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Direct kinetic measurements on reactions of atomic carbon, C 3P),
with O, and NO at temperatures down to 15 K
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School of Chemistry, The University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom
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A CRESU(Cingtique de Raction en Ecoulement Supersonique Unifoymgparatus has been used

to measure rate coefficients for the reactions ofR)(with O, and NO at temperatures from

295 K down to 15 K. C{P) atoms were, for the first time in a kinetic study, monitored directly by
vacuum ultraviolet laser-induced fluorescence. The rate coefficients for both reactions increase
as the temperature is lowered, matching the expressik(B+0,)=(4.9+0.8)x10 !

(T/298 K)~ (0327008 cpPmolecule*s™ and k(C+NO)=(1.5+0.4)x10 1° (T/298 K)~(0-16-0.14)
cm®molecule's™l. © 2000 American Institute of Physid$$0021-960600)01719-Q

INTRODUCTION ing crossed molecular beams. References to these earlier

) studies may be found in our previous paper.
Ground state atomic carbon, Q§2°P;) has been de-

tected in a wide range of astronomical environments, and i
particularly abundant in dense interstellar clouds. Reaction
of C(®P) are thought to be important in the synthesis of In order to measure the rate of the prototypical atom—
long-chain carbon-containing radicals observed there, and stiatomic radical reaction between C and NO, as well as to
there is considerable interest in the measurement of the rat®nfirm our earlier results, we sought to devise a scheme for
coefficients for C{P) reactions down to the temperatures directly detecting the relative concentration o€} formed
prevailing in these dense clouds0—50 K). in the CRESU flow, using one-photon vacuum ultraviolet
We recently performed the first ever measurements oVUV) laser-induced fluorescenodIF). We initially at-
the kinetics of C{P) reactions below room temperature, us- tempted to use a two-photon scheme first demonstrated by
ing an indirect chemiluminescence technique to follow theBersohn and co-workefswhereby a two-photon UV excita-
concentration of C{P) with time in a CRESUreaction ki- tion is followed by VUV fluorescence. However, this proved
netics in uniform supersonic flovapparatus.Reaction rates impractical for kinetic measurements, as the precursor mol-
were determined by observing the chemiluminescence frorecule, GO,, was very effectively photolyzed by the probe
NO (B?II) which is generated in the reaction betweenlaser, presumably via multiphoton absorption, resulting in a
C(®P) atoms and N@ As C(P) was not observed directly, high and constant background signal. We therefore turned to
it was not possible to confirm experimentally that any ex-one-photon VUV LIF employing the (@*P—2p 3p) transi-
cited spin—orbit population formed in the photolysis was re-tions aroundh=166 nm. One-photon VUV LIF detection of
laxed. It was argued that, as the spin—orbit splitings inC(®P) has been demonstrated previou$lgut never in a
C(®P) are rather small, th&; and®P, states lying 16.4 and kinetic study. Generation of the required 166 nm radiation is
43.4 cm'!, respectively, above the ground sty relax-  not possible using standard frequency-tripling techniques in
ation would be very rapid. Furthermore, it was necessary toare gas mixtures, and so we chose instead to employ two-
consider the possibility that other photolysis products ofphoton resonant frequency mixing in xern.
C;0, were responsible for the observed signal. It was con- The CRESU method, as applied to neutral—-neutral reac-
cluded that they were not. However, experimental confirmations, has already been described in detail by Sénal®
tion of these points awaited the current work employing di-Full specifications of the Birmingham CRESU apparatus
rect detection of atomic carbon. We had also hoped tdave also been given recently by Jareesl® Here, we give
measure the rate of reaction of ®() with NO in our previ-  a brief description of the CRESU apparatus, emphasizing the
ous study, but this proved impossible owing to the reactioraspects peculiar to this study.
of NO with NO, present in excess as part of the chemilumi-  The heart of the CRESU apparatus is an axisymmetric
nescence detection scheme. Laval nozzle, mounted on a moveable reservoir within a
Apart from the results published in our earlier paper,vacuum chamber. All the temperatul@part from 295 Kin
kinetic measurements on reactions of carbon atoms hawke gas flows were achieved by the isentropic expansion of
been confined to room temperature or above. Husain anthe gas mixture prepared in the reservoir through the nozzle
co-workers have performed kinetic measurements on thand into the main chamber. This expansion generates a su-
widest variety of reactions using atomic resonance absorpersonic flow of gas in which the Mach number, the tem-
tion to detect C{P). Becker and co-workers are the only perature, the density of the gas, the mole fraction of the
group to have used LIF detection, via a two-photon transico-reagent and the velocity of the gas stream are constant
tion. Some dynamical studies have also been carried out uglong the axis of the flow. A range of nozzles was employed

]::XPERIMENTAL TECHNIQUE
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TABLE I. Rate coefficients, for the reaction between ép) atoms and @

' '(2 2; T _}__ 295_; K (in carrier gas M measured over the temperature range 15-295 K.
2 10 - 7 [O,]/10t3
5 [M]/ 10' molecule No.of  k/10 Y%cn?®
S TIK M molecule cm?® cm 3 points molecule st
N 21 15  He 5.05 0-9.2 11 1120.7
® 5| | 27 He 4.65 0-7.2 10 12:21.2
5 1,0 ©.1)4 54 Ar 5.36 0-6.0 11 7.740.84
L"L’ ' ! 83 N, 4.88 0-0.8 11 7.2%0.79
=5 207 N, 5.83 0-5.6 11 6.520.33

295 Ar 17 0-23 11 4.090.16
0 . L ®Errors quoted astto statistical error, wheré is the appropriate value of

N . i " H N " N 1 f N N " "
165.60 165.65 165.70 165.75 Student’st distribution for the 95% point.

VUV laser excitation wavelength / nm

resonance was ensured by monitoring the™ Xaultiphoton
ionization signal in a separate cell. Another, visible dye laser
beam(pulse energy-20 mJ at a wavelength of around 560
nm (corresponding to frequenay;;) was generated in a sec-
ond identical dye laser pumped by the same Nd:YAG laser
(Spectra Physics, GCR 1)(but at 532 nm, and combined
and co-propagated into the Xe cell. VUV radiation resulted
at a frequencyvyy=2vyy— yis- Tuning the visible dye
laser in the range\,,=560—-565 nm, corresponded to
Mvuyv=165.44—-165.88 nm. The resultant VUV beam inter-
sected the CRESU flow and the photolysis beam at the focus
. of an optically fast Caj-condenser lens pair, which imaged

LIF signal / arb. units

0 L 2 PR RN W VUV VDN S | 1 i " L
165.60 165.65 165.70 165.75 any resulting fluorescence onto the photocathode of a VUV
: o solar blind photomultiplier tubéElectron Tubes, type 9403
VUV laser excitation wavelength / nm after passing through a VUV interference filtgkcton Re-
FIG. 1. VUV LIF spectra of th¢3s 3P—2p *P] transition in atomic carbon, S€arch centered at 159.8 nif23.4 nm bandwidth
observed in the CRESU flow at 295 (ipper spectruiand 15 K (lower Examples of VUV LIF spectra are shown in Fig. 1 at
spectrum. The transitions are labeled according to the upper and lowerroom temperature and at 15 K. Relaxation of the nascent
spin-orbit levels involved.(’, J'). spin—orbit distribution was seen at the lowest temperatures

studied, and was observed to take place very rapidly

~1-2 us). Kinetic measurements were only started after this
in the present work, each providing a particular temperaturgg|axation had taken place. Measurements of the actual rates
and density for the selected carrier gas. Experiments Wergs spin—orbit relaxation will be the subject of a future pub-
carried out in He, Ar, and N lication.

C(°P) atoms were created by the 10 Hz pulsed laser  For each co-reagent concentration, &R kinetic de-
photolysis of carbon suboxide ;O,, using the 193 nm ra-  cay trace was recorded by systematically varying the time
diation from an excimer lasefLambda-Physik, Compex gelay between the photolysis and probe laser pulses. Each
102, which propagated through the throat of the Lavalgecay consisted of 100 points, and was averaged for 6 laser
nozzle and along the axis _of the flow. The fluence of thegp gt per point. They were fitted to yield valueskgf, for
beam was about 50 mJ crhin the CRESU chamber.40,  each gas mixture on which experiments were carried out at a
was synthesized and used as before. particular temperature. The flows of co-reagédy, or NO;

Detection of CEP) atoms was achieved using.VUV LIF  Ajr Products, and the carrier gagHe, Ar, or N,; Air Prod-
at wavelengths around 166 nm, corresponding to thctg were taken directly from the cylinders and regulated by
[3s3P-2p3P] electronic transition. 166 nm radiation Was means of mass flow controllexdMKS). Knowledge of the
generated by two-photon resonant four-wave frequencyora| gas density from Pitot-tube measurements and of the
mixing™ in xenon. A gas cell, with a path length of around 20 gjvidual gas flows enabled the concentrations of the co-
cm, was equipped with a quartz input lef0 cm focal  reagent, and hence the corresponding second-order rate co-
length and a Cakrecollimation leng10 cm focal lengthat efficient, to be calculated.
the output, leading directly into the CRESU chamber. Two
tuneable dye laser beams were introduced into the cel
which contained 35 mbar of Xe. The first, at a wavelength‘zeESULTS AND DISCUSSION
255.94 nm was the frequency-doubled output of a 355 nm  Experiments to determine the kinetic behavior of carbon
Nd:YAG-pumped dye lasefLAS, LDL 205). The output atom reactions with a reagent (R=0, or NO) were per-
energy was~2 mJ. The UV frequencyyy,y) was set to the formed both at room temperature in a subsonic flow, and at
Xe 5p—6p [23, 2] two-photon resonance. Excitation of this low temperatures ranging from 15 K to 204 K in He, Ar, or
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TABLE II. Rate coefficients, for the reaction between éR) atoms and 10°
NO (in carrier gas M measured over the temperature range 15-295 K.

[M]/10%%  [NOJ10% “
molecule No. of  k/10 % cn® "o d
TIK M  molecule cm? cm 3 points molecule*s! § ‘_\A\r\l\
15  He 5.05 0-4.6 11 228017 o 107 ®
27 He 4.65 0-1.8 14 2.010.11 -
54 Ar 5.36 0-1.2 11 2.500.08 g
83 N, 4.88 0-0.8 9 1.730.26 ~
207 N, 5.83 0-4.9 10 1.690.15 x a
295 Ar 18 0-9.1 11 1.20.09
10" e
®rrors quoted astto statistical error, where is the appropriate value of 10 100
Student’st distribution for the 95% point. TIK

FIG. 3. Rate coefficientk for the reaction of C{P) atoms with NO plotted
on a log—log scale against temperature. The filled symbols show the results
N, buffer gases, using a number of Laval nozzles. Results fosf this work: circles(®) denoting Ar carrier gas; squarél) N, and
R=02 and NO are summarized in Tables | and I, and thetriangles(A) He. The solid line shows the resultlcéfanonlinear(lg?astt(;sl%uares
temperature dependences of the rate coefficients for thedg © this new data givingk=(1.5=0.4)x10" ™ (1/298 K) .
. . . . e molecule *s™.. The room temperature result of BraRef. 10 is
reactions of C{P) are displayed in Figs. 2 and 3. Table IlI shown as an open circl®), that of Husain and YountRef. 19 as an open
compares previously measured values with the rate coeffidiamond(¢), that of Beckeet al. (Ref. 13 as an open squat&l), and that

cients that have been determined in the present work at roomf Bergeatet al. (Ref. 15 as an open inverted triangl®).

temperature.

The new results for the reaction 0.34 - ) .
(T/298 K) %34 cmPmolecule 's ™). Possible explanations

C(°P)+0,—~CO+0 (1) for the observed negative temperature dependence were dis-

display a remarkably good agreement with our previousCusseOI N our previous pap“e_r.
Our results for the reaction

measurements using the indirect chemiluminescence detec-
tion technique. This lends confidence to both sets of mea- C(3P)+NO—CN+O (29
surements. An unweighted nonlinear least-squares fit to the
combined data set yields the following temperature depen- —CO+N (2b)
dence: k;=(4.9+0.8)x10 ' (T/298K)~(03%0.08) cm®  Zrein only fair agreement with the rather scattered results of
molecule *s™*, with errors quoted ast2c, whereo is the  previous studies at room temperature, as can be seen in Table
standard error. This compared favorably with the temperatil. An unweighted nonlinear least-squares fit over the tem-
ture dependence determined previouslg=@.7<10 "  perature range 15-295 K yields the following temperature

dependence for the overall rate coefficiekf=(1.5+0.4)

X 10710 (T/298 K)~ (016014 cnPmolecule *s™2, with er-

rors quoted as before. The rapid rate at room temperature,

109 : . . . .
combined with the mild negative temperature dependence, is
- characteristic of radical-radical or atom-radical reactions
) . . .
- occurring on attractive potential surfacesn such cases,
[
=
8 e
S 10t TABLE Ill. Comparison of rate coefficients for the reactions ofB) with
mE [ 9 0O, and NO at room temperature from the present work with those from
£ previous measurements.
s o
x k_300 K(CCP)+ R— products)
/1071° cm® moleculets™t
1011 . — —— . R=0, R=NO Method Reference
10 100
0.33 11 FP—-VUVAD 10
T/IK 0.33+0.15 0.73:0.22  FP-VUVAD 11
0.26+0.03 0.48-0.08 FP-VUVAD 12
FIG. 2. Rate coefficientk for the reaction of C{P) atoms with Q plotted 0.47+0.03 0.16-0.02 PLP-LIF 13
on a log—log scale against temperature. The filled symbols show the results 0.16+0.02 0.270.02 FT-CL 14
of this work; circles(®) denoting Ar carrier gas; squaré¢l) N,; and 0.25+0.04 0.54-0.08 FT-RF 15
triangles(A) He. The open circles show the results of our previous mea- (0.437+0.015 — PLP—-CL 1
surements over the same temperature range with chemiluminescence detec-( 409+0.016 1.26-0.09 PLP-VUV LIE This work

tion (Ref. 1) and the solid line shows the result of a nonlinear least-squares
fit to the combined data set, giving=(4.9+0.8)x10 ' (T/298 %P, flash photolysis; VUVADb, vacuum ultraviolet absorption; PLP, pulsed
K) ~(0:3220.08) o molecule* s™%. The room temperature results of Husain laser photolysis; LIF, laser-induced fluorescence; FT, flow tube; CL, chemi-
and Young(Ref. 12 and Beckeret al. (Ref. 13 are shown as an open luminescence; RF, resonance fluorescence; VUV LIF, vacuum ultraviolet
diamond( <) and an open squak&l), respectively. laser-induced fluorescence.
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some collisions may occur over surfaces that do not lead t@under its TMR programfor a studentshigDC) and post-
thermodynamically accessible products. The observed mildoctoral fellowship(SDLP, as part of the Research Network
negative temperature dependence may then result from ah Astrophysical Chemistjyy The EPSRC Laser Loan Pool
increase in the proportion of collisions which occur on sur-at the Rutherford—Appleton Laboratory provided an
faces that do lead to products. TF@, and*P, spin—orbit  Ng:vAG-pumped dye laser system, for which we express
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respectively, above the ground st The populations in Smith for valuable discussions, and to Stuart Arkless, Tony

the individual spin—orbit states change markedly through th?%othin and Steve West for their skilled technical assistance.
range of temperature covered in the present experiments.

Therefore, if reaction is more probable from lower spin—

orbit states this alone could lead to a negative temperature

dependence, independent of the dynamics of the reactive
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