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external): 0 =-5.8, —10.5, —16.0 (2:6:2); "Hg{'"H} NMR (89.6 MHz,
acetone, 25°C, external 0.5M PhHgCl in [Dg]DMSO: chemical shift 6 =
—11872 upfield from neat Me,Hg): 6 = —622; negative-ion FAB-MS: m/z
(%): 2505 (100) [1-1]-, 2640 (45) Li[1-L].
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Optically Tuning the Rate of Stoichiometry
Changes: Surface-Controlled Oxygen
Incorporation into Oxides under UV Irradiation

Rotraut Merkle, Roger A. De Souza,
and Joachim Maier*

Stoichiometry changes are fundamental to all solid-state
chemical reactions and thus one of the most central processes
in solid-state chemistry. Moreover, the relevant stoichiometry
determines whether an ionic material is ionically or electroni-
cally conducting, whether it is an n- or p-type electronic
conductor, and may even determine whether or not it is
superconducting. The kinetics of in- and excorporation
reactions are also directly involved in the functioning of
electroceramic devices, such as permeation membranes,
electrodes in fuel cells, and chemical sensors.['*! The stoichi-
ometry change process consists of surface reaction steps in
series with a bulk diffusion step, of which the former become
increasingly important at lower temperatures.

In this Communication, we present results on the use of UV
light to tune the rate of oxygen incorporation into the bulk of
a model mixed conductor, iron-doped SrTiO;, by altering the
rate of the surface reaction under conditions where the
surface reaction determines the overall kinetics of the
stoichiometry change. While the effects of illumination on
the surface composition (see, for example, refs. [5, 6]) and on
the catalytic activity of wide-bandgap semiconductors have
drawn much attention, for example with regard to the
photolysis of water, the selective oxidation of hydrocarbons,
and the removal of organic pollutants from air or water,’-%l
the effect of irradiation on the kinetics of bulk stoichiometry
changes (in the surface-controlled regime) has, to the best of
our knowledge, not yet been reported.
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The stoichiometry relaxation experiments were performed
on single crystalline iron-doped SrTiO;, a material for which
the defect chemical parameters and transport properties of
the bulk are well known.["""4l In SrTiO;, Fe substitutes onto
the Ti site and is present as both Fe3+ and Fe**; the ratio of the
valence states depends on temperature and oxygen partial
pressure. Fe>* ions on Ti** sites are negatively charged defects
and are mainly compensated by oxygen vacancies, whose
concentration is large compared with the concentration of
electron holes, the majority electronic carrier. The concen-
trations of all relevant defects, which were calculated for an
oxygen partial pressure Po,=0.1 bar from parameters given
in ref. [11], are shown in Figure 1.

Oxygen incorporation into SrTiO; occurs by oxygen
molecules annihilating oxygen vacancies to produce electron
holes. Under a local electronic equilibrium, the increased
concentration of holes gives rise to an increase in the
concentration of Fe** (at the expense of Fe’*). Thus, Fe**
ions provide a sensitive measure of the oxygen stoichiometry
of the sample. Oxygen in- or excorporation due to changes in
P, can consequently be followed in situ by spectroscopically
monitoring the visible absorption band of Fe*t centered at
590 nm (absorption of Fe** coincides with SrTiO; bandgap
absorption). For the irradiation experiments, we examined the
effect of photon energies above and below the bandgap energy.

Generally, surface and diffusion kinetics are both important
with regard to the stoichiometry relaxation of a SrTiO; sample
after a sudden P, change. Within the range of conditions of
this study, defined by the sample dimensions, bare polished
surfaces, temperatures, and oxygen partial pressures, the
oxygen transport was essentially controlled by the surface
kinetics,['> 1! that is the chemical diffusion of oxygen in the
bulk is much faster than the surface reaction rate and hence
the vacancy concentration is almost constant across the
sample. The oxygen vacancy concentration, [0], which is
linearly related to the absorbance A of the Fe** band,® then
follows an exponential rate law, which depends only on an
effective rate constant, °, and the sample thickness, 2.L.

Data obtained under UV irradiation could also be de-
scribed by Equation (1), even though the two sides of the

1020 4

sample were not identical. We have to replace k° therefore
with an effective quantity (k@y). It was found from finite
difference calculations that (k{y) was, to a good approxima-
tion, the arithmetic mean of k¢, of the irradiated surface and
of k° of the unirradiated back surface (that is, the error
introduced was negligible for all experiments performed).
(O] — O (*kd l)
1—exp
[DIZU - [D]l:x L

Ar - AI:'x

™

Ar:(J - AI::X;

First, let us briefly consider the stoichiometric relaxation
kinetics without irradiation. These k® values are plotted versus
the final oxygen partial pressure in Figure 2a. It is seen that

a) 10 5
o 730°C
@ 8 700 °C
O
O
1079 : o 670°C
K/cms! B 8 650 °C
b 8
10° =
b) 10
/ 670 °C
10 - o
_ 5|
K /cms” 8
7]
10 T T
0.001 0.01 01
P, Ibar ———=

Figure 2. Effective rate constants as a function of final Py : a) k%, for
oxygen in- (circles) and excorporation (squares); b) k® for oxygen in-
(circles) and excorporation (squares), and k{y for oxygen in- (solid
triangles) and excorporation (open triangles).

the k® values obtained for partial pressure jumps to the same
final Py, either from lower or higher P, values, are identical
within experimental error. The Py, dependence of k°, deter-
mined from linear regression analysis, is k° oc P, 0309 at all
the temperatures examined. The fact that the exponent is the
same for all (fairly high) temperatures examined is evidence

that the fraction of surface sites occupied by

adsorbed species is very small. The Arrhenius
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plots of &° (Figure 3) yield an effective activation
energy of 274 +2 kJ mol~!, which is independent
of Po,.

We first examined the effect of UV irradiation
on an equilibrated sample (no Py, jump). After an
irradiation period of 1h, the absorbance had
increased slightly, although the change was small
compared to the absorbance changes due to the
Py, jumps. For conditions other than those
considered here, the effect can be significant. A
detailed analysis of this will be given elsewhere.
The relaxation after the irradiation period took

500 550 600 650

T/°C ——=

Figure 1. Defect concentrations in Fe-doped SrTiO; (Fe content =4.6 x 10" cm~?) at Py, =
0.1 bar calculated from known defect chemical parameters.''l Dotted: Fe**, short dash:
Fe3*, solid: oxygen vacancies, dot-dash: electron holes, long dash: conduction electrons.
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700 place on the same time scale as the stoichiometry

relaxation after a jump in Po,.

For UV irradiation during stoichiometry
change experiments, irradiation had no measur-
able effect for jumps from higher to lower P,
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Figure 3. Arrhenius plots of the effective rate constants K for oxygen in-
(circles) and excorporation (squares) without UV irradiation, and oxygen
in- (solid triangles) and excorporation (open triangles) with UV irradiation.

values, while it substantially increased the effective surface
rate for jumps to higher P, values. The increase in k$y was a
factor of two at 700°C and almost a factor of five at 650°C,
and hence leads to a strongly decreased effective activation
energy of 145+2 kJmol~' (Figure 3). Extrapolating to tem-
peratures below 600°C, we therefore expect more than an
order of magnitude difference between k{y and k°. The P,
dependence of k¢, appears to exhibit no significant difference
compared to that for k® at all the temperatures examined
(kv o< P 237+010); the data at 670°C is shown in Figure 2b. In
Figure 4 it is shown that for jumps to higher oxygen partial
pressures, k¥, displayed an almost linear increase with
increasing UV irradiation intensity for two different, final
Py, values at 670°C. We note that sub-bandgap irradiation at
515-700 nm had no effect on the oxygen exchange kinetics.

The possibility that the increase in the relaxation rate is
caused by a local temperature increase upon irradiation can
be discounted for three reasons: Only the incorporation (and

not the excorporation) kinetics were accelerated; sub-band-
gap irradiation of similar intensity did not produce an effect;
and, in any case, the intensity of the UV radiation is small
compared to radiation from the furnace.

The absorption coefficient a of SrTiO; for UV radiation is
~10° cm~.1) from which the photon penetration depth is
calculated to be about 100 nm. Unfortunately, there are no
literature data on the lifetime of the photogenerated elec-
tron—hole pairs in SrTiO;. Values exist for TiO, at room
temperature and are in the range of 3 x 10~ to 1 x 109 5! 1]
Assuming that the values for SrTiO; are of the same order of
magnitude, we estimate the concentration of photogenerated
electrons and holes in the irradiated surface layer to be about
3% 10%—1 x 10" cm=3. This is a significant enhancement with
respect to the concentration of thermally generated electrons,
which is ~2 x 10! cm~3, but negligible compared to the hole
concentration of 3 x 107 cm~* (compare with Figure 1).

The fact that oxygen incorporation is accelerated under UV
irradiation, while excorporation remains unchanged, indicates
that the sample is far from equilibrium and the UV-
accelerated forward reaction rate becomes dominant. De-
tailed analysis, based on a recent theoretical treatment,? 2 of
k® and kP, therefore requires knowledge of the exact
mechanistic reaction scheme for oxygen incorporation, which
is not yet known. Some conclusions can nevertheless be drawn
from the experimental data. Since UV irradiation increases,
relatively speaking, the electron concentration but not the
hole concentration at the surface, this suggests that, for
oxygen incorporation, conduction band electrons participate
in one or more of the elementary reaction steps up to and
including the rate-determining step; quantitative analysis of
the relationship between k¢, and the UV intensity may be
expected to provide further mechanistic information in this
regard. Since oxygen excorporation is not affected by UV
irradiation, this suggests that if any electronic species are
involved in surface reaction steps following the rate-deter-
mining step, they must be holes.

In short, we have measured the effect of UV irradiation on
oxygen incorporation into a model, wide-bandgap electro-

ceramic oxide. The advantage of UV irradiation, in
contrast to the other possibilities (changing the

Figure 4. Dependence of k{,y on UV irradiation intensity at 670 °C for final P, values
of 0.08 (circles) and 0.02 bar (squares). I{)y is the full UV intensity; I,y is the intensity

attenuated by neutral density filters.
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1.4
» temperature, the dopant concentration, or adding
121 _ -7 catalytic coatings) is that it enables us under iso-
ﬂ\ ' el thermal conditions to turn on and off the surface
7 reaction in situ. We will be exploring this effect in the
1.0 A ~ . .
1105 om & g near future with regard to locally structuring electro-
v ////. ceramic oxides, and novel optoelectrochemical devi-
0.8 1 e " ces, such as a chemical valve.
06{ -
» Pt
04] =" Experimental Section
'
0.2 T T T . : A SrTiO; single crystal (Frank & Schulte GmbH, Essen,
0.0 0.2 0.4 0.6 0.8 1.0 Germany) with an iron content of 4.6 x 10" cm~ was cut and
olished to give a sample with the dimensions 6 x 6 x 1 mm. The
[ ’ £ P

large faces exhibited (110) orientation, which upon thermal
pretreatment at 900°C in O, became facetted into the more
stable (100) and (010) surfaces (indicated by atomic force micros-

copy).
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Oxygen stoichiometry changes were performed between 650 and 730 °C by
switching Pg, between 0.0012 < 0.005 « 0.02 < 0.08 bar (achieved with O,/
Ar mixtures; flow rate 100 mLmin~!). The set-up for the insitu optical
spectroscopy is described in detail in ref. [15]. The integral Fe*" concen-
tration was monitored continuously by measuring the absorption at 595 nm
with a UV/Vis spectrometer (Perkin—Elmer Lambda2). A narrow
bandpass filter was placed between the sample and the detector to block
thermal radiation.

For the irradiation experiments, a 200 W Hg high pressure arc lamp (LOT
Oriel) was used, whose spectral output was restricted to 280-420 nm by
means of UG5 and WG280 filters (Schott). The bandgap of SrTiO; at
700°C is 2.7 eV,["’ which corresponds to the absorption of light of 460 nm.
The total irradiation intensity was 250 mW cm in front of the quartz rod,
that acted as light guide to irradiate one of the large faces of the sample,
and was attenuated for some experiments by neutral density filters. The UV
irradiation was interrupted for ~30 s at appropriate intervals to permit the
595 nm extinction measurements to be made. The effect of sub-bandgap
irradiation of 515-700 nm with a total intensity of 190 mW cm~2 was also
investigated.
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Titanocene-Catalyzed Coupling of Amides in
the Presence of Organosilanes To Form Vicinal
Diamines**

Kumaravel Selvakumar and John F. Harrod*

Vicinal diamines occur widely in natural products and have
many applications in medicinal chemistry and organic syn-
thesis.l'! Despite the existence of many synthetic approaches,
there is still a pressing need for better and more general
methods based on simple and inexpensive starting materials.
We report herein a novel reduction —deoxygenation coupling
of amides catalyzed by [Cp,TiX,] (Cp = #’-cyclopentadienyl;
X =Me or F) in the presence of a stoichiometric amount of an
organosilane. To the best of our knowledge, such a reaction
has not been reported previously, although the literature
extensively covers the titanium-mediated coupling of carbon-
yll:2 and iminel" 3] compounds in the presence of strong
reducing agents.’l The intramolecular coupling of 1,2-acyl-
amido compounds to form indoles and pyrroles has also been
extensively studied.

Both dimethyltitanocene and difluorotitanocene have been
used as catalysts for a variety of hydrosilylation reactions.>"]
We attempted to use these catalysts to effect the hydro-
silylation of some amides with PhMeSiH, and found that the
main reaction product in the case of N,N-dimethylbenzamide
was the vicinal diamine, 1,2-dimethylamino-1,2-diphenyl-
ethane [Eq. (1)].

Rl
! 1 1
o) N\Rz , 'I? ,
[Cp,TiF,] R*=N N=R
~ or [Cp,TiMey] N x
. _—
| + PhMeSiH, Toluene, | |
A 30 min, 80°C A A X2
R3 R3 R3

+ H(PhMeSiO)H

The effects of a number of chemical and physical variables
on the outcome of the reaction are summarized in Tables 1-3.
At 80°C, the reactions of N,N-dialkylbenzamides and some
other related aromatic amides proceed smoothly to give good
to excellent yields of the substituted ethylenediamine prod-
ucts (Table 1). Different substituents can be tolerated, as
shown in the reactions of 4-chloro-, 4-methoxy-, and 4-tri-
fluoromethylbenzamide. There is no significant difference in
the results obtained with the difluoro- and dimethyltitanocene
precatalysts. None of the reactions shows significant stereo-
selectivity.

Reactions at room temperature show an interesting decline
in chemoselectivity relative to those carried out at higher
temperature (Table 2). Certain substitution patterns also
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