
J .  Phys. Chem. 1989, 93, 4723-4729 4123 

states higher in energy than 22+g, where obtained from the cal- 
culations of Bardsley et al." In the exit channel the IP  was that 
for Na  (5.139 eV)45 and the vertical EA for N a F  was 0.42 eV.4' 

The substantial number of curve crossings shown in Figure 10 
provide a possible rationale for a statistical outcome. If the speeds 
of approach to these intersections, v,  the changes in slopes of the 
pes at the intersections, AF, and the adiabatic splitting parameters, 
AE, were such that the probability of staying on an adiabatic curve, 
Psta,,, were comparable with the probability of hopping, Phop (= 
1 - PStPY), where4* 

then the presence of many regions of close approach between the 
pes could lead to a free flow of energy between the electronic 
degrees of freedom (Na*(i)) and the nuclear motion of the system 
(translation, rotation, and vibration). 
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(47) Jordan, K. D.; Seeger, R. Chem. Phys. Lett. 1978, 54, 320. 
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Processes in Gases; Clarendon Press: Oxford, 1974; p 107. 

The number of approaches that the X + M2 system can make 
to the crossing points between pes is limited by the overall lifetime 
of the XMz* intermediate. Even for the less exoergic reactions 
studied by molecular-beam scattering a truly long-lived complex 
(>1 ps) can be ruled out in view of the observation of pronounced 
backward-peaked scattering of alkali-metal halide p r o d ~ c t . ~  

On these grounds it appears reasonable to suppose that the 
outcome of these reactions is only marginally and approximately 
statistical and that either a reduction in the substantial averaging 
over reagent energies (eq 12a and 14) or a decreased lifetime of 
XMz* brought about by enhanced reagent collision energy could 
give rise to significant deviations from statistically in the distri- 
bution over product electronic states. 

The following paper in this series was designed to test this 
hypothesis. Significant deviation from a statistical outcome was 
indeed observed in this further study, though the qualitative trend 
toward decreased population in the states of increased electronic 
excitation continued to hold. 
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A crossed-molecular-beam study has been performed of the three-center reaction F + Na2 - NaF + Na(i). The relative 
cross sections for producing many of the electronic states of Na (states i ranging from 32P to 72P) have been measured at 
two collision energies, 4.7 and 12.8 kcal/mol. The cross sections decreased rapidly with increasing electronic excitation, 
the falloff being less steep at higher collision energy. The excitation function for populating the 32P state was measured 
and found to increase with increasing collision energy, suggesting the presence of a barrier to the production of this lowest 
electronically excited state. The barrier height for this pathway was 4.5 kcal/mol. The excitation functions for the 32D, 
5%, and 42D states could be inferred from the measured relative cross sections; they also increased with increasing collision 
energy. We have performed phase space and information theory calculations at the same level of approximation to obtain 
distributions over electronically excited states of the sodium reaction products and have compared these with the experimental 
results. Information theory predicts a much more rapid decrease in the cross sections with increasing electronic excitation 
than does the phase space theory. Comparing the experimental results with phase space theory, we find that, for enhanced 
reagent collision energy, the distribution of reaction product over electronically excited states is nonstatistical. In particular 
the first excited state (32P) is populated at a rate an order of magnitude greater than would be expected from statistical 
considerations. Higher states are formed in an approximately statistical distribution. The observed dynamical bias may 
originate in the fact that only the 3*P state can be accessed by an adiabatic pathway. 

Introduction agreement with the statistical outcome. This experiment was 

excited states of the product Na*(i) for the reaction having an average energy of approximately 3 kcal/mol. The 
question arose as to whether or not this apparent agreement with 
the statistical model could be a consequence of the substantial 
thermal averaging Over reagent energies. In the Present work we 
have suppressed this energy distribution through the use of SU- 
personic jets and have made the collision energy a variable. At 
increased collision energy the lifetime of the intermediate might 
be further reduced, thereby resulting in measurable deviations 
from the statistical distribution. 

In paper 2 of this series,' the branching into electronically performed with a near-thermal distribution of energy for reactants, 

( l )  
was studied by using a crossed-molecular-beam apparatus. In 
paper 2,' the relative intensities from N ~ *  product states were 
measured for the first time and found to be in approximate 
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states higher than the first excited state (32P) may be approxi- 
mately described as statistical. We have also performed a phase 
space calculation with a more accurate treatment of the rovib- 
rational states of the NaF product than was done previously and 
have compared the two statistical theories, phase space and in- 
formation theory, at the same level of approximation. 

Experimental Section 
Equipment. The experimental arrangement is shown in Figure 

1. The main vacuum chamber contained the reaction zone, the 
alkali-metal beam source, and the alkali-metal beam trap. It was 
pumped by an N.R.C. HS-32 32-in. diffusion pump backed by 
a Stokes 212H-10 rotary mechanical pump with a capacity of 150 
cfm. The fluorine beam source was produced in a separate 
chamber, pumped by a Stokes 150-9 16411. ring jet booster pump 
backed by an N.R.C. 100-S rotary mechanical pump with a 
capacity of 100 cfm. 

The Na beam source was a double-chamber oven arrangement 
described in detail elsewhere." The body of the oven contained 
a charge of approximately 10 mol of sodium metal. A thermo- 
couple well extended into this reservoir for the accurate mea- 
surement of the sodium temperature. The oven body was used 
in the temperature range 800-950 K. The nozzle section was kept 
50 K hotter than the body to prevent sodium metal from distilling 
into the nozzle section and clogging the 0.23-mm diameter orifice 
from which the beam emanated. The entire oven was surrounded 
by a double sheet of stainless steel foil and was inserted into a 
stainless steel can. This in turn was surrounded by a water-cooled 
copper can with an opening through which the Na beam emerged. 
A thin brass mask, thermally isolated from the cooled copper can, 
was positioned around the perimeter of this opening. It was heated 
radiatively to 500 K by the Na oven; this prevented the buildup 
of Na metal at the opening. Without this mask the condensed 
sodium metal blocked the beam after a few hours of operation. 

Further downstream along the Na beam was a liquid nitrogen 
cooled shield with a thermally isolated inverted conical opening 
(2.5-cm diameter; 8 cm from the nozzle) heated by thermo-coax 
wire to around 400 K to prevent clogging with solid sodium metal. 
Between this cone and the nozzle orifice was a solenoid-actuated 
flag, used to interrupt the sodium beam during measurement of 
the background radiation. After passing through the reaction zone, 
the sodium beam was condensed in a liquid nitrogen cooled can. 

The fluorine atoms were produced by thermal dissociation inside 
a nickel oven maintained at temperatures around 980 K. The oven 
consisted of a nickel tube 6 cm long and 0.5 cm in diameter 
clamped in water-cooled copper jaws. An electrical current of 
about 400 A at 4 V passed through the oven, heating it resistively. 
The temperature was measured by a thermocouple spot welded 
to the oven opposite the nozzle opening. The opening was a 
0.20-0.40-mm hole drilled into the side of the tube. The fluorine 
oven assembly was positioned in front of a nickel skimmer with 
an opening of 2.0 mm positioned 15 mm from the nozzle. The 
F atom beam then emerged into the main chamber. 

The reaction zone in the main chamber was some 6 cm 
downstream from the skimmer. The fluorine beam backing 
pressure was several hundred Torr of 5% F2 in either He or Ar. 
Before use of the beam at peak operating temperatures, it was 
necessary to passivate the oven against attack by fluorine. The 
technique is described in detail elsewhere" and follows a procedure 
suggested by Lee.12 

The reaction zone comprised a region approximately 1 by 2 
cm. The chemiluminescent radiation from a small central part 
of this zone was imaged onto the entrance slit of an Interactive 
Technology CT- 103 1 -m spectrometer and was dispersed by a 600 
lines/" grating blazed at 1.6 pm. All of the observed radiation 
lay in the range 450-900 nm, so that our experiments were 
performed in the second and third orders of the grating. We used 
slit widths of 1 mm corresponding to a reciprocal linear dispersion 
of - 15 A/". 
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I 
I 
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Figure 1. Experimental setup (see text); 0 1  is the fluorine oven, 0 2  is 
the sodium oven, and W is a Pyrex window. 

As discussed in the Introduction to paper 2, the statistical phase 
space theory of chemical reaction2+ has previously been applied 
to the X + M2 reaction systems studied by Herschbach and 
co-worker~.~-~ It was found that the population distributions in 
the electronically excited states of the alkali-metal product atoms 
were adequately described by phase space theory! Interestingly, 
this statistical outcome was not associated with the formation of 
a long-lived complex, since Herschbach's laboratory found that 
the alkali-metal halide product was backward scattered rather 
than symmetrically distributed. (A simple RRK calculation9 
indicates that a complex of three atoms with 4-5 kcal/mol of 
excess energy would only exist for 0.1 ps.) The large exothermicity 
of reaction 1 might be expected to give a shorter lifetime for the 
m a 2 *  intermediate and consequently give rise to deviations from 
the statistical results found for the other reactions. 

Faist and Levine'O have performed an information theory 
calculation that gave a better fit to the experimental data than 
did the phase space calculation. Since the phase space theory 
considered both energy and angular momentum conservation, while 
the information theory took account only of energy conservation, 
it was suggestedlO that the better fit using information theory 
resulted not from the theoretical approach but from a more precise 
treatment of the density of states. This implies that if the phase 
space calculation were to be redone with a more accurate ac- 
counting of the vibrational and rotational levels in the diatomic 
species, an equally good or better account of the experimentally 
determined population distributions of M* over electronically 
excited states would be obtained. This calculation was not per- 
formed at that date but will be presented here. 

Using a seeded supersonic beam of atomic and molecular 
fluorine crossed with a beam of sodium, we have measured the 
electronic distribution of Na* atoms at  two different collision 
energies: 4.7 and 12.8 kcal/mol. We have shown that the reaction 
F + Na2 - NaF + Na* is the major source of the observed 
chemiluminescence. At both collision energies the distribution 
over electronically excited states of Na* is shown to deviate from 
that predicted by statistical theories, though the distribution of 
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The dispersed radiation was focused onto a cooled Hamamatsu 
GaAs photomultiplier (Model R943-02) followed by a P.R.A. 
preamplifier and a P.R.A. amplifier/discriminator. An Apple 
11+ computer was used to count the pulses from the discriminator 
as well as to control the spectrometer and perform the data re- 
duction. Just above the entrance slit to the spectrometer a beam 
splitter directed about 4% of the incident radiation into a Ham- 
amatsu R928P multi-alkali-metal photomultiplier tube. This latter 
signal constituted the monitor channel. 

Sodium Beam Characteristics. The concentration of dimer 
molecules in the sodium vapor varied with pressure and tem- 
perature. As the temperature of the body section of the oven 
increased, the pressure in the nozzle chamber increased, this higher 
pressure produced a greater concentration of sodium and thence 
a larger mole fraction of dimers. On the other hand, as the 
temperature of the nozzle section was increased, the concentration 
of dimers decreased due to thermal dissociation. These two 
temperatures could be independently varied, and hence the dimer 
mole fraction could be controlled. Knowing the vapor pressure 
for sodiumI3 and its molecular constants,I4 we could-predict the 
sodium dimer mole fraction inside the oven by standard ther- 
modynamic~.’~ 

In the beam, an additional contribution to the concentration 
of sodium dimers resulted from condensation of sodium atoms 
in the supersonic expansion. This effect has been studied by Aerts 
et a1.I6 in the case of Naz. We have used their data to predict 
the most probable velocity and the concentration of dimers in our 
sodium beam. We calculated that our beam typically consisted 
of 1 4 %  sodium dimer molecules (depending on the conditions) 
of which 1O-50% originated from condensation. Herschbach and 
co-workers’ found that under similar conditions, their alkali dimers 
had velocity distributions corresponding to a Mach number of 
-10, Le., AvJv = 0.11. 

Fluorine Beam Characteristics. The conditions in the fluorine 
beam have been studied previously in this laboratory” under 
similar conditions. The beams were found to have a velocity 
distribution corresponding to a Mach number of 14 ( b / v  = 0.08) 
in the helium-seeded case and to a Mach number of 10 (Avlv  = 
0.1 1) in the argon-seeded case. The most probable velocities 
determined from that study were used in this work to determine 
the collision energy between the sodium and fluorine beams 
(Ar-seeded beam, EcoLL = 4.7 kcal/mol; He-seeded beam, ECOLL 
= 12.8 kcallmol). It was also found in the earlier study that the 
mole fraction of F atoms measured in the beam followed precisely 
that predicted by thermodynamic arguments, as for sodium. With 
this information it was straightforward to determine the density 
of F atoms and F2 molecules in the reaction zone. In these 
experiments, the percent dissociation of fluorine molecules was 
about 50%. 

Procedure. We have recorded, by photon counting, the in- 
tensities of each atomic line and subtracted from that the back- 
ground radiation, the latter being measured by setting the spec- 
trometer to a wavelength between spectral lines. In addition we 
recorded in a separate counting system the signal from the monitor 
channel, which measured the total chemiluminescence. This 
channel was used to correct for drift in the signal during the 
experiment due, for example, to changing reagent flow with time. 
Both channels were corrected for pulse pileup as follows. 

The random behavior of photons arriving at  the photodetector 
was assumed to be a Poisson distribution. Following the arrival 
of a photon, there is a dead time before the electronics can detect 
another photon. The probability that a photon will be missed‘* 
is given by 

(1 3) Nesmayanov, A. N.  Vapor Pressure of the Elements; Elsevier: Am- 
sterdam, 1963. 

Nostrand Reinhold: New York, 1979. 
(14) Huber, K. P.; Herzberg, G. Consranrs of Diatomic Molecules; Van 

(1 5 )  Pierce, F. E. Microscopic Thermodynamics; International Textbook 
Scranton, PA, 1968. 

(16) Aerts, F.; Hulsman, H.; Willems, P. Chem. Phys. 1982, 68, 233. 
(17) Hepburn, J. W. Ph.D. Thesis, University of Toronto, 1980. 
(18) Bevington, P. R. Data Reduction and Error Analysis for the Physical 

Sciences; McGraw-Hill: New York, 1969. 
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2 = 1 - exp(-t/r) 

where t is the dead time of the electronics, T = 1/P,  and P is the 
average count rate. We define a maximum count rate, F, which 
is the rate at  which the electronics could just count every pulse 
if they were uniformly distributed, instead of randomly distributed. 
This expression then gives us a relation between the actual count 
rate, P, and the measured count rate, R: 

R / F  = ( P / F )  exp(-P/F) ( 3 4  
This equation cannot be analytically inverted to give P. We have 
therefore rewritten it to read 

(3b) 
For a measured value of y (=R/F), we used a Newton-Raphson 

(N-R) routine to find the zero of the function G(x)  and thus the 
value of x ( = P / F )  that corresponds to the measured y .  For all 
values of RIF ,  the correct PIF could be found in less than six 
iterations of the N-R routine. The correct value for F was de- 
termined for each channel separately with a pulse generator. This 
procedure was tested and found to be accurate for count rates as 
high as twice those measured in the experiment. 

The rates for populating each state i cannot be directly extracted 
from the line intensity data an& then compared with the cross 
sections obtained from the statistical theories, since correction must 
be made for radiative cascading from the higher electronic states 
into the lower states. The intensity of a transition is related to 
the population in the upper state that gives rise to that transition 
by 

y = x h X  or y - xe-x = 0 = G ( x )  

Zi-j 

,-#I 
N(i) = ( 4 )  

where N(i) is the population per magnetic sublevel of state i, Ii-j 
is the intensity of the transition between states i and j, Ai,j is the 
Einstein A factor for that transition, and gi is the degeneracy of 
state i. 

This population arose from two sources, the reaction and ra- 
diative cascading. In a continuous-wave experiment such as ours, 
the population of each state maintained a steady-state value. 
Therefore, the rate for populating each state i and its decay rate 
were equal and given by 

RTOT(i) = N(i)/T(i) = R(i) 4- CguN(u)Au-i ( 5 )  
U 

where T(i) is the lifetime of state i and the summation extends 
over all upper states u of degeneracy g,, which are populated by 
the reaction and connected to state i with the stated A factor. The 
R(i)’s, i.e., the reactive rate constants, are the quantities of interest 
in this study. 

As the reagents are common to all final states i, the relative 
rates, R(i), simply correspond to the relative rate constants, k(i). 
For well-defined reagent energy, as in these experiments, we can 
report the relative rate constants, k(i), as a(i), the relative cross 
sections. The sum in eq 5, which is the radiative cascading 
contribution to the population of state i, needs to be determined 
and subtracted from the total measured rate RTOT. 

If the intensity of a transition is measured for each state 
populated by the reaction and if we know the A factorsIg for all 
of the transitions, the population for every state can be obtained. 
The cascading contribution can then be calculated exactly for each 
state and can be subtracted from the total rate to determine R(i). 
However, in our experiment, there were several states that could 
not be observed because of our limited spectral range. To estimate 
the cascading contribution to each total rate RToT(i), we assumed 
a complete set of reactive rates, R(i)’s. Using these to solve the 
set of eq 5, we obtained a complete set of populations that allowed 
us to calculate the cascading contribution for each state. The 
actual R(i) for each observed level was then determined by sub- 
tracting the estimated cascading contribution from the measured 
total rate. 

(19) Lindgllrd, V.; Nielsen, S. E. At. Data Nucl. Data Tables 1977, 19, 
534. 
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the highest levels where the signal is weakest, the signal-to-noise 
ratio was about 2.5. Figure 3 shows the experimental cross sections 
for populating each electronic level as a function of the electronic 
energy. The effect of radiative cascading has been taken into 
account, as explained in the Experimental Section. The arrows 
show the upper limit of energy available for each collision energy. 
We observe electronic states of Na up to these limits. ,The relative 
cross sections decrease with increasing electronic excitation by 
over 4 orders of magnitude. 

Kinetics Experiments. In this section we report the results of 
experiments designed to determine the kinetic behavior of processes 
giving rise to Na*. In addition to reaction 6, other reactions known 

-AH = 97.2 kcal/mol (6) 

to produce electronically excited sodium atoms include V-E 
(vibrational-to-electronic) energy transfer from vibrationally ex- 
cited NaFt formed in any one of reactions 7-9: 

-AH = 77.4 kcal/mol (7) 

-AH = 174.4 kcal/mol (8) 

-AH = 97.2 kcal/mol (9) 

F + Na, - NaF + Na* 

Na + F2 -+ Nat + F 

Na2 + F2 - 2 NaFt 

F + Naz - NaFt + Na 

all of which are followed by the V-E process 

NaFt + Na - NaF + Na* (10) 

Another reaction expected to form Na* directly’ is 

- ----- 
6- - a  
5-5-5 

4-4- 

3 

i 
Figure 2. Grotrian diagram for sodium. The energy scale is in units of 
electronvolts. The number beside each term level is the principal quan- 
tum number, n. The arrows connecting certain terms represent the 
transitions that were observed in these experiments. The two double- 
headed arrows represent the total exothermicity available at the two 
collision energies. 
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Figure 3. Plot of the logarithm of the relative cross sections as a function 
of electronic excitation. Filled squares are for the low collision energy 
experiment, open squares for the high collision energy. The two arrows 
on the horizontal axis correspond to the exothermic limit for the two 
collision energies. The two curves are scaled to show the increase in cross 
section with increased collision energy. 

By using simple statistical models for the initial R(i)’s, we found 
that the R(i)’s subsequently determined from the measured data 
were not significantly model dependent, since the correction for 
cascading was in general small. The correction was most pro- 
nounced for the % states, amounting to about 30% for the 5% 
and 62S states. The measured intensity for the 32P state had a 
10% contribution from cascading. We are therefore satisfied that 
the determination of our R(i)’s is not sufficiently model dependent 
to affect the conclusions of our study. 

Results and Discussion 
Experimental Distributions. The low collision energy exper- 

iment (4.7 kcal/mol) was energetic enough to excite up to the 
S2P state of the Na atom. At this collision energy four levels of 
the Na atom were observed: 32P, 32D, 52S, and 42D. All other 
transitions of the nine accessible states (see Figure 2) occurred 
outside of our spectral range. In contrast, the high collision energy 
experiment at  12.8 kcal/mol, which excited 20 levels up to the 
72P state, resulted in 10 states being observable, those seen at  the 
low collision energy plus 6,S, S2D, 62P, 72S, 62D, and 7,P. For 

Na2 + F2 - F + NaF + Na* -AH = 60.1 kcal/mol 
(11) 

Reaction 1 1  is only exothermic enough to produce sodium atoms 
in the 3,P state. Reaction 7 is just able to produce the 42S state 
in addition to 3,P, but 4?3 is not observable in this experiment. 
Reactions 8 and 9 are more exothermic and can populate still 
higher levels. 

If the process giving rise to our radiation is the result of reaction 
6, F + Naz, then the radiation should change linearly with the 
concentration of [F] and [Na2]. Reaction sequence (7) + (10) 
will follow [NaI2[F2] kinetics, sequence (8) + (10) [Na][Naz][Fz], 
sequence (9) + (10) [NaJ[Naz][F], and (11) will behave as 
[Na,] [F,]. It should, therefore, be possible to distinguish reaction 
6 from other possible sources of Na*. 

Two separate temperatures have been scanned in these kinetic 
studies, that of the sodium oven nozzle and that of the fluorine 
beam source. We have measured the intensity of various atomic 
lines as a function of these two temperatures. We calculated the 
flux of each component as a function of the temperature in 
question and compared the changing line intensity with this change 
in flux. In the following graphs, the lines represent theoretical 
calculations of the fluxes of stated atomic and molecular species, 
and the data points are the experimental determinations of the 
line intensities. 

The first experiment involved changing the Na nozzle tem- 
perature. These data are shown in Figure 4. The temperature 
of the F/F2 beam and that of the body of the sodium oven were 
held constant throughout the experiment. The Na nozzle tem- 
perature ranged from 830 to 990 K. Since the body temperature 
was unchanged, the pressure of sodium in the nozzle was constant, 
but as the temperature increased in the nozzle section the mole 
fraction of dimers decreased while that of the atomic species 
increased correspondingly. Since the initial mole fraction of dimer 
was small (C0.02) the fractional increase in the atomic mole 
fraction was minimal. The sodium beam flux decreased since it 
depended on temperature as A further term of came 
from the fact that the density of particles in the reaction zone 
decreased with increased particle velocity. Therefore, in addition 
to any change in signal resulting from a change in mole fraction, 
we expect the signal to decrease linearly with temperature as a 
result of the two terms mentioned above. 

This experiment can distinguish only between reactions that 
follow [NaI2, Le., sequence (7) + ( I O )  and the remainder. The 
three transitions shown in Figure 4 are those originating from the 
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Figure 4. Comparison between experiment and theoretically determined 
line intensities as a function of the sodium oven nozzle temperature. The 
data points are experimentally measured; circles for 32P, triangles for 
32D, and open squares for 42D. The lines are the theoretical expectations 
assuming the following kinetic behavior: the curves are for [NaI2 ki- 
netics, [Na] [Na2] kinetics, and [Na,] kinetics, as indicated. 

32P state (the D line), the 32D state, and the 42D state. It is evident 
that the intensities of these lines do not follow the [NaI2 depen- 
dence. Therefore, reaction 7 followed by reaction 10 is excluded 
as the source of this radiation. The experiment does not allow 
us to distinguish between [Na2] kinetics and [Na] [Na2], since 
[Na] changes so little. We discount the sequence (9) + (10) for 
the following reason. It involves the same reactants as the direct 
F + Na2 reaction 6, which is known to give rise to Na* chemi- 
luminescence, but in addition it requires a second collision to 
produce Na*. At the densities in these beams, - lo4 Torr, this 
secondary process will be much less probable than the single-step 
reaction 1. Assuming a reasonable set of reaction cross sections 
for these processes (reactions 6, 9 and 10) and lifetimes for the 
various species, we calculated a 100-fold greater signal from the 
direct process (6) than from the indirect process (9) + (10). We 
therefore discount the contribution of (9) and (10) and conclude 
that our signal depends directly upon the concentration of [Na2]. 

Figure 5 shows the results for the fluorine oven temperature 
scans. The electronic transitions shown originate from the 32D, 
52S, and 42D states. The intensity variation of these transitions 
follows closely the behavior expected for a process involving atomic 
F. This observation excludes reaction schemes (7)  + (10) and 
(8) + (10) and also reaction 11, thereby indicating that the signal 
we are observing originates from the reaction F + Na2. 

For this same kinetic experiment (variation of fluorine oven 
temperature), we observed that the D-line radiation, in contrast 
to emission originating in higher excited states, was not dependent 
only on [F]; at  low fluorine oven temperature, corresponding to 
negligible [ F], the D-line emission remained substantial. This 
was particularly marked in the low collision energy experiments. 
Results of further kinetic experiments reported elsewherem indicate 
that the source of the D-line radiation at  low fluorine oven tem- 
perature is the bimolecular reaction F2 + Na2, yielding directly 
Na*(32P) (Le., reaction 11). At the fluorine oven temperatures 
employed in the present study the dissociation of F2 was such that 
the fraction of D-line radiation resulting from this four-center 
reaction was 31% in the Ar-seeded beam experiment (low collision 
energy) and 16% in the high collision energy experiment. A 
proportionate correction was applied to the D-line intensity in 
arriving a t  the data reported here for reaction 6. 

Dissociation Energy of NaF. A major source of uncertainty 
in comparing theoretical results for the F + Na2 reaction with 
data obtained experimentally is the dissociation energy of NaF. 
A thermochemical determination of this bond energy2' gave a value 
of 114.2 kcal/mol. Ham22 found that reaction 8 yielded Na* in 

(20) Polanyi, J. C.; Thomas, D. F.; Visticot, J.-P. J.  Phys. Chem., following 
paper in this issue. 

(21) Brewer, L.; Brackett, E. Phys. Reu. 1961, 62, 425. 
(22) Ham, D. 0. J .  Chem. Phys. 1974, 60, 1802. 
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Figure 5. Comparison between experiment and theoretically determined 
line intensities as a function of the fluorine oven temperature. The data 
points are experimentally measured; circles are for the 3,D state, triangles 
for the 4,D state, and open squares are for the 5% state. The curves 
represent theoretical [F,] kinetics and [F] kinetics, as indicated. 

electronically excited states of sufficient energy to suggest a larger 
bond energy, 123 f 3 kcal/mol. It now appears more probable 
that these highest states derived their energy from the tail of the 
Boltzmann distribution of reagent collision energy. Recent ab 
initio c o m p ~ t a t i o n s ~ ~  have confirmed the thermodynamic mea- 
surement, leading to acceptance of the value 114.2 kcal/mol (-0.7 
kcal/mol, +1.5 kcal/mol; see also ref 1). As we shall show in 
the following section, the residual uncertainty in bond dissociation 
energy represents by far the largest error in comparing the yields 
of the highest electronic states of Na* with the statistical ex- 
pectation. 

Statistical Theories. The X + M2 family of reactions has 
previously been interpreted with considerable success in terms of 
statistical models. The first such calculation was by Pechukas, 
Light, and Rankk2  On the assumption that phase space theory3v4 
was applicable, they examined the plausibility of the direct 
mechanism (reaction 1) and the vibrational-to-electronic ener- 
gy-transfer mechanism (reactions 1-3 in the preceding paper) as 
a source of the 32P state of Na  in the reaction C1 + Na2. They 
found that the indirect process could occur to a significant extent 
but that the high quantum yields observed e~pe r imen ta l ly~~  re- 
quired that the direct process play an important role. This is in 
qualitative accord with crossed-molecular-beam findings.' The 
electronic-state distributions were first calculated from phase space 
theory by Krenos and Tully.8 

The phase space theory assumes the formation of an inter- 
mediate complex that dissociates with equal probability into all 
states accessible, under the constraints of conservation of total 
energy and angular momentum. By determining the volume of 
phase space occupied by the alternative outcomes, one obtains the 
relative cross sections for populating the various electronically 
excited states. Krenos and Tully applied this procedure to the 
reaction of K2 with various halogen atoms. They fitted their data 
to a simple power law: 

where u(i) is the cross section for populating electronic state i of 
the alkali atom, gi is its degeneracy, EToT is the total energy 
available to the products, and Ei is the electronic energy of state 
i above the ground electronic state. The quantity ETOT - Ei 
represents the total energy available for distribution over all de- 
grees of freedom other than the specified electronic excitation. 
The value of B was found to depend slightly upon the reaction 
partners and the assumptions made concerning the interaction. 
The average value of p was found to be 2.0. 

Subsequently, an information theory approach was advanced 
by Faist and Levine'O and applied to the same experimental data. 

(23) Langhoff, S. R.; Bauschlicher, C. W.; Partridge, H. J .  G e m .  Phys. 

(24) Polanyi, M. Atomic Reactions; Williams & Norgate: London, 1932. 
1986, 84, 1687. 
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Information theory, as applied to chemical reaction dynamics, 
makes a statistical assumption similar to that found in phase space 
theory, Le., that each accessible state has equal probability. An 
important difference between the two is that information theory 
incorporates conservation of energy but not conservation of angular 
momentum. 

In the paper by Faist and Levine, an analytical expression is 
given for the “prior” electronic-state distribution, treating the 
rovibrational levels of the diatomic species exactly. The relative 
cross sections, u(i), for populating each state i are then given by 
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where E,, is the energy of the rovibrational level ( u j ) ,  and the 
sums are over all rotational and vibrational levels accessible with 
the given energy. This distribution has been called the u j  prior. 
One can simplify this expression by assuming a rigid rotor for the 
rotational levels of the diatomic. By integration over these ro- 
tational levels, eq 13  becomes 

(14) u(i) a g i x ( E T O T  - E; - 
u 

This distribution is referred to as the RR-u distribution. Further 
simplification is possible by assuming an harmonic oscillator for 
the vibrational levels of the diatomic. Integration then leads to 
the RRHO distribution 

This equation has the same form as that for the phase space theory 
(see eq 12) except that the exponent has the value of 2.5 instead 
of 2.0. 

These prior distributions were used by Faist and Levine to 
measure the agreement between information theory and the ex- 
perimental distributions. The authors found that even their most 
approximate (the RRHO) prior distribution was in better 
agreement with the experimental results than was that obtained 
from the more rigorous phase space theory. Faist and Levine’O 
suggested that the reason for the difference was to be found not 
in the different theoretical approaches but instead in the precision 
with which the calculations had been performed in the two cases. 
They suggested that if a more exact treatment of the density of 
vibrational states were to be performed for phase space theory, 
as had been done for information theory, then the phase space 
data would agree with the information theory results. 

Accordingly, we have undertaken a comparison of phase space 
theory and information theory at the same more exact level of 
approximation. This will now be described. Since spectroscopic 
constants were not available for the high states of product vibration 
relevant to this highly exothermic process, we used the Rittner 
potential of Brumer and K a r p l ~ s ~ ~  to describe the NaF interaction. 
The vibrational levels were calculated by using a Numerov-Cooley 
procedure.26 Phase space theory and information theory were 
then compared in this same level of approximation by using the 
calculated rovibrational levels in each case. 

The phase space calculation required an estimate of the potential 
forces for all of the accessible levels. We followed Krenos and 
Tully8 in assuming that the interaction could be described by a 
single van der Waals c6 constant for each electronic level. These 
constants were obtained from the expression 

(16) 
where D(i) is the dispersion ~oefficient,~’ a(i) is the polarizability 
of the atom,,* and 6(i) is the diatomic dipole moment.25 

The results of these calculations of the relative cross sections 
for populating the various electronic states of Na from the reaction 
F + Na, were fitted to an equation of the form of (12) ,  and the 
exponent was determined. The energy argument was modified 
so as to be the fraction of the total energy that went into all degrees 
of freedom except electronic. This argument, called the reduced 

C,(i) = D(i) + a(i)  B(i)2 

(25) Brumer, P.; Karplus, M. J .  Chem. Phys. 1973, 58, 3903. 
( 2 6 )  Cooley, J. W .  Math. Comput. 1961, 15, 363. 
( 2 7 )  Salem, L.  Mol. Phys. 1960, 3, 441. 
(28 )  Schmieder, R. W.; Lurio, A,; Happer, W. Phys. Reo. A 1971,3, 1209. 
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Figure 6. Comparison between experiment and phase space statistical 
theory for the low collision energy (4.7 kcal/mol) experiment. The data 
are normalized to the 32P state (filled-in point). States of higher elec- 
tronic excitation lie to the left of this point. The solid line represents the 
phase space predictions for the system. The NaF bond dissociation 
energy, Doo(NaF), used here was the median value, 114.2 kcal/mol. 
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Figure 8. Same data as in Figure 7 but normalized to the 32D state 
(filled triangle). The data at the left representing states of electronic 
excitation higher than the 32P state tend to follow the phase space pre- 
dictions, but the 32P state has an observed cross section >IO-fold that 
predicted statistically. The dashed line gives the information theory 
prediction. 

energy, Erd = (ETOT - Ei)/EToT, is used in its logarithmic form 
in Figures 6-8. 

as has been explained, did 
not involve the reaction F + Na, but was instead concerned with 
other members of the class, specifically K, Rb, Br,, and C12. The 

The previous work of this 
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exponent from the information theory work was found to be 2.5 
while in the phase space theory work, the exponent was 2.0. 

The current reaction is more exothermic than its counterparts 
due to the increased bond energy of NaF. We have fitted the 
results of our calculations to the same equation as previously. By 
using the more accurate description for the density of internal 
states in the NaF  molecule, we obtain the result that the two 
theories are more divergent rather than less. The exponent arising 
from our information theory calculation (using the UJ prior dis- 
tribution) is 2.59, while our phase space calculations give exponents 
of 1.43 f 0.1 5 in the high collision energy case and 1.75 f 0.04 
for the low collision energy. The overall average exponent from 
the phase space theory is 1.59. 

A clear difference between information theory and phase space 
theory lies in the treatment of the angular momentum of the 
system. Our calculations are for a system that is more exothermic 
than those studied previously, and it appears that there are a 
substantial number of states that, though energetically accessible, 
are forbidden by conservation of angular momentum. Therefore, 
states of low electronic excitation will have many more states of 
internal excitation associated with them in the case of information 
theory than in the case of phase space theory. If this interpretation 
is correct, we are seeing that in a highly exothermic process, 
angular momentum constraints can be significant. 

Comparison with Phase Space Theory. In light of the above, 
we have compared the results of our experiments with the pre- 
dictions of phase space theory. Figure 6 is a log-log plot of the 
relative cross sections as a function of the reduced energy, all 
normalized to the 3,P state. 

In plots of this type, the data points corresponding to those states 
of highest electronic excitation are located in the lower left-hand 
portion of the graph. These points are subject to some uncertainty, 
which warrants explanation. As mentioned, the bond energy of 
N a F  is uncertain by about 1.5 kcal/mol. This uncertainty is 
reflected in the reduced energy parameter. For states of high 
electronic excitation, there is very little energy left for distribution 
among the internal energy states; an uncertainty of 1.5 kcal/mol 
may be larger than the energy left for internal degrees of freedom, 
thereby leading to substantial uncertainty along the abscissa. We 
shall give an estimate of the effect of this uncertainty below. 

Figures 6 and 7 show the results of the phase space theory 
compared with the experimentally determined cross sections. 
These data were plotted assuming a bond energy for NaF of 114.2 
kcal/mol. Figure 6 shows the results for the low collision energy 
experiment and Figure 7 shows the results for the high collision 
energy experiment. The straight line is the phase space predictions 
as indicated above. In both cases it should be noticed that the 
relative cross sections fall off with increasing electronic excitation 
(moving from right to left) more quickly than is predicted by the 
statistical theory. Figure 7 also presents the same experimental 
data (for the high collision energy experiment) plotted assuming 
the two extremes for the NaF  bond energy of 113.5 and 115.7 
kcal/mol. The general trend of a more rapid decrease in cross 
section than predicted by statistics holds true despite the uncer- 
tainty in Doo(NaF). 

In Figure 7 the data have been normalized to the 3,P state. 
Figure 8 shows the experimental data of Figure 7 renormalized 
to the higher energy state, 3,D. The rate of decrease of the relative 
cross sections for the states higher than the 3,P state follow closely 
the predictions of the statistical theory, but now the 32P state has 
over an order-of-magnitude greater cross section than predicted. 
The information theory prediction is also shown in Figure 8 as 
a dashed line. The slope of this line gives a significantly larger 
change in the relative cross section than is observed over this range 
of available energy. 

A plausible explanation for this dynamical skewing, Le., non- 
statisticality, is the fact that all of the electronically excited states 
of sodium with the exception of the first excited state (3,P) can 
be accessed only by the reaction by nonadiabatic pathways-the 
system must jump to some other adiabatic curves during the course 
of the reactive event to be able to reach these higher states. It 
has been argued previously29 that the adiabatic pathway to the 

lowest excited state, 32P, should permit it to be populated with 
a rate similar to, if not greater than, that associated with the 
product ground electronic state, 3%. The existence of an adiabatic 
pathway to 32P may explain its anomolously large cross section 
as compared with the statistical outcome. 

Excitation Function. Up to this point we have determined the 
relative distribution of the cross sections at  two collision energies 
for populating a number of the electronically excited states of Na. 
What has not been reported is the way in which the cross section 
for a particular state changes with collision energy. 

As noted above, the observed radiation from the 3,P state stems 
from two reactions, the one currently being considered and the 
four-center reaction designated reaction 11. In the next paper 
in this series,20 we show how we have deconvoluted these two 
reactions for the 32P state and obtained the excitation functions 
for both reactions. Since the data analysis is described in detail 
in the following paper, we simply report here the results for the 
three-center reaction relevant to the present study, F + Na2. 

Relative to the reaction at low collision energy (4.7 kcal/mol) 
the production of the 32P state by the three-center reaction at 12.8 
kcal/mol is increased by a factor of 32. We emphasize that this 
is for the production of the 32P state only (the enhancement in 
the higher states can be inferred from the relative distributions 
reported here; there is no information regarding the ground 
electronic state). These two points do not, of course, fully describe 
the excitation function; nevertheless, they tell us that it is definitely 
a rising function of collision energy. This indicates the presence 
of a barrier to the reaction. Since the reaction is readily observed 
at  4.7 kcal/mol collision energy, we conclude that the barrier is 
less than approximately 4.5 kcal/mol in height. The variation 
of cross section with collision energy is reflected in the two curves 
in Figure 3. 

Conclusion 
We have measured the population distribution for the electronic 

states of sodium atoms produced in the reaction F + Na, -+ NaF 
+ Na* at  two collision energies, 4.7 and 12.8 kcal/mol, in a 
crossed-beam experiment. These distributions were compared with 
the predictions of a statistical theory (phase space theory). 
Considering all of the electronic states together, it was found that 
this three-center reaction did not produce a statistical population 
distribution over the full manifold of states. Electronic states 
higher than the first excited state (3,P) may be populated sta- 
tistically, but the 32P state is biased dynamically away from the 
statistical value. 

We have performed both phase space and information theory 
calculations for this system using a more accurate description for 
the density of vibrational states than has been used heretofore. 
The two theories disagree more markedly in their predictions at 
this improved level of computation, suggesting that the angular 
momentum constraints embodied in phase space theory play a 
significant role in determining the outcome for highly exothermic 
processes such as this one. 

Finally, we observe that the excitation function for the pro- 
duction of the 32P state is a rising function with increasing collision 
energy, indicating the presence of a significant barrier to this 
reaction with a height of 54.5 kcal/mol. 
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