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CROSSED MOLECULAR BEAM STUDIES OF SUBSTITUTION 

AND EXCHANGE REACTIONS 

Gary Neil Robinson 

ABSTRACT 

The dynamics of several atom + alkenejaromatic and 

radical + iodoalkane reactions have been studied using the 

crossed molecular beams method. 

* The reaction F + c 2H4 ~ [C2H4F] ~ H + c 2H3F has been 
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investigated at very low collision energies (Ec=O.S-2.5 

kcaljmol) using a narrow velocity spread F atom beam (Chapter 

1). The substitution cross section is found to-decrease with 

increasing Ec suggesting that there is no potential energy 

barrier to the initial addition step and that long range 

attractive forces dominate the F-C2H4 interaction. The CM 

frame c 2H3F angular distributions are qualitatively different 

from those previously obtained for this reaction and may 

reflect unusual angular momentum partitioning in the c 2H4F 

·collision complex. 

Chapters 2 and 3 describe studies of endoergic substitu-

tion reactions, Br + R-Cl ~ R-Br + Cl, where R-Cl = o-, m-, 

and p-CH3C6H4Cl, c 6x5c1 (X=H,F), and 1,1- and trans-c2a2c1 2 
(~H0=13-15 kcaljmol) carried out in the collision energy 

range 15-35 kcaljmol. In these reactions, Br adds to the 
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double bond to form a weakly bound (with respect to reac­

tants) collision complex which subsequently decomposes 

through Cl elimination. Competition between intramolecular 

vibrational energy redistribution and Cl elimination in these 

complexes results in product translational energy distribu­

tions and excitation functions that can be modeled by assum­

ing that a limited number of vibrational modes participate in 

energy sharing prior to bond fission. Substituents influence 

the orientation and probability of Br addition as well as the 

extent of energy redistribution in the complexes. 

The first crossed beam studies of CH3 radicals with 

polyatomic molecules are reported in Chapter 4. The CH3r 

products from the approximately thermoneutral I atom exchange 

reactions CH3 + R-I ~ CH3I + R (R=CF3 , (CH3 ) 3C) are found to 

be strongly backward scattered with respect to the incident 

radical beam indicating a preferred collinear CH3-I-R config­

uration. Most of the =15 kcaljmol of available energy is 

channeled into product translation (=50% for R=(CH3 ) 3c and 

=70% for R=CF3 ). This large repulsive energy release is 

rationalized in terms of the stabilities of the CH3-I-R 

transition structures. 
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Chapter 1: The Translational Energy Dependence of the 

F + c 2H4 ~ H + c 2H3F Reaction cross Section 

near Threshold 

I. INTRODUCTION 

An understanding of potential energy barriers is central 

to the field of chemical kinetics. Although activation 

energies can be extracted from the temperature dependence of 

reaction rates, these are phenomenological quantities that 

cannot always be directly correlated with the mechanical 

barrier on the potential energy surface {PES) . The most 

direct way to probe such a barrier is to measure the transla-

tional energy dependence of the reaction cross section, or 

the excitation function. In an effort to learn more about 

the potential energy surfaces for atom-molecule addition 

reactions, we have studied the excitation function of the 

reaction F + c2H4 ~ H + c
2

H3F at six collision energies in 

the range 0.8 - 2.5 kcaljmol using the crossed molecular 

1 



beams method. The energetics of this reaction are outlined 

in Fig. 1. 

There have been few kinetic studies of F + alkene 

substitution reactions owing largely to the high reactivity 

of fluorine atoms. Notable, however, are experiments by 

Wolfgang on 18F + c2H4 [1] and more recent work by Rowland 

and coworkers on the relative reactivity of 18F with various 

substrates [2]. Pukhal'skaya et al. [3] have measured the 

rate of reaction of F + c2H4 to give both substitution 

(C2H3F) and abstraction (HF) products by monitoring the 

quenching of HF chemiluminescence from the reaction F + H2 

caused by the reaction F + c2H4 . 

Earlier crossed molecular beam studies of the title 

reaction [4] yielded center-of-mass (CM) frame c2H3F angular 

distributions that were forward-backward symmetric, indicat-

ing that the reaction proceeds through a collision complex 

which decomposes on a time scale longer than its rotational 

period. In addition, the CM angular distributions peaked 

slightly at 8=90°, suggesting that the F atom adds roughly 

perpendicular to the plane of the c2H4 double bond and that 

the H atom is ejected parallel to the total angular momentum 

vector (see Section III). The product translational energy 

distribution, P(E'), could not be reproduced by a statistical 

model that assumes that energy is completely randomized in 

the intermediate complex and that the P(E'.) r~flects the 

distribution of vibration-rotation states along the reaction 
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coordinate at the exit-channel transition state (TS). From 

chemiluminescence experiments, McDonald and co-workers [5] 

likewise concluded that the internal state distribution of 

the c 2H3F product reflects a non-statistical partitioning of 

energy in the collision complex. Marcus [6,7] has pointed 

out that for a "tight" transition state such as H-c2H3F, 

where there are no free internal rotations, exit channel 

interactions between the departing fragments will tend to 

shift the product translational energy distribution to higher 

energies, complicating any comparison of the experimental and 

RRKM P(E') distributions. Classical trajectory calculations 

by Hase and Bhalla [8] on a semi-empirical F + c 2H4 PES 

indicate that the relative product translational energy dis­

tribution is indeed statistical at the exit channel saddle 

point but that it becomes skewed to higher energies as the 

products descend the 5.5 kcaljmol barrier. Ref. 4c shows, 

however, that the form of the P(E') changes little when the 

excess energy at the exit transition state is =5 times larger 

than this barrier, suggesting that the P(E') really does 

reflect non-statistical energy redistribution in the 

collision complex. 

. * . . The react1on F + c 2H4 ~ [C2H4F] 1s representat1ve of a 

broad class of radical-alkene addition reactions. The ac-

tivation energies for these reactions are typically low (0 -

10 kcaljmol) [9,10,11]. There has, however, been consid-

erable discussion in the literature about the factors that 

3 



determine the magnitudes of these activation energies. Using 

a three-electron, three-center valence bond model, Salem [12] 

concludes that the degree of ionic character in the incipient 

radical-alkene bond determines the magnitude of the activa­

tion energy. Essentially, including polar resonance struc­

tures of the adduct radical lowers the activation energy to 

addition. Thus halogen atom addition to ethylene is expected 

to have a lower activation energy than methyl radical or 

hydrogen atom addition and this is indeed the case (Cl: 0 

kcaljmol; H: 2.8 kcaljmol; CH3 : 7.7 kcaljmol) [10]. Alterna­

tively, for many reactions the activation energy is roughly 

proportional to the difference between the ionization poten­

tial of the alkene and the electron affinity of the incoming 

atom [13]. Here again, the more polar the new bond, the 

lower the activation energy. From a series of experiments on 

radical addition reactions, Tedder and Walton [14] likewise 

find an inverse correlation between the polarity of the in­

cipient bond and the activation energy. These activation en­

ergies also correlate well with Huckel localization energies 

[14,15], thew-electron energy that is lost upon forming the 

adduct, although when comparing the reactivities of different 

radicals with the same substrate the localization energy is 

not a useful quantity. 

Ab initio quantum chemical calculations offer more de­

tailed insights into the potential energy surfaces for 

addition reactions. Kato and Morokuma [16] have found that 

4 



the largest contribution to the 5 - 6 kcaljmol barrier to H 

atom addition to c2H3F (the reverse of the reaction here 

under study) comes from the deformation energy, or the energy 

required to distort the ethylene to its transition state 

configuration. Schlegel et al. [17] have calculated the 

barrier to F atom addition to ethylene to be 3 kcaljmol using 

an optimized transition structure in which the C-F bond 

length is 2.0 A, the F-C-C angle is 94°, and the ethylene 

moiety is essentially undistorted [18]. The C-C-F bending 

frequencies that they calculate for this structure (242 and 

405 cm-1 ) suggest a "tight" transition state. Including 

electron correlation reduces the barrier to less than 2 

kcaljmol and causes the F-C2H4 transition structure to become 

more reactant-like. Clark et al. [19] find that, although 

the computed saddle point geometry of the adduct corresponds 

to an early, or reactant-like, TS, the electron density is 

characteristic of a more product-like TS. They calculate an 

activation energy of 3.1 kcaljmol for addition. By elimina­

ting spin contamination in their unrestricted Hartree-Fock 

wave functions, Schlegel and Sosa [20) have recently obtained 

a barrier height of -0.9 ± 0.3 kcaljmol for OH + c2H4 ~ 

c2H40H, which yields an activation energy that is in close 

agreement with experiment. They conclude [21] that F atom 

addition to c2H4 will have no barrier, in agreement with the 

results presented here. 

5 



II. EXPERIMENTAL 

The experimental apparatus has been described elsewhere 

[22,23]. Ref. 23 contains a detailed description of the F 

atom source and of the pumping configuration for both sources 

and for the detector. Briefly, a doubly differentially 

pumped, velocity selected F atom beam was crossed with a 

singly differentially pumped, supersonic ethylene beam at go• 

in a reaction chamber held at about 10-7 torr. Product c 2H3F 

signal, mje=46, was measured with a mass spectrometric detec-

tor that rotates in the plane of the two beams. 

The primary beam was produced by velocity selecting an 

effusive F atom beam formed by thermally dissociating pure F2 

(Matheson) in a resistively heated nickel oven. The oven 

temperature was approximately 6so•c. The six disk velocity 

selector gave a fwhm velocity spread of 11% which was inde-

pendent of the wheel frequency. The angular divergence of 

the F beam was ~2·. 

The supersonic ethylene beam was produced by expanding 

500 torr of ultra-high purity ethylene (Matheson) or 20% 

ethylene in helium through a 0.21 mm diameter nozzle. The 

source consisted of a platinum electron microscope aperture 

brazed onto a copper tube. The nozzle was held at a distance 

of 1.0 em from a 0.81 mm aperture stainless steel skimmer. A 

coaxial heater and a liquid nitrogen contact allowed us to 

raise or lower the temperature of the source. 

6 
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Table 1 lists the experimental beam conditions. Chang­

ing the velocity selector frequency andjor seeding or cooling 

the ethylene beam enabled us to vary the collision energy, 

E
0

. Experiments were carried out at six nominal collision 

energies: 0.8, 1.1, 1.4, 1.9, 2.0, and 2.5 kcaljmol. The 

fwhm spread in collision energy was z20%. 

Product angular distributions were obtained by modulat­

ing the F atom beam with a 150 Hz tuning fork chopper. 

Counting times ranged from 2-17 minutes per angle. Time-of­

flight (TOF) spectra of the reactive product were measured 

using the cross-correlation method' [22b] near the center-of­

mass angle for four of the six collision energies. A 255-

channel multi-channel scaler connected to a LSI/11 mini~ 

computer controlled the data acquisition. A cu-Be wheel, 

photoetched with a 255 element pseudo-random sequence of open 

and closed slots, was spun at 436 Hz giving 9 ~sec; channel 

resolution in the TOF spectra. The flight path from the 

chopping wheel to the ionizer was 30.4 em. Counting times 

were from 1-4 hours per angle. The velocity distributions of 

both reactant beams were measured by spinning a stainless 

steel wheel with four equally spaced slots at 300 Hz. 

III. RESULTS AND ANALYSIS 

The product angular distributions are plotted in Figs. 

3 - 8; low level elastic scattering background from impuri-
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ties has been subtracted. More structure is evident in these 

distributions than in those of the earlier studies as a 

result of the improved product velocity and angular resolu­

tion of the present apparatus and the narrower velocity 

spread of the fluorine beam. The bimodality of the TOF 

spectra (Fig. 9) indicates that the product recoil energy 

distribution peaks away from zero (Fig. 2). 

The product angular distributions and TOF spectra were 

fit using a forward convolution program that starts with a 

separable form for the CM frame product flux distribution 

[24], ICM(8,E') = T(8)P(E'), and generates LAB frame angular 

distributions and TOF spectra averaged over the spread in 

relative velocities. T(8), tpe CM frame product angular 

distribution, was initially taken to be a sum of Legendre 

polynomials whose coefficients were varied to optimize the 

fit. A point-form was used for the CM frame product trans­

lational energy distribution, P(E'). The fits were refined 

by altering sections of T(8) and P(E'). 

The T(8) distributions (Fig. 10) are largely symmetric 

about 8=90° confirming the earlier findings [4] that the 

reaction proceeds via a long-lived collision complex. How­

ever, unlike the earlier studies, in which the CM angular 

distributions rise monotonically from 0° to 90° (with 

T(0°)/T(90°) = 0.7 at Ec=2.0 kcaljmol), we observe forward­

backward as well as a sideways peaking at some energies. · 

Presented in Figs. 3 - 8 are fits to the LAB angular distri-
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butions using different CM frame angular distributions. The 

Ec=1.9, 2.0, and 2.5 kcaljmol LAB distributions are fit 

adequately by T(8) distributions having a single maximum at 

8=90°, but the fits to the Ec=1.9 and 2.0 kcaljmol data are 

improved a bit by including smaller peaks at 0° and 180° 

(Fig. 10; a,b). A slight excess of forward scattering 

improves the fit to the Ec=1.9 kcaljmol distribution. 

The LAB angular distribution at Ec=1.4 kcaljmol has a 

pronounced dip at 9=65°. This dip can be fit only if T(8) 

has a local minimum at 8=150°. For instance, the LAB data 

can be fit by a T(8) that is level from 0° to 120°, dips at 

150°, and has a maximum at 180° (Fig. 10; c(i)). Forcing 

T(8) to be approximately forward-backward symmetric gives 

distributions d(i) and d(ii), which have maxima at 0° and 

180° and a broad peak =90°. These distributions are still 

slightly asymmetric, the valley at 150° being wider, and in 

the case of d(ii), deeper than the valley at 30°. In 

deriving distribution d(ii), an effort was made to ~eep the 

ratio T(0°)/T(90°) a small as possible. The backward portion 

of the angular distribution is not fit well by a T(8) having 

a single maximum at 90° (c(iii)). Distributions b(i) and 

b(ii) also yield poor fits, giving too much intensity near 

Although the signal-to-noise ratio is worse at Ec=1.1 

kcaljmol, the LAB angular distribution at this energy also 

shows a backward dip. The data can be fit with CM distri-

9 



butions d(i) and d(ii), or with distribution c(ii) which 

rises gradually from 0° to 90°, dips at 150°, and peaks at 

180°. Again, the fit to the forward part of the LAB angular 

distribution is insensitive to the form of T(8) from 0°-90° 

and the sideways peaked c(iii) distribution does not fit the 

backward part of the LAB distribution. The Ec=0.8 kcaljmol 

data is too noisy to be fit with certainty; an adequate fit 

is obtained with an isotropic T(8) although their is a hint 

of a peak near SCM" 
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Changing T(8) at Ec=1.4 and 1.1 kcaljmol as described 

above barely changed the calculated TOF spectra. In retro­

spect, it would have been wise to measure product TOF spectra 

at more than one angle but at the time of these experiments 

we did not suspect that the CM angular distributions would be 

different from those obtained earlier. 

Two different models have been proposed to explain the 

sideways peaked angular distributions observed in the earlier 

crossed beam studies of this reaction. Lee and co-workers 

have argued [4] that if the F atom adds roughly perpendicular 

to the plane of c 2H4 molecule and if the rotational angular 

momentum of the c 2H4 reagent is small, then the heavy atoms 

(C-C-F) will rotate in a plane containing the relative 

velocity vector, v, and perpendicular to the orbital angular 

momentum vector, L. Since the H atom will be perpendicular 

to the c-c-F plane (and hence to v) in the exit channel 

transition state, the products will scatter sideways and 



parallel or anti-parallel to L. However, this sort of 

scattering occurs only because L' << L, which is to say that 

the rotational angular momentum vector of the c 2H3F product, 

j•, is polarized parallel to L. 

11 

McClelland and Herschbach [25] have maintained that, 

being a nearly prolate top [26], the fluoroethyl radical will 

rotate predominantly about its A-axis (the axis corresponding 

to it smallest moment of inertia) while this axis precesses 

about the total angular momentum vector, J. Averaging over 

the relative orientations of A, J, v, and v•, they arrived at 

a CM angular distribution that is sideways peaked. In calcu-

' lating these cylindrical averages, however, they assume that 

there is a steric preference for F atom attack perpendicular 

to the double bond and that the H atom is ejected perpendicu­

lar to the C-C-F plane. 

Scattering at 0° and 180° occurs when some fraction of 

the c 2H4F complexes decompose with their cp-H* bond (the bond 

that is breaking) lying in the initial c-c-F plane. If the 

* 0 0 0 Cp-H bond 1s perpend1cular to the C-C-F framework, 1t can 

lie in the initial C-C-F plane only if the radical rotates 

about its A-axis. Our data might, therefore, reflect prolate 

motion of the fluoroethyl complex. In particular, at low 

collision energies when long range attractive forces between 

the atom and molecule become dominant (see next section), 

collisions involving an F atom striking-off of the C=C axis 

may lead to complex formation. such off-axis collisions will 



cause the complex to tumble in a prolate manner. If the 

period of this motion is comparable to the period of the 

oblate c-c-F rotational motion (which is responsible for the 

sideways scattering), we may observe peaks in the CM angular 

distribution at 0°, 90°, and 180°. 

The rotational angular momentum, j, of the ethylene 

molecule will also contribute to the total angular momentum 

of the c 2H4F complex and therefore affect the symmetry of 

T(O). However, it will constitute only a small fraction of 

J. Taking the rotational temperature of the ethylene mole-

cules in the beam to be =30 K, we calculate the peak of the 

rotational state distribution to be j = 3 ~. From their 

classical trajectory calculations, Hase and Bhalla concluded 

that the maximum impact parameter for the F + c 2H4 addition 

reaction is 2.5 A [8], but, not knowing the opacity function 

for this reaction, it is not possible to calculate L accu­

rately. Assuming an average impact parameter of 2.0 A, L = 
50~ at E =2.5 kcaljmol and 30 ~ at 0.8 kcaljmol. So, at c . 

12 

most, j = (0.1) J. Molecular rotations might be more relaxed 

in the seeded c 2H4 beam (Ec=2.5 and 2.0 kcaljmol) but the 

best fit CM angular distributions for the 1.9 kcaljmol data, 

obtained with a neat c 2H4 beam, are rather similar to those 

at the two highest energ~es. In any case, the rotational 

angular momentum of the ethylene molecule would be expected 

to make T(O) more, rather than less, isotropic. 

It should be noted that the c 2H3F product scatters over 

.. 



a wider range of LAB angles at the lower collision energies 

as a result of the different kinematics. For instance, the 

13 

distances between the peaks of the forward and backward lobes 

of the angular distributions are about 24°, 25°, 18°, and 16° 

at E =1.1, 1.4, 2.0, and 2.5 kcaljmol respectively. Thus, c . 

the lower energy angular distributions might actually afford 

a more detailed insight into the dynamics of this reaction. 

However, it is not entirely clear at this time why the CM 

angular distributions at Ec=l.4 and 1.1 kcaljmol are so 

different from those at the higher collision energies. Hase 

(27] is currently carrying out classical trajectory calcula­

tions on this reaction at low collision energies to see what 

effect angular momentum partitioning has on the differential 

cross section. 

The calculated P(E') distributions (Fig. 11) are in 

general agreement with those of ref. 4 in that approximately 

50% of the available energy is channeled into translation 

(Table 2). The data at different collision energies could be 

fit using P(E') distributions having similar forms. The fits 

are most sensitive to the peak values and thresholds of the 

translational energy distributions. The threshold of the 

Ec=2.5 kcaljmol P(E') is uncharacteristically high. This is 

undoubtedly due to the lack of TOF data at this energy; the 

·TOF intensity at the center-of-mass flight time always 

constrained the threshold of the P(E') to be lower than what 

it would have been based on the angular data alone .. 



Although ~t was found in the earlier scattering studies 

that an exoergicity of 13 kcaljmol was necessary to fit the 

data, the present fits are not very sensitive to the cutoff 

energies of the P(E'). Accordingly, we take AHo= -11 

kcaljmol, which is the difference between the product and 

reactant heats of formation at 300 K [13]. Adding a tail of 

up to 2 kcaljmol additional energy to the P(E') did not 

affect the calculated angular and TOF distributions. 

14 

Since the ethylene beam was cooled to -100°C in order to 

reach the two lowest collision energies, small amounts of 

clusters of various sizes were present in the beam. Fluorine 

atoms condense on these clusters and the resulting complexes 

have the velocities of the centers-of-mass [28]. Since the 

center-of-mass angle moves progressively closer to the 

ethylene beam as the cluster size increases, fragmentation of 

these complexes in the electron bombardment ionizer will give 

rise to a large unreactive mje=46 signal near the ethylene 

beam. This spurious signal was neglected in the fits of the 

Ec=0.8 and 1.2 kcaljmol product angular distributions. Also, 

in order to minimize detector background, no data was ever 

collected at angles closer than 7° to the ethylene beam. 

Relative cross sections, sr' were obtained by integrat­

ing the CM frame product flux (Table 2; Fig. 12): 

sr = 2~ I~ I~ P(E')T(8) sinO dE'd8 . 

Since the product angular distributions were measured 

over a period of several weeks, fluctuations in the F oven 
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temperature and consequently in the F beam intensity un-

avoidably occurred. Also, because the collision energy was 

varied by lowering the velocity selector frequency and 

cooling or seeding the ethylene beam, the intensities of both 

beams varied considerably over the energy range studied. For 

example, at a velocity selector frequency of 500 Hz the most 

probable F atom velocity is 8.7 x 104 cmjsec. This velocity 

is near the peak of the Maxwell-Boltzmann velocity distribu­

tion at 650°C. From 500Hz to 250Hz (8.7-4.3 x 104 cmjsec) 

the F atom number density drops by a factor of 21. Likewise, 

on cooling the ethylene beam to -100°C the observed mje=28 

number density drops as a result of cluster formation. 

Seeding 20% ethylene in helium leads to a slight increase in 

the monomer number density. Thus, in order to compare the 

integrated product flux at different collision energies, one 

day was spent measuring beam intensities and product signal 

at two laboratory angles at each collision energy for which a 

complete product angular distribution was already measured. 

The signals at both angles were divided by the corresponding 

signals from the complete angular distributions giving two 

normalization factors. The computed relative cross sections 

were scaled using the average of these two normalization 

factors. To account for changes in reactant flux, the cross 

sections were further scaled by a reactant flux factor, 

nFnC H v 1 , where n. is the number density of the i-th 
2 4 

re 1 

beam and vrel is the relative velocity. 



Relative reactant number densities were determined by 

directly measuring reactant count rates. Since the F/F2 

ratio changes with velocity (because the two species have 

different Maxwell-Boltzmann velocity distributions), one 
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needs to know the percentage of F2 that fragments in the ion­

izer to give mje=19. We had hoped to determine the extent· of 

fragmentation of F2 by comparing the experimental velocity 

distributions for F and F2 with the Maxwell-Boltzmann distri­

butions. However, with Avjv z 30% (fwhm), the F atom beam 

was not truly effusive and no such comparison was possible. 

Earlier measurements in our laboratory on the dissoci-

ative ionization of F2 from a 650°C supersonic nozzle yielded 

F+/F; = 0.47 [29]. However, it can be seen in Fig. 13 that 
+ + . this value for F /F2 causes the excitation function to behave 

non-monotonically. A more reasonable value is F+/F; = 0.20 

since it causes the slope of the excitation function between 

Ec=1.9 and 2.0 kcaljmol to have a value less than that 

between 1.4 and 1.9 kcaljmol and greater than that between 

2.0 and 2.5 kcaljmol (Fig. 13). + + Setting F /F2 = 0.27 makes 

s (1.9) = s (2.0). r . r 

The uncertainties associated with the reactant flux 

scaling factors are neglected since the statistical errors in 

the ni values are very small and the relative cross section 

does not change considerably over the spread in vrel· The 

largest uncertainty in the.relative cross section, repre-

sented by the error bars in Fig. 12, arises from.the first 



scaling factor and reflects the statistical noise in the 

data. It should also be noted that weighting the relative 

velocities used in the analysis by the experimental excita-

tion function (Fig. 12) had no effect on the Ec=l.4 kcaljmol 

fit. This is to be expected since the spread in collision 

energy is a small fraction of the total energy available to 

the products. 

The decrease in the relative substitution cross section 

with increasing collision energy indicates that the barrier 

to F atom addition is likely nil, but in any case must be 
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less than 0.8 kcaljmol. Since T(O) is weighted by sinO in 

calculating sr' sr will be most sensitive to the form of T(O) 

near 8=90°. For the Ec=1.9 kcaljmol data, however, a 10% 

change in T(O) at 8=90° caused less than a 1% deviation in 

Sr. At Ec=0.8 kcaljmol, an isotropic T(O) yields a value of 

sr that is only 2% large~ than the value obtained using 

distribution d(i). Likewise, changing the position of the 

threshold or the peak of P(E') enough to perceptibly worsen 

the fit changes Sr by only 3%. However, the lack of data at 

8 > 82° for four of the six collision energies (and espe­

cially at E =0.8 kcaljmol) necessarily introduces some error c . 

in Sr. 

Raising the ethylene beam nozzle temperature from -1oo• 

to 30°C changes the fraction of molecules that are in their 

ground vibrational states negligibly. The largest change 

(=2%) will occur in the population of v10 , the CH2 rocking 
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mode {843 cm-1 [30]). Hase et al. have run classical trajec-

tories on semi-empirical potential energy surfaces to study 

the effect of vibrational excitation of c2H4 on the H + c2a4 
~ c2H5 reaction cross section [31]. They find that placing 

-1 -1 up to 2 quanta in v
2 

(1655 em ; c-c stretch), v7 (969 em ; 

ca2 wag), or v
8 

(959 cm-1 ; CH2 wag) has little effect on the 

addition cross section. 

IV. DISCUSSION 

The decrease of Sr with increasing collision energy 

might perhaps be understood within the context of RRKM 

theory. Assuming that the probability of adduct formation is 

independent of collision energy in the range studied, the 

observed excitation function will reflect the probability of 

unimolecular decay of the energized fluoroethyl radical to 

products relative to reactants or to other energetically 

accessible products. Rate constants for these decay path-

ways, ki' can be calculated as a function of energy from RRKM 

theory and the branching ratio, 

s~KM= k ;~ k., 
p i 1 

where p represents the H atom elimination channel, can then 

be compared to the observed excitation function. Each rate 

constant reflects the state density at the transition state 

for a given pathway so, for an exoergic reaction, the above 

ratio is expected to decrease on increasing the collision 



energy since the state density at the reactant (F-c2H4) 

transition state increases more rapidly with energy in the 

threshold region than the state density at the product 

(H-C2H3F) transition state. 

In addition to atomic elimination, we must, however, 

consider the possibility of exothermic 1- and 4-center HF 

elimination: 

F + C2H4 ~ c 2H3 + HF (v=0-2), ~Ho = -27 kcaljmol. 
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In the crossed beam study of the reaction F + c 2D4 ~ DF + 

c 2D3 (4a], only DF (v=4) was observed and the authors 

concluded that the reaction occured through the direct 

abstraction of D by F. The DF angular distribution from that 

experiment, however, shows a marked forward-backward sym­

metry, indicating that the reaction very likely proceeds 

through formation of a long lived intermediate followed by DF 

elimination. The fact that DF in lower vibrational states 

was not observed could be attributed to the poorer detection 

efficiency for these faster products. In a related experi­

ment, Moehlmann and McDonald (32] found that the HF vibra­

tional state distribution from the reaction, F + c 2H4 ~ HF + 

c2H3 , peaks at v=l. Radiative decay of HF in higher vibra­

tional states is, however, a possibility in that experiment. 

Donaldson et al. (33] observed an inverted HF vibrational 

distribution for the same reaction, in support of a direct 

abst~action mechanism. 

In halogenated ethanes and ethylenes, 3- and 4-center 
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elimination reactions are known to have activation energies 

in the range of 60-80 kcaljmol [34-36]. The activation 

energy for elimination of HF from c2H3F is 80 kcaljmol; from 

c2H5F it is 60 kcaljmol (34a-c]. Ab initio calculations by 

Kate and Morokuma [36] indicate that the barrier to 3-center 

HF elimination from c2H3F is about 1 kcaljmol lower than the 

4-center barrier. However, the magnitudes of the barriers to 

HX elimination from haloethyl radicals are unknown. The 

4-center barrier in fluoroethyl radical might be expected to 

be closer in magnitude to that for c2H5F since the c-c and 

C-F stretching and C-C-F bending frequencies are predicted to 

be similar in the two species (16,35]. Chemical activation 

experiments suggest that the activation energies for 3-

center HX elimination from haloethanes are slightly higher 

than those for 4-center elimination (34d,e]. In particular, 

3-center elimination of HX from haloethanes is thought to be 

improbable in the absence of a second halogen atom on the 

primary carbon to stabilize the carbene product (3~d,37]. 

However, the possibility of partial double bond formation 

during 3-center elimination of HF from fluoroethyl radical 

might lower the barrier to this process below 50 kcaljmol. 

The maximum energy available to the radicals in our experi­

ment is =49 kcaljmol (Ec=2.5 kcaljmol). 

In calculating the ratio of the RRKM constants, vibra­

tional frequencies and moments of inertia for the radical and 

for the H-C2H3F transition state were obtained from Kate and 
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Morokuma [16]; frequencies for the F-C2H4 TS, the depth of 

the radical well relative to reactants (46 kcaljmol), and the 

barrier to H elimination (41 kcaljmol) were obtained from 

' Schlegel et al. [17]. The moments of inertia for the radical 

and for the H elimination TS were taken from ref. 16; those 

for the F-c2H4 TS state were calculated using the optimized 

transition state geometry of Schlegel (18]. Frequencies and 

moments of inertia for a 3-center HF-C2H3 TS were derived 

from the calculations of Kato and Morokuma on c 2H3F ~ HF + 

c 2H2 (36]. Three additional frequencies corresponding to C-H 

-1 stretching and bending were added (3400, 1400, 950 em ) and 

the c-c stretching frequency in the H atom elimination TS 

state was used. The F-C2H4 TS was assumed to be at the same 

energy as reactants (i.e. no barrier to addition) and the 

barrier to 3-center elimination was initially taken to be 45 

kcaljmol. 

Microcanonical RRKM rate constants were calculated for 

all three processes using the program of Hase and Bunker 

[38]. The calculated excitation function is scaled to the 

experimental points (F+/F; = 0.20) using a weighted least­

squares fit and is plotted in Fig. 12. It is obvious that 

the calculated curve barely declines with increasing energy . 

This is because the rate constant for H elimination is much 

larger than those for the other pathways. Lowering the 

barrier to HF elimination increases the rate constant for 

this process proportionately at both the low and high 



energies and so does not change the slope of the calculated 

curve. Raising the barrier to, say, 47 kcaljmol so that 

radicals formed at the lowest experimental collision energy 

could not eliminate HF also does not appreciably affect the 

curve. Neither does excluding high frequency C-H stretching 

vibrations from the calculation. We conclude that, with the 

assumption that the cross section for complex formation is 

independent of collision energy, the observed excitation 

function cannot be modeled using statistical theory. 

since th~ fraction of energy in the fluoroethyl complex 

that is tied up in rotation, and thus unavailable to break 

bonds, increases very little in the collision energy range 
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studied (Erot/Etot = 1% at Ec=0.8 kcaljmol and =4% at Ec=2.5 

kcaljmol, using values for L calculated above and a moment of 

inertia of 58 amu·A 2 [16]) the only alternative explanation 
I 

for the decline in sr with increasing collision energy is 

that the probability of forming the initial adduct decreases 

with increasing energy. In their classical trajectory calcu-

lations on H + c2H4 ~ c2H5 , Hase et al. [31] find that the 

addition cross section rises steadily from Ec=4-20 kcaljmol, 

levels off around 30 kcaljmol and drops only when Ec > 60 

kcaljmol. They do not study collision energies below 4 

kcaljmol. The initial rise in cross section occurs because 

wider approach angles become energetically accessible at 

higher energies. For Ec < 20 kcaljmol, the addition cross 

section is lower on the PES with the more restricted range of 
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approach geometries. The decrease in the excitation function 

at higher energies results from an increase in the fraction 

of unproductive collisions in which the incipient C-H bond 

either never reaches its equilibrium length or, having 

reached its equilibrium length, ruptures in less than one 

vibrational period .. 

Although the F + c2H4 potential energy surface probably 

allows for a wider range of reagent approach geometries than 

the H + c2H4 PES, we might still expect the addition cross 

section to display a positive energy dependence. However, at 

lower relative energies, the collision partners may have more 

time to orient into the optimum reaction geometry. Assuming 

that the reactants interact over a range of 2 A, the mean 

collision time increases from 0.15 to 0.26 ps on lowering the 

collision energy from 2.5 to 0.8 kcaljmol. Also, as the 

collision energy is raised, more energy will remain in the 

incipient C-F bond and this bond may break before the fully 

energized radical is formed. Of course, if only·a few 

vibrational modes in the region of the F attack are involved 

in the dynamics then complete energy redistribution may never 

take place and C-F bond rupture will always compete with C-H 

rupture. The earlier crossed beam studies [4] support the 

latter view. The H + c2H4 classical trajectory study 

suggests, however, that there would not be a significant 

increase in the. number of non-reactive F + c2H4 collisions in 

the collision energy range of our experiments. 
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A more convincing explanation for the drop in sr with 

increasing collision energy is that the F-C2H4 interaction is 

dominated by a barrier-less, long range attractive potential. 

such an interaction, characteristic of radical association 

reactions, gives rise to a loose transition state [13]. Now, 

the cross sections (rate constants) for many radical associa-

tion reactions have been found to display a negative energy 

(temperature) dependence [13,39]. For example, a classical 

trajectory study of the H + CH3 ~ CH4 reaction indicates that 

the reaction cross section decreases by a factor of ~1.7 from 

o- 2 kcaljmol [40]. Recent measurements on. the kinetics of 

methyl radical recombination [41] suggest a drop of ~25% in 

the high pressure rate constant for this reaction over the 

temperature range 296 - 577 K. This trend is explained by 

modern transition state theory which locates the transition 

state for reactions without a potential energy barrier at the 

intermolecular distance at which the density of states along 

the reaction coordinate is a minimum, rt [39,42]. As the 

collision energy (or temperature) is raised, rt decreases, 

causing the transition structure to become tighter, i.e., the 

relative motion of the collision partners at the critical 

configuration becomes more hindered. Alternatively, if the 

transition state is located at the centrifugal barrier to the 

reaction (the intermolecular distance at which the attraction 

between the reacting species is exactly balanced their cen­

trifugal repulsion), rt will decrease with increasing energy 



[13,43]. In either case, a drop in the reaction cross 

section (rate constant) will accompany the decrease in rt. 

Our results are therefore consistent with an early, reactant 
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like transition state for the F + c2H4 addition reaction. It 

is noteworthy that higher level ab initio calculations on 

this and related systems (see Section I) yield transition 

state properties that are consistent with our findings 

[17,21]. 

V. CONCLUSIONS 

our results show that the barrier to F atom addition to 

ethylene must be less than 0.8 kcaljmol, in agreement with 

evidence that halogen atom addition to alkenes proceeds with 

little or no activation energy and with recent ab initio 

calculations~ The observed decline in the relative cross 

section with increasing collision energy indicates that 

formation of fluoroethyl radical is not independent of 

collision energy and suggests that long range attractive 

forces give rise to a loose adduct transition state. The CM 

c2H3F product angular distributions that fit our data at 

Ec=1.4 and 1.1 kcaljmol are not consistent with those 

previously found for this reaction at Ec=2.0 kcaljmol and 

might reflect unusual angul~r momentum partitioning in the 
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Table 1. Experimental beam conditions. 

Ec c2H4 source C2H4 beam vpk • n1n2vrel 
"'' 

(kcal/mol) temp. <·c) Speed ratio (xio4 cmjs) (arb. units) 

F C2H4 

0.8 -100 (neat) 5.7 4.3 6.5 0.011 

1.1 -100 (neat) * 6.1 6.5 0.086 

1.4 30 (neat) 7.9 6.1 8.2 0.17 

1.9 30 (neat) * 8.7 8.2 0.77 

2.0 30 (20% in He) 12.3 6.1 10.5 0.26 

2.5 30 (20% in He) * 8.7 10.5 1.00 

(a): Peak laboratory velocity. 



Table 2. Fraction of available energy in product 
translation energies and relative cross 
sections. 

Ec 

(kcaljmol) 

0.8 

1.1 

1.4 

1.9 

2.0 

2.5 

<E'/E 1 > av 

0.52 

0.52 

0.51 

0.50 

0.51 

0.51 

S a 
r 

(arb. units) 

1. 00 (.09)b 

0.75 (. 02) 

0.72 (. 01) 

0.55 

0.53 (. 01) 

0.45 
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(a): For F+/F;= 0.20; numbers in parentheses are ±1a error 

bars arising from the uncertainty in the mean value of 

the normalization factor described in the text. 

(b): Sr(0.8) is an average of the relative cross sections 

obtained with an isotropic T(O) and b(i) in Fig. 10; 

it is normalized to 1. The uncertainty in Sr(0.8) 

arises, in part, from the uncertainty in T(O). 
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FIGURE CAPTIONS 

Fig. 1: 

Fig. 2: 

Fig. 3: 

Fig. 4: 

Generalized reaction coordinate diagram for F + 

c2H4 ~ H + c2H3F. Hatched region represents 

collision energy range. 

Kinematic ("Newton") diagram for F + c2H4 ~ H + 

c2H3F at Ec ~ 1.9 kcaljmol. vCM: Velocity of 

center-of-mass; 9CM: Center-of-mass angle for the 

collision in LAB frame; uC2H3F: Maximum velocity of 

c2H3F product in center-of-mass frame; vL1 and vL2 : 

slow and fast components of c2H3F velocity at angle 

9 in LAB frame. For a P(E') that peaks away from 

zero, these components will give rise to a bimodal 

TOF spectrum. 

c2H3F (mje=46) laboratory angular distribution at 

Ec=2.5 kcaljmol; all of the data are shown. 

Fit obtained with T(O) a(ii) in Fig. 10. Arrow 

indicates center-of-mass angle. 

c2H3F (mje=46) laboratory angular distribution at 

Ec=2.0 kcaljmol; all of the data are shown. 

fit obtained with T(O) a(i); ---- fit obtained 

with T(O) a(ii). 



Fig. 5: 

Fig. 6: 

Fig. 7: 

Fig. 8: 

c2H3F (mje=46) laboratory angular distribution at 

Ec=1.9 kcaljmol; all of the data are shown. 

fit obtained with T(8) b(i); ----fit 

obtained with T(8) b(ii). 

c2H3F (mje=46) laboratory angular distribution at 

Ec=1.4 kcaljmol; all of the data are shown. 

upper panel: fit obtained with T(8) d(i); 

----fit obtained with T(8) d(ii). 

lower panel: -----fit obtained with T(8) c(i); 

-------fit obtained with T(8) c(iii). 

c2H3F (mje=46) laboratory angular distribution at 

Ec=l.l kcaljmol. 

upper panel: same as Fig. 6(a). 

lower panel: ----fit obtained with T(8) c(ii); 

-------obtained with T(8) c(iii). 

Error bars represent 90% confidence limits. 

c2H3F (mje=46) laboratory angular distribution at 

Ec=O.S kcaljmol. - - ~ obtained with an isotropic 
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T(8); ----obtained with T(8) d(ii); obtained 

with T(8) b(i). See Fig. 7. 



Fig. 9: c2H3F (mje=46) time-of-flight spectra at four col­

lision energies. Solid lines are fits to data 

using P(E') distributions in Fig. 11. The follow­

ing T(8) distributions were used (see text): 

Ec=1.9 1 b(i); Ec=1.4 and 1.1 1 d(ii); Ec=0.8 1 

isotropic. 

Fig. 10: Center-of-mass frame c2H
3

F angular distributions 

used to fit laboratory angular distributions. 

(a) 1 (b) 1 and (d) : [ i ] 

(c) [i] - - - ; [ii] 

; [ii] -----. 

-- ; [iii] -- - - - --

Fig. 11: Center-of-mass frame product translational energy 

distributions used to fit the data at the six 

collision energies. 
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Fig. 12: Experimental excitation function for F + c2H4 .~ H + 

c2H3F. Points are relative cross sections assuming 

F+/F+ = 0.20; see Table 2. Solid line is a RRKM 
2 

Fig. 13: 

calculation of the energy dependent branching ratio 

for this reaction (see text). 

Experimental excitation functions 

+ + ferent values for F /F2 • 

+ + + + 0: F /F2=0.0; 0: F /F2=0.20; 

assuming dif-

o: 

.. , 
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Chapter 2: Dynamics of Endoerqic substitution Reactions. 

I. Reactions of Br Atoms with Chlorinated 

Aromatic compounds 

I. INTRODUCTION 

48 

Although homolytic, or free-radical, aromatic substitu­

tion reactions have been the subject of many kinetic studies 

[1], their detailed dynamics in both the liquid and gas 

phases are only partially understood. In the gas phase, they 

proceed by addition of an atom or radical to an aromatic ring 

to form an ac~ivated cyclohexadienyl radical (collision 

complex) which subsequently decomposes through emission of 

another atom/radical. Previous crossed molecular beam 

studies of aromatic substitution reactions in this laboratory 

were directed towards determining (1) the extent of intra­

molecular vibrational energy redistribution in collision 

complexes ofF atoms and substituted benzene molecules [2], 

(2) the primary products of the reactions of 0 atoms with 

benzene and toluene [3], and (3) the energetics of halogen 
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atom elimination from chemically activated halo-oxy-cyclo-

hexadienyl radicals [4]. All of the reactions studied were 

exoergic. 

We have focused our attention on endoergic aromatic 

substitution reactions since elimination of the more strongly 

bound substituent is not the statistically favored mode of 

decay of a chemically activated radical. In addition, the 

cross sections for endoergic reactions typically display a 

strong positive dependence on collision energy. Thus, by 

studying the translational energy dependence of the reaction 

cross section as well as the product angular and translation­

al energy distributions for the endoergic channel, we may 

gain some insight into dynamical factors governing the 

formation and decomposition of chemically activated aromatic 

radicals. In this respect, the effect of ring substituents 

on both the probability of atomic addition and the degree of 

vibrational energy redistribution prior to bond fission are 

of particular interest. With bromine ·as the atomic reagent, 

site-selective substituent effects might manifest themselves 

since they are related to the energetics of adduct formation 

and should be most pronounced in those reactions in which the 

reagent atom bonds weakly to the aromatic ring. 

We have carried out crossed molecular beam studies of 

the substitution reactions, 

Br + { ~= } (~) 
(2) 
(3) 
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in the collision energy, Ec' range 20 - 30 kcaljmol and, 

{ c6H5 Cl } { c6H5Br } (4) 
Br + -+ Cl + 

c6F5Cl c6F5Br (5) 

in the range 20 - 35 kcaljmol (Fig. 1) . The results of these 

experiments shed new light on the way in which substituents 

influence the orientation and dynamics of aromatic substi-

tution reactions. We have previously reported results for 

reactions 1- 3 [5]; as discussed in Section III, our 

analysis in this paper differs somewhat from that in ref. 5. 

II. EXPERIMENTAL 

The crossed beam apparatus used in these experiments has 

been described previously [6,7]. Two seeded, differentially 

pumped reagent beams were crossed at 90° in a vacuum chamber 

. -7 held at approx1mately 10 Torr. The products are detected 

with a triply differentially pumped mass spectrometric detec­

tor that rotates in the plane of the two beams. 

The bromine atom beam was generated by passing a mixture 

of Br2 in rare gas through a resistively heated high density 

graphite oven designed in this laboratory by Valentini et al. 

[8]. The Br2;rare gas mixture is created by bubbling approx­

imately 700 torr of He, Ne, or Ar through liquid bromine 

(reagent grade Fischer or Mallinkcrodt) at 0°C (vapor 

pressure, v.p.=60 torr). The oven had a nozzle diameter of 

0.14 mm and was run at approximately 1400°C. A conical 

., 



graphite skimmer having an orifice diameter of 0.10 em was 

positioned 0.76 em from the nozzle. Ninety percent of the 

Br2 dissociated into Br atoms, as determined from a direct 

measurement of Br/Br2 in the beam. 
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The chlorinated aromatic (R-Cl) molecular beam was 

formed by bubbling He through the liquid reagent held at a 

constant temperature in a bath and expanding the resulting 

mixture through a 0.21 mm diameter nozzle. Conditions were 

as follows: 450 torr of He with o-, m-, or p-chlorotoluene 

(o-, m-~ p-CT) at 60°C (v.p.=22 torr); 450 torr He with 

pentafluorochlorobenzene (PFCB) at l9°C (v.p.=ll torr [9]); 

350 torr of He with chlorobenzene (CB) at l9°C (v.p.=9 torr 

[10]). A stainless steel skimmer with an orifice diameter of 

0.66 mm was positioned 0.9 em from the nozzle. The source 

and feed line were heated with coaxial heating wire to a tem­

perature of 200°C for the CT experiments; the source tempera­

ture for the PFCB and CB experiments was 40°. o- and p-CT 

were purchased from MCB, m-CT from Aldrich, PFCB from 

Fairfield, and CB from Burdick and Johnson. All of the com­

pounds were used without further purification, except for the 

p-CT which was distilled on a spinning band column. 

A liquid nitrogen cooled copper cold finger was placed 

against the differential wall inside of the scattering cham­

ber so that the detector would always face a cold surface 

during the angular scans thereby reducing the detector 

background at the product mass. Product angular distribu-
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tions were measured by modulating the R-Cl beam with a 150 Hz 

tuning fork chopper and collecting data with the beam on and 

off using a dual channel scaler. Data were collected for 6 -

12 minutes per angle. 

In order to compute relative cross sections for a given 

reaction at different collision energies, we scaled the 

product number density by the reactant flux, which is propor­

tional to n 8rnRClvrel' where ni = number density of beam i 

and vrel = relative velocity. Since the wide angle Br elas­

tic scattering cross section does not change drastically as a 

function of energy, measuring Br on R-Cl elastic scattering 

allows us to measure changes in this quantity. During each 

scan, the mje=79 signal was monitored at three different LAB 

angles. The angles were all beyond the cutoff angle for 

elastic scattering of Br on He so the Br+ signal observed was 

from Br scattering on R-Cl. The contribution of undisso­

ciated Br2 to the mje=79 signal was very small and was ne­

glected. Relative values for nBrnRClvrel derived from the Br 

elastic number density at angle of 16° are given in Table 1. 

The velocities of the reactant beams were measured using 

the time-of-flight (TOF) technique. A 256 channel scaler 

interfaced with an LSI-11 computer accumulated the data. No 

TOF measurement was made for the m-CT beam, but its velocity 

should be identical to that of o-CT since both have the same 

vapor pressure (22 torr; v.p.(p-CT)=21 torr [10]) at 60°C. 

The velocity of the CB beam was not measured under the exact 
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conditions of the scattering experiment but was inferred from 

measurements at a slightly different nozzle and bath temper­

ature. The peak laboratory beam velocities (in units of 105 

cmjs), vpk' and speed-ratios, s, were: BrjHe: vpk=1.85-1.90, 

vpk=1.29, S=8.4; S=6.1; BrjNe: vpk=1.55, S=6.9; BrjAr: 

o-CT/He: vpk=1.33, S=11.3; p-CT/He: vpk=1.35, S=11.8; 

vpk=1.4, S=15. Product PFCB/He: vpk=1.06, S=14.8; CB/He: 

TOF spectra were measured using the cross-correlation method 

[7]. A cu-Be alloy wheel photoetched with a pseudorandom 

sequence of 255 open and closed slots was spun at 392 Hz 

giving 10 ~sjchannel resolution in the TOF spectra. The 

flight path from wheel to ionizer was 30.0 em. Counting 

times were approximately 1 hr per angle for the Br + CT 

experiments and 2 hr per angle for the Br + PFCB experiment. 

III. RESULTS AND ANALYSIS 

The product angular distributions and TOF spectra were 

fit using a forward convolution program [11] that starts with 

a separable form for the center-of-mass (CM) reference frame 

product flux distribution, ICM(O,E',Ec) = T(O)P(E',Ec)Sr(Ec)' 

and generates a LAB frame angular dist.ribution and TOF spec­

tra averaged over the spread in relative velocity. T(O), the 

CM frame angular distribution, is taken to be a sum of three 

Legendre polynomials whose coefficients are varied to opti-
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mize the fit. T(O) was adjusted for reactions 1 and 3, E =31 c 

kcaljmol, to improve the fits to the data. A RRK functional 

form is used for P(E'), the CM frame product translational 

energy distribution: P(E') = (E'-B)p(Eavl-E')q, where B is 

related to any barrier in the exit channel and Eavl is the 

total energy available to the products (Ec-~H0 ). ~H0 was 

taken to be 15 kcaljmol for all of the reactions studied (see 

Section IV). The parameters p, q, and B were optimized to 

give the best fit to the data (see Tables 1 and 2). 

S (E ) represents the collision energy dependence of the r c . 

relative reaction cross section, i.e., the excitation func-

tion. For a given experiment, the spread in beam velocities 

and intersection angles gives rise to a spread in relative 

velocities and hence in collision energies. ~Ec/Ec(FWHM) = 
30% for the reactions with Br seeded in He and =25% for the 

reactions with Br seeded in Ne and Ar. Each beam velocity 

and intersection angle permutation corresponds to a different 

kinematic configuration (Newton diagram) over which the 

calculated angular distribution and TOF fits must be 

averaged. The collision energies corresponding to the most 

probable kinematic configurations are listed in Table L 

Since the cross section \s found to depend on collision 

energy, each kinematic configuration was weighted according 

to Ec using a function Sr(Ec)· Our method of weighting the 

Newton diagrams differs from that used in ref. 5. Rather 

than using the calculated relative CM cross sections (which 
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represent a convolution over·the spread in relative velocity) 

and interpolating linearly between these values, the Newton 

diagrams were weighted with a multiple-point excitation 

function which was modified to fit the relative ratios of the 

LAB angular distributions at the different nominal collision 

energies. The original form of Sr(Ec) was derived from a 

statistical calculation of the product branching ratio as a 

function of energy (see Section IV). At each most-probable 

collision energy, the laboratory angular distribution calcu­

tated from the input I(8,E',Ec)' Ncalc(8), is scaled to the 

experimental angular distribution, Nexp(8), using·a least­

squares fit, i.e., 

The input Sr(Ec) is then modified so that the least-squares 

scaling parameters, z, agree to within 1.5% indicating that 

the derived excitation function fits the experimental data. 

For reactions 1 and 3 the z parameters at the six most-

probable collision energies (3 for each reaction) agree with 

each other. 

Since, for an endoergic reaction, the maximum transla-

tional energy of the products will depend strongly on Ec, a 

P(E') with a unique value of Eavl was used for each Newton 

diagram in the analysis. Our present analysis procedure 

differs again from that used in ref. 5 in that each P(E') is 

normalized to its own area, as opposed to being normalized to 

the area of the most-probable P(E'). This has the effect of 
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enhancing the contribution of slow recoil velocity products 

to the calculated angular distributions and TOF spectra. The 

best-fit CM angular and energy distributions for the CT 

experiments are consequently somewhat different from those 

reported earlier, the main difference being that the T(O) 

distributions here are more forward peaked. 

A. Br + o-, m-, p-CT 

The ortho- and para-bromotoluene (BT) substitution prod­

ucts were detected at mje=170 (79Br), however the quadrupole 

mass spectrometer resolution was set sufficiently low to 

allow some of the 81Br product to be detected as well. The 

product angular distributions are shown in Figs. 2 and 3. 

Elastic and inelastic scattering of impurity in the p-CT beam 

contributed to background at mje=170 near that beam. This 

was most problematic at Ec=21 kcaljmol where the product sig­

nal level was lowest. At this energy the in/elastic scatter­

ing background was measured by substituting a properly di­

luted beam of Kr in Ar for the Br in Ar beam. It was then 

scaled to the product angular distribution at 74° and sub­

tracted from it. At the peak of the Ec=31 kcaljmol o-BT 

angular distribution, the product count rate was 20 Hz. The 

angular distributions reveal that, at all energies, the o­

and p- products are mostly forward scattered with respect to 

the center-of-mass angle. Remarkably, no BT product was 

detected from Br + m-CT at a collision energy as high as 29 



kcaljmol. TOF spectra of p-BT and of o-BT are presented in 

Figs. 4 - 6. At each collision energy, the peak product 

velocities are close to the center-of-mass velocity (v em' 

Fig. 9), indicating that little energy is channeled into 

product translation. 

The best fits to the data were obtained with T(O) dis-

tributions that peak at 0° and 180° with maxima at 0° (Fig. 

7). There is a range of acceptable values for the P(E') 

parameters (as there is for the coefficients of the Legendre 
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polynomials that constitute T(O)) yet the average fraction of 

energy that goes into product translation, <E'/E 
1

> (Table av 

1), does not vary much within this range. Since the fits 

were relatively insensitive to the q parameter, which governs 

the curvature of the tail of the P(E'), this parameter was 

fixed for all the fits and the other parameters optimized. A 

value of 1.85 was chosen for q: it was possible, however, to 

fit the data by setting q=3.2 and varying p and B. The· q=3.2 

distributions fall more steeply, and consequently peak at 

higher energies, than the q=1.85 distributions. The q=1.85 

distributions (Fig. 8) peak between 0.0 - 2.0 kcaljmol, with 

the o-BT distributions peaking at lower energies and having 

slightly lower values of <E'/Eavl> than those for p-BT. For 

both reactions, <E'/Eavl> = 0.3 at all collision energies. 

The following changes in the best-fit P(E') for reaction 3, 

Ec=31 kcaljmol, while not significantly affecting the fit, 

produced the indicated changes in <E'>: ±13% in p parameter 



(equivalent to a change of ±9% in peak position), ±2% in 

<E'>; ±1 kcaljmol in AH0, ±6% in <E'>. A CM frame product 

flux contour diagram for Br + p-CT ~ Cl + p-BT, E =31 c 

kcaljmol, is given in Fig. 9. The overall quality of the 

fits justifies our use of a separable form for the CM flux 

distribution. 

Since we have data at only three nominal collision 

energies for reactions 1 and 3, it is difficult to determine 

the exact form of the excitation functions. Excitation 

functions which reproduced the relative intensities of the 

laboratory angular distributions for reactions 1 and 3 are 

plotted in Fig. 10. We obtained equally good fits from 

excitation functions with thresholds at 18 and 17 kcaljmol 
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for reactions 1 and 3 respectively. However, these functions 

change slope abruptly near Ec=20 kcaljmol and are unlikely to 

be accurate representations of the true s . Because the 
r 

collision energies for the BrjHe, Br/Ne, and Br/Ar experi-

ments overlap, the data constrain the curvature of sr most 

strongly in the range 20 ~ Ec ~ 30 kcaljmol. The curves 

extend to the maximum collision energy of the Ec=31 kcaljmol 

experiments (=44 kcaljmol) ; the shaded regions represent the 

uncertainty in sr above 32 kcaljmol. Curves going through 

these regions yield values of z at Ec=31 kcaljmol that are 

within 1.5% of z for reactions 1 and 3 (where z is determined 

from the fits based on the curves in Fig. 10). A ±13% change 

in the p parameter of the P(E') for reaction 3, E =31 c 



kcaljmol, changes z by ±3%. These excitation functions will 

be discussed more in the next section. 
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The asymmetric eM angular distributions that we obtain 

indicate that the majority of 6-bromo-6-chloro-(3 or 5)­

methylcyclohexadienyl (BeMe) complexes decompose in a time 

less than one rotational period [12b]. The p-BT eM angular 

distributions show more forward-backward symmetry at lower 

collision energies, suggesting that the lifetime of the 

p-BeMe (13] complex increases relative to its rotational 

period as Ec decreases. We can estimate the rotational 

period of the p-BeMe complex by assuming, for the sake of 

simplicity, that the Br atom collides perpendicular to the 

ring with an impact parameter of 0.9 A (the distance from the 

center of mass of p-eT to the chlorinated carbon) and that 

the rotational angular momentum of the reagent is negligible. 

For the collision of Br with p-eT, Ec=31 kcaljmol, the 

orbital angular momentum, L, will be =160 ~- The moment of 

inertia about the rotation axis of the complex is =880 

amu·A 2 , assuming that the halogenated carbon is tetrahedral, 

that the e-Br and e-el bond lengths are 2.0 and 1.7 A respec­

tively, and that the ring is undistorted. The rotational 

period, given by Trot= 2~I/L, will therefore be =5 ps in the 

present example. At a collision energy ~f 21 kcaljmol, 

rrot~7 ps. 

The approximate product orbital angular momentum, L', 

for reaction 3 at Ec=31 kcaljmol, using a relative velocity 
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corresponding to <E'> = 5 kcaljmol and an impact parameter of 

0.1 A (the distance between the chlorinated carbon and the 

center of mass of the complex, with the e-el bond perpen­

dicular to the ring and the e-Br bond in the plane of the 

ring), is z6 ~' far lower than the initial 160 ~- It would 

take an average exit impact parameter of z2.7 A for the total 

angular momentum of the complex to be carried away as product 

orbital angular momentum. However, even if most of the angu­

lar momentum of the collision were carried away in rotation 

of the BT product, the rotational energy of the product would 

be small (only z1.5 kcaljmol for p-BT in the present example) 

because of its large moment of inertia (I= 770 amu·A 2 ). 

The lack of a strong correlation between L and L' is the 

reason for the eM angular distributions not peaking more 

strongly in the forward and backward directions [12a]. The 

larger amount of sideways scattering for o-BT at 31.0 

kcaljmol could indicate an even weaker L to L' correlation in 

reaction 1 at high collision energies~ This may be due to 

the more complicated rotational motion of the o-BeMe complex 

that results from both the asymmetry of the complex and, 

perhaps, a decreased steric barrier for Br addition to o-CT 

at higher collision energies. 

A fraction of the translational energy of BT will come 

from rotation of the complex at its exit transition state 

(TS). In the absence of extensive vibration-rotation cou~ 

pling in the complex, the rotational energy at this TS will 



be z1.2 kcaljmol for p-BCMC (Ec=31 kcaljmol, C-Cl bond per­

pendicular to the ring with a bond length of 2.6 A [14]). 
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The rotational motion of o-BCMC will, as noted above, be more 

complex. But the fact that the o-BT P(E') distributions peak 

at slightly lower energies than those for p-BT could indicate 

that the ortho complex has a lower rotational energy at its 

exit TS than the para complex. 

B. Br + CB, PFCB 

As for the CT reactions, the substitution product from 

Br + PFCB, pentafluorobromobenzene (PFBB), mje=246, is mostly 

forward scattered with respect to the incident Br beam (Fig. 

11). Elastic and inelastic scattering of impurities in the 

PFCB beam contributed significantly to the mje=246 signal 

near that beam at all three collision energies studied. As 

noted above, this background was measured by substituting a 

beam of Kr for the Br beam. The in/elastic angular distribu-

tions were then scaled and subtracted from the reactive angu-

lar distributions. Uncertainties associated with this seal-

ing and subtraction lead to the error bars in the angular 

distributions. At E =20 kcaljmol, no reactive signal could c 

be discerned above the in/elastic background. 

PFBB product TOF spectra are presented in Fig. 12. At 

E
0

=35 kcaljmol, TOF spectra were measured at 52° and 62°. 

The signal-to-noise level at 62° was poor, making it diffi-

cult to distinguish the reactive and non-reactive components 
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of the TOF spectrum. Th_ narrowness of the angular distribu~ 

tions along with the relatively low mje=246 signal level (z4 

Hz at 52° at Ec=35 kcaljmol) made it unprofitable to measure 

product TOF at several angles. 

No bromobenzene (mje=156) substitution signal was ob­

served from Br + CB at a collision energy of 30 kcaljmol. At 

a mass spectrometer resolution equal to that at which the 

PFCB experiments were conducted, there was.a contribution 

from in/elastically scattered 79Br2 to the mje=156 signal (z9 

Hz at 9=50°). At a higher resolution, no mass leakage 

occurred but at neither setting was any reactive signal ob­

served. Our ability to observe PFBB product over BB is en­

hanced, however, by the larger mass of the former product 

which, assuming similar energy partitioning in reactions 4 

and 5, causes its recoil velocity to be smaller. Since the 

transmission of the mass spectrometer changes with mass 

setting and the cracking patterns of the BB and PFBB products 

in the ionizer are not known, a quantitative comparison of 

the signal levels for the Br + CB and Br + PFCB reactions 

will not be attempted. 

The uncertainties in the angular distribution data, 

especially at Ec=25 kcaljmol, cmake it difficult to determine 

accurately the forms of the CM product distributions. An 

asymmetric, forward peaked T(8) distribution is found to fit 

the Ec=35 kcaljmol data (Fig. 13). At Ec=25 kcaljmol, there 

is evidence of more backward scattered product. Again, this 
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indicates that the lifetime of the adduct increases more than 

its rotational period as the collision energy is lowered. 

The P(E') distributions (Fig. 14) are very narrow (q=3.2), 

peaking slightly away from 0 kcaljmol. The data at both col-

lision energies could also be fit with P(E') distributions 

which sloped more gradually (q=1.8) although the fits were 

not as good. <E'/Eavl> = 0.19 for both of the q=3.2 distri­

butions (Table 2) and 0.23 for the q=1.8, Ec=35 kcaljmol, 

distribution. 

In the absence of a product angular distribution at E = c 

20 kcaljmol, it was possible to reproduce the ratio of the 

E = 25 and 35 kcaljmol angular distribution intensities with c 

two different excitation functions; one of which has a 

threshold of 20 kcaljmol (Fig. 15). The average ratio of the 

relative cross sections at the two nominal collision ener-

gies, Sr(35)/Sr(25), is 3.4 for the two excitation functions. 

The fits to the data that are presented were generated with 

the higher threshold curve. As for the CT reactions, the 

shaded region indicates the uncertainty in sr above the high­

est nominal collision energy. 

IV. DISCUSSION 

A. Br + o-, m-, p-CT 

The endoergicities of the isomeri~ CT.reactions under 

study should not differ markedly from one another. The heats 



of formation of o-, m-, and p-CT (AHf298 (g)) are 3.8, 4.1, 

and 5.3 kcaljmol respectively [10,15]. We were able to find 

heat of formation data for the para isomer of bromotoluene 

(BT) only (AHf298 (g) = 13.0 kcaljmol [10,16]), but Szwarc's 
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work [17] indicates that the C-Br bond dissociation energies 

in o-, m-, and p-BT differ by only 0.6 kcaljmol. Using the 

known values for AHf298 of Br, Cl [18], p-CT, and p-BT, we 

calculate AH2 98 = 10.1 kcaljmol for the reaction, Br + p-CT ~ 

p-BT + Cl. This number strikes one as being too low 

considering that AH2 98 = 15 kcaljmol for the reaction, Br + 

c6H5Cl ~ c6H5Br + Cl [19]. In the absence of firm values for 

the heats of formation of the CT and BT isomers, we have used 

an endoergicity of 15 kcaljmol for the present reactions. 

The energetics of Br addition to CT are, as far as we 

can tell, unknown. Ref. 20 gives AH2 98 = -8.8 kcaljmol for 

Br + C2H4 ~ C2H4Br. ·The exothermicity of Br addition to ben­

zene (AHadd) will reflect the loss in resonance stabilization 

energy (RSE) that results from the disruption of the ~ elec­

tron framework of the ring. In the case of H atom addition 

to benzene the loss in RSE will be approximately 11 kcaljmol 

[21]. We conclude, therefore, that the BCMC radical will be 

unbound by =2 kcaljmol relative to reactants! Rodgers et al. 

[22] arrive at a similar value for the endothermicity of Br 

addition to benzotrifluoride. As a result, we do not expect 

there to be a potential minimum along the reaction coordinate 

corresponding to the BCMC complex. 
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Based on the energetics for Br addition to eT, it is not 

surprising that substitution occurs in less than one rota-

tional period. We have calculated RRKM lifetimes, TRRKM' for 

the BCMe complex [23], using modified normal mode frequencies 

for toluene, and frequencies corresponding to e-el and e-Br 

stretching and Br-e-el, e-e-Br, and e-e-e1 bending modes 

[24]. Including all 42 frequencies, TRRKM at Ec=30 kcaljmol 

* (E = Ec + ~Hadd = 28 kcaljmol) is 0.02 ps, much lower than 

the estimated rotational period. This unrealistic value for 

the lifetime results from the very large rate constant for 

decay of the complex through loss of Br. TRRKM changes 

little as the collision energy is lowered, indicating that a 

quantitative comparison of the angular distribution data with 

the lifetime and rotational period calculations is not 

possible. 

Remarkably, very little of the energy available to the 

products ends up in translation. Apparently the vibrational 

modes of the aromatic ring act as a strong energy sink with 

el elimination occurring only when sufficient energy has 

accumulated in the e-el bond. The time scale of intramolecu- . 

lar vibrational energy relaxation (IVR) in highly excited 

aromatic molecules is a subject of continuing investigation. 

Reddy, Heller, and Berry [25] have studied the e-H overtone 

absorption spectra of benzene and several substituted benzene 

compounds. They conclude from linewidth measurements that 

the lifetime of the 5v ortho aryl e-H overtone state in 
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toluene is 70 fs and that the lifetimes of the 3V (8786 cm-1 ) 

and 5V (14072 cm-1 ) c-~ overtone states of benzene are 230 fs 

and >51 fs respectively. However, recent experiments on 

benzene by Page et al. [26] indicate that the lifetime of the 

3V state is greater than 0.5 ps. From s 1 ~ S0 fluorescence 

spectra, Parmenter and Stone [27] extract IVR lifetimes of 

less than 10 ps for the 32 s 1 level (2382 cm-1 ) of p-fluoro­

toluene (p-FT) and 25-33 ps for the 5 3 state (2455 cm-1 ) of 

p-difluorobenzene. Coupling of the internal rotation of the 

methyl group to the ring vibrations is believed to be respon-

sible for the accelerated relaxation in p-FT [28]. If that 

is indeed the case, IVR may occur even more rapidly on the s 0 

surface of p-FT since the barrier to methyl torsion is lower 

in the ground state [28,29]. 

Chemical activation is an inherently less precise way of 

preparing vibrationally excited molecules than either over-

tone or electronic excitation. A number of vibrational modes 

are excited by the impact of the atom and the release of 

chemical energy upon bond formation. Although studies of Br 

addition to unsaturated molecules indicate that 1,2-Br 

migration is possible [30], the short BCMC lifetimes that we 

infer from our angular distributions, the relatively small 

number of modes involved in energy redistribution (see 

below), and our ability to correlate features of the o-, m-, 

and p-BT excitation functions with the position of the methyl 

group relative to the chlorinated carbon atom (see below) 



suggest that most of the reactive collisions in the present 

systems involve Br attacking the chlorinated carbon. There­

fore, most of the energy of the collision will be deposited 

directly into the reactive site and e-el bond rupture might 

compete with rapid vibrational energy redistribution. 
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Although roughly 70% of the total available energy finds 

its way into BT product vibration, it does not seem that el 

elimination from BeMe is a statistical process involving 

energy sharing among a large number of vibrational degrees of 

freedom. We have calculated RRKM-AM P(E') distributions [31] 

for BT, Ec=31 kcaljmol, assuming different numbers of "effec­

tive" vibrational modes. The maximum centrifugal barrier, 

B~, is treated as a parameter. Since the activation energies 

for e1 addition reactions are known to be very near zero 

[32], we have no reason to expect that there will be a 

barrier above the threshold for e1 elimination. Although a 

definitive comparison between the experimental and RRKM-AM 

P(E') distributions is not possible given the uncertainties 

in the fits, we obtain reasonable agreement between the 

experimental o-BT P(E'), Ec=31 kcaljmol, and a RRKM-AM P(E') 

calculated assuming that 4 modes with frequencies in the 

range 700 - 800 cm-1 are active in energy redistribution and 

with B' = 0.40 kcaljmol (Fig. 8). Note that the q parameter m 

determines the curvature of the experimental P(E') which in 

turn reflects the number of active modes in the complex. 

Thus, the data seem to indicate that only a limited number of 
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degrees of freedom participate in energy sharing prior to Cl 

elimination. 

Such a mechanism is not unexpected. Endoergic substitu-

tion at elevated collision energies must occur in a quasi-

direct fashion or not occur at all since, as more vibrational 

modes participate in energy redistribution, the probability 

of Cl elimination, ncl' drops relative to nBr" This is due 

to the fact that nx is proportional to the density of states 

at the TS for X elimination. The smaller the number of ac-

tive vibrational modes, the smaller the difference between 

the state densities for the exoergic and endoergic channels 

and the more Cl elimination will compete with Br elimination. 

For example, taking nx to be the microcanonical RRKM rate 

constant for X elimination (classically, nx ~ (Et/E*)s-1 , 

where £t is the excess energy, E*-E0 , at the X elimination TS 

and sis the number of active vibrational modes [33]), at 

Ec=30 kcaljmol, nBrfncl = 270 with 12 active modes (V = 800 -

300 cm-1 ) whereas with 4 active modes, nBr/ncl = 6. 

We attempted to determine the relative importance of 

the Br elimination channel in reaction 3, Ec=21 kcaljmol, and 

reaction 1, Ec=31 kcaljmol, by measuring the TOF of CT from 

the channel BCMC ~ Br + CT near the center-of-mass angle. In 

both cases, the TOF of nonreactively scattered CT obtained by 

substituting Kr for Br was very similar to that obtained with 

Br. This indicates that the Br addition cross section is 

substantially smaller that the elastic/inelastic scattering 



cross section. Yet, if nBr were indeed two orders of magni­

tude larger than ncl (as one would predict from a 12-mode 

RRKM calculation), we would have been able to see a substan-
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tial peak in the o-CT TOF spectrum corresponding to slow o-CT 

travelling at the velocity of the center of mass since the 

fast and slow components of the elastic scattering TOF 

spectrum were well resolved at Ec=31 kcaljmol. Thus, our 

inability to observe slow o-CT provides additional (though 

indirect) evidence that only a few modes are active during 

the reaction. 

Further support for a reduced mode mechanism comes from 

an examination of the excitation functions. The measured 

relative cross sections can be expressed as the product of 

the cross section for forming the BCMC adduct and the 

relative probability of decomposition of the adduct through 

Cl elimination, sr = uadd[nc1/Cnc1+n 8r)]. If intramolecular 

energy randomization were complete prior to atomic elimina-

tion, the quantity in brackets would be equivalent to the 

RRKM branching ratio, SRRKM. For an endoergic reaction, this 

quantity will be a strongly increasing function of energy. 

Based on our previous findings [5], we. initially used 3- and 

6-mode sRRKM functions to represent sr,p-BT and sr,o-BT 

respectively. These curves needed to be modified very little 

to fit the data. The 3-mode (v = 800 - 700 cm-1 ) and 6-mode 

(v = ~oo - 700 cm-1) RRKM curves are plotted in point-form in 

Fig. 10 alongside the experimental excitation functions. 
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It is certainly plausible that the o-BCMC collision com-

plex has a larger number of active vibrational modes than p-

BCMC. (We have already noted that the o-BT P(E') distribu-

tions have slightly lower values of <E'/Eavl> than those for 

p-BT.) The reduced symmetry of the o-BCMC complex may allow 

for enhanced vibrational energy redistribution through state 

mixing. As noted above, coupling of methyl group-torsion to 

the ring vibrations is believed to be responsible for accel-

erated IVR in s 1 p-fluorotoluene. Although the barrier to 

methyl torsion is likely to be higher in o-CT than in p-CT 

[29], the methyl group is closer to the collision site in the 

ortho isomer. 

The normalization factor used to scale SRRKM(6-mode) to 

Sr -BT at E =44 kcaljmol is ~s times that used to scale ,o c . 

SRRKM(3-mode) to sr,p-BT at the same energy. If the proba-

bility of C-Br bond formation is independent of collision 

energy, this suggests that uadd(o-CT) is approximately 5 

times larger than uadd(p-CT). A larger addition cross sec­

tion for o-CT can be rationalized along the above lines. The 

greater number of active modes in o-BCMC might serve to 

dissipate the energy of the collision better, allowing Br to 

add more readily to o-CT than to p-CT. 

Two points should be made regarding the way in which we 

interpret our results. Firstly, in saying that a product 

P(E') or excitation function is reproduced well by a limited-

mode RRKM calculation, we do not maintain that a small number 

•· 
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of modes are in microcanonical equilibrium prior to bond rup­

ture. In fact, IVR competes with bond rupture in the present 

reactions and RRKM theory cannot, in principle, be applied. 

The number of active modes is thus a relative'measure of the 

extent of intramolecular energy transfer prior to Cl elimina­

tion. Secondly, it seems rather tenuous to divide the sub­

stitution reaction into addition and decomposition steps when 

c-Br bond formation is endoergic and so few vibrational de­

grees of freedom participate in the reaction. However, both 

the moderate amount of backward scattering and the change in 

the effective number of modes as the substituents near the 

collision site are changed (see also Section IV.b) indicate 

that these reactions proceed through a (short-lived) colli­

sion complex and that we may divide them into two steps for 

conceptual purposes. 

In arriving at a value for the number of active vibra­

tional modes in o-BCMC and p-BCMC, we assumed that the cross 

section for Br addition to o-CT and p-CT does not vary with 

Ec. However, the probability of C-Br bond formation might 

indeed depend on collision energy. In particular, steric 

blocking of the chlorinated carbon by the methyl group in o­

CT might cause aadd(o-CT) to change more drastically with 

energy than aadd(p-CT). Thus, as~uming that the number of 

active modes in o-BCMC and p-BCMC is the same, the lower 

substitution cross section for reaction 1 below 25 kcaljmol 

could result from a narrowing of the acceptance angle of the 



Br + o-CT potential energy surface (PES) relative to that of 

the Br + p-CT PES. The number of approach geometries that 

can lead to reaction should grow with increasing energy. As 

noted in the previous section, the CM angular distributions 

for reaction 1 do suggest that the approach angle widens at 

higher Ec. With a greater number of low frequency modes in 

the vicinity of the collision, o-CT could therefore have a 
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larger addition cross section than p-CT at collision energies 

above 25 kcaljmol. In addition, the increased amount of 

energy remaining in the C-Br coordinate of p-BCMC (relative 

to o-BCMC) might cause aadd(p-CT) to decrease above 25 

kcaljmol and thereby cause S BT to level off. r,p-

Hase et al. [34] have carried out a classical trajectory 

study of the H + c2H4 addition reaction on two semi-empirical 

potential energy surfaces (I and III of ref. 34) having the 

same classical barrier height but differently shaped entrance 

channels. The potential energy surface with the narrower 

range of approach angles (surface III) has a longer range H + 

c2H4 interaction potential which manifests itself in a more 

gradual attenuation of the H-c-c bending force constant with 

C-H distance. They found that the cross section for H atom 

addition on both surfaces rises with collision energy in the 

range 2 - 20 kcaljmol, begins to level off at 30 kcaljmol and 

declines above 60 kcaljmol. The decrease in cross section 

above Ec=60 kcaljmol results from an increase in the number 

of non-reactive collisions in which the incipient C-H bond 
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either never reaches its equilibrium length or, having 

reached this length, breaks in less than one vibrational 

period. In the collision energy range 4 - 20 kcaljmol, the 

cross sections on surface III are smaller than those on 

surface I, as one would expect. The reverse is true, 

however, at energies above 20 kcaljmol. This rise in cross 

section is attributed to the longer range H-c2H4 interaction 

on surface III which becomes dominant at higher energies when 

the H atom can add over a wider range of angles. 

It should be noted that a longer range atom-molecule 

interaction potential is not a necessary consequence of 

restricting the range of approach angle on the PES. In 

addition, since c 2H5 is bound by z40 kcaljmol with respect to 

reactants, H + c 2H4 is not an ideal model for the Br + CT ~ 

[BCMC] reactions. However, Hase's study does show that at 

elevated collision energies the surface with the narrower 

range of approach angles can give a larger addition cross 

section. Thus, it is evident that the addition excitation 

functions for o-CT and p-CT may influence the forms of 

s BT and s BT and that the steeper slope of S BT r,o- r,p- r,o-

need not necessarily be due to a larger number of active 

modes in o-BCMC than in p-BCMC. 

Could differences between the thermodynamic stabilities 

of the o-BCMC and p-BCMC radicals also be influencing the 

substitution cross sections? One way to assess the stabili-

ties of these radicals is to consider the hypothetical 



"residual" species that result from removing the halogenated 

carbon from o-BCMC and p-BCMC [35). In this manner, o-BCMC 

is represented by a linear conjugated methyl pentadienyl 

radical whereas p-BCMC is represented by a branched conju-

gated radical. One might expect that the greater degree of 

~-electron delocalization allowed in the linear conjugated 

radical makes it more thermodynamically stable and there is 
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evidence from the kinetics of nucleophilic aromatic substitu-

tion reactions that this is the case [36]. Although there 

are no values for the heats of formation of the methyl 

pentadienyl radicals, we can compare the heats of formation 

of the methyl allyl (MA) and 2-methyl allyl radicals (2-MA): 

H3c---CH---CH---cH2 

(MA) 

H2C===C(CH3 )---CH2 

(2-MA) 

Experiments on the iodine catalyzed isomerization of butene 

by Benson and co-workers [37) lead to AHf-298 (MA) = 30.·4 ± 1.4 

kcaljmol. Trenwith [38] obtains 29.4 ± 1.5 kcaljmol for the 

same quantity from pyrolysis of 3-methyl-1-butene. Trenwith 

and Wrigley [39) and Tsang [40) arrive at values of 30.0 ± 

1.0 and 29.6 kcaljmol respectively for AHf-298 (2-MA). Thus, 

within experimental error, these two radicals have the same 

heats of formation. This would lead us to believe that the 

o-BCMC and p-BCMC radical have similar heats of formation. 

Subtle differences between the slopes of the Br + o-CT and p-

CT potential energy surfaces along their reaction coordinates 
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cannot be ruled out, however (see below). 

Based on our experimental signal levels, the substitu­

tion cross section for m-CT at Ec=29 kcaljmol is estimated to 

be at least a factor of 10 lower than for o-CT at 31 

kcaljmol. It is well known that the methyl group is an 

ortho-para directing substituent in electrophilic (ionic and 

atomic) substitution reactions. This phenomenon is usually 

explained in terms of the electron donating capability of the 

methyl group [35,36], which stabilizes the o- and p- adducts 

by either increasing the o- and p- frontier electron popula­

tions in the reactant molecule or lowering the total n­

electron energy of the o- and p- adducts relative to the m­

adduct. 

There have been no rigorous quantum mechanical calcula­

tions of the heats of formation of the isomeric methyl cyclo­

hexadienyl radicals (much less halogenated methyl cyclo­

hexadienyl radicals such as BCMC). However, using a modified 

version of Hucke! theory, Wheland [41] calculated the energy 

change associated with localizing an electron at the ortho, 

meta, and para positions of various aromatic molecules, 

thereby removing it from conjugation with the ring. Although 

this "localization" energy has traditionally been correlated 

with the activation energy for addition to a particular ring 

position, we may associate it with the thermodynamic stabi­

lity of the resulting radical. This approach is analogous to 

the one taken above in assessing the stabilities of the o-



BCMC and p-BCMC radicals. For toluene, Wheland found a mere 

0.8 kcaljmol difference between the o- and m- localization 

energies. such small differences iri thermodynamic stability 

will not have an observable effect on the dynamics of aro-

matic substitution reactions at high collision energies. 

Let us suppose that the reduced cross section for 

reaction 2 results from barriers of equal magnitude in the 

entrance and exit channels of the PES. Assuming that there 

are four active vibrational modes in the m-BCMC complex and 

that uadd for Br + m-CT is 50% smaller than uadd for Br + 

o-CT (where we correlate the magnitude of uadd with the 

position of the methyl group relative to the chlorinated 

carbon), RRKM calculations indicate that a barrier of z13 

kcaljmol above threshold in the entrance and exit channels 

would be needed for S BT to be one order of magnitude r,m-

76 

smaller than sr,o-BT at Ec=30 kcaljmol. Considering that the 

activation energies for halogen atom addition to unsaturated 

molecules are generally in the range of 0 - 2 kcaljmol, it 

seems unlikely that a barrier of such magnitude could be the 

cause of the lower reactivity of m-CT. 

An alternative explanation is that the reactivities of 

the isomers of CT are governed by the shape of the Br-CT PES 

rather than by fixed barriers. The increased electron popu­

lations ortho and para to the methyl group in CT could en-

hance the long range attraction between Br and these sites, 

but such an attraction might not be strong at high collision 



energies. The shape of the potential in the exit valley 

might be the key. Since the AH 0 are nearly the same for the 
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three isomeric reactions, the AGo and K for all three reac-eq . 

tions will also be roughly the same. Therefore, the rates of 

the reverse reactions, Cl + o-,p-BT ~ Br + o-,p-CT, must be 

accelerated relative to the rate of Cl + m-CT ~ Br + m-CT. A 

longer range attraction between Cl and o- and p-BT, manifest-

ing itself in a more gradually sloping potential in the 

reverse endoergic direction, might be responsible for such a 

rate enhancement. Alternatively, the lower ~-electron 

energies of the o- and p- complexes may cause the o- and p-

surfaces to rise more gradually. In either case, transla-

tional energy will be better able to promote the endoergic 

reaction. Classical trajectory studies on several different 

potential energy surfaces lend support to these ideas. 

Polanyi and co-workers [42] have observed that translational 

energy is favored over vibrational energy in endoergic reac-

tions with a gradual ascent to the barrier crest. Likewise, 

Chapman [43] has found that the curvatures of the Be + HF ~ 

BeF + H and NO + o3 ~ N02 + o2 surfaces have marked effects 

on the excitation functions and product energy distributions 

of these reactions. Of course, the slope of the PES will 

affect the translational energy dependence of the reaction 

cross section most when only a few vibrational modes partici-

pate in energy sharing ~rior to bond breakage and when react­

ant translational energy can couple directly into the bond 



breaking coordinate. Although the substitution reactions 

under study are not "direct", they do seem to satisfy these 

criteria. 

B. Br + CB. PFCB 
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As discussed in relation to the Br + CT reactions, Br 

addition to CB should be endoergic by =2 kcaljmol. However, 

because of ~he weakness of the ~-bond in fluorinated un­

saturated molecules, Br addition to PFCB should be somewhat 

exoergic. From photodissociation experiments on ·several 

fluorinated bromo-iodoalkanes, Lee and co-workers have calcu­

lated the C-Br bond dissociation energies (D0) in CF2cF2Br 

and CFHCFHBr to be 20 and 12 kcaljmol respectively (44]. Ne­

glecting the effect of resonance stabilization, let us assume 

that D0 (C-Br)=15 kcaljmol in the pentafluoro-chloro-bromo­

cyclohexadienyl (PFCBC) radical. Therefore, a loss of 11 

kcaljmol in resonance stabilization energy would make Br 

addition to PFCB exoergic by approximately 4 kcaljmol. 

As we noted at the beginning of Section III(a), AH2 98 = 

15 kcaljmol for reaction 4. The overall endoergicity of 

reaction 5 is uncertain, however. Krech et al. (45] measured 

AHf298 (c6F5Br) = -170.1 kcaljmol. With AHf298 (c6F5Cl) = 

-193.6 kcaljmol from experiment (46] and known heats of for­

mation for Cl and Br [18], this gives AH2 98 = 25.8 kcaljmol 

for reaction 5. From group additivity, AHf298 (c6F5X)= -197.8 

kcaljmol (X= Cl) and -183.3 (X= Br) (47]. Together these 

·•· 

.. 



yield AH2 98 = 16.8 kcaljmol. With experimental values for 

the heats of formation of the products or reactants, these 

calculated AH!298 (c6F5X) give AH2 98 = 30.0 kcaljmol and 12.6 

kcaljmol respectively. Thus, lacking a firm value for the 

endoergicity of this reaction, we have assumed AH0 = 15 

kcaljmol. 

Considering the larger number of low frequency. vibra-

tional modes in the.fluorinated complex (C-F stretching, 

%1000 cm-1 , and c-c-F bending, %500 cm-1 ), one would expect 

IVR in PFCBC to be even more rapid than in BCMC. Interest-
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ingly, Reddy et al. [25] obtain.3v and sv C-H overtone life­

times of 200 fs and 120 fs respectively in c 6F5H (as compared 

to 230 fs and >51 fs for the same states in benzene). They 

attribute the relatively low relaxation rate in c 6F5H to poor 

frequency matching between the C-H overtone state and the C-F 

stretch bath states. It seems clear, however, that the lower 

average product translational energy that we observe for the 

Br + PFCB reaction as compared to the Br + CT reactions re-

sults from the higher density of states of the PFCBC complex 

at its exit transition state. 

The experimental Ec=35 kcaljmol P(E') plotted in Fig. 

14a (q=3.2) is in fair agreement with an a-mode (v = 650 -

440 cm-1) RRKM-AM P(E') (B' = 0.20 kcaljmol). Since it is 
m 

possible to fit both the o-BT and PFBB data with P(E') 's 

having the same q parameter (e.g., q=3.2), we cannot conclude 

from the distributions in Figs. 8 and 14a that there are more 



-
active modes in PFCBC than in o-BCMC. However, the PFBB, 

E =35 kcaljmol, data could be fit reasonably well with a 
c 

q=7.0 P(E') (Fig. 14b) whereas the o-BT and p-BT data could 

not. This p(E') agrees with a 10-mode (v = 700 - 440 cm-1 ) 

RRKM-AM P(E') (B~ ~ 0.40 kcaljmol). 

This is noteworthy in light of Quack's argument that an 

apparently non-statistical P(E') for a substitution reaction 

with a "loose" TS need not imply incomplete energy redistri-

bution in the collision complex [48]. He has been able to 

80 

reproduce experimental P(E') distributions for substitution 

reactions reasonably well by including an angular contribu­

tion to the interaction potential in the adiabatic channel 

model while assuming that all vibrational modes in the colli-

sion complex are active. However, the differences that we 

observe between the BT and PFBB P(E') distributions imply 

that more vibrational modes participate in energy sharing in 

PFCBC than in BCMC. 

The slope of the PFBB excitation function also supports 

this view. The excitation function used to fit the PFBB data 

(solid curve in Fig. 15) was derived from the 10-mode RRKM 

branching ratio calculation. The experimental and RRKM 

curves agree reasonably well. The 20 kcaljmol threshold for 

the dashed curve indicates that our data are consistent with 

a higher endoergicity than 15 kcaljmol for reaction 5. 

The marked difference in cross section between reactions 

4 and 5 is likely to be due to differences in aadd for the 
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two reactions. As discussed above in relation to reactions 1 

and 3, Br will "stick" better to the molecule with the larger 

number of low frequency dissipative modes in the vicinity of 

the collision. The slight exoergicity of Br addition to PFCB 

will increase the density of dissipative states and render 

the Br-PFCB interaction more "attractive" than the Br-CB 

interaction. Considering that the contribution of the sta­

tistical branching ratio to the total substitution cross sec­

tion will be smaller for the complex with the larger number 

of active vibrational modes (i~e., ~cl/(~Cl + ~Br) decreases 

as the number of modes increases, see above), aadd(5)/aadd(4) 

will be greater than a simple comparison of the signal levels 

for the two reactions would suggest. 

Halogen substituents are known to deactivate aromatic 

molecules to electrophilic attack but their ability to back­

donate p-electrons to the ring makes them ortho-para direct­

ing (49]. A CNDO study of fluorobenzene and p-difluoroben­

zene has shown increased ~-electron populations ortho and 

para to the F atoms (50]. It is not clear, however, whether 

p-electron back-bonding stabilizes PFCBC relative to BCB, and 

thereby enhances the substitution cross section for Br + 

PFCB. 

Finally, in comparing our results for reactions 1 and 3 

with those for reaction 4, we note how strongly the methyl 

group enhances the cross section for Br addition to the ring. 

The features of the PES that are responsible for this large 



difference in cross section should be analogous to those 

responsible for the greater reactivity of o- and p-CT 

relative to m-CT. 

V. CONCLUSIONS 
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A complex interplay of phenomena underlies our observa­

tions for these endoergic aromatic substitution reactions. 

Competition between intramolecular vibrational energy redis­

tribution and Cl elimination results in asymmetric, forward 

peaked product CM angular distributions and translational 

energy distributions and excitation functions that can be 

modeled by assuming that a limited number of vibrational 

modes participate in energy sharing in the energized radi­

cals. Ring substituents appear to affect the dynamics by 

influencing both the orientation and probability of Br addi­

tion and the extent of energy redistribution in the radicals. 

The electronic effects responsible for the different reac­

tivities of the CT isomers may manifest themselves in the 

slope of the potential energy surface along the reaction 

coordinate. 
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Table 1. Relevant experimental quantities for reactions 
1 - 3. 

Reaction 

Br/He 

I 
31 0.27 1. 00 0.033 0.-06 

Br/Ne + o-CT 25 0.27 0.54 0.035 0.03 

Br/Ar 21 0.30 0.44 0.20 0.00 

Br/He + m-CT 29 ( e ) 

Br/He I + p-CT 

31 0.30 0.98 0.23 0.02 

Br/Ne 25 0.30 0.59 0.21 0.00 

Br/Ar 21 0.33 0.53 0.41 -0.01 

(a): All energies are in kcaljmol; collision energies 
reflect cross section weighting. 

(b): Fraction for most-probable collision energy. 

(c): Arbitrary units. 

(d): P(E') parameters; q=1.85. 

(e): The m-CT reaction was studied several weeks after the 
o- and p-CT experiments were completed. The Br/He + 
o-CT angular distribution was re-measured at this 
time, however. The o-BT and Br elastic signal levels 
indicated that the Br beam intensity was ~5o% lower 
than during the earlier experiments; the o-BT 
signal-to-noise ratio had dropped by 20%. However, 
given the presence of elastic scattering background in 
the m-CT experiment (~2Hz at 46°), it is doubtful that 
we would have been able to see signal even if the Br 
beam were twice as intense. 



Table 2. Relevant experimental quantities for reactions 
4 and s.a. b 

Reaction 

BrjHe + CB 30 

<E'/E 1> av 

1.29 

p 

89 

B 

Br/He 

) + PFCB 

35 0.18 1.00 -0.10 0.08 

Br/Ne 25 0.21 0.68 0.050 0.1 

Br/Ar 20 0.50 

(a): These experiments were carried out with a different 
inductor circuit, or "high-Q head", on the quadrupole 
mass filter than were the CT experiments so the 
transmission function of the mass spectrometer was 
different. 

(b): See legend to Table 1: q=3.20 for these fits. 



FIGURE CAPTIONS 

Fig. ·1: 

Fig. 2: 

Fig. 3: 

Fig. 4: 

Generalized reaction coordinate diagram. Shaded 

region indicates approximate collision energy 

range. Numbers represent the five reactions 

studied. 

o-BT (mje=170) laboratory angular distributions. 

Q: 

0: 

E =31 kcaljmol; c 

E =21 kcaljmol. c 

Q: Ec=25 kcaljmol; 

Signal is normalized -to constant reactant flux but 

peak of Ec=31 distribution is scaled to unity. Br 

beam is at 0°. Solid lines are fits to data using 

CM distributions in Figs. 7 and 8 and excitation 

function in Fig. 10. Error bars represent 90% 

confidence limits. Arrows indicate positions of 

center-of-mass angles with collision energy 

decreasing from left to right. 

p-BT (mje=170) laboratory angular distributions. 

See Fig. 2. 

p-BT (mje=170} time-of-flight spectra at Ec=31 

kcaljmol at five laboratory angles. Solid lines 

represent fits to data using CM distributions in 

Figs. 7 and 8 and excitation function in Fig. 10. 
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Fig. 5: 

Fig. 6: 

Fig. 7: 

Fig. 8: 

Fig. 9: 

p-BT (mje=170) time-of-flight spectra. 

(a) Ec=25 kcaljmol; (b) Ec=21. See Fig. 4. 

o-BT (mje=170) time-of-flight spectra. 

(a) Ec=31 kcaljmol; (b) Ec~25; (c) Ec=21. 

see Fig. 4. 

Center-of-mass frame product angular distributions 

used in fits. (a) o-BT; (b) p-BT. 

E =31 kcaljmol; -- -- E =25; -- - -- E =21 c c c . 

Center-of-mass product translational energy 

distributions used in fits. 

(a) Br + o-CT: Ec=31 kcaljmol; ---- Ec=25; 

4-mode RRKM-AM calculation. 

(b) Br + p-CT: same as (a) . 

Center-of-mass frame product flux contour diagram 
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for reaction 3, Ec=31 kcaljmol. Scale is for 

contours; scale for kinematic ("Newton") diagram is 

half of contour scale. 



Fig. 10: Excitation functions for reactions 1 (-- --) and 

3 (----). Arrows indicate most-probable experi-

92 

mental collision energies. Shaded regions indicate 

uncertainty in sr above the highest most-probable 

collision energy. 

O: 6-mode RRKM branching ratio calculation. 

0: 3-mode RRKM calculation. 

Fig. 11: PFBB (mje=246) laboratory angular distributions. 

Q: Ec=35 kcaljmol; o: E =25 kcaljmol. c 

Signal is normalized to constant reactant flux. Br 

beam is at 0°. Solid lines are fits to data using 

CM distributions in Figs. 13 and 14 and solid line 

excitation function in Fig. 15. Error bars repre-

sent 90% confidence limits. 

Fig. 12: PFBB (mje=246) time-of-flight spectra. 

(a) E =35 kcaljmol; (b) E =25 kcaljmol. Solid c c 

lines represent fits to data using CM distributions 

in Figs. 13 and 14 and solid line excitation func-

tion in Fig. 15. 

Fig. 13: Center-of-mass frame product angular distributions 

used in fits to PFBB data. E =35 kcaljmol; c 

.. 



.. 

Fig. 14: Center-of-mass frame product translational energy 

distributions used in fits to PFBB data. 

(a) 

(b) 

----- E =35 kcaljmol (q=3.2); c 

E =25 kcaljmol (q=3.2); c 

a-mode RRKM-AM calculation 

Ec=35 kcaljmol (q=7.0); 

10-mode RRKM-AM calculation. 

Fig. 15: Excitation functions for reaction 5. See Fig. 10. 

0 :. 10-mode RRKM branching ratio calculation. 
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Chapter 3: Dynamics of Endoerqic Substitution Reactions. 

II. Br + {C2H2cl2 } ~ Cl + {C2H2C1Br} 

I. INTRODUCTION 

Gas phase substitution reactions involving unsaturated 

molecules are generally divided into three steps: addition 

of the atomjradical to the double bond to form a vibration­

ally excited collision complex, energy redistribution within 

the complex and finally emission of another atom/radical. In 

the 50 years since Kharasch and co-workers discovered the 

homolytic bromination of alkanes [1], much experimental and 

theoretical work has been directed towards understanding the 

many facets of radical addition reactions [2]. Several 

factors are believed to influence the kinetics and site­

specificity of such reactions, including the relative bulk 

and polarity of the reagents, and the stability of the adduct 

radical. However, our quantitative knowledge of the poten­

tial energy surfaces for atom/radical-alkene addition reac­

tions has come entirely from molecular beam scattering and 



chemiluminescence experiments [3] and ab initio quantum 

chemical calculations [4]. 
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The energy redistribution and bond fission steps of the 

substitution process have been the focus of numerous bulk gas 

phase kinetic studies designed to determine if the unimolec­

ular decomposition of chemically activated radicals is a sta­

tistical process. In a series of classic experiments [5], 

Rabinovitch and co-workers found that the rates of decompo­

sition of alkyl radicals formed from the addition of H and D 

atoms to alkenes were in good agreement with the predictions 

of RRKM theory, implying that energy was randomized among all 

of the vibrational and internal rotational degrees of freedom 

of the activated radicals prior to unimolecular decay. Evi­

dence for non-statistical energy ·redistribution in chemically 

activated radicals began to appear in the early 1970's with 

the work of Rynbrandt and Rabinovitch on the reaction of 

singlet methylene with hexafluorovinylcyclopropane [6] and 

with the crossed molecular beams experiments of Lee and co­

workers on the reactions of F atoms with a number of unsat­

urated molecules, F + R-X ~ X + R-F (where X = H and CH3 ) 

[3a,7,8]. 

In these crossed beam studies, the experimental product 

translational energy distributions, P(E'), were compared to 

ones derived from statistical calculations to arrive at a 

value for the "effective" number of vibrational modes in the 

collision complexes. The P(E') is sensitive to the distribu-
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tion of vibration-rotation states along the reaction coor-

dinate at the exit channel transition state but when there is 

a potential energy barrier in the exit channel, as there is 

for reactions involving elimination of H and CH3 , repulsive 

forces between the departing products will channel more 

energy into translation than would be expected on the basis 

of this internal state distribution [9]. A more straight-

forward comparison of experimental and statistical P(E') 's 

can be made for reactions that do not have exit channel 

barriers, such as substitution reactions involving halogen 

atom elimination [10]. 

The results of crossed beam studies of such reactions 

are by no means uniform, however. Experiments on F + (1,1-, 

cis-, and trans-) c 2H2c12 ~ Cl + c2H2ClF by Shobatake, Lee, 

and Rice [11] yielded P(E') distributions that were con-

sistent with nearly complete energy randomization in the 

* .. [C2H2cl2FJ coll1s1on complexes. Cheung, McDonald, and 

Herschbach [12] obtained statistical P(E') distributions for 

the reactions Cl + R-Br ~. Br + RCl for R-Br = c 2H3Br and l­

and 2-C3H5Br, and a non-statistical distribution for R-Br = 

3-C3H5Br. Their results were taken as evidence that the 

vinylic reactions proceed via 1,2 Cl migration whereas the 

allylic Br + 3-C3H5Br reaction involved 1,2 bond migration. 

However, in higher velocity resolution experiments, Buss et 

al. [13] found that the products of these Cl + R-Br reactions 

had·far more translational energy than would be expected if 
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all of the vibrational modes of the collision complex parti­

cipated in energy redistribution. Product vibrational energy 

distributions from chemiluminescence studies of these same 

reactions were also non-statistical [14]. Steele et al. [15] 

have recently reinvestigated Cl + c2H3Br ~ Br + c 2H3Cl at a 

somewhat higher collision energy than ref. 13. Their results 

are in agreement with those of the earlier experiments. 

In order to extend our understanding of intramolecular 

energy transfer in chemically activated radicals and of free 

radical substitution in general, we undertook crossed 

molecular beam studies of the endoergic reactions, 

{ 

CH2Ccl2 Br + 
. trans-CHClCHCl } { 

CH2CC1Br } 
~ Cl + 

CHClCHBr 

(1) 

( 2) 1 

(AH0 = 13 kcaljmol) at four collision energies in the range 

15 - 27 kcaljmol. Our motivations for studying endoergic 

substitution reactions were outlined at the start of the 

previous chapter. By investigating statistically unfavored 

channels for a series of isomeric reactions, one can paten-

tially gain a deeper insight into the dynamics of the 

substitution process at different points along the reaction 

coordinate. One may begin, for instance, to establish a 

microscopic basis for familiar rules of chemical kinetics 

such as the reactivity-selectivity principle, according to 

which reactions with higher activation energies tend to be 

more regia-selective [16]. Towards this end, we have studied 

not only the translational energy distribution of the prod-

I 



ucts but the collision energy dependence of the reaction 

cross sections, or excitation functions, as well. 
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our results for the present reactions reinforce our 

conclusions in the previous chapter regarding the limited 

.extent of intramolecular energy transfer in the bromo­

chloro-cyclohexadienyl systems prior to Cl elimination. In 

fact, these smaller atom-alkene reactions may serve as heu­

ristic models for endoergic substitution in larger molecular 

systems. 

II. EXPERIMENTAL 

The apparatus and Br atom source were described in the 

previous chapter. The Br source stagnation pressures, oven 

temperature, and nozzle-skimmer configuration were the same 

as described previously. 

The dichloroethylene beam was formed by bubbling 450-

500 torr of He through the cooled (-30°C) liquid reagent and 

expanding the resulting mixture through a 0.21 mm diameter 

nozzle. A conical stainless steel skimmer with an orifice 

diameter of 0.74 mm was positioned 0.9 em from the nozzle. 

The vapor pressures of the reagents at -30°C are: 40 torr 

CH2Ccl2 (1,1-DCE) and 17 torr trans-CHClCHCl (t-DCE). 1_,1-

DCE was purchased from Aldrich and t-DCE from Pfaltz and 

Bauer. 

The collision energy was varied by seeding Br2 in 

... 
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different rare gases and by heating the DCE beam·nozzle with 

a coaxial heater wire. A list of nozzle temperatures, peak 

laboratory beam velocities, speed ratios, and most-probable 

collision energies, Ec' is given in Table 1 along with values 

for the relative reactant flux at each energy, nBrnDCEvrel' 

determined by measuring Br on DCE elastic scattering at a 

laboratory angle of 16° (see Section II of Chapter 2). 

The 1,1- and 1,2-bromochloroethylene (1,1-, 1,2-BCE) 

products were monitored-at mje=140 (C2H2cl79Br) but the mass 

spectrometer resolution was set sufficiently low to allow 

f th 81 t . . d t t b d t d some o e Br con a1n1ng pro uc o e e ecte as well. 

Angular distributions were measured by modulating the DCE 

beam with a 150 Hz tuning fork chopper. Counting times were 

6 - 18 minutes per angle. Product time-of-flight spectra 

were measured using the cross correlation method with a 

resolution of 10 ~sjchannel. The flight path from wheel to 

ionizer was 30.0 ern. Counting times ranged from 0.5-3 hr per 

angle. 

A liquid nitrogen cooled copper cold finger was placed 

against the differential wall inside of the scattering cham­

ber and facing the detector. This improved the signal-to­

noise of the 1,1-BCE angular distribution, Ec=27 kcaljmol, by 
. 

a factor of =3. The DCE reagents were distilled under dry 

nitrogen prior to use and stored under rare gas. Nonethe­

less, at all collision energies there was background at 

rnje=140 at angles near both beams from elastic and inelastic 
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scattering of impurities in the beams. This was most 

problematic at the lower collision energies where the product 

signal was weakest. The background near each beam was 

measured by substituting a properly diluted beam of Kr for 

the other beam. The in/elastic scattering angular distribu­

·tion was then scaled to the product angular distribution and 

subtracted from it. However, for a few product angular dis-

tributions it was not possible to reproduce the slope of the 

in/elastically scattered signal near one or both beams with 

the Kr measurements. As a result, we either approximated the 

non-reactive angular distribution or used a non-reactive 

distribution obtained at another collision energy which had a 

similar slope. 

III. RESULTS AND ANALYSIS 

The BCE product angular distributions and TOF spectra 

for both reactions are plotted in Figs. 1 - 6. The peak 

m/e=140 count rates for the E =27 kcaljmol angular distribu­c 

tions were 50 Hz and 320 Hz for reactions 1 and 2 respec-

tively. 

The method of analyzing the data was essentially the 
. 

same as that described in the previous chapter. At the two 

highest collision energies for each reaction the data were 

fit with a point form CM angular distribution, T(O). We as­

sumed AH0 = 13 kcaljmol for both reactions (see Section IV). 



The product translational energy distributions, P(E'), 

for both reactions are similar in shape, with the 1,2-BCE 
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distributions peaking at slightly higher energies than those 

for 1,1-BCE (Fig. 7, Table 2). <E'/Eavl> = 0.3 for both re­

actions (where Eavl is the total energy available to the 

products). Note that we obtained approximately the same 

value of <E'/Eavl> for the Br + o-, p-chlorotoluene (CT) re­

actions [17]. The P(E') for reaction 1 at Ec=27 kcaljmol is 

in fair agreement with a RRKM-AM P(E') calculated assuming 4 

active vibrational mode.s with frequencies in the range 250 -

550 cm-1 [18] and a maximum centrifugal barrier, B', of 0.70 m 

kcaljmol (Fig. 7a). The 1,1-BCE angular distribution at this 

collision energy could not be fit well by a P(E') in which 

q=4 [17]. The similarity between the falling slopes of the 

P(E') 's for both reactions is particularly interesting consi-

dering that the angular dependence of the Cl + BCE inter-

action potential is likely to be different for the two 

reactions [10] (see discussion of sr in Section IV). 

Although the T(8) distributions for reaction 1 (Fig. Sa) 

at Ec=27 and 21 kcaljmol are asymmetric, the areas, A, under 

the forward (0°-90°) and backward (90°-180°) parts of each 

distribution are comparable. At Ec=27 kcaljmol, R = 

A(0°-90°)/A(90°-180°) = 0.94 whereas at Ec=21 kcaljmol, R = 

0.92. The Ec=17 kcaljmol data could be fit with a symmetric 

T(8) composed of two Legendre polynomials. At this energy, 

the uncertainties associated with subtracting the mje=140 
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background were relatively large. At Ec=15 kcaljmol, the 

signal-to-noise ratio is so poor that the laboratory angular 

distribution could be fit with an isotropic T(O). 

collect any TOF data at this collision energy. 

We did not 

Forward scattering of 1,2-BCE from reaction 2 is 

slightly favored at the three highest experimental collision 

energies (Fig. 8b). R = 1.07, 1.09, and 1.09, at Ec=27, 23, 

and 18 kcaljmol respectively. At Ec=17 kcaljmol, we had to 

guess at the slope of the non-reactive scattering angular 

distribution near the t-DCE beam so the uncertainties in the 

product angular distribution (especially fore > 50°) are 

large. This angular distribution could be fit with an 

isotropic T(O). A CM flux contour diagram for ~eaction 2, 

Ec=23 kcaljmol, is presented in Fig. 9. 

The differences between the CM angular and translational 

energy distributions for reactions 1 and 2 can be ration-

alized by considering the reactant orbital angular momenta, 

L, for the two reactions. Since the distance between the 

chlorinated carbon and the center of mass of the molecule is 

larger in t-DCE than in 1,1-DCE (=0.7 vs. =0.4 A), we would 

expect L( 2 ) > L( 1 ) and Trot( 2 ) < Trot( 1 ) if the two radicals 

had about the same moments of inertia, where 1 t is the ro 

rotational period of the collision complex. Assuming that 

the Br atom approaches the chlorinated carbon perpendicular 

to the plane of the C=C bond, L( 1 ) = 70 A and L( 2) = 1qo ~ at 

E =27 kcaljmol. The moments of inertia of the 2-bromo-2,2-
c 
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dichloroethyl (2,2-BDeE) an~ 2-bromo-1,2-dichloroethyl (1,2-

BDeE) radicals about their rotation axes will be =350 and 

=400 amu·A 2 respectively assuming that the P- (or 2-) carbon 

is sp3 hybridized with e-Br and e-el bond lengths of 2.0 and 

1.8 A and that the eQ-e1 and eQ-H bonds lie in the original 

e=e plane. Therefore, neglecting the small rotational angu-

lar momenta of the reactants, Trot= 5 ps for 2,2-BDeE and =4 

ps for 1,2-BDeE. If the lifetimes of the BDeE radicals are 

comparable, we might expect slightly more forward scattering 

from reaction 2. The higher peak energies of the P(E')'s for 

(2), which indicate that L' (2) > L' (1 ) (where the prime 

refers to products), also accord with L( 2 ) being greater than 

L(1) • 

The approximate forward-backward symmetry in T(O) for 

both of these reactions contrasts with the marked asymmetry 

in T(O) for the Br + chlorotoluene (eT) reactions. Unlike Br 

+ eT ~ BeMe, which is endoergic by =2 kcaljmol, Br addition 

to DeE is exoergic by =8 kcaljmol (see Section IV). This 

difference in exoergicity might expl~in the apparently larger 

values of 1/Trot for BDeE (where 1 is the lifetime of the 

complex). We have calculated RRKM lifetimes for the bromo-

dichloroethyl collision complex using approximate frequencies 

for the 15 vibrational modes of the energized radical and the 

14 modes of the activated complex (Table 3). With E0=8 and 

21 kcaljmol for the Br and el elimination channels, we obtain 

lifetimes, TRRKM' of =0.5 and =0.3 ps for 2,2-BDeE and 1,2-
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BDCE respectively at Ec=27 kcaljmol. As we found for BCMC, 

the calculated rotational periods for the BDCE complexes are 

considerably longer than the RRKM lifetimes. However, 

Trot/TRRKM z 10 for BDCE whereas the same ratio is :::250 for 

BCMC [17]. Thus, the symmetry of the product angular distri­

butions for the present reactions is most likely due to the 

longer lifetimes of the reaction intermediates. 

The curvatures of the T(8) distributions from 8=o•-4o• 

and 140•-180• have a pronounced effect on the widths of the 

TOF spectra. The more suddenly T(8) changes over a range of 

CM angles, the narrower the calculated TOF spectra at LAB 

angles in that range will be. In order for the-calculated 

and experimental TOF spectra to agree in reaction 1, Ec=27 

and 21 kcaljmol, and reaction 2, Ec=27 kcaljmol, T(8) must 

rise more steeply at wide (140"-180°) than at small co·-40") 

CM scattering angles. The reverse is true for reaction 2 at 

Ec=23 kcaljmol. 

The data at the highest collision energies might 

actually reflect a narrowing of the product translational 

energy distribution at wider angles. It is possible that, as 

a consequence of angular momentum conservation, the CM 

product translational energy and scattering angle distribu­

tions are coupled. When the initial reactant rotational 

angular momentum is negligible and L and L' are of comparable 

magnitude, high L collisions will contribute most strongly to 

scattering at o• and 180" in a reaction that proceeds through 
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a long-lived complex. The rotational energy of the complex 

at its exit transition state will go into product translation 

so the P(E') distributions for scattering near 0° and 180° 

would be expected to peak at higher energies [13]. When the 

lifetime of the collision complex is comparable to or shorter 

than its rotational period, an asymmetry in the 8-L coupling 

might arise, with small L (long rrot> collisions dominating 

scattering at wide angles and large L (small Trot> contribut­

ing most strongly to scattering at small angles. In such a 

case, we'would expect the translational energy distributions 

for backward scattered products to peak at lower energies 

than those for forward scattered products. 

A comparison of the reduced masses and the most-probable 

relative velocities of the reactants and products for both 

reactions indicates that, in all cases, the average exit 

impact parameter would have to be =3 - 4 times larger than 

the average entrance impact parameter for L' = L. However, 

the relatively strong peaking in T(O) at 0° and 180° [19] and 

the fact that the peak energies of the P(E') 's, Epk' which 

are proportional to IL•I 2 , increase with L (i.e., Epk ~ Ec 

and Epk(2) > Epk(1)) indicate that L' may be sufficiently 

large in the present reactions for us to observe a moderate 

coupling between CM scattering angle and recoil velocity. 

The excitation functions, Sr' used to reproduce the 

relative intensities of the LAB angular.distributions are 

plotted in Figs. 10 - 12. The shaded regions indicate the 
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uncertainties in sr above the highest most-probable collision 

energies. The thresholds were set at 13.5 kcaljmol since 

this helped in obtaining the proper scaling factor for the 

1,1-BCE, Ec=15 kcaljmol, angular distribution. The poor 

signal-to-noise of the low energy angular distributions and 

relatively wide spread in collision energy prevents us from 

determining the thresholds to these reactions accurately. 

(Note that at Ec=15 kcaljmol, a large fraction of the Br + 

1,1-DCE collisions have insufficient energy to overcome the 

endoergicity to Cl substitution.) 

The slopes of the two experimental excitation functions 

do not differ drastically from one another. Sr(1,2-BCE) 
. -1 agrees well w1th an a-mode (v = 200 - aoo em ; E0=a and 21.5 

kcaljmol) RRKM branching ratio curve, SRRKM' whereas Sr(1,1-

BCE) is in qualitative agreement with a 6-mode RRKM function 

(v = 200- 650 cm~1 ) (Figs. 11,12) [17]. Near threshold, 

Sr(1,1) agrees best with a 5-mode RRKM curve but, as just 

noted, the excitation functions are inaccurate in this 

region. The relative magnitudes of the substitution cross 

sections for the two reactions will be discussed below. 

We tried to determine the extent of Br elimination, 

* . . . [BDCE] ~ Br + DCE, 1n both react1ons by measur1ng TOF 

spectra at mje=79 and mje=96 near the center-of-mass angle at 

several collision energies. At all energies, however, 

in/elastic scattering of the reactants dominated the spectra. 

1,1-DCE has C-C-Cl (B1 ) and Cl-C-Cl (A1 ) bending modes 
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at 375 and 299 -1 . t-DeE has e-e-el bending modes of Ag and em , 

Bu symmetry at 349 and 250 em -1 (20]. Assuming no relaxation 

of these vibrations during supersonic expansion, the fraction 

of DeE molecules in the beam that has at least one quantum of 

e-e-el or e1-e-e1 bend (fv>O) is =50% at a nozzle temperature 

of 30°e. For each reaction, fv>O changes by =10% over the 

experimental nozzle temperature range (Table 1). It is 

possible that energy in these bending vibrations can couple 

into the e-el reaction coordinate and thereby affect our 

measurements of the translational energy dependence of the 

substitution cross sections near threshold. Manning et al. 

[21] found no enhancement in the rate constant for the reac-

tion(s) 0 + e 2H4 ~ [products] with vibrationally excited 

e 2H4 , but their analysis is based upon a complicated kinetic 

scheme for excitation and deactivation of the reagent 

involving rate constants of unknown magnitude. Also, Hase et 

al. [22] concluded from classical trajectory calculations 

that two quanta in the eH2 wagging mode of ethylene has 

little effect on the H + e 2H4 addition cross section. 

IV. DISCUSSION 

Reactions 1 and 2 are not likely to differ much in endo-

ergicity. Rosenstock et al. (23] report the heats of for­

mation (AH!o> of 1,1-DeE and t-DeE to be 2.01 and 2.76 

kcaljmol respectively. The heats of formation of the 



c 2H2C1Br isomers are unknown. However, ~H0 = 12.4 kcaljmol 

for the reaction Br + c 2H3Cl ~ c 2H3Br + Cl [23,24]. We 

assume that the e-x (X = Br, Cl) bond dissociation energies 

in the isomers of c 2H2c1 2 and c 2H2C1Br differ by less than 

kcaljmol from those in c 2H3Br and c 2H3Cl and take ~HO = 13 

kcaljmol for reactions 1 and 2. 
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The activation energies for halogen atom addition to 

alkenes are known to be very small or zero [25]. From 

experiments on the photochemical bromination of t-DCE, 

Schumacher [26] concluded that there is no activation energy 

to the reaction Br + t-DCE ~ 1;2-BDCE. The activation ener­

gies for Cl addition to ethylene and its chlorinated deriva­

tives are uniformly zO kcaljmol [27]. 

As mentioned in the previous chapter, the thermochem- · 

istry of Br addition to unsaturated molecules is not well 

understood. Benson and O'Neal [28] report ~H298 = -8.8 

kcaljmol for the reaction Br + c 2H4 ~ c 2H4Br. With ~H0 = 

12.4 kcaljmol for Br + c 2H3Cl ~ Cl + c 2H3Br and D0(C-Cl) = 

19.3 kcaljmol for CH2CHC1Br [4c,23,29J, ~H0 = -7.0 kcaljmol 

for the same reaction. The C=C bond dissociation energies in 

c 2H2cl2 and c 2H4 (D2 98 = 143 vs. 172 kcaljmol [30]) do not 

differ enough for Br + c 2H2c1 2 ~ c 2H2cl2Br to be signifi-

(Br addition 

to CH2cF2 , in which n;98 (C=C) = 130 kcaljmol [30], is just =4 

kcaljmol more ~xoergic than Br addition to c 2H4 [31].) In­

deed, the reactions (a) Cl + c 2H4 ~ c 2H4Cl·and (b) Cl + 
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CHClCHCl ~ CHC1CHC1 2 have the same exothermicity within 

experimental error (~H2 98 = -20.2 [4c,23] vs. -19.7 ± 3 [32] 

kcaljmol). There is evidence that CH2cc1 3 is an unstable 

species which undergoes rapid 1,2 Cl migration [33,34]. But, 

using group additivity, Franklin and Huybrechts [32] calcu­

late ~H298 = -15.3 kcaljmol for Cl + CH2cc12 ~ CH2ccl3 , which 

agrees with ~H298 for (b) within the stated uncertainties. 

Thus, the C-Br bond energies in 2,2- and 1,2-BDCE may not 

differ greatly from that in CH2cH2Br. 

As for the Br + CT reactions, the P(E') distributions 

and excitation functions for the Br + DCE reactions imply 

that only a limited number of vibrational modes in the 

energized radicals participate in energy redistribution prior 

to Cl elimination. Our analysis suggests that the fraction 

of active modes is roughly the same in 2,2- and 1,2-BDCE. 

·This is noteworthy considering that 2,2-BDCE has more low 

frequency Cl-C-X (X = Cl, Br) bending modes (v = 200 - 300 

cm-1 ) than 1,2-BDCE and that these modes are principally 

associated with the carbon atom that was attacked. It is 

thus possible that a similar subset of modes is excited in 

both reactions. Most striking, however, is that the number 

of active modes remains approximately the same for both the 

Br + DCE and Br + CT reactions. This finding reinforces our 

earlier conclusion that substitution of Cl for Br in Br + CT 

is a localized, or quasi-direct, process and suggests that 

endoergic atom-alkene substitution reactions can serve as 
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models for endoergic atom-aromatic molecule reactions. 

The crossed beam studies of the exoergic substitution 

reactions F + (1,1-, trans-) C2H2Cl 2 ~ Cl + c 2H2ClF (AHo = 

-30 kcaljmol; Ec = 2.5 kcaljmol) [~1] yielded CM frame 

c 2H2ClF angular distributions for both reactions that were 

isotropic and product translational energy distributions that 

were consistent with collision complexes in which nearly all 

of the vibrational modes participated in energy redistribu-

tion. Whereas <E'/Eavl> = 0.16 for these reactions, earlier 

experiments gave <E'/Eavl> = 0.11 for the roughly isoener­

getic F + c 6H5Cl ~ Cl + c 6H5F reaction [35]. This difference 

in average translational energy was attributed to a smaller 

number of active vibrational modes in the [C2H2cl2F]* colli­

sion complexes. However, the fraction of active modes in 

these complexes was found to be larger than that in 

* [C6H5ClF] . 

Although the additional c~-c1 bond in 2,2-BDCE may not 

appreciably enhance intramolecular energy transfer, the 

presence of this bond in 1,1-DCE appears to have a pronounced 

effect on the magnitude of the substitution cross section for 

reaction 1. At Ec=27 kcaljmol, Sr(1,1) is =6 times smaller 

than Sr(1,2). (Note that although t-DCE has two identical 

carbon atoms available for Br attack, the reaction path 

degeneracy for Cl elimination from 2,2-BDCE is twice that for 

1,2-BDCE.) Thus, if the two BDCE isomers have roughly the 

same number of active modes, the cross section for Br 
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addition, uadd' to 1,1-DCE must be lower than that to t-DCE. 

The original theory of anti-Markownikoff addition, 

formulated to explain the kinetics of HBr addition to alkenes 

in the presence of peroxides or ultraviolet light, postulated 

that the preferred site of radical attack is determined by 

the relative stabilities of the two possible adducts [36]. 

Thus, addition to the least substituted carbon atom would be 

favored since the resulting adduct radical will be resonance 

stabilized. There is, however, a paucity of data on the 

heats of formation of halogenated alkyl radicals so it is 

difficult to argue on thermodynamic grounds about preferred 

pathways for addition. As mentioned above, the experimental 

evidence for the chlorinated ethyl radicals indicates that 

0°(C~-Cl) is relatively independent of the extent of chlori­

nation [32]. Johari et al. [37] have shown that the rate of 

addition of cc13 to the CF2 end of CHC1CF2 is 25 times 

greater than the rate of addition to the CHCl end, a result 

that is inconsistent with the notion that resonance stabili-

zation of the adduct determines the preferred position of 

attack. Indeed, Tedder and Walton have argued convincingly 

that the orientation of many radical addition reactions can 

be correlated straightforwardly with the bulk of the radical 

and the substituents on the alkene as well as with the 

relative electronegativities of the reagents [2a,c]. 

Experiments on radical addition to alkenes indicate that 

Cl substituents strongly influence rate constants for addi-
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tion. Chiltz et al. [27] report values of log A for the 

reactions Cl + c 2H4 ~ c 2H4Cl and Cl + c 2c14 ~ c 2c15 of 10.2 

and 9.4 respectively. Since these reactions have no activa-

tion energy, this is equivalent to a six-fold difference in 

rate constant. Bertrand et al. [38] studied the products of 

the Cl-photosensitized oxidation of c 2Hcl 3 and isomers of 

c 2H2cl4 and concluded that the rate constant for Cl addition 

to the less chlorinated carbon atom in c 2Hcl 3 is at least 8 

times greater than that for addition to the more chlorinated 

carbon. Johari et al. [37] have found that cc1 3 adds =300 

times more readily to the CHCl end of CHCl=CC12 than to the 

cc12 end. The simplest explanation of these data and our 

results for Br + 1,1-DCE is that Cl substituents hinder 

approach of the attacking atom and thereby reduce the proba­

bility of addition. 

The slopes of the excitation functions suggest that the 

two BDCE complexes have about the same number of active modes 

but if uadd were dependent on collision energy; the curvature 

of Sr would not simply reflect the energy dependence of the 

statistical branching ratio [17]. According to the classical 

RRK theory [39], 

t t s-1 -1 
ncll<ncl + nBr> « [(£Br/£c1> + 1 ] ' 

(where nx is the probability of X eli~ination, £~ is the ex-

cess energy at the critical configuration, E*-E0 , and s is 

the number of active vibrational modes) so, for two reactions 

with the same energetics, the one with the larger number of 
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modes involved in energy sharing should have the lower sub-

stitution cross section and the steeper excitation function. 

Thus, S (1,1) could be lower than S (1,2) partly because 2,2-r r 

BDCE has more active modes but, in order for the slopes of 

the two excitation functions to be similar, uadd(1,1) would 

have to decrease, or uadd(1,2) would have to increase, with 

increasing collision energy. 

Based on our discussion of the Br + CT excitation 

functions [17], however, the cross section for Br addition to 

the sterically hindered 1- carbon of 1,1-DCE would be more 

likely to show a positive energy dependence. We would also 

not expect the Br + t-DCE interaction potential to depend 

more strongly on approach angle than that for Br + 1,1-DCE. 

So, it does not appear reasonable to invoke differences in 

the number of active modes along with an energy dependent 

addition cross section to explain the lower substitution 

cross section for reaction (1). It is more likely that 

steric effects cause uadd(1,1) < uadd(1,2) at all collision 

energies. Note, however, that the number of low frequency 

vibrational modes in the vicinity of the collision appears to 

have a much smaller effect on the Br addition cross section 

in the present reactions than in the Br + chlorinated 

aromatic reactions. 

In their crossed beam study of the F + 1,1- and t-DCE 

reactions, Shobatake et al. [11] found that Sr(1,1) was only 

slightly (=20%) smaller than S (1,2). (The substitution 
r 
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cross section for cis-DCE was comparable to that for 1,1-

DCE) . Indeed, we would not expect F atom addition reactions 

to be very site selective considering their large exoergicity 

(-AH 0 = 40 0 50 kcaljmol). In the endoergic Br + DCE reac-

tions, where Br addition is less exoergic and the substitu-

tion process is more direct, subtle differences among the 

isomeric potential energy surfaces (i.e., in the angular 

dependence of the Br-OCE interaction potential and in the 

slope of the potential energy surface along the reaction 

coordinate) [17] will manifest themselves more strongly in 

the reaction cross sections. In particular, long range atom-

molecule attractive forces will cause the transition state 

for F atom addition at low collision energies to occur 

"earlier" along the reaction coordinate, i.e., at a larger 

C-X (X = F, Br) internuclear distance, than that for Br 

addition at elevated energies [3d]. Thus, steric effects are 

more likely to dominate the Br addition cross section. 

The question of migration 

Given the evidence that atoms and radicals add preferen-

tially to the less substituted end of chlorinated derivatives 

of ethylene, it is worth considering the likelihood that 1,1-

dichloro-2-bromoethyl radicals formed from Br addition to the 

CH2 end of 1,1-DCE rearrange via Br or Cl migration and sub­

sequently decompose to give Cl + 1,1-BCE. There is a large 

body of data on the stereo-specific addition of HBr to al-
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kenes that has been interpreted as evidence for 1,2 bridged 

bromoalkyl radicals [40]. ESR experiments on 2-chloroethyl 

radical [41] and 2-bromo-tert-butyl radical (BreH2c(eH3 ) 2) 

[42] suggest that these species do exist in preferred confor-

mations, the former with a planar radical center and the e-el 

bond eclipsing the unpaired electron orbital and the latter 

with a nonplanar radical center and the e-Br bond gauche 

staggered with respect to the unpaired orbital. (The bromo­

ethyl radical has not been observed by ESR spectroscopy 

[43].) However, no evidence for symmetrical bridging of the 

halogen atom was found in these studies. Ab initio calcula­

tions on 2-chloroethyl radical predict that the chlorinated 

carbon atom is tetrahedral [4c,44] and that the symmetrically 

bridged structure is unstable with respect to dissociation to 

el + e 2H4 [44]. 

In a study of the el + e 2H3Br reaction·using radioactive 

38e1 atoms and HI as a radical scavenger, Iyer and Rowland 

[45] found that the yields of (I) 
38 . 

eH2 eleH2Br (the product 

of the reaction of the stabilized adduct eH2
38eleHBr with HI) 

and (II) eH2=eH38el w~re both pressure dependent, the 

dominant product being (I) at higher pressures and (II) at 

lower pressures. The yield of eH3eH38elBr (from eH2eH38elBr) 

was always less tha~ 0.1%. They rule out a mechanism in 

which unimolecular decomposition of eH2eH38elBr through Br 

elimination is much more rapid than its collisional stabili-

zation and explain their results by invoking halogen atom 
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migration (either Cl or Br) to give the substitution product 

(II) • 

We see no reason why Br or Cl migration should be 

important in the present reactions. The reduced substitution 

cross section observed for 1,1-DCE is straightforwardly ex­

plained by a lower probability for Br addition to the chlori­

nated carbon. Although the rotational barrier to 2 ~ 1 Br 

migration in 2-bromo-1,1-dichloroethyl radical is only z3 

kcaljmol at Ec=27 kcaljmol, it seems unlikely that a migra­

ting Br atom will have as good a chance of displacing a Cl 

atom as one that directly attacks the 1-carbon of 1,1-DCE. 

The translational energy distribution and excitation function 

for reaction 1 both suggest that fewer vibrational degrees of 

freedom are active in the endoergic substitution process than 

one might expect if Br had to migrate to displace Cl. Also, 

the similarity between the P(E') 'sand excitation functions 

for (1) and (2) argues that the dynamics of the two reactions 

(after the initial addition step) are rather similar. 

V. CONCLUSIONS 

Our results for the Br + DCE ~ Cl + BCE reactions are 

consistent with the model described in the previous chapter 

whereby endoergic substitution occurs most readily when it is 

a quasi-direct process. Exoergic B~ el~mination is always 

the statistically favored mode of decay of the BDCE collision 
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complex ~ut Cl elimination becomes a competitive channel when 

vibrational energy redistribution is limited. Although the 

slopes of the P(E')'s and excitation functions for both 

reactions are comparable, Sr{l,l) is substantially lower than 

Sr{l,2) at most collision energies, suggesting that steric 

effects play a dominant role in determining the relative 

magnitudes of the substitution cross sections. Such effects 

are likely to be observable only in reactions that have large 

energetic thresholds. Finally, the similarity between the 

"effective" number of vibrational modes in the Br + DCE and 

Br + CT reactions offers the intriguing possibility that 

endoergic aromatic substitution reactions can be modeled by 

analogous atom-alkene reactions. 
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Table 1: Experimental conditions for the Br + DCE reactions. 

Br DCE 

Reaction E a 
c nBrnDCEvrel 

b 
vpk 

d se Tc 
vpk 

Br/He 27 1.00 18.1 6.2 192 

} 12.5 Br/Ne 21 0.87 15.2 7.4 192 
+ 1,1-DCE 

Br/Ar 17 0.82 12.4 9.5 192 

Br/Ar 15 0.77 * * 107 10.6 

Br/He 27 0.97 * * 90 

} 13.7 BrjNe . 23 0.74 * * 90 
+ t-DCE 

Br/Ar 18 0.64 * * 90 

Br/Ar 17 0.51 * * 37 12.2 

(a): Energies are in kcaljmol; collision energies reflect 
cross section weighting. 

(b): Arbitrary units. 

(c): Nozzle temperature, oc. 

(d) : Peak laboratory velocity in units of 105 cmjs. 

(e): Speed ratio. 

(*): Given above. 

139 

s 

12.8 

12.6 

15.0 

14.3 
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Table 2: Fraction of available energy in product 

translation and P(E') parameters.• 

Reaction E b 
c <E' /E >c avl p q B 

Br + 1,1-DCE 27 0.26 0.080 2.1 0.08 

21 o. 26 0.040 2.1 0.05 

17 0.26 0.040 2.1 0.06 

15 0.32 0.080 1.5 0.06 

Br + t-DCE 27 0.28 0.12 1.9 0.08 

23 0.28 0.10 1.9 0.05 

18 0.29 0.12 1.9 0.06 

17 0.29 0.13 1.9 0.05 

(a): See Chapter 2 for functional form of P(E'). 

(b ) : kcaljmol 

(c): Fraction for most-probable collision energy. 

(j 



Table 3: 2,2-BDCE and 1,2-BDCE vibrational frequencies used in 
statistical calculations.• 

2.2-BDCE 1.2-BDCE 

come lex ~x:itical ~omele2S; critical 
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~onUgyx:~tiQD ·configyt:~:tion 

[C-Cl]f [C-Br]f [C-Cl]f [C-Br] t 

3000 3000 * 3000 3000 * 
2900 3000 * 2900 3000 * 
1350 1550 * 1350 1550 * 
1350 1400 * 1150 1200 * 
1150 1200 * 1000 1100 * 
1150 1200 * 1050 1000 * 
650r c 1 750 950 600 950 

650 750 * 800 900 400 

550rc2 650 700 750 * 
350 250 350 650r c 1 750 

350 350 * 550rc2 650 

300 250 350 350 350 * 
250 300 200 350 300 * 
200 250 150 250 300 200 

200 150 * 200 250 * 

(.) : Frequencies in cm-1; moments of inertia of complex and 
critical configuration set equal to one another. 

( *) : Same as [C-Cl]f critical configuration. 

(r c 1, zcz): Cl and Br elimination reaction coordinates 
respectively. 
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FIGURE CAPTIONS 

Fig. 1: 

Fig. 2: 

Fig. 3: 

1,1-BCE (m/e=140) product angular distribution from 

reaction 1. 

o: 
o: 

E =27 kcaljmol; c 

E =17 kcaljmol; 
c 

o: 
o: 

E =21 kcaljmol; c 

E =15 kcaljmol. c 

Signal is normalized to constant reactant flux but 

peak of Ec=27 distribution is scaled to unity. Br 

beam is at 0°. Solid lines are fits to data using 

CM distributions in Figs. 7 and 8 and excitation 

function in Fig. 11. Center-of-mass angles, in 

order of decreasing collision energy are: 38°, 

1,2-BCE (m/e=140) product angular distribution from 

reaction 2. 

0: 

o: 
E =27 kcaljmol; c 

E =18 kcaljmol; c 

0: 

0! 

Ec=23 kcaljmol; 

E =17 kcaljmol. c 

See Fig. 1. Excitation function used in fit is 

plotted in Fig. 12. Center-of-mass angles, in 

order of decreasing collision energy, are: 42°, 

1,1-BCE (m/e=140) time-of-flight spectra at Ec=27 

kcaljmol. Solid lines represent fits to data using 

CM functions in Figs. 7 and 8 and excitation 



Fig. 4: 

Fig. 5: 

Fig. 6: 

Fig. 7: 

Fig. 8: 
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function in Fig. 11. 

1,1-BCE (m/e=140) time-of-flight spectra. 

(a) Ec=21 kcaljmol; (b) Ec=17. See Fig. 3. 

1,2-BCE (m/e=140) time-of-flight spectra. 

(a) Ec=27 kcaljmol; (b) Ec=23. See Fig~ 3. Exci­

tation function used in fit is plotted in Fig. 12. 

1,2-BCE (m/e=140) time-of-flight spectra. 

(a) Ec=18 kcaljmol; (b) Ec=17. See Fig. 5. 

CM frame product translational energy distributions 

used in fits. 

(a) Reaction 1: ---- Ec=27 kcaljmol; -- -- Ec=21; 

Ec=17; ------- Ec=15; -

RRKM-AM calculation. 

(b) Reaction 2: E =27 kcaljmol; c 

4-mode 

- E =23; c 

CM frame angular distributions used in fits. 

(a) 1,1-BCE: ---- E =27 c kcaljmol; - Ec=21; 

--- Ec=17. E =15 distribution is isotropic. c 

(b) 1,2-BCE: --- E =27 c kcaljmol; - Ec=23; 

--- Ec=18. E =17 c distribution is isotropic. 



Fig. 9: 
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Center-of-mass frame product flux contour diagram 

for reaction 2, Ec=23 kcaljmol. Scale is for 

contours; scale for kinematic ("Newton") diagram 

is half of contour scale. 

Fig. 10: Excitation functions for reactions 1 (- -) and 2 

( ). Insert shows threshold region. 

Fig. 11: Excitation function for reaction 1. Shaded region 

indicates unc~~tainty in sr above the highest most­

probable collision energy. 

o: 6-mode RRKM branching ratio calculation. 

Fig. 12: Excitation function for reaction 2. See Fig. 11. 

0: a-mode RRKM branching ratio calculation. 
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Chapter 4: crossed Molecular Beams Studies of the Reactions 

of Methyl Radicals with Iodoalkanes 

I. INTRODUCTION 

Free radical abstraction reactions are of central impor­

tance in atmospheric and combustion chemistry. 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 the 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 CH3 + XY ~ CH3X + Y, (XY = Cl2 , Br2 , I 2 , ICl, and 

IBr) [2,3] and c2H5 + Br2 ~ c2H5Br + Br [2b]. Grice and co­

workers also studied the reactions CH3 + IY ~ CH3 I + Y (Y = 

I, Br, and Cl) with an effusive radical source [4,5]. More 

recently they employed a supersonic CH3 source to reinvesti-
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gate the IY and Br2 reactions with improved velocity resolu­

tion [6]. In all of the above experiments, the RX product 

was observed to be predominantly backward scattered with 

respect to the incident radical beam. However, the CH3I 

products from the IBr and ICl reactions were more sideways 

scattered than the CH3x 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 

reactions. 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 CH3Br 

product from the reaction CH3 + Br2 to be translationally 

hotter and more sideways scattered than Ross and co-workers 

[3]; they obtained <E'/Eavl> = 0.56 whereas Ross reported a 

value of 0.26. Although these differences were attributed to 

the higher collision energy of the German group's experi­

ments, Grice's most recent work on CH3 + Br2 [6b], carried 

out at a comparable collision energy but with a supersonic 

radical beam, shows the CH3Br product from this reaction to 

be strongly backward scattered with <E'/Eavl> = 0.33. 

The main conclusion from these studies was that the CH3 

+ x2 ~ CH3X + X potential energy surfaces (PES) are largely 

repulsive, channeling a significant fraction of the available 

energy into product translation; the CH3 + IY ~ CH3I + Y 

surfaces are apparently more attractive. 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. 
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Using the crossed beams method, we began to investigate 

the dynamics of methyl radical reactions with halogenated 

saturated and unsaturated organic molecules in order to learn 

how the internal degrees of freedom of both reactants couple 

to the reaction coordinate in abstraction and substitution 

reactions. In these studies, we used a pyrolysis source to 

generate a supersonic methyl radical beam. Unfortunately, we 

were unable to observe radical-for-atom substitution in any 

of the 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, at the macroscopic 

level, to the lower A-factor .and higher activation energy for 

such reactions (for CH3 + c2H4 ~ c3H7 , log A = 8.5 and Eact = 

7.7 kcaljmol whereas for Cl + c2H4 ~ c2H4Cl, log A= 10.7 and 

Eact = 0.0 kcaljmol [12)). The lower A-factor results in 

part from the fact that only certain orientations of the 

methyl radical allow it to add to the double bond. The 

difference in activation energy can be readily understood if 

we consider Eact to be proportional to the difference between 
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the ionization potential of the molecule and the electron 

affinity of the atom/radical [13]. The electron affinity of 

the methyl radical (0.08 eV [14)) is significantly lower than 

that of any halogen atom. The energy necessary to rehybri­

dize the methyl carbon atom from sp2 to sp3 will also contri­

bute to the activation energy to addition. 

We were, however, able to carry out studies of the I 

atom exchange reactions, CH3 + RI ~ CH3I + R, where R =·cF3 

and (CH3 ) 3c at 12 - 13 kcaljmol collision energies. The most 

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 parti­

tioning. In fact, the fraction of energy available to the 

products of these reactions that is channeled into transla-

tion is greater than that for the CH3 + XY reactions 

described above, suggesting that the CH -I-R and CH -X-Y 3 3 

potential energy surfaces are rather different from one 

another. 

Thermochemistry 

Tomkinson and Pritchard [15] have measured Eact = 7.5 ± 

1.0 kcaljmol for the CH3 + CF3I ~ CH3I + CF3 reaction. 

Alcock and Whittle [16] obtained an activation energy of 3.3 

± 0.2 kcaljmol for the reverse reaction implying that the 

forward reaction is endothermic by =4 kcaljmol. Molecular 

beam photodissociation studies have yielded D0(C-I) = 53.3 ± 
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0.1 [17] and 53.3 ± 0.2 [18] kcaljmol for cH3I and o0(C-I) = 

53.0 ± 0.5 kcaljmol [19] for CF3I. According to these 

values, this reaction is essentially thermoneutral. However, 

a recent photodissociation experiment on CH3I using a longer 

flight-path detector [20] gives o0{C-I) = 55 ± 0.5 kcaljmol, 

implying AH0 = -2 kcalfmol. 

Based on Benson's value of 51 kcaljmol for the C-I bond 

dissociation energy in {CH3 ) 3CI [13] and the above values for 

o0{C-I) in CH3I, CH3 + (CH3 ) 3CI ~ CH3I + {CH3 ) 3C should be 

exoergic by 2 - 4 kcaljmol. 

II. EXPERIMENTAL 

The crossed beam apparatus used in these experiments has 

been described elsewhere [21,22]. Two seeded, doubly differ­

entially pumped beams were crossed at 90° in a collision 

-7 chamber held at approximately 10 torr. The CH3I product 

from both reactions was detected at mje=142 with a triply 

differentially pumped detector that rotates in the plane of 

the two beams. 

The methyl radical beam was formed by bubbling z160 torr 

of helium through di-t-butyl peroxide (Pfaltz and Bauer) at 

-l9°C (vapor pressure, v.p.z2 torr) and expanding the mixture 

through a tapered quartz nozzle heated to z1000°C with a tan-

talum heater. The nozzle was fabricated by drawing a quartz 

tube (0.64 em OD) to ·an inner diameter of z0.5 mm and then 
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grinding the tip to an angle of 60°. The heating element 

consisted of a small square block (z9 mm2 ) 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 [23]. A 60° 

conical hole was drilled into the 1mm block to mate with the 

quartz nozzle which was painted with a graphite suspension. 

Figure 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 posi­

tioned z1.3 em from the nozzle. 

In order to minimize radical recombination, it was 

necessary 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 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. 
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The CF3I beam was formed by expapding 170 torr of a 

mixture of 12% CF3I (SCM) in neon through a 0.15 mm diameter 

nozzle at 30°C. The (CH3 ) 3CI (Aldrich) beam was generated by 

bubbling 170 torr of neon through the reagent held at 0°C 

(v.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 diameter of 1.0 mm was positioned 

=0.9 em 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 modulat-

ing the methyl radical beam with a 150 Hz tuning fork chop­

per. Data were collected ·for approximately 12 minutes per 

angle. 9 = -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 time-of-flight (TOF) technique. A multi-channel scaler 

[24] interfaced to an LSI 11/73 computer accumulated the 

data. The peak velocities (in units of 104 cmjs), vpk' and 

speed-ratios, s, of the reagent beams were: CH3 : vpk=27.0, 

S=7.0 (CF3I experiment), vpk=27.4, S=7.2 ((CH3 ) 3CI experi-
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ment); CF3I: vpk=6.0, S=12.5; (CH3 ) 3CI: vpk=7.0, 5=10.6. 

The collision energies, Ec' were 12.3 and 12.8 kcaljmol for 

the CF3I and (CH3 ) 3CI reactions respectively. The spread in 

collision energy was approximately 30% fwhm. 

Since one molecule of di-t-butyl peroxide decomposes 

into two methyl radicals and two acetone molecules, there was 

a significant contribution to the mje=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 possible 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.(C3H60 ~ CH3 + CH3CO) = 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 mje=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 mje=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 dis­

tribution. All of the reactions were studied under such 

conditions. 

Product TOF spectra were measured using the cross-
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correlation method [22]. A cu-Be alloy disk photo-etched 

with a 255 channel pseudorandom sequence of open and closed 

slots was spun at 392 Hz giving 10 ps 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 em. 

III. RESULTS AND ANALYSIS 

A. CH3 + CF3I ~ CH3I + CF3 

The CH3I (mje=l42) laboratory angular distribution from 

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, 9CM' is 19°). Elastic and inelastic 

scattering of impurities in the CF3I beam by both He and 

acetone in the CH3 beam contributed to a substantial modu­

lated non-reactive mje=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 in helium beam 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 of the reactive angular 

distribution suggesting that there is no reactive signal at 

8°. In addition, the mje=142 TOF spectrum at 8° did not 



166 

change when acetone was substituted for CH3 • Since both the 

reactive and non-reactive angular distributions go to zero at 

20°, this angle provides a rigorous upper limit to the width 

of the product angular distribution. Two possible experi­

mental 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 CF3I beam resulting from mole­

cules 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. 

4). 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 five hours at a given angle. Unmodulated 

background was subtracted from the TOF spectrum at -12° by 

measuring the mje=142 TOF at this angle with CH3 and with 

acetone. The -28° TOF spectrum has a long tail which is 

likely 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 starts.with a separable form for the center-of-mass (CM) 
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reference frame product flux distribution, 

ICM(O,E') = T(O)P(E'), 

and generates laboratory (LAB) frame angular distributions 

and TOF spectra suitably averaged over the spread in relative 

velocities. T(O) is the CM frame product angular distri-

bution. A three parameter functional form was used for 

P(E'), the CM frame product translational energy distribu­

tion: P(E') = (E' - B)p(Eavl- E')q, where B appears as a 

threshold in the distribution and is related to any barrier 

in the exit channel and Eavl = (Ec- AH0). The calculated 

angular distributions and TOF spectra are scaled to agree 

with the experimental data. 

We found that it was necessary to add =3 kcaljmol to the 

collision energy of 12.3 kcaljmol in order to fit the wide-

angle part of the CH3I angular distribution well. Thus, our 

data are in accord with an exoergicity of 2 kcaljmol. How-

ever, if the reaction is indeed thermoneutral, this could 

indicate_ that vpk(CH3 ) is slightly higher than we infer from 

the peak mje=15 flight time, tpk" A decrease of 4 ~sec in 

tpk would increase vpk(CH3 ) to 2.8 x 105 cmjs and raise the 

most-probable collision energy to 13.2 kcaljmol (the resolu­

tion was 1 ~secjchannel for the beam TOF measurements). Some 

of this additional energy could also come from the out-of-

-1 -1 plane vibrational mode (v 2 = 606 em (1~0) and 681 em 

(2~1) [26]) of the methyl radical which is essentially 

directed along the reaction coordinate. Assuming that the v
2 
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mode is unrelaxed in the expansion, =50% of the methyl radi-

cals will have at least one quantum in v 2 and =40% will be in 

v=1 at a nozzle temperature of 1000°C. 

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 range 0 - 3 kcaljmol. The mean trans-

lational energy of the P(E') distributions (at the most-

probable collision energy) increases from 9.9 - 10.2 kcaljmol 

on increasing B from 0 - 3 kcaljmol. Thus, <E'/E 1 > = 0.66 av 

over a range of B values. We present fits for B = 2 kcaljmol 

(Fig. 7a) in Figs. 2 and 4. 

A T(O) distribution with T(65°)=0 (Fig. 6) has been used 

to fit the N(8°)=0 laboratory angular distribution and one 

with T(90°)=0 was used for the N(20°)=0 fit. Since CH3I 

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 of the calculated TOF spectra are 

sensitive to the maximum angle of T(O). However, because of 

the noise in the TOF data, both T(O) distributions give 

acceptable fits to the spectra. Figs. 4 a,b show the fits 

generated using the two distributions. With an (unrealistic) 

isotropic T(O), the tail of the calculated TOF spectrum at 

-28° was still too low to fit the data. 

Decreasing the value for the speed ratio of the CH3 beam 

by 30% had a negligible effect on the calculated angular 
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distribution. It did, however, broaden the calculated TOF 

spectra slightly, 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. 

One can try to account for the presence of a barrier to 

the forward exchange reaction in the analysis by assuming 

that the collision energy dependence of the reactive cross 

section has the line-of-centers form [27], 

u = { 

where a
0 

is the maximum cross section and Eth is the thresh­

old energy for the reaction, and by weighting the different 

collision energies used in the analysis by this function. If 

we take Eth = 3 kcaljmol the resul·ting fit is identical to 

that with no assumed barrier. The most probable collision 

energy is still 12.3 kcaljmol and the center-of-mass angle is 

19 ° • 

Interestingly, we were unable to observe product from 

the reaction CH3 + CF3Br ~ CH3Br + CF3 (AH2 98 = 0 kcaljmol 

[28]) at a collision energy of 13 kcaljmol. This is presum­

ably due to a higher potential energy barrier to this 

reaction. The activation energy for this reaction has been 

measured as 12.5 kcaljmol [15]. 
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B. CH3 + CCH3l 3CI ~ CH3I + CCH3l3~ 

Elastic/inelastic scattering of impurities at mje=142 

was even more of a problem with (CH3 ) 3CI than with CF3I. At 

20°, the modulated mje=142 count rate was z40 Hz as compared 

to z15 Hz at -20°; the modulated mje=142 count rate at 20° in 

the CF3I experiment was essentially 0 Hz. As a result, it 

was not possible to subtract unambiguously the non-reactive 

contribution to the signal at 8 > 0° for this reaction. Only 

data for 9 ~ -8° ~represented (Fig. 3) (SCM= 18°). Again, 

substantial background signal from the unscattered (CH3 ) 3cr 

beam increased the statistical uncertainty at the angles 

· closest to the beam. A TOF spectrum of CH3I product at -20° 

is shown in Fig. 5 along with a mje=142 TOF spectrum at -15° 

which includes both reactive and non-reactive components. 

With only a small backward part of the laboratory angu­

lar distribution available, the low recoil energy section of 

the P(E.') cannot be definitively determined. The TOF spec­

trum at -20° is not sensitive to this part of the transla­

tional energy distribution; the shape of the calculated TOF 

spectrum does not change on increasing the B parameter from 

o - 4 kcaljmol. A P(E') with B = o kcaljmol is used to ob­

tain the fits presented in Figs. 3 and 5; we assume AHo = -2 

kcaljmol. For this P(E'), <E'> = 7.6 kcaljmol and <E'/Eavl>= 

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

distribution. 

Acceptable fits to the mje=142 angular distribution and 
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TOF spectra are obtained with the T(90°)=0 and T(60°)=0 CM 

angular distributions shown in Fig. 6. The two fits are 

virtually identical for aS -a•. The calculated TOF spectra 

in Fig. Sa are derived using the distribution that extends to 

8=90°. The effect of truncating T(O) at 60° is shown in Fig. 

Sb. The TOF spectrum at a = -20• could not be fit well with 

a T(so·)=O 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(O). 

Indeed, T(O) could extend beyond go•. Even with the uncer­

tainty in T(O), however, it is clear that the product is 

predominantly backward scattered. 

IV. DISCUSSION 

As mentioned above, a positive value of B in the P(E') 

distribution could result from a barrier in the exit channel. 

Our results for CH3 + CF3I ~ CH3I + CF3 would therefore be 

consistent with the aforementioned kinetic study that sug­

gests an activation energy of =3 kcaljmol 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 rehy­

bridize the methyl carbon from sp2 (radical) to sp3 (CH3I) 

may contribute to the barrier on the CH3-I-CF3 potential 

energy surface. If this were the case, out-of-plane vibra-
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tional motion of the proper phase in the methyl radical would 

be particularly effective in overcoming the barrier to I atom 

exchange. 

There is, however, no consensus in the literature on the 

effectiveness of the out-of-plane bend of CH3 in promoting 

exchange reactions. Experiments by Ting and Weston [29] in 

which methyl radicals were generated by photolyzing CH3Br 

suggest that energy in v
2 

can help to overcome the barrier to 

H atom transfer in the reaction CH3 + H2 ~ CH4 + H. In 

addition, Brown et al. (5] were unable to fit their data for 

CH3 + ICl ~ CH3I + Cl without including part of the vibra­

tional 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. Kovalenko and Leone [30] con­

clude from experiments with photolytically produced methyl 

radicals that reagent translational energy promotes the CH3 + 

c12 reaction but they were unable to assess the relative 

importance oftranslational energy against energy in the out­

of-plane bend in driving the reaction. Finally, Chapman and 

Bunker (31] have found from trajectory calculations that 

depositing energy in v
2 

actually decreases the cross section 

for H atom transfer in CH3 + H2 . 

The sharp backwards scattering of the CH3I product from 

both of the reactions that we have studied, considered along 
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with the relatively high average product translational ener­

gies, suggests that a roughly collinear C-I-C geometry is 

favored and that the dominant interaction betwten the 

products is repulsive. 

For heuristic purposes, we may neglect the internal 

degrees of freedom of the methyl radical and the cx3 group 

(X = F, CH3 ) and categorize the present reactions as L + HH 

systems (L =light atom; H =heavy atom). Classical trajec­

tory studies by Polanyi and co-workers ·[32,33] of exoergic 

L + HH reactions on late-barrier, repulsive potential energy 

surfaces show that very little of the reaction exoergicity is 

channeled into product vibration. This so-called "light atom 

anomaly" is due to the rapid motion of the light atom which 

allows the LH bond to approach its equilibrium length before 

the HH bond breaks. Trajectory calculations [34] also indi­

cate that reagent translation is less effective than vibra­

tion in promoting reactions on thermoneutral surfaces with 

late barriers, implying product translation will be preferen­

tially excited on such surfaces. 

It is not entirely straightforward, however, to extrapo­

late from the observation of a large value of <E'/Eavl> to 

the location of the barrier on the PES. The slope of the 

surface along the reaction coordinate and up to the barrier 

crest has been shown to influence the energy dependence of 

reaction cross sections [35]. similarly the slope of the 

surface along the retreat coordinate will affect the product 
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energy distributions. We will discuss this aspect more 

below. In addition, an effect analogous to the anomaly 

mentioned above favors conversion of reagent translational 

energy in excess of threshold into product translational 

energy. As the collision energy is raised in the A + BC ~ AB 

+ C reaction, AB recoils from increasingly more compressed A-

B-C intermediates, leading to enhanced product translation 

[33,36]. This effect should be even more pronounced when A 

is considerably lighter than B and c. Such "induced repul-

sive energy release" could be important in the present nearly 

thermoneutral reactions for which the barrier is probably no 

more than a few kcaljmol. 

Our results for the CH3 + CF3I reaction are strikingly 

similar to those of Davidson et al. [37] for D + CF I ~ 3 DI + 

CF3 and of McDonald and Herschbach [38] 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'/Eavl> z 0.7. This similarity recalls that between 

the CH3 + XY and D + XY crossed beam results. Studies of the 

D + XY reactions [ 8', 9] revealed that DCl from c12 was predom­

inantly backward scattered but that the peak of the OX angu-

lar distributions shifted progressively forward in the order 

c12 ~ Br2 ~ I 2 . The DI CM angular distributions for I 2 , ICl, 

and IBr peaked near 90° (D beam at 0°) with the DI from ICl 

somewhat more forward scattered than the DI from I 2 ; the DBr 

angular distributions for Br2 and IBr were also similar to 
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each other, peaking near 120° [8]. <E'/Eavl> decreased from 

0.44 for c12 to 0.28 for r 2 ; for ICl, <E'/Eavl> = 0.24. The 

maxima of the P(E') distributions followed the same trend 

[ 8] • 

Thus, the D + XY potential energy surfaces appear to be 

largely repulsive, becoming.less so as the transferred halo­

gen atom increases in size. Indeed, chemiluminescence ex­

periments on the H + x2 ~ HX + X (X = Cl, Br) reactions have 

shown that the fraction· of available energy in product vi­

bration is greater for X= Br than for X= Cl [39]. 

As alluded to above, when the product interaction is 

largely repulsive, one can correlate the angle at which the 

CM frame product angular distribution peaks with the energet­

ically favored geometry of the reaction intermediate. Thus, 

the reactive scattering experiments indicate that D-Cl-Cl 

should be roughly collinear whereas D-I-Cl should be bent, in 

accord with a frontier orbital model which predicts that, as 

the ionization potential of HX decreases, the 3p orbital of 

Cl will interact predominantly with the highest occupied, n* 

antibonding, MO of HX [41-43]. Since this MO has it electron 

density primarily off the internuclear axis, the resulting 

H-X-Cl structure will be bent [44]. Classical trajectory 

calculations on D + r 2 ~ DI + D [40] confirm the gene~al 

validity of inferring the structure of the reaction inter­

mediate from the product angular distribution for reactions 

on repulsive surfaces. However, trajectory calculations on 



H + Br2 ~ HBr + H suggest that it is not possible to corre­

late the anisotropy of the surface with the preferred 

scattering angle in a direct and simple manner [45]. 

It can also be argued that the enhanced sideways scat­

tering observed for the CH3 + ICl ~ CH3I + Cl reaction is 

evidence for a bent CH3-I-Cl intermediate [4b]. However, 

there are notable differences between the CH3 + XY and the 
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D + XY results. The maxima of the CH3x CM angular distribu­

tions for the CH3 + x2 reactions barely shift on going from 

Br2 ~ I 2 [3,6b]. (The maximum of the CH3Cl angular distri­

bution cannot be determined from the available data [2b].) 

Unlike the DI angular distributions, the CH3I distributions 

for I 2 and ICl peak at 180° [3,6]. Classical trajectory 

calculations on the H + I 2 and CH3 + I 2 reactions by Polanyi 

and Schreiber [46] using a single lateral-approach PES and 

treating the methyl radical as a structureless particle of 

mass 15 show that CH3I is more backward scattered than the 

HI, in accord with the experimental findings. It is there­

fore possible that the differences between the D atom and CH3 

scattering data for I 2 and ICl are kinematic in origin. 

However, McDonald found [40b] that substituting a particle of 

mass 15 for deuterium in his D + I 2 trajectory study had no 

effect on the calculated product angular and energy distribu-

tions. 

It is instructive to compare our results for CH3 + cx3I 

~ CH3I + cx3 (X= F, CH3 ) with those for CH3 + IY ~ CH3I + Y. 
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The CH3 I CM frame angular distributions obtained by Hoffman 

et al. [5,6b] range from =1o·-1so• for I 2 and from o•-1so• 

for ICl. Since the X groups will block sideways attack of 

the I atom by the incoming methyl radical, we might expect to 

see enhanced backward scattering for these reactions. The 

narrow backward-peaked T(O) distributions used to fit both 

possible CH3I angular distributions for CH3 + CF3I are con­

sistent with such a steric effect. What is most remarkable, 

however, is that the fraction of available energy in product 

translation for the cx3 I reactions is approximately twice the 

fraction that was observed for the CH3 + IY reactions. Ap­

parently, the CH3 + cx3 I potential energy surfaces are even 

more repulsive than those for CH3 + IY. 

The "attractiveness" of the CH3-I-Y surfaces along the 

I-Y coordinate should increase with the electronegativity of 

theY group [6b]. Work by Farrar and Lee [47] has shown 

that, at a collision energy of 2.6 kcaljmol, the reaction F + 

CH3I ~ CH3 + IF proceeds through a long-lived collision com­

plex that is bound by approximately 25 kcaljmol with respect 

to reactants and in which all of the vibrational degrees of 

freedom are equilibrated. Likewise, O(~P) and CF3 I form a 

long-lived CF3-I-O complex at Ec=2.2 kcaljmol [48]. Although 

it is likely that CH3-I-Cl is bent, the CH3 + ICl ~ CH3 I + Cl 

crossed beam results lead one to speculate that the CH3-I-Cl 

surface has a shallow potential well that enables the inter­

mediate to live long enough to rotate slightly and to undergo 
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partial vibrational energy redistribution (3,5,6]. Recent 

work on Cl + CH3I ~ CH3 + ICl (49] strongly suggests that a 

long-lived complex is formed at Ec=5.5 kcaljmol. The CH3I 

angular distribution from CH3 + IBr, Ec=7.6 kcaljmol [6] also 

shows substantial forward scattering. 

It is therefore tempting to neglect the internal degrees 

of freedom of the cx3 groups and to correlate the repulsive 

nature of the CH3 + cx3I ~ CH3I + cx3 surfaces with the cx3 

electronegativities. Using the Mulliken method for calcula-

ting the electronegativity, x, of an atom (50], 

X= 1/2 (IP + EA), 

where IP is the ionization potential and EA is the electron 

affinity, we find that X = 6.1 eV for CF3 , below the value of 

6.76 eV for I (see Table 1). 

served experimentally but kinetic measurements on the reac-

tion of hydroxide ion with (CH3 ) 3SiC(CH3 ) 3 indicate that this 

anion is unbound by 0.3 eV (52]. By this crude measure, the 

CH3-I-Y potential energy surfaces should be less attractive 

along the I-Y coordinate for Y = cx3 than for Y = halogen 

atom. 

Qualitative molecular orbital arguments give added in­

sight into the CH3-I-Y potential energy surfaces. The sp2 

hybrid orbital of CF3 should interact primarily with the 

* lowest-unoccupied a , antibonding orbital of CH3I. Such an 

interaction will favor a collinear transition state and will 

induce substantial I-Y repulsion. As Y becomes more electro-
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negative, the dominant CH3I-Y interaction will be between the 

highest occupied, antibonding or nonbonding p~ orbital of 

CH
3

I and the singly occupied orbital of Y. This will give 

rise to a bent transition structure (see above) and less I-Y 

repulsion since the ~ orbital lies lower in energy than the 

* a orbital [54]. 

Yet the above discussion does not address the question 

of why the vibrational modes of the cx3 fragments absorb so 

little energy during bond fission. We can use an impulsive 

model to calculate the fraction of energy expected in trans-

lation in the "soft radical" li~it. In this limit [55], c-I 

bond fission is considered to deliver ·an impulse to the car-

bon 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 reactions, the 

translational energy of the product is considerably higher 

than what the "soft"-impulsive model predicts: <E/E 1> = av 

0.24 and 0.27 for CF3I and (CH3 ) 3CI respectively whereas the 

experimental values are z0.7 and z0.5. 

In the "rigid radical" limit, all of the available en-

ergy would go into product translation and rotation. How-

ever, even for non-collinear reactive geometries, the rota-

tional energy of the products will be very small. For an 



180 

impulsive CH3 + CF3I collision (Ec=12.3 kcaljmol, <E'> = 10 

kcaljmol) with a C-I-C angle of 150°, the difference between 

the initial and final orbital angular momenta is only ~15 ~­

This amounts to less than 0.1 kcaljmol of rotational energy 

in CH3 I assuming no torque on the CF3 fragment. Thus, our 

results fall somewhere in between the "soft" and "rigid" 

radical predictions. 

The lack of vibrational excitation of the CF3 fragment 

may be partly due to its having an equilibrium geometry that 

is almost identical to the geometry of the CF3 group in CF3I; 

the FCF bond angle in the radical is 111° [56] whereas in the 

molecule it is 108° [57]. Thus, there is no structural 

change to promote excitation of the out-of-plane bend which 

-1 has a frequency of 701 em [58]. 

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 assume, 

however, that the shape of the two surfaces along their reac-

tion coordinates is the same. The simple fact that (CH3 ) 3c 

has more than four times the number of vibrational modes as 

CF3 (neglecting the high frequency C-H stretching modes) can 

account for the greater amount of vibrational excitation in 

that fragment. The structure of (CH3 ) 3c has been the subject 

of considerable controversy [53] but it appears to be slight-

ly bent with a barrier to inversion of ~o.5 kcaljmol (58,59]. 

-1 Its v
2 

frequency has been estimated to be <200 em [60], 

... 
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more than three times lower than v
2 

in CF3 . Thus, excitation 

of v
2 

is more likely in (CH3 ) 3c than in CF3 . 

It is worth comparing our reactive scattering results 

with data on the ultra-violet photofragmentation of iodoal-

kanes. In these systems, C-I bond cleavage is believed to 

occur via excitation of a nonbonding p~ electron on the I 

* . . . atom to the u ant1bond1ng C-I orb1tal [54]. Recent experi-

ments by Zhu [61] on the photofragmentation dynamics of a 

series of iodoalkanes (R-I ~1~_nm_> R + I) show that, on 

going from CH3I to (CH3 ) 3CI, the fraction of energy released 

into product translation decreases from 0.85 to 0.28. His 

value of <E'/Eavl> for (CH3 ) 3CI is in rough accord with the 

prediction of the "soft"-impulsive model. In his work on the 

photodissociation of CF3I [19] and CH3I [18) at 248 nm, van 

Veen found significantly greater vibrational excitation of 

* CF3 than CH3 (<E'/Eavl> = 0.89 for CH3I ~ CH3 + I , 0.61 for 

* . CF3I ~ CF3 + I ) desp1te 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 ex stretching frequency in CF3I. Our value for 

<E'/Eavl> for CH3 + CF3I ~ CH3I + CF3 is in close agreement 

with the CF3I ~ CF3 + I photodissociation value, suggesting 

that the repulsive interaction between the I and c atoms in 

CF3I is similar on the reactive and dissociative surfaces. 

In the case of (CH3 ) 3CI, however, the vibrational degrees of 

freedom of the t-butyl radical appear to be more efficiently 
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excited during C-I bond rupture on the excited state surface. 

VI. CONCLUSIONS 

our observations for the I atom exchange reactions, CH3 

+ cx3r ~ CH3I + cx3 (X= F, cH3 ), are remarkably similar to 

those of the analogous D atom reaction, D + CF3I ~ DI + CF3 , 

in that the CH3I 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 ~ CH3I + Y (Y = Cl, 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 

CH3 + (CH3 ) 3CI than for CH3 + CF3I. A higher probability of 

exciting the out-of-plane vibration of (CH3 ) 3c as compared to 

CF3 is 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 28 

F 10.41 28 

0 7.54 28 

Cl 8.29 28 

Br 7.59 28 

I 6.76 28 

CF3 6.1 25,51 

CH3 4.96 28,53 

(CH3 ) 3C 3.6 52,53 
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FIGURE CAPTIONS 

Fig. 1: Assembly drawing of methyl radical source. Not to 

scale. (1) tantalum block, (2) molybdenum springs; 

(3) water cooled copper electrodes; (4) precision 

ground quartz tube; (5) alumina spacers. 

Fig. 2: CH3I (m/e=142) product angular distribution for the 

reaction CH3 + CF3I ~ CH3I + CF3 . Center-of-mass 

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% confidence limits. 

Fig. 3: CH3I (m/e=142) time-of-flight spectra at three 

laboratory angles from the reaction CH3 + CF3I ~ 

CH3I + CF3 : (a) Solid line fit obtained with 

T(90°)=0 CM angular dis·tribution in Fig. 6; (b) 

Solid line fit was obtained with T(65°)=0 CM angular 

distribution. 

Fig. 4: CH3I (mje=142) product angular distribution from the 

reaction CH3 + (CH3 ) 3CI ~ CH3 I + (CH3 ) 3c. Fit was 

obtained with the T(90°)=0 CM angular distribution 

in Fig. 6. Error bars represent 90% confi~enc.e 

limits. 
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Fig. 5: CH3I (mje=142) ~ime-of-flight spectra at two labora­

tory angles from the reaction CH3 + (CH3 ) 3CI ~ CH3I 

+ (CH3 ) 3c. (a) and (b) same as Fig. 3. Non­

reactive signal has not been subtracted from the 9 = 

-15° spectrum. 

Fig. 6: Center-of-mass frame CH3I angular distributions for 

both reactions. 

Fig. 7: Center-of-mass frame product translational energy 

distributions: (a) Distribution used to fit CH3 + 

CF3I data; (b) Distribution used to fit CH3 + 

(CH3 ) 3CI data. 
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