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Reactions of Metastable Argon Atoms with Molecular Hydrogen at 300 and 80 K: Origin
of the Ultraviolet Chemiluminescence
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The reactions of Ar(48,) and Ar(4$°P,) metastable atoms withand Dy have been studied at 300 and 80

K by the stationary and flowing-afterglow techniques. Total quenching constants were measured for both
metastable atoms forand D, at 300 K and for H at 80 K. Optical pumping in the stationary-afterglow
experiment was used to select one or the other metastable atoms, and chemiluminescence spectra were obtained
for state-selected metastable atoms reacting withrtdl D,. The branching fractions for chemiluminescence,
which range from 0.07 to 0.30, are higher fof han H and higher for Ar(4$P,) atoms than for Ar(4%,)

atoms. The chemiluminescence is assigned to the ATH(BX?Zt) and ArD(BPII—X2Z") transitions. The

total quenching rate constants fos éecline by factors of 80 and 30 at 80 K, relative to the room-temperature
values, for the reactions of Ar(#%) and Ar(4$°P,) atoms, respectively. Both the chemiluminescence and
dark product channels of these reactions probably proceed by chemical reaction rather than by electronic
energy transfer.

I. Introduction These data are complemented by experiments in flow reactors
The reactions of Ar(£8,), 11.55 eV, and Ar(43P), 11.72 to measure the total quenching constants at 300 and at 80 K.

eV, metastable atoms with,iind D were investigated 20 years f?gcggrr?sb;glrnt%ealc!h?riiI[Jeriil;:teSs:crear:se Ca:)rgs:ggf)itsg (fjorb :gg(c:gtl)nn%
—4
agd—* as part of a general effort to measure rate constants and1 and 2 at 80 and 300 K for Hand D, The recent

product distributions from reactions of electronically excited 215 : 15 o
metastable rare gas atom3d? The rate constants for these theoreticafi"* and experlmentdﬁ Characterlzathn of the
states of ArH* and ArD* permits a firm conclusion to be

reactions . . . .
reached in favor of a reactive quenching mechanism for
3 . reactions 1 and 2 for both the chemiluminescence and the dark,
Ar(4s'P, or 4s[3/2}) + H, =~ 2H + Ar @) H-forming channels. The state- resolved rate constants for the
3 two metastable atoms and fop Bind D, show that the quenching
Ar(4s™P, or 4s[1/2]y) + H, =~ 2H + Ar @) mechanism is sensitive to the quantum states in the entrance
channel and that these factors must be incorporated into any
were established to be {@) x 10711 cm? molecule st at attempt to model the reactions.
room temperaturé?°However, the mechanism by which the In addition to the reactions of the metastable Ar atoms with

H atoms are formed has not been formulated at the moleculary, the reactions of the resonance state aton#®; 4md 48P,
level. In particular, the broad ultraviolet continuum chemilu- 5150 have been analyzed. A significant fraction of the quenching

minescence, which has a branching fraction of 8.@10 for proceeds with formation of the bound (B1Z*, v'=3,4)
reaction 137> has been the source of speculation. The first ygjecule? However, the large rate constat20—30 x 1011
suggestion for the chemiluminescence was the (&~ cm® molecule'? s7%) require additional dark product channels,
b**,) continuum emission, which is commonly observed from anq H atoms probably are formed either directly or indirectly.
hydrogen discharge lamps, even though the(#X"y; 1=0) The metastable and resonance states of Kr and Xe also have
state is 0.27 eV above the energy of the Af3¥atoms. The large rate constants for quenching by 32 where the only

alternative suggestion was that the chemiluminescence originatedpathWays are excitation transfer to the dissociatiyéo¥e*)
from the bound-free emission of ArH* molecules that were giate or reactive quenching. These excited-state rare gas atom
formed by reactive quenchirigThe latter idea subsequently reactions have aspects in common with reactions of excited
received support froml gbse'rvatlon of the same emission 5jkali metal atoms with bf which proceed by chemical reaction
spectrum from the K{B'X"y, +'23) + Ar reaction:* In the and by intra-or intermultiplet relaxatidid24In addition to their
present work, we will report a det.alled study .of reactions 1 and f,ndamental importance as prototype systems for quenching of
2 for both b and D at 300 K using the stationary-afterglow  glectronically excited rare gas atom by hydrogen containing
technique with optical pumping to separate the Affdsand molecules, reactions 1 and 2 are of practical importance in
Ar(4s3Py) concentrations to obtain the chemiluminescence discharge systems involving,Hind Ar25
spectrum from the reaction of metastable atoms in each state. Before presenting the experimental results, we will summarize
« Corresponding author. E-mail: nader sadeghi@uijf-grenoble fr the thermochemistry for reactions 1 and 2 and the spectroscopy

T LPGP (UMR CNRS 8578) UniversitBaris-Sud-Orsay, 91405 Orsay ~ Of the ArH* and ArD* systems. Many Rydberg states of the
Cedex, France. ArH* and ArD* molecule have been spectroscopically charac-
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Figure 1. Schematic diagram of the low-temperature flow reactor in
Orsay.

terized, and their convergence limits to Artdnd ArD™ have
been assigne¥. Thus, one can use th®%(ArH™) and
D%(ArD™) values to obtain the absolute energies of the ArH*
and ArD* states relative to At H(D). We useé® Do%(ArH ™)

= 3.86 &+ 0.03 andD%(ArD*) = 3.90 &+ 0.03 eV with the
energies citet for ArH(B2IT) and ArD(BIT) to obtain excita-

tion energies of 7.09 and 7.04 eV for ArH{B) and ArD(B1),
respectively. With theéd°y(H,) = 4.478 andD%(D,) = 4.456

eV values added, the threshold energies for the formation of
ArH(B) and ArD(B) from Ar + H; (D,) become 11.5% 0.03

and 11.60+ 0.03 eV, respectively. Thus, reaction 1 would be
essentially thermoneutral and reaction 2 substantially exoergic
for ArH(B) or ArD(B) formation. The threshold energies for
formation of the predissociated ArH{E™) and ArD(A2ZT)
states are much lower, 10.81 and 10.84 eV, respectively. The
C?=* states of ArH and ArD" are within 0.003 eV of the BI
states, but the C states mainly predissociate rather than
fluorescence. The experimental measureniéris and the
theoretical calculatiot$® of the radiative and predissociative
lifetimes of the A, B, and C states of ArH* and ArD* are in
accord, and we can accept that thélBstates are mainly
responsible for the ArH* and ArD* emission from reactions 1
and 2. The radiative lifetime of the?Bl state is 16.6- 1.2 ns,

and its collisional quenching should not occur at the pressures
of our experiments. Charge-exchange experiments betwee
ArH* and Cs provide good ArH(BX) emission spectréd
which match the calculated spectra after a slight adjustment of
the theoretical ground-state potential* Reaction channels that
yield the A= state would be observable only as H atom
formation; the predissociation rate does decrease for ArD*
molecules, and ArD(&") may contribute to the observed
chemiluminescence. The most commonly observed ArH* band
at 768 nm now is known to belong to thél[E—~A2Z" transition.

n
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between 0.6 and 5 sIm (standard liter per minute) of argon, was
measured with a capacitance manometer. The hydrogen flow
rate was 3 orders of magnitude smaller. Pumping with a roots
blower backed by a mechanical pump, provided a linear flow
velocity of about 10 m/s in the reaction flow tube at 80 K. No
attempt was made to separate the two metastable concentrations
in this Orsay reactor.

A 45 mm inner diameter, room-temperature flow reactor was
used in the Grenoble laboratory. The design of this flow reactor
and working parameters were described in earlier vidrk.

In both reactors, the concentrations of the metastable atoms
was monitored by atomic absorption spectroscopy. A homemade
radio frequency powered Ar lamp served as a source for the
763.5 nm (4p[3/2)— 4S°P;) and 794.8 nm (4[B/2]; — 4s5Py)
lines used for the absorption measurements. The emission line
width from this Ar lamp have been deduced from the non
linearity, versus the absorbing atom density, of the absorption
rate ¢ = (lp — 1)/lp of the 763.5 nm line, wherk (1) refers to
the intensity received by the detector in the absence (presence)
of absorbing atom® When the Ar(4%,) density is high
enough, the double-path absorption ratg is smaller than 2
times the single-path absorption raté. The variation of ¢,/

A versus .4 permits a determination of the ratio between
emission and absorption line widtBswhich allows the absorp-
tion rate to be related to the absolute atomic concentrations of
48P, and 48P,. In both flow reactors, at room temperature
and in the absence of added reagent, the typical ApPprand
Ar(4s3P) concentrations were aboutd 10° and 0.15x 1010
atoms cm?, respectively. At 300 K, the bulk flow speeds in
the flow reactors were in the range of 360 ms™. For our
pressure range and in the absence of reagent, the decay of the
metastable atoms densities by diffusion to and quenching at the
walls and by two- and three-body collisions with argon atoms
was slow enougi? (the total loss frequency was less than 100
s™1) that the loss of metastable densities between the first and
the second observation windows was insignificant. The meta-
stable atom concentrations and decay process at 80 K will be
described when the quenching data are presented.

Experiments at 300 K using the stationary-afterglow method
with optical pumping to isolate the #% and 48P, atoms were
done in the Grenoble laboratory. The experimental setup for
the experiments with Hand D, differs only slightly from that

A more complete comparison between the chemiluminescenceused previousf to study the reactions of the metastable atoms

spectra of reactions 1 and 2 and thfB-X?X* spectra from
the charge-exchange reactiéd® will be presented in the
Discussion.

Il. Experimental Methods

The low temperature experiments were done in a flow reactor
at the Orsay laboratory, which has been described previusly
and is shown in the schematic diagram in Figure 1. The Pyrex
flow tube was located inside a cooling jacket, made also of
Pyrex, filled with liquid nitrogen. The flow reactor walls were
maintained at about 80 K. Before entering the flow tube, both
argon and hydrogen were also cooled to 80 K by passing through
6 mm diameter coiled tubes located inside the cooling jacket.
The Ar(4$P, and 48P;) atoms were producedyla 1 mA-dc
discharge inside a 20 mm inner diameter, 40 cm long discharge
tube. The reaction flow tube, 50 mm inner diameter and 65 cm
long, was equipped with three pairs of quartz windows,
separated about 20 cm from each others. The first pair was
located immediately downstream of the idjection point. The
gas pressure, between 0.3 and 1 Torr, for flow rates ranging

with N. A rf pulsed electrodeless dischargel(00us duration,

200 pulses/s) was applied to an As:{D;) = 1000:1 gas mixture

for total pressures of 0.650.5 Torr to generate the ¥ and
433P, atoms. The gases were contained in a cylindrical quartz
cell (¢i=7 cm, L=30 cm). The rf power used for the discharge
was maintained at a low level, near the discharge cutoff, and
the production of vibrationally excited HD,) molecules in

the ground electronic state is minimized. The electron density
was also minimized so that the production in the afterglow of
the resonance state Arffs) and Ar(4s!P;) atoms was negli-
gible. The ArH*, ArD*, and N(C®I1,—B%Ily) spectra were
observed in the afterglow by a 0.6 m scanning Jobin-Yvon
monochromator with a R928 (Hamamatsu) photomultiplier tube.
The spectral response of the optical detection system has been
calibrated using a deuterium lamp. The emission intensity signal
was sent directly onto a chart recorder or stored on a multi-
channel analyzer and passed to a computer for analysis. Both
emission and absorption measurements were made only during
a 1-2 ms detection gate positionedl ms after the cessation

of the discharge.
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One of the Ar metastable atoms {Bsor 4$°P,) was selected "0 BN,
by depopulating the other one by optical pumping, using a e o M)
tunable cw dye laser pumped by a'kaser and operating with A a4 )
oxazine dye in multimode with a spectral bandwidth of about 100+ o o ,Pz(Nz)
0.03 A and a power output of up to 300 mW. The laser beam 3 % ,P°(H’)
was expanded before passing through the discharge cell fol- e o 3P°(D’)

o\2

lowing its axis. Using the optical absorption technique, we
measured, within the detection gate, changesiR-nd 48P,
concentrations due to the laser beam. Th#PAatoms were
removed by laser pumping at 696.5 nm to the A{#§2]; or
2py) level which subsequently cascades to the Aj(#svels.

So that~40% of the 4%, concentration can be converted to
the 443P, concentration, which enhances the latter by a factor

Ar (°P,) and Ar (°P,) densities (arb. u.)
s

-
1

o

3—5. The ArfPy) atoms were removed by pumping at 772.4 — T T

nm to the same Ar(2) state. Since the initial density of'48, 0.0 04 0.2 0.3 0.4 0.5

atoms was less than 10% of the3@satom density, it was Flow rate (sccm)

relatively easy to remove all of the'4g, atoms. However, even  Figure 2. First-order decay plots of the Ar@) and Ar(4&P,)

the 48P, concentration could be reduced te 4% of its original concentrations in kland D, with comparison to the decay in,dt 300
value, and nearly pure 48, atoms could be obtained. The small K in Grenoble flow tube. Solid and open characters are for increasing
contribution to the spectra from the remainingPsconcentra- and decreasing flow rates, respectively. Solid lines are the best fits to

tion could be subtracted and pure spectra frorf?R4sare exponential decay of the data points.

reported. Additional information about the optical pumping TABLE 1: Quenching Rate Constants of Ar (48P,) and Ar

technique is given in refs 8, 28, and 29. (4s3Py) Atoms?
) reagent) Ar (45°P,) Ar (453Pg) ref
IIl. Experimental Results H, (300) (6.0£08)x 101 (9.641.5)x 1011 this work:
A. Flow Reactor Measurements: Room-Temperature H. (300) (6.4+ 1.6) x 10711 t?]?gr\:\?;lﬁ
Quenching Rate ConstantsThe total quenching rate constants Orsay
at 300 K for reactions 1 and 2 were measured feaRd Dy in H2 (80) (0.76£0.23)x 1012 (3.1+£0.9)x 10712 t(;lizglorki
the Grenoble f|OW reactor. In each_ case théPéfsmd 48P, Dy (300) (3.7+0.5) x 1011 (5.8 0.9) x 101! this work:
atom concentrations were determined by atomic absorption Grenoble
spectroscopy at a fixed point, 44 cm downstream from the D2 (80) ~0.53x 10712 , T 22x10 12 LD
reagent (N, Ho, and D) inlet. Since the reagent concentration Hz(300) (6.6+1.0)x 10 (7.8+£1.2)x 107 refl
. . D»(300) (4.7£07)x 10011 (7.84£1.2)x 101! refl
greatly exceeds the metastable atom concentrations, the inte-} (300) (10.0+ 2.0) x 10°11 ref 9
grated rate law has the form given in eg3, D2 (300) (8.3% 1.6) x 10711 ref 10
H»(0.043eV) 6.2+:0.7 éz ref 4°
3 D, (0.060 e 6.2+ 0.7 A2 ref 4¢
Ln[Ar (45°Py]a (ky + kolQD t (3) 20000V

aAll of the rate constants obtained in this work were measured

. . . relative to the Ar(4%,) + N, reaction rate constant (36 0.3
whereky, is the total first-order decay constant in the absence 151100851 The §ati02)of 4§§2 and 48P, rate Constanﬁs for N)\/;(s

of added reagent, Q, aie is the quenching constant produced  gjso measured as 0.49 0.03. Deduced fromk(80) of H, assuming

by Q. Theky, term actually consists of three individual terms  negligible isotopic effect on the cross sections of reactions 1 and 2.
representing diffusion to the wall and quenching by two-body These estimates probably are upper limit valdds.this work cross
and three-body collisions with Ar atord&The first-order decay ~ Sections are given.

rates of the metastable atom concentrations withmtl D, were

measured relative to the decay rate of the AiP4satoms with The thermal quenching cross sections,= Kqy/taL] for

N,. The ratio of the slopes of the logarithmic plots of the decay reactions 1 and 2 are in the range of 8 A2 and quenching

of metastable atom concentration vs addedaNd H (or Dy) occurs in approximately one out of 10 collisions. For both
gives the ratio of the rate constants, since the reaction timesmetastable atoms, the quenching rate constantslayeHarger

are the same. The data for quenching of Atfdsand Ar(4$Py) than for D; by a factor of 1.6. If the thermal cross sections are
atoms by N, Hp, and By are shown in Figure 2. The ratios of compared, the ratio of cross sections for\s D, is only 1.2,

the slopes givek(H2)/ka(N2) = 1.67 £ 0.08, ka(D2)/ka(N2) = and the kinetic isotope effects on the cross sections for reactions
1.024+ 0.05,ko(H2)/ka(N2) = 2.684 0.15, andkg(D2)/kx(N2) = 1 and 2 are small. The ratio of rate constants (or cross sections)

1.61+ 0.09. To obtain the absolute values of the rate constantsfor reactions 1 and 2 is 1.6 in favor of the'¥® reactions for
given in Table 1, we adopted (3.600.3) x 10°11cm®s ! as both H, and D» at 300 K.

the value for the rate constant for reactiof’4. We also measured the ratio of rate constants foredcting
, , with Ar(4s%P,) vs Ar(483P,) as ko(N2)/ka(N3) = 0.49+ 0.03,
Ar(4s’P,) + N, — Ar + N,(CTI,, »'=0—2=1000:207:35) which givesko(N,) = (1.76+ 0.18) x 10 L cnm® s72, in good

(4) agreement with other measureme%The vibrational distribu-
tion in N, (C°I1,) state for the 300 K reaction is given in eq
The results aréx(H,) = (6.04 0.8) x 10711 cmP s71, ky(Dy) = 528

(3.7 + 0.5) x 1071 cmd 571, ko(Ho) = (9.6 £ 1.5) x 10711

cm’ s, andko(D2) = (5.84 0.9) x 107t P s™% Uncertain-  Ar(4s%p) + N, —

ties for thekg values include the 8% uncertainty for thgN») 3 )

and the 6% (8%) in the metastable densities. Ar + N, (CTI,, v'=0-3=1000:369:276:208) (5)
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1.0 metastable atom gives the strongest chemiluminescence from
both H, and D.
] To convert thek' o/K', ratios to absolute values &f andk's,
9 0.8 the ArH(B) and ArD(B) emissions were compared to the
2 N2(C3I1,—B3I1g) emission from reaction 4, with correction for
§ 06 the spectral response of the monochromator. These experiments
£ were done in the Grenoble flow reactor at 300 K with #N3
E 0.4 mixture consisting of 92.3% H(or D,) and 7.7% N. The
] chemiluminescence was observed 3 cm downstream of the
E reagent injection inlet. The integrated ArH{E&) or ArD(B—
z 021 X) emission intensities were compared to thelOband of the
N,(C) emission for a Ar(4%,)/Ar(4s 3P) ratio of 7.5. The ratio
0.0+ ¥ — . ! of emission intensities is given by eq 7.
200 240 280 320 360 400
Wavelength (nm) I A ( 1 !) ([Hz]) ( k'2[4S3P2] + K [4s 3F’o] @)
Figure 3. The ArH(BII—X2=*) and ArD(BII—X2=") emission —10. Norg 3 Norp o3
spgectra from Ar(4%P§) and Ar(4)§’Po) react(ions, corre)cted for the INZ(O'O) 05 N2 kp ASTPR] + ko {45 7Rdl
spectral response of the detection system and normalized to their L
maxima. Note the slightly blue-shifted spectra from the AF@3 The factor of (0.51)* scales the NC;0—0) emission band
reactions. to the total emission intensity fromC, v'=0); kxN2 andkgN2

are the rate constants for formation oh(N, »’=0) from

B. ArH Chemiluminescence Spectra and Reaction Rates  reactions 4 and 5, which have values of 2:000 1 and 0.75
at 300 K. Room-temperature experiments were done in the x 1071 cm?® s72, respectively?®31 Since theky'/k,' values for
stationary-afterglow reactor to obtain the metastable state-H, and Dy are known, the experimental intensity ratios from
selected chemiluminescence spectra from reactions 1 and 2H, and D, reactions can be converted kg values after the
Optical pumping with the 772.4 nm line completely removed 4sP, and 48P, concentrations are measured. The measured
the 4$P; atom concentration and the ArH{BX) and rate constants for ArH(B) and ArD(B) formation are summarized
ArD(B—X) spectra from just 48, atoms reacting with bland in Table 2, with uncertainties that are derived from 10% for
D, could be obtained easily. These bound-free spectra, whichkN2 and 12% (15%) fok,' (ko'), respectively. The branching
are shown in Figure 3, are very similar; however, the fractions at 300 K for chemiluminescendé&yk, and Ky/ky, are
ArD(B—X) spectrum is shifted slightly toward longer wave- 0.075 and 0.15 for bland 0.11 and 0.33 for £for reactions 1

lengths. and 2, respectively. These branching fractions increase signifi-
The Ar(4$P,) atoms density was reduced to about 1% of its cantly for the higher energy metastable atoms and faelative
original level with 40% conversion to the'a8, concentration. to Ho.

Thus, the spectra for reaction 2 were obtained with a 50:1 ratio C. Total Quenching Rate Measurements at 80 KAl
of 453P, to 45P, atoms. After the ratio of rate constants for experiments at 80 K were done in the flow reactor at Orsay.
the generation of the chemiluminescence was obtained, seeTo ensure equivalence with the Grenoble reactor, the rate
below, the minor 4%, contribution to the spectrum was constant for reaction 1 at 300 K was measured relative to
subtracted to obtain the pure ArH{E) and ArD(B—X) spectra reaction 4, using the fixed-point observation method. The rate
shown in Figure 3 from the reaction of 3R, atoms with H constantko(Hz) was (6.44 1.6) x 101 cm? s71, which is in
and D. The slight blue extension of the ArH* and ArD* spectra good agreement with the Grenoble result. We also measured
from the Ar(4$3Py) reactions, relative to the spectra from the ky'(Hz) andky'(Hz) at 300 K by comparison of the ArH(BX)
Ar(4s°P,) reactions, is a consequence of the greater available and Ny(C, »/=0—B) emission intensities as described in section
energy for reaction 2. [1.B and foundky'(H,) = (0.52+ 0.12) x 101 cm® s~ and
Even though reactions 1 and 2 give nearly the same ko'(H;) = (1.62 £ 0.40) x 1071 cm?® s71, which also agree
fluorescence spectra, it is possible to obtain the ratios of rate with the Grenoble results.
constants for emission from observing the total intengity, Cooling the flow reactor, at fixed pressure, from 300 to 80
K [4s°P5][H 5] + Ko[4S3Po][H 2], for different relative concentra- K, increases the gas density Bs' and decreases the mean flow
tions of 48P, and 48P, atoms; the primes denote the rate velocity asT. These modifications of flow parameters greatly
constants for chemiluminescence, whereas the unprimed ratechange the interaction time between the discharge zone and the
constants are for total quenching. The relative concentrationsobservation point, and the two- and three-body collisional
were changed by optical pumping of®®s atoms with 696.5 quenching frequencies of the Arf#s) and Ar(4$3P,) atoms,

nm line and the rate constant ratio is given by eq 6. even in the absence of added reagent. Figure 4 shows the density
ratio [Ar(3P,)]/[Ar(3Py)] at the observation window versus the
Ko |W°[3p2]W — |W[3p2]""° argon flow rate, at both 300 and 80 K. The pumping speed
— = (6) (I/s) increased slightly with the pressure and wieanse from
k' |W[3P0]W0 _ |W0[3P0]W .
2 1.3 to 5.6 sIm, the total pressure varied from 0.35 to 0.95 Torr

at 300 K and from 0.32 to 0.83 at 80 K. Simultaneously, the
The superscripts refer to the quantities with (w) and without mean flow velocity in the reaction tube increased from 26 to
(wo) laser optical pumping. The intensity was observed at the 42 m/s at 300 K and from 6.8 to 11 m/s at 80 K. The most
maximum of the spectrum~280 nm, with and without obvious result is that with reduction of temperature the relative

pumping, and the metastable atom concentratioti®] pnd concentration of £, atoms at the second window, where the
[3Pq], were measured by absorption during the observation gate.chemiluminescence intensity was measured, decrease@by
The average ratio from several experiments wég', = 3.1 relative to the 48P, atom concentration, fgr=3 slm (p= 0.60

+ 0.3 for b andk'o/k', = 4.6 &+ 0.5 for D,. The higher energy Torr at 300 K and 0.51 Torr at 80 K). In fact, the concentration



Ultraviolet Chemiluminescence J. Phys. Chem. A, Vol. 106, No. 36, 2002403

TABLE 2: Rate Constants and Branching Fractions for ArH* and ArD* Formation

Ar (45°Py) Ar(4s°Po)
reagent ) K2 K'o/ko Ko Ko'ko
H, (300)—Grenoble (0.45: 0.10) x 1011 0.075 (1.4% 0.35)x 1011 0.15
H, (300)-Orsay (0.52 0.12)x 107 (a) 0.087 (b) (1.62 0.40)x 1071t 0.16 (b)
H, (80)—Orsay ~3x 1074(c) 0.04 (1.6: 0.35) x 10712 0.32
D, (300)-Grenoble (0.40: 0.08) x 1011 0.11 (1.96 0.47)x 1071 0.33
D, (80)—Orsay ~1x10%5(c) 0.002 (d) (0.15+ 0.05)x 10712 (e) 0.07 (d)

aThe ratioky'/k;’ = 3.1 measured in Grenoble was used to obtain tkegalues.? The total quenching constant measured in Grenoble was used
to obtain this branching fractioi.Deduced fronk'o(80) and the ratid'o(80)/ k'2(80) cited in the text? Large uncertainties100%) are associated
to these ratios, becausg(80) andk,(80) were estimated (see text)This absolute value was obtained from the 300 K measuremekit aft
Grenoble, and the ratio cited in the text #d§(80 K)/k'o(300 K).

a . - 1000-:
104 °© . . 3
] . " 5_
= 2
& . 7
E 300 k; wo H2 5
< ° ® 80kiwoH, 2
= o 300kw H £ 100
& * e : 2 Jus
E 14 ° °© 80kiw H, s B 3PN, 300K
S ] ° 8 © 3p;H, 300K
B N A 3p;H,; 80K .
i £ L
z P,i H, 80K
. R S
T v T T T T T v T v Reagent flow rate (sccm)
1 2 3 4 5 6 _ _
Figure 5. First-order decay plots of Ar(48;) and Ar(4$3Py) concen-
Argon flow rate (sim) trations in H with comparison to the decay of Ar@) in N, at 300
Figure 4. Variation of the ratio [Ar(43)]/[Ar(4s'3Py)] versus argon K in the Orsay flqw tube. Solid lines are the best fits to exponential
flow rate at 300 and 80 K, without and with 0.45 sccm of atided. decay of data points.

of 483P, atoms was dominant at 80 K. This dramatic change in N at 300 K, reaction 4, and the first-order quenching plots are
the relative densities at 80 K is due to the reduction of ti#@4s  deduced from the slope of metastable atom density versus the
density, because the'3R, density remained nearly constant at reactant flow rate, as shown in Figure 5. The metastable atom
low flow rate (o = 1.27 sIm;p = 0.32 Torr) and was reduced concentrations were measured by atomic absorption, just as for
by 50% at high flow rated = 3.9 slm; p= 0.7 Torr), relative the room-temperature experiments. Given that in eq 3 [Q], the
to 300 K conditions. Gold® also observed a similar trend for ~ density of reagent, is [Q]po/w, wherepq is the reagent flow
the relative concentrations, as well as an overall increase in therate andw is the mean flow velocity in the reaction chamber,
concentration of both metastable atoms in studies at 220 K. and the interaction time is] 1/w; therefore, the slope of each
Since the relative metastable atom concentration in the cooledcurve must be multiplied bw? to scale withkg. In Figure 5w
stationary react8t was about the same as that at 300 K, the was 30 m/s at 300 K and 8.5 and 7.9 m/s at 80 K3@yand
relative increase in the Ar(#%9, concentration must be 3P, measurements, respectively. We then ded(ie,) = (0.76
associated with differences in decay rates and not with change 0.25) x 1072 cm® st andko(Hz) = (3.1 £ 0.9) x 10712
in generation mechanism. In the Orsay reactor, the transit timecm?® s™1 at 80 K. The 30% uncertainty considered for these
between the discharge zone and the observation point was aboutalues is due to the 10% uncertaintykis{(N,) value at 300 K
10 ms at 300 K and 40 ms at 80 K, and we must consider the and the 20% statistical experimental uncertainties (12% for the
changes with T of Ar density, the rate of diffusion, and the slopes ratio and 8% on determination of each flow velocity)
two- and three-body quenching rates. At fixed pressure, the reactions (1 and 2 are both much slower at 80 K, but the effect
diffusion constant should vary &' two-body quenching is a factor of 80 for the #8, atoms and only a factor of 30 for
frequency as»(T) x T95 and three-body quenching frequency the 4$P, atoms.
asos(T) x T~L Taking into account the 4 times longer transit D. ArH Chemiluminescence Spectra and Reaction Rates
time of metastable atoms, the loss term by diffusion should be at 80 K. Chemiluminescence spectra obtained at 300 and 80 K
reduced by a factor of 2, wherea, fo(T) andos(T) independent in the Orsay reactor, with 5 nm monochromator steps, are shown
of T, the loss terms by two- and three-body collisions should in Figure 6. The slight difference observed between the 300 K
increase by 8 and 16, respectively. We should emphasis thatspectrum of Figure 6 with the one obtained in Grenoble (Figure
according to eq 3, the metastable atoms densities depend3) comes from the different spectral response calibration
exponentially on these terms. Usually, two-body quenching cross procedure of the monochromators used in these two laboratories.
sectionso, are not a strong function of temperature, thus our Both spectra of Figure 6 are quite similar and no significant
results seems to indicate that, at 80 K, the three-body quenchingtemperature dependence can be detected. It should be remem-
becomes very small for 48, atoms, whereas the rate is still bered that the 300 K spectrum is dominated by reaction 1,
significant for 48P, atoms. whereas the 80 K spectrum is from reaction 2. Just as for the
The total quenching rate constants for reactions 1 and 2 with 300 K experiments, we first determined the rédtif k' at 80
H, were measured at 80 K by comparison with quenching by K. Since optical pumping was not possible at Orsay, we used
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for 48P, and 48P, respectively. These estimates probably are
120 - . Emission with H, lower limits because isotope effects may exist at low temperature
1 .- e ® 300K 110 for the cross sections. Nevertheless, it seems that the branching
100 4 - - o 80K fractions for ArD* decreases at 80 K for both reactions 1 and
$ 04 - . 8
1 [}
é ] . '_ IV. Discussion
< »
:;" 604 . o - A. Assignment of the Chemiluminescence to ArH(B) and
3 l . °°° °o° . ArD(B). The justification for assigning the chemiluminescence
§ 401 ° ° %, L from reactions 1 and 2 to the ArH{BX) emission is sum-
A %00, "a marized below.
20+ '°° °°°o°° "aa, 1. Muschlitz and co-worke?sshowed that the chemilumi-
° ©%0000, nescence spectrum did not match thg@df=";— b 3=*)
0 T T e e LA B continuum emission.
220 240 260 280 300 320 340 360 30 400 420 2. Chemiluminescence spectra obtained in this work from
Wavelength (nm) reactions 1 and 2 are very similar to those resulting from charge

Figure 6. Chemiluminescence spectra from Orsay reactor at 300 and €Xchange reaction between Artand Cs'® and from the H(B
80 K, corrected for the spectral response of the detection system.  '='u,v'=3) + Ar reaction'?
3. The chemiluminescence branching fraction fofRs+
the dependence of the¥s density on argon flow rate, shown  H, actually increased with reduction of temperature. Formation
in Figure 4, to change the ratio of metastable concentrations. of Hy(a3Ztg) requires 95076 cnt and the energy of Ar(4%)
At fixed hydrogen flow ratepy,, the intensity of the chemilu-  is 94553 cm?®. It seems unlikely that formation of X&3=*g)

minescence is given by would increase relative to the other dark channels at reduced
temperature.
L O [H]*(K,[4S°P,] + 4. The excitation of Ha="g) and Dy(a®="g) requires 95076
Ky [P

chemiluminescence are larger fog han those for Hfor both
metastable atom reactions at 300 K.

All of these arguments support a reactive quenching mech-
wherew is the gas flow velocity, deduced from measured values anism giving ArH* as the source for the chemiluminescence.
of the argon flow rate and the gas pressure. At fixedflbw Although bound-free spectra have intrinsically low information
rate of 0.45 sccm (standard cubic cm per minute), values of content, some features can be deduced by comparison to the
lam, [45°P2), [453Pg], and total pressure were measured for experimental spectra from the At Cs reaction and the
different argon flow rates ranging between 1.2 and 4 sim. Then spectral simulations given in ref 18.

K o[4s°Py]) O 2* K o[ *Pol*

and 95348 cm! of energy, yet the branching fractions for
1+ ) ®)

SPO]

for different flow rates | amwW/[3Ps] was plotted vs JP2)/[3Pg). The ArH(B) and ArD(B) molecules formed by reaction 1
The slope of this linear plot gav&'/k;’ = 30 &+ 8 and 120+ should be i/’ = 0 due to the energy constraint. Since the lower
30 for H, and Dy, respectively. state potential is the same for both ArH(X) and ArD(X), the

The slow reaction rate for reaction 1 at 80 K and its smaller ArD* spectrum should be red shifted because of the zero point
branching fraction for chemiluminescence, compared to reaction energy difference of ArH(B) and ArD(B), which is 290 cf
2, plus comparable densities of both metastable states, madénspection of the spectra in Figure 3 confirms this expectation.
observation of the ArH(B-X) emission from Ar (43P,) Reaction 2 is endoergic by only 0.1 eV for formation of
impossible, and we only measurkig(Hz) andk'o(D2) at 80 K. ArD(B; v'=1) and a small population ini=1 could be expected.
Experiments were done by comparing the ArH* (or ArD*) According to the simulation given in ref 18, the emission from
intensities at 300 K to those at 80 K for the same flow rate of +'=1 will add emission intensity mainly to the short wavelengths
H,. Using eq 8 at both 300 and 80 K and neglecting the side of they’=0 spectrum. This is exactly what we observed in
contribution from Ar[48P;] atoms at 80 K, the ratio of the ArH*  the spectra from reaction 2; see Figure 3.
intensities, combined with the experimental values of flow At 300 K, the branching fraction for chemiluminescence
velocities and metastables densities, provided the ratio of theseems to be systematically larger from the @actions than

rate constantski{y>°Yk' ;892 = 16 £ 3 and KoK ®%p, = from H, reactions. Before attributing this to isotopic effects on
125 4 25. These ratios lead to rate constakit§® of (1.0 & the reaction dynamics, the possibility of emission from the
0.35) x 10 *? and (0.15+ 0.05) x 10 %2 cm? s~ for H, and ArD(C 2=¥) state at 300 K needs to be examined. The B and C
D,, respectively. The ratios quoted above fgi’k,’ at 80 K states are nearly degenerate and contributions from the C state
can be used to obtain ttg values given in Table 2 for Hand would not be detected from the appearance of a characteristic

D,. The branching fraction for ArH* formation at 80 K are 0.32 maodification in the spectra. The calculated predissociation rate
from reaction 2 and 0.04 for reaction 1. Although the latter is sensitive to isotope effects and the ArD(C) state is predicted
number may have a large uncertainty, the branching fraction to have a predissociation lifetime of 0.6 ns versus a radiative
for the Ar(4$P,) reaction declines by a factor of 2,whereas that lifetime of 7 ns!® Thus, a 10% contribution to the ArD*
for Ar(4s3Py) increases by a factor of 2, relative to the 300 K spectrum is possible if the ArD* molecules are formed equally
values. The branching fractions for ArD* formation at 80 K in the B and C states. In contrast, the ArHE") state is more
can only be estimated, becaukgD,) and kp(D,) were not than 99% predissociaté&1® The larger branching fractions at
measured. If we assume that the isotope effect on the quenching300 K for ArD* probably are not a consequence of ArF{L)
cross sections are negligible (as for the 300 K quenching) thenformation. Actually, the rate constants for formation of ArD*
ka(D2) = 0.53 x 10712 andky(Dy) = 2.2 x 10712cmé st are and ArH* are similar at 300 K, and the larger branching fractions
deduced and the branching fractions would be 0.002 and 0.06for ArD* are mainly because the quenching constants are smaller
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for D, than H. At 80 K, the difference betweenand H The Ar(4$3P;) atoms decay much more slowly than the
reactions seems larger, but inverted. Although the uncertaintiesAr(4s3P,) atoms in pure Ar at 80 K. This unexpected result,
are large, the branching factions akgd andko' values seem  pased on decay rates at 300 K, seems to be a consequence of a
smaller for i than H at 80 K. The effect is more pronounced uch smaller three-body rate constant for the A atoms

for Ar(4s’P,) than for Ar(48°P;), which could be a consequence o |ative to the Ar(4%) atoms at 80 K. Systematic studies of

. o . !
of the 0.03 eV higher endoexergicity for ArD* formation. In the decay rates of both metastables as a function of temperature

their molecular beam study with an assumed metastable atoma1r needed to verify thi tion and to understand the origin
composition of 5:1 for Ar(4%,)/Ar(4s3Py), Lishawa et aP. € needed o verl S suggestion and to understa eong
of the difference in three-body rates.

reported a strong energy dependent decrease for the cros

sections of ArH* and ArD* formation over the 0.670.16 eV

range. They suggested a threshold energy of 0065009 eV

for the chemiluminescence of both, ldnd D reactions. The 6 4(113)5;/elazc0, J. E.; Kolts, J. H.; Setser, D. \.. Chem. Phys197§
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