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Energy transfer processes among the lower vibrational levels in CH;Br have been examined in an attempt to obtain
information about the magnitude of the rate constants coupling these levels with one another and coupling v3 and »¢ to
the ground state. We conclude that there is a significant direct deactivation of both 5 and v to the ground state for
CH,;Br-CH;Br collisions. The magnitude of V-V rate constants for CH;Br-CH;Br and CH;Br-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

1-9]. 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~
9]. 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 differentiai 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 a small
enough number of states such that a solution 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 carefuily consider the exteat to which
the approximations made 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-
cally equivalent systems with fewer states is also
possible if significantly ditferent timescales for
equilibration exist within a given system. This,
in fact, is the assumption that normally makes it
possible to treat the multirotational states of a
given vibrational level as an equilibrated single
state on the vibrational equilibration timescale.
Similarly, by this approximation, it is often
possible to treat complete manifolds as equili-
brated systems with a single deactivation pro-
cess on a vibration-translation/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-
tional energy transfer processes that are opera-
tive among the lowest five excited states of
CH;Br. Though CH;Br has been previously
studied [7, 81, 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 CHiBr by
CHS,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 CHX systems and a discussion of these
effects on the assumed mechanism for deactiva-
tion of CH;X systems will then be considered.

2. Experimental

An energy level diagram for CH;Br is shown
in fig. 1. Fluorescence from the vs mode of
CH;3Br was monitored via a Cu:Ge detector
following excitation of vs of CH;Br with the
R(14) line of the 10.6 u CO; l1aser band. The
laser parameters and the entire experimental
apparatus have been discussed in detail else-
where [9]. Briefly, the laser was operated at
200 Hz with 1.5-2.0 mJ/pulse and a pulse width
of 400-600 ns (fwhm). The Cu:Ge detector was
used in conjunction with cooled 13.5 . 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 CO,
laser while the curly arrows indicate the states that were
monitored in this study.
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iaser scatter and isolated v; fluorescence
emission. Fluorescence was viewed through a
KBr window st 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 iinked to a CDC6600 computer.
Fluorescence from the #; and vs modes of
CH.Br was observed with a Au: Ge detector
used in conjunction with a 4.8 p Lp. filter and
7 mm MgF> window. This combination provided
an optical window of 4.8 to ~8.0 n. The only
CH.Br modes in this region are v,, 75, 2v3 and
2ve. 2vs is very weak in absorption and thus
would not be expecied to emit significanily.
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 venfy
that there was no significant emission from 2vs.
The In:Sb detector was operated with the same
4.8 p Lp. filter providing an optical window of

AQ tn ~ 58§,
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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 abserved.
Therefore, it can be concluded that 2 emission
does not make up a perceptible part of the sig-
nal observed with the Au:Ge detector within
the 4.8 11 to ~8.0 . optical window. With a
5 k0 resistive load, the Au:Ge detector and
associated electronics had a response time of
=0.9 p.s When measured signals approached a
rate of 500 ms -t a 2 k&} resistive load was
employed with a corresponding increase in
response time of the system to =0.6 ps [9].
CH;Br was obtained from Matheson with a
specified purity of 299.5%. The CH;Br was
further purified by multiple freeze-pump—thaw
cycles. All rare gases were used as abtained

from the manufacturer. The purity and

e vere as follows: *He (Mgound
uxau:.u.a.utux\.za WD.{G Q3 LSO . iveegs

Labs, =99.9%), *“He (Matheson, =99.9999%),
Ne (Matheson, =99.995%), Ar (Matheson,
=99.9995%), Kr (Cryogenic Rare Gases,
=09.995%), and Xe (Crvogenic Rare Gases,

Em n fram 2. is exnectad t
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=85.995%). 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 outgas/leak rate of 5-10 w/h.

All experiments were done at 22+ 1°C. Laser
lines were determined by an Opticai Engineer-
ing CO- laser spectrum analyzer.

3. Resulis

The rise and fall rates of the v; state of
CH;Br were measured for CH;Br and the rare
gases as collision pariners. The rise and fail
rates of emission from the »» and s states were
also measured. Ronn et al. [8] indicate that in
their study the same rates were obtained
whether one or both of the v, or v5 states were
observed. Additionally, these states are expec-
ted to be rapidly coupled on the basis of
proximity and henceforth will be treated as a
single state, »»/vs.

Typical experimental fluorescence signals
from vs and r»/vs are presented in figs. 2a and
2b, respectively. The rise and fall rates for both
v; and v»>/vs were analyzed as single exponen-
tials by either a non-linedr least-squares routine
or an 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. LO_]
for those states and collision partners that were
studied therein. The rates of rise and fall of
v>/vs and vy are plotted as a function of CHsBr
pressure in figs. 3a and 3b, respectively, for
these experiments. A constant pressure of Ar
(=2 Torr) was maintained in the cell in order to
increase the overall heat capacity of the system

nd thue inhihit tranclatinonal haating Tha
“llu (32 ) lll‘llul‘ Gl“ll\,lﬂkl\lllﬂl llM“Lllls £ i\

dependence of the rise and fall rates of »; 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 (2) v3 and (b) »>/vs of CH;Br. Both signals were obtained from the same
gas mixture: 1 Torr of CH;Br and 2 Torr Ar The continuous line is the double exponential best fit to the signal obtained by a

nonlinear least-squares algorithm.
2
fall rates for 3 and /s plotted versus pu'/? of

the collision pair.

In a system containing both parent gas,
CH,Br and rare gas the relationship between
the rates in the system and the rare gas pressure
is not necessarily linear. As discussed in ref.

[14], this can occur due to changes in parent—

parent versus parent-rare gas V-V and V-T/R
rates. Since there was no resolvable deviation

from linearity in our rare gas data, a linear
least-squares analysis was used to determine

rates.
Since, to our knowledge, an iterative Guggen-
heim procedure has not been previously used
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Tabie 1

Experimental rates of rise and fall of 5 and v»/vs and pressure ranges for CH;Br and rare gases as collision partners

Collision State Pressure range Rate (ms™ Torr™ ")
partner (Torr)
rise fail

CH,Br v 0.2-17 533+4.41 19.53%£2.72
va/vs 0.3-3 104.5+8.61 22.65+195

*He P 0-5 34.0x1.81 9.75=0.93
vafvs 0-8 14.6+3.14 9.26+0.63

“He vs 0-10 18.6+3.15 6.31=1.18
va/vs 0-12.5 12.6+=1.47 4.79+0.43

Ne vs 0-30 4.33+0.33 1.63=0.09
va/vs 0-21 6.55+0.80 1.20=0.26

Ar V3 0-30 5.30=0.19 1.85+0.08
vafvs 0-26 7.06=1.66 1.61=0.25

Kr vs 0-25 5.45+0.19 1.60+0.13
valvs 0-17 85 =12 1.67+0.45

Xe v3 0-25 6.06+0.27 1.75+0.16
valvs 0-17 9.2 =1.8 2.02=0.40

! The reported errors are the 95% confidence limits obtained for the slopes of the rate 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 [10] 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, Discussion

As mentioned previously, some vibrational
energy transfer data do exist for the CHsBr
and the CH;Br-rare gas system. A oumber 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 [11, 12]. However,
many correlations 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 CHiBr 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.
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Fig. 3. Observed rate versus pressure plots for (a) v»/vs and
{b) v3. The squares represent rise rates and the circles fall
rates. Non-zero intercepts are due to the fact that a constant
pressure of Ar (2 Torr) was maintained in the fluorescence
cell throughout these experiments in order to inhibit transla.
tionai heating. The lines are linear least-squares fits to the
experimental data.

As previously indicated, when a complete rate
matrix for a kinetic system cannot be solved, a
simpler kinetic model for the system must be
formulated. With a primary interest of this
study being the determination of rate constants
for deactivation of vibrational degrees of free-
dom to translational and rotational degrees of
freedom, a seemingly plausible first choice for a
kinetic model might be a three level system
composed of the ground state, v; and the pump
state, ve.
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Fig. 4. Rise and fall rates of »; versus pressure of argon.
The squares and circles represent the rise and the fail 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

k2 L
A=—B—C (1)
k_p k_q

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 CH;Br the three level system would
involve steps of the type

N
CH;3Br(vg) + CHsBr == CH;3Br(r3)+ CH:Br

+AE=341cm™ (2)
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Fig. 5. Summary of the experimental rise and fall rates for
v3 and v2/vs plotted versus '’ of the CH;Br-rare gas
pair: A rise of 3, A fall of »3, @ rise of vofrs, O fall of

vo/vs_ The error bars for these measurements are given in
table 1.

and

iy
CH;Br(r3) + CH3Br — CH;Br(0) + CHsBr

+AE=611cm ™!, (3)

for which the rate equations can be written as

dN,/dt =—kiN, N +k_,N,.N, (4a)
dN,,/dt = —k\N, N+ k. NoN + k5N, N
—k’,N,.N, (4b)
dNo/dt = —k_,NoN + k1N, N. (4c)
additionally, there is the constraint equation
N= Y N,
all states

where N,, is the time dependent, pressure

weighted population density conveniently nor-
malized such that N =1 at 1 Torr. Using this
convention, the bimolecular rate constants, &k},
can be reduced to first order rate constants by
making the substitution &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

my=3a —(a*-48)"7], (5a)
ma =3l +(a®-48)'%], (5b)
ms=0, (5¢0)
where

a=ki+k +kat+k_s, (6a)
B=kiky+kok +k_ k_,. (6b)

These eigenrates are independént 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, experiments can be devised to extract
individual rate constants from observed rates.

A complete prediction of the behavior of the
different states in the system also requires a
knowledge of the eigenvectors, the preexponen-
tials, which depend on boundary conditions. For
the case where v is initially excited the results
are

Noelt) _ ka(ky —ma)my exp (—mat)
st(m) k_l(kz—mz)(mz__ml) p 2
kz(k_l —}'nl)}n2
k_l(ml —mal(ky—m,) €xp (—mt), (7a)
sz(t) = (k—l—m2)m1 (__. t)
N, (0) k1(rt2—my) exp (—m>

(k-y—mi)m; -
T ma) TP T )
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iy .
=1+ ————¢exp {(—mat)
ni>—nn

+—"3:——exp {(—mit). (7¢)
1"y~ M-

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 vg
excitation and observation of »;, v will rise
with the faster eigenrate, m;, and fall with the
slower one, m;. The sum of these eigenrates,
11y + mo, will yield @ and the product, mmo, B.
Since k; and k- as well as k- and k_; are
related by detailed balance and microscopic
reversibility, the equations for « and 8 can be
reduced to two unknowns

a=(1+vyk,+(1+A)k,, (8a)
B={1+Ay+y)k ks, (8b)
where

A=N)/ND, (92)
y=NU/NL, (9b)

where N, is the ambient Boltzmann population
of state 1.
The simultancous solution of these equations
results in a quadratic for k, which is
/2

e sa ] |

l’s’x =
(10)

ks can then be solved for from either equation
(8a) or (8b). For the case where the dis-
criminant ot the quadratic is positive, two real
sets of rate constants will be obtained. The
choice of one set over the other wiil 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 egs. (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 CH;Br and rare gas data
for the v; mode of CH;Br 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 CH;Br, “He, Ne
and Ar the discriminant in eq. (10) is negative.
In the case of CH;Br 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 level 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 vg to the ground state in addition to
the “normal” V- T/R deactivation process for
vs [7, 8, 15]. This is primarily due to the rela-
tively large breathing sphere parameter associ-
ated with v¢ versus »; [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 vs.
Thus a natural extension of the previously
treated three level system would be to include
the process

k
CH;Br(vs) + CH5Br == CH;Br+CH;Br(0)
k_3
+AE=952cm™ (11)
in addition to the processes of (2) and (3). The
eigenrates for this cyclic system are

my=5a—(e®-48)'"], (12a)
ms=Ha +(a”-48)'7], (12b)
ms=0, (12¢)
where
a=kitkgtkat+kotkstk_s, (13a)
B=k_  k otk ikatk 1kstkika+kak_3

+hk ok 3tkikstkik_s+k oks. (13b)
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In this system, v; will still rise with the fast
eigenrate ms and fall with the slow eigenrate
m,. Due to the fact that we have only two
measurements directly relating to »5 and ve and
that this system coniains three independent rate
consfants, it is an underdetermined system.
However, an analysis based on this model pro-
vides some illuminating features relating to the
CH;Br system.

Acceptable values of k;, k> and %; that will
yield the observed m,; and ms 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.
Rased 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
vs. The solution has been obtained for pure methyl bromide
where the observed rise rate (ms) is 53.3 ms™" Torr ' and
the observed fall rate {m,) is 19.5 ms™ Torr™.. The rate
constants in the plot are also in units of ms ' Torr *. The
projections (dashed lines) of the solution (solid line) are aiso
shown in order to aid interpretation. The rate constants
refer to the processes indicated in fig. 7.

experimentally determined m, and ms 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 CH;Br over a wide range of values of ks,
where &3 can range from 3 to 47 ms~ ! Torr L.
At the upper limit &k is 8.6 times k,, the value
for direct deactivation of »3. Such large ratios of
ks/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
ksfki.

Our extension of the system to include direct
deactivation from v 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 CH;Br system such as 2vs,
which have populations that are comparable to
ve and additional information is available about
the rise and fall of »»/vs. Thus it seems reason-
able to extend the model to include these states,
to determine their effect on the lower three
states and to determine whether the available
information dealing with »;/»s 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 v,/rs may nar-
row the range of variation of one or more of
the rate constants. The extension of the model
to include »,/»s and 25 will be attempted in
steps.

4.2. The four level system: 2vs, ve, v3 and vg

The addition of 2v; and the coupling of v to
2v3 via a non-linear step of the type

Ky
CH3B1'(V3) + CH3B1‘(V3) —— CH3B1’(2 U3)
k

+CH;Br(0) (14)
prevents a general analytic solution for the
equilibration processes involving the lower four
levels in fig. 7 [14]. 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-level modef of methyl bromide. v> and s have
been combined and are considered to be a single state. The
arrows indicate the forward direction of the rate equations
in the text.

the addition of 225 to the system significantly
affects the magnitude of the previously deter-
mined focus of rate constants for the three
Ievel system. In all of the treatments to follow
we assume that k. is large, typically
1000 ms™* Torr™ . This assumption is based on
the large dipole moment derivative for the v3
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 v; and
2r3; in CH;F where the corresponding rate con-
stant has been measured experimentaily
{14,171

To treat the addition of 25, the numerical
method described in appendix B was used. k3 is
fixed and the remaining rate constants in the
system, k; and k-, are then determined for
different values of k5 where ks is the rate con-
stant coupling 2v5 and vs

kS
CH;Br(2v;) + CH;Br — CH1Br(vg) + CH1Br.
ks
(15)

In all cases treated for this system, an initial
guess which resulted in a solution resulted in a
unique solution.

Fig. 8 shows the solutions that are determined
for an initial value of ks =16 ms™ Torr . This
vaiue of k; is arbitrary but fig. 8 serves to illus-
trate the general effect of the addition of 2v; on
the previously determined set of rate constants.
The first interesting observation is that there is
a maximum allowable value for ks. For the case
of k3=16ms™ Torr , no solution sets for k,
and k5 can be found for ks> 100 ms™* Torr .
The existence of an upper limit for ks is not too
surprising since there appears to be a tradeoft
in magnitude between k- and ks. This tradeoff
is present for all allowed values of k5. 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 k;, the rate
constant for V- T/R deactivation of v, varies
little as a function of ks. Similar behavior is
observed for all allowed values of k3 that were
tested. Thus for CH;Br, though the inclusion of
2, and its coupling to v affects the possible
values of k-, for a given &3, the values of k, for
each ks remain essentially unchanged. However,
as before, there are still families of acceptable
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Fig. 8. Rate constants k, (circles) and k, (squares) are plot-
ted versus ks. &3 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 k; and k3; and the addition of 2v;
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
2va, Vs, ¥3 and ground state of CH:Br can be
adequately treated by three independent rate
constants, k,, k> and k. This is accomplished
by setting k4 =1000ms ! Torr !, and by taking
advantage of the complementary relation
between k> and ks which allows us to choose a
value for k. 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. The five level system: vs, ve, 2vs, vafvs, vy

The population of »»/vs is small compared to
that of v3 and ve. Thus the rate processes
involving »»/vs represent a small perturbation
on the lower manifold and would not be expec-
ted to significantly aiter the values of rate con-
stants determined in the four level model. For
the same reason, the behavior of »./vs reflects
the rate processes involving v; and v very
closely, through the rate constants tying v./vs to
the lower manifold. The addition of »»/vs to the
four level model described in the previous sec-
tion introduces two additional observables,
namely the rise and fall of v,/vs. However, two
new rate constants, k¢ 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 »»/»s limits the acceptable range
of values of rate constants, in particular those of
k 1 and k3.

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, ks, which is taken as the indepen-
dent variable. For a given value of k3, the four
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Fig. 9. The development of the methyl bromide kinetic
model is depicted where &; and % arc plotted versus k3.
The rate constants have been obtained from the three level
model (—-) without direct deactivation of r,, the four-level
model (---) and the five-level model (——). k¢ and k- are
included for the five-level model.

rate constants, ki, ko, ke and k7, that generate
the 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 &k, and k- for all
models. 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 ks 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 »e. It can be
seen in fig. 9 that for £3<10.6 ms * Torr ;
k+<20. It can therefore be concluded that the
mean minimum allowed value for k; 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 k3 and then calculating the error
bars and the mean of k3 via the method of
appendix A. ks is then calculated as 11.6+
5.2ms™ ' Terr™' where the indicated error is the



398 A.J. Ouderkirk et al. | Vibrational energy transfer and relaxation in CH;Br

95% confidence limit. Thus from this error limit
calculation 6.4 ms™" Torr ' is the statistically
acceptable minimum value for the deactivation
of ve. The difference that occurs in the calcula-
tion of the mean of ks via the method of appen-
dix A and the mean of k3 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 CH;Br there is a
significant direct deactivation step 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 absolute magnitudes of rate
constants.

One method of doing this is to resort to
theoretical calculations of the relative rates of
k, and k.. 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 [11, 12, 18]. An
SSH calculation of rates of deactivation of v;
and ve in CH:Br—CH:Br and CH;Rr-rare gas
collisions is given in table 2. From these calcula-
tions it is clear that though significant direct
deactivation of v¢ in CH;Br would be expected
to occur for light collision pariners, direct
deactivation of v¢ is minimal for the heavy col-

Table 2

lision partners. SSH theory considers a per-
turbation involving relative translational motion
[18]. In systems in which the relative rotationai
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 [11].
As seen in table 3, this quantity is greater than
or equal to 1 (0.98 for 3 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 ks
via the model of ref. {11] seem warranted.
Using eq. (9) of ref. [11] and assuming

(the repulsive exponential range parameter)

is constant for all collision partners, the ratio
Z1/Z5 was calculated to be 2.5, where Z,

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 ks/k; =1 as an
upper limit. For k3/k; =1, the upper limit of ks
can be obtained from fig. 9 as =24 ms™ Torr .
This limits the acceptable region of the solutions
of the five-level model presented in fig. 9 to ks
values of 10.6-24 ms™! Torr ! with error limits
on the lower bound of this range as discussed
above.

Theoretical energy transfer probabilities calculated via the SSH method [18] for the V>V and V- T processes in CH;Br

Collision Process
partner
v3>0 va—>0 Ve V3 ve—>2vs Vis— Vs vas—>2v;

CH,Br 2.36x107° 1.91x1077 8.03x10™* 2.38%107° 2.25%1073 1.41x107°
*He 2.35%1077 4.05x1072 1.02%x1072 6.64%107° 3.37x107° 2.05x107*
“He 1.93x1072 2.55x107° 1.05x1072 7.28%107° 3.44x1072 2.52x107%
Ne 1.77x1073 2.88x107* 5.62x1073 7.37%x107° 1.73x107* 7.63%107%
Ar 3.8x107° 1.56x107° 3.49%1073 4.28x%107° 6.85x1073 0.94x107*
Kr 28x107° 3.08x1077 7.71x107% 2.15x107° 22x%107° 1.09%x1073
Xe 4.18x107¢ 1.62x 1078 2.44x107° 3.66x107* 6.69x 107 3.22x1072
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Table 3
The reduced mass and ratio of translational to rotational
velocities (xd?/I)"? for CH;Br-rare gas pairs ¥

Collision partner Reduced mass (ed®/DY?
(amu)
*He 291 0.98
“He 3.84 1.12
Ne 16.64 2.34
Ar 28.12 3.05
Kr 44.5 3.83
Xe 55.1 4.27

M 4=1.048 A, I =3.386 amu A

In order to study the rare gas dependent rate
constants, a choice has to be made for ks, or
equivalently for k5/k;, in neat CH;Br. Based on
the above calculations, a k5/k; value of 0.4 is
chosen for this purpose. The five-level model
rate constants corresponding to this choice, in
neat CHsBr are: k1 =29.9, k,=26.8, k3=12.0,
k.=1000, ks=0.0, k¢=155.1 and k;=21.0, all
reported in units of ms~! (Torr CH;B) ™ L.

It should be pointed out that future experi-
mental studies could, 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 v¢ state or by looking at the relative
amplitude of the 3 and v,/ vs 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 ve, 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 absorptien 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 {0 a narrow range.

4.4. CH>Br rare gas processes

Once a set of parameters is established for
use as CH;Br CH;Br rate constants, the same
five-level kinetic scheme can be used in an
effort to determine rare gas—CH;Br kin=tic 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
CH;Br. Of course, for the rare gases, ki =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 CH;Br, there are four
kinetic rate measurements and five unknowns.
Again, a convenient approach is to choose a
value for £% and solve the kinetic equations for
the remaining four rate constants. This has been
done for different values of k3. 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 k7, it is clear that the shape of the
plot of k¥ versus u'/* will be essentially the
same virtually independent of the magnitude of
k3 over the ranges treated in fig. 10. The only
significant change in the shape of the plot would
result if k3/k¥ for He and *He were substan-
tially greater than 1.

It is now possible to ask how a change in the
assumed magnitude of the CH3Br &5 rate con-
stant would effect k7. This was investigated by
setting k¥ =0, varying ks, and solving the rate
equations for the different rare gas rate con-
stants. For argon for k; =20, 30, 40; £$=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 2 =30%
change in k¥. In these calculations, k¥ =0 was
chosen for convenience.

In formulating fig. 9 it was found that while a
direct deactivation of v is mandated from the
data for CH;Br—CH;Br collisions, a direct
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Fig. 10. The dependence of the rate constant k¥ on k¥ for
the rare gas collision partners. The numbers were generated
from a five-level model for methyl bromide. The symbols
represent different values of k% (where V=4, ¢=8,A=0,
0=0.5and O=1.0).

deactivation of v¢ 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 g is necessary while for *He the
situation is marginal with respect to the
necessity of a direct deactivation of vs. This
does not necessarily imply that a direct deacti-
vation of v¢ 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 (d?/I)}/?
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
ve deactivation rate relative to the v; rate would
be predicted.

mentally observed rates of deactivation of
CH;Br were reported in ref. [7]. Theoretically
calculated rate constanis were compared to
these rates in ref. [12] by making the following
calculation

* N, N,

R.= k., + — K\es 16
BENLFN,, TN AN (16)

As previously stated, data on the experi-

where N, is the population of state »; and k,, is
the calculated deactivation rate from state v;.
Rane is the calculated observed deactivation rate.
Applying eg. (16) to calculated rate constants in
an effort to reproduce experimental data relies
on the assumption that »; and ve 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 CH;Br system. Thus a meaningful com-
parison of theory and experiment in this system
can only be done by comparing individual rate
constants. Fig. O presents our best estimate of
the v; and v¢ deactivation rate constants for
CH3Br—X collisions and this figurc and the
accompanying text discuss possible ranges for
these rate constants. Similar data are presented
for CH3;Br—-CH;Br collisions. The corresponding
theoretically calculated individual rate constants
for deactivation of v; and »¢ 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 »3; 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 CH;F, 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
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rate constants for relaxation if relaxation occurs
from a single state. In CH,F there is evidence
that relaxation occurs from both the v; and vs
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 CH;F.

CH,Cl 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 CH;Br, the measured rates will not be
merely the sum of the forward and backward
V> T/R rate constants. Thus some correction
will be necessary for the effects of V-V rates.
However, in this system these corrections are
lixely to be small.

CHa:I represents a potentially complex system
in which, as in CHs;Br, 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 CH;Br 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 becone dominant for
heavy rare gases with V> R relatively more
important for the heavier CH;X’s will persist
{7]. This conclusion is based on the results of
the reanalysis of CH;Br and calculations of
relative translational versus rotational velocities
for the CH;X’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 coupled rate equations. As a result of this
study, we have determined that there is a

significant rate for direct deactivation of v to
the ground state of CH;Br in CH;Br—CH;Br
collisions in additton to the “normal™ deactiva-
tion of v3;. We have determined acceptable sol-
ution sets for the kinetic rate equations for
CH;Br. When the ratio of k,/ks calculated from
theory is included as an input to the kinetic
model, the range of solution sets for the CH;Br
rate constants is narrowed. With this solution
set as a starticg point, sets of rate constants can
be obtained for CHiBr-rare gas interactions.
The effect of variation in the initial set of
CH;Br—-CH;Br rate constants on the set of
CH:Br-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
€rrors 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 CH;F
deactivation rate constants is valid, on re-
analysis the interpretation of the data on CH.Cl
would change, though only by a small amount
and CH;l 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 [22-24], 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 camplex
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 actuai 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 validity 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

Vi, = (8k2/3m1)" Vi, + (9ka/3M12) Vs, (A1)

where

ok 1 niy vy Ina
(55

am, =Z 2_\'2 vx
+ o 2 z 5 —1/2
X[(ml m_) _47m1m_] (A2)
b xy
and

—_———

on, 2y

[ n1y+mo 2 4zm1m3 -2
[y e
¥ xy

A similar expression can be derived for Vi,
where
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where x, y and z are defined as
x =k 1kptk_ko+kiks,
y=kitk_,

z=kytk_.

Fig. 11 shows the percent error in the rate con-
stants k, and k., calculated via egs. (A.1)-(A.3),
that resuit from a 1% error in m; and m,. The
abscissa is a plot of m;, for a fixed value of m,
(m>=1) for the CH;Br system. It is interesting
to note that as m,/m, 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
€q. (A.1) assumes that the values of the partial
derivative in eq. (A.1) 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
limits of error, nor do they vary linearly over
this range. Therefore €q. (A.1) 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 CH;Br study by
incorporating the techniques developed in
appendix B. The procedure of obtaining the
errors of the rate constanis 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.

BT =B,'+U'iR, (A.6)

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 solved for can then be determined by
standard error analysis of the sampling of these
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Fig. 11. Error propagation in a three-level kinetic model. The percent error in & is plotted versus the value of the eigenrate
my. ma is taken as equal to 1. The two lines represent the two possible solutions for &, in eq. (A.2). The T represents the +
solution and the O the — solution. In both cases a 1% experimental error is assumed on m, and ma.

rate constants. This numerical procedure was
tested by comparison te the results of egs.
{A.1)-(A.5). 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 computation, 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 some-
what consiliatory that the longer the execution
time, the less réasonable 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,

dNy/dt =3 KNy, (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 technigues.



403 A.J. Ouderkirk et al. [ Vibrational energy transfer and relaxation in CH3Br

The following 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 a 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)=3 P.. exp (—R.1D), (B.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.1) 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
raie constants are changed and (B.1) 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 A feasible.

The procedure is to solve (B.1) 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.

B,, "An = _Zl (6A,,/ak,)Ak,, (B.3)

where Ak; is the difference between the desired
fih 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:

3AL/ 8k =8 [Anl.. kj_1, k; + 8, K;ur...)
_An (-~-kifls kj, ki+1---)],

where »n and j are respectively the row and
column indices of the jacobian matrix. The
magnitude of § 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 &
was 2-5% of the median of the rate consiants
being varied and was not changed during the
execution of the program. A, was obtained by
the iterative Guggerheim technique that has
been presented in the text.

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

B,-A;= -21 (8A//8k;) Ak,
=

Bn—An= Y. (3An/0k;) Ak;, (B.4)
=1

where m is the total number of observed eigen-
rates.
The desired rate constants, k™, are obtained by

ki =k;+AkS. (B.5)

Since the partial derivatives in eq. (B.4) are
generally not constant with respect to changes
in the rate constants, k; is only an estimate of
the desired rate constants. For this reason, eq.
(B.1) must be repeatedly reevaluated, each time
using 2 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
partial 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 § used in our calculations was =(.5.
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