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Under single-collision beam-gas scattering conditions the Ba + CF31 ..... Bal + CF3 reaction has 
been studied using laser induced fluorescence to detect the Bal X 21: + product. The resulting 
Bal C 2n_x 21: + excitation spectrum has a complex appearance owing to the similarity of the 
upper and lower state rotational constants, causing a reversal in band shading, and owing to a 
predissociation in the upper state, causing a break off in the fluorescence of high vibrational 
levels in each spin-orbit subband. From the predissociation onset an upper bound of 78.5 ± 0.5 
kca1Jmol is placed on the Bal bond energy. The vibrational population distribution is shown to 
be bell shaped, peaking near v" = 50, and accounts for most of the available energy. The 
average energy appearing in Bal rotation decreases with increasing Bal vibrational excitation. 
The Bal rotational distribution has a width comparable to that of the vibrational distribution. 

I. INTRODUCTION 

Among the earliest crossed molecular beam studies of 
chemical reactions are those involving an alkali atom (typi
cally K or Rb) with an alkyl iodide molecule (CH31 or 
CF 31). These investigations demonstrated that the alkali io
dide product recoiled predominantly backwards with re
spect to the alkali atom direction (in the center of mass 
frame) caused by considerable repulsive energy release dur
ing the reactive encounter. 1.2 These reactions are referred to 
as "impulsive" and are interpreted in the DIPR-DIP (direct 
interaction-product repulsion-dissociation as in photodisso
ciation) model3,4 as resulting in Gaussian-shaped recoil en
ergy distributions.5 Interest in this class of reactions has been 
futher heightened by the ability to orient the CH31 or CF31 
reagent and hence to explore the influence of approach ge
ometry on the subsequent dynamics.6-8 Such studies have 
shown a strong preference for reaction at the iodine end of 
the alkyl iodide reagent. The alkaline earth analogs of this 
class of reactions, typically those involving Ba, have also 
received much attention. Lin, Mims, and Herm9 (LMH) 
studied product translational energy distributions and found 
similar trends as for the alkali atoms. To obtain complemen
tary information on the internal state distribution, Dagdi
gian, Cruse, and Zarelo used laser induced fluorescence 
(LIF) to detect the Bal product formed in the reactions 

Ba + CH31--+Bal + CH3 ( 1) 

and 

(2) 

They found that the Bal product vibrational distribution 
was inverted and approximately Gaussian in shape. 

An outstanding exception to the picture that emerges 
for alkali and alkaline earth atom reactions with the alkyl 
iodides is the system 

Ba + CF31--+Bal + CF3 (3) 

in which evidence has been put forward that the Bal product 
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is formed by two reaction pathways. In the crossed molecu
lar beam study of LMH,9 the Bal product angular distribu
tion shows two distinct peaks, suggesting the possibility of 
competing reaction channels. Unfortunately, alternative ex
planations involving microscopic branching could not be 
ruled out and the "bimodal" product distribution could have 
arisen as an artifact of the laboratory to center-of-mass 
transformation. In 1977, Smith, Whitehead, and Zare ll 

(SWZ) examined this reaction using LIF detection and re
ported a bimodal vibrational distribution of the Bal product 
having two inverted distributions, one peaking at high 
v(v-50), the other at low v(v-20). 

Polanyi and co-workers12
-

14 have addressed the issue of 
bimodal distributions in reaction dynamics and they have 
shown that certain reactions are capable of following differ
ent trajectories over the potential surface resulting in bimo
dal or multimodal distributions of product internal energy 
states. An example of such a reaction is found in the v,T,R 
distributions for the reaction 

Cl + HI--+HCl(v,T,R) + I. (4) 

In this reaction it was postulated that the bimodality in the 
product energy distribution was due to a geometrical effect 
in which attack at the H end of the HI resulted in high vibra
tional excitation while attack at the I end gave low vibration
al excitation. Analogous examples have been reported by 
Breckenridge et al. IS who found a clearly bimodal distribu
tion of MgH product rotation: 

Mg('P, ) + H 2 ..... MgH + H. (5) 

The authors postulated that the high N distribution results 
from Mg atom insertion while the low N distribution results 
from end-on attack. 

These considerations suggest the possibility of a rela
tionship between reagent approach geometry and the inter
nal state distribution, an area of active research. Interest
ingly, recent work by Munakata and Kasuyal6 on the 
bromine analog of reaction (3): 

Ba + CF3Br--+BaBr + CF3 (6) 

also found evidence in the BaBr LIF spectrum for a bimodal 
vibrational distribution. In the latter work, the "low v" mode 
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of the product energy is shown to increase with increasing 
reactant translational energy. 

Because of the importance of reaction (3) as a prototy
pical example of microscopic branching, and because ofthe 
experimental possibility of controlling the collision orienta
tion and determining the product vibration-rotation energy 
disposal, Bernstein and Wilcomb5 published in 1977 a de
tailed analysis and comparison of the experimental results. 
These authors made the important observation that for the 
three reactions: 

and 

K + CH31-KI + CH3, 

K + CF31-KI + CF3, 

(7) 

(8) 

(9) 

the total energy appearing as product translation was consis
tent with the DIPR-DIP type momentum transfer con
straint as discussed by Herschbach4 and others.3 In this 
model, the impulse delivered to the separating MX and CF3 
moities is governed by the energy release in the X- .. ·CF3 
bond-breaking step of the harpoon mechanism postulated to 
control these reactions. Crudely speaking, for a given 
amount of energy released in this step, heavier alkyl substi
tuents result in proportionally less translational energy re
lease. This energy appears as internal excitation, and in the 
reaction series: 

Ba + CH31-Bal + CH3, 

Ba + CH212-Bal + CH21, 

Ba + CHI3-Bal + CHI2, 

the Bal LIF spectra reveal bell-shaped vibrational distribu
tions peaking at v" = 15,40, and 62, respectively. 10.17 More
over, Bernstein and Wilcomb5 showed that the position and 
shape of the Bal vibrational distribution from Ba + CH31 
was consistent with the momentum transfer model where 
the Bal vibrational distribution is derived from the transla
tional distribution via energy balance. The conclusion of 
their paper is that the conservation of linear momentum con
trols the overall energy disposal in these reactions, and that 
with the exception of the Ba + CF31 reaction, this series of 
reactions is well-characterized both with respect to the vi
brational and translational energy disposal. 

Shortly after Bernstein and Wilcomb's5 study, we reexa
mined the evidence of SWZ for a bimodal vibrational distri
bution and concluded that uncontrolled saturation effects l8 

in LIF coupled with an undetected predissociation in the Bal 
C 2II3/2 state caused complexities in the spectrum which 
were misinterpreted as a bimodal vibrational distribution. 19 
In this paper, we present the detailed analysis of the LIF 
spectrum and show that the vibrational distribution is actu
ally bell shaped, in accord with other members of this reac
tion family. Based on higher resolution, we are also able to 
extract the gross form of the rotational distribution of the 
Bal product as a function of vibrational level. We suggest 
that the breadth in the rotational distribution is related to the 
breadth in the vibrational distribution assuming that the 
product recoil energy is constant. 

II. EXPERIMENTAL 

The results presented in this paper were all taken under 
so-called "beam-gas" conditions, where barium atoms from 
an effusive oven source are collimated into a beam and al
lowed to impinge on a low pressure (5x 10-4 Torr) ofCF31 
gas at room temperature. We estimate the average relative 
translational energy as 3 ± I kca1!mol. Metal atom ovens of 
four radically different designs and construction materials 
were used and found to give identical results over the range 
1000-1250 K.17 The overall intensity of the LIF spectra var
ied greatly, but the appearance of the spectra was un
changed. Excitation spectra were taken with a modified 
"folded cavity" oscillator in a nitrogen-pumped dye laser 
having a resolution of 0.1 cm - I, continuously tunable from 
5280 to 5700 A (Coumarin dye 540 A). At this resolution, 
all bandhead splittings (e.g., spin-rotation) were resolved, 
and their positions were measured by simultaneously re
cording an 12 excitation spectrum20 with the Bal spectrum. 
The LIF was collected with! /3 optics and imaged unfiltered 
onto a Centronic 9283 photomultiplier tube. The spectra of 
the off-diagonal sequences were taken in an optically satu
rated regime to enhance signal to noise, while spectra used 
for population analysis were confirmed to be linear in laser 
power and photomultiplier/gated-integrator response. 
Spectra were obtained using a PAR 162 boxcar averager. 
The CF31 reagent was obtained from PCR Research Chemi
cals, Inc., and subjected to freeze-pump-thaw cycles for pu
rification. It was found that no difference in the spectra en
sued when unpurified CF31 was used directly from the 
bottle. Barium metal was obtained from Alpha Products and 
stored under oil. The oil was removed just prior to loading 
the oven by washing with ether. 

III. RESULTS AND DISCUSSSION 

A. Analysis of the Bal C-X spectra 

As previously discussed, the excitation sp~trum used 
by Smith, Whitehead, and Zarell is displayed in Fig. I, along 
with the Bal vibrational population distribution extracted 
by these authors. In a short comment,I9 we have presented 
optical saturation data which showed that the "low v" fea
ture identified by SWZ was actually the 6.v = - 1 sequence 
of a high v distribution; therefore, the evidence for vibration
ally bimodality in reaction (3) must be dismissed. In this 
section, the peculiarities of the Bal vibrational spectroscopy 
which ultimately lead to this misassignment are discussed. 
In Fig. 2, an entire scan over the Bal C 2 n-X2l:+ band is 
presented where the region used by SWZ has been indicated 
by the dashed box. It is noteworthy that the detailed band
head structure of the two spin-orbit subbands for Bal formed 
by the Ba + CF31 reaction are drastically different. The vi
brational sequences in the C 2II I/2-X 2l: + subband are quite 
regular, with an even spacing between bandheads, although 
there is a strong vibrational dependence to the head intensi
ties for the two heads formed within each vibronic band. In 
the C 2II3/2-X 2l: + subband, however, which was used for 
population analysis by SWZ, the bandhead structure is com
plicated and involves a loss of head structure around v = 50. 
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FIG. 1. Excitation spectrum and vibrational distributions of the BaI prod
uct resulting from the reaction Ba + CF3I~BaI + CF3, as reported by 
Smith, Whitehead, and Zare (Ref. 11). In the upper trace, the structure on 
the red side of the main sequence was incorrectly identified as the ~v = 0 
sequence. This actually belongs to the ~v = - 1 sequence, consequently 
invalidating the bimodal distribution presented in the lower trace. 

/:;y~+2 

"Iit~ 
y' 65 60 55 50 

/:;y'O 

.'10 :,;tiiIW! 
~VVUVUV~PI~ISO 

,f I 
40 

I I I 1 

5510 5520 5530 5540 

5470 

iii j i Ii 
y' 55 

I I 

5550 5560 

6." =+1 

1 

50 

5570 

v' ""I" 60 

I t 

5580 5590X 

FIG. 2. BaI C 2n_x 21; + excitation spectrum obtained from the reaction 
Ba + CF3I~BaI + CF3 in this work. In this partially saturated spectrum, 
many ~v #0 sequences are evident for both subbands. The spectrum isolat
ed in the boxed area corresponds to the region analyzed by SWZ in Fig. 1. 

In the normal rotational structure of a 2 n -2~ transition, this 
rapid change of head structure in only one subband is atypi
cal. It will be shown that this behavior is caused by predisso
ciation of the n = 3/2 component ofthe Bal C 2n state. 

At the time the SWZ work was undertaken, an errone
ous value for the Bal bond dissociation energy, Dg (Bal) 
= 102 kcallmol, was accepted because the role ofBa metas

tables in the beam-gas chemiluminescence experiments21 

had not been uncovered.22 The more correct value of 
D g (Bal) = 74.6 ± 2 kcallmol was used by SWZ for evalua
tion of the reaction energetics, but these authors failed to 
appreciate how this value affects the stability of the BaI C 2n 
state. In particular, excitation of the liv = 0 sequence at 
v = 54 results in a total of approximately 75 kcallmol in the 
BaI molecule, very close to the dissociation energy to ground 
state atoms. The old D g (Bal) value of 102 kcal/mol would 
have implied that the C 2n state was still well below the 
energy of separated atoms at v = 54 and hence unable to 
interact with repulsive electronic states. The n = 1/2 sub
band, on the other hand, lies 740 cm -I below the n = 3/2 
state and can therefore support about six more vibrational 
levels before encountering these repUlsive states at v_69. 23 

In fact, we have investigated the onset of head-loss behavior 
for higher vibrational levels of the n = 1/2 state and find 
similar behavior to the n = 3/2 subband, this time at v-77 
(see Fig. 3). Once again, we see that the head structure is 
rapidly lost as the energy of the C 2n l/2 state nears the ener
gy of the separated atoms. 
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FIG. 3. BaI C 2n1/rx 21; + excitation spectrum obtained from the reaction 
Ba + CHI3~BaI + CHI2 • The v numbering for the ~v#O sequences is un
certain, as is the assignment at high v in the ~v = 0 sequence. Uncertain 
assignments are shown in parentheses. 
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Aside from the head structure of the c2nJ/2-x2~+ 
band, there is another interesting feature in the intensity pro
file. In all the vibrational sequences, vibrational levels in the 
range v = 67 ~o 72 are anomalously weak, where the excita
tion spectrum dips down and then increases in intensity 
above about v = 72. In the spectrum of both the n = 1/2 
and 3/2 components of the C 2n state, the bandheads grow 
closer together and finally the intensity drops precipitously 
at a specific v'. 

To investigate further this high v behavior, we have tak
en extensive excitation spectra of the C 2n3/2-X 2~ + system, 
with representative spectra shown in Fig. 4. These spectra 
were taken at a resolution of -0.1 cm- I

, where the rota
tional contours of the vibronic sequences are clearly visible. 
Recall that in the branch structure of a 2n_2~ + system, gen
erally three bandheads are formed-two which are closely 

2 • ., 
spaced and are separated by the ~ state spm-rotatlOn mter-
action energy [y(N + 1/2)], and one isolated head which is 
formed at about three times the rotational quantum number 
as that of the double head. 24 WhenB I >B", thelowJ double 
head is formed by the Q2 and P21 branch members while the 
high J single head is formed in the P2 branch. When B I < B " , 
the low J double head is in the Q21 and R2 branches while the 
high J single head is in the R21 branch. The heads forming 
the backbone of the n = 3/2 subband are clearly seen to be 
doublets and are in fact lost near v = 50 and reappear shaded 
in the opposite direction above v' = 54. This behavior where 
the bandhead reverses in shading is caused by the relative 
magnitudes of the upper and lower state rotational con
stants. When B I = B " , no head is formed in the absence of 
centrifugal distortion. In fact, much of the n = 3/2 spec
trum in the region of v' = 48-55 is characterized by vibra
tional-level dependent rotational structure. Figures 5(a) 
and 5 (b) present spectra of the flv = + 2 and flv = - 2 
sequences at a resolution of about 1.0 cm -I. Under high 
resolution (-0.1 cm -I) it is seen that both isolated and 
spin-rotation-split bandheads appear and that their relative 
intensity changes markedly over a few vibrational levels. 
The brackets in Fig. 5 connect the low-J, spin-rotation split 
head with its corresponding high-J, isolated head. The se
quences have a complex appearance because both the rota
tional distributions and the rotational band structure change 
rapidly with vibration. 

The detailed explanation of the BaI C 2n_x 2~ + head 
structure was not possible at the time of our first report l9 of 
the Ba + CF31 reaction since there were no rotationally re
solved spectra available nor were spectroscopic constants 

2 2 + 
C n3/2- x l: 

Llv~O 

5310 

FIG. 4. Excitation spectrum of the Bal C 2n3/2-X 2l; + ~v = 0 sequence 
band from the reaction Ba + CF31-+Bal + CF3 • The resolution is about 0.1 
em-I. 
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FIG. 5. Excitation spectra of the BaI C 2n3/2-X

2l;+ (a) ~v = - 2 and (b) 
~v = + 2 sequences, for the reaction Ba + CF3I--BaI + CF3. A schemat
ic Fortrat diagram is inset in the top trace to indicate the assignment of the 
heads for the (51, 53) band. The brackets connect the heads assigned to the 
same vibronic band. 

available for any of the BaI electronic states. This situation 
was improved when we analyzed the C-X (0,0) band using 
molecular beam techniques together with optical-optical 
double resonance.23,25 From these studies, we now have a 
complete set of rotational constants for the C and X vibra
tionless levels on which to build the bandhead analysis of the 
higher vibronic transitions. In this analysis, we have fixed 
the known spin-rotation splitting for the X state and lambda 
doubling for the C state at their v = 0 values. The constants 
B " and D " were allowed to vary with vibration. The vibra
tional dependence was modeled assuming a Morse potential 
for the X 2~ + state. The B I and D I constants were deter
mined from the measured bandhead splittings in the flv = 0 
and flv = - 1 sequences. These splittings are shown in Fig. 
6 by brackets connecting the heads corresponding to a parti
cular vibronic band. A minimum of two vibronic sequence 
bands are required for this analysis to obtain B I and D I 

uniquely. Table I presents a listing of the bandhead positions 
used in this analysis as well as for the n = 3/2 bands. 

The results ofthese fits are given in Fig. 7, which shows 
the vibrational dependence of the B I value for each C state 
component. This figure actually summarizes a great deal of 
information about the appearance of the BaI C-X spectrum 
since the relative disposition of the upper and lower state B 
constants determines the shading and splitting for all (v' ,v" ) 
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FIG. 6. Excitation spectrum of the Bal C 2n l/2-X 2I,+ 4V = 0, - I, - 2, 
and - 3 sequences for the reaction Ba + CF31-+Bal + CF3. A schematic 
Fortrat diagram is inset to indicate the head assignment for the (52, 53) 
band. The brackets connect heads assigned to the same vibronic band. 

TABLE I. Bandhead positions (em-I) for the Bal C 2n_X2I,+ system. 

C 2n l/2-X 2I,+ 4v = 0 sequence 
v' PI2 QI2 PI 

3S IS 013.S3 IS 014.35 
39 IS019.15 IS 019.76 
40 IS 024.5S IS 025.06 
41 IS 016.76 IS 029.S6 IS 030.41 
42 IS 022.1S IS035.15 IS 035.75 
43 IS 027.65 IS 040.50 IS 041.02 
44 IS 045.S9 IS 046.24 
45 IS 03S.42 IS 051.09 IS 051.54 
46 IS 043.79 IS 056.25 IS 056.76 
47 IS 049.10 
4S IS 054.4S IS 066.63 
49 IS 071.89 IS 072.32 
50 IS p65.05 IS 077.02 IS 077.59 
51 IS 070.62 IS OS2.11 IS OS2.54 
52 IS 075.42 IS OS7.24 IS OS7.69 
53 IS OSO.3S IS 092.2S IS 092.64 
54 IS OS5.36 IS 097.34 IS 097.71 
55 IS 102.17 IS 102.76 
56 IS 107.37 IS 107.79 
57 IS 112.36 IS 112.71 
5S IS 117.29 IS 117.71 
59 IS 122.27 IS 122.74 
60 IS 127.00 IS 127.47 
61 IS 131.92 IS 132.37 
62 IS 136.71 IS 137.0S 

C 2nl/2-X'2I,+ 4V = - 1 sequence 
v· P12 QI2 PI 

46 17924.91 17924.91 
47 17922.19 17930.74 17 930.74 
4S 17927.S5 17936.20 17936.52 
49 17933.51 17 941.86 17942.07 
50 17939.18 17947.40 17947.66 
51 17944.S1 17953.02 17953.21 
52 17 950.39 1795S.50 1795S.76 
53 17956.05 17963.96 17964.21 
54 17961.60 17969.55 17969.S0 
55 17967.22 17974.94 17975.25 
56 17972.63 179S0.41 179S0.59 
57 17978.12 17985.77 17985.94 
58 17983.68 17991.24 17991.45 
59 179S9.08 17996.62 17996.82 
60 17994.41 IS 001.97 IS 002.40 
61 17998.S7 IS 007.33 18OO7.4S 
62 18012.62 IS 012.S1 
63 IS 017.84 1801S.08 
64 IS 023.00 18023.18 
65 18028.18 IS 02S.36 

TABLE I. (continued). 

v· 

45 
46 
47 
4S 
49 
50 
51 
52 
53 
54 
55 
56 

v· 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
5S 

v' 

40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

IS 553.60 
IS 559.68 
IS 565.62 
IS 571.51 
IS 577.37 
IS 5S2.92 
IS 5SS.34 
IS 593.53 

IS 7S7.52 
IS 793.03 
IS 79S.32 
IS S03.61 
IS SOS.9S 
IS S13.92 
IS S19.0S 
IS S24.01 
IS S2S.77 

IS S65.46 
IS S6S.27 
IS S71.12 
IS S73.49 
IS S75.42 

4V = - 2 sequence 
P21 + Q2 

18554.44 
IS 560.22 
IS 566.48 
IS 572.39 
IS 578.51 
IS 584.32 
IS 590.13 
18595.72 
IS 601.72 
IS 606.53 
IS 611.60 
IS 616.24 
IS 620.17 

4V = 0 sequence 
Q2 

IS S04.0S 
IS S09.45 
IS S14.36 
IS S19.57 
IS S24.47 
IS S29.26 

c2n3/2-X2I,+ 4V = 2 sequence 
Q21 R2 R21 

19056.35 19056.59 19094.47 
19090.36 19090.5S 19097.75 
19094.20 19094.40 19101.21 
19097.S9 1909S.14 19 104.53 
19101.79 19102.01 19107.92 
19105.56 19105.S0 19 110.94 
191OS.9S 19 113.S3 
19112.21 19 116.63 
19115.14 19119.21 
19117.SS 19121.53 
19 119.97 
19124.05 

bands as well as indicates whether a head exists or not for a 
given (V',V") sequence member. As an example, the crossing 
of the B I and B " curves at approximately v" = 15 has not 
been recognized previously. It is now apparent that both 
subbands will have a headless region around v = 15 in the 
av = 0 sequence, with heads degraded to the red below 
v = 15 and to the blue above v = 15. This fact implies that 
previous vibrational assignments are actually incorrect since 
a simple counting of the "bumps" through the headless re
gion results in skipping over vibrational levels. In the BaI 
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FIG. 7. Vibrational dependence of the X and C state rotational constants 
obtained from fits to head splittings. Dashed lines indicate interpolated re
gions. 

C-X system, the spacing between the heads in the av = 0 
sequences is nearly the same as the displacement of the head 
from the vibronic origin. Hence, previous assignments above 
v = 15 in the av = 0 sequence must be increased by two vi
brational quanta. This counting correction also applies to 
the head reversal in the n = 3/2 subband near v' = 52. High 
resolution spectroscopy was required to establish even the 
vibrational numbering for the C-Xband system in this mole
cule. Interestingly, SWZ reexamined the BaI av = 0 excita
tion spectrum for the Ba + CH3I reaction and argued for a 
possible bimodality in the vibrational distribution, where 
levels v" = 0-40 are populated. The "bimodal" feature in 
this spectrum coincides with the vibrational levels around 
v = 24--those levels where the heads are just reforming ac
cording to Fig. 7. Therefore this vibrational product distri
bution is also likely bell shaped. In this regard, it is important 
to bear in mind the subtleties of the underlying rotational 
structure of the vibrational spectra even if only a crude dis
tribution of product vibrational energy is desired. 

B. Evidence for predissociation in the Bal estate 

We summarize here the evidence for identification of a 
perturbation in the C 2[J state as a predissociation rather 
than a simple formation of a vibrational head of heads. 24 In 
Fig. 8 the rotational constant and vibrational origin spacing 
of the C state spin-orbit components are shown as a function 
of vibrational level. In both R(v) and aG(v) plots, a sharp 
drop-off occurs at approximately v = 50, as expected when a 
potential curve is distorting rapidly at the outer wall. The 
observed spread of v over which this drop-off occurs is, how
ever, quite wide (about eight vibrational levels ) indicating 
that the matrix element for the interaction must be large 
(200-500 cm -I). Also, note that the nature of the perturba
tion is such that the n = 3/2 and n = 1/2 states are not 
equally perturbed. This indicates that an = 0 crossings are 
favored, possibly implying a Hund's case (c) coupling for 
these states at large internuclear distances. Note that the 
distortion of the potential in the n = 3/2 state accounts for 
the rapidly increasing Franck-Condon factor for the av of 0 
sequences with increasing vibration, and that the Ba + CF3I 
reaction produces a high level of vibrational excitation. The 
rapid change in the aG(v) vs v plot for the n = 3/2 compo-
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FIG. 8. (a) Vibrational dependence of the vibrational spacing l:l.G(v) 
= E(v + 1) - E(v) for the n = 112 and 3/2 components of the BaI C 2

" 

state. (b) Vibrational dependence of the effective rotational constants for 
the n = 112 and 3/2 components of the BaI C 2" state. 

nent accounts for the compressed appearance of the heads at 
high v in the n = 3/2 subband (see Fig. 2). 

It remains to be determined whether the sharp falloff in 
the av = 0 spectrum at v = 62 arises because of a vibrational 
head of heads or because of predissociation. To settle this 
point, we obtained BaI excitation spectra from the Ba 
+ CHI3 -+ BaI + CHI2 reaction which creates an even more 

highly excited vibrational distribution, v" = 50 to 80 (see 
Fig. 3). Spectra of the av = + 2 and av = 0 sequences of 
the n = 3/2 subband are presented in Fig. 9, which show no 
additional features arising from higher vibrational levels. 
Consequently we conclude that the drastic drop in fluores
cence intensity results from a predissociation of the C 2[J 

state at v - 62 in the n = 3/2 component and at v - 78 in the 
n = 1/2 component (see Fig. 3). 

Inspection of Fig. 3 shows a dip in the fluorescence in
tensity near v';::: 70 in the n = 1/2 subband for the 
av = 0,1,2 sequences. This occurs at the same region where 
the n = 3/2 component is completely predissociated. It is 
interesting to speculate that this effect may arise from inter
action with the same repulsive states. If indeed the n = 3/2 
and 1/2 components share a common perturber, then this 
suggests the perturbation is a repulsive 2[J state with an in-
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!!..v=+2 

6v=0 

~ 
5310 5300 5394 A 

FIG. 9. Excitation spectra of the BaI C 2II3/2-X 2l; + !!..v = 0 and!!"v = + 2 
sequences from the reaction Ba + CHI)-.BaI + CHI2• 

verted spin-orbit ordering similar in magnitude to the spin
orbit splitting in the estate. 

The presence of the predissociation in the C state sets an 
upper bound on the Dg (Bal) bond energy of 78.5 ± 0.5 
kcaVmol, which is somewhat higher than presently accept
ed values (-73 kcal/mol) .22

,26 This bound is based on the 
onset of the predissociation in the C 2n3/ 2 component after 
the (62, 62) band at 18 881 cm -1 using the ground state 
vibrational constants from Ref. 10. The error estimate is 
based on the uncertainty in numbering of the last vibrational 
bandhead due to the irregular bandhead structure after 
v" = 58. Figure 10 presents a schematic set of potential 
curves indicating the likely shape of the C 2n state potential. 

V(R) 

Internuclear Distance R 

Ba(lS0) 

+ I(2P3/2) 

FIG. 10. Schematic potential curves for the BaI X and estates. 

C. Extraction of the Sal vibrational population 
distributions 

The vibrational population analysis is based on the 
av = 0 sequence, recorded in a regime in which the intensity 
varies linearly with laser power. The n = 1/2 subband is 
used for most v's since this component of the upper state is 
predissociated at v' levels not populated in the Ba + CF 31 
reaction. For the av = 0 sequence, the Franck-Condon fac
tor is assumed to be essentially unity. The presence of the 
Ba 1 P I_ISO resonance line obscures the av = 0 sequence near 
v' = 47. Consequently for v':S 45 the n = 3/2 subband is 
used. Because the relative intensities of the high J and low J 
heads vary with v, it is necessary to correct bandhead intensi
ties for changing rotational distributions. 

At a first glance (see Fig. 6) the av = - 2 sequence 
appears to be very simple and isolated. A more detailed anal
ysis shows, however, that the heads in this sequence result 
from a chance overlap of the bandheads among nearest vi
bronic members, so that this band is not suitable for popula
tion analysis. The av = + 1 sequence (see Fig. 2) does not 
form a head at the rotational levels generated in the reaction 
and the av = + 2 sequence forms well populated heads, but 
is badly overlapped by the av = - 4 sequence of the n = 3/ 
2 subband. The av = - 1 sequence of the n = 1/2 subband 
is suitable for population analysis, but the effect of the vibra
tion-dependent rotational bandhead structure is severe for 
this sequence (see Fig. 11) and had to be taken into account. 

Our strategy is to use the bandhead intensities in the 
av = 0 and av = - 1 sequences to establish the form of the 
rotational distributions and then to use these distributions to 
extract the vibrational distribution from the bandhead inten
sities in the av = 0 sequence. 

To determine the vibrational dependence of the rota
tional distribution, the intensities of the high-J and low-J 
heads were fit by a convolution program simulating the 
av = 0 and av = - 1 sequences for a given v" level. The 
rotational distribution was then adjusted to achieve reasona
ble agreement. The high-J head dominates the av = - 1 
spectrum for v" < 54, as shown in Fig. 11. A fit could be 
obtained with a Gaussian form for the J distribution: 

where FJ is the fraction of the total available energy appear
ing in rotation. The total energy available was taken as 
12000 cm- I

• The parameters Fv and o"v describe the vibra
tional dependence of the rotational distributions and were 
adjusted for each v. Fv and o"v were varied until the rota
tional distributions given by Eq. ( 10) give the observed ratio 
of bandhead intensities for the av = 0 and av = - 1 se
quences ofthe C 2nI/2-X

2l:+ subband. Two sequences are 
used in the fit since J values where the two main bandheads 
form in each vibronic band (i.e., in the Q12 + PI and P 12 
branches) vary strongly with vibrational sequence (see Ta
ble II). This procedure significantly constrains the form of 
the rotational distributions since four ranges of J are sam
pled from J = 140 to J = 370 using the two heads in two 
sequences. The values of Fv and o"v which reproduce the 
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2 2 + 
C fi1/2 - X I 

t::.v= -1 
P12--~I---------------------'I-------

51 52 v" 

17944.81 

v" = 57----=-n 
°12 ~ 

I 
58 

11983.68 

11950.39 cm-1 

I 
59 v" 

FIG. 11. Excitation spectra of the Bal C 2n 1/2-X 2:l: + ~v = - 1 sequence 
at a resolution of 0.1 cm -I displaying the relative intensities of the P12 

"high-J" head and the QI2 + PI "low-J" heads around v' = 50 and 
v' = 57. 

bandhead intensities are given by the following empirically 
determined formulas: 

Fv = 0.125 - 0.OO85(v - 50) (11 ) 

and 

O'v = 0.46 - 0.010 75v + 7.5 X 1O-5v2
• (12) 

Figure 12 displays the resulting rotational distributions 
for three vibrational levels, v" = 40, 50, and 60. It is seen that 
increasing vibrational excitation of the product is correlated 
with decreasing rotational excitation. It is also apparent that 

TABLE II. Vibrational sequence dependence of the rotational bandheads in 
the Bal C 2nI/2_X 2:l:+ subband (v' = 50). 

Vibrational 
Rotational branch sequence Jathead 

QIZ+PI 0 250 
PI2 0 370 
QI2 -1 140 
PI2 -1 280 

600 
J 

FIG. 12. Rotational distributions for the Bal X 2:l: + product obtained by 
fitting bandhead intensities for Bal C 2n_x 2:l: + from the reaction Ba 
+ CF3I-Bal + CF3• 

the width ofthe rotational distribution increases proportion
ally to the most probable J value. These rotational distribu
tions should be regarded as first-order estimates rather than 
a rigorous fit to contours. These distributions are introduced 
here primarily to correct the vibrational distributions for 
changes in the rotational distribution. In fact while the rota
tional distributions shown in Fig. 12 do reproduce the inten
sities of the bandheads, they systematically underestimate 
the population at low J, away from the heads. Consequently, 
we are hesitant to make firmer conclusions about the rota
tional energy disposal. In particular, we are unable to rule 
out more complex rotational distributions such as bimodal 
ones. 

The rotationally corrected vibrational distribution for 
the reaction Ba + CF31-Bal + CF3 is shown in Fig. 13. It 
has the expected bell-shaped appearance seen previously for 
reactions of barium with alkyl halides, except the reaction 
Ba + CF3Br. Naaman27 has suggested that this remaining 
anomaly might be caused by unrecognized CF3Br dimers in 
the seeded reactant beam used by Munakata and Kasuya. 16 

In Naaman's study of Ba + (CF3Ih, the Bal product is 
formed in much lower vibrational states than the reaction 
with monomer. Under our conditions (ambient low-pres
sure CF31 gas) the dimer concentration is negligible. Muna
kata and Kasuya have considered this possibility,28 and they 
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FIG. 13. Vibrational distribution for the BaI X 2:l:+ product produced in 
the reaction Ba + CF31-Bal + CF3• Open circles indicate data obtained 
from the C 2n I /2-X 2:l: + subband. Closed circles indicate data obtained 
from the c2n312-X2:l:+ subband. 
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argue against the presence of dimers based on mass spectro
metric identification of their beam species. 

In the light of these results, it is of interest to reexamine 
the circumstances that lead SWZ to conclude that the 
Ba + CF3I reaction yielded a BaI bimodal vibrational distri
bution. The Ba + CF3I reaction produces BaI with more 
vibrational excitation than had been previously seen in stud
ies of Ba + HI,29 and Ba + CH3I and CH2I2 •

1O Smith, 
Whitehead, and Zarel1 were thus faced with a much bigger 
contribution to the LIF spectrum from the av = - 1 se
quence than occurs for a distribution peaking just ten vibra
tionallevels lower (Le., from Ba + CH2I2 ). The av = - 1 
spectrum overlaps the region in which the low-v portion of 
the av = 0 sequence would appear as an isolated feature. 
This accounts for the misassignment by SWZ of the 
av = - 1 sequence as belonging to av = o. It is worth em
phasizing that in the present study the capability of resolving 
the spin-rotation doublet in the head structure was invalu
able in producing unambiguous sequence assignments. Be
cause the J values at which the bandheads occur are strongly 
dependent on vibrational sequence, even in highly congested 
regions of the spectrum, the sequence identity of a given 
bandhead feature is readily established. In this way, we can 
conclusively state that the flv = - 1 feature of both sub
bands are not contaminated by low-v members of the av = 0 
sequence. 

Figure 14 displays a typical region in the av = - 1 se
quence at the C 211 II2-X 2 I. + subband at a laser bandwidth 
of 0.1 cm - I. The heads corresponding to the av = 0 se
quence bands at low v are easily distinguishable from 
av = - 1 members at high v since the spin-rotation splitting 
is much more pronounced for the av = 0 bands. Additional
ly, the high-J heads are evident by their single-headed char
acter. These results confirm our earlier suggestion that this 
was the case, 19 in which we used optical saturation to probe 
relative Franck-Condon factors for the vibronic features 
and hence distinguish between av = 0 and av = - 1 se
quences. With the present understanding of the bandhead 
structure of the BaI e-Xband system, we can actually make 
a more powerful statement about possible low-v contribu
tions to the spectrum. An albeit unlikely suggestion may be 

P,.(ll.·O) ""-4"1 -------4,.-'2-------,-4'3 

P,(ll.'O) ---.-",---'ir-g ------4 ... '0-

O,.(ll.'O) ----... -'3.-'9------',(0-

P, (ll.· -1) ."'6'3 6'4 6'5 

O,.(ll.' -1) --"'-'---'6'-3 ------60-4---------.6'5 

FIG. 14. High resolution scan of the overlapping Av = 0 and Av = - 1 
sequences of the BaI c2nl/rX2l;+ subband from the reaction Ba + CF3I 
-Ba + CF3. The bandhead splittings uniquely identify the sequence as
signment of vibronic features. The Av = - 1 members are shaded so that 
they can be more readily distinguished from the Av = 0 members. 

forwarded the low-v BaI molecules are produced with a very 
high degree of rotational excitation. If we focus on the 
av = + 1 sequence of the n = 1/2 subband (see Fig. 2), we 
find that B' - B" for many v's around 25 (the "low-v 
mode"), so that bandheads will form at very high J. We find 
none of these heads populated and conclude that the BaI e
X spectrum yields no evidence for anything other than a 
single, bell-shaped distribution of vibrational energy from 
the reaction Ba + CF3I---+BaI + CF3. 

D. The Ba + CF31 reaction dynamiCS 

Until the BaI bond energy is more firmly established,30 
we are unable to make quantitative statements on the energy 
partitioning for this reaction. Nevertheless, it is clear that 
the available energy liE for product excitation is in the range 
24 < liE < 30 kcallmol. The peak in the vibrational distribu
tion corresponds to -19.9 kcallmol, indicating the BaI vi
brational excitation is the major channel for energy disposal. 

Note that the fits to the rotational distributions present
ed in Sec. III C required a total available energy of 34 kcall 
mol, indicating that a significant portion of the rotational 
energy must arise from the collision energy. At the most 
probable product vibration, v" = 50, the most probable J " 
value is about 270 (see Fig. 12) corresponding to a rotational 
energy of about 5 kcallmol. Based on the DIPR-DIP mod
el,3! the most probable translational energy is -5.7 ± 2.3 
kcallmol, which is comparable to the rotational energy. 
Hence the sum of the energy in product translation, BaI 
vibration and BaI rotation seems to account for nearly all 
available energy, suggesting that the CF3 product has little 
internal energy. Geometrical arguments support this infer
ence since the structure ofCF3 is pyramidal and the electron
jump reaction mechanism is not expected to exert a torque 
on the departing CF 3 fragment. 

Conservation of angular momentum implies that the 
BaI rotation arises from the orbital angular momentum of 
the reagents. Furthermore, the width of the rotational distri
bution (-5.4 kcallmol) closely matches the width of the 
vibrational distribution ( - 5.1 kcallmol). This last observa
tion, combined with a model32 in which the product recoil 
energy is assumed constant, suggests that the width of the 
BaI vibrational distribution may be a consequence of the 
dynamics of the Ba + CF3I reaction, i.e., the reaction prob
ability as a function of translational energy and impact pa
rameter. This picture should be contrasted with the model4,5 

where the width is assumed to mirror only the photodisso
ciation recoil distribution. IfBaI rotation plays an important 
role in determining the BaI vibrational distribution, then 
experiments with velocity selected reagents are necessary to 
elucidate more deeply the reaction dynamics. 
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