Available online at www.sciencedirect.com

Journal of

SCIENCE(JDIRECTG Photochdemlstry

_ Photobiology

e RS A:Chemistry
ELSEVIER Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 191-198

www.elsevier.com/locate/jphotochem

Nascent vibrational distributions and relaxation rates of diatomic products
of the reactions of GD) with CH,4, C;Hg, CHsF, CH;F, and CHR
studied by time resolved Fourier transform infrared emission

Gus Hancock, Marc Morrison, Mark Saunders

Physical and Theoretical Chemistry Laboratory, Oxford University, South Parks Road, Oxford OX1 3QZ, UK
Received 18 July 2005; received in revised form 2 September 2005; accepted 10 October 2005

Abstract

Time resolved Fourier transform infrared (TRFTIR) emission has been used to study the reactions@ftGHCH;zF, CH,F, and CHFE; with
O(*D). One hundred and ninety-three nanomters photolysis,6f Was used to prepare ), and emission analysed from O 1-4) for the
two hydrocarbons and HEE 1-6) from CHF, CH,F, and CHF. For the OfD) + CH, reaction, the nascent OH vibrational distribution showed
a population inversion between=1 and 2, and was in excellent agreement with previous laser induced fluorescence and TRFTIR data, as we
as with quasi-classical trajectory calculations. Time resolved populations were analysed to yield rate constants for vibrational relax#tipn of OH
with CH,, and found to be consistent with stepwise deexcitation rather than chemical removal being dominant. ReactigdewitbhdTiced a
monotonically decreasing populationirr 1—-4 and more rapid relaxation rates than those with methane. For the fluorinated methanes, nasce
vibrational populations in He(=1-6) were measured and shown to be very similar, all monotonically decreasing,\sitid fitting the same
vibrational surprisal plot, showing a larger than statistical partitioning of the available energy in vibration. Relaxation rate constan}svithHF(
the parent fluorinated methane showed values, which increased with increasing H atom content.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction with F atom contenb—8]. The reactions forming these diatomic

products are all highly exothermic, and can form vibrationally
1'I'he gas phase removal processes of electronically excitegkcited species. For the process

O(*D) atoms in potentially reactive collisions with methane

CH, and fluorinated methanes of the form (F4., where O('D) + CHs— CHz+OH(») (1)

n=1-3 show several common characteristics. First they are anbrationa| levels up ta=4 are thermodynamica”y possib|e'

fast, having rate constants which are close to gas kinetic valnd levels up to the thermodynamic limit have been observed in

ues for CH and CHF of 1.5x 1071% and 1.6x 107*%cm®  previous studief2,9,10] For HF formation in conjunction with

molecules®s™1, respectively, and falling with increasing F the appropriate formaldehyde co-product
atom content to a value of 18! cm3 molecule! s~1 for CHR;

[1]. Secondly, they have the possibility of multiple channelso(lD) + CH,Fs-, > CH;-1F3-,0 + HF(v) (2)
in the reaction products as well as contributions from physic
quenching to the 3P) ground state. For Ckithe major channel e i dissociation energy and thus allowing populations in all
is to form OH[2—-4] and quenching is negligible. For the fluori- |y ational levels of HF. Previous work on the ClFeaction
nated species, HF is always found as a major reaction produgi,s identified levels up to=6 [6,11] and for the other two
and the proportion of collisions leading to quenching increasefj, o rinated methanes vibrational excitation up'to3 has been

ahe exothermicities lie in the range 582—642 kJ nopexceeding

observed11].
* Corresponding author. Tel.: +44 1865 275400/275439; In this paper, we describe TRFTIR measurements of the
fax: +44 1865 275410. products of reactions of @D). We observe the nascent vibra-
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reaction(1), and also with ethane seen from NOY) in both the fundamental{v = —1) transitions
1 between 1600 and 1900 cthfor v = 1-14 and the first overtone
O('D) + CoHe — CzHs+ OH(v) () (Av=—2)transitions between 3400 and 3700¢rfor v=2-14

and arising from the reaction of the ) photofragment with

and determine the rates of loss of vibrational energy from@QH( the parent molecule

in collisions with the parent molecule. Vibrational populations
of OH in reactiong1) and (3)have been previously measured by O(*D) + N,O — 2NO 4)
laser-induced fluorescence (LI[,10,12]as well by TRFTIR . o )

for reaction(1) [2]. Although LIF has higher sensitivity than N addition strong emission from the®(Avs=—1) transi-
TRFTIR, the advantage of the latter technique is that all vibralions is seen near 2200 crh the vibrationally excited molecule
tionally excited levels can be observed simultaneously, and thid€ing formed from energy transfer from the internally excited
removes the necessity for correction of the observed LIF sighz cofragment of NO photolysis[19]. Hydrocarbon reagents
nals for the different wavelengths of excitation and emissionfVeré always added in excess such that react{@r8) dom-
which accompany measurements on awide variety of vibrationdated over(4) for removal of OtD) and thus fundamental

states. For the OH nascent distributions, we compare our resuf@gnissions from OH (observed between 3000 and 3800¥m
with previous work2,9,10,12] Our observations of OH removal O HF (25004200 cm') were not markedly affected by that

rates have been analysed both in terms of a single quantum cdem NO.

che mechanism aqd yvith allowancg for reactive rgmovql of OHp(ID) + CH,

with the former providing more consistent comparison with pre- . ) ) . )

vious datg9,13-16] We also observe TRFTIR emission from  1he major step in the reaction of &) with methane is to
the HF product of reactiof®) for each of the three-fluorinated form the OH radical, accounting for some 70-80% of oY
methanes. We compare our data with previous nascent pop{fmoval[2—4,20]and the removlaol rate constant Is f?St'_the rec-
lations, either measured by the TRFTJ® or by laser gain ©mmended value being 1:510~ e molecule™s™". Fig. 1
[11,17] and we obtain a complete set of self quenching datshows atime slice of the fundamental emission region from OH

which show rate constants which increase monotonically witf€corded from the _GD) + CHj reaction.
H atom content of the fluorinated methane. Marked on the figure are the positions of the Q-branches for

the (Av=—1) transitions originating in = 1-4, and a simulation

is shown which represents the best-fit to a 295 K rotational dis-
tribution with the vibrational populations treated as adjustable
Rarameters. Spectral simulations usedittiependent transition
probabilities calculated by Turnbull and Loi#l]. The relative
populations of vibrational levels 1-4 were extractedjas inter-

}/eals and extrapolated to zero time to obtain nascent populations

2. Experimental

The major features of the TRFTIR apparatus have bee
described previouslj18,19] and are summarised here.lD}
was produced by the 193 nm photolysis ofNin the pres-
ence of the reactant and generally an excess of Ar to ensu
that rotational (but not vibrational) thermalisation of the OH or
HF product was complete on the time scale of the observations.
Emission was observed with a Welsh cell arrangement, passed l
through a FTIR spectrometer operating in the step scan mode j‘
(Bruker FS 66/S) and the resultant signal observed normally with v | ‘ '

1 usresolution over a time period typically 208 and averaged “ ' \ H !‘
over 20 laser shots, with signal levels normalised for laser inten- : b “’I‘!IA ‘WI‘ J|p }‘ﬁ“ ﬂ “

sity fluctuations. The data consist of time resolved emission as a W\;\JM"'IV‘U“\;U”ML‘WIV“ (HUR0EY, JLMN.% N
function of interferometer path difference, and the resultanttime
resolved interferograms are converted to time resolved emission
spectra by fast Fourier transform. |

Reagent purities were as follows:>@ (BOC) >99.997%, ‘
CoHs (BOC)>99%, CH (BOC)>99.5%, CHF (Lan- ‘I |
caster) >99%, ChF, (Fluorochem)>99.7%, CHi~(Aldrich) | ‘ ﬁ, : "‘

98%. Total pressures were measured with capacitance manome: i MW* W |‘|‘~ “i' N |

ters (Datametrics Barocell 600A 10 Torr Head, MKS Batra-  —~ sl W WALV L o
tron 122-AA 1000 Torr head) and converted to pa_rtlal Pressures .. oow | sian | mha | SEn | Sap | aem
through measured flow rates through the reaction vessel. All

measurements were carried out at room temperature, 295K.
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Fig. 1. OH(Av=—1) emission spectrum (upper trace) from1Df+ CHs;
p(N20) =200 m Torr, p(CH) =500 m Torr,s=10us. Also shown as the lower
trace and offset on the vertical scale for clarity is the best-fit O —1)

. L . simulation for a rotational temperature of 295K with vibrational populations
Our previous TRFTIR emission studies of the 193 nm pho+or ,=1-4 as the adjustable parameters. The Q-branches of ©H) are

tolysis of NbO [19] have shown that infrared emission can bemarked at 3565, 3400, 3240 and 3080 ¢grespectively (resolutio=4 cnt2).

3. Results and discussion
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Q42 Q3L QRO has been directed towards of#§ of the LIF studies for the
J' use of Av=0 transitions in excitation of the A—X band of OH.
l Here there is the possibility of underestimating the population in

v=2-4 because of predissociation in the upper A state, and this
ﬂ may account for the vanishingly low population reporf@pin
H v=4in one of these studies.
We now comment on two further points. First, the 193 nm
*J \ photolysis of NO produces GP) with an average kinetic
energy of 0.74 e\J23]. We observe no effect within experimen-
tal error on the nascent vibrational populations in experiments
carried out over a range of pressures and also in the presence or
absence of Ar. This implies that, within our experimental error,
either the vibrational distribution is insensitive to translational
excitation, or that thermalisation of the nascent@)(is tak-
\J ing place in competition with reaction: translational relaxation
of O('D) has a rate constaifi24] similar to that for removal
5500 ' 6000 ‘ 6300 ’ 2000 ' 7500 by reaction vylth NO [25], and thus S|gn_|f|cant thermalisation
would occur in the presence of Ar at typical pressures used (ca.
5Torr). We note that the experiments with which we compare
Fig. 2. OHAV=—2) emission (upper trace) from thelD+CH, reac-  our data[2,9,10]were carried out with GD) formed from the
tion; p(N20)=250mTorr, p(CH)=750mTorr, t=5-15ps. The best-fit 248/266 nm photolysis of 0zone, and hence with a lower kinetic
OH(Av=-2) simulation (lower trace) ?s offset from the data asig. 1 Q- energy than the nascentjﬂlt) from the 193 nm photolysis of
branch heads from=2, 3and 4 can again be seen at 6974, 6644 and 6318cm \,0.We are unableto quantify the effects of translational energy
respectively, and are marked on the figure (resolution 20=¢m . . Co .
onthe vibrational distributions, however, because of the thermal-

as described previously for measurements of the vibrationé:?sation induced in the present experiments. Quasi-classical tra-
populations of NO in the dissociation of NQ18,22] Spec- jectory (QCT) calculations of Gonzalez et HI2,26] show that

tra were also recorded in the weaker OH first overtone regiof'€ &ffect of translational excitation is to open up small popula-
near 6600 cm, and an example is shown Fig. 2 tions in levels above the room temperature thermodynamic limit

Extraction of populations in levels=2—4 was carried out of v=4, and also to remove the population inversion seen at low

as for the fundamental datdable 1shows the fractional pop- Collision energies between leveis 0, 1 and 2. The QCT calcu-
ulations of the vibrationally excited states, taken as weightedfitions for the lowest collision energy studi¢t?], 0.212eV,
averages over the nascent distributions measured over a pré¥€ Plotted inFig. 3 and show almost exact agreement with
sure range of 0.25—1 Torr of GHor 5 sets of measurements both the first TRFTIR study of this reacti¢®] and our present

on the fundamental and 5 on the overtone, and the results afit@. More recent calculations on an improved PES and for a
plotted inFig. 3 nascent O(D) velocity distribution appropriate to that formed

Table 1andFig. 3 also show the results of three previous ToM 193 nm photolysis of bO show similar valueg27]. Sec-
investigations, one by TRFTIR emission as in this st{@ly ondly, our results apply to rotationally thermalised OH. Spectra

and two previous LIF measuremefi8s10]. The present results taken at total pressures less than 500 m Torr revealed a high

are in almost exact agreement with the previous TRFTIR Wor‘gegree of rotational excitation at early times, but nascent rota-

[2], and both of these sets of results show a higher degree gpnal conditions could not be achieved, and the best-fit estimate
vibrational excitation compared with the LIF dg&10], and

Wavenumber / cm’!

this is shown in the relatively higher populations observed in 0%
v=3 and 4 by emission in comparison with LIF. Criticigf0] 4
E 0.4
Table 1 L 6 %
Relative populations: OH nascent vibrational distribution from the reaction & 03 % ¥
O(*D)+CH, ; 02 A
v This work 2] [9] [10] % 6 ]
= 0.1
0 - - 0.22 0.32 o)
1 0.24+0.03 0.2740.04 0.35 0.33 5 ‘ A
2 0.33+0.02 0.33+0.03 0.45 0.43 0 1 2 3 4 5
3 0.26:+0.02 0.26+0.04 0.18 0.17 v
4 0.17+0.03 0.14£0.03 0.01 0.07

Fig. 3. Relative OH populations: comparison of this work (filled diamonds)
Errors are shown where appropriate %o. Also included are previously  with those of Aker et al[2] (squares) Cheskis et 48] (triangles) and Park
reported measurements by TRFTIR emis§®hand LIF[9,10] All data are  and Wiesenfeld10] (circles). Populations are summed to unity for 0. The
summed to unity for the vibrationally excited levels. In refereri2eg 10]0(*D) crosses show the quasi-classical trajectory calculations of GonzaleZ¥2]al.
was formed from the 248/266 nm photolysis of ozone. carried out at a collision energy of 0.212 V.
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of a rotational distribution produced a rotational temperature of s+
1500-2000 K after approximately 10 gas kinetic collisions. LIF
is a far superior technique for measuring rotational distributions, N
and previous work has shown populations extending to states up

to the thermochemical threshold and consistent with our qual- 3
itative observations of high rotational excitati{®10,28,29]

The measurements of such rotational excitation coupled with a
partially inverted vibrational distribution have been explained in
terms of insertion of the GD) in the C-H bond, followed by
dissociation of the intermediate complex with both prompt and
slow OH elimination10,26—28,30-35]

The analysis of the time resolved populations can be used to
determine collisional relaxation rates into and out of the mea- 0+
sured levels providing that a suitable model for the relaxation : , : :
processes is assumed. There are two limiting cases, namely step 0 50 100 150 200
wise quantum loss, of the form Time / us

Population / a.u

OH(v) + CHs — OH(v—1) 4+ CHg4 (5) Fig. 4. Temporal profile of OH(=1) following the reaction GP)+ CHa;
p(N20) =250 m Torr, p(CH) =500 m Torr. Also shown are the fits to the data

where CHj is most likely to be formed in thes mode, a process  fromthe two kinetic models used: the single quantum cascade mechanism (solid
which is close to resonance for 4 of OH, or complete removal line) and .the same mepharﬁsm with the introduction of 40% reactive removal
of vibrational energy so that it is subsequently unobserved iﬁdaShed line) as described in the text.
emission, for example by reactive removal or by redissociation
of an OH—CH complex preferentially into OH =0. Experi-
mentally we observe that lower vibrational levels peak at later
times, indicative of a substantial contribution from procggs
and we now describe efforts to fit the data to various models.
First we consider purely stepwise relaxation. We show in
Fig. 4 an example of the fitting of a stepwise model (i.e. with
only processe$s) for removal of OH in collisions with Chl)
to the data fon=1 at a given pressure of GHFig. 5 shows
relaxation rates extracted for this model as a function o, CH r . : ‘ ‘ ‘
pressure, with the resultant rate constants showalirte 2 The 0 0.2 04 0.6 08 I 1.2
Table also shows previously reported values of removal ofiH( Pressure of Methane / Torr

by Ch [9,13-16,36,37] . Fig. 5. Relaxation rates of OWE 1-4) by CH,, determined from fits of the
We note that our data for the highest level measuredy, model to time-dependent vibrational population data:1 (filled diamonds)

should be independent of whether we choose exclusive or partiak 2 (trianglesy = 3 (filled circles)y = 4 (crosses). The solid lines represent the
stepwise loss of quanta, but that differences would be expectédidear fits to the data that reveal the rate of relaxation for each

when we analyse for the behaviour of the lower levels, partic-

ularly for v=1. As can be seen fromable 2 pure stepwise forthe loss of this level is identical to the present value, suggest-
relaxation gives a rate constant for 1 in good agreement with  ing that our results appear consistent with a stepwise mechanism.
all previous measurements, which have used various methods féhe rate constants increase with vibrational excitation, in a man-
OH(v) production, including the @D) + CHa reactiori9,14,37]  ner consistent with the change in energy discrepancy in process
the H+ NQ reaction[36], and also clean formation of a single (5) if CHg4 is excited in thev3 mode, also shown ifable 2
vibrational levelp = 2, by overtone pumpind.3,16] Inthe latter However, the stepwise mechanism has been called into ques-
case, cascade into= 2 is avoided and the observed rate constantion. One of the LIF studies carried out on the products of

14

Relaxation Rate / 10%!
o0

Table 2

OH(v = 1-4) vibrational relaxation rate constants (in units of #&m?® molecule ! s71) in collisions with methane together with previously reported values

v AE (cm™1) This work (a) 40% reactive removal (b) [9] [13] [14] [15] [16] [36] [37]

1 —546 0.57+0.05 0.38:0.04 0.51 0.50 0.51 0.53 - 2.10 0.56
2 —381 2.16£0.35 1.93t0.25 1.50 2.50 2.00 1.30 2.30 5.00 2.00
3 —221 3.67+0.23 3.16+£0.22 6.80 - 4.50 - - - 4.80
4 —61 4.92+1.03 4.53t0.91 - - - - - - 8.60

The first column of experimental data (a), from this work, is for analysis of the data by stepwise relaxation; and the second column (b) for a remuot®et com
comprising 40% of the total removal rate. Errors are showhks Also presented are the energy discrepancies for the V-V exchange process in which one quantum
loss of energy in OH is accompanied by excitation of one quantum in thgigHmode. The measurements reported3dn] have been separated into reactive
removal and stepwise vibrational deexcitation, and the rate constants giVablé2are for the sum of these processes.
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reaction(1) has indicated that reactive removahof 1 and 2 Q43) QG2 Q) QLo
comprises 38 and 45% of total remoyar], respectively, but

with values of the total rates of removal in keeping with previous

results as shown ifiable 2 We correspondingly have analysed

our data to include a reactive component by assuming that 40%

of removal of all vibrational levels is by reaction, in keeping with

the data suggested by the LIF stydy]. Fig. 4illustrates that

the fitting for the level most affected= 1 is now worse than for

stepwise removal, and as showrTable 2 the effectis largeston 20 microseconds Mﬂ‘f

the returned value far= 1, as would be expected. Our data anal- | WJW

ysed in this way now show a rate constant for the total removal

of v=1 which is considerably lower than the generally accepted
value. We note that the rate constant for removal of OH{) by
CHa, 6.3x 10~ >cm® molecule*s~1 [1] would be enhanced
by a factor of 33 for excitation of =1 if reactive removal con- 10 microseconds Jq {
stituted 38% of the measured removal rate. This is a surprisingly J\J\ﬁl W
e\ W

large value for excitation of what is essentially a spectator bond
in a reaction where the activation energy (15 kJmpis low

in comparison with that for OH vibrational excitation, and the  »x0 200 3000 300 3400 3600 3800
enhancementwould be larger for 2. Yamasaki et a[37] were
unable to determine enhancement rates for levels abbeebut
they note that their conclusions are inconsistent with previouEig- 6. 1OH(Av:—l) emission spectra at two times following reaction initiation
measuremen{®,9,10]of population ratios = 2/v=3, and they oM OD) + CaHe: p(N20) =63 m Torr, p(GHe) =126 m Torry = 10p.s (upper

. ; . . . trace) and 2@.s (lower trace); resolutio=5cnt .

estimate a tentative value for this ratio of 0.78, i.e. a popula-
tion inversion between these levels. Our data, which agree with

Wavenumber / cm™!

1.00 -

previous TRFTIR measuremen®d and with QCT calculations 0904,
[12], are unable to support such an inversion. We conclude thats ;¢4
although we are unable to rule out a reactive enhancement of th('z_g 0.70 |
chemical removal rate of OH by GHas a result of vibrational 2 060 |
excitation, our results are inconsistent with the enhancemenl'; 0.50 1
being as large as that reported by Yamasaki ¢8al. E 0401 &
2 0301
O(D) + CyHs are % 4
The reaction between &) and ethane to form OH now only | %
accounts for some 25% of the quantum yield of rem{&@J39], e 0 1 2 3 4 5
in contrast to over 80% in the methane cgsed], with the dom- v

mant.reactlon path leading to production of g:ﬁhdlcals. The Fig. 7. OH nascent vibrational distributions from the reactiodD)¢ CoHe
reaction can produce OH up te=5 for thermalised G0), and  measured in this work (filled diamonds) and those of Park and Wiesda@id
emission was readily observed from levels Iig. 6shows fun-  (squares) and Gonzalez et[d0] (triangles).
damental spectra taken at two times following reaction initiation
with again the positions of the expected Q-branches marked. studies, showing very good agreement between the two tech-
What can be seen (but was absent from the correspondirigjques.

reaction with CH) is a broad short lived emission underlying ~ The larger error bars than in the Gldata reflect the lower
the resolved OH emission lines between 2700 and 330Gcm Yield of OH, and also the more rapid rate of quenching observed
at the resolution used (5 crh) the rotational structure of OH
is expected to be almost completely resolved, as seEigirl,  Table3
which is of a resolution of 4 cmt. The extra emission, which OH nascent vibrational distributions from the reactioA@)+ C;Hg, compared
. . . . e 4 with previous measurements
is in the C-H stretching region, was not identified: it was only
partially removed by a cold gas filter containing ethane, and  Nascent population Removal rate constants
may arise from one of the reaction productsLBH,OH or Thiswork  [10]  [40] (10-*2cm® molecules™ s™)
CoHs, all of which have stretching frequencies in this region.
The emission made extraction of vibrational populations in this(l) N 089 081021 -

! o 0.42£0.02 040 0.0 1.180.38
spectral region difficult, and thus the overtone spectra (where  ¢27+011 028 032008  5.040.63
C-H stretch overtones were not strong enough to interfere) wer®  0.20+£0.05  0.17  0.190.04  9.44+-1.02
used for the higher vibrational levelBig. 7 andTable 3show 4  0.11+0.06 015 0.0%0.02  15.143.96
the resultant nascent populations, extracted in the same way & final column also shows rate constantsr relaxation of OH() by CoHe.
for O(*D) + methane, and are compared with two previous LIFErrors are shown asls. Populations are summed to unity fior 0.
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(see below). The mechanism again appears to be insertion into
the C-H bond, but theoretical calculations based upon a mass
corrected OYD) + CHy surface[40] have indicated a small pro-
portion of collisions leading to abstraction.

Time resolved populations were converted into rate con-
stants for vibrational relaxation, with the assumption of stepwise
excitation as for the OH{+CH, case above. The reaction
of OH with CHg has a room temperature rate constant of
2.5x 10713 cm® moleculets~1 [1], considerably faster than
that for CH; [1], and although in the treatment of the data
we neglect chemical removal, the validity of this approach is
perhaps more questionable than in the methane case. We note
that calculations of the effect of vibrational excitation on the
reaction rate however suggest that it is negligipl¢]. No
previous measurements of OBl(quenching by ethane appear
to exist: we note that the data, also givenTable 3 show
larger rate constants with a more pronounced increase with Fig- 8 HF(Av=—1) emission spectrum (upper trace) from‘DJ+ CFHgF:
than for the methane case. Both and vyg ir active modes P(N2Q)=27mTorr, p(CHF)=55m Torr, 1=20us. Also shown is the
) . HF(Av=—1) simulation (lower trace).
in ethane occur near 3000 cthand are available for energy
transfer.

_(_;:___
-—

WWMWM

S 1111

T T
2750 3000 3250 3500 3750 4000 4250

Wavenumber / cm™!

The OH emission was too weak for its initial distribution to be
successfully analysed, and the vibration—rotation lines were suf-
ficiently separated from those of HF to ensure that they did not
interfere with the analysis of the HF populatioR$g. 8 shows

an example of an observed spectrum together with a fit to rota-
tionally thermalised HF populations, with levels froms 1-6

4. Reactions of CH,,F4.,,

Emission from the fundamental transitiorsiy(= —1) of OH
and HF formed in the reaction of &) with CH,,F4., should
occur in the region near 3600 cth The largest ratio of OH to
HF production is expected in the reaction of §fHwhere the observed.
quantum yields are in the ratio 1f17], but the high value of Extraction of populations were carried out in the same way
the HF transition moment compared with that of OH means tha&s described for OH, with nascent distributions and rate con-
the ratio of emission from OH to that of HF is expected to bestants for relaxation with the parent fluorocarbongEH-CHF
approximately 1:1021,42] Spectra were taken at 7 crhreso-  and CHR extracted for the six vibrational levels observed. The
lution in order to separate the individual OH and HF transitionsnascent distributions are presentedétle 4 and rate constants

Table 4

Nascent HF vibrational distributions measured for th&l)eactions with CHF, CH,F» and CHR reactions, and compared with previous data

v CHjsF (this work) CHF> (this work) CHF; (this work) CHsF[11] CHzF> [11] CHFR; [6] CHR; [11]
0 - - - 0.39 0.29 - 0.31

1 0.294+0.02 0.26+0.06 0.24+0.03 0.34+0.02 0.29+£0.01 0.25 0.29-0.02
2 0.244+0.05 0.23+0.03 0.24+0.04 0.25+0.03 0.29+:0.03 0.21 0.24:0.02
3 0.224+0.05 0.22+0.05 0.20+0.03 <0.16 <0.13 0.18 <0.15

4 0.13+0.05 0.16+0.02 0.14+0.05 - - 0.19 -

5 0.07+0.03 0.08:0.04 0.10+0.02 - - 0.12 -

6 0.04+0.03 0.03+0.02 0.09+0.02 - - 0.05 -

Errors are shown aslo. The present data and those[6f are summed to unity. For the data[@fl], where only the first three of the vibrationally excited levels
were measured, the populations have been summed to the same values as those for levels 1-3 in the present data.

Table 5

Vibrational quenching rate constarttsin units of 10~ cm® molecule ! s~1 with a variety of collision partners

v CHgF (thiswork)  CHF (thiswork)  CHR (thiswork) ~ CRi[46]  CH4[46]  CHs[47]  CH4[48]  CHs[49]  CHa[50]
1 0.85+0.13 0.31+0.12 0.13+-0.03 0.07 4.0 — - - 0.07

2 1.924+0.23 0.68+0.17 0.26+0.06 0.13 13.0 - - - 0.18

3 3.89+0.72 1.45+0.21 0.8A40.14 0.38 16.0 1.45 1.8 - 0.47
4 5.02+2.56 2.34+0.77 1.1A40.17 - - 4.56 4.7 - 1.3

5 8.71+0.91 411+1.53 1.92+0.29 - - 12.1 - 10.0 3.0

6 9.00+£4.12 5514+ 0.90 - - - — - 14.0 4.8
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3 strong emission from the infrared active modes of the parent
molecule in the 1100-1400 cthregion. The quenching process

O(D) + CH,F4-, — CH,F4-, + OCP) (6)

-I(f,)

is thought to increase in quantum yield as the F atom content in
the fluorocarbon increas§s, 7] and it was hoped that emission
from the vibrationally excited fluorinated methane might give
information on the efficiency of energy transfer from'DJ to
15 : : ‘ , , the parent molecule in proce®). However, both the rise time
0 0.1 02, 03 0.4 0.5 (too slow) and the intensity of the emission (too large) were
' inconsistent with proces®) being responsible in all systems
Fig. 9. Surprisal plot for the HF vibrational distributions formed in thé@)(  studied, and it was concluded that vibrational excitation in the
reactions with CHF (circles), CHF; (squares) and CHF(filled triangles).  fluorocarbon appears to come from energy transfer either from
Prior‘distributions,Po(v), were calculated as given in_ Refg3,44] and_ _the vibrationally excited NO or from its precursor (vibrationally
surprisal I[(f,) = —In [P(v)/P°(v)] whereP(v) is the experimental probability of . L . _
HF formation in levelv. The positive slope of the plot ofI(f,) againstf, for excited NZ) [19]' .NZO emlssmn m.theA% =—1 bands was
the three fluorinated methanes indicates a greater than statistical partitioning feduced in intensity and increased in removal rate on addition of
vibrational energy in HF, with the single straight line consistent with a similar fluorocarbon. Experiments carried out with fvhere chem-
mechanism for the GD) reaction with the three fluorocarbons. ical removal does not take place) showed substantial emission
from vibrationally excited CE; but again its origin was inconsis-
o ) ) tent with the O¥D) quenching mechanism. We are thus unable
for vibrational relaxation are presentedTiable 5together with 4 verify the quantum yields of energy transfer in prodggo
data from previous mvestlgatl.ons. ' vibrational levels of CHF.,.
The most striking observation of the nascent population data

is that for all three reactions the distributions are very similar,
and (with the exception of the equal populationsefL and 2for 5, Conclusions
CHFs) show a monotonic decrease of population with increas-
ing v. Previous measurements on the GHEaction by Aker Time resolved FTIR emission has been used to study the
et al. [6] using the same TRFTIR technique but with'0f  dynamics and kinetics of D) reactions with hydrocarbons.
formed by photolysis of ozone are in good agreement withThe technique allows observation of all vibrationally excited
present data (although we do not see the reported populatigavels simultaneously, and although it is not as sensitive as laser
inversion betweernv=3 and 4, attributed to the formation of detection methods such as LIF it does not require significant
CRO0 in two different electronic statg6]). The more limited  corrections of the observed signals over differing experimental
sets of measurements on gHCH,F2 and CHR carried outfor  conditions in order to extract nascent vibrational populations.
levelsv =1-3 by laser gain measurements also show the sameor reaction of O{D) with methane, the vibrational populations
trends[11]. Fig. 9shows a surprisal pl¢43,44]calculated with  of 1= 1-4 show a population inversion between the lowest two
the rigid rotor harmonic oscillator approximation for the threejevels, and are in excellent agreement with previous observa-
reactions, indicating that the measured vibrational populationgons [2,9,10] and with QCT calculation§l2]. Reaction with
are hotter than those expected statistically, and are virtually thethane does not show such an inversion: in this case measure-
same for each process. ments on the first overtone emission were needed in order to
The results suggest that a mechanism involving insertion ovoid overlap of OH emission with that from-&l stretching
O(*D)into a G-H or C-F bond and redissociation on atime scalefrequencies. Quenching rates were measured and discussed in
which does not result in complete randomisation of the availterms of stepwise excitation versus chemical reaction, with the
able energy but is long enough to result in forward/backwardtonclusion that the former dominates in collisions of @H(
scattering as observed for thelDj + CFH; reaction[45]. with both hydrocarbons. For the reactions with EHCH,F,
Table 5shows that rate constants for quenching of HF withand CHR;, HF was observed as the major emitting reaction prod-
the three fluorinated methanes used in this study demonstrate thet, and nascent vibrational distributions measured fol—6
expected increase with and for a given are seen to increase show distinct similarities, and a higher than statistical fraction of
with increasing H atom content, matching the increase in theéhe available energy appearing in vibration. Stepwise relaxation
number of ir active modes near 3000chmas F is replaced by  rate constants of HEJ with the parent fluorocarbons increased

H. in magnitude with H atom content of the molecule.
Previously measured rate constants for quenching by CF

[46] are slower than those reported here, in agreement with
this trend, but for quenching by GHhe data are less clear-cut Acknowledgements
because of the range of values reported in the literg-e50]
Finally we comment on a clear feature observed in all the The research was funded under the EPSRC Portfolio scheme
spectra (including experiments carried out with,;famely  “Laser”. MM thanks Bruker UK for partial financial support.
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