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ABSTRACT 

The endoergic sUbstitution reactions Br + R-CI ~ CI + R-Br 

(R = 0- , m , 

been studied using the crossed molecular beams method in the 

collision energy (Ec> range 20 - 3S kcal/mol.·· The CH3C6H4 Br and 

C6FsBrproducts ~ere found to be mostly forward scattered with 

respect to the incident Br beam indicating that the lifetimes of 

the Br-R-CI collision complexes are short compared to their 

rotational periods. The product translational energy distribu

tions and excitation functions for these reactions are well 

reproduced by statistical calculations that assume that only a 

few vibrational modes in the collision complexes participate in 

intramolecular energy redistribution prior to CI elimination. 

Ring sUbstituents are found to affect both the extent of energy 

redistribution in the complexes and the probability of Br 

addition. For example, no sUbstitution product was observed 

with m-CH3C6H4CI or C6HsCI. The relative magnitudes of the 

cross sections are explained in terms of possible features of 

the potential energy surfaces along their reaction coordinates. 
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I. INTRODUCTION 

Although homolytic, or free-radical, aromatic substitution 

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 

activated cyclohexadienyl radical (collision complex) which 

subsequently decomposes through emission of another atom or 

radical. Previous crossed molecular beam studies of aromatic 

sUbstitution reactions in this laboratory were directed towards 

determining (1) the extent of intramolecular yibrational energy 

redistribution in collision complexes of F 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 atom elimination from chemically activated halo

oxycyclohexadienyl radicals [4]. All of the reactions studied 

were exoergic. 

In this study, 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 
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cross section as well as the product angular and translational 

energy distributions for the endoergic channel, we may qain some 

insight into the 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 v.ibrational 

energy redistribution prior to bond fission are of particular 

interest.. 

We have carried out crossed molecular beam studies of the 

SUbstitution reactions, 

in the collision energy, Ec ' range 20 - 30 kcal/mol and, 

{ C61iSCl } { C6
1isBr } 

Br + -+ CI + 
. C6FsCI . C6FSBr 

in the range 20 - 3S kcal/mol (Fig. 1) . The results of 

( 1) 
(2) 
(3) 

(4) 

(S) 

these 

experiments shed new light on the way in which sUbstituents 

influence the dynamics of aro.atic substitution reactions. We 

have previously reported preliminary results for reactions 1 3 

[S]; as .discussed in Section III, our final analysis in this 

paper differs somewhat from that in ref. Sa. In the following 

paper [4S] we discuss related studies on th~ reactions of Br 

with isomers of dichloroethylene. 
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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 

held at approximately 10-7 Torr. The products are detected with 

a triply differentially pumped mass spectrometric detector 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 ale 

[8]. The Br2/rare gas mixture is created by bubbling approxi

mately 700 torr of He, Ne, or Ar through liquid bromine (reagent 

grade Fischer or Mallinkcrodt) at O°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 cm was positioned 0.76 cm from the 

nozzle. Ninety percent of the Br2 dissociated into Br atoms, as 

determined from a direct measurement of Br/Br2 in the beam. 

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 0-, m-, or p-chlorotoluene (0-, m-, p-CT) at 

60°C (v.p.~22 torr); 450 torr He with pentafluorochlorobenzene 

(PFCB) at 19°C (v.p.~ll torr [9]); 350 torr of He with chloro-
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benzene (CB) at 19·C (v.p.=9 torr [10]). A stainless steel 

skimmer with an orifice diameter of 0.66 mm was positioned 0.9 

cm from the nozzle. The source and gas feed line were heated 

with coaxial heating wire to a temperature of 200·C for the CT 

experiments; the source temperature for the PFCB and CB experi

ments, was 40·. 0- and p-CT were purchased from MCB, m-CT from 

Aldrich, PFCB from Fairfield, and .CB from Burdick and Johnson. 

All of the compounds 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 chamber 

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,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 giyen 

reaction at different collision energi~s, we scaled the product 

number density by the wide angle Br elastic scattering signals. 

since the wide angleBr elastic scattering cross section does 

not change drastically as a function of energy, measuringBr on 

R-Cl elastic scattering allowed us to measure changes in the 

quantity nBrnRClvrel' where n i ~ ~umber density of beam i and 

v rel = relative velocity. During each scan, the m/e=79 signal 
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was monitored at three different LAB angles. The angles were 

all beyond the maximum LAB angle for elastic scattering of Br on 

He so the Br+ signal observed was from Br scattering on R-CI. 

The contribution of undissociated Br2 to the m/e=79 signal was 

very small and was neglected. Relative values for nBrnRClvrel 

derived from the Br elastic scattering signal at an angle of 16° 

are given in Table 1. 

The velocities of the reactant beams were measured using 

7 

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

faced 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. Thevelo-

city of the CB beam was not measured under the exact conditions 

of the scattering experiment but was inferred from measurements 

at a slightly different nozzle and bath temperature. The peak 

laboratory beam velocities (in units of 105 cm/s), vpk ' and 

speed-ratios, S [11], were: Br/He: Vpk=1.85, S=6.1; Br/Ne: 

Vpk=1.55, S=6.9; Br/Ar: Vpk=1.29, S=8.4; o-CT/He: Vpk=1.33, 

S=11.3; p-CT/He: Vpk=1.35, S=11.8; PFCB/He: Vpk=1.06, S=14.8; 

CB/He: Vpk=1.4, S=15. Product TOF spectra were measured using 

the cross-correlation method [7]. A Cu-Be alloy wheel photo-

etched with a pseudorandom sequence of 255 open and closed slots 

was spun at 392 Hz giving 10 ~s/channel resolution in the TOF 

spectra •. The flight path from wheel to ionizer was 30.0 cm. 



, . 

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

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

III. RESULTS AND ANALYSIS 

The product angular distributions and TOF spectra were fit 

using a forward convolution program [12] 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 distribution and TOF spectra. 

averaged over the spread in relative velocity and the apparat,us 

resolution. T (O),' the CM frame angular distribution, is taken· 

to be a sum of three Legendre polynomials .whosecoefficients are 

varied to optimize the .fit. A RRK functional form is used for 

peE'), the CM frame product translational energy distribution: 

peE') = (E'-B)P{Eavl-E,)q,(1) 

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

is the total energy available to the products (Ec-AHa ). AHa was 

taken to be 15 kcal/mol 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). 

Sr{Ec) represents the collision energy. dependence of the 

relative reaction cross,section, i.e.,. the excitation function. 

For a given experiment, the spread in beam.velocitiesand 

intersection angles gives rise to ~ spread in relative veloci

ties and hence in collision energies. AEc/Ec{FWHM) ~ 30% for 
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the reactions with Br seeded in He and z25% for the reactions 

with Br seeded in Ne and Ar. Each beam velocity and intersec-

tion 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 configura-

tions are listed in Table 1. Since the cross section is found 

to depend on collision energy, each kinematic configuration was 

weighted according to Ec using a furiction Sr(Ec ). Our method of 

weighting the Newton diagrams differs from that used in ref. Sa. 

Rather than using the calculated relative eM cross sections 

(which 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 calculated from the 

input I(8,E',Ec )' Ncalc(S), is scaled to the experimental 

angular distribution, Nexp(S), 

~ ~ [Nexp(Si) - z 
dz i 

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 
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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 ~ith each other. 

10 

Since, for an endoergic reaction, the maximum translational 

energy of the products will depend strongly on Ec ' a peE') 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. Sa in that each peE') is normalized to its own 

area, as opposed to b~ing normalized to the area of th~ most-

probable P(E'). This more favorable approach has ,the effect of 

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 ~arlier, 
, 

the main difference ,being that the T(O) distributions here are 

more forward peaked. 

A. Br + 0-, m-, p-CT 

The ortho- and para-bromotoluene (BT) SUbstitution products 

were detected at m/e=170 (79 Br), 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 back-

ground at m/e=170 near that beam. This was most problematic at 

Ec=21 kcal/mol where the product signal level was lowest. At 
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this energy the in/elastic scattering background was measured by 

substituting a properly diluted beam of Kr in Ar for the Br in 

Ar beam. It was then scaled to the product angular distribution 

at 74 0 and subtracted from it. At the peak of the Ec =31 

kcal/mol o-BT angular distribution, the product count rate was 

20 Hz. The angular distributions reveal that, at all energies, 

the 0- 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 

kcal/mol. 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 (vcm ' Fig. 

9), indicating that little energy on the average is channeled 

into product translation. 

The best fits to the data were obtained with T(O) di~tri

butions that peak at'OO and 180 0 with maxima at ~o (Fig. 7). 

There is a range of acceptable values for the peE') parameters 

(as there is for the coefficients of the Legendre polynomials 

that constitute T(O» yet the average fraction of energy that 

goes into product translation, <E'/E 1> (Table 1), does not -av 

vary much within this range. since the fits were relatively 

insensitive to the q parameter, which governs the curvature of 

the tail of the peE'), 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 raising q to 

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 kcal/mol, with the o-BT distributions peaking 

12 

at lower energies and having slightly lower values of <E'/Eavl> 

than those for p-BT. For both reactions, <E'/Eavl> Z 0.3 at all 

collision energies. The following changes in the best-fit P(E') 

for reaction 3, Ec =31 kcal/mol, while not significantly affect

ing 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 kcal/mol in AHO' ±6% in <E'>. A CM frame product 

flux contour diagram for Br + p-CT ~ CI + p-BT, E =31 kcal/mol, c 

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 kcal/mol for reactions 1 and 3 respec-

tively. However, these functions change slope abruptly near 

EC=20 kcal/mol and are unlikely to be accurate representations 

of the true sr. Because the collision energies for the Br/He, 

Br/Ne, and BriAr experiments overlap, the data constrain the 

curvature of Sr most strongly in ~he range 20 S Ec S 30 

kcal/mol. The curves extend to the maximum collision energy of 
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the E =31 kcal/mol experiments (=44 kcal/mol); the shaded c 

regions represent the uncertainty in Sr above 32 kcal/mol. 

Curves going through these regions yield values of z at Ec =31 

kcal/mol 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 peE') for reaction 3, 

E =31 kcal/mol, changes zby ±3%. These excitation functions c 

will be discussed more in the next section. 

-The asymmetric CM angular distributions that we obtain 

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

cyclohexadienyl (BCMC) complexes decompose in a time less than 

one rotational period [13b]. The p-BT CM angular distributions 
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show more forward-backward symmetry at lower collision energies, 

suggesting that the lifetime of the p-BCMC [14] complex in-

creases relative to its rotational period as Ec decreases. We 

can estimate the rotational period of the p-BCMC 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-CT to the chlorinated 

carbon) and that the rotational angular momentum of the reagent 

is negligible. For the collision of Br with p-CT, E =31 c 

kcal/mol, the orbital angular momentum, L, will be =160 ~~ The 

moment of inertia about the rotation axis of the complex is =880 

amu e A2, assuming that the halogenated carbon is tetrahedral, 

that the C-Br and C-Cl bond lengths are 2.0 and 1.7 A respec-

tively and that the ring is undistorted. The rotational period, 



given~y Trot = 2WI/L, will therefore be =5 ps in the present 

example. At a collision energy of 21 kCal/mol, Trot~7 ps. 

The approximate product orbital angular momentum, L/" for 

reaction 3 at E =31 kcal/mol, using a relative velocity cor
c 

.responding to <E'> = 5 kcal/mol and an exit impact parameter of 

0.1 A (the distance between the chlorinated carbon and the 

center of mass of the complex, with the C-cI bond.perpendicular 

to the ring and the C-Br bond in the plane of the ring), is =6 

~, far lower than the initial 160~. It would take an av~rage 

exit impact parameter of =2.7 A for the total angular momentum 

of the complex to be. carried away as product orbital angular 

.momentum. How~ver, even if most of the angular momentum of the 

collision were carried away in rotation of the BT product, the 

rotational energy of the product would be small (only =1.5 

kcal/mol for p-BT in the present example) because of its. large 

moment of inertia (I ~ 770 amu o A2 ) . 

. The lack of a strong correlation between Land L' is.the 

reason for theCM angular,distributions not peaking,more 

strongly in the forward and backward directions [13a]. The 

larger amount of sideways scattering for o-BT at 31.0 kcal/mol 

could indicate an even weaker L to L' correlation in reaction 1 

14 

at high collision energies. This may be due to the more compli-

cated rotational motion of the o-BCMC 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 

ener.gies. 

• 

.. 
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A small 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 coupling 

in the complex, the total rotational energy at this TS will be 

15 

only zl.2 kcal/mol for p-BCMC (Ec =3l kcal/mol, C-CI bond perpen

dicular to the ring with a bond length of 2.6 A [15]). The 

rotational motion of o-BCMC will, as noted above, be more com-

plex. But the fact that the" o-BT peE') 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), m/e=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 m/e=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 distributions were then scaled and 

subtracted from the reactive angular distributions. Uncertain-

ties associated with this scaling and subtraction lead to the 

error bars in the angular distributions. At Ec=20 kcal/mol, no 

reactive signal could be discerned above the in/elastic back-

ground. 



PFBB product TOFspectra are presented in Fig. 12. At 

E
C

=35 kcal/mol, TOF spectra were measured at 52° ,and 62°. The 

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

distinguish the reactive and non~reactive components of the TOF 

spectrum. The narrowness of the angular distri~utions along 

with the relatively low m/e=246 signal level (=4 Hz at 52° at 

E
C

=35 kcal/mol) made it unprofitable to measure product TOF at 

several angles. 

No bromobenzene (BB; m/e=156) sUbstitution signal was 

observed fromBr + CB at a collision energy of 30 kcal/mol. 

There was a contribution from in/elastically scattered 79Br2 to 

the m/e=156 signal (=9 Hz at 8=50°) at a mass spectrometer 

resolution equal, to that at which the PFCB experiments were 

".conducted. At a higher resolution no mass leakage occurr~d but 

at neither setting was any reactive signal observed. Our 

16 

ability to observe PFBB product over BB is enhanced, however, by 

the" larger mass of the former product which, assuming similar 

e~ergy 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 kcal/mol, make it difficult to determine 

accurately the forms of the CM product distributions. An 



17 

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

Ec =35 kcal/mol data (Fig. 13). At Ec =25 kcal/mol, there is evi

dence of more backward scattered product. Again, this indicates 

that the lifetime of the adduct increases more than its rota-

tional period as the collision energy is lowered. The peE') 

distributions (Fig. 14) are very narrow (q=3.2), peaking slight

ly away from 0 kcal/mol. The data at both collision energies 

could also be fit with peE') distributions which sloped more 

gradually (q=I.8) although the fits were not as good. <E'/E 1> av 

= 0.19 for both of the q=3.2 distributions (Table 2) and 0.23 

for the q=I.8, Ec =35 kcal/mol, distribution. 

In the absence of a product angular distribution atEc~ 20 

kcal/mol, it was possible to reproduce the ratio of the Ec= 25 

and 35 kcal/mol angular distribution intensities with two 

different excitation functions, one of which has a threshold of 

20 kcal/mol (Fig. 15). The average ratio of the relative cross 

'sections at the two nominal collision energies, Sr(35)/Sr(25), 

is 3.4 for the two excitation functions. The fits to the data 

that are presented were generated with the lower threshold 

curve. As for the CT reactions, the shaded region indicates the 

uncertainty in Sr above the highest nominal collision energy. 
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< IV. DISCUSSION 

A. Br + 0-, m-, p-CT 

The endoergicities of the isomericCT reactions under study .. 

should not differ markedly from one another. The heats of 

formation of 0-, m-, and p-CT (AH
f29S

(g» are 3.8, ·4.1, and 5.3 

kcal/mol. respectively [10,16]. We: were able to find, heat of 

formation data for the para isomer of bromotoluene (BT) only· 

(AH
f29S

(g) = 13.0 kcal/mol [10,17]), .but Szwarc's work [1·8] 

indicates that the C-Br bond dissociation energies in o-,m-, 

and p-BT differ by only 0.6 kcal/mol. Using the known values 

for AH
f298 

of Br,Cl [19], p-CT,·and p-BT, we calculate AH298 = 

10.1 kcal/mol for the reaction, Br + p-CT -+p-BT + Cl. This 

number strikes one as being too low considering that AH
298 

= 15 

kcal/mol for the reaction, Br + C6H5Cl -+ C6H5Br+Cl [20]. In 

.theabsence of firm values for the heats of forma·tion· of the CT 

andBT isomers, we have used an endoergicity of 15 kcal/mol for 

the present reactions. 

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

tel-I', unknown. Ref. 21 gives AH
298 

== -8.8 kcal/mol for Br + 

C2H4 -+ C2H4Br. The exothermicity of Br addition to benzene 

(AHadd ) will reflect the loss in resonance stabilization energy 

(RSE) that results from the disruption of the ~ electron frame

work of the ring. In the case of H atom addition to benzene the 

loss in RSE will be approximately 11 kcal/mol [22]. We con

clude, therefore, that the BCMC radical will be unbound by =2 
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kcal/mol relative to reactants! Rodgers et ale [23] arrive at a 

similar value for the endothermicity of Br addition to benzo-

trifluoride. As a result, we do not expect there to be a poten-

tial minimum along the reaction coordinate corresponding to the 

BCMC complex and it is not surprising that sUbstitution occurs 

in less than one rotational period. 

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 CI 

elimination occurring only when sufficient energy has' accumu-

lated in the C-CI bond. Although a large fraction of the total 

availabl~ energy finds its way into BT product vibration, it 

does not seem that CI elimination from BCMC is a statistical 

process involving energy sharing among all of the vibrational 

degrees of freedom of the complex. We have calculated RRKM-AM 

P(E') distributions [24,25] for BT, Ec =31 kcal/mol, assuming 

different numbers of active vibrational modes [26] with an 

endoergicity of 15 kcal/mol. The maximum centrifugal barrier, 

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

for CI addition reactions are known to be very near zero [27], 

we have no reason to expect that there will be a barrier above 

the threshold for CI elimination. Although a definitive com

parison 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'), E =31 . c 

kcal/mol, 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 kcal/mol and ~HO = 15 

kcal/mol (Fig. 8). If ~HO is taken to be 10 kcal/mol, com

parable agreement is obtained with. 5 active modes. Note that 

the qparameter determines the curvature of the experimental 

peE') which in turn reflects the number of active modes in the 

complex. Thus, the data seem to indicate that only a limited 

number of vibrational degrees of freedom participate in energy 

sharing prior toCl elimination. 

~uch a mechanism is not unexpected. At collision energies 

not far from threshold, endoergic SUbstitution reactions 

involving molecules with many vibrational degrees of freedom 

must occur in a quasidirect fashion since, as more vibrCitional 
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modes participate in energy redistribution, the p~obability that· 

the collision complex will decompose by eliminating the more 

strongly bound SUbstituent drops relative to that of .its 

decomposing to reactants. This is due to the fact that the 

probability of X elimination, ~X' is proportional to the density 

of states at the TS for X elimination. The smaller the number 

of active 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 ~X to be the microcanonical RRKM rat~ constant 

for X elimination (classically, ~X ~ (£t/E*)S-l, where £t is the 

* excess energy, E -EO' at the X elimination TS and s is. the 

number of active vibrational modes [28]), at E =30 kcal/mol, c 
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nBr/n CI = 270 with s=12 (v = 300 - 800 cm-1 ) whereas with s=4, 

nBr/n CI = 6. 

In another check of the extent of intramolecular vibra-

tional energy redistribution in BCMC, we measured the TOF of CT 

from the decay channel BCMC ~ Br + CT near the center-of-mass 

angle, acm' for reaction 3, Ec=21 kcal/mol, and reaction 1, 

E =31 kcal/mol. If energy redistribution in the BCMC complex c 

were complete prior to unimolecular decay, the reactants formed 

from this channel would have very slow CM frame recoil veloci~ 

ties, Le., their LAB velocities will be close to vcm (Fig. 9). 

In both cases, however, the TOF of in/elastically scattered CT 

near a obtained by substituting Kr for Br was very similar to cm 

that obtained with Br. This suggests not only that the Br 

addition cross section is substantially smaller than the 

in/elastic scattering cross section but also that a "statisti-
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cal" collision complex does not form. If nBr were indeed two 

orders of magnitude larger than nCI (as one would predict from a 

12-mode RRKM calculation), we would have been able to see a 

SUbstantial peak in the o-CT TOF spectrum at E =31 kcal/mol c 

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 this energy. 

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 re,lative 

cross sections can be expressed as the product of the cross 
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section for forming ,the BCMC adduct and the relative probability .. 

of decomposition of the adduct through Cl elimination, 

(3) • 

If intramolecular energy randomization were complete prior to 

atomic elimination, 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. 

with the assumption that Uadd does not depend strongly on colli

sion energy (see below), we initially tised three and six-mode 

SRRKM' functions to represent S BT and S BT' respectively. r,p- r,o-

These curyes needed to,be modified very little to fit the data. 

The, 3-mode (v = 700 - 800 cm- l ) and 6-mode (v = 700 - 900 cm- l ) 

RRKM curves are plotted in point-form in Fig. 10 alongside the 

experimental excitation functions. 

It,is certainly, plausible that the, o-BCMC collision complex 

has a larger number oiactive vibrational modes than p,-BCMC. We 

have already noted that the o-BT peE') distributions have 

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

reduced symmetry of the o-BCMC c9mplexmay a,llow for enhanced 

vibrational energy redistribution through state mixing. Coup

ling of methyl group torsion to ring vibrations is believed to 

be responsible for accelerated IVR in SI p-fluorotoluene [29, 

30]. Although the barrier to methyl torsion is likely to be 
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higher in o-CT than in p-CT [31], the methyl group is closer to 

the collision site in the ortho isomer. 

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

S BT at E =44 kcal/mol is z5 times that used to scale r,o- c, 

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

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 section 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-~T 

than to p-CT. 

Two points should be made regarding the way in which we 

interpret our results. First, in saying that a product peE') or 

excitation function is reproduced well by a limited-mode RRKM 

calculation, we do not maintain that a small number of modes are 

in microcanonical equilibrium prior to bond rupture. 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 CI elimination. Second, it seems 

rather tenuous to divide the SUbstitution reaction into addition 

and decomposition steps when C-Br bond formation is endoergic 

and so few vibrational degrees of freedom participate in the 

reaction. However, both the moderate amount of backward 

scattering and the change in the effective number of modes as 
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the sUbstituents near the collision site are changed (see also 

section IV.b) indicate that these reactions proceed through a 

(short-lived) collision complex and that we may divide them into 

two steps for conceptual purposes. 

In arriving at a value for the number of active vibrational 

mo~es 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. How

ever, the probability of ,C-Br ,bond formation might indeed depend 

on cbllision,energy. In particular, stericblocking of the 

ch~or~nated carbon by the methyl group in o-CT might cause 

(J add (o-CT) to change more drastically with energy than (J add (p.

CT). If the number of active modes in o-BCMC and p-BCMC were 

the same; the lower SUbstitution cross section for reaction 1 

below 25 kcal/mol could result from a narrowing of theaccep

tance angle of the Br + o-CT potential energy surface (PES) 

relative to that of the Br + p-CTPES. The range of approach 

geometries that can lead to reaction should grow with,incre?sing 

energy; as noted in the previous section, the CM angulardistri-

butions 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 

larger addition cross section than p-CT at collision energies 

above 25 kcal/mol. Thus, the excitation functions for.Br 

addition to o-CT and p-CT may influence the forms of S B'T and r,o-

Sr, p-BT, and the steeper slope of., ~r, o-BT need not necessarily ,be 

due to a larger number of active modes in o-BCMC th,an in p-BCMC. 
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Based on our experimental signal levels, the sUbstitution 

cross section for m-CT at Ec =29 kcal/mol is estimated to be at 

least a factor of 10 lower than for o-CT at 31 kcal/mol. 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 [32,33], which 

stabilizes the 0- and p- adducts by either increasing the 0- and 

p- frontier electron populations in the reactant molecule or 

lowering the total 1r electron energy of the 0- and p- adducts 

relative to the m- adduct. 

There have been no rigorous quantum mechanical calculations 

of the heats of formation of the isomeric methyl cyclohexadienyl 

radicals (much less halogenated methyl cyclohexadienyl radicals 

such as BCMC). However, using a modified version of Huckel 

theory, Wheland [34] 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 stability of the resulting 

radical. For toluene, Wheland found a mere 0.8 kcal/mol 

difference between the 0- and m- localization energies. Such 

small differences in thermodynamic stability will not have an 



observable effect on the dynamics of aromatic sUbstitution 

reactions at the collision energies of our experiments. 

A possible explanation is that the. reactivities of the 

isomers of CTare governed by the shape of the Br-CT PES along 

the reaction coordinate. The increased electron populations 

ortho and.para to the methyl group in CT could enhance the long 
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range attraction between Br and these sites, but such an attrac-

tionmight not .. be strong at the experimental collision energies. 

The shape of the potential in the exit valley might be the key~ 

Since the AH o are nearly·the same for the three isomeric 

reactions, the AGo and K for all three reactions will also be eq 

roughly the same. Therefore, the rates of the reverse reac-

tions,CI + o-,p-BT ~ Br + o-,p-CT, must be accelerated ,relative 

to the rate of Cl + m-BT ~ Br + m-CT. A longer range attraction 

between Cl and 0- and p-BT, manifesting itself in a more 

gradually sloping potential in the reverse endoergic direction, 

might be responsible for sucha·rate enhancement. Alterna-' 

tively, the lower ~ electron energies of the 0- and p- complexes 

may .cause the 0- and p- surfaces to rise more gradually. In 

either case, translational 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 [35] have observed that translational energy is favored 

over vibrational energy .in endoergic reactions with a gradual 

ascent to the barrier crest. Likewise, Chapman [36] has found 

.• 
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that the curvatures of the Be + HF ~ BeF + H and NO + 03 ~ N02 + 

02 surfaces have marked effects on the excitation functions and 

~roduct 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 participate in energy sharing prior to bond breakage and 

when reactant 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 

As discussed in relc;ltion to the Br + CT reactions, Br 

addition to CB should be endoergic by =2 kcal/mol. However, 

because of the weakness of the w bond in fluorinated unsaturated 

molecules, Br addition to PFCB should be somewhat exoergic. 

From photodissociation experiments on several fluorinated 

bromo-iodoalkanes, Lee. and co-workers have derived C-Br bond 

dissociation energies (DO) in CF2CF2Br and CFHCFHBr of 20 and 12 

kcal/mol respectively [37]. Neglecting the effect of resonance 

stabilization, let us assume that DO (C-Br)=15 kcal/mol in the 

pentafluoro-chloro-bromo-cyclohexadienyl (PFCBC) radical. 

Therefore, a loss of 11 kcal/mol in resonance stabilization 

energy would make Br addition to PFCB exoergic by approximately 

4 kcal/mol. 



As we noted at ,the beginning of section,~II(a), .AH298 = 15 

kcal/mol for reaction 4. However, the overall endoergicity of 

reaction 5 i.s uncertain. Krech et ale [38] measured 

. AH~298(C6F5Br) = -170.1 kcal/mol. with AH~298(C6F5CI) = -193.~ 

kcal/mol from experiment [39] and known heats of formation for 
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CI and Br [19]" this gives AH298 = 25.8 kcal/mol for reaction 5. 

From group additivity, AH~298(C6F5X)= -197.8 kcal/mo~, (X = CI) 

and -183.3 (X = Br) [40]~ Together these yield AH298 = 16.8 

kcal/mol. Wi th experimental values for the heats of fo~ati,on 

of the products or reactants, these calculated AH~298(C6F5X) 

give AH298 = 30.0 kcal/mol and 12.6 kcal/mol respectively. 

ThUS, lacking a firm value for the endoergicity of this reac-

tion, we have aS,sumed AHa = 15 kcal/mol. 

Considering the larger number of low frequency vibrationa~ 

modes in the fluorinated complex (C-F stretching, :::: 1000cm -,1, 

and C-C-F bending, ::::500 cm-1 ), one might expect vibrational 

energy redistribution prior to bond cleavage to be more exten-

sive in PFCBC than,in BCMC. Indeed, the product translational 

,energy distributions for reaction 5 suggest that this is the 

c,ase. 

The experimental Ec=35kcal/mol peE') plotted ip Fig .. 14a 

(q=3.2) is in fair agreement with.an 8-mode (v. = 440 - 650 cm-1 ) 

RRKM-AM P,(E') (B~ = 0.20 kcal/mol). If AHa is taken to be 20 

kcal/mol, comparable agreement is obtained with 6 modes. Since 

it is 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 



just from the shapes of the product energy distributions in 

Figs. 8a and 14a that there are more active modes in PFCBC than 
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in o-BCMC. However, the PFBB, Ec =35 kcal/mol, data could be fit 

reasonably well with a q=7.0 peE') (Fig. 14b) whereas the o-BT 

and p-BT data could not. This peE') agrees with a 10-mode (v = 
-1 440 - 700 cm ) RRKM-AM peE') (B~ = 0.40 kcal/mol). In addi-

tion, the average fraction of available energy in product 

translation is =10% lower for reaction 5 than for reactions 1 

and 3. 

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

apparently non-statistical peE') for a substitution reaction 

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

tion in the collision complex [41]. He has been able to re-

produce experimental peE') distributions for sUbstitution reac-

tions reasonably well by including an angular contribution to 

the interaction potential in the adiabatic channel model while 

assuming that all vibrational modes in the collision complex are 

active. However, the differences that we observe between the BT 

and PFBB peE') distributions point to more complete energy 

sharing in PFCBC than in BCMC prior to CI elimination. 

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 a 10-mode RRKM 

branching ratio calculation, again assuming that the cross sec-

tion for complex formation does n~t depend on collision energy 

in the range of our experiment. The experimental and RRKM 
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curves agree reasonably well. The 20 kcal/mol threshold for the 

dashed curve suggests that our data are consistent with a higher 

endoergicity than 15 kcal/mol for reaction 5. 

The marked difference in cross section between reactions 4 

and 5 is likely to be due to differences in u add for the two 

reactions. As discussed above in relation to reactions 1 and 3, 

Br should "stick" better to the molecule with the larger ,number 

of low frequency dissipative modes in the vicinity of the col

lision. 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-CBinteraction. 

Considering that the probability ofCI elimination should be 

smaller for the complex with the larger number of active vibra~ 

tional modes (i.e., TlCI/(Tl CI + 17 Br ) decreases as the number of 

active modes increases, see' Eqn. (3», Uadd(5)/uadd(4) will be 

greater than a simple comparison of the signal levels for the 

two reactions at comparable collision energies 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 directing 

[42J. A CNDO study of fluorobenzene and p-difluorobenzene has 

shown increased ~ electron popUlations ortho and para to the.F 

atoms [43J. It is not clear, however, whether ~ electron back

bonding stabilizes PFCBC relative to bromo-chloro-cyclohexadi

enyl radical and thereby enhances the sUbstitution cross section 

for Br + PFCB. 

' .. 
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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 £or Br addition to the ring. The 

features of the PES that are responsible for this large differ

ence in cross section should be analogous to those responsible 

for the greater reactivity of 0- and p-CT relative to m~CT. 

v. CONCLUSIONS 

A complex interplay of phenomena underlies our observations 

for these endoergic aromatic sUbstitution reactions. Competi

tion between intramolecular vibrational energy redistribution 

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 radicals. Ring sUbstituents appear to 

affect the dynamics by influencing the probability of Br addi

tion and the extent of energy redistribution in the radicals. 

The electronic effects responsible for the different reactivi

ties 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 

BriNe + o-CT 25 0.27 0.54 0.035 

BriAr 21 0.30 0.44 0.20 

Br/He + m"':CT 29 ( e) 

Br/He 31 0.30 0.98 0.23 

BriNe 25 0.30 0.59 0.21 

0.06 

0.03 

0.00 

0.02 

0.00 

BriAr 

I + p-CT 

21 0.33 0.53 0.41 -0.01 

(a): All energies are in kcal/mol; collision energies 
reflect cress section weighting. 

(b): Fraction for most-probable collision energy. 

(c): Arbitrary units. 

(d): peE') parameters; q=1.85. 

(e): The m-CT reaction was studied several weeks after the 
0- 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 =50% 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 (=2 Hz at 46°), it is doubtful 
that we would have been able to see signal even if the 
Br beam were twice as intense. 
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Table 2. Relevant experimental quantities for reactions 

.. and 5.a,~ 

Reaction 

Br/He + ca 

Br/He 

) + PFCB BriNe 

BriAr 

30 

35 

25 

20 

<E'/E 1> av 

0.18 

0.21 

---

p B 

1.29 

1. 00 -0.10 0.08 

0.68 0.050 0.1 

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. 
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FIGURE CAPTIONS 

Fig. 1: Generalized reaction coordinate diagram. Shaded region 

indicates approximate collision energy range. Numbers 

represent the five reactions studied. 

Fig. 2: o-BT (m/e=170) laboratory angular distributions. 

CI : E =31 kcal/mol; c o : E .=25 kcal/mol; c . : E =21 kcal/mol. c 

Signal is normalized to constant reactant flux but peak 

of E =31 distribution is scaled to unity. Br beam is c . 

at 0°. Solid lines are fits to data using eM distribu-

tions in Figs. 7 and 8 and excitation function in Fig. 

10. Error bars represent 90% confidence l1mits. 

Arrows indicate positions of center-of-mass angles with 

collision energy decreasing from left to right. 

Fig. 3: p-BT (m/e=170) laboratory angular distributions. See 

Fig. 2. 

Fig. 4: p-BT (m/e=170) time-of-flight spectra at Ec =31 kcal/mol 

at five laboratory angles. Solid lines represent fits 

to data using eM distributions in Figs. 7 and 8 and 

excitation function in Fig. 10. 

Fig. 5: p-BT (m/e=170) time-of~flight spectra. 

kcal/mol; (b) E =21. See Fig. 4. c 

(a) E =25 c 



, 
Fig. 6: o-BT (m/e=170) time-of-flight spectra. (a) E =31 c 

kcal/mol; (b) Ec=25; (c) Ec =21.see Fig~ 4~ 
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Fig. 7: Center-of-mass frame product angular distributions used 

in fits. (a) o-BT; (b) p-BT. 

E ~31 kcal/mol; -- -- E =25; c c 

Fig. 8: Center-of-mass product translational energy dist~ibu-

tion~ used in fits. 

(a) Br + o-CT: E =31 c kca'l/mol; -- -- E =25; c . 

E :::;21; - - - 4-mode RRKM-AM calculation. c 

(b) Br + p-CT: same as (a) . 

Fig. 9: Center-of-mass frame product flux~contour diagram for 

reaction 3, Ec =31 kcal/mol.· 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 experimental 

collision energ~es.· Shaded regions indicate uncertain-

ty in Sr apove the highest most-probable collision 

energy . 

• : 6-mode RRKM branching ratio calculation . 

• : 3-mode RRKM calculation. 



Fig. 1~: PFBB (m/e=246) laboratory angular distributions. . : E
C

=35 kcal/mol; .: E =25 kcal/mol. 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 represent 

90% confidence limits. 

Fig. 12: PFBB (m/e=246) time-of-flight spectra.· 

(a) Ec =35 kcal/mol; (b) Ec =25 kcal/mol. Solid lines 

represent fits to data using CM·distributions in 

Figs. 13 and 14 and solid line excitation function in 

Fig. 15. 
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Fig. 13: Center-of-mass frame product angular distributions. used 

in fits to PFBB data. E =35 kcal/mol;-- -- E =25. c c 

Fig. 14: Center-oi-mass frame product translational energy 

distributions used in fits to PFBB data. 

(a) 

(q=3. 2) ; 

(b) 

E
C

=35 kcal/mol (q=3.2); E =25 kcal/mol c 

- - - 8-mode RRKM-AM calculation 

E =35 kcal/mol (q=7.0); - - -::- 10~mode RRKMc 

AM calculation. 

',; 



Fig. 15: Exci~~tion functions for reaction 5. See Fig. 10 . 

• : 10-mode RRKM branching ratio c~lculation. The 

solid and dashed curve~ have different thresholds; see 

text. 
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