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A laser flash photolysisresonance fluorescence technique has been employed to study the kinetics of the
reaction of chlorine atoms with methyl iodide as a function of temperature<(238 K) and pressure {5

500 Torr) in nitrogen buffer gas. Al > 364 K, measured rate coefficients are pressure independent and a
significant H/D kinetic isotope effect is observed, suggesting that hydrogen transfer is the dominant reaction

pathway; the following Arrhenius expression adequately describes all kinetic data at 368 K694 K: ki,
= 5.44 x 107 exp(—1250) cm?® molecule! s™1. At T < 250 K, measured rate coefficients are pressure

dependent and much faster than computed from the above Arrhenius expression for the H-transfer pathway,

suggesting that the dominant reaction pathway at low temperature is formation of a stable addec®l&
K and P = 500 Torr, for examplek; = kia + kip = 3.0 x 107! cm® molecule® s, with 99.4% of the
reactivity being attributable to the addition channel 1b. At temperatures in the rang@@8X, reversible
addition is observed, thus allowing equilibrium constants forslCHformation and dissociation to be

determined. Second- and third-law analyses of the equilibrium data lead to the following thermochemical

parameters for the association reaction AbtSgg = — 53.6 4= 3.4 kJ mot?!, AH§ = — 52.24+ 3.5 kJ mot?,
andAS¢es = — 88 & 11 J mott K1 In conjunction with the well-known heats of formation of Cl and
CHGsl, the aboveAH values lead to the following heats of formation for €I at 298 and 0 K:AHf295 =
82.3+ 3.5 kd mott andAH;o = 91.6+ 3.6 kJ mol®. Ab initio calculations using density functional theory

(DFT) and G2 theory reproduce the experimental bond strength reasonably well. The DFT calculations predict

a structure (used in the third-law analysis) where thel €Cl bond angle is 852and the methyl group
adopts a staggered orientation with a pronounced tilt toward chlorine. Bonding:i€dsldiscussed as are
the implications of the new kinetic data for atmospheric chemistry.

Introduction Until recently, it has been thought that chlorine atom levels
o ) o . . in the troposphere were so low that Cl could not be an important
Methyl iodide (CHI) is a ubiquitous iodine-containing  tropospheric reactant. However, evidence is now mounting
compound in the atmosphere; it is emitted into the atmosphere,yhich suggests that chlorine atom levels in the marine boundary
in large quantity from the oceadAs® Once in the atmosphere, layer (where most CH enters the atmosphere) may be as much
CHsl and other organo-iodine compounds are rapidly photo- 5 gne-tenth as high as OH levéist® with the chlorine atom
lyzed, thus initiating chain reactions involvingJ€@udicals which source probably being photochemically labile chlorine species
can have_ important impacts on atmospheric levels of ozone a”dsuch as Gland CING produced via heterogeneous reactions
other oxidant$:+° on the surfaces of moist sea salt parti@esSince chlorine atom
The lifetime of CHI toward photolysis in the atmosphere is  reactions with many organics are considerably faster than the
estimated to be a few days!® The only other potential  corresponding OH reaction, it is possible that reaction with Cl

atmospheric sink for Ckl which has received much attention  could be a nonnegligible sink for atmospheric £LHAIthough
is reaction with the OH radical. Laboratory studies of the OH numerous kinetics studies of Cl reactions with §ER31-24

+ CHsl reactiord®14suggest a rate coefficient around18cm? CH4Cl,21222526 gand  CHBIr?728 have been reported in the
molecule’ s~ at 298 K which, given a typical atmospheric |iterature, there had been no previous studies of reaction 1 at
OH concentration of 10 molecules cm?3!5 leads to the the time this research was undertaken.

conclusion that this reaction is of only minor importance as a

CHal sink. Cl + CH,l — products Q)
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The above-mentioned laboratory studies of €1 CH3zX
kinetics (X = F, CI, Br) demonstrate that all three reactions

J. Phys. Chem. A, Vol. 101, No. 49, 1999383

the bulb containing CH(CDsl) was blackened to prevent
photolysis by room lights. The gas mixtures and additional N

proceed predominantly by hydrogen abstraction, that all three were premixed before entering the reaction cell. Concentrations

reactions have 298 K rate coefficients in the range 5B x
10713 cm® molecule! s71, and that all three reactions have
positive activation energies in the range -81®.5 kJ mot™.

of each component in the reaction mixture were determined from
measurements of the appropriate mass flow rates and the total
pressure. In addition, the fraction of GIKCD3l) in the CHl-

To be an important atmospheric process, reaction 1 would have(CDsl)/N, mixture was checked frequently by UV photometry

to be much faster than the other €/CHsX reactions.

at 254 nm using a mercury penray lamp as the light source.

In this paper we report the results of experiments where laser The absorption cross section needed to convert measured

flash photolysis of GYCHsl/N, mixtures has been coupled with

absorbances to concentrations was measured during the course

Cl detection by time-resolved atomic resonance fluorescenceof this study; in units of 10'° cnm? molecule® (base e) the

spectroscopy to investigate the kinetics of reaction 1 as a
function of temperature and pressure. We find that Cl reacts
with CHsl not only by hydrogen abstraction but also by

absorption cross sections were found to be 11.6 fogl@d
11.9 for CDhyl; for CHsl, the agreement with literature values is
good1112:35 |n experiments where relatively high GHCD3l)

(reversible) addition. At temperatures and pressures relevantconcentrations were employed, the £LKCD3l) concentration
for atmospheric chemistry considerations, the rate coefficient was measured in situ in the slow flow system using a 2-m long

for addition is much faster than the rate coefficient for hydrogen
abstraction.

Experimental Technique

Chlorine atom kinetics in the presence of varying amounts
of CHsl were studied using the laser flash photolysis (LFP)
resonance fluorescence (RF) technique. ThetRP apparatus
was similar to those employed in several previous studies of
chlorine atom kinetic8?-34 Important features of the apparatus
and experimental techniques which are specific to this study
are described below.

Two different reaction cells were employed in this study. All

absorption cell; measured rate coefficients were independent
of the absorption cell position in the flow system, i.e., upstream
or downstream from the reaction cell.

The gases used in this study had the following stated
minimum purities: N, 99.999%; CJ, 99.9%32 CF,Cl,, 99.9%36
Nitrogen was used as supplied while,GInd CFCl, were
degassed at 77 K before being used to prepare mixtures with
N2. The liquid CHl sample had a stated purity of 99%, while
the isotopic purity of the CB) was greater than 99.5%. GH
and CDyl were transferred under nitrogen atmosphere into a
vial fitted with a high-vacuum stopcock and then degassed
repeatedly at 77 K before being used to prepare mixtures with
Na.

experiments at subambient temperatures and some experiments

at 295 K< T < 450 K employed a jacketed Pyrex reaction cell
with an internal volume of approximately 160 &mThe cell

was maintained at a constant temperature by circulating ethylene

glycol (for T > 295 K) or a 2:1 ethanetmethanol mixture (for

T < 295 K) from a thermostated bath through the outer jacket.
All experiments afl > 450 K and some experiments at 295 K
< T < 450 K employed a quartz reaction cell with an internal
volume of approximately 250 cin The cell was maintained at

a constant temperature by passing a well-controlled electrical

Results and Discussion

In all LFP—RF experiments, chlorine atoms were generated
by laser flash photolysis of ght 355 nm:

Cl, + (355 nm)—nCI(Py,) + (2 — n)CICP,,) (2)

The fraction of chlorine atoms generated in the excited-spin
orbit state, CRPy,), is thought to be very small, i.e., less than

current through high-resistance-wire heaters which were wrapped0.0137:38 Recently, it has been reported that the rate coefficient

around the cell. Coppefconstantan (for low-temperature
studies) or chrometalumel (for high-temperature studies)

for CI(?P1/2) quenching by Mis slower than previously thought,
i.e., 5.0x 10715 cmB moleculel s71.3% However, on the basis

thermocouples could be injected into the reaction zone throughof reported rate coefficients for CRy;) deactivation by
a vacuum seal, thus allowing measurement of the gas temper-saturated halocarbons (all gas kinetic except)@F4+ we
ature under the precise pressure and flow rate conditions of theexpect that the rate coefficient for @#,,) deactivation by CHl

experiment. Temperature variation within the reaction volume,

is very fast, i.e., faster than the observed-€ICHjsl reaction

i.e., the volume from which fluorescence could be detected, wasrate. Hence, it seems safe to assume that alt CHsl kinetic

found to bes1 KatT ~ 160 K and<2 K atT ~ 700 K.

Chlorine atoms were produced by 355 nm laser flash
photolysis of C}. Third harmonic radiation from a Quanta Ray
Model DCR-2 Nd:YAG laser provided the photolytic light
source. The photolysis laser could deliver up tox110Y
photons per (6 ns) pulse at a repetition rate of up to 10 Hz.
Fluences employed in this study ranged from 10 to 150 mFcm
pulsel,

To avoid accumulation of photochemically generated reactive
species, all experiments were carried out under “slow flow”
conditions. The linear flow rate through the reactor was
typically 2.5 cm s1, while the laser repetition rate was varied
over the range 510 Hz (it was 10 Hz in most experiments).
Since the direction of flow was perpendicular to the photolysis
laser beam, no volume element of the reaction mixture was
subjected to more than a few laser shots. Molecular chlorine
(Clp), CHsl(CD3l), and CFRCl; flowed into the reaction cell from
12 L Pyrex bulbs containing mixtures in nitrogen buffer gas,
while N flowed directly from its high-pressure storage tank;

data are representative of an equilibrium mixture of@lf)
and CIéP;). As a further check on the assumption of spin
state equilibration, some rate coefficients were measured with
and without CECly, a very efficient CIfPy;) quenchep?:40.42
added to the reaction mixture; as expected, this variation in
experimental conditions had no effect on the observed reaction
rate.

All LFP—RF experiments were carried out under pseudo-
first-order conditions with CHl in large excess over Cl. Hence,
in the absence of side reactions that remove or produce chlorine
atoms, the Cl temporal profile following the laser flash would
be described by the relationship

In{[Cl] /[Cl]} = (K [CHjl] + k)t =K't 0]

whereks is the rate coefficient for the reaction

Cl — first-order loss by diffusion from the detector field of
view and/or reaction with background impurities (3)
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Arrhenius expression (for 364 K T < 694 K):

k(T) = (5.44+ 1.17)
10 * exp[—(1250+ 100)/T] cm® molecule* s*

Errors in the above expression are @nd represent precision
only. Comparison ofk; values calculated from the above
Arrhenius expression with measured valuegafsee Table 1)
shows a significant H/D kinetic isotope effect, i.kvks = 4.3

at 373 K and/k, = 3.6 at 419 K. The observed kinetic isotope
effect strongly supports hydrogen transfer as the dominant

Signal (counts)
803

[0 PR PRIV SRR B SE reaction mechanism, while observed temperature and pressure
0.0 2.0 4.0 6.0 8.0 dependencies & andk, are consistent with a hydrogen transfer
Time (ms) mechanism. We conclude that, at temperatures in the range

Figure 1. Typical Cl atom temporal profiles observedTat 364 K 360-700 K, the dominant channel for reaction 1 is

(and atT < 250 K). Experimental conditionsf = 532 K; P = 100 .
Torr; [Cly] in units of 102 molecules cm® = (A) 4.1, (B) 2.1, (C) 4.1, Cl+ CHyl — CH,l + HCI (1a)
(D) 4.1; [Cl]o in units of 13° atoms cm® = (A) 6, (B) 3, (C) 6, (D) L . .

6; [CHal] in units of 104 molecules cm® = (A) 0, (B) 0.740, (C) Kinetics at T < 250 K. As was the case in the high-

1.64, (D) 4.70; number of laser shots average¢A) 300, (B) 4500, temperature experiments (see above), well-behaved pseudo-first-
(C) 4000, and (D) 14 500. Solid lines are obtained from least-squares order kinetics were observed in all experimentJ at 250 K.
analyses and give the following pseudo-first-order decay rates in_units However, unlike the high-temperature results, the bimolecular
of s (A) 37, (B) 418, (C) 887, (D) 2410. For the sake of clarity, 510 coefficients measured s 250 K were found to increase
traces A and D are scaled by factors of 2.2 and 0.7, respectively. A . . . . .

with increasing pressure; typical data are shown in Figure 4
and measured rate coefficients are summarized in Table 2.
Comparison of the rate coefficients in Table 2 with values of
kia Obtained by extrapolation of the high-temperature results to
T < 250 K demonstrates that the branching ratio for hydrogen
transfer is very small under the temperature and pressure
conditions used to obtain the data in Table 2, ranging from 0.11
atT = 250 K,P = 10 Torr to 0.0058 af = 218 K, P = 500
Torr. The dominant reaction channelTak 250 K andP > 5
Torr appears to be formation of a stable adduct:

Cl+ CHgl + M — CH,ICI + M (1b)
PR S S S| " PR | " " " "
0 0.0 0.5 1.0 15 To describe the pressure dependence of the bimolecular rate
15 3 coefficient for an association reaction at a specified temperature
[CH;l] (10~ molecules cm™) and for a specified bath gas, an equation of the following form

Figure 2. Plots ofk', the Cl atom pseudo-first-order decay rate, versus is frequently employed®

CHjsl concentration for data at four temperatures over the range 364

694 K. All data shown were obtained at a pressure of 100 Torr. The k(TM =k M1 E Xk + kM 1
solid lines are obtained from linear least-squares analyses, and the (M1, T) okeMI F ek, +HoM]) n

resulting rate coefficients, i.e., the slopes of the plots, are listed in Table -1
pog P P X = {1+ [log(kg[MJ/k.)]} (1)
The bimolecular rate coefficients of interedty(P,T), are In the above equatiorig andk., are approximations to the low-

determined from the slopes & vs [CHl] plots for data  and high-pressure limit rate coefficients, respectively, Bnd
obtained at constan® and T. Observance of Cl temporal s the “broadening parameterf, and F. depend on both
profiles that are exponential, i.e., obey eq |, a linear dependencetemperature and the identity of the bath gas wkilelepends

of k' on [CHgl], and invariance ok’ to variation in laser photon  only on temperature. Using the above parametrization to fit
fluence and photolyte concentration strongly suggest that the kinetic date for reaction 1b dt = 218 K (see Table 2)
reactions 1 and 3 are, indeed, the only processes that signifi-gives the following results:

cantly affect the Cl time history.

Kinetics at T = 364 K. For all experiments carried out at Ky (N,,218 K)= 2.0 x 102 cmf molecule?s?
temperatures of 364 K and above, well-behaved pseudo-first- '
order kinetics were observed, i.e., Cl atom temporal profiles Kyp (218 K)= 4.0 x 10 ™ erm® molecule t st
obeyed eq | and’ increased linearly with increasing [GH 1bs
but were independent of laser photon fluence and photolyte F(N,,218 K)= 0.63
(N, .

concentration. Typical data are shown in Figures 1 and 2, while
measured bimolecular rate coefficierkgP,T) andks(P,T), are

summarized in Table 1. The parametrization represents the experimental data quite well.

However, it should be kept in mind that use of the above
Cl 4+ CD,l — products (4) parametrization to extrapolate outside the pressure range where
data are available is not recommended, i.e., a more detailed
At 423—-424 K, k; is found to be independent of pressure. An theoretical analysis is required to meet that objective.
Arrhenius plot for reaction 1 is shown in Figure 3. A linear Kinetics at 263 K < T < 309 K. Over the intermediate
least-squares analysis of theldrvs I/T data gives the following temperature range 26309 K, chlorine atom regeneration via
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TABLE 1: Summary of Kinetic Data for the Reactions of Cl with CH 3l and CD3l Obtained at T > 364 K2

CXal T P [Cl3] [CN1=0 no. of expt8 [CX3l] max Kiax ki & 20°d

CHal 364 100 28 1.1 7 13300 2400 1.230.08
396 100 58-110 0.8-2.0 12 8740 2260 2.6%0.1Z
399 100 96-250 1.2 7 10700 2690 2.420.20
423 100 2576 0.7-2.2 10 8590 2350 2.6 0.10
424 25 37 11 5 14400 4140 2.#50.11
522 100 136-310 1.+1.7 7 5500 2720 4.62 0.44
532 100 2141 0.3-0.6 6 4700 2410 5.18 0.20
690 100 26-82 0411 15 2210 2050 9.26 0.49
694 100 3872 0.6-1.1 6 2060 1990 9.3 0.53

CDsl 373 100 17 1.1 6 3580 1670 0.4410.033
419 100 20 1.6 6 2710 2710 0.7550.014

aUnits: T(K); P(Torr); concentrations(20 cm~3); K(s™); k(10712 cm® molecule’* s7%). P expt = measurements of single pseudo-first-order
CI(?Py) decay rate€ Errors represent precision onl/For CHl reactanti = 1, while for CDsl reactantj = 4. ¢ Results include some experiments
with 1.1 x 10" CF.Cl, per cn? added as an additional @HKy;) quencher.

expected if unimolecular decomposition of g€l was the

:w 10F 5.44 x 10""exp(-1250/T) source of regenerated chlorine atoms. As expectepl if Cl kinetics
L) i are controlled by adduct formation and dissociation, room
3 [ temperature experiments using €8s the reactant gave results
o L which were indistinguishable from those obtained at the same
g pressure using C#fl as the reactant. Assuming that ¢l
"’E 3l decomposition is the source of regenerated Cl atoms, the relevant
L kinetic scheme controlling the Cl temporal profile includes not
o only reactions 1a, 1b, and 3, but also reactierid and 5:

3 CH,ICl + M — ClI+ CHgl + M (—1b)

=< 1 s | I P B PR B S S i

1.5 1.9 2.3 2.7 CH,ICI — first order loss by processes that do not
1000/T (K'1) regenerate Cl atoms (5)

Figure 3. Arrhenius plot for the reaction C+ CHsl — CH.l + HCI. ; ; ;
The filled data point was obtained Bt= 25 Torr while all open data Assuming that all processes affecting the temporal evolution

points were obtained & = 100 Torr. The solid line is obtained from of Cl and CHICI are first-order or pseudo-first order, the rate

a least-squares analysis which yields the Arrhenius expression showneduations for the above reaction scheme can be solved analyti-
in the figure (units are cimolecule* s™1). cally

S/S={(Q + 1) exp@it) — (Q + 42) expl,H}/(4; — 1,)
(V)

20 _ 500 Torr
where§ and$ are the resonance fluorescence signal levels at
L timest and 0, and

15
Q=k gy tks V)

10 Q + k3 + (ko + kip)[CH,4l] = _(/11 + /12) (V)

— T T

k' (10°s™)

Q(ks + K JCHSI) + keky [CH3l] = 2,4, (vin

Observed Cl atom temporal profiles were fit to the double-

> 3 exponential eq IV using a nonlinear least-squares method to
obtain values fott;, 1,, Q, andS. The background CI loss
i 5Torr rate in the absence of GHi.e., ks, was directly measured at
op— each temperature and pressure, and rate coefficients for the
00 0.5 1.0 hydrogen transfer channel, i.&;, were obtained by extrapola-
15 3 tion of the high-temperature kinetic data assuming Arrhenius
[CH,l] (10 molecules cm™) behavior, i.e., a linear Ik, vs IIT dependence from 364 K

Figure 4. Plots ofk, the Cl atom pseudo-first-order decay rate, versus down to 263 K. Rearrangement of the above equations shows
CHal concentration as a function of pressure for data obtaindd=at that the rate coefficients;,, k—1p, andks can be obtained from

218 K. The solid lines are obtained from linear least-squares analyses,the fit parameters (and the experimental valueskioandk,)
and the resulting rate coefficients, i.e., the slopes of the plots, are listed using the following equations:
in Table 2. '

Kip = —(Q + Ky + ki JCH,I] + 4, + A,)/[CHgl] (VI
a secondary reaction became evident. Under these experimental
conditions, observed Cl atom temporal profiles were independent ks = {414, — Q(ks + ki, [CHID H (K [CHSlD)  (IX)
of laser fluence and gkoncentration but varied as a function
of CHgl concentration, pressure, and temperature in the manner K 1p=Q ks X)
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TABLE 2: Summary of Kinetic Data for the Reaction of Cl with CH 3l Obtained at T < 250 K2

T P [Cl] [Cl] =0 no. of expts8 [CH3l] max Kia max (K' — Kiz)max kip £ 20°¢
218 5.1 45 11 6 11400 198 3490 3210.52
10 48 11 5 9820 171 5010 5.840.26

30 44 1.0 6 11600 202 11500 106+20.7

100 57 14 6 9830 171 20100 19181.9

250 67-140 1.6-3.3 8 7220 126 17800 2581.3

500 120 3.6 6 6620 115 20200 20t72.6
250 10 76 1.9 5 9900 360 3220 3.250.21

100 51 1.0 5 8300 302 11900 14430.7

500 110 3.0 6 3560 129 9120 24451.9

aUnits: T(K); P(Torr); concentrations(20cm=3); Kia, K'(s71); kin(10*2 cm® molecule s1). b expt= measurements of single pseudo-first-order
CI(?Py) decay rate¢ Errors represent precision only.

Typical chlorine atom temporal profiles observed in the
experiments al = 263—309 K are shown in Figure 5 along 4000
with the best fits of each temporal profile to eq IV; the results

for all experiments in this temperature range are summarized g 3000
in Table 3. Itis worth noting that values fég,(P,T) obtained =
from analysis of the double exponential decays observed at 263 §
K < T < 309 K are consistent with those expected based on o] 2000
extrapolation of the results from lower temperatures. We believe S
that reported values fde 1y, even at high temperatures 300 & 1000

K) where Cl regeneration is relatively fast, are accurate to within

+ 20%. Absolute uncertainties in reported valueskoy, are

somewhat more difficult to assess. Inspection of Table 3 shows

that the precision of multiple determinations kf;, at a

parf[icu)lar temperatl:jre 2nd_ r;]ressure (for var_yinggl(lldncen-l _ Time (ms)

tration) is quite good. An inherent assumption in our analysis _. . ,

is the_lt the only significgnt C_ZI;IICI Ios_s process that results_in Z'%lgge 2’ E%ﬂﬁﬂgtgf?ﬂnﬁﬂl%i%ré’:f;"ﬁ;s; isfgvoeﬂo"’;};z[gf]ﬂ

chlorine atom production is reactioflb; as long as this 34 1022 molecules cm?; [Cl]o = 1.0 x 10 atoms cm?; [CH3l] in

assumption is correct (it aimost certainly is), we estimate that units of 164 molecules cm? = (A) 1.73, (B) 3.57, (C) 6.58; number

the absolute accuracy of reportedy, values is30% over the of laser shots averaged (A) 3000, (B) 5000, (C) 13 000. Solid lines

full range of temperature and pressure spanned by the resultgre obtained from nonlinear least-squares fits to eq Il. Best fit

given in Table 3. parameters, i.eds, _/12, andQ, are summarized in Table 3. For the sake
Possible Secondary Chemistry Complications.The pho- of clarity, trace B is scaled by a factor of 1.2.

tochemical system used to study the kinetics of reactions 1a,

1b, and—1b appears to be relatively free of complications from a factor of 4 variation in Gl concentration had no effect on

unwanted side reactions. The only potential secondary reactionsobserved kinetics, thus confirming that reaction 8 was not an

we are aware of which could destroy or regenerate chlorine important interference.

0.0 0.4 0.8 1.2

atoms (other than reactionlb, of course) are the following: CH3ICl Thermochemistry: Second-Law Analysis. The
equilibrium constant,, given in Table 3 are computed from
Cl + CH,l — products (6) the relationship
Cl + CH,ICl — products @) Kp = K/ (K_1pRT) = KJ/RT (X
CH,l + Cl,— CH,ICI + CI (8) A plot of In K, vs IIT, i.e., a van't Hoff plot, is shown in Figure
6. Since

The concentrations of photochemically generated radicals

employed in this study, i.ex£3 x 10" per cn? (see Tables In K, = (ASR) — (AH/RT) (X1)
1-3), were sufficiently small that radicatadical interactions

such as reactions 6 and 7 could not be important chlorine atomthe enthalpy change associated with reaction 1b is obtained from
removal processes even if their rate coefficients were gas kinetic.the slope of the van’t Hoff plot while the entropy change is
Experimentally, the fact that observed kinetics were unaffected obtained from the intercept. At 284 K, the midpoint of the
by factors of 2-3 variation in [Clp confirms that reactions 6  experimental I range, this “second-law analysis” gives the
and 7 did not contribute significantly to chlorine atom removal. resultsAH = —55.24 1.3 kJ mot! andAS= —93.54+ 4.7 J

The kinetics of reaction 8 have been studied by Seetula et al. mol~! K%, where the errors ares2and represent precision only.

over the temperature range 29524 K34 these authors report CH3lCI Thermochemistry: Third-Law Analysis. In ad-

the Arrhenius expressioky = 1.15 x 10712 exp (—96/T) cm? dition to the second-law analysis described above, we have also
molecule® s71. Since C} concentrations were less thanti0 carried out a third-law analysis, where the experimental value
per cn? in a large majority of experiments (see Tables3), of Kp at 284 K, (1.86+ 0.28) x 10° atm %, has been employed

reaction 8 is not expected to be an important source of in conjunction with a calculated entropy change to determine
regenerated Cl under the experimental conditions employed. TheAH.

interference from reaction 8 is expected to be greatest at the Since experimental data concerning the structure oflICH
highest temperatures studied becakis@creases slightly with are not available, ab initio calculations have been carried out
increasing temperature and because;ICll produced from for this species. The calculations employed the Gaussian 94
reaction 1 with unit yield at high temperature. At= 690 K, program?® Optimized geometries for GdHand CHICI were
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TABLE 3: Results of the CI(3P;) + CX3l + N, <= CX3ICl + N, Equilibration Kinetics Experiments (X = H or D)2

Cl + CHal
T P [Cll [Cleo [CHall Q I 72 K., ks ks Kb K 1 Kp
263 100 34 0.79 804 310 1270 56 37 57 45 115 265 1210
34 0.79 1410 325 2190 54 66 57 43 127 281 1260
34 0.79 2980 242 2950 60 139 57 51 8.63 192 1266
270 100 34 1.0 702 515 1260 58 37 36 48 104 467 607
34 1.0 1490 542 2180 71 79 36 58 107 484 598
34 1.0 3150 519 4130 65 166 36 47 110 472 634
34 1.0 4490 449 5680 3 237 36 -22 111 471 639
34 1.0 5540 500 6840 33 292 36 10 109 490 606
276 100 95 2.3 5020 949 6994 214 359 89 184 116 765 402
95 2.7 5030 884 6630 198 360 89 166  10.9 718 b405
279 100 33 0.73 1620 973 2730 102 99 9% 54 103 919 294
33 0.73 4290 1090 6050 133 263 96 88 110 997 291
33 0.73 5870 943 7540 86 359 96 35 106 909 307
283 100 34 1.0 1730 1290 3010 103 113 46 64 9.60 1230 203
34 1.0 3570 1360 4870 134 233 46 81 9.44 1280 192
34 1.0 5200 1290 6500 112 339 46 47 9.49 1240 198
34 1.0 6580 1210 7970 82 429 46 12 9.67 1200 209
295 100 22 0.68 1180 2640 3380 125 92 44 88 6.16 2550 60.0
22 0.75 1860 3360 5080 176 145 44 152 9.20 3200 71.4
75 0.86 1890 3280 5160 179 148 44 157 9.86 3130 78.4
22 0.73 2060 2990 4610 164 161 44 90 7.70 2900 66.2
75 2.5 2200 3150 4830 202 172 44 177 7.56 2980 63.2
5.5 0.18 2270 2750 4810 171 177 39 114 8.90 2630 84.1
21 0.67 3570 2930 5890 205 279 44 92 7.98 2840 69.9
5.5 0.18 4640 2810 7130 220 363 39 106 8.92 2700 82.1
22 0.73 5090 2960 7410 234 398 44 101 8.35 2860 72.8
22 0.67 5200 2960 7370 258 406 44 135 8.11 2820 715
22 0.75 6670 3170 9490 308 521 44 186 9.09 2980 75.8
77 15 7020 2880 9080 294 548 39 166 8.42 2710 77.3
22 0.75 9990 3090 11300 327 780 44 149 7.76 2940 65.7
22 0.74 12500 3190 14600 362 977 44 189 8.58 3010 71.1
21 0.46 13700 2790 15600 271 1070 39 93 8.71 2700 80.3
77 15 14000 3070 15800 398 1090 39 235 8.58 2840 75.2
77 15 21000 2860 22000 301 1640 39 103 8.47 2760 76.4
21 0.41 25000 3430 26700 619 1950 39 444 8.78 2990 73.1
297 250 53 1.6 3520 5380 10700 237 283 129 62 146 5310 67.9
53 1.6 6690 5440 15400 306 538 129 114  14.4 5320 66.8
53 1.6 10700 4970 21400 192 860 129 —53 146 5030 71.7
297 500 80 2.1 1260 7910 10800 290 101 137 426 2322 7490 76.5
70 2.0 1420 13200 17900 318 114 158 443 335 12700 65.1
75 2.0 2160 6680 11000 323 174 137 341  20.1 6340 78.3
71 2.0 2680 8290 13900 342 215 158 296  20.7 8000 64.0
75 1.9 3490 7180 13900 377 281 137 335  19.0 6840 68.8
70 2.0 4130 7670 16400 358 332 158 246  20.8 7420 69.3
300 25 27 0.60 6940 1630 4330 374 582 69 230 3.49 1400 61.1
27 0.58 13700 1660 7230 404 1150 69 188 3.47 1480 57.5
26 0.57 24100 1440 11100 360 2020 69 122 3.27 1320 60.5
309 100 43 1.1 4820 5650 8830 399 457 62 192 6.33 5460 27.6
43 1.1 9590 6780 15400 584 908 62 294 8.60 6490 315
43 1.1 15800 6090 18300 616 1500 62 158 7.14 5940 28.6
43 1.1 21000 6430 23900 780 1990 62 337 7.71 6090 30.1
Cl+ CDsl
T P [Cl]  [Cle=o  [CHall Q I 2 K, ks ke® Kap Ko Kp
298 100 18 1.4 1860 5160 8360 107 24 54 153 173 5010  85.1
17 1.1 1920 5120 7580 10 25 54 -138 124 5260 582
17 1.1 7560 4830 14950 10 99 54 -59 132 4890 665
18 1.4 11000 4370 18400 7 145 54 53 125 4430 693

aUnits: T(K); P(Torr); concentrations(20 cm=3); Q, 41, A2, ks, ks, Kia, K-15(S™Y); kin(1072 cm® molecule® s7%); Kp(10® atnr?). P 1.1 x 10%
CFCl, per cn? added as an additional @R;,;) quencher Reaction 9 is CRICI — first-order loss by processes that do not regenerate Cl atoms.

determined using density functional the®ry® with the BSLYP
exchange/correlation function®. A 6-314+G(d) basis set was
used for carbon and hydrogen, while an effective core potential and chlorine, and either an all electron (AE) or an effective
(ECP¥” was used for the core electrons of chlorine and iodine core potential (Hay-Wadt, ECP (HW), or Stuttgart, ECP (S))
in conjunction with a 311/311/1 basis set contraction for the foriodine. Inthe G2 computational scheme for iodine, a 11111/
valence orbitals. This level of theory is denoted B3LYP/ECP. 11111/1 contraction is used for the valence orbitals in place of
Recently the GZ2and G2(MP28b levels of theor§® have
been extended to include iodiffe. Both levels of theory
approximate results from the QCISD(T)/6-31G(3df,2p) level

with zero-point and higher-order corrections. The computational
method includes all electron calculations for carbon, hydrogen

the 6-313-G(d,p) basis setand 2 11111/11111/111/1 contraction
is used in place of the 6-3#1G(3df,2p) basis set. The mean
absolute deviations from experiment at the G2 [ECP (S)] level
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TABLE 4: Summary of Parameters Used in Calculations of

Absolute Entropies and Heat Capacity Corrections

A 25Torr
o 100 Torr

® 250 Torr
o0 500 Torr

10°}

K, (atm™)

3.8

10° ' :
34 3.6
1000/T (K™)

Figure 6. van't Hoff plot for the reaction Ci+ CHzl < CH3ICI. The
solid line is obtained from a linear least-squares analysis and gives the

Cl CHal CHsICI
% 4 1 2
O 2
Ae(cm e 882.36
o 3 P
L nsc(@amu A8 1.48x 10¢ 5.03x 10P
I.(amu A2)d 3.2
v(cm1)e 3060f 2953, 1438 3240, 3232, 3113
1251, 883,533 1475, 1481, 1303
920, 911, 501
171, 89, 19

a Ae = Energy splitting between lowest two electronic stateszICH
has no low-lying excited electronic states ands{H is assumed to
have none® Symmetry factor 1 results from internal rotation of GH
about ICI.¢ | xgc for CHgl is based on experimental rotational constants.
Using the calculated structure (Figure 7), we obtaiz = 1.58 x 10*
ami AS. 9 Moment of inertia for internal rotation of GHabout ICI.
¢ Frequencies for CHiiare based on experiment. Calculated frequencies
in units of cnT* are 3219,3106, 1490,1298, 896,and 509.f Doubly
degenerate vibrational modésThis is the frequency for the internal
rotation of CH about ICI; this motion was treated as free rotation (see
text), not a vibration.

second-law thermochemical parameters for the reaction (see Table 5).TABLE 5: Thermochemical Parameters for the Reaction

Different symbols indicate data obtained at different total pressures.

2.181
(2.136)

Figure 7. Structures for Chl and CHICI derived from ab initio
calculations at the Becke 3LYP/ECP level as discussed in the text.

CI(2P;) + CHal — CHJICI2

T method —AH —AS
298 second law 55214 93.4+ 4.8
third law 52.0+ 2.1 82.4+ 6.0
284 second law 55.21.3 93.5+ 4.7
third law 52.0+1.3 82.3+ 6.0
0 second law 53. 215
third law 50.6+ 2.2

aUnits: T(K); AH(kJ mol%); AS(J mol K=1). ® Errors are 95%-
confidence-level estimates.

suggests a stabilizing hyperconjugative interafiamhich is
borne out by inspection of the population density where the
empty z* combination on CH stabilizes an occupied out-of-
plane lone pair orbital on chlorine.

To carry out the third-law analysis, absolute entropies as a

Bond lengths and bond angles shown in parentheses are experimentafnction of temperature were obtained from the JANAF tefles

values taken from ref 63.

for iodine-containing molecules of ionization energies, electron
affinities, and atomization energies is only 9.6 kJ/mol. Several
applications of the G2 method to iodine-containing molecules
have appearet.

In this study we have followed the G2 [ECP (S)] prescription
with the exception that we use B3LYP/ECP geometries and
corresponding vibrational frequencies (with no scaling factor)
rather than the MP2/ECP geometry and HF/ECP frequencies
(with 0.893 scaling factor). Thus, we use the notation [EZP
(S)] and G2 (MP2) [ECP (S)] to denote this difference.

for Cl, calculated using vibrational frequencies and rotational
constants taken from the literatfdor CHsl, and calculated
using ab initio vibrational frequencies and moments of inertia
for CH3ICl. The lowest frequency normal mode for g8l
(with ¥ = 19 cnm?) is the internal rotation of the methyl group
around ICI. Some additional calculations, carried out to assess
the magnitude of the barrier to internal rotation, suggest that
the barrier is very small (i.e., 0.75 kJ mé); hence, in the third
law calculations the lowest frequency normal mode ofCH
was treated as a free rotation. At 284 K, the third law analysis
gives the resultdH = —52.04- 1.3 kJ mof! andAS= —82.3

+ 6.0 J mot! K71, the uncertainties we report reflect an

Bauschlicher and Partridge have suggested similar modificationsestimate of our imperfect knowledge of the input data needed

to the G2 schem@

The B3LYP/ECP calculated structures of €tdnd CHICI
are shown in Figure 7. The calculated &Hdtructure is very
similar to the structure obtained from microwave spectros€opy
(see Figure 7), thus providing some validation for the compu-
tational approach. The GH-CI adduct is characterized by a
long CHI two-center three-electron (2¢-3e) bond (2.886 A)
which is about 25% longer than a normakZl2c-2e bond to
a divalent iodiné (ICl,*, 2.31 A; LCl,*, 2.34 A). Upon
complexing with a chlorine atom, the-ICH3; bond contracts
slightly (2.181— 2.178 A) while the methyl group adopts a
staggered orientation with a pronounced tilt towards chlorine.
That tilt in conjunction with the small GlI—C angle of 85.2

to calculate absolute entropies (the low-frequency vibrations of
CHGICl are most significant) as well as the estimated uncertainty
in the experimental value fd£y,(284 K).

Summary of Thermochemical Results. The thermochemi-
cal results of this study are summarized in Table 5. Appropriate
heat capacity corrections have been employed to olt&in
values at 298 and 0 K. Using literature valtfSfor the heats
of formation of Cl and CH at 298 and 0 K allows the heat of
formation of CHICI to be evaluated. As can be seen from
Table 5, the agreement between the second- and third-law
results, while not perfect, is pretty good. Since the uncertainties
in the AH;1(CHsICI) values obtained by the two methods are
similar in magnitude, it seems appropriate to report simple
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averages of the second- and third-law values, while adjusting favorable, whereas the dihalogen dissociation channel is ener-

reported uncertainties to encompass theeror limits of both getically unfavorable for other reactions studied to date.
determinations. Using this approach, we repdtHfogs Implications for Atmospheric Chemistry. The dominant
(CHsICI) = 82.34 3.5 kJ mof't and AHfo(CHzICI) = 91.64+ established CH destruction process in the atmosphere is
3.6 kJ mot™, photolysis. Recent evaluations of the atmospheriglQiHo-

For comparison with the experimental values for thesIGH tolysis rate coefficiedt12 suggest that a value of about>5
Cl bond strength (se&H values in Table 5), theoretical values 107 s71 is typical for the tropical and midlatitude marine
have been obtained using density functional theory (DFT) at boundary layer (MBL). Chlorine atom levels in the MBL are
the B3LYP/ECP level, and also using G2 and G2(MP2) theories rather poorly established, but the best available estimates suggest
(see above). Calculated values foAH at 0 K are as follows: concentrations of about 1(per cn¥; using this estimate in
conjunction with the valudg ~ 2.5 x 10711 cm® molecule?

B3LYP/ECP 59.3 kJ mot s (see Tables 2 and 3) under typical MBL conditions of
G2 (MP2) [ECP(S)] 42.5 kJ mot temperature and pressure, gives a pseudo-first-order rate coef-
G2 [ECP(S)] 40.0 kJ mot* ficient of 2.5 x 10°7 s71 for CHal destruction by Cl atoms if

addition of Cl to CHI is completely irreversible under

The theoretical bond strengths bracket the experimental valueatmospheric conditions. Hence, reaction 1 will compete with
of 52 = 3 kJ mol! (average of second- and third-law photolysis as an atmospheric destruction mechanism foit CH
determinations), with density functional theory predicting a only if (a) the average marine boundary layer concentration of
stronger bond than observation and the G2 theories predictingc| atoms is near the high end of the range of possible values
aweaker bond. Overall, however, the agreement between theoryand (b) the fate of CHCI under atmospheric conditions is not
and experiment is reasonably good. dissociation back to G+ CHsl. Even though it appears unlikely

Comparison with Previous Research. The only experi-  that reaction 1 is an important removal mechanism for atmo-
mental study of CH- CHsl kinetics reported in the literature  spheric CHl, its potential role in atmospheric chemistry cannot
was published very recently by Kambanis et®alThese authors  pe completely understood until the fate of @& under
used the very low-pressure reactor technique to study reactionatmospheric conditions is established. For example, there is
1 at millitorr pressures over the temperature range-363 some indication that CH#ICI can isomerize, then dissociate to
K; they report the Arrhenius expressién= (1.33+ 0.49) x give CHCI + 1,7273although our results suggest that dissocia-

1071 exp[(—689 + 120)/T] cm® molecule* s™*. Because of  tion to CHyl + Cl is the predominant unimolecular GI€! loss
the low pressures employed by Kambanis et al., the dominantprocess, i.e.k 1, > ks (see Table 3).

reaction channel under their experimental conditions is probably

hydrogen transfer, i.e., reaction la. Comparison with our  Acknowledgment. The experimental component of this
Arrhenius expression foki{(= 5.44 x 107! exp(—1250M)] research was supported by the National Aeronautics and Space
shows good agreement with the results of Kambanis et dl. at Administration, Upper Atmosphere Research Program, through
~ 363 K but not very good agreementlat- 273 K, where the grants NAGW-1001 and NAG5-3634 to Georgia Institute of
rate coefficient obtained from our expression (which admittedly Technology. Computer time for this study was made available
is based entirely on high-temperature data) is a factor of 2 slowerby the Alabama Supercomputer Network.

than the rate coefficient reported by Kambanis et al. One
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