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The chlorine atom recombination reactions in the buffer gases of chlorine, argon, nitrogen, and carbon dioxide
below 1 atm pressure were studied by the laser photolysis/chemiluminescence detection technique. The
vibrationally resolved transient chemiluminescence spectra were recorded. A reaction mechanism which
included recombinations, electronic quenching, and vibrational energy relaxation processes of both the A and
B excited states of the chlorine molecules was proposed to account for the present experimental observations
and also the related experimental results reported in the literature. Under the approximation of the exponential
energy-gap rate laws for the rate constants of the inter- and intraelectronic vibrational energy relaxations as
proposed in the literature, either the rate constants of electronic quenching, vibrational relaxation within the
same electronic states, and interelectronic vibrational energy transfer between the A and B states of the chlorine
molecules by the buffer gases were determined or their upperbound values were estimated. The long-time
steady state behavior of the mechanism was also analyzed analytically and numerically.

1. Introduction experimental estimation for the extent of the population over

o ) ) _ the vibrationally excited states at the initial atomic chlorine
The recombination reactions of the chlorine atoms and their recombination stage.

accompanied physical processes, such as the electronic quench-

ing and the vibrational energy relaxation in the electronic excited 2 Experimental Section
states, have been investigated by a number of research groupS’ P
since the 19605.1* The rate constants of the recombination,  The basic experimental setup was similar to those reported

the photon emission of the B state of the chlorine molecule, previously in the measurements of the atomic recombination
and the electronic quenching by some third bodies have beenchemiluminescence spectra and the halogen atom diffusion
measured by a variety of techniques over a quite wide pressureggefficients215 Some modifications were made to meet the
range. Nevertheless, it was only quite recently that the specific requirements of the present experiment. Figure 1 shows
chemiluminescence of the recombination reactions was knownthe schematic diagram of the experimental arrangement. The
quantitatively to be composed of the emissions of the B and A photolysis light was 355 nm wavelength, 5 ns duration pulses
states instead of the pure B state as traditionally assidthed. of g Q-switched Nd:YAG laser. The main body of the flow
Evidently, a reexamination of the traditionally accepted reaction reactor was constructed from a stainless steel cube of 15 cm
mechanism for the radiative recombination of the chlorine atoms for each side. Light baffles made from black graphitized Teflon
is needed. Additionally, since the major vibrational states were placed inside the reaction cell to reduce the laser scattering.
involved could be resolved quantitatively under the present Through a side window, the chemiluminescence was focused
experimental conditions, for the first time, the vibrationally into a 275-mm focal length monochromator with a reciprocal
resolved transient luminescence during the recombination reac-inear dispersion of 3 nm/mm. Depending on the vibrational
tion could be taken and the time-evolution of the vibrational bands, a slit width varied from 1.0 to 2.0 mm was used. The
state populations could be analyzed systematically. photomultiplier signals were processed by a multichannel scaler
In this paper, measurements of the vibrationally resolved with a dwell time of 200 ns. For the few experimental situations
transient luminescence of the chlorine atom recombination with the weakest signals, an average over around one million
reaction with chlorine, argon, nitrogen, and carbon dioxide gaseslaser shots was needed to enhance the S/N ratio.
as third bodies were reported. Along with the related measure- The sample cell was kept at 293 K by a thermostat. The
ments available in the literature, a more comprehensive reactionchlorine (natural isotope abundance; semiconductor grade,
mechanism for the radiative recombination of the chlorine atoms 99.997%; Scott Specialty Gases), argon (99.9995%; Scott
was proposed. Through a full simulation of the experimental Specialty Gases), nitrogen (99.9995%; Spectra Gases), and
results, either the general rate constants of the vibrational energycarbon dioxide (SFC grade;99.9999%; Air Products) were
relaxation, vibrational energy exchange between the A and B used directly from gas cylinders without further purification.
states, and other processes related with the recombinationThe highest chlorine pressure used was 5.33 mbar and the
reactions were obtained or their upperbound values were highestinert gas pressure used was 264 mbar. The laser energy
estimated. Additionally, the present study provided a kinetic was monitored by a calibrated pyroelectric joule meter and kept
interpretation for the apparent electronic quenching rate con- at a level such that the chlorine atom concentration at the center
stants of the B state reported in the literature and also an of the reaction cell was around 5:2 103 molecules/cr
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Figure 1. Schematic diagram of the experimental setup. MCS: ) 135
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3. Kinetic Model w0l T B state
The chemiluminescence reaction mechanism of the photoly- I
sis/recombination processes of chlorine molecules under the A state
radiation of a short 355-nm laser pulse in an inert buffer gas M a0l

JAA3,16 . S
could be adequately represented By Figure 2. Vibrational energy levels of the A and B states of. @ome

selected energy differences between the A and B vibrational states are

hotodissociati g !
2 1) also indicated. In the present experimemts, = 208 cnr™.

Cl,+ hv

RB 13 vibrational energy levels have been determined by a recent
Cl+ Cl+M==Cl,*B,v) + M (2) spectroscopic study, and their highest energy level is located at
' 421.7 cnt! below the dissociation enerd$. The remaining
RA vibrational energy levels near the dissociation limit were then
Cl+Cl+M D=ﬁ CL*(A,u) + M (3) theoretically calculated by the Le Reernstein method as
follows.?® To begin with, the long-range interaction potential
. M o was assumed to follow the functional form fC/r". Then
Cl*(B,v) + M 3 Cly*(B,i) + M (4) value was obtained to be 6.9 by fitting the potential to the six
highest outer turning points of the RKR potenfial. The

1) . extrapolated vibrational energies were then calculated according
Cl*(A,u) + M T@J CA)+M (5) to the relation

KB, _ (=22 _ _
Cl,#(B,0) + M == CL(A, 1) + M ®) [D. ~ G(2)] (vg = ) ©

in which De is the dissociation energy a(v) is the vibrational
ot energy. The constanig andH, were determined to be 26.05
Cly(nonradiative)- M (7) and 0.656, respectively, through least-squares fitting to the six
highest experimental vibrational energies. A total of 27 bound
CL(X) + hv (8) vibrational states was obtained in the A state. Figure 2 shows
the complete relative energies of the vibrational states considered
Here, Cy*(A,u) and Ck*(B, ) are vibrationally resolved A in this report. The master equation which describes the
and B electronic states of £IM is the third body which may  vibrationally resolved recombination mechanism of egs32
be generalized to include any number of the chemical speciescan be written as
in the systemR, andD, are the recombination and dissociation
rate constants of the vibrational state, respectively,,'s and dB, 12
V,i's are the vibrational energy transfer rate constants within — = RUM[CI] + VBBM + Z)IQAUM (D BM +
the A and B electronic states themselves, respectikglyis dt
the vibrational energy exchange rate constant between the A
and B electronic stat€)s are the average electronic quenching Z,V?.BUM + kEuBUM +QsBM +€B,) (10)
rate constants, arelks are the rate constants of photon emission. =
The superscripts or subscripts of A and B appearing in the rate 26
constants specify the A and B electronic states, respectively. — " A A
The transient vibrationally resolved emission bands due to the gt = RIM[CII® + kB BM A+ Z,Vj”AiM (DuAM +
process of eq 8 were detected in the present experiment.
The nonpredissociated vibrational energy levels of the B state
and all the bound vibrational energy levels of the A state were Z)V WAM + Z)@fAuM +QAM+€A) (11)
considered in the above mechanism. As shown in Figure 2, 13
lowest vibrational energy levels of the B state which have been in which B, andA, are the vibrational populations of the B and
well characterized are involvéd’” For the A state, the lowest A states, respectively; covers values from 0 to 12 for the B

Qg andQ,
Cl,*(B,A) + M

€B ande)
CL*(B,A, v)
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state, andi covers values from 0 to 26 for the A state. Since is the collision limit rate constant and is fixed at 3210710

in the above equations, the vibrationally resolved independentcm?® molecule’? s71, the hard-sphere bimolecular collision rate
rate constants still outnumbered the experimental measurementsonstant between €B) and Ch(X).1624 Since the A and B
available even if the relations of the detailed balance were states belong to the same triplet state manifold with similar
counted, the variations of the rate constants over the vibrationalbonding strengths, their vibrational relaxation parameters are
states for the recombination, vibrational energy relaxation, and assumed to be the same in the present study.

vibrational energy exchange between the A and B states were For the vibrational energy transfer rate constants between the

further approximated by the following models. A and B states, the following exponential gap law was ada&pted
As suggested in the results of the classical trajectory studies _
on the iodine and bromine atom recombination reactions, the K,y = ke €Xp[=(G(v) — G(u))/B] (20)

recombination rate constants into the vibrational states of the .

- in which kex and g are fitted parameterg, is the multiplicity
A and B states could be approximated by the energy-gap S "
exponential forn?0.21 parameter which is equal to 1 for the A to B transition and 2

for the reverse process, a®{v) > G(u). Since for the A and

B states of Clthe major energy exchange process is expected
to occur under near-resonant conditions as shown in the energy
_ _[DA—G)y Ievells of Figure 2, the Boltzmann population fa.c.tor. would pe a
Rﬁ =Rye N (13) dominant factor under the present thermal equilibrium environ-
ment. In the following analysis, thg value was further

in which D}, D, Ra, and Rs are the equilibrium bond  approximated bysT. The reverse rate constats were then
dissociation energies and the recombination rate constants ofcalculated by the principle of detailed balance.

R? — RBe—[Dg—G(U)]/V/NB (12)

the A and B states, respectively, apds a fitted parameter Under the present experimental conditions, the recombination
which is assumed to be the same for both states. Therate of the chlorine atoms is about three order of the magnitude
normalization constantsla andNg are defined as slower than the quenching and vibrational relaxation rates. In

1 the time domain the present experiments are interested, the

_ B chlorine atom concentration is essentially a constant. The first
Ng = Zo exp[=(De — G())/¥] (14) nonlinear term of chlorine atom concentration in egs (10) and
- (11) was approximated by a constant as a source term. The
26 complete solutions of the final coupled first-order differential
Ny = Z) exp[—(D5 — G(u))/y] (15) equations were then solved numerically by the variable-order
= variable-step Adams method adapted directly from a commercial

. . . Fortran library?®
The corresponding dissociation rate constants were calculated

by the principle of detailed balance: 4. Results and Discussion

— — 2 Four buffer gases were used in the present study. The
KedW) = R/Du= Geiyu/G (16) transient vibrationally resolved luminescences were recorded
from v = 0 to 5 for the B state and 0 and 1 for the A state. The
signals of the remaining higher vibrational states were all too
weak to have a reasonably good S/N ratio. The measurements
reported in the literature which are relevant to the present study
were employed as constraints in the following simulation: the
steady-state chemiluminescence spectra which correspond to the
steady-state relative vibrational populations of the A and B states
at the steady state and the total steady-state population ratio
between the A and B states as determined by the spectral
intensity distributiong? the apparent electronic quenching rate
constants of the B state by the chlorine gas as measured by the
laser-induced fluorescence technidfethe radiative state
guenching rate constants of argon and nitrogen gases measured
by the high-pressure transient recombination experimérte
steady-state low-pressure-limited photon-emission quantum ef-
ficiencies of the A and B states in the atomic chlorine
recombination reactions with the argon buffer gas as determined
by the chlorine afterglow spectra and revised in a recent
study912 With these experimental constraints, in the case of
V., =V, exp[-(G(v) — G(i))/a] (18) the neat chlorine system, the present transient measurements

along with the steady-state emission spectra were simulated by

in which Vo anda are constants and the vibrational energy of Solving the above 40 first-order coupled differential equations.

in which the equilibrium constant of the vibrationastate with
respect to the dissociated state is calculated by the partition
functions of Cy*(u) and Cl,qci+wy anddq, respectively, andl

is the volume of reaction cell. The collisional dissociation rate
constant for a specific vibrational statein the units of crd
molecule® s~ becomes

DAB = (1.78 x 1074)e [P* CllkeTR /g (17)

in which the numerical factor is in the units of molecule @m
andg is the electronic degeneracy and equals 2 for the A state
and 1 for the B state. Since the moment of inertia of the A and
B states are close to each other to within three significant
numbers, in eq 17, a common conversion factor was employed
for both states.

The vibrational energy deactivation rate constants within a
specific electronic state are assumed to follow the simple
exponential rate lalf2223

level v is assumed to be higher than that of level The For the cases of the other buffer gases, since there was always
vibrational activation rate constants were calculated accordingSome fixed amount of chlorine molecules present in the
to the principle of detailed balance: experimental cell, an extended mechanism which consisted of
two buffer gases was employed. By fixing those parameters

Vi, = V,; exp[(G(i) — G(v))/kgT] (29) obtained in the neat chlorine system, the equations were then

solved numerically and the related rate constants of the buffer
wherekg is the Boltzmann constant. For the present c&ge, gases were determined in a similar way.
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Figure 3. Transient recombination luminescence signals detected at

870.6 nm (A¢=0) — X(»=11)) and 879.3 nm (BE0) — X(v=12)), Figure 4. Transient recombination luminescence signals detected at
in neat 5.33 mbar Gl The smooth curves are the full simulation of the ~ 722.7 nm (B¢=2) — X(v=8)) and 623.5 nm (B(=5) — X(v=5)), in

corresponding experimental conditions, which include the minor pickups Neat 5.33 mbar Gl Since there was always some scattered light
of the luminescence wings from nearby vibrational bands by the recorded at time zero as the detection wavelength was shorter than

detection system. The signals are normalized to the asymptotic state700 nm, the scattering signal recorded on the laser-flashing channel
intensities. has been reset to the background level in (b). The smooth curves are

the full simulation of the corresponding experimental conditions, which

. . include the minor pickups of the luminescence wings from nearby
4A. Neaj[ Chlorlne; System. F'Qures, 3 and 4 show somg vibrational bands by the detection system. The signals are normalized

representative experimental transient signals detected at variousy the asymptotic state intensities.

vibrational bands in neat 5.33 mbar chlorine gas. To simulate

the experiments, in an initial attempt, the A state emission was 3496—-would not affect the goodness of the present simulation.
deliberately ignored and the conventional reaction mechanism Note that the average experimental recombination rate constants
which consists purely of the recombination, vibrational relax- of the chlorine atoms in G Ar, N,, and CQ are 5.8, 1.2, 1.0,
ation, and electronic quenching of the B state was considered.and 5.7x 10732 cmf molecule? s°2, respectively.811.13.16

It turned out that under the conventional B state mechanism Tpe average radiative lifetimes of the A and B states have
there were no ways that one could reconcile the inconsistencypeen known to be 15 ms and 305, respectivelys?’ Ac-
between the long-time decay rate constants of the presentcording to the kinetic model as described in the previous section
transient observations and the quenching rate constants of theyng with all the available experimental data, there still remain
B state measured by the laser induced fluorescence techthique.gjy rate constant parameters to be determin®g; Qa, Kex, o,
The latter quantity is about 10 times the former one. It was v, andRs/Ra. Note that the average photon emission rates of
concluded that the simplified mechanism was not adequate tothe A and B states are all much slower than the other transient
account for all the available experimental results. As described processes considered. In the simulation, the steady-state relative
in the previous section, a natural expanded mechanism whichpopylation ratio of each vibrational level should match the
included the A state and the coupling between the A and B steady-state chemiluminescence spectra obtained in a previous
states was proposed in this report. report!2 The smooth curves of Figures 3 and 4 show the best-
In the numerical simulation, it was further found that under fitted simulation. Since there were always some minor pick-
the present experimental conditions the absolute recombinationups of the luminescence wings coming from nearby vibrational
rate constants oRa and Rg are not sensitive to the transient bands by the detection system, the smooth curves shown were
recombination signals within the experimental uncertainties and the results of the full simulation which took the slit function of
the related measurements. It was the relative RdiRa which the monochromator and the neighboring emissions into account.
was crucial to the simulation. To the authors’ knowledge, to The vibrational quantum numbers shown in the figures are just
date there are no experimentBh values available in the the dominant levels in the photon emission. The best-fitted
literature. Nevertheless, theoretically, by taking the electronic parameters of the rate constants of neat chlorine system are
degeneracies into account, the A state recombination quantumshown in the first column of Table 1. According to the present
yield has been calculated to be 34% by the energy transfer modelextended mechanism, the apparent electronic quenching rate
in this laboratory:* For the present purposBs was directly constant of the B state measured by the laser-induced fluores-
set at the value of 34% of the total experimental recombination cence technique is decomposed into two components: the
rate constant. It was found that a scaling of the theoretical A electronic quenching rate constant of the B state into the
state recombination rate constant by a factor of #0ra range nonradiative states and the interelectronic vibrational exchange
wide enough to cover the possible uncertainty of the above rate constant between the A and B states. Comparing the
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TABLE 1: Fitted Parameters for the Rate Constants of Chlorine, Argon, Nitrogen, and Carbon Dioxide

fitted parameters cl Ar N2 CO,

Qs/1073 cm?® molecule! st <20 <0.2 <0.2 <0.01
Qa/10 3 cm? moleculet st 55+1 0.03+0.01 0.03t 0.01 0.09+ 0.01
Kex/10711 cm?® moleculet st 0.4+0.1 <0.01 <0.01 <1.0
a/cm?! 111+ 7 76t7 90+ 7 1564+ 18
ylem 7104+ 2907 348+ 140 278+ 14¢ 452+ 24
Rs/Ra <0.2 0.2+ 0.1 0.2+ 0.1 0.03+0.01
assumed valués

Ra/1073*cmf molecules? st 200 41 34 190

aThe steady-state low-pressure-limit luminescence quantum yields of the A and B states in these buffer gases are assumed to be the same as
those in the Ar case, i.e., 4.3%See text for details.
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Figure 5. Theoretical transient vibrational populations at the lowest o w0 w0 w e n

eight vibrational levels of the B state in neat 5.33 mbas. Che
populations are normalized to the asymptotic state vibrational mole
fractions.

Time (}1s)

Figure 6. Transient recombination luminescence signals of 2.67 mbar
Cl, in 264.3 mbar C@detected at the emissions originated from the

measured electronic quenching rate constant6#0-22cm3 0. 3 (686.6 nm, B(=3) = X(v=7)), and 5 vibrational levels of the B
state. Since there was always some scattered light recorded at time

molecule! s1 and the upper bound of the electronic quenching - X

- - 12 zero as the detection wavelength was shorter than 700 nm, the scattering
rate constant of the B state into nonrafj'at've sta_ltesm‘ . signal recorded on the laser-flashing channel has been reset to the
cm® molecule* s%, we found that the main population-depletion  packground level in (b) and (c). The smooth curves are the full
process for the B state is apparently the interelectronic exchangesimulation of the corresponding experimental conditions. The signals
into the A state, which is energetically lower than that into the are normalized to the asymptotic state intensities.
B state. Another interesting quantitys which is a measure
of the dispersion of the vibration population near the dissociation mbar Ch gas. As expected, owing to the initial preferential
limit at the initial state of the recombination reactions. This popu|ati0n of the recombined chlorine atoms into the h|gher
quantity could be pinned down if the steady-state low-pressure- yiprational states, the higher vibrational states shows higher
limit luminescence quantum yields of the A and B states in the popylation fractions in the very beginning of the recombination.
atomic chlorine recombination reactions were known in the After around 2us, the fast transient processes, which are the
present mechanism. The only reported measurements were ORyiprational relaxation processes in the present case, more or less
the Ar system. By assuming that the dominant recombination gewe gown to a steady-state situation. The following long-
process is through the energy-transfer mechanism and that th%ime rising is mainly controlled by the overall electronic

relative collision efficiencies among the recombination channels . : : .
. ; . ) uenching processes and shall be discussed in subsection 4C.
remain unchanged for different third bod#8¢he luminescence q gp

quantum yields of the chlorine system could be approximated 4B. Buffer Mixtures with Argon, Nitrogen, and Carbon

by those of the argon system. Thevalue was then found to ~ Dioxide. The vibrationally resolved transient luminescence of

be 7104 290 cnt. In other words, the recombination reactions the chlorine atom recombination reactions was also measured

in the Cb buffer gas mainly populate the highest 710¢ém  inthe buffer gases argon, nitrogen, and carbon dioxide. Figures

vibrational states near the dissociation limit. 6 and 7 show the transient luminescence signals at 264.3 mbar
Figure 5 shows the theoretical transient population fractions carbon dioxide and 264.0 mbar nitrogen pressures, respectively.

over the lowest eight vibrational states of the B state in 5.33 They are just two representatives in the experiments of the three
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higher vibrational states under similar buffer pressures. Figure
7 shows a representative transient behavior in 264.0 mbar
nitrogen gas. Similar behavior as Figure 7 was also observed
with 264 mbar argon pressure or with a reduced 26.0 mbar
carbon dioxide pressure. These suggest that the overall
vibrational relaxation efficiencies of the nitrogen and argon gases
are similar to each other and that of the carbon dioxide gas is
ooprd more effective by about an order of magnitude.

As shown in Table 1, the A state quenching rate constant
was determined to be @& 1) x 10715 cm® molecule® s~ for
both the argon and nitrogen gases. The quenching rate constants
of the radiative states have been reported to be (£8712)
and (2.664 0.04) x 1015 cm?® molecule! s71 for the argon
and nitrogen gases, respectively, in a series of high-pressure
. experimentd32° Despite of the huge buffer pressure difference
ool in these two experiments, their measured results are in good
agreement with each other. Note that the long-time decaying
rate constant for the radiative A and B states is dominated by
the quenching rate constant of the A state and shall be discussed
in the following subsection. For thevalues of the vibrational
relaxation rate constant, the G8ystem has the largest value,
followed by Cb and N, and Ar has the smallest one. This

P, =264.0 mbar

Normalized Intensity

Bstatev=0

0.8 -

06

041

Normalized Intensity

02tk &7 Bstatev=3

08 -

06 -

04

Normalized Intensity

o2t [~ Bstatev=5 order directly reflects the overall effectiveness of these buffer

00 B gases for the vibrational energy relaxation in the A and B states
o 10 2 m o o e of the chlorine molecules. For thevalues of the recombination

Time (ps) reactions, under the approximation of the present report, the

Figure 7. Transient recombination luminescence signals of 2.67 mbar Cl2 System has the largest value, followed by COhe values

Cl, in 264.0 mbar M detected at the emissions originated from the 0, 0f Ar and N, are more or less close to each other. These values

3, and 5 vibrational levels of the B state. The smooth curves are the suggest that Glis the most effective and Ar and,;MNire the

full simulation of the corresponding experimental conditions. The |east effective in removing energy from the recombining chlorine

signals are normalized to the asymptotic state intensities. atom pair during the recombination reactions among the four

) buffer gases. The recombination rate constant ratio between

buffer gases. In all these measurements, the chlorine pressurena B and A states is either equal to or less than 0.2. This is

was set at 2.67 mbar. _ ~ consistent with the conventional assumption that the major
The master equations (10) and (11), which were explicitly contribution to the recombination reactions is through the four

expressed for the kinetics in a single buffer gas, could be easily hound states: A, A B', and X4 For the above general

expanded to include any additional number of buffer gases. The ghservations, to date there were no related reports available for

fitted kinetics parameters of the chlorine gas obtained in the comparisons. Further experimental and theoretical studies are

neat chlorine system were adapted directly in the expandedneeded to elucidate these phenomenological observations among

master equations. Since the hard-sphere bimolecular collisionthe four buffer gases.

rate constants bet'weenz(}lnd Ar, CQ, and N are close to 4C. The Long-Time Steady-State Behavior. The long-

that between Gl itself, for these three buffer gases, the time steady-state behavior of the neat chlorine system shall be

preexponential factoVo of the vibrational relaxation rate  analyzed analytically and also numerically in this subsection.

constant as expressed in eq 18 was set at the same value as thtis straightforward to extend it to multicomponent systems.

in the chlorine buffer gas. As suggested in the case of the neatgqs 10 and 11 may be represented symbolically by the matrix
chlorine system, the steady-state low-pressure-limit recombina-form

tion luminescence quantum yields of the nitrogen and carbon

dioxide buffer gases were also assumed to be the same as those d . .

of the argon buffer gas. The kinetics parameters of the extra d_t|x(t)D: —LIX()TH R[10 (21)
buffer gases were then determined in the same way as described

in the neat chlorine system. The smooth curves of Figures 6
and 7 are the best-fitted results for the vibrational levels and

pressures studied in this report. Table 1 shows the best-fitted
kinetics parameters of the three buffer gases.

As shown in Figure 6, at 264.3 mbar carbon dioxide pressure,
the vibrational relaxation is much faster than the other processes
such that the dominant transient behaviors over the observed
vibrational levels are actually converging to a single rising curve. ] ] o ]
In other words, a steady-state situation was quickly set up amongin Which Riis the recombination rate constant into tttestate,
the vibrational states such that the observed transient behavior< is the chlorine atom concentration, aNtlis the third body
were mainly due to the long-time decay of the system. For the concentration. If we define
other buffer gases, such as argon and nitrogen, the vibrational o
relaxation rate constants are much lower than that of the carbon IY(H)O= X))~ LRI1D (23)
dioxide gas such that, for these gases, steplike transient
behaviors in the short-time domain were observed over the eq 21 becomes

in which [X(t)Uis the vector of the vibrational state population,
|10is the unit vectorR is the recombination matrix, and
represents the remaining processes. For instance, the recom-
bination matrix elements are

R; = RC*Mo; (22)
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d N
a|Y(t)D= —L|Y(t)d (24)

The solution may be expressed in terms of the eigenfunctions
lyuOand eigenvalues, of L:%0

IYOO=  a,expA0)ly,0 (25)
u
in which, with the present initial conditiofX(0)(= 0,
a,= ¥,|Y(0)O= —3,/L*Ri10 (26)
The final result is
(27)

IX(t) = Zau expA )y, LRI10
u
Assuming that 0< 4; < 4, < ---, for times longer thanig

— A1)71, one obtains the steady-state solution

IX(t)°= a, expA,t)ly,[H L'R|10 (28)

Eq 28 suggests that, under steady-state condition, the whole,

system and also its subsystems decay with the same rate, an
the population ratio of any two subsystems is a constant. The
smallest eigenvalug; could be related to the rate constants of
egs 10 and 11 as follows.

First, summing over all the vibrational states of eqs 10 and
11, and at steady-state condition, the equation could be written
as

€, _

MA)MASS— (D§$+ Q+
%\
M)MB (29)

d(A*+B%

ST P

in which AsS= J(A? — A%, A= A" — A®= a,e ™, Di =
(3,D) ASIAss and ex is the average photon emission rate
constant for the A state and similarly for the B state; the
superscript notatio means that the asymptotic value is taken,
and the constarp is

€
— A"

D) +Qu +—|A;
A M

B*M —

M+ D5+QB+§
(Rs + RMC” (30)

Eq 29 could be further rearranged as

d(A*+B%
a P

[loxr o Rsa)+lox

eB b ASS_| S
QB+M m XM(A +B$) (31)

in whicha= Ya,, andb = }b,. The smallest eigenvalug is
then just equal to the coefficient of the first-order teris(+
B%9 in eq 31:

€
= [(D§s+ Qu+ MA)(

a
ol P

|

%) 5
M

b
a+ b)] M (32)
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Figure 8. Theoretical decay behavior of the vibrational residual
populations of the A and B states in neat 5.33 mbar Tie long-time
Cl-concentration-normalized decay rate constant is 6.2412 cm?

molecule® s1 for all the microstates.

Figure 8 shows the numerical residual populations over
arious vibrational states in the natural logarithm scale as the
nction time in the neat 5.33 mbar £$ystem. Their long
Ime steady-state residual populations are corresponding to the
A>*andB;°values. With the input values @a, Qs, ea/M, and
es/Mof5.5x 10713 1.5x 10712 5.1 x 10716 and 2.5x 10713
cm® molecule! s71, respectively, the numerical long-time decay
rate constani,/M is 6.24 x 10713 cm?® molecule’* s1. With
the help of the numerical values of the steady-state populations,
one obtainedv/(a + b) = 0.932,b/(a + b) = 0.068,D%,= 3.0

x 10715 cm® molecule? s71, and D2, = 2.1 x 10715 cm?
molecule! s71. According to eq 32, the analytical long-time
decay rate constant becomes 620713 cm® molecule! s71,
which is in agreement with the numerical value to within the
numerical uncertainty. Of the total quenching rate constant,
the quenching of the A state contributes 5«1 10713 cm?
molecule! s and that of the B state contributes the rest of
1.0 x 10718 cr® molecule* s71. The contribution from both
the dissociation of the vibrational states into the atomic state
and the photon emission processes is negligible under the present
experimental conditions. Similar conclusion could also be
reached if the upperbound value @§ was used in the above
calculation.

Vv

5. Conclusions

The vibrationally resolved transient chemiluminescence of
chlorine atom recombination reactions in chlorine, argon,
nitrogen, and carbon dioxide buffer gases was studied by the
laser photolysis/chemiluminescence detection method. With a
full simulation of the experiments, either the rate constants of
electronic quenching, vibrational relaxation within the same
electronic states, and interelectronic vibrational energy transfer
between the A and B states by the buffer gases were determined
or their upperbound values were estimated. The long-time
steady-state behavior of the mechanism was also analyzed and
found to be dominated by the quenching processes under the
present experimental conditions. The proposed extended mech-
anism for the chlorine atom recombination reactions could
account for the related experimental measurements available
in the literature and therefore resolve the inherent incompleteness
in the traditionally simplified recombination mechanism.
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