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I. RESEARCH OBJECTIVES

Current ability to transfer engineering data, on rocket chamber and plume
combustion, from present to advanced propulsion systems is hampered by a lack
of understanding and knowledge of individual Al and B species reactions and the
ways by which temperature affects the reaction rate coefficients. The Arrhenius
equation k(T) = A exp(-E/RT) has over limited temperature ranges been of great
value. However, over the large temperature ranges of interest to rocket
propulsion systems, order of magnitude errors can be made by extrapolations
based on it, particularly for exothermic and slightly endothermic reactions.”
Other k(T) expressions and current theory are inadequate to predict or describe

the observations made thus far for reactions of metallic propellant species.

The goals of the work reported have been to prov1de, through accurate
measurem/epts “reliable data on, and improved insight into, the kinetic behavior of
"‘AT ahd B'/}a(ti)m monohalide and monoxide radical oxidation reactions, as
mfluenced by temperature. The measurements have been made using the HTFFR
(high-temperature fast-flow reactor) technique. HTFFRs are unique tools, which
provide measurements on isolated elementary reactions in a heat bath. With
traditional high-temperature techniques, such as flames and shock tubes, such
isolation is usually impossible to achieve; as a result, data on any given reaction
depend on the knowledge of other reactions occurring simultaneously, leading to
large uncertaimies.v HTFFRs allow kinetic studies from room temperature up to
about 1900 K to provide wide range k(T) (temperature-dependent rate

coefficient) data. - In the work reported, laser-induced fluorescence LIF has been

used to monitor the metallic atom or radical reactant concentrations, as a function

*A Fontijn and R. Zellner, "Influence of Temperature on Rate Coefficients of Bimolecular
Reactions,” Reactions of Small Transient Species. Kinetics and Energetics, A. Fontijn and
M.A.A. Clyne, Eds., (Academic Press, London, 1983), Chap. 1.




of time, concentration of the molecular oxidant (present in excess), temperature

and pressure.

Most tri-atomic products of the oxidation reactions of the monoxides and
monohalides have no identified electronic transition spectra and cannot be
detected by LIF. To unambiguously establish the kinetics of reactions involving
these tri-atomics and ultimately to develop a good understanding of the reactions
leading to the final combustion products, Al203 and B2O3, we have under the
present grant constructed an HTFFR with mass spectrometer detection.

Measurements with this new facility are to performed under a follow-up grant.

These general objectives and a systematic of the experimental facilities are

illustrated in Fig. 1.
II. RESULTS

In Fig. 2 our rate coefficient measurements for Al system reactions are
summarized. In Fig. 3 we summarize the first results on B system (thus far BCl)
reactions. Some of these studies preceded the present grant. Those that were
made and published under this grant are listed in Section II.A.. In Section IL.B.
we discuss the results that are in the process of being written up or are being
completed under the follow-up grant, while in Section II.C. we make a few

additional remarks about the implications of our findings.

A. Cumulative Chronological List of Publications

1. D.F. Rogowski and A. Fontijn, "An HTFFR Kinetics Study of the Reaction
Between AICI and O3 from 490 to 1750 K", Tw -fi mposium

(International) on Combustion, The Combustion Institute, Pittsburgh,
1986, pp. 943-952.

2. D.F. Rogowski and A. Fontijn, "An HTFFR Kinetics Study of the Reaction
Between AICl and CO; from 1175 to 1775 K", Chemical Physics Letters,
132, 413-416 (1986).
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3. D.F. Rogowski and A. Fontijn, "The Radiative Lifetime of AICI AlII",
Chemical Physics Letters, 137, 219-222 (1987).

4. A.G. Slavejkov, D.F. Rogowski and A. Fontijn, "An HTFFR Kinetics Study
of the Reaction Between BCl and Oy from 540 to 1670 K", Chemical
Physics Letters, 143, 26-30 (1988).

5. D.F. Rogowski, P. Marshall and A. Fontijn, "High-Temperature Fast-
Flow Reactor (HTFFR) Kinetics Studies of the Reactions of Al with Clj,
Al with HCI and AICI with Clz Over Wide Temperature Ranges", The
Journal of Physical Chemistry, in press.

These publications are appended to this final report.

B. Partially Completed Studies

1. A.G. Slavejkov, C.T. Stanton and A. Fontijn, "High-Temperature Fast-
Flow Reactor (HTFFR) Kinetics Studies of the Reactions of AlO with Cl and HCI
Over Wide Temperature Ranges, The Journal of Physical Chemistry, in
preparation.

The studies of these two reactions complete those of the k(T) for the Al/O/Cl
reaction system, compare Fig. 2. The following results were obtained (all rate

coefficients given in this report are in cm3 molecule-! s-! units):
AlO + Clz - OAICI + C] k(460 to 1160 K) = 3.0 x 10-10 exp(-1250 K/T)

AlO + HCl - OAIC1 + H k(440 to 1590 K) = 5.6 x 10-11 exp(-140 K/T)

The rather small activation energy for the Cl reaction and the near-negligible
activation energy for the HCl reaction offer an interesting contrast to the OAICI

formation reactions from AICl. There we obtained (see Appendices 1 and 2):

AlClz - OAIC1 + O, k(490 to 1750 K) = 1.3 x 10-12 exp(-3400 K/T) +
— AlO + Cl 3.4 x 10-9 exp{-1600 K/T)

AICl + COz - OAICI + CO k(1175 to 1775 K) = 2.5 x 10-12 exp(-7550 K/T)




Apparently a large barrier exists in the formation of OAIC] coming from the AICI-
side, but not from the AlO-side. The reason for this is likely to be that AlO has an
unpaired electron in its doublet ground state, whereas AICl is a singlet species,
which has to undergo a spin flip during reaction. Finally, it should be remarked
that since OAIC! is not a radical, but an (unstable) molecule with no free valences,
it is likely to be a bottleneck in the complete combustion of Al in perchlorate

propellants, similar to the role of HOBO in boron combustion.
2. BC1/CO2 Manuscript not yet begun.
The following result was obtained:

BCl+CO, - OBCl+CO k(770 to 1830 K) = 1.8 x 10-13 T5.6 exp(-1190 K/T)

This is the first reaction involving a B or Al species, in which there is on
thermochemical grounds only one possible product channel, for which the type of
curvature in Arrhenius plots normally seen in hydrocarbon oxidation reactions,
has been observed. That type of curvature is best described by a three-
parameter fit expression of the form k(T) = aT® exp(-c/T), as given here.
However, the value of b = 5.6 is larger than simple transition state theory (TST)
would predict. The fact that chemically B is more a metalloid than a metal
(notwithstanding its potential use as a "metal” in metallized propellants), may
bear on this behavioral similarity to hydrocarbon reactions. However, this result,
also has a possible parallel to our findings for the AICl + O; reaction (Appendix 1).
There we found that k(T) could be expressed equally well by the double-
exponential expression, given above, as by k(T) = 5.6 x 10-28 T4.57 exp(308 K/T).
As that reaction has two thermochemically accessible product channels, and the b
= 4.57 value is again a high one, we favored the two-channel double exponential
explanation. However, the BCl + CO; result makes the single channel three-

parameter interpretation more probable than before. The mass spectrometric




product analysis of the AICl + O reaction will have to decide between the two

possibilities.
C Some General Observations

The work of Fig. 3 is expected to be the beginning of an extensive
comparison between B and Al species reactions. The differences in curvature in
the Arrhenius plots and the magnitude of the rate coefficients suggest that it
would be imprudent to make quantitative predictions from one set of reactions to
the other, notwithstanding the position of B and Al in the same column of the
periodic table. Ultimately a B-equivalent of the Al-reaction set shown in Fig. 2

should be prepared.

As a practical point it may be noted from Fig. 3 that the BCl + Oj reaction is,
in the temperature region observed, significantly faster than the AICl + O3
reaction. However if the trends continue the AICI reaction should be faster above
2300 K. This is in contrast to the CO; reactions where the present data and the
extrapolations of the k(T) expressions indicate the BCIl reaction to be faster at all

temperatures.

In the course of this work several attempts have been made to use existing
theories to try to fit our data, most extensively this has been done in Appendix S5,
for the Al + Clz, Al + HCI and AICI + Cl; reactions, and in the paper in progress on
the AlO reactions with Clz and HCl. We found TST no help in predicting or
describing the trends. While an electron jump mechanism gave good agreement
with the data at midrange for the Al + Clp and AlO + Cl; reactions (the latter may
be fortuitous), it cannot predict temperature dependences. To obtain better
predictive abilities, theory will have to be developed. We are trying to interest
theoreticians in doing so. For Al reactions we have now provided a data base for
them to use. Finally, molecular beam studies of the reaction dynamics should

usefully complement our efforts. The group of Dorthe, Costes and Naulin at




Bordeaux have made a beginning with this.** Dr. Fontijn just finished a three-
month visit to their laboratory, during which plans for future coordination of

work were made.
I1I. PROFESSIONAL PERSONNEL

Donald F. Rogowski and Alexander G. Slavejkov performed the experimental
work discussed in Section II. The former, in February 1988, successfully
defended his Ph.D. thesis entitled "Gas-Phase Kinetics Studies of Reactions of Al,
AICl, and AlO with Clp, HCl, O and CO, in a High-Temperature Fast-Flow Reactor”
based on the AFOSR work. Mr. Slavejkov's Ph.D. is scheduled for 1990. Dr. Paul
Marshall and Dr. Clyde T. Stanton, postdoctoral fellows, have participated in the
theoretical interpretation of the results. The latter, whose salary has been funded
entirely by NRL/ONR under a training arrangement, has spent most of the final
nine months of the grant working on getting the mass-spectrometer HTFFR
system operational, a process nearing completion. This system was largely
constructed earlier in the grant period by David A. Stachelczyk and William F.

Flaherty, who is continuing work with it.
IV. PRESENTATIONS AND OTHER INTERACTIONS
We presented papers and seminars in which results of our AFOSR-
sponsored work were discussed, at the:
1. Department of Chemistry, University of Toronto, Toronto, Ont. (May 1986).
2. McDonnell Douglas Research Laboratories, St. Louis, MO (May 1986).

3.  AFOSR/ONR Contractors Meeting on Combustion, Stanford University,
Stanford, CA (June 1986).

**M. Costes, C. Naulin, G. Dorthe, C. Vaucamps and G. Nouchi, "Dynamics of the Reactions of
Aluminium Atoms Studied with Pulsed Crossed Supersonic Molecular Beams", Faraday
Discuss. Chem. Soc., 84, 75 (1987).




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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Twenty-First International Symposium on Combustion, Munich, W. Germany
(August 1986).

Departments of Chemical Physics and Chemical Kinetics, S.R.I. International,
Menlo Park, CA (October, 1986).

Department of Applied Mechanics and Engineering Sciences, University of
California at San Diego, La Jolla, CA (October 1986).

Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD (May
1987).

Naval Research Laboratory, Washington, DC (May 1987).

AFOSR/ONR Contractors Meeting on Combustion and Rocket Propulsion,
Pennsylvania State University, University Park, PA (June 1987).

Eighteenth Symposium on Free Radicals, Oxford, England (September 1987).

Chemical Thermodynamics Division, National Bureau of Standards,
Gaithersburg, MD (November 1987).

American Institute of Chemical Engineers, Annual Meeting, New York City,
NY (November 1987).

Departments of Chemistry and Chemical Engineering, Illinois Institute of
Technology, Chicago, IL (March 1988).

Chemistry Division, Argonne National Laboratory, Argonne, IL (March
1988).

School of Mechanical Engineering, Purdue University, West Lafayette, IN
(March 1988).

Department of Chemistry, University of Denver, Denver, CO (March 1988).

JANNAF Panel Meeting on Kinetic and Related Aspects of Propellant
Combustion Chemistry, Applied Physics Laboratory, John Hopkins
University, Silver Springs, MD (May 1988).

AFOSR/ONR Contractors Meeting on Combustion, Rocket Propulsion and
Diagnostics of Reacting Flows, California Institute of Technology, Pasadena,
CA, June 1988.

American Chemical Society Symposium on Colloid and Surface Science,
Pennsylvania State University, University Park, PA (June 1988).




20.

21.

22.

23.

24.
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Tenth International Symposium on Gas Kinetics, University College,
Swansea, Wales (July 1988).

Department of Physics, University of Nijmegen, Nijmegen, The Netherlands
(September 1988).

Department of Physical Chemistry, University of Bordeaux, Talance, France
(October 1988).

Department of Chemistry, University of Leuven, Leuven, Belgium
(November 1988).

American Institute of Chemical Engineers, Annual Meeting, Washington, D.C.
(November 1988).

Dr. C.W. Larson of the Air Force Astronautics Laboratory, and other Air Force

Personnel, contacted us several times in 1986 and 1987 to discuss the design of a

high-temperature reactor for use in spectroscopic measurements on

hydrogen/metal-vapor mixtures. They are interested in such information in the

context of the Solar Plasma Propulsion Program. We maintain frequent contacts

with Drs. D.P. Weaver, and T. Edwards of that laboratory. In the last year this has

led to discussions about the potential means for those investigators to study metal-

oxidation reactions above 2000 K, i.e., above our current high-temperature limit.

Dr. J. Lurie, of Aerodyne Research Inc., called us to obtain information on our AICI

radiative lifetime measurements for their plume model calculations for AEDC. The

results (Appendix 3) have already been incorporated in their rocket plume uv band

model calculations. Dr. M.W. Chase of the National Bureau of Standards had several

conversations with us on the implications of our measurements for entries on

aluminum species in the JANAF Thermochemical Tables. We have initiated some

collaboration with Dr. J.R. McDonald's group at N.R.L., in connection with their BH-

compound combustion research and our mass spectrometric work. [ (A.F.) have

served as a member of the ONR Board of Visitors for review of their Mechanics

Division Program. Dr. J. Eversole of N.R.L. called to discuss surface reactions of
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levitated boron particles. Dr. B.N. Ganuly of AFAWL/POOC expressed an interest in
our results for the development of better flares and made some preliminary
inquiries about obtaining an HTFFR for their work on that problem. Dr. J.F. Paulson
of the Air Force Geophysics Laboratory visited with several of his collaborators to
look at our high-temperature technology, which they want to apply to ion reactions
of importance to the National Aerospace Plane. In addition to the meetings
mentioned above, Dr. Fontijn also had many discussions with Air Force Personnel
and contractors at the June 1987 EMHIAT and the March 1988 AFOSR Combustion
Instability Workshops.
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APPENDIX 1

Twenty-first Symposium (Internauonal) on Combustiony The Combustion Institute. 1986/pp. 943-952

AN HTFFR KINETICS STUDY OF THE REACTION BETWEEN AIC! and O.

FROM 490 TO 1750 K.

DONALD F. ROGOWSKI 4xp ARTHUR FONTIN
Department ot Chemical Engineering
Rensyelaer Polstechnic [natitute.

Irne NY {2150-3590

A method for the producuon ot AICH radicals in-an HTFFR (high-temperature fast-How reactor;
15 described. Their relative concentration in the title reacuon is monuored by laser-induced
fluorescence. The overall reaction rate coethaients. for AICI consumption by Q.. can be ftted by
the expression T = 13 x 107 “expi=340UK T1 ~ 34 x 107 expi— I6100K Trem’® molecule
s™'. Error limits are discussed 1n the text. The results are shown to be compatbie with a mechan-
ism where the AlO, =~ Cl product channel dominates at lower temperatures, while the OAICI - O
channel dominates at higher temperatures. The In &(T) versus T"' dependence of the AICLO),
reaction s conatrasted 1o those observed for the AlO/O, and BF O, reactions.

Introduction

The development and use of the HTFFR
technique' is leading t0 an experimental data
base of homogeneous gas-phase oxidation reac-
tions of metallic species. Measurements of rate
coefficients (T) in the 300-1900 K range have
been reporied and the results have been sum-
marized in several reviews.”™* A varietv of k(T)
dependences have been observed, including
normal Arrhenius k&(T) = A exp(—£ 4 RT) beha-
vior, temperature independent rate coefficients
and reactions with a slight negative activation
energy. In addition, reactions have been found
the rates of which are determined primarily by
the thermal equilibrium populations of excited
states of the reactants. While the original
studies were concerned with reactions of metal
atoms, we now concentrate on reactions of
metallic radicals. Here we report on the first
HTFFR studv of an oxidation reaction of a
monohalide radical, AlCL.

o

. Techmque

()

-1 Reactor and Reactants

Basic HTFFR designs have been discussed
previously.? The present reactor is shown sche-
matically in Fig. 1. A vertical ceramic reaction
tube is surrounded by resistance heaung ele-
menis and insulation inside a vacuum can. At
the upstream 1lower) side the gaseous metallic
reactant is produced and entrained in Ar bath
gas. A movable inlet svstem ailows for introduc-
uon of the oxidant trom 20 to 0 cm upstream ot

the observation plane. where the relative con-
centration of the metallic species is measured by
laser-induced Ruorescence (LIF). A reactor
with silicon carbide rod heating elements, de-
scribed recentlv.” had to be modified due to its
exposure to chlorine in the present experi-
ments. A mullite (McDanel MV 30) 2.2 cm i.d.
reaction tube was emploved, which contrary to
the 998 grade alumina used in earlier HTFFR
work. is resistant to chlorine at elevated tem-
peratures. The other change concerns the
oxidant iniet svstem, which used to consist of
998 alumina tube tipped by a multihole Pt ring.
As Pt too is not resistant to chlorine at high
temperatures, mullite was used for the enure
O: 1inlet svstem. The vertical 0.3 ¢cm o.d. inlet
tube was fitted with a 0.6 cm o.d.. 1.3 cm long
horizontal tube with two 0.1 cm holes for the O,
introduction.

Inital experiments on the production ot
AlCL led to development of the followiny
method. A trace of Cl,. tvpically < 0.003%
the Ar flow. was added to the Ar bath gas and
passed over a tungsten coil wetted with Al Wt
temperatures below 1000 K it was necessary 1
heat the coil by passing a current through it 1«
obtain usable intensities ot AICI fluorescence.
Fic Above that temperature no current was
applied and the coil was withdrawn to a cooler
zone of the reaction tube, otherwise Fy 100
large for convenient measurements were pro-
duced. The Hlow of Cly was adjusted to maxim-
1ze the AlCl Auorescence signal. At high aver-
age gas veloctties, addition of small quantues ot
Oy resulted in a sharp decrease in Fy. [his

943
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decrease was followed by a more gradual
decrease with increasing {O2], which was com-
parable to that observed at low flow velocities.
The sharp decrease can be attributed to remo-
val of free Al atoms by the fast AVO, reaction,®
which terminates the AIC! production. The
lowest {Os] used in the AICVO, rate coefficient
measurements alwavs exceeded that required
to terminate AlCI production. These observa-
tions show that the AICI production occurred at
least parually in the gas phase rather than on
the col. The necessity of supressing AICI
production downstream of the inlet by addition
of an ininal O; Aow made it impossible to obtain
traversing inlet mode data ' with the present
design. Instead. stationarv inlet measurements
at different inlet positions were made.

A small quantitv of Ar (about 2% of the bath
gas flow) was introduced through the oxidant
inlet to improve the response time for the
stabilization of the AIC! signal after a change in
O, flow. The gases used. obtained from Linde,
were 99.5% Cl,. 99.998% Ar (from liquid Ar)
and 99.6% O.. In a few preliminarv experi-
ments 99 995% O, was used. vielding no differ-

«£nce in the observations.

2.2 Measurements and Data Reduction

For the LIF measurements a Lambda Phvsik
EMG 101 examer FL 2002 dve laser was used.
Coumarnin 334 dve was used to produce 522.3

nm radiation. which was frequency doubled
with a KDP crvseal to pump the AIC! A-Ni).n
transiion at 261.4 nm. Fluorescence at the
same wavelength was ohserved through a4 262 =
13 nm (FWHDM interterence hlter The detec-
non swstem consisted ot an EME 9% 13QA
photomulauplier tube operated trom 400 1
1600 V. The PMT output was recorded with 4
Data Precision Analogic a00u n20 Tog \[H,
transtent digqitizer. The averages ob 110 pulses
were used for the Huorescence intensiy mea-
surements to smooth out the varnauons in the
laser pulse energv. The presence of a wide tube
from the reaction tube to the Huorescence
observation window reduced the laser hack-
ground signal tvpicailv to less than 10 ot the
fluorescence signai at the minimum {Os). F .,
Rate coefficients were measured at O- inlet o
observation plane distances of 10 cm and 20
cm, following the procedures described pre-
vioustv.>® Plots of in [AICHq = (n (F o Fud,
versus [Og] vielded straight lines with slopes A¢.
where ¢ is the reaction time. During these
experiments pressure was measured down-
stream of the reaction zone with an MKS
Baratron gauge. To determine the reaction
temperature, an unshielded type R thermocou-
ple was traversed through the reaction zone
immediately after a run. After ail the expen-
ments had been completed pressure correc-
tions, to obtain reaction zone pressures. and
temperature corrections, from a shielded ther-
mocouple, were obtained followin% the recom-
mendations of Fontijn and Felder.’

A weighted linear regression and full propa-
gation of errors treatment, as described b
Fontijn and Felder,® was used to determine the
uncertainty in k¢ and in turn & for the parucular
temperature T, pressure P and average yus
velocity ¢ used. In the treayment, uncertaint in
both [AICI]¢ and [O»] are taken into account m
combining them vectoriallv. to obtain the erros
in k&t The regression of k& as a funcuon o
temperature, with errors in both k and 7 w.s
obtained by minimizing x* = Iwiink - - = -
where k. is the fitted and k. the experinic:: o
value. The weighung factor. w.”. accounts '
errors in both & and T by combining e
vectorially, u.'/._‘, =0ty -~ dinkdil T 1

3. Results

Measurements of the rate coefficients = ton
AlCI consumption bv Oy were made trom
to 1750 K, spanning a range of & values trom
about 1 x 1070 1 x 107 cm’ molecule -
Ninetv-one measurements were taken and it
eightyv-six with correlations r 2 0.95 for reures.
stons of In [AlCl],e vs. [O2) were accepted 4
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previous work® drift in the Al Hux from the coil
was encountered. In this work this resulted in a
dnfein Fy.. A measure ot the variation is the
difference of F ., at the beginning and end ot
a & measurement divided bv their average. All
of the eightv-six data points used showed this
variation to be less than = 0.50. For seventy-hve
of the measurements. the varution was less
than = 1.23.

The measurements are sutmmarized in Table
[. [nspecuon ot the data shows the & values to be
independent of the impiicit parameters: inlet
position, P, [M] (average total concentration,
Fuc, (and hence AICH, jnauye) and The
results are also independent of the 'Cl;] added,
which were in the range + < 10°° 10 1 < 10
cm™? depending on the [Ar] used. Tempera-
tures given are averages ot the values from
measurements 4t > «m intervals from the
observation :one to the . inlet posiuon,
corrected as discussed above. The standard
deviation about the mean gas temperature
varied from = | to = 30 K depending on the
reaction conditions.

The independence of & with respect to inlet
position and reaction ume indicates that any
quenching of AICI tA) bv Oz does not affect the
& measurements. Ve have observed the radia-
tive lifetime of AICI to be =103 5, vielding k.4
~ 10% s™'. Assuming a maximum value for the
rate coefficient for quenching bv O, kq = 107"
cm’ molecule™' s™' and using the maximum
(O] used of 10" cm™, gk (O2] = 10%
showing that quenching bv O is insignificant.

Various fits of the k data versus 7~' were
made. A good fit was obtained to a double
exponential T) = A exp (-8/T) + C exp
(—=D/T) expression. Analvsis for this fit results
in:

KM = 126 x 107 exp(-3400K.) ~
3.36 x 1077 expt— 16100K: T

cm'molecule™ 57! (h
To calculate the statistical uncertaints 1n & both
the variances associated with each parameter
and the covarnances associated with the differ-
ent pairs of parameters must be taken into
account. since the parameters are not indepen-
dent.” The variances and covariances asso-
ciated with Eq. (1)1 are 04* = 3.622 x {07 g4
=3908 x 107" g, =3433 x 1073 0p =
2.051 x 107" o’ = 2.864 x 107*: opc = 2.044
x 1077, agp = 1.938 x 10 ac = 1161 x 1077
gcp = 5.871 x 107" ap’ = 3.023 x 10°. From
these o, was culculated in the standard
manner.” with a 107 added svstematic uncer-
tainty in the How profile factor’ The 2,
confidence levels are shown in Fig. 2. These
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Fic. 2. Rate coefficient data for the \ICLO.
reaction
Double exponential rate expression fit ot data
given in text.
-—~-~ Two standard deviations to the fit of the rate
expression as described in the text.

levels vary somewhat over the temperature
range investigated and are = 19% at 300. =
12% at 700, = 11% at 1000 and = [4% at 1800
K. It should be noted that o, represents the
standard deviation of the fitted expression. o
the standard deviation of the measurements ot
k.

A good transition state fAt. k(T) =
exp(—G/T, was also obtained.
This fit vields
KTy = 5.62 x 107* T'7 exp (308 K T

cm® molecule™ s K

I

20, confidence levels shown in Fig 3 were
calculated similarlv to those for Eq. i1+ [«
vanances and covariances associated with by
(2) are o = 6.039 x 107 g = —1 438
1074 ae, = 1.306 x 107 a5 = 3.034 < [0

Or; = —2.917 x 10%: 0.7 = 2,904 x )7 The 2o,
confidence levels derived from these are = '+
at 300, = 1% at 700. = 1% at 1000 and -

12% at 1300 K.

4. Discussion
The following reaction pathwavs have to be
considered

AlCl + O — OAICI - O
AICI + O = AlO, ~ Cl

R
A,
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Both are allowed bv the spin-conservation rule.
Based on current JANAF 1H® . values the
abstraction reacuon (Jar s 47 kj mole™ exo-
thermic. while the subsutution reaction (3by
would he 7 &[] mole ' endothermuc.’” The
latter value would lead to mummum activation
energies too large to allow the observed rate
coethctents. However. our obsersauon that the
tead tiom

AlO = COL— AO; = CO Yy

has a slight hegative actuvauon energy indicates
that the new O-Al bond 1t O-AL-O 15 at least
equal to the suength ot the 0-CO hond."‘
resultingitan _H . ..« AO, € - 199K} mole™".
This is 113 k] mole ™ more exothernuc than the
current AN F vadue, which v based on mass
spectrometiy evaporation experiments.’! Possi-
blv. ditterent \lO, structure mav be responsi-
bie tor this chtterence. [t should be noted that
other mass specirometry evaporation studies'”
suggest a heat ot tormaton which s more in
agreement with that from our’ work. On this’®
revised basis reactton (3b) has a &HH® su € =26
k] mole” . re. v also exothermic. Thus on
thermochen:ical ¢rounds (3b) now has to be
considered a possibie path for the AICVO.

T,
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reaction. In fact, if the double exponenual Eq.
t1) correctlv describes the kinetcs. (3b) mav be
identified with the Arse term which dominates
at the lower temperatures. An A tactor ot 1 %
I07% ¢cm' molecule ™" s would he small tor the
simple abstracuon reacuon 3ay. The second
term ot Eq. D). which s wigntheant at high
temperatures. has a4 large pre-exponental n-
dicauve of an abstraction reaction such as <
While a value ot 3.4 < 107" cm’” molecuie™ -
does not appear physically reasonable. it hus o
large uncertaintv o, associted with it. Clearls
this pre-exponential must be larger than that ot
the Arst term to account tor the observed
increase in slope. As can be seen this increase
occurs near the upper temperature limit inves-
tigated. An extenuon to much higher tempera-
tures than accessible by our apparatus would be
required to determine this term more accu-
ratelv, though & near the upper himit ot the
current temperature range is weil known. 4
noted above.

While the two-path model for reaction 13)
thus appears quite reasonable, the equallv good
fit of the data to the transition state tpe
expression (2) indicates that it merus further
discussion. However, the magnitude of the
power of T, 4.57, does appear unusuallv high
for a reaction of small molecules.*'*" and
contrary to the term just discussed for Eq. (1). ut
has a small associated uncertainty ap. We
therefore favor Eq. (1), although experimental
product identification is needed. Unfortunateis
neither QAICI nor AlO; have known electronic
transition spectra. which precludes the use ot
the present diagnostic LIF to settle this prob-
lem. Mass spectrometer HTFFR expeniments
which should allow product identification are
planned: the apparatus is being constructed

The (n k(T versus T~' dependence ot the
AICL'Osy reaction. Figs. 2 and 3. contrasts ~hai-
plv with that of its O-atom equivalent

\lO - ()_) - \lO_- -0 K

which. like reactuon 4. has a4 shght negarine
dcuvavon energy.” That behavior 1s indicanve
ot the tormauton ot an intermediate reaction
complex. such as O-O-Al-O. which preteren:
ually dissociates to the original reactants ruathier
than products.”*® The temperature depetn
dence of reacuon (3} indicates that when the ¢)
atom 1n AlO 1s replaced bv a Cl atom. erther 1.
such complex 1s tormed or that 1t dissocrues
preterenually to products. This s simular to e
suggesied behavior of the reaction'’

BO + Oy = BO: -~ O
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AIC! radical reactions mav be expected to
show some simularity to those of the BF radical,
which 1s consututed of the elements above Al
and Cl, respectnely. in the perindic tihle For
the reaction hetween BF and O. &T) has been
reported'® to he 1.8 < 107 expt=T2H0K 1)
cm' molecule  ~ trom 873 1o 1030 K. In that
work no curvature in the Arrhemus plot was
observed and an OBF - O product was
assumed. However. the hmited temperature
range mmvestigated would make 1t ditheult o
establish curvature and compettion trom a BO,
product channel. the equivalent ot the products
of reaction (3h). has to bhe considered. Both
BF/Os product channels would also be exother-
mic.
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COMMENTS

Jax B. Jeffnes SRI. [nt. Menlo Park, CA 94301 ('S4,
What diagnostics hasve heen performed to determine
the rate of wall loss of the Al AICL AlO compounds
on the hot mullite walls of vour reactor® Do vou
expect the probable fast rate to impact vour reported
data:

Author’s Rephs. The tact that wall losses canindeed
be fast was estabhished in several ot the earliest
HTFFR studies * from plots of pseudo-hrst order
rate coethaents versus oxidant concentrauons [he
wall-loss intercepts do not directly atfect the obtatned
rate coefficients. which are derived from the slopes. {t
is likely that vanauon in wall losses over the period ot
the measurement ot one rate coethcient 1s paruails
responsible tor the scatter 1in the data. Earlv work
showed the scatter 10 he considerably stronger in N\,
than Ar. which observation pomnts in that direcnon.
Hence. Ar s now used as bath gas. The whole subject
of accuracy in HTFFR rate coetfictent measurements
has been discussed extensivelv in Refs. 3 and 4
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will be sensitive to the Cl; pressure in the svstem. In
vour experiments, how much AlCly is produced
relauve 1o AICI and could secondarv producuon of
AlCI via equilibrauon from AICly affect the results?

Author’s Reoiv. Generaton ot AlIClI from AlCI,
equilibrauion s not hikelv. AICHis generated from Al
ind Cls, so anv AIClL or AICL present must result
tfrom ether a sequence of bunolecular reactions or
from termoiecuiar reactions. However, the reacuons
ALCEL and AICHC!, have hoth been tound to be
independent ot "M]. under our operating conditions
and the Al reacuon 15 much faster than the AICI
reaction.” These points coupied with the | x 10™* to |
x 107! s residence times indicate that [AICH) » [AICH]
and (AlICl,]. Calculauons show that at equilibrium
[AICls) and {AICLHE »  AlICH. suggesung that in our
experiments higher chiorides. it present. will not
significantlv react hack to AICL Direct proof of the
absence of sigmhcant secondary AICl producton
comes from the observauon that the rate coetficients
in Table I are independent of reaction time, observa-
tion distance and How velocity. Also. [Cl;] was varied
by more than an order ot magnitude without affect-
ing & Finallv. since {Oy] is much larger than the
concentration of anv other reactant, the [Og] is
unaffected bv anv aluminum chloride reactions.

REFERENCES
l. Rocowskl, D. F. axp FonTIN, A, work in
progress.
[ ]

Dr. Milton Farber. Space Sciences, Inc., 135 W. Maple
Ave., Monrovia, CA 91016 U'SA. | would like to
commend vou on a verv good set of experimental
kinetics. The fact that vour results are not compatible
with the thermodvynamic value for the &H/ of AlOs(g)
reported in 1930 by Ho and Burns.' but are quite
compauble with our previously published values’ can
be readilv explained. Your earlier papers on the
kinetics of CO; and O, with AlO appeared to vield
activation energies of approximately zero. also com-
pauble with our value of —44 kcabmole for 2H. of
AlOq(g). but incompatble with the valueot =232 =6
kcal/mole reported bv Ho and Burns.'

First, I shall explain the reason for the incompat-
ibility of vour results with those of Ho and Burns. In
1976 and 1980 Burns and coworkers published two
papers."’ one on the AH, of Al;O4(g) and another on
AlOy(g). These were evaporation experiments in
which he assumed “sirtual equilibrium.,” with an
accommodation coetficient of a = 1).325 for the two
species. These +alues are much too high for these
species. by at least an order of magnitude for AlOa(g).
Nearly ten published papers have presented accom-
modation coetficients of less than 0.10 for the
evaporation of ALOwg)'. Our experiments on the a
of Al;Oyg) showed a result of approximately 0.08.°

The assumption by Ho and Burns' that the a for
AlOq(g) 1s 0.325 leads to a calculated parual pressure
from the Langmuir expression. p = n \ 2amkT a.
whichis much too low. and results in a _H. of A!0.1y)
some 20 kcal mole too positive His values tur AlOg).
and ALO(g) are also 0o positive by 2 1o 3 keal mote
from the well established and universaily recognized
AA, valves tor AlO(g and ALty His value tor
AlLO,. a larger molecute with a much lower accom-
modation coethcient than 1).323 ithe ‘alue aso
assumed by Fu and Burns)’. 1s some |3 keal moie
more posiuve than the _H. obtained from ettusion
equilibrium experiments. The high temperature
mass spectrometer spark experiments on ALOsig) by
Cornides and Gal® show that imua! decomposiuon
species are atomic and that the atoms recombine to
form the higher oxides. In general. evaporaton
decomposition experiments will not vield equilibrium
pressures and thermodvnamic data derived from
them will be unreliable. One further comment: when
[ presented our data at the Faradav Svmposium 1n
London in 1973’ Professor Skinner remarked that
the Al species with oxygen consisted of ionic bonding
and that the Al-O bond strengths were nearly equal in
all the species, AIOH, AlO, ALO, Al;O4 and AlO,. etc.

As noted, the compatibility between vour results
and ours can also be readily explained. Between 1970
and 1976 we published six papers on equilibrium
studies leading to thermodynamic data for the alumi-
num oxide species.””*!' Four were performed in alu-
mina effusion cells employing saphire chips to ensure
no interference with extraneous materials.?*'*!' Two
mass spectrometer studies of Al additive compositions
in HyO, flames confirmed the effusion studies.” ’ A
LH% e of —44 = 2 kcal/mole was obtained tor
AlOq(g). the value with which your experiments agree
Prior to these studies a mass spectrometer investiga-
uon in 1960 by Drowart, et al'? on the dissociation
species over AlOy was performed emploving
tungsten and molybdenum cells. Thev reported ther-
modynamic data for AlO(g), Al O(g) and AlL,O .«
with values more positive than those obtained 1n ur
neutral cell effusion experiments and those ot man:
other investigations for the heats of formauen -t
AlO(g) and Al;O(g). Thev did not observe Ai() ¢
Our calculauons later showed that reactions took prae
between the metal cells and Al species.” resulunyg »
more positive AH, values and completely reducing e
AlO; concentration to an undetectible level It tiese
reactions were taken into consideration the resuis -1
Drowart, et al'? would be in good agreement with ..
data.

In conclusion, although the existence of AiO) ¢
and its heat of formation have been controsersiai t-«
many vears, I am pleased that vour kineuc exper:
ments are compatble with what [ feel is a dehnine
value for the 8 H® 35 of AlO4(g), — 44 = 2 keal moie |
look forward to the results of vour forthcominy mass
spectrometer experiments.
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we take current JANAF values tor AJO. CO and € O,
and the -29.5 kcal mole™ accuracs {umit value trom
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O0Al} exst between AlO; from evaporauon and
kinetic studies.

REFERENCE

1. Rocowskr, D. F.. ENGLIsSH, A. ]. axp FonTyN. AL
] Phys. Chem. 90, 1688 (1986).




REACTION KINETICS

950

(o
(1]
(a}
[O]]
(L1}
(u]
i
(c)
(<
{Y]
(el
(]
()
(G
]
(o
(3]
(Cy
(-
)
]
(]
(9]
(]
i
L]
(N
(i
(<]
(el
19]

(B}
Wi
L
TN
LI
Mo
[ IRY]
e
"
[
R
M
N
JAR
He
It
U1
e
no
W
4.0
BT
e
!
g,
.....
LI
LTS
et
LI}
Ny

-

P -

- = -y

-

LU TP

AR CALLUANR L L))

)

!
loe
JALK
(XY
L 1YA
$1L
vol
1NN
LU
(AP
el
Mol
toal
clal
Hoot
tlal
ceal
[R¥A|
Lyl
LU |
.16
06
o6
Fie
L
(BN
aln
a0
M
LD

PR

[y
!

1
11
v i
$
t1
A
R
R
I
0
s
32
(]
L
it
e
oL
ol
1
1<
b
[}
|
bt
a5
O
:.l.
oy
Vvl
I
(1}

i N

[ [ES BT R ] G tl . | (R

te (] 4 bR LA B N [ B i ol (X}

Gy C) 4088 L ez [N I ‘. Bl o]

th (PL4)0L L (B (1 . CEl] "

It (Cpe ot (reng 6 trys « a it 0

Nt (Cy+ oy L+ 6 (e .« ot 0

HF (cpaicg e (F1 4660 FA R 1 108 (I

OR €L+t e HEL4URO A K { 008 07

ol (C1+)6¢F (F14)00 (s « LIS ol

al (¢r+)oct (Cr4)aY (s - TS ol

0é (C14+)66'7 (FL4)lo+ (SRR o LY (]

e Cr+4)c0w (Bl 4 ) b (L4 @ LIs 0l

(] (Cl14)R'F (L1410 (i t th0F (1]

kt (Ci4)ae (FL)F (214 3 XS ol

Ll (CL+NeF (F1+)0L (L1 I L e e

s (CT+RGF 1+ )00 (4 i L on

Ot (Cp 4R (FL+ NG (L14 [ [ 0

ce (cp+inL i (121 I 4 S VAR I I3 S (I8
[N (CE4R 1 areng s (AN | | o
RY (Cp+m| (SRR drs (L1 1 1 oe
(2 (469 (L1t AR §: o 01

13 p4igaa (FL 4006 (rys §. A ol

(12 (Cp+iran Frahor s (KA « ol 0l

n¢ (Cpeigan N RN Ly . 10t 0l

R (Clatay AR [FA R e 1 0l

tol (Cp4IRCy (et (s o t ol

(%2} (C] 40 4 [EA RN (1] o [ 0o
il (CaiRe g TR ERIT] ZA P [ o7
ot [CN B PR (] IR 6 (AR INIEY $ 14 o
[N [ B P24 (Craan g (yeian g [ANAR 8
(R (crarnng ol ffr+io e (AU 0nm ([

g {, [ ITR)] trtagy [RITRY}

ey 1ol Ny o ot

[RI]
LN TIAYEY

Tt

LSEMI L e- )

4

— '_4 [ LM f_:.z__.-_:r_.;—/ (LERIRIEE B ) .:-.V— " VIVHIInng

[ B EIAN




REACTION OF AICI WITH

“mi
(1
i
i
1
(t)
(t1
(+]
(v
(EN]
(1
(+i
()
(]
{4}
(L]
(o
(]
oy -
()]
(ci
(cy-
(] -
(cf -
(cj -
¢y -
(F1-
(c1
({9]
(3]
«l
(cy
(¢
(3]}
({H]]
Q-
(0}
(a1
(g -
-

Wy
[T |
LA TRY]
LI
ot
LI
[T
et
Yy oo
)
W |
oy |
oo
hyay
Wiy
R
ars
LR
ot ¢
at
N2
[PURN
oy
[ KN
IS
LhAN}
o
oL
s
[IETEY
AT
L e
oo
AN
:..- _
A
¢4 10
[H 2
nHe
[h |

(Cy
1

o
ol
el
(R
Nt
SN |
(BN
(N1
SR
1111
(BN
JSAN
(BN R
Y
LRt
tea
nta
IR
..—.-
JALN
enil
0nnng
(£ 1]
0N |
060
OG0
JALIN
o
Hiw
fHeR
LN
1. ¢
$ER
e
toe
nit
Lee
Le
e
[WH

14
1t
s
0

0e

e
te
«)

e

6
ol
Wl
11
(11]
ol
&)
<l
L3
(i
ol
ne
o
i
[

oy

§ -

A

1]
|
[IN]
te}
te})
(]
(]
(Y]
(0
(<
1
<
«wl
(L4}
((1]]
(]
()
e
(y
(¥}
el
(<)
)
(]
LN
«i
(q
ey
fcy
(.1
(I9]
(KN ]
re
ta)
(137]
ta|
[Li]]
o]
]
{1}

- -

4

+
4

4
+

4

+

+
‘
[
4
+
[
+
[
]
+
+
+
+

I
Lag

we o
e a
L 1A
5.8
N @
mLa
IR &
ot
LY
ml

R
GE R
M6 R
AN
neL6
Mo s
ot
L IS
AN
"Ml
INO ¢
16L&
o
Wt
ICES
g ¢
LI |
L |
N |
ne
T
e |
INE
nt |
e

.__
i
i
1
UR
1
()
(
(1
i
(H1
(k1
(t]
(e
(¢
cy
UM
(L]
()
()
§3]
(r)
(F
(ty
(1
)
i+
(g
Ul
(+)
(k)
(1]
(+
(e
(cy
()
{4]
ey
(q
(cy

+
4
+
4

+
+
:
+
4
+
+

iy
..,h g
"
"
[T
W]
W
W
14
1!
[JAN
ALl
it
[l
(11N
ol
"ni
Uy
ol
Re
TITH
16
LA
o
|
L
ey
]
1
184

13
§
|3
§
t.
$.
v

P

-

t

R
] 't
g 10y
]+ )
()
(A RITN
(2] 4y
(1) ety
LEA O Y
(2140
(1] ¢ty
(2] N
(L1
(VA KEIE
UARDI
(21 + N
[FARER
[EA R P
(trrene
(rpsicy
(1))t
[FANNIY]
(FA T}
[ N I ¢
(FARNIH
LA RO
[ AR IN
(e
(L1 4t
[FAREI |
L1+
(FAERIN]
[FARERITY
iR] + 1
R .o
Rl 420y
[FARNIR|
(Lt + g
TARRLY
(L1

|
I
4

~ f~ I~

~

4

0
ol
0ol
ot
e
0
e
0"e
(1P
(I
(1D
({7
0
0e
0e
]
0f
ne
0oe
0
(1
ne
0l
(ing
(11}
0e
ne
(L
0o
0Oe
o
(i
(10
(s
0l

'C does not

e

COPV o

Juction




REACTION KINETICS

952

pAaIrIge 21am Loy nyw

IO Sy

Yy el LR B B

e avanhoas e parisd e e G eense e n oo

Cr nwr 1 ey I tl X3 (Cr+d6L s (F1 46 R (e e 9 o7
wr ey the 1y 000 3] 601 (Credmoy (B $IRE R (VAN ] s it 07
(Cr "ot 1 o i k. Lo (5% I FA AR (F14)LC e [FARSIUN L ne
(€] ey 1 Rt ROEG te G Cr+)6L @ (F1 46§ (PARE VA oLt 07
(53 B A o e Lyal i ¢ (cr+dols (F1 4G (Lrent o 0l
(Fb Wt (o g arayg o Le Crae T (B4 (VAR 1] He 0y
(Pl W2 Wl o g neay 1L 0t cr+)gy ) (F1 40291 Qs w (IR 0¢
(LS IR TANEY e ey L 61al 1L I+ (cr+nel (F1 +)a9 | LR (NN 0e
(B IR (1 Hog g HH 1L o (cr4)ie (B4 )90 (] LW (B ol
(C1- ML R e o Locl Ird R (Cr+)2cd (F14)IG¢ (LLVWOR 7 I ot ol
(€] maw 1 G 1el la 24 (Cl+)eea (F1 +F00 (Lrahmy ® (1hd
€y g6 1 Mwg ol h 1a1] (C)4IRET (F1+Le (TAIRE %I Lt 0OF
(BT Ww @ o Hay [{IWA Ht. K () +oe ) (H 400 & [FA R T [ IR e 0of
(1 w2y 1 WRo 1A ] 6t 68 (Cr+e i (HE + 08y (Lhage $ WO 0l
(F1 ey Bl ey m1 Ly Rt (CP4IoE | (140 s, [FARRTII 6l ol
S e ty) (, ~un Sy (, ey (mn fnogs (1)
FLN y I; ' Mury |70l Il ¥ UTEINGN |
_.«_:_

nrpreey

SSempeo e

O

“ _ v—/ (L8] r__—‘::.-_:r-.h—/ [URLUT IR .d—_.v— jo virannng
:?::-—_::; — ——:d —




APPENDIX 2

Volume 132, number 4.5

CHEMICAL PHYSICS LETTERS

19 December 1986

AN HT FFR KINETICS STUDY OF THE REACTION BETWEEN AICl AND CO,

FROM 1175 TO 1775 K

Donald F. ROGOWSKI and Arthur FONTIJN

Depariment of Chemucal Envineerine, Rensseiuer Polvtechnic Insutute, Trov, N'Y (2180-3390, L'SA
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Rate coefficients tor the reaction AICl + CO9 — QAICI + CO have been measured in a high-temperature tast-tlow reac-
tor (HT FFR). These fit the expression k(T = 2.5 x 10712 exp(-7550 K/T) cm? molecule™! 57! The existence ot 3 lasze
energy barrier tor this exothermic reaction is in agreement with that suggested for the OAICI channel of the AIC1 + O re-
action. The presence ot such barriers 1s in sharp contrast to the AlO reactions with CO3 and O,.

1. Introduction

The use of the HT FFR technique is providing a
data base for the Kinetics of homogeneous gas-phase
oxidation reactions of metallic species in the 300—
1900 K range; results have been summarized in several
reviews [1-3]. Following measurements of Al atom
and AlO radical reactions, we recently initiated work
on the AICI radical with a study of its reaction with
0, [4]. Here we report results for

AIC1 + CO, - OAICI + CO 1)

and compare its In k(7) versus T ™! behavior to that
established in the AICl + O, study and for the AIO
reactions with CO, (5] and O, [6].

2. Experimental

The basic HT FFR design and methodology has
been described previously [2}. The modifications used
for AIC] messurements have been discussed elsewhere
[4]. Briefly, & vertical 2 2 cm inner diameter mullite
reaction tube is heated by silicon carbide rod-type
heating elements. The reaction tube and heating ele-
ments are housed inside an insulated vacuum can. An
Al-wetted tungsten coil 1s heated in the upstream end
of the reaction tube producing gaseous Al. Ar bath gas
with a trace (=5 X 10'? cm~3) of Cl, is passed over
the coil. Al atoms are entrained and react at near gas

0 009-2614/86/$ 03.50 © Elsevier Science Pubiishers B.V.
(North-Holland Physics Publishing Division)

kinetic rates {7] to produce AICl. Further down.
stream CO; is introduced through a movable inlet:
the distance between it and the observation plane
varies from 20 to 10 cm. Relative AIC] concentrations
are measured at the observation plane by laser-induced
fluorescence (LIF), using the A~X(0, 0) transition at
261.4 nm. To ensure that AICI production ceases at
the CO, introduction point, some O, (=5 X 1013
cm’3) is added through the CO, inlet to consume
any remaining free Al by the fast Al + O, reaction
(k= 3x 10~ cm? molecule=! s=! [6]). The gases
used, are 99.5% Cly, 99.998% Ar (from liquid). 99 6 %
0,,and 99.99% CO, . all obtained from Linde.

3. Results

Plots of In [AIC]] g1 0yive versus [CO, ] yield strigre
lines with slopes k| ¢, where 1 is reaction time &, &
each experimental condition is determuned by .s.rg
weighted linear regression of the data. The randum
experimental errors are used to determine the we:ent
ing by a propagation of errors method [2]. From
this treatment the o associated with each k| 5 ...
culated.

Below about 1175 K reaction (1) has been tour
to be too slow to allow meaningful HT FFR opverva
tion. Fifty-nine measurements of k| between 1,7 *
and 1775 K have been made. Of these the fifty.io.:
which have correlations » > 0.85 for In [AIC!]

relal: e

109




Table 1

Summary of rate coefficient measurements of AIC! + CO; —~ OAICI + CO a)

Oxidant inlet P (M] {COq] range v FO T b Lo B
position (Tom® 107 ecm™ wem™) tms7h) 1K)

20 19.7 1.24 1 03015)-8.85(15) 40 49 1538 IFU-1H 1Y
20 19.6 1.24 1.07(15Y=-9.07(1$S) 40 16 1533 I%4(-14) 221015y
20 2346 156 10315)-8.50(1%) 42 28 1529 10414 1420-15
20 246 136 1.D415)-8.26(15) 42 24 1526 1300-14) 1 3B-1%
20 328 2T C3TLS)-1.10¢16) 31 3 1526 1 3%-14) 835 &
20 394 MET) 1 62115)-1.30(16) 26 25 1527 1O -14  1oL-15
10 342 2.18 1 7213)-1.37(16) 28 6 1517 119(=13y  2.15-1%
10 342 218 1.87¢15)-1.36(16) 25 32 1514 125(-13) l23hi-i%)
20 230 13 1.17¢18)-9.76(15) 38 34 1433 1.27(-14) [ 460-15)
20 230 1.56 | 25¢15)-1.00(16) 35 33 1421 9.60(-15) 9.10(-16)
0 237 1.62 1.18(15)-8.59(15) 39 22 1416 1.17(-14) 1.49(-15)
20 237 1.62 1.06(15)-8.62(15) 39 2 1414 9.25(-15) 1.08(-15)
10 6.5 1.30 1.24(15)-9.68(19) 35 25 1417 8.37(-15) 1.17(-1%5)
10 26.6 1.81 1.24(15)-9.63(15) 35 25 1418 9.37(-15) 992(-16)
10 200 1.3§ 1.28(15)-9.67(15) 35 41 1424 9.70(-15) 1.55(-1%
10 200 1.36 1.26(15)-1.00(16) 3s 40 1425 1.24(-14) 2.22(-19)
20 28.7 1.87 1.62(15)-1.21(16) 29 36 1325 3.49(-15) 695(-16)
20 257 1.88 1.52(15)-1.20(16) 29 36 1320 4.75(-15) 9.77(-16)
20 370 173 2.27(15)-1.76(16) 20 14 1307 2.82(-15) 2289(-18&)
20 369 273 2.26(15)-1.74(16) 20 11 1304 2.717(-15) 4.63(-16)
20 199 1.47 1.07(15)-7.92(15) 43 54 1310 1.00(-14) 1.75(-1%
20 200 147 1.12(15)-8.02(15) 43 44 1311 1.04(-14) 1.32(-15)
10 20.0 1.46 1.06(15)-8.15(15) 43 43 1320 1.75(-14) 1.58(-15
10 200 1.46 1.09(15)-8.14(15) 43 39 1322 1.95(-14) 3.32(-19
20 315 1.91 1.38(15)-1.09(16) 31 17 1591 1.36(-14) 1.97(-1%)
20 316 1.92 1.33(15)-1.13(16) 31 17 1587 1.29(-14) 1.17(-15)
10 3t6 191 1.36(15)-1.08(16) 3 12 1596 1.70(-14) 1.76(-19)
10 316 1.92 1.33(15)-1.13(16) 31 10 1592 1.18(-14) 2.60(-15)
20 318 191 1.63(15)-1.40(16) 25 40 1588 1.66(-14) 1.26¢(-15)
20 316 192 1.80(15)-1.40(16) 24 32 1586 1.60(-14) 1.42(-15)
10 315 1.91 1.82(15)-1.39(16) 25 41 1594 1.77(-14) 1.68(-15)
10 318 1.92 1.74(15)-1.40(16) 24 35 1593 1.91(-14) 1.40(-15)
20 221 1.25 1.12¢15)-9.17(15) 37 40 1705 243(-14) 3.15(-1%
20 221 1.25 1.20(15)-9.09(15) 38 56 1703 1.84(-14) 1.26(-1%)
10 221 1.25 1.19(15)-9.25(15) 38 55 1708 1.94(-14) 294(-1%)
10 19.9 I.14 9.94(14)-8.47(15) 41 45 1689 379(-14) 591(-15
20 20.4 1.17 7.80(14)-6.32(15) §s 24 1680 201(-14)  3.33(-1%
20 204 1.17 8.23(14)-6.41(15) 55 21 1679 1.53(-14)  3.10(-1%
20 16.9 0.924 7.24(14)-5.74(15) 60 S5 1764 1.34(-13)  228(-14,
20 169 0.925 7.01(14)-5.68(15) 60 53 1762 1.01(-13) 6.75(-1%
10 271 1.50 1.38(15)-1.06(16) 32 58 1740 4.17(-18) 274 -1%
10 27.1 1.50 1.41(15)-1.07(16) 32 59 1745 288(-14) 3I.l4-1%
20 19.1 1.0§ 8.28(14)-6.55(15) 53 121 1759 4.72(-14) 92u-1%
20 19.1 1.0§ 7.97(14)-6.64(15) 53 112 1756 4.88(-14) 493(-1%
-10 194 1.06 8.34(14)-6.58(15) 52 82 1747 492(-14) S67c-1%
10 19.1 1.06 8.71(14)-6.60(15) 52 7 1739 4.74(-14) S.74(-1%
10 329 |.84 1.35(15)-1.05(16) 33 39 1727 177(-14)  288(-1%)
10 329 1.84 1.33(15)-1.02(16) 33 33 1726 3.04(-14) 33(-1H
20 314 2.55 1.87(15)-1.42(16) 24 35 1190 2.66(-15) 3.4-106)
20 19.8 1.61 1.25(15)-9.14(1%) 8 30 1190 1.32(-14) 155:1-1%
20 198 1.61 1.18(15)-9.28(15) 18 19 1186 1.53(-14) 1.28(-1%
20 190 2.39 1.88(15)-1.36(16) 25 24 1175 7.09(-18) 75 -1&
20 226 1.67 1.28(15)-1.04(16) 34 23 1307 9.33(~15) 1.67(-1%
20 297 2.22 1.32(15)-1.01(16) 34 10 1291 1.01(-14) 185(-1%

) The measurements are reported in the sequence in which they were obtained.

)1 Tomr = 133.3 Pa.

¢) In arbitrary units.

4) 1n cm3 molecule™! s
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versus [CO, ] are presented in table 1. Inspection of
the data in table 1 shows k, to be independent of P,
[M]. and the experimental parameters: inlet position,
T (the average gas velocity) and £ (the wnitial fluores-
cence intensity, which is approximately proportional
to the initial (AIC1]). It may also be seen that k| is in-
dependent of the position, which shows that the AICI
consumption measurements are not measurably in-
fluenced by quenching of AICI(A) by CO4. Tempera-
tures given are averages of the temperatures at 5 cm
intervals from the CO, iniet position to the observation
plane. The standard deviation about the mean gas tem-
perature varied from *3 to 17 K depending on the
reaction conditions. In view of systematic uncertain-
tiesin T {2}, o is taken as 25 K.

While at least some curvature may be expected in
an Arrhenius plot covering a wide temperature range,
within the scatter of the present results a normal
Arrhenius expression k = A exp(—8/T) provides the
best weighted least-squares fit [8] taking into account
Ok, and 0. The resulting rate expression is

k(1) =2.53X107'2 exp(~7SSOK/T)

cm? molecule~! 57! Q)

The standard deviation for k| (T) determined by a
standard propagation of errors technique [8,9] is

g, () =k (D(0,4/4)* +(og/ T

- 0,p/AT +(0.1)*]¥2,
with variances and covariance

0} =408%107142
a5 =9.58 X 10°,

048 =621 X10%4.

In the determination of o, the 0.1 is g,,/n, the sys-
tematic uncertainty in the how profile factor [2].
The covariance term —o0,5/4 T must be taken into
account in the determination of g, , since 4 and B
are dependent parameters {9]. The resulting 20, .
confidence levels are £23% at 1175 K, £16% at

1300 K, t12% at 1550 K and £15% at 1775 K. [t
should be noted that o (7) represents the uncertain-
ty of the fitted expression, not the deviation of the
measurements of k.

CHEMICAL PHYSICS LETTERS

{9 December 1986

4. Discussion

AH (298 K) for reaction (1), as wnitten. s — 14
£ 22 kJ mol~! [10]. Other product channels would
be at least some 7350 kJ mol~! endothermic and do
not need to be considered in the temperature range
investigated. The 490 to 1750 K HT FFR study of
the reaction

AICI + 0, [: OAICI +0 (3a)

AlO, +Cl (3b)

showed a strongly concave upward Arrhenius-type
plot and yielded a rate coefficient expression [4]

ky(T) =1.3 X 10712 exp(=3400 K/T)

+3.4%X10"? exp(~16100 K/T)

3 1

cm? molecule~! 57!,

Since neither QAICI nor AlO, have identified elec-
tronic transition spectra, LIF could not be used for
positive channel identification. However, arguments
were advanced in that work, which suggest that the
first term in the k5 (T) expression essentially describes
the behavior of channel (3b) and the second term that
of reaction (3a). The second term becomes dominant
only above 1650 K. Since it is thus determined over a
narrow temperature interval it has a large associated
uncertainty. However, this term clearly involves an ac-
tivation energy well in excess of the 28.3 kJ mot™!
of the first term. Such a large activation energy fora
simple exothermic abstraction reaction (AH%(Z‘)S K)
= —47 kJ mol~! [10]) is somewhat unexpected. The
k(T) expression derived in the present work shows
that there is a considerable barrier for OAICI forma.
tion from AICI and thus tends to strengthen the in-
terpretation of the study of reaction (3). An HT FFR
mass spectrometer apparatus is currently being con.
structed and should allow direct product identifica-
tion.

HT FFR studies of

AIO+C02 "AIOZ +CO, (4)

AlO + 0, » AIO, + O (<)

showed slightly negative T dependences of their rate
coefficients from 500 to 1300 K (5] and 300 to 1400

315
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KmmemmewmmyMOMmMnMOmm
a Cl atom thus appears responsible tor the appearance
of major barriers in the reaction potential energy sur-

faces.
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THE RADIATIVE LIFETIME OF AICH AT
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The radiative litetime ot the AlC" A [T | -

5. The estimated accuracs mis are - 400'a

1. Introduction

Few radiative lifetime data on refractory species
are currently available. compare ¢.g. Suchard [1] and
Huber and Herzberg (2]. We are mak:ng kinetic
measurements involving such species in a high-tem-
perature fast-flow reactor (HTFFR) using laser-
induced fluorescence (LIF). Recently. AlIC] oxida-
tion reactions [3.4] have been studied by observing
the AICI A '[T-X 'Z ~ (0.0) transition. Since no pre-
vious radiative lifetime studies of AICI( A '[1) appear
to have been made. we have now extended our work
to provide this information.

Preliminary experiments showed that the 17.5 ns
fwhm of the laser pulse and the 10 ns resolution of
the signal recording equipment somewhat exceed the
AICI radiative lifeume. :.. The first difficulty has
been addressed by Good et al. [3]. whose approach
15 used here. see section 2 In section 3 we discuss the
implications of using Good’s technique with the 10
ns resolution of the recording equipment.

2. Technique

AlCl is produced in an HTFFR by the reaction of
trace quantities of Al and (1. 1n Ar. as described
elsewhere [3.4]. A pulsed Lambda Physik EMG 10!
excimer/FL 2002 dve taser with a KDP doubling
crystal and coumarnin 344 dyve s used to induce the
fluorescence. The AICl A-X (0.0} transition at 261.4
nm or the Al 5°S,.-3 ‘P . transition at 265.2 nm

CHEMICAL PHYSICS LETTERS

{2 June (98"

sender Poorecnmie Drsirure Tron NY [ 2w 3590 08

Sslate nas peen determined by a laser-induced fluorescence methodtoben 4 - . .

15 used for fluorescence excitation and observation.
The fluorescence radiation passes through a 262 =13
nm (fwhm) interference filter and is measured with
an EMI 9813QA photomuitiplier tube (PMT) with
a 2.2 ns rise time. The output of the PMT is sent to
a Data Precision Analogic 6000/620 100 MHz tran-
sient digitizer via a LeCroy VVI00BTB wideband
pulse amplifier. Fluorescence intensity. laser pulse
and background measurements are made following
established procedures [6,7]. For the measurement
of the laser pulse, AICl production is terminated and
a scattering rod is placed in the laser beam. B:
adjusting the rod, the scattered laser radiation inten-
sity can be made comparable to the fluorescence
intensity. The background signal is then obtained b
removing the rod. For each measurement. an aver-
age of 1000 pulses 1s used.

The tluorescence decav constant r is evaluated
from f{1). the fluorescence signal with backgrouny
subtracted. and e( ). the laser pulse with backgroury
subtracted. by the iterative convolution methed
Good et al. [3]. A 15 guessed and using this vaiee
¢t) 1s convoluted with the response tuncii
Al Ty =expl —6 7). o obtain 7,(1). the tluorescen. -
signal anticipated to be observed for a response wit=
the guessed value of 7. f{¢) and /,(7) are normaii/ay
1o their maximum value and the summation

LSQ= Y [y =1t i)

1s evaluated and then minimized by successive
approximations for r. In an attempt to reduce the

0009-2614/87/% 03.50 © Elsevier Science Publishers B.V. Y]
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error associated with the numerical convolution to
obtain £,(1). a | ns step size 1s used rather than the
10 ns step size of the digitizer. To achteve this. val-
ues for e( £) at | ns increments are obtained by linear
interpolation from the 10 ns data. Atter the convo-
lution. only 7,07} at the iy ns resolunon of f(1) are
used in mimimizing LSQ.

3. Results and discussion

Fig. | shows typical tluorescence. laser and back-
ground measurements for the AlC] experiments. The
results of applying the iterative convolution method
{5] to these data 1s shown in fig. 2. For comparison.
the laser pulse and a synthetic tluorescence signal with
t=10 ns are also shown there.

Thirty measurements.of t tor AIC! were made over
a wide variety of expertmental conditions. These are
presented in table | and have an average value of 4.3
ns. To arrive at the radiative lifeume. 7. from this
7, two factors need 1o be considered. The first 1s
quenching as expressed by

N
tl=ro e Y kg (X

r=1

where k,, is the quenching rate coefficient for species

>
200} 3 A.C 7 uorescerce
3 ciser 9lse |
P S Bacxgriuna
5 !
£ ;
>
3 ‘00 4
=
2
= | 3 5 !
- 2
. z .o
06 o 0 ® 8 573 ,:33%0 ,88%9a

0 200 4C B0 30 ¢ tad 4 "2 "30

Fig. | Plotof experimental data For #11 << | 3rns the AlC! Nu-
orescence intensity, laser pulse and »ackground data are
indistinguishabie.

)
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Fig. 2. Normalized plots of (1) the 'east-squares fit of the AICI
tluorescence signal and (1) the laser pulse. both derived from
fig. t. with the background subtracted. [ndividual data points
shown are for the observed fluorescence intensity. Also shown s
the decay expected for t =10 ns.

J and { X,] its concentration. For Cl,, if 2 maximum
Kocr. =3x 10719 cm?® s~' is assumed and the maxi-
mum [Cl.] of 8 x 10" cm =7 is used. t ~*/kqcy. [Cl:]
=9x 10°. Hence quenching by Cl, is insignificant.
The same argument also holds for AICI since the
maximum possible [AICI] is twice the maximum
[Cl.]. It should be noted though that [AICI] s esu-
mated to be in the range 10'°t0 10" cm~ ' Within
the scatter of the data no quenching of AICI{ A) by
Ar s observed. see table 1. This is as expected since
the maximum [Ar] 1s4x 10' ¢m ~’and k,,, has been
found to be typically less than 10~ '*¢cm?*s ~ " tor otner
electronically excited species. see e.g. rets. {3-1t
whichleadsto t &, [Ar] 26 < 10% Thus quencn-
ing etfects are neghigible.

The second factor 1s that the : determinec -
smaller than the 10 ns resolution of the digitizer
determine the intluence that this may have cn -
computational test was made. Test tluorescence
decays. f(t. 7). were generated by analvtically .. n-
voluting a test excuitation funcuion. en(() with he
response function. A(¢. 7). The fwhmofest)as i ™~
ns. the measured fwhm of the laser pulse. The valuces
tor e,(t) are (t1n ns): en(1) =0 for 1<0 (12 betore
the laser pulse): e (t)=v175 for O<si<]™*
e(f)=2-t175for17.5<t<35. e,(t) =0for 35 -
v equal to 3. 10. and 15 ns were used with the
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Table |
AICI A T1.: =0 decay constant measurements

CHEMICAL PHYSICS LETTERS

12 June 1987

P(Torr) {Ar)tem ) [Cl] tem I'tKy roins) s

12.4 W08~ i6) 3Tht -2 i3te 46,43 40,4247 44

R Esd-17) TEl- 1) 1206 4335434344 311

233 Pudi =17 4360 -12) 1136 48.406.46. 4544 416

RERY R LT | 13T (-1 1173 4.1.38.39.39.41 49

19.9 MY ! L1 =13) ¥91  43.50.49.47.338 43

28.6 Ae-17) 163 =13) 387 46.43.43.47.45 46

f=d5t=20=0a1ns
* | Torr=133.3 Pa.
Table 2 » _ regression to the 5 and 10 ns resuits vields 7,
Test radiauve lifetime data = $7. = 2.6 ns. This correction when applied to the
Time after start t ins) experimental results vields r,='6.4 ns. A
of laser pu.. (ns) As a check on the data collection and analysis pro-

t.,=50ns ot =10 r,,=150ns cedures, 7, of Al 5 °S,.» was measured and found to
oo 35 3 2 be 20.8 ns, see table 3. Within the scatter of the duta
)5 38 90 136 no quenching of excited Al by Ar is observed. The
5.0 3.1 95 15.6 observed lifetime is larger than 15 ns. thus as may be
75 28 8.5 4.7 seen from table 2 no correction to this value is nec-

essary. 1, for Al 5°S,,, agrees within experimental

£, (ns) 2.9 3.9 14.8

response function. To mimic the 10 ns resolution of
the digitizer. f,(7, t) and e, (1) were divided into four
groups. starting at 0. 2.5. 5. and 7.5 ns after e, (!)
becomes non-zero. with successive data points 10 ns
apart. The test data were then analvzed as if it were
experimental data. The results of this test are given
in table 2.

Examination of table 2 shows that as the t used to
generate the test data. r,. decreases from 15 to 3 ns.
the r determined by analysis of the data. r_,. 1s

error with the recommendation of Wiese et al. [11].
who give a value of 25.2 ns with an estimated accu-
racy of +25% and the LIF work of Jénsson and
Lundberg {6], who give 24+ 4 ns. Based on this
comparison of Al values we conservatively assign a
+40% accuracy to t, AICI A 'T1. v=0.

Finally. it is interesting to note that the value of
T.aq Of AICI(A 'IT) is considerably shorter than that
of the isoelectronic species BCI( A 'T1). for which a
Trag Of 19.1 £2.0 ns has been reported [1.12].

increasingly underestimated. Applying a linear

Table 3

Al 3 °S . decav constant measurements
P (Torr) tArftem ) TiK) T (ns) fins)
206 A2t =17) 1230 20702120222 |
339 2700 ~17) 12N 210,205,204, 204.20.3 203
12.0 FN2E=-17) 1134 21.0.20.8.208.20.5.20.7 20.8
299 2317y 1118 208.20.7.20.7.208.205 207

t=208¢(=z20=061ns

AR
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A method for the production of BC! in tlow systems has been developed and used for the study of the title reaction n a high-
temperature fast-flaw reactor tHTFFR) The temperature dependence of the rate coefficients is descnbed by the expression
kiT)=22x10"""exp( =3620 K, I't ¢cm molecule ~* s~ . consistent with a single reaction mechanism for the given temperature
range. These k{ T') values are larger than those observed for the 1soelectronic AIC1+ O, and BF + O. reactions.

1. Introduction

The kinetics of homogeneous gas-phase oxidation
reactions of several metallic species have been in-
vestigated over wide temperature ranges using the
HTFFR technique [1-4]. We have now initiated
studies of boron species. The first measurements
concern the reaction of BCl with O. from 540 to 1670
K. We compare its Ink(7T) versus T ~' behavior to
that of the AIC1/O, [4] and the BF/O, [5] reactions.
There are apparently no previous studies of the ki-
netics of BCl reactions.

2. Technique

The basic measurements and procedures followed
here have been described previously {3.4]. The re-
actor has been slightly modified for the production
of BCL. It is shown schematically in fig. 1. A vertical
reaction tube 1s heated by SiC resistance heating ele-
ments inside an insulated vacuum housing. In the
present work a mullite (McDanel MV 30) and a
quartz (Finkenbeiner-GE semiconductor grade) re-
action tube have been used. A number of concep-
tually promising methods for producing steady
measurable concentrations of BCl have been inves-
tigated here. Only one led to consistent results and
was used for this work: the production of BCIl by
passing Ar containing 10 to 30 ppm (v/v) B.H, and

OXIDANT

THEAMOCOUPLE "1

i

PUMP /5 5

| le VACUUM ~OUSING
WINDOW... _ ]

I

0

o
HEATING ELEMENT u.J.o

l-- REACTION TUBE

1) INSULATION
| S~— micROwaAvE DISCHARGE
CAVITY

A,
~ o

Ar BoHe T2,

Fig. |. Schematic of the HTFFR.

10 to 240 ppm (v/v) Cl, through a microwave dis-
charge. The oxidant O. is introduced through a mov-
able inlet system of the same material as the
particular reaction tube. Oxidant inlet-to-window
plane distances of 10 and 20 c¢m are used. A small
tflow of argon is tntroduced with the O. to improve
the response time to changes in {O.].

The relative concentration of the BCl is measured
by laser-induced fluorescence using the A 'TI-X X
(0. 0) transition at 272.0 am. The frequency-dou-
bled radiation of a Lambda Physik EMG 10!

26 0 009-2614/88/% 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Table |

Summary of rate coefficient measurements of the BCl+ O, reaction
Oxidant P (M] [O:] range v F r k o+ g
inlet position (Torr) ™' (1 em- ) (10%em %) fms™ ) (K)
fcm)
20 18.9 232 167-28.5 25 79 785 935 11,90
20 18.9 229 4.35-28.8 25 80 796 10.90 1.u3
10 18.9 230 4.18-28.7 25 164 794 "9 [
10 8.9 23.0 4.00-30.1 25 181 794 683 0.76
10 12.0 144 2.44-18.5 - 40 208 799 9.10 137
I{i] 12.0 14.4 2.58-178 21 221 806 935 1.08
20 12.0 142 147-18.3 41 99 817 771 0.91
20 12.0 14.0 2.63-18.0 41 104 325 8.35 1.26
20 10.9 998 1.81-13.7 53 123 1051 3.5 332
20 10.9 9.92 1.83-13.9 S3 107 1057 37.0 403
10 10.9 9.96 1.79-14.5 52 167 1056 253 3.08
10 10.9 9.87 1.82-13.9 53 159 1064 297 3.39
10 10.9 9.83 1.64-14.0 53 142 1068 3t 393
10 10.9 9.76 1.85-13.8 54 150 1077 336 3.79
20 10.9 8.57 1.67-11.9 61 50 1224 498 585
20 10.9 8.55 1.83-11.8 60 45 1226 57.0 6.85
10 10.8 8.59 1.60-12.2 6l 68 1218 538 6.07
10 10.8 8.59 1.67-11.7 61 65 1218 55.5 6.19
10 13.3 10.6 1.31-9.03 81 69 1207 37.1 3.89
10 13.3 10.6 1.31-8.88 81 73 1215 50.6 4.80
20 13.4 10.5 1.47-9.01 81 57 1225 59.8 5.04
20 13.4 10.5 1.19-8.90 82 54 1225 63.2 5.18
20 204 13.9 1.17-9.43 62 79 1412 96.0 6.85
20 204 13.9 0.77-6.20 62 95 1419 1240 8.80
10 20.4 14.0 1.57-11.5 62 111 1412 85.9 8.85
10 204 14.0 1.80-11.7 61 103 1410 80.8 6.76
10 16.3 11.2 1.22-9.45 77 67 1409 845 7.27
10 16.4 11.1 1.25-9.45 77 59 1418 79.1 6.39
20 16.3 11.0 1.16-9.07 78 57 1430 85.1 6.32
20 16.4 1.1 1.22-9.32 78 51 1431 80.2 6.08
10 1.8 6.83 0.83-5.43 70 10 1662 161 27,1
1¢ 133 772 1.12-7.84 93 18 1660 145 143
10 13.4 7.81 1.21-7.74 92 19 1658 179 176
10 16.5 9.61 1.01-7.39 99 43 1656 139 116
10 16.5 9.63 1.13-7.72 99 47 1651 172 130
20 15.3 8.84 0.80-6.87 108 41 1668 117 106
20 15.3 8.85 1.08-6.84 107 36 1665 118 1038
20 14.0 129 1.81-14.3 53 70 1044 223 MEN
20 13.9 12.9 1.95-13.5 53 74 1042 25.4 216
10 14.0 12.8 1.74-14.2 53 133 1060 19 213
10 14.0 12.7 1.99-13.7 53 139 1064 232 244
10 31.2 29.2 2.36-18.4 40 201 1029 19.2 238
10 3.1 29.0 2.27-18.2 41 214 1032 21.7 1.90
20 26.6 25.1 1.95~15.8 47 136 1020 320 195
20 26.6 25.1 2.15-15.5 47 147 1021 312 241
20 12.6 3.5 2.71-19.1 38 58 904 8.74 0994
20 12.6 135 2.80-19.6 38 74 900 13.0 143
10 12,6 13.4 2.53-19.3 38 116 908 8.56 107
10 12.6 13.4 2.73-19.2 38 110 912 9.71 1.36
10 20.7 223 2.35-18.0 41 218 896 9.26 0912
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Oxidant P (M) (O] range v F T AT g

inlet position (Torr) ™' 0" em Y (10 em-H (ms™") (K1)

(cm)

10 207 224 2.44-18.3 41 214 891 9.29 u.902
20 0.7 228 2.40-18.1 40 116 879 17.8 1.21

20 20.7 226 2.87-17.8 41 119 885 16.9 1.08

20 12.6 175 3.25-248 30 16t 696 393 0.435
20 12.6 ToTe 312-25.4 30 107 689 426 0.524
10 12.6 17.6 3.55-24.9 30 120 693 360 0.563
10 12.6 178 3.39--26.0 30 133 683 4.16 0.528
10 15.8 20 347-23.6 31 151 673 3.06 0.745
10 15.8 226 3.31-23.0 32 120 675 3.44 0.405
20 7.6 23 1.85-14.7 50 54 1008 263 4.20

20 7.5 "2 2.07-12.0 50 St 1003 25.8 4.14

10 1.6 730 212-14.5 49 77 1002 19.1 3.13

10 7.6 B 2 18-149 49 76 1000 19.4 3.0

20 11.2 17.8 12.3-59.8 42 40 610 1.07 0.122
20 11.2 17.8 12.3-58.0 42 41 611 1.14 0.195
10 1.2 i8.4 12.9-58.8 41 39 591 0.65 0.109
10 1.3 - 18.2 13.1-61.8 42 37 599 1.19 0.164
10 278 45.6 17.7-78.6 30 40 588 1.16 0.290

' The measurements are reported 1n the sequence 1n which they were obtained.

® | Torr=133.3Pa. *'Inarbitrary units.

excimer/FL 2002 dye laser is used to pump this tran-
sition. The fluorescence is observed through a 270
nm (24 nm fwhm) interference filter. The gases used
are Ar (99.999%, UHP) from the liquid, O, (99.6%,
zero grade), Cl; (high-purity grade and 1.01% in Ar,
customn grade) all from Linde, and diborane (1.08%
in Ar, semiconductor grade) from Matheson.

3. Results

Plots of In [BCl] ciane versus {O-] for fixed re-
action zone lengths yield straight lines with slopes
—kt, where ¢ is the reaction time. k at each experi-
mental condition is determined by using a weighted
linear regression [2.4]. From this treatment the o,
associated with each k is calculated. Experimental
data are obtained from 540 1o 1670 K. Below about
540 K the BCI fluorescence signals are too weak and
unstable to allow meaningful observations.

Sixty-eight k measurements have been made with
the mullite and sixty with the quartz reaction tube.
The data from the mullite tube experiments are given

28
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Fig. 2. Plot of the rate coefficients obtained for the BCI+O. re-
action. e, mullite reaction tube; +. quartz reaction tube.
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in table I. An Arrhenius type plot of these results
along with the quartz tube data is shown in fig. 2.
The two data sets are in agreement: the measure-
ments made in the quartz tube are therefore not sep-
arately tabulated. It may be seen trom table | that
the values of k are independent of average total con-
centration {M] varied from 7x10'* to 47%x10'®
cm~', average velocity ¢ varted from 13 to 107 m
s~ ' and F. the BCI fluorescence intensity at the low-
est [O:] used. In addition k is independent of re-
action zone length. Within the scatter of the data. fig.
2. no deviation from the normal Arrhenius equation
K(T)=A exp{ —B/T) is evident. A least-squares fit.
weighted using g, and o, yields

K(Ty=2.24x10"" exp(—-4620K/T)
c¢m’ molecule~' s~ (1)

with variance and covanances {3.4.6,7]: ¢,=7.35
X 107342 05=8.62X10°, g,5=7.654. For the fit-
ting expression (1) the resulting 20,(T) confidence
levels which include a 10% systematic error in the
flow profile factor {2,8] vary from +27% at 540 K
to +21% in the range 900-1670 K.

4. Discussion

Two paths should be considered for the observed
reaction:

BCI+0.-OBCl+0, (2)
BC1+0,-~0BO+(l. (3)

Both channels are spin allowed and exothermic with
AH?.es values of —208 and —305 kJ mol~'. re-
spectively [9]. On the basis of the current infor-
mation we cannot distinguish between these channels,
though the magnitude of the pre-exponential in eq.
(1) suggests the simple O-atom abstraction reaction
(2) as the most likely path. By contrast. for the re-
action of the isoelectronic species AIC] with O, a
strongly curved Arrhenius plot was obtained, cf. fig.
3. That result has been tentatively attributed to a
change in mechanism (4]. The linear Arrhenius plot
obtained for the BCl+ O, reaction thus appears to
suggest that no change in dominant mechanism oc-
curs over the temperature range investigated. Mass
spectrometry experiments are planned to identify the
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Fig. 3. Comparison of rate coefficients of the BCi+ O, reaction
to the AlC1+ O, [4] and BF+O, [ 5] reacuions.

products of both the BC] and AIC] reactions at a
number of temperatures.

The BCl+O,; reaction may be seen from fig. 3 to
be faster than the AICl+O, reaction over the tem-
perature range investigated. Similarly, BCl+O. is at
least an order of magnitude faster than the BF+0O.
reaction, which has been investigated from 675 10
1035 K by Light et al. [5]. Over that limited tem-
perature range no deviation from a linear Arrhenius
plot is evident for that boron halide reaction either *

A more extensive comparison between B and Al
radical oxidation kinetics is underway in our
laboratory.
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High-Temperature Fast-Flow Reactor Kinetics Studies of the Reactions of
AL with Ly, AL with HCe, and AeCe with sz over Wide Temperature Ranges
Donald F. Rogowski.r Paul Marshall, and Arthur Fontijn*
High-Temperature Reaction Kinetics Laboratory, Department of Chemical
Engineering, Rensselaer Polytechnic Institute Troy, New York 12180-3590
The HTFFR (High-Temperature Fast-Flow Reactor) technique has been used to

measure rate coefficients for the title reactions under pseudo-first-order
conditions. The relative concentrations of the minor reactants (Ag-species)
were monitored by laser-induced fluorescence. The following k(T) expressions

1 S-I 10

in cm3 molecule” are obtained: At + sz + AtCy + Ce, kl(T) = 7,9 x 10

exp (~780 K/T) between 425 and 875 K; At + HCL » AtCe + H, ky(T) = 1.5 x 10°10
exp (-800 K/T) between 475 and 1275 K; AeCt + CLZ + Atsz + Ce, k3(T) 2

9.6 x 10711

exp (-610 K/T) between 400 and 1025 K. Confidence 1imits are
given in the text. Indications are obtained that the expressions for kl(T)
and kZ(T) are approximately valid to at least 1300 and 1700 K, respectively.
The results are discussed in terms of a harpooning mechanism and a modified
form of collision theory, which takes account of long-range attractive poten-

tials and conservation of angular momentum,

t Present Address: Westvaco Research Center, Covington, VA 24426




1. Introduction

The temperature dependence of the kinetics of oxidation reactions of
metallic free radicals represents a little studied subject, of great practical
1mportance.1 Theoretical understanding and predictive ability are far less

2,3

than for C/H/0/N type reactions, for which a still inadequate, but much

larger, experimental data base is available. We are engaged in providing an
extensive set of rate coefficient data for AL species. Earlier results on
reactions of At and Ae0 with oxygen oxidizers have been summarized.1 Most
recently, measurements on the reactions of AzCg with 02 and CO2 have been
reported.4'5 Together these reactions show an interesting variety of ¢n k vs.
T'1 relations, including approximately Arrhenius,5 zero or small negative
activation energies,a’7 and concave upward, best approximated by double
experimental expressions.4’8 Reasonable, if not always conclusive, a

1,2,4-8

posteriori explanations for all these cases can be given, In the pre-

sent work, this effort has been extended to include the reactions

AL+ CL, + AeCy + Ce AH, = -260 kJ mo1~1 (1)9
At + HCL » ALCz +H aHp = -71 kJ mo1~ 1 (2)
ALCL + Ci, > Ao, + C aHy = -108 kJ mo1~ 1 (3)

Over the present temperature ranges these reactions show, within experimental

error, no deviation from linear Arrhenius 2n k(T) vs T°1 dependences.

2. Technique
The basic reactor design and methodology of the HTFFR technique have been

discussed10 and details of the most recent design modifications have been




described.4'7'11 The reactor used here consists of a 60 cm long, 2,2 cm i.d.
vertical mullite reaction tube, surrounded by resistance heating elements,
contained in an fnsulated vacuum housing, It has a usable temperature range
from about 400 to 1800 K. Upstream of the reaction zone free Ay atoms are
vaporized from an Ag-wetted tungsten coil at about 1100 to 1300 K and are
entrained in Ar bath gas. This coil can be resistance-heated directly from an
1n&ependent power supply. For AgCt¢ reactant production a trace of sz, typi-
cally <0.005% of the Ar flow, is added to the bath gas., In earlier experi-
ments it has been shown that this AgCe formation takes place, at least in
part, from reaction (1) in the gas-phase.4 Further downstream sz or HCy is
introduced through a movable inlet, situated at 20 or 10 cm upstream from the
observation plane. Relative Ag and AgCt concentrations at this plane are
monitored by laser-induced fluorescence using a pulsed Lambda Physik EMG 101
excimer/FL 2002 dye/KDP doubling crystal combination, with coumarin 344 dye.
Ay is pumped and observed on the 5251/2-32P1/2 transition at 262.5 nm. For
AtCy the 261.4 nm A-X (0,0) transition is similarly used. To effectively
remove interference from the hot reactor walls, a 262 nm, 13 nm FWHM filter is
placed in front of the EMI 9813 QA photomultiplier tube for all these obser-
vations. The gases used are Ar from the liquid (99.998%) and sz (99.5%)
through the bath gas inlet, and 1% sz (99.5%) in Ar (99.998%) or S% HCg
(99.995%) in He (99.999%) through the oxidant inlet.

Plots of an[At] or zn[AzCz]re]ative versus [C12] or [HCy] for

relative
fixed reaction zone lengths (fixed oxidant inlet positions) yield straight
lines with slopes -kt, where t is reaction time. k at each experimental con-

dition is determined by a weighted linear regression.A’m'12 From this treat-




ment a 9y associated with each k is found. The uncertainty in temperature is
estimated as op = +25 x,4’5 The temperature dependences of the rate coef-

ficients for reactions (1-3) are best described by the equation
k(T) = A exp (-B/T) (4)

The parameters for this fit expression are obtained using regression tech-
niques, which account for o, and OT_II,IZ Since A and B are dependent parame-
ters, determination of the uncertainties of the fit requires the covariance

2

gpgs 23S well as the variances gAz and g .13 Then, a standard deviation for

the fit may be assigned,
op(ry = K1) [og/)? - 2 apg/AT + (ayT? + (0.1)711/2 (5)

In this expression, the term 0.1 represents °n/"’ the assigned systematic
uncertainty for the flow profile factor n.10’14 The resulting = 2 Tk(T) uncer-

tainties are given in the figures showing the data for the individual reactions.

3. Results

The measured individual rate coefficients for reactions (1) through (3),
and the conditions under which they were obtained, are given in Tables I
through III, respectively., It may be seen that these rate coefficients are
independent of [M] the average total concentration, P the average pressure,
v, the‘average gas velocity and the oxidant inlet to observation plane
distance, 1.e., the observed reaction zone lengths of 10 or 20 cm.

The forty rate coefficient measurements for the Ay + sz reaction (1)

10 3 1 -1

between 425 and 875 K give ky(T) = 7.85 x 107"~ exp(-779 K/T) cm” molecule " s

with associated variances and covariance, cf. eq. (4), cAZ = 2.31 x 1072 x A2,




1

= 1,45 x 10° x A, and cB2 = 9,45 x 103. For the Ay + HCt reaction (2) the

10

g
AB
fifty-three measurements from 475 to 1275 K result in kz(T) = 1.52 x 10°

exp(-803 K/T) cm® molecule ™ 571, with a,2 = 1.21 x 1072 x A%, 045 = 8.98 x A,

and oBZ = 7,24 x 103. For the AzCt + sz reaction (3) the sixty measurements

-11

spanning the 400 to 1025 K temperature range yield k3(T) 9.56 x 10
2 3

-1 -1 . - 2
exp(-613 K/T) cm3 motecule 1 ™%, with op =7.38x 10 " x A7, oppg =

$.49 x A, and a5” = 3.01 x 10°.

The magnitudes of the rate coefficients obtained at the low pressures used
in this investigation indicate that the reactions are bimolecular., The paths
given in Eqs. (1) to (3) represent the only channels accessible from ther-
mochemical considerations.9 Reaction (1) was used as the AgCe production reac-
tion for reaction (3), see Section 2, thus the LIF experiments on the latter
reaction confirm AeCe as a product species of the former.

2 on reactions (1) and (2)

A number of additional measurements were made
at temperatures where the sz and HC¢ equilibrium dissociation exceeds 10%.
These data were therefore not used in the above k(T) calculations. However,
no significant deviations from the extrapolated kl(T) were observed till about
1300 K. Further increases in temperature lead to a rapid decrease in
1 values, indicative of sz dissociation. The k2 measurements showed no such
drop-off to 1715 K, the highest temperature investigated, It therefore is

k

probable that the kl(T) and kz(T) expressions given are applicable at least up

to these respective limits.

4. Discussion
The rate coefficients and the fit expressions are shown in Figs. 1

through 3. Within the scatter of the data, no definite curvature in the




Arrhenius plots can be detected. Since the rate coefficients, especially
those of reaction (1), are close to gas kinetic, no sharp upward curvature
with increasing temperature would have been expected.

There apparently have been no previous experimental measurements of reac-
tions (1-3). However, a theoretical study by Mayer, Schieler and Johnston,
who used a modified BEBO method, predicted k (T) = 2.8 x 10713 10+67
exp(-6800 K/T) and kz(T) = 5.5 x 10713 1067 exp(-3900 K/T) em3 molecule™! s-1,
respective1y.15 These values are several orders of magnitude lower than
measured here and predict too strong a temperature dependence., While the
BEBO approach has led to agreement with experimental data for some H-atom
transfer reactions aﬁ 1000 K and above,ls’16 for reactions involving metal

atoms, such as At, other approaches are needed.

4.1 Ag-Atom Reactions (1) and (2)

The pre-exponential factor for reaction (2) is typical for atomic

17a

metathesis. By contrast reaction (1) has a significantly larger pre-

exponential, which is consistent with an electron-jump mechanism. The simple

harpoon mode118 predicts that electron transfer will occur at a separation

re where

IP(AL) - EA(Ce,) = e%/ne r (6)

c [}

19

Using values for the ionization potential IP of Ag of 5.986 eV~ and for the

21

vertical20 electron affinity EA of sz of 1.02 evV,“" we calculate a reaction

cross section ¢ = nrcz of 0.26 nmz. This is in accord with the mean cross
section at the mid-point of the experimental temperature range, ¢ = 0.28 nm2.
An alternative interpretation of the Ag-atom reactions can be based on

collision theory, The reaction cross section from simple collision theory in




terms of the collision diameter d, the collision energy ET and the energy

threshold E, 522

Cepr = 0 E+ ¢ E
SCT T 0 (7)

= nd? (1-E,/E+) Er > £

In order to estimate d we take account of long-range attractive potentials of

the form V(r) = -Cslrs- The maximum impact parameter bnax leading to colli-

sion is given by22
2 2/3 1/3
brax = (3/2)7 (3 Ce/Eq) . (8)

Because bgax s only weakly dependent on E; we shall employ Plane and

Saltzman's approximation and set d2 equal to b2

max at the mean collision energy

of the exper1ments.23 Integration of Eq. (7) over a thermal energy distribu-
tion yields the standard result22

keep(T) = nd? (8kyT)/m) /2 exp(<E /RT) . (9)
For reaction (1) C6 is estimated via the Slater-Kirkwood expression:24

Co = 2.88 x 10778 aja,/Tlay/n) 2 + (ap/ny) 121 9 (10)

where @y and a, are the polarization volumes for the reactants expressed in

3

units of 10'24 cm” and "y and n, are the number of outer shell electrons.

6 and hence

The o values for AL and Ct,!® Tead to Cg = 4.25 x 10777 um
wdz = 0,87 nmz. We fit Eo to the experimental value of k1 at 650 K and find
Ey = 6.1 kJ mo]'l. With this value Eq. (9) agrees with the experimental fit
to kl(T) to within 15% over the temperature range studied.

We may now apply this simple collision theory to reaction (2). In order




to calculate C. for a system involving dipole-induced dipole forces, these

6
forces are taken into account by an additional ’cer'mz5
6
C = pza/4«eo Jm (11)

where a is the polarizability volume of At and p the dipole moment of HCe.

Equations (10) and (11) yield contributions to the total C6 coefficient of

77 79

2.48 x 10°°" and 9.7 x 107°7 J ms, respectively. The resulting wdz is 0.67

nm2 which would imply a pre-exponential factor from Eq. (9) about 5 times

larger than observed for reaction (2). The discrepancy may be due to effects
from conservation of angular momentum. Gonzalez Ureha et al. have shown that
among exothermic atom-diatomic molecule reactions with low barriers, those
which have a ratio of the reduced mass of the products to that of the reac-
tants considerably smaller than 1 may have a reduced cross section and hence a
rate coefficient smaller than predicted by Eq. (9).26 For reaction (2) this

ratio is 0,063, This can be contrasted to reaction (1) where this ratio is
1.2 and no angular momentum restrictions arise.26

For the reaction heavy + heavy-l1ight » heavy-heavy + 1ight the departing
1ight atom carries little angular momentum, Conservation of angular momentum

requires therefore that the initial orbital angular momentum of the reactants,

which is equal to (ZuETbZ)I/Z, is almost completely converted to product

rotational angular momentum. Here u is the reduced mass of the reactants and
1/2
)

b is the impact parameter. The product angular momentum is (ZI'Eh , where

I' is the moment of inertia of the diatomic product and ER' is its rotational

energy.26’27 The largest momentum-allowed impact parameter bmax is then

2

given by bmax ~

I’ Eé,max/("ET)' The maximum rotational energy ER,max Teflects




the energy disposal of the reaction, Here we shall assume Eé,max = e(ET + Q)
where Q is the reaction exothermicity and 8 is the fraction of the total

available energy which is partitioned into rotation,23 further assumed to he
constant. Noting that [' =~ urz, where r is the equilibrium separation of the

27

heavy-heavy product molecute i,e, A2Cz,”" we can derive a cross section

which is restricted by angular momentum:

IAM
b2 = arde (£, 4 Q)/E (12)
OaM = ™Pmax T " ¢ \°T T .
SgeT increases with increasing ET whereas O AM decreases, so that the cross
section ¢ reaches a maximum at a collisional energy qnax where
- 2 2 2 2
Enax = (d°Eg + r°30)/(d" - 3rf) . (13)
Thus
g =0 ET < EO
_ 42
= nd® (1 - E /Eq) Ey < Ep < Epay (14)
.2
= wr°8 (1 + Q/E;) Erax < ET .

Integrating this o over a thermal distribution of ET yields a rate coef-

ficient kAM that reflects the influence of angular momentum conservation:

8k, T
_ B'.1/2
kau(T) = kgep(T) = (=) X
(RT+E . - E) (RT + £+ Q)
[nd? LI arlg L 1exp(-E _/RT).  (15)

Qualitatively, it may be seen that if Enax is close to Es (i.e., 8 is small)
kAH(T) will have a similar temperature dependence to kSCT(T) but a smaller
pre-exponential factor.

We have calculated kAM(T) for the reaction Ag + HCg using literature




9

values of Q@ = 71 kJ moT'1 and r = 0.213 nm,” and find agreement to within 5% of

the experimental fit expression when Eo = 8.3 kd mo]'1 and g8 = 0,12, These
values correspond to Emax = 10.4 kJd mol'l. The value of 8 is consistent with
an approximately linear transition state which imparts little torque to the
departing AeCe. By contrast, the reaction Li + HCg has a larger g of
0.3,23’28 an observation which is consistent with the bent transition state
derived from ab initio ca]cu]ations.29 While the particular values of Eo and
g for reaction (2) are best determined by molecular beam techniques, this
treatment illustrates that kinematic effects may have a significant influence

on the magnitude of thermal rate coefficients.

4,2 ALCe Reaction (2)

-11 cm3 molecule'1 -1

17b

The measured pre-exponential of reaction (3), 9.6 x 10

is large compared to other metathesis reactions between diatomic reactants.
This factor, combined with the low activation energy, is consistent with there

being a harpooning component to the mechanism: application of the electron-

9 2

yields ¢ = 0.092 nm

at 700 K. The experimental value is similar but somewhat smaller, 0,060 nmz.

jump model used for reaction (1) with IP(AeCe) = 9.4 eV

We may further view the large pre-exponential of k3(T) in terms of the reverse

reaction., The equilibrium constant is approximately 2.6 exp(12700 K/T) over

11 ayp(-13300 K/T).

17a

the range 400 to 1000 K,® which implies k_,(T) = 4 x 107
This pre-exponential factor is reasonable for an atomic metathesis,

4.3 General Observations

Reactions (1) through (3) have large cross sections and are therefore
suitable candidates for molecular beam studies, the results of which could

permit a more quantitative collision theory interpretation of reactions (2)

10




and (3). Further theoretical development is also desirable to satisfactorily
describe these reactions.

It is interesting to compare k(T) for the Ag + Ce, and Az + HCg reactions

to the k = 3.4 x 10'11 cm3 mo]ecu]e'1 s'l, independent of temperature from 300

to 1700 K, obtained for the Ag + 0, reaction.6 That reaction apparently goes
through an intermediate complex, which preferentially dissociates to the origi-
nal reactants.l’z’6 The positive temperature dependence of reactions (1) and
(2), as well as their larger pre-exponentials, indicates that no such complex

is formed in these Cap-transfer reactions. Similarly, k3(T) may be compared to

1

the k(T) of the ACz + 0, and AeCe + CO, reactions of 1.3 x 107 2 exp(-3400 K/T)

+ 3.8 x 1072 exp(-16100 K/T) from 490 to 1750 k* and 2.5 x 10712

5

exp(-7550 K/T)
cm3 mo1ecu1e'1 s~ from 1175 to 1775 K,” respectively., All three reactions

have positive temperature dependences, but the Cg-transfer reaction (3) is, in
the observed temperature regime, more than two orders of magnitude faster than

the other two reactions.
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Figure Captions

Fig. 1 Rate coefficient data for the Az/sz reaction
Rate expression fit of the data given in text,
---- Two standard deviations to the fit of the rate expression as

described in the text,

Fig. 2 Rate coefficient data for the Ag/HCz reaction
Rate expression fit of the data given in text.
-=-- Two standard deviations to the fit of the rate expression as

described in the text.

Fig. 3 Rate coefficient data for the AzCz/sz reaction
Rate expression fit of the data given in text.
---- Two standard deviations to the fit of the rate expression as

described in the text.
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