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Vibrational relaxation in methareoxygen mixtures has been investigated by means of a time-resolved-pump
probe technique. Methane molecules are excited into selected rotational levels by tuning the pump laser to
2vz lines. The time evolution in population of various vibrational levels after the pumping pulse is monitored
by probing, near 3000 cm, stretching transitions between various polyads likg(R) — va, (va+2vs) —

2v4, and @3tv4) — v4 transitions. Measurements were performed from room temperature down to 190 K. A
numerical kinetic model, taking into account the main collisional processes connecting energy levels up to
6000 cm'%, has been developed to describe the vibrational relaxation. The model allows us to reproduce the
observed signals and to determine rate coefficients of relaxation processes occurring yp@s Céllisions.

For the vibrational energy exchange, the rate coefficient of transfer frofw & 1) to CH, is found equal

to (1.32+ 0.09) x 102 cm?® molecule® st at 296 K and to (1.5 0.08) x 102 cm® molecule® s at

193 K.

I. Introduction H,, or CHy/He'2 mixtures has been modified to take into account

. ) ) the energy-transfer processes specific to thg-8b} collisions.
b CO”'?Onal gnergyftransfer n methaﬂqugenlmlxguris has. | After a brief description of the experimental procedure in
een the subject of numerous experimental and theoreticalgg qyinp, I, experimental signals will be presented in section IlI.

studies for nearly four decades. Concerning the specific near-tyq analysis of the experiments by means of a kinetic model
resonant energy-transfer process between the dyad levels (negf;, be treated in section IV

1500 cnt?) of CH,4 and the first vibrational level of g the
first measurement has been done by Yardley étusling the
laser excited vibrational fluorescence technique at room tem-
perature. There is no measurement of the rate coefficient of this  The experimental setup is very similar to that used in previous
transfer at lower temperatures. Concerning the process ofstudie§ 12 and is described in detail in ref 12. Let us recall
vibration to translation energy transfer uporn Collisions, that CH, molecules are excited into a selected rovibrational level
among various studiés? only the laser induced fluorescence of the 23(F,) state by the single mode output beam of an Optical
measurements of Siddles et®alvere performed at low tem-  parametric Oscillator (OPO) pumped by a single mode pulsed
perature. Nd:YAG laser (Continuum). The 7 ns output pulse produced
A renewal of interest for the relaxation of methane by,€H by the signal wave near 1.66n (of about 5 mJ energy) has a
0, collisions has appeared because of the evidence for non-spectral width of 0.02 cri. The collision-induced time evolu-
thermal local equilibrium (non-LTE) in the terrestrial atmos- tion of populations consecutive to laser excitation is monitored
phere?~8 Indeed, the knowledge of detailed vibrorotational by the low-power beam of a cw single mode lead-salt diode
relaxation of methane is essential for an accurate account orlaser Laser Photonicstunable in the 29392983 cn1? range,
prediction of the infrared emission produced by a medium in which permits to probe various transitions:afharmonic and
non-LTE. Of course, for such applications, the relaxation of combination bands.
CH4 must be investigated at low temperature. In order to investigate the relaxation of ¢léxcited to a
The present paper is dedicated to the study of the relaxationselected rovibrational level of the/{F,) state, various transi-
of CH, in O, at room temperature and at 193 K. It is the tions have been probed: dyadctad transitionsg+vs) — va
continuation of previous worRs!2 concerning the vibrorota-  and @s+v2) — v2; pentad-tetradecad transitionsy2— vz and
tional energy-transfer processes implied in the relaxation of CH (v31+2vs) — 2v4; and tetradecasgltriacontad transitions, 13 —
after its excitation into ai(F») state by a pulsed laser radiation  2vs. A simplified diagram of the Chivibrational levels with
around 6000 cm. In these previous studies, it has been shown the main probed transitions is given in Figure 1. A more detailed
that the time-resolved IRIR double-resonance technique is description of the polyads of methane can be found in ref 13.
particularly well adapted to this subject provided that numerous The pumping and probing beams propagate collinearly
transitions are found in various vibrational bands. The kinetic through the double-resonance cell, described in detail in ref 11,
model developed for describing relaxation in £ZRb,'* CHy/ that is a variable temperature cell allowing measurements at
low temperatures down to 190 K. It is a triple-walled Pyrex
* Corresponding author phonet33 1 44274480; fax-+-33 144277033;  tube, 68 cminlength and 3.8 cm in internal diameter. The outer
e-mail: boursier@ccr.jussieu.fr. vacuum jacket is for thermal insulation, and the intermediate

10.1021/jp072377y CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/04/2007

II. Experimental Technique
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to other vibrational states are slower than the rotational
— relaxation by about 1 order of magnitude.
B. Vibrational Relaxation. The vibrational relaxation is
0

observed by monitoring the time evolution of the population of
Figure 1. Simplified diagram of vibrational energy levels up to 9000  several vibrational states, from the dyad to the tetradecad, using
cm-* showing the main transitions probed in this work.b > is for well identified double-resonance (DR) signals corresponding to
bending and< s> is for stretchingyy, = v, or v4 andvs = v, Or v3. stretching transitiondvs = 1.

The depopulation of thei vibrational state is well observed

one is for cooling the sample cell, which is obtained by flowing PY Probing a 2s(F2) — vz or a 33 — 2v5(F) transition for
cold ethanol from a refrigerator (Maton) at a regulated temper- Which the probed 2; rotational level is different from the laser-

ature. The cell temperature is controlled by a chronadlimel excited level. For these types of DR signals, no significant
thermocouple placed in the cooling jacket. During the experi- differences were observed between N} and CH/O, mix-
ments, the temperature fluctuations did not exce€b K. tures as well as at room temperature at 193 K. -

Methane and oxygen were supplied Bir Liquide with a The major processes involved in the depopulation of the 2

stated purity better than 99.998%. The gas pressures werelF2) state are the intermode-energy-transfer processes that
measured using a MKS Baratron gauge for pressures up to 1redistribute the vibrational energy within the polyad. They occur
Torr (1 Tor=0.1333 kPa) and a Texas Instruments Bourdon UYPON CH—CH; and CH—0; C0|.|I.S|0ns. Indeed, our experi-
gauge for the higher pressures. mental data shows th_at the addition of oxygen to m_e_zthar_1e has
Our measurements have been performed in/Ofmixtures the same eff_ec_t as nitrogen to ac_:celerate the equilibration of
at 296 and 193 K for different gas pressures up to 82 hPa angPopPulation within eagh polyad of interacting states. It can b.e
by varying the methane molar fraction in the gas mixtures from deduced that the major processes involved in the depopulation

1% to 100%. of the 2v3(F,) state, namely the intermode processes, are as fast
for O, collisions as for N collisions.
Ill. Experimental Results The redistribution of vibrational energy within the tetradecad
is also observable by probing a transition betweenaé&vel
A. Rotational Relaxation. As observed in CHN, mixtures!t of the pentad and a/{+2v,) level of the tetradecad. DR signals

subsequent to the excitation of ¢lkholecules in a selected obtained with such a probe are shown in Figure 2. The fast
rotational level of the 23(F,) state, a fast equilibration of increase of population invg+2v,) is observed in the way of a
population occurs first in this state among the rotational levels fast initial amplification. The amplified part of the IR double-

of the same symmetry type as that of the laser-excited one, i.e.,resonance signals is weak. Indeed, the redistribution of mol-
of the same nuclear spin modification. The total depopulation ecules laser-excited in the/F,) state among all the states of
rate coefficients are measured by probing the laser-excited level.the tetradecad is rapid due to the efficiency of intermode-transfer
By pumping methane molecules into thes@,) J =1, Ay, 18 processes and leads to only a very small increase in population
level* via the R(0) line and by probing this level, depopulation of the upper level of the probed transition. On the other hand,
rate coefficients upon CHO; collisions were found equal to  the lower level of the transition belongs to they 3tate that is
(17.44 1.4)us* Torrtor (5.34 0.4) x 1072 cm? molecule’® the lower state of the pentad, and when the pentad states are
st at 296 K and (21.6- 1.5)us™* Torr* or (4.34 0.3) x equilibrated, the maximum of population is in this state. Thus
10" cm® molecule’ s™ at 193 K. The value at 296 K is larger  the absorbed part of these signals is large. Indeed, by probing
than that obtained for CH-N; collisions!! but the values at  a (vs+2v4) — 2w, transition one observes mainly the time
193 K are very close to each other showing that oxygen like evolution of the population of the pentad state. The DR signals
nitrogen is an efficient collision partner for depopulation of the presented in Figure 2 were obtained at 193 K either in a/CH
rotational levels of methane in the excited vibrational state. O, mixture or in a CH/N; mixture at 8 Torr total pressure with
Following the rotational relaxation, the vibrational energy- a methane molar fraction equal to 5%. As shown in this figure,
transfer processes that spread out energy fromith€3) state the temporal evolution of this type of signal in @B, mixtures
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Figure 3. Comparison of experimental DR signals obtained in a/Okland in a CH/N, mixture by exciting into the 25(F;) J = 1, A, 18 level
and probing ¢s+vs) — v4 transitions. For both mixtures the total pressure is 26 Torr, the molar fraction is 5%, and the temperature is 193K.

is different from what was previously observed in {ZIRb levels is due to the promotion of molecules from the ground
mixtures. The DR signal obtained in the @8, mixture reaches  state, whereas the filling of the A-symmetry levels is due both
its minimum earlier and returns more rapidly to equilibrium. to the promotion from the ground state and te Wde-excitation
That means that, as a result of llisions, the population of  from the upper A-symmetry levels. This temporary excess
the pentad state reaches its maximum earlier and decreases momisappears by vibrational exchange (or swap) between methane
rapidly. molecules respectively on the dyad and ground states until an

The difference between CHD, and CH/N, mixtures is equilibrium is obtained in the distribution of the molecules in
particularly striking for dyad states. The evolution of populations the various modifications of spin. Then all the dyad states return
in the dyad is monitored by probing dyadctad transitions.  to Boltzmann equilibrium by VT transfer processes, and the
The same temporal behavior of the DR signals is observed for decrease in absorption of the signals proceeds at the same rate
(v4+v3) — v4 and @o+vs) — vy transitions, but the DR signals ~ for all dyad—octad probes.
depend on the symmetry type (A, E, or F) of the probed The rate coefficients of the near resonantW energy-
transition relative to the spin modification of the methane transfer processes, involving the exchange of one quantum
molecules excited by the pumping pulse. between two Chimolecules, have been determined in previous

In our experiments, methane molecules are excited onto awork!! as also the rate coefficients of VI de-excitation in N
level of A-symmetry type. DR signals observed by probing an collisions and self-collisions. The VT processes are much
A-symmetry level and an F-symmetry level may be compared slower than the V¥V processes so that the main processes
in Figure 3. These signals were obtained at 193 K in mixtures involved in the filling of the pentad and dyad states of methane
with a 5% methane molar fraction in 26 Torr total pressure. in CH4/N2 mixtures remain essentially near-resonant\¥/

The signals of Figure 3(a),(b) were obtained in a,BH energy-transfer processes upon self-collisions even fof CH
mixture and these of Figure 3(c),(d) in a @8, mixture. As molar fractions as weak as 0.01% at 193 K.
shown, the increase in population of A-symmetry levels of the ~ The situation is totally different for Cidiluted in G, as the
dyad is faster than that of the other symmetry levels, and one energy of the first vibrationally excited state of @ close to
observes a transient excess in populations of the A-symmetrythe energy of the dyad levels of Gldo that near-resonantW
levels compared to the levels of F-symmetry. This excess is transfer can occur.
due to the conservation of the spin modification in collisional By comparing DR signals obtained with a dyaattad probe
processes. Indeed, the dyad levels become populated either byn CH4/O, and CH/N, mixtures in the same conditions, the
V—T transfer processes (loss of a bending quantum) or by neareffect of G collisions can be well observed. It can be seen in
resonant V+V transfer processes. In the case of /W Figure 3 that for both symmetry species the signals reach their
mixtures the later processes occur only by self-collisions and minimum earlier, and the increasing part of the DR signal
involve the exchange of & vibrational quantum between two  corresponding to F-symmetry is very different. It shows that
methane molecules. Consequently, the filling of the F-symmetry before the slow return to equilibrium of the dyad levels there is
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Figure 4. DR signals (dots) obtained at 193 K by probing dyad ~ Figure 5. DR signals (dots) obtained at 296 K by probing dyad

octad transitions in a C##D, mixture with a 1% methane molar fraction. ~ octad transitions in the same gas sample as in Figure 4 (@°
The total pressure is 40 Torr (2 101 molecules/cr?). The simulated molecules/cr#). The simulated DR signals (line) are superimposed.

DR signals (line) are superimposed.

IV. Analysis
a faster decrease in population corresponding -td/\fransfer A. Relaxation Processedn order to obtain the rate constant
between CH and G molecules. of these processes we have modified the kinetic model

Itis particularly interesting to compare the temporal evolution developed for describing relaxation in @N;'* to take into
of these DR signals as a function of the methane molar fraction @ccount the energy-transfer processes specific to the-Chl
and of the @ gas pressure for it allows determination of the collisions. Due to the complexity of the energy levels of methane
part played by near-resonant¥ energy-transfer processes &nd becaulse the molecules are excited rather high in energy
between CH and @ molecules in filling lower polyads. For (6000. cnt .), only .the.V|brat|onaI aspect of .the relaxation is
weak CH, molar fractions, the transfer to the lower polyads described in the kinetic model. This model |nyolvgs 90 states
occurs predominantly via the resonant process, and, at eac rom the ground state to the tetradecad: 30 vibrational energy

relaxation step. the energy released bv.G#itransferred to states and, for each of them, 3 overall rovibrational symmetry
P, oy Ya species G= A, E, or F (related to the total nuclear spin).
oxygen molecules.

In the following, processes previously taken into account in
The effect of the temperature on the transfer processesine kinetic model are recalled, and processes specific tp-CH
between CHand G can be observed by comparing DR signals o, collisions are presented.
obtained in the same GHD, mixture. Such signals obtained (a) Intermode-Energy-Transfer Process&fese processes
by probing dyae-octad transitions in a sample with>2 10'% that redistribute the vibrational energy within a polyad can occur
molecules cm?® and a 1% methane molar fraction are shown upon self-collisions as well as GHO, collisions. In such
in Figures 4 and 5, at 193 K and at room temperature, collisions the symmetry type of the GHnolecules remains
respectively. It appears that the-W energy transfer from  unchanged so that if one excites only one symmetry species,
excited CH to O, is faster at 296 K than at 193 K, the number then the population of the rovibrational states of different
of molecules being constant. This behavior is contrary to that symmetry is not affected by these processes. Three types are
observed for \*-V energy transfer between methane molecules. considered: transfer between stretching modesv,, transfer
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TABLE 1: Rate Coefficients for Intermode-Transfer Processes and WV Transfer Processes in thev; Mode

Boursier et al.

rate coefficient (crhimolecule* s™1)

rate coefficient (st Torr™2)

processes

296K

193 K2

296 K&

193 K2

CH4(V3,C) + CH4 - CH4(V2+1/4,C) + CH4
CH4(’V3,C) + 02 e CH4(V2+’V4, C) + 02
CH4(V3,C) + CH4 - CHa(Vl,C) + CH4
CH4(’V3,C) + 02 - CH4(V1,C) + Oz
CH4(‘V2,C) + CH4 - CH4(V4,C) + CH4

(4.6+ 0.6) x 1011

(3.534 0.46) x 10711
(3.37+ 0.92)x 10711
(2.454 0.92) x 10711
(6.75+ 1.53)x 10711

(3.64 0.4) x 1011
(2.84 0.4) x 1011
(2.6+0.8) x 1011
(1.84 0.5) x 1011
(4.8+0.8) x 1011

>3.68x 10711
(2.45+ 0.92) x 10712

CH4(’V2,C) + 02 - CH4(V4,C) + 02
CH4(‘V3,C) + CH4(0, C) e CH4(0,C) + CH4(V3,C')

a Temperature.

>2.8x 10711
(0.28+ 0.08) x 1071

(1.5+0.2) x 10°
(1.15+ 0.15) x 10P
(1.1+£0.3) x 10°
(0.840.3) x 10°
(2.2+£0.5) x 10°
>1.2x 10°
(0.8+£0.3) x 10°

TABLE 2: Rate Coefficients for V—T Transfer Processes and V-V Transfer Processes in thev, Mode

(1.8+£0.2) x 10°
(1.440.2) x 10P
(1.3+£0.4) x 10°
(0.90-+ 0.25) x 10°
(2.4+0.4) x 106
>1.4x 10°
(1.4+0.4) x 10°

rate coefficient (crhmolecule* s™1)

rate coefficient (s* Torr 1)

processes 296K 193 K& 296 K& 193 K&
VT CH4
CHa(v4,C) + CHs— CH4(0,C) + CH4 (3.2+05)x 10  (1.2+0.4)x 107 (1.05+0.15)x 16° 600+ 200
CHa(v,,C) + CHs— CHa(0,C) + CH4 (3.2+05)x 10**  (1.2+0.4)x 10* (1.05+0.15)x 16° 600+ 200
VT O,
CHa(v4,C) + O,— CH4(0,C) + O, (5.7+1.4)x 10°%° (2.4+0.8)x 107> (1854 45) (1204 40)
CHa(v2,C) + O,— CH4(0,C) + O> (5.7+1.4)x 10°% (24+0.8)x 1075 (185+ 45) (120+ 40)

V-V CH,
(1.104 0.06) x 10711
(2.2140.12) x 10711
(3.3140.18) x 10711
(4.414 0.25)x 10711

CH4(1/4,C) + CH4(O,C) - CH4(O,C) + CH4(’V4,C)
CHa(2v4,C) + CH4(0,C) — CHu(v4,C) + CHa(v4,C)
CHa(3v4,C) + CH4(0,C) — CHu(2v4,C) + CHi(v4,C)
CHa(4v4,C) + CH4(0,C) — CHu(3v4,C) + CHa(v4,C)

V-V O,
0x(v=1) + CH4(0,C)— Ox(v = 0) + CHa(v4,C) (1.32+ 0.09) x 10712
CHa(v4,C) + Ox(v=0) — CH4(0,C) + Ox(v=1) (1.334 0.09) x 1013
CH4(2’V4,C) + Oz(UZO) e CH4(V4,C) + Oz(y = l) (266:|: 019) x 10713
CHa(3v4,C) + Ox(v=0) — CH4(2v4,C) + Oo(v=1) (3.994 0.28) x 10713
CH4(4’V4,C) + Oz(UZO) - CH4(3‘V4,C) + Oz(l/:l) (532:|: 037) x 10713

(1.16+ 0.06) x 1071
(2.32+0.12) x 10
(3.48+ 0.18)x 1011
(4.64+ 0.24)x 101

(1.50+ 0.08) x 10712
(0.80+ 0.04)x 10713
(1.60+ 0.08)x 10713
(2.40+ 0.12)x 10713
(3.20+ 0.16)x 1013

(0.364 0.02) x 10P
(0.724 0.04) x 10°
(1.08+ 0.06) x 10P
(1.444 0.08) x 10°

(4.30+ 0.30) x 10*
(4.34+ 0.30) x 10°
(8.68+ 0.60) x 10°
(1.30+ 0.09) x 10*
(1.74+ 0.12) x 10°

(0.58+ 0.03) x 10°
(1.164 0.06) x 108
(1.744 0.09) x 108
(2.3240.12) x 108

(7.50+ 0.40) x 10°
(4.00+ 0.20) x 10°
(8.00+ 0.40) x 10°
(1.20+ 0.06) x 10°
(1.60+ 0.08) x 10°

a Temperature.

between bending modes<—v,, and transfer between stretching
and bending modegz—(votva).
(b) Near-Resonant VibrationVibration Energy-Transfer

processes are efficient because the energy of the first vibra-
tionally excited level of @(1556.4 cnt?) is very similar to the
energy of the dyad levels of GH(»,=1533.3 cnt! and
Processes between GMloleculesThe most probable processes v4=1310.8 cnl). Actually, the probability of this type of
are the exchange of only ong or v4 quantum between two  transfer is linked not only to the small energy defect but also
CH4 molecules. These processes distribute the energy amongo the transition momentum. As the transition momentum is
the different polyads and contribute also to the distribution of larger forv, transitions, we consider only processes in which
vibrational excitation among the different symmetry species. methane makes = transition, while oxygen undergoesia
Indeed, as the CHmolecules in the ground state may be in = 1 transition. It is worth noticing that the, andv, states are
any symmetry type G= A, E, or F, when such a molecule strongly coupled, as mentioned above, andithstate is much
encounters an excited one, it can be promoted eithes ¢o v, more populated than the state: 81.5% of the dyad population
according to the process but conserves its symmetry type.  at 296 K and more than 88% at 193 K. The primary process
For the processes involving the exchange of mpguantum,
we have considered the processes of vibrational swap between
the ground state anes

CH,(v;,C)+ O,(v = 0)— CH,0,C)+ O,(v=1) (3)

contributes to relax energy from the dyad states of methane
toward Q (v = 1).
The reverse process

CH,(v5,C) + CH,(0,C) < CH,(0,C)+ CH,(v5,C) (1)

with C=C' and the similar processes coupling the tetradecad
to the pentad.
For the processes involving the exchange of mpguantum,

we have considered the processes of vibrational swap betweerP€rmits, as process 2, an equilibration among the levels of
the ground state an different symmetry types of methane because upon a collision

with excited oxygen a methane molecule of any symmetry type
may be excited to the dyad state.

At each relaxation step, the energy released by, @H
and similar processes coupling the pentad to the dyad, the octadransferred to oxygen molecules. For example it is necessary
to the pentad, and the tetradecad to the octad. to take into account, as for self-collisions, processes coupling

(c) Near-Resonant VibratierVibration Energy-Transfer  the pentad to the dyad
Processes between @tind . Contrary to the case of N
collisions that are not efficient in ¥V transfer with CH
because of the large difference in energy of the vibrational
guanta of these molecules, in Eollisions, these WV transfer

CH,(0,C)+ O (v = 1) — CH,(v,,C) + O,(v=10) (3)

CH,(v,,C) + CH,(0,C) < CH,(0,C)+ CH,(v,,C) (2)

CH,(v,+v,,C) + Oy(v =0) = CH,(v,,C) + O,(v=1) (4)

CH,(2v,) + O,(v=0)— CH,(v,) + O,(v=1) (5)
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Figure 6. DR signals (dots) obtained in GKD, mixtures with a 5% methane molar fraction by probing gH2vs)—2v, transition or dyad-octad
transitions after laser-excitation on an A-symmetry level o). The simulated DR signals (line) are superimposed.

and processes coupling the octad to the pentad and the tetradecagb, in the following processes, M will represent either a methane

to the octad. molecule or an oxygen molecule.
These processes have been taken into account for all levels

having at least one4 quantum leading to 16 processes. CH,(v,) + M — CH,(0) + M (8)
It has been suggestetthat direct energy transfer from GH

(v3) to O, (v = 2) and processes of ladder-climbing in éuld CH,(v,) + M — CH,(0) + M 9)

play a small part in the relaxation of GKD, mixtures. The first

process that implies an exchange of two quanta of vibration these processes have been taken into account for all levels
between methane and oxygen was neglected in our mOdel-having at least one bending quantum.
Indeed, this exchange is less probable than the exchange of one tho v.T R process of de-excitation of oxygen by collision

quantum, and, due to the fast equilibration that occurs inside yith methane has also been introduced in our kinetic model:
the pentad by intermode processes, the relaxation of molecules

in the v3 state is more likely to happen through transfer to the — _ —
2v4 pentad state and then by energy transfer i@€zording to Ofv=1)+ CH, —~ O,(v=0) + CH, (10)
the above process 5.

Concerning the ladder-climbing processes in oxygen, two
processes were considered

The de-excitation of oxygen by itself was neglected, because,
as outlined in ref 1, this process is particularly slow and the
addition of a small amount of methane to oxygen enhances

O,(r=1)+0,r=1)—0,(0)+O,v=2) (6) greatly the de-excitation of £3° Nevertheless, the rate coef-
ficient of process 10 is expectetb vary between 1 and 10%
and of the rate coefficient of process 8.
(e) Simplifying Assumptionkor the same collision partner,
O,(v = 1) + O,(v = 2) — O,(0) + O,(v = 3) (7) all vs—v, intermode-transfer processes considered in the
exothermic directionz>v;) have the same rate coefficient

(d) Vibration to Translation, Rotation (V-T,R) Energy- kﬁ"H,l for M collisions (M=CHj,4 or Oy). Similarly, for vo—v,
Transfer ProcessesThe V-T,R processes considered in our and forvs—vy+v, intermode-transfer processes, the rate coef-
model involve the loss of one bending quantum. Such processedicients of the exothermic processes have the same rate
can occur upon self-collisions as well as £+HD, collisions, coefficientsk)._.,, andK . .., respectively.
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The rate coefficients of near-resonantV transfer processes CH,+0,
between methane molecules are related by a scaling factor 18 < J—
appropriate to first-order perturbation theory for harmonic 296K 210" molecules/om™ 1% CH,
oscillators. For instance, the rate coefficients for the processes

CH,(nv4,C) + CH,(0) — CH,((n—1)v;, C) + CH,(v5)

CH,(nv, ,C) + CH,(0) — CH,((n—1)v,, C) + CH,(v,) S

aren times the rate coefficient of processes 1 and 2, respectively.

The same assumption was adopted for\W transfer pro-
cesses from excited methane to oxygen molecules. Hence, the
rate coefficient of the following process

A-symmetry

CH,(nv, C) + O,(0) — CH,((n—1)v,, C) + O,(v = 1)

is n times that of process 3. Ll L L L
It is worth noticing that the direction of the collisional process 9 W & i
chosen is really important when doing the assumption of time (=)
harmonic factor. Indeed, although process 3 is well adapted to
describe the relaxation of methane, the exothermic process is
process 3whose rate coefficient, notdd o>, is much larger
than that of process 3 (by a factor of about 10 at 296 K and 18
at 193 K from the detailed balance). Furthermore, the energy
defect and equilibrium constant change from processes. 3
Consequently, whereas the rate coefficient of process 5 is twice
the rate coefficient of process 3, the reverse rate coefficient of
process 5 is not simply twice the rate coefficient of procéss 3
but 1.39 and 1.42 timels, o, at 296 and 193 K, respectively.
Finally, by applying the above assumptions and the detailed
balance, all the rate coefficients for-\W transfer processes
are obtained from only three rate coefficients: those of processes
1,2,and 3 R PN | S/ v RS | N
The rate coefficients of V-T,R transfer processes are also 0 10 20 30
related to each other according to the harmonic oscillator time (ps)
approximation, i.e., the rate coefficients {MCH, or O,) of the Figure 7. DR signals computed for dyagbctad transitions with
process different values of the rate coefficients of\W energy transfer between
CH, and Q: signal (1), values of Tables 1 and 2 and signats4R,
CH,(nv,) + M — CH,((n—1)v,) + M same as (1) except for the rate coeffici&pto, taken respectively at
2.4 x 10% 1.6 x 10%, and O s* Torr .
aren times those of process 8. Furthermore, the rate coefficients
of processes 8 and 9 were supposed to be equal. processes a minimal value &f}.,, was determined under
B. Results and DiscussionE-rom the kinetic model, a system  which the filling of the upper state of thes4-2v4) — 2v4 probed
of coupled nonlinear differential equations is obtained. This transition is not as fast as seen experimentally. Actually,
system is solved by a Rung&utta method yielding the time-  decreasindC?., , results in a broadening of the amplified part
dependent populations of the 90 states of methane and 4 stategnd a shift in time of the absorbed part of the DR signal for a
of oxygen considered in the model. Then, simulated DR signals (y5+2v,) — 2, transition. As no significant difference was
directly comparable with the experimental signals are generatedobserved in the first rise of the DR signals for this type of
from the time-dependent populations of methane. transition when Nis replaced by @ the same rate coefficients
The experimental and simulated DR signals were compared gre assumed for Nas for G collisions.
for CH4/O, mixtures with various pressures and molar fraction  (b) V—V Energy Transfer in CktO, Collisions.The shape
at 193 and 296 K. The values of the rate coefficients leading to of the signals simulated for dyawctad probe transitions in
the best fit of our data are given in Tables 1 and 2. The results CH,/O, mixtures with small methane molar fraction, in par-
for self-collisions reported in these tables are from ref 11. The ticular the time position of the maximum of absorption of the
very good agreement between experimental DR signals andsignal (maximum of population im,), was found to depend
signals calculated using the values of Tables 1 and 2 is shownstrongly on the processes of\W energy transfer between GH

in Figures 4-6. and Q. This is illustrated in Figure 7 where computed DR
Let us discuss the values of the rate coefficients reported in signals have been plotted for A- and F-symmetry type-¢.4)
Tables 1 and 2. — vy transitions after laser excitation onto an A-symmetry type

(a) Intermode-Transfer Processefs mentioned in section  |evel. Signal (1) is obtained using the values of Tables 1 and 2,
I, the same rate of depopulation of thesatate was found in - whereas for signals (2), (3), and (4) the rate coefficients- eV
CHJ/O; as in CH/N2 mixtures. As the constants that play a energy transfer between GHand Q were decreased by
major part in this depopulation al€y.,.,, and to a lesser  changingky_ozt0 2.4x 10* s Torr %, 1.6 x 10* s~ Torr 4,
extentk?2.,,, these constants were assumed to be identical to and 0, respectively. Indeed, 24 10* s Torr X and 1.6
those measured for dNcollisions. For thevo<>v, intermode 10*s ! Torrt are the values given in refs 1 and 2, respectively,
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the determination is difficult and the accuracy worsens owing
to beam flyout. These low values explain the slow increase of
” 5 the dyad-octad signals. As de-excitation upon &H0; colli-
193K 2.10" molecules/cm™ 1% CH, sion by V=T processes is very slow,"W processes play really

(4) a leading part in depletion ofvZ levels and in the filling ofv4
levels even for very small methane molar fractions.

In our model, we account for ¥T de-excitation processes
starting from all the excited levels having at least one quantum
of bending assuming the same rate coefficientifipand vs.
Indeed, it corresponds to a global rate coefficient for the de-
excitation of the dyad with the same value as the individual
rate coefficients presented in Table 1. Another way to model
the de-excitation of the dyad is to neglect the Vde-excitation
from v, and consequently to increase the rate coefficient of the
V—T de-excitation fromv,. Due to the ratio of populations into

CH,+0,

time (us) the v4 and v, states, this alternative hypothesis would lead to
Figure 8. DR signals computed for an F-symmetry type dyadtad 135 s Torr ' at 193 K and 227 ¢ Torr* at 296 K for the
transition with different values of the rate coefficients for £+D, de-excitation ofv,.

collisions: signal (1), values of Tables 1 and 2; signals (2) and (3), o -
same as (1) except for the rate coefficients efWprocesses decreased The V—T de-excitation of oxygen upon Gollisions could

by 20% and increased by 20%, respectively; and signal (4), same asnot be obtained from the comparison of simulations with
(2) but the rate coefficients of ¥T processes are multiplied by 5. experimental results. No effect on the simulated DR signals for

dyad-octad probes was observed by varying the rate coefficient

for the exothermic process &t 296 K. It is clearly seen in  of this process from 0 to 100% of the value found for the rate
Figure 7 that the efficiency of the energy transfer from oxygen coefficient of the VT de-excitation of methane upon,O
to methane was underestimated in these previous works. collisions.

At 193 K, no comparison can be made with existing results, (d) Processes of Ladder-Climbing in Oxygehhe rate
but the simulations presented in Figure 8 illustrate the kvay, coefficient of these processes could not be measured from our
was determined in our experiments. In this figure, computed experiments. These processes that allow a distribution of the
DR signals have been plotted for a F-symmetryHys)—v4 energy among the vibrational energy levels of oxygen should
probe transition after an A-symmetry type excitation. Signal be important when there is much energy in methane to transfer
(1) is obtained using the values of Table 1 and 2, whereas forto oxygen. Simulations were carried out by varying the rate
signals (2) and (3) the value &f -0, has been changed from coefficient of processes 6 and 7 from 0 to the value of the rate
7.5 to 6.0x 10* s Torr! and 9.0 x 10* st Torr?, coefficient of process’2hat is an upper limit. We found that
respectively. For such rather small variatior®20%) ofky-o2 processes 6 and 7 are negligible in the experimental context of
the shape of the signal changes rapidly. Furthermore, the shapehis work: excitation of methane molecules. When the methane
of the initial signal (1) cannot be reproduced by taking a low molar fraction is small, simulations were done down to 5 ppmyv,
value ofky-o2 (6.0 x 10* s71 Torr1) and increasing the rate  the ladder-climbing processes have no effect because there are
coefficient of the \/-T transfer as shown in signal (4) of Figure plenty of G, molecules to absorb the energy from methane
8. molecules. On the contrary, when the molar fraction is large

A similar behavior, although less obvious, was observed for (above 5%), relaxation through GHCH; collisions becomes
the maximum of absorption of the signals simulated for a preponderant, and again the ladder-climbing processesin O
(v3+2v4)-2v,4 probe and a small CHmolar fraction (between  have no effect upon the DR signals we can observe.
1% and 10%). Since the values giving the best agreement for

these two types of signals are consistent, we could oktaig, V. Conclusion
with a precision of about 10% at 193 K as well as 296 K.
For CH,—CH, collisions, the -V energy-transfer rate The rate coefficient of the near-resonant transfer from

coefficients expressed in émmolecule® sT increase with methane to oxygen has been measured at room temperature and,

decreasing temperature, but for the transfer from exciteg CH for the first time, at a temperature low enough for applications
to Oy, the rate coefficients decrease with decreasing temperaturel© the terrestrial atmosphere.
showing that these processes are not very resonant processes. The time-resolved double-resonance technique used in the
For the temperature dependence of the rate coefficients for thepresent work is much more selective than the laser induced
reverse transfer (from excitec,@® CHj), contrary to the direct ~ fluorescence or photoacoustic techniques used in previous
ones, they present a small increase with decreasing temperaturstudiest? With this technique, the time evolution of the
when expressed in chmolecule’® st and a larger increase  population of well-defined vibrational levels was obtained
when expressed im$ Torr 2, directly from the experimental signals allowing us to measure
(c) V=T Energy TransferThe rate coefficients of these the rate coefficient of the near-resonant transfer from methane
transfers are lower than those of-V transfer between methane 0 oxygen with a good accuracy.
and oxygen. For VT transfer processes, at room temperature,  Concerning the temperature dependence, the rate coefficient
our results are in agreement with results of refs 1 and 16 for of the transfer from excited methane t@ @ = 1) remains
CH4—0; collisions but higher than those of refs 2 and 3: (138 about constant with decreasing temperature when expressed in
+ 7) and (101+ 16) st Torr L. At 193 K, our result for Clzg— s~1 Torr~t unit (and decreases slightly in émolecule’? s~1
O, collisions presents a larger discrepancy with the only unit), whereas the rate coefficient of the transfer frog(©=
available valugof (6 £ 1) 10716 cm?® molecule! s™1 = (30 + 1) to methane increases with decreasing temperature for both
5) s1 Torr~1. Let us notice that for such a small rate coefficient units.
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The kinetic model developed for GHO, collisions has
proved efficient to reproduce the DR signals obtained with

various probes and various mixture conditions after laser-

excitation in the 23(F,) vibrational state. It could be useful to

predict, in circumstances not attainable in our experiments, the

evolution of the population of methane and oxygen vibrational
levels.

References and Notes

(1) Yardley, J. T.; Moore, C. BJ. Chem. Phys1968 48, 14.

(2) Avramides, E.; Hunter, T. FChem. Phys1988 88, 5506.

(3) Siddles, R. M.; Wilson, G. H.; Simpson, C. J. S. Mhdn. Phys.
1994 188 99.

(4) Lopez-Puertas, M.; Funke, B.; Gil-Lopez, S.; Lopez-Valverde, M.
A.; von Clarmann, T.; Fischer, H.; Oelhaf, H.; Stiller, G.; Kaufmann, M.;
Koukouli, M. E.; Flaud, J.-MC. R. Phys2005 6, 848.

(5) Lopez-Puertas, M.; Taylor, F. W. INon-LTE radiatie transfer
in the atmosphereTaylor, F. W., Ed.; Series on Atmospheric, Oceanic
and Planetary Physics; World Scientific Publishing: River Edge, NJ, 2001,
Vol. 3.

(6) Martin-Torres, F. J.; Lopez-Valverde, M. A.; Lopez-Puertas,JM.
Atmos. Sol.-Terr. Phy4.998 60, 1631.

Boursier et al.

(7) Lopez-Puertas, M.; Koukouli, M. E.; Funke, B.; Gil-Lopez, S.;
Glatthor, N.; Grabowski, U.; von Clarmann, T.; Stiller, G.Geophys. Res.
Lett. 2005 32, L04805.

(8) Shved, G. M.; Gusev, O. Al. Atmos. Sol.-Terr. Phy4997, 59,
2167.

(9) Menard-Bourcin, F.; Doyennette, L.; Menard, J.; BoursierJC.
Phys. Chem. 2000 10, 1021.

(10) Menard-Bourcin, F.; Boursier, C.; Doyennette, L.; Menard].J.
Phys. Chem. 2001, 105 11446.

(11) Boursier, C.; Menard, J.; Doyennette, L.; Menard-BourcinJ.F.
Phys. Chem. 2003 107, 5280.

(12) Menard-Bourcin, F.; Boursier, C.; Doyennette, L.; Menard].J.
Phys. Chem. 2005 109 3111.

(13) Boudon, V.; Rey, M.; Loete, MJ. Quant. Spectrosc. Radiat.
Transfer2006 98, 394.

(14) The assigned quantum numbéy<, andN represent the angular
momentum, the rovibrational symmetry, and a running number according
to increasing energies within the polyads, see: Champion, J.-Pe ide
Pierre, G. InSpectroscopy of the Earth’s Atmosphere and Interstellar
Medium Rao, K. N., Weber, A., Eds.; Academic Press: San Diego, CA,
1992; pp 339-422.

(15) Schnauss, U. B. Acoust. Soc. Anl965 37, 1.

(16) Yardley, J. T.; Fertig, M. N.; Moore, C. B. Chem. Phys197Q
52, 1450.



