path
curvature k(s), defined as

K(9) = (5 [B 91" (In

Finally, the energies, vibrational frequencies, geometries, and

decay in all experiments according to eq IV. Nonlinear least-
squares analysis was applied to obtain the pseudo-first-order
rate constants at different temperatures. The fitting procedure
supplied thek;' parameters with small errors that were taken

equal in further analyses. Plots of the pseudo-first-order rate

constants vs [CECIBr] yielded the bimolecular rate constants

as linear least squares slopes. Representative examples of such
plots are presented in Figure 2. The intercepts provided

(47 £ 7) st with slight increase with temperature within the
given range. The experimental conditions applied, and the
kinetic results obtained have been summarized in Table 1.

gradients along the MEP were used to estimate rate constant®©bservation of a linear dependencekgf on [CH,CIBr] and

by using variational transition state theory (VTST). We calcu-
lated thermal rates using the canonical variational th&dfy
(CVT) approach which locates the dividing surface between
reactants and products at a pogit®VT(T) along the reac-

invariance ofk; to variations in [Br} (see Table 1) serve as

arguments that no significant systematic errors due to secondary
chemistry were involved in the measurements. The possible
systematic errors were assessed by further investigations below:
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250 i i ' ] RR(A)/GC and RR(C)/GC Resuli&he essence of the two
_— experimental methods is the same, competitive bromination with
200 \ 785K | measurement of products; therefore the results obtained with
gemmsay them are presented together although the way of production of
e Br atoms was different.

ﬂ'{ 150 . The RR(A)/GC photobromination experiments were carried
out atT = 293-413 K and the RR(C)/GC thermal brominations
between 435 and 583 K both in 1.0 bar of He. The experimental
conditions and results are given in Table 2.

The reaction systems studied are described by the following

§ reaction mechanism:

100

50

0 2 4 6 8 Br, + hv or A — 2Br (initiation)
[CH,CIBr] / 10” mol em

Figure 2. Representative plots of pseudo-first-order rate constant vs Br + CH,CIBr < CHCIBr + HBr (1,-1)
the CHCIBr concentration obtained from LP/RF absolute kinetics
experiments. The inset shows a typical Br atom resonance fluorescence Br + neoC:H,, <> neoC:H,, + HBr  (2,-2)
decay with a single-exponential fit to the experimental data. 52 5L '
TABLE 1: Summary of Experimental Conditions and CHCIBr + Br, —~ CHCIBr, + Br 3)
Kinetic Results for the LP/RF2 Experiments?

[CH,CIBI] Bl ke neoCgH,; + Br,— neoC;H,,Br + Br 4)

(10°mol ke (10 mol  (10°cn? ) )

T (K) cmd) (s cmd) MOIs™Y)  Negs In analogy with the reactions of other carbon-centered free
699+ 3 1352 5277 1767 080L005 12 radicals with Bp,4243 reactions 3 and 4 are likely to be fast.
714+1 11-42 4573 1.2-86 089+007 10 Thus, at the long reaction chains and for low conversions with
722+1 1578 48121 1.3-96 0.944+0.07 18 respect to the organic reactants, the reverse reactidnand
732+1 0666 44-109 0.8-38 1.01+0.10 16 —2 can be neglectédind rate constant ratios are related to the
r4r£1  04-85 44-137 35215 1.34£005 16 measured product concentration ratios by the simple equation
758+ 4 1.2-7.6 58-152 1.3-83 1.49+ 0.10 17
785+ 3 1.0-5.7 54-170 1.75.3 1.85+0.15 12 k1/k2 — ([CHC|Br2] < [neoCsHlj]o)/

aLaser flash photolysis/resonance fluorescence absolute reaction ([neoCSHllBr] « [CHZCIBr]O) (V1)

kinetics method® Errors are # statistical uncertaintieS.Number of

experiments. . . A .
P where the subscript O designates initial concentration.

The validity of eq VI was tested over a range of bromine
concentrations, [CkCIBr]¢/[necCsHi1]o ratios, and photolysis
times, and théq/k; ratios were found invariant to these changes

. ) b . at a given reaction temperature. No dark reaction could be
CH,CIBr sample by GC on three different-polarity columns: observed even for the highest temperature photolytic experi-

no impurities could be detected. ments T = 413 K).

In the LP/RF experiments the source of ground-state bromine g rate constant ratios were placed on the absolute scale by
atoms waszthe laser photolysis of @HBr: CHCIBr + hv(248 taking the rate constant expression for the reference reaction
nm) — Br(“Ps2) + CHCIBr. Energetically it is possible that g, neoCsHi (2) from ref 21, i.e. ko = (6.9 & 2.3) x 1014
spin—orbit-excited Br{Py,;) (hereafter designated as Br*) and exp[(—57.6 + 2.1 kJ motL)/RT] cm? mol-t st (T = 688
ground-state CHPs;) atoms might also be produced at this - 775y The derived, values, with propagated errors, are listed
wavelength. In a detailed photodissociation-dynamics experi- i, Taple 2.
mental study, McGivern and co-workérbave shown, however, The temperature dependence of reaction 1 has been found to

that practically only the ground-state Bg) is formed. Ina  ghey the Arrhenius expression by the relative-rate measurements
test experiment, we could not detect Cl atoms for the 248 nm 4¢ \vell with the kinetic parameters Af = (3.4 4 2.2) x 1013

photolysis of CHCIBr by using the ClI atom resonance . 8 mol-1 s and Ea1 = (47.4+ 2.0) kJ mot® (T = 293—
fluorescence detection technique. 413 K, RR(A)/GC) ahdAl = (2.1 + 2.4) x 101 cn® mol!

The lowest applicable reaction temperature was explored by -1 andEa 1 = (45.44 5.2) kJ mot® (T = 435-583 K, RR(C)/
trial experiments conducted between 633 and 683 K. Very high GC).
concentrations of CKCIBr had to be used which involved a RR(B)/GC Resulthese are the results from our “big-bulb”
high initial concentration of Br atoms and therefore an over- photobromination experiments when the depletion of the organic
estimation of; in this temperature range. The highest temper- reactants was determined at different reaction tifjePfovided
ature accessible for quantitative kinetic studies was limited by that CHCIBr and neoCsH1, reacted only with Br atoms as
the thermal decomposition of GBIBr that probably occurred  expected for the experimental conditions employed (see in Table
on the hot surface of the metal reactor. 2), then

The temperature dependence of the rate constant for the
reaction Br+ CH,CIBr (1) can be described by the Arrhenius  IN([CH,CIBI]/[CH,CIBr]) =
expression ok, = (5.0 + 0.5) x 10" exp[(—51.2 + 0.6 kJ (ki/kIn([neoCH, ] /[neoCsH,41) (VII)
mol~1)/RT)] cm® mol~1 s71 (T = 699785 K) by results of the
LP/RF absolute kinetics experiments. (The Arrhenius parametersThus, a plot of In([CHCIBr]o/[CH.CIBr];) against In(heo
in this work have been obtained by nonlinear least-squares CsH;1]o/[neaCsHi1]t) should be a straight line with slope of
analysis of the experimental data wita/oi? weighting.) ki’k, and an intercept of zero. The data obtained from several

Br reacts relatively slowly with CKCIBr, and so reactive
impurities even in small concentration might have caused an
overestimation ok;. Thus, we have analyzed the purity of the
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TABLE 2: Summary of Experimental Conditions and Kinetic Results for the Relative-Rate (RR) Experiment$ (P = 1.0 bar of
He)

[CHzclBr]o [neO'C5H12]0 [Brz]o klc
T (K) (2077 mol cn13) (10" mol cn13) (207" mol cn13) Ka/kpP (cm*mol~ts™) Nex
RR(A)/GC Results
293+ 3 8.19-16.38 2.73-5.46 1.972.73 3.30+ 0.10 (1.214+1.14)x 10° 4
312.0+ 0.2 8.19-13.11 2.73-4.37 1.64-3.28 2.56+ 0.11 (3.99+ 3.59) x 10° 4
323.0£0.2 8.19-13.11 2.73-4.37 1.64-2.73 2.16+ 0.02 (7.17+ 6.03) x 10° 4
333.0+ 0.2 5.08-13.11 1.69-4.37 1.64-2.73 2.00+ 0.04 (1.27£ 1.05) x 1¢° 5
343.0£ 0.2 8.19-13.11 2.73-4.37 2.18-2.73 1.74+ 0.08 (2.02+ 1.69) x 1C° 3
345.0+ 0.2 8.19-11.47 2.73-3.82 1.64-2.73 1.714+ 0.08 (2.23£1.86) x 1¢° 4
355.0+£ 0.5 8.19-9.83 2.73-3.28 1.64-2.73 1.45+ 0.03 (3.33+ 2.63)x 1C° 3
373.0£ 0.5 6.56-8.19 2.18-2.73 1.64-2.18 1.28 (7.54£5.87) x 1¢° 2
383.0+£ 0.5 8.19 2.73 2.18 1.11 (1.060.82) x 107 1
393.0+ 0.5 8.20 2.73 2.182.73 0.99+ 0.11 (1.504+1.23) x 107 3
413.0£ 0.5 6.56-8.19 2.18-2.73 1.64-2.73 1.04+ 0.01 (3.70+ 2.56) x 107 4
435.0+£ 0.5 6.56-8.19 2.18-2.73 1.64-2.73 0.9 (7.49t 5.24) x 10’ 2
RR(B)/GC Results
310+ 3 0.242-0.489 0.08%0.163 0.80%1.42 2.614+ 0.05 (3.53£ 3.10)x 10° 17
RR(C)/GC Results
465.0+ 0.5 10.33 3.44 2.75 0.74 (1.21.14)x 1¢° 2
483.5+ 0.5 4.9F7.95 1.66-2.65 1.66 0.58 (2.3%:1.51)x 1C° 3
503.0+ 0.5 4.7F5.73 1.59-1.91 1.271.59 0.58+ 0.01 (4.16+ 2.53)x 1C° 3
523+1 4.59 1.53 1.53 0.52 0.03 (6.31£ 4.00) x 1C° 3
543+ 1 3.53-5.31 1.18-1.77 0.88-1.47 0.45+ 0.03 (8.90+ 5.59) x 1¢° 5
583+1 3.29 1.10 0.821.37 0.37 (1.76£ 1.04) x 1C° 3

aErrors are # statistical uncertaintie$.Reference reaction: Bt neoCsHj, (2). ¢ The rate constant ratios have been resolved by the absolute
Arrhenius parameters reported in ref 21 for reactiofilRumber of experiments.Photobromination with gas-chromatographic determination of
products. Photobromination with gas-chromatographic determination of the consumption of reatTargenal bromination with gas-chromatographic
determination of products.

T T T T T T TIK
125 . 800 700 600 500 400 300
[ T T T T T T T T
= RR(B)/GC 24 g 4
g 100r i Br + CH.CIBr (1)
o - 2
I <
g 0.75 - (] i F"” 200 |
= 3
[ £
O, 050 ¢ 4 "
I -
i) T=310£3K S 6l i
E o250 . x O LPIRF
. P O RR(A)/GC
A RR(B)/GC
o0~ . . T 121 v RR(C)GC -
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In([neo-CsHu]oI[neo-CsHu]') ) . ) . ) . ) . )
Figure 3. Plot used to determine the rate constant régit, from 1.5 2.0 25 3.0 3.5
RR(B)/GC photobromination experimentsat= (310 + 3) K. 10° T K"

. . . . P Figure 4. Temperature dependence of the rate constant for reaction 1
irradiations are plotted in accordance with eq VIl in Figure 3. by results from absolute and relative-rate kinetics experiments. Data

Least-squares analysis of the data yields the rate constant ratiQjesignated with filled circles have been derived by kinetic and
ki/k, = 2.64 + 0.05 (T = 310 K) with an intercept of zero  thermochemical parameters reported in the literature (see text).
within the experimental uncertainties (the intercept 04+
0.06(2)). This rate constant ratio agrees well wiiik, = 2.56 and CHCIBr (reaction 1), together with the kinetic data for
+ 0.11 (T = 312 K) that was obtained by applying the RR(A)/  the reverse reaction CHCIBf HBr (reaction—1),1¢ have been
GC method (see above). used to determine the standard enthalpy of formation for the
Temperature Dependence af Khe rate constants determined  CHCIBr radical, AjH°20( CHCIBr). (For a detailed example of
with the different experimental methods are presented as a plotderiving thermochemical data from kinetic results by using
of In k; vs 1T in Figure 4. The temperature dependence is second law and third law methods, see, e.g., ref 20).
described very well by a straight line providing the recom-  The kinetics of reaction-1 were investigated by Seetifla
mended rate constant expression from our current experimentalapplying laser flash photolysis in a heatable tubular reactor

study: coupled to a photoionization mass spectrometer (LP/PIMS).
3 1 From measurements performed in the wide temperature range
k, = (2.8 0.1) x 10*° exp[(~47.6- 0.3) kJ mol /RT] of 414-787 K, he has proposed the rate equatiok-af= (3.0

cm’mol ™t st (T =293-785K) +0.7) x 101 exp[—(8.2_i Q.S) kJ motY/RT] cm?3 moI*_1 s _
In the second law derivation, the enthalpy change in reaction
4.2. Enthalpy of Formation for the CHCIBr Radical . The 1 is taken as the difference of the activation energies for the
kinetic results obtained for the reaction between bromine atom forward and reverse reactions at the mean temperature, 600 K,
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of the overlapping temperature ranges, from which the standardTABLE 3: Structural Parameters and Vibrational

reaction enthalpy of Frequencies for Reactants, Products, Saddle Point and
Hydrogen Bonded Complexes for Reaction (1;-1)2
AH50(1) = (40.4+ 0.4) kJ moTl* Parameter” __CH:CIBr* __CHCIBr” __HBr RHB SPF PHB”
is obtained by using tabulated enthalpy increméni{she RS
standard state refers to 1 bar and 298.15 K). The reaction N .
enthalpy is resolved to B\“%AR/ﬁ\m """"
[«)
AH®,6 CHCIBr) = (140.4+ 2.0) kJ morl* Geometry
RI (Rusy) 1.404 2.926 1.531 1.407
by making use of the ab initio _value (zﬁfI:Pzgg(CHzC,IBr) = K fﬁf_:; e o7 1o 1o i
(—48.1+ 2.5) kJ mot? from Espinosa-Gafaiand Ddé (see RY (Reer) 1759 1.700 1758 1.708 1,697
Discussion) and other auxiliary enthalpies of formatitn. ooy 1942 1869 A A A
In the third law calculation, the free energy change for the /}(LCICBr) 1092 66 180.0 1759 180.0
reaction has been obtained from the equilibrium constant, g(mg,) 106.8 1157
= ki/k-1, at the medium temperature &= 600 K yielding 3310 1324 ZF;;gumy 13 1263 317
AG%s0d1) = —RTIn Ky = (16.7+ 1.23) kJ motl. Temperature 3218 1284 3220 1276 2730
p
correction to 298 K is done by means of auxiliary enth&tg§ o o it e ool
and entrop$f data providing the third law enthalpy of formation 1210 543 1221 887 705
886 256 900 825 575
value of 797 800 712 257
632 633 413 232
AH°,0{ CHCIBr) = (136.74 2.8) kJ mol* 2 o T e
29 53 45
The agreement between the second law and third law results e o 7
is acceptable; we prefer, however, the second law value for 96 96 0 P 142 176
reasons given in section 6.1. 78.7 418 16.7 79.5 58.6 60.7
5. Computational Results aComputed at the (R-U)MR2FULL/6-31G(d,p) level® Distances
. . . are given in angstroms, angles in degrees, frequencies’if dmermal
5.1. Structural Parameters and Vibrational Frequencies. corrections for 298 K (TC) and zero-point energies (ZPE) in kJ ol

On tracing the minimal energy path, we have located the cExperimental bond distanceRcy = 1.115 A (assumedRcs = 1.928
following stationary structures at the MREULL/6-31G(d,p) A, Rea = 1.755 A, OHCBr = 109.3 (ref 71).¢Experimental
theoretical level: one hydrogen bonded complex (RHB) formed frequencies: 1196, 866 crh(ref 49). ° Experimental valuesRie, =
between the reactants Br and &HBr, the reaction saddle point ~ 1414 A, frequency 2649 cm (ref 48).! Hydrogen bonded complex
(SP), and one hydrogen bonded Cor’n lex (PHB) formed betweenformed between the reactants, Br and,CHBr. 9 Reaction saddle point.

’ yarog P " Hydrogen bonded complex formed between the products, CHCIBr
the products CHCIBr and HBr. The RHB and PHB complexes 4nd HBr.

are minima on the potential energy surface with eigenvalues of

the Hessian matrix that are all positive. The saddle point has 52 Relative Energies and Reaction-Path AnalysisThe

one nggative e_igenvalue an(_:i, therefore, one imaginary frequencyg|ectronic energy changesE, and the enthalpy changesH®,
associated with the breaking and forming bonds. The geo- gng AH°,e, are listed in Table 4 estimated at the theoretical
metrical parameters and harmonic vibrational frequencies for |ayels o-111. Note thatAH® is the AE corrected for zero-point

all stationary points are summarized in Table 3. It is well-known energy, andAH°,gs includes the thermal correction to 298 K.
that MP2 theory overestimates the vibrational frequencies; Their accuracy depends on several factors: level of calculation
therefore the computed values were scaled by #.9Bhe  (correlation energy- basis set), spin projection, quality of the
theoretical structural parameters and V|bra_t|onal frequenugsthermm corrections, basis set superposition error, and-spin
agree reasonably well with the scarce experimental data avail-orpit (s—0) coupling. In order to facilitate the discussions below,
able’®4% (see in Table 3). the zeros of energies and enthalpies have been chosen as

_The RHB complex was located on the PES with a-Bf  fojlows: RHB, relative to reactants Br CH,CIB; SP and PHB,
distance of 2.926 A. The-€H stretching frequency is practically  g|ative to products, CHCIB# HBr.

unchanged compared with that in the ££LHBr molecule, which
may question the real existence of this complex. The saddle
point properties show characteristics of a “late” transition state.
This is the expected behavior that would follow from Ham-
mond’s postulate since the Bt CH,CIBr (1) reaction is
significantly endothermic. The length of the-E€l bond that is
being broken increases by 35%, while the length of theBiH
bond that is being formed is larger by only 9% with respect to
the CHCIBr and HBr molecules, respectively. The PHB
complex has a €-H bond length of 2.469 A and a-€H---Br
angle of 180. The lowest frequencies for this product’'s complex
exhibit extremely small values which suggest a very flat surface.
In the PHB complex we find that the stretching frequency of
HBr (2773 cn?) is shifted to lower frequency by 43 crh

and it increases in intensity from 9.4 to 154.0 km molThis corr theo ) )
is the expected behavior of a typical hydrogen bonded system. AHT" = AHT+ (B)[E(Py,) — E(Py)l

We analyze first the reaction enthalpies because this may give
an insight to the different factors that affect the accuracy of the
theoretical results. A direct comparison of theory with experi-
ment is not possible for the reaction BrCH,CIBr <= CHCIBr
+ HBr (1, —1) because it is well-known that relativistic effects
have to be included in theoretical calculations with heavy atoms
due to s-o0 coupling® and an exhaustive relativistic study is
beyond the scope of this work. As an approximation to include
the s-o effect, one-third of the energy splitting between éhe
= 1/2 and] = 3/2 states ofP atomic bromine have been added
to the theoretical reaction enthalpf@$? Thus, the corrected
theoretical reaction enthalpy\H®", is obtained from the
expression
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TABLE 4: Relative Energies and Enthalpies Computed at " T " T " T
Different Theoretical Levels? 60 = ]
leveP RHB® SH PHB® (CHCIBr + HBr)f 50
AE9 -
0 -4.2 50 —11.7 58.2 g 4
I 0.4 -2.1 -9.2 54.0 2
[ 1.7 11.3 ~5.0 55.7 o
1} 3.3 2.9 -1.3 46.5
20
AHCG -
0 —-2.9 5.0 —-9.2 38.1 10
| 1.7 —2.1 —-6.7 34.3
Il 2.5 11.3 —-2.9 35.6 0
11} 0.4 4.2 —4.6 28.9 -1.0 0.5 0.0 05 1.0
AHC20d s/ bohr
0 —5.0 3.8 -75 38.1 Figure 5. Classical potential energy along the minimal energy path
| —-0.4 -3.8 -5.0 34.3 (Vmep), zero-point energy curvé\ZPE), and ground-state vibrationally
Il 0.4 10.0 -1.3 35.6 adiabatic potential energy curvA¥.%) with respect to the reactants
1] 0.8 0.4 -3.8 31.8 as a function of the reaction coordinate,

aValues are given in kJ mot and do not include correction for . . .
s—0 effect.’ Level 0: MP2 theory. Level I: PMP4 theory. Level I [1€SSIans). Figure 5 shows the classical energy along the MEP,

CCSD(T) theory. Level Ill: G2 theory: Hydrogen bonded complex Vvep, the ground-state V|brat|0.nally adiabatic potentlal energy
formed between the reactants Br and,CHBr. Energies and enthalpies ~ curve, AV,®, and the change in the local zero-point energy,
are given relative to reactantsReaction saddle point. Energies and AZPE, as a function o$ over the range-1.0 to +1.0 bohr.
enthalpies are given relative to products, CHCIBHBr. ¢ Hydrogen Note that the level of zero is at the reactants,ABCH,CIBr,
bonded complex formed between the products CHCIBr and HBr. or ]| these functionss(= —oo).
Energies and enthalpies are given relative to prodii&isergies and In order to improve the energy description of the reaction
enthalpies are given relative to reactantsBCH,CIBr. 9 Electronic . o -
energy change! Enthalpy change & = 0 K. | Enthalpy change af path at the MP_2 level (level 0), h_|gher-level ab initio calculations
= 298 K. would be required. However, given that two Br atoms and one
Cl atom are involved in this reaction, the use of higher-level

where it is assumed that-® effects are completely quenched @b initio calculations for the complete calculation of the reaction
in molecules. The two low-lying electronic states of bromine Path, and the calculation of the energy second derivatives along

atom, 2Py, and 2Py, are separated by 3685.2 thiref 48), the path, are practically prohibitive. Thus, we have used an
and, therefore, the correction fdyHteo amounts to 14.6 kJ  €conomical alternative, which has been previously used for other
mol-1. hydrogen abstraction reactions with good restfitd Therefore,

When this s-0 effect is included in the reaction enthalpies N our present case, the alternative to improve the energy
at 298 K listed in Table 4, the lowest level MP2 value becomes description of the reaction is to scale the MP2 results to
overestimated. The agreement with experiment improves whenreproduce the highest level used (G2), employing a factor of
more correlation is included (levels | and Il) and larger basis
sets are used, with the G2 method showing the best agreement, F = AE(level 0,s = 0)/AE(level IlI, s= 0)

46.4 kJ mott vs 40.44- 0.4 kJ mot! (see also section 6.2 for
further discussion).

To present the barrier heights, we list them for the reverse
reaction CHCIBrH HBr (—1) in Table 4. The reaction between

CHCIBr and HBr is substantially exothermic and, similarly to 5'3', Rate (;onstants for Reaction.s_ll and-1. In_ the.
the reactions of other carbon-centered free radicals with HBr, Canonical version of VTST, CVT, the dividing surface is varied

possesses small barrier. The computed classical barrier height§Iong the re_action pat_h_ to minimize the rate constants, obtaining
show a large scatter ranging fror2.1 to 11.3 kJ moil. We the generallzed transition state (GTS) at the \{sma'hermo-
give preference, albeit somewhat arbitrarily, to the G2 result dynamically, the minimum rate constant criterion is equivalent
(level 1ll). Thus, the barriers for the forward (1) and reverse to maximizing the generalized standard-state free energy of
(1) reactions are 49.4 and 2.9 kJ miglrespectively. The G2 activation, AGET*(T,s), eq lll. Therefore, the effects of the
method is preferred because it has been tested and validated t@qtentlal energy, entropy, and temperature on the Iocat|.on of
provide reliable saddle point energies for a wide range of this GTS must be considered. In order to make comparisons,
reactions2.33 we have computegl rate constants for both the forward (1) and
As mentioned, the hydrogen-bridged complexes, RHB and "€Verse 1) reactions by using the classical TST approach,
PHB, are true local minima on the PES at the MP2 level. The K(TST), and its var|at|onal versmrk(CVT), and by inclusion
energy and enthalpy data in Table 4 indicate, however, that the®f Small-curvature tunneling correctic(CVT/SCT). These rate
reactants’ complex, RHB, may not be stable. The PHB complex, constants are listed in Table 5 over the temperature range 200

formed between the products, shows stability but just by a few 1000 K.
kJ mofl1, and inclusion of ZPE and TC corrections make its
energy well even shallower. The small stabilization energies
cast doubt on the mere existence of the complex that might be 6.1. Thermochemistry of Reaction 1.The theoretical
just an artifact due to basis-set superposition error (BSSE). (Forenthalpy of formation for the C¥CIBr molecule we used in
a further discussion of the hydrogen bonded complexes seeour derivations (section 4.2A¢H®295 (CH,CIBr) = —48.1 +
section 6.2.) 2.5 kJ mot™ 49 appears to be the best datum reported in the
The reaction-path analysis has been carried out on dataliterature. Published values range fron87.7 kJ motf? 55 to
estimated at the MP2/6-31G(d,p) level (energies, gradients, and—45.0 kJ mot?, where the latter is given by Gurvich et®l.

whereAE is the barrier height at each level. At the saddle point,
s = 0, the barrier height is that of the highest level, level IlI.
This factor is 0.583.

6. Discussion
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TABLE 5: Comparison of Experimental and Theoretical = (140.42+ 2.02) kJ mot? (section 4.2). In the third law
Rate Constants for the Forward (1) and Reverse<1) procedure we have calculatéH°,0g (CHCIBr) = (136.7 +
Reactions 2.8) kJ mof?, which we believe less accurate because of the
T k(CVvT)/ likely uncertainties of the entropy values in the calculations.
(K)  KTST)  KCVT) KTST) k(CVT/SCT) k(expt) (The uncertainty is reflected by the available standard entropy
Reaction Br+ CH.CIBr (1)° values 0fS’»99(CH,CIBr) = 286.49% and 287.78% J mol!

200 2.3x10*' 30x10% 013  1.0x10* K1 as well asS>,9g CHCIBr) = 294 and 291.700° J mol!

250 1.1x 1* 2.2x 10 0.19 4.8x 100  3.2x 1C° K-1).

ggg Z:gi 18: i:gi 1834 8:38 ?Si 1834 %gi ig The recommended standard enthalpy of formation of radical
400 1.7x10° 58x1C° 035  7.8x10° 1.7x 107 CHCIBr from our current work is

450 1.1x 100 42x10°F 038 52x10° 8.4x 10

500 5.0x 10 2.0x 107 0.41 2.5x 107 3.0x 10° AfH°298(CHCIBr) = (140:|: 4) kJ mor:L

550 1.8x 10® 7.8x 10° 0.45 9.0x 10"  8.5x 1(®
600 5.2x 10° 2.3x 1C° 0.45 27x 18 2.0x 10

650 13x 10° 6.0 1CF 0.45 6.6x 1F  42x 10° with a proposed accuracy that is believed to be valid at the 95%
700 3.0x 10° 1.4x 10° 0.49 16x 100 7.9 x 10° confidence level. With this enthalpy of formation the standard
720 40x10° 1.9x10° 048  21x1® 9.9x10° reaction enthalpy ig\\H29¢(1) = (40 & 4) kJ mof™.

750 6.0x10° 3.0x10° 050  3.3x10° 1.4x10° The AtH®,9g value we recommend for the CHCIBr radical is
780 9.0x10° 45x1C0 049  48x 10  18x10° somewhat lower than the theoretical value of Espinosa‘@arci

800 1.1x 10° 58x 10° 0.51 6.0x 10° 2.2 x 10%
1000 8.4x 109 4.5x 10 0.53 4.6x 101

Reaction CHCIBr- HBr (—1)°
200 1.1x 10° 14x 1@ 0.13 4.9x 10°

and Dd&® (146.9 + 6.3 kJ mof?) and the experimental
estimate of Seetulé (143 4+ 6 kJ molY), but they all agree if
their uncertainties are considered.

250 1.7x 1010 3.2 x 10P 0.19 7 9% 10° 6.2. Kinetics and Molecular Mechanism of Reaction (1,

300 2.3x 100 5.7 x 10° 0.25 9.6x 10° 1.1 x 109 —1). Kinetics.The experimental rate constants for the reaction
350 2.9x 10 9.0x 1¢° 0.31 1.3x 1010 1.8x 109 of Br atoms with CHCIBr lie on the same straight line in a In
400 3.6x 10" 13x10° 035  1.7x10% 25x 10 ki vs 1T Arrhenius plot in a wide range of temperatures
oo o 18112 yix igllg Y 18112 38 igg determined from both relative-rate and absolute kinetics mea-
550 6:0§ 1010 2:6§ 100 044 3:1§ 1010 4:9§ 1010 surements (Figure 4). While such an agreement between the
600 7.2x 1019 3.2x 10  0.45 3.7% 1010 5.7 % 10 LP and RR results is not expected to be fortuitous, a possible
650 8.4x 10 3.9x 10°  0.46 4.4x 100 6.4 x 10w source of systematic errors is worth considering.

700 9.6x 10 4.6x 10°°  0.48 5.1x 10°© 7.2x 10%° All the k; values in the lower-temperature regime (between
750 11x 10" 55x10° 051  59x 10 7.9x 10 293 and 583 K) were determined relative to the reference

800 1.3x 10" 6.6x 10°  0.52 6.6x 10°© 8.6x 10Y

1000 2.0x 108 11x 10 055 11% 10 reaction Br+ neaCsHa2 (2). Thus, any error i, would appear

_ _ in the rate constant of the studied reaction too. Note that the
*Rate constants are in énmol™ s™.°The experimental rate  apsolute reaction kinetics studies for reaction 2 were carried
constants are obtained by the recommenkiedxpression from the out at high temperaturd (= 688—775 K} and an extrapolation
current work determined in the temperature range-Z8% K. ¢ The - St .
experimental rate constants are obtained bykthexpression reported Of_ hlgh-temp_e rgture kinetic data to_ low temperqtures s fraught
by Seetul# in the temperature range 43487 K. with uncertainties. In order to derive a set of independent

values we have utilized the rate constant expression that we

NIST Webbook reports£20 + 7) kJ mol citing Skorobogatov determined in a previous relative-rate kinetic investigatfon:
et al5” The theoretical enthalpy is preferred because, after a K/ki = (1.6+ 0.2) exp[(-15.24 0.3) kJ mot /RT] cm® mol~*
detailed search in the literature, we had been unable to traces_l (T = 353-410 K).
back any of the reported experimental values to real experi-
mental (Z.g., caloringetric) det?arminations and the reportedpdata Br + CHZBr < CH,Br + HBr (5.-5)
show large scatter; moreover, the computations performed with
different high-level methods providefiiH®,95 (CH.CIBTI) in
good agreemertf.

The kinetic data determined by us for the forward reaction
(1) and those reported by Seetula for the reverse reactibfi{
are both believed to be of high quality that cover a wide
temperature range. Both sets of rate constants obey the Arrheniu
law and their temperature range overlap in a substantial region
even close to room temperature. Therefore, the Arrhenius
activation energies determined from the experiments are valid
atT = 298 K as well. This allows equating the standard reaction
enthalpy directly, without the involvement ahythermochemi-
cal data:

Rate constants for the reverse reactietd) are available from
absolute kinetic measurements reported in the literdfiraking

this kinetic information, and making use of the thermochemistry
of reaction 5 with parameters from refs 45 andlg9s obtained

as a function of temperatuf@.Thus, theks/k; ratio can be
éesolved tok; values that are also plotted in Figure 4 for
visualization. The rate constants derived in this way display an
excellent agreement with the experimental results from the
current work, but they were not included in the estimation of
the kinetic parameters.

As far as we are aware, there has been no prior kinetic
investigation of reaction 1 either experimentally, apart from our
own relative-rate stud¥ (see above), or theoretically applying
o _ _ _ the direct dynamics approach. The experimental and theoretical
AH0e(1) = BEay = Ea-1 = (47.6£0.3) = (8.2£ 0. 3)= rate constants from the present work are compared in Table 5

(39.4+ 1.0) kJ mol* and Figure 6.
Theory predicts significantly smaller rate constants for the

The reaction enthalpy thus obtained is in very good agreementreaction Br+ CH,CIBr (1) compared with experiment, and the
with that of the second law derivation in section 4A2:°,9¢(1) deviation increases with decreasing temperature as seen, e.g.,
= (40.4 & 0.4) kJ mot™. This good agreement is one of the by the rate constant ratios kf(expt)k;(CVT/SCT)= 4.2, 21.8,
reasons why we prefer the second law resulkf°,9 CHCIBT) and 45.5 obtained ak = 750, 400, and 300 K, respectively.
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TIK apparent activation energies for the forward and reverse reactions
o200 800 600 400 300 200 areEy(CVT/SCT) = 57.1 kJ mot! andE_(CVT/SCT)= 6.7
——k_exp. ] kJ mol™%, respectively. Their difference gives a “second law”
- =k CVTISCT standard reaction enthalpy of 50.4 kJ mo(this estimation
! ) ignores that tunneling effects are present in the theoretical
apparent activation energies). This reaction enthalpy is in
accordance with that obtained with the G2 theory wheio s
effects were taken into accounti;H°9¢(1) = 46.4 kJ mot?
(see section 5.2). The 50.4 kJ mbktandard reaction enthalpy,
in turn, translates ta\{H®,09( CHCIBr) = 150.4 kJ moat?, which
agrees well with the result of an independent ab initio computa-
I . tion, AfH20¢( CHCIBr) = 146.9+ 6.3 kJ mot,*>but it is about
or ARNRE 10 and 7 kJ mat* larger than the experimental estimation from

:, 16 the current work and by Seetularespectively.
1 2 3 4 5 The computed(CVT/SCT) rate constants can be brought

10° T 1K close to the experimental values by applying a scaling factor
Figure 6. Comparison of experimental and theoretical rate constants of exp(8 kJ mot*/RT). This may |nd|catg that 't.'s the bar'rler
for the reactions Br+ CH,CIBr (1) and CHCIBr+ HBr (—1) (for of the PES that may have been overestimated in computing the
abbreviations see text). rate constant for the reaction of Br atoms with £CHBr.

eduction of the barrier height by 8 kJ mélwould result,
Moreover, the computed rate constants show a concave upwar

in Ink ol hiah hile th owever, in a barrier close to or below zero for the reverse
curvature in Ink; vs 17T plots at high temperatures, while the oo 'in disagreement with the activation energy determined
experimental results are described by the simple Arrhenius law

. . ; experimentallyt®
in the temperature range studied (see Figure 4). The curvature We hav lied the small-curvature tunnelin roach
can be characterized by the phenomenological activation energy, o "'ave applied the smaf-curvature Wnneling approac

of Ey(CVT/SCT)= R0 In ky(CVT/SCT)HT] = 63.7 kJ mot? (SCT), contrary to reaction (3;1) presenting a heawlight—
(T = 750 K), which is to be compared with the r.ecommended heavy mass combination that is generally believed to be more

experimental activation energy Bf 1 = (47.6+ 0.3) kJ mof * adequately treated by using large-curvature tunneling (LCT)

(T = 293-785 K). Some upward curvature of the Arrhenius methods. Application of the latter method is, however, com-
graph is spotted also by the experimental data determined fromputationally very demanding (for current improved versions of

the highest temperature studies. The deviation from linearity the LCT method see, e.g., refs 61 and 62). Moreover, the

is, however, small; the activation energy derivable from the LP/ experimental rate constants in Arrhenius plots (see Figure 6)
Ri: experin;ents é\lone is only3 kJ mol ! larger than the show no curvature, therefore any indication for a significant
recommended value (see section 4.1) tunneling effect. It is noted also that an inappropriate tunnel-

The reverse reaction CHCIBF HBr (—1), as noted (section ing correction would not explain the disparity between experi-

4.2), was studied experimentally by Seeftflayho employed ment and theory since it would affect both the forward and
the LP/PIMS absolute reaction kinetics method. We have "€VErse reaction rate constants the same way. An augmented

computed rate constants for this reverse reaction as well thattunnellng transmission coefﬂuent would increase aate
constant, but, at the same time, te rate constant would also

are compared with the experimental ones also in Table 5 and.
Figure 6. The agreement in this case is much better, the rate'"Crease. o ]

constant r‘a“os being’for example’l(expt)lkil(CVT/SCT): The dev|at|0n between the eXperImenta”y measured and
1.4, 1.5, and 1.5 aT = 750, 400, and 300 K, respectively. computed rate constants for the forward BrCH,CIBr (1)
Importantly, the temperature dependence of the reaction of'eaction is the largest at low temperatures. In the low-
CHCIBr with HBr has been found small, but definitely positive témperature experiments Br atoms were produced by the
both in the experiments and by our reaction rate theory Photolysis of Bg. In the photolysis, besides ground-state Br
computations. atoms, spir-orbit-excited Br* atoms are also formed. Thus, the

While we believe that the above agreement is remarkable, formation of Br* may be considered to give rise to an
we do not think that our current result has direct implication Overestimation of the experimental rate constants. The low-
concerning the debate over the question of “negative activation temperature photolysis experiments with, Bvere, however,
energies" of the R+ HBr reactions (R is hydrocarbon free alWayS carried out in 1.0 bar of He, which greaﬂy facilitated
radical, CH, C;Hs, etc.). This question has come again in the the relaxation of Br* to Br. (The relaxation is known to be fast
limelight of interest not only for experimentali§td2 but also ~ €ven with the low collision efficiency He atorid. Moreover,
for theoreticiang3-15 In our opinion, the disparity among the  the stationary concentration of bromine atoms in the photolysis
different groups has not been resolved yet: further experimentalSystem is thought to be determined essentially by the fast chain-
studies in very wide temperature ranges and preferably usingcarrier reactions R- Br, — RBr + Br (R = CHCIBr andneo
different techniques, as well as very high level quantum CsHii) in which ground-state Br atoms are formed. That is, Br*
chemical and rate theory computations, are required to provide Probably does not play a role in the formation of the photo-
a conclusive answer. bromination products.

The perplexing result from our current work is that theory In summary, at present we cannot offer a conclusive reason
agrees on average much better with experimental results for theto explain the deviation between experiment and theory in our
reverse reaction—{1) than for the forward reaction (1). This current work. The discrepancy can be due to experiment and/
may indicate that the thermochemistry in the theory is not or theoretical deficiencies. Further experiments and theoretical
correct. All we can state with certainty is, however, that there studies are required to resolve the disagreement and also to
is an inconsistency in the computed and experimentally esti- explain why the theoretical Arrhenius plots farandk_; predict
mated thermochemistry of the reaction. At= 298 K the more curvature than determined experimentally.
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Figure 7. Generalized normal-mode frequencies plotted against the
reaction coordinates. In this figure the 11 real frequencies are presented
along the reaction path in the vicinity of the saddle pog#(0). Two

of the frequencies disappear in the reactasts (—), and four of
them disappear in the products= +o).

MechanismThe generalized normal mode vibrational analysis

as shown in Figure 7, together with the reaction-path analysis

in Figure 5, provides insight to some of the dynamic features
of the reaction of Br atoms with CI€IBr and its reverse, the
reaction of CHCIBr with HBr. The frequency of the normal
mode related to the breaking {@®)/forming (Br—H) bonds
drops dramatically near the saddle poirggctive modé. This
mode presents a widening of the vibrational well, an effect that
has also been found in other reactions with a small skew &fhgle.
The two lowest vibrational frequencies along the reaction-path
(transitional modegscorrespond to the transformation of free
rotations or free translations into vibrational motions. Their

J. Phys. Chem. A, Vol. 110, No. 21, 2008331

less than about-46 kJ moi1). Theoretical scrutiny may reveal
such complexes to be just computational artifacts, as that had
been shown, e.g., for the reactions B+ HBré8 and CHBr

-+ HBr.2* In the Computational Results section we have already
demonstrated that complex RHB is, in reality, unstable. Complex
PHB (CHCIBr--HBr) appeared to be a real entity by structural
and energy results. A possible reason that may give rise to an
artificial minimum on the PES is the basis-set superposition
error. Thus, we have examined BSSE on complex PHB by using
the counterpoise method of Boys and Bern&fddecause of

the very high computational cost for the highest levels (I, I,
and Ill) we have calculated the BSSE at level 0 and assumed
only 50% of the computed value for the higher levels. With
this correction, we conclude that the stability of the PHB
complex also disappears at all levels analyzed.
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