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of the adjacent  ring. Bond lengths and bond angles 
for the two molecules of p, p ' -d imethoxybenzophenone 
are shown in Figs. 4 and  5. 

D i s c u s s i o n  

The similarit ies in the distances and  angles in the 
three molecules of the two compounds studied is quite 
striking. The six O-CH3 bond lengths range from 
1.419 to 1.435 A, the six O-Car bond lengths range 
from 1-350 to 1.374 A, the five OC-Car distances 
range from 1.480 to 1-501 ~,  and the three C = O  
distances are 1.211, 1.213 and 1-220 •. The Car-Car 
in deoxyanisoin average 1.392 A and in p,p ' -dime- 
thoxybenzophenone 1.390 /~. The six C-O-Car angles 
range from 116.3 ° to 118.9 °. The O-Car-Car angles 
are unequal  about  the Car-O bond and enlarged on 
the side of the methyl  group, the enlargement  probably 
due to steric hindrance between hydrogens on the ring 
and  in the methy l  group. These angles range from 
123-7 ° to 125-1 ° in the three molecules. The deoxy- 
anisoin molecule almost behaves as if it  had a center 
of symmet ry  between C1 and C9, judging from the 
s imilar i ty  in the values of the angles at either end 
of the molecule. Even  the C-C-C angle in the tetra- 
hedral  methylene  group has been enlarged to nearly 
equal  the C-C-C angle in the planar  carbonyl  group. 

The envi ronment  of the molecules in the uni t  cell 
is quite similar  in the two compounds. The planes 
of the rings in different molecules make angles of 
60o-62 ° with each other. The carbonyl  groups are 
surrounded by  hydrogens from the methyl  groups of 
adjacent  molecules. The closest intermolecular  ap- 
proach in deoxyanisoin is 3.46 /~ between methyl  
carbons atoms of adjacent  molecules and the next  
closest is 3.54 /~ for Oa-C~6 and 3.56 A for 0.2-C~. 

Similarly in p ,p ' -d imethoxybenzophenone  close ap- 
proaches are found between the carbonyl  oxygens and  
carbons of the methyl  groups (3-47-3.53 /~) and 
between the me thoxy  oxygens and ring carbon a toms 
(3.41-3-54 /~). The closest approach of 3-38 A is 
between 08 and the atom related to it by  a center of 
symmetry .  

The isotropic temperature  factors for both mole- 
cules are also quite similar. The average B values for 
all carbons except those in the methyl  groups, for the 
methy l  carbons, methoxy  oxygens, and carbonyl  
oxygens are 3.64, 5-34, 4.35 and 5.08 for deoxyanisoin 
and  3.25, 5.93, 4.19 and 5.08 for p ,p ' -d imethoxy-  
benzophenone. In  each molecule, there is considerably 
more vibrat ion at the te rminal  methoxy  groups and 
in the central carbonyl than  in the rings. 
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Investigations during the last few years have shown that a number of phases, especially borides, 
of the seventh and eighth group metals are isomorphous with eementite or crystallize in structures 
closely related to that of cementite. In this paper the recently obtained structural data are sum- 
marized and discussed. The influence of the radius ratio on trends in interatomie distances and 
lattice parameters is particularly considered. On basis of the presented data some general remarks 
on 'complicated' interstitial phases are also made. 

1. In troduct ion  

During the last few years the crystal structures of 
borides, silicides and phosphides of the seventh and 

eighth group metals  have been studied at  this  Ins t i tu te  
with the principal  a im of providing accurate da ta  for 
a discussion of the crystal chemistry of these phases. 
In  this paper the structures of a number  of metal-r ich 
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phases which have been found tb be closely related to 
cementite will be .presented and discussed. Some 
interesting trends in the shortest interatomic distances 
have been observed and are given particular considera- 
tion. 

In all the phases presented in this paper the radius 
ratio* rx/rMe exceeds 0.59. Thus they may be regarded 
as phases possessing 'complicated' interstitial struc- 
tures. In view of the data presented some general 
remarks on phases with interstitial structures are 
given. 

2. S t ruc tu ra l  data  of phases isomorphous with 
FeaC, ReaB, PdsB2 and Ru~B a (ThTFea-type) 

The phases to be discussed in this paper crysta]lize in 
one of four closely related structures--Fe3C(D0n), 
Re3B, PdsB2, and ThTFea(D109). A projection of a 
representative of each type is shown in Figs. 1--4. 

* Unless  otherwise s ta ted ,  the  radii  used in the  calculat ions 
of radius  rat ios and  radius  sums are the  Goldschmidt  radius  
(coordinat ion n u m b e r  12) for the  meta l  a t o m - - a s  given b y  
H u m e - R o t h e r y  & R a y n o r  (1954) - -and  the  te t rahedra l  radius  
for the  non-meta l  a t o m  (0.77, 0.88, 1.10 and 1-17 A for carbon,  
boron,  phosphorus ,  and  silicon, respect ively) .  Th roughou t  the  
paper  X denotes  a non-meta l  and  Me a metal .  

0 1 2 3 4 5 ~ 
[ , I , I , I , I , I 

Lattice parameters of phases crystallizing in the four 
types are listed in Tables 1 and 2. 

The immediate environments of the atoms is very 
similar in the four types (see Tables 3 and 4). The 
metal atoms have 10-12 metal neighbours and in 
addition coordinate three or four non-metal atoms. 
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Fig. 1. The s t ruc ture  of cement i te ,  Fe3C (Lipson & Perch,  

1940). (a) and  (b) i l lustrate the  in terconnect ion  of the  
t r iangular  pr isms of iron a toms  which su r round  the  carbon 
a toms.  (c) shows a pro jec t ion  of the  s t ruc ture  on the  
mirror  plane. The  a toms  As, As, B a and  C lie in the  mirror  
plane.  
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Fig. 3. The s t ructure  of PdsB2, projected on the ac-plane. 
(Stenberg, 1961). 
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Fig. 2. The s t ructure  of R%B (Aronsson et al., 1960b). (a) illus- 
t rates the  interconnect ion of the tr iangular  prisms of 
rhenium a toms which surrounds the boron atom. (b) shows 
a project ion of the s t ructure  on the mirror plane ( z= +_ t).  

The latter are surrounded by nine metal atoms; six 
of these occupy the corners of what is best described 
as a distorted trigonal prism, while the remaining 
(and sometimes rather remote) three metal neighbours 
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Fig. 4. The s t ructure  of Ru~Bs, projected on the basal plane. 
(Aronsson, 1959). 

are situated outside the foursided faces of the prism 
(Fig. 5). Ideally, the nine metal atoms are situated 
at the corners of a tetrakaidecaedron. However, since 
six metal atoms are always closer to the central atom 
than the other three, we prefer to describe the coor- 
dination around the non-metal atom as triangular 
prismatic. 

With the exception of Pd3P none of the binary 
phases reported in Tables 1 and 2 displays appreciable 
1.p. (lattice parameter) variations indicating that  
(except for PdsP) each has a narrow homogeneity 
range. Since the real composition has not been deter- 
mined accurately for any of the phases, it is not 
known whether or not the homogeneity range includes 
the ideal composition given in the tables. There is, 
however, no evidence for large deviations from 
stoichiometry. 

The unit-cell volume of Pd3P decreases with 
decreasing phosphorus content, suggesting that  the 
homogeneity range is associated with a varying 
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Table 1. Lattice parameters of phases with 
the cementite structure 

( S p a c e - g r o u p  Pnma) 

L a t t i c e  p a r a m e t e r s  (A) 

P h a s e  a 

MnaC 5.080 
FeaC : 

s lowly  coo led  5.0890 
q u e n c h e d  f r o m  900 °C. 5.0837 

Co3B 5.225 
Ni3B 5.211 
P d a B  5.463 
Pd3P : 

phosphorus-rich limit 
5.980 

( ~  P d 3 P  ) a t  740 °C. 
p h o s p h o r u s - p o o r  l imi t  

5.645 (~-~ PdaP0.~5 ) a t  740 °C. 
Pd3Si  5.735 
NiA13 6-6115 
Fe3B0.9C0.1 5.4052 
C°3B0.sC0.2 5.195 
NiaBo.sP0. 2 5.282 
F % ( B ,  Si):  

b o r o n - r i c h  5.363 
b o r o n - p o o r  5.299 

b c Re f . *  

6.772 4.530 a 

6.7428 4.5230 b 
6.7475 4.5165 b 
6.629 4.408 c 
6.619 4.389 c 
7.567 4.852 d 

7"440 5"164 e 

7.558 5.071 e 

7-555 5-260 f 
7-3664 4.8118 g 
6.6685 4.4500 h 
6.635 4.415 c 
6.632 4.409 i 

6.660 4.458 j 
6.674 4-474 j 

* a :  K u o  & P e r s s o n  (1954);  b: P e t c h  (1944);  c: R u n d q v i s t  
(1958);  d:  S t e n b e r g  (1961);  e: R u n d q v i s t  & G u l l m a n  (1960);  

f :  A r o n s s o n  & N y l u n d  (1960);  g: B r a d l e y  & T a y l o r  (1937);  
h:  N icho l son  (1957);  i :  u n p u b l i s h e d  re su l t s  b y  R u n d q v i s t  
(1961);  j :  A r o n s s o n  & L u n d g r e n  (1959). 

Table 2. Lattice parameters of phases with 
the Re3B-, PdaBe-, and ThTFe3-structures 

S t r u c t u r e  
P h a s e  t y p e  L a t t i c e  p a r a m e t e r s  (A) Ref .*  

R % B  R % B  a = 2.890, b = 9.313, 
c = 7.258 a 

Pd~B 2 Pd~B 2 a = 12.786, b = 4.955, 
c ---- 5-472, fl ---- 97 ° 2" b 

MnsC 2 P d s B  2 a = 11-66, b = 4-573, 
c = 5-086, // = 97 ° 45" c 

Re7B 3 ThTF % a = 7-504, c = 4.882 d 
RuTB 3 ThTFe  3 a = 7.467, c = 4.713 e 
RhTB 3 Th~ F %  a = 7.471, c ---- 4.777 d 

* a :  A r o n s s o n  et al. (1960b);  b: S t e n b e r g  (1961);  c: K u o  
& P e r s s o n  (1954);  d:  A r o n s s o n  et al. (19603);  e: A r o n s s o n  
(1959). 

number of vacancies on the phosphorus sites. I t  is 
noteworthy that  the small 1.p. variations of Fe3C are 
in the same directions as those of Pd3P. Thus, it 
seems very likely that  also in Fe3C, as was suggested 
by Petch (1944), a varying number of the non-metal 
sites may be vacant. 

For details regarding the accuracy of the inter- 
atomic distances (listed in Tables 3 and 4), original 
sources should be consulted. For the purposes of the 
subsequent discussion it is sufficient to know that 
(except in Fe3C and NiA13) the standard deviation of 
individual Me-Me distances is about 0.01 /~ or less, 
in Pd3P and Pd3Si that  of individual M e - X  distances 
is about 0.02 /~, while individual M e - X  distances in 
borides and carbides are only approximate. In most 
of the borides as well as in Fe3C, the approximate 

positions of the non-metal atoms have been un- 
ambiguously determined experimentally, but (except 
for Fe3C and Ni3B) the atomic parameters of the 
non-metal atoms have been chosen so as to make the 
shortest M e - X  distances as equal as possible. The 
discussion of M e - X  distances in borides and carbides 
must accordingly be confined to average M e - X  
distances which are accurate to about 0.01 A. (Within 
the limits of experimental error, the position of the 
non-metal atoms in Pd3P and PdsSi are the same as 
those obtained by making the six shortest M e - X  
distances as nearly equal as possible. Also, the prisms 
of metal atoms surrounding the boron or carbon atoms 
have a geometry which makes it possible to put the 
non-metal atom at very nearly the same distance 
from its six closest metal neighbours. Thus, it is 
reasonable to derive the atomic parameters of the 
boron and carbon atoms from space considerations.) 

3. D i scuss ion  of the s tructures  

Different authors put different emphasis on the 
relative importance of the 'size factor' and various 
'electronic factors' in interpreting the structures. In 
this paper the discussion will be mainly confined to 
considerations of the 'size-factor', partly because it 
is felt that  a study of this factor may be of great 
value in a preliminary systematization of the inter- 
atomic distances (given in Tables 3 and 4) and partly 
because no data are available for testing the influence 
of other factors. I t  is not implied that  'electronic 
factors' are of negligible importance. 

I t  is obvious that  a great deal of the structural data 
presented cannot be accounted for by simple con- 
sideration of atomic size. The occurrence of a particular 
structure type is certainly not determined by the 
radius ratio alone. For example, there are phases 
with the cementite structure in systems where the 
radius ratio rx/rMe lies between 0.61 (Fe3C) and 
0.87 (NiA13). A radius ratio between these values is 
found in a large number of M e - X  systems, but only 
in a small fraction of these does a phase isomorphous 
with cementite appear. Similarly, no explanation can 
be given for the non-existence of platinum metal 
borides with the CuA12-structure (or any other struc- 
ture where the boron atom is surrounded by a square 
antiprism of metal atoms), although borides iso- 
morphous with CuAle are found in Me-B  systems 
where the radius ratio is larger (e.g. FeeB) as well 
as smaller (e.g. WeB) than in systems of boron with 
a platinum metal. I t  is also observed that  in binary 
systems containing more than one intermediate phase, 
the environment of the non-metal atom may be 
rather different in different phases. Thus, the trian- 
gular prism of ruthenium atoms surrounding the BI 
atom in RullBs (/~selius, 1961) is considerably larger 
than the corresponding prism in RuTB3 (Aronsson, 
1959), the average of the six shortest B-Ru distances 
being 2.22 and 2.16/~, respectively. This is not under- 
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Table 4. Interatomic distances in A between unlike atoms in phases isomorphous with 
Fe3C, ResB, PdsB 2 and t~u~B 3 

Distances between the X atom Distances between the X atom 
and _Me atoms at the corners of the prism and Me atoms outside the prism 

Phase (A atoms) Av. rMe + rx (B atoms) ]~ef.* 

0"61 
0"71 
0"64 
0"80 
0"85 

(Me atoms in 4(c)) (Me atoms in 8(d)) 

NiA13 2.44, 2.46 2.42(2), 2-44(2) 2.44 
FeaC 1.86, 1.88 2.06(2), 2.15(2) 2.03 2-04 
Ni3B 2.02, 2.09 1.99(2), 2.07(2) 2.04 2.13 
PdaB 2.17, 2.18 2.17(2+2) 2-17 2.26 
Pd3P 2.31(1+ 1) 2.31(2), 2.39(2) 2.34 2.48 
PdzSi 2.35, 2.37 2-35(2), 2.48(2) 2.39 2-55 

0.64 ReaB 2.23(4+2) 2.23 2.26 
0-64 PdsB 2 2.18(1+1+ 1+ 1), 2-19(1 + 1) 2.18 2.26 
0.66 RuTB a 2.15(1+2), 2.16, 2-20 2.16 2.22 

(Me a toms  in 8(d)) (Me a toms  in 4(c)) 

2.52(2) 2.72 a 
2-31(2) 3.02 b 
2-30(2) 2.60 c 
2.71(2) 2.97 d 
2-60(2) 3.14 e 
2..56(2) 3"04 f 

2.54(2), 2.95 g 
2-60, 2.80, 3.06 d 
2.66(2), 2.86 h 

* a:  Brad ley  & Taylor  (1937); b: Lipson & Perch (1940); c: R u n d q v i s t  (1958); d: Stenberg (1961); 
e : R u n d q v i s t  & Gul lman (1960) ; f :  Aronsson & Ny lund  (1960) ; g : Aronsson et al. (1960b) ; h: Aronsson (1959). 

stood if the  a toms are believed to be characterized 
by a constant  radius.  

Al though factors other than  size have to be t aken  
into account  in explaining m a n y  exper imental  facts, 
some features of the  close-packed s t ructures  under  
consideration m a y  be regarded as largely determined 
by  the relat ive size of the atoms.  The non-metal  a toms 
are surrounded by a (more-or-less distorted) t r iangular  
prism of metal  a toms (Fig. 5). This is wha t  one would 
expect  from packing considerations when the radius 
rat io rx/rMe exceeds the value favourable  for an 
octahedral  environment  of the non-metal  a tom. The 
ideal radius rat io rx/rMe for a non-metal  a tom to fit  
in a tr igonal  pr ismatic  'hole' is 0.528 as compared 
with 0.414 for an octahedral  'hole'. (The next  regular 
a r rangement  of neighbours would be a square anti- 
p r i sm-- idea l  radius rat io  0-645--but ,  as pointed out 
earlier, the non-metal  a toms do not  have this environ- 
ment  in the phases under  discussion al though in some 
of them the radius rat io is larger t han  0.645.) 

A 5 
( 

( 
A 6 

A 2 

B 3 

~3 
Fig. 5. Triangular prism of metal atoms A (unfilled circles) 

surrounding a non-metal atom C (filled circle). 

In  order to s tudy  more quant i ta t ive ly  the influence 
of the radius rat io on the  short  in teratomic distances, 
let us consider the  a r rangement  of spherical a toms 

shown in Fig. 5. (For clarity, only the centre of each 
a tom is indicated.) The A atoms,  s i tuated a t  the 
corners of a t r iangular  prism, are assumed to have  
the same radius as the  B atoms,  which are placed 
outside each four-sided face of the prism in contact  
with four A atoms. The radius of the C a tom at  the 
centre of the  prism is smaller than  t h a t  of the  A and 
B atoms. I f  the prism is an ideal tr igonal  prism and  
the  radius rat io rc/rA,B equals 0.528, each A a tom 
contacts  the central C a tom (distance 1.528 rA,B) as 
well as three other A a toms (distance 2rA,B). The 
B - A  distances equal 2rA.B, while the B-C distances 
are 1"992rA, B, which is considerably larger t h a n  the 
radius sum rA,B+rc. When the radius rat io rc/rA,B 
increases beyond 0.528, the A and C atoms are still 
in contact ,  but  one or more of the distances between 
each A a tom and its three close A neighbours must  
necessarily be larger t h a n  2rA,B. The B atoms, still 
in contact  with four A atoms,  move closer to the  
C atom. 

In  s t ructures  containing building elements similar 
to t h a t  in Fig. 5, space considerations of the above 
type  might  to a large extent  explain the  spread of the  
shortest  in teratomic distances, and should be part ic-  
u lar ly  valuable  for comparisons of isomorphous phases 
with vary ing  radius ratio.  

A discussion along these lines is possible in s t ructures  
such as t h a t  of ReaB where adjacent  prisms only 
share edges of the same kind (A-A or A-B)  ( that  is, 
the prisms are not  l inked together  so t h a t  an A - A  
contact  in one prism is identical with an A - B  contact  
in an ad jacent  prism). The in tera tomic  distances in 
Re3B (Figs. 2 and  7(b)) are well accounted for by 
considering the a toms to be spherical with the radii  
1.375 /~ and 0-85 J~ respectively. The A-C  distances 
are closely equal to the radius sum. The A - A  distances 
are larger t han  the  meta l  diameter ,  consistent with 
the radius rat io being 0.62. As expected, the A - B  
distances are close to the  metal  diameter ,  while the  
B-C distances are larger t han  the radius sum. The 
way  in which the prism of rhenium a toms is distorted,  
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two rectangular  faces being larger t han  the th i rd  one, 
is obviously associated with the packing of the prisms. 
A more uniform expansion of the prism would result  
in a very  short distance (corresponding to the distance 
marked 2.66 in Fig. 2) between rhenium atoms in 
adjacent  prisms. I t  should be noted tha t  the deviat ion 
of two A - B  distances (2.78 and 2-73 in Fig. 2) from 
the ideal value of 2-75 A as well as the shortening of 
one A - A  distance to 2-73 /~ are such as to prevent  
the short rhen ium- rhen ium distance of 2.66/~ becom- 
ing still shorter. Thus, the structure of Re3B m a y  be 
regarded as a simple close-packed ar rangement  of 
near ly  spherical atoms with the radii  1.375 and 0.85 /~ 
respectively. 

In  cementite,  one of the short me ta l -meta l  distances 
is an A - A  as well as an A - B  contact. (In Figs. 1 and 
6(a) the distances A1-A5 and A3-B3 are equivalent.)  
However, since there is no ambigu i ty  as to whether 
the other short me ta l -meta l  distances are of the A-A  
or A - B  type, an analysis  of interatomic distances in 

cementi te should still be in general conformity with 
the principles described above. In  the three iso- 
morphous phases Pd~B, Pd3P and Pd3Si the influence 
of the radius ratio on the short in tera tomic distances 
is very well i l lustrated. The increasing me ta l -me ta l  
separations (Table 3, Fig. 6) in this series are ma in ly  
confined to A - A  distances while the B-A distances 
remain  near ly  the same. The average value of the 
nine A - A  distances in a prism is 2.84, 3-03 and 3-12 A, 
respectively, while tha t  of the twelve B-A distances 
is 2.82, 2.88 and 2.86 /~ in Pd~B, Pd3P and Pd3Si. 
As seen in Fig. 6 two four-sided faces are par t icular ly  
expanded in this series and, as a result  of this expan- 
sion, the B1 and Be atoms outside these faces are 
brought nearer to the centre of the prism. This results 
in a decrease of the corresponding Bz,2-C distance 
which is 2-70, 2-60 and 2-56 J~, respectively. We can 
thus see why certain interatomic distances (A-A and 
A-C distances) increase, while some (B-C distances) 
decrease, and others (B-A distances) remain approx- 
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Fig. 6. The env i ronment  of the  non-metal  a toms in PdaB, Pd~P, and  PdaSi. 
(The a toms A S, A 6, B 3, and  C lie in the mirror  plane). 
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imate ly  constant  in the ment ioned series of iso- 
morphous phases. As ment ioned earlier, the  A~-A5 
distance (Figs. 1 and  6) is an A - B  distance of an 
adjacent  prism. This is consistent with the fact tha t  
this distance increases much less t han  the other 
A - A  distances and  thereby causes the metal  atom 
prism surrounding the non-metM atom to expand  very  
unsymmetr icMly  in the series PdsB, PdsP and Pd3Si. 

Since the B-C distances lie in a plane nearly parallel  
to the bc-plane in cementi te  (Fig. 1) one would not 
expect the uni t  cell dimensions to change by similar  
amounts  on isomorphous subst i tut ion in phases with 
the cementi te  structure. As explained above, some 
B-C distances will decrease when a small  non-metM 
atom is replaced by a larger one, and consequently 
one or both of the b- and c-axes should increase less 
t han  the a-axis when such a subst i tut ion takes place. 
In  Pd~B, Pd~P and  Pd~Si the decreasing B~-C and 
Be-C distances (Fig. 1) are near ly  parallel  to the 
b-axis and  consequently the b-axis decreases sl ightly 
in spite of the increasing unit-cell volume in this series. 

V3B 2 

( ~  ~ O 3-03 B3  

A6( 

In  phases of metals  of the first t ransi t ion period the 
expansion of the metal  pr ism on increasing radius 
ratio seems to be main ly  confined to the face 
.A1-A2-A~-A4 result ing in a considerable decrease of 
the B3-C distance which is near ly  parallel  with the 
c-axis. This would explain  the pronounced decrease 
of the c-axis when boron subst i tutes  for carbon in 
Fe3C. A comparison of Fe.~C and Ni~B (Tables 3 and 4) 
also shows tha t  the B3-C distance is very  different 
in these phases (being 3.02 and 2-60 A, respectively). 
As expected, the smallest  values of the b/a and c/a 
axial  ratios are found in NiAl~ which has the greatest 
radius ratio of the cementi te- type phases. 

As i l lustrated by  the above examples,  some features 
of the structures under  discussion m a y  be explained 
as arising when near ly  spherical  atoms are arranged 
in a close-packed manner  consistent with the radius 
ratio. One m a y  assign special radii  to the atoms and 
a pre l iminary  discussion of t rends in the shortest 
in tera tomic distances is very  much  simplified if it  is 
given in terms of these radii. 
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! r.2.+4'S i l 2.95 
I k-~"-- ~ r ~  ,-I-L_) 
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Metal a tom O 
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Fig. 7 Tile environment of the boron atom in V3B2, ReaB, and PdaB. (In all prisms, 

there is a mirror plane through the A 5, A 6, B a, and C atoms). 



886 STRUCTURAL FEATURES OF SOME PHASES RELATED TO CEMENTITE 

These special radii may deviate considerably from 
the conventional radii quoted in the introduction. 
This is illustrated by a comparison of the boron 
environment in the three phases V3B2 (Nowotny & 
Wittman, 1958), Re~B and Pd3B (Fig. 7). The metal 
atoms in these three phases have nearly the same 
Goldschmidt radius (1.36, 1.375 and 1.375 /~, respec- 
tively, for coordination number 12), but the size of the 
triangular prism of metal atoms surrounding the boron 
atom decreases markedly in the above-mentioned 
series. The average of the six shortest Me-B distances 
is 2.28, 2-23 and 2.17 /~ in V3B2, ResB and Pd3B, 
respectively. In the same series the intermetallic 
distances of the B - A  type (Fig. 5) display a consider- 
able increase from 2.59 to about 2.80 .~. The tendency 
towards forming closer metal-boron contacts as the 
group number of the metal increases seems to be of 
general character. In a recent survey of borides 
(Aronsson, 1960) it was pointed out that  the average 
of the shortest metal-boron distances in borides of 
the fourth to sixth group transition metals always 
exceeds the Goldschmidt radius for the metal by 
0-90 A or more, while in borides of the metals from 
the seventh and eighth groups this figure is usually 
considerably lower. As seen in Table 3 the closest 
Me-B distances are found in Ni3B, Pd3B and PdsB2 
where the average of the six shortest metal-boron 
distances exceeds the metal radius (C.N. 12) by only 
0.80 /~. A similar trend seems to prevail among the 
silicides. In Pd3Si for instance, the closest Pd-Si 
contacts are shorter than the radius sum by an 
amount much greater than in silicides of the earlier 
transition-group metals. The phosphides of the seventh 
and eighth group metals are also characterized by short 
Me-P distances. However, there is no definite trend 
to forming closer Me-P contacts as the position of Me 
moves from the manganese group to the nickel group 
in the periodic table. The data available for phosphides 
of the fourth to sixth group transition metals are too 
inaccurate to be discussed, and the sodium-chloride- 
type phosphides of the rare-earth metals will not be 
considered here since there is probably a large amount 
of ionic bonding in these compounds. 

The existence of very short M e - X  distances in the 
borides, phosphides and silicides of the seventh and 
eighth group metals is an important feature in the 
crystal chemistry of these phases. If the origin of these 
short distances were clarified, one would also better 
understand why phases of the platinum metals have 
structures different from those of corresponding phases 
of the earlier transition-group metals, although the 
radius ratios (as derived from the conventional set 
of radii) are nearly the same. At present, it does not 
seem possible to give any explanation for the trends 
in M e - X  distances which have been described. In 
view of the electronegativities of the elements in- 
volved it is very unlikely that  the trend is associated 
with a gradual change in ionic character of the M e - X  
bonds; more probably it has to be ascribed to 'elec- 

tronic factors'. Such factors have been considered by 
Pauling (1949) in his discussion of Fe3C which is also 
characterized by close contacts between metal and 
non-metal atoms. According to this author the short 
distances in FesC either arise because the structure is 
under some strain or depend on the fact that those 
iron orbitals involved in Fe-C bonding have a large 
amount of d-character. These suggestions are in- 
teresting but it is not clear why the Fe3C structure 
should be under some strain or why certain orbitals 
should have a larger amount of d-character than 
others. 

As pointed out above, short Me-X distances are 
not only found in FesC but in a number of related 
phases, and this has to be taken into account in any 
speculations on the 'bonding' in these phases. More 
elaborate discussions on this topic lie outside the scope 
of this paper. 

4. Concluding r e m a r k s  on phases  w i th  
'complicated'  interst i t ia l  s tructures  

Recent studies at this Institute and elsewhere have 
demonstrated the close structural similarities between 
carbides and borides of the seventh and eighth group 
metals. Thus, several of these phases (MnzC, Fe3C, 
Co3B, Ni3B and Pd3B) crystallize in the cementite 
structure and, as shown by Stenberg (1961), MnsC2 
is isomorphous with PdsB2. In addition, the MeTB3 
borides are structurally very closely related to Cr7C3 
and MnTC3. As shown in Table 1 boron and carbon can 
largely substitute for each other in phases of the 
seventh and eighth group metals. Such a substitution 
also takes place in the ternary phase Fe28(C,B)6 
(Carrol et al,, 1954) which crystallizes in the Cr23C6- 
structure. 

The intimate structural relationships between bo- 
rides and carbides makes it very natural to include 
(as is commonly done) the borides among the inter- 
stitial phases for which the metallic carbides, nitrides, 
hydrides (and also some oxides) of the transition 
metals are the typical representatives. It  should be 
strongly emphasized, however, that  interstitial phases 
in this broad sense are not clearly distinguished from 
other metallic phases, at least not from a crystal 
chemical point of view. A great number of borides 
and also some 'complex' carbides are isomorphous with 
silicides and phosphides und ~lso with typically 
intermetallic phases, e.g. NiA13 (cementite-structure) 
and Th~Fe3. It  is difficult to make a judicious division 
of structures found among metallic phases into inter- 
stitial and intermetallic types. It  seems most appro- 
priate to use the concept of interstitial structure in 
the restrictive sense it was originally given by H~gg 
(1931) who only considered the simple structures of 
phases in which rx/rM~ < 0.59 to be of the interstitial 
type. 
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The Crystal Structure of Di-p-Chlorodiphenyltellurium Diiodide 
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Crystals of (p-C1C6H4)2TeI 2 are triclinic with the following cell dimensions:  

a = 9.751 ±0.006 A a = 1 1 5 . 7 ± 0 . 1  ° 
b =10 .681±0.006  fl = 87.2±0.1 
c -- 9 .531±0.006 F =116 .4±0 .1  

The space group is P I  and Z = 2. 
The Te, I and C1 atoms were located by  use of two-dimensional Pa t te rson  and Fourier  syntheses 
but  location of the carbon atoms required a three-dimensional (Fo-  Fc) synthesis  based on approx- 
imate ly  2500 independent  IFo[ values. The s tructure was refined by  use of full-matrix least-squares 
procedures and was checked by  a final (Fo-  Fc) synthesis.  

The molecular s t ructure  approximates  the symmet ry  2 and is similar to s tructures already 
reported for the dichlorides and dibromides of several R2Se and l~2Te compounds. The observed 
bond distances and bond angles are:  

Te--I 1 2.947 + 0.002 • Te - I  2 2-922 + 0.002 A 
Te-C 1 2.13 +0.02 Te-C 7 2.10 +0.02 
Cll-C 4 1"75 _0"03 C12-C10 1"74 ___0"03 
I1-Te- I  2 173.5 ± 0.1 ° C~-Te-C 7 101.1 _ 1.0 ° 
C1-Te-I 1 87.3 ± 0.7 C~-Te-I 1 88" 1 ± 0.7 
C1-Te-I 2 89.1 ± 0.7 C~-Te-I 2 87.3 ___ 0.7 

Although (p-C1C6H4)2TeL is definitely not  a molecular complex of the type  found for C4HsS%. 2 I~ 
(which involves Se • • • I - I  bonding) the long Te - I  distances and the short  (3.85/~) I i - I  2 separat ion 
observed in the present  s tudy suggest some tendency toward molecular complex bonding. 

In troduct ion  

Prev ious  s tudies  on compounds  of t he  t y p e  R2SeC12, 
R2SeBr2, ReTeC12 a n d  R2TeBr2 have  shown t h a t  

* Present address: Department of Geology Carleton Uni- 
versity, Ottawa, Ontario, Canada. 

molecules  of these  subs tances  con ta in  nea r ly  l inea r  
X - S e - X  a n d  X - T e - X  bond ing  (Chris tofferson & 
McCullough,  1958). B y  cont ras t ,  t he  iodine complexes  
of 1,4 d ise lenane  a n d  1,4 d i t h i ane  have  been found  
to con ta in  nea r ly  l inear  S e . . - I - I  a n d  S - - - I - I  
bond ing  (Chao & McCullough,  1960, 1961). No corn- 


