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Kinetic Studies of the Cl + HI Reaction Using Three Techniques
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The reaction CH HI — HCI + | was investigated using the laser-photolysis/resonance fluorescence method
to monitor (i) the disappearance of atomic Cl and (ii) the growth of atomic I. The results were similar, and
together yield the rate constakt= (3.4 + 1.4) x 10 exp (+2.8 + 1.1 kJ mol'Y/RT) cm® molecule® s1

(1o errors) over 297390 K. The 95% confidence limits fdrare+19%. Another approach, discharge/fast-
flow (iii), with monitoring of the consumption of Cl in the presence of excess Hl, yikksl.2 x 10719 cm?®
molecule! s™1 at 298 K, with 95% confidence limits a£17%. The results are in accord with each other and
with most literature data. This indicates that monitoring of the formation of the atomic halogen product in
this example of a radical abstraction of H from a hydrogen halide is reliable.

1. Introduction

The fast reaction
Cl+HI—HCI+1 ()

is a well-known infrared chemiluminescent (IRCL) process that

has been important in the development of reaction dynamics

and investigations of energy dispo3@lWe have investigated

the thermal rate constaki via three techniques. The temper-
ature dependence df; was evaluated by laser-photolysis/
resonance fluorescence, with monitoring either of (i) the

disappearance of Cl, or (ii) the appearance of a product, atomic

. (iii) Consumption of Cl atoms in the presence of excess HI

at room temperature was also studied in a discharge flow system
The rate constants obtained here are compared with previou

data derived via IRCE € and relative rate measurementshe
main motivation for the present work is to test the reliability of
kinetic monitoring of the atomic halogen product X in reactions
of the general type

R+ HX—RH+ X (2)

where R is a radical and where X is readily detectable by

I) radicals, and check whether the same kinetics are obtained
by monitoring | or Cl during reaction 1. As a further check, Cl

was monitored both in time-resolved and fast-flow systems.

2. Methodology

2.1 Flash-photolysis ExperimentsGeneral operation of our
pulsed photolysis reactor has been described elseWwh&rn
this study, G} was photolyzed to produce Cl radicals by excimer
laser (Questek 2010) radiation at 308 nm, and the pulse energy
E was measured with a Molectron J25 pyroelectric joulemeter.
This chlorine photolysis wavelength takes advantage of the
modest UV absorbance of HI at 308 rifrand no atomic iodine
was detected when HI alone was subjected to the photolysis

beam. The Cl atoms reacted with excess HI to form HCl and I.
SDuring the course of the reaction either the decay of [Cl] or the

growth of [I]] was monitored by time-resolved resonance
fluorescence. Emitted radiation was focused through a calcium
fluoride lens and captured by a solar-blind photomultiplier tube
orthogonal to both the resonance lamp and the excimer laser.
The signals were processed through a multichannel scaler with
photon counting and signal averaging. Microwave-powered (90
W) discharge lamps generated resonance radiation; fot €l (

resonance fluorescence. Such reactions have been used in th&34-140 nm)}* a dilution of 0.3% of CQ in Ar flowed

cases of R= alkyl and silyl radicals to obtain kinetic information

continuously through the lamp, while a 0.5% €I#tAr mixture

which, together with data for the reverse reaction, establisheswas used for | = 178-206 nm)*

C—H and Si~H bond dissociation enthalpi€s!® There have
been criticisms of this kind of experimehtThese center on

Ar (99.998%, Big Three) bath gas and diluent was taken
directly from the cylinder. HI and Glwere synthesized in our

the possible influence of excess energy in R when produced laboratory. HI was made by the action of concentrated phos-
photolytically by photons with energies well above the threshold phoric acid on potassium iodide at 34363 K1° The resulting

for dissociation of a precursor, the possibility of photochemistry HI was trapped with a methanol slush at about 175 K, and
arising from the monitoring radiation, and the need to correct purified several times by low-temperature distillation from 240
for diffusion effects. Some work involved major (up to 80%) K to remove anydimpurities, until the final condensed HI was
consumption of R by an unknown process that does not producewhite. The HI was stored in a blackened bulb to prevent
X, which is speculated to arise from oxygen contaminafion. photodecomposition. glvas produced by mixing concentrated
This, in turn, raises the possibility of O and @hotochemistry! HCl and solid KMnQ at room temperatur®,and was purified
Here, we can monitor both reactant£RCl) and product (X= in the same way as HI. The purity of the resulting, @las
checked through its U¥visible spectrum.

* marshall@unt.edu. HI and Cb were premixed with the flow of Ar before entering

T Present address: Texas Instruments, Inc., 13553 Floyd Road, Dallas,the reactor. under “slow flow” conditions. Since the concentra-

TX 75265. . . . .
* Present address: Air Liquide Electronics Chemicals and Services, Inc., ion of HI is much higher than the concentration of CI, the

13456 North Central Expressway, Dallas, TX 75243. reaction of Cl with HI is pseudo-first order. The analysis of the
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Figure 1. Time profiles of (a) Cl-atom and (b) I-atom fluorescence
following 308 nm laser photolysis of @HI mixtures at 354 K.
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Figure 2. Pseudo-first-order loss rate of Cl measured directly (circles)

and from the formation rate of | (squares) in the reactiontGHl —
HCI + I. The filled symbols correspond to the data of Figure 1.

signals (Cl or 1) was carried out with different algorithms, both
of them based on the following kinetic scheme, of reaction 1
plus two loss processes:

Cl — pseudo first-order losg,

®)
“4)

The decay of Cl is analyzed with a simple exponential function
because its concentration is expected to vary as

[CI=[Cl], exp(—kys1 D) (®)

where [CI} is the initial [CI]. The pseudo-first-order decay
coefficient ks is equal toki[HI] + kg3 The coefficientkys
accounts for the slow loss of Cl other than by reaction 1, which
is mainly through diffusion to the reactor walls, and was
typically around 15-35 s 1. The second-order rate constnt
is derived as the slope of plots ki1 vs [HI]. Figure 1a shows
a typical Cl decay, and Figure 2 is an example plokgf vs
[H1].

Solution of the rate eqs 1, 3, and 4 leads to a double
exponential function for the growth and decay of [I]:

[l =Bexp (kyt) — Cexp (ki) (6)

whereB = ([I]o (Kpst — ka4) + Ka[HI][CI] 0)/(kps1 — kas) and C
= ka[HI[CI] o /(kps1 — kas). After subtraction of the constant

| — pseudo first-order los&,

Yuan et al.

*Pump

—Microwave discharge

Cl, + Ar —3»

_ MgF, lens Cl, +Ar

Microwave discharge

CaF, lens

Amplifier/
| Discriminator

M Iti-ch
C
Scaler v

Figure 3. Schematic diagram of the discharge/fast-flow apparatus.

background from scattered light (measured before triggering the
photolysis pulse), the four parameters in eq 6 were derived from
nonlinear fitting of the | fluorescence signals. Figure 1b shows
an example of the growth of I. The coefficigatwas obtained

as the slope of a plot dfys1 vs [HI], as in the Cl-monitoring
experiments. When [HIE 0, no | is produced, and for this
datumkps: was obtained instead from the loss of Cl. An example
is shown in Figure 2. At the highest temperatures, [I] was
observed tancreaseslowly following its rapid generation from
reaction 1, which corresponds to a negative value Kar
typically —10 s™1. The origin of this slow growth term for [I]

is unclear, but it is numerically well-separated from typical
values of 506-3000 s'1.

A potential difficulty with these experiments is the loss of
HI by adsorption on the reactor walls. This effect was
investigated by using two reactors, made of Pyrex and steel,
and varying the passivation conditions. Several parameters were
varied to check their influence on the rate constants. The average
gas residence time before photolysiswas varied by a factor
of 2 and the concentration of Qlvas changed by a factor of 4.
The photolysis energlf and [Cb] were varied to give different
[Cl]o. The chlorine concentration [Glivas placed on an absolute
basis through the absorbed photon flux (calculated fEdnthe
laser beam cross section, and the absorption cross-section of
Cl» (1.85 x 1071 cn?1%) combined with a quantum yield of 2
for atomic chlorinet

2.2 Discharge Flow Experiments A schematic diagram of
the flow tube apparatus is shown in Figure 3. The apparatus
consists of a 70-cm-long Pyrex flow tube (radius 1.05 cm).

Cl atoms are produced in the sidearm of the flow tube by a
microwave discharge (Opthos Instruments, 2450 MHz) through
a dilution of Cb in Ar. The second reagent is introduced into
the flow tube by means of a moveable injector (o0.d. 1.5 cm).
The inside of the flow tube is coated with halocarbon wax
(Series 1500-Wax, Halocarbon Products Corp.) and the outside
of the injector is coated with phosphoric acid to minimize
heterogeneous loss of atoms at the surtd@éout half of the
flow of Ar is diverted through the sidearm to push the Cl atoms
through the flow tube. Low pressures, around 3.5 mbar, are
maintained in the flow tube by a rotary pump (Sargent Welch
1397, 500 L min?).

The detection region consists of a six-arm cell made of Pyrex
glass. One arm of this cell is connected to the flow tube and
the opposite arm is connected to the pump. Atomic CI
concentrations are monitored by resonance fluorescence. Vacuum
UV fluorescence at = 135 nm is excited by a microwave-
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powered discharge lamp connected to one of the arms at rightwhereD is the diffusion coefficient of atomic Cl in Ar. The

angles to the flow tube, through which a 1% mixture of @l

first correction term in eq 9 may be identified with axial

Ar is passed. Fluorescence is detected with a solar blind diffusion?® which arises when Cl| atoms diffuse down the

photomultiplier tube (Thorn EMI, model 9423) optically coupled
to the six-arm cell via a calcium fluoride lens (f.I. 5.0 cm).
Output from the photomultiplier tube is fed to an amplifier-
discriminator (MIT, model F-100T), which sends TTL pulses
to the computer-controlled multichannel scaler (EG&G Ortec,
model ACE-MCS) for photon counting. A Woods horn opposite

concentration gradient along the flow tube. The second correc-
tion term accounts for radial diffusion of Cl across the flow
tube?® The value ofD is calculated! from the Lennard-Jones
parameters ande/k for Cl (3.36 A, 328 K) and Ar (3.418 A,
124 K) 22 Straight-line plots of the correctégs; values vs [HI]
would have a slope equal to an effective value of the rate

the discharge lamp minimizes scattered light. The pressure inconstant for reaction 1, and hakg as the intercept. However,
the flow tube is measured with a capacitance manometer (MKS further corrections were made to tkg: values before obtaining

Instruments, model 122A or 222C) opposite the arm to which
the PMT is connected.

Reaction 1 was investigated by monitoring the decay of ClI

ki, as outlined below.
A separate set of titration experiments was carried out to
determine the absolute Cl atom concentration. The titrations

atoms in the presence of excess molecular reagent on a timeemployed reaction 1, with the injector tip kept at the middle of

scale of 2 to 20 ms. The measurementk;ofvere carried out
under approximately pseudo-first-order conditions with [€l]
[HI] so that [HI] was effectively constant. Cl atoms are lost via

the range ofl used in the kinetic runs. Under the titration
conditions of long residence time and high [HI], reaction 1 is
essentially complete before fluorescence is measured, and the

reaction 1 and heterogeneous loss on the exposed surface ofntensity falls to zero when [Héhd point= [Cl]o. These absolute

the injector, characterized bl,. There is also a constant
contribution from the loss of Cl at the surface of the flow tube.
Thus, an exponential decay of [Cl] is expected
[CI] = [Cl], exp(—kys, t — ©) )
where the residence timteof the mixed gases iBv; v is the
mean gas velocity antlis the distance from the moveable
reagent injector tip to the observation window. The loss of Cl
at the reactor walls is accounted for bywhich is constant
during each set of measurements carried out at fixexhd
variablel.
The pseudo-first-order decay constépi; is related to the
rate constank; via
kp51: 1[H|] + kinj (8)
Graphs of In [CI)/[CI} vs | are linear with a slope equal to the
observed decay coefficieripsy,ons at a given [HI].
In each experiment, was varied by 35 cm. The effective

first-order rate constant for loss of Cl atoms at the exterior
surface of the injectorky;, was measured at the beginning of

concentrations were employed in simulations of [Cl] vs time
profiles taking into account reaction 1, surface loss, and the
potentially interfering secondary chemistry

| + Cl,— Cl+ICl k=8.5x 10 ' cm® molecule*s™*
(10)

I+ 14+Ar—1,+Ar k=8.2x 10 *cm’ molecule®s™
(11)

Cl+1,—ICl+1 k=24x 10 *cm*molecule*s™*
(12)

with literature values for the 298-K rate constaft2* The
conditions (concentrations of species, residence time) were the
same as those used for the kinetic runs, and simulation of each
([CI], ) point is carried out with the ACUCHEM prografto

yield a time profile of atomic chlorine. The slope of a In([CI]/
[Cl]o) vst plot provides a modek,s: value for the particular
measurement, which was then divided by the initial concentra-
tion of HI to yield an effective second-order rate consti&ndget

The correction factor for each experimental measurement can

each experiment by introducing Cl atoms in the flow tube in_ then be written a®inpufkmodes Wherekinpyt is the value of the
the absence of molecular reagent and monitoring the change in5te constant put into the simulation. We usggy = 9.5 x

[CI] as the injector was gradually withdrawn. Growth of atomic  10-11 ¢ molecule: s1. Each experimental,s; value (already
Cl is expected because of the decreased surface area of theqrected for diffusion via eq 9) was multiplied by the

injector exposed to Cl atoms as the injector is moved out of
the flow tube. Thus, as the reaction time increases, [Cl]
increases, anldy; in eq 8 is negative. The measuremenkgf
before each run was followed by passivation of the flow tube
using a flow of diluted £1%) HI over a period of 45 min. The

passivation procedure helps to reduce the scatter between kinetic

runs. The coefficientki, is small compared tdps1,0bs and,
because it is constant, is separable figg ons Observation of
an increase irki,j is a sign that the injector and wall coatings
need to be replaced.

Our experiments were carried out with Reynolds numbers,
Re, typically around 100. The length required to develop laminar
flow is 0.12r Rel® that is, about 12 cm, so that experiments
were performed in regions where laminar flow was close to
completely developed. THegs onsvalues are corrected for effects
of diffusion using the relatio

kp51= I(psl,obgl + kpsl,obsD/U2 + kpsl,obsr2/48D) (9)

appropriate correction factor, and then plotted against [HI] to
yield the final corrected rate constdat Figure 4 is an example.

3. Results and Discussion

Table 1 summarizes the laser photolysis measurements for
Cl + HI under different experimental conditions between
temperatures of 296 and 390 K. The listed standard deviations
reflect the b statistical uncertainties in the slopes of plots such
as Figure 2, combined in quadrature with a 5&o&llowance

for instrumental errors. It took at least 20 min for a flow of HI

to saturate the surface of the steel reactor. Alternatively, a few
mbar of pure HI was incubated in the reactor for an hour before
starting the measurements. Under these two conditions, the
measured rate constants were close to the values obtained with
the Pyrex reactor. There was no significant change in the rate
constant with the photolysis energy or [§ljvhich indicates
that secondary reactions with products or other photolysis
fragments are negligible. As may be seen in Figure 2 and in
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TABLE 1: Summary of Laser Photolysis Measurements on HI+ CI

[HI], [Cl3], [Cl]o, monitored ki & ok,
T,K P,mbar tess 102moleculecm® 10 molecule cm® laserE, mJ 102molecule cm?® atom 10 moleculel cmis?
296 45.9 0.4 0.73.3 22.0 43 1.8 Cl 1.0# 0.07
296 31.1 0.5 0.51.8 15.6 43 1.3 Cl 1.0% 0.05
297 38.7 0.6 0.82.8 5.1 58 0.6 Cl 0.9% 0.08
297 38.7 0.7 0.62.2 12.1 58 1.3 Cl 0.96- 0.09
297 39.1 0.8 1.96.9 11.8 47 1.0 | 1.04 0.09
297 38.1 0.8 0.95.4 14.8 43 1.2 | 1.0%-0.07
297 38.1 0.8 0.95.4 14.8 43 1.2 | 1.0% 0.09
297 44.4 0.7 1.45.3 12.2 40 0.9 | 1.0% 0.07
297 44.5 0.7 1.45.3 24.0 40 1.8 | 1.140.12
297 1.01+ 0.02
319 39.9 0.8 1.65.7 16.6 50 1.6 | 1.13 0.06
319 39.7 0.4 0.84.3 8.1 50 0.8 | 0.82- 0.05
319 39.9 0.4 0.83.6 16.1 50 1.6 | 1.220.10
319 0.98+ 0.04
344 40.0 0.8 0.73.3 14.2 43 1.1 | 1.22:0.13
344 40.9 0.4 0.53.1 7.2 43 0.6 | 1.0& 0.07
344 1.10+ 0.068
353 41.3 0.4 0.73.3 19.6 36 1.3 Cl 1.18-0.06
353 41.3 0.4 0.43.0 19.6 36 1.3 Cl 1.04 0.06
354 31.6 0.4 0.54.0 8.8 58 1.0 | 0.880.05
354 46.3 0.3 0.74.0 6.6 58 0.7 | 0.79 0.05
354 0.934+ 0.03
381 38.0 0.3 0.63.0 13.3 40 1.0 | 0.6 0.04
381 37.7 0.3 0.73.4 13.2 40 1.0 | 0.7% 0.05
386 41.3 0.4 0.74.2 7.0 54 0.7 | 0.7 0.05
386 41.3 0.4 1.45.1 14.9 54 1.5 | 0.7% 0.06
390 41.2 0.3 0.94.8 14.6 40 1.1 | 0.86: 0.05
390 41.3 0.7 0.94.0 14.6 40 1.1 | 0.9 0.08
390 41.3 0.7 0.94.0 28.7 40 2.1 | 0.9% 0.07
386 0.75+ 0.02

a\Weighted average for each temperature (see teMpasurements were made in the Pyrex reactor.
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Table 1, similar rate constants are obtained via monitoring of Photolysis/resonance fluorescence data is
either Cl or I. The agreement is excellent at room temperature, 1
while the deviations are up to around 20% at 354 K. Given the K; = (3.4+ 1.4) x 10 “"exp (+2.8+

overall scatter in the data and potential systematic errors, 1.1 kJ mol'YRT) cn® molecule* s (13)
discussed below, this is good agreement. Therefore, all data were
combined at each temperature. where the errors aresl Since the negative activation energy is

The Arrhenius plot of the Ci HI reaction obtained in this not far from zero, an alternative summary of the data over296
study and previous measurements by other techniques are show890 K is the weighted mean of the measurements; 0.90 x
in Figure 5. Each point in the graph from this study is the 10-19cm? molecule! s~1. Consideration of the covariance and
weighted mean for that temperature. As outlined by Bevindton, the 1o errors in eq 13 gives an estimatedr btatistical
we weight each value ag = 1/0;%, and obtain the meamand uncertainty of up to 8% irk;. With allowance for possible
its standard deviatiow, via the relationgt = Zwix/Xw; and systematic errors in temperature, pressure, and flow, we suggest
0,2 = 1/2w;. The error bars in Figure 5 aresr2and it may be 95% confidence limits oft 19% fork;.
seen that this purely statistical quantity accounts for much of = Table 2 summarizes the discharge-flow measurements. The
the scatter in the Arrhenius plot. The best fit of the laser- column headed; o,sindicates what would be obtained from a
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TABLE 2: Summary of Discharge-flow Kinetic Data for HI + ClI

v, [HI], initial [CI3], [, Kinj Ky obsk Okt obs® ki & i,
T,K P, mbar cms? 102molecule cm® 102 molecule cm® 102 molecule cm® st 10 cm® moleculels® 10 cm® molecule!s®
298 35 1946 1.95.3 0.9 0.6 —46 8.9+ 0.5 11.8+1.4
298 3.5 1960 154.4 1.1 0.8 —23 9.4+ 0.2 13.2+ 3.4
297 35 1915 257.2 1.0 0.7 —28 9.1+ 0.2 12.9+ 3.0
297 3.6 1860 1.25.4 1.5 1.0 —36 9.0+ 0.3 13.2+1.3
297 3.6 1843 144.3 1.4 0.9 —35 8.4+ 1.0 10.5+1.8
297 3.6 1843 3.36.7 2.3 1.5 —-35 8.7+ 1.2 13.8+ 2.7
297 3.6 1850 1.86.7 1.1 0.7 —-13 7.0+ 0.7 11.0+£ 1.3
297 3.6 1850 2.78.0 2.1 1.4 —-13 8.4+ 0.6 13.3+:1.8

akyopsis the apparent value d&d that would be obtained ifps1,00s(Uncorrected for diffusion or stoichiometry) was plotted vs [HI].

plot of uncorrectedkysionsvalues vs [HI]. Thex+lo values by the study of lyer et al. They measured the rate constant for
quoted are the statistical uncertainties in the slope of this kind removal of Cl by HI relative to gHg using a competitive
of plot. The calculated Cl-atom diffusion coefficient B = radiochemical technique, and derived= (1.26 £ 0.14) x
0.157(1 bai?) cn? s™1. The axial term of eq 9 yields minor  1071° cm® molecule’! s,

corrections from 0.3 to 6% to individus)s; values. The radial With respect to the issues raised by Dobis and Belswted
term has a larger impact, up to 35% on the larggstvalues. in the Introduction, small values for Cl diffusive loss, typically

The measured absolute [CI] shows that around a third of the up to a few percent of the overall consumption (see Figure 2),
Cly introduced through the microwave discharge was dissociated.mean that any uncertainty here has a negligible impact, and
The kinetic simulation indicates that secondary chemistry had that in this system there was no major loss pathway for Cl that
a negligible impact, but that stoichiometric correction to did not lead to | formation. The accord to within roughly 20%
individual kys1 values obtained at the lowest [HI]:[CI] ratios  between the three approaches applied here, approaches that vary
could be as large as 60% (although usually much smaller). as to monitored species and bath gas pressure regime, is
Because these corrections are largest for the lokgestalues, consistent with experimental uncertainties. The general accord
the impact onk; was moderate, up to 16%. The dominant with other prior determinations further suggests that all methods
correction term is the radial component of eq 9. The final are consistent for reaction 1. This implies that any excess
column of Table 2 list¥k; values derived by incorporating all  translational or electronic excitation in the photolytically
these corrections, and thelo values quoted are the statistical produced Cl atoms does not appreciably change the kinetics

uncertainties combined in quadrature with a 10%) @lowance relative to Cl atoms generated in the discharge/fast-flow system.
for uncertainty in the corrections. The weighted mean rate Further, in the flow system the reacting mixture is not exposed
constant at 298 K ik; = (1.22+ 0.06) x 1071°cm® molecule® to actinic radiation from a resonance lamp until the detection

s™1, where the quoted error is1o in the mean. Allowance for  region, unlike the pulsed photolysis system.
potential systematic errors yields 95% confidence limitstof

0.2 x 1071%cm?® molecule! s71. This flow tube determination ~ Conclusions

of k; agrees with our photolysis measurements.

At room temperature, hard-sphere collision theory combined
with standard diameters for Cl and HI of 3.4 and 4.%7A,
respectively, yields a collision rate of 2.% 10710 cm?
molecule’? s™1. Comparison with the measur&dimplies that
reaction occurs very readily, at about 1 out of 2 collisions, and
therefore there is little or no energy barrier, consistent with the

observed lack of temperature dependence. Acknowledgment. This work was supported by the Robert
In 1974 Wodarczyk and Mooteletermined the absolute rate o \welch Foundation (Grant B-1174) and the UNT Faculty
constant of this reaction at 295 K by photolyzing Gith laser Research Fund.
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