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The kinetics of the reaction H Cl, - HCI + ClI has been studied in the very low-pressure reactor (VLPR)
system at 298 K using two different H atom generation sources. The first one is the microwave decomposition
of HCI giving k; = (8.664 0.18) x 10 2 cm?/(molecule-s). No traces of HGIY excited product side reaction

could be found in the system due to the much longer residence time in the reactor than the spontaneous decay
of excited HCI. The second H atom source is the microwave decompositiop dhii$ technique produces

2
5% Ho(v) which initiates the reaction Ct+ Hy(v) — HCI + H, hydrogen atom recovery and the quenching

reaction, H+ Ha(v) = H, + H. They are identified by differences in the HCI and Cl yields, as well as from

the extra H consumption. Rate constarits = (2.88 & 0.13) x 10 andk, = (2.95+ 0.17) x 12712
cm?/(molecule-s) are measured along with excellent mass balances between reactant consumption and product
formation. Consideration of the high value found kgileads to the conclusion that its mechanism is by atom
transfer rather than collisional deactivation. Both rate constants agree well with the correspbifiaingrs

reported for thermal reactions indicating that the vibrational excitation energy(of provides the activation
energies of the thermal reactions.

Introduction These complexities involving vibrationally excited species
. ) make it impossible to set a reliable stoichiometry for the H atom
The fast, exothermic reaction consumption kinetics. But they can be suppressed or isolated
in specially designed experimental runs in the very low-pressure
H+ Clzi HCI(») + CI —45.2 kcal/mol reactor (VLPR) system.

It was shown earliéithat the HCI residence time in the reactor
represents a very complex kinetic system to establish a reliablece" cf[f the VLPF;. styste(rjn IS a'f[_leasthO tlmles |1|ontger thandthe
thermal rate constant for this apparently simple chemical step.Spon aneous radiation decay ime o HGi 1). H atoms an

especially Cl atoms may also contribute to HZIuenching.

Due to its broad theoretical and practical interest, a large number_l_h ; Id b 0 f tiort
of experimental studies have been devoted to this kinetic . erefore, we could never observe any traces of bj@actio

problem without reaching consensus. In a previous répos, in our system. Now using the microwave partial decomposition
have compiled the related experimental results (Table 1 in ref of H(i_l f(;_r H aft?hm gene;amon almd retfactlng it with Cthe

1) which shows that the reported rate constants vary by a factor'"Vestigation ot the pure thermal reaction
9 by ranging from 0.39x 107! up to 3.5x 107 cm?¥

1
(molecule-s). Our analysis of those data pointed out two sources H+ Cl,—HCIl + CI
of experimental difficulties in the kinetic investigation of this
reaction: is established for the measuremenkofKnowing the thermal

1. The formation of the highly reactive H@) product. The rate constank;, we can substitute the HCI/H atom source by
first vibrational excitation states(= 1) has 8.2 kcal/mol extra  the microwave partial decomposition of,tnd explore the
energy which well exceeds the 3.4 kcal/mol activation erfergy  kinetic perturbations arising from the presence efhfin the
requirement for the H- HCI reaction, thereby initiating a rapid ~ same system. These are the objectives of our present experi-
H atom consumption in competition with H@)(quenching on mental studies.
the short contact time scale {15 ms) used in fast flow

experimental systems. Experimental Section

2. All flow systems used for absolute rate constant measure- The VLPR system used for the present measurements is the
ments use the partial microwave decomposition effét H same three-stage, all-turbo-pumped equipment we have used
atom generation. This technique also produces excitéd ih for previous studies.It has been described in detail earfer.
an unknown rati®of the initial H, flow. It will then react with For a short survey of its present application, a brief summary
the Cl atom product of reaction (a) invoking the chain recovery of the system parameters, experimental sequence, and data
of H atom in a presumably fast process. processing is given in the following.

A new, thin Teflon-coated, cylindrical, thermostated flow cell
* Corresponding author. reactor of volume/, = 216.5 cni is sealed at its bottom to the
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TABLE 1: HCI Decomposition and Recombination of Cl constants appearing in kinetic equations later on were calculated

Atoms Using &, Orifice and an Initial Flow of [HCI] ikenc = according to the above formula. The stepwise switch-over of

5.43 x 102 molecules/(cni-s) orifices changes the values of the first-order escape rate constants

microwave 2[Clz]kecy/ of gases which allows the variation of the reactor residence time
power,  lag/(l3s5+ l3g) x 10?, [HClikercr x 107, by a factor of 4.7.

10
w % [Clalkeci x 107 % The well-controlled gas inlet and outlet dynamics establishes
20 56.16+ 0.34 1.86 0.68 the strictly defined steady-state flow condition in the reactor

30 56.46 0.58 143 0.53 that operates in the Knudsen flow regime. The uncertainty in

40 °8.69:+0.29 1.0 0.38 flow is less than 1% and is incorporated in the overall scatter

50 60.12+ 0.42 0.94 0.35 0 P

55 59.52+ 0.38 1.14 0.42 of measured data.

60 60.15+ 0.45 1.00 0.37 The gas mixture of products and unreacted reagents leaves

65 59.12+0.10 0.99 0.36 the reactor cell in the form of an effusive molecular beam

70 59.85+0.21 1.04 0.38 through one of the selected exit orifices. This beam is chopped
TABLE 2: Initial and Final Steady-State Concentrations? of by a tuning fork and further collimated by two successive
Cl, Reactant and of Cl and HCI Products in Reaction ? pinholes in the differentially pumped vacuum system to reduce
no.Ab, [Clalo [Cl] [CN] [HCI] initial conditions the background mass signal. The beam is sampled with the off-

axis mass analyzer of the quadrupole mass spectrometer and
the mass signals are fed to a phase sensitive lock-in amplifier
tuned to the chopping frequency. This chopping modulated

1/d, 218 027 521 4.07 nos—T/dy
210, 301 043 566 453  [HGIE6.61
3/d, 376 058 6.06 505  P0s5/(lss+ lsg) = 59.124 0.10%

4/d, 458 093 6.43 5.32 [CI= 3.86 phase sensitive detection ensures that we are sampling species
5/®, 564 1.32 6.92 5.73 [HG= 2.70 which have not made collisions after leaving the reactor. The
6/, 9.82 4.42 7.64 6.46 [R] =0.65 measured mass ranges are repeatedly scanned, usuaBp 20
7f®, 12.88 7.27 7.81 6.77 times, to give a good statistical average and the mass intensities
8/d; 0.70 0.18 2.51 1.63 nos-85/dz are recorded for data acquisition. Each mass signal is corrected
9/d; 1.13 0.32 2.72 1.88 [HGlF 3.44 for any small background value recorded prior to start-up of

11/®3 2.06 0.71 3.08 2.22 [Al=2.14

12/b, 2,93 106 342 259 [HG= 1.26 Mass spectral calibration for a given molecular gas component

13/, 572 2.98 4.03 320  [H]=0.36 of massM is carried out by measuring the mass signal intensity
14/b; 8.45 5.04 4.23 3.41 Im as a function of the specific flu(M) according to the
15/0; 11.58 8.45 4.40 3.55 relationshiply = auF(M), where oy is the mass spectral
16/0s 021 012 1.04 050 nos. +@2/Ds: efficiency for masM andF(M) = flux/V; in units of molecules/
17/bs 0.37 0.22 1.08 0.54 [HGIE 1.42 (cmB-s). This relationship is strictly linear in the mass flow range
18/ds 0.57 0.35 1.14 0.60 2B:5/(l3s+I36) = 69.56+ 0.23% of our experiments. The steady-state concentration of the gas
19/ps 0.85 0.53 1.24 0.66 [GJ]=0.97 componentM in the reactor cell can then be calculated from
20/@s 1.21 0.77 1.30 0.76 [H(Y}=0.43 the relation M] = F(M)/keu.

21/bs 2.35 1.62 1.54 0.98 [H]=0.16

22/pe 410 3.05 174 1.19 Mass spectral calibration for HCI was carried out in the flow

_ . _ range of (0.49-9.58) x 10'? molecules/(cri+s) giving o =
2 All concentrations are in units of 1particles/cri ° H atom source (3.783 + 0.075) x 107 with a negligibly small CI/HCI
is the microwave decomposition of HCI[H] ¢ is the initial concentra- f X t t'. tio of 0.30 0.11% ina 20 eV elect
tion of H atoms generated by HCI decomposition calculated ag [H] ragmen Ia |.0n Ta 10 Of ONE M o using " € 'ehei(r)onv
= [CI] okec/Ket energy. It is almost four times more sensitive wit e

) . . spectrometry givingu = (1.424+ 0.026) x 10719, but the
top of the main vacuum chamber. Gas inlets are affixed on the g mentation ratio is 7.5& 0.36% for which the measured

top of the reactor preceded by resistive capillary flow subsystems  ‘signa intensities are corrected before converting them into
calibrated for regulating the inlet fluxes of initial gas components [CI] concentrations. The Cl atom flow measurement is based
with the use of Validyne transducers. Two gas inlets are used g, the total balance of Cl and HCI signal intensities studied in

in the present series of measurements. One of the inlets iSyeail earlier using absolute mass signal intensity measurements
connected through a detachable phosphoric acid coated quartz,picn setsoc = apg Within a £2% scatter.

discharge tube centered in the Opthos microwave generator The Cb mass spectrometry in our system is reported eatlier.

cav[ty of.a McCarrol antenna befgre joining at the tapered Its Cl atom fragmentation ratio of 0.67% with 20 eV and 3.56%
capillary inlet of the reactor cell. This feed-through is used for with 40 eV electron energy involves a second correction to the
a 3.8% HCI/He gas mixture inlet flow in the first series of Cl mass signal produced in reaction 1

. 0 -
exEtern?%n;ls V\?inndtr:hen fo{: da Arfij /(’Zél_r'en ge}I‘_s,h cort'rt11pcr>3|t|onr i Mass spectral sensitivity for low masses, like those of H and
controiled flo € second series of runs. The other separa eH2 is very poor. Even with 40 eV spectrometry the H atom

; 0 : .
Sl;gpg/el'sntehzer;szg?g Ztliga/gtﬁtec%?\ig;;rg;r}f: I:S;\c,:tt'git 1 signal at mass 1 appears as inconclusive small traces, almost
provi varl : : indistinguishable from the background signal. Therefore, the

In the reactor cell initial [H] o concentration is derived from the HCI decomposition

a dTuhsetat;?:Csﬁ?g% Eg\s;ﬁ] Iihfsstﬁ(:eﬁ:?]ai Zggfengscieg,o:ﬁgglsy as will be shown. His measurable at mass 2 with low efficiency
J 9 9 P and with relatively high scatter. Its flow calibration givas,

with diameters of 0.193, 0.277, and 0.485 cm. Their use in _ 13 i P

different runs is indicated a®,, ®3, and ®s, respectively, in = (6.60+ 0.29) x 107 with 40 eV ionization energy.
Table 2 and marked with different symbols in Figures. With
the above reactor volumé, the first-order escape rate constant
for any gas component of masé is given bykew = a, (T/ The microwave decomposition of HCI is a new method of
M)2 571 whereT is the absolute temperature ang=a0.285 free atom generation in our VLPR system. Therefore, this
for @,, 0.549 ford3, and 1.334 forbs orifices. All escape rate decomposition was studied first usinb, exit orifice and a

Results
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stepwise increase of the microwave power. The reason for using
®, orifice is that wall recombination products, if any, would
likely appear at the longest residence time.

HCl initial flow of 5.431 x 10'2 molecules/(crs) was started
up and mass range of 338 repeatedly scanned recording the
signal intensities of Cl and HCI as well as their isotopes with
20 and 40 eV spectrometry. It is a regular procedure with the
start of every run to check the constancy of mass spectral
sensitivity using the known HCI flow as standard. Then the
microwave generator is turned on and its power regulated in
steps between 20 and 70 W. Mass ranges of3band 76-

74, the only new small signals of £In the spectrum, are
scanned with each power setting. The results, summarized in
Table 1, show that an almost uniform HCI decomposition of
59.6 + 0.3% can be achieved in the microwave power range
40—-70 W. In this range, only a very small part of the initial
HCI, 0.38 + 0.02%, is converted into €lproduct. Since the

Cl, product ratio is somewhat higher at low microwave power,
it indicates that the Cl atom recombination occurs in the
discharge tube rather than in the reactor cell. Also, the Cl atom
recombination increases slightly with the aging of the discharge
tube. It reaches about 1% after running the microwave discharge
for 50 h. Therefore, the discharge tube is regularly recoated
with HsPOy after 40 h service.

It is assumed that the HCI decomposition provides an equal
amount of H atom per Cl atom formed or HCl decomposed.
This can be tested experimentally by measuring the flow balance
of Cl, consumption against HCI and Cl product formations in
reaction 1.

After recording the initial conditions set by the initial flow
and the microwave decomposition of HCI (see the last column
of Table 2), gradually increased flow of the 10%,/Ele gas
composition is introduced through the second inlet which
corresponds to the [gb initial concentrations given in the
second column of Table 2. Then the actual concentrations of
Cly, Cl, and HCI were measured in each step using both 20 and
40 eV mass spectrometry. Their values averaged for both
electron energy measurements are given in Table 2.

Reaction 1 provides four steady-state flow equations, two for
the reactants consumed and two for the products formed:

(Hlo — [HD ke = —A[Clkoe; = —A[HCl] Koy =
A[Clylkee, = Ky[HIICI 5] (1)
Note that both Cl and HCI products increase with the progress

of reaction 1, so their changes are negative according to the
conventionA[Cl] = [Cl]o — [CI] and A[HCI] = [HClI], — [HCI].

J. Phys. Chem. A, Vol. 106, No. 17, 2002405

AHCIlk.cx10™2 molecules/(cm®/s)

4

A[HCIky 102, molecules/(cm®/s)

Figure 1. Mass flow balance between ClI atom and HCI product
formations plotted according to eq 1. Symbols of orifices for data pairs
are: 0,0y A, &3 O, Ps.

AO2Jkecox10™, moleculesi(cn-s)

4-

Slope: 1.005£0.010

T T
2 3
AlCTk, + ATHCTK ¢ | -, molecules/(ent™s)
2

4

The mass balance between Cl and HCI products is presented irfigure 2. Mass flow balance betweenonsumption and C- HCI

Figure 1. The good equality found suggests that the average o
product formation asA[Cl]keci + A[HCI]kenc)/2 can be used
further on. It takes account for the overall scatter of product
formation. The balance between,@tactant consumption and
product formation is shown in Figure 2. These Figures represent
an excellent mass balance based exclusively on reaction 1.

Expressing the H atom concentration from the last equality
in eq 1 as [H]= A[Cl;]kec/ki[Cl2] and substituting it into the
first equality of H atom consumption, a steady-state kinetic
equation for the relative glconsumption in the function of
product formation is obtained as

A[ClTkeci + A[HCI kepic
2

A[Cl,]
[CI}]

where the slope is proportional tq and the intercept to the

ky

|

kecy, = ke[H]o + P

) @

fproduct formations in reaction 1 plotted according to eq 1. Symbols of

orifices are the same as in Figure 1.

initial H atom concentration. Note that both the Cl atom and
HCI concentrations are increasing with the progress of reaction
1. Therefore, their changes are negative by the conventian [X]
— [X] = A[X], where X is either Cl or HCI. The plot of
measured data according to eq 2 is presented in Figure 3.While
the evaluation ok; shows good agreement within the scatters
for all three orifices, the obtained [kl]concentrations are
somewhat higher than calculated from the initial [@&lpncen-
trations given in the last column of Table 2. The ¢H} [H]c
differences are: 7.2% 10 for ®,, 7.37 x 10 for d3, and

7.03 x 10 atoms/crd for @5 orifices. It indicates that our
experimental system has a small, permanent, background H atom
concentration calculated as [H¥ [H]o — [H]c1 = (7.2+£ 0.2)

x 10 atoms/cm which is independent of the exit orifice size
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Alct, } ale]
ol e,

Kq = (8.66 1 0.18)x10"2, em*/(molecule-s)

T 1 14
0 1 2 3 4 5
A[CITk, + A[HCI]k

#0_1 )= molecules/(cm’-s)
2

Figure 3. Relative C} consumption vs the average of Cl and HCI 0 1 2 3 4 5 6
product formation plotted according to eq 2. Symbols of orifices are (g, + 2LCHE, * AHCHK,,
the same as in Figure 1. The slopes and intercepts are proportional to 2k

k. cm?/(molecule-s) and [H]atoms/cr, respectively. Evaluation give . . . .
ky = (8.64+ 0.38) x 102 and [Hp = (7.24+ 0.33) x 10 for ®,, Figure 4. Relative C} consumption vs the H atom concentration

ki = (8.71+ 0.89) x 102 and [Hp = (4.36+ 0.19) x 10" for ®s pI(_)@ted according to eq 2_a. The slope givesdirectly. Symbols of
andk, = (8.81+ 0.54) x 102 and [Hp = (2.34+ 0.15) x 10t for ~ Ofifices are the same as in Figure 1.

@5 measurements. TABLE 3: Initial and Final Steady-State Concentrations? of
Reactants and Products in Reactions 43; H Atom Source Is
the Microwave Decomposition of HP

H0" | molecules/em’

and is present only when the microwave discharge is on. This i 5 i
background H atom concentration originates from the decom- (I, — 1)/ (I, ~ 1w/

I I

position of the HPO, coat of the discharge tubeDepending "o [Cllo [Cld HCN [CN [Hao 1w, [HAd Ny
on the orifice size used, it constitutes-180% of the initial H ; 2-% g-gé 8'8451 8-2g iig 8-333 i-ég 8-338
atom concentration. - 3 157 053 120 087 105 0505 102 0.517
With the_ knowledge of the above corrected initial H atom 4 206 075 149 113 105 0505 099 0529
concentrations, the rate const&ntan now be recovered from 5 261 1.03 200 1.69 0.98 0534 093 0561
the relationship of the relative £tonsumption with the actual 6 293 114 205 169 110 0477 1.07 0.495
H atom concentration: 7 572 281 392 354 105 0505 1.02 0.519
8 882 572 599 551 098 0534 095 0.549
9 1158 10.61 7.92 7.28 123 0420 1.16 0.449
A[C|z]ke — k) + A[Cl]kyc + A[HCI] Ky (2a) 10 1509 19.88 1023 950 110 0477 102 0515
[CL,] Ch 1 0 2Key 11 17.95 32.82 11.62 10.77 0.98 0534 0.92 0.566

a[Cly] final state concentration is in unit of ¥dmolecules/cri All
The plot of experimental data according to eq 2a is presentedOther concentrations are in units of'4@articles/crA. ® Initial H, flow
in Figure 4. Measurements made with all three exit orifices lead (Without running the microwave discharge) corresponds & fH2.11
to a good uniform straight line whose slope gives x 10% moleculesfcrf fts mass signal intensity &,

_1p 3 HCl is formed and/or a small part of Cl product is converted to
k, = (8.66+ 0.18) x 10 ~* cm’/(molecule-s) HCl.
Neglecting the above deviation and employing eq 2 for the
In the second series of experiments, the H atom generationkinetic presentation of data given in Table 3, a curved
is replaced for the microwave decomposition gfusing a 4.7% relationship shown with broken line in Figure 7 is obtained. It
Ho/He gas composition flowing through the discharge tube. clearly indicates that the kinetics cannot be described by a single-
These experimental runs are carried out with a permanent initial step reaction mechanism attributed to eq 2. At the same time,
flow of H, which corresponds to [y = 2.111 x 101 Figure 7 illustrates some sources of variancdg walues found
molecules/cri in the reactor cell using®; orifice. The in the literature. The slope determined by the first six points,
microwave decomposition of Hs less effective than that of  where conditions [H] > [Cl;]o prevails, givek; = (2.9+ 0.5)
HCI. It is 42.0-53.4% in the microwave power range of-50 x 1071 cm?/(molecule-s). This value is in agreemeéntith k;
70 W. The measured concentrations of reactants and products= (3.54 1.2) x 10 and (3.0& 1.6) x 10~ cm?/(molecule-
are summarized in Table 3, where,GCl, and HCI concentra-  s)” measured under the conditions of high H/@&tios. On the
tions are the averages of 20 and 40 eV mass spectrometry, whileother hand, the slope determined by the last three data points,
H, concentrations are measured with 40 eV only. where the initial conditions are [gb > [H]o, givesks = (1.0
Analysis of mass flow balances indicates that the Cl 4+ 0.1) x 101! cm?/(molecule-s) approaching the Idw value
consumption is in good accordance with Cl and HCI product derived from the former experimental technique.
formation presented in Figure 5. Nevertheless, the HCl and CI  The results shown in Figures 6 and 7 require a multistep
products shown in Figure 6, exhibit some deviation from reaction mechanism which takes account of the <CHCI
equalty. Due to hitherto unknown side reactions, some extra product formation and the extra,Honsumption with the
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20O lkepx10™, molecules/{omi™-s)

40,

35,

Slope: 0.944 £ 0,015

5 10 5 20 25 30 3B 40
((HClksa + [OTkex¥10™, molecuiesi(crmi™-s)

Figure 5. Mass flow balance betweenQlonsumption and G HCI
product formation using Hdecomposition for H atom source.

Figure 6. Mass flow balance between HCI and CI product formations

[HOK4oX102, nolecuies/(ai=s)

201

16

10+

Sope 1033008
Irtercept: (4.46=0.2010"

0 5 10 15 20
[Akx10™ nolecues/(ont-s)

using H decomposition for H atom source.

progress of reaction 1 shown in columns 8 and 9 of Table 3. In
principle, both deviations could be described by the Cl atom
reaction with undecomposedbut, with ground state thermal
H,, this reaction is slow and makes only a small part of
corrections to the kinetics. Vibrationally excited Hbrmed in

the microwave discharge has a long life spgaand enhanced
reactivity with Cl. The following reactions are thus added to

eq 1:

The rate of reaction 2 is unknown. Equilibrium 3 is a well-

H*,+ Cl = HCI + H
H, + Cl <= HCl + H

tr
H*, +H—H, + H

J. Phys. Chem. A, Vol. 106, No. 17, 2002407

0 5 10 15 20
ACIJk,, + AHCIK,
2

w10, molecules/(cr-s)

Figure 7. Relative C} consumption vs the average of Cl and HCI
formation plotted according to eq 2.

is ks = 1.6 x 1071 cm?/(molecule-s), while that for the
backward reactichis k-3 = 4.1 x 10~14cm?/(molecule-s). The
equilibrium constant:K_3 = 2.5 is very well-known. Excited
H*, products with high vibrational levels, > 1, are produced
in a very small rati¢? in the microwave discharge and rapidly
relaxed tov = 1. Hy(v=1) is a long-lived excited state. Its
guenching is slow with molecular colliders. Even with HCI, it
has a rate coefficiehtof 4 x 10714 cm?/(molecule-s) and about
3 orders of magnitude le¥swith H,. But H atom is found to
be an effective collision partn&rthrough H atom exchange
reaction with a rate constant of (52 0.2) x 10712 cm?¥/
(molecule-s).

The above extended mechanism provides the following
steady-state equations for reactant consumption and product
formations. For HCI formation:

[HCkepc1 = (ky[Cl,] — k_3[HCIDH] +
(k[H* 2] + k[HDICT (3)

For Cl consumption:

[Cllkec) =(k[Cl] + k_[HCID[H] —
(ko[H* 5] + kg[HDICT (4)

For Ch consumption:
A[Cly]kee, = Ky[HI[CI ] (5)
For H*, consumption:
A[H* JJkepy, = (K[CI] + K [HD[H* ;] (6)
For H, consumption:
AlH JKep, = (K[H* 5] + ks[HoDICI] — ksK_[H]HCI] (7)

whereA[H3] = [H2]o — [H2], the difference of data of columns

established process. The rate constant for the forward refction 6 and 8 in Table 3.
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AKX 10" i)
6 .

Slope: 0.97 +0.16

T T T T T

0 1 2 3 4 5 6

[HCk,,,—[CIk,, 107, imolecules/(cr-s)
2

Figure 8. H, consumption in reactions 2 and 3 plotted according to
eq 10.

The steady-state concentrations, which are not measurable

directly, like H*,, can be derived from eqs 3 and 4:

HCI —[CI [
g1 = e e (il g) @
and H from the rearrangement of eq 5:
3 A[Clglkecy,
=~ TkiClg ©)

Substituting eqs 8 and 9 intaye’ a flow balance equation

At = e~ Tk

(10)

Dobis and Benson

Ax10™", molecules/(cms-s)
16

14 4

AV

124

0 5 10 15 20 25

BxA/[CI], s
Figure 9. Kinetics of Hy(v = 1) + Cl reaction derived from the total
mechanism of reactions—13 and the energy transfer process. Data
are plotted according to eq 11a using the optimalized ratia/&f =
0.34. The slope is directly proportional tel/k, and the intercept is
2[H2](v = 1)]oker,.

For practical computational treatment, this complex equation
can be written in the short form:

A= 2H, o, — kizs « A[CI] (11a)

whereA andB are the obvious sets of constants and variables
given in eq 11. Its linear form would permit the calculation of
k. as the inverse of the slope and of the initial P
concentration from the intercept.

For numerical calculations & andB, the data of Table 3,
ki, measured in the first series of experiment (shown in Figure
4), as well aks andK_3 value$?® are used. Since the ratio of
ky/ky is a significant factor of linearity and the refertéd,
value does not fit precisely to that requirement, eq 11 was
subjected to linear regression by varyingk; between 0.2 and
0.6. The best fit is obtained with

k,/k, = 0.344 0.02

is obtained. The corresponding data of Table 3 are plotted which yields the rate constant of the vibrational energy transfer

according to this equation in Figure 8.

Due to small changes (the order of 1)0in flow rate
differences and the low efficiency of Hnass spectrometry,
the relatively large scattee{16%) is anticipated. The slope is
consistent with the FHiconsumption and the extra HCI formation.
Note that the origin is a valid point on this line.

Multiplying eq 6 by two and substituting H*and H

concentrations from eqs 8 and 9, a general steady-state kinetic

equation can be derived in the form:
[HCkencr — [Cllkee +
AlClolkecy,
[HCI — [HIICI] | = 2[H,"] okey, —

Ko
AC1]
){ [HClkyuc ~ [Cllkecy
H

2k,

1
k2

k, AlCllkec,
[CI]

Kk~ Ct)
[HCI]
[Hen

[CI]

A[Cllkeg,
e

Ks

[Hz])] (11)

process to
k, = (2.95+ 0.17) x 10 **cm®/(molecule-s)

Using the above ratio for the calculation Bfand plotting
the data according to eq 11, the linear relationship presented in
Figure 9 is obtained. The intercept corresponds to

[H*,], = (1.06=+ 0.02) x 10" molecules/crh
which is 5% of the [H]; initial concentration. The slope gives
k, = (2.88+ 0.13) x 10 ** cm’/(molecule-s)

which indicates that reaction 2 is 1800 times faster than reaction
3 at room temperature.
Discussion

The microwave decomposition of HCI proved to be the most
appropriate H atom source to investigate the kinetics of reaction
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1 in our VLPR system. The equal distribution of Cl and HCI
products shown in Figure 1 excludes any involvement of excited
HCI(v) side reaction. This is in accordance with rapid and
complete relaxation of HCA{ in our reaction system due to its
relatively long reactor residence time: 0:2622 s. The H atom

concentration is too low to measure directly, but its change can
be calculated from the flow balance eq 1 as shown in Figure 2.

Its initial concentration [H] be calculated from eq 2 as shown
in Figure 3.

To obtain measurable signal intensitiesnale = 1, high H
atom concentrations, the order of!4810' atoms/cm would
be needed* which is outside the Knudsen flow limit of our
system. Therefore, [H]< 7.24 x 10! atoms/crd—including
the small background H atom concentratiomas used.

The initial reactant concentration ratios {[gl[H] o were varied
from 0.9 up to 26.7. In this wide range, the H atom consumption
varies between 0.5 10' and 5 x 101 atoms/crd. These
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by eq 2 in that wide range of initial conditions as shown in
Figure 7. However, the point-by-point differentiation of this
curve reproduces the entire rangekefvalues reported from
investigation employing the same decomposition technique
(see Table 1 of ref 1).

Kinetic perturbation by side reactions has long been recog-
nized and several attempts were made to find the exact
stoichiometry of that complex mechanism. Mass balance equa-
tion A[H] + A[Hz] = A[CI;] found® can also be derived for
our system in the formA[H] ken + A[H2]ken, = A[Cl2]kec), by
combining eqs 5 and 7 with the steady-state flow equation of
H atoms. But it is actually equivalent to the overall flow balance
presented in Figure 5. It is not an explicit indicator of the side
reactions. Rather the difference between HCI and CI product
distributions shown in Figure 6 and its direct connection o H
consumption according to eq 10 are the direct consequences of
an extended mechanism. The work of Ambidge €Y’ ahkes

changes well describe the kinetics of reaction 1 according to into account the H+ HCI(v) side reaction only. Since the
eq 2a as displayed in Figur_e 4. _A_\II me_asured data points fit one residence time of their system is shortg ms) and [Gi] o/[H] 0
line regardless of the exit orifice size. The measured rate ratios are low, reaction 4 is probably the most significant side

constant; is 10% lower than we had reporfeéarlier, where

reaction. They repotk, = (7.7 £ 2.2) x 102 cm?/(molecule-

the H atom reactant was supplied by the background H atoms) at room temperature. Within this large scatter, it agrees with
concentration alone. That permitted us to make measurementsur presenk; value.

only in narrow ranges of both the H atom and @ncentrations.
The k; value represents a relatively slow rate for reaction 1.
Combining it with our estimatédd; = (1.6 & 0.6) x 10710
cm?/(molecule-s), it gives 1.8 kcal/mol for the activation energy.
The microwave decomposition of HCl also has a prospective
advantage for the kinetic investigation of radical cracking

reactions. This method generates both H and CI atoms.

Substituting Gl flow for C,Hg, CoHs radicals are formed in the
reaction Cl4+ Co,Hg — HCI + C,Hs which then further react
with H atoms establishing the H C,Hs — 2CH; cracking
reaction. The H+ C,Hg — H, + CoHs side reaction is
insignificant at 298 K. Preliminary experimental results show
significant CH radical formation at/e = 15. Introducing Gl

as a third component flow into the reactor, Ckadicals are
partially converted into CkCl recorded atm/e = 50 and 52
MS. Although the initial H and Cl concentrations cannot be
varied independently, this is the only method known so far
which permits the kinetic investigation of the ethyl radical
cracking reaction at room temperature.

Earlier applications of HCI decomposition for H atom source
have used®o y-radiolysig® of gaseous HCI and the photolysis
of HCl using 184.9 nm wavelength of a low-pressure Hg lafp.
Both made measurementslafrelative to the H+ HCI — H;

+ CI reaction. The reportetty/k—3 values are 115 and 93,
respectively. Taking the valfeof k_3 for the absolute rate
calculationk; = 4.7 x 10712 and 3.8x 10712 cm?®/(molecule-

s) are obtained. They are the lowest values reportedfor
The microwave decomposition of,ldenerates a complicated
reaction system. In our case it involves reactions 1, 2, equilib-
rium 3, and the energy transfer reaction,H* H. In fast flow
systems, where the contact time is arounl3 ms, reaction

H + HCI(2) > H, + ClI

No rate measurement for reaction 2 is reported in the
literature. Our measured rate constant shows that this reaction
is 1800 times faster than the thermal reaction 3. Also, lour
value is within the range of reporte¥-18As-factors range from
2.4 x 100" to 3.7 x 10" cm¥(molecule-s). This indicates
that the 12.6 kcal/mol (4400 cr¥) excitation energy of kv
= 1) provides the 4.44.6 kcal/mol activation energy of the
thermal reaction 3.

The initial concentration of l{v = 1) is small. It represents
only 5% of [Hy];. This ratio is close to the-4% valué®
estimated from the shift in the Lyman absorption bands of H
Reaction 2 is a considerable source of H atom recovery and of
extra HCI product formation.

Rate constant derived for the - HHx(v = 1) energy transfer
reaction is lower by 40% than that reportéih the literature.
But our rate constamd; = (2.954 0.17) x 10-12cm¥(molecule-
s) is derived independently from the thermal rate of the above
H atom exchange reaction, while the earlier #aisbound to
one of the reportéd ky = 5.6 x 10710 exp[(—8300 & 400)/
RT] values for the Ht+ H, thermal reaction. Despite numerous
experimental and theoretical efforts, there is no consensus on
the rate parameters of this thermal H atom exchange reaction.
Theoretical calculation according to the variational transition
theory combined with quantum dynamic coupling for accurate
account for tunneling in the 266800 K rangé® gives ky =
(3.614 1.24) x 1072 exp[(—4940+ 160)RT] cm®/(molecule-
s). Comparison of ouk rate constant with that theoretidal
value shows that the H exchange reaction is 3300 times faster
with Hy(v = 1) than with thermal KHat room temperature. The
value of theAy-factor is in good agreement with olgs which
indicates that the $fv = 1) excitation energy provides the entire
activation energy requirement for the-HH, exchange process.

Both reaction 2 and the energy transfer process occur with
the participation of the excited X = 1). There are no other

has to be included. The number of rate constants involved, asproduct formation channels, that is no branching that would be

well as unknown concentrations of Hand HCIg) reactants
create immense technical difficulties for a precise kinetic
investigation.

In our experiments, the initial concentration ratios of reactants
[Cla]o/[H]o, where [Hp = 2([H2]i — [H2]o)ker/ker + [H] b, are

affected by the excitation. The rate constants are in good
agreement with theA-factors of the corresponding thermal
processes. It indicates th&t, is effective in providing the
activation energyk,, determined for the thermal reactiorts;

— aEir = 0. With the reasonable assumption tigt= A,

varied from 0.74 up to 10.78. The kinetics cannot be described the vibrational efficiency factor can be calculateds a =
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