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Energy transfer processes among the lower vibrational levels in CIisBr have been examined in an attempt to obtain 
information about the magnitude of the rate constants coup!ing these levels with one another and coupling us and “6 to 
the Found state. We conclude that there is a significant direct deactivation of both v3 and vs to the ground state for 
CHsBr-CHsBr collisions. The magnitude of V-V rate constants for CHsBr-CHsBr and CHsBr-rare gas interactions are 
discussed. In the course of these studies, a numerical method has been developed which allows for the determination of 
kinetic rate constants from measured rates by iterative solution of the coupled set of kinetic equations. Propagation of 
error from experimental rates to kinetic rate constants has been explicitly considered. The impact of our kinetic analysis 
and resulting conclusions on previous studies of the methyl halides is also discussed. 

1. Introduction 

Vibrational energy transfer in polyatomic 
molecules has been the focus of a large number 
of experimental and theoretical investigations 

[l-9]. A primary goal of the experimental 
studies has been to obtain accurate state-to- 
state rate constants for vibrational energy trans- 
fer and relaxation processes. These rate con- 
stants could then be compared to theoretical 
calculations of rate constants which are nor- 
mally based on a specific dynamical model. This 
comparison can be used to formulate theories as 
well as to test existing theoretical understanding 
of various energy transfer processes. For a 
meaningful comparison it is important that 
theoretically calculated rate constants be com- 
pared to rate constants obtained from experi- 
mental data rather than to phenomenological 
rates. An experimental technique that has 
achieved widespread usage in vibrational energy 
transfer studies is laser induced fluorescence [5- 
91. Using this technique, a molecule may be 
prepared with excess population in a single 
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vibrational level and the subsequent time evo- 
lution of the population of that state monitored. 
Additionally, the appearance of population in 
other vibrational states can be monitored. With 
a sufficient number of independent observations, 
it is then at least potentially possible to extract 
kinetic rate constants from these rate measure- 

ments. The connection between observed rates 
and actual rate constants can be made by solv- 
ing the appropriate kinetic equations. In gen- 
eral, in a multimode system, solution of the 
complete coupled set of differential rate 
equations is not tractable. However, by making 
some well justified approximations, it is often 
possible to isolate a relatively small number of 
states from the total vibrational manifold and to 
treat them as a kinetically independent subsys- 
tem. Additionally, it may be kinetically 
justifiable to collapse a multistate system into a 
system with significantly fewer states. In either 
case, the goal is to reduce the system to 2 small 
enough number of states such that a so!ution of 
the kinetic rate equations becomes manageable. 
It should be noted that involved in the above 
procedure is a certain degree of model depen- 
dence_ The key to a successful kinetic model is 
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thus to carefully consider the extent to which 
the approximations aade in the model are valid 
for the system being studied. 

Isolation of a subsystem from the total mani- 
fold can be done based on a number of criteria. 
A common case is the exclusion of high lying 
states whose population is much smaller than 
the population of the states of interest [6c]. This 
is equivalent to assuming that equilibration pro- 
cesses among the high lying states present a 
negligible perturbation on the population of the 
states of interest. 

The collapse of multistate systems into kineti- 
caIly equivaIent systems with fewer states is also 
possible if significantly different timescales for 
equilibration exist within a given system. This, 
in fact, is the assumption that normally makes it 
possible to treat the muItIrotationa1 states of a 
given vibrational level as an equi!ibrated single 
state on the vibrational equilibration timescale. 
SimilarIy, by this approximation, it is often 
possible to treat compfete manifolds as equili- 
brated systems with a single deactivation pro- 
cess on a vibration-translation f rotation (V- 
T/R) timescale [9]_ 

Clearly, detailed solutions of relatively simple 
systems can be very useful in the interpretation 
of the behavior of seemingly complex systems. 
However, care must be taken in modelling sys- 
tems so that the determined rate constants are 
representative of the real system. 

In this paper we will treat in detail the vibra- 
tiona! energy transfer processes that are opera- 
tive among the lowest five excited states of 
CH3Br. Though CHIBr has been previously 
studied [7,8], we will show that improvements 
in experimental equipment and kinetic analysis 
allow for the extraction of a great deal of pre- 
viously unobtainable information and in par- 
ticular allow us to determine kinetic rate con- 
stants for a number of vibrational energy trans- 
fer processes including the V + T/R deactivation 
processes in the system. The kinetic rate con- 
stants for V+T/R deactivation of CHxBr by 
CH;Br and the rare gases ‘He, ‘He, Ne, Ar, Kr 
and Xe will then be discussed in relation to 
existing theoretical predictions. The likely 
effects of such a kinetic reanalysis will be dis- 

cussed with regard to V-T/R rate constants in 
other CH3X systems and a discussion of these 
effects on the assumed mechanism for deactiva- 
tion of CH3X systems will then be considered. 

2. Experimental 

An energy level diagram for C&Br is shown 
in fig. 1. Fluorescence from the v3 mode of 
CH& was monitored via a Cu: Ge detector 
following excitation of ZQ of CH3Br with the 
R(14) line of the IO.6 b CO2 laser band. T’he 
laser parameters and the entire experimental 
apparatus have been discussed in detail eise- 
where [9]. Briefly, the laser was operated at 
200 Hz with 1.5-2.0 mJ/pulse and a pu!se width 
of 400-600 ns (fwhm). The Cu: Ge detector was 
used in conjunction with cooled 13.5 F and 
11.25 p long pass (1.p.) filters which eliminated 
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Fig. 1. A partial vibrational energy-level diagram of CH,Br. 
The straight arrow indicates the state excited by the CO2 
laser while the curly arrows indicate the states that were 
monitored in this study. 
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laser scatter and isolated v3 fluorescence 
emission_ Fluorescence was viewed through a 
KBr window at right angles to the excitation 
beam. The amplified output of the detector was 
fed into a Biomation 610B transient digitizer 
which was interfaced to a hardwired signal 
averager. The averager was in turn interfaced to 
either a NOVA 3 or NOVA 4 computer which 
was linked to a CDC6600 computer. 

Fluorescence from the ZJZ and ~5 modes of 
CH& was observed with a Au: Ge detector 
used in conjunction with a 4.8 p hp. filter and 
7 mm MgF, window. This combination provided 
an optical window of 4.8 to -8.0 p.. The only 
CH3Br modes in this region are ~2, ~5, Zv3 and 
2~~. 2v3 is very weak in absorption and thus 
would not be expected to emit significantly. 
Additionally, any emission would be expected 
to be attenuated by the long wavelength cut-off 
of the effective optical window of the detection 
system. An In : Sb detector was used to verify 
that there was no significant emission from 2~6. 
The In : Sb detector was operated with the same 
4.8 or. 1.~. filter providing an optical window of 
4.8 to -5.5 p.. Emission from 2ug is expected to 
fall in this region. Within this region, the In ; Sb 
detector used has a higher D” than the Au:Ge 
detector and yet no emission could be observed. 
Therefore, it can be concluded that 2276 emission 
does not make up a perceptible part of the sig- 
nal observed with the Au : Ge detector within 
the 4.8 p to -8.0 TV. optical window. With a 
5 k0 resistive load, the Au:Ge detector and 
associated electronics had a response time of 
20.9 ps. When measured signals approached a 
rate of 500 ms-’ a 2 kR resistive load was 
employed with a corresponding increase in 
response time of the system to aO.6 ps [9]. 

CHaBr was obtained from Matheson with a 
specified purity of 399.5%. The CHjBr was 
further purified by multiple freeze-pump-thaw 
cycles. All rare gases were used as obtained 
from the manufacturer. The purity and 
manufacturers were as follows: 3He (Mound 
Labs, 299.9%), 4He (Matheson, >99.9999%), 
Ne (Matheson, 299.995%), Ar (Matheson, 
>99.9995%), Kr (Cryogenic Rare Gases, 
==99.995%), and Xe (Cryogenic Rare Gases, 

299.995%). Rare gas mixtures were prepared 
in the fluorescence cell and mixing times varied 
from 5 minutes for He to 20 minutes for Xe. 
The highest pressure studied for a Xe mixture 
was 25 Torr. Pressures were measured with a 
calibrated capacitance manometer on a vacuum 
line with an outgasfleak rate of S-IO n/h. 

All experiments were done at 22 * 1°C. Laser 
lines were determined by an Optical Engineer- 
ing COZ laser spectrum analyzer. 

3. Results 

The rise and fall rates of the v; state of 
CHaBr were measured for CH,Br and the rare 
gases as collision partners. The rise and fali 
rates of emission from the ZQ and us states were 
also measured. Ronn et al. [S] indicate that in 
their study the same rates were obtained 
whether one or both of the ~2 or y5 states were 
observed. Additional!y, these states are expec- 
ted to be rapidly coupled on the basis of 
proximity and henceforth will be treated as a 
single state, v2/vg. 

Typical experimental fluorescence signals 
from ~3 and us/z+ are presented in figs. 2a and 
2b, respectively. The rise and fall rates for both 
uj and YJVS were analyzed as single exponen- 
tials by either a non-linear least-squares routine 
or au iterative Guggenheim routine. These rates 
and the pressure ranges of measurement are 
reported in table 1. Careful attention was paid 
to the reported error brackets on the measure- 
ments which are reported as 95% confidence 
limits. Our results agree very well with ref. [S] 
for those states and collision partners that were 
studied therein. The rates of rise and fall of 
vz/us and ~3 are plotted as a function of CHsBr 
pressure in figs. 3a and 3b, respectively, for 
these experiments. A constant pressure of Ar 
(‘2 TOIT) was maintained in the cell in order to 
increase the overall heat capacity of the system 
and thus inhibit translational heating. The 
dependence of the rise and fall rates of ZQ on 
Ar pressure is presented in fig. 4. These data 
are typical of other rare gas measurements. Fig. 
5 shows a summary of the experimental rise and 
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Fig. 2. Typical experimental fluorescence signals from (a) ~3 and (b) -_/ => vs of CH3Br. Both signals were obtained from the same 
gas mixture: 1 Ton of CHsBr and 2 Torr Ar The continuous line is the double exponential best fit to the signal obtained by a 
nonlinear least-squares algorithm. 

fall rates for v; and &us pIotted versus ,u”~ of parent versus parent-rare gas V-V and V-T/R 
the cofiision pair. rates. Since there was no resokable deviation 

In a system containing both parent gas, from linearity in our rare gas data, a linear 
CH& and rare gas the relationship between Ieast-squares anaIysis was used to determine 
the rates in the system and the rare gas pressure rates. 
is not necessarily linear. As discussed in ref. Since, to our knowledge, an iterative Guggen- 
[14], this can occur due to changes in parent- heim procedure has not been previously used 
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Tabie 1 
Experimental rates of rise and fall of “I and w/us and pressure ranges for CH;Br and rare gases as collision partners 

591 

Collision State Pressure range Rate (ms-’ T~rr-‘)~’ 
partner (To1-0 

rise fall 

CII,Br y3 0.2-1.7 53.3rt4.41 19.53*2.72 
+I+ 0.3-3 104.5zt8.61 22.65-c 1.95 

3Hc “3 O-5 34.Ort1.81 9.75zko.93 
%/Q O-8 14.6k3.14 9.26 zt 0.63 

‘He Q O-10 18.6Lt3.15 6.31+ 1.18 
VZI y5 o-12.5 12.6 f 1.47 4.79 i 0.43 

Ne “3 O-30 4.33 * 0.33 1.63 f 0.09 
vzl y5 o-21 6.55% 0.80 1.2OkO.26 

Ar v3 O-30 5.3010.19 1.85ItO.08 
v2l v5 O-26 7.06k 1.66 1.61 r0.25 

Kr YX o-25 5.45fO.19 1.60+0.13 
&I% o-17 8.5 +I.2 1.67cO.45 

Xe y3 O-25 6.06 * 0.27 1.7550.16 
YZ/% O-17 9.2 11.8 2.02=0.40 

a’ The reported errors are the 95% confidence limits obtained for the slopes of the rare versus pressure plots. 

for data analysis, it was felt that a few com- 
ments about this procedure are in order. This 
analysis extracts the rates and preexponentiais 
from a double exponential curve by performing 
a single Guggenheim fit [lo] for one of the 
exponentials, subtracting the fitted exponential 
from the total signal and then performing a 
Guggenheim fit for the other exponential. The 
signal is then analyzed a second time where the 
second exponential is subtracted from the total 
signal and the first exponential is subjected to a 
simple Guggenheim analysis. This technique is 
normally applied iteratively until the results of 
one iteration do not significantly differ from the 
results of the previous iteration. The procedure 
can also be applied to curves containing more 
than two exponentials. The accuracy of the 
entire analysis has been confirmed by com- 
parison to an IMSL supplied nonlinear least- 
squares algorithm (NLSQ). The motivation for 
using the iterative Guggenheim over the more 
general NLSQ procedure is that it is significantly 
faster and therefore more amenable to interactive 
calculations on a laboratory mini-computer. 

4. Dissussion 

As mentioned previously, some vibrational 

energy transfer data do exist for the CHxBr 
and the CH3Br-rare gas system. A number of 
conclusions have been drawn from these pre- 
vious studies which pertained to the mechanism 
of vibrational deactivation and in particular 
seemed to indicate that V +R processes domi- 
nated V +T processes in the deactivation 
mechanism [7]. In addition, a number of theor- 
etical calculations seemed to accurately predict 
this mechanistic behavior [ll, 121. However, 
many correIations and comparisons were based 
on measured experimental rates rather than the 
actual kinetic rate constants for the vibrational 
deactivation process. With improved experi- 
mental apparatus and more sophisticated kinetic 
treatments, it seemed appropriate to reinvesti- 
gate CH~Br in an effort to determine the actual 
kinetic rate constants for vibrational deactiva- 
tion and to obtain as much additional informa- 
tion as possible about rate constants for V-V 
processes in the system. 



Fig. 3. Observed rate versus pressure plots for (a) v,/Y, and 
lb) v3. The squares iepresent rise rates and the circles fall 
rates. Non-zero intercepts are due to the fact that a constant 
pressure of Ar (2Torr) was maintained in the fluorescence 
cell throughout these experiments in order to inhibit transla- 
IiOWA heating. The lines are linear least-squares fits to the 
experimental data. 

As previously indicated, when 2 complete rate 
matrix for a kinetic system cannot be solved, a 
simpier kinetic model for the system must be 
formulated. With a primary interest of thii 
study being the determination of rate constants 
for deactivation of vibrational degrees of free- 
dom to translational and rotetional degrees of 
freedom, a seemingly plausible fust choice for a 
kinetic model might be a three level system 
composed of the ground state, ~3 and the pump 
state. v&. 

5 IO 15 20 25 
Pressure of Argon (torr) 

Fig. 4. Rise and fall rates of v3 versus pressure of argon. 
The squares and circles represent tite rise and the fali rates, 
respectively. The pressure of methyl bromide was 0.5 Torr. 
The solid lines are the result of a linear least-squares fit to 
the experimental data. 

4.1. Three level kinetic model 

A simple three level kinetic model involving 
steps of the type 

klB A- *I-C (1) 
k-2 k-1 

has been treated many times since the solutions 
were first presented by Lowry and John [13]. 
The solutions for this system and a short dis- 

cussion will be included here for clarity and 
convenience. 

For CHzBr the three level system would 
involve steps of the type 

CHxBr(v6) + CH3Br 2 CH3Br(YS) i C&Br 
k:= 

+AE = 341 cm-’ (2) 
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Fig. 5. Summary of the experimental rise and fall rates for 
~3 and Y~/US plotted versus &Ii2 of the CHsBr-rare gas 
pair: A rise of VP, LI fall of I+, t9 rise of vJv~. 0 fall of 
&u,. The error bars for these measurements are given in 
table 1. 

CHxB&) + C&Br 2 CHsBr(0) iCH;Br 
k’, 

C&E=611 cm-‘, (3) 

for which the rate equations can be written as 

dNN,/dt = -R&V,N -I- kL,N,N, WI 

dh’Jdt = -k:N,N+ k’,N,,Nt kG:N,,N 

- kl,N& (4b) 

dN,/dt = -ki_,N&+k;NyN. (4c) 

additionally, there is the constraint equation 

iv= C NyI, 
all rtara 

where NV, is the time dependent, pressure 

weighted population density conveniently nor- 
malized such that N = 1 at 1 Torr. Using this 
convention, the bimolecuIar rate constants, /CL,, 
can be reduced to first order rate constants by 
making the substitution k = k’N = k’P thus 
reducing the system to pseudo-first order 
kinetics where now k, has units of 
time-’ Torr-‘. 

A rate matrix can be generated for this sys- 
tem and easily solved. The eigenrates of the 
rate matrix are 

ml = $[a -(a’-4fl)“‘], 

mz=$[a +(a’-4@)“‘], 

m3=0, 

where 

(5a) 

(5b) 

(SC) 

a=kl+k_,ik2+k_Z, (W 

/3 = klkz+kzk-1 + kelk+ (6b) 

These eigenrates are independent of the 
boundary conditions (initial excitation) for the 
system. In any given experiment, the observed 
rates are the eigenrates. It can be seen that 
even for a system as simple as a three level sys- 
tem, the relationship between observed rates 
and rate constants can be fairly complex. 
However, once this relationship has been estab- 
lished, expertients can be devised to extract 
individual rate constants from observed rates. 

A complete prediction of the behavior of the 
diffekent states in the system also requires a 
knowledge of the eigenvectors, the preexponen- 
tials, which depend on boundary c&d&ions. For 

the case where v6 is initially excited the results 
are 

NC&) - I+ 
kdk-1 -m&n1 

xe,@J) k_,(kr-mz)(mz-ml) exp(-m2r) 

+ 
Mk-1 -mhn~ 

k-lh - mr)(kz-md 
exp (-mlt), (7a) 

N,ozl+ (k-l - m2)ml 

X,(4 k-dmz- ml) 
exp (-m2t) 

+(L-mdm~ 
k_l(ml - m2) ‘?q (-m1t), 0) 
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m - 
iLexp t-rnrt). 

172 I - m2 
(7c) 

In a determination of rate constants, it is only 
necessary to measure the pressure dependence 
of the eigenrates of a state. For the case of Y6 
excitation and observation of p3, ZJ~ will rise 
with the faster eigenrate, nzz, and fal! with the 
slower one, rnr. The sum of these eigenrates, 
171, + ITI?, will yield cy and the product. nztm~, /3. 
Since kr and XT-1 as well as kz and k-z are 
related by detailed balance and microscopic 
reversibility, the equations for LI and /3 can be 
reduced to two unknowns 

n =(l+y)k,~(ltA)k~, @a) 

p = t 1 ‘Ay t y)k1k,, @bi 

where 

A = N1I,/NII,, @a) 

y = N:,/N:,,, W) 

where Nz, is the ambient Boltzmann population 
of state i. 

The simultaneous solution of these equations 
results in a quadratic for kl which is 

[a/(l+h)]‘-4p(lty) I” 

(1 +h)(ltAyta) I I . 
(10) 

k, can then be solved for from either equation 
(Sa) or (8b). For the case where the dis- 
criminant of the quadratic is positive, two real 
sets of rate constants will be obtained. The 
choice of one set over the other will have to be 
based on other considerations. The above treat- 
ment can be easily extended to the case of the 
rare gas dependence of the rates of eqs. (2) and 
(3) and has been treated in a previous publica- 
tion [14]. 

Despite the fact that the above treatment is 
now a standard kinetic procedure, little has 
been done to relate errors in observed eigen- 
rates to errors in kinetic rate constants. This can 
be done in a straightforward manner by a study 
of propagation of errors. This development is 

presented in appendix A for the three level 
system. 

A point has now been reached where an 
analysis of the pure CHsBr and rare gas data 
for the v3 mode of CHaBr can be attempted 
based on the simple three level model. Using 
the data in table 1 and solving for k:, a disturb- 
ing feature is noted. For pure CH3Br, 4He, Ne 
and Ar the discriminant in eq. (10) is negative. 
In the case of CH3Br and Ar the discriminant is 
negative even when the extremes of the error 
brackets on the rate measurements are con- 
sidered. This would seem to be a clear indica- 
tion that a sequential three !evel mechanism is 
not an adequate model for the kinetics of this 
system. Thus, we must consider a model which 
includes more complex processes as well as 
more states. 

There is theoretical evidence that in the 
methyl halides there may be some direct deacti- 
vation of v6 to the ground state in addition to 
the “normal” V+T/R deactivation process for 
z+ [7,8,15]. This is primarily due to the rela- 
tively large breathing sphere parameter associ- 
ated with v6 versus ZJ~ [7]. In an SSH treatment, 
this larger breathing sphere parameter can make 
up, at least in part, for the increased energy gap 
associated with direct V+T deactivation of v6. 
Thus a natural extension of the previously 
treated three level system would be to include 
the process 

CH3Br(v6)+CHsBr 2 CHjBr+CH,Br(0) 
k-3 

tAE=952cm-’ (11) 

in addition to the processes of (2) and (3). The 
eigenrates for this cyclic system are 

m*=f[cr -(ry’-4@“2], (12a) 

m5 =$[a -i(~~‘--4fi)~‘~], (1%) 

ms=O, WC) 

where 

a=kl+k_1ik2+k-~+fk3ik-3, (13a) 

p = kgk--2t k_lka+k_lks+ klkz+ k2k_s 

+k_2k_s;klk3+k,k-3+k_tk3. (13b) 
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In this system, v3 will still rise with the fast 
eigenrate m5 and fall with the slow eigenrate 
m4. Due to the fact that we have only two 
measurements directly relating to v3 and v6 and 
that this system coniains three independent rate 
constants, it is an underdetermined system. 
However, an analysis based on this model pro- 
vides some illuminating features relating to the 
CH&r system. 

Acceptable values of kl, k2 and kg that will 
yield the observed m4 and m5 must now be 
expressed as a three-dimensional plot. Since the 
system is underdetermined by one observable, 
the acceptable solutions will fall on a curve. 
This curve is illustrated in fig. 6 for CH;Br. 
Based on this model, it has been possible to find 
similar curves for all the rare gases so that the 
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Fig. 6. Three dimensional plot of the solution of three-level 
model for methyl bromide including direct deactivation of 
v6. The solution has been obtained for pure methyl bromide 
where the observed rise rate (ms) is 53.3 ox-’ TOY’ and 
the observed fall rate (ml) is 19.5 ms-’ Torr-‘. The rate 
constants in the plot are also in units of ms-’ Torr-I. The 
projections (dashed lines) of the solution (solid line) are also 
shown in order to aid interpretation. The rate constants 
refer to the processes indicated in fig. 7. 

experimentally determined m4 and m5 are 
reproduced for each rare gas. However, as in 
the case of CH;Br, if a unique set of rate con- 
stants is desired, an additional relationship must 
be established relating a pair of rate constants. 
It is interesting to note that solution sets exist 
for CHaBr over a wide range of values of k3. 
where k3 can range from 3 to 47 ms-l Torr-‘. 
At the upper limit k3 is 8.6 times kl, the value 
for direct deactivation of v3. Such large ratios of 
k,/k, are probably unreasonable based on SSH 
and V -, R theories. However, this qualification 
would only succeed in limiting us to the portion 
of the curve corresponding to smaller values of 
k,/ kl. 

Our extension of the system to include direct 
deactivation from v6 has now enabled us to 
determine a range of acceptable sets of rate 
constants which are consistent with the behavior 
of ~3 for all the rare gases. However, other 
states exist in the CH3Br system such as Zv;, 
which have populations that are comparable io 
v6 and additional informaiion is available about 
the rise and fall of u2/v,-_ Thus it seems reason- 
able to extend the model to include these states, 
to determine their effect on the lower three 
states and io determine whether the available 
information dealing with vz/vg will yield a 
unique set of rate constants. Where the selec- 
tion of a unique set is not possible, the informa- 
tion regarding the behavior of vz/y5 may nar- 
row the range of variation of one or more of 
the rate constants. The extension of the model 
to include vJv5 and 2v3 will be attempted in 
steps. 

4.2. The four level system: 223, vg, y3 and v. 

The addition of 2~~ and the coupling of V; to 

2~3 via a non-linear step of the type 

CJ%Br(vj) +CHxBr(vs) 2 CHJh(2uJ 
k-4 

+ CH3Br(0) (14) 

prevents a general analytic solution for the 
equilibration processes involving the lower four 
levels in fig. 7 [141. Therefore the system must 
be solved numerically. The primary objective of 
the numerical treatment is to ascertain whether 
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Fig. 7. Five-ieve1 mode! of mtthy[ bromide. v2 and uj have 
been combined and are considered to be a single staw. Thhs 
arrows indicate the forward direction of the rate equations 
in the text. 

the addition of 2.~~ to the system significantly 
affects the magnitude of the previously deter- 
mined locus of rate constants for the three 
IeveI system. In a11 of she treatments to foIIow 
we assume that k, is large, typically 
1000 ms-’ Torr-‘. This assumption is based on 
the large dipole moment derivative for Ihe v; 
mode which enters into a Sharma-Brau calcula- 
tion of the magnitude of the near-resonant 
energy transfer cross section [16]. This type of 
calculation has been successful in reproducing 
the magnitude of the coupling between K+ and 
2~ in CH;F where the corresponding rate con- 
stant has been measured experimentaily 
[14,1?]. 

To treat the addition of 2z+, the numerical 
method described in appendix B was used. k; is 
fixed and the remaining rate constants in the 
system, k, and k, are then determined for 
difierent values of IQ where kj is the rate con- 
stant coupling 2~9 and IQ 

CH3Br(2v3) +CH;Br 2 CH3Br(V6) +CH3Br. 
k-5 
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In all cases treated for this system, an initial 
guess which resulted in a solution resulted in a 
unique solution. 

Fig. S shows the solutions that are determined 
for an initial vaIue of kj = 16 ms-’ Torr-‘. This 
value of k3 is arbitrary but fig. 8 serves to illus- 
trate the general eflect of the addition of 229 on 
the previously determined set of rate constants. 
The first interesting observation is that there is 
a maximum allowable vaIue for kj. For the case 
of k3 = 16 ms-’ Torr-‘, no soIution sets for k2 
and k3 can be found for .ks > 100 ms-’ Torr-‘. 
The existence of an upper Iimit for ks is not too 
surprising since there appears to be a tradeoff 
in magnitude between kz and kj. This tradeoff 
is present for all allowed values of ks_ The 
tradeoff appears to occur because processes 2 
and 15 both represent ways to deplete vg in 
population and to populate ~3. The parallelism 
of the two processes is further inferred by the 
observation that the magnitude of kl, the rate 
constant for V+T/R deactivation OF r3, varies 
little as a function of ks. Similar behavior is 
observed for all allowed values of k3 that were 
tested. Thus for CHJBr, though the inclusion of 
2z+ and its coupling to v6 affects the possible 
values of k2 for a given k3, the values of kl for 
each k3 remain essentially unchanged. However, 
as before, there are stifi families of acceptabte 

Fig. 8. Rate constants kt (circles) and kz (squares) are plot- 
ted V~I-SUS k,. k, has been fixed at 16 and k, fixed at 
1000 ms-’ Torr-‘. The rates shown in the plot are for 
1 Torr of methyl bromide. 
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values for kl and k3; and the addition of 2~3 
does not help us determine which sets of rate 
constants actualiy occur. 

From the results of the numerical study of the 
four level system presented above, it can be 
concluded that the kinetic processes involving 
2~3, ~6, v3 and ground state of CH;Br can be 
adequately treated by three independent rate 
constants, kl, k2 and k3_ This is accomplished 
by setting k, = 1000 ms-’ ‘I’orr-I, and by taking 
advantage of the complementary relation 
between k7 and k5 which allows us to choose a 
value for k2 which represents the combination 
of the two kinetic processes. Doing this allows 
us to effectively set ks = 0 in our model. This 
model will be assumed in the following 
development 

4.3. TCle fir;e level system: ~3: v6, 2v3, v2/v5, vu 

The population of v1/v5 is small compared to 
that of v3 and vs. Thus the rate processes 
involving v,/u5 represent a small perturbation 
on the lower manifold and wouId not be expec- 
ted to significantly alter the values of rate con- 
stants determined in the four level model. For 
the same reason, the behavior of Q/US reflects 
the rate processes involving vj and us very 
closely, through the rate constants tying vJus to 
the lower manifold. The addition of z&v5 to the 
four level model described in the previous sec- 
tion introduces two additional observables, 
namely the rise and fall of vz/v5. However, two 
new rate constants, ks and k7, are also added to 
the model as independent variables. Therefore, 
as in the four level model, this five level model 
is also underdetermined by one observable. 
While the model cannot be expected to 
uniquely define any of the rate constants invol- 
ved in the system, it will be shown that the 
introduction of VZ/VS limits the acceptable range 
of values of rate constants, in particular those of 
kl and kj. 

Fig. 9 is a plot of the various rate constants 
obtained from the different models. The 
abscissa of the plot is the value of the Vg+ 0 
rate constant, kj, which is taken as the indepen- 
dent variable. For a given value of k3, the four 

Fig. 9. The development of the merhyl bromide kinetic 
model is depicted where kl and kl arc plotted versus k?. 
The rate constants have besn obtained from the three level 
model (-.-I without direct deactivation of u6, the four-level 
model (.+-I and the five-level model (--_). k6 and k; are 
includrd for the five-level model. 

rate constants, kl, k7, ke and k7, that generate 
‘ihe observed rates are obtained by the method 
described in appendix B. 

An interesting observation is the similar 
shape of the curves in fig. 9 for kl and kz for ail 
modeIs. Though there is certainly some transla- 
tion of the curves in both the x and y direction 
it is clear that similar values of k, and k, are 
expected for each value of k3 for all models 
used. This is a demonstration of the fact that 
inclusion of upper levels will not, in general, 
dramatically alter the behavior of lower states 
due to the small population of these upper 
states. 

Another prediction of the five-level model is 
the finite magnitude of the relaxation step 
involving direct deactivation of ~6. It can be 
seen in fig. 9 that for k3 < 10.6 ms-’ Torr-‘; 
k7 < 0. It can therefore be concluded that the 
mean minimum allowed value for k3 is 
10.6 ms-’ Torr-‘. The statistically acceptable 
minimum value of k, can be calculated by first 
setting k7 = 0 which, as seen in fig. 9 defines the 
minimum of ks and then calculating the error 
bars and the mean of k; via the method of 
appendix A. ks is then calculated as 11.6, 
5.2 ms-’ Torr-’ where the indicated error is the 



95% confidence limit. Thus from this error limit 
calculation 6.4 ms-’ Torr-’ is the statistically 
acceptable minimum value for the deactivation 
of vg. The difference that occurs in the calcula- 
tion of the mean of kJ via the method of appen- 
dix A and the mean of k; as shown in fig. 9 is 
due to the statistical weighting that is incorpor- 
ated in the former calculation which does not 
exist in the latter calculation. By either method 
it can be asserted that in pure CHjBr there is a 
significant direct deactivation gtep for the vg 
mode. 

Considerations that can be used to establish 
an upper limit for this rate constant and allow 
for the selection of a reasonable range of vari- 
ation of the other rate constants will be dis- 
cussed next. To do this, more information is 
necessary to make a judgment about the allow- 
able relative or absoiute magnitudes of rate 
constants. 

One method of doing this is to resort to 
theoretical calculations of the relative rates of 
kl and k2. Whereas the absolute magnitude of 
theoretically calculated rate constants may be 
significantly in error, relative magnitudes of 
theoretically calculated rate constants often 
agree with experimental data [ll, 12, 181. An 
SSH calculation of rates of deactivation of v; 
and ZQ in CHjBr-CH3Br and CH:Er-rare gas 
collisions is given in table 2. From these calcula- 
tions it is clear that though significant direct 
deactivation of vg in CEI$3r would be expected 

to occur for light collision partners, direct 
deactivation of ~6 is minimal for the heavy col- 

lision partners. SSH theory considers a per- 
turbation involving relative ?ranslational motion 
[18]. In systems in which the relative rotational 
velocity is greater than the relative translational 
velocity, V+ R energy transfer calculations may 
be more relevant in a calculation of relative 
relaxation rates. A measure of the relative mag- 
nitude of the rotational versus translational 
velocity for a specific system is given by 
(,ud’/I)“” which, if greater than 1, has been 

shown to indicate a significant role for V+R 
processes in the relaxation of a molecule [ll]. 
As seen in table 3, this quantity is greater than 
or equal to 1 (0.98 for ‘He) for all collision 
partners studied and increases as the mass of 
the collision partner increases. Thus, V-+ R 
calculations of the relative rates of k, and k3 

via the model of ref. [ll] seem warranted. 
Using eq. (9) of ref. [ll] and assuming (Y 
(the repulsive exponential range parameter) 
is constant for all collision partners, the ratio 
Z,/Zj was calculated to be 2.5, where Zk 

is the collision number associated with the 

process k. 
It is important to note that existing theoreti- 

cal models predict k3 to be less than k,. Thus it 
seems reasonable to accept k,/k, = 1 as an 

upper limit. For kx/kl = 1, the upper limit of ks 

can be obtained from fig. 9 as =24 ms-’ Ton-‘. 
This limits the acceptable region of the solutions 
of the five-level model presented in fig. 9 to k, 
values of 10.6-24 ms-l TOI--’ with error limits 
on the lower bound of this range as discussed 

above. 

Table 2 
Theoretical energy transfer piobabiliries calculated via the SSH method [lS] for the V+V and V+T processes in CH;Br 

Collision 
partIler 

Cl-l,& 
jHe 
‘He 
Ne 
Ar 
Kr 
Xe 

Process 

vj+o 

2.36 x 10-S 
2.35 x _) 

10-- 
1.93 x IO-’ 
1.77x 10-j 
3.8 x lo-’ 
2.8 x IO-’ 
4.18 x lo+ 

v,s+O v6* v3 

1.91 x lo-’ 8.03 Y 10-a 
4.05 x :o-’ 1.02 x lo-’ 
2.55 x IO-’ 1.05 x lo-’ 
2.88 x lo-” 5.62 x 1O-3 
1.56x 1O-5 3.49x1o-3 
3.08 x lo-’ 7.71 x lo-’ 
1.62x IO-” 2.44 x lo-” 

v&+tv; 

2.38 x lo+ 
6.64 x 1o-5 
7.28 x IO-’ 
7.37 x 1o-5 
4.28 x IO-’ 
2.15 x lo-’ 
3.66x 1O-i 

W.5’ V6 

2.25 Y 10-x 
3.37 x lo-’ 
3.44 x 10-z 
1.73 x lo-” 
6.85 x 1W3 
2.2x 1o-3 
6.69 x 1O-a 

V~~s”ZVj 

1.41 Y lo-’ 
2.05 x lo-” 
2.52 x IO+ 
7.63 x 1O-4 
9.94x 1o-4 
1.09x 1o-3 
3.22 x lo-’ 
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Table 3 
The reduced mass and ratio of translational to rotational 
velocities (pd’/l) “’ for CHxBr-rare gas pairs n, 

Collision partner Reduced mass 
(amu) 

(pd’ll)“’ 

3Ht? 2.91 
*He 3.84 
Ne 16.64 
Ar 28.12 
Kr 44.5 
Xe 55.1 

a’ d = 1.048 A. I = 3.386 amu ii’. 

0.98 
1.12 
2.34 
3.05 
3.83 
4.21 

In order to study the rare gas dependent rate 
constants, a choice has to be made for k3, or 
equivalently for ks/kl, in neat CH&r. Based on 
the above calculations, a k3/kl value of 0.4 is 
chosen for this purpose. The five-level model 
rate constants corresponding to this choice, in 
neat CH:Br are: kt = 29.9, k2 = 26.8, ks = 12.0, 
kJ= 1000, ks=O.O, kg=551 and k7=21.0, all 
reported in units of ms-’ (Torr CH&)-‘. 

It should be pointed out that future experi- 
mental studies cou!d, in all likelihood, be per- 
formed which would obviate the need for the 
above assumptions which are now based on 
theoretical calculations. Additional information 
could be obtained by measuring the rise and fall 
of the & state or by looking at the relative 
amplitude of the u3 and v2/v5 states and how 
these amplitudes change as a function of press- 
ure. Numerical models of the system have 
confirmed that either of these measurements 
could, in principle, greatly limit the acceptable 
range of solution sets. However, both of these 
possibilities have experimental difficulties associ- 
ated with them. In the case of v~, the presence 
of laser scatter will make observation of this 
relatively weakly emitting state quite difficult. 
Measurement of intensities is always a difficult 
experimental problem due to changes in self- 
trapping and absorption coefficients with press- 

ure, However, photoacoustic detection could be 
used to normalize for absorpticn coefficient 
changes and it seems likely that with sufficient 
effort either study could be performed. The 
results of either of these studies would then 

experimentally limit possible solution sets for 
methyl bromide and methyl bromide-rare gas 
systems to a narrow range. 

4.4. ClYsBr rare gas processes 

Once a set of parameters is established for 
use as CH$r CH3Br rate constants, the same 
five-level kinetic scheme can be used in an 
effort to determine rare gas-CH3Br kinetic rate 
constants. Rare gas rate constants will be desig- 
nated by k* with a subscript referring to the 
same process as it refers to in fig. 7 for pure 
CH3Br. Of course, for the rare gases, kf = 0, 
since a resonant process does not exist for the 
population of 2~~. The kinetic rate equations for 
the rare gases are still underdetermined, since, 
as in the case of pure CHsBr, there are four 
kinetic rate measurements and five unknowns. 
Again, a convenient approach is to choose a 
value for kz and solve the kinetic equations for 
the remaining four rate constants. This has been 
done for different values of kz. The correspond- 
ing k? for each rare gas collision partner is dis- 
played in fig. 10. 

Though varying the value of k$ does affect 

the value of k:, it is clear that the shape of the 
plot of k: versus p”’ will be essentially the 
same virtually independent of the magnitude of 
k: over the ranges treated in fig. 10. The only 
significant change in the shape of the plot would 
result if k:/kT for 3He and ‘He were substan- 
tially greater than I. 

It is now possible to ask how a change in the 
assumed magnitude of the CHsBr k3 rate con- 
stant would effect k?. This was investigated by 
setting k$ = 0, varying k;, and solving the rate 
equations for the different rare gas rate con- 
stants. For argon for k; = 20, 30, 40; X-p = 3.76, 

3.25, 2.80 ms-‘, respectively. These results were 
typical of the other rare gases. From this, it is 

clear that even a factor of two variation in the 
magnitude of k3 will result in only a ~30% 

change in kf. In these calculations, kz = 0 was 
chosen for convenience. 

In formulating fig. 9 it was found that while a 
direct deactivation of vg is mandated from the 
data for C&Br-CH;Br collisions, a direct 



Fig. 10. The dependence of the rate constant kf on kp for 
the rare gas collision partners. The numbers were generated 
from a five-level model for methyl bromide. The symbols 
represent different values of kg (where 5’ = 4, C = 8, ,!I = 0. 
G = 0.5 and 0 = I .O). 

deactivation of v6 does not appear to be 
necessary for all the rare gases to obtain a sol- 
ution to the rate equations. For ‘He a direct 
deactivation of Ye is necessary while for “He the 
situation is marginal with respect to the 
necessity of a direct deactivation of ~6. This 
does not necessarily imply that a direct deacti- 
vation of V6 by the heavy rare gases does not 
occur, but rather it may be that the solution to 
the rate equations for the heavy rare gases have 
a wider range of possible solution sets for the 
light rare gases. Indeed, the fact that (&/l)“’ 
increases with the mass of the rare gas implies 
that rotations are more important for the 
heavier rare gases. If simple V + R theory is 
then applied to these gases, a significant direct 
V~ deactivation rate relative to the I+ rate would 
be predicted_ 

As previously stated, data on the experi- 
mentally observed rates of deactivation of 
CHsBr were reported in ref. [7]. Theoretically 
calculated rate constants were compared to 
these rates in ref. [12] by making the following 
calculation 

(16) 

where _W,.b is the population of state vi and k, is 
the calculated deactivation rate from state Y;. 
Robs is the calculated observed deactivation rate. 
Applying eq. (16) to calculated rate constants in 
an effort to reproduce experimental data relies 
on the assumption that ~3 and ~6 are equili- 
brated on a timescale much shorter than the 
deactivation timescale. This was a reasonable 
assumption lacking further information (though 
reverse rate constants should also be included), 
but as we have shown above, is not what occurs 
in the CHsBr system. Thus a meaningful com- 
parison of theory and experiment in this system 
can only be done by comparing individual rate 
constants. Fig. 9 presents our best estimate of 
the IQ and V~ deactivation rate constants for 
CHsBr-X collisions and this figure and the 
accompanying text discuss possible ranges for 
these rate constants. Similar data are presented 
for CH&-CHzBr collisions. The corresponding 
theoretically calculated individual rate constants 
for deactivation of vg and v6 have not been 
published. Thus, a direct comparison is not 
possible at this time. It is possible to compare 
the quantity calculated by using eq. (16) with 
our rate constants as inputs with published 
theoretical values of the same quantity. 
However, since v3 and V~ do not rapidly equili- 
brate the quantity calculated via eq. (16) is not 
physically meaningful and thus this comparison 
was not attempted. 

It is appropriate, at this point, to scrutinize 
the vibrational energy transfer studies on the 
methyl halide series. In the case of CHZF, the 
timescale of vibration-vibration energy transfer 
processes are well separated from the timescale 
of vibrational relaxation processes. In this case, 
the actual rate of vibrational relaxation will be 
related to the sum of the forward and backward 



rate constants for reiaxation if relaxation occurs 
from a single state. In CH,F there is evidence 
that relaxation occurs from both the V; and Q, 
states. Under these circumstances, the measured 
rate will be a weighted sum of the forward and 
backward rate constants of both states. This 
case has been treated in ref. [15] and no re- 
evaluation is necessary for CH3F. 

CHjCl is an intermediate case in that the 
timescale for V-V processes is an order of mag- 
nitude greater than for V+T/R processes [19]. 
This will mean that, assuming the system invol- 
ves basically the same kind of transfer processes 
as in CH3Br, the measured rates will not be 
merely the sum of the forward and backward 
V 4 T/R rate constants. Thus some correction 
will be necessary for the effects of V-V rates. 
However, in this system these corrections are 
likely to be small. 

CHsT represents a potentially complex system 
in which, as in CH$r, V-V rates are quite 
close to V-T/R rates [20] and thus this system 
will have to be subjected to an analysis as done 
herein for CH3Br in order to determine actual 
kinetic rate constants. 

Despite the above comments we feel that the 
general picture of relaxation in which for light 
rare gases V-T and V-R processes are impor- 
tant and V-R processes become dominant for 
heavy rare gases with V+ R relatively more 
important for the heavier CH&‘s will persist 
[7]. This conclusion is based on the results of 
the reanalysis of CHxBr and calculations of 
relative translational versus rotational velocities 
for the CH&‘s undergoing rare gas collisions. 

5. Conclusions 

We have outlined a method and a procedure 
which allows for the extraction of kinetic rate 
constants from measured rates in a complex 
polyatomic system. In the course of this pro- 
cedure, we have developed a numerical method 
which can determine kinetic rate constants from 
measured rates by the iterative solution of a set 
of coupIed rate equations. As a result of this 
study, we have determined that there is a 

significant rate for direct deactivation of 1’6 to 
the ground state of CH3Br in CH;Br-CHjBr 
collisions in addition to the “normal” deactiva- 
tion of v3. We have determined acceptable sol- 
ution sets for the kinetic rate equations for 
CH3Br. When the ratio of kl/k3 calculated from 
theory is included as an input to the kinetic 
model, the rrr?ge of solution sets for the CHjBr 
rate constants is narrowed. With this solution 
set as a starting point, sets of rate constants can 
be obtained for CH3Br-rare gas interactions. 
The effect of variation in the initial set of 
CH;Br-CH3Br rate constants on the set of 
CH3Br-rare gas rate constants was considered. 

We have also explicitly considered the propa- 
gation of errors from experimental rates to 
kinetic rate constants in the three level system. 
We have shown that use of the normal approxi- 
mate analytic expression for propagation of 
errors in a complex system can result in 
significant errors in the calculations of error 
limits on rate constants. We present an exact 
numerical method for calculation of error limits 
on rate constants. 

The necessity for a kinetic reanalysis of the 
other methyl halides has been considered. It is 
likely that the previous conclusions drawn 
regarding the mechanism of deactivation of the 
methyl halides will not change. However, while 
the existing interpretation of the data on CHxF 
deactivation rate constants is valid, on re- 
analysis the interpretation of the data on CH3C1 
would change, though only by a small amount 
and CH31 should be subjected to a full 
reanalysis. 

Appendix A 

It is common practice to report the experi- 
mental error on measured rates. Though the 
situation is changing [22-243, historically little 
attention has been paid to the propagation of 
these errors to produce appropriate error limits 
on the derived kinetic rate constants. Since, as 
shown in eq. (5). the observed rate is a complex 
function of rate constants, the error on the rate 
constants would also be expected to be a com- 
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plex function of both the error limits on the 
observed rates as well as the actual magnitude 
of the observed rates. A treatment involving 
propagation of experimental errors on observed 
rates to actual errors on rate constants has been 
previously presented for a specific type of four 
level system [21]. Since a three level system is 
very frequently used as a kinetic model, a dis- 
cussion of error limits on rate constants for this 
system would be appropriate. Additionally we 
will comment on the va!idity of the commonly 
used technique for a propagation of error analy- 
sis and present a technique which can be 
applied to virtually any system. 

A standard error treatment involves express- 
ing the variance of a rate constant in the three 
level system described by eq. (1) as 

Vk2 = (ak,lamd’V,, I (akJam$ V,,_, (A.11 

where 

and 

(A.21 

A similar expression can be derived for V,, 
where 

(A-3) 

and 

akl 1 -=-+ ml-tm3 ymr 
am, 22- 22’~xz > 

W-4) 

(AS) 

where x, y and z are defined as 

x = k_,k_z+ k_lk,+ klk2, 

y=kl+k_l, 

z=kr+k_z. 

Fig. 11 shows the percent error i,n the rate con- 
stants kl and k?. calculated via eqs. (A.&(AS), 
that result from a 1% error in ml and mz_ The 
abscissa is a plot of ml for a fixed value of m2 
(ml= 1) for the CH3Br system. It is interesting 
to note that as mt/mz approaches its minimum 
value for this system, the errors on the rate con- 
stants become relatively large for a given error 
on the rates. 

As pointed out in ref. [22], the application of 
eq. (A.l) assumes that the values of the partial 
derivative in eq. (A.l) are constant with respect 
to changes in the observed rates over their 
range of errors. In fact, the value of the partial 
derivatives are not necessarily constant over the 
Iimits of error, nor do they vary linearly over 
this range. Therefore eq. (A.l) can only give an 
approximate error on the rate constants. Ref. 
[22] presents a more accurate method for esti- 
mation of the errors that are suitable for appli- 
cation to kinetic modeling. The procedure was 

adopted for use in the present CHsBr study by 
incorporating the techniques developed in 
appendix B. The procedure of obtaining the 
errors of the rate constants is to add to each 
observed rate the product of the error of that 
rate, o, and a random number of gaussian dis- 
tribution with unity standard deviation, R. 

By = Bj f aiR, (A.61 

where a new random number is produced for 
each observed rate. The set of modified obser- 
ved rates B” is then used in the solution of the 
rate constants as described in appendix B. The 
rate constants resulting from this solution are 
saved and eq. (A-6) is again used to alter the 
observed rates and a new set of rate constants 
are produced. This procedure is repeated until a 
large sampling of rate constants have been gen- 
erated. The errors of each of the rate constants 
being soIved for can then be determined by 
standard error anal& of the sampling of these 
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Fig. 11. Error propagation in a three-level kinetic model. The percent error in k, is plotted versus the value of the eigenrate 
ml. m2 is taken as equal to 1. Tbe two lines represent the two possible solutions for k, in eq. (A.Zl. The E repmsents the + 
solution and the 0 the - solution. In both cases a 1% experimental error is assumed on m, and rn?. 

rate constants. This numerical procedure was 
tested by comparison to the results of eqs. 
(A.l)-(AS). The agreement was very good 
when the errors on the observed rates were 
small. It was also confirmed that good agree- 
ment between the numerical and analytical 
results was only obtained for relatively small 
(~10%) errors on the observed rates. 

Though the numerical approach can involve 
significant additional computa?ion, it has the 
advantage that errors on the rate constants can 
be obtained from any numerically soluble 
kinetic model. Thus it is not limited to systems 
for which there are analytical expressions exist- 
ing which relate the observed rates to the rate 
constants. 

The length of the computation can be 
significant. For example using a NOVA/4 com- 
puter, the estimation of the error for four rate 
constants for the five level system described in 
the text took anywhere from 10 min to a more 
typical 12 h. The variance in these execution 
times is primarily related to the amount of 
experimental error on the observed rates. The 

correlation of long execution times and larger 
error on the observed rates is a direct result of 
the need to re-evaluate the partial derivatives as 
discussed in appendix B. Therefore it is scme- 
what consiliatory that the longer the execution 
time, the less reasonable the analytical solution 
for the errors. 

Appendix B 

One goal of energy transfer studies is to 
determine if a proposed model can be used to 
reproduce an observed set of rates. The model 
can be represented as a set of coupled rate 
equations, 

dNi/dt =x kFWi, (B-1) 

which can be made to simulate the experiment 
by initially perturbing the appropriate popula- 
tions and then solving eq. (B-1) for a given set 
of rate constants. The solution can be obtained 
by either analytical or numerical techniques. 



The fo!lowing discussion will pertain to the 
results from a numerical solution since it is 
more easily applied to a variety of problems. 
The result of a numerical solution is 2 time 
dependent variation of population which can be 
directly compared to an experimental signal. In 
order to facilitate this comparison, it is useful to 
extract the eigenrates from both the model gen- 
erated and experimentally obtained signals. The 
relationship between the observed signal and 
the eigenrates R, is described by: 

N;(t) =I P,, exp I-RJ), 
n 

03.2) 

where P, is the eigenvector or the preexponen- 
tial. R, will be represented for the model and 
for the experimental resuits as A,, and B,, 
respectively. The eigenrates can be obtained by 
either the NLSQ or the Guggenheim techniques 
that have been discussed in the text. 

The objective of modelling is to obtain sets of 
rate constants for eq. (B.l) such that all eigen- 
rates A,, are equal to the corresponding B,, i.e., 
there is agreement between the model and the 
experiment. Though some progress has been 
made in this area, traditionally the desired rate 
constants have been obtained by a trial and 
error process where (B.1) is solved using an 
initial guess for the rate constants. The resulting 
signal is compared to the experimental results 
and if there is any significant discrepancy the 
rate constants are changed and (B.l) is solved 
again. This process is repeated until it is felt 
that there is either sufficient equivalence 
between A, and B, or that no reasonable sol- 
ution is possible. 

An algorithm that will directly produce the 
desired set of rate constants has been used in 
our studies. Its principle advantage is the reduc- 
tion of both the tedium and the subjectivity 
imposed by the above procedure. Additionally, 
it makes the numerical error analysis discussed 
in appendix -4 feasible. 

The procedure is to solve (B.l) by using an 
initial guess for the rate constants. The 
difference between the corresponding rates A, 
and B, can be attributed to a sum of error 
terms. 

3, -A,, = z (aA,/akj)aki, 
i=l 

(B-3) 

where Ak; is the difference between the desired 
jrh rate constant and its current estimate. 
Eq. (B.3) is a result of the Newton-Raphson 
scheme for solving nonlinear equations [24]. 

The partial derivatives in eq. (B.3) are ele- 
ments of a jacobian matrix. The jacobian can be 
generated by either analytical or numerical 
techniques. Since numerical techniques are of 
most general application, we will consider how 
to generate the elements of the jacobian 
matrices by a numerical method. The partial 
derivatives can be approximated by: 

aA,laki=S-‘[A,(...k,-l, kit&, kj+l...) 

-A,(..akj_l, kj, ki+l_..)], 

where n and j are respectively the row and 
column indices of the jacobian matrix. The 
magnitude of S is chosen to be a small fraction 
of the magnitude of the rate constants to be 
varied. Its actual value depends on the accuracy 
of the evaluation of A,,. In our calculations S 
was 2-S% of the median of the rate constants 
being varied and was not changed during the 
execution of the program. A,, was obtained by 
the iterative Guggenheim technique that has 
been presented in the text. 

hk can be obtained by simultaneous solution 
of the following m linear equations: 

Et-Al = 2 (aAl/aki) Akj, 
j=l 

B, -A, = f (aA,/dki) Akj, 
j=l 

(B.4) 

where m is the total number of observed eigen- 
rates. 

The desired rate constants, ki, are obtained by 

kf = ki + AkiS. (B.5) 

Since the partial derivatives in eq. (B.4) are 
generally not constant with respect to changes 
in the rate constants, kf is only an estimate of 
the desired rate constants. For this reason, eq. 
(B.1) must be repeatedly reevaluated, each time 
using a jacobian matrix that has been generated 
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for the most recent estimates of the rate con- 

stants. This iterative solution is repeated until 
divergence is detected or there is satisfactory 
agreement between eigenrates A and B. Satis- 
factory agreement in the methyl bromide study 
was taken as all of the modelled eigenrates 
being within 1% of the corresponding experi- 
mental eigenrates. Another consequence of the 
partia1 derivatives not being constant is the Ak 
may grossly overcorrect the rate constants. 
Therefore a damping factor, S, was included to 
stabilize the convergence of the solution. The 
value of S used in our calculations was =O.S. 

Acknowledgement 

We gratefully acknowledge support of this 
work by the National Science Foundation under 
grant CHE 79-08501. 

References 

[ll T-L. Cottrell and J.C. McCoubrey, Molecular energy 
transfer in gases (Butterworths, London, 1961). 

[2] J.D. Lambert, Vibrational and rotational relaxation in 
gases (Clarendon Press, Oxford, 1977). 

[3] J.L. Stretton, Transfer and storage of energy by 
molecules. Vol. 2. Vibrational energy, eds. GM. Bur- 
nett and A.M. North (Wiley-Interscience, New York. 
1969). 

[4] J-T. Yardley, Introduction to molecular energy transfer 
(Academic Press, New York, 19!30). 

[5l (a) C.B. Moore, Advan. Chem. Phys. 23 (1973) 41; 
(b) C.B. Moore, Ann. Rev. Phys. Chem. 22 (1971) 
387. 

[6] (a) E. Weit2 and G.W. Flynn, Ann. Rev. Phys. Chem. 
25 (19741275: 
(b) G.W. Flynn, in: Chemical and biochemical applica- 
tions of lasers, Vol. 1, ed. C.B. Moore (Academic 
Press, New York, 1977); 
(c) E. Weitz and G.W. Flynn, Photoselecrive 
Chemistry Part II, Adv. Chem. Phys. Ser. 185 (1981). 

[7] B.L. Earl, L.A. Gamss and A.M. Ronn, Act. Chem. 
Res. 11 (1978) 183. 

[8] B.L. Ear1 and A.M. Ronn, Chem. Phys. 12 (1976) 113. 
C91 G.T. Fujimoto and E. Weitz, Chem. Phys. 27 (1978) 

6% 
[IO] EA. Guggenheim, Phil. Mag. 2 (1926) 538. 
[ItI C.B. Moore, J. Chem. Phys. 43 (1965) 2979. 
[12] (a) R. Zygan-Maus and S.F. Fischer, Chem. Phys. 41 

(1979) 319; 
(b) A. Miklavc and S.F. Fischer, J. Chem. Phys. 69 
(1978) 281; 
(c) A. Miklavc, J. Chem. Phys. 72 (1980) 3805. 

[13] T.M. Lowry and W.T. John, J. Chem. Sot. (London) 
97 (1910) 2634. 

Cl41 V.A. Apkarian and E. We&z, J. Chem. Phys. 71 
(1979) 4349. 

1151 E. Weitz and G.W. Flynn, J. Chem. Phys. 58 (1973) 
2781. 

[16] R.D. Shanna and C.A. Bmu, J. Chem. Php. 50 (1969) 
924. 

[17] R.S. Sheorey and G.W. Flynn, J. Chem. Ph_ys. 72 
(1980) 1175. 

[IS] R.N. Schwartz, 2.1. Slawsky and K.F. Her&Id, J. 
Chem. Phys. 20 (1952) 1951. 

1191 J.T. Knudtson and G.W. Flynn, J. Chem. Phl5. 58 
(1973) 2684. 

[2O] Y. Langsam, SM. Lee and A.M. Ronn, Chem. Phys. 
14 (1976) 375. 

[21] M-1. Lester and G.W. Flynn, J. Chem. Ph)s. 72 (1980) 
6424. 

[221 C.G. Swain, M.S. Swain and P.F. Strong, 5. Chem. Inf. 
Comput. Sci. 20 (1980) 51. 

[23] M. Demiralp and H. Rabitz, I. Chem. Phys. 7J (1981) 
3362. 

[241 CF. Gerald, Applied numerical analysis (Addison- 
Wesley, Reading, 1978). 


