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ABSTRACT

The I atom exchange reactions, CH, + RI + CH,I + R (R =

3 3

CF (CH C), were investigated at a collision energy of =13

3)3
kcal/mol using the crossed molecular beams technique. - The

3’

supersonic beam of methyl radicals was formed by pyrolyzing‘a
mixture of =1% di-ﬁerf-bﬁfyl peroxide in heiium iﬁ a quartz
nozzle. A large fraction of the total energy available to the
products from these reactions is channeled into.relative trans-

lation (=50% for R = (CH,),C and =70% for R = CF,) suggesting

3)3
that the dominant interaction among the products is repulsive.
The CH3I 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 CH, + IY - CH.I + Y (Y =

3 3
Cl, Br, I) reactions; the differences observed among these
reactions are explained with reference to the CH,I-Y and CH3I—R

interaction potentials.



I. INTRODUCTION

Free radical reactions are of central importance in
atmospheric and combustion chemistry. Methyl radical abstrac-
tion reactions, in particular, play a key role in hydrocarbon
fuel combustion. ' Although there have been numerous bulk gas-
phase kinetic studies of such reactions (the majority of which
have focused on H atom transfer. [1]), very few free radical
reactions of any sort have been investigated under single
collision conditions.

Ross and co-workers [2,3] 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 reactions
CH, + XY » CH,X + Y, (XY = cCl,, 50 Iy,

C2H5 + Br2 - CszBr + Br [2b]. Grice and co-workers also

studied the reactions CH3 + IY - CH

Br.,, I,, ICl, and IBr) [2,3] and

51 + Y (Y =1I, Br, and Cl)

with an effusive radical source [4,5]). More recently they em-

ployed a supersonic CH, source to reinvestigate the IY and Br

3 2

reactions with improved 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 ICl reactions were more sideways scattered than the CH3

products from the homonuclear X, reactions. Product velocity

measurements showed that the average fraction of availabie



energy going into product translation, <Ef/Eavl>, was =0.30 t
0.05 for all of these reactions. However, the translational
energy distributions for the IY reactions peaked at 1owef values
of E' than those for the X, reactions. Somssich et al. [7]

2
observed the CH3Br product from the reaction CH

3 + Br2 to be

translationally hotter and more sideways scattered than Ross '‘and

co-workers [3]; they obtained <E'/E > = 0.56 whereas Ross

avl
reported a value of 0.26. Although these differences were

attributed to the higher collision energy used in the experi-
ments of Somssich et al., Grice's most recent work on CH3 + Br2
[6b], carried out at a comparable collision energy but with a

supersonic radical beam, shows the CH,Br product from this

3
reaction to be strongly backward scattered with <E'/E

> =
avl

0.33.
The main conclusion from these studies was that the CH, +

X2 -+ CH3X + X potential energy surfaces (PES) are largely repul-
'sive in their exit valleys, channeling a significant fraction of
the available energy into product translation; the CH, + IY -~

v CH3I + Y surfaces are apparently less repulsive. The results of
these experiments strongly resembled those for the reactive
scattering of D atoms with diatomic halogen molecules [8,9]
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 investigate the

reactions of methyl radicals with halogenated saturated and un-

o



saturated hydrocarbbns 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. 1In these studies, we used a pyrolysis source to
generate a supersonic methyl radical beam. Unfdrtunately, we
were unable to observe radical-for-atom substitution in any of
thé halogenated unsaturated systems that we studied, including
those for which substitution was readily observed with Br [10]
and Cl atoms [11]. This is due to the lower cross section for
methyl radical (as compared to halogen atom) addition reactions
which is related, in terms of reaction rate theory, to the lower
Arrhenius A-factor and higher activation energy for such reac-
tions (for CH, + C_H, - C log A = 8.5 and E, = 7.7

3 274 377 ct

kcal/mol whereas for Cl + C2H4 - C2H4C1, log A = 10.7 and Eact =

0] kcal/mol [12]).
We were, however, able to carry out studies of the I atom

exchange reactions, CH, + RI » CH,I + R, where R = CF, and

C(CH at 12 - 13 kcal/mol collision energies. The most

3)3
striking result of these experiments is that the additional
vibrational degrees of freedom of the molecular reagent appear
to play a very limited role in product energy partitiﬁning. In
fact, the fraction of energy available to the products of these
reactions that is channeled into translation is greater than
that for the CH, + XY reactions described above, suggesting that

3

the CH3-I—R and CH3-X-Y potential energy surfaces are rather

different from one another.



The thermochemical data available for the CH; + CX,I » CH,I
+ CX, (X = F, CH3) reactions are still somewhat limited.
Tomkinson and Pritchard [15] have measured Ejct = 7-5 % 1.0 i
kcal/mol for CH3 + CF3I - CH3I + CF3. Alcock and Whittle [16]
obtained an activation energy of 3.3 t 0.2 kcal/mol for the
reverse reaction. If these measurements of the activation
energies were reliable, they would imply that the forward
reaction is endothermic by =4 kcal/mol. Earlier molecul;r beam
photodissociation studies yielded DB(C—I) = 53.3 + 0.7 [17] and
53.3 + 0.2 [18] kcal/mol for CH,I and D (C-I) = 53.0 t 0.5
kcal/mol [19] for CF3I., According to these values, this
reaction is essentially thermoneutral. However, recent high
resolution molecular beam photodissociation experiments on CH,I
(20] give a more reliable value of DB(C—I) = 55 t 0.5 kcal/mol,
implying AHa = -2 kcal/mol. |

Based on Benson's value of 51 kcal/mol for the C-I bond
dissociation energy in (CH3)3CI [13a] and the above values for

D;(C-I) in CH,I, CH, + (CH,),CI » CH,I + C(CH,), should be

3
exoergic by 2 - 4 kcal/mol.

II. EXPERIMENTAL

The crossed beam apparatus used in these experiments has
been described elsewhere [21,22]. Two seeded, doubly differen-
tially pumped beams were crossed at 90° in a collision chamber

held at approximately 10"7 torr. The CH3I product from both
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reactions was detected at m/e=142 with a triply differentially
pumped detector that rotates in the plane of the two béams.

The methyl radical beam was formed by bubbling =160 tbrr of
helium through di-tert-butyl peroxide (DTBP, Pfaltz énd Bauer)
at ~19°C (vapor pressure, v.p.=2 torr) and expanding the mixture
through a tapered quartz nozzle heated to =1000°C with a tant-
alum heater. The nozzle was fabricated by drawing a quartz tube
(0.64 cm OD) 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 mmz)'of 1mm thick Ta spot-welded to a 0.5
mm thick strip of Ta. 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
lmm block to mate with the quartz nozzle which was painted with
a colloidal graphite suspension. Fig. 1 is a drawing of the
source. Typically, 120 A at 1.2 VAC were passed through the
heater. A conical stainless steel skimmer with an orifice
diameter of 1.5 mm was positioned =1.3 cm from the nozzle;

In order to minimize radical recombination, it was neces-
sary 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 determine when this -
clogging began to affect the experiment seriously.. 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 experimental runs.

It was found that, over time, the Ta heater reduced the
quartz nozzle to silicon. In addition, the beam géses'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 CF3I beam was formed by expanding 170 torr of a
mixture of 12% CF.I (SCM) in neon through a 0.15 mm diameter

3

nozzle at 30°C. The (CH CI (Aldrich) beam was generated by

3)3
bubbling -170 torr of neon through the reagent held at 0°C
(Vv.p.=20 torr). The mixture expanded through a 0.20 mm diameter
nozzle warmed to 70°C. A conical stainless steel skimmer with
an orifice diémeter 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 baékground arising from im-
purities in the beam at detector angles close to 0°.

Product angular distributions were measured by mddulating
the methyl radical beam with a 150 Hz tuning fork chopper. Data
were collected for approximately 12 minutes per angle. 8 = -20°
was used as a reference angle for subsequent 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



7]

time-of-flight (TOF) technique. A multi-channel scaler [23]

interfaced to an LSI 11/73 computer accumulated the data. The

4

peak velocities (in units of 10" cm/s), Vpk’ and speed-ratios, S

[24], of the reagent beams were: CH3: vpk=27.0,’s=7.0 (CF3I

experiment), vpk=27.4, S=7.2 ((CH3)3CI experiment) ; CF3I:-'

v _,=6.0, S=12.5; (CH3)3CI: . v..,.=7.0, S=10.6. The most probable

pk pk
collision energies, Ec’ were 12.3 and 12.8 kcal/mol for the CF3I

and (CH CI reactions respectively. The spread in collision

3)3
energy was =30% fwhm.

Since one molecule of DTBP decomposes into two methyl radi-
cals and two acetone molecules, there was a significant contri-
bution to the m/e=15 signal in methyl beam TOF from acetone
cracking in the electron bombardment ionizer. Because of the
spread in the electron energy of our ionizer, it was not possi-
ble to ionize the methyl radicals selectively by lowering the
electron energy below the appearance potential for dissociative

+

ionization of acetone (I.P.(CH3) = 9.8 eV; A.P.(C3H6O » CH, +

CH3CO + e ) = 13.2 ev [25]). In the early phase of this study,

the presence of methyl radicals in the beam was determined by

inspecting the width of the m/e=15 TOF peak. At low stagnation
pressures, when the expansion from the nozzle was mild and
slippage in the tefminal velocities of different species was
noticeable, one could observe a widening of the m/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



10
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-correla-
tion method [22]. A Cu-Be alloy disk photo-etched with a 255
channel pseudorandom sequence of open and closed slots wasfspun
at 392 Hz giving 10 pgs 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. _g§3 + CF3I g CH3I + CF3

The CH,I (m/e=142) laboratory angular distribution for this

reaction is shown in Fig. 2. The product is ‘entirely backward

scattered with respect to the incident CH; beam (the center-of-

mass angle, © is 19°). Elastic and inelastic scattering of

CcM’

impurities in the CF,I beam by both He and acetone in the CH

3 3
beam contributed to a substantial modulated non-reactive m/e=142
signal at LAB angles from 0° to 15° and, to a lesser extent,
from 0° to -5°.  In order to subtract this background from the
measured CH3I angular distribution, we substituted a properly
diluted beam of acetone in helium for the CH3-beam‘produced from
DTBP and measured the non-reactive scattering signal. The

interpolated slope of the non-reactive scattering angular:

distribution from 8° to 20° was virtually identical to that" -



L]

11
obtained with CH3 radicals in the beam, suggesting that there is

no reactive signal from CH, at 8°. 1In addition, the m/e=142 TOF

3
spectrum at 8° did not change when acetone was substituted for
DTBP. Since both the reactive and non-reactive 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(8°)=0 and the other N(20°)=0.

In addition to the modulated background from in/elastic
scattering, there was angle dependent unmodulated.background at

angles up to‘12° from the CF_.I beam resulting from- background

3
molecules effusing from the differential region. The error bars
for the points at -8° and -10° reflect 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 CH, beam intensity caused by the decay of the heater and
nozzle made it unprofitable to count for longer than about five
hours at a given angle. Unmodulated background was subtracted
from the TOF spectrum at -12° by measuring the m/e=142 TOF at
this angle using beams of CH, in He and acetone in He. The -28°
TOF spectrum has a long tail which is 1likely to be non-reactive
in origin. The underlying shape of this tail is uncertain so it
was not subtracted from the data.

The product angular distributions and TOF spectra were

simultaneously fit using a forward convolution program [11] that



12
starts with.a separable form for the center-of-mass (CM) refer-
ence frame product flux distribution,
I(¢,E') = T(8)P(E"),

and generates laboratory (LAB) frame angular distributions and “
TOF spectra suitably averaged over the spread in relative
velocities. T(8) is the CM frame product angular distribﬁtion.
A three parameter functional form was used for P(E'), the CM
frame product translational energy distribution:

P(E') = (B' - B)P(E,,, - ENY,

where B appears as a threshold in the distribution and is:

related to any barrier in the exit channel and Eav1=(Ec-AH6).

The calculated angular distributions and TOF spectra are scaled
to agree with the experimental data.

We found that it was necessary to add =3 kcal/mol to the
collision energy of 12.3 kcal/mol in order to fit the wide-

angle part of the CH,I angular distribution well. Thus, our

3

data are in accord with an exoergicity of 2 kcal/mol. However,
if the reaction is indeed thermoneutral, this could indicate
that Vpk(CH3) is slightly higher than we infer from the peak

m/e=15 flight time, t A decrease of 4 psec in tpk would in-

_ Pk’
Crease vpk(CH3) to 2.8 x 105 cm/s and raise the most-probable

collision energy to 13.2 kcal/mol (the resolution was 1 usec per
channel for the beam TOF measurements). Some of this additional

energy could also come from the out-of-plane vibrational mode

(v, = 606 cm L (1;0) and 681 cm *
2

radical which is essentially directed along the reaction coor-

(2:1) [26]) of the methyl



13

dinate. Assuming that the V. mode is unrelaxed in the expan-

2
sion, =50% of the methyl radicals will have at least one quantum

in v, and =40% will be in v _=1 at a nozzle temperature of

2 2
1000°C. It is worth noting that Brown et al. [5] were uhable to
fit their data for CH, + Icl1 -+ CH,I + Cl without including part
of the vibrational 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 contributing to reaction.

Attempts were made to fit the data using differently shaped
CM flux distributions. Both the N(8°)=0 and N(20°)=0 angular
distributions could be fit with P(E') distributions having B
values in the ranée 0 - 3 kcal/mol. The mean translational
energy of the P(E') distributions (at the most-probable colli-.
sion energy) increases from 9.9 - 10.2 kcal/mol on increasing B
from 0 - 3 kcal/mol and adjusting p and q to'optimize the fit.
Thus, <E'/Eav1> = 0.66 over a range of B values. We present
fits for B = 2 kcal/mol, p = 0.94, and q = 0.24 (Fig. 6a) in
Figs. 2 and 3. With B = 2 kcal/mol, p can be decreased by as
much as 30% (enhancing the low translational energy portion of
the P(E') and lowering the peak energy by =1 kcal/mol) without
significantly degrading the quality of the fits. Such a change
amounts to a decrease of only 3% in <E'/Eavl>.

A T(#) distribution with T(65°)=0 (Fig. 7) has been used to

fit the N(8°)=0 laboratory angular distribution and one with
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T(90°)=0 was used for the N(20°)=0 fit. Since CH,I product
scattered backwards at angles up to =80° in the CM frame can *
contribute to the TOF spectra at all three LAB angles, the slow
tails 6f the calculated TOF spectra are sensitive to the maximum .
angle of T(8). However, because of the noise in the TOF data,
both‘T(O) distributions gi&e acceptable fits to the spéctra.
Figs. 3 a,b show the fits generated using the two distributions.

Since the velocity spread of the CH3 beam waé not known
exactly, we investigated the effect on the fits of decreasing
the value of the CH, beam speed-ratio (equivalent to broadening
the velocity spread). Decreasiﬁg S by 30% had a negligible
effect on the calculated angular distribution. It did, however,
broaden the calculated TOF spectra slightly, especially at -28°
where it seemed to improve the fit. However, £he 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 CH = 0 kcal/mol [27]) at

+ CF3Br d CH3Br + CF, (AH

3 3 298
a collision energy of 13 kcal/mol. This is presumably due to a
higher potential energy barrier to this reaction. The activa-
tion energy for this reaction has been measured to be 12.5
kcal/mol [15].

wt

B. CH

+ (CH,),CI = CH,I + C(CH,)

3 3 3
Elastic/inelastic scattering of impurities at m/e=142 was

even more of a problem with (CH3)3CI than with CF3I. At 20°,
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the modulated m/e=142 count rate was =40 Hz as compared to =15
Hz at -20°; the modulated m/e=142 count rate at 20° in the CF,I
experiment was essentially O Hz. As a result, it was not possi-
ble to subtract unambiguously the non-reactive contribution to
the signal at 8 > 0° for this reaction. Only data for 6 < -8°
are presented in Fig. 4 (OCM = 18°). Again, substantial back-
ground signal from the unscattered-(CH3)3CI beam increased the
statistical uncertainty at the angles closest to the beam. A

TOF spectrum of CH,I product at -20° is shown in Fig. 5 along

3
with a m/e=142 TOF sbectrum at -15° which includes both reactive
and non-reactive components.

The small segment of the laboratory angular distribution
that we obtained is from backward scattered products with rela-
tively large recoil energies so the low recoil energy section of
the P(E') cannot be definitively determined from the measured .
TOF spectra. The shape of the calculated TOF spectrum at -20°
does not change on increasing the B parameter from 0-4 kcal/mol.
A P(E') with B = 0 kcal/mol is used to obtain the fits presented
in Figs. 4 and 5 (p = 1.02 and g = 0.92); we assume AH6 = =2
kcal/mol. For this P(E'), <E'> = 7.6 kcal/mol and <E'/E

> =
avl

0.51; <E'/E > changes only slightly to 0.53 for the.B = 3

avl

distribution.
Acceptable fits to the m/e=142 angular distribution and TOF

spectra are obtained with the T(90°)=0 and T(60°)=0 CM angular

distributions shown in Fig. 7. The two fits are virtually iden-

tical for 8 < -8°. The calculated TOF spectra in Fig. 5a are .
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derived using the distributioﬁ that extends to 6=90°. The
effect of truncating T(6) at 60° is shown in Fig. 5b. The TOF
spectrum at 8 = -20° could not be fit well with. a T(50°)=0 dis-
tribution. 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(§). Indeed, T(8) could extend
beyond 90°.  Even with the uncertainty in T(8), however, it is

clear that the product is predominantly backward scattered. -

IV. DISCUSSION

3

reactions is strongly backward scattered with respect to the in-

We have found that the CHBI'product from the CH, + RI

cident radical beam and that a large fraction of the total
available energy appears in the relative motion of the recoiling
avl> = 0.66 for R = CF3 and =0.52 for R =

These features are illustrated in Fig. 8 by the-

products. <E'/E

C(CH,) ,-

product flux contour diagram for CH3 + CF3I -+ CH3I-+ CF3 in the

CM 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

I *-CH3I + CF, are therefore consistent with the

3 3

aforementioned kinetic study that suggesté an activation energy
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of =3 kcal/mol for the reverse reaction. Assuming 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 (CH3I) may contribute to the barrier on the
CH3-I-CF3 potential energy su?face.

Although we have already noted the possibility that energy
.in the out-of-plane bend of CH, ends up in product translation,
we cannoﬁ 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 CH, in promoting exchange reactions. Experiments by Ting and

Weston [28] in which methyl radicals were generated by photo-

lyzing CH,Br suggest that energy in v., can help to overcome the

3 2

barrier to H atom transfer in the reaction CH3 + H2 -+ CH4 + H.

Kovalenko and Leone [29] conclude from experiments with photo-
lytically 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.
Finally, Chapman and Bunker [30] have found from trajectory

calculations that depositing energy in v., actually decreases the

2

cross section for H atom transfer in CH3 + H2.

The large values of <E'/Eav > obtained for the present

1
reactions suggests that the dominant interaction between the

CH3I and CX, (X = F, CH3) products beyond the transition state

3
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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 CM frame product
angular distribution peaks with the energetically favored
geometry of the reaction intermediate. Thus, -the strong
backward scattering that we observe indicates that a roughly
collinear C-I-C transition state geometry is favored. Classical

trajectory calculations on D + I, - DI + D [32] confirm the

2

general validity of inferring the structure of the reaction
intermediate from the product angular distribution for reactions
on repulsive surfaces. However, trajectory calculations on H +

Br, » HBr + H indicate that it is not always possible to corre-

late 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, + CX,I =

CH3I + CX3 with those for CH3 + IY - CH3I +Y, D+ IY, and D +

CX,I [34]. The CH,I CM frame angular distributions obtained by

Grice and co-workers [5,6b] range from =10°-180° for I, and from
0°-180° for ICl. 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
CH3I in the CH., + CX_,I reactions. The narrow backward-peaked

3 3

T(§) distributions used to fit the CH,I angular distributions

3
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
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below 120° [13b].

Our results for the CH, + CF,I reaction are strikingly

similar to those of Davidson et al. [35] for D + CF3I - DI + CF3
and of McDonald and Herschbach [36] 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

t

L] . .
<E /Eav1>

IY and D + 1Y [8,9] crossed beam results. In studies of the D +

= 0.7. This similarity recalls that between the CH3 +

IY » DI + Y reactions (Y = Cl, Br, and I) [8], the DI product

was found to be predominantly sideways scattered with <E'/Eavl>=
0.24, 0.28, and 0.28 for Y = Cl, Br, and I respectively. Thus,.
the fraction of available energy in product translation for the

(D, CH,) + CX.I » (D, CH,)-I + CX, reactions is approximately
3 3 3

3
twice the fraction that was observed for the IY reactions. Ap-
parently, the (D, CH3) + CX3I 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 location of the potential
energy barrier along the reaction cooréinate (i.e., the later
the barrier, the stronger the repulsion) [37,38], classical
trajectory calculations have shown that the slope of the poten-
tial energy surface along the retreat coordinate also affects
the product energy distributions [39]. In addition, trajectory
calculatiohs indicate that as the collision energy is raised in

an A + BC reaction, AB recoils from increasingly more compressed

A-B-C intermediates, leading to enhanced product translation
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[38,40]. This effect should be even more pronounced when A is-
considerably lighter than B and C since the AB bond will
approach its equilibrium distahce before the BC bond breaks
[37,38]. -Such "induced repulsive energy release" could be
important in the pfésent nearly thermoneutral reactions (where A
= CH3 and C = CX3) for which the barrier is probably no more.
than a few kcal/mol.

In comparing values of <E;/Eavl>'for the CH3‘+ IY reac-

tions, we note that the "attractiveness" of the CHj-I—Y surfaces

along the I-Y coordinate should increase with the electronegati—v
vity of the Y group [6b]. Work by Farrar and Lee [41] has shown
that, ‘at a collision energy of 2.6 kcal/mol, the reaction F +-
CH,I > CH, + IF proceeds through a long-lived collision complex
that is bound by approximately 25 kcal/mol with respect to
reactants and in which all of the vibrational degrees of freedom
51 form a long-lived -
CF3-I—O‘compléx at Ec=2.2'kca1/m61 {42]. Although, by analogy

are equilibrated. Likewise, O(3P) and CF

3

CH3'+ ICl »YCH3I7+ Cl crossed beam results lead one to speculate

that the CH3~I—C1 surface has a shallow potential well that:

enables the intermediate to live long enough to rotate slightly

with D-I-Cl1 [8,43], it is likely that CH,-I-Cl is bent [4b], the

and to undergo partial vibrational energy redistribution

[3;5,6]. Recent work on Cl + CH3I - CH3

suggests that a long-lived complex is formed at Ec=5'5 kcal/mol.

+ ICl [44] strongly

The CH,I angular distribution from CH,

[6] also shows substantial forward scattering.

+ IBr, E_=7.6 kcal/mol
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It is therefore tempting to neglect the internal degrees of

freedom of the CX, groups and to correlate the repulsive nature

3

of the CH3 + CX3I -+ CH3I + CXj 3

negativities. Using the Mulliken method for calculating. the

surfaces with the CX. electro-

electronegativity, X, of an atom [45],
X = 1/2 (IP + EA),
where IP is the ionization potential and EA is the electron

affinity, we find that ¥ = 6.1 eV for CF below the value of

3'

6.76 eV for I (see Table 1). C(CH " has never been observed

3)3

experimentally but kinetic measurements on the reaction of

hydroxide ion with (CH3)3SiC(CH= indicate that this anion is

3)3

unbound by 0.3 eV [47]. Consequently, X (C(CH = 3.6 eV [48].

3)3)

By this crude measure, the CH,-I-Y potential energy surfaces.

3
. should be less attractive along the I-Y coordinate for Y = Cx3
than for Y = halogen atom.

Qualitative molecular orbital arguments indicate thatuthe
relative electronegativities of CH,, I and Y correlate with
important features of the CH3—I—Y sﬁrfaces [4,8,49]. .For iodine
exchange through a collinear complex, the highest occupied
molecular orbital is the 0*'orbita1 ﬁhat is CH3-I bonding and. I-
Y antibonding. This antibonding character leads to substantial

repulsion betwéen CH,I and Y as the products separate. As Y

3
becomes more electronegative, the ¢* and iodine p orbitals mix,
leading to a bent transition state [50]. The I-Y antibonding

interaction is reduced by this p orbital participation,

lessening the repulsion between the products. Similar arguments
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may apply to CH,-I-CF, if'the“CF3'group is treated as a single

moiety. Although CF._ is electron withdrawing, its electronegat-

3
ivity is lower than ‘that of any halogen atom. In accord with
the above discussion and the low electronegativity of.CF3, ﬁe .
observed both collinear reaction and sharp repulsive energy
release for CH3 + CF3I. As mentioned earlier, these features
will be further enhanced by the off-axis steric repulsion
between both polyatomic species.

We still must:answer the question of why the vibrational
modes of the CX, fragmentéiabSOrb so little energy during bond
fissioﬁ;_ The lack of vibrational excitation of the CF3;ffagment
may be partly due to its having an ‘equilibrium geometfy'that is
I; the

almost identical to the geometry of the CF grohp in' CF

3 3
FCF bond angle in the radical is 111° [51] whereas' in the mole-
cule it is 108° [52]. Thus, there is no structural change td
promote excitation of the out-of-plane bend which has a frequen-
cy of 701 cm T [51].

We mustvbe.carEful in interpreting the modest'differénce'iﬁ
<E'/Eévl>'between the two reactions, since we do not: know héw
the potential energy surfaces differ. Let us assume, however,
that the shape of the two surfaces along their reaction cbérdi—

nates is the same. The simple fact that C(CH,). has more than

3)3
four times the number of vibrational modes as CF, (néqlecting"
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 con-
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troversy [48] but it appears to be slightly bent with a barrier
to inversion of =0.5 kcal/mol [53,54]. Its_u2 frequency has

1

been estimated to be <200 cm~ [55], more than three times lower

is more likely in

than v, in CF,. Thus, excitation of v

2 2

C(CH,) 4 than»in}CF3.

Although C-I bond switching in the present reactions might
not be as abrupt as C-I bond rupture in the photodissociation of
iodoalkanes, we can use an impulsive model to calculate the
fraction of energy expected in product translation in the "soft
radical" limit. .In this limit [56], repulsive C-I bond fission.
is considered to deliver an impulse to the carbon and iodine
atoms ohly. The atoms are therefore treated as being indepen-
dent of the groups to which they are bonded. Momentum is con-
served 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 reactions, the translational energy of
the product is considerably higher than what the "soft" impul-
sive model predicts: <E/Eavl> = 0.24 and 0.27 for CF3I and

(CH CI respectively whereas the experimental values are =0.7

3)3
and =0.5.

In the "rigid radical" limit, all of the available energy
appears in product rotation and translatiqn and, for a collinear
reaction, solely in translation. However, even for non-
collinear reactive geometries, the rotational energy of the

products will be very small. For an impulsive CH, + CF,I

collision (Ec=12.3 kcal/mol, <E'> = 10 kcal/mol) with a C-I-C -
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angle of 150° at the critical configuration, the difference -
between the initial and final orbital angular momenta is only
=15 A. This amounts to less than 0.1 kcal/mol of rotational

energy in.CH3I assuming no torque on the CF, fragment. Thus, "

our results fall somewhere in between the "soft" and "rigid"
radical predictions. V' -

It is worth comparing our reactive scattering results with
data on the ultraviolet photofragmentation of iodoalkanes, where
only one polyatomic product is internaily excited. In these
systems, C-I bond cleavage is believed to occur via excitation
of a nonbonding pm electron on the I atom to the o” antibonding

C-I orbital [57]. Recent experiments by Zhu [58] on the

photofragmentation dynamics of a series of iodoalkanes (R-I 248_

B> R+ I) show that, on going from CH3I‘to (CH CI, the frac-

3)3

tion of energy released into product translation decreases from

0.85 to 0.28. " His value of <E'/Ea > for :(CH CI is in rough

vl 3)3
accord with the prediction of the "soft" impulsive model. In

their work on the phdtodissociation of CF,I [19] and CH,I -[18]

3

at 248 nm, 'van Veen et al. found significantly greater vibra-

tional excitation of CF, than CH, (<E'/E > = 0.89 for CH,I -

avl

*
CHy; + I, 0.61 for CF,I - CF, + I*) despite the large structural

change that the CH3 group undergoes upon C-=I bond rupture. This

difference was attributed to a steeper dissociative potential

and a lower CX stretching frequency'in'CF3I. Our value for

] . B S . : (3 .
<E /Eavl> for CH3 + CF3I - CH3I + CF3 agrees closely -with the

value for the CF.I + hv (248 nm) - CF

3 .+ I, suggesting that the

3
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repulsive interaction between during C-I bond fission in CFSI

might be similar in C-I bond switching and photodissociation.

In the case of (CH CI, however, the vibrational degrees of

3)3
freedom of the t-butyl radical appear to be more efficiently

excited during C-I photodissociation, though our reactive .

scattering data is limited here.

VI. CONCLUSIONS

We have presented the results of the fifst crossed molecu- -
lar beam studies of the reactions of methyl radicals with poly-
~atomic molecules. Our observations for the I atom exchange

reactions, CH3 + CX3I - CH3I + CX3 (X = F, CH3), are remarkably

similar to those of the analogous D atom reaction, D + CF3I -+ DI

+ CF in-that the CH,I product is sharply backward scattered

3’ 3
with most of the available energy going into product transla-

tion. The degree of product repulsion is greater than that

observed for the reactions CH3 + IY -+ CH3I +Y (Y=¢c1, Br, I).

This can be rationalized in terms of differences in the stabili-
ties of the reaction intermediates. The average fraction of

energy released into product translation is =15% lower for CH, +

(CH CI than for CH; + CF,I. A higher probability of exciting

3)3 3

the out-of-plane vibration of C(CH as compared to CF, is

3)3 3

likely to be responsible for this decrease.
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Table 1. Mulliken electronegativities, x, for atoms and

radicals.

 Atom/Radical X (eV) Ref.

H 7.18 27

0 7.54 27

F 10.41 27

1 8.29 27

Br 7.59. 27

1 6.76 27
cF, 6.1 25,46
CH, 4.96 27,48
C(CH,) , 3.6 47,48
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

1:

2: .

3:

4:

Assembly drawing of methyl radical source. (1) tantalum
block, (2)_molybdenum springs; (3) water cooled copper
electrodes; (4) precision ground quartz tube; (5)

alumina spacers.

CH,I (m/e=142) product angular distribution for

the reaction CH_, + CF_.I -~ CH3I'+ CF Center-of-mass

3 3 3°
angle is 19°. —— fit obtained with T(65°)=0 CM
angular distribution in Fig. 6; — — fit obtained with

T(90°)=0 distribution. Error bars represent 90% confi-
dence limits. Radius of Newton circle in insert repre-
sents the maximum CM frame recoil Velocity of the CH,I
product.

CH3I (m/e=142) time-of-flight spectra at three labora—
tory angles from the reaction CH3 + CF3I - CH3I + CF3:
(a) Solid line fit obtained with T(90°)=0 CM angular
distribution in.Fig. 7; (b) Solid line fit was obtained

with T(65°)=0 CM angular distribution.

CH,I (m/e=142) product angular distribution for the
reaction CH3 + (CH3)3CI - CH3I + (CH3)3C. The fit was
obtained with the T(90°)=0 CM angular distribution in

Fig. 7. Error bars represent 90% confidence limits.



Fig. 5:
Fig. 6:
Fig. 7:
Fig. 8:
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CH,I (m/e=142) time-of-flight spectra at two laboratory

angles from the reaction CH, + (CH3)3CI - CH,I +

3 3
(CH3)3C. (a) and (b) same as in Fig. 3. Non-reactive

signal has not been subtracted from the 6 = -15°

spectrum.

Center-of-mass frame produdt traﬁélationai enerqgy

distributions: (a) Distribution used to fit CH, + CF,I

+ (CH,),CI data.

3 3)3

See text for discussion of uncertainties in these

data; (b) Distribution used to fit CH
distributions.

Center-of-mass frame CH,I angular distributions for
both reactions. Dot dashed line = T(60°), so0lid line =

T(65°), dashed line = T(90°).

Center-of-mass flux contour diagram for the CH3I

product from CH3 + CF3I -+ CH3I + CF3. The

.incident CH, and CF_I velocity vectors have been

3 3

truncated for clarity.
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