
REPORTS 
ma1 rate constants and KIEs for the C1 + H2 
reaction (16), so it is usef~~l to test whether 
it can be used to accurately simulate the 
detailed dvnamics of this reaction. 
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transition-state theory, trajectory calcula- 
tions, reduced-dimet~sionality QM studies, 
variational transition-state theory with 
multidimensional tunneling, and approxi- 
mate QM scattering calculations (17). In 
1991, converged QM scattering calcula- 
tions for the C1 + H2 reaction on the GQQ 
surface were reported (1 8). 

In this report, we present the results of a 
CMB investigation of reaction 1. We ob- 
tained differential cross sections (DCSs) for 
E,,, = 5.85 kcal/mol for 

Angular distributions and time-of-flight spectra for the reaction CI + H, + HCI t H 
obtained from a high-resolution, crossed-molecular beam experiment were compared 
to differential cross sections calculated by both converged quantum mechanical scat- 
tering and quasi-classical trajectory methods. Good agreement was found between the 
experimental results and each theoretical prediction. The results demonstrate that ex- 
cellent agreement can be obtained between state-of-the-art simulations and experi- 
ments for the detailed dynamical properties of this prototype chlorine atom reaction. 

T h e  fundamental goal of chemical reac- olaved a central role in f~~ndamental chem- HC1(wt = 0, all j') -t- H ( 2 )  " 

tion dynamics is to learn about the forces 
that control chemical reactivity, that is, for 
each chemical reaction to learn about the 
nature of the potential energy surface (PES) 
that governs the nuclear motions. Our goal 
is to model the PES well enough to predict 
the detailed dvAamics of reactions. The 

Zcal kinetics and has served as a critical test 
case for bimolecular reaction rate theory, 
especially transition-state and kinetic iso- 
tope effect (KIE) theories (7). This reaction 
is also a prototype for a host of C1 reactions 

where u (u')  and j ( j ' )  are reactant (prod- 
uct) vibrational and rotational quantum 
numbers, by measuring angular and velocity 
distributions of the HCl(w' = 0) product. 

that are important in atmospheric chemis- 
try and photochemical air pollution. 

Experimental work on the rate constants 
of reaction 1 and its H isotowic variants was 

physical observables most sensitive to the 
nature of the PES are reaction cross sec- 
tions, especially differential cross sections 
(1, 2). If converged quantum mechanical 
(QM) scattering calculations on an as- 
sumed PES can be performed, a comparison 
of calculated and experimental cross sec- 

recently summarized (8). However, cross sec- 
tions have not been determined to date. The 
HC1 product from reaction 1 can only be 
formed in the ground vibrational level for 
low relative translational energies Ere, (Fig. 
1A); this limitation rules out the application 
of infrared chemilurninescence (9) to detect 
products. The products can be detected with 
a mass spectrometer in a crossed rnolec~~lar 

tions provides a sensitive test of our ability 
to predict detailed dyna~nical attributes of 
reactions. To date, this kind of test has only 
been applied to the D + H2 (3),  H + D2 
(4), and F + HI reactions (5). In this report 
we extend this fundamental comparison to 

Reaction coordinate 

beam (CMB) arrangement, but this proce- 
dure is very challenging because of a high 

a third chemical reaction: barrier, a near mass conflict of the product 
with the second most abundant C1 isotowe. . , 

and unfavorable kinematics. 
Early work on the ClH, PES, reviewed 

elsewhere ( lo ) ,  was quantitatively and 
solmetimes aualitativelv unreliable. In 1973, 

for which the heat of reaction is AH: = 
1.03 kcal/mol. The interest of chemical ki- 
neticists in thls svstem dates back to the 
19th century whe; the reaction was studied 
by Draper (1843), Bunsen and Roscoe 
(1857), and van't Hoff. Later work on this 
reaction included pioneering studies (6) in 
connection with the mechanism of the H,- 
C1, chain reaction, for which reaction 1 is 
the rate-determining step. Reaction 1 has 

Stern et al. (1 1 ) created three semiempirical 
PESs (7) that yielded good accuracy for 
KIEs of the C1 + HI reaction but were 
inaccurate for H-Cl-H geometries. An im- 
proved global PES was proposed by Baer 
and Last (12); unfortunately, it predicted 
rate constants and KIEs less accurately (13) 
than the earlier PESs. A more successful 
surface, called GQQ, based in part on elec- 
tronic structure calculations with scaled 
electron correlation for H-C1-H type geom- 
etries, was published in 1989 (14). Recent- 
ly, a new PES (Fig. lB) ,  called G3, was 
created. It has, with respect to GQQ, a 
slightly larger (by 0.18 kcal/mol) barrier 
height and an improved Cl-H-H bend po- 
tential obtained by ab initio methods (15). 
This PES also yields agreement with ther- 

Fig. 1. (A) Energy level diagram for the CI + H, 
reaction with the spin-orbit levels of the reactants 
and the rovibrational levels of the products indi- 
cated. The effective pot'ential energy barrier of the 
G 3  surface, including zero-point energy for reac- 
tant, product, and modes transverse to reaction 
coord~nate, is shown as a solid curve. The relative 
translational energy of the experiment, E,,,, is indi- 
cated with a line. (6) Contour map and three- 
dimensional perspective of the G 3  PES for the 
colinear CI-H-H arrangement. The saddle point, of 
height 7.88 kcal/mol, is denoted by an X.  R is the 
distance between the specifled atoms. 
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We also carried out scattering calculations of 
state-to-state (o, j -+ u' ,  j') DCSs based on 
accurate QM methods as well as the quasi- 
classical trajectory (QCT) method, in both 
cases using the G3 PES. The theoretical 
DCSs, after transformation into the labora- 
tory frame and experimental averaging, were 
compared directly with the laboratory data, 
thus providing a direct test of the ground- 
electronic state PES of C1 + Hz. 

The CMB apparatus has been described 
in detail elsewhere (1 9). Two well-collimat- 
ed su~ersonic beams of the reagents are - 
crossed at 90" in a large scattering chamber 
maintained in the 10-7-mbar range. An 
electron' impact quadrupole mass spectrom- 
eter, contained in an ultrahigh-vacuum 
(lo-" mbar) chamber, serves as the detec- 
tor of the reaction products. The product 
angular distribution is measured by rotating 
the detector in the collision plane around 
an axis that Dasses throueh the collision 

u 

center. The velocities of the products are 
derived from pseudorandom time-of-flight 
(TOF) measurements (20). 

A supersonic beam of C1 atoms was gen- 
erated from a high-pressure, high-power ra- 
dio-frequency discharge beam source (19), 
starting from dilute mixtures of Cl, in He 

D 

with some 0, added to moderate the plasma 
temperature and stabilize the discharge. 
This procedure leads to 98% dissociation of 
molecular C12. The beam had an angular 
divergence of IS0 ,  a peak velocity of 2650 
m/s, and a velocity spread of 20%. The 
C1(2P312,,~2) spin-orbit distribution was 
charactenzed bv Stern-Gerlach magnetic 
analysis, as don; in the Perugia laboratory 
for effusive beams of C1121). About 90% of 
the Cl atoms were found to be in the 
ground 'Pjl, electronic state, and 10% were 
in the excited 2Pl12 state. We could vary the 
concentration of C1(2Pl12) by changing the 
seeding gas. 

We generated a supersonic beam of Hz 
by allowing pure H, to expand at high 
stagnation pressure through a stainless steel 
nozzle k e ~ t  at about 800 K to increase the 
beam translational energy. The beam had 
an angular divergence of 2.9", a peak veloc- 
ity of 4401 m/s, and a velocity spread of 
15%. We estimated that the rotational tem- 
perature of the normal-H2(j) reagent mol- 
ecules in the beam under our expansion 
conditions was about 300 K by extrapolat- 
ing the consistent experimental determina- 
tion of Pollard et nl. (22). The correspond- 
ing relative rotational populations were 
0.13, 0.66,0.12, and 0.09 forj = 0, 1, 2, and 
3, respectively. 

The laboratory angular distribution of 
the HCI product (detected at a masslcharge 
ratio m/e = 38) from the Cl(2P,12,1,2) + H, 
reaction was determined at Ercl = 5.85 kcall 
mol (Fig. 2). Product velocity distributions 

were recorded at four different angles (Fig. 
3). In a series of experiments carried out on 
the Cl + D2 reaction at several collision 
energies starting at Ercl = 4.75 kcal/mol and 
using Cl beams containing 10 or 25% of 
spin-orbit excited state, we found that prod- 
uct angular and velocity distributions could 
be fitted without invoking a contribution 
from Cl(2P112), which has an additional en- 
ergy of 2.5 kcallmol (Fig. 1A). Thus, the 
contribution of Cl(2P112) is negligible, and 
the HCI angular distribution shown in Fig. 2 
corresponds to the C1(2P312) + HZ reaction. 

The product is almost completely con- 
fined to the right of the center-of-mass 
(CM) angle in the laboratory frame, that is, 
in the backward direction with respect to 
the Cl beam, and it is sharply peaked at an 
angle nearly tangent to the maximum New- 
ton circle, within which the product can be 
scattered on the basis of energy and linear 
momentum conservation (Fie. 2).  These 

~ U ,  

features suggest that the mechanism of the 
reaction is direct and is of the rebound type 
(2) and that a very large fraction of the 
available energy is disposed into relative 
translational motion of the products. 

We carried out full-dimensional QM 
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Fig. 2. The HCI(vr = 0) product laboratory an- 
gular distribution from the CI + H,(j = 0, 1 ,  2 ,  3) 
reaction at relative translational energy Ere, = 

5.85 kcal/mol and the corresponding canonical 
velocity vector ("Newton") dlagram; v,, and vC l  
are the laboratory beam velocity vectors; v,, is 
the CM velocity vector; 0 and O are CM and 
laboratory scattering angles, respectively; and 
O,, is the angle between v ,  and v,,. The circle 
in the Newton diagram indicates the maximum 
speed that the HCI product can attain, if all the 
available energy is channeled into translation, 
that is, the speed of HCI(vl = 0, j' = 0). The solid 
line represents the angular distribution obtained 
from QCT calculations on the G 3  PES. The sep- 
arate contributions from rotational levels of H, 
are also indicated. 

calculations of state-to-state DCSs for reac- 
tion 2 with j = 0, I ,  and 2, using methods 
described in (23), at a total energy of 12.19 
kcal/mol, which corresponds to an initial 
relative translational energy of 6.0, 5.66, 
and 4.98 kcal/mol for H2 in j = 0, I ,  and 2, 
respectively. Calculations of the same quan- 
tities were also performed by the QCT 
method, as described in (24), at the exper- 
imental Err, = 5.85 kcal/mol for all the 
relevant rotational levels ( j  = 0, 1, 2, and 
3) of H,. The QCT method is based on 
trajectories that are fully classical except for 
the selection of initial conditions and the 
interpretation of the final states. These cal- 
culations were performed to test the validity 
of classical simulations for predicting prod- 
uct state distributions for a simple three- 
atom reaction in which two of the atoms 
are H atoms, which are expected to exhibit 
the largest quantum effects because of their 
small mass. 

Absolute initial state-selected DCSs for 
formation of HCl(ul = 0), summed over all 
final rotational levels j' and the absolute 
HCl(ol = 0) integral cross sections for spe- 
cific j' were obtained from the QCT and 
QM calculations (Fig. 4). There is reason- 
ably good agreement between the QM and 
QCT results; in particular, the QM and 
QCT rotational distributions peak at the 
same j' values. However, at Errl = 6.0 kcal/ 
mol the QM DCS for C1 + H2( j  = 0) -+ 

HCI, summed over all final j', is slightly 
larger (by 8% at a CM angle 0 = 180') than 
that obtained from QCT calculations. 

We carried out a detailed comparison of 
the experimental results with the theoreti- 
cal predictions by averaging the QCT and 
QM cross sections over the experimental 
conditions. The laboratory angular and 

' o Expt. 1 I 
- QCT 
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Fig. 3. The HCI(vl = 0) product time-of-flight dis- 
tributions at selected laboratory angles O from the 
CI + H,(j = 0, 1 ,  2, 3) reaction at Ere, = 5.85 
kcal/mol. Solid lines are as in Fig. 2. 
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TOF distributions of Figs. 2 and 3 contain 
information on the rotational state distribu- 
tion of HCl(wl = O ) ,  which should be sen- 
sitive to the interatomic torques during the 
collision and hence should provide a criti- 
cal test of the PES, especially the effective 
barrier height as a function of bond angle. 
The rotational distributions for each initial 
j level of Hz (Fig. 4, C and D) were found in 
both QCT and QM calculations to not vary 
greatly with scattering angle. They were 
converted into translational energy distri- 
butions, P,(E), for each initial j of Hz and 
treated as continuous functions. The CM 
total DCS for HC1(wl = 0) was obtained 
according to 

where w, are the relative weights of the H2 
rotational levels in the beam, the Tl(0) 
functions are the calculated CM DCSs for 
each Initial j of Hz summed over all j' shown 
in Fig. 4, A and B, and the Pl(E) functions 
are obtalned from the rotational dlstribu- 
tions of Fig. 4, C and D, as discussed above. 
The DCS for each initla1 j was transformed 
into the laboratory frhme and averaged over 

.;. 0.30 
3 
"S 0.20 
V) 
0 

0.10 

0.00 
0 90 180 90 180 

Center-of-mass 
scattering-angle 0 (degrees) 

HCI rotational quantum number j' 

Fig. 4. (A) Angular dependence of the C M  differ- 
ential cross section (DCS) for the HCl(vl = 0) prod- 
uct of the CI + H,(v = 0 ,  j )  reaction obtained from 
QCT calculations at a relative translational energy 
of 5.85 kcal/mol for all initial j values of H, (solid 
lines) and of 6 . 0  kcal lmol for 1 = 0 and j = 1 
(dashed lines). (B) The same from Q M  calculations 
at a translational energy Ere = 6 . 0  kcal/mol for 
H,(j = 0), Ere = 5.66 kcal/mol for H,(j = I ) ,  and 
Ere = 4.98 kcal lmol for H,(j = 2). The same G3 
PES was used for both Q M  and  QCT calculations. 
(C and  D): Integral state-to-state cross sections 
(ICSs) for selected rotational levels j' of the HCl(vl 
= 0)  product from H,(j = 0) (C) and H,(j = 1) (D): 
(0) QCT calculations at Ere = 5.85 kcallmol; (+) 
Q M  calculations at Ere, = 6.0 kcal lmol for H,(j = 0) 
and Ere = 5.66 kcallmol for H,(j = 1). 

the finite resolution of experimental condi- 
tions, taking into account the strong energy 
dependence of the reactive integral cross 
section, as calculated by QCT. 

We found quite good agreement be- 
tween the QCT results and the experimen- 
tal data (see Figs. 2 and 3). A similar com- 
parison was carried out between the QM 
results and experiment. In this case the 
DCS calculated for H2( j  = 1) at E,,, = 5.66 
kcal/mol was also used for H 2 ( j  = 0, 2, and 
3). This approximation should be warrant- 
ed, at least within the sensitivity of the 
experimental data, because (i) QCT calcu- 
lations indicate that the DCS at Ere, = 5.85 
kcal/mol differs very little from that at Err, 
= 6.0 kcal/mol (see Fig. 4A), (ii) the an- 
gular dependence of the DCS is nearly in- 
dependent of the initial j state of H, (see 
Flg. 4, A and B), and (iii) H2( j  = 0) and 
Hz(]  = 1) glve the dominant contribution 
to the measured TOF and angular distribu- 
tions (Fig. 2). The laboratory distributions 
calculated from the QM results are practical- 
ly ~ndistlnguishable, on the scale of Figs. 2 
and 3, from those obtained from the QCT 
results. The QCT calculat~ons are in remark- 
ably good overall agreement wlth the exact 
QM results. Similar agreement has also been 
observed for the H + D2 (3, 4, 25), D + Hz 
(26), and F + Hz (27) reactions. 

The sharp peaking of the laboratory an- 
gular distribution in the backward direction 
is well reproduced by theory (see Fig. 2),  
which predicts that the CM DCS IS strongly 
peaked at 0 = 180' (Fig. 4, A and B). Both 
QM and QCT calculations Indicate that 
80% of the total available energy is depos- 
ited into translation. The theoretical calcu- 
lations predict very little variation of the 
product rotational excitation with the scat- 
tering angle, again in agreement with ex- 
periment. Indeed, the TOF data are well 
reproduced (Fig. 3), if we assume the same 
rotational distribution within 0 = 90' and 0 
= 180" (the range of the CM DCS), as 
expressed by Eq. 2. The good agreement 
between theory and experiment shows that 
simulations based on the G3 PES provide a 
quantitatively accurate model of the de- 
tailed dynamics of the siinplest Cl reaction. 
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The Effect of Alumina on Phase Transformations 
at the 660-Kilometer Discontinuity from 

Fe-Mg Partitioning Experiments 
6. J. Wood and D. C. Rubie 

Experimental data on the partitioning of Fe and Mg between coexisting sil~cate perov- 
sklte, magnesiowustlte, and y-(Mg,Fe),SiO, demonstrate that Fe substitution In perov- 
skite is strongly coupled to Also3 concentration. In Al,O,-free compositions, perovskite 
has a low Fe/(Fe+Mg) ratio: for a bulk Fe/(Fe+Mg) of 0.1 1, perovskite has a value close 
to 0.04, whereas magnesiowustite has a ratio near 0.17. In peridotitic mantle, however, 
where the perovskite should contain 4 to 5 weight percent A1203, it has essentially the 
same Fe/(Fe+Mg) ratio as coexist~ng magnesiowustite. Under lower mantle condi- 
tions, therefore, perovskite and magnesiowustite should, in peridotite, each have an 
Fe/(Fe+Mg) ratio close to 0.1 1. 

T h e  seismic discontinuity at 660-km depth 
is a global feature, dividing Earth's lower 
mantle from the overlying transition zone 
and upper mantle. It corresponds to 6 to 
10% increases in seismic wave velocity and 
density with increasing depth (1). Recent 
experiments (2-4) have demonstrated that 
the 660-km discontinuity corresponds in 
pressure (23.5 GPa) and temperature (ap- 
proximately 1600°C) to the conditions of 
the decomposition of ~ - ( M g , F e ) ~ S i o ,  
spinel (SP), the major constituent of peri- 
dotite at this depth (3), into (Mg,Fe)SiO, 
perovskite (PV) and (Mg,Fe)O magnesio- 
wiistite (MW) 

elastic properties and densities of minerals, 
it is necessary to know how the chemical 
components of the mantle distribute them- 
selves between the different minerals 
present. Currently, the partitioning of FeO, 
MgO, and other major components such as 
A1,03 between perovskite and magnesio- 
wustite is poorly constrained for peridotitic 
and other natural compositions. Therefore, 
partitioning behavior must be assumed, 
yielding uncertain estimates of bulk rock 
properties. The partitioning assumptions 
are important because density and elastic 
properties depend substantially on compo- 
sitional parameters such as Fe#, the molar 
ratio Fe/(Fe+Mg). Here we determine the 
partitioning of Fe and Mg between spinel, 
perovskite, and magnesiowiistite in bulk 
compositions that reflect natural abundanc- 

multianvil apparatus at the Bayerisches 
Geoinstitut, and analyses were made with 
the JEOL 8600 microprobe at the Univer- 
sitv of Bristol 16). Our data (Table 1)  on the 
pa;titioning of ~e and  between spinel 
and magnesiowustite in compositions doped 
with about 1% each of A120,, MnO, 
Cr203,  and NiO are consistent with previ- 
ous results (4,  7, 8 )  in both peridotitic bulk 
compositions and in the simple system 
Mg0-Fe0-Si0,.  The magnesiowustite is al- 
ways substantially richer in Fe than is co- 
existing spinel. For typical peridotite with 
an  Fe# in spinel of 0.11, the coexisting 
magnesiowiistite would have an Fe# of 
0.166. O n  the basis of a comparison with 
previous results, we find that doping with 
A120,, MnO, Cr,03, and NiO does not 
significantly affect the Fe-Mg partitioning 
between soinel and maenesiowiistite. Parti- 

u 

tioning data for Fe and Mg between perov- 
skite and magnesiowustite in A120,-free 
compositions (8-1 1 ) indicate that perov- 
skite in eauilibriuln with maenesiowiistite - 
contains very little Fe. A perovskite Fe# of 
about 0.04 would be appropriate for equi- 
librium, with magnesiowustite and spinel 
having Fe# of 0.166 and 0.1 1, respectively 
(that is, for peridotite mantle composition) 
(8-1 1). In contrast to spinel-magnesiowiis- 
tite relations, which are insensitive to the 
presence of other components, this result 
can only apply in the absence of A1,0,, 

Fertile peridotites such as "pyrolite" (1 2) 
contain 3.0 to 4.0 weight % A120,, most of 
which should, in the lower mantle, reside in 
the Mg-rich perovskite phase, with lesser 
amounts in magnesiowustite and Ca perov- 
skite (2 ,  7). In a peridotitic composition, the 
perovskite phase constitutes about 75% of 

The documentation of such conditions 
means that a qualitative interpretation of Table 1. Experimental data: pressure (P), temperature (T ) ,  and compositions. Experiments at 25 GPa in 

the 660-km discontinuity can be provided MO capsules exhibited Fe loss to the capsule and precipitation of Mo-Fe alloy in the charge. Runs in Re 

by the occurrence of reaction in an ap- capsules contained excess ReO, to maintain oxidizing conditions. MW, magnesiowustite; OL, olivine; 
SP, spinel; OP, orthopyroxene; and PV, perovskite. Numbers in parentheses refer to Fe# and weight % 

proximately peridotitic mantle (3). Better AI,O,, 
constraints on average mantle composition 
are, in principle, provided by the sharpness p (GPa) T(oC) Starting composition Capsule Final composition 
and magnitudes of densitv and seismic ve- 
locity cKanges at the 660:km discontinuity 20.4 1600 MW(0.28,0.5), OL(0.104,O.O) Mo MW(0.25,0.5), SP(0.16,0.4) 
and from velocity and density gradients in 20.4 1600 MW(0.4650,4), OL(0,10450.0) Mo MW(0.36,0.3), SP(0.22,0.2) 
the lower mantle (5). However, in order to 25 1600 MW(0.17,5.0), OP(0.10,O.O) Re MW(0.125,0.1), PV(0.155,6.8) 

25 1600 MW(0.17,5.0), OP(0.21,4.1) Re 
compare seismically determined density and 25 

MW(0.168,0.1), PV(0.195,8.9) 
1500 MW(0.17,5.0), OP(0.21,4.1) Fe MW(O.185,1.5), PV(0.185,4.3)* 

velocity structure with laboratory-measured 25 1600 MW(0.46,0.4), OP(0.21,4.1) Mo MW(0.154,0.7), PV(0.180,4.0) 
25 1600 bAW(0.28,0.5), OP(0.10,3.6) Mo MW(0.094,0.3), PV(0.096,4.1) 

B. J. Wood, Department~of Geology, University of Bristo, 25 1600 MW(0.17,5.0), OP(0.21,4.1) MO MW(0.121,1.3), PV(0.169,4.5)* 
Bristol BS8 1 RJ, UK. 25 1600 MW(0.17,5.0), OP(0.21,4.1) Mo MW(0.151,2.3), PV(0.188,5.0) 
D. C. Ruble, Bayer~sches Geo~nstitut, Universitat Bay- 
reuth, 1395440 Bayreuth, Germany. *A small amount of an unident~fied aluminous phase was present. 
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