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ZrBz cell until enough boron had been lost by volatiliza- 
tion to produce a PuB4-PuB6 mixture. No variation 
of the PuB6 lattice parameter was observed during this 
process. This experiment, together with other experi- 
ments in which PuB2 was converted into PuB4 by 
evaporation of plutonium, imply that the tetraboride 
evaporates congruently. 

It is possible to draw a parallel between the boride 
phases of the lanthanides and those of the actinides. 
The existence, or nonexistence, of lanthanide borides is 
correlated closely with the radii of the metal atoms 
involved. Thus dysprosium and holmium, which have 
radii close to  that calculated for plutonium from the 
unit cell dimensions of PuB4 and PuB2, form MBs, 
MB4, MB6, and MB12 phases. These four borides 
were found for plutonium in the present work. In  
addition, a hectoboride reported for some lanthanidess 
exists also in the plutonium system. 

Uranium and erbium have similar effective radii 
(calculated from unit cell volumes) and both form MB2, 
MB4, and MBlz phases.'O The MB6 structure cannot 
be prepared with a cation radius comparable to that of 
erbium." 

The effective radius of thorium is large, comparable 
to that of lanthanum or cerium, both of which form 
only MB, and MBe phases. Thus only ThB4 and ThB6 
are found.12 

Borides with boron contents of MBlz or less appear 
to be fairly well understood. The situation as regards 
higher borides is not as well defined. Lundinla reports 
an yttrium boride of composition near YB70, the X-ray 
pattern of which he has indexed tentatively with tet- 
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ragonal symmetry witha,, = 11.75 =k 0.048., co = 12.62 
f 0.04 A. Seybolt14 reports that a micrographic ex- 
amination of 1 to 2 atomic yo yttrium-boron composi- 
tions heated in a BN crucible showed a boride esti- 
mated to be YB5o. Post15 reports the preparation of 
cubic borides of holmium, terbium, and ytterbium of 
composition near MB70, all with the same lattice 
parameter of 11.75 8. as determined from powder pat- 
terns. Post states further, however, that examination 
of single crystals showed the true lattice parameter to 
be 23.50 8. Smith and Gillesg report, for gadolinium 
and ytterbium, cubic MBloo phases with lattice parame- 
ters of 16.50 i= 0.02 8. 

The 99% B-lYo Pu arc-melted specimen was found 
micrographically to  contain two phases, one of which 
was PuB12. When the PUB12 lines were subtracted 
from the X-ray powder pattern, the remaining lines 
could be indexed completely only on the basis of a 
simple cubic unit cell with a0 = 23.5 8. Either the 
11.7 or 16.5 8. (1.414 X 11.7) cubic cells accounted for 
part, but not all, of the lines. On this basis the pluto- 
nium "hectoboride" is assumed to be similar to that 
reported by Post and by Smith and Gilles. The plu- 
tonium analog of the tetragonal boride reported by 
Lundin was not found. Two extra, very weak lines 
appeared in the powder pattern of the 95:5 specimen. 
These lines, which did not correspond to the hlBloo 
phase, were found in no other preparation and were 
too few and weak to attempt to fit to any structure. 
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Assignment of 64.2-Mc. B1l Nuclear 
Magnetic Resonance Spectrum 
of Pentaborane-11 

Sir: 

The B1I n.m.r. spectrum of B5Hll (containing -10% 
B5H9) a t  12.8 Mc. was assigned as follows: A high- 
field doublet' representing the apex boron alone with a 
single terminal hydrogen and a superpositioned lower 
field doublet2 and triplet2 representing the base BH 
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groups and BH2 groups, respectively; a small unob- 
scured member of a doublet could be unambiguously 
assigned to the -10% B5Hg contaminant. Shortly 
after publication2 J. R. Spielman and A. B. Burg fur- 
nished a sample of B6Hll in which BEHg was presumed 
to be absent. The Bll n.m.r. spectrum a t  12.8 Mc. 
supported their conclusion and thus constituted the 
first BI1 n.m.r. spectrum of pure (95+oj0) B6Hll. 
Since the original assignment appeared to be unam- 
biguous the spectrum of the pure material was not 
published. In  the past few years Bl1 n.m.r. spectrome- 
try has become more popular and a t  least two reviews3t4 
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Figure l.-64.2-Mc. B'1 n.m.r. spectrum of BsHI1. 
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Figure 2.-6O-Mc. H' n.m.r. spectra of BsHll 

reveal that a number of workers remain confused about 
the assignment2f5 of BjH11. Since we had transient 
access to  the Varian experimental (cryogenic magnet) 
nuclear magnetic resonance spectrometer6 and had 
relatively large amounts of pure BsHll available, the 
B1l n.m.r. spectrum was obtained at  64.2 Mc. As 
may be seen in Figure 1, the low-field multiplet in 

( 5 )  Both ref. 3 and 4 strangely question the purity of the BsHn utilized 
in ref. 1 and 2, since we2 had pointed out that  BsHp was present in both cases. 
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question3, is completely resolved into a triplet ancl 
doublet and our previous assignment2 is unambiguously 
confirmed. H1 n.m.r. spectra (60 Mc.) were taken of 
the same pure sample of BjHll (99.5-100% BsHll by 
vapor phase chromatographic analysis) a t  several tem- 
peratures. These spectra, reproduced in Figure 2, 
show orderly changes with temperature especially in 
the bridge hydrogen region,2 and in our estimation may 
be considered useful only in that they are compatible 
ni th  the Bl1 n.m.r. spectra (they show three different 
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kinds of terminal hydrogens) and seem to be superior 
a t  lower  temperature^.'^^ 

The structure of B5Hll remains in a state of flux, the 
X-ray data indicating a molecule with a uniquelo 
bridge hydrogen in 1 9 W 2  (see Figure 1) and the same 
hydrogen reassigned as a “second” apex terminal 
hydrogen in 1957.1a It would seem that no unam- 
biguous distinctions can be made with present X-ray 
technique. 

The BI1 n.m.r. data clearly support a molecule with 
a single hydrogen on the apex boron atom. We as- 
sume that a microwave study will one day observe the 
controversial bridge hydrogen off center or a t  least 
determine its position most accurately. 

The 64.2-Mc. spectrum is quite revealing. The 
small half-width of the low-field triplet is in keeping 
with little bonding to other boron nuclei. Would not 
one expect to observe coupling to bridge hydrogens 
when such narrow lines are present? BH2 groups show 
bridge hydrogen coupling in both BzH6 and BhH10. 
The probable answer is that the two bridge hydrogens 
would be expected to couple to the BH2 boron with 
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different spin-coupling values, in contrast to and 
BkH10; thus instead of a triplet, due to bridge hydrogen 
coupling, four less resolved peaks would be expected. 
Were the BHt groups associated with only one bridge 
hydrogen, each member of the low-field triplet (Figure 1) 
would be expected to be resolved into a doublet. The 
values (JB-H) of both terminal hydrogens to boron 
in the BH2 groups in Figure 1 seem identical; a few 
cycles difference would, however, tend to lessen the 
probability of observing bridge hydrogen coupling. 
One would expect JB-H (for both terminal B-H bonds) 
to be identical in somewhat different in B4Hlo16 
(unless rapid intermolecular inversion averages the 
two terminal B-H bonds), and even more different in 
B6H11, where, if boron-boron bonds exist, the terminal 
hydrogens in the BH2 groups would be quite different. 
A structure with the BH2 groups tied to the other nuclei 
by bridge hydrogens might well engage in rapid inter- 
molecular exchange, which would allow the terminal 
hydrogens in the BH2 groups to exchange. 
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Book Review 
Chemical Transport Reactions. By HARALD SCH~~FER, Inorganic 
Chemistry Institute of the University, Miinster, Westphalia, 
Germany. Translated by Hans Frankfort, Chapel Hill, N. C. 
Academic Press Inc., 111 Fifth Ave., New York, N. Y .  1964. 
xi + 161 pp. 15.5 X 23.5 cm. $6.55. 

This book was first published in the German language under 
the title “Chemische Transportreaktionen” and copyrighted in 
1962 by Verlag Chemie GmbH, Weinheim/Bergstrasse, Germany. 
However, as the author indicates in the Preface, some more re- 
cent developments in areas involving the use of chemical trans- 
port reactions have been considered, and numerous references to 
the literature covering the period 1962 to  1963 have been included 
in the English edition. 

The author of this book has contributed heavily to the under- 
standing and application of chemical transport reactions through 
his many publications since about 1950. The book underlines 
the great versatility of transport reactions, both for use in 
preparative chemistry and as a tool for estimating thermo- 
dynamic data. Some definite benefits will be derived from the 
appearance of the English edition. A large volume of informa- 
tion, some of it previously unpublished, is made more readily 
accessible t o  the reader, and because so many proven and poten- 
tial applications are discussed in one source, the book should en- 

gender a greater appreciation of the power of this method in 
preparative inorganic chemistry. 

I n  the first 
chapter a chemical transport reaction is defined as one in which 
a solid or liquid substance A reacts with a gas to form exclusively 
vapor phase reaction products, which, in turn, undergo the re- 
verse reaction a t  a different place in the system, resulting in the 
re-formation of A. In  by far the most common case discussed, 
the sites of the forward and reverse reactions are maintained a t  
different temperatures (temperature gradient technique), 

The remaining five chapters deal with experimental and theoret- 
ical principles, examples of transportable solid substances and 
applications, reaction processes in the gas phase, transport 
processes as an aid in preparative chemistry, and the use of 
transport experiments in the determination of thermodynamic 
values. Many of the examples and applications cited are of in- 
terest not only to chemists, but also to metallurgists, physicists, 
and geologists. In this respect the use of the method for purifi- 
cation and growth of single crystals is especially noteworthy. 
h bonus feature of the book is the generally complete referetic- 

ing to the literature. The bibliography of some 263 references 
included at the end of the book will be very useful to those desiring 
more detailed information on specific systems. On the negative 
side, however, is the frequent reference to data or information 

The book consists of six well-organized chapters. 


