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Appendix: Solution of Kinetic Equations for Fe+ + C3H8 

In order to calculate the theoretical product distributions, the 
kinetics of each state must be solved. In the derivation "**" refers 
to the 4D second excited state, "*" to the 4F first excited state, 
and no asterisks to the ground state. 

(1) For the 4D 4s3d6 second excited state, (Fe+)**, it is assumed 
that no deactivation occurs (analogous the 4s3d7 excited states 
of Co+). This implies that the fractional decrease (Fe+)**/ 
(Fe+J0** of this state is a simple exponential decay given in eq 
Ala. The total products, (P+)** and the elimination products, 
(P+)e**, formed as a function of time are given in eqs Alb and 
AIc, respectively. 

(Fe+)** = (Fe + VV*"" ' ifctot** = ike** + K** (Ala) 

(P+)** - (Fe+)0**(1 - e-*-"') (Alb) 

(P+),** = (Fe+)0**(*e** Aot**)(l - e-^"') (Ale) 

In these equations, &e**, &„**, and kiol** correspond to the rate 
constants for elimination, adduct formation, and the total rate 
constant for the 4D second excited state reacting with propane. 
The rate constants have units of s"1 and are equal to the bimo-
lecular rate coefficient times the reactant concentration (ke** = 
fcH,(C3H8) + ^CH (C3H8) and fca** = ^(He)(C3H8)). 

(2) For the 4F first excited state (Fe+)*, rapid deactivation to 
the ground state occurs. The fractional decrease (Fe+)*/(Fe+)0* 
for this state is again a simple exponential decay given in eq A2a. 
In this case, however, &,ot*, which is the sum of the rates of 
deactivation, elimination, and adduct formation, can be approx­
imated by the rate of deactivation kd* (bimolecular deactivation 
rate times the He concentration). The elimination products, 
(P+)e*, formed as a function of time are given in eq A2b. 

(Fe+)* = (Fe+)o* ^*"*' kM* =K* + kt* + fcd* « A:d* 
(A2a) 

(P+)e* = (Fe+)0*(*e*/fctot*)(l " e-k«'') (A2b) 

For reaction times greater than 100 us, the 4F state has been 
completely deactivated and the products formed prior to deac­

tivation are constant and independent of time, eq A3. 

(P+)e* = (Fe+)0*(fc,*/fcd*) = constant (A3) 

(3) The 6D ground state reacts away to form the adduct and 
eliminate H2 and CH4 but is produced in the deactivation of the 
4F state as shown in eq A4, the solution to which is given in eq 
A5. 

d(Fe+)/df = -fclot(Fe+) + *d*(Fe+)* (A4) 

(Fe+) = (Fe+)0e-*-' + 
(Fe+)0**d* 

i - [ e - V - r W ] (A5) 
'hot "d 

The total products for ground-state Fe+ reacting with propane 
are calculated using expression A6 which has the solution given 

d(P+)/df = ^101(Fe+) (A6) 

by expression A7. The elimination products, (P+)e, formed from 

(P+) = (Fe+)0(l -e-*-') + 
(Fe+)0*fcd*fct( 

*tnt *d 

(1 - c-*''') (1 - e-*«»') 
(A7) 

ground-state Fe+ as a function of time are given in eq A8. Under 

(P+), = (Fe+)Or1O - *-*•"') + 
* tOt 

(Fe+)0**d**< (1-C-*"'') (1 - e - W ) 
(A8) 

our experimental conditions, kM < fcd*/200 and fctot - &d* » -fcd*. 
In addition, for reaction times, t > 10~4 s, e'ki'' < 10"3 and eqs 
A7 and A8 simplify to expressions A9 and AlO, respectively. 

(P+) = [(Fe+)0 + (Fe+)0*](1 - <f'»') - (Fe+)0*(*tot/fcd*) 
(A9) 

(P+), = [(Fe+)o + (Fe+)0*] r
1(l - r*«0 - (Fe+)0*7^ 

*tot Ki 

(AlO) 
At this point, the total products eliminated from all three 

electronic states of Fe+ reacting with propane can be calculated 
as a function of reaction time. The elimination rate constant of 
the 4F state, kc*, is used as the only variable parameter to fit the 
experimental data. 
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The regeneration of ordered, well-defined electrode surfaces 
outside an ultra-high vacuum environment is of utmost concern 
in electrochemical surface science. Four methods have been 
suggested in the past.1"5 Three1"4 require high-temperature 
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treatments outside the electrochemical cell. The fourth method,5 

based upon microscopic electropolishing, is limited to reactive 
metals. Recently, we discovered that an oxidatively disordered 
Pd(111) surface could be reordered under purely electrochemical 
conditions.6'7 The reordering is based upon the formation of a 
stable, highly ordered iodine overlayer when a Pd(IIl) single-
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Figure 1. Low-energy electron diffraction (LEED) pattern for a clean 
and ordered Pd(IOO) single-crystal electrode before (A) and after (B) 
exposure to 0.5 mM NaI at pH 10. Beam energy = 60 eV; beam current 
-2MA. 

crystal electrode previously disordered by electrochemical oxidation 
is exposed, at room temperature and at potentials within the 
double-layer region, to an alkaline solution of NaI. It is funda­
mentally important to ascertain whether this phenomenon is 
general or is limited only to the (111) crystallographic plane. In 
this communication, we present new results which demonstrate 
that adsorption-induced disorder-to-order interfacial reconstruction 
also occurs at an anodically disordered Pd( 100) electrode surface. 

Our experiments were performed in an ultra-high vacuum 
chamber equipped with low-energy electron diffraction (LEED) 
optics, a cylindrical mirror analyzer for Auger electron spec­
troscopy (AES), and an isolable compartment for electrochemical 
experiments.8 Initial preparation of a clean and atomically smooth 
Pd(IOO) surface involved a few weeks of sequential 02(g) oxi­
dations, Ar* ion bombardment, and thermal annealing to remove 
traces of Si, P, and S bulk impurities. Electrolytic solutions 

(8) Soriaga. M. P. Prog. Surf. Sri. 1992. 39, 325. 

Figure 2. LEED pattern for a fully oxided Pd(IOO) surface before (A) 
and after (B) reduction at potenlials just prior to hydrogen evolution in 
the presence of 0.5 mM NaI at pH 10. Experimental conditions were 
as in Figure 1. 

(Millipore Milli-Q water) contained 0.1 M NaF adjusted to pH 
10 with NaOH; iodine chemisorption was from 0.5 mM NaI at 
the same supporting electrolyte. An alkaline solution was chosen 
to ensure that acid-induced dissolution would not occur. 

Figure IA shows the LEED pattern for a clean and ordered 
Pd( 100) single crystal. The presence of the sharp (1X1) integral 
index spots demonstrate the long-range order of the surface. The 
LEED pattern which results when the Pd(IOO) surface is exposed 
to dilute NaI at pH 10 is shown in Figure IB. The distinct 
diffraction spots indicate the existence of an ordered adlayer of 
chemisorbed I atoms. Combined analysis of the LEED and AES 
data suggests the formation of a Pd(11 l)c(2X2)-I [Pd(IOO)-
(v ,2Xv /2)R45°-I] adlattice. 

It is known that anodic oxidation disorders the electrode surface, 
primarily due to place-exchange reactions.9 Long-range order 
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is not necessarily reestablished even after the oxided electrode is 
reduced back to the metal. Figure 2A shows the result of the 
LEED experiment performed after extensive anodic oxidation of 
the Pd(IOO) electrode; the absence of discernible LEED spots 
betrays the high degree of disorder of the oxided surface. Figure 
2B shows the LEED pattern generated when the oxide-coated 
Pd(IOO) electrode was immersed, at room temperature and at 
potentials where the metal oxide is reduced, in a solution of 0.5 
mM NaI at pH 10. It is easy to see that this LEED pattern is 
identical to that for the initially ordered Pd(IOO) electrode (Figure 
IB). The Auger spectrum for the reordered interface is likewise 
identical with that for the unoxidized surface. It is thus clear that 
the oxided, disordered Pd(IOO) surface has been reordered by 
electrochemical reduction and subsequent iodine chemisorption. 
Since the reordering occurs under conditions where Pd dissolution 
is negligible,10 the driving force for this disorder-to-order surface 
reconstruction is most probably the formation of the highly stable 
Pd(100)c(2X2)-I adlattice. 

The present results demonstrate that the in situ regeneration 
of clean and ordered single-crystal electrode surfaces from the 
simple sequence of oxidation, reduction, and iodine chemisorption, 
first reported by us for Pd(I II),6,7 is also applicable to Pd(IOO). 
The iodine-free single-crystal surface could then be prepared 
according to published procedures.4,7 On-going studies are aimed 
at (i) exploring the applicability of the iodine-chemisorption 
reordering method to other electrode surfaces and (ii) identifying 
other reagents which can effect this in situ chemisorption-induced 
reordering phenomenon. 
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We report the synthesis and structure of a new, unusual indium 
manganese oxide, InMnO3, with a hexagonal layered structure 
containing manganese in trigonal bipyramidal coordination. 
Several common ABO3 structural types are known, such as 
perovskite, corundum, ilmenite, and bixbyite,'"9 and radius ratio 
rules, such as Goldschmidt's tolerance factor,10 will generally 
predict which structural type will form for any given pair of 
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Figure 1. PLUTO drawing of the structure of InMnO3. Selected bond 
lengths are In-O(I) = 2.202 (3), In-0(2) = 2.869 (nonbonding), In-Mn 
= 3.4756 (1), Mn-O(I) = 1.870 (8), Mn-0(2) = 1.9621 (1), Mn-Mn 
= 3.3985 (2), In-In = 3.3985 (2) A. 

Table I 

atom 
In 
Mn 
0(1) 
0(2) 

X 

0 

V3 
0 

y 
0 
V3 
V3 
0 

Z 

0 
V4 
0.0871 (07) 
1A 

*« 
1-97 (5) 
1.05 (6) 
2.0 (2) 
1.5 (4) 

cations. Two common ABO3 structural families are characterized 
by (1) A and B cations of approximately equal size and of a size 
suitable for octahedral coordination by oxygen and (2) an A cation 
comparable in size to O2", which together with oxygen can form 
AO3 closest-packed layers." Oxides of the first group tend to 
adopt sesquioxide structures, such as corundum (a-Al2O3)

8,1' (a 
random distribution of cations in octahedral interstices, preferred 
by cations having the same oxidation state and/or similar radii) 
or ilmenite12,13 (an ordered cation distribution preferred by cations 
having different oxidation states and/or different radii). Oxides 
of the second group form linked BO6 octahedra and AO3 clos­
est-packed layers, such as perovskite,1'2 BaNiO3,

14 or hexagonal 
BaTiO3 type structures,15 as well as uncommon structural types,1617 

e.g., the tunnel structure of KSbO3.
18'19 InMnO3, intriguingly, 

is not a member of these known structural families. 
The Goldschmidt tolerance factor, t = (rA + r0)/(2)'/2(rB + 

r0), where rA, rB, and r0 are the ionic radii of A, B, and O2", 
respectively, predicts the perovskite structure for 1 > t > 0.8 and 
the ilmenite structure for 0.8 ^ t. In2O3 and Mn2O3 are known 
in both the bixbyite (an anion deficient fluorite structure) and 
corundum structures, and consequently, one would expect an ABO3 
indium manganese oxide to form a derivative of one of those two 
structural types. Furthermore, the tolerance factor for InMnO3 
is 0.80, confirming that ilmenite, the ordered corundum structure, 
should form. It is therefore surprising to find InMnO3 in this very 
simple, yet unusual, layered hexagonal structure with two different 
cation coordination environments: octahedral and trigonal bi­
pyramidal. 
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