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Reaction Processes of QD) with Fluoroethane Compounds
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Product branching ratios and rate constants for th#)0gtom and OH radical formation processes in the
reaction of electronically excited oxygeniD] atoms with fluoroethanes were measured at room temperature.
The reactions of CHF-CF; (HFC-125), CHF—CF; (HFC-134a), CHE—CHF, (HFC-134), CH—CF; (HFC-

143a), CHF—CHF, (HFC-143), and Ck-CHF, (HFC-152a) were studied. Laser-induced fluorescence
techniques using vacuum and near-ultraviolet lasers are applied to the detectid® offg)(atoms and OH

radicals, respectively. The results are compared with previous investigations, and reaction mechanisms are
discussed on the basis of the present results. The rate constants for the OH radical production were proportional
to the total number of H atoms included in the fluoroethane reactants, and those for the reaction processes are
interpreted with the molecular structures of fluoroethane reactants.

1. Introduction In the present study, we report tkg kon, andKoer values
in the reaction of OD) with the fluoroethane compounds by
measuring the total rate coefficients for the removal of)(
Kiotat = Kq + kon + Kothes and the quantum vyields for the
production of OtP), ¢q, and OHK), ¢on. These values are
defined as

Hydrofluorocarbon (HFC) compounds are used as substitutes
for the ozone-destroying chlorofluorocarbon (CFC) compotmds.
However, they still have the potential to be greenhouse gases,
because their radiative forcing, i.e., absorption of the infrared
radiation from the earth, is significant. Therefore, the reaction
rate coefficient of HFC with GD) atomsk;, as well as that

with OH radicals, plays the important role of controlling the kq = ¢ Kiotal (4)
atmospheric lifetime of the HFCS'° The interaction between
O('D) and HFC is considered to lead to Kou = Pon Kotal (5)
1 3
HFC+ O(D) — HFC+ O(P), K, @ Kotner = (1 = 6g — $or) Kotar (6)
HFC + O('D) — OH + products, kq, ) In the present experiment, the decay ot@)(and rise of OFP)

were monitored to determine th@: values. To measure the
concentration of D) and OfP) produced by the physical
guenching process (reaction 1), we applied the technique of
time-resolved laser-induced fluorescence (LIF) detection using
wherekg, kon, andkotner are the rate constants for the physical 3 vacuum UV (vuv) laser. The vuv laser wavelengths was tuned
quenching of O(D) to OCP), the chemical reactions producing st the atomic resonance lines of thelBS — 2p 1D and 3$°S°
OH(X 1), and the chemical reaction pathway(s) other than the — 21, 3p, transitions which were located at 115.22 and 130.22
quenching and OH formation, respectively. The total decom- nm respectively. The OH(X) products are also detected by LIF

position rate of an HFC i& = kon + Kother = kiotal — kg using the OH(&S *—X 2[]; 1-0) transition around 282 nm.
The totalkiota @and quenchindyy rate constants of the reaction

between OD) and the fluoromethane compounds (GHF

CH,F,, and CHF) were measured in our previous studyrhe 2. Experimental Section
values ofkiral — Kq Which we determined in the reaction with
CHF;, CHyF,, and CHF were 0.026+ 0.013, 0.15+ 0.08,
and 1.2+ 0.1 in units of 101° cm® molecule® s72, respectively.
This indicates that the reaction rate constants are unambiguousl
related to the probability of the attack of ¥D) atom on the
C—H bonds. However, the reaction system betweetbPéand
larger HFC molecules is more complicated, i.e., (i) there are
ma?ny feasible reaction pathways gnd (i) the r(ezalctivity of produce OfD),*#*2
fluoroethane probably depends on its molecular structure.

HFC + O('D) — Other products, K,y (3)

The HFC compounds studied were GHER; (HFC-125),
CHyF—CF; (HFC-134a), CHE—CHF, (HFC-134), CH—CFR;
y(HFC-143a), CHF—CHF, (HFC-143), and Chkt-CHF, (HFC-
152a). The photolysis of XD by an ArF excimer laser (Lambda
Physik, Compex) generating 193 nm radiation was used to

N,O + h»(193 nm)— N, + O('D) 7)
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O(®P) signal to that produced in the interaction betweeHDp( 1.0
and N, g
< 0.8 HFC-134 66 mTorr
N, + O(‘D) — N, + OCP) = e
& 0.6 2
_ 11 3 11 S iy
ky=2.6x 10 " cm’molecule " s (8) 3 0.4 T FC143 68 mTorr
©
where the quenching quantum yieldgig = 1.4 The quantum £ 02
yield for OH productiongon was obtained by measuring the z
relative intensity of the asymptotic OH signal to that produced 0.0 ' " T y y
. . 0 5 10 15 20 25 30
in the reaction between @§) and HO, Time / s
1y Figure 1. Temporal profiles of the GP) signal produced from CHF
H,O0+O(D)—~20H CHR, (HFC-134)+ O(*D) and CHFCHF, (HFC-143)+ O(D). The
signal intensities are normalized by the asymptotic signal intensity of
k=2.2x 10 ®cm®*molecule s 9) OCP;) produced from N + O('D). The O{D) atoms are produced

from the photodissociation of 0 by 193 nm laser pulse &t= 0. The
where the OH formation quantum yieldgsy = 2.4 The value partial pressure of pO is kept constant (ca. 1 mTorr) in the reactions
of ktat Was determined by the measurement of the temporal of HFC-134, HFC-143, and NHelium gas is added (ca. 500 mTorr)
profiles of OP) and OID), where the signal intensity was as & buffer.
plotted as a function of the delay between the photolysis and

LIF laser pulses. , 10 e
The experimental setup was essentially the same as that in B
the previous studj? The reaction cell (60x 60 x 60 mn¥) £ ey
was evacuated by a rotary pump through a liquigl thap. >
Sample gas mixtures containing® as the O{D) source, HFC %
or N as the reactant, and He as a buffer were flowedQ0 £ 40
Torr cn? s71) through the reaction cell where the pressure was a8
measured by a capacitance pressure gauge. The HIEZ Ny, 1
and He gases were obtained commercially and used without 10° : :
further purification. The KO vapor was obtained from degassed, 0 5} me. s 10

distilled water at room temperature. The!D) was generated _ ] _
in the reaction cell by the photolysis 0,8 at 193 nm. Since  Figure 2-fT’igP0ra|lggoflle of Oi(jD) PLOduced from thfe 220t0$l550-f

; ; ; ; ciation o at nm under the presence o mTorr o
the tran.s!atlonal.ly hot OD) atom is qUICkly thermalized by CH,FCHF, (HFC-143). The MO pressure is ca. 1 mTorr). Helium gas
the collisions with buffer gas on a time scale of less than a

. ; = is added (ca. 500 mTorr) as a buffer.
microsecond under our experimental conditions, hot atom effects

can be ignored® The probe laser beam for the detection of |556r heam was introduced into the reaction cell in a direction
O(D) or reaction products was also introduced into the reaction counterpropagated to the photolysis laser beam. The intensity
cell after a time delay. The reaction time is defined as this delay 4f the peam was monitored by a photodiode. The LIF signals
time, t, between the photolysis and probe laser pulses, which s OH(A—X) transition around 309 nm were separated by an
was controlled by a pulse delay generator (Stanford Research,nierference filter (BARR Associates, Inc.; bandwietH2 nm)
model DG535). and detected by a dynode-gated photomultiplier tube (Hamamat-
The O{D) and OgP,) atoms were detected by LIFat115.22 g, models 1P28 and C1392-56) with a high-speed amplifier
and 130.22 nm, respectively. The VUV laser light at 115.22 (jamamatsu, model C5594) to separate the resonance fluores-
nm was generated by frequency triplings(Bof a dye laser  cence and the strong laser scattering. The signal from the
(Lambda Phy5|k, model FL3002) at 345.6 nm in Xe gas. The photomultipliers for the detection of &), OCGP), and OH(X)
vuv laser light at 130.22 nm was generated by four-wave \yas averaged by gated integrators (Stanford Research, SR250).
difference mixing (21 — w») using two dye lasers (Lambda  The fluorescence decay curve of OH¢X) was measured by

Physik, model FL3002 and Scanmate) in Kr gas. The dye laser sing a digital oscilloscope (Tektronix, model TDS380P).
output was frequency doubled by a BBO crystal fordhdight

of 212.56 nm, which was two-photon resonant with Kr'p[ 3. Results

2lo. The two dye lasers were pumped by a XeCl excimer laser
3.1. Total Rate Constants for the Removal of OD).

(Lambda Physik, model Lextra-50). The wavelengtlwefvas ; )
tuned around 578.1 nm. The laser beams were focused into al YPic@l resuits of the temporal profiles of &) and OfD) are
Xe or Kr gas cell with a lens with a focal length of 200 mm. shown in Figures 1 and 2, respectively. Because the quenching

The vuv laser light generated in the Xe or Kr gas cell was "ate of O{D) b){4the He gas usled_lasﬂa buffer gas is extremely
introduced into the reaction cell through a LiF window in a SIOW1(<5 x 1074 cm? molecule * s ),'" the quenching process
direction orthogonal to the photolysis laser direction. The Of OCD) by He can be neglected here. The rise and decay rates
intensity of the vuv light was monitored by the measurements K obtained by a least-squares fit, were measured at different
in a photocurrent cell which contained nitric oxide (NO) gas. Pressures in the rea_lctlon_cell, because they are the function of
The photocurrent cell was located behind the reaction region. "€actant concentrations, 1.e.,
The LIF emission was detected by a photomultiplier tube (EMR,
model 547 J-08-17) at right angles to the both photolysis and k= ke HFC] + kNZO[NZO] + K (10)
probe laser beams.

The OHK ?[1) radical was also detected by LIF around 282 whereky,0 andkyrc are the second-order rate constants for the
nm using the dye laser pumped by the XeCl excimer laser. This removal of O{D) by the reactants §0 and HFC, respec-
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TABLE 1: Rate Constants in the Reaction of O{D) with HFC (Units in 1011 cm? molecule™® s771)

k(otal
reactant OD) decay OCP) rise Kq Kon Kother ref
CFs—CFs(CFC-116) 0.015£0.003) — 0.013 €-0.003) 25
CHR—~CR;(HCF-125)  — 1(+1/~-0.5) 0.2 (-0.2-0.1) 0.6 ¢-0.6/~0.3) 0.2:0.2) this work
12.3 (£0.6) — - ko + Kother= 1.8(+2.8/~1.8) 10
- - kor + Kother= 4.6(1.2F 18
CH,F—CFs(HFC-134a)  4.9¢0.5) - 3.2(+0.5) 1.2¢:0.3) 0.5¢-0.3) this work
4.85(0.25) - — Kot + Kother= 0.3 (£0.3) 10
CHFR,—CHF, (HFC-134)  3.940.4) 4.@1) 2.8(0.5) 1.0¢:0.3) 0.1 ¢-0.3/~0.1) this work
CHs—CFs(HFC-143a)  4.040.5) 5 (1) 0.76:0.2) 1.5¢:0.3) 1.8(£0.4) this work
- - - kOH + kother: 10(ﬂ:2)c 18
CHF—CHR, (HFC-143) 11 £1) 12 @2) 5.06:0.8) 2.06-0.5) 4.16-:0.9) this work
CH;—CHF, (HFC-152a) — 15 (+2) 5.1 (1.1) 2.36-0.5) 7.6(:1.4) this work
20.21.5) - - Kot + Kotner= 9.3(1.6) 10

a Determined from the decay curve of ‘Oj signal.? Determined from the rise curve of &) signal.c Using the currently recommended value
of the rate constant for @) + N,O of 1.16 x 10%° cm® molecule’* s71.2

TABLE 2: Branching Ratios in the Reaction of O(*D) with HFC

reactant @q PoH Pother ref

CFs-CFs (CFC-116) 0.85£0.15) - 0.15(:0.15) 25
CHF-CFs (HFC-125) 0.2440.04) 0.66-0.1) 0.2¢£0.1) this work

0.85(+0.15/0.22) - - 10
CH,F-CF; (HFC-134a) 0.65£0.06) 0.244-0.04) 0.114-0.07) this work

0.94(+0.06/-0.10) - - 10
CHF,-CHF, (HFC-134) 0.7240.10) 0.25¢-0.06) 0.03 {0.034-0.12) this work
CHs-CFs (HFC-143a) 0.18£0.04) 0.384-0.06) 0.444-0.07) this work
CH,F-CHF, (HFC-143) 0.4540.06) 0.184-0.04) 0.37£0.07) this work
CHs-CHF, (HFC-152a) 0.34£0.06) 0.154-0.02) 0.514-0.06) this work

0.54(-0.07) 10

tively, [N>O] and [HFC] are the concentrations of®and HFC, 15

respectively, andi corresponds to effects of the diffusion from
the viewing zone for the reactants and products. The plots of
the O{D) decay rates and the &) rise rates vs the HFC-143 1.0+
concentration are shown in Figure 3. The rate constant obtained
from the slope of the GD) decay rate plots is (1.2 0.2) x

10710 cm?® molecule’® s71, while that from the OP) rise rate 0.5
plots is (1.14 0.1) x 10°1°cm?® molecule’* s~1. The relatively

large intercepts of both plots for the ) decay and GP)

rise rates in Figure 3 are mainly due to the diffusion, that is, 0.0 : : : :
kaitt in eq 10. The diameters of the photolysis and probe laser 0 2 4 6 8 10

beams were both ca. 1 mm. The escape time out of the overlap [CH,FCHF;) /107" molecule cm

region of these laser beams is estimated to be abd@® s Figure 3. Plots of the measured decay rates of)((circles) and

with these beam diameters. The rate constants #DOgith rise rates of ) (squares) as a function of the concentration 0f-CH
the various HFC reactants obtained in this study from the plots FCHF; (HFC-143).

of O(*D) decay and/or GP) rise rates are listed in Table 1.

For HFC-134, HFC-143a, and HFC143, the total reaction rate initial O(*D) concentration constant. The ratio obtained by this
constants were obtained by measuring bothDp@decay and comparison is the quantum yielgy, for the electronic quench-
O(P) rise. The values determined by the two different methods ing of O(D). The removal by the reaction of &) with N,O

are in agreement with each other within their experimental was estimated according to the concentrations and the reported

-1

Rate / ps

uncertainties for all of the three compounds. rate constant okn,o = 1.16 x 1071% cm® molecule? s1.14In

3.2. Quantum Yields for the O@P) Production. The the present experiments, the ratiokafo[N2O] to kyrc[HFC]
temporal profiles of G,) formed in the reaction of @D) with in eq 10 was kept less than 10% and was taken into account in
HFC were measured. Since the intramultiplet relaxation rate the calculations opq. The values ob, thus measured are listed
by collision is fast enougk? the distributions among the spin in Table 2 with literature values for £. The values of the

orbit statesj = 2, 1, and 0 of OfP) should be completely  rate constank, for the quenching path calculated with expres-
thermalized in a time scale of less than a micro-second undersion (4) are summarized in Table 1.

our experimental conditior'$. The thermal population at room 3.3. Quantum Yields for the OH Production. In the
temperature is [GP2)]:[O(3Py)]:[O(3Py)] = 1:0.282:0.068. reactions between @) and HFCs, OH radicals are generated.
Therefore, the measured ) signal intensity is proportional ~ For the determination of the quantum yield for OH radicals
to the total concentration of spirorbit states of GP). When produced in the reactions of &) with HFCs, the temporal
the delay time is long enough to quench) completely, the profile of the OH signal was also observed in the present study
signal intensity of OfP) approaches an asymptotic value. Since with the exciting laser wavelength fixed at t@g(2) line of the

N guenches GD) to OCP) with unit efficiency, the asymptotic =~ A—X 1—0 transition. The signal intensity of OH approached
signal intensity measured in the reaction HRC O(1D) is an asymptotic value. This asymptotic OH signal was also
compared with that in the reaction,N- O(*D) keeping the normalized by the method similar to that used in the quantum



68 J. Phys. Chem. A, Vol. 105, No. 1, 2001

yield measurements of €K) production. Since the reaction rates
of O(*D) with HFCs are over 10times larger than those of
OH + HFCs!“the decay of OH radicals due to the secondary
reactions can be ignored. However, the quenching of OH(A)
radicals excited by the LIF laser must be considered. Actually,
the fluorescence lifetimes of OH(AX) observed in the present
study were shorter (368600 ns) than the natural radiation
lifetime (=700 ns) of OH(A). The fluorescence quantum yield
of OH(A) ¢x is given by

Tt
To

ol (11)

Kono and Matsumi

detecting the infrared absorption intensities of the HFC as@ N

as a function of time. Table 2 also lists thgy + Kother values
which are calculated from the results reported by them, using
the currently recommended value of the rate constant f&iD)O(

+ N2O of 1.16 x 1071° cm® molecule’? s71.14 The values of

Kon + Kothercalculated from their results for HFC-125 and HFC-
143a are several times larger than our value&®f + Kother

and even larger than the total rate constants obtained in this
study.

Note that thekon values are proportional to the total number
of H atoms included in the HFC molecule. This means that the
attack of OD) on the C-H bond of HFC gives rise to the
chemical reaction to produce the OH radical. That is consistent

wheret; and g are the observed fluorescence and the natural with other numerous other studi€s*® where the mechanisms

radiation lifetimes, respectively. Therefore, the quantum yield
for the OH production is given by

HFC _H,0

_ Iasy Tt
H,O _HFC
Iasy T

Pon (12)

wherd"™" ¢ and 1520 are the observed asymptotic intensities of

the OH signal formed in the reaction HFEO(D) and that of
the OH signal formed in the reaction® + O(D), respectively.
772 and 7} are the fluorescence lifetimes measured under
the experimental condition of the reaction®+ O(*D) and
HFC + O(1D), respectively. The values gbn, anddotner (= 1

— ¢q — ¢oH) Obtained in this study are summarized in Table 2
with the literature values for ££s. The values of the rate
constantskon and Kome; Calculated with expressions (5) and
(6) are summarized in Table 1.

4, Discussion

Warren et al® measured thée, values with HFCs using

of H atom abstraction by @D) and of O{D) atom insertion
into a C-H bond have been suggested. Ldftzoncluded that
the insertion dominates for small hydrocarbons while the
abstraction becomes an increasingly important source of OH
as the size of the hydrocarbon increases.

The C—H bond fission, G-C bond fission, and HF molecule
elimination accompanied by-60 bond formation are expected
as the reaction pathway(s) fRdiner (= Kiotat — Kon — kg) in the
reactions of HFCs O(!D). The reaction mechanism ot
+ O(*D) has been investigaté#,;22 in which the G-C bond
cleavage have been suggested to be a dominant reaction
pathway. Park and Wiesenféfdeported that the quantum yield
for the OH formation in the reaction of 8¢ + O(D) was
0.033, while it was near unity in the reaction of £ O(D).
Analogous to the discussion on theHg + O('D) reaction, the
C—C bond fission process is the most feasible as the reaction
pathway forkoer in the reactions of HFCs- O(D).

Another possibility of the main reaction pathway which is
responsible forkomer is the HF formation process, since the
infrared emissions from the vibrationally excited HF molecules

time-resolved vuv atomic resonance fluorescence detection ofyere observed in the reaction of @) with CHF; and

O(P) with an oxygen lamp after the photolysis of B a KrF
laser pulse (248 nm), and obtained thevalues by measuring

CH3F 2324 However, we have not succeeded in explaining the
trend of koher by counting the numbers of adjacent—H

the ratios of the asymptotic fluorescence signal level between compinations in the HFC reactants. Anyway, further experiments

the HFCs and B The results reported by Warren et'&lare

are required to identify the reaction pathway(s) Kakerand to

also listed in Tables 1 and 2. The total rate constants obtained,ngerstand the dependencekgfer on the HFC reactants.

in this study are in good agreement with those reported by

Warren et al. for CHCFR; (HFC-134a) and CECHF, (HFC-
152a) (Table 1). However, for @)) + CHR,CF; (HFC-125),

our value of the total rate constant is about 10 times smaller
than their value. The reason for the difference is not clear. The

rate constant reported by Warren et al. for GAF; (HFC-
125) is even 2 times larger than that for ¥R (HFC-134a).
It is more likely that the rate constant for Ch; (HFC-125)
which has one H atom is smaller than that for£8F; (HFC-
134a) which has two H atoms, sinceFgis almost nonreactive
with O('D) (Table 1). Thep, value of 0.24+ 0.02 for HFC-
125 in this study is much smaller than the value of 0-85
0.15/-0.22 reported by Warren et #.(Table 2). The OH
formation quantum yield of 0.6 0.1 for O¢D) + HFC-125
measured in this study indicates that thevalue for HFC-125
should be less than 0.4. Our smajj value of 0.24 for HFC-
125 is consistent with the measurggy value. Thegq values
for HFC-134a and HFC-152a are a little smaller than those
reported by Warren et af.(Table 2). Thepon value of 0.244
0.02 measured in this study supports gyivalue of 0.65 and
indicates that the value of 0.94 by Warren et%k too large.
Green and Wayré measured the loss rate of the HFC
reactants relative to loss rate of® by O(D) atoms from NQ
with irradiation of a continuous cadmium lamp (229 nm),

Since GFg is quite inert to the quenching of &) (Table
1), the interaction of GD) on the H site of HFCs seems to
affect the physical quenching as well as the OH formation. The
quenching rate constants, however, seem to depend neither on
the number of included H atoms nor on the molecular structure.
Probably, the position and shape at the seam of the singlet and
triplet potential energy surfaces of the intermediate complex in
the HFCs+ O(*D) reaction may affect thé, values. These
factors may not be simply related to the structure of the HFC
reactants.

If the intermediate complex formed in the reaction process
of HFC + O('D) is decomposed statistically, the product
branching ratios to the OH formation, the-C bond fission,
and HF formation can be predicted by statistical theories such
as RRKM calculations. However, we did not perform the
estimation of the reaction branching using the RRKM theory,
because the many parameters, e.g., bond energies and normal-
mode frequencies of the complexes, which were required in the
RRKM calculations were not available for the reaction systems
of HFCs+ O('D). In the reaction of gHg + O(*D), LuntZ®
measured the vibrational and rotational distributions of OH
products and found that the distributions were different from
the predictions by the statistical theory. This suggests that the
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statistical calculations may not be effective in the HRC®('D) (16) Matsumi, Y.; Shamsuddin, S. M.; Sato, Y.; Kawasaki MChem.

reaction systems. Phys.1994 101, 9610.
(17) Stief, L. J.; Payne, W. A.; Klemm, R. B. Chem. Physl975 62,

. . 4000.
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