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The vibrationat-vibrational (V—V) energy transfer from excited C@& 10) to G and CQ molecules was
studied by laser-induced chemiluminscence/time-resolved Fourier transform infrared emission spectroscopy.
The vibrationally excited CO molecules were produced by 193 nm photolysis of a mixture o @RBO.

The temporal populations of the 10 vibrational states of CO were obtained from the time-resolved IR emission
spectra. The rate equations were solved by a differential method we have suggested. Nine vibrational
quenching rate constanks (v = 1—9) of O, were found to be 1.%# 0.1, 1.9+ 0.1, 2.0+ 0.2, 2.3+ 0.3,

2.5+ 0.3, 3.0& 0.3, 4.04 0.5, 4.8+ 0.5, and 8.0+ 0.8 (x107** cm® molecule® s). And thek, (v =

1-8) quenched by C®were 5.7+ 0.1, 5.9+ 0.1, 5.3+ 0.2, 3.4+ 0.3, 2.4+ 0.3, 2.2+ 0.2, 2.0+ 0.2, and

1.8+ 0.2 (x10* cm?® molecule® sY), respectively. The trend of thd,j with » for CO/O, system was
explained by a V-V energy transfer mechanism of single channel. For the CQAyS&tem, a multichannel
model, transferring the energy to the vs, and several overtone vibrational modes of Gfiblecule, was
suggested. A modified SSH theoretical calculation fits well to the experimental data.

I. Introduction In the past few years, the stimulated emission pumping (SEP)
o ) ~ method has been employed to produce highly vibrationally
The wbr_atlor_lal relaxation of gas molecules has bgen an active gy ited states. Many papers report energy transfer from highly
research field in the last few decades. The experimental tech-qyited molecules. However, the molecules should have an
nigues as well as the data analysis for vibrational relaxation absorption in the visible or near UV region, such a&'t13
and exchange have been reviewed in several arficfesThe NO 14718 NO,,20-22 or O,23-28 molecules. So far it is difficult

energy transfer from highly vibrational states of GP(o O; to stimulate CO molecules, which only absorb VUV light.
or to CO; molecules are of importance in high-temperature A< first shown in Murphy’s experiment, TR FTIR spectros-

processes such as combustlon_. The previous Investigations OrE:opy demonstrates many advantages in the study of vibrational
the CO.W Oz system were carried out only for the V|_brat|onal energy transfer. The IR emission spectra simultaneously record
relaxat!on froms = 1 to 0. Bauer and 1R50esﬁeobta|ned 1a various vibrational transitions and their temporal changes. It
relaxation rate constant éf o =1.5 x 1071 cm® molecule removes the fluctuations in experimental conditions which may

o1 : - .
IS:| " lés'g? _flazhthphotoexEl_tatlont te?wl%ifggovar and be experienced in other sequential measurement techniques. But
ustary obtained the guenching rate o cm™mole- the electron beam excitation is not selective in Murphy’s

1ol i i
culels™L. To characterize temperature dependence, Miller and experiment. The vibrational excitation of G@ould also be

M"(I;kagt _stugled the exhc_lted CtO rr]lozlfé:luclﬁ%bwfrarled ra|1d|1at|on caused by electron bombardment. Finally, the fluctuation of
and obtained a quenching rate o cme molecule the electron beam current was difficult to get rid of.

—1
z e f t53>?(1(I;.16I2n1139:n36|S£3|2n1 2[]? l:|)_| a&iﬁﬁgﬁg;%dﬁag:gs_ In this paper, we report our study of the-W energy transfer
’ - y . from the high vibrationally excited CQ(= 1-9) to O; and to
cence. As indicated above, there is a large discrepancy of 2 .
orders of magnitude between the measured rate constants COZ.' The dete_ct.lqn was made by TR FT.IR spectroscopy. The
: . . . excitation was initiated by a pulsed ultraviolet laser beam. This
In the previous studies, most of the experimental studies on e,y technique is especially suitable for studying the collisional
the V—V energy transfer deal with the quenching from= 1 energy transfer between gas molecules, since the excitation laser

to 0. The relaxation of highly vibrational states was scarcely .4, selectively generate highly vibrationally excited molecules,
studied. Only a few such reports appear in the literature. Two avoiding excitation of the collision partnet&:3!

of these reports refer to the energy transfer from §@{ CO,
system. Smith et &lmeasured the vibrational exchange rate
constants of CQ() with CO, and obtained 10 rate constants
for v =4—13. In 1979, Murphy et al° used a pulsed electron The apparatus used was UV laser photolysis/time-resolved
beam to initiate a reaction of G\r mixture, and the emission  Fourier transform infrared spectrometer system which was
from the excited product C@(= 1—19) was monitored by a  described in details previousk. The system consists of three
time-resolved Fourier transform infrared (TR FTIR) spectrom- parts: an UV laser (Lambda Physik-305i), a reaction chamber,
eter. Solving the rate equations, the vibrational relaxation rate and a TR FTIR spectrometer (Nicolet 800). The UV light was
constants of CQ(—v—1) to CQ, for vibrational levelsy = used to initiate the photochemical reaction of CEIBr Oy,
1—-16 were obtained. producing vibrationally excited C®@) molecule. The laser

II. Experimental Section
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beam of 100 mJ per pulse at 193 nm was reduced to a size of
1 x 1 cn? The flowing pure @ gas or mixed gas of C£and
O, carried CHBg vapor (Baker reagent, not further purified)
into the vacuum chamber. The flow rate was adjusted by a
flowmeter. AtT = 300 K, the partial pressure of CHBwas
estimated to be 5 Pa. The pressure gfvias 200 Pa. In the
system of CO/CQ the partial pressures of,@nd CQ were
10 Pa and 120 Pa, respectively. The pressure in the chamber
was monitored by a MKS manometer. In the chamber, a pair
of parallel multilayer mirrors were used to reflect the laser beam
10 times. The laser photolysis zone is aboutd8 x 5 cn¥.
The IR emission was collected by a pair of gold-coated White-
cell mirrors (nearly confocal), and collimated to the FTIR
spectrometer, operating with a rapid scan mode. The spectral 4
resolution was set at 16 cth To improve the signal-to-noise Wavenumber (cm ™)
ratio, the sampling data were coadded for 20 times in the Figure 1. A set of time-resolved infrared emission spectra of CO-
interferogram, and then were Fourier transformed. (v—v—1). The delay time after the laser firing is indicated. The CO

A sequential time-resolved infrared emission spectra with an Mission was quenched by excess oxygen gas. A gas mixture of 5 Pa

: . CHBrs/200 Pa Q was used.

uncertainty of 5us were recorded. The background radiation
of a blank experiment was subtracted. The instrumental spectral
response and the absorption obGH and CQ were also
corrected.

2100 2200 2300
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procedures are the following: (a) Arbitrarily give a set of
guenching rate constants and a set of initial populations for each
vibrational level. TheA, values are adapted from the ref 9. (b)
Ill. Method of Solving the Rate Equations Solving the rate equations-# by the fourth-order RungKutta

o o ; ~ method® to get the temporal vibrational populations. (c)
Considering the vibrational relaxation and the radiation Optimize the least-squaréXvt) = ¥,[n (t) — n®FB)]Yw

processes where n®R(t) is the vibrational population, obtained by the

simulation of experimental spectrum, for th¢h level at a

ku
CO@+1)+M o CO() + M* Q) specific time. Then a set of new rate constants and that of new
populations are produced. The Powell mefffoslas used in
CO@+1) At COoW) + hv @) our calculation in order to improve the computing rate. (d)

Repeat the steps b and c iteratively until the result converges.
K, The above differential method gives a better result than the
CO@) + M — CO@—1) + M* 3) integral method. No approximation is required for this dif-
A ferential method, while several rough approximations are made
CO(y) — CO@—1) + hv 4) in Murphy’s integral method, such as selecting a special integral
time range. The results from the differential method are
The related rate equation is optimized by iteration so that they are more accurate than those
dn from the integral method.
T _ Equation 5 represents a set of linear equations. For a given
dt KoMl + ANy = ([M] + AN, set ofn,, the solution of the equations, i.d, is unique. An
v=1,2,..,N (5 uncertainty of 10%-30% for thek,s is estimated.

wheren, is the population of theth vibrational levelk, is the

v ) . IV. Results and Discussion
deactivation rate constant due to the quenching of M species,

[M] is the number density of @or CO,, A, is the Einstein 1. The Generation of High Vibrationally Excited CO(v)
coefficient, andN represents the highest vibrational level Molecules. The vibrationally excited CQ{ were generated
considered. by 193 nm photoinduce chemical reaction of the mixtures of
For a gaseous pressure of 200 Pa, the average free path of £HBr; and Q.34234° Lin reported VUV photochemical reaction
gas molecule is about 8én. The molecule will collide foiz of CHBrz + 0,342 They observed IR emission from the final

= 2 x 10*times in 1 ms, and it will diffuse with a distance of product CO¢ < 14). However, to our knowledge, the reaction
VZ 7 = 4 mm. The diffusing distance is much less than the process is still of unknown. In the present experiment, the
size of the photolytic zone and the IR collecting area. So the intense emission in the 196@200 cnt! region from the

diffusion effect was omitted. vibrationally excited CO was observed. A spectral simulation
The quenching effect by other photolytic products was also indicated that the vibrational excitation of CO reached up to

neglible because about 1% of the precursor gas Gh&rs = 10.

photolyzed, while the precursor gas only had a small ratio of 2. The Quenching of COg) by O,. The quenching of the

2.5% in the mixed gases. vibrationally excited CQf) was investigated in the presence of
In the CQ quenching experiment, about 7.7% of @as excess oxygen. The vibrational relaxation can be studied

added for producing C@J. For low vibrational levels < 4, through the decay of C@{~v—1) emission. Figure 1 shows a

the contribution of oxygen to the C@)(relaxation was less than  set of time-resolved infrared spectra. Starting from 0.56 ms
5%. For the high vibrational levels, a modification considering after the firing of the laser pulse, 28 sequential spectra were
the G, contribution to the rate constants has already been made.recorded with the time intervals of 0.05 ms. The emission
Unlike Murphy’s integral method® here we suggest a intensity attained a maximum at 0.5 ms. After 0.6 ms, the decay
differential method to solve the rate equations. The solving of the emission is mainly ruled by the vibrational quenching.
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TABLE 1: Quenching Rate Constants of COg) by O, in
Units of cm® Molecule™t st
BaueP Donoval® Miller” HancockR Smitl? this work
o k, (x10719) (x10%) (x10') (x107%%) (x10% (x109
® k1B 1.0° 7.8 1.5 1.1+0.1
% ko 1.9+0.1
= ks 2.0+0.3
2 ke 2.3+0.3
kS ks 25+0.3
x ke 3.0+0.3
k7 4.0+ 05
kg 4.8+ 0.5
X ko 8.0+ 0.8
T T T T T T ki2 21
1800 1900 2000 2100 2200 2300 k13 4.4

Wavenumber (cm'1)

2The data are calculated by the formia= o,P,, 0, = 3.3 x
Figure 2. The experimental (circles) and the simulated (solid line) 107'°cm® molecule® s*; P,s are taken from the references indicated.
spectrum of the CQ{—v—1) emission for CO/@system at a delay
time of 0.86 ms. The contributions of some transitions to the simulated
spectrum are shown by the dashed lines.

U

ViVva V3

2400 .
00%1

v —v-1
2200
1—=0 —

43— e —11'0

16

v=im 2 3A 4v 5@
6+ 77X 8 % 9-

14 F

N
T

2000 - pr—
87— 03'0

1800 -
16—15

1600

Relative populations
o o
o (o]
T — T
/

Vibrational Transition Energy (cm™)

L N
0.4} A

L + S 1400 - N 10%r1
02 ——02%

L 10°0 r2

0.0 ——— =~ TR
1 L 1 N el C [ ()2 cO (:C)Z
0.6 0.8 10 12 14 16 1.8 2.0
Delay time (ms)

Figure 4. The energy diagram of the transitions between the vibrational
Figure 3. The vibrational population of CQJ at different times for excited C_O(’) and the @ CO, molecules. The solid arrows S_hOW the
COIO, system. The dots represent the experimental data obtained bypreﬂ_erennal energy transfer channels. The dashed arrows indicate the
the spectral simulation. The solid lines are obtained from the solution multiquanta transitions.
of the relaxation equations.
adequately interpreted in terms of eq 5. If the relaxation

At each delay time, the relative population of each vibrational mechanism were different than that assumed, the rates deter-
level of CO can be determined by spectral simulafidrn the mined from the differential method would not properly repro-
simulation, the envelope of the emission is composed by the Pduce the population time histories. The obtained quenching rate
and R branches of the individual rovibrational bands. We constants and the reported values by other authors are listed in
assumed that the rotation was completely relaxed to the roomTable 1.
temperature of 300 K. A typical fitting spectrum is shown in The trend of the measurdgdvalues with v can be interpreted
Figure 2. A standard derivation of 5%40% was given for by energy defect theory. The energy defa&tin the exchange
the population. reaction of CO{—v—1,y=1—10) and Q(v = 1-0) is between

Having simulated 28 spectra at different delay times, the 587 and 350 cm!, as shown in Figure 4. Usually, such
evolution of the relative populations of C@¢1-9) from 0.56 ~ Mmoderate values corresponds to a mediumienergy transfer
to 1.91 ms are obtained and shown in Figure 3. It is seen in rate constant. Furthermore, as the vibrational quantum number
the figure that the populations of the high vibrational levels ~0f CO() increases, the vibrational anharmonicity causes a
= 4-10 monotonica”y decay with time. For the levekE 3, reduction OfAE, resulting in an increasing of the rate constants.
the population increases in the first several hundred microsec- 3. The quenching of COg) by CO,. Now, excess C®
onds after we begin measuring and then decreases. Thegas was introduced to the gas mixture to quench the vibrationally
populations of the vibrational levels = 1 and 2 increase  excited CO{). Twenty-four spectra were recorded by TR FTIR
constantly in the time range. The trend reflects that the spectrometer from a delay time of 8:4.7 ms with the time
vibrational relaxation of the higher levels are faster than those intervals of 0.2 ms. A typical spectrum is shown in Figure 5.
of the lower ones. The emission in the ranges 1962200 cn! and 2206-2500

With the above population data, the rate eq 5 was solved by ¢! is assigned to the CO{-v—1) and CQ(vs,v—v—1)
the differential method suggested in the section Ill. As a result, transition, respectively. The excitation of g@) is due to the
nine rate constants for C@(quenched by @and a set of best-  collision energy transfer from CQY.
fitting vibrational populations were obtained and shown as the  The vibrational population of C@J is determined by spectral
curves in the Figure 3. The quite good agreement with the datasimulation. One of the simulated spectra is indicated in Figure
is obvious. This comparison not only demonstrates the quality 6. Figure 7 shows the temporal evolution of the vibrational
of the rate fit to the data but also shows that the data can bepopulations. The populations almost decay monotonically.
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Figure 5. An infrared spectrum of the C@{>v—1) emission (1906 . . .
2200 cntl) The vibrational energy was transferred to themode of Figure 8. The logarithm of the reduced quenching rate constiais
COy(2250-2450 cn?). The spectrum was obtained from 193 nm  Versus the V|brat|_onal quantum numbefor the CO@_)/COZ system.
photolysis of the mixture of 5 Pa CHBr20 Pa @, and 70 Pa Ceat The SSH theoretical data are linked by a dashed line.
a delay time of 0.1 ms.

Vibrational quantum number

there exist at least two competitive relaxation channels. For
the low vibrational levels, the energy defetE between CO-
(v—v—1) and CQ(00°1-—00°0) is relatively small (Figure 4).
The vibrational energy prefers to transfer to the;Gg) mode
which has been observed in the spectrum (Figure 5). For the
higher levels of CQY), the energy defect become large, causing
an unusual decreasing of thgv with ». On the other hand,
the defect in the energy exchange of @&{—1) and CQ-
(10°0—00°0) is getting smaller (Figure 4). Therefore, for these
highly vibrationally excited CQf) molecules, the energy
preferentially transfers to the; mode of CQ. Due to sym-
metry, the 100 state mixes with the 0P state, forming two
Fermi mixed states: 0 rl (1388.3 cmit) and 100 r2 (1285.5

' ' : ; . cm1).35 Unfortunately the frequencies of these modes are

1800 1900 2000 2100 2200 2300 .
Wavenumber (cm™) goc; lOtW so that we could not record them with our InSb
etector.

Figure 6. The experimental (circles) and the simulated (solid line) . . .
spectrum of the COuf—v—1) emission for CO/C@system at 0.5 ms. The energy exchange processes with multiquanta transitions
The contributions of some transitions to the simulated spectrum are are also considered. Between thé@fl and the 1% r2 states,

shown by the dashed lines. there exists another state202(1335.6 cm?), which may be
reached via a two-quanta transition in the energy exchange
process. For the middle C@(levels, two multiquanta channels
of the energy transfer to the 1 (2076.5 cm?') and 030
(1932.5 cmt) probably occur due to accidental resonance.
v=is 2e 34 4V However, the low relaxation rate constants for these levels imply
56 6+ 7X B8x that the multiqguanta transitions are not efficient.

On the basis of the above multilevel relaxation model, a
modified Schwartz Slawsky-Herzfeld (SSH) calculaticii—38
was performed. In the calculation, a Morse intermolecular
potential and the vibrational anharmonicity were considered.
The resulting probability of the ¥V relaxation is given by
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P(v,) = 47°a"S, SsF (1,0, D o ,8) (6)
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Delay time (ms) whereF is a function ofDe, the Morse potential well depting,

Figure 7. The vibrational population of CQ@J at different times for the equilibrium distance; a, the range parametgy; initial

CO/CQ; system. The dots represent the experimental data obtained byre|ative velocity; and, the vibrational level of CO molecular.

the spectral s_lmulatlon._ The solid lines are obtained from the solution Sy andSs are the steric factors of the collision partnérand

of the relaxation equations. B, representing the average rotational contribution.

After averaging the overall initial velocities at temperature

The relaxation rate equations were solved again by the T the result is

differential method in section lll. Eight quenching rate constants

were obtained. 5 )
The relation of logk/v) to v is presented in Figure 8.  P(T)0= (u,/2kT) f”m3 P(vy) expCu,vy 12KT) doy, - (7)

Murphy and Smith’s results are also shown in the figure. The

vibrational relaxation rate of the middle levels€ 5—8) of

CO(v) is relatively low, while those of the lowy(= 1—4) and

high (v > 8) levels are high. The phenomenon indicates that K(T) = [P(UEKSHKT/P‘U)MOABZ (8)

Then the V&V rate constant is obtained by
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TABLE 2: Parameters Used in the SSH Theoretical
Calculation for the CO(2)/CO, System

LJ(12-6) potential

mass v A
molecule (amu) (cm™) (amu?l) S\, S e(cal mol?t) o(nm)
CcoO 28 2143 0.074 3 175 0.3706
v; 1388 0.031 Y3
CO, 44 v, 667 0.009 23 378 0.3996

vs 2349 0.009 Y
Morse potential range parameter= 22 nnt*

aReference 40° Reference 41.

With the parameters in Table 2, the calculations have been

carried out on the two major paths, GP{-CO,(00°1) and
CO(@)—CO,(10°0 rl1). The contribution of CQ{—CO,-
(11'0,03'0) was estimated by a general SSH the®ryThe

CO()—C02(100 r2, 020) channels were not considered. The

theoretical results of the relaxation rate constants ofuL@fe
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