J. Phys. Chem. R002,106,8417-8421 8417

Hydrogen Atom Reactions with Molecular Halogens: The Rate Constants for H+ F, and
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The rate constants for H atom reactions with &hd F, have been measured by monitoring the loss rate of
hydrogen atoms in the presence of excesg feld [F,] via time-resolved, laser-induced Lymarfluorescence.
The rate constants for H- F, and H+ Cl, were found to be 2.4- 0.4 () x 10 *?and 2.524+ 0.18 (&)

x 107 cm?® s7%, respectively. The result for H F, is consistent with the recommendation of Baulch et al.
[J. Phys. Chem. Ref. Daf981, 10 (Suppl. 1)], and ouk(H + Cl,) value is consistent with the majority of
previous measurements.

. Introduction measureds(298 K)= 0.96+ 0.04 x 10~ cm?® s™L. This result
is a factor of 2 smaller than the generally accepted Value
Our intention in the present study was to reduce the
uncertainty of the room-temperature-HX, rate constants by
applying a novel experimental approach. With the exception of
F+H,— HF(v=0-3)+H (1) the work reported in ref 17, previous investigations of these
reactions have used molecular hydrogen as the H atom source.
In some cases, a discharge was applied zdikectly, whereas
in others, a discharge based F atom source ahdH; prereactor
H+F,—HF(y=0-9)+F ) were used to generate a known flow of H atoms. Aséhcts
rapidly with atomic fluorine or chlorine to regenerate H atoms,
The rate constahf and nascent HF(v) distributiéffor reaction the presence of undissociated i these systems complicated

1 are well establishedq(T) = 1.1+ 0.1 x 10-10 exp(—(450 the analysis and tied the accuracy of the measurements to
+ 50)M) cm? st and 0.0:0 15.'0 55.0' 30 forgfPy:P,:Ps. The assumptions about the rate constants for the secondary reactions.

detailed dynamics of reaction 1 have been exhaustively studied, H€reé we report direct measurements of the rate constants for

both theoreticall§® and experimentalfy12 by numerous in- the reaction of H atoms with molecular fluorine and chlorlnq.

vestigators. Low concentrations (_)f_H atoms were produced _by photolysis
Surprisingly, the same cannot be said for reaction 2. The 1981°f H2S, thereby avoiding complications stemming from the

kinetics review by Baulch et aF lists only eight previous ~ Presence of bl The H atoms were generated in the presence of

measurements of the rate constant (compared to 22 for reactiorf 1arge excess ofFor Cl, and monitored via laser induced

1) and recommendsy(T) = 1.46 x 10710 exp(~12101) crm? fluorescence of the Lyma_a-transmon. Typlc._ally, the initial

s andks(298 K) = 2.5 x 10712 cm? s, A 1983 review by pool of H atoms was m_onltored for 16@00 mlcroseconqls or

Cohen & Westbery evaluated the same ensemble of measure- less, so that compllcatlons related to secondary reactions and

ments and selectdd(T) = 4.8 x 10715TL4 exp(—667/T) cm? wall losses could be avoided.

st and k(298 K) = 1.5 x 10712 cm?® s™L. The five room- _

temperature rate constants reported for reaction 2 range from!!- Experimental Methods

1.0x 10%2t04.2x 102cm¥ s,
The reaction of H with Gl

In the HF chemical laser, vibrationally excited HF is
generated primarily by the F atom reaction with molecular
hydrogen

or via the secondary reaction

To observe the reaction of H atoms with & Cl,, the HS
was present as a minor constituent ofHe or Cb/Ar mix-
tures. Partial pressures of the halogen/rare gas mixtures were
0.5-6.0 Torr of 5% C} in Ar (Matheson) or 0.51.75 Torr of
) ) . ) 10% F, in He (Matheson). The flow of b was adjusted to
is an important source of HGI( in the HCI chemical laser  rqyide a partial pressure of approximately 5 mTorr. The main
system and has been used as a reference for competitive H atongrier gas was Ar, and the total reactor pressure was typically
reaction studie$>®Dobis and Bensdrirecently applied their 100 Torr. The flow rates of b and Ar were controlled by
very low-pressure reactor (VLPR) technique to this reaction and eegle valves, whereas a mass flow controller was used for

T Part of the special issue “Donald Setser Festschrift” F2/He or Ch/Ar addition.
*To whom correspondence should be addressed. E-mail: heaven@ HYydrogen sulfide was photolyzed at 193 nm by a Lumonics

euch4e.chem.emory.edu. TE-860-4 excimer laser operating at 10 Hz. The laser emission
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H + Cl, — HCl(v = 0—4) + Cl 3)
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(~60 mJ/pulse) was focused by a 50 cm focal length lens,
providing a power density (150 MW crf) that was sufficient
to dissociate all of the }$ in the focal region. Photodissociation 54
at 193 nm produces translationally hot H and SH fragm&rits.
The high pressure of Ar buffer gas was used to thermalize the
H atoms and limit their diffusion out of the detection region.
Both F, and C} have very weak absorption cross-sections at
193 nm and were not photodissociated to any significant degree.
LIF detection of H atoms was accomplished by two-photon
excitation of the 2s 1s transition of atomic hydrogen. Collisions
rapidly quench the 2s state to 2p, which then emits Lyman-
radiation as it relaxes back to the ground stdt&.tunable dye
laser (Lambda-Physik EMG-203/FL3002 system) was used to

[F,] = 0.0 molecules cm?®

Intensity (arb. units)

[F,] = 2.51 x 10" molecules cm™®

generate 486 nm light. This was frequency doubled usinga BBO ~ ©1 . . . . — . r . .
crystal. A short (20 cm) focal length lens was used to focus the
UV in the center of the photolysis cell. The photolysis and LIF time (ps)
lasers were arranged in an overlapping, counter-propagating

configuration. The delays between the photolysis and probe laser ® [F;]=251x10" molecules om®
—— b=8927s"

-10 0 10 20 30 40 50 60 70 80 90 100

(=]

pulses were controlled with a precision pulse delay generator | ®
(SRS model DG535). A solar blind photomultiplier tube
(Hammamatsu R6835), and narrow band interference filter (121
nm, 10 nm fwhm) combination was used to detect the vacuum
ultraviolet fluorescence while discriminating against scattered
UV light from the photolysis and probe lasers. The probe laser
was scanned across the Lymariine to characterize the line
shape. The Gaussian profile exhibited a line width of 1.2%m
which demonstrated that the translational energy distribution
had been relaxed to the ambient temperature by collisions with ]
the buffer gas.

Some difficulty was encountered in finding appropriate 0 8%eg : . . .
conditions for the H+ F, reaction. It was found that 4$ and 0 20 4 60 g0 100
F> could not be mixed too far upstream of the photolysis region time (us)
because of a slow prereactiok £ 6.4 x 10716 cm? s71).21 Figure 1. Representative H- F, data are shown. The slow decay in
This problem was manifested by a total loss of the H atom LIF the absence of Fin the upper panel is attributed to diffusion and H
signal at high [E]. To limit the consumption of [KS], the atom loss via reactions with photoproducts. The lower panel demon-
reaction time was minimized by mixing the reagents just prior strates the quality of the fit to alsingle-exponential decay. The best
to their injection into the photolysis reactor. A second and more '€ast-squares fit givels = 8927 .

4 4

Intensity (arb. units)

troublesome complication for the collection of reliabletH= TABLE 1: Conditions and Results for H + F,
data was then discovered. For moderate to highd&Rd long Measurements
delays between the photolysis and probe laser pulses, the LIF = H atom decay rafe = H atom decay rate
signal deviated significantly from single exponential decay. 105¢cnrs 1P 51 10% cm-3 1Pt
Vibrationally excited HF is produced by H F,. The bond 1063 0.044 3928 0114
strength of HF is 136.3 kcal mol, and a single 243 nm photon 1578 0.070 3.928 0117
can photolyze HR(= 2). The deviation from single exponential 1.578 0.038 3.928 0.119
decay was associated with the regeneration of H atoms from 2.318 0.067 4.540 0.141
probe laser photolysis of vibrationally excited HF. This problem ~ 2.415 0.088 4.991 0.164
was minimized by considering only the first 5Q00us of the ggg 8'853 gigg 8-%28
decay curve and keepingfFrelatively low. 3252 0.092 5571 0.145
Measurements for the HCl, system were straightforward. 3.928 0.084

We did not see any evidence of a prereaction betweshaid a2 These are the raw observed decay rates, uncorrected for the decay
Clz, and the H .a.tom (Ijecay.curves were single exponentials for rate () in the absence of £The initial concentration of b6 for these
all of the conditions investigated. measurements was 1.6 104 cm3. Photolysis caused complete
) ) dissociation, giving [H] = [SH]o = 1.6 x 10" cmS.
Ill. Results and Discussion

A. H + F,. A pair of representative H atom decay curves where

are shown in the upper panel of Figure 1. For our conditions, b=klF,] +T 5)
the slow decay in the absence of addedI2700 s1) was 2
dominated by diffusion out of the small volume sampled by
the probe laser. The addition offF= 2.5 x 10 cm~3 clearly
increased the H atom loss rate. Within thel®Ous range, the
decay curves were single exponential and the rate constant wa
extracted by fitting the data to the expression

andT is the loss rate when pFis not present. The baseline
intensity, yo, was determined from the pre-photolysis signal
level. For the faster decay shown in Figure 1, an exponential
%it gave b = 8927 sl The decay rate vs P data are
summarized in Table 1 and plotted in Figure 2. The slope of
bt Figure 2 gives the rate constakt,= 2.4+ 0.4 () x 10712
y=YotAe 4) cmé sL,
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0.20 TABLE 3: Conditions and Results for H + Cl,
® Measurement$
A [Cl3] H atom decay rafe [Cl3] H atom decay rafe
5 015 1 10%cm 3 10Ps? 10%cm3 1Ps?
e 0.74 0.32 481 1.27
> 1.66 0.40 5.02 1.11
8 0.10 - 1.66 0.50 5.23 1.56
b 1.98 0.56 5.47 1.53
§ 2.11 0.60 5.55 1.67
23 2.11 0.64 5.59 1.50
5 % 2.13 0.59 6.44 1.83
2 2.29 0.79 6.50 1.77
2.83 0.71 7.12 2.06
000 ¥ . _ _ ' ‘ 2.83 0.88 7.28 1.74
0 1 2 3 4 5 6 3.22 0.90 7.53 1.56
[F,] (10'® molecules cm™®) g%; 822 ;gg %Z?
Figure 2. H atom decay rate vs JF The rate constant for reaction 2 4.06 1.28 8.63 2.22
is given by the slopek, = 2.4+ 0.4 () x 102 cnP s™L, 4.31 1.32 9.05 2.34
4.35 1.15 10.55 2.79
TABLE 2: Comparison of Measured Rate Constants for H 4.73 0.87
T F2at298K a2 These are the raw observed decay rates, uncorrected for the decay
kx(298 K) rate () in the absence of @I The initial concentration of & for these
ref (x 1072cmis™y measurements was 1.8 10" cm 3. Photolysis caused complete
- dissociation, giving [H] = [SH]o = 1.6 x 10" cm™.
experiments
Homann, et af? 1.6+0.4 . ;
Albright, et al 2225 30L04 1Ag|t§t429%ol2nparlson of Measured Rate Constants for H
Sung, et al® 1.7
Levy & Copeland® 1.0+ 0.1% ks(298 K)
Rabideau, et aP® 42+0.3 ref (101 cems™)
this work 2.4+ 04 Klein & Wolfsberg?’ 0.46+ 0.19°
Reviews Davidow, Lee, & Armstrongp 0.494 0.09¢
Cohen & Westbertf 1.5 Jardine, Ballash, & Armstrori§ 0.43+ 0.044
Baulch, et al? 2.5 Ambidge, Bradley, & Whytock¥ 0.70+0.14
Dobis & Benso#’ 0.96+ 0.04
a Authors reportedk/ks = 0.053, absolute value calculated uskag Dodonov, et a2 2.97+ 0.89
= 1.9 x 107 from ref 13.° Authors reported/k(H + O, + M)[M] Stedman, Steffenson, and N&ki 35+1.2
= 4.6+ 0.7, absolute value calculated usk( + O, + M)[M] from Wagner, Welzbacher and Zelld&r 1.914+ 0.25
ref 13.¢ Recommendation based on literature review. Bemand & Clyné? 2.194+0.32
Michael & Le€g® 1.6+£0.1
Photolysis of HS also yields SH radicals, but it is unlikely Jaffe and Clyn& 2.13+0.78
S . Kita and Stedmatd 1.7+ 0.26
that the present results are significantly influenced by the Seeley, Jayne, and Molitfa 18105
reactions of this fragment. As;ks the most abundant reactant this work ' 2524 0.18

available, it is most pertinent to consider the reaction of SH . . ortedi/ks = 0,143+ 0.033 expf-(1540+ 130)RT)
with F,. This reaction does not appear to have been studied.,K%(298 K) calpculated froM(ZQS K)'13 = 4125 % 10-4 cm? 5,1:

previously, but the possible products are HEF and S+ HF ¢ Authors reportedts/ks = 0.0088=+ 0.0005 at 298 K¢ Authors reported

+ F. As far as the present measurements are concerned, th&g/k; = 0.01+ 0.001 at 298 K¢ Authors do not give a numerical resullt,
only deleterious effect these reactions can have is to reduce thebut the value in the table is estimated from Figure 16 of ref 43.
concentration of i An upper bound for the error that this would

introduce can be estimated by examining the measurement withet al2226 (ky(298 K) = 3.0 4 0.4 x 102 cm? s71). Although
the lowest k concentration ([f] = 1.6 x 10 cm~3). Assuming Dodonov et al.’'s method has been criticized for its poor
arate constant of 2.4 10712 cn?® s~ for reaction 2, this process  definition of the reaction time and the unknown role of mixfdg,

would reduce the Fconcentration by 5< 10 cm~2 within the results appear to be accurate not only for the R, reaction
the first 100us. If the reaction of SH with Fgoes to completion but also for H+ Cl,, (see Table 4 and the discussion below).
within this time, a further reduction of,Foy 1.6 x 10* cm3 B. H + Cl,. We tested the reliability of our method by

will occur. Modeling of this limiting situation shows that the  applying it to the well-studied H- Cl, reaction. As the rate
rate constant derived from the H atom decay under the constant for H atom removal by £k large, this system should
assumption of first-order removal would be underestimated by be less sensitive to variations In, the baseline decay rate.
12%. This error decreases to 5% for measurements made withRepresentative temporal profiles of the [H] dependent VUV
the highest pressure ob.F fluorescence signal with and without adde@ @te shown in
Table 2 summarizes the results from the five previous reports the upper panel of Figure 3. The addition of Q50 mTorr)
of ko measured at room temperature. Our result compares welldramatically increased the H atom decay rate, and the entire
with the recommended value of Baulch etl&land the time history was consistent with a single-exponential decay.
experimental results of Dodonov et?IThe agreement with  Clearly, no detectable amounts of reaction products underwent
Homann et af®is marginal (just inside the combined error bars), photolysis to yield H atoms.
and we are in poor agreement with Sung et'alevy and The lower panel of Figure 3 shows an example of a single-
Copeland®* and Rabideau et &P.Interestingly, Baulch et df exponential fit to the H atom decay data. Figure 4 and Table 3
chose &; value that lies halfway between the results of Homann summarize the conditions and results for reaction 3. The slope
et al?® (kx(298 K)= 1.6 4+ 0.4 x 10712cm® s71) and Dodonov of the plot in Figure 4 giveks = 2.52+ 0.18 () x 10712
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5 between Dobis and Bensoi’s/alue and ours is outside of the
combined uncertainty.

Table 4 shows that the results from previous measurements
of ks can be roughly separated into two groups. A majority of
the previous studies repdg =2+ 1 x 101 cm? s~1, whereas
a smaller number givis < 1 x 10711 cm? s~1. A more detailed
examination of this second group of experiments shows that
nearly all were performed under conditions where secondary
reactions were important, and the primary data must be care-
fully processed to extradi;. For example, the experiments of
Klein and Wolfsber§’ and Armstrong and co-workéfs®
provided estimates for the ratio of the rate constants for reactions
3and 6

[Cl,]= 0.0 molecules cm™

Intensity (arb. units)

[Cl,)= 1.65 x 10" molecules cm™®

-20 0 20 40 60 80 100 120 H+ HCI . CI + H2 (6)

time (us)

5 " S by measuring the yield of Hfollowing long-term irradiation

© [Cl]=1.65x10" molecties om (i.e., many minutes of reaction time) of a variety of gaseous
— b=5000s mixtures containing HCI. Their resulfs?® range fromky/ks =
1.074 0.15x 1072to 8.84 0.5 x 1073, If the Baulch et af?
recommendation foks is adopted K5(298 K) = 4.25 x 10714
cm?® s, thenks ranges from 4.1 0.6 x 10712t0 4.8+ 0.3
x 10712 cm? s71. Because of the long reaction times and the
chemical complexity of the system, a complicated mechanism
must be deconvoluted to extract the ratigks. In addition, the
role of wall reactions could not be determined, and considerable
error can occur if the model is not complete.

The present result is also in disagreement withkhealue
reported by Whytock and co-worké?s? (ks(298)= 0.7 & 0.22
x 1071* cm?® s7Y). The accuracy of this result has been
guestioned on several occasidh$?32 The measurements of
Whytock and co-worke&31did not correspond to pseudo-first-
Figure 3. Representative H- Cl, data are shown. The slow decay in  order conditions, and they were working in an extremely difficult
the absence of €in the upper panel is attributed mainly to diffusion  H gtom regime for detection by electron spin resonance.

out of the observation zone with a minor amount of H atom loss via - . h :
reactions with photoproducts. The lower panel demonstrates the quality t'):)ObIS and Bensdi hlsed a phOSPhO”? acid coategl dISE::L‘large
of the fit to a single-exponential decay. The corresponding decay rate tUP€ t0 create a small concentration of H atomd @? cm™)

Intensity (arb. units)

time (us)

is 5000 s™. to which Chp was added. Mass spectrometry was used to monitor
[CI], [CI], and [HCI] as a function of [Gl]o under steady-state
4 flow conditions. Dobis and Bensdhattribute the difference

between their result and the lardgrvalues listed in Table 4 to
unaccounted-for wall reactions that remove H atoms. The
difference between our result, which is unaffected by wall
effects, and Dobis and Benso#’ds not clear. We note that
Dobis and Benson®$:35 application of their VLPR apparatus
to the Cl+ HBr reaction also resulted in a rate constant that
was a factor of 2 smaller than the majority of previous
results36-38

w
1

N
L

IV. Summary

The H+ F; and H+ Cl, reactions were examined under
pseudo-first-order conditions. Pulsed photolysis of low concen-
trations of BS was used to generate H atoms. The subsequent
removal of H atoms was monitored by two-photon laser induced
0 2 4 6 8 10 12 fluorescence. For Ht+ Cl,, simple exponential decay curves
(1] (10" molecules &) were observed, and a rate constant of 2552.18 (&) x 101 .

2 cm® s~ was obtained. This value was in good agreement with
Figure 4. H atom decay rate vs [g]l The rate constant for reaction  several earlier determinations.
3 is given by the slopeks = 2.52+ 0.18 (&) x 10 cmP ™. Study of the reaction H+ F, was complicated by the
production of vibrationally excited HF, which could be photo-
cm®s™1, and the intercept is consistent with the measured decay dissociated by the probe laser. Measurements were made under
rate in the absence of £1 conditions that minimized the influence of this secondary

Our result is in good agreement (i.e., within the combined process. The initial H atom decay rate as a function of [F
error bars) with the recommended value of Baulch é¢ ahd defined a rate constant of 2440.4 (20) x 10712cm? s, This
other previous measurements, see Table 4. The differenceresult is in good agreement with the value obtained by Baulch

fluorescence decay rate (10°s™)
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et al13 from a critical review of previous determinations. We
recommend continued use of the Baulch et3alrrhenius
parameters in computational models of HF chemical lasers.
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