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conclude whether or not the CéHsBioH13 they report is 6-
substituted as is the isomer reported herein and that reported
by Siedle et al.8

The new 6-substituted compounds are formed in low to
moderate yields in reactions which appear complex and which
are not yet fully understood. The 6-(CH3)3SiOB10H 13 forms
in reactions of (CH3)3SiCl or (CH3)3SiBr with NaBioH13 or
Na2B10H12 in dialkyl ethers. Other products of the reactions
are H2, C2Hs, [(CH3)3Si]20, BioH14, and possibly C2HsCl.
In an experiment carried out so that NMR spectra could be
monitored periodically, the reaction of NaBioHi3 with
(CH3)3SiCl in diethyl ether showed that [(CH3)3Si]20 forms
early in the reaction sequence, before appreciable quantities
of 6-(CH3)3SiOB10H13 are present. However, reactions of
[(CH3)3Si]20 with BioHi3~ or BioHi22- do not yield
(CH3)3SiOB1oH13 as a product. Also the absence of
(CH3)3SiOB1oH13 as a product in reactions of (CH3)3SiCl
with C2HsOB1oH13 precludes direct reaction pathways. It is
possible that the reaction involves initially the exchange of
(CH3)3Si for CaHs groups of etherated BioH13~ (or BioH122-),
i.e., BioH130(C2H5s)2, to form species such as BioH130-
Si(CH3)3(C2Hs)- and B1oH130[Si(CH3)3]2~. Although it has
been shown that the 11B NMR spectrum of the BioH13~ ion
is not affected significantly by coordinating solvents,20 solvation
of NaBioH13 by ethers is well established.2! Oxidative
elimination of an ethyl group from B1oH130Si(CH3)3(C2Hs)-
could yield 6-(CH3)3SiOB10H13 and C2Hs. Substitution of
(C2Hs5)20 for the less basic [(CH3)3Si]20 on BioHis-
O[Si(CH3)3]2~ would account for the presence of [(CH3)3-
Si]20 as a reaction product. Radical processes leading to the
observed products can be considered; however, products such
as C4Hio, (CH3)3SiH, and [(CH3)3Si]2, which might be
expected if C2Hs- or (CH3)3Si- radicals were present, were
not detected.

Since redistribution of alkyl groups on silicon is slow,22
redistribution of (CH3)3SiX to form (CH3)2SiX2 which could
then react with the decaboronate anions to form (CH3)2Si-
BioH 12, as occurs with alkyltin compounds, does not occur.5:6
Also, no evidence of compounds such as (CH3)3SiBioH13,
reported earlier by Amberger and Liedl,23 or [(CH3)3Si]2-
B1oH12 was obtained.

The 6-C2HsOB1oH13 forms in reactions of SnCls4 with
NaB1oH13 (or Na2B1oH12) in diethyl ether along with a lesser
amount of 5-C2Hs0B10H13.2.3:24 This reaction may involve
SnCl4 as a two-electron oxidizing agent, in a role analogous
to that of I in NaBioH13—ether reactions suggested by
Hawthorne and Miller.2

The 6-C2H50B10H13:5-C2HsOB10H13 isomer distribution
depends on the reactant combination and to a greater extent
on temperature. In NaB1oH13-(C2Hs5)20-SnCl4 reactions,
the isomer ratio varied from 85:15 to 70:30 at reaction
temperatures from —112 to +25°, respectively. Previously,
we showed that the product of the reaction of I2 with
NaB1oH13—(C2H5)20 is mainly 5-C2HsOB1oH 13;24 although
from our 11B NMR spectral data the presence of small
amounts (5-10%) of 6-C2Hs0B10H 13 is evident. The presence
of both isomeric forms in the SnCl4 and I2 reactions, along
with the observation that the 6:5 ratio is temperature de-
pendent in SnCl4 reactions, suggests that the reactions may
involve 5- and 6-ether-coordinated decaboronate intermediate
species, though possibly not the same intermediate species since
the product isomer ratios in the I> and SnCl4 reactions are
quite different. The 6-C2HsOB1o0H13-5-C2H50B10H 13 isomer
mixture does not form as a result of the equilibration of an
initially formed 5- or 6-C2HsOB10H13, since heating either
the 5 or 6 isomer for prolonged periods of time produces no
detectable isomerization.

The C¢HsBioH 13 forms during the thermal decomposition
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of (C¢Hs)2SnBioH12, along with substantial amounts of
BioH14. No other products have been isolated. Although
(C¢Hs)2SnB1oH 12 is too unstable to allow isolation from small
amounts of coformed phenyltin chloride products, its spectral
properties allow it to be adequately characterized as an aryl
analogue of the previously reported dialkyl-
stannaundecaboraness6 and to be confirmed as the source of
6-CsHsB1oH13. The thermal instability of (CsHs)2SnBioH12
is in striking contrast to that of the dialkyl compounds, where
heating at 60° for sustained periods causes only slight de-
composition. It is interesting to note that no aryltin-deca-
borane products were isolated from reactions of (CséHs)2SnCl2
with [(CsHs)4As]2B1oH12.25

Registry No. (CH3)3SiCl, 75-77-4; Na2BioH12, 12046-70-7;
NaBioHi13, 12008-65-0; 6-(CH3)3SiOB1oH13, 57527-18-1; SnCla,
7646-78-8; (C2Hs)20, 60-29-7; 6-C2HsOB1oH13, 57527-19-2;
(C6Hs)2SnClz, 1135-99-5; (Ce¢Hs)2SnBioHi2, 57527-53-4; 6-
CsHsB1oH13, 38998-69-5.
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Donohue, Katz, and Ward? suggested that the structure of
barium iridate, BalrO3, was based on a nine-layer stacking
of BaOs3 layers in the sequence (chh)3 similar to the rhom-
bohedral phase of BaRuO3 (@ = 5.75 &, ¢ = 21.6 A). The
transition metal ions are in strings of three face-shared MOs
octahedra which are corner linked.34 However, in order to
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Figure 1. Electron diffraction pattern of 9H-BalrQ, with the
beam along (1010).

establish the correspondence, 50 weak hO/ reflections were
ignored in a structure refinement based on single-crystal x-ray
data. The weak extra reflections could be indexed with a
doubled hexagonal ¢ axis of 44.4 A and intensities of the k0
reflections indicated that the true symmetry was lower than
hexagonal. Rodi and Babel5 had earlier suggested an 18-layer
rhombohedral cell with ¢ = 44.5 A for this compound.

To investigate the structure of BalrO3, we have employed
the technique of lattice imaging by electron microscopy in
conjunction with electron diffraction as well as x-ray powder
diffraction. In favorable circumstances, the electron mi-
croscope can be used to generate from a thin crystal an image
which closely resembles the projected structure.6 This direct
method of structure investigation has been particularly effective
in examining the niobium oxide “block” structures and other
materials with a relatively open network of octahedra.6” In
more closely packed systems where the projected charge
density is less simple, only a few systems like hexagonal
ferrites,® perovskites? and silicon carbide!0 have been recently
examined by this technique. In particular, it has been shown
that perovskite polytypes with Ba2t as the A cation give
projected charge densities which may be correlated directly
with the stacking of the BaOs layers. Lattice images of these
perovskite polytypes show chevrons corresponding to columns
of Ba cations and BOg¢ octahedra which alternate in direction
wherever there is a hexagonally close-packed layer.%it Thus,
in the lattice image of a 4H (chch stacking) perovskite po-
lytype, the chevrons show reversal of slope every alternate
layer.1t It, therefore, appeared to us that the BalrO3 system
might be a suitable case to test the lattice imaging technique
for use in direct structure determination of unknown structures.
It should be noted also that the strong scattering of electrons
in diffraction may give extra sensitivity to superstructure
reflections compared with the x-ray technique.

Experimental Section

BalrQ3 and BaRuO3 were prepared by the reaction of BaO2 and
Ir or Ru metal at 1000°C in air.24 A sample of 4H-BaCrQ3 prepared
by high-pressure synthesis!2 was provided by Professor Chamberland.

A Siemens Elmiskop 102 electron microscope was used with an
accelerating voltage of 100 kV to obtain micrographs. Thin crystals
from a finely ground powder sample of BalrO3 were mounted on
carbon-coated copper grids and orientated by means of ‘a +£45°
double-tilt stage. A 50-u objective aperture was used to combine the
primary beam with superlattice and subcell reflections out to about
3 nm! and micrographs were recorded with the electron beam parallel
to (1010) and (0001 ) in a through-focus series embracing the optimum
condition. The image magnifications were 300000X and 500000X.
The specimens being beam sensitive caused some difficulties in
microscopy.

Figure 2. Electron diffraction pattern of 9R-BaRuQ, with the
beam alang (10T0».

Figure 3. Lattice image of 9H-BalrQ, with an idealized
(2)3(1)3 insert.

Powder x-ray diffraction patterns were obtained with a Philips
wide-angle goniometer and monochromated Cu Ko radiation and with
a Guinier camera.

Results and Discussion

Electron microscopy of selected crystals of BalrO3 revealed
several unusual features. Some crystals gave diffraction
patterns which correspond to a nine-layer sequence of BaO3
layers with unit cell parameters ¢ = 5.80 A and ¢ = 22.15 A
in reasonable agreement with those reported by Donohue et
at2 (@ =576 A, c =22.2 A). The electron diffraction pattern
shown in Figure 1 indicates that the symmetry is hexagonal
and not rhombohedral as found for 9R-BaRuQ3.11 The
corresponding electron diffraction pattern of BaRuQs3 is given
in Figure 2 for comparison. This pattern clearly shows
rhombohedral absences (-2 + k + / = 3n) in the 0k/ section
of the pattern. Rotation of the BalrO3 crystals about the
electron beam confirmed that the extra reflections were not
a consequence of multiple diffraction effects but were genuine
reflections of the 9H phase. The lattice image of this 9H phase
of BalrQs3 is shown in Figure 3 and discussed further below.
It may be pointed out that 9R-BaRuO3 does not give a
high-resolution lattice image because of the rhombohedral
absences.!! As such, the lattice image of BaRuO3 cannot be
used to obtain information on the stacking sequence.

Several crystals of BalrO3 examined gave lattice images
which showed the presence of both the 9H structure and a
second phase shown in Figure 4. The second phase can be
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Figure 4. Lattice image of BalrO, showing domains of 4H.

Figure 5. Lattice image of 4H-BaCrQ, with the inset showing
the (ch), sequence.

identified as a four-layer sequence (ch)2 by comparison with
the lattice image of 4H-BaCrO3 (Figure 5).11.12 We see the
slope reversal of chevrons at every alternate layer 4.7 A apart
as expected of the chch sequence. The domain size of the 9H
and 4H phases in BalrO3 was about 200 A. The presence of
the four-layer structure is not unreasonable since BaRuO3 is
known to transform to 4H at high temperature.!! It seems
likely that the difficulty experienced by Donohue et al.2 in
indexing the x-ray data for BalrO3 may have been partly due
to the presence of a two-phase mixture of four- and nine-layer
structures. Occurrence of several polytypic phases of a
perovskite is well documented in the literature. Thus, BaMnQO3
which has the two-layer sequence at ordinary temperatures,
gives rise to several anion-deficient polytypes with increase in
temperature with the six-layer form itself existing in two
different forms.13

Examination of the powder x-ray diffraction pattern of
BalrO3 revealed results essentially similar to those of Donohue
¢t al.2 The nine-layer reflections satisfying the rhombohedral
condition, - + k + [ = 3n; are strong but there are in addition
a considerable number of weaker reflections which cannot all
be indexed by doubling the hexagonal ¢ axis. In particular,
two low-angle reflections with d = 5.627 and 5.155 A suggest
that enlargement of the basic nine-layer hexagonal cell to an
orthorhombic superstructure is required. However, because
electron microscopy reveals the presence of two phases and
also because the resulting cell would be very large, it was not
considered practicable to index the diffraction pattern com-
pletely. Also, it was not possible to obtain electron diffraction
patterns of the #k0O net to verify any basal plane superstructure
for the 9H phase. Furthermore, there was no evidence for
c-axis doubling in the electron diffraction results.

For hexagonal stacking of nine BaO3 layers, six possibilities
exist. Each of these has been examined and compared with
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Figure 6. (20]) electron diffraction pattern of BalrO, heated
to 1400°C,

Figure 7. (hk0) electron diffraction pattern of BalrQ, heated
to 1400°C.

the lattice image (Figure 3). Only two of the sequences would
be expected to give charge density projections similar to the
observed lattice image. These may be described in Zhdanov
notation as 4221 and (2)3 (1)3 or cchchchhe and hehechhee.
Both of these sequences contain elements of the 4H structure,
namely, chch (i.e., pairs of face-shared octahedra corner
linked) and elements of the 9R-BaRuO3 structure, chh (strings
of three face-shared octahedra). The inset in Figure 3 is an
idealized projection of (2)3 (1)3. Comparison of this projection
with the image suggests that (2)3 (1)3 is the most likely
structure although it is not possible to be absolutely certain
on this point. The 9H structure of BalrQO3 is indeed novel in
that it is the first known example of a 9H perovskite polytype.

The sample of BalrQ3 prepared at 1000°C was heated at
1400°C for 3 days in air and quenched in the hope of obtaining
a single-phase product. Electron diffraction patterns were
obtained with the electron beam along (1010). All crystals
examined gave patterns corresponding to a nine-layer sequence
of BaOs3 layers with a c-axis dimension of 21.2 g, somewhat
shorter than found for the 1000°C sample (22.15 A). In
addition, in all cases, the a axis was found to be doubled
(Figure 6). It also proved possible to obtain for this sample
diffraction patterns with the electron beam along (0001).
Examination of these patterns (Figure 7) revealed that the
superlattice is orthorhombic rather than hexagonal with cell
parameters related to the simple hexagonal cell by a ~ 2ahex,
b = 2(31/2)anex, ¢ = chex. Powder x-ray patterns could be
completely indexed on this cell with lattice parameters, a =
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Figure 8. Lattice image of BalrQO, heated to 1400°C. This is
somewhat similar to the image shown in Figure 3, but it has
not been possible to analyze the detailed features of this image.

11.8, b = 204, and ¢ = 21.2 A. Lattice images of this
high-temperature sample (Figure 8) were qualitatively similar
to those of the 9H low-temperature phase but contained much
more detail.

The reasons for the formation of the superstructure and for
the c-axis contraction are not yet clear, However, we may note
that 6H-SrlrO3 has a monoclinic distortion of an orthorhombic
supercelll4 based on @ = ahex and b = 3bhex. It is possible that
the c-axis shortening may arise from some reduction of BalrO3
when it is heated to 1400°C. SrIrO3 is known to undergo
reduction in hydrogen below 400°C to give Sr2IrO4 together
with Ir metal. While we do not have a clear explanation for
the c-axis shortening or for the superstructure formation when
BalrO3 is heated to 1400°C, the structural features found by
us for the high-temperature phase provide an interesting
comparison to those of the low-temperature 9H phase. It is
possible that some of the weak reflections in the x-ray pattern
of the low-temperature phase could arise from the presence
of the high-temperature phase. However, more detailed studies
of BalrO3 as a function of temperature would be necessary
before we fully understand the transformations in the
1000-1400°C range.
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The binding of nitrogenous donors to metalloporphyrins has
been studied in great detail.2 Recently the adduct formation
between zinc tetraphenylporphine and oxygen, sulfur, and
phosphorus donors has been reported.> However, only a few
studies have been reported in which the donor is held constant
and the metalloporphyrin is changed gradually by varying the
peripheral groups.4 In this work the binding of pyridine to
a series of m-phenyl- and p-phenyl-substituted derivatives of
zinc tetraphenylporphine, Zn(- or p-X)TPP, in the solvent
benzene is reported.

Experimental Section

The phenyl-substituted tetraphenylporphines and the corresponding
zinc porphyrins were synthesized by literature methods.5¢ The zinc
porphyrins were purified by dry-column chromatography.36 Aldrich
pyridine was purified as reported’ and Baker Analyzed reagent benzene
was treated as reported.8 The absorbance measurements were made
on a Cary Model 14 uv-visible spectrophotometer with a thermostated
cell compartment. All measurements were made at 25° using quartz
cells with 1-cm path length. All systems were studied at four different
wavelengths and the spectral data for all the systems are listed in Table
I available in the microfilm edition. The procedure for the treatment
of the data has been reported.3

Results and Discussion

Table II contains the extinction coefficients of the
phenyl-substituted zinc porphyrins prepared for this study, the
substituent constants (oX), and log K where K is the equi-
librium constant for the formation of the 1:1 adduct between
pyridine and a zinc porphyrin. Figure 1 is a plot of log K vs
40X. Both the meta and para derivatives have been plotted
on the same figure. In general, there is an increase in the
binding of pyridine by the zinc porphyrin with increasing
electron-withdrawing character of the substituent. Two
metalloporphyrins deviate substantially from the least-squares
line, ZnTPP and Zn(m-OCH3)TPP. Examination of data
from a recent study4d of the binding of piperidine to a series
of m-phenyl- and p-phenyl-substituted derivatives of nickel
tetraphenylporphine, Ni(m- or p-X)TPP, shows that the
m-OCH3 derivative for this system has a lower equilibrium
constant toward piperidine than would be predicted from a
least-squares line for the data of the other derivatives. A
similar result is displayed in Figure 1. The determination of
equilibrium constant for ZnTPP has been repeated several
times and the results are the same within experimental error.
Two other studies of the ZnTPP-py system have been
reported”10 and data from these studies are presented in Table
II and Figure 1.

The slope of the line in Figure 1 omitting the H and m-
OCH3 points is 0.188 + 0.007. Similar plots for the VO-
(p-X)TPP-piperidine system and the Ni(p-X)TPP-
piperidine4d system gave slopes of 0.113 £ 0.003 and 0.331
+ 0.005, respectively. Assuming no major differences occur
in the mode of transmission of the electronic effects because
of the different donors (pyridine vs. piperidine) and different
solvents (benzene vs. toluene) used in this and the other
study,4d it appears that the Zn(m- or p-X)TPP series is more
sensitive to change on the periphery of the molecule than the
VO(p-X)TPP series but less sensitive than the Ni(p-X)TPP
series.

It has been suggested that the VO(p-X)TPP series is less
sensitive to substituent changes than the Ni(m- or p-X)TPP



