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1. Introduction

Lithium boron compounds are of some
interest, e.g., with respect to general struc-
tural relations to the Zintl polyanionic
phases, as well as to the boranes, with re-
spect to the physical and chemical proper-
ties affected by the high mobility of lithium
(ionic conductivity, topochemical reac-
tions), and with respect to the technical
applications (battery technology, neutron
scattering techniques).

On the right of the Zintl border, the ele-
ments form numerous binary compounds
with the alkali metals (/-4), and their
structures are well understood by the sim-
ple valence rules developed by Zintl (5),
Klemm (6), and Mooser and Pearson (7).
The lithium-rich phases exhibit some prob-
lems and it was indicated that the above
cited rules may not be valid with lithium (2,
3). We have recently shown how a consis-
tent valence description can be formulated
even for lithium phases (8-1/2).

On the left of the Zintl border, the 3B
elements especially form the classical Zintl
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phase, e.g., NaTl; but, on the other hand,
they show typical characteristics of inter-
metallic phases. Important work was done
in this field by Thiimmel and Klemm (/3),
by Stohr and Schifer (/4), and by Belin and
Ling (15). In this connection, the lack of
information about alkali metal borides is
conspicuous. This obviously results from
the considerable experimental difficulties:
(i) the extreme differences of the melting
points of the components; (ii) the high reac-
tivity of both components with tube mate-
rials, especially at higher temperatures. Bi-
nary lithium borides have been investigated
by several authors, but none of these
phases is well characterized: LiBggs (76),
LiB; (17), LiB (18), Li_B (19), Li;Bs (17),
LisBs (20), and Li,B (/9). Not even one
single-crystal structure investigation is
available and the only reasonable structural
model is that of LisB; which was proposed
from X-ray powder data. A recent review is
given in (27). These unreliable results and
the questionable characterization of the
lithium borides stimulated our reinvestiga-
tion of the binary Li-B system (22). We
have identified three new phases on the bo-
ron-rich side, but could not confirm any of
the older results (22). A careful comparison
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of all experimental data reported earlier
with our results show that some so-called
compounds are obviously phase mixtures.
We report here the boron richest compound
LisBiy = LiBygs.

2. Experimental Problems

Lithium starts to react with boron at 650
K., yielding powder samples of poor qual-
ity. X-ray powder patterns show only a few
weak reflections; the samples look dull and
are mostly heterogeneous. Results from our
experiments show that equilibrium condi-
tions and crystals of good quality are
reached very slowly at T < 1200 K. This is
in agreement with observations cited above
(/6-20). The synthesis of well-crystallized
samples requires temperatures above 1200
K on 4 time scale of 1 day to 1 week. Under
these conditions, the usual container mate-
rials (Fe, Nb. Ta, Mo, BN) are attacked by
Li or B or both. Furthermore, the purity of
commercially available boron is not very
high due to its affinity to traces of C, H, N,
0, Al. etc. The formation of pure phases
and larger crystals may be affected by the
formation of other phases with such impuri-
ties.

In a series of experiments we found that
the main difficulties can only be overcome
by a combination of container materials.
The reactions are best performed in molyb-
denum crucibles sealed in niobium am-
poules, which are kept under argon in an
alumina tube. Under these conditions
niobium is fairly stable against lithium and
can easily be used for sealed ampoules. but
it is attacked rapidly by boron at reaction
temperature, yielding brittle surface layers
(niobium borides). Therefore, a direct con-
tact of Nb and B must be avoided. Under
the same conditions, molybdenum reacts
much slower with boron, but recrystallizes
considerably, giving rise to cracks in the
container wall and an evaporation of lith-
ium and can thus only be used as crucible.

3. Synthesis of Li;By4

Commercial ~ B-rhombohedral  boron
(99.4%, Ventron) and lithium (99.9%. Al-
pha Products) were purified before usage.
Boron was heated to 1250 K (10! Pa) for 10
to 20 hr to separate volatile impurities.
Lithium was distilled in a water-cooled
steel apparatus (870 K, 107% Pa). Reactants
and products were handled in a dry-box
(Braun) under argon atmosphere. The mo-
lybdenum crucible was machined from a
rod of about 6 mm radius and 70 mm length
(1.5-mm wall) and cleaned mechanically in
a sand beam.

Li;B4 is prepared from a stoichiometric
mixture of the elements. A slight excess of
boron (~3%) is recommended to account
for surface reactions of molybdenum with
boron. The molybdenum crucible is loaded
with 100 mg Li and 780 mg B and sealed
into a niobium ampoule under 10* Pa argon
by arc-welding (Nb tube of about 90-100
mm length; ¢ = 12 mm; I-mm wall). The
ampoule is heated inside an alumina tube
(after evacuation filled by argon; 10° Pa) up
to 1700 K with a rate of 400 K/hr, kept at
this temperature for 12 hr, and cooled down
for approximately 10 hr to room tempera-
ture. The reaction product is homogeneous
and well crystallized.

Li;B4 forms compact polyhedral crystals
which are transparent red in transmission.
but look black in reflecting light. The char-
acteristic X-ray powder pattern is shown in
Fig. 1. The chemical analysis was carried
out by atomic emission spectroscopy (ICP.
ARL) and gives a composition of LiB,g..-
(calcd LiByg7).

4. Physical Properties

The electrical conductivity of Li;B4 was
measured on a compressed powder sample.
Three hundred milligrams were compacted
in a stainless-steel press at 6 x 108 Pa to a
pellet of 10 mm diameter. This is a rather
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F1G. I. Calculated X-ray powder pattern for Li;B s (Guinier geometry, A(CuKa;) = 154.056 pm. Oy

= 45°,(23)).

difficult procedure due to the brittleness of
LisB,;. No binders or lubricants were
added. The pellet was inserted between Mo
inert electrodes and investigated from 298
to 900 K by a frequency dependent mea-
surement of the direct current (DC) con-
ductivity and the alternate current (AC)
complex transmittance in the range 4 Hz to
150 kHz (24, 25). Li;B,4 shows a mixed
ionic (Li*) and electronic conductivity with
Toverat =4 X 1074 Q' ecm ™' at 770 K and an
activation energy of E, = 1.6 ¢V for the
range between 600 and 900 K (Fig. 2). In
the lower temperature region from 290 to
600 K an extrinsic conductivity due to an
impurity band with £, = 0.15 eV and p,,
(400 K) = 1079 Q! cm™' dominates. Very
low conductivity p.. with respect to F,
and the occurrence of much higher activa-
tion energy at higher temperatures gives
rise to this interpretation. For the whole
range of investigation, the electronic con-
ductivity dominates over the ionic conduc-
tivity, e.g., no difference between AC and
DC current occurs.

5. Chemical Properties; Topochemical
Reactions

Li;By4 reacts very slowly with H,O, but
more rapidly with strong acids under evolu-
tion of H,. The morphology of single crys-
tals is preserved and the reaction was
shown to be strictly topotactical, leaving

the boron framework of the structure un-
changed. The transformed crystals have a
Li/B ratio according to Li; B4 with x =
1.7. The limiting value of x has been proven
by three independent reactions, namely (i)
by the reaction with H,O, (ii) by the coulo-
metric titration, and (iii) by the thermal de-
composition.

(i) Reaction with H,O and acids
LiaBy4 reacts with protons according to

X
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Fi1G. 2. Temperature dependence of the electrical
conductivity of Li:B;s (open circles, direct current:
solid circles, alternating current). In the low-tempera-
ture region up to 450 K there is mainly electronic and
in the higher region mixed electronic and ionic conduc-
tivity. The band gap in the lower region amounts to E,
= 0.15eV and is probably due to impurities p,, (290 K)
=9 X 1077€) 'em . For the higher temperature range
£, = 1.6 eV for the mixed conductivity (p,,, =4 x 10 ¢
Q tcem™h,
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After a 1-hr reaction with half-concentrated
sulfuric acid, the reaction product was ana-
lyZCd Chemically to be Li|<3H().4O()A6B|4. The
crystallinity is preserved and a single-crys-
tal study shows only one remarkable
change 1in the boron cage distances as well
as an increase in the disorder at the Li posi-
tions (cf. Sections 6 and 7).

(ii) Coulometric Titration

The coulometric titration of LizB,; was
performed at 720 K with the electric cell
Mo. LisB/LICI, KCI/Li,Al, Al, Mo (22).
The ionic conductor is an cutectic melt of
LiCl and KCI; the method has been de-
scribed elsewhere (26-29). Thirty milli-
grams Li;B; were placed in a basket of Mo
sheet (0.1 mm thickness) together with a
Mo wire (0.2 mm diameter) to enhance the
electric contact with powder sample and
compressed with pliers. In the first step. the
Li,Al electrode was prepared by titration of
lithium into an Al block of 0.5 g up to a
composition of Liy4Al. This procedure al-
lows a purification of the eutectic melt from
minor impurities (oxygen, water, etc.).

The measurements were performed at
720 K in the voltage range 0-2.7 V vs lith-
ium (limited by the decomposition of the
eutectic melt). Figure 3 shows a typical
experiment. The equilibrium potential of
Li;B, vs lithium is about 800 mV. The com-
pound is stable at 720 K against lithium
which is deposited on the[ surface.

The reaction LizBy, - Li;—Bys is re-
versible and is accompanied by changes of
the equilibrium potential. One-sixth of the
Li content can be removed, preserving the
boron framework of Li;B,. The equilib-
rium potential of Lirs.o By vs lithium is
about 1700 mV. It is very likely that this
composition marks the complete depopula-
tion of one Li site (Li2, compare Section 7).
With decreasing L.i concentration the po-
tential increases continuously. At the limit-
ing voltage of 2700 mV a composition of

Li; 3-03B,4 is reached. Further decrease of
the ratio Li: B causes a breakdown of the
crystalline state, which is accompanied by
a step in the potential (Fig. 3). The latter
product does not show any X-ray diffrac-
tion lines and is expected to be amorphous.

ity Thermal Decomposition

The thermal decomposition of Li;B4; was
studied on a thermobalance (Netzsch) cou-
pled to a mass spectrometer (quadrupole
technique, Balzers). The decomposition
shows two steps at 1200 and 1450 K. The
first corresponds to the formation of
Li.»,B; and the second to the formation of
a-rhombohedral boron. The corresponding
mass spectra show only lithium in the gas-
eous phase, but give no indication of parti-
cles containing boron.

X-ray powder pattern of the samples
from reaction (l) = Li|_3H1)_40()'(,B|4, (ll) =
Li,sBy4, and (iii) = Li.»,B,4 are nearly iden-
tical resembling the Li:B,, diagram (Fig. 1)
very much. Going beyond the composition
Li; ;B4 to lower lithium content gives rise
to amorphous samples and/or 8-rhombohe-
dral boron. Obviously the B 4-frame is not
stable under those conditions.

a) 0<U<1700{mV)
-0.2mA/em?

b} 0<U<2700{mV)
~1mA/cm?

U {mvvs Li)

20001

1000}

e
]

LBy, Lizs:01Bu Li13:03Bu

x(Li}

LizBy, T
Lizs:01By

Fi1G. 3. Coulometric titration of Li;B,, at 720 K. The
roman numbers indicate the redox cycles of Li;B—
Li;;B,. At the left side the redox titration Li;B .~
Li; sB4 is shown which exhibits a much smaller hys-
teresis than that of the large redox reaction.
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TABLE 1

CRysTAL DaTa, DATA COLLECTION, AND
STRUCTURE DETERMINATION

Formula Li3Byy Liy Bty — 1.2)
Mole weight (amu) 172,17 163.84
Temperature (K) 298 298

Space group (Nr.) 1424-CY (Nr. 122)
Lattice constants (pm)

a 1076.4(53) 107145

o 894.7(4) 892.6(4)

cla (.8312 (.8331
Volume (10° pm*) 1036.6 1024.6
Mole volume tcm?® mole V) 129 5% 128.08
Cell contents 8 1
Density (g em H) 2.206(3) 2012
mMoKa) em 0.6 0.6

Meusurement Four circle diffractometer (SYNTEX
Py, graphite monochromator: scin-
tliation counter; A(MoKe«) = 71069
(pm): 3,57 = 20 2 5507 w-scan:
variable speed dependent on 71 em-
pirical absorption correction (f-scan.
10 reflections).

Structure determination Dircct methods (SHELXTT. (3/):
full matrix least-squares procedure
(SHELX76 (37):
weight: o ?

Nk REA 382
N'(hkly 334 335

with /7 = 30(F) with I - 30 1)
) {paramceter) 93 84
R taniso) 0.035 0,052
R, taniso) 0.033 0.050

R, tamso, 2¢ .- 307 0.029

6. Crystal Structure Analysis

The crystal structures of Li;B 4 and of the
reaction product Li;;H,400¢B4 were de-
termined by single-crystal methods. The
crystallographic data are listed in Table I.
The lithium positions were found by subse-
quent Fourier and difference Fourier syn-
thesis. None of these sites are fully occu-
pied. The occupancy of three sites is 50%
with good accuracy (Lil, Li3, Li4). This is
a necessity because the corresponding dis-
tances do not allow for a full occupancy of
all sites (compare Table 1V). For the Li2
site only a population of about 40% seems
to be most likely due to the X-ray data. The
refinement of thermal parameters as well as
of site occupation factors at the Li positions

was carried out with the full data set. The
refinement of the occupancies and aniso-
tropic temperature factors yield slightly
smaller values than § for Lil, 2, 3, which
are, however, in the range of the given stan-
dard deviations. Due to the relatively low
electron density of the boron core, the posi-
tional boron parameters were redetermined
only by the 270 reflections (Li;B,4) with 26
> 30° to avoid bias of the core parameters
by the valence electron distribution. Param-
eters and interatomic distances are listed in
Tables I1-1V.

TABLE 1

ATOMIC POSITIONAL. PARAMETERS, EQUIISOTROPIC
(BI-B7, MARKED BY *), AND [SOTROPIC TEMPERA-
TurRe FacTors (Lil-Li4) (pM?) ror Li3By, (FIRST
Row, CONVENTIONAL REFINEMENT; SECOND Row,
REFINEMENT FOR 26 = 30°) AND FOR Li;_ B, (THIRD
Row)

Atom  Site X v z Uequi s.0.1.
Bi t6e  0.4209(3) 0.0891(3) 0.2908(3)  118(8) 1%
0.4210(2) 0.0889(2) 0.2903(3)  96(6) *
0.4202(4) 0.0884(4) 0.2989(5)  143(16) 1*
B2 l6e  0.4468(2) 0.0560(3) 0.1021(3)  115(8) 1*
0.4470(2) 0.0560(2) 0.1021(3) 92Ny I*
0.4470(2) 0.056((2) 0.1021(3) ATy 1*
B3 t6e  0.1774(3) —0.0874(3) 0.0443(4)  116(7) I~
0.1775(2)  —0.0872(2) 0.0444(3)  90(6) 1*
0.1775(2)  —0.0872(2) 0.0444(3) A6) 1
B4 16e  0.3582(3) 0.1236(2)  —0.0343(3) 1157 1%
0.3578(3) 0.1237(2)  —0.0333(3) 95(6) &
.3578(3) 0.1237(2)  ~0.0333%3)  95(6) 1+
BS 16 0.1998(3) (0L0S75(3)  —0.0397(3)  119(8) I*
0.2001(2) 0.0575¢2)  -0.0397(3)  97(7) 1*
0.2002(4) 0.05784)  —0.0401(5)  154(16) 1%
B6  t6e  0.2264(3) 0.2206(3) 0.0343(3)  120(8) 1*
0.2268(2) 0.2208(2) 0.0341(3)  95(7) 1%
0.2265(4) 0.2208(4) 0.0339(5)  143(16) 1*
B7 lee  0.3331(2) 0.2152(3) 0.3486(3) 117(7) 1*
0.3330(2) 0.2154(2) 0.3484(3)  96(6) N
0.33234) 0.215514) 0.3471(5)  147(16) 1~
Lil 8¢ 1] 0 0.102(2)  199(36) 0.5(4)
0 0 0.103¢1)  188(33) 12
0 0 0.063(1) 8041201y 0.17(2)
Li2 8d 0.444(2) 114 178 22861 0.201)
0.445(2) 1:4 1/8 21%47) 0.2¢1)
0.20 () 14 1/8 627(370 0.1(2)
[i3  f6e 0.40001) 41031 0.561(1)  250129) 0.5(5)
0.400(1) 0.103(1) 0.560(1)  207(24) 12
0.393(1) 0.099(1) 0.562(1) 1460142y 172
L4 l6e 0.556(1) 0.222(1) —0.028(1)  230(31) .57
0.557(1) 0.224(1) —0.028¢1) 19325 12
0.566(4) 0.198(4) —0.023(5)  174(142)  (.16(3)

Note. Standard deviations in parentheses.
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TABLE I11

U,; COEFFICIENTS OF THE ANISOTROPIC TEMPERA-
TURE FacTors (pM?) FOR Li;Biy (FIRsT Row. CON-
VENTIONAL REFINEMENT; SECOND Row, REFINE-
MENT FOR 28 = 30°) AND FOR Li;_ B; (THIRD Row)

Atom Un U Usz Urn Un U

B1 7013 7613y 12113 — 1R =310 7
9911 881 100CLh 23(9) = 19 8(9)
132D 1240200 121(18) 1317 L7y -270H%)

B2 1040 13) HOR(13) 133012y =2501) 4012y 1t
BR(11) 80(12) 108011y 258) RI§ ] 201y
168(21) 159231 142¢20) 37017 25(19) 20019)

B3 123003 107013) H6e13) 131h b ih
100011y 77001 931N - 8(9) 1110) 119
12320 12820 13120) 18¢(16) -~ &(18) 10017

B4 122¢12) 6013 119(13) -401H0) 1) 8011
2¢1rn 851D 991 1) 4(8) 6(9) 14(9)
144020) IOy TSy 28015) - 3(18) 7017

B3 109013) 124(14) 123014y 1112 91 1511
R2(11) 105012 103(11) 181 =99 141
129¢24) 133(20) 127(19) Tl 6018) 117y

B& 132(14) 104¢E3)y  125(15%) =1 10k 9013y
102012} 81D 102013) 29 79) =211
1320200 THO9) 112D 6Ht1s) 17 1418}

B7 T3 127013y 113012y 12011y 12012 T
841D 16ty 90(11) 24 R 3C10)
136(20) He20) 11709 y(le) 2018) 1Ty

Lil  25716%) 9460) 245061} RN 0 o
245162) LIS(56)  205(56) 143(48) 4] (]
RO4(201) )

Li2 494013 63(86) (2493 0 0 19459
S425099) 3761 192(79) 0 0 3U5H
1740142) '

[} 14144 3260560 283(49) REICYE) 12¢46) 3947y
139¢38) 27145 212039 42034y ERE 17139
153¢65) 16167) 1470601 96(513 R4(60) 2737y

1.4 137¢42) 260(58)  29458) =25(39) 14D -3(48)
[1O(35) 233(49)  236(46) 6133 S136) 260400
627(370)

Note. Standard deviations in parentheses. * Indicates isotropic U vai-
ues. The U;; are defined for expl =27 (U h%a*= 1+« - + 20U kib c*)].

The composition, with respect to the X-
ray data, is Li>¢.oB4. The analysis of the
difference Fourier synthesis shows only
very small residual density, which cannot
be collected by the usual refinement proce-
dure. These residuals might be due to 0.1 Li
atoms missing at the Li2 site. But the
present crystal could as well be partially
deintercalated under the conditions of the
chemical synthesis. The Li2 site is obvi-
ously that position which can be depopu-
lated most easily to yield Li, <B;. Conse-
quently this site shows the lowest

occupancy in Lis_, B4 (compare Section 5).
The structural data do not allow for a dis-
crimination between dynamic or static dis-
order of the lithium atoms. However, the
topochemical reactions (cf. Section 5) and
the ionic conductivity (cf. Section 4) indi-
cate a considerable mobility of these atoms
already at room temperature.

The structure refinement of LijsHg,
00.¢Bs from reaction (i) of Section 5 was
started using the boron frame of Li;By, as
initial parameters. Only slight parameter
shifts occur. Of the Li atoms only the posi-
tion Li3 could be identified and refined with
the same occupancy as in Li;By4 (Table I1).
The other Li positions are clearly depopu-
lated and give rise to a composition of
Li; g4B1s. The slightly higher Li content
with respect to the chemical analysis is due
to the ambiguity in the temperature factors
of the Li positions and to the fact that after
the reaction the presence of some H and O
atoms in the structure cannot be excluded.
This would of course increase the total
electron density per unit cell.

7. Description of the Structure
and Discussion

Li;B4 represents a novel structure type.
The boron atoms form two different clus-
ters, namely the dodecahedral closo-Bg
cage and the hexadecahedral closo-Byg
cage, which are connected via external bo-
ron—boron bonds to a three-dimensional in-
finite framework 2[(Bg)(Bo).] (Figs. 4 and
5). Each of the boron atoms is part of one of
the cluster moities and is involved in one
additional external bond to a neighboring
cluster. The By cages are centered at the
special positions 4b (003, etc.; 4 symmetry)
and are connected via eight B-B bonds
(BI-B7 and B2-B4; Table 1V) to the eight
neighboring By cages centered at the posi-
tions 8d (x4, etc.; x = —0.15; symmetry 2).
The By cages form a three-dimensional 6-
connected network of the type 3*4?5! which
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TABLE IV

INTERATOMIC DISTANCES (PM) BELOW 300 PM

B1-B7
-B2
-B2
-B2
-B1
-Bl
-Li2
-Li4
-Li3
~Li2
~-Li4
-Li2

B2-B2
-B4
~B1
~B1
-B1
-Li4
-Li3
-Li3
-Lil
-Li2
-Li2

B3-B6
-B7
-B4
~BS
-BS
-Lil
-Li3
-Li2
-Lil
~Li3
-Li3

B4-B2
-B3
-B5
-B5
-B7
-B6
-Li4
-Lil
-Li2
-Li3
-Li3
-Li2

173.5(5)
174.5(5)
178.4(5)
182.4(5)
195.2(5)
195.2(5)
225.3(11)
229.5(4)
243.6(9)
250.9(11)
251.5(14)
264.6(10)

166.0(
170.7(
174.5(
178.4(
182.4(
209.9(
227.0(
229.3(11
238.7(17)
2240011
264.8(11)

6)
5)
5)
5)
5)
3)
i

)

171.8(5)
173.3(5)
174.9(5)
175.0(5)
176.6(5)
218.7(5)
224.3(10)
227.6(11)
249.6(10)
255.1(11)
256.3(11)

170.7(5)
174.9(5)
184.4(5)
184.8(5)
184.8(5)
185.8(5)
217.8(10)
227.49)
239.0(11)
247.1(11)
265.1(11)
280.5(10)

-B7
-B2
-B2
-B2
-B1
-B1
-Li3
-Li2
~Li2
-Li2

-B4
-B1
-B1
-Bl1
-B2
-Li2
-Li3
-Li3
-Lil
-Li2

-B4
_B6
_B7
_B5
-B3
_Li4
_Lil
-Li3
—Li2
_Lil
~Li3
_Li3
—Li2

-B2
-B3
-B7
~-B6
-B5
-B5
-Li2
-Lil
~Li3
-Li3
-Li4
~Li2

171.1(6)
175.3(6)
176.7(6)
177.9(6)
200.5(7)
200.5(7)
236.9(10)
238.0(44)
247.7(43)
278.0(43)

167.7(6)
175.3(6)
176.7(6)
177.9(6)
180.2(9)
226.9(44)
229.2(11)
241.0011)
227.5(51)
284.7(43)

173.4(6)
173.7(6)
173.9(6)
174.0(6)
176.5(6)
208.8(55)
210.5(6)
226.0(10)
230.1(44)
231.5(23)
246.3011)
260.4(11)
296.5(44)

167.7(6)
173.4(6)
182.0(6)
184.4(6)
185.6(6)
186.5(6)
234.5(43)
245.4(31)
255.1(12)
259.0(12)
260.4(65)
295.4(44)

B5-B3
-B3
-B4
-B4
-BS
-B6
-Lil
-Li2
-Li3
-Li3
-Lil
-Li3

B6-B3
-B6
~B7
-B4
-B5
-B7
-Li3
-Li3
-Li2
~Li2
-Li4

B7 -B3
-BI
-B6
-B7
-B4
-Bé6
-Li2
-Li3
-Li4
-Li2
-Li2

Lil-Li3
-Li3
-Lil
-B3
-B3
-B4
-B4
-B5
-B5
~-B2
-B2
-B3

175.0(5)
176.6(5)
184.4(5)
184.8(5)
187.1(7)
189.7(5)
230.9(5)
235.2(10)
235.4(10)
241.2(11)
257.39)
273.7(11)

171.8(5)
174.3(6)
178.7(5)
185.8(5)

189.7(5)

191.1(5)

231.911)
235.0(11)
239.4(11)
243.5(10)
251.8(20)

173.3(5)
173.5(5)
178.7(5)
184.8(7)
184.8(5)
191.1(5)
236.7(11)
236.9(10)
236.9(12)
241.5(11)
258.3(11)

173.0(13)
173.0(13)
182.5(36)
218.7(5)
218.7(5)
227.4(9)
227.4(9)
230.9(5)
230.9(5)
238.7(17)
238.7(17)
249.6(10)

-B3
-B3
-B5
~B4
-B4
-B6
-Lil
~-Li3
-Li2
-Lil
-Li3
-Li4
-Li3
-Li4

-B3
~-B6
-B7
-B4
-BS
-B7
-Li4
-Li3
-Li2
~Li3
-Li2

~-B1
~B3
-B6
-B4
-B7
-B6
-Li2
-Li3
-Li2
-Li4
-Li4
-Li2
~Lit
-Li3
—-Li3
-B3
-B3
-B5
-BS
-B3
-B3
-BS5
-B5
-B4

174.0(6)
176.5(6)
185.4(9)
185.6(6)
186.5(6)
188.6(6)
224.2(7)
231.0(10)
238.6(45)
241.5(21)
245.8(11)
253.1(5)
279.1(12)
287.5(91)

173.7(6)
174.3(9)
176.6(6)
184.4(6)
188.6(6)
190.9(6)
93.1(34)

228.8(11)
”3() 7(43)
233.0(12)
241.1(44)

171.1(6)
173.9(6)
176.6(6)
182.0(6)
183.3(9)
190.9(6)
226.6(44)
237.9(11)
240.5(43)
249.0(57)
252.6(12)
275.1(43)
112.011)
191.9(33)
191.9(33)
210.5(6)
210.5(6)
224.2(7)
224.2(7)
231.5(23)
231.5(23)
241.5221)
241.521)
245.4(31)

Note. The first column refers to Li;B,4 and the second to Li;_ B,.
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TABLE 1V—Continued

B3 249.6(10) -B4  245.431)
-BS  257.3(9) _Li2 267.3(52)
“BS  257.3(9) SLi2 267.3(52)
L2 269.113) -Li3  273.1(45)
L2 269.1(13)  -Li3  273.1(45)

B2 277.551)
B2 277.5(51)

Li2-Li3  142.1(15)  -Li3  109.4(44)
—Li4  184.2017)  -Li4  217.2(43)
Bl 225.3(11) -B7  226.6(44)
B3 227.6(11)  -B2  226.9(44)
BS 2352100  -B3  230.1(44)
“B7  236.7(11) -B6  230.7(43)
“B4  239.0(11) -B4  234.5(43)
-B6  239.4(11) -Bl  238.0(44)
_B7  241.5(11)  -BS  238.6(45)
“B6  243.5(10)  -B7  240.5(43)
-B2 2440011  -B6  241.1(44)
-Bl  2509(11)  -Bl  247.7(43)
~B7 0 2583(11)  -Lil  267.3(52)
Bl 264.6(10) -B7  275.1(43)
B2 2648(11)  -Bl  278.0(43)
“Lil 269.1(13)  -B2  284.7(43)
—Li2  280.3(18)  -Li2  286.7(89)
-B4  280.5(10)  -B4  295.4(44)

“B3 296.5(44)

Li3-Li2  142.115) =~Li2  109.4(44)
—Lil 173.0013)  -Lil 191933
B3 22430100 -Li4  196.0(48)

-B3 )

-B2 227.0011) 226.0(10

-B2 229.3(11) -B6 228.8(11)
-B6 231.9(11) -B2 229.2(11)
-Bé6 235.0(11) -B5 231.0(10)
-B5 235.4(10) -B6 233.0(12)
-B7 236.9(10) -B1 236.9(10)
-B5 241.2(11) -B7 237.9(11)
-B! 243.6(9) -B2 241.001H
-B4 247.1(11) ~B5 245.8(11)
-B3 255.1(11) -B3 246.3(11)
-B3 256.3(11) —-B4 255.1(12)
-B4 265.1(11) -B4 259.0(12)
-B5 273.7(11) -B3 260.4(11)
-Li4 285.7(16) -Lil 273.1(45)
~B5 279.1(12)
Li4-Li2 184.2(17) -Be6 93.1(34)
-Li2 184.2(17) -B6 93.1(34)
-B2 209.9(3) -Li3 196.0(48)
-B2 209.9(3) -Li3 196.0(48)
-B4 217.8(10) -B3 208.8(55)
-B4 217.8(10) -B3 208.8(55)
-B1 229.5(4) -Li2 217.2(43)
~B1 229.5(4) -Li2 217.2(43)
-B7 236.9(12) ~-B7 249.0(57)
-B7 236.9(12) -B7 249.0(57)
-B1 251.5(14) -B7 252.6(12)
-B1 251.5(14) ~-B7 252.6(12)
-Beo 251.8(20) -B5 253.1¢5)
-B6 251.8(20) -B> 253.145)
-Li3 285.7(16) -B4 260.465)
-Li3 285.7(16) -B4 260.4(65)

-B5 287.5(91)

yields from an idealized (3, 10) net by the
parameter shift x = —0.25 — x = —0.15 at
position 8d. This corrugation allows exactly
the symmetry adapted selection of 6 neigh-
boring By cages out of 10, which is neces-
sary to connect each By unit with 6 other
B, units via 6 external B-B bonds (B3-B5,
B6-B6’) in addition to the 4 external B—B
bonds to 4 Bg cages (Fig. 5). The mean dis-
tances between the cage centers are 470 pm
(Bg—B1g) and 500 pm (B;o—B.g), respec-
tively. A very important detail of the boron
framework is the helical arrangement of the
Bg units which follows in principle 4,
screws and which is wound around the B o—
By connected chains along [001]. This way,

spiral-like channels are created (¢/2 shift
from position 4b to 4a) in which the most
preferable positions are occupied by the Li
atoms in a rather uniform distribution of
50% occupancy per site. The channel di-
mensions allow a helical movement of the
Li atoms in the [001] direction, which is
also indicated by the anisotropic tempera-
ture factors of Li and by residual electron
densities between the Li positions (cf. Sec-
tion 6).

The Bg and the Bg clusters were not ob-
served until now in Zintl compounds, but
they are well known from the boranes and
correspond to the 8- and 10-fold connectiv-
ity of the units BgHg and BoH,y, respec-
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FiG. 4. View of the structure of Li;By, in [001] pro-
jection (Li atoms omitted). The By (around 00i. etc.)
and B, polyhedra (around —0.154%) are emphasized by
black faces (the two uppermost B, polyhedra are cut
at the top). The intracluster bonds are drawn open and
the intercluster bonds are filied in black.

tively. According to Wade's rules (34),
these closo clusters require two additional
electrons to fill the bonding cluster states,
yielding BsHi~ and B,H7i;. To accomplish
this in the 3D frame of Li;By = LisBx =
Lig(Bs)(Bip)». one needs exactly the six
electrons of the six Li atoms to fulfill the
electronic rules: (Li")¢[Bi )(Bis)2l. The
electron transfer corresponds to the simple
counting scheme of Zintl (5), Klemm (6),

and Mooser and Pearson (7), but only if the
electron numbers for the boron cages, given
by Wade (34), are taken into account. The
properties predicted by these rules fit com-
pletely the experimental data of the red-
transparent diamagnetic semiconductor
Li3B14.

The intracluster bonds range from 166.0
to 195.2 pm in the By dodecahedron and
from 171.8 to 191.1 pm in the By hexadeca-
hedron. The mean value dy(B-B) = 179.8
pm of the By group is slightly smaller than
the value d,o(B-B) = 181.5 pm of the By,
group. Both mean distances are considera-
bly larger than the intercluster bond dis-
tances (170.7-175.5 pm; d = 173.5 pm). In
fact, only the latter ones are two electron,
two center bonds while the former ones
arise from multicenter cluster states. It can
be shown that this is true for many borides
and gallides (3, /4, 15). Consequently, the
highest peaks in the difference Fourier syn-
thesis of approximately 0.11 e/A~* arc lo-
cated on these intercluster connections.
Similar observations are reported for some
other boron compounds (35).

Table IV shows that the distances be-
tween boron atoms and all of the Li sites
are in a reasonable range. With respect to
the refined sitc occupation factors at the Li
positions one calculates an effective coordi-
nation B-Li of about CN2 to CN3. Further
discussions on this subject do not seem jus-
tified.

F1G. 5. Bg (left) and By, cluster (right) in Li;B,4 (all terminal bonds omitted).
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C —

Fig. 6. Geometrical differences in the By cluster in
Li:By; (black polyhedron) and Li, y4B,4 (open lines).
The most pronounced change occurs at the B2-B2
bond (front diagonal) which is expanded from 166 pm
(Li;B4) to 176 pm (Li, «B,4).

During the course of the reaction from
Li3B|4 to Li|v3(H()‘40()‘(,)B|4 d doecrease of the
unit cell volume of about 15 A% is observed.

This relatively small change is due to com-
peting factors, namely the lithium loss ver-
sus geometry preservation of the boron
frame. The mean B-B bond lengths 182.3
pm (intra Bg), 180.1 pm (intra B;,), and
171.7 pm (intercluster) show very small but
significant changes as compared with the
LisB,4 values. This is also true for the local
changes (Fig. 6). Only one triangle of the By
cage (B2-B2-Bl) changes considerably.
The very short distance B2-B2 = 166.0 pm
increases to 177.9 pm, while B1-B2 =
174.5 and 178.4 pm change to 175.3 and
176.7 pm, respectively. It is very likely that
the change of d(B2-B2) is due to an oxida-
tion of the By cage. Figure 7 displays the By
cluster including terminal bonds together
with deformation density distributions for
Li:B,; (Fig. 7, left) and Li; 3B (Fig. 7.
right) (0.015 e/A? each). Despite the fact
that the deformation density of Li; 4B, is
principally distorted with respect to Li:B 4
there is a significant decrease in the elec-
tron density in the neighborhood of the B2
B2 bonds. This observation can only be

F1G. 7. Deformation electron density according to the present X-ray data, which shows the surfaces
of 0.015 e/A in the region of the By cluster in LizBy, (left) and Li, 3B 4 (right). The pronounced electron
densities at the terminal bonds are distorted under the topotactical reaction (¢ — b), but do not vanish
like the electron densities at the surface of the By polyhedron. This is in agreement with the assumption
that the By cluster undergoes the redox reaction.
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taken as a weak support of our assumption
that only the Bg cage is oxidized under the
topotactical reaction. More detailed inves-
tigations have to be done. A remarkable
change is observed in the Li channels. Af-
ter the reaction the nonboron electron den-
sity distribution is much more ambiguous.
Only one of the former Li positions can still
be identified as such (Table III). It is sure
by comparison with experiments (ii) and
(iti) that lithium can be extracted from
Li;By4 without introducing other elements
into the structure. But it is not clear from
the X-ray data whether the positions Lil,
Li2, and Li4 are exclusively depopulated or
whether foreign atoms (O, H) are incorpo-
rated into the structure, as well as under the
conditions of reaction I.
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