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result may have been due in part to steric factors, 
however. 

The IH nrnr chemical shifts of the vinyl protons in 
carboranes I and I1 are found to be intermediate be- 
tween normal benzenoid and olefinic regions. This 
effect can now most probably be attributed to deshield- 
ing due to the inductive electron withdrawal of the 
cage. 

Thus, even though there is some evidence of alkene 
(12) K. M. Harmon, A. B. Harmon, and B. C. Thompson, J .  Amer. Chem. 

Soc., 89, 5309 (1967). 

group delocalization into the face of the substituted 
(3)-112-B&!2H12- ions, these compounds have so far 
largely paralleled other substituted carboranes in their 
derivative chemistry. 
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Principles and generalizations, previously applied t o  crystalline silicates and related compounds, are now applied to crystalline 
anhydrous borates. Many of these contain boron atoms with only three oxygen neighbors; some contain oxygen atoms with 
three boron neighbors. The types of structons and the relative numbers of these types are presented for the compounds of 
known crystal structure. It is shown how these data are related to the oxygen: boron ratio, the effective charges on the 
oxygen atoms, and equilibria between sets of structon types. 

Introduction 
This is one of a series of  paper^^-^ dealing with prin- 

ciples of the structure of crystals and glasses. The 
present contribution is concerned with anhydrous crys- 
talline borates. 

In  the structon theory+’ emphasis is placed on the 
closest neighbor arrangements, Le., on the types of 
structons present, the relative numbers of these types, 
and their properties : their contributions to the overall 
properties of the substance and their effects on the ar- 
rangements of nonclosest-neighbor atoms. 

It is useful to express the composition of a substance 
or an anion by a normalized formula, giving the num- 
bers of the component atoms per G-type atom (in this 
case, per B). Thus, boric oxide, Bz03, is represented 
by the normalized formula B 0 1 . 5  and the compound 
CdB407 is represented by the normalized formula Cd0.25- 
B01.16. The anion in that compound has the normal- 
ized formula B01,76°.50-. The general formula for this 
and other borate anions can be written B o g P - ,  with u 
designating the number of oxygen atoms per boron atom 
and p designating the number of units of negative charge 
per boron atom. In an alkali borate, MzO.Bz03, p is 
also the number of moles of alkali oxide per mole of 
boric oxide. The number of metal cations (M) per 

(1) Presented a t  the Buffalo Meeting of the American Crystallographic 

(2) M. L. Huggins, Macromolecules, 1, 184 (1968). 
(3) M. L. Huggins, I n o v g .  Chem.,  7 ,  2108 (1968). 
(4) M. L. Huggins, Acta Crystallogr., Sect. B ,  86, 219 (1970). 
(5) M. L. Huggins, J .  Phrs. Chem., 68,1141 (1954). 
(6) M. L. Huggins, J .  Amev. Ceram. Soc., 88, 172 (1955). 
(7) M. L. Huggins, Bull. Chem. SOC. Jag.,  88, 606 (1927). 

Association, Aug 15, 1968. 

boron atom is p in an alkali borate and p / 2  in an alka- 
line earth borate. Neutrality for the whole substance 
requires that 

(1) p = 2 u - 3  u = z + z  3 P  

Structon Types 
The types of structons and the relative numbers of 

these types in a crystalline compound can be deduced 
from the locations of the atoms, as determined by crys- 
tal. analysis. ‘Table I lists the structon types for boric 
oxide and all borates of known structure. Each struc- 
ton type is represented by a structon formula, in which 
the symbol for the structon atom is given first, followed 
in parentheses by symbols and numbers indicating the 
environment of closest neighbors. The structon for- 
mulas are enclosed in angular brackets (()) to dis- 
tinguish them from ordinary chemical formulas. The 
metal cations are all represented by the symbol M. 
The numbers, per boron atom, of each structon type 
are given before the structon formulas. 

Table I also gives the normalized formulas for the 
borate anions (or the macromolecules in the case of boric 
oxide), with references to the literature, to the bond dia- 
grams for the motifs of the anion structures (Table 11), 
and to the appropriate sets of structon types in Table 
VII. 

Each motif in Table I1 shows the unit of the pattern 
of interatomic bonds in the anion (or polymer molecule, 
in BzOa) but not the arrangement of atoms and bonds in 
space. Only half of each 0” oxygen represented as 
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having a pendant bond (B-0-) is to be counted as part 
of the motif. Similarly, only two-thirds (or one-third) 
of each 0"' oxygen, represented as having one (or two) 
pendant bonds, is to be counted as part of the motif. 

Some (B3) have 
three oxygen neighbors; the others (B4) have four. The 
oxygens are of three categories: those (0') with only 
one close boron, those (0") which bridge between two 
borons, and those (0'") which have three close boron 
atoms. The last type has been found in a high-pressure 
form of Bz03 and in two anhydrous borates: SrB407 
and PbB407. 

The nonbridging oxygens (0') always and the bridg- 
ing oxygens (0") usually have, in addition, one or more 
cation neighbors. 

The strongest bonding is between boron and oxygen 
atoms and for many purposes the cation-to-oxygen 
bonding can be neglected. Doing this brings t o  light 
some interesting and important regularities. Neglect- 
ing the cations and their contacts, the only boron and 
oxygen structon types observed are those in Tables I11 
and IV. 

The absence of Bq atoms with 0' neighbors is not un- 
reasonable, considering the fact that both Bk and 0' 
have formal charges of 1--. (Formal charges are cal- 
culated on the arbitrary assumption that each shared 
electron pair is shared equally between the two atoms i t  
joins.8) Of course, the charge on a nonbridging oxygen 
is partly-but only partly-compensated by the cations 
that are invariably close to it. The author assumes 
that, under ordinary conditions, B4 and 0' atoms cannot 
(stably) be close neighbors. 

The fact that 0'" atoms have only been found when 
surrounded by Bd atoms is similarly explained. An 0"' 
atom, with a formal charge of If, is stabilized by being 
attached to three negatively charged Bq atoms. The 
author assumes that, a t  least under ordinary conditions, 
B3 and 0"' atoms cannot (stably) be close neighbors. 

Although compositions containing more than one 
type of B3 structon or more than one type of Bd structon 
(neglecting cations) are surely common in liquids and 
glasses, only a few are found among the known struc- 
tures of crystalline borates. In two of these (the iso- 
structural SrB407 and PbB407) the two boron structon 
types (B4(20", 20'")) and (B4(30", 0'")) are adjacent 
in Table 111. This is similar to the usual situation in 
silicate  crystal^.^ In  the other two examples (the iso- 
structural high-pressure phases I11 of CaB204 and 
SrB204) the two boron structon types (B3(20', O")}  
and (B3(30")) are not adjacent in Table 111. This ex- 
ception to the usual rule can be attributed to geornetri- 
cal factors and the requirement for three-dimensional 
periodicity of a small motif'. 

Table I shows many examples of coexistence of two 
types (neglecting cations) of 0" structons. In  only one 
case (BaB407), however, do two types coexist that are 
not adjacent in Table IV. 

Nonbridging oxygens have not been found in any of 
the compounds with relatively small amounts of the 

The boron atoms are of two kinds. 

(8) M. L. Huggins, Chem. R e v ,  10, 437 (1932). 
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TABLE I11 
BORON STRUCTON TYPES 

(B3(30”)), (B3(0’, PO”)), (Bo(PO’, O”)) ,  (Ba(30’)) 
(B4(40”)) 

(Ba(O”, 30”’)), (B4(20”, PO”’)), (B4(30”, 0” ’ ) )  

TABLE I V  
OXYGEN STRUCTON TYPES, XEGLECTING CATIONS 

( ~ ’ ( B B ) )  
(0”(2B3)), (O”(B3, BJ)), (O”(2B4)) 
(O”’(3Ba)) 

component oxide other than boric oxide-specifically, 
with p equal to or less than 0.50 (or u equal to or less 
than 1.75). Apparently, 0‘ and BB cannot exist stably 
together except when the ratio of metal ions to oxygen i s  
large. 

Boric oxide, in the crystal phase stable a t  ordinary 
temperatures and pressures and also in the glass,g con- 
tains only structons of the types (B3(3O”)) and (0”- 

Let us consider why this is so. 

(9) B. E. Warren, Lecture a t  the  Symposium Honoring Sir Lawrence 
Bragg, London, April 1-3, 1970. 
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(2B3)). On addition of an alkali or other oxide, com- 
posed of cations and oxide ions, changes represented by 
the following simplified equations occur 

BB f 0’- + Bq + 0’ ( 2 )  

B3 f 0’ + Ba + 0” ( 3  

B3-0”-Bs + Bd-O”-Bq + 2B3-Ot’-Bq (4 ) 

Judging from the observed structures, reaction 2 al- 
ways goes completely, also (nearly always, under nor- 
mal conditions of crystal formation) reaction 4. The 
extent to which reaction 3 takes place, however, depends 
greatly on the relative numbers of oxygens of the two 
types and the cations, the “effective charges” on the 
oxygens, and the charges and coordination number re- 
quirements and limitations of the cations. Geometrical 
limitations also play a role, especially in crystals. 

Numerical values for the effective charges on the 
oxygens can be calculated as  follow^.^ Starting with a 
charge of 2 -  units for the oxygen, add 1+ unit for 
each three-coordinated boron, 3/4+ unit for each four- 
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coordinated boron, and u/z+ units for each cation 
neighbor. Here v is the charge on the cation and z is its 
coordination number. 

This procedure is essentially that used by PaulinglO 
in applying his “electrostatic valence rule” and by 
Zachariasen, l1 Marezio, Remeika, and Dernier, l2 and 
others in “valence balancing.” The effective charge, 
calculated in this manner, is a rough measure of the de- 
parture from local neutrality and so of the instability of 
the local structure with regard to coulombic forces. 
Marezio, et al., went a step further in correcting the 
contributions of the contacts for departures of the inter- 
atomic distances from the normal ones. Although this 
useful correction has not been applied here, it  may be 
noted that in general relatively large negative values of 
the effective charge on an oxygen result in short cation- 
to-oxygen distances and relatively large positive values 
of the effective charge result in long distances. Con- 
versely, more accurate effective charges could be calcu- 
lated by increasing the contributions of relatively close 
neighbors and decreasirig those of more distant neigh- 
bors. 

Another source of inaccuracy in the calculation of 
effective charges results from the indefiniteness, in many 
cases, of the coordination number of the cation. If, in 
addition to the oxygens at  close distances, there are 
others a t  various iritermediate distances, all that  con- 
tribute significantly to the total attraction energy 
should be considered (but with unequal contributions) 
in calculating the “true” effective charges. Neverthe- 
less, the present less accurate, but much simpler, pro- 
cedure is useful. 

The effective charges (co), calculated as described, 
are given as subscripts to the formulas for the oxygen 
structons in Table I. 

The algebraic sum of the effective charges on all the 
oxygens is zero. The sum of their magnitudes is a 
rough measure of the departure of the cation-oxygen 
contact distribution from a hypothetical most stable dis- 
tribution giving no excess charge a t  each atom. 

In making contacts with oxygens, a cation would be 
expected to show preference for the oxygens having the 
most negative value of GO, calculated without consider- 
ing the cations. The preference should then decrease 
in the order: (O’(B4))1.26-, (O’(B3))1-, (O”(2B4))0.6-, 
(O”(B3,Bd )o.z~-, (0” (2B 3))0, ( O’’(3B4) )o .  26+. The GO 
values are here given as subscripts, as in Table I. 

The preferences are of course modified if the oxygens 
make contact with other cations. Careful study of the 
observed structon types (Table I) shows general agree- 
ment with these expectations. Geometric and other 
factors prevent perfect agreement. 

The coordination numbers chosen, on the basis of the 
X-ray data, for the cations in the borate crystals are 
collected in Table V. 

Disregarding the high-temperature and high-pressure 

(10) L. Pauling,J. Amer. Chem. Soc., 51, 1010 (1929). 
(11) W. H. Zachariasen,Acla Crystallogv., 16,385 (1963). 
(12) M. Marezio, J. P. Remeika, and P. D. Dernier, i b i d . ,  Sect. B, 25, 

966 (1969). 

TABLE V 
COORDINATION NUMBERS OF CATIONS~ 

Li (4), 5 
Na 7 , 8  Mg 6 A1 6 
K 7  Ca 8, (lo), (12) Ga 6 
R b  7 Sr 8, 9, (lo), (12) Cr 6 
c s  10 Ba (6), 9, 10 Ln 6 
Ag 7 , 8  Cd 7 

Co 6 
a The numbers in parentheses have been observed only in un- 

stable phrases. 

phases, the observed types of oxygen structons, not ne- 
glecting the cations, are those listed in Table VI. The 

TABLE VI 
OXYGEN STRUCTON TYPES, NOT NEGLECTING CATIONS 

(O’(B3, ~ M I I ) ) ,  (O’(B3, ~ M I I I ) ) ,  (O’(Ba, 3MII)), (O’(B3,  MI)), 

(0”(2B3)), (O”(2B3, MI)), (O”(2B3, MII)), (O”(2B3,  MI)) 
(Or’(&, B4, MI)), (O”(B3, B4, MII)), (O”(Bs, B4,  MI)), 

(0”(2Ba,M1r)),(0”(2Bn, ~ M I I ) )  
(O”’(3B~)) 

(O‘(Ba,   MI)) 

(O”(&, B4, ~ M I I ) )  

metal cations are here classified (MI, MII, MIII) on the 
basis of their charges. 

Examination of Table I shows that, in the stable 
phases, co only rarely has a magriitude greater than 0.25. 
The largest calculated GO is 0.33- for (O‘(B3, ~ M I I ) )  in 
MgzBz05. 

The high-temperature and high-pressure phases tend 
to have structons with more contacts than the phases 
stable a t  normal temperatures and pressures, even 
though their GO values depart more from zero. Exam- 
ples are found in B2O3(II), CaB204(III and IV), and 
SrB2O4(III and IV). 

Structon Sets 
Neglecting the cations, the structons in the borate 

crystals having p less than l/z are the following: (B3- 
(30 ” ) ) ,  (B4(40”)), (0”(2B3)), and (O”(B3, Bd) .  
These constitute a “minimum set.” 

For this and other minimum sets, the numbers of each 
structon type, per boron atom, are easily calculated as 
functions of the overall composition, e.g., in terms of p 
or 6. The results of such calculations are given, for 
this and some other minimum sets pertinent to the com- 
pounds in Table I and the present discussion, in Table 
VII. 

For each minimum set the range over which the con- 
centrations of all the structon types are positive is given. 
Set 2, for example, cannot exist for p values higher than 
3/7, the concentration a t  which the number of (o”(2B3)) 
structons becomes zero. With higher p values (larger 
proportions of the oxide or oxides other than Bz03) there 
must either be some (O”(2B4)) structons or some non- 
bridging oxygen atoms, presumably present as (O’(B3)) 
or both. (See Table IV and the discussion immediately 
following it.) 

If, in the range between p = 3/, and p = 1, (O”(2B4)) 
strmtons, but no nonbridging oxygens, were present, 
the minimum structon set (neglecting cations) would 
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TABLE VI1 
MImmmi STRUCTON SETS, KEGLECTING CATIONS 

Set p ---- Structons---------, 

Class A. -411 0 ktoms Bridging between Borons 

1 0  1 ( ~ ~ ( 3 0 ” ) ) ,  3 / 2 ( 0 ” ( 2 ~ 3 ) )  
2 0-0.4286 (1 - p)(B3(30”)), p(B4(40”)), ( 3 / 2  - 7 p / 2 ) -  

(0”(2B3)?, 4p(O”(B3, B4)) 
3 0.4286 4/7(B3(30”)), 3/i(B4(40”)), ”/;(O”(B3, B4)) 
4 0.4286-1 (1 - p)(B3(3O”)), p(B4(40”)), (3 - 3p)- 

(O”(B3, B4)?, (7p/2 - 3/2)(0”(2B4)) 
6 1  l(B4(40”)), 2(0”(2B4)) 

Class B. 
l a  a 
6 0-1 (1 - p)(B3(30”)?, p(B3(0’, 20”)) ,  - 

All B Atoms Tribonded to Oxygens 

~ / 2  )(0”(2& I?, d o ’ ( &  1) 
7 1  I(Ba(O‘, 2O”)), 1(0”(2B3)), l(O’(B3)) 
8 1-2 ( 2  - p)(Ba(O’, 2 0 ” ) ) ,  ( p  - 1)(B3(20”, O”)),  

9 2  1(Ba(20’, o”)), ‘/2(0”(2B3)), 2(O’(B3)) 
10 2-3 (3 - p)(B3(20’, o”)?, ( P  - Z)(B3(30’)), 

11 3 1(%(30”)), 3(O’(Ba)) 

(”2 - p / 2 ) ( 0 ” ( 2 B 3 ) ) ,  p(O‘(B3)) 

( 3 ’  iz - ~/2) (0”(2&)) ,  p(O‘(Bs)? 

Class C. Containing Some Oxygens Tribonded to Borons 

12 0 l(B,(O”, 30”’)), 1/z(0”(2Bq)), l(O”’(3B4)) 
13 0-0.3333 3p(B4(20”, 20”’))> (1 - 3p)(B,(O”, 30”’)) ,  

( l / z  + 3~/2)(0”(2Ba)) ,  (1 - p)(O”’ (3B4)) 
14 0.3333 1(B4(20”, 20”’) ) ,  1(0”(2Bc)),  ‘/3(0”’(3B4)) 
15 0.3333- (3p  - 1)(B1(30”, 0” ’ ) ) .  (2 - 3p)(B4(20”, 

2 0 “ ’ ) ) ,  ( “ 2  - 3p/2)(0”(2B~?)), (1 - p)-  0.6667 
(O’”(3Ba)) 

16 0.6667 1(B4(30”, O”’)), 3/r(O”(2B4)), ‘/3(0”’(3B4)) 
17 0.6667-1 ( 3 p  - 2)(B4(40”)), (3 - 3p)(B4(30”, O”’)), 

(‘/z + 3p/2)(0”(2Ba)), (1 - pI(O”’(3B4)) 
5 a  a 

Class D. 
Borons and Both Bridging and Nonbridging Oxygens 

Containing Both Three- and Four-Coordinated 

18 0.4286-1 (1 - p)(B3(30”)), ( 7 p / 6  - ‘/z)(B3(0’, 20”) ) ,  
(‘/2 - ~/6)!B4(40”)?, (7.~716 - ‘/r)(O’(B3)), 
(2 - 2p/3)(O”(Ba, B4)) 

4/3(0”(B3, B4)? 

O”)),  (‘/z - p/6)(Ba(40”)), ( 7 p / 6  - 
‘/2)(0’(B3)), ( 2  - 2p/3)(Or’(B3, B4)) 

19 1 2/3(B3(0’3 ao”)?, ‘/3(B4(40”)), 2/3(0’(B3)), 

20 1-1.800 ( ’ 1 2  - 5p/6)(B3(0’, 20”)) ,  ( p  - 1)(Ba(20’, 

21 1.800 4/n(B3(20’, O”)),  1;’&34(40’’)), 8/;(O’(B3)), 
4 / j ( ~ i i ( ~ 3 ,  B,)) 

22 1.800-3 ( 2  - 2p/3)(Ba(20’, O”)) ,  ( 5 ~ 1 6  - ’ 1 9 ) -  
(B3(30’)?, ( I / %  - p / 6 ) ( B 4 ( 4 0 ” ) ? ,  (7pl6 - 
1/z)(0’(B3)), ( 2  - 2p/3)(O”(B3, B4)) 

a As above. 

be set 4. At the limit p = 1 only the structons of set 5 
would remain. Actually, Li2B407 and CdB407, having 
p = I/*, have set 4, with equal numbers of (B3(3o’’)) 
and (B4(40”)) structons. BaB407 also has all oxygens 
bridging, but, as an exception to the usual rule, its 
structons do not conform to a minimum set. It con- 
tains bridging oxygens of all three types: (0”(2B3)), 
(O”(B3, B4)), (O”(2B4)). Reaction 4 has not taken 
place completely. 

There are several crystals of known structure with 
p = 1. Metastable phases of LiB02, CaB204, and 
SrB204 have structon set 5 .  The others and also the 
known borates with p = 2 and 3 all contain nonbridging 
oxygens. 

It may be noted that nuclear magnetic resonance 
studies on alkali borate glasses having p greater than 
”7 show fractions of boron atoms that are four-coordi- 
nated that can only be explained by assuming that, as 
MzO is added, reaction 3 takes place to some extent but 
not completely The compositions do not conform to 
any minimum set of structons, but to a mixture of two 
minimum sets (sets 4 and 18, for 3 / 7  < p < 1). Discus- 
sion of the equilibria involved and deduction of structon 
types and their relative numbers as functions of the 
composition will be left for another paper, dealing spe- 
cifically with borate glasses. For present purposes it 
need only be noted that it has been possible to obtain 
crystals for only a few very special compositions, for 
which the numbers of structon types required to be 
present are relatively low The structons present in a 
crystal must not only be able to satisfy m-ell the inter- 
atomic forces, but they must permit efficient packing 
and a simple repeating unit. In  some cases tempera- 
ture and pressure effects are also important. 

To illustrate this point, it  may be noted that, when 
p = 1, the fraction of boron that is four-coordinated is 
usually zero in the more stable crystal phases, it  is ”3 

or 1 in some metastable phases, and it is approximately 
1/3 in alkali borate glasses The structons in the glasses 
doubtless conform more closely to the equilibrium dis- 
tribution than do those in the crystals. 

Oxygens with Three Boron Neighbors 
We shall now consider the stability of structon sets 

containing oxygen atoms (0”’) with three boron neigh- 
bors, as compared with other structon sets for the same 
overall compositions. T o  make the problem definite 
and simple, structon sets containing nonbridging oxygen 
atoms (0’) will not be dealt with here; the comparison 
will be between sets of class X and sets of class C. (All 
other known crystal structures having the same or 
nearly the same composition as those which contain 0”’ 
atoms contain 0” but no 0’ atoms) Also, the only 
borates considered will be those mith bivalent metal 
cations, having a coordination number of 9. 

(1) a 
comparison of the relative stabilities of the cation-oxy- 
gen interactions and ( 2 )  a comparison of the relative 
energies of the boron-oxygen interactions. 

With regard to (1), it seems reasonable to assume 
that, other things being equal, the most stable struc- 
ture will be that having the lowest sum of the magni- 
tudes of the effective charges on the oxygen atoms, cal- 
culated as already described. 

The effective charge sum$ for class X and class C 
structon sets, for a series of p values, are listed in Table 
VIII, with the differences between the sums for the two 
sets. The quantities not enclosed in parentheses are 
minimum values for any structon set containing only 
structon types (Tables I11 and VI) observed in stable 
crystals, excluding high-temperature and high-pressure 
phases. The sums enclosed in parentheses are for sets 
which contain the structon type (O’’(2B4, 3M)). 

From column 6, giving the differences between the 

The problem will be divided into two parts: 
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TABLE VI11 
EFFECTIVE CHARGE SUMS AND FRACTIONS OF BORON ATOMS 

THAT ARE TETRAHEDRALLY COORDINATED, FOR STRUCTON SETS A AND ca 
--Class A sets-- --Class C sets---- r Differences- 7 

0 0 0 0.500 1 0.500 1.000 
0.111 0.022 0.111 0.444 1 0.422 0.889 
0,290 0.039 0.200 0.490 1 0.361 0.800 
0,250 0.049 0.250 0.375 1 0.326 0.750 
0,429 0.083 0.429 0.286 1 0.203 0.571 
0,500 (0.083), 0.097 0.500 0.250 1 0.153, (0.167) 0.500 
0.667 ( O . l l l ) ,  0.130 0.667 0.167 1 0.037, (0.056) 0.333 
0.750 (0.125), 0.146 0.750 (0.167) 1 (0.042) 0.250 

P IC01 BI L:lcol BI A L: lcol AB1 

0,800 (0.133), 0.156 0.800 (0.167) 1 (0.033) 0.200 
0.900 (0.144) 0.909 (0 I 167) 1 (0.023) 0,100 

a The effective charge sums in parentheses are for structon sets that include (0”(2Ba, 3M)). Otherwise, the only oxygen structon 
types are those in Table VI. 

effective charge sums for the two classes, one can con- 
clude that, if the assumptions underlying the calcula- 
tions were correct and if no other factors were involved, 
the class A sets (containing no 0”’) should be more 
stable than the class C sets (containing 0”’) over the 
whole range of composition for which these sets are 
valid, but that the difference in stability decreases as 
p increases, reaching a moderately low value a t  p = 
1/2 and a very low value at  p = 2/3.  When p is greater 
than 2/3,  class C structures are only possible if the struc- 
ton type (O”(2B4, 3M)) is allowable. This type has 
not been observed in stable crystal phases of known 
structure; it  may require too much crowding of electro- 
positive atoms around the oxygen in question. 

crystals with three different types 
of structure have been studied: CdB407, with z = 7, 
has a class A set of structons; BaB407, with some Ba 
cations having a coordination number of 9 and some 
having a coordination number of 10, has a structure, 
not conforming to any minimum set, that (like that of 
CdB407) contains no 0”’; SrB407 and PbB407, with co- 
ordination numbers of 8, have a structure of the class C 
type, containing 0”’. 

Calculations of Zlcol (for p = ‘/2) for a class A struc- 
ture with z = 7 or 8 and for a structure like that of 
BaB407, except for a coordination number (fbr all the 
cations) of 9, lead to results differing only slightly from 
those given in column 2 of the table. 

Calculations of Z[col for borates of alkali and other 
MI cations lead to results very similar to those for MII 
borates, except that  the class C structures require (0”- 
(2B4, 3M)) structons for p larger than ‘/6 and (O”(2B4, 
4M)) structons for p larger than l / 3 .  Since, for low 
values of p, Zlcol for class C is always much higher than 
for class A, it seems unlikely that any crystalline MI 
borates will be found to have class C structures. 

The boron atoms in class C sets all have four close 
oxygen neighbors. In  the class A sets some have three 
and some have four oxygen neighbors. If these atoms 
were all ions, if the oxygen-to-oxygen repulsions could 
be neglected, and if the B-0 distances were all equal, 
the ratio of the boron-to-oxygen attraction energy for 
each Bd boron to that for each B3 boron would be 4/3.  

Of course these provisos are not valid, but, on the aver- 
age, the magnitude of the attraction energy between a 

At p equal to 

boron and the oxygens surrounding it would be expected 
to be somewhat greater for a B4 boron than for a B3 
boron. Other things being equal, then, the larger the 
fraction of tetrahedral boron atoms in the structure, 
the greater should be the stability. This fraction is 
given in the columns headed B4 in Table VIII. From 
the differences between the values for class A and class 
C structures (see column 7), one sees that the boron- 
oxygen interaction energy contributions favor the class 
C structures a t  all values of p but decreasingly as p in- 
creases. At p equal to l / 2 ,  for which the borates of Sr 
and Pb are known to have a class C structure, Bk is I/z .  

This is apparently enough to overcome the small posi- 
tive value of AZlco(, favoring a class A structure. For 
p 5 1/4,  the boron-oxygen contribution to the stability 
is apparently insufficient to outweigh the cation-oxygen 
contribution, measured by Xlco]. For p between ‘/2 

and 2/3,  AXlcoi is very low and AB4 is still between ‘/z 
and It seems likely that a glass or a glass melt a t  
a temperature just above that a t  which it solidifies 
would contain considerable amounts of 0”’. If any 
stable crystal phase can be obtained in this composition 
region, i t  is likely to  have either a class C structure or 
one containing some 0’ oxygens. 

and 1, a class C crystal struc- 
ture cannot exist without (O”(ZB4, 3M)) structons. 
How stable or unstable these are is a t  present unknown. 
If not very unstable relative to alternative types, crys- 
talline compounds in this range, if they can be obtained, 
might have class C structures, containing 0”’. They 
might, however, have structures containing 0’, which 
have not been considered in the foregoing comparisons. 
Class C structon sets cannot exist for p 2 1. 

The effect of the density of packing of the atoms in 
the structure has, up to now, been neglected. Increas- 
ing the number of close neighbors around an atom in- 
creases the density of packing (even after allowing for 
the slight change in interatomic distance). Class C 
structures, with all B4 borons and some 0”’ oxygens, 
thus have higher densities, if other structural factors 
are the same, than class A structures of the same overall 
compositions. Changing the density changes the inter- 
action energy between nonclosest-neighbor atoms. 
Except in very unusual cases, the van der Waals inter- 
actions between nonclosest neighbors are all attractions, 

For p values between 
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increasing as the interatomic distances decrease, hence, 
as the density increases. The coulombic energies be- 
tween nonclosest neighbors would be expected to be 
fairly large in substakces such as the borates. They 
are both attractions and repulsions, and both types in- 
crease as the density increases. It seems impossible to 
evaluate the net effect in any simple way and it will not 
now be attempted. 

Neglecting the possible effect of differences in the den- 
sity dependence of the nonclosest-neighbor coulombic 
energy, increasing pressure should favor class C struc- 
tures, with higher coordination numbers and higher den- 
sities, over class A structures of the same chemical com- 
position. This is in line with the fact that the stable 
structure for boric oxide a t  normal pressures is class A, 
while a high-pressure phase has a class C structure. 

NOBORU OHKAKU AND KAZUO NAKAMOTO 

Conclusion 
The types of structons in known structures of anhy- 

drous boric oxide and borates have been listed and com- 
pared. Certain regularities have been noted and re- 
lated to stability factors. It has been found that the 
arrangements of boron and oxygen atoms almost invari- 
ably conform to a few “minimum sets” of structon 
types. The relative stabilities of different sets, as 
affected by overall composition and by the cation-oxy- 
gen arrangements, have been discussed in some detail. 
Factors affecting the stability of nonbridging oxygens 
(0’) and oxygens with three boron neighbors (0’”) 
have been especially considered. I t  is hoped that this 
paper will serve as a basis for prediction of the structon 
types (and relative numbers of each) in crystals that 
have not yet been analyzed and in borate glasses. 
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Low-frequency infrared spectra (650-100 cm-l) have been obtained for isotopic pairs of some first-row transition metal oxin- 
ates (8-hydroxyquinolinates) of the types MQ2 (M = asa6ZNi, 6r,*5Cu, and64@Zn), MQ2.2H20 (M = 5 4  67Fe, 5s162Ni, and 64,68Zn), 
C U Q ~ . ~ H ~ O - C U Q Z . ~ D ~ O ,  and MQa (M = a4,57Fe) where Q denotes an oxinate anion Based on the observed isotopic shifts, 
the metal-oxygen and metal-nitrogen stretching bands have been assigned in the regions of 332-210 and 300-190 cm-1, 
respectively Structures of several metal oxinates have been elucidated from the number of isotope-sensitive bands and the 
general pattern of the spectra. The spectra of CoQ2 and its dihydrated derivative have been studied The spectra of a! 

and p forms of anhydrous CuQp have been compared and discussed. 

Introduction 
The importance of metal oxinates (S-hydroxyquinol- 

inates) in analytical chemistry is well known.2 The 
oxine ligand plays an important role in some biological 
systems, and its function is related a t  least in part to its 
chelating ability with r n e t a l ~ . ~  Thus far, metal ox- 
inates have been a subject of various physicochemical 
investigations including X-ray diffra~t ion,~-’~ ir,11-i5 
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uv-visible, l 6 - I 8  nmr, l9 magnetic susceptibility,20 mass 
spectrometry,21 esrIz2 ENDOK (electron nuclear double 
resonance) , 2 3  and potentiometric studies.24 

X-Ray diffraction studies have been made on a series 
of compounds of the type MQ2.2H20, where M is Zn, 
Cu, Ni, Co, Cd, or Pb, and Q is an oxinate anion. The 
results of these  investigation^^-^ show that two che- 
lating oxinate anions coordinate to the metal by forming 
a trans-planar structure, and two water molecules 
occupy the axial positions to complete a six-coordinate 
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