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The reactions Ba + CH31 — Bal + CHj3 and Ba + CH,I; — Bal + CH,I have been investigated by the method of laser-
induced fluorescence. Excitation spectra are reported for Bal products formed under single-collision conditions in a
“beam-gas” arrangement. The production of Bal for Ba + CH1; is found to be a major reaction pathway with a cross sec-
tion about twice that for Ba + CH;l. The relative vibrational populations show for bath reactions bell-shaped distributions
peaking close to v = 21 for Ba + CH3l and v = 39 for Ba + CH31;. The carresponding average fraction of the total reaction
exoergicity that appears as Bal vibration xsf = .18 for Ba + CHj3l and_, = (.29 for Ba + CHs1,. In the case of Ba + CH3l,
an estimate for the average relative _tmnslatxonal energy of the products, obtamed from the primitive angular distribution
easurements of Lin, Mims and Herm, can be combined with the average vibrational excitation of Bal to provide evidence
that the internal excitation of the methyl radical exceeds that of Bal. A model is discussed which postulates an electron
jump in the exit valley of the Ba + CH3l reaction to account for this feature of the reaction dynamics.

1. Intreduction detail by molecular beam scattering techniques. In
particular, K + CH; I is perhaps the most thoroughly
The various combinations of the gas-phase Wurtz re- studied molecular beam reaction [3] and may be
action T, _ properly termed a “‘touchstone” reaction. In addition
A+RX- AX+R, a) to angular ¥ and velocity ¥ measurements of the pro-
ducts, there have been experiments on nonreactive )
where ‘A is an alkali atom, X a halogen atom,and Ran~ - scattering [6], magnetic deflection of the products {71,
alkyl group, were studied long ago in diffusion flames variation of the total reactive cross section with initial
[2]: In the past decade or so, these reactions have re- - ‘kinetic energy {81, and reactivity as a function of the
¢eived new attention since they can be investigated in -~ orientation of the colhsmn partners [9]. :
. - * The early beam experiments estabhsheu the basxc rebound".
T In fact, eq. (1) is the first step of the Wurtz reaction, ’ character of the-reaction [4]. . :
2M + 2RX — RR + 2MX. See, for e)\ample Roberts and  * The most recent velocity analysis’ measnrements have been

- Caserio {1). - . o v S performed by Rulis and Bemstem [5]




Angular dlstnbutmns of several alkahne earth anal- -

“ogs of (1) have recently been reported by Lin, Mims and

“Herm [10]: ‘They used thermal crossed beams and mass

. spectrometric detection. In Ba + 'CH;1 the Bal* signal’
peaks backward in the center ‘of mass system, showing
the same rebound character as A+ CH;1. For the reac-

“tion‘Ba + CH212, the Bal* sngnal peaks forward in the ~ .

center of mass system, again similar to the observed

“behavior for K + CH;l, and Cs + CH,l, [11]. How-

" ever, Ba + CH, I, has g feature very different from the
alkali analogs, namely, the formation of Bal,, is ener-
getically allowed. The ion fragmentation pattern of
Bal,, especially when it is vibrationally excited, is al-
most exclusively Bal* 7. Hence in the reaction
Ba + CH, 1, it is very difficult to distinguish the two
possible products, Bal and Bal,; using mass spectrom-

“etry. Nevertheless, based on an analysis of their Bal*
laboratory angular distributions, Lin et al. have sug-
gested that the dominant reaction product they observe
is Bal,.

We report here a study of the Ba + CH,l and
Ba + CH,I, reactions using laser-induced fluorescence.
In both cases, the Bal product is observed and the Bal
vibrational state distribution is found to be markedly
inverted, peaking at v = 21 for Ba + Ctizl and v ~ 39
for CH,1,. Although we are unable to detect Bal, in
the latter reaction, the formation of the Bal product
appears to-be a major pathway.

2. Experimerital

_~ The Ba + CH5I and CH,I, reactions were studied at
Columbia in 1973; the Ba + CD; 1 reaction at Johns
Hopkins in 1975. The interpretation of these results
‘has awaited an accurate estimate for the Bal dissocia-
tion energy [14] which has only been obtained recently.
. The apparatus employed in both cases does not dif-
ifer significantly from that described in detail in our
‘work on Ba + 0, and Ba'+ CO, [15} A barium beam

effuses from an orifice i in the source and _passes through

a sht into the scattermg chanber, which is filled with - .
;Valkyl mdlde at pressurea of (3—-30) X 10—5 torr

-1 lt has been found that no parent peak is pxesent in the mass
o 'spectra of CaFs, StFa, and BaF; [12}.Some parent peak is'.
" present | for MgF3, while for the ‘other magnesmm dihalides,

I Mg)('l> is formied. predommantly [13] Any mternal exmtatloh -
- T For an example of a Ba! excntauon spectrum, see fig 6 of [16]‘

i rof Balz would tend to lower the fractmn of Balz formed

PJ Dagdzgmn et al. / bemttonal state analyszs of uvrelaxed Bal . :

(“be,arm+ga$ i arrangemgnt)."l’hé,rout'put fiom a puls'ed :
dye laser intersects the Ba beam in the scattering cham-
ber; and the fluorescence is viewed by a photomultiplier

- (RCA: 7265, 820 photocathode). A PAR model 160

boxcar integrator {(aperture 100 ns) is used to amplify

- and average the fluorescence signals. The output of the

boxcar drives a stripchart recorder. The dye laser is
scanned in wavelength to generate an excitation spec-
trum of the Bal product using the C 21l3;;~X 2Z* band
system T. By varying the pressure we verify that there

is no appreciable collisional relaxation of the product
internal-state distributions. As before, the laser power

is reduced to minimize the effects of optical pumping

so that the fluorescence intensity is proportional to

laser power.

Commercial iodomethane (J.T. Baker) and diiodo-
methane (Matheson, Coleman and Bell) are used as re-
agents. The purity of the samples was checked with a
60 MHz proton nmr spectrometer. One serious problem

was CH;1 impurity in the CH,I; samples. Because of
the disparate vapor pressures [17] (330 torr for CH,l

- versus 1 torr for CH,1, at 20°C), even 0.5% CHs1 con-

tamination in the CH,1I, gives 2n appreciable contribu-
tion to the Bal signal. Accordingly, the CH,I, samples
were purified by vacuum distillation, and only samples
with no detectable CH41 proton nmr signal (< 0.05%)
were used. The Bal spectra, taken with these samples
of CH,I, show no discernible Bal attributable to CH,l
(see also Results section). lodomethane-dy is obtained
from Aldrich (99 + atom % D stated purity). No effort
was made to run the Ba + CDyl, reaction.

3. Results
3.1. Excitation spectra

Laser excitation of the C 2I[1-X 2T+ Bal band sys-
tem which lies'at 5300—5600 A& has been used for de-
termination of the internal state distributions. Figs. 1-3
present scans of the variation of fluorescence intensity
with laser wavelength for the Ba + CH31, Ba + CD3],
and Ba + CH,I, reactions. The Bal bands for the Av =

v'~v =0 sequence of the 2113/2-—22‘“ subsystem are
identified by comparison with previous band head meas-

: uremems []8——20} (see also the appendzx) In the
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Fig. 1. Bal excitation spectrum of the C 2I13/,~X 22+ Av=0
sequence for the Ba + CHgzl reaction. The numbering of the
(v, v) band heads is indicated.

Ba + CH,I, reaction although both Bal and Bal, pro-
ducts are energetically possible, all the bands observed
in the present experiment are attributable to Bal. As
seen in fig. 3, bands with v as high as 50 are present.
For low v, the Av = 0 sequence is by far the most
intense. Indeed. for the previously studied Ba + HI re-
action {16}, in which only the vibrational levels
0 < v < 23 are populated, the Av = 0 sequence com-
prised about 95% of the total intensity. As can be in-
ferred from the molecular constants derived in the ap-
pendix (see also table 3), the potential curves of the
Bal electronic states are remarkably harmonic and
very similar to one another. The dominance of the
Av = 0 sequence also suggests that the curves run near--
ly parallel to one another. Accordingly, a reasonable
assumption for the Franck—Condon factor (FCF) ar-
ray is a delta function, g,;,, = 8,,. As v increases, this
assumption becomes progressively less applicable.
Hence, the Av = *1 and *2 sequences, as well as the
Av = 0 sequence, have significant intensity in the pres-
ent specira. Nevertheless, by comparison of the inten-
sities of the same » bands in different sequences, the
delta function approximation is shown to be reason-
able. For v levels as high as 40, fluorescence intensities
excited inn the Av=C sequence are found to be at least
3 times greater than the sum of the intensities from
all Av-# 0 bands. Since we have insufficient spectro-
scopic data available to calculate Franck—Condon fac-
tors for Bal, we will assume that this approximation
applies to all levels observed. Hence, as shown previous-
ly [16], this implies that the Av =0 band intensities
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Fig. 2. Bal excitation spectrum of the C 213/, -X 2=+ Av =0
sequence for the Ba + CD3I reaction. .
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Fig. 3. Bal excitation spectrum of the C *[13/>—X %=t Av=0
sequence for the Ba + CH,I; reaction. The shoulder marked
*av = —1 sequence” is due to unresolved bands of this se-
quence. See text.

are proportional to vibrational populations. .

The shoulder denoted in fig. 3 by “Av= —1 se-
quence” is most likely not due to CH;1 impurity in the
CH,1, sample, in spite of the fact that it lies at nearly
the same wavelength as the low v bands of the Av =0
sequence. This is ascertained by the different depen-
dence of its intensity on laser power from that of the
Av = 0 sequence. Since the extent of optical pumping
is proportional to absorption coefficient and hence
Franck—Condon factor g,;,,, this implies that thé bands
in the shoulder have significantly different q,;, values
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from those in: the Av = 0 sequem,e and hence belong to
another sequence. -

- Because of the srall vxbxanonal frequency and large
dlssocmtxon energy [14], the v =50 level corresponds
- to only one-fourth of the ground state dissociation
‘energy. It is not known into which atornic terms the

"Bal C state dissociates. However, the highest vibrational
levels excited in this laser fluorescence study lie below
the energy of the pround state separated atoms,
Ba(ISo) + I(2P0 2)- Thus, the termination of the Av=0
sequence at lugh v1brat1ona1 levels (see figs. 1—3) is not
‘caused by photodlsSoClatlon orpredissociation of the
“excited state.-

A search-in the region 4400 5600 A did not reveal
any bands that could be ascribed to Bal,. We note, how-
ever, that the observation of no Bal, bands is not proof
that only Bal is formed in the Ba + CH,1, reaction
since the Bal, clectronic spectrum is not known. In
fact; the Bal, spectrum is expected to lie to the violet
of the Bal spectrum since it has no unpaired ¢lectrons,
unlike Bal.

3.2 Reaction energetics

We present here the necessary calculations required
-to determine the reaction exotherrmcxtles for Ba + CH;l
‘and Ba+ CH,1I,. We can calculate D5qg, the dissociation
energies at 298 K, of the atkyl lodxdes by substituting
heats of formation at 298 K, AH798, into the thermo-
dynamic cycle, - -

RI-R+I, o , (2)
sothat ’

D-,gs (R-I}= AH«,gg (R) + AH 198 (l) AFI 598 (RI) .(3)

For methyl iodide, we use the values +34.82 £ 0.2 [21],
+25 537 {21], and +3.29 + 0.28 [22] kcal/mole for
AH798 of CHs, I, and CH3I respectively, and obtain
::Dgg (CH3~D) = 57 1 *0.3 kealfmole. For methylene

.. jodide, we use AH298 (CH7 2)=+2837 £ 1.0 [22] and
“AHLgg (CH,D) = +54 + 2 keal/mole, the average of 2 de-
“terminations [23, 241, and obtain D‘)gS(CH')[ D=
“51.2+2 kcal/mole These dissociation energies are con-
.verted to DO with the use of tabulated ideal gas enthal-
pxes [21 221 :

D 298 (R- I)—D (1] (R—I) [Hggs (R)“H 0 (R)]

OB O R @

Table 1
Reaction energencs (m kcal/mole)
Ba+CHal— .  Ba+CHyl, —~
 Bal + CHj3 Bal + CH;3I
Reactants :
Ent y 1.1 1.7
trans 21 2.6
Eeor - 3.2 4.3
- Produets: .
ADg ) 46 52
Eror 50 56

a) Calculated using the most probable velacities of the reactants
and a 90° intersection angle.

For CH,I, we use H59g—~Hy given for CH,4I [21]; this
certainly is of sufficient accuracy, given the 2 kcal/
mole uncertainty in AHSgg (CHZI) We obtain
DO(CH3-I) 55.7+£03 and DO(CHﬂ [)=503=«
kecal/mole.

- The dissociation energy of Bal has long eluded quan-
titative détermination. Dickson, ¥inney, and Zare [14]
discuss the available experimentel data; they have used
the Ba + 1, chemiluminescent reaction to place the '
bound Dg(Bal) > 102 + 1 keal/mole, which we use
here T. ; ‘

Table 1 summarizes the average energy of the reac-
tants and the energy available to the products. Here
Eraner Eine a0d Eqy = Lo T £y are the translation-
al, internal, and total energy, respectively, ADy is the

_reaction exothermicity, i.e., the difference in product

and reactant molecule dissociation energies, and £y, =
Eyot + ADy is the total energy available te the products.
The reaction pathway Ba + CH,I, - Bal,; + CH, has
not been included in table 1 since no Bal, has been ob-
served in the present study. However, Lin et al. {10]
estimate ADg to be about 70 kcal/mole for this path-
way.

3.3. Bal internal energy distribution

In principle, the vibrational and rotational eneigy
distributions can be obtained from the excitation spec-

T The use of this value for DY (Bal) changes in ref. [16] the
Ba + HI reaction exoergicity from 1.26 to 1.48 eVand the
average fracuon of total energy appearmﬂ in product vibra- .
tion fmmf =0.18 to 0 15. The conclusmn of 1ef, [16] are
unaffected ’
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~~ trum by computer simuiation. In this procedure, a cal-
culated excitation spectrum is constructed by assuming
- a population distribution for the internal states and -
convoluting it with the laser bandwidth function. Pre-
viously, BaX excitation spectra were analyzed for the
Ba + HF and Ba + HCI reactions, in which the relative
vibrational populations and a single rotational tempera-
ture were allowed to vary in order to obtain-a best fit
{16]. However, this procedure cannot be applied in the -
- present instance because of a dearth of Spectroscoplc
data.

The Bal rotational constants are not known, and in-
deed even the shading of the Av = 0 bands is undeter-
mined [18]. The J value at which the band head occurs
depends on the difference B,,—B,,. However, B is al-
most identical to B” so that the value of J at the head
is very large and may vary significantly from band to
band depending on the difference B,,,—B, as a function
of v. Consequently, the height of the band head meas-
ured with respect to either the baseline or to the enve-

lope of valleys may not represent the true band intensity.

This is further complicated by the extensive contribu-
tions of neighboring bands to the intensity at a given
band head position. Finally, accurate Franck—Condon
factors are not available so that we must resort to the
delta function approximation described in section 3.1.
Even if we could overcome these difficulties to ob-
tain internal state relative populations (number densi-
ties) from the spectra, there still remains the problem
that relative rate constants (cross sections) are propor-
tional to the flux of products, and not number densi-
ties. Unlike the previously studied Ba + HX reactions
{16], the proportionality constant between flux and
density; namely the product laboratory velocity,
could vary significantly with internal state: The Bal
velocities in the center-af-mass system are larger than
the velocity of the center of mass for these reactions.
With all these problems in mind, we have nonethe- -
less derived relative vibrational populations for the
Ba + CH;l and Ba + CHyl, reactions from the excita-
*ion spectra (figs. 1—3). We have arbitrarily assumed
that Av = 0 band intensities are proportional to the
heights of the band heads above the envelope of valleys.
~Using the delia function approximation for the Bal
FCFs (see section 3.1), we take these band intensities
'to be directly proportional to vibrational populations.
The results of this crude analysis are displayed in fig. 4.
In spite of the large number of approximations made

]_

J m.umli““

Wlwuuu

. Relative Vibrafional  Fopuiation

Vibratioral Level

Fig. 4. Relative vibrational populations for (a) the Ba + CHj3l
and (b) the Ba + CH, I, reactions. The populations, which are
normalized to the most probable level, have been obtained in
an approximate manner as described in the text. .

we believe that fig. 4 displays the qualitative features
of the Bal vibrational state distributions. The popula-
tions can be seen to vary fairly smoothly from state to
state. Moreover, the overall shapes are distinctly differ-
ent from a Boltzmann (thermal) distribution but rather
are bell-shaped T. We have chosen not to plot a

Ba + CD41 distribution in fig. 4 since it differs insignif~
icantly from that for Ba + CH;1.

We take the average energy appearing as Bal varia-
tion, {E,;,), as the vibrational energy of the most prob-
able level, assumed to be the level having the highest
peak height above the baseline. Alternatively, one could
take (E,;;,) as the energy weighted over the relative
vibrational populations shown in fig. 4. However, be-
cause of the many approximations employed to dérive
these populations, the simpler procedure seems adeqguate.
For the Ba + CH;I and Ba + CH, 1, reactions, the most
probable vibrational levels are 21 and 39, respectively.
Using the Bal molecular constants presented in table 3,
this implies that (£, is 8.8 kcal/mole for Ba + CH;1

T The Ba + CH3l reaction shows a possible hint of a bimodel -
distribution in the vibrational state populations of the Bal "
product, but this may be an artlfact of the s:mple analys:s em-
. ployed here..
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dnd 15 8 kcal/mole for Ba ¥ CH212 ‘Because the exci- . -

“tation: ‘spectrum for’ Ba + CDj3l is essentially identical
“to that of the Ba + CH, 1 reaction, (£} is thc same -
for these two reactions. :

The Bal rotational dlStI‘lbUth'ﬂS are probably dlf-
ferent in the Ba + CHjzland Ba + CH212 reactions
since the band heads are more prominent in the Ba

-+ CH,I, reactions since the band heads are more

prominent in the Ba + CHa, I, excitation spectrum

(fig: 3). However, because of a'lack of spectroscopic

information, we are unable to estimate £, the Bal

_product rotational energy, or even to establish for

which reaction £, is greater.

3.4. Relative total reactive cross sections

The re:ative total cross sections g, for formation
of Bal product may be obtained by summing up the
flyorescence intensity from all bands of the Bal C—X
system. We find that the ratio of the cross section for
formation of Bal by the Ba + CH, I, reaction to that
for the Ba + CH3I reaction is 1.9. We have assumed
_that the calibration constant for the Bayard—Alpert
type ionization gauge is the same for both ClH3! and
CHjl,. Although the Ba + CH; 1, reaction may also
cause the formation of Bal,, the present measure-
ment of o values indicates that the formation of Bal
is an important reaction pathway for Ba + CH,I,.

4. Discussion
4.1 Ba+CHyl

A convenient interpretive framework for under-

stan'dmg the reactions of barium with the halomethanes

- is provided by their well-studled alkali analogs. In the
-case of methyl iodide, the outstanding characteristics *
of these analogous reactions include predominantly
“backward scattering of the salt product with respect

- to the incident direction.of the atomic beam in the
.ceiter-of-mass system [4], the conversion of a signif- - -
icant fraction of the total available reaction energy
into product relative translational energy (~.65% for
.the case of K-+ CH3I [3]), and relatively small cross
sectlons .compared to other alkali reactions. A mmple
explanatxon for these. obssrvations has been offered

oy Herschbach [‘25] Most a]kah reactxons w1th halogen- ’

containing mol_ecules are thought to proceed by an g

electron-jimp model in which the valence electron of -
. the aikali'atom is transferred to the halogen-containing

molecule in the neighborhood of the intetsection be-
tween the covalent (M + RXYand ionic (M* + RX™)
potential energy curves. The reaction then proceeds

. as an ion recombination

M+RX—+M'+RX™ >M'X™ +R. ()
The crossing point R occurs at a distance given by
R.(A) =~ 1447 ¢V/[IP(M)—EA(RX)] 6)

where IP(M) is the ionization potential of M and
EA(RX) the vertical electron affinity of (RX), both
measured in eV. In the case of methyl iodide,
EA(CH,1) is expected to be negative and the reactants
must approach very close to one another before reac-
tion can occur. This provides an explanation for both
the small cross section and the rebound character of
the MX angular distribution.

As Herschbach has stressed [25,26], the recoil
energies can be explained by comparison with the
photodissociation dynamics of CH;I. The unstable
CH3I formed in the alkali reaction after the electron
jump is assumed to decay in a manner similar to the
mode of decomposition of optically excited CH;I*,
namely by release of the energy predominantly into
fragment recoil rather than internal excitation, as
shown by the photofragment studies of Riley and
Wilson [27]. The lowest unfilled molecular orbital in
the haloalkanes are formed from the out-of-phase
overlap of an sp? hybrid orbital of the carbon atom
(C) and a p orbital of the halogen atom (X). They are
of the anti-bonding type o* with a node between the
C—X bond. In the electronic trarisitions of lowest _
energy. a non-bonding p electron hound to the halo-
gen atom is excited into the lowest o* orbital, causing
_the molecule to dissociate. In the electron-jump mod-
el, the electron-transferred to the RX molecule enters
the same o* orbital.

Since the ionization potential of Ba is mtermedlate

" between that of Na and Li, one might expect the reac-
. tion dynamics for Ba + CH;1 to be similar to those of
- Na+ CHj3l [28] and Li + CH3I [291, for which crossed-

beam data are available. Indeed, all these reactions -
show rébound character-in the angular distribution of
the salt product Table 2 lists the results from these .
crossed-beam e)q:oemncnts1 as well as that for the weIl-
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Table 2
Summary of crossed -beam expenments for several
M+ CH3I — M1 + CHj reactions (energies in keal/mole)

M 1P Eppy ADo %)  Eyyy (Etpane  Ref.

Ba 5.210 4 46 50 ~13d)  |10)
Li 539 ° 3 28 31 ~159 29
Na - 5.138 3 16 19 ~154d) (28]
K 4339 4 23 27 16 151

a) Atomic ionization potentials (in eV) are taken from [30).
b) Total energy, both translational and internal, of the reac-
tants.

) Alkali iodide dissociation energies D} are taken from [31].

d) These values for the average product relative translational
energy (£iraps’ are obtained in “primitive” scattering ex-
periments. in which there was no velocity analysis of the
products. :

studied K + CH;I reaction. All these reactions, while
having greatly different exothermicities, exhibit simi-
lar average product recoil energies (E'm). However,
as shown by Rulis and Bernstein [32] for K + CH;]l,
the value for (Ey,,,> determined from a so-called
**primitive” crossed-beam experiment {10 kcal/mole
[33]) is significantly in error compared to a more re-
fined cross-beam experiment in which the velocity of
the products is analyzed (16 kcal/mole). This diffi-
culty with “primitive” experiments is expected to be
most pronounced for reactions with unfavorable
kinematics, i.e., in which the mass of the detected
product is much greater than that of the other pro-
duct. Thus we are led to consider the result {Ej,, ) =
13 %3 kcalfmole for Ba + CH31 by Lin et al. [10] as
a lower limit, which may be smaller than the true val-
ue of {E{rans? by, perhaps, as much as a factor of two.

Despite these superficial similarities between the
barium and alkali reactions with methyl iodide, some
striking differences appear when we examine the ex-
tent of internal excitation of the product methyl rad-
ical, B, (CH3). In their review of the K + CH;1 reac-
tion, Bemstein and Rulis [3] estimate that

e (KDY = 11 kcal/mole and {Ej,, (CH3 ) < 4 keal/
mole. This degree of CHy excitation correlates well
with the energy found in the CH; fragment (4 kcal/
mole) following photodissociation of CH3l1 {271, in-
accordance with Herschbach’s analogy. The extent of
CHj excitation in the Ba + CH;[ reaction may be ob-
tained by combining our data on the excitation of

" Bal with the product recoil energy estimate given by

Lin et al. To obtain a lower bound for {E;,i(CH; »,
we double the estimate of the product recoil energy -
and use the value (Ej ) = 26 keal/mole. From the
present experiment (see section 3.3), we obtain
(E; int (Bal}? = 9 keal/mole, assuming that the rotation-
al excitation of Bal is small. Subtraction from the val-
ue of E4, given in table 1 then yields the result
(E;ne(CH3 ) R 15 keal/mole. This energy is not only
significantly greater than for the K + CH31 reaction
or for CH3! photodissociation, but it is also greater
than that predicted by a simple impulsive model. Bass
and Pimentel [34] have estimated that if CHy were
left in its tetrahedral configuration as a nascent pro-
duct, then it would have about 10 kcal/mole of vibra-
tional energy as it transforms to its equilibrium planar
or near planar structure [35,36].

We have attempted to gauge further the extent of

-methyl excitation by comparing the Bal vibrational

distzibution from the isotopic reactions Ba + CH;1

and Ba + CD;1. The vibrational and rotational frequen-
cies of CH; and CDj are quite different. However, as
pointed out in section 3.3, the Bal distributions are
essentially the same. Unfortunately, this result does
not allew us to conclude much about the nature of

the methyl excitation. Only about 20% of the available
energy appears as Bal internal ex;citation. Hence, shifts
of the remaining 80% of the energy between Eyyc

and Ej, (methyl) are not ruled out.

The Ba + CH; 1 reaction seems to be rather unusual
in that more internal excitation appears in the “old
bonds™ of the methyl radical than in the “‘new bond”
of Bal. We are tempted to speculate on the cause of
this apparently large amount of product methyl exci-

“tation. However, such speculations are hampered at

the present time by the fact that the disposal of the.

-reaction energy is not firmly established. Additional

experimental work, such as product velocity analysis -
like that performed for K + CH3I {32] or measure-
ment of the angular distribution of Bal internal states
(see. for example, [37,38]), is needed so that the -
product recoil energy can be determined. In addition,
an estimate of the product Bal rotational energy is
also required. Nevertheless, trajectory studies, such as .

‘those of Bunker and Goring-Simpson [39] on

Rb + CH3i would be of interest to identify features

- of the potential surface which can cause substantml

methyl excitation: .
It would seem that the value of Elm(CH:,‘) requlres
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,substantlal repulsxon between the leavmg Bal product
and the “umbrella” of three methyl hydrogens about -
- the central carbon atom. A possible explanation for
" this behavior might be a late curve crossing between
- the covalent potential surface of Bal + CHy and the
‘ionic potennal surface of Bal* + CH3 in the exit val-
‘ley of the reaction surface: The ionization potential
* of Bal is thought to be less than that of Ba {40}, un-
like the case of IP(KI) compared to IP(K). On the
- other hand, the electron affinity of the methyl radical
-is positive and is thought to have the approximate val-
ue of 1.08 eV [41]. The structure of Bal* is very sim-
- ilar to that of Bal, as is seen from the fact that the ex-
cited states of Bal are all Rydberg states whose shape
.and internuclear spacing are almost the same as the
ground state. Indeed, this accounts for the dominance
~of the Av = 0 sequence in absorption and emission.
In contrast, there is a-very large geometry change be-
tween CH3 ‘and CH;. The CH3 anion is isoelectronic
to NH; and is expected to be pyramidal [42]. We then
- speculate that as BaI* + CHj switch to Bal + CHj the
“umbrella” of methyl hydrogens *‘snap open”, causing
alarge degree of internal excitation to appear in the
“‘old bonds™ of the CH, radical. It is inviting to con-
sider the possibility that the Ba + CH;1 reaction pro-
ceeds by a double electron jump, in analogy to the re-
action of K, -+ CH3lI [43], but it does not seem pru-
dent to continue this line of reasoning here without
more experimental evidence.

4.2 Ba+CH,I,

The analogy with alkali reactions is also convenient
for a discussion of the Ba + CH, 1, reaction. The reac-

tions K + CH, 1, and Cs + CH,I; have been studied by

_crossed beams by Entemann at thermal energies and
K + CH,I, with initial kinetic energies of 5—6 kcal/ -
mole by-Lin, Mascord and Grice, who used a super-
-sonic potassium atom beam [11]. The reaction dynam-

‘ics appear to be quite similar to the alkali—I, reactions,

in which the alkali iodide is scattered predominantly
in'the forward direction with only a small amount of.
the reaction'energy converted into product recoil t

o P:oduct velocxty analysis of these reactions [44] shows that,
Clom ‘the average; only’ ‘about 12 and 6% of the available
- energy-appear as product, recml for K + CHz[g and
Cs# CHZIZ, respecnvely. - :
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" These stripping-type reactions are characterized by a

large value of R, the covalent-ionic curve crossing -
radius, which results from the substantial electron af-

* finity of L. Hence, this suggests that CH,I, hasa

more positive vertical electron affinity than CH,1, in
agreement with the trends from thermal electron at-
tachment studies [45], and that this significantly al-
ters the dynamics of the Ba + CH—,IZ reaction as com-
pared to Ba + CH; 1.

As indicated by fig. 4, the average product Bal vi-
brational energy for Ba + CH, I, is about twice as
large as that for Ba +'CH; 1. This increase is in accord
with the expected transition from rebound toward

. stripping dynamics. Moreover, it is clear from these

inverted distributions that the dynamics involve direct
collisions. ~ '

An additional complication for the CH,I, reaction
arises because of the divalence of Ba. The formation
of Bal, is an allowed reaction pathway. This feature
causes an ambiguity in the analysis of the mass spec-
trometric crossed-beam study of Lin et al. [10] since
the observed Bal* signal could arise from either Bal
or Bal, products or both. If one assumes that only
Bal product is formed, then Lin et al. show that the
Bal* angular distribution is consistent with a product
recoil energy of 1 kcal/mole or less. In this case, the
kinematics are not nearly as unfavorable as for the
CH ! reaction since the products (Bal and CH,1) dif-
fer only by a factor of 2 in mass. If on the other
hand, formation of Bal, were the only significant
pathway, then {Ey, =~ 25 keal/mole. Lin et al. sug-
gest that Bal, product is predominantly observed in
their experiment since a recoil energy of only 1 kcal/
mole seems very unlikely for a reaction with over
50 kcal/mole exoergicity. The present results show,
however, that the formation of Bal product is an im-
portant reaction pathway.

Perhaps the most plausible explanation of the
crossed-beam results is that Bal, product was indeed
the only product observed since the kinematics would
strongly discriminate against mass spectrometric ob-
servation of Bal because of its very large center-of-mass
recoil velocity compared to that for Bal, [46]. This

. difference would cause Bal, to be closer to the detec-
~ tor scan plane (which is the plane of the incident beams).

Whatever the interpretation is for these crossed-
beam results, the present experiment indicates that of

- . _ the total available energy (56 kcal/mole) for the path-
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way Ba + CHyI, — Bal + CH, 1, about 40 keal/mole
appears as CH,] internal excitation, telative product
translational energy, and also perhaps Bal rotational
excitation. It seems likely that a significant fraction

of this energy would appear as CH,I excitation, as
much as or more than CHj excitation in the Ba + CH;1
reaction. Thus it again appears that more internal ex-
citation may be in the *“‘old bonds™ of the iodomethyl
radical than in the “new bond” of the barium mono-
iodide radical.

The small amount of energy that appears as Bal vi-
brational excitation differentiates the Ba + CH, [, re-
action from a typical stripping reaction, such as
K + Bry. From measurements of the velocity distribu-
tion [47,48] and rotational excitation [49] of the
KBr product, the KBr vibrational energy £y, (KBr)
peaks at about 43 kcal/mole, out of a total reaction
energy of about 45 kcal/mole. Indeed, as early diffu-
sion flame studies [2] and later molecular beam ex-
periments [50] showed, there is sufficient vibrational
energy to excite alkali atoms electronically by a chem-
ical exchange process, KBrt + Na - K* + NaBr.

In contrast, the product Bal vibrational energy for
Ba + CH,I, amounts to only ~29% of the available
energy and the supposedly indifferent CH,Y spectator
is likely in fact to be highly internally excited. Clearly,
simple stripping dynamics do not apply here. However,
it is unclear to what extent the difference is caused by
a change in the curve crossing radius or by the compli-
cating features pertaining to the divalence of Ba. The
latter could manifest itself in two ways. First, the de-
parting Bal radical may, in some cases, tug on the re-
maining I atom of the CH,I radical. Secondly, there
may be once again a late curve crossing in the exit
channel between Bal* + CHI~ and Bal + CH,I,
causing the CH,I to become internally excited as the
Bal radical departs. The geometry change between
CH, I~ and CH;1 would be expected to cause rotation-
al as well as vibrational excitation of the CH,I product,
since the monoha]omethyl radical is thought to be
nearly planar ¥.

¥ There is an interesting correlation with the photodissociation

dynamics of CHj [5. Once again an n— «* transition causes
the molecule to dissociate [51]. Photofragment spectros-
copy [52] shows that about 90% of the available enezgy ap-~
pears as internal excitation of the CH,1 fragment, consider-
ably more than for the photodissociation of CH31, and of
‘this energy approximately 40% goes into rotational excita- .
tion of the CH,lL. .

4.3. Comparison with other Ba + RX reactions

It would appear that two general features of the re-
actions of Ba with organic halides studied thus far as
well as with the hydrogen halides [16,53]} are: (1) the
formation of strongly inverted bell-shaped vibrational
population distributions of the BaX product; and (2)
the relatively small fraction of the total reaction energy
that appears as excitation of the newly formed BaX"
bond. Just as in the case with the hydrogen halides, it
should be emphasized that a-plct of the surprisal [54]
for the BaX vibrational distribution is not linear, but
shows marked curvature for this'class of reactions in-
volving covalent-ionic curve crossings ¥, However, the
second feature concerning the preference for energy
disposal into “old bonds™ is not true for alt Ba + RX
reactions. As recently shown by Schultz, Schmidt, and
Siegel [56], about 75% of the available encrgy appears
as BaCl vibration in the Ba + CCl, reaction, although
here once again the BaCl vibrational distribution is
strongly inverted and bell-shaped. A partial explana-
tion for this behavior may be that the structure of
CCl, is pyramidal [57, 58] so that an ionic-covalent
crossing of BaCl* + CCl3 and BaCl + CCl3 does not
strongly excite the CCly radical. It seems then that a
comparative study of alkaline earth and RX reactions
will be a fruitful area for future work. We may look
forward to a better understanding of the dynamics of
the present reactions as future experiments reveal sys-
tematic trends and determine more precisely the dis-
posal of the total reaction energy.
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* Levine [55] has asserted that the vibrational surprisal plot
for Ba + HCl may be made linear by e_xp]icitly including the .
constraint that the fractional conversion of energy into pro—
duct vibration fv is small. However, we do not understand -
why such a constraint should be applied since linearity is not
2 necessary characteristic of the mformat;on-thveorem. approa_ch.r
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' ‘Appemhx Molecular constants of the Bal C—X hand
,system .

: Even though the band spectrum of Bal was ob\erved
' many years ago by Olmsted [59] and Walters and
Barratt [60], only recently has it been possible to de-

rive ¥ibrational constants from band head measurements.

Mesnage 18] was able to observe in the green 20
bands in two separate sequences with a doublet
spacing of 755 cm~!. Barrow, in the spectroscopic

compilation edited by Rosen [61], reports unpublished

analyses by Morgan and Barrow for the C 2n—x 23+
system in the green and for the ultraviolet
D22*-X23* and E22+--X 25* systems. However,
the highest vibrational level observed in these studies
was v” & 13 [62], so that extrapolation to the v" = 50
level, which was observed in the present experiment,
cannot be made with confidence. More recently, Patel
and Shah [19] have investigated these systems in emis-
sion, Patel {20] has kindly previded us with individual
band head measurements. For the C—=X system, in par-
ticular, some 285 band head wavelengths, with v” as
high as 60, have been measured and vibrational assign-
ments made.

We have performed a linear least squares fit to -
Patel’s C—X band head measurements to obtain vibra-
tional constants for both the ground and excited states.
We find that it is necessary to include only the leading
anharmonic correction to the vibrational spacings in

“both states, i.e., G(U) = w (U + 5w x v+ 1), in
order to reproduce the experimental frequency to bet-

“ter than 1 cm—! in most cases. As before when we es-

timated BaX molecular cdnstants in our Ba + HX stu-
dy [16], we force w,, and x|, to be the same in
both the 2115, and in 1,5 sublevels by allowing a lin-
-ear variation with (v + L) in the C211 spm—orbxt cou-
pling constant 4,, i.e., 4, = Ay +a. (v +3). The vibra-
tional constants found in thls manner are listed in
table 3, where 7' is'the common band origin.

- The Bal vibrational constants we previously deter-
mine'd_[l_'6]. in a similar mannér can be seen to differ
significantly from the present values. In that stugdy,

we did not have available extensive spectral measure
‘ments of the C—X system. lherefore we used the data
of Reddy and Rao [63]. for the D—X system to ob-

‘tain ground state constants and then employed the da-

ta of Mesnage [18] for the C-X Av=0 sequences to -

get exc:ted state parameters However companson of ',”

Table 3 :
Spectroscoplc constzmts (m cm"l) for the BaI C 2I! X 22+
system 3)

x2st o Wy 152.2999)
' T taeXe ©0.270297@) -
Ccn TS 18 191.2(33)
A 150.049(8)
weXe 0.274821(3)
Ae 754.93(5)
ae ' 0.20735(9) .

a)} The band head wavenumber of the (v',v") band in the
Cc 2I?!‘Q—X 27 subsystem is given by

p 1 s d
v=Te+ [Ae+taelt' + AT + wel' +3)
. 3 1.2 " .n uya 1
—wgXp (¥ +3)" —wply” + D+ wexple” + Hro

The numbers in parentheses are 1g of the fit in units of the
last quoted digit.

the measurements of Reddy and Rao with the more
extensive work of Patel shows that the former work is
in error. The spectral dispersion used by Reddy and
Rao was very low, and hence many individual bands
in a sequence were not resolved. Moreover, the Tesults
of Patel substantially agree with those reported by
Rosen [61] for the Bal C—X, D—X, and E—X systems
as wall as those communicated to us by Barrow [62].
The changes in the Bal molecular constants from those
reported in our Ba + HX study do not significantly af-
fect any of the conclusions reached in that paper.
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