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The Crystal Structure of YB66* 
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The crystal structure of the compound YB66 has been determined by single-=rystal techniques utilizing 
X-ray intensities measured by a scintillation counter. The crystal system is cubic with a=  23.440 (a= 
0.006) A; the space group is Fm3c (06). There are approximately 1584 boron atoms and 24 yttrium 
atoms in the unit cell. The majority of the boron atoms (1248) are contained in thirteen-icosahedron 
units of 156 atoms each - a thirteen-icosahedron unit is a cluster of twelve B~2 icosahedra grouped 
around a thirteenth. Bonds connecting boron atoms within icosahedra range in length from 1-719 
to 1.855 A. The shortest intericosahedral bond is 1.624/~; the longest is 1.823 A. The remaining boron 
atoms are statistically distributed in channels that result from the packing of the thirteen-icosahedron 
units and form non-icosahedral cages. The yttrium atoms partially occupy sites in the channels and 
coordinate with the cage borons and the icosahedral borons surrounding them. The yttrium-boron 
bond lengths are in the range of 2.691-2.768 A. 

Introduction 

Among  the large number  of binary borides that  are 
now known there occurs a variety of stoichiometries; 
and some metals, such as the rare-earths and yttrium, 
form an extensive series of borides. Thus, the following 
compounds  are formed by yttr ium: YB2, YB4, YB6 and 
YBIz (Post, 1964). The compound YBIE is a represen- 
tative of the phases with the highest boron to metal  
ratio that have been generally encountered. A phase 
with a much higher boron content, however, was dis- 
covered in 1958 by Seybolt (1960) during a study of 
boron-rich yt t r ium alloys. Its range of composit ion 
was found to be limited to only one to two atomic 
per cent yttrium. It was difficult to establish a precise 
formula  for the compound  and consequently the com- 
pound has been designated sometimes as YB70 and 
sometimes as YBl00. As a result of our structure study, 
we believe the most appropriate formulat ion is YB66. 

* The major portion of this study was extracted from a 
thesis submitted by one of us (S.M.R.) to the Graduate School 
of Rensselaer Polytechnic Institute in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy in the 
Department of Chemistry. 

1 Present address: McArdle Laboratory University of 
Wisconsin, Madison, Wisconsin. 

Preliminary studies by one of us (J.S.K.) established 
that the compound was face-centered cubic with an 
approximate a of 23.5 A. 

Following Seybolt 's discovery, other example.; of 
this phase or similar phases with rare-earth m~tals or 
p lutonium have been reported by various worker~. A 
material  described as YB70 was tentatively as, igned a 
tetragonal cell with a =  11.75 A, c =  1 2 . 6 2 A  (Lundin,  
1961). La Placa has prepared borides of Ho, Tb and 
Yb with approximate composit ion MB70 that are face- 
centered cubic with a = 2 3 . 5 0  A (Post, 1964). Smith & 
Gilles (1964) have produced compounds  which are con- 
-idered to be YbB~00 and GdBi00 and which have dif- 
fraction patterns similar to YB66. Lick (1965) has re- 
ported on the existence of the phase PUB100. 

All the substances cited above apparently have 
either the same structure as YB66 or closely related 
structures, judging from the similarity of diffraction 
patterns. In the light of the complete structure analysis 
being reported here, it seems likely that  all the com- 
pounds are similar in a major  feature of the structure 
- the occurrence of a boron network resulting from the 
preservation of icosahedral packing to a high degree. 
It is quite possible, however, that in separate cases the 
ratio of metal  atoms to boron atoms may vary. Further  
complete structure analyses would need to be done for 

A C 25B - 5* 
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the var ious  c o m p o u n d s  to es tabl ish  whe the r  they  are 
very m u c h  the same in compos i t i on  and  s t ructure  as 
YB66 or whe the r  they  t ru ly  differ in compos i t ion  and  
in the n u m b e r  of  me ta l  a toms  per  un i t  cell. 

In  all cases, o ther  t h a n  YB66, only  polycrys ta l l ine  
mater ia l  has  been available.  I t  would  be pract ica l ly  
imposs ib le  to solve the  s t ructure  f rom powder  diffrac- 
t ion  pa t t e rns ;  as a ma t t e r  of  fact, even the indexing  
is s o m e w h a t  t r icky  and  e r roneous  repor ts  of  smaller  
un i t  cells have  been  m a d e  as a consequence.  We  were 
mos t  fo r tuna te  to be p rov ided  by D r  A. U.  Seybol t  wi th  
single crystals  of  YB66 wi th  which  we could  unde r t ake  
a comple te  s t ructure  analys is  of  this  in teres t ing  and  
i m p o r t a n t  substance.  The  knowledge  of  the s t ructure  
seemed desirable  because of  its p robab le  per t inence to 
the  s t ructure  of  b o r o n  i tself  and  also because of  the 
in teres t ing  ques t ion  as to h o w  such an  unusua l  stoi- 
ch iome t ry  comes  about .  

Experimental 

Single crystals  of  YB66 appeared  quite  by accident  in 
one of  a series of  mel ts  of  y t t r i u m  and  b o r o n  p repa red  
in a vacuum h igh- f requency  induc t ion  furnace  (Seybolt ,  
1960). The  mel t  m a d e  wi th  a n o m i n a l  compos i t i on  of 
1.3 a tomic  per  cent  y t t r i u m  con ta ined  black,  hard ,  fri- 
able lit t le cubes of  YB66 in c o m b i n a t i o n  wi th  p - rhom-  
bohed ra l  boron .  A n  analysis  of  the Y con ten t  of  the  
YB66 crystals  gave the result  8-4 + 0 .1% by weight ,  or  
1.1 a tomic  per  cent  y t t r ium.  A l t h o u g h  this  percen tage  
is cons iderab ly  lower  t h a n  the y t t r i u m  con ten t  o f  the  
crystal  ind ica ted  by the s t ructure  de t e rmina t ion  
(11.1%),  the resul t  is no t  ent i re ly  unexpected  since 
in the process  of  selecting a sufficient quan t i ty  o f  
mate r i a l  for  analys is  the inc lus ion of  some /~ - rhom-  
bohedra l  b o r o n  was ha rd  to avoid.  The  samples  
were examined  by qual i ta t ive  emiss ion  spec t roscopy  

10 8 0, 

10 10 0, 

12 6 6, 

Tab le  1. l n d e x e d  p o w d e r  p a t t e r n  o f  YB66 

h k I I* dobs dcaae 
2 2 2 m 6"792 6"767 
4 0 0 s 5"880 5"860 
4 2 0 w+ 5"248 5"241 
4 2 2 w 4"806 4"785 
4 4 0 vw 4"131 4-144 
5 3 1 s 3"945 3-962 
6 2 0 w 3"713 3"706 
6 2 2 vs 3"543 3"534 
6 4 0 w+ 3"255 3"251 
6 4 2 vw 3"131 3"132 
7 3 1 vw 3"082 3-052 
8 0 0 vw 2"927 2"930 

6 4 4, 8 2 0 w+ 2-843 2"843 
6 6 0, 8 2 2 m+ 2.763 2.762 

7 5 1 w 2.703 2.707 
8 4 0 w 2.615 2.621 
7 5 3 m 2"574 2-573 
6 6 4 m+ 2" 500 2-499 
9 3 1 m 2.461 2-457 
8 4 4 m 2.397 2.392 

8 6 0, 10 0 0 s 2-347 2"344 
8 6 2, 10 2 0 s 2"301 2"299 

9 5 1 w 2"269 2"266 
8 6 4, 10 4 0 s+  2-176 2"176 

8 8 0 w 2"073 2"072 
8 8 2, 10 4 4 s -  2"042 2"040 
8 6 6, 10 6 0 m 2.012 2.010 

10 6 2 vw 1"982 1"981 
8 8 4, 12 0 0 w+ 1"955 1"953 

10 6 4, 12 2 2 s 1.901 1-901 
12 4 0 m+ 1"857 1.853 

8 8 6, 12 4 2 w 1.830 1-830 
10 8 2 vw 1"812 1.808 
10 6 6 m 1"788 1.787 

11 7 3, 13 3 1 w 1"754 1"752 
12 6 2 w 1.729 1.728 

11 7 5, 13 5 1 w-- 1"680 1"679 
10 8 6, 14 2 0 vw 1"660 1.658 
11 9 1, 13 5 3 ~ 1.645 
14 2 2, 10 10 2 vw 1"643 t 1"641 

12 8 0 vw 1"627 1"625 
12 8 2, 14 4 0 w 1"611 1"610 
10 10 4, 14 4 2 w 1"595 1"595 

14 6 0 w 1"544 1"539 

* Intensities: vs, strongest; s + ,  very strong; s, strong; s--,  not quite so strong; m +,  medium strong; m, medium; w +,  medium 
weak; w, weak; w - ,  very weak; vw, weakest. 
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for impurities. Si was found to be present in trace 
quantities (10 p.p.m, or less). No test was made for C, 
N o r O .  

The cell constant was derived from Debye-Scherrer 
photographs of a fine powder of YB66. The very rich 
powder pattern was readily indexed on the unit cell 
deduced from precession data for a single crystal. 
Selected high-angle lines were used to derive the cell 
constants by a combination of Nelson-Riley and least- 
squares procedures. The structure is face-centered 
cubic with a=23.440, G=0.006/~. The first 43 ob- 
served lines of the indexed powder pattern obtained 
with Ni-filtered Cu radiation are listed in Table 1. 
(The pattern contained additional lines from fl-rhom- 
bohedral boron which formed along with the YB66. 
These lines are not included in Table 1.) The experi- 
mental density of 2.52 g.cm -3 yields a value of 19,548 
atomic weight units per unit cell, corresponding to 
24.4 units of YB66. 

In addition to the systematic absences resulting from 
the face-centering condition, hhl reflections occur only 
if h and l are even. Within these restrictions two space 
groups are possible: the eentrosymmetric Fm3c and 
the non-centrosymmetric F43c. It was assumed that 
the space group was Fm3c, a choice which proved ap- 
propriate. It must be noted however, that some very 
small intensities were observed for a few of the hhl odd 
planes. Furthermore, on long exposure of the l--1 
layer, diffuse spots could be seen in the area of certain 
planes forbidden by the face centering condition. If 
these spots are other than artifacts it might be neces- 
sary to reassess the choice of space group; although 
even in this event the present structure undoubtedly 
represents a very close approximation to physical real- 
ity. These effects may be related to the systematic par- 
tial occupancy of certain sites. 

Using Ni filtered Cu radiation, data were collected 
for two crystals. Both were mounted on the General 
Electric Company Single Crystal Orienter. The first set 
was collected manually by maximizing each reflection 
and measuring the peak height with a scintillation 
counter. The background was sampled on either side 
of the peak. 652 independent reflections were measured. 
The second set of data was collected with the Datex 
Automated System for the General Electric Orienter, 
using prepunched paper tape control. Peak height 
measurements (stationary counter method) were made 
for reflections with 20< 90 ° and scanning techniques 
(0-20) were used for reflections with 20>90  ° . The 
intensities recorded from the two crystals showed good 
agreement; X IIl(hkl)-  I2(hkl)l/X Ii(hkl) = 0.05. Both 
sets of data refined to essentially the same result; the 
parameters and structure factors derived from the 
manually collected data will be presented here. The 
crystal used was a slightly irregular parallelepiped of 
width 0-25 mm and length 0.41 mm. 

The data were corrected for Lorentz and polariza- 
tion factors and then for e~-e2 splitting by an empirical 
curve. No correction for absorption was made. (Even 

at the maximum radius the value of the absorption 
correction would be very small since/zR=0.3).  

Standard deviations (a) were assigned to all reflec- 
tions on the basis of statistical errors in the counts for 
peak (or integrated peak) and in the background 
counts. The inverse of the variance (1/a 2) was used as 
the weighting factor for F 2 values in the refinement 
procedures. 

The approximate solution of the structure resulted 
from a three-dimensional Patterson synthesis* coupled 
with structure factor calculations and crystal chemical 
considerations. The most outstanding peaks in the 
Patterson synthesis could only correspond to Y-Y 
vectors and after abortive attempts to assign yttrium 
to lower multiplicity positions in accordance with the 
reported chemical analysis, these peaks were satis- 
factorily interpreted as resulting from yttrium atoms 
in the 48(f) positions (x¼¼) with 50% occupancy. Many 
of the boron positions could then be obtained from 
the larger remaining peaks of the Patterson interpreted 
as Y-B vectors. Ambiguities or uncertainties about the 
remaining boron positions were resolved by utilizing 
information from known boron structures as to ex- 
pected B-B distances and as to coordinations and 
geometry. A moderate amount of testing was required 
by means of structure factor calculations and Fourier 
synthesis, as well as compatibility with the Patterson 
map - to establish the 9 boron positions of the asym- 
metric unit which define the framework of the struc- 
ture. This framework consists of an intricate arrange- 
ment of icosahedra which are for the most part bound 
to one another by bonds along the pseudo-fivefold axes. 
While the packing of icosahedra is quite dense, there 
do occur channels parallel to the fourfold axes at 48(f)  

1 1  positions (x~) ,  etc. The yttrium atoms occur in these 
channels along the fourfold axes. 

Additional electron density was observed in the 
Fourier syntheses for regions in the channels surrounding 
the yttrium atoms. The peaks were quite close together 
and much lower in height than the framework borons 
(which were of uniform and appropriate height). After 
numerous attempts to derive models using these posi- 
tions in configurations at full occupancy it was found 
necessary to assume that these atoms occupied these 
positions statistically and to introduce the occupancy 
factors into least-squares calculations as variables.t 
Four boron positions were treated in this manner. The 
final refinement procedures, by least squares, included 
anisotropic thermal parameters, using boron scatter- 
ing factors from International Tables (Vol.III, 1962) 
and scattering factors for y3+ (Cromer, Larson & 
Waber, 1964) corrected for anomalous dispersion. The 
final refinement converged to R = X ]lFol 2 - ]FcIZl /Z  IFol 2 

* The program M1FRI (Shoemaker & Sly, 1961) was used 
for the Patterson and Fourier syntheses. 

t Calculations were performed using the ORFLS least- 
squares program (Busing & Levy, 1959a) as modified by 
J.A. Ibers & W.C.Hamilton of the Brookhaven National 
Laboratory. 
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=0"067 (weighted R = [  Z' w(IFol 2 -  IFcl2)2/S w(IFo]2)211/2 
= 0" 103). The atomic coordinates,  thermal parameters  
and occupancies, where relevant, are listed in Table 2. 
The observed and calculated structure factors are com- 
piled in Table 3. 

Discussion of  the structure 

General description 
The YB66 structure is basically an array of  icosa- 

hedra  grouped in clusters of  thirteen in which twelve 
icosahedra are ar ranged (icosahedrally) around a cen- 
tral icosahedron. Eight of these 156 atom units a r e  
distributed within the unit cell and are interconnected 
through the external bonds of individual icosahedra. 
As  a result of  these interconnections an extensive frame- 
work is formed which contains empty channels a l o n g  
fourfold axes. The partially filled yt t r ium sites are 
found within these channels. At  the junction of any 
three channels there are cage-like configurations of  
boron  atoms bonded to the icosahedra surrounding 
them and providing additional coordinat ion to the 
yt t r ium sites. The boron  positions which make up 
these configurations are not  completely filled. A1- 

though one can obtain values for the occupancies of  
the sites f rom the least-squares refinement it is not  
possible to construct one single model  in conformity 
with the occupancies without severe steric problems. 
In v iew of the statistical filling of  the yt t r ium sites 
which surround the cages it seems not unlikely tha t  
more than one distinct configuration could exist in this 
area. In the following discussion the detailed construc- 
tion of the f ramework  and two configurations which 
may  occur in the channels will be presented. 

The icosahedral framework 
The icosahedral f ramework  is made  up of  1248 

boron atoms arranged in eight units of  156 atoms each. 
A convenient starting point  for describing one of  these 
units is the icosahedron which occurs about  the origin 
of  the unit cell as shown in Fig. 1. This icosahedron 
is oriented so that  its three mutual ly  perpendicular  
mirror  planes are aligned perpendicular  to the axes of  
the cube. Bonds radiat ing out f rom e a c h  a tom along 
the fivefold axes of  the central icosahedron lead to 
boron atoms of  surrounding icosahedra. This thirteen- 
icosahedron unit may  be generated by considering the 
central icosahedron to be reflected through planes per- 

Table 2. Atomic coordinates and thermal parameters 

Coordinates 
Fractional 

Atom* occupancy x y z 
1 0.5 0.05448 (5) + ¼ 
2 1.0 0 0.03716 (24) 0.05923 
3 1.0 0 0.07598 (24) o. 11659 
4 1.0 0 0.03889 (24) 0.18145 
5 1.0 0 0.14835 (23) 0.24188 
6 1.0 0 0.18593 (23) 0.17186 
7 1.0 0.03845 (18) 0.14027 (16) 0.12163 
8 1.0 0.03921 (19) 0.08171 (17) 0.22939 
9 1.0 0.06306 (17) 0.07748 (17) 0.15860 

10 1.0 0.06365 (18) 0.14595 (17) 0.19491 
11 0"7.1 (2) 0"13193 (33) 0.17493 (35) 0-19719 
12 0-65 (2) 0"23420 (53) 0"15866 (50) 0"30080 
13 0"28 (2) 0"17343 (71) 0"12776 (64) 0"25728 
14 0"279 (18) 0.23407 (82) 0'23407 (82) 0.23407 

(24) 
(25) 
(23) 
(24) 
(24) 
(17) 
(16) 
(17) 
(19) 
(36) 
(62) 
(85) 
(82) 

Anisotropic thermal parameters 
Atom* 
number flll fl22 fl33 ill2 

1 0"00051 (2) 0"00048 (1) 0"00048 (1) 0 
2 0"00038 (9) 0"00044 (9) 0"00039 (9) 0 
3 0"00053 (10) 0"00041 (9) 0"00040 (10) 0 
4 0"00048 (10) 0"00041 (9) 0"00029 (9) 0 
5 0"00034 (8) 0"00035 (8) 0"00027 (10) 0 
6 0"00045 (9) 0"00030 (9) 0"00040 (9) 0 
7 0"00068 (7) 0.00038 (6) 0"00038 (6) 0"00006 
8 0"00068 (7) 0"00035 (6) 0.00031 (6) -0"00001 
9 0"00045 (7) 0"00042 (7) 0"00050 (6) --0"00002 

10 0"00052 (7) 0"00030 (7) 0"00076 (8) 0"00004 
11 0"00117 (16) 0"00140 (18) 0'00131 (20) -0"00037 
12 0"00215(31) 0"00155 (25) 0"00359 (35) -0"00027 
13 0"00101 (34) 0"00032 (28) 0.00111 (46) --0"00014 
14 0"00130 (41) 0-00130 (41) 0"00130 (41) 0"00056 

ill3 
0 
0 
0 
0 
0 
0 

(6) 0"00009 (6) 
(6) - 0"00006 (5) 
(6) 0-00020 (5) 
(5) - 0"00001 (6) 
(12) -0"00051 (12) 
(19) -0"00056 (24) 
(22) - 0"00084 (30) 
(24) 0.00056 (24) 

fl23 
0 

--0-00009 (8) 
--0"00010 (8) 
- 0"00004 (7) 
-- 0-00002 (7) 

0-00000 (8) 
0.00011 (5) 
0.00007 (5) 

- 0.00005 (5) 
0.00005 (6) 

-0.00059 (15) 
0.00049 (24) 
0.00011 (27) 
0.00056 (24) 

* Atom 1 is an yttrium atom" atoms 2-14 are boron. 
The anisotropic temperature factor has the form exp [ -  (ill lh 2 +f122k2-t-f133/2 

theses here are the estimated standard deviations in the least significant figures. 
+ 2fll 2hk + 2fll 3hl+ 2flz3kl)]. Numbers in paren- 
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Table 3. List of observed and calculated structure factors (x¼) for YB66 

F(000) = 8841. 

H K L IFIoBS IFIcALC H K L IFIoBS IFIcALC 

2 0 0 6.9 8.8 
4 0 0 150.4 137.9 
6 0 0 11.9 11.2 
8 0 0 7.2 4.8 
I0 0 0 292.3 297.1 
12 0 0 146.4 137.5 
14 0 0 13.8 11.4 
16 0 0 238.5 236.4 
18 0 0 46.9 48.9 
20 0 0 112.1 109.0 
22 0 0 11.5 15.7 
24 0 0 94.1 94.8 
26 0 0 77.0 75.7 
28 0 0 87.5 90.5 
30 0 0 8.4 8.9 
2 2 0 2.9 3.5 
4 2 0 49.6 54.7 
6 2 0 24.1 24.4 
8 2 0 3 7 . 8  4 2 . 4  
10 2 0 6 1 . 4  5 6 . 6  
12 2 0 I0.9 13.8 
14 2 0 2.9 4.1 
16 2 0 38.6 40.7 
18 2 0 18.1 18.9 
20 2 0 51.4 52.0 
22 2 0 4.2 4.0 
24 2 0 13.1 12.6 
26 2 0 62.5 62.0 
28 2 0 24.3 19.7 
4 4 0 26.5 23.8 
6 4 0 85.8 84.3 
8 4 0 46.6 43.0 
10 4 0 132.6 132.5 
12 4 0 76.0 73.1 
14 4 0 56.3 59.4 
16 4 0 46.3 44.7 
18 4 0 6.3 5.4 
20 4 0 56.2 56.9 
22 4 0 I0.5 5.5 
24 4 0 25.8 25.0 
26 4 0 51.9 50.5 
28 4 0 5 .I 8.2 
6 6 0 100.3 97.0 
8 6 0 71.2 70.6 
I0 6 0 148.0 148.6 
12 6 0 55.5 54.5 
14 6 0 32.4 35.6 
16 6 0 24.7 25.4 
18 6 0 7.5 3.7 
20 6 0 94.1 95.6 
22 6 0 44.6 44.5 
24 6 0 37.0 37.8 
26 6 0 28.0 29.3 

21 3 1 II.I 13.5 
23 3 i 18.8 18.2 
25 3 i 22.7 23.4 
27 3 i 46.9 44.0 
29 3 I 6.6 5.7 
7 5 1 37.4 29.5 
9 5 1 52.5 49.3 
11 5 1 3.6 O.8 
13 5 1 29.2 25.6 
15 5 1 41.8 41.8 
17 5 i 25.7 26.9 
19 5 i 7.2 4.5 
21 5 1 2.9 i.I 
23 5 1 2.9 1.8 
25 5 I 15 .i 16.1 
27 5 1 i0.3 12.2 
29 5 i 34.9 34.2 
9 7 1 3 .6  2 .9  
II 7 I 21.2 14.9 
13 7 1 23.4 20.5 
15 7 1 7.8 7.2 
17 7 1 18.6 15.6 
19 7 I 5.5 3 . 4  
21 7 i 12.2 8.3 
23 7 1 8.4 9 .I 
25 7 1 21.6 21.2 
27 7 i 9 . 6  9 .7  
29 7 1 7 .5  5 .7  
II 9 i 19.9 20.1 
13 9 I 59.4 58.8 
15 9 i 40.8 41.8 
17 9 1 21.0 22.2 
19 9 i 9.4 7.2 
21 9 1 6.3 1.3 
23 9 I 24.2 25.2 
25 9 i 40.8 35.6 
27 9 I 28.7  28 .4  
13 11 1 62 .6  64 .3  
15 Ii I 20.7 25.7 
17 ii I 18.1 21.5 
19 ii 1 6.3 3.7 
21 ii i 16.7 15.9 
23 ii i 5.9 2.0 
25 ii i 27.3 27.4 
27 11 i 11.3 8.7 
15 13 i 25 .4  24 .2  
17 13 1 8.4 6.3 
19 13 1 i0.I 6.9 
21 13 1 18.7 17.2 
23 13 I 15.7 13.3 
25 13 1 31.3 28.5 
27 13 I 18.1 17.2 
17 15 1 2.1 0.4 

28 6 0 18.0 16.3 19 15 I 29.3 27.6 

8 8 0 77.4 78.7 21 15 I 31.1 30.4 
i0 8 0 56.1 52.6 23 15 I 24.5 22.6 
12 8 0 64.2 67.8 25 15 1 37.9 38.3 
14 8 0 88.6 89.6 19 17 1 29.1 29.8 
16 8 0 25.9 24.6 21 17 1 8.6 5.4 
18 8 0 3.6 3.6 23 17 i 37.7 40.5 
20 8 0 17.1 13.9 21 19 1 25.8 24.5 
22 8 0 10.5 8.4 23 19 i 3.6 0.8 
24 8 0 20.3 11.9 2 2 2 74.6 78.4 
26 8 0 40.0 41.3 4 2 2 32.2 18.7 
28 8 0 4.7 3.8 6 2 2 104.1 103.5 
i0 i0 0 87.6 84.7 8 2 2 85.0 85.8 
12 I0 0 75.3 68.9 i0 2 2 39.5 38.7 
14 I0 0 21.2 17.7 12 2 2 121.5 118.1 
16 i0 0 131.2 134.9 14 2 2 69.0 68.2 
18 I0 0 56.4 51.7 16 2 ~ b..7 3.5 
20 i0 0 101.1 100.2 18 164.0 175.7 
22 i0 0 48.4 49.9 20 2 2 29.8 32.9 
24 i0 0 66 .1  64 .5  22 2 2 57 .8  57 .9  
26 I0 0 33.5 26.7 24 2 2 67.3 70.1 
28 i0 0 3.6 2.7 26 2 2 8.6 6.8 
12 12 0 14.7 10.7 28 2 2 92.8 86.8 
14 12 0 34.4 31.3 4 4 2 95.2 86.1 
16 12 0 55.1 52.1 6 4 2 4.7 0.5 
18 12 0 38.3 40.3 8 4 2 20.3 18.3 
20 12 0 50.7 47.8 i0 4 2 19.1 22.3 
22 12 0 34.9 31.0 12 4 2 42.6 40.6 
24 12 0 5.1 4.9 14 4 2 63.8 52.5 
26 12 0 5.5 6.3 16 4 2 0. 5.2 
14 14 0 20.8 21.9 18 4 2 41.9 38.3 
16 14 0 69.6 71.1 20 4 2 3.6 1.I 
18 14 0 7.5 4.0 22 4 2 19.7 15.3 
20 14 0 50.3 48.1 24 4 2 22.2 20.3 
22 14 0 51.3 49.2 26 4 2 11.1 8.6 
24 14 0 28 .7  24 .8  28 4 2 52 .6  50 .8  
26 14 0 69.8 67.5 6 6 2 49.1 43.5 
16 16 0 69.2 69.7 8 6 2 137.5 136.1 
18 16 0 36.9 37.8 i0 6 2 41.1 39.5 
20 16 0 99.4 101.9 12 6 2 73.4 72.0 
22 16 0 27.7 24.6 14 6 2 14.2 16.3 
24 16 0 40.2 42.7 16 6 2 37.9 41.8 
18 18 0 83.9 80.1 18 6 2 26.9 25.3 
20 18 0 24.0 23.3 20 6 2 11.3 13.7 
22 18 0 5.5 3.6 22 6 2 13.9 I0.5 
24 18 0 25.2 24.0 24 6 2 30.6 29.9 
20 20 0 56.4 58.2 26 6 2 26.0 25.4 
22 20 0 44.8 50.5 28 6 2 15.4 14.9 
5 3 i 78.5 77.5 8 8 2 162.2 153.5 
7 3 I 5.5 2.8 i0 8 2 31.8 32.7 
9 3 1 75.7 75.2 12 8 2 65.0 65.7 
II 3 1 8.6 9.0 14 8 2 32.9 27.4 
13 3 i 29.5 29.9 16 8 2 64.8 63.6 
15 3 1 6.6 4.3 18 8 2 143.8 147.3 
17 3 1 95.8 97.8 20 8 2 20.2 19.3 
19 3 I 36.6 37.6 22 8 2 61.7 62.8 

H K L IFIoB8 IFIcALC H K L IFIoBS IFIcALC 

24 8 2 61.7 58.5 
26 8 2 27.2 27.2 
28 8 2 60.1 60.4 
I0 i0 2 34.1 30.5 
12 i0 2 2.1 1.5 
14 i0 2 25.8 25.2 
16 I0 2 35.9 34.1 
18 I0 2 32.7 32.3 
20 I0 2 30.6 30.7 
22 i0 2 11.7 12.4 
24 I0 2 10.5 9.1 
26 i0 2 32.6 30.4 
28 I0 2 II.I 7.2 
12 12 2 103.9 107.0 
14 12 2 71.4 70.9 
16 12 2 14.2 12 .i 
18 12 2 63.8 65.7 
20 12 2 11.3 9.6 
22 12 2 72.0 72.0 
24 12 2 48.9 46.2 
26 12 2 3.6 1.3 
14 14 2 26 .1  2 0 . 4  
16 14 2 2 .9  1.4 
18 14 2 55.7 57.5 
20 14 2 18.6 21 .7  
22 14 2 12.2 8.6 
24 14 2 13.1 i0.4 
26 14 2 16.3 14.4 
16 16 2 26.6 33.1 
18 16 2 17.6 15.2 
20 16 2 5.1 7.8 
22 16 2 6.3 4.1 
24 16 2 28.8 28.0 
18 18 2 79.1 74.3 
20 18 2 30.9 31.4 
22 18 2 54.6 51.7 
24 18 2 16.3 20.4 
20 20 2 21.3 15.9 
22 20 2 14.1 12.8 
7 5 3 76.0 74.3  
9 5 3 2.9 4 . 2  
11 5 3 17.7 16.0 
13 5 3 23.1 22.0 
15 5 3 45.8 47.6 
17 5 3 2.9 3.1 
19 5 3 4.2 1.5 
21 5 3 15.4 14.7 
23 5 3 32.8 33.3 
25 5 3 9.6 2.2 
27 5 3 19.7 16.1 
29 5 3 26.1 24.9 
9 7 3 2.9 0.5 
11 7 3 33.8 31.9 
13 7 3 5.5 8 . 4  

8 6 4 4.7 6.3 
i0 6 4 119.5 121.2 
12 6 4 22.1 19.4 
14 6 4 36.8 40.7 
16 6 4 19.4 16.4 
18 6 4 8.4 8.9 
20 6 4 37.7 36.9 
22 6 4 16.4 19.5 
24 6 4 5.1 1.9 
26 6 4 23.5 22.8 
28 6 4 4 . 2  7.8 
8 8 4 92 .2  92 .3  
I0 8 4 12.1 14.3 
12 8 4 14.1 13.5 
14 8 4 109.6 113.2 
16 8 4 36.9 39.6 
18 8 4 50.5 51.8 
20 8 4 8.4 8.9 
22 8 4 4.2 3.4 
24 8 4 80.0 78.6 
26 8 4 30.6 27.0 
28 8 4 53.6 56.1 
i0 I0 4 84.0 86.7 
12 I0 4 68.1 68.6 
14 I0 4 39.9 42.7 
16 10 4 96.6 102.0 
18 i0 4 7 .5  3.8 
20 I0 4 62.3 60.9 
22 I0 4 31.8 32.2 
24 i0 4 22.9 24.3 
26 i0 4 52.6 55.8 
28 i0 4 9.4 Ii.I 
12 12 4 107.4 107.2 
14 12 4 11.7 15.3 
16 12 4 18.8 18.8 
18 12 4 40.9 42.6 
20 12 4 19.8 15.6 
22 12 4 44.5 43.1 
24 12 4 25.9 27.4 
26 12 4 I0.i 8.8 
14 14 4 4.7 7.8 
16 14 4 19.9 21.9 
18 14 4 4.7 3.9 
20 14 4 23.9 18.3 
22 14 4 5.9 0.6 
24 14 4 6.9 0.8 
26 14 4 23.4 20.6 
16 16 4 25.1 25.6 
18 16 4 12.9 16.1 
20 16 4 48.0 44.0 
22 16 4 iO.3 5.8 
24 16 4 5.5 3.3 
18 18 4 43.7 45.3 
20 18 4 0. 1.4 

15 7 3 25 .i 21.8 
17 7 3 43.6 42.8 
19 7 3 18.2 16.7 
21 7 3 6.3 8 .i 
23 7 3 18.8 12.5 
25 7 3 15.0 14.1 
27 7 3 21.1 17.4 
29 7 3 6 .9  9 . 5  
11 9 3 16.0 13.8 
13 9 3 25.8 29.8 
15 9 3 50.9 52.7 
17 9 3 29.8 34.8 
19 9 3 8.1 0.8 
21 9 3 5 .I 3.0 
23 9 3 16.5 12.4 
25 9 3 8 .6  6 .3  
27 9 3 5.5 6.7 
13 ii 3 71.5 75.5 
15 II 3 28.9 32.0 
17 11 3 29.0 28.3 
19 11 3 4 . 2  4 .7  
21 Ii 3 5.9 1.5 
23 ii 3 30.1 33.0 
25 ii 3 5.9 1.0 
27 11 3 4 . 2  1.5 
15 13 3 6.6 5.0 
17 13 3 11.7 11.4 
19 13 3 4 .7  0 .4  
21 13 3 3.6 1.5 
23 13 3 31 .9  33 .4  
25 13 3 5.9 5.6 
17 15 3 i0.5 8.7 
19 15 3 5.5 2.9 
21 15 3 21.0 19.0 
23 15 3 6 .6  2 .8  
25 15 3 40.9 39.6 
19 17 3 29.8 29.3 
21 17 3 14.7 12.2 
23 17 3 9.6 5.9 
21 19 3 17.5 15.2 
23 19 3 2.9 2.9 
4 4 4 60.8 62 .i 
6 4 4 54.8 55.0 
8 4 4 108.7 I01.4 
10 4 4 95.0 97.6 
12 4 4 13.3 7.8 
14 4 4 16.0 16.8 
16 4 4 7.2 5.9 
18 4 4 14.6 13.9 
20 4 4 70.1 70.3 
22 4 4 7 .2  6.9 
24 4 4 12.2 14 .2  
26 4 4 33 .7  30 .5  
28 4 4 13 .i 17.0 
6 6 4 144 . 3 145 . i 

22 18 4 5.9 5.5 
20 20 4 89.6 82.6 
22 20 4 27.5 25.1 
9 7 5 5.1 5.3 
11 7 5 36.1 34.5 
13 7 5 51.9 52.9 
15 7 5 71.2 72.7 
17 7 5 18.2 19.6 
19 7 5 7.5 I0.8 
21 7 5 5.9 3.7 
23 7 5 30.5 26.3 
25 7 5 35.8 32.6 
27 7 5 I0.I 5 .I 
ii 9 5 16.7 14.2 
13 9 5 78.9 79.6 
15 9 5 18.2 17.6 
17 9 5 2.9 5.1 
19 9 5 6.3 0.4 
21 9 5 4.7 1.4 
23 9 5 12.9 I0.9 
25 9 5 30.2 29.5 
27 9 5 19.3 18.3 
13 ii 5 6.3 7.4 
15 Ii 5 24.2 26.2 
17 Ii 5 19.3 18.0 
19 ii 5 24.0 26.7 
21 II 5 17.2 16.8 
23 ii 5 9.8 8.6 
25 II 5 4.2 3.6 
27 II 5 12.6 ii .6 
15 13 5 11.5 11.8 
17 13 5 12.4 13.0 
19 13 5 4.2 2.3 
21 13 5 27.4 26.7 
23 13 5 6.3 4.3 
25 13 5 30.2 29.2 
17 15 5 30.2 30.2 
19 15 5 10.3 9.5 
21 15 5 16.8 17.7 
23 15 5 2.9 1.4 
25 15 5 9.1 8.0 
19 17 5 39.7 40.0 
21 17 5 2.1 1.1 
23 17 5 27.5 23.7 
21 19 5 23.0 24.6 
6 6 6 22.5 19.6 
8 6 6 12.8 16.0 
I0 6 6 132.9 127.3 
12 6 6 35.6 34.6 
14 6 6 112.6 119.7 
16 6 6 42.0 43.6 
18 6 6 28.2 25.7 
20 6 6 63.4 64.8 
22 6 6 17.7 15.3 
24 6 6 43 .I 41.5 
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Table 3 (cont.) 

n X L IFIoBs IFIc~c n K t, IFIoBs IFIcAIaC 1t K L IFIo~s IFICAU: rt K L IFIoBs IrlcAu: 

26 6 6 58.4 56.3 15 11 7 11.5 9.7 
28 6 6 4.7 2.9 17 1Z 7 25.5 24.5 16 16 8 12.6 12.7 20 16 10 89.2 85.5 
8 8 6 72.5 67.3 19 11 7 16.4 16.2 18 16 8 37.3 35.5 22 16 10 23.3 23.7 
10 8 6 19.4  15.5 21 11 7 27 .7  2 6 . 4  20 16 8 3 .6  5 .8  18 18 10 4 9 . 2  4 8 . 8  
12 8 6 68 .9  67 .1  23 11 7 14 .2  8 . 8  22 16 8 5 .5  3 . 4  20 18 10 18 .6  18 .2  
14 8 6 3 1 . 0  28 .2  25 11 7 15.7 16.3  24 16 8 8 .6  10 .1  20 20 10 67 .2  6 7 . 6  
16 8 6 53.1 58.6 27 11 7 4.7 2.3 18 18 8 99.1 96.6 15 13 11 6.3 6.1 
18 8 6 57.5 60.6 15 13 7 5.1 5.2 20 18 8 31.3 32.2 17 13 11 22.7 21.7 
20 8 6 O. 1 .6  17 13 7 9 . 4  10.5  22 18 8 69 .0  67 .3  19 13 11 2 1 . 0  20 .6  
22 8 6 39.5 39.1 19 13 7 21.7 20.6 20 20 8 38.6 34.2 21 13 1 l  29.6 27.3 
24 8 6 21.1 21.2 21 13 7 53.7 54.3 13 Ii 9 10.9 13.1 23 13 Ii 13.1 13.6 
26 8 6 2.9 1.0 23 13 7 37.9 40.6 15 11 9 10.9 9.1 17 15 11 22.4 22.0 
28 8 6 10.5 9.7 25 13 7 57.4 52.2 17 Ii 9 12.4 10.6 19 15 II 26.5 23.7 
i0 I0 6 104.2 100.2 17 15 7 4.7 2.6 19 II 9 16.5 18.3 21 15 II 51.2 49.2 
12 I0 6 57.5 55.9 19 15 7 5.5 4.9 21 ii 9 29.8 31.5 23 15 II 6.6 6.2 
14 I0 6 49.1 55.2 21 15 7 42.0 40.3 23 Ii 9 27.0 21.6 19 17 ii 22.6 24.0 
16 I0 6 86.7 84.7 23 15 7 2.1 2.1 25 II 9 4.7 3.9 21 17 II 4.7 6.6 
18 I0 6 6.3 1.6 25 15 7 6.9 1.4 15 13 9 4.7 0.6 12 12 12 93.1 95.8 
20 I0 6 42.6 40.5 19 17 7 8.4 5.3 17 13 9 18.0 18.6 14 12 12 27.4 31.1 
22 I0 6 19.8 21.0 21 17 7 48.1 44.5 19 13 9 18.3 20.7 16 12 12 10.3 8.2 
24 10 6 30.8 31.0 23 17 7 6.3 3.2 21 13 9 56.4 53.7 18 12 12 37.8 38.2 
26 I0 6 56.4 61.0 21 19 7 19.9 20.0 23 13 9 25.1 27.9 20 12 12 7.5 3.3 
12 12 6 57.0 56.9 8 8 8 37.2 38 .9  25 13 9 11.1 7.1 22 12 12 15.9 15.9 
14 12 6 6.3 0.6 i0 8 8 14.7 15.1 17 15 9 11.5 12.3 24 12 12 28.4 30.6 
16 12 6 19 .8  21 .5  12 8 8 41 .7  42 .7  19 15 9 28 .0  25 .8  14 14 12 2 1 . 6  2 2 . 0  
18 12 6 2 7 .1  27 .2  14 8 8 163.9  169.7  21 15 9 4 . 2  2 . 2  16 14 12 4 . 7  0 .5  
20 12 6 16.8 13.6 16 8 8 95.4 96.3 23 15 9 45.2 42.8 18 14 12 72.7 71.6 
22 12 6 21.6 23.1 18 8 8 95.3 97.5 19 17 9 8.1 8.3 20 14 12 19.6 20.7 
24 12 6 5.5 6.4 20 8 8 4.7 4.2 21 17 9 11.9 13.1 22 14 12 53.2 56.2 
26 12 6 18.2 20.9 22 8 8 57.2 60.4 23 17 9 13.1 10.5 16 16 12 8.6 6.9 
14 14 6 8.1 11.9 24 8 8 69.6 68.8 21 19 9 2.9 1.9 18 16 12 12.2 7.1 
16 14 6 43.6 46.2 26 8 8 44.0 45.1 i0 I0 i0 12.9 13.6 20 16 12 8.9 10.5 
18 14 6 8.1 6.0 I0 I0 8 49.7 47.9 12 I0 I0 55.9 52.4 22 16 12 13.9 14.2 
20 14 6 8.1 5.4 12 i0 8 66.7 67.4 14 I0 i0 60.4 60.4 18 18 12 55.3 52.8 
22 14 6 7.5 8.4 14 i0 8 37.4 41.3 16 10 I0 106.2 106.9 20 18 12 4.2 2.0 
24 14 6 20.7 23.3 16 I0 8 10.7 15.1 18 I0 i0 31.1 37.2 17 15 13 15.1 12.6 
16 16 6 36.2 34.6 18 I0 8 12.1 14.7 20 I0 I0 59.3 53.0 19 15 13 4.7 6.5 
18 16 6 24.5 25.8 20 i0 8 40.8 38.9 22 i0 I0 44.5 44.0 21 15 13 6.6 4.4 
20 16 6 64.0 63.1 22 I0 8 49.5 47.8 24 I0 i0 113.3 111.0 19 17 13 24.2 23.4 
22 16 6 50.0 49.0 24 i0 8 8.6 6.1 26 I0 I0 29.3 32.6 21 17 13 6.3 7.4 
24 16 6 3.6 2.4 26 i0 8 21.2 23.6 12 12 I0 27.8 20.7 14 14 14 9.4 12.2 
18 18 6 11.7 4.8 12 12 8 68.3 69.4 14 12 I0 9.4 9.0 16 14 14 2.9 3.0 
20 18 6 23.0 17.7 14 12 8 70.3 73.1 16 12 10 35.8 36.8 18 14 14 15.1 14.6 
22 18 6 46.1 46.1 16 12 8 13.4 11.0 18 12 i0 27.3 26.3 20 14 14 62.6 56.1 
20 20 6 61.0 57.6 18 12 8 67.3 70.1 20 12 I0 36.6 32.7 22 14 14 25.8 22.6 
Ii 9 7 4.7 4.1 20 12 8 29.6 30.4 22 12 I0 6.3 1.5 16 16 14 80.7 77.6 
13 9 7 54.1 57.6 22 12 8 56.9 57.1 24 12 10 17.8 20.8 18 16 14 7.8 7.9 
15 9 7 17.2 19.4 24 12 8 53.6 51.7 14 14 I0 27.3 27.1 20 16 14 25.5 23.5 
17 9 7 4.2 1.4 26 12 8 23.6 22.0 16 14 I0 41.0 40.1 18 18 14 35.8 36.0 
19 9 7 10.7 11.i 14 14 8 10.3 5;6 18 14 i0 15.7 18.1 19 17 15 7.8 9.9 
21 9 7 6.9 4.2 16 14 8 9.1 8.2 20 14 I0 53.3 49.1 16 16 16 7.5 7.9 
23 9 7 I0.I 8.1 18 14 8 30.9 32;0 22 14 I0 25.6 22.9 18 16 16 21.7 20.4 
25 9 7 15.6 13.2 20 14 8 37.0 35.2 24 14 I0 34.6 31.4 18 18 16 12.9 18.3 
27 9 7 4.7 5.1 22 14 8 9.1 6.9 16 16 i0 102.5 101.4 
13 ii 7 69.2 71.7 24 14 8 58.9 59.6 18 16 i0 12.6 14.3 

pendicular to the mid-points of the external bonds of the edges rotated by 90 o. The large units are con- 
lying along the fivefold axes. The resultant grouping nected as shown in Fig. 3 which includes only the icosa- 
shown in Fig. 2 is the basic unit in the framework of hedra centered in the xyO plane. Each of the outer 
YB66. Here the central icosahedron has been inscribed 
in a sphere; the outer icosahedra are represented by 
the spheres that circumscribe them. The centers of 
mass of the outer icosahedra form an icosahedron con- 
centric with the central icosahedron. The 156 atom unit 
is thus composed of a central icosahedron surrounded 
icosahedrally by icosahedra. As a result of this geom- 
etry, the twelve outer icosahedra are bonded to one 
another by thirty bonds parallel to the edges of the 
large icosahedron formed by their centers of mass. 

The configuration containing the 13 icosahedra oc- 
curs in ]?-rhombohedral boron (Hughes et al., 1963) 
but not as a packing unit; the outer icosahedra are 
shared by two central icosahedra in fl-rhombohedral 
boron and hence the packing unit there is the 84-atom 
group obtained by truncation of the outer icosahedra 
to leave only pentagonal pyramids surrounding the 
central icosahedron. Thus, the YB66 structure contains 
icosahedral packing to a higher degree than the p- 
rhombohedral structure. 

In YB66 the thirteen-icosahedron unit is found in 
one orientation at the origin of the cell and by trans- 
lation at the face centers. It also occurs at the centers 

Y - - >  

f/2 

x I J/2 

Fig. 1. The icosahedron about  the origin.  
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icosahedra of the 156 atom unit forms four bonds 
nearly along the pseudo fivefold axes of the icosahedra 
to similar members of neighboring units. These bonds 
are of two types. One group lies parallel to (100) faces 
and, along with the icosahedral edges, forms octagons 
around a fourfold axis. The second variety connects 
outer icosahedra in adjacent units along directions 
which do not lie in or parallel to (100) planes. These 
bonds are involved in hexagonal rings. Through such 
interunit bonding the framework perpetuates itself. 
Fig.4 shows the 13-icosahedron units which intersect 
the xyO plane to demonstrate the relative orientations 
of the icosahedra within a unit as well as the inter- 
icosahedral bonds within and between the various units. 

Fig.2. The thirteen-icosahedron unit. 

Y 

- I / 2 -  

(9 
+-0"054 

Fig.3. Detailed bonding of the icosahedra in the xyO plane. 

Within the space occupied by the framework there 
exists a dense and efficient packing of icosahedra, at 
least as dense as in any of the forms of elemental boron. 
Since this packing is icosahedral it follows that it can- 
not fill all space and voids must of necessity occur. 
In YB66, these voids are channels that run parallel to 

1] The yttrium atoms lie on the the fourfold axes at ~ x .  
fourfold axes somewhat above or below the octagons 
of boron atoms at a point equidistant from the 4 tri- 
angular faces of the icosahedra bordering the octagon. 
The partially occupied yttrium positions occur in pairs, 
one above and one below the plane of the octagon. 
Either member of a pair may be occupied but it is 
unlikely that both are simultaneously occupied since 
the separation of the sites (1.955 A) is too short for 
a pair of yttrium atoms. 

Detailed bonding in the icosahedral framework 
The icosahedra which make up the thirteen-icosa- 

hedron units and hence the framework are of two 
kinds. The central icosahedron of any given unit is 
quite regular. The two bond lengths,* given in Table 4, 
which define the edges of the figure, do not differ 
significantly from each other; the mean value is 1.726, 
a=0-006/~.  The twelve outer icosahedra which sur- 
round this figure are somewhat larger and less regular 
than the central icosahedron. The mean bond length 
is 1.808/~,; the individual bonds show a trend toward 
lengthening as the distance from the central icosa- 
hedron increases (see Fig.5). The independent bonds 
involved in these figures are listed in Table 4. The mean 
values of the edges for the two distinct icosahedra in 
YB66 and the presently available average edge lengths 
for the central and attached icosahedra in fl-rhombo- 
hedral boron are compared below: 

YB66 fl-Rhombohedral 
boron 

Central 1.726/~ 1.75 
Outer 1.808/~ 1.83 

The icosahedra are joined by three kinds of external 
bonds: (1) bonds between the central icosahedron and 
the outer icosahedra, (2) bonds among the twelve outer 
icosahedra of one packing unit and (3) bonds between 
the outer icosahedra of adjacent thirteen-icosahedron 
units. Similar distances in fl-rhombohedral boron range 
in length from 1.65-1-75/~. Within the thirteen-icosa- 
hedron units in YB66, there are 42 intericosahedral 
bonds (12 of the first kind, 30 of the second) distributed 
in the following way: 

(7 

(12) 20-30 1.624/k 0.008 
(24) 73-90 1.705 ~ 0.005 A 
(6) 40-41 1.823/~ 0.011 A 

The twelve bonds, of the type 20-30, are radial bonds 
between the central icosahedron and the twelve outer 

* Bond lengths were computed using the ORFFE function- 
error program of Busing & Levy (1959b). 
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icosahedra. They are substantially shorter than any of 
the internal bonds and of a length appropriate to a 
single electron pair bond. The external bonds between 
the twelve outer icosahedra are longer than the radial 
bonds and fall into two categories, The six bonds 
which connect icosahedra in directions parallel to the 
cell axes are longer than the twenty-four which are at 
an angle to these directions. The bonds do not lie 
exactly along fivefold axes and hence do not form 
equal angles with the bonds in the icosahedra they 
connect. The third kind of external bond is found 
between 156-atom units. Each of the outer icosahedra 
of these units forms four bonds to a similar member 
of a neighboring 156-atom unit. These bonds may be 
divided into two classes: (1) 80-8x9 of length 1.708 A, 
a =  0.008 A, which are involved in hexagonal rings and 
(2) 50-65 of length 1.780 A., cr=0.008 A, forming the 
edges of an octagon. The two remaining boron atoms 
on each outer icosahedron are not involved in 
external bonds to other similar figures. Fig. 3 shows 
the icosahedra which intersect the xy0 plane and their 
connections. Here the independent atoms and some of 
their symmetrical equivalents are labelled. Where pos- 
sible the intraicosahedral and intericosahedral bond 
lengths are included. In general, the intericosahedral 
bonds lie essentially along the pseudo fivefold axes of 
the icosahedra they connect. In a regular icosahedron 
the angle between a fivefold axis and the five adjacent 
edges is 121°43'; the comparable angles formed by 
each of the five kinds of external bond with the icosa- 
hedra in YB66 a r e  not all equal but exhibit typical 
variations of from 0-5 °. (This variation may be as much 
as 15 o for bonds between 156-atom units.) 

The environment of the yttrium, as mentioned pre- 
viously, consists of a belt of four triangular faces from 
the icosahedra which surround it. The twelve atoms 
in these faces form bonds to the yttrium of the fol- 
lowing lengths: 

(4) Y-50 2.710 A 0.005 A 
(4) Y-60 2.691 A 0.005 A 
(4) Y-100 2.768 ]k 0.004 A 

These distances may be compared to the yttrium-boron 
separation in YB12, 2.783 + 0-012 A (Matkovich, Econ- 
omy, Giese & Barrett, 1965). The yttrium coordination 
is completed by the cage configurations in the channels. 

The varieties of boron-boron bonds described above 
are divided naturally by their dimensions and func- 
tions into well defined groups. They cannot as yet, 
however, be conveniently pigeonholed into well de- 
fined categories of bond type but it is possible to make 
a few general remarks. Each of the boron atoms in 
the framework forms six bonds to other boron atoms. 
The mean values of the bond lengths in the two types 
0f icosahedra are very similar to those reported for 
the corresponding icosahedra in fl-rhombohedral 
boron. The twelve radial bonds connecting the central 
icosahedron to the outer ones are of a length appro- 

priate to a single electron pair bond. The remaining 
external bonds cover a range of values from 1.705- 
1.823 A. The radial bonds join icosahedra approxim- 
ately along a common fivefold axis. All the other ex- 
ternal bonds are at a small angle to the fivefold axes 
of the icosahedra they join. 

Some clarifcation of the reasons for the observed 
differences in size of the two types of icosahedra, the 
variation in the intericosahedral distances, and the 
orientation of the intericosahedral bonds within the 
thirteen-icosahedron units can be brought about.by 

: 

. .  

Fig.4. The ar rangement  of the thir teen-icosahedron units in 
the xyO plane. 

0 " 9 5 0  - 

 o9oc i 
o 

8 5 0 ~ -  I i I , I i I ; I i I .~ 

1"0 3 '0 4"0 5"0 6"0 7"0 
DISTANCE (A) FROM CENTER 

Fig. 5. The effective radius of a boron  a tom as a funct ion of  
distance f rom the center of  the thir teen-icosahedron unit. 
The radius is obtained f rom averaging the intraicosahedral  
bonds for each boron atom in the icosahedral framework. 
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cons ider ing  the geomet ry  of  a s imilar  uni t  m a d e  up 
of  regular  icosahedra .  

Comments on the geometry of the 13-icosahedron unit 
of boron atoms and its implications 

A n  ar ray  of  twelve icosahedra  whose  centers  of  mass  
fo rm an  i cosahed ron  a r o u n d  a central  i cosahedron  can 
be genera ted  f rom the central  i cosahedron  by reflecting 
it t h r o u g h  planes  pe rpend icu la r  to each of  its twleve 
fivefold axes. The  resu l t ing  i cosahedra  can be t rans-  
la ted a long  the fivefold axes to achieve any  desired 
radial  in te r icosahedra l  separa t ion .  A slice t h r o u g h  the 
uni t  inc lud ing  the centers  of  mass  of  the central  icosa- 
hed ron  and  two outer  i cosahedra  is shown  in Fig.6.  

F r o m  the geomet ry  of  the Figure,  the fo l lowing state- 
men t s  can be made .  

(1) W h e n  cons t ruc ted  f rom equal  regular  icosa- 
hedra  (y  = x), the  th i r ty  bonds  'e' be tween outer  icosa- 
hedra  in this  uni t  mus t  a lways be longer  t han  the twelve 
radial  bonds  ' r '  be tween the central  i cosahedron  and  
the outer  shell. This  is immedia te ly  obvious  f rom the 
Figure since : 

(2x+e)>E>O.951E and  0.951E=2x+r.  

(2) W h e n  cons t ruc ted  of  regular  i cosahedra  of  any  
size, the  bonds  'e '  in this  uni t  can never  lie a long  the 
fivefold axes of  the outer  i cosahedra  they  connect ,  but  
r a the r  m a k e  an angle  of  5 c9' with each such axis. 

Subscript 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

(1) 
(2) 
(2) 
(2) 
(2) 
(i) 
(2) 
(2) 
(2) 

Table  4. Bond lengths in the boron framework* 

Bond lengths in central icosahedron 
o" 

(6) 2o-21 1.742 A 0.011 
(24) 20-23 1.719 0.007 

3o-4o 
3o-7o 
3o-9o 
4o-8o 
4o-9o 
5o-6o 
5o-8o 
5o-10o 
60 -70 

Bond lengths in outer icosahedra 
1.752 A 0.008 ,~, (2) 6o-10o 1.843 A 0.005 A 
1.760 0-006 (1) 7o-718 1-802 0.008 
1.777 0.005 (2) 70-90 1-803 0.005 
1.765 0.006 (2) 7o-10o 1.822 0.006 
1.814 0.005 (1) 8o-818 1.838 0.009 
1.863 0.008 (2) 80-90 1.754 0.005 
1"836 0.006 (2) 8o-10o 1.802 0.006 
1.855 0.006 (2) 9o-10o 1.817 0.006 
1.829 0.006 

lntericosahedral bonds 
o" 

20-30 1.624 A 0-008/~ 
73-90 1.705 0.005 
8o-819 1.708 0.008 
50-65 1.780 0.008 
4o-41 1.823 0"011 

Yttrium-boron bonds 
(9" 

(4) Y-5o 2.710 A 0-005 A 
(4) Y-6o 2.691 0.005 
(4) Y-lOo 2.768 0.004 

* Subscripts refer to the symmetry transformations" 

Transformed coordinates Subscript 
x y z 14 
2 37 z 15 
y z x 16 
z x y 17 
z 2 37 18 
x z ½--y 19 
)7 y ~ 20 
2 x 9 21 

2 y 22 
Y J2 --z ½ --x 23 
y ~ 2 24 
37 z 2 25 
p z? x 26 
37 x -{--z 

Transformed coordinates 
y 2 ½ - z  
.f z ½ - y  

-~ z x ~ - y  
½ - x  { - y  ½ - z  

.f y z 
y x ~ - z  

- z  y ~ - x  
z y ½ - x  
y { - x  z 

~ - z  y x 
x ~ - z  y 
x -~-y ~ - z  

- z  ~ - x  y 
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The angle formed between E and 0.951E is (180 ° - e)/2 
=58017 '. The angle between 0.951E and a radius, x, 
for the outer icosahedra is 63 ° 26'. Therefore 7 = 63 ° 26' 
- 5 8  ° 17'= 509 '. Since 'e' is parallel to E, the angle be- 
tween 'e' and 'x' which lies along the fivefold axis is 

and is not a function of 'x'. (Alternatively expressed, 
the fivefold axes passing through the vertices being 
joined by any bond 'e' are not collinear, but instead 
make an angle of 169°42'.) 

(3) A general expression for the relation between 
'e' and 'r '  and the radii x and y of the outer and inner 
icosahedra respectively may be written down as fol- 
lows: 

Since 

and 
r = O . 9 5 1 E - x - y  

e= E -  2x cos 

r -0 .951e=(1.902 cos 7 - 1 ) x - y  
= 0 . 8 9 4 x - y .  

In terms of the bond lengths defining the inner and 
outer icosahedra, Bz and Bo 

r -  0"951 e = 0-850Bo - 0.951Bz. 

The relations between these quantities are of interest 
in two special cases: 

(a) Equal icosahedra: Bo = Bz, 

e = 1.052r+O.lO6Bo. 

(b) Equal intericosahedral bonds: r=e. (Consider 
allowing the outer icosahedra to expand or inner to 
contract to produce equal bonds.) 

Bo=O.O58r + 1.12BI, 
Bz = 0.894Bo- 0.052r. 

In applying the above considerations to a unit con- 
structed of boron atoms it is immediately apparent 
from (1) that such a unit cannot be constructed of 
equivalent regular icosahedra of boron atoms con- 
nected by single electron pair bonds (or equal bonds 
of any length) even if the requisite electrons were avail- 
able. Further, from (2), although the orientation of 
the twelve radial connections 'r '  is by construction 
along the common fivefold axes of the central and 
outer icosahedra, the orientation of the outer icosa- 
hedra is such that vertices of adjacent icosahedra do 
not share a common fivefold axis and the thirty con- 
nections 'e' are at a 509 ' angle to the fivefold axis 
passing through each of the vertices they connect. 

It follows from 3(a) that if equal icosahedra, where 
B I = B o =  1.81 A, are connected radially by single elec- 
tron pair bonds, r = 1.62 A, then e = 1.89 A. The 1.89 A 
distance is longer than any reported intericosahedral 
bond. Assuming, of course, regular icosahedra, the 
variables in the equation cannot be adjusted to appre- 
ciably reduce this value. (Taking an extreme situation 
where r = 1"60 A and Bo = 1.72 A, e = 1.86 A.) The 
quantity 'e' is relatively independent of Bo and effec- 

tively proportional to 'r'. Any increase in 'r '  would 
serve to further increase 'e'; to decrease 'r '  to less than 
1.60 A is physically unreasonable. Therefore, if this 
unit were to be constructed of equal regular icosahedra, 
the figure would have to contain thirty intericosahedral 
bonds 'e' of exceptional length. 

If, on the other hand, the outer icosahedra are al- 
lowed to expand as expressed in 3(b) to produce equal 
single electron pair bonds, an unrealistic value of Bo 
will be obtained which is relatively insensitive to the 
value of 'r'. That is, the ratio of Bo to Bz is required 
to be too large under these conditions. For example, 
for r=1.62/~,  B /= l .81  A, Bo=2"12A;  or for r =  
1"62 A, Bz= 1"75 A, Bo =2"05 A. Conversely, of course, 
reasonable values of Bo yield unreasonably small 
values of Bx. 

Inequality in the size of the icosahedra and in the 
bonds connecting them is to be expected, therefore, 
for any actual structure with the thirteen-icosahedron 
unit, solely on the basis of  geometry; in addition, five- 
fold symmetry cannot be maintained for all of the 
bonds connecting icosahedra. Energetic factors per- 
taining to bond formation may further emphasize 
these features and also cause the icosahedra to distort 
and become irregular. It is interesting to see how well 

l 
E 

l 
e l 

FOR REGULAR ICOSAHEDRA 

t, -- 630 26' 

,8 = 1210 43' 

7 : 5 ° 9' 

Fig.6. A section th rough  the thir teen-icosahedron unit  in- 
cluding the centers of  mass of the central icosahedron (to 
the right) and two outer  icosahedra. 
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the actual thirteen-icosahedron units in crystal struc- 
tures conform to the equations deduced here for reg- 
ular icosahedra. In both fl-rhombohedral boron and 
YB66 the individual icosahedra are distorted; however, 
it is possible to substitute values for their mean bond 
lengths into the general expression for unequal icosa- 
hedra. Taking this expression from 3 we can define a 
residual, A, which would be zero for the idealized figure, 

A = - r + 0.951 e + 0"850Bo- 0-951BI • 

Using the values reported by Hughes et al. (1963) for 
/~-rhombohedral boron one finds for the two cases: 

r 

e 

Bo 
BI 
A 

fl-Rhombohedral YB66 
boron 
1"65 A 1.624 A 
1"75 A 1"732 A 
1"83 A 1"808 A 
1.75 ,~ 1.726 A 

- 0 . 0 9  A - 0 . 0 8  A 

Thus, neither structure conforms exactly to the ideal 
geometry; instead both deviate to about the same ex- 
tent. 

It is evident that the thirteen-icosahedron arrange- 
ment found here cannot be conveniently augmented 
by adding to the periphery to form an even larger pack- 
ing unit maintaining icosahedral packing. A second 
complete shell of 72 icosahedra might be accom- 
modated around the first shell of 12 by sufficient dis- 
tortion, but since each additional shell requires expan- 
sion of the icosahedra, these figures themselves would 
become unstable in the third shell. 

Contents of  the channels 
The boron positions which describe the contents of 

the channels are characterized by two special features. 
First, these sites, even as the yttrium sites, are not 
fully occupied; secondly the thermal ellipsoids for 
these atoms are considerably larger than those of the 
filled icosahedral sites. From the mean atomic posi- 
tions, one can deduce two cage-like configurations 
which exist in the channels above the yttrium around 

the 8(a) special positions. In one configuration the atoms 
l l and 12 fully occupy these positions; in the other, 
atoms 11, 12 and 13 occur at 50% occupancy. 

The exact locations of atoms 11, 12 and probably 13 
differ slightly depending on their environment. The 
bond distances listed are those calculated from the 
least-squares positions and should be interpreted as 
indicating only which bonds are likely to be long, in 
the nature of multi-center bonds, and which are short 
as in single electron pair bonds. The bond distances 
averaged over thermal motion assuming each atom to 
move independently will also be included for com- 
parison. These represent maximum values of the bond 
lengths for these positions. One can achieve satis- 
factory bonding schemes in several ways by shifting 
the atomic positions within the confines of the thermal 
ellipsoids. In reality the disorder may be such that a 
variety of positions close to the mean positions may 
be assumed by both configurations, the precise values 
of the parameters varying in different regions of the 
crystal. Bond lengths derived by making reasonable 
shifts in the atomic coordinates of the order of 0-004 
of the cell edge differ by 0.1-0.2 A from those calcu- 
lated using the mean positions. The root mean square 
components of thermal displacement along the prin- 
cipal axes are given in Table 5. 

Configuration I 
One of the cage-like arrangements above the yttrium 

is made up of atoms 11, 12 and 13 at 50% occupancy. 
A portion of the unit is shown in Fig. 7. This represents 
an arbitrary choice of orientation in that the same 
figure rotated by 90 ° is equally likely to occur when 
the positions not represented here are filled. The tri- 
angles whose bases form the heavily outlined octagon 
are the faces of the four icosahedra which surround 
the fourfold axis. The figures formed by atoms 11, 12 
and 13 encompass the 8(a) special positions, e.g. k,¼,-}, 
which lie at the intersections of three channels. Each 
cage is at the center of a large octahedron of yttrium 
sites. Facing each of the six potential yttrium positions 
is a six membered ring. The thirty six statistical atoms 

Table 5. Root mean square component of  thermal displacement along the principal axes of  thermal motion: R1, R2, R3 

Atom number* Rl a R2 o" R3 a 
1 0.115 A 0-002 A 0-115 A 0.002 A 0-120 A 0.003 A 
2 0-095 0.013 0.102 0.012 0.118 0.012 
3 0.092 0.014 0.119 0.012 0.121 0.011 
4 0.087 0.015 0.109 0.012 0.116 0.012 
5 0.086 0.016 0.097 0.012 0.100 0.012 
6 0.091 0.014 0.105 0.012 0.112 0-011 
7 0.086 0.012 0.111 0.009 0.142 0-007 
8 0.084 0.010 0.105 0.009 0.139 0.007 
9 0.086 0.010 0.107 0.009 0.139 0.007 

10 0.089 0.010 0.121 0.008 0.146 0.007 
11 0.093 0.020 0-212 0.011 0.233 0-015 
12 0.198 0-017 0.235 0.017 0.330 0-016 
13 0.076 0.052 0.092 0.045 0.231 0.032 
14 0.144 0-034 0.144 0-034 0-260 0.041 

* Atom one is an yttrium atom; atoms two through fourteen are boron. 
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in this area are distributed in six such rings whose 
centers form an octahedron inside the large octahedron 
described by the yttrium positions. If an yttrium posi- 
tion is filled, all six atoms in the adjacent ring can form 
bonds to it. 

(2) Y-1 lo 2.81 A 
(2) Y-129 2"74/~ 
(2) Y-139 2.49 ]k 

Atoms of the type 11 and 13 bond to the icosahedra! 
borons in the group represented b y  atom 10. This 
group contains the icosahedral borons which do not 
form external bonds to neighboring icosahedra. The 
bond •lengths of these connections are: 

(2) 100i  10 1.74 A 
(2) 105--139 1-98A 

This configuration can be visualized in the following 
way: having chosen an orientation for one ring, the 
orientation of the other five rings may be derived from 
it by the action o f  the threefold axes • in the [111] direc- 
tions of the unit cell, that is, through the triangle of 
atoms 110, 112, 113, or 120, 129, 1216. The rings thus 
disposed are able to bond to one another. The arrange- 
ment of these bonds can be seen by examining the sur- 
roundings of atoms 110, 129 and 139. (As the remaining 
atoms in this unit are symmetrically related to these, 
their bonding is identical.) Each atom in a ring forms, 
of course, two bonds to its neighbors in the ring. 
Atoms 13 form two additional bonds to a nearby ring. 
Atoms of the type 11 and 12 form three additional 
bonds, two to one adjacent ring and one to another. 
The independent bond lengths calculated from the 
mean positions and averaged over thermal •motion are 
given below the Figure. The independent triangles of 
atoms formed between the rings whose vertices are not 
related by a threefold axis are identified as A, B and C. 

The cage forms 24 bonds to icosahedral borons, four 
from each of the six membered rings. The twenty four 
bonds may also be thought of as forming eight groups 
of three bonds related by a threefold axis leading to 
three ieosahedra related by the same threefold axis. 

In Fig. 8, the unit is shown in relation to the icosa- 
hedral framework. No effort has been made to put in 
all the external bonds. Rather this •Figure is intended 
to illustrate the dimensional and spacial relationships 
of the 36 atom unit to the icosahedral framework. 

Configuration II 
The second configuration (Fig.9) which occupies 

the channels and the one most likely to be present near 
filled yttrium sites is made up of atoms 11 and 12. 
The twenty four atoms of type 12 around each of the 
8(a) sites are arranged in six squares which form a dis- 
torted snub cube. The snub cube is a polyhedron with 
six square faces at the corners of an octahedron and 
32 triangular faces which connect the squares. Each 
square face is centered over an yttrium site, the cor- 
ners forming bonds of 2-74 A to this position. 

The twenty four atoms 11 are arranged in eight tri- 
angles on the outside of the snub cube. These triangles 
are perpendicular to the [111] directions and are stag- 
gered with respect to the eight triangles of the snub 
cube which are also perpendicular to the [111] direc- 
tions. The atoms 11. act as a filler between the snub 
cube and the icosahedral borons. They bond to the 
snub cube in the following manner. Two adjacent stag- 
gered triangles of atoms 11 and 12 form a very dis- 
torted octahedron; two adjacent distorted octahedra 
are connected by two distorted tetrahedra which share 
an edge. These features are shown in Fig. 9 which con- 
tains half of the 48 atom unit. The atoms 12 which 
make up the snub cube have been darkened. A dis- 
torted octahedron can be observed composed of atoms 
113, 1223, 1224, 112, 110, 1219; a distorted tetrahedron is 
formed by 110, 1219, 129, 1223. The atoms 11 also join 
this figure to the icosahedra surrounding it. Each atom 
11 forms a bond to an icosahedral boron of the set 
10 just as in configuration I. The atoms 11 also form 
bonds to the yttrium as in configuration I. Here, since 

113 13o Ilia 

~ 9 0  

BOND LENGTHS AVERAGED OVER THERMAL MOTION 

II o- I0 o 1.77~ 
110-132 2.03~ 
I io- I I  2 1.94 ~, 
II o-  130 2.07 
Iio-129 1.88~, 
129-130 1.77~ 
129-120 2.25~ 
129- 139 1.95~ 
13 9- I0~ 2.00A 

Fig.7. Geometry and bond lengths of configuration I. 
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the sites are completely filled there are eight potential 
bonds (4 from atoms 11, 4 from atoms 12) to each 
yttrium position making a total maximum coordina- 
tion number of 20 for the yttrium sites: 8 from con- 
figuration II, 12 from the icosahedral framework. 

Both configuration I and configuration II as de- 
scribed are hollow cages. Atom 14 occurs in a set of 
64 (g) x x x  etc. positions which form a small cube around 
i 1 ± at the center of the cage. These sites are only ~ , 4 , 4  
1/4 occupied which could, for instance, correspond to 
filling a pair of sites separated by the body diagonal 

Fig.8. Configuration I in relation to the icosahedral boron 
framework. 

l l z ~  II~' 

Fig.9. A portion of the 48 atom unit: configuration II. 

of the small cube. The calculated separation between 
these positions is 1.29 A, o-=0.07/1,, the same distance 
averaged over thermal motion is 1.32 A, a=0 .07  A. 
These are much too short for boron-boron distances; 
but about right for an oxygen-oxygen separation. 
(Oxygen is a potential impurity in the structure.) One 
cannot however, discount the possibility that these 
atoms are boron. Because of their proximity to the 
special position ¼,¼,¼ these coordinates are especially 
prone to error. In addition, the thermal ellipsoid is 
large and if boron and oxygen alternately fill the site, 
the calculated atomic position could be an average of 
these configurations. From the least-squares coordi- 
nates, atom 14 can form six bonds to atoms 12, three 
of length 1.95 A, cr=0.03 A, three of length 2.08 A, 
o=0 .02  A. 

Fig. 10 displays the same atoms plotted in Fig.9 
with the addition of atom 14. The bond lengths, ob- 
served and averaged over thermal motion, are included 
beneath the Figure. The boron atoms forming the snub 
cube have a very high coordination number. For those 
interacting with an atom 14 the coordination number 
is 10, 9 bonds to boron atoms, 1 to yttrium. This high 
coordination is very unusual for boron, although nine 
coordination has been reported in fl-rhombohedral 
boron. It is also somewhat illusory since some of the 
'bonds' appear to be exceedingly long. The atoms 11 
on the outside of the snub cube have coordination 
number six: five bonds to other boron atoms, one to 
yttrium. 

The yttrium atom bonds to the twelve borons form- 
ing triangular faces of the icosahedra. Above the yt- 
trium are the eight atoms which complete its coordi- 
nation. In YB6 and YB12 yttrium has a coordination 
number of twenty-four in contrast to twenty here. One 
might expect to find additional coordination achieved 
perhaps by a square of boron atoms around the neigh- 
boring yttrium site directly below the one shown. Un- 
fortunately these positions lie about 1.3 A from the 
yttrium position or very nearly in the positive ripple 
associated with a heavy atom represented by an in- 
complete Fourier series. This ripple is present in the 
observed Fourier, but at no point is its density quite 
as large as that of the least densely populated site dis- 
cussed above. One can conclude then that there is no 
definite evidence for further coordination of the yt- 
trium and if indeed such additional atoms exist in the 
crystal, the positions of the atoms are either buried 
in the heavy atom ripple or are quite random so as 
to smear out their contribution completely. 

Fig. 11 is again a view of the thirteen-icosahedron 
units in the xyO plane. This Figure is intended to show 
the spatial and dimensional relationships of the 48 
atom unit, configuration II, to its surroundings. It is 
conceivable that additional configurations exist in 
which elements of the two configurations described 
above are combined. The exact conformation of any 
given cage may depend on the number and disposition 
of the filled yttrium sites around it. 
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Conclusions and summary 

The YB66 structure is a complex arrangement of icosa- 
hedra bonded to one another and to cage-like con- 
figurations of boron atoms trapped in channels of the 
icosahedral framework. T h e  basic unit in the frame- 
work is a cluster of thirteen icosahedra, a central 
icosahedron surrounded icosahedrally by twelve icosa- 
hedra. This unit, characterized by a small central icosa- 
hedron surrounded by twelve larger ones, is also found 
in fl-rhombohedral boron. The central icosahedron 
forms radial bonds along its pseudo fivefold axes to 
the twelve outer icosahedra. In turn these are joined 

to one another by thirty longer bonds which are at an 
angle to the fivefold axes of the attached icosahedra. 
Although the individual bond lengths and angles vary 
widely and the icosahedra are distorted, the dimen- 
sional relationships observed within the thirteen-icosa- 
hedron unit as expressed by the mean bond lengths 
may be related to the geometry of a unit composed 
of regular icosahedra and seem to be a consequence 
of this geometry. 

The coordination of the yt tr ium involves twelve 
boron atoms in four icosahedral faces and, at most, 
eight boron atoms from the cage-like configurations in 
the channels. In configuration II, the eight boron 

BOND LENGTHS OBSERVED AVERAGED OVER 
THERMAL MOTION 

II o- IO o 1.74~ 1.77 
I io- 112 1.91A 1.94 
I io - I I  3 1.91 ~ 1.94 
IIo-129 1.82~ 1.88 
IIo-1219 1.52A 1.60 
Iio-1223 1.84 ~ 1.89 
129-Ilo 1.82 ~ 1.88 

129-II 5 1.52 A 1.60 
129-1119 1.84 ~, 1.89 
129-12o 2.17 ~ 2.23 
129- 1216 2.17 ~, 2.23 ~, 
129- 1219 1.76 ~ 1.83 ~, 
129- 1222 1.76 ~ 1.83 
129-1223 1.53 ~ 1.62 
129- 14o 2.08 ~ 2.14 
1223- 140 1.95 A 2.00 ~, 

Fig. I0. Configuration II: geometry and bond lengths. 
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Fig. 11. Configuration II in relation to the boron framework. 

atoms are arranged in four triangles sharing corners. 
This mode of coordination to polyhedral faces is re- 
miniscent of the clathrate structures and the cages 
which are found in YB6 and YBx2. The function of the 
yttrium is probably as a donor of electrons to the boron 
framework in the manner of YB6 and YB~z. Quite 
obviously the yttrium does not stabilize the icosahedra 
to the exclusion of other structural irregularities, but 
it does permit the existence of separate but intercon- 
nected thirteen-icosahedron units. 

Although the novel arrangement of these icosahedra 
and their relationship to the yttrium sites in this struc- 
ture is quite sharply defined, the configuration of the 
boron atoms around the intersections of the channels 
is not so readily apparent. One may construct from 
the observed atomic positions two possible configura- 
tions for this area; others may exist and in fact elements 
of each of the two described may combine to form a 
hybrid whose precise configuration would depend on 

which of the surrounding yttrium sites were filled. 
There is ample opportunity for boron or foreign atoms 
to be trapped within these cages and there is some 
evidence that this is the case. It is also possible that 
by slow controlled crystallization the cage atoms could 
be induced to assume one unvarying arrangement. 
One might expect that the structures of the similar 
phases formed by Ho, Tb, Yb, Gd, and Pu will possess 
the same icosahedral boron frameworks, but it would 
be interesting to learn whether the contents of the 
channels remain the same. Additional analogous phases 
surely exist and further investigation into rare earth- 
boron systems should be worthwhile. 
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