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Crossed molecular beam studies of the reactions of methyl radicals 
with iodoalkanes 

Gary N. Robinson,a) Gilbert M. Nathanson,b) Robert E. Continetti, and Yuan T. Lee 
Ma~eria~s and Ch.emi~al Sciences Division, Lawrence Berkeley Laboratory and Department of Chemistry, 
UnIVersity of California, Berkeley, California 94720 

(Received 14 July 1988; accepted 23 August 1988) 

The I atom exchange reactions, CH3 + RI ..... CH3 1 + R [R = CF 3' (CH 1 ) 1 C 1, were 
investigated at a collision energy of ;:::; 13 kcal/mol using the crossed mol~c~lar beams 
technique. The supersonic beam of methyl radicals was formed by pyrolyzing a mixture of 
;:::; 1 % di-tert-butyl peroxide in helium in a quartz nozzle. A large fraction of the total energy 
available to the products from these reactions is channeled into relative translation [;:::; 50% for 
R = (CH3 ) 3 C and;:::; 70% for R = CF 31 suggesting that the dominant interaction among the 
products is repulsive. The CH3 I product from both reactions was observed to be entirely 
backward scattered with respect to the incident radical beam indicating that a roughly 
collinear C-I-C transition state geometry is favored. The present results are compared to those 
of earlier crossed beam studies of the CH3 + IY ..... CH3 I + Y (Y = C1, Br, I) reactions; the 
differences observed among these reactions are explained with reference to the CH} 1-Y and 
CH3 I-R interaction potentials. 

I. INTRODUCTION 

Free radical reactions are of central importance in at
mospheric and combustion chemistry. Methyl radical ab
straction reactions, in particular, playa key role in hydrocar
bon fuel combustion. Although there have been numerous 
bulk gas-phase kinetic studies of such reactions (the major
ity of which have focused on H atom transfer I ), very few free 
radical reactions of any sort have been investigated under 
single collision conditions. 

Ross and co-workersz.3 were among the first to use the 
crossed beams technique to study radical reactions. Using a 
tantalum oven to generate effusive beams of methyl and 
ethyl radicals, they investigated the halogen abstraction re
actions CH3 + XY ..... CH3X + Y, (XY C12, Br2, 12, ICl, 
and IBr)2.3 and C2HS + Br2 ..... CzHsBr + Br.Z(b) Grice 
and co-workers also studied the reactions CH3 + IY 
..... CH] I + Y (Y = I, Br, and Cl) with an effusive radical 
source.4

•
5 More recently they employed a supersonic CH3 

source to reinvestigate the IY and Br2 reactions with im
proved velocity resolution.6 

In all of the crossed beam experiments, the RX product 
was observed to be predominantly backward scattered with 
respect to the incident radical beam. However, the CH] I 
products from the IBr and ICI reactions were more sideways 
scattered than the CH] X products from the homonuclear 
X2 reactions. Product velocity measurements showed that 
the average fraction of available energy going into product 
translation, (E' / Eavl ), was;:::; 0.30 ± 0.05 for all of these re
actions. However, the translational energy distributions for 
the IY reactions peaked at lower values of E' than those for 
the X2 reactions. Somssich et al. 7 observed the CH 3 Br prod
uct from the reaction CH 3 + Br 2 to be translationally hotter 

"Present address: Department of Chemistry, Princeton University, Prince
ton, NJ 08544. 

h'Miller Research Fellow. Present address: Department of Chemistry, Uni
versIty of WIsconsin, Madison, WI 53706. 

and more sideways scattered than Ross and co-workers3
• 

they obtained (E' / Eavl ) = 0.56 whereas Ros~ 
reported a value of 0.26. Although these differences 
were attributed to the higher collision energy used in the 
experiments ofSomssich et al., Grice's most recent work on 
CH3 + Br2 ,bib) carried out at a comparable collision energy 
but with a supersonic radical beam, shows the CH3 Br prod
uct from this reaction to be strongly backward scattered 
with (E' / E avl ) 0.33. 

The main conclusion from these studies was that the 
CH3 + X z ..... CH3X + X potential energy surfaces (PES) 
are largely repulsive in their exit valleys, channeling a signifi
cant fraction of the available energy into product transla
tion; the CH 3 + IY ..... CH3 I + Y surfaces are apparently 
less repulsive. The results of these experiments strongly re
sembled those for the reactive scattering of 0 atoms with 
diatomic halogen moleculesR

•
9 suggesting that, at least as far 

as halogen atom exchange reactions are concerned, methyl 
radicals and hydrogen atoms behave quite similarly. 

Using the crossed beams method, we began to investi
gate the reactions of methyl radicals with halogenated satu
rated and unsaturated hydrocarbons in order to learn how 
the internal degrees of freedom of reactants and products are 
coupled to the reaction coordinate in radical abstraction and 
substitution reactions. In these studies, we used a pyrolysis 
source to generate a supersonic methyl radical beam. Unfor
tunately, we were unable to observe radical-for-atom substi
tution in any of the halogenated unsaturated systems that we 
studied, including those for which substitution was readily 
observed with BriO and Cl atoms. II This is due to the lower 
cross section for methyl radical (as compared to halogen 
atom) addition reactions which is related, in terms of reac
tion rate theory, to the lower Arrhenius A factor and higher 
activation energy for such reactions (for CH 3 + C2 H4 
..... C 3 H7,logA 8.5 and E act = 7.7 kcal!mol whereas for 
CI+C2 H4 ..... C2H4Cl, logA=10.7 and Eacr=O kcal! 
moI 12

). 
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Robinson et al.: Reactions of methyl radicals 6745 

We were, however, able to carry out studies of the I 
atom exchange reactions, CH3 + RI-.CHJI + R, where 
R = CF3 and C(CH3)3 at 12-13 kcallmol collision ener
gies. The most striking result of these experiments is that the 
additional vibrational degrees of freedom of the molecular 
reagent appear to playa very limited role in product energy 
partitioning. In fact, the fraction of energy available to the 
products of these reactions that is channeled into translation 
is greater than that for the CH3 + XY reactions described 
above, suggesting that the CH3 -I-R and CHJ -X-Y poten
tial energy surfaces are rather different from one another. 

The thermochemical data available for the CHJ 
+ CX31-CH31 + CX3 (X = F, CH3) reactions are still 

somewhat limited. Tomkinson and Pritchard 15 have mea
sured Eact = 7.5 ± 1.0 kcallmol for CH3 + CF31-CH31 
+ CF 3' Alcock and Whittle 16 obtained an activation energy 

of 3.3 ± 0.2 kcallmol for the reverse reaction. If these mea-
surements of the activation energies were reliable, they 
would imply that the forward reaction is endothermic by ::::; 4 
kcallmol. Earlier molecular beam photodissociation studies 
yielded D ~ (C-I) = 53.3 ± 0.7 17 and 53.3 ± 0.21K kcallmol 
for CH31 and D~ (C-I) = 53.0 ± 0.5 kcallmol 19 for CF31. 
According to these values, this reaction is essentially ther
moneutral. However, recent high resolution molecular beam 
photodissociation experiments on CH3 1

20
•
5K give a more reli

able value of D ~ (C-I) = 55 ± 0.5 kcallmol, implying b.H~ 
= - 2 kcallmol. 

Based on Benson's value of 51 kcallmol for the C-I 
bond dissociation energy in (CH 3 ) 3 CI 13 (a) and the above 
values for D~ (C-I) in CH31, CH3 + (CH3 )3CI 
- CH3 I + C (CH3 ) 3 should be exoergic by 2-4 kcallmol. 

II. EXPERIMENTAL 

The crossed beam apparatus used in these experiments 
has been described elsewhere. 2I ,22 Two seeded, doubly dif
ferentially pumped beams were crossed at 90° in a collision 
chamber held at approximately 10 -7 Torr. The CH3 I prod
uct from both reactions was detected at m/e = 142 with a 
triply differentially pumped detector that rotates in the 
plane of the two beams. 

The methyl radical beam was formed by bubbling::::; 160 
Torr of helium through di-tert-butyl peroxide (DTBP, 
Pfaltz and Bauer) at - 19°C (vapor pressure, vp::::; 2 Torr) 
and expanding the mixture through a tapered quartz nozzle 
heated to ::::; 1000 °C with a tantalum heater. The nozzle was 
fabricated by drawing a quartz tube (0.64 cm outer diame
ter) to an inner diameter of ::::;0.5 mm and then grinding the 
tip to an angle of 60°. The heating element consisted of a 
small square block ( ::::; 9 mm2) of 1 mm thick Ta spot welded 
to a 0.5 mm thick strip ofTa. The Ta strip was attached to 
two bent molybdenum strips which were affixed to water 
cooled electrodes and served as springs. A 60° conical hole 
was drilled into the 1 mm block to mate with the quartz 
nozzle which was painted with a colloidal graphite suspen
sion. Figure 1 is a drawing of the source. Typically, 120 A at 
1.2 V AC were passed through the heater. A conical stainless 
steel skimmer with an orifice diameter of 1.5 mm was posi
tioned ::::; 1.3 cm from the nozzle. 

In order to minimize radical recombination, it was nec-

FIG. \. Assembly drawing of methyl radical source. (I) tantalum block, 
(2) molybdenum springs; (3) water cooled copper electrodes; (4) preci
sion ground quartz tube; (5) alumina spacers. 

essary to heat the quartz nozzle at the tip only. However, 
within a few hours of operating the source, a black polymeric 
deposit accumulated inside the nozzle that blocked the gas 
flow. By monitoring the source foreline pressure and the 
product signal at a reference angle, it was possible to deter
mine when this clogging began to affect the experiment seri
ously. A thin drill bit (0.4 mm diameter) attached to a long 
piece of stainless steel tubing and residing permanently in the 
gas feedline was used to unclog the nozzle in between experi
mental runs. 

It was found that, over time, the Ta heater reduced the 
quartz nozzle to silicon. In addition, the beam gases oxidized 
the heater. As a result, the heating element and the quartz 
nozzle needed periodic replacement. After each replacement 
the velocity of the methyl radical beam was remeasured and 
adjusted to agree with the earlier value. 

The CF 3 I beam was formed by expanding 170 Torr of a 
mixture of 12 % CF J I (SCM) in neon through a 0.15 mm 
diameter nozzle at 30°C. The (CH J ) 3 CI (Aldrich) beam 
was generated by bubbling 170 Torr of neon through the 
reagent held at O°C (vp::::;20 Torr). The mixture expanded 
through a 0.20 mm diameter nozzle warmed to 70°C. A 
conical stainless steel skimmer with an orifice diameter of 
1.0 mm was positioned ::::;0.9 cm from the nozzle for both 
beams. A second defining aperture was placed between the 
skimmer and the differential wall for the t-butyl iodide beam 
in order to reduce the background arising from impurities in 
the beam at detector angles close to 0°. 

Product angular distributions were measured by modu
lating the methyl radical beam with a 150 Hz tuning fork 
chopper. Data were collected for approximately 12 min per 
angle. e = - 20° was used as a reference angle for subse
quent time normalization of the data for both reactions. No 
data was collected within 8° of the R-I beam. 

The velocities of the reagent beams were measured using 
the time-of-flight (TOF) technique. A multichannel scaler23 

interfaced to an LSI 11/73 computer accumulated the data. 
The peak velocities (in units of 104 cm/s), vpk ' and speed 
ratios, S24 of the reagent beams were: CH3: vpk = 27.0, 
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s = 7.0 [CF 3 I experiment], vpk = 27.4, S = 7.2 [(CH3) 3 

CI experiment]; CFj I: vpk = 6.0, S = 12.5; (CH3 ) 3 CI: Vpk 

= 7.0, S = 10.6. The most probable collision energies, EO' 
were 12.3 and 12.8 kcallmol for the CF 3 I and (CH1 ) 3 CI 
reactions respectively. The spread in collision energy was 
::::::30% FWHM. 

Since one molecule of DTBP decomposes into two 
methyl radicals and two acetone molecules, there was a sig
nificant contribution to the rn/e = 15 signal in the methyl 
beam TOF from acetone cracking in the electron bombard
ment ionizer. Because of the spread in the electron energy of 
our ionizer, it was not possible to ionize the methyl radicals 
selectively by lowering the electron energy below the appear
ance potential for dissociative ionization of acetone 
[IP(CH3 ) = 9.8 eV; AP(C3H60~CH,+ + CH 3 CO 
+ e~) = 13.2 e V25

]. In the early phase of this study the 
presence of methyl radicals in the beam was determined by 
inspecting the width of the rn/ e = 15 TOF peak. At low 
stagnation pressures, when the expansion from the nozzle 
was mild and slippage in the terminal velocities of different 
species was noticeable, one could observe a widening of the 
rn/ e = 15 peak compared with those of heavier species in the 
beam. Upon increasing the stagnation pressure to achieve a 
more isentropic expansion, no widening was apparent and 
presumably the methyl radicals and acetone molecules had 
the same terminal velocity distribution. All of the reactions 
were studied under such conditions. 

Product TOF spectra were measured using the cross
correlation method. 22 A Cu~Be alloy disk photoetched with 
a 255 channel pseudorandom sequence of open and closed 
slots was spun at 392 Hz giving 10 f1s resolution in the TOF 
spectra. The resulting spectrum was deconvoluted by the on
line computer. The nominal flight path from wheel to ionizer 
was 29.9 cm. 

III. RESULTS AND ANALYSIS 

A. CH3 +CF3 .... CH31+CF3 

TheCH3I (rn/e = 142) laboratory angular distribution 
for this reaction is shown in Fig. 2. The product is entirely 
backward scattered with respect to the incident CH3 beam 
(the center-of mass angle Gem, is 19°). Elastic and inelastic 
scattering of impurities in the CF 3 I beam by both He and 
acetone in the CH3 beam contributed to a substantial modu
lated nonreactive rn/ e = 142 signal at LAB angles from 0° to 
15° and, to a lesser extent, from 0° to - 5°. In order to sub
tract this background from the measured CH3 I angular dis
tribution, we substituted a properly diluted beam of acetone 
in helium for the CHj beam produced from DTBP and mea
sured the nonreactive scattering signal. The interpolated 
slope of the nonreactive scattering angular distribution from 
8° to 20° was virtually identical to that obtained with CH3 

radicals in the beam, suggesting that there is no reactive sig
nal from CH3 at 8°. In addition, the rn/e = 142 TOF spec
trum at 8° did not change when acetone was substituted for 
DTBP. Since both the reactive and nonreactive angular dis
tributions go to zero at 20°, this angle provides a rigorous 
upper limit to the width of the product angular distribution. 
Two possible experimental angular distributions are given in 
Fig. 2; one has N(SO) = 0 and the other N(200) = O. 

10 ·r 90° 

~ 

2 

\ 'c 
::J \ 
.0 0.5 11 \ 
Co -1 \ 

/ 
\ 

2:: \ \ Z 
i \ \ 

00 CF31~ \ 

-40 -20 0 20 40 

Lab Angle, H 

FIG. 2. CH, I (rnle = 142) product angular distribution for the reaction 

CH, + CF\ I ~ CH, I + CF \. Center-of-mass angle is 19'.-fit obtained 

with T(90') = 0 em. angular distribution in Fig. 7 ; - - - fit obtained with 
T( 65') = 0 distribution. Error bars represent 90% confidence limits. Radi
us of Newton circle in insert represents the maximum em. frame recoil 
velocity of the CH, I product. 

In addition to the modulated background from in/elas
tic scattering, there was angle dependent unmodulated back
ground at angles up to 12° from the CF 3 I beam resulting 
from background molecules effusing from the differential 

100 500 900 1300 100 500 900 1300 

Flight time (I i sec) 

FIG. 3. CH, I (rnle = 142) time-of-flight spectra at three laboratory angles 

from the reaction CH, + CF,I~CH,I + CF,: (a) solid line fit obtained 
with 1'(90') = 0 c.m. angular distribution in Fig. 7; (b) solid line fit ob
tained with T( 65') = 0 c.m. angular distribution. 
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region. The error bars for the points at - 8" and - 10° re
flect the statistical noise associated with this unmodulated 
background. 

Product TOF spectra were measured at three angles 
(Fig. 3). The signal-to-noise ratios are relatively low. The 
gradual drop in the CH3 beam intensity caused by the decay 
of the heater and nozzle made it unprofitable to count for 
longer than about 5 h at a given angle. Unmodulated back
ground was subtracted from the TOF spectrum at - 12° by 
measuring the m/e = 142 TOF at this angle using beams of 
CH3 in He and acetone in He. The 28° TOF spectrum has 
a long tail which is likely to be nonreactive in origin. The 
underlying shape of this tail is uncertain so it was not sub
tracted from the data. 

The product angular distributions and TOF spectra 
were simultaneously fit using a forward convolution pro
gram II that starts with a separable form for the center-of
mass (c.m.) reference frame product flux distribution, 

lern (e,E') T(e)p(E'), 

and generates laboratory (LAB) frame angular distribu
tions and TOF spectra suitably averaged over the spread in 
relative velocities. T( e) is the c.m. frame product angular 
distribution. A three parameter functional form was used for 
P(E'), the c.m. frame product translational energy distribu
tion: 

P(E') = (E' - B)P(E,vl - E,)q, 

where B appears as a threshold in the distribution and is 
related to any barrier in the exit channel and Eavl (Ec 

- t.H; ).The calculated angular distributions and TOF 
spectra are scaled to agree with the experimental data. 

We found that it was necessary to add::::::: 3 kcallmol to 
the collision energy of 12.3 kcallmol in order to fit the wide
angle part of the CH3 I angular distribution well. Thus, our 
data are in accord with an exoergicity of 2 kcallmol. How
ever, if the reaction is indeed thermoneutral, this could indi
cate that vpk (CH3) is slightly higher than we infer from the 
peak m/e = 15 flight time, t pk ' A decrease of 4 f1.s in tpk 

would increase vpk (CH, ) to 2.8X 105 cm/s and raise the 
most-probable collision energy to 13.2 kcallmol (the resolu
tion was 1 f1.S per channel for the beam TOF measurements). 
Some of this additional energy could also come from the out
of-plane vibrational mode [V2 = 606 cm -I (I --0) and 681 
cm - I (2 <- 1) 26] of the methyl radical which is essentially 
directed along the reaction coordinate. Assuming that the VI 

mode is unrelaxed in the expansion, ::::::: 50% of the methyl 
radicals will have at least one quantum in V 2 and::::::: 40% will 
be in v 2 = 1 at a nozzle temperature of 1000°C. It is worth 
noting that Brown et al.5 were unable to fit their data for 
CH3 + ICl- CH3 I + CI without including part of the vi
brational energy of the methyl radical in the total energy 
available. The spread in translational energy of their effusive 
radical beam is quite substantial, however, so it is unclear to 
what extent vibrationally excited methyl radicals were con
tributing to reaction. 

Attempts were made to fit the data using differently 
shaped c.m. flux distributions. Both the N( 8°) = 0 and 
N(200) o angular distributions could befit withP(E ') dis
tributions having B values in the range 0-3 kcal/mol. The 

mean translational energy of the peE ') distributions (at the 
most-probable collision energy) increases from 9.9 to 10.2 
kcal/mol on increasing B from 0 to 3 kcallmol and adjusting 
p and q to optimize the fit. Thus, (E' / Eavl > =0.66 over a 
range of B values. We present fits for B 2 kcal/mol, 
p = 0.94, and q = 0.24 [Fig. 6(a) 1 in Figs. 2 and 3. With 
B = 2 kcal/mol, p can be decreased by as much as 30% [en
hancing the low translational energy portion of the peE') 
and lowering the peak energy by ::::::: 1 kcal/mol] without sig
nificantly degrading the quality of the fits. Such a change 
amounts to a decrease of only 3% in (E' / Eav! ). 

A T(e) distribution with T(65°) = 0 (Fig. 7) has been 
used to fit the N( 8°) = 0 laboratory angular distribution and 
one with T(900) 0 was used for the N(200) = 0 fit. Since 
CH31 product scattered backwards at angles up to :::::::80° in 
the c.m. frame can contribute to the TOF spectra at all three 
LAB angles, the slow tails of the calculated TOF spectra are 
sensitive to the maximum angle of T( e). However, because 
of the noise in the TOF data, both T( e) distributions give 
acceptable fits to the spectra. Figs. 3 (a) and 3 (b) show the 
fits generated using the two distributions. 

Since the velocity spread of the CH3 beam was not 
known exactly, we investigated the effect on the fits of de
creasing the value of the CH3 beam speed ratio (equivalent 
to broadening the velocity spread). Decreasing S by 30% 
had a negligible effect on the calculated angular distribution. 
It did, however, broaden the calculated TOF spectra slight
ly, especially at 28° where it seemed to improve the fit. 
However, the poor signal-to-noise ratio at this angle makes it 
difficult to judge the quality of the fits. 

Interestingly, we were unable to observe product from 
the reaction CH3 + CF,Br-CH3 Br + CF3 (I1H;98 = 0 
kcal/moJ27

) at a collision energy of 13 kcal/mol. This is 
presumably due to a higher potential energy barrier to this 
reaction. The activation energy for this reaction has been 
measured to be 12.5 kcallmol.!5 

B. CH3 + (CH3hCI .... CH31 + C(CH3h 

Elastic and inelastic scattering of impurities at 
m/e = 142 was even more of a problem with (CH 3 h CI 

900 

1.0 

Ul -C 
::J 

..ci 0.5 
3 

00 

-40 -20 0 20 40 
Lab Angle, (0 

FIG. 4. CH,I (m/e = 142) product angular distribution for the reaction 

CH, + (CH, ), CI ~ CH, I + (CH,).\ C. The fit was obtained with the 
T(900) = 0 c.m. angular distribution in Fig. 7. Error bars represent 90% 
confidence limits. 
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(j) 
+-' 

'c 
::J 

..ci .... 
...:9. 

-= Z 
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.5 

O. 

1 

.5 

0 

-15 0 

(a) 

-200 

(b) 

100 500 900 1300 100 500 900 1300 

Flight time (/ i sec) 

FIG. 5. CH, I (rnle = 142) time-of-flight spectra at two laboratory angles 
from the reaction CH, + (CH,), CI~CH, 1+ (CH,), C. (a) Same as in 
Fig. 3 (b) solid line fit obtained with T (60') = 0 c.m. angular distribution 
in Fig. 7. Nonreactive signal has not been subtracted from the e = - IS' 
spectrum. 

than with CF3I. At 20°, the modulated mle= 142 count 
rate was ;:::: 40 Hz as compared to ;:::: IS Hz at - 20°; the 
modulated ml e = 142 count rate at 200 in the CF 3 I experi
ment was essentially 0 Hz. As a result, it was not possible to 
subtract unambiguously the nonreactive contribution to the 
signal at 8> 0° for this reaction. Only data for 8<:;; - 80 are 
presented in Fig. 4 (8em = 180

). Again, substantial back
ground signal from the unscattered (CH 3 ) 3 CI beam in
creased the statistical uncertainty at the angles closest to the 
beam. A TOF spectrum of CH 3 I product at - 200 is shown 
in Fig. 5 along with a mle = 142 TOF spectrum at - ISO 
which includes both reactive and nonreactive components. 

The small segment of the laboratory angular distribu
tion that we obtained is from backward scattered products 

1 

5 

W O. CC 1 

5 

(a) 

CH3 + CF31 

4 8 12 16 

E' (kcal/mol) 

FIG. 6. Center-of-mass frame prod
uct translational energy distribu
tions: (a) distribution used to fit 
CH, + CF,I data; (b) distribution 
used to fit CH, + (CH, ), CI data. 
See the text for discussion of uncer
tainties in these distributions. 
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00 

0 30 60 90 

eM Angle, () 

FIG. 7. Center-of-mass frame CH, I angular distributions for both reac
tions. Dot dashed line: 7'(60'): solid line: 7'(65'): dashed line: 7'(90'). 

with relatively large recoil energies so the low recoil energy 
section of the peE ') cannot be definitively determined from 
the measured TOF spectra, The shape of the calculated TOF 
spectrum at - 200 does not change on increasing the B pa
rameter from 0 to 4 kcallmol. A P( E') with B = 0 kcallmol 
is used to obtain the fits presented in Figs. 4 and 5 (p = 1.02 
and q = 0.92); we assume f>.H;) = - 2 kcallmol. For this 
peE'), (E') = 7.6 kcallmol and (E'IE"11) = 0.51; 
(E' 1 Eovl ) changes only slightly to 0.53 for the B = 3 distri
bution. 

Acceptable fits to the mle = 142 angular distribution 
and TOF spectra are obtained with the T(90 0

) = 0 and 
T(600

) = 0 c.m. angular distributions shown in Fig. 7. The 
two fits are virtually identical for 8<:;; - 80

• The calculated 
TOF spectra in Fig. 5(a) are derived using the distribution 
that extends to e = 900

• The effect of truncating T(e) at 600 

is shown in Fig. 5(b). The TOF spectrum at 8 = - 200 

could not be fit well with a T( 50°) = 0 distribution. The 
noise in the TOF data again prevents us from being able to 
determine conclusively the length of the slow tail and hence 
the maximum angle of T( e). Indeed, T( 0) could extend 
beyond 900

• Even with the uncertainty in T( 0), however, it is 
clear that the product is predominantly backward scattered. 

IV. DISCUSSION 

We have found that the CH, I product from the CH3 

+ RI reactions is strongly backward scattered with respect 
to the incident radical beam and that a large fraction of the 
total available energy appears in the relative motion of the 
recoiling products. (E' 1 Eavl ) = 0.66 for R = CF, and 
=0.52 for R = C(CH, )3' These features are illustrated in 
Fig. 8 by the product flux contour diagram for CH, 
+ CF, I ~ CH3 I + CF, in the c.m. reference frame. 

As noted above, a threshold in the product translational 
energy distribution could result from a barrier in the exit 
channel of the reaction. Our best-fit P(E') distributions for 
CH3 + CF 3 I -> CH, I + CF 3 are therefore consistent with 
the aforementioned kinetic study that suggests an activation 
energy of ;:::: 3 kcallmol for the reverse reaction. Assuming 
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104 cm/s 

-900 

FIG. 8. Center-of-mass flux contour diagram for the CH, I product from 
CH, + CF, I - CH, I + CF] . The incident CH, and CF] I velocity vectors 
have been truncated for clarity. 

that the reaction is thermoneutral and direct, the potential 
energy barrier in the forward direction will be of the same 
magnitude. The energy required to rehybridize the methyl 
carbon from Sp2 (radical) to Sp3 (CH31) may contribute to 
the barrier on the CH3 -1-CF3 potential energy surface. 

Although we have already noted the possibility that en
ergy in the out-of-plane bend of CH3 ends up in product 
translation, we cannot say if such energy helps to overcome 
the barrier to I atom exchange in the present reactions. 
There is no consensus in the literature on the effectiveness of 
the out-of-plane bend of CH3 in promoting exchange reac
tions. Experiments by Ting and Weston28 in which methyl 
radicals were generated by photolyzing CH3 Br suggest that 
energy in V 2 can help to overcome the barrier to H atom 
transfer in the reaction CH3 + H2 -- CH4 + H. Kovalenko 
and Leone29 conclude from experiments with photolytically 
produced methyl radicals that reagent translational energy 
promotes the CH3 + Cl2 reaction but they were unable to 
assess the relative importance of translational energy against 
energy in the out-of-plane bend in driving the reaction. Fin
ally, Chapman and Bunker30 have found from trajectory cal
culations that depositing energy in V2 actually decreases the 
cross section for H atom transfer in CH3 + H 2 • 

The large values of (E' / Eav' ) obtained for the present 
reactions suggests that the dominant interaction between the 
CH31 and CX3 (X = F, CH}) products beyond the transi
tion state is repulsive. If, in addition, the duration of the 
collision is short compared to the rotational period of the 
molecular reagent,31 one can correlate the angle at which the 
c.m. frame product angular distribution peaks with the ener
getically favored geometry of the reaction intermediate. 
Thus, the strong backward scattering that we observe indi
cates that a roughly collinear C-I-C transition state geome
try is favored. Classical trajectory calculations on D + 12 
__ DI + D 32 confirm the general validity of inferring the 

structure of the reaction intermediate from the product an
gular distribution for reactions on repulsive surfaces. How
ever, trajectory calculations on H + Br2 --+HBr + H indi
cate that it is not always possible to correlate the anisotropy 
of the surface with the preferred scattering angle in a direct 
and simple manner. 33 

It is instructive to compare our results for CH} 
+ CX31--CH31 + CX} with those for CH3 + IY --CH31 
+ Y, D + IY, and D + cx3 e 4 The CH}I c.m. frame an

gular distributions obtained by Grice and co-workers5
,6(b) 

range from::::; 10°_180° for 12 and from 0°_180° for ICI. Since 
the X groups will block sideways attack of the I atom, we 
might expect a narrower acceptance angle for the methyl 
radical and therefore enhanced backward scattering of 
CH3 I in the CH} + CX} I reactions. The narrow backward
peaked T( () distributions used to fit the CH3 I angular dis
tributions for the present reactions are consistent with such a 
steric effect. Recent calculations by Benson indicate that the 
steric repulsion will be substantial when the C-I-C angle 
decreases below 1200

• '3 (b) 

Our results for the CH3 + CF 3 I reaction are strikingly 
similar to those of Davidson et al. 35 for D + CF} I 
--DI + CF} and of McDonald and Herschbach36 for 
D + HI--DI + H. In both studies, the DI product was 
found to be entirely backward scattered with respect to the 
incident D atom beam, with (E '/ Eav' )::::; O. 7. This similarity 
recalls that between the CH3 + IY and D + Iy8

,9 crossed 
beam results. In studies of the D + IY -- DI + Y reactions 
(Y = CI, Br, and 1),8 the DI product was found to be pre
dominantly sideways scattered with (E' / Eav' ) = 0.24,0.32, 
and 0.28 for Y = CI, Br, and I, respectively. Thus, the frac
tion of available energy in product translation for the (D, 
CH3) + CX3I-- (D, CH3 )-1 + CX3 reactions is approxi
mately twice the fraction that was observed for the IY reac
tions. Apparently, the (D, CH3) + CX3 I potential energy 
surfaces are even more repulsive than those for (D, CH3 ) 
+ IY. 

Although the degree of product repulsion in A 
+ BC--AB + C reactions has been correlated with the lo

cation of the potential energy barrier along the reaction co
ordinate (i.e., the later the barrier, the stronger the repul
sion),37.38 classical trajectory calculations have shown that 
the slope of the potential energy surface along the retreat 
coordinate also affects the product energy distributions. 39 In 
addition, trajectory calculations indicate that as the collision 
energy is raised in an A + BC reaction, AB recoils from in
creasingly more compressed A-B-C intermediates, leading 
to enhanced product translation.38

.40 This effect should be 
even more pronounced when A is considerably lighter than 
Band C since the AB bond will approach its equilibrium 
distance before the BC bond breaks. 37.38 Such "induced re
pulsive energy release" could be important in the present, 
nearly thermoneutral reactions (where A = CH3 and 
C = CX3 ) for which the barrier is probably no more than a 
few kcallmol. 

In comparing values of (E' / Eav' ) for the CH3 + IY re
actions, we note that the "attractiveness" of the CH3 -1-Y 
surfaces along the 1-Y coordinate should increase with the 
electronegativity of the Y group.6(b) Work by Farrar and 
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TABLE I. Mulliken electronegativities X for atoms and radicals. 

Atom! rad ical x(eV) Reference 

H 7.18 27 
0 7.54 27 
F 10.41 27 
CI 8.29 27 
Br 7.59 27 
I 6.76 27 
CF, 6.1 25,46 

CH, 4.96 14,48 
C(CH,), 3.6 47,48 

Lee41 has shown that, at a collision energy of 2.6 kcallmol, 
the reaction F + CH}I-+CH3 + IF proceeds through a 
long-lived collision complex that is bound by approximately 
25 kcallmol with respect to reactants and in which all of the 
vibrational degrees of freedom are equilibrated. Likewise, 
Oe P) and CF3 I form a long-lived CF} -1-0 complex at Ee 
= 2.2 kcallmo1.42 Although, by analogy with D_I_Cl,8.43 it 

is likely that CH3-I-CI is bent,4(h) the CH3 + ICI-+CH,I 
+ CI crossed beam results lead one to speculate that the 
CH,-I-CI surface has a shallow potential well that enables 
the intermediate to live long enough to rotate slightly and to 
undergo partial vibrational energy redistribution. 3.s.6 Re
cent work on CI + CH] 1-+ CH j + ICl44 strongly suggests 
that a long-lived complex is formed at Ee 5.5 kcallmol. 
The CH, I angular distribution from CH] + IBr, Ee = 7.6 
kcallmol6

, also shows substantial forward scattering. 
It is therefore tempting to neglect the internal degrees of 

freedom of the CX} groups and to correlate the repulsive 
nature of the CH, + CX} 1-+ CH3 I + CX} surfaces with the 
CX3 electronegativities. Using the Mulliken method for cal
culating the electronegativity X of an atom,45 

X = 1/2 OP + EA), 

where IP is the ionization potential and EA is the electron 
affinity, we find that X = 6.1 eV for CF 3' below the value of 
6.76 eV for I (see Table I). C(CH3 )3- has never been ob
served experimentally but kinetic measurements on the reac
tion of hydroxide ion with (CH3 ) 3 SiC( CH3 ) 3 indicate that 
this anion is unbound by 0.3 eV.47 Consequently, 
X [C( CH3 ) 3] "'" 3.6 eV.48 By this crude measure, the CH3 -

1-Y potential energy surfaces should be less attractive along 
the 1-Y coordinate for Y = CX, than for Y halogen 
atom. 

Qualitative molecular orbital arguments indicate that 
the relative electronegativities of CH3 , I, and Y correlate 
with important features of the CH3 -1-Y surfaces.4

•8 .49 For 
iodine exchange through a collinear complex, the highest 
occupied molecular orbital is the ()'* orbital that is CH1-I 
bonding and 1-Y antibonding. This antibonding character 
leads to substantial repulsion between CH3 I and Y as the 
products separate. As Y becomes more electronegative, the 
()'* and iodine p orbitals mix, leading to a bent transition 
state. so The 1-Y antibonding interaction is reduced by thisp 
orbital participation, lessening the repulsion between the 
products. Similar arguments may apply to CHrI-CFJ if the 

CF3 group is treated as a single moiety. Although CF3 is 
electron withdrawing, its eIectronegativity is lower than that 
of any halogen atom. In accord with the above discussion 
and the low e1ectronegativity of CF 3' we observed both col
linear reaction and sharp repulsive energy release for CH3 

+ CF 31. As mentioned earlier, these features will be further 
enhanced by the off-axis steric repulsion between both po
lyatomic species. 

We still must answer the question of why the vibrational 
modes of the CX 3 fragments absorb so little energy during 
bond fission. The lack of vibrational excitation of the CF 3 

fragment may be partly due to its having an equilibrium ge
ometry that is almost identical to the geometry of the CF 3 

group in CF 3 I; the FCF bond angle in the radical is 111° 51 

whereas in the molecule it is 108°.52 Thus, there is no struc
tural change to promote excitation of the out-of-plane bend 
which has a frequency of701 cm- l

.
51 

We must be careful in interpreting the modest difference 
in (E '/ Eavl ) between the two reactions, since we do not 
know how the potential energy surfaces differ. Let us as
sume, however, that the shape of the two surfaces along their 
reaction coordinates is the same. The simple fact that 
C( CH} ) 3 has more than four times the number of vibration
al modes CF3 (neglecting the high frequency C-H 
stretching modes) can account for the greater amount of 
vibrational excitation of that fragment. The structure of 
C( CH3 ) 3 has been the subject of considerable controversy4X 
but it appears to be slightly bent with a barrier to inversion of 
:::::0.5 kcal/moI. 53

,54 Its V 2 frequency has been estimated to 
be < 200 cm - 1,55 more than three times lower than V 2 in 
CF 3' Thus, excitation of V 2 is more likely in C (CH,) 3 than in 
CF3 · 

Although C-I bond switching in the present reactions 
might not be as abrupt as C-I bond rupture in the photodis
sociation of iodoalkanes, we can use an impulsive model to 
calculate the fraction of energy expected in product transla
tion in the "soft radical" limit. In this limit,56 repulsive C-J 
bond fission is considered to deliver an impulse to the carbon 
and iodine atoms only. The atoms are therefore treated as 
being independent of the groups to which they are bonded. 
Momentum is conserved between the C and I atoms; the 
momentum of each product is then taken to be equal to the 
momentum of its constituent recoiling atom. For both reac
tions, the translational energy of the product is considerably 
higher than what the "soft" impulsive model predicts: 
(E / Eavl ) = 0.24 and 0.27 for CF 3 I and (CH, ) 3 CI, respec
tively, whereas the experimental values are :::::0.7 and :::::0.5. 

In the "rigid radical" limit, all of the available energy 
appears in product rotation and translation and, for a collin
ear reaction, solely in translation. However, even for noncol
linear reactive geometries, the rotational energy of the prod
ucts will be very small. For an impulsive CH3 + CF 3 I 
collision (Ee 12.3 kcallmol, (E ') = 10 kcallmol) with a 
C-I-C angle of 150° at the critical configuration, the differ
ence between the initial and final orbital angular momenta is 
only::::: 15 fl. This amounts to less than 0.1 kcal/mol of rota
tional energy in CH3 I assuming no torque on the CF3 frag
ment. Thus, our results fall somewhere in between the soft 
and rigid radical predictions. 
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It is worth comparing our reactive scattering results 
with data on the ultraviolet photofragmentation of iodoal
kanes, where only one polyatomic product is internally ex
cited. In these systems, C-I bond cleavage is believed to oc
cur via excitation of a non bonding p1T electron on the I atom 
to the a* antibonding C-I orbital. s7 Recent experiments by 
Zhus8 on the photofragmentation dynamics of a series of 
iodoalkanes [R-I + hv(248 nm)R + I] show that, on go
ing from CH3 I to (CH3 ) 3 CI, the fraction of energy released 
into product translation decreases from 0.85 to 0.28. His 
value of (E '/ Eavl > for (CH3 ) 3 CI is in rough accord with the 
prediction of the soft impulsive model. In their work on the 
photodissociation of CF3 I 19 and CH3I IX at 248 nm, van 
Veen et al. found significantly greater vibrational excitation 
ofCF3 than CH3 «E '/Eavl > = 0.89 forCH3 I--->CH3 + 1*, 
0.61 for CF3 I--->CF3 + 1*) despite the large structural 
change that the CH3 group undergoes upon C-I bond rup
ture. This difference was attributed to a steeper dissociative 
potential and a lower CX stretching frequency in CF3 1. Our 
value for (E'/Eavl > forCH 3 + CF3I--->CH]I + CF3 agrees 
closely with the value for the CF 3 I + hv( 248 nm) ---> CF 3 

+ I, suggesting that the repulsive interaction between C and 
I during C-I bond fission in CF] I might be similar in bond 
switching and photodissociation. In the case of (CH3 ) 3 CI, 
however, the vibrational degrees of freedom of the t-butyl 
radical appear to be more efficiently excited during C-I pho
todissociation, though our reactive scattering data is limited 
here. 

VI. CONCLUSIONS 

We have presented the results of the first crossed molec
ular beam studies of the reactions of methyl radicals with 
polyatomic molecules. Our observations for the I atom ex
change reactions, CH3 + CX3I--->CH3I + CX3 (X = F, 
CH3 ), are remarkably similar to those of the analogous D 
atom reaction, D + CF31---> DI + CF3, in that the CH31 
product is sharply backward scattered with most of the 
available energy going into product translation. The degree 
of product repulsion is greater than that observed for the 
reactions CH3 + IY --->CH] I + Y (Y = CI, Br, I). This can 
be rationalized in terms of differences in the stabilities of the 
reaction intermediates. The average fraction of energy re
leased into product translation is ;:::; 15% lower for CH3 
+ (CH3 )] CI than for CH3 + CF31. A higher probability 

of exciting the out-of-plane vibration of C (CH3 ) 3 as com
pared to CF3 is likely to be responsible for this decrease. 
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