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The distribution; of viitational, rotational and translational energies in ttie products of atom-diatomic molecule 
reactions arc studied on the basis of their “temperature parameters”. The validity of the vibrational temperature con- 
cept, which may characterize the variaoua distributions. is erzunined from different points of view, The analysis is 
done on the basis of available data from chemiluminescence, chemical laser and molecular beams measurements and 
from classical trajectory calculations. All the reactions investigated are exothermic with exothermicities ranging be- 
tween err 17 kcal/mole and * 85 kcal/mole. In most products a high degree of population inversion is found. An 
attempt is made to predict the complete viirotational state distribution using tic vibrational temperature only. 
This attempt is equivalent to the assumption that apart from the vibration, the other degrees of freedom have 
reached a (microcanonical) equilibrium. The agreement with experimental results is good. 

1. Introduction 

Two new concepts have recently been proposed as 
means of characterizing the product state and energy 
distributions in chemical reactions [l-3]. These are 
the “entropy deficiency” (or “information content”) 
and the “temperature parameter”. 

The entropy deficiency measures the average de- 
viation of the observed product state distribution 
from a suitably defme~(microcanonical) equilibrium 
distribution. The temperature parameter characterizes 
the observed distributions in the various degrees of 
freedom of the products. 

Both concepts are appropriate to analyze the non- 
equilibrium ensemble of the reaction products. Al- 
though they are different from the corresponding 
thermodynamic quantities, the terms “entropy’” and 
“temperature” were not arbitrarily chosen. The ap- 
proach of information theory leads to the defmicion 
of these concepts in the study of chemical reactions 
[2,3] in an analogous way that thermodynamic en- 
tropy and temperature are reached by the same ap- 
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preach [4-61. Furthermore, the formal relations be- 
tween the new entropy, temperature and other con- 
cepts such as energy, partition functions and densi- 
ties of states are exactly the same as in statistical me- 
chanics. 

In previous papers [2,3] the product state distri- 
butions for a large number of exothermic atom-dia- 
tom exchange reactions were studied on the basis of 
entropy and temperature analysis of the various mo- 
tions (vibratio;. -0tation. translation and angular dis- 
tribution). Ex@rnent~ investigations of those reac- 
tions, mainly by the chemiluminescence and mole- 
cular beam techniques. showed a h&h degree of popu- 
lation inversion (most of the transla?ional and chemi- 
cal energy ends up in internal degrees of freedom). 
The attempt to characterize the observed energy dis- 
tributions by suitably defmed temperature-like patam- 
eters was found to be most successful for describing 
vibrational distributions, but less appropriate for the 
other degrees of freedom. 

This paper has a threefold purpose 
(a) to provide further evidence for the existence of 

a vibrational temperature (at least for exotherrnic, po- 
pulation inverting, atom-diatom exchange reactions); 
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(b) to study the validity and implications of the 
assumption that the rotational-translational distri- 
butions within given vibrational levels are microcanon- 
ical; 

(c) to demonstrate how the existence of a tempe- 
rature for one degree of freedom (in this case vibra- 
tion), may influence the assignment of temperatures 
to other degrees of freedom. 

In a recent paper, Hofacker and Levine [7] pre- 
sented a dynamic model for vibrationally non-adia- 
batic chemical reactions. On the basis of fundamental 
principles of information theory, they were able [8] 
to express the vibrational temperature in terms of 
dynamicai quantities appearing in their model. Here, 
without reference to any specific dynamic model, 
we shall show how the basic assumption that the 
average vibrational energy is known [8], which ac- 
counts for the vibrational temperature, can also 
provide the complete product state distribution. The 
assumption that only the vibrational energy is con- 
strained is equivalent to assuming that the rotational 
(and hence translational) energy are distributed in a 
microcanonical fashion. (“Non-microcanonical” rota- 
tional distributions within vibrational manifolds can 
be described by introducing temperature parameters 
of a different kind [9].fin the I.T. approach these 
temperatures correspond to constraints not involving 
the vibration.) 

Examination of the consequences of the assump 
tion above, mainly with respect to the rotational and 
translational distributions and comparison with ex- 
perimental and trajectory calculation results, will shed 
some more light on the concept of the vibrational 
temperature parameter. 

Results from infrared chemiluminescence (IRC), 
molecular beam (MB) and chemical laser (CL) measure- 
ments, as weil as from classical trajectory calculations 
(TR), will be analyzed subsequently: the distribution 
of vibrational energy is considered for (CL - [ 10, Ill) 

o+cs-,co(u)+s, (1) 

and (IRC - [ 121) 

F + HCI --, HF(u) + Cl , 00 

F + HBr * HF(u) + Br , WI) 

FtHl -*HF(u)+l. (IV) 

t See also ref. 1411. 

The vibrational distributions are considered in 

detail for the reactions (IRC - [ 13, 141) 

Cl +Hl -,HCI(u.J-)+l. 00 

Cl tDl ~lXl(u.J)+I, (VI) 

Cl +HBrdHCI(u.J)+Br. (VII) 

BrtHl *HBr(u,J)+l; (VIII) 

and(lRC - [15, 16].CL- [17],MB - [18,19], 
TR - 120-231) 

F+H2+HF(u.J)+H, (IX) 

F+D2-CDF(u,J)+D. (rc) 

The translational distribution for (MB - 1241) 

K+12-,Kl+l, (Xl) 

and reaction of the type (IRC - (251, MB - [26]) 

L+XY-tLx+Y, (XII) 

where L is a light atom (H or D) and X, Y are halogen 
atoms, will be mentioned only brielly. 

A common feature for all these reactions is their 
large exothermicity, ranging between = 17 kcallmole 
for reactions (VII) and (VIII) and =Z 85 kcal/mole for 
reaction (1). In reaciions (1)-(X1) most of the energy 
available for the products appears in the vibration. 
Since for all the above reactions the exothermicity is 
much larger than the range of initial kinetic and inter- 
nal energy of the reagents, we shall assume that the 
reaction proceeds at a single given total energy. 

2. The vibrational temperature 

The final states of the products of a bimolecular 
atom-diatom reaction is characterized (in the center 
of mass system) by the set = = k, n of quantum num- 
bers. The momentum vector k of the relative motion 
is, usually, replaced by the relative kinetic energy 
ET = h k2/2p and the scattering angles R = (0,~). The 
internal state n contains (assuming the reaction to be 
electronically adiabatic) the vibrational quantum num- 
ber u, the rotational quantum number J and its pro- 
jection M,. I 

Present day techniques, such as the chemilumi- 
nescence, molecular beam or chemical laser, have not 
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yet been able to completely resolve the fmal states of, 
the reaction products. The chemiluminescence method 
for example, provides information about the internal 
state populations whereas in molecular beam experi- 
ments one can study the angular and trans!ational 
distributions (only recently partial vibrational resolu- 
tion was also achieved [ 181). Complementary data 
from the two techniques exist only for a small num- 
ber of reactions (one of tern is the reaction F+D2 * 
+ DF+D). Analysis of the results from chemilumi- 
nescence experiments [13-l 51 for reactions (V), 
(VI), (IX) and (X), and from classical trajectory cal- 
culations [27.28,21,22] for the same reactions and 
for the reaction H +C12, showed that the distributions 
over vibrational states of the products can be described 
by the following formula 12.31 

WV> = p”Vv> expW,,f,NQ, . (1) 

in this equation& = EJE is the ratio between the vi- 
brational energy corresponding to the state u, and the 
total energy available for the products. Pu;) is the 
observed vibrational distribution function. PO(Jv) is 
the normalized function 

PO(f”) = (1 -f”P2/5 (1 -fv)3’2 I (2) 
v=o 

where u* is the highest vibrational state with energy 
less than E. Q,, of eq. (I), is a normalization factor 
(“partition function”) and A,, is a parameter indepen- 
dent of fv. ?t,, is the vibrational temperature param- 
et- mentioned above. More precisely, the quantity 
which has the dimensions of ordinary temperature is 
TV = E/kBhv, where k, is the Boltzmann constant. 

The function PO(_f,) is proportional to the density 
of states of an atom-diatom system when the diatomic 
molecule is in a given vibrational state u [29,2,3]. 
PO(&) is the vibrational distribution function for the 
case of a microcanonical equilibrium, i.e., when all 
quantum states are equally probable. We note that 
I’(&,) =PO(f,) when Av = 0, hence the quantity 

4&,) E --log WJ with WJ E Wv)/~“Vv~ 

is a measure for the deviation of the observed vibra- 
tional distribution from an equilibrium one. In order 
to fulfd eq. (l), IV,,) which was called “the surprisal” 
[l-3], should be proportional tof,,, with A,, as-a pro- 
portionality factor. Eq. (1) was found to describe with 
satisfactory accuracy the vibrational distributions of 

Fig. 1. Distribution of final vibrational stales in the reaction 
O+CS - CO+S. Experimental data from ref. [lo] (chemical 
laser). Pv,,) - solid triangles, P’v,,) - solid line and log wU;, 
- open circles. [WC&) = PVJpO&J] is shown versus&. The 
value E J 87 kca!/mole corresponds lo the mean energy 
value of u -r :G and 15 - the highest observed vibrational 
stale. Vibrstional states whose initial population were less 
than 1% are not indicated. Points in brackets are uncertain 
due to combined experimental and theoretical errors, as dis- 
ccssed in the text. (f..J a 0.75. 

products from reactions(V), (VI), (IX) and (X) [2,3]. 
Moreover, in the case of reaction (V), eq. (1) holds 
for four different values of the total energy [3,14]. 

Plots of Pv,), PO(&) and log o(,&) versus fv are 

given in !igs. 1 and 2 for reaction (I) and in figs. 3-5 
for reactions (II)-(W) respectively. For the reaction 
O+CS + CO+S, studied experimentally by the chemi- 
cal laser method [lo]. it is shown that well defined 
vibrational temperatures can be obtained for two val- 
ues of the total energy. The low (= 87 kcal/mole) 
and the high (= 94 kcallmole) energy values corre- 
spond to CS colecules in ground and in excited states, 
respectively. Other chemical laser measurements [ 1 l] 
for reaction (I) seem to be in agreement with the re- 
sults previously used [lo]. 

The error in w(.&,) for f, == 0 and&, * 1 may some- 
times - not only for reaction (I) -be large. In the 
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Fig. 2. Distribution of final vibrational states in the reaction 
O+CS -c CO(u)+.5 Experimental data from ref. [IO]. Notation 
as in ftg. 1. E 0 94.3 kcal/mole is a mean value corresponding 
to v between 17 and 18. t&) FJ 0.74. 

Fig. 3. Distribution of fiial vibrational states for the reaction 
F+HCI - HF(u)+CI. Experimental data from ref. [ 12) (chemk 
luminescence). Open triangles represent P”U;) other nota- 
tion as in fig. 1. The value of E = 34.5 kcal/malc is based on 
the estimation method of refs. (30-321. (f,,) e 0.58. The 
largest error is associated with u = 3 as discussed in the text. 
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Fig. 4. Distribution of ii vibrational states far the reaction 
F+HBr -, HF(u)+Br. (Experimental data from ref. [ 121, 
other notation as in fii. 1.) 
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Fig. g: Distribution of final vibrational states in the reaction 
F+HI - HF(u)+I. (Experimental data from ref. [It], other 
notation as in fa. 1.) 
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-f,= 0 this is usually a result of small p(f,) val- 
ues, associated with large experimental crro~. In the 
case fv z 1 the error is mainly due to the uncertainty 
involved in the determination of the total energy (at 
least 1 kcallmole). Iffv is very close to unity the last 
error may influence @(,/v) through the factor 
(1 -fv)3/2. Since when &, = 1 Pcfv) is (experimentally) 
usually small the quantity wU;) is a quotient of two 
small and uncertain quantities, hence subject to large 
errors. 

From the data presented in figs. 3-5 we see that 
temperature parameters can be assigned to the reac- 
tions FtHCl + HF+CI and F+HBr + HFtBr but not 
to the reaction FtHI + HFtI. It seems, however, that 
the extrapolation made in order to estimate the initial 
vibrational distribution (161, is by far more drastic 
for the FtHI reaction than for the other two. The 
value of X, =Z -4.8, derived from fig, 3 is based main- 

ly on the log w(fy) points corresponding to IJ = 1,2, 
the u = 3 point is associated with a larger error (see 
above). The values of the total energy E were esti- 
mated with the aid of the formula E = -AHo + E, + 
+ (5/Z) R T [30,3 11. 

Although a completely satisfactory theoretical ex- 
planation for eq. (1) has not yet been established, 
its applicability to vibrational distributions is strongly 
supported by experimental evidence. pcfv), given by 
eq. (1) is a canonical-like probability distribution 
function with PO(&) as a weighting factor (density 
of states, degeneracy) and with exp(-X&) as a kind 
of Boltzmann factor. From the point of view of in- 
formation theory [4,5,8] such a dependence of the 
vibrational populations can be explained with the 
aid of the assumption about (fv>, mentioned briefly 
earlier. This assumption states that the average vibra- 
tional energy of the products Vv) (for a given total 
energy), is the only constraint on the reacting system. 
In the language of information theory, the value of 
V;> is all that is given about the system when the 
products are formed. Specification of the value of 
Vv> is possible only on the basis of dynamical consid- 
erations which include, for example, the properties 
of the potential surface, the masses of the atoms 
participating in the reaction, the total energy release 
and the angular momentum. 

Mathematically speaking, the above assumption 

means that, regardless of the explicit form of Pv,), 
the value of 

V”) = E. ffl”) (3) 
= 

is a constant (depending on the initial conditions). 
We denote the probability distribution function 

for the final states of the products by P(a). According 
to the information theoretic approach, in lack of any 
other intormation on the reactive system except for a 
given Vv>, the best predicted p(a) is the one which 
maximizes the “entropy” 

S=-~fi@losP(a), (4) 

subject to the constraint (3), and the normalization 
condition. The sum eve- a has to be taken subject to 
energy and momentum requirements. 

It can be shown [8,4) that the function p(a) we 

are seeking is given by 

P(a)=exp C-&,&J/Q , (5) 

where fv is the fraction of energy in the vibration when 
the system is in the state a (a includes u), X, is a con- 
stant (lagrangian multiplier) and Q is the partition 
function. 

Since the translational energy is in fact continuous, 
with a density of states proportional to E:j2, and the 
rotational stateJ is (25+1)-fold &generate, one can 
write 

pO=@J+l)Il -f,-f,(~)1112exp(--)Ll,)l~. (6) 
p(f,,J) is the conditional probability of observing the 
products of an atom-diatom exchange reaction with 
a total energy E. in a final fraction of vibrational ener- 
gy fv, and in the rotational state J. j,(u) = E,(u)/E is 
the fraction of energy in rotation (this is usually a 

function of u) Q is the appropriate normalization 
factor (partition function) evaluated by summing 
over all states u and J compatible with E. In the deri- 
vation of eq. (6) angular momentum conservation is 
not considered (see discussion). 

The factor (25+ I)[I-f.-f~(u)]~/~ is proportional 
to the density of rotational-translational states in a 
given u [3, 191. Hence, eq. (6) corresponds to a micro- 
canonical R-T distribution. 

We assume that the rotational energy is given by 
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the vibrating rotor formula [32] whereas if they are in the first excited state (&,=0.64. 

EJu) = B&J+ 1) with B, = B,-- QJU + ;) (7) 

Using the fact that the rotational states are Usually 
dense enough to be treated as a continuum. We can 
then perform the integration 

NJ = s”” dJ WV, 4 , (8) 
0 

p$.w”)- I =G 1 -f” wp(“)v obtaining eq. (1) as a 

The temperature parameter h, can be evaluated, as 

Another important result found for reactions cfl. 
(VI), (IX) and (X) [13, 15.27.2, ?] is that X, is in- 
variant under isotopic substitution. An attempt to 
give a theoretical justification of this fact is given irt 
ref. [8]. 

3. The rotational distriiution 

it is done in statistical mechanics, through the identity 

V,> = -a log Q/ah = -3 log Q,/a\ . 

However, since Q (or Q,) cannot be obtained easily 
in a closed form, the actual calculation of A, was done 
with the aid of 

A most sensitive test of eq. (6) is obtained by 
comparing it with experimental rotational distribu- 
tions within specific vibrational states. 

The most probable rotational stateJ(u) for a 
given vibrational state u is determined through the 
zero of the partial derivative ofP(f,, J) with respect 
toJ. The result in good approximation is 

h = -a log wJw, . (9) 

From the data given in ref. [2] and from figs. l-5 of 
this paper it can be seen that reactions (l)-(X) are 
characterized by negative X, values. A negative X, 
means that the populations of the excited vibrational 
states are higher than those predicted by PO&) of 
eq. (2). A vibrational distribution with a negative X, 
parameter may be classified as a “population inver- 
sion” distribution. It should be noted, however, that 
such a definition for population inversion differs 
from the conventional definition which apply to an 
ensemble of oscillators 1331 rather than to an atom- 
diatom system. 

9(u) = [E( 1 - f”)/2B,] “2 - ; . w-9 

In table 1, values of&) calculated with the aid of 
eq. (6) or eq. (10) are compared to experimental and 
trajectory calculation results (usually, as can be seen 
by direct calculation from eq. (6). there are at the 
peak of the rotational distribution about two/(u) 
states of almost equal probability). 

An important point which is not yet completely 
clear is the dependence of X, and VJ on the value 
of the total energy E. The results for the O+CS+CO+S 
reaction, presented in figs. 1 and 2, show that both 
values of E correspond to almost the same <fv> and 
)b. Present day data concerning vibrational distribu- 
tion for different energies are limited in number. 
Chemiluminescence results for reaction (V) [ 141 and 
trajectory computations for reaction (IX) [23] in- 
dicate that Vv> is a slowly decreasing function of E. 
On the other hand, molecular beam measurements 
for the reaction Bat02 3 BaO+O [34] show the op 
posite behaviour. In a recent paper 1351, Kirsch and 
Polanyi studied the reaction F+HCl + HF+Cl. They 
found that when most of the reacting HCl molecules 
were in the ground vibrational state, Vv> = 0.56 

For the first four reactions cited in table 1, the 
agreement between the calculated and the chemi- 
luminescence results of Polanyi and his coworkers 
appears to be good. The error associated with the 
measurements and with the extrapolation method by 
which the chemiluminescence values of&u) are cal- 
culated [ 13, 15,361 is at least one or two rotational 
quantum numbers. This makes a difference of one or 
twoJ values between the experimental and calcu- 
lated j(u) insignificant. The main source of error in 
the calculaied j(u) is the uncertainty in the total en- 
ergy which in turn causes an uncertainty also in & - 

both E andf, appear in eqs. (6) and (10). 
The reactions F+H2 and F+D2 are somewhat prob- 

lematic. The discrepancies between the chemilumin- 
escence j(u) values and those calculated from eqs. (6) 
or (10) are too large to be explained by experimental 
and theoretical uncertainties. However, as can be seen 
from table 1, there is a good agreement between our 
results and those from classical trajectory calculations. 
Preliminary results from molecular beam measure- 
ments for F+D2 [ 18, 191 indicate j(u) vaIues some- 
what higher than the corresponding chemiluminescence 
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Tablc 1 
Most probable rotational states. The bars indicate viirational levels not allowed by energy 

Reaction Method u-o u=1 u=2 v=3 v=4 U=5 u=6 

CI+HI - HCI+I 

Cl+DI -c DCl+I 

CI+HBr - HCI+Br 

Br+HI - HBr+l 

F+Hz - HF+tI 

F+Dz -. DF+D 

IRC [13] 
eqs- (6). (10) 

IRC 113) 
cqs. (6). (101 

IRC 113Ja) 
eqs. (6). (10) 

IRC [13Ja) 
eqs. (6). (10) 

IRC [IS 
TR [ 201 b, 
TR 121, 221c) 

2 I::;:; 

eqs. (6). (10) 

IRC [ 151 
MB [It?. 19fe) 
TR [21,22)f) 

23.24 
20 16 
20.21 17.18 

33.34 29,30 

16,17 
13 * 1 
12.13 

iJ. 20 

17 

15 * 2 
15 

8 7 
13 10 
IS-18 6-10 
9-13 6-10 
13-16 6-10 
14 10 

20-22 

25 
26.27 

12 5.6 - 
13.14 6.7 - 

22 19 14.15 
23,24 19.20 14.1.5 

3il 
4.5 

9*2 
9 

11 
13 
16-19 
17 

2.3 
293 

:&410) 
2-5 
4 

9 

=-IS. (6). (IO) 23 20.21 13 

- 
- 
- 

5 - 
6 - 

9 - 

a) The error limits are as in the original work. 
b) These are rounded values. In ref. [ZO]. the results are: for u = 1.9 and 1.8.&) b 10 and 10.4 respectively, etc. 
c) Estimated from the triangular plot (fq. 7 in ref. [ 221). 
d) Thr; tipper and lower rows, correspond to T= 300°K and SOO’K respectively (m 1 kcal/mole difference, like the uncertainty 

in the eaperimenhl total energy). The numbers were estimated from fgs. 5 and 6 of [23]. The values for v = 3 (300°K) are 
higher than those permitted by energy consideration and are given in brackets. 

e) 
D 

For u = 2. the vdue ia fro? the (higher) forward scattering 
For u = 1.2 the valuca of.!(u) are rough estimations from fs. 12 of ref. [21]. 

results but still lower than the trajectory values. 

Experiments with a pulsed HF chemical laser [3] 
indicate that under low pressures high rotational 
levels are pumped through the pumping reaction (IX). 
The P branch laser readiation was found to have two 
peaks within each u + u-! transition. These peaks 
occuratJ=12,15foru=latJ=8,13foru=2and 
at J = 3,7 in u = 3. The authors [37] offer the inter- 
pretation that at low pressures rotational relaxation 
may be small. Although chemical laser intensities 
are not simply proportional to initial rotational dis- 
tributions it seems that the results mentioned above 
favour the high .&u) values [20-231. 

The discrepancies between the results of different 

methods for the FtH2, D2 reactions is not oniy in 
the &u)*s. Large differences are found among others 
for Vv) and (fR) (see table 2). 

Considerations of angular momentum conservation 
may sometimes change the expressions for the den- 

sity of states leading to eq. (6). This seems to be less 
restrictive in the case of the FtH2, D2 reactions than 
energy conservation (probably it does not hold for 
reactions of the type (XII); as pointed out in the dis- 
cussion). 

At this time, since the “problem” of reactions (IX) 
and (X) is not yet x tiled, no final conclusions con- 
cerning the applicability of eqs. (6) and (10) in these 
cases can be drawn.‘However, it should be remem- 
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Table 2 
Partition of energy between rotation and translation. (f,.J and (/R) are the experimental values. In the last cohJrnn tke values. 
of (fR), calculated on the basis of eq. (15) with the experimental (IV, are given 

Reaction Method ‘fv’ (fR) c/R) 
eq. (15) 

Cl+HI * HCl+l 
a+Dl* Da+1 
Cl+HBr 4 HCl+Br a) 
Br+Hl- HBr+l a) 
F+Hs - HF+H 

F+D2 * DF+D 

IRC [13) 
IRC 113) 
IRC [13] 
IRC (131 
IRC 1151 
IRC 1161 
TR 1201 
TR [211 b, 
TR [23] 
CL [I71 
IRC 1151 
MB 118. 191 
TR [ZO] 
TR 1201 3 
CL (171 

0.71 0.13 0.12 
0.71 0.13 0.12 
0.43 (0.5 i 0.1) 0.26 0.23 
0.53 (0.5-0.6) 0.19 0.19 
0.66 0.08 0.14 
0.71 0.12 
0.52 0.12 0.15 
0.75 0.10 0.10 
0.7 1 0.11 0.12 

co.77 
0.66 0.08 0.12 
0.76 
0.59 0.12 0.16 
0.79 0.06 0.08 

co.75 

a) t&j values in brackets are those estimated in the original work. The numbers without brackets rcre calculated on the basis 
of the data for u = 1 and 2 (see text). 

b) The tf$ and (fR) values given in this row are the average of the results for two different total energy values (34.4 and 35.4 
kcal/mole). The difference between the two is negligible and the average total energy value is close to the estimation given in 
IRC [ 151.34.7 kcal/mole. (The results correspond to “surface II” of the original paper. We substractcd in this work the zero 
point energy, 5.9 kcallmole.) 
c) After correction of 4.3 kcal/mole for the zero,point energy. 

bered that as for reactions (I)-(W) the vibrational 
distributions of the product HF, DF molecules are 
governed by eq. (1). 

Other quantities which can easily be calculated 
from eq. (6) and compared to experiment are the av- 
erage fraction of the rotational energy in a specific 
vibrational state (f~),,, and the average of this quan- 
tity over all the vibrational states (fR1. Transforma- 
tion of the variables in eq. (6) from J to&(u) = 
= I$J(.I+l)/E leads to 

Au;. fR) = [ l-f,-fR(u)l 1’2 exp(-vv)/Q’ # (11) 

where Q’ is the new normalization constant. Hence 

v,>, = B,U(.I + 1)W 

= i-“,,)~Rd~R,i”fv~v~R) ClfR 
0 

=:(I -r,, * 02) 

The average translational energy at a futed IJ is ob- 
viously 

v$,, = l-fy-(fR)v = +( I-r,, * (13) 

Partitioning of the non-vibrational energy according 
to the ratio of 2:3 between rotation and translation 
is obvious. In the absence of any restrictions on these 
two modes (the only constraint, eq. (3), is on the 
vibration) the energy which is not in the vibration is 
divided between them according to the equipartition 
principle. 

By comparing eqs. (6) and (12) one can see that 
the ratio between the average rotational energy and 
the energy corresponding to the most probable J(u) 
averaged over the U’S is 

U(.I+ l))v/cl(u) [J(u) + l] ) = $ . (14) 

The average over all vibrational states of the fraction 
of energy in the rotation is 
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sumptions. The first one is that pvI=,,) is knwon from 
the previous ptocedure [pvI=o) = k(u = O)] and the 
second one is that [see eq. (4)] 

= f( 1 -V;>) = ;(Q . (15) vR’u=O = ;j(O) (j(O) t 1) Be/E. 

Comparison of (fR) calculated by this equation This somewhat complicated although logical se- 
with experimental and trajectory calculations results 
is @en in tabie 2. Xere again, a satisfactory agree- 

ment exists for the first four reactions. For the excep- 
tional F+H2. D2 reactions agreement is found only 
with results of trajectory calculations 121,221. It 
should be stressed that the comparison given ln table 2 
is most sensitive to the experimental value of (fv>. A 
number of known results concerning the cfv> values 
for FtD2, DZ are given in the table, in order to em- 
phasize the discrepancies between results obtained by 
different techniques. 

quence of assumptions is not crucial after all, since it 
affects VR) and Vv) only to a small extent. (The effect 
can be large only if k(u = 0) is very large which is high- 
ly improbable.) 

A more serious objection can be raised against the 
fact that the h’s for reactions (VII) and (WI) were 
calculated on the basis of two “points” only (corre- 
sponding to u = 1 and 2). But since for Cl+HBr and 
Br+HI& = 0.91 respectively 0.78 and th%efore not 
“too close” to unity, the error associated with o(f,) 
is likely not to be large. 

Another remark will be made regarding the reac- 
tions CI+HBr and Br+HI. For these two reactions the 
total energy available is sufficient only to populate the 
first three vibrational states (u = 0, 1,2,). The chemi- 
luminescence measurements [ 131 provide rate con- 
stants for products going into IJ = 1,2 only. Lacking 
any other information concerning these reactions one 
needs a reasonable extrapolation method for calcu- 
lating the popuiation of u = 0 and the rotational dls- 
tribution in u = 0. This. in order to estimate (&,> and. 

VR). 

4. The translational distribution 

The joint probability density for the products to 
be in the vibrational state u and relative translational 
energy betweenf? andfT + dfT is given, in fact, by 
eqs. (6) or (11). After a change of variables these 
equations are equivalent to 

Encouraged by the excelle$ agreement between 
calculated and experimental J(u) for u = 1,2 (see 
table l), and by the existence of vibrational tempera- 
ture for the similar CI+HI(DI), F+HCI, F+HBr reac- 
tions, we assume that vibrati,onal temperatures exist 
also for the CI+HBr and BtiHl reactions. Following 
this line of reasoning we can apply eq. (1) together 
with the results for u = 1.2 in order to calculate the 
vibrational temperatures and the rate constants into 
u = 0. In this way we found th;t &,(Cl+HBr) = -3.5, 
h(Br+Hl) = 4.8, Tv(Cl+HBr) = -2SOO”K, 
Tv(Br+HI) =Z -1900°K and for the rate constants 
k(u = 0) the values 0.5 and 0.25 respectively (relative 
to the maximum of 1). The experimental values for 
k(u = 1.2) are [13]. 1.0 and 0.4 respectively in the 
case of CltHBr, for Br+HI are 0.8 and 1.0. The Vv) 
values calculated in that way are found in accord with 
the estimates given in ref. [ 131. which are cited in 
parenthesis in table 2. The values of (fR1 for reactions 

(VII), jVll1) were calculated on the basis of two as- 

P(fv, f,) = f+‘* exp(-hJJ/Q - (16) 

It is clear that any test of eqs. (6), (10) or (11) is 
also a test for eq. (16). Apart from chemiluminescence 
measurements, there are no other accurate data con- 
cerning translational distributions within each vibra- 
tional state.(Exceptions are the partial results for the 
F+Dz + DF+F reaction, obtained from molecular 
beam measurements [ 18,191). The rotational distribu- 
tions which we have already discussed can be simply 
transformed to translational distributions. Aside from 
the rozational distributions studied earlier, there are 
some articles [38,23] in which specific translational 
distributions are given. These works show that the 
behaviour predicted by eq. (16). i.e., that pvi., fv) is 
an increasing function offT with sharp decrease at 
fT = 1 -fv is qualitatively correct. 

In molecular beam experiments one of the meas- 
ured quantities is the overall translational distribution 

07) 
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(For the sake of simplicity we assume here that fv is 
continuous.) With the aid of eqs. (16) and (17) we 
.fiid that in the case of rotational-translational 
microcanonlcal equilibrium 

NT)= fi'2 11 -exp[-~(~-fT)ll/\QM - (18) 

For the maximum of the translational distribution, 
r’,, one has the realation 

1 -exp[)l(l-IT)] +2)Gji.=O. (19) 

Some simple consequences follow immediately from 
the two last equations. On the basis of eq. (19) we 
lind that f; is less than, equal to or greater then f if 
X, is negative, zero or positive, respectively. 

When h, + 0 (complete microcanonical equilibrium) 
we find 

This is the conditional density of states function for 
an atom-diatom system with a given& value [2,3. 
291. 

For the reactions mentioned in this paper h, is 
negative, hence the following inequality should hold 

iT < 12\.1-’ . (21) 

From the triangular plots for reactions (III), (IV) 
[13] it is estimated thatfT (for both reactions) is 
2: 0.06. For these two reactions A, = -8.0 [3] hence 

I2 &I- 1 = 0.06, in accord with eqs. (19) and (21) 
(the exponential term in eq. (19) is in this case negli- 
gable). Eqs. (19) and (2;) may, in turn, serve to esti- 
mate h, in cases where/T is known. An example: 
for the K+I2 --t KI+I reaction, it waz found by the 
molecular beam method [24] that fT = 0.03. Thus 
from eq. (21) IA,,1 ,< 17. It is clear that such an estima- 
tion of X, is valid only if p(fT) satisfies eq. (18) (this 
is not necessarily true). An attempt to fit the trans- 
lational distribtuion obtained from the K+12 reaction 
into eq. (18), led to the values X, = - 17 and X, z -8 
for the regions 0 9fT d 0.12 and 0.12 G fT G 0.5 
respectively. (For the region 0.5 < fT < 1 .O the ex- 
perimental error is large.) It was suggested [2,3] 
that the two linear segments may be interpreted on 
the basis of two different reaction mechanisms. A 
stripping mechanism for smallfT values and a rebound 
mechanism for large & values. 

5. The question of rotational and translational 
temperatures 

In previous work [3] it was attempted to describe 
the rotational and translational energy distributions 
by means of formulas similar to eq. (1). i.e.. 

pV,> = flcfx> exp(-~xfx)lQ, . (22) 

where X = T,R stands for translation and rotation, 
respectively. All other factors in eq. (23) have similar 
meaning to those in eq. (I). @cfT) is given by eq.(20). 
The explicit form of the equilibrium rotational dis- 
tribution is [3,29] 

PO&)=$(1 -fRp2. (23) 

This result is based on the assumption that the vibra- 
tion is continuous. In ref. [3] a trial was done to plot 
log C&R), [with the exact form of@(fR), rather 
than with that of eq. (23)) versus& for reactions 
(V), (VI). (IX) and (X). Among the resulting curves 
only one, the one corresponding to reaction (Vi) 
was approximately linear. A similar situation was 
found to exist with respect to translational distribu- 
tions. Few reactions behave approximately in accord 
with eq. (23) and few do not. (However, the reactions 
whose translational distributions were studied [3] 
belong to the class (XII) of reactions. For this type of 
reactions even a vibrational temperature cannot be 
simply assigned.) 

We shall now show that the simultaneous existence 
of three well defied temperature parameters for the 
same reaction is not likely. From the point of view 
of I.T. the proof of this statement is simple. In order 
to have an equation of the type of eq. (23) a constraint 
of the form of eq. (3) with fv replaced by fR or fT must 
be imposed on the reacting system. However. a simul- 
taneous application of constrants like eq. (3) for& 
fR and fT will end up with functions k@ojr) different 
from those of eqs. (2). (20) and (23). 

A microcanonical equilibrium between the three 
modes, translation, rotation and vibration is reached 
when & = 0. In this case pvX> = @UX) for X = v, 
Rand’I’.Onthebasisofeqs.(1).(6)and(lO)wecan 
write power series expansions off&) and P(fl) in 
terms. of hy, which eventually converge to @c/R) and 
PO(&) respectively if X, + 0. 

For the sake of simplicity we shall treat the vibra- 
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tion as a continuous variable. (This is nc: essential 
for the present purpose.) Starting with eq. (10) and. 
assuming X, < 0 we have 

l-/R 

= (l-fR)3~2exp(-lAvlfR) C (-1)” 
n=o 

X 
mJ(1 -I-,>]” 

n!(n +$) /Q;, 9 (24) 

where 7(x, y) is the incomplete Gamma function. The 
power series expansion for the translational distribu- 
tion can be obtained directly from eq. (18) 

- 
pcfT) = f:/’ (1-f;) ,Fo 

[I\l( 1 -f,,l n 
o1 + lj, /Q; . (25) 

The equilibrium distribution function P”(jR) and 
PncfT) appear as factors independent of Xv in front 
of the sums in eqs. (24) and (25) respectively. 

6. Discussion 

In the previous paragraphs an attempt was made 
to verify the validity of the vibrational temperature 
concept. It was shown that a vibrational temperature 
parameter can be assigned to a number of exothermic, 
population inverting atom-diatom exchange reaction. 
The temperature parameter is helpful in character- 
izing product energy distributions since it contains most 
of the Information about these distributions. 

It seems that the arguments given in section 2 are 
nof sufficient to explain product state and energy dis- 
tributions for all kinds of reactions. In order to apply 
an information theoretic approach to the problem, 
the appropriate constraints on the reacting system 
should be carefully specified. One of the advantages 
of the Information theoretic approach is its applica- 
bility in cases where only partial knowledge about the 
system considered exists. This means that when dealing 
with chemical reactions one has to take into account 
only the most importing features of the reaction. In 
absence of any rigorous quantum mechanical treat- 

ment for chemical reactions, which can accurately 
predict product state distributions, the information 
theory approach may be helpful. 

Two Important aspects of the product state distri- 
butions were neglected in this paper. These inter- 
related aspects are the angular distribution of the 
products and the conservation of angular momentum. 
In order to derive an expression for the angular dis- 
tribution, the appropriate dynamical constraints must 
be specified. This can be done only if some knowledge 
about the reaction mechanism is available. Thus, for 
example, it is useful to know if the reaction proceeds 
via a direct or indirect mechanism and how the total 
angular momentum is partitioned among the orbital 
and rotational angular momenta. 

The law of angular momentum conservation relates 
the angular distribution to the energy distribution. 
For many reactions the partition of angular momentum 
is only weakly constrained by the conservation law 
and the main constraints are due to energy conserva- 
tion 1391. This is usually tie case for reactions with 
large initial orbital angular momentum (large reactive 
cross section, large reduced reactant mass). The situ- 
ation is more complicated, for example, for reactions 
of the type (XII). In this case, due to the large dif- 
ference between the reduced masses of reactants and 
products, the initial orbital angular momentum is 
usually much smaller than the foal. Since the inital 
rotational quantum number is usually small, the total 
angular momentum is also small. 

These complications may lead to angular momentum 
restrictions which are as strong as those imposed by 
energy conservation. These restrictions which may 
appear for example m the form of a cutoff in J, or 
as a degeneracy factor smaller than U+l will cause 
a change in the form of the density of states func- 
tions, hence in the actual distribution function. Con- 
siderations of this type may give an explanation to 
the fiiding that for reactions Iike HtCl, the assign- 
ment of vibrational temperature was inadequate [23]. 
It is reasonable that some of these difficulties can be 
resolved by the use of arguments similar to those of 
the statistical theory of Light and collaborators [40]. 

The last kind of reactions described as “angular 
momentum limited” and a few other aspects related 
to this work are now under current study. These in- 
clude, for example, analysis of entropy deficiencies 
and their relation to reactant disttiiutions. extension 
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of the treatment to systems with more degrees of 
freedom (reactions between large molecules), entropy 
cycles and the connection between temperature param- 
eters and dynamical and molecular properties. 
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Note added in proof 

we have just received a preprint 1411 which also 
examines the rotational state distribution. These 
authors also note that for reactions(V) and (VI) 
rotational state distribution (for a given vibrational 
state) is nearly in equilibrium. For reactions (IX) and 
(X), the deviations from a distribution of the type (6) 
are interpreted as being due to the rotations not 
having reached a microcanonical equilibrium. In this 
study, the a-priori distribution included the conser- 
vation of angular momentum constraint. For reactions 
(V) and (VI), the differences are not marked. 
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