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2 N. W .  ALCOCK 

I. Introduction 

A. THESIS 

A number of recent crystal structure determinations on compounds 
of the nonmetals have discovered intramolecular distances that are 
much longer than normal bonds and intermolecular distances that are 
much shorter than van der Waals distances. In this chapter, these 
interactions are examined and a qualitative explanation attempted. It 
will become clear that in most of them an approximately linear arrange- 
ment is found, 

Y-A-- -X  

where Y-A is a normal bond and A- - -X  is a short intermolecular 
distance.* It is with these approximately linear interactions that we are 
particularly concerned, and it will be our contention that they are the 
result of directed forces and that their behavior is sufficiently regular 
and understandable for the name secondary bond to be appropriate.? 

B. EVIDENCE 
The only conclusive method of establishing the presence of secondary 

interactions is by crystal structure determinations. An intermolecular 
interaction can be recognized as being significant by being shorter than 
the expected intermolecular (van der Waals) distance, but if it is the 
result of directed forces, i.e., bonds, rather than electrostatic or non- 
directional van der Waals forces, then it must satisfy one or both of the 
following criteria: (a) the interacting neighbor(s) are not in the most 
favorable positions for nondirected forces, and/or ( b )  the interacting 
neighbor(s) are in stereochemically significant positions. These are, of 
course, the same criteria that distinguish covalent from electrostatic 
primary bonding. For virtually all the short interactions that have been 
found in compounds of the nonmetallic elements, criterion ( b )  is satisfied, 
with the stereochemically significant arrangement being a linear one. 

* Throughout the review, a single dash is used for normal bonds and triple 
dashes for short secondary interactions. 

t The principal sources have been searched to July 1971, but in many structure 
determinations the existence of secondary interactions is only mentioned in 
passing, if at all, and this means that some earlier examples have probably been 
missed. Additional information to May 1972 is in the Appendix. 
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The physical evidence of melting points and boiling points can 
indicate association, but it cannot demonstrate the presence of directed 
interactions. The most it can do is to suggest that one compound shows 
similar intermolecular interactions to those in some similar compound 
whose structure is known. Infrared spectra can occasionally go further 
than this when the interaction is strong enough for either the secondary 
A -  - - X  bond to produce identifiable absorptions, or for other molecular 
frequencies to be shifted because of the interaction. 

C. VAN DER WAALS DISTANCES 

Before an intermolecular distance can be considered short, there 
must be some idea of the van der Waals distance that would be expected. 
If such distances are to be obtained as the sum of atomic van der Waals 
radii, with each element having a standard radius, then these radii 
must not be affected substantially by the atomic environment. This has 
not been proved, and what evidence there is shows that van der Waals 
radii are much more variable than, say, covalent bond radii. However, 
tables of van der Waals radii have been presented by Pauling (129, p. 260) 
and Bondi (21) .  Those of Pauling are simply the ionic radii of the atoms 
as anions; the equating of these to van der Waals radii is only tested for 
one or two elements. Those of Bondi are derived for the purpose of 
calculating molecular volumes and may not be valid for determining 
contact distances. He also gives compilations of intermolecular distances 
from which the following radii (in A) are deduced: N, 1.55;  0, 1.50; 
S, 1.83; F, 1.50; C1, 1.78;  Br, 1.85; and I, 2.00. These values differ 
systematically by up to 0.15 from those of Pauling, being larger for 
N, 0, and F and smaller for Br and I ; the use of ionic radii is therefore 
not a good approximation. However, they do correspond, to within 
0.03 A, with the mean van der Waals radii for volume calculations of 
Bondi. These will, therefore, be taken as the best available standard 
values of van der Waals radii, and are given in Table I. For four 
elements, Ge, Sn, Sb, and Si, values have been estimated by extrapola- 
tion, and for Xe, the figure has been revised as noted below. 

Because of the problems concerning the constancy of van der Waals 
radii, comparison of a particular intermolecular distance with the 
standard value may still be unreliable, and estimation of the relative 
strengths of interactions between different pairs of atoms from such 
comparisons will be even more doubtful. An alternative approach stems 
from Pauling’s observation (129, p. 263) that van der Waals radii are 
all approximately 0.8 A longer than the corresponding covalent radii. 
Bondi (21)  gives figures that support this, but that show that the best 
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value of the increment varies slightly from period to period. For the 
elements N to F, the van der Waals radii are approximately 0.85 A 
larger than the covalent, radii, for Si to C1 and Ge to As, the differences 
are about 0.75 A, and for Te and I, about 0.70 A,* Therefore, a compari- 
son of a secondary bond length with the standard single bond length may 

TABLE I 

VAN DER WAALS AND SINULE BOND RADII5 

rw 
rc 

Si 
rw 2.10 
rc 1.17 

Ge 

rW 1.95 
rc 1.22 

Sn 
Tw 2.10 
rc  1.40 

rw 
rc 

N 
1.55 
0.70 

P 
1.80 
1.10 

As 
1.85 
1.18 

Sb 
2.05 
1.36 

Bi 
2.15 
1.55 

0 

1.52 
0.66 

S 
1.80 
1.04 

Se 

1.90 
1.14 

Te 
2.06 
1.32 

F 
1.47 
0.64 

c1 
1.75 
0.99 

Br 
1.85 
1.11 

I Xe 
1.98 2.00 
1.28 1.29 

a rw = van der Waals radius in A, after Bondi (21)  ; See 
text p. 3. rc =covalent single bond radius in A, derived 
by subtracting 0.76 A from the rb figures of Bondi (21, Table 
I ) ;  bismuth from Bi-Bi in the element. 

give a useful estimate of the strength of the secondary bond, and 
these comparisons are included in Tables 11-V. 

One general statement can be made about van der Waals distances 
that is perhaps most valuable because it is most likely to be correct. 
Any element in periods 3, 4, and 5 (K to Rn) will have a van der Waals 
radius that in corresponding compounds is at least as large as that of 
the element of the same group in the preceding period. When the later 

* This leads to the suggestion embodied in Table I that for Xe in compounds, 
the van der Waals radius should be 2.00 A, rather than 2.16 A derived from the 
packing of free atoms. 
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element forms an intermolecular contact that is shorter than that formed 
by the earlier element, then the intermolecular attraction must be 
stronger. 

D. BRIDGE BONDS 

itself attached to another atom of type A, i.e., it forms a bridge 
The atom X forming a secondary interaction with atom A is often 

x 

A / /’ \ A 

Such bridges occur in which the A - - - X  interaction covers the whole 
range from being essentially nonexistent to being as strong as the 
normal X-A bond, and i t  can be very difficult to decide whether i t  should 
be called a primary or a secondary interaction. In principle, if the bridge 
is at all asymmetric, the weaker bond could be called secondary, but in 
practice i t  is better to reserve the term for cases where there is a difference 
of a t  least several tenths of an Angstrom between the two bond lengths. 
Conversely, when the bridge is symmetrical but both bonds are much 
longer than normal, the atom X could be regarded as forming secondary 
bonds to both atoms A. This situation is less common, but the bonding 
in one or two molecules is more comprehensible if viewed in this way. 

E. CHARGE TRANSFER ADDUCTS 

A number of structures of addition compounds have been determined 
that show short interactions, mainly between halogens and 0, S, Se, or N 
of heteroatom-containing organic molecules. These interactions have 
been identified as charge-transfer bonds, and the subject has been 
reviewed (10, 86). They show the structural feature of bond linearity 
Y-A - - - X ,  and it  is almost certain that the bonding is similar to that in 
the compounds to be described. There is no clear dividing line, but the 
present chapter will concentrate on systems containing a single molecular 
species (or pair of ions) rather than on addition complexes. 

F. CLASSIFICATION 

In the main sections, compounds are grouped under each element A, 
the “central” atom of the linear arrangement. Usually, if the overall 
atomic arrangement is Y - A -  - -X-Z, there is no difficulty deciding 
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whether A or X is “central” because only the angle of Y-A---X is 
approximately 180” and the angle of A---X-Z is in the range 90°-120”. 
The only exceptions are the compounds in which X-Z is the N-C of a 
covalent cyanide, which often form long linear chains. Although there is 
good evidence that the noncyanide atom A corresponds to the ((central” 
atom in other compounds, these cyanides have been collected separately. 
For secondary interactions to occur, the central atom must not already 
be surrounded by atoms forming primary covalent bonds; this means 
that the main area of chemistry involved is that of nonmetals in their 
lower oxidation states, when they have incomplete coordination poly- 
hedra. In most of the compounds concerned, the primary geometries 
have been explained by the electron pair repulsion model (81) .  

Quantitative information about bond lengths and angles is collected 
in Tables II-V for the short interactions that are approximately linear. 
In the figures illustrating the geometries, bond distances are generally 
mean values, but in the tables the individual values are given. In some 
cases the figures only show the immediate environment of the central 
atom. 

II. Group VIIl* 

XENON WITH FLUORINE 

The melting points of the xenon fluorides decrease from XeF, (140OC) 
to XeFl (1 14°C) to XeF, (48°C)) and from this i t  should follow that the 
intermolecular forces decrease in the same order. Unexpectedly, the 
crystal structures reveal that the Xe-F intermolecular distances actually 
decrease from XeF, to XeF,, while XeF, contains no extended Xe- - -F 
intermolecular interactions. This example illustrates the danger of 
using melting point evidence unsupported by structure determinations. 
In XeF, (118) the xenon atom has eight nonbonded contacts, with 
Xe- - -F  equal to 3.41 A, directed at the corners of a cube; in XeF, (34)  
there are four interactions with a length of 3.23 A, arranged approxi- 
mately tetrahedrally, and in the mixed crystal XeF, .XeF, (35)) there are 
a series of contacts of lengths between 3.28 and 3.42 A. The van der 
Waals distance is 3.47 A. Presumably the melting point behavior is 
caused by larger numbers of weaker forces producing greater binding 
than smaller numbers of stronger forces. 

* Summarized in Table 11. 
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The investigation of XeF, (3 ,  32, 33) has proved difficult and it 
shows a t  least four phases, but it seems that all contain tetramers or 
hexamers. The intermolecular forces are between fluorine atoms only, 
and this presumably accounts for the low melting point. In one phase, 
the tetramers can be approximately described as pyramidal XeF,+ 
units linked by F-; some Xe-F bridges are symmetrical with Xe-F, 
2.5 A, some asymmetrical with distances of 2.23 and 2.60 A. There 
are either two or three interactions with the xenon through the base 
face of the pyramid, and none of these appear to be aligned with the 
apical F-Xe bond. 

The coordination of xenon in XeF,+PtP,- ( I S )  is very similar to  
that in XeF,. The pyramidal XeFSf has mean bond length of 1.89 A, 
and there are four additional fluorines (Fig. 1) below the base of the 

A 

FIG. 1. XeFsf in XeFs+PtFe-. Large circle, Xe; small circles, F. Redrawn from 
Bartlett et al. ( 1 6 ) .  

pyramid with X e - - - F  equal to 2.52, 2.65, 2.95, and 2.95 A. These 
interactions are staggered relative to the primary bonds forming the 
base of the pyramid. Very similar again is the coordination found in the 
addition compound XeF, .IF, (108), in which the iodine in the pyramidal 
IF, molecule has four close contacts with I - - -F of 3.14 A in the same 
staggered configuration. In  none of these compounds do the secondary 
interactions show directional properties. 

By contrast, in XeF+Sb,Fyl (126) the XeF+ has a bond length of 
1.84 A and the next neighbor is a t  2.35 A, forming an almost linear 
bridge to the Sb2Fl, ion (Fig. 2) .  A very similar arrangement is found in 
Xe,F,+AsF,- (142), with one fluorine linking two F-Xe groups (Fig. 3). 
The terminal distances are 1.90 A and both bridge distances are 2.14 A. 
Both these compounds can be thought of as containing straightforward 
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FIQ. 2. XeF+SbaF11-. Large circles, Xe and Sb; small circles, F. Redrawn from 
McRae et al. (126). 

FIQ. 3. XezF3+ in XeaF,+AsFe-. Large circles, Xe; small circles, F. Redrawn 
from Sladky et al. (142). 

fluorine bridges, but for the first, the asymmetry makes a description 
involving a secondary interaction equally valid. 

For the polymeric (XeOsF-), ion (97) (Fig. 4) two explanations are 
also possible. The Xe-F distances of 2.36 and 2.48 A are only slightly 
different, and so the choice is between standard fluorine bridges, donating 
electron pairs, or secondary interactions between XeO, molecules and 
F- ions. In both cases, pseudo-octahedral coordination would be 
expected, but in the first there should be six sterically active electron 

U 
FIQ. 4. (XeOsF-), in K+Xe03F-. Large circle, Xe; small circles, F (bridging) 

and 0 (terminal). Redrawn from Hodgson and Ibers (97). 
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pairs and in the second four. One piece of evidence supports the second 
view. This is that the Xe03 moiety is very similar in dimensions to XeO, 
itself with 0-Xe-0 angles averaging 100". For six electron pairs with one 
vacant position lone pair-bonded pair repulsion would be expected to 
give angles rather less than 90". It is also interesting that the shortest 
Xe-0, 1.75 A, is opposite the vacant position, while the longest, 1.79 A, 
is opposite the shorter Xe - - - F bond. 

XeO, is considered below, with HIO,. 

111. Group VII* 

A. CHLORINE AND BROMINE 

Although short secondary bonds are most prominent with iodine, 
there are some examples among chlorine and bromine compounds. In 
ClF, (30) the shortest intermolecular contacts have GI-F equal to 3.06 

FIG. 5. ClFz+ (left) in CIFZ+SbFa- and BrFzf (right) in BrFz+SbFa-. Large 
circles, C1 and Br; small circles, F. Redrawn from Edwards and Sills (62). 

(twice) and 3.17 A (twice) (with others rather longer) fairly evenly 
arranged on the unobstructed sides of the T-shaped molecule, and these 
are close to the expected van der Waals distance of 3.22 A. BrF, is 
similar (31), although the structure has not been fully refined. However, 
ClF,+SbF,- (62) and BrF,+SbF,- (57) are very different (Fig. 5 )  and 
show directed secondary interactions. In each, the halogen atom has a 
square-planar environment, with two fluorines at  normal bonding 
distances and two further away, 2.38 A for CIFz+ and 2.29 A for BrFz+. 

In N-chlorosuccinimide (28) there is a linear N-C1 - - - 0 grouping with 
C1- - - 0 equal to 2.88 A, compared to a van der Waals distance of 3.27 A. 

* Summarized in Table 11. 



TABLE I1 

SECONDARY BONDS TO GROUP VIII AND VII ELEMENTS~. b 

Difference 
Length van der secondary 

Linear group Angle Single Waals minus Accuracy and 
Compound Ref. Fig. Y-A---X a t A  Y-A A-- -X A-X A- - -X  single notes 

ClFz+SbFs- 

BrFz+SbFa- 
n-Chlorosuccinimide 
POBr3 
Oxalyl bromide 

NH4+103- 

126 
142 
97 

145 

62 

57 
28 

128 
84 

111 

52a 
125 

5 
105 

F Xe F 
F Xe F 
0 Xe F 

0 Xe 0 

F C1 F 

F Br F 
N C1 0 
P Br 0 
C Br 0 

0 1  0 

0 1  0 
0 1  0 
0 1  0 
0 1  0 

(180) 1.84 
178 1.90 
171 1.76 
172 1.79 
159 1.74 
163 1.76 
172 1.77 
176 1.57 
176 1.58 
178 1.69 
170 1.69 
169 2.14 
169 1.84 

168 1.77 
172 1.81 
174 1.84 
165 1.81 

(166) (1.83) 
168 1.80 
160 1.81 
160 1.83 
164 1.84 
170 1.82 
174 1.82 

2.35 
2.14 
2.48 
2.36 
2.89 
2.80 
2.89 
2.33 
2.43 
2.29 
2.88 
3.08 
3.27 

2.83 
2.78 
2.82 
2.89 

(3.01) 
2.76 
2.93 
3.00 
2.99 
2.78 
2.56 

1.93 
1.93 
1.93 

1.95 
- 

- 
- 

1.63 

1.75 
1.65 
1.77 
1.77 

1.94 

- 

- 
- 

1.94 
1.94 
1.94 
1.94 
- 
- 
- 
- 

3.47 
3.47 
3.47 

3.52 
I 

- 
I 

3.22 

3.32 
3.27 
3.37 
3.37 

3.50 

- 

- 
- 

3.50 
3.50 
3.50 
3.50 - 
- 
- 
- 

0.51 
0.24 
0.55 
0.43 
0.94 
0.85 
0.94 
0.74 
0.85 
0.60 
1.23 
1.31 
1.41 

0.89 
0.84 
0.88 
0.95 

(1.07) 
0.82 
0.99 
1.06 
1.05 
0.84 
0.62 

C 

C 

C 

- 

C 

- 
C 

C 

C 

C 

Original results 
inconsistent 

d 

- 
Three timesd 

Three timesd 
I l C  

- 

- 
- 
I2 
- 

Z 

a 



c~~+Io~-oH-  80 

a-HI03 78 

1 2 0 5  140 

- 0 1  0 

- 0 1  0 

7 0 1  0 

- 0 1  0 

- 0 1  0 

C I  0 
- 0 1  0 

8 I 1  I 
- I 1  I 

152 
169 
161 
175 
167 
172 
174 
172 
172 
163 
166 
174 
171 
161 
168 
168 
169 
174 
178 
177 
169 
176 
173 
172 
171 
160 
172 
163 
170 
161 
175 
168 
178 
169 

1.83 
1.82 
1.83 
1.86 
1.77 
1.82 
1.82 
1.80 
1.83 
1.78 
1.82 
1.90 
1.78 
1.80 
1.97 
1.78 
1.79 
1.95 
1.81 
1.90 
1.76 
1.78 
1.92 
1.82 
1.94 
1.60 
1.69 
1.92 
1.92 
1.94 
2.80 
2.67 
2.67 
2.91 

2.99 
2.75 
3.07 
2.52 
3.05 
2.65 
2.55 
2.50 
2.70 
2.88 
2.78 
2.50 
2.71 
2.62 
2.58 
2.56 
2.83 
2.38 
2.59 
2.54 
2.93 
2.72 
2.44 
2.53 
2.24 
2.95 
2.85 
2.71 
2.89 
2.81 
3.42 
3.43 
3.24 
3.24 

1.05 
0.81 
1.13 
0.58 
1.11 
0.71 
0.61 
0.56 
0.76 
0.94 
0.84 
0.56 
0.77 
0.68 
0.64 
0.62 
0.89 
0.44 
0.65 
0.60 
0.99 
0.78 
0.50 
0.59 
0.30 
1.01 
0.91 
0.77 
0.95 
0.87 
0.86 
0.85 
0.68 
0.68 + 
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TABLE 11-continued 

Length 
Difference 

van der secondary 
Linear group Angle Single Waals minus Accuracyand 

Compound Ref. Fig. Y-A---X At A Y-A A - - - X  A-X A - - - X  single notes 

1 2  
a-ICl 

P-ICl 

20 
23 

41 

I50 

150 

24 

112 

112 
I 2  

I 1  
9 c1 I 

c1 I 
c1 I 
c1 I 
c1 I 

10 c1 I 

c1 I 

11 c I 

C I  
12 c I 

I 
I 
c1 
I 
c1 
c1 

c1 

c1 

c1 

I 
c1 

c 
E3 

170 
179 
179 
180 
175 
174 
177 
174 
176 
175 
175 
179 
179 

164 
(180) 

2.72 
2.44 
2.37 
2.44 
2.35 
2.29 
2.33 
2.26 
2.29 
2.38 
2.39 
2.08 
2.08 

(2.08) 
2.02 

3.50 2.56 3.96 
3.08 2.56 3.96 
3.00 2.27 3.73 
3.06 2.56 3.96 
2.94 2.27 3.73 
3.00 2.27 3.73 
2.85 - 
2.86 2.27 3.73 
2.88 
2.68 2.27 3.73 
2.72 - - 

3.08 2.27 3.73 
3.24 
3.34 2.56 3.96 
3.45 2.27 3.73 

- 

- - 

- - 

0.94 
0.52 
0.73 
0.50 
0.67 
0.73 
0.58 
0.59 
0.61 
0.41 
0.45 
0.81 
0.97 
0.78 
1.13 

d 

C 

- 
C 

- 
C 

- 
C ? 
- 
Twice eachc 5 
C s 

b- 

0 
a w 

- 

- 
C 

C 

- 
Twice eachc 5 
C s 

b- 

0 
a w 

- 

- 
C 

C 

a Notea to Tables 11-V: The standard single bond lengths and the van der Waals distances are derived from the figures in 
Table I. The Difference column gives the difference between the A - - - X interaction length and an A-X single bond length. 
The latter is taken as the standard A-X single bond length unless (a) Y is the same as X, (b) Y-A is formally a single bond, and 
(c) Y-A is shorter than the standard A-X single bond length. In this situation, the estimate of the single bond length found 
within the molecule is likely to be more valid than the standard value; for example, see XeF+Sb2F11- in Table 11. 

b Parentheses around a figure indicate either that it cannot be computed from published information or that it appears particu- 
larly unreliable. 

c Standard deviation of A - - - X is 0.04 A or better, corresponding approximately to a standard deviation for the angle 
Y-A - - - X of 2" or better (if X and Y are the same). 

d Standard deviation of A - - -X is 0.01 A or better, corresponding approximately to a standard deviation of 0.5" for the angle 
Y-A-- -X (if X and Y are the same). 
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Two compounds show bromine-oxygen interactions. I n  phosphorus 
oxybromide, the molecules are linked into infinite chains by almost 
linear P-Br- - -0  interactions with B r - - - 0  distance of 3.08 d (128),  
whereas in oxalyl bromide (84) there is an 0 - - - Br interaction having a 
length of 3.27 A. This is.not much shorter than the van der Waals 
distance of 3.37 11, but again there is a linear grouping, C-Br - - - 0. 

B. IODINE WITH OXYGEN 

The short contacts formed by iodine fall into two groups, those with 
oxygen and those with halogens. With one exception oxygen contacts 
have only been found for I" (iodic acid and related compounds), but this 
is probably an accidentall restriction. Periodate almost always occurs 

FIG. 6 .  103-  in NH4+103-. La,rgu circle, I ;  small circles, 0. Redrawn from 
Keve et al. (111) .  

as the 106 group in which the regular octahedron will not alIow extra 
iodine contacts, while 1Ir1 oxygen compounds are generally unstable, 
and crystal structures have not been determined. There is some spectro- 
scopic evidence that (IO)2S04, 1201, and related compounds contain 
iodine-oxygen secondary bonds similar to those in iodates (51). 

The recently determined structure of NH,+I03- (111) (Fig. 6) can 
be taken as a typical example of the 1" coordination. The structure is 
related to that of perovskite in its cell dimensions, but the octahedron 
of oxygen atoms around each iodine atom is very distorted, so that there 
are three near and three distant neighbors (1.80 and 2.80 a). An equiva- 
lent description is as a pyramidal 10,- ion with three close contacts. 
The expected van der Waals distance is 3.50 d. 

The same arrangement occurs in LiIO, (%?a, 132),  NaIO, (125) ,  and 
RbTO, ( 5 )  and is very likely in KIO,, CsIO,, and TlIO,, which are 
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almost isomorphous with NH4103 (6 ) .  In  zirconium iodate (116), how- 
ever, the iodate has five neighbors, at an average distance of 2.87 A, 
forming with the three oxygens of the iodate group, a crude antiprism 
around the iodines, presumably with nondirected interactions. Ceric 
iodate (49)  is similar, the iodate having five neighbors, three nearer 
(2.88 A) and two further (3.27 A).  The packing in these two may well be 
controlled by the coordination around the metal atom because in 
Ce(103)4-H20 (105) all four iodines are surrounded by distorted octa- 
hedra. The iodine atom in Cu(I0,)OH (80) also has this coordination. 

Perhaps the most interesting of this group is E - H I O ~  (78), where, 
although there are some hydrogen bonds, the molecular packing is 
controlled by the intermolecular interactions. This is conclusively 

Q 

FIG. 7. The 1 2 0 5  moiety in HI30s. Large circles, I ;  small circles, 0. Redrawn 
from Feikema and Vos (70). 

proved because XeO, (145),  though lacking hydrogen bonds, is iso- 
structural with E-HIO,. In both compounds the central atom is sur- 
rounded by a distorted octahedron of oxygen atoms. The short Xe-0 
is slightly shorter than the short 1-0 (1.76 vs. 1.83 A) and the long 
X e - - - 0  is slightly longer than the long I - - -0  (2.87 vs. 2.75 A).  In  the 
addition compound, HIOS.I,05 (70), the iodine of the HIO, molecule 
has only two short intermolecular contacts, but each iodine of the 1,05 
molecule has three contacts (Fig. 7) ,  completing its octahedron. I n  1,05 
itself ( l 4 0 ) ,  one of the iodine atoms forms three secondary bonds, but 
the other has only two, its pseudo-octahedral coordination consisting of 
three short and two long bonds and one vacant position. If the hydroxy 
group of iodic acid is replaced by an aryl group, as in p-chloroiodoxy- 
benzene ( I I ) ,  the iodine still makes a short oxygen contact (2.77 A). 
Similarly, in one compound of iodine(VII), KI02F2,  where the iodine is 
linked to only four bonded atoms, there are two oxygen atoms (I - - - 0, 
2.81, 2.89 A) which complete an octahedron (131).  
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C. IODINE WITH HALOGENS 

The structures of the polyhalogens and polyhalides were reviewed 
in 1961 (153),  and recently their bonding has been examined (154).  This 
will be considered below. These compounds show great variations in 
bond lengths, and i t  is perhaps more difficult for secondary bonds to be 
distinguished from primary bonds than from van der Waals interactions. 
Only typical examples are included here and details of other structures 
can be found in Refs. (153) and (154).  

3- 
FIG. 8.1;- in Cs&. Redrawn from Havinga et al. (88). 

I n  Cs,I, (88) the 16- anion (Fig. 8) consists of an I, molecule which 
interacts a t  each end with I,- ions, with I - - - I  equal to 3.42 A. The van 
der Waals distance is 3.96 A. A very similar structure is found in 
N(CH3)J8 ( lo r ) ,  in which three I, molecules are attached to one I,- 
a t  distances of 3.24 (twice) and 3.43 A.  In solid I, (28) the intermolecular 
distance is 3.496 A, and the intramolecular distance, 2.715 A, is 0.05 A 
longer than in the gas phase ( log) ,  whereas in 1;- it is longer still, 2.80 A. 
Two modifications of IC1 (Fig. 9) show similar interactions (23 ,41)  with 
a very short I - - -I of 3.06 or 3.08 A linking the molecules into zigzag 
chains; this is hardly longer than the bond distance in iodine itself. 



16 N .  W. ALCOCK 

FIG. 9. a-IC1. Large circles, I; small circles, C1 (23). 

There are also significant I - - -C1 interactions of 3.00 or 2.94 A compared 
to a van der Waals distance of 3.73 A. 

Rather shorter I - - - C1 interactions occur in two compounds formally 
containing IC12+, i.e. ISbCle and IAlCl, (150). I n  both, the iodine atoms 
have two close chlorine atoms (2.29 A, mean) and two completing a 
square plane a t  2.90 A (mean), which form part of the SbC16- or A1Cl4- 
groups (Fig. 10). 

In the dimeric 12C16 (24 )  the bridges are symmetrical, but the I-C1 
distances are 2.70 A, only slightly shorter than the interaction distances 
in IAlCl, and ISbCl,; the terminal I-Cl distances are rather long, 2.38 8. 
The length of the bridge bonds suggests that it is equally valid to describe 
12C16 either as a bridged molecule or as two IC12+ groups interacting with 
two C1- ions. Both diphenyl iodonium chloride, [(C,H,),ICl],, and the 
corresponding bromide (112) have bridged structures (Fig. 11) in which 
the terminal iodine atoms are four-coordinated by two phenyl groups 
and two bridge atoms. For the chloride, the bridge is asymmetric with 

n 

LJ 
FIG. 10. ICla+AlC14-. Large circle, I; 

Redrawn from Vonk and Wiebanga (150). 

LJ 

medium circles, C1; small circle, Al. 
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FIG. 1 1 .  Two central atoms of [(CeHs)zICl]z. Large circles, I ; medium circles, 
C1; small circles, C (112). 

I-C1 equal to 3.08 and 3.20 A ;  but for the iodide it is symmetric, with 
1-1 equal to 3.34 A. For both, the distances are much longer than the 
normal single bond lengths (1-Cl, 2.27 11; 1-1, 2.56 A) and the bonds can 
clearly be called secondary. In iodobenzene dichloride, C6H,ICI2 (12)  
(Fig. 12), the iodine is linked to a phenyl group and two chlorine atoms 
at  normal distances (1-Cl, 2.46 A)  and a square is completed by a weak 
I---Cl  interaction of 3.40 A. 

Two compounds may show I - - - F interactions. Diphenyl iodonium 
borofluoride (144) has three I-F interactions between 2.94 and 3.00 A 
(compared to the van der Waals distance of 3.45 A), but only one 
C-I - - - F angle is close to 180". In  IOFB (149) many short I-F distances 
have been reported, but details have not been published. 

PIG. 12. The central atoms of C&.&&. Large circles, I ;  medium circles, C1; 
small circles, C (12 ) .  
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IV. Group VI* 

The great majority of interactions of elements in this group are 
formed by selenium and tellurium. Sulfur is found in several adducts 
with charge-transfer interactions (86)) while both i t  and selenium form 
thiothiophthene-like compounds containing bonds of order less than 
unity, which have been reviewed recently (113).  Neither of these groups 
are considered further here. 

A. WITH OXYGEN AND SULFUR 

Both selenium and tellurium dioxide show secondary interactions 
leading to octahedral environments. In  selenium dioxide (122) there are 
three primary Se-0 bonds in a pyramid, length 1.78 A (mean), and three 
secondary bonds, length 2.72 A. Tellurium dioxide exists in two modifi- 
cations, both related to TiOz structures, and both with four short and 
two long cis Te-0 bonds. In  the tetragonal modification (117) (Fig. 13), 

b 
PIG. 13. TeOz (tetragonal). Large circle, Te; small circles, 0. Redrawn from 

Leciejecwitz (117). 

the distances are Te-0, 1.91 A, and Te---O,2.89 ,&; in the orthorhombic 
modification, tellurite (106), the distances are 2.11 and 2.73 A. Tellurium 
catecholate (121) 

has the same primary coordination with Te-0, 2.01 8, but forms only 
one secondary bond, Te - - - 0, 2.64 A. 

* Summarized in Table 111. 
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Selenous acid (152),  H,SeO,, is similar to iodic acid in having three 
primary and three secondary bonds, with lengths of 1.74, and 3.06 A 
(mean), while benzeneselinic acid (29), CeH5Se02H, forms one secondary 
interaction, with a C-Se - - - 0 linear system and Se - - - 0 equal to  3.16 A, 
and also a weak O-Se - - - 0 interaction. Unlike iodates, salts of selenium 
and tellurium oxyacids have not been found to show short interactions, 
although rather few have been examined.* 

I n  contrast to the four similar Te-0 distances in tellurium catechol- 
ate, tellurium diethylxanthate (104) has two shorter Te-S, 2.49 A, and 
two longer distances, 2.88 A;  these could be regarded as long dative 

FIG. 14. The central atoms of Te(SzCOCzH5)z. Large circle, Te; medium cicles, 
S; small circles, C. Redrawn from Husebye (104). 

bonds or as short secondary interactions. The atoms are coplanar, but 
the S-Te - - - S groups are rather far from linear, with bond angles of 149" 
(Fig. 14). In the largest gap, a further Te - - - S interaction occurs of a 
length of 3.61 A, still rather short compared to the van der Waals 
distance of 3.86 A. 

In tellurium bis(dimethyldithiophosphate), Te[S,P(OCH,),], (103) 
(Fig. 15), the four sulfur atoms form a much distorted square around the 
tellurium with short Te-S, 2.44 A, and long (cis), 3.31 A, distances. 
Two of the selenium atoms in the dimeric anion [Se(SeCN)&- (87) have 
similar environments (Fig. 16). The planar ion can be regarded as two 
Se(SeCN)2 molecules bridged by two SeCN- ions with weak symmetrical 
interactions, and the mean distances are: short, 2.41 A ;  long, 3.18 A. 
By contrast, an asymmetric planar Te,S,-bridged system occurs in 
trithiourea tellurium hydrogen difluoride (74 )  ; the terminal Te-S bonds 

* But see Appendix. 



TABLE I11 

SECONDARY BONDS TO GROUP VI ELEMENTS~. b 

E3 
0 

Difference 
Length van der secondary 

Linear group Angle Single Waals minus Accuracy and 
Compound Ref. Fig. Y-A---X a t A  Y-A A - - - X  A-X A - - - X  single notes 

SeOz 122 

TeO 2, tetragond 117 
Te02, tellurite 106 

TeC4 36 

0 Se 0 

0 Te 0 
0 Te 0 

0 Te 0 
0 Se 0 

C Se 0 
0 Se 0 
S Te S 
S Te S 
Se Se Se 

S Te 8 
F Te F 
C1 Te C1 

(167) 
(156) 
180 
165 
166 
I54 
112 
162 
150 
178 
170 
150 
173 
175 
177 
173 
173 
173 
165 

(180) 
- 
- 

- 

.- 

__ 

(1.75) 
(1.79) 
1.91 
2.19 
2.25 
1.98 
1.73 
1.75 
1.76 
1.90 
1.71 
2.49 
2.44 
2.40 
2.40 
2.41 
2.42 
2.47 
1.87 
2.31 
2.32 
2.32 
2.30 
2.32 
2.32 

(2.61) 
(2.78) 
2.89 
2.88 
2.79 
2.65 
3.01 
3.16 
3.00 
3.16 
3.32 
2.86 
3.31 
3.21 
3.24 
3.17 
3.02 
3.02 
2.26 
2.91 
2.90 
2.95 
2.95 
2.96 
3.92 

1.80 

1.98 
1.98 

1.98 
1.80 

- 

- 

- 
- 

1.80 

2.36 
2.36 
2.28 

- 

- 

- 

- 
2.36 
1.96 
2.31 
- 
- 

- 
__ 
- 

3.42 (0.81) 
- (0.99) 

3.58 0.98 
3.58 0.90 

0.81 
3.58 0.67 
3.42 1.21 

1.36 
- 1.20 

3.42 1.36 
1.52 

3.86 0.50 
3.86 0.95 
3.80 0.93 
- 0.96 
- 0.89 
- 0.74 

3.86 0.66 
3.53 0.39 
3.81 0.60 
- 0.59 
- 0.64 
- 0.64 
- 0.65 
- 0.61 

- 

- 

- 
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143 
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1.60 
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1.73 

2 07 
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2.13 
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1.73 
1.59 
1.59 
2.27 
2.23 

2.25 

2.40 
2.18 
2 20 
1.57 
2.20 
2.22 
1.58 
2.20 
2.17 
2.17 
2.20 

2.69 
2.88 
2.42 
2.47 
2.40 
2.33 
2.41 
3.24 
3.43 

3.03 
3.05 
3.1 1 
3.05 
3.01 
3.34 
3.65 
3.38 
2.86 
2.99 

2.99 

3.09 
3.14 
3.05 
3.60 
2.85 
2.97 
3.44 
2.89 
3.66 
2.87 
3.05 

1.78 

1.78 
- 

- 
- 
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- 
- 
-. 

2.13 
- 
- 
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- 

- 

2.13 
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2.13 
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2.13 

-. . 

3.37 

3.37 
- 
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_- 
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-_ 
- 

- 

3.65 
- 
- 

3.65 
3.65 

:%.ti5 
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- 

- 
- 

3.65 

3.65 
3.42 
3.65 

3.42 
3.65 

3.42 
3.65 
3.42 
3.s5 

- 

- 

1.01 
1.10 
0.78 
0.83 
0.76 
0.55 
0.63 
0.46 
0.65 

n.96 
0.94 
0.98 
0.92 
0.88 
1.21 
1 .,:2 
I 2 5  
0.83 
0 86 

0.8li 

0.96 
1.34 
0.9: 
1.47 
1.05 
0.84 
1.31 
1.09 
1.53 
1.07 
0.92 

d 

- 

Se3 
._ 

- 

Be4 
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TABLE I11 - continued 

Difference 
Length van der secondary 

Linear group Angle Single Wads minus Accurctcyand 
Compound Ref. Fig. Y-A---X a t A  Y-A A - - - X  A-X A - - - X  single notes 

f3 
f3 

- 0 Se 0 163 2.24 2.93 - 0.80 
158 1.62 3.12 1.80 3.42 1.32 

(CH 3) 3 S +I- 156 - C S  I 176 1.77 3.95 2.32 3.78 1.63 
(CH&Se+I- 98 - C Se I 179 1.96 3.78 2.42 3.88 1.46 
(CHs)sTe+CH3TeI4- 64 22 C Te I 149 2.01 3.97 2.60 4.04 1.37 

170 2.08 4.00 - - 1.40 
173 2.13 3.84 - - 1.24 
166 2.15 3.88 - - 1.28 

Thiuret hydriodide 77 - s s  I 167 2.09 3.62 2.32 3.78 1.30 
C4HeSeIz 99 - I Se I 167 2.76 3.64 2.42 3.88 1.22 
C ~ H ~ T ~ C I . S C ( N H Z ) ~  75 23 C Te C1 164 2.12 3.71 2.31 3.81 1.40 
CsHsTeBr. SC(NH2)z 76 - C Te Br 164 2.12 3.77 2.43 3.91 1.34 
C6HsTe[SC(NHz)z]z+CI- 76 - C Te C1 163 2.11 3.61 2.31 3.81 1.30 
(CHdzTeClz 46 24 C Te C1 163 2.08 3.52 2.31 3.81 1.21 

171 2.10 3.46 - - 1.15 
[p-C1CsHaSelz 115 - Se Se C1 166 2.33 3.66 2.13 3.65 1.53 
[ P - C ~ C ~ H ~ T ~ I Z  115 - Te Te C1 (180) 2.70 (3.79) 2.31 3.81 1.48 

- 
C 

d 

Cation6 
- 
- 
Anion 
C 

d 
C 

C 

C 

d 

a See footnote a ,  Table 11. 
Parent,heses around a figure indicate either that i t  cannot be computed from published information or that it appear8 

c Standard deviation of A - - - X is 0.04 A or better, corresponding approximately to a standard deviation for the angle 

d Standard deviation of A - - - X  is 0.01 A or better, corresponding approximately to a standard deviation of 0.5" for the 

particularly unreliable. 

Y-A- ~ - X of 2" or better (if X and Y are the same). 

angle Y-A- - - X  (if X and Y are the same). 
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FIG. 15. Thecentral atoms ofTe[SzP(OCH3)2]2. Largecircle, Te; small circles, S. 
Redrawn from Husebye (103) .  

FIG. 16. [Se(SeCN)&. Large circles, Se; small circles, C and N. Redrawn from 
Hauge (87). 

are 2.47 and 2.53 8, with bridge bonds of 2.86 8 opposite the long ter- 
minal bonds and 3.02 A opposite the short terminal bonds. 

B. WITH HALOGENS 
Tellurium tetrafluoride (56) also shows asymmetric bridges, having 

endless chains 

with bridge distances of 2.08 and 2.26 A (terminal Te-F of 1.89 A ) ;  the 
weaker bridge bond can be regarded as a strong secondary interaction. 
The coordination is octahedral, with one vacant (apex) position and the 
two bridge atoms are cis-equatorial. This can also be regarded, very 
approximately, as TeF,+F-, with stxong interaction between the ions. 
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The same structure type has been proposed from spectroscopic evidence 
for selenium and tellurium tetrachloride, tetrabromide, and tetraiodide 
(2, 83, 89) and has recently been proved for TeCl, (36) (Fig. 17) .  Tetra- 
meric units are built up of TeCl,+ ions symmetrically bridged by C1- ions. 
Each tellurium has three short Te-Cl bonds, 2.32 A, and three long 
bonds, 2.92 A. SeCI, and TeBr, are isomorphous with this compound. 

Both SF, and SeF, are monomeric in the vapor phase, but the Raman 
spectra of the solids suggest the presence of fluorine bridging (13) .  

n 

LJ 
FIG. 17. TeC14. Large circles, Te; small circles, C1. Redrawn from Buss and 

Krebs (36). 

However, TeF5-, has been shown to be monomeric, by spectroscopic ( l a )  
and crystallographic evidence (61). 

Weak interactions occur in the adduct of SeOF, with NbF5 (58)  
where the pyramidal SeOF, molecule (Se-F, 1.68 A) makes three further 
contacts [Se---F, 2.75 A (mean)] to complete an octahedron. The 
cation SeF,+ (Fig. 18) in both SeF3+Nb,F~ (59) and SeF,+NbF6- (60) 
is very similar, but has rather shorter distances: Se-F, 1.66 and 
1.73 A ;  Se---F, 2.43 and 2.35 A, respectively. The corresponding 
chlorine-containing cation in SeCI,+AlCl,- (143) has Se-C1 equal to 
2.18 A and Se---C1 equal to 3.08 A (mean) with the same geometry. 

The structures of six compounds containing selenium oxychloride 
or its derivatives have been determined. All show secondary bonding 
resulting in distorted octahedra, sometimes with one or two vacant 
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FIG. 18. SeF3+ in SeF3+Nb2F11-. Large circle, Se; small circles, F. Redrawn 
from Edwards and Jones (59).  

positions. In two compounds, SeOC1, .SbCl, (93) and 2SeOC1, .SnCl, 
(92), the oxygen atom of the SeOC1, molecule acts as a donor. Each 
contains a Cl-Se---Cl interaction to a C1 of another molecule, with 
Se - - - C1 of 3.05 or 3.01 A, and the second also has a weaker 0-Se - - - C1. 
Both also contain intramolecular intera,ctions involving four-membered 
rings, such as 

0 Sb 

Se - - - c1 
I I 

but it is not clear whether these are significant. In SeOC1,.2C5H5N (119) 
the selenium accepts two electron pairs from pyridine molecules becoming 
five-coordinate, and the sixth position is occupied by a long Se---C1 
interaction, 3.65 A. TheSeOC1,-ion hasbeenexaminedin twocompounds. 
When the cation is 8-hydroxyquinolinium (48) ,  the anion can be viewed 
as polymerized into chains by symmetrical chlorine bridges (Fig. 19). 

n 

FIG. 19. [SeOCls-1, in C9HBNO+SeOCl3-. Large circle, Se; medium circles, C1; 
small circle, 0. Redrawn from Cordes ( 4 8 ) .  
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FIG. 20. SeOCla- in [C~HON+]ZS~OC~~-CI-. Large circle, Se; medium circles, C1; 
small bircle, 0. Redrawn from Wang and Cordes (151) .  

This gives a five-coordinate selenium, and the sixth position is filled by a 
weak Se - - - C1 intramolecular interaction. However, the Se-Cl bridge 
bonds are also long, 2.97 8, and it is valid to consider the complex as 
being built up of SeOCl, molecules bound together by interactions with 
chloride ions. In  (C6H6N+),SeOCl3-C1- (151) there are discrete SeOC1,- 
ions, each of which interacts with one chloride ion, with Se - - - C1 equal 
to 2.99 A, to give a five-coordinate selenium atom (Fig. 20). As a cul- 
mination of the secondary interactions of , SeOCl,, the complex 
(CH3)*NC1 -5SeOC1, (94) contains a [C1,(SeOC1,),,]2- anion, a centro- 
symmetrical species held together entirely by secondary bonds (Fig. 21). 

FIG. 21. C12(SeOC12):;, in (CH&NCl.5SeOClz. Large circles, Se;  medium 
circles, C1; small circles, 0. The five different selenium atoms are numbered. 
Redrawn from Hermodsson (94) .  



SECONDAEY BONDING TO NONMETALLIC ELEMENTS 27 

These are mainly Se-  - -C1 distances of about 3.20 A, but there are some 
Se - - - 0. Six of the selenium atoms achieve six-coordination, and four 
five-coordination, although some of  the interactions are rather long. 

An interesting group of compounds for which S, Se, and Te (=X) can 
all be compared contain the ion (CH,),X+, interacting with iodine. These 
are pyramidal, and the first two have one linear C-X---I  grouping, 
while the third has three, completing an octahedron. The interacting 
distances are S - - - I ,  3.89 A (156);  Se-- - I ,  3.78 A (98); T e - - - I ,  3.95 A 
(mean) (64) .  Iodide is the anion for the first two, but the third occurs in 
the compound (CH,),Te+CH,TeI,- (Fig. 22) ; the anion is octahedral, 

W 
FIG. 22. (CH&Te+CH3TeI4-. Large circles, Te; medium circles, I ;  small 

circles, C. Redrawn from Einstein et al. ( 6 4 ) .  

with one empty position and this position is filled with a further Te - - - I 
interaction of length 3.88 A. Although the S - - - I  contact is no shorter 
than thevan der Waals distance of 3.78 A, the linearity and the similarity 
to the other compounds suggests that there is a directed interaction, 
even though it is very weak. A rather shorter S - - - I  interaction is known, 
3.62 A, in thiuret hydriodide ( 7 7 )  with an approximately linear S-S-I 
grouping. However, in 2,2’-diiododiethyl trisulfide ( 5 4 ) ,  a S - - - I  contact 
of 3.74 A without directional properties may well be due to van der 
Waals forces only. An Se - - -I interaction occurs between molecules of 
the tetrahydroselenophene 4 iodine adduct (99) with the linear grouping 
I-I-Se---I and distances Se-I, 2.76 A and S e - - - I ,  3.64 A. 

Tellurium to chlorine and bromine interactions are found in several 
compounds of Te(I1). Typical of these is the complex of thiourea with 
benzene tellurium chloride (76) .  This is a T-shaped molecule, with Te-C 
as the stem, Te-C1 (3.00 A) and Te-S as the arms, and a Te - - - C1 inter- 
action forming a distorted square with a length of 3.71 A (Fig. 23). 
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6" 
FIG. 23. The central atoms in CaH5TeSC(NH2)C1. Large circle, Te; medium 

circles, C1 and S; small circle, C. Redrawn from Foss and Husebye (75). 

The corresponding bromide (76) has Te-Br, 3.11 A, and Te- - -Br, 3.77 8. 
If two molecules of thiourea (76)  are complexed, a chloride ion is released 
to give PhTe(tu),+Cl-, but the chlorine is only 3.61 A away, in line with 
the carbon atom, completing a distorted square. A similar C-Te - - - C1 
is found in a Te(1V) compound, dimethyl tellurium dichloride (46) ,  
which has two short Te-C1 distances, 2.51 8, and two longer ones, 3.49 8, 
which complete an octahedron (Fig. 24). I n  p,p'-dichlorodiphenyl 
ditelluride (115), the grouping C1- - -Te-Te - - - C1 is approximately linear, 
with C1---Te somewhat longer, 3.79 8 (mean). The corresponding 
selenium compound (115) is isomorphous ; its C1- - - Se distances are 
slightly shorter (3.72 A).  Neither of these are significantly shorter than 
the expected van der Waals distances of 3.81 and 3.65 A, but the 
geometry suggests directed interactions. 

FIG. 24. (CH&TeClz. Large circle, Te; medium circles, C1; small circles, C. 
Redrawn from Christofferson et al. (46). 
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A number of tellurium( 11)-thiourea complexes show Te-ha1 bonds 
rather longer than the standard single bond length. These have been 
reviewed by Foss (73) and explained in terms of trans interactions ; in 
these compounds, as with the polyhalides, the distinction between 
primary and secondary bonds becomes blurred. 

V. GroupV* 

Nitrogen is concerned in some charge-transfer bonded adducts (86) 
and in the interactions formed by cyanides which are considered below, 
but apart from this, neither it nor phosphorus appears to be the principal 

Fro. 25. The central atoms in SbC13. CsHsNH2. Large circle, Sb; mediumcircles, 
C1; small circle, N. Redrawn from Hulme (101) .  

atom of directed secondary bonds, while for bismuth, only two examples 
have been found. Arsenic and antimony interact mainly with chalcogens 
and halogens, but an S b - - - N  interaction of 2.53 A occurs in 
SbC1,.C6HbNH2 (101) (Fig. 26). The Cl-Sb bond in the group C1-Sb - - - N  
is 2.52 8, considerably longer than in isolated SbCl, (2.37 A) or in the 
other two bonds in the adduct (2.33 A ) .  There is an As - - -As  interaction 
of 3.24 8 in dimethylarsinodimethyldithioarsinate (39) (Fig. 26) ; as 
could be expected, this occurs between pyramidal AsI'I groups rather 
than tetrahedral AsV groups, and the atoms S-As - - - As-S are approxi- 
mately linear. In  one compound, the adduct of antimony trichloride and 

* Summarized in Table IV. 
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n 

FIG. 26. (CHa)aAsSAsS(CHa)a. Large circles, As; medium circles, S; small 
circles, C. Redrawn from Camerman and Trotter (39). 

naphthalene (102), there is an interaction with the n electrons of the 
naphthalene. In the group 

C 
C1-Sb - - - 11 

C 

the C1-Sb bond, 2.367 A, is 0.02 A longer than the other two C1-Sb 
bonds ; the distance to  the 7~ bond is 3.2 A which is long, but the structure 
clearly shows that this is a directed interaction. 

A. WITH OXYGEN AND SULFUR 

Both arsenious and antimonous oxides exist as molecular and 
polymerized species in the solid state; in the cubic (molecular) form ( 9 ) ,  
the central atoms have three near oxygens in a pyramid and three further 
completing an octahedron: As-0, 1.8 8; A s - - - 0 ,  3.0 A ;  Sb-0, 2.0 A, 
and Sb- - - 0 , 2 . 9  8. The monoclinic form ( 1 7 , 1 8 )  of As,O, does not show 
similar contacts, while the structure of valentinite (155),  although 
apparently containing Sb,03 chains, has not been accurately determined. 
Bismuth in bismuth silicate (eulytite) has the same environment with 
Bi-0, 2.15 A, and B i - - - 0 ,  2.63 A (139).  By contrast, several other 
arsenic and antimony oxy compounds do not show secondary contacts, 
one example being potassium di-o-phenylene dioxyarsenate (141 and 
see references therein). 

Compounds with thio acids have quite different structures, and two 
xanthates and two diethyl(dithi0carbamates) contain distorted octa- 
hedra. I n  As(SzCOC2H5), (42 )  the distances are As-S, 2.28 A, and 
As- - - S, 2.94 8, while the antimony compound ( 8 2 )  has Sb-S, 2.52 A, and 
Sb---S, 3.00 A. As [S,CN(C2H5),], has As-S, 2.35 A, and As-- -S ,  
2.85 A ( 4 7 )  (Fig. 27); phenylarsine bis(diethy1 dithiocarbamate) (15)  is 
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FIG. 27. The central atoms in As[SzCN(CzHr,)&. Large circle, As; small circles, 
S (next to As) and C. Redrawn from Colapietro et al. (47).  

very similar with two S-As---S groupings and distances of 2.33 and 
2.87 A. Antimony triiodide forms an adduct with 1,4-dithiane (19), 
containing Sb - - - S links, 3.30 A ;  the Sb-I bonds opposite these inter- 
actions are 0.02 A longer than the third Sb-I bond. 

B. WITH HALOGENS 

The structure of solid arsenic trifluoride has not been determined, 
but in antimony trifluoride (55) there are three short, pyramidal Sb-F 
bonds of 1.92 A and three longer bonds of 2.61 A, completing an octa- 
hedron (Fig. 28). In the adduct, AsF,.SbF, (63) ,  the arsenic is also in a 
distorted octahedron, but the fluorine atoms show several degrees of 
interaction (Fig. 29). Two near, 1.64 A, with one at  2.01 A forming a 
bridge to  a SbF, group, make up a distinct adduct molecule, but there is 

FIG. 28. SbFa. Large circle, Sb; small circles, F. Redrawn from Edwards (55).  
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a second bridge through a fluorine a t  2.39 A and two longer contacts of 
2.73 A ;  the van der Waals distance is 3.32 A. Infrared evidence shows 
that the anion SbF4- exists both as monomeric and polymeric species, 
with large cation size favoring the former ( l a ) ;  in NaSbF, (38), one 
fluorine of each unit forms an asymmetric bridge, with Sb-F of 2.19 and 
2.51 A, and there is a weaker Sb - - - F interaction of 2.84 A as well, giving 
overall six-coordination. Unexpectedly, in view of the infrared work, 
KSbF4 (37) has been reported to  have more symmetric bridges with 
Sb-F of 2.18 and 2.29A; i t  has secondary interactions of2 .90  and 2.98A, 
but there are no linear groups. 

A 

8” 
FIG. 29. AsF3’SbFb. Large circle, As; small circles, F. Redrawn from Edwards 

and Sills (63 ) .  

Although SbF, and SbI, (below) show secondary links, it seems that 
neither AsBr, (25), SbC1, (120), nor SbBr, (25, 50) do so. I n  SbCl,, the 
bond distance is 2.35 A, whereas the next nearest neighbors are a t  3.5 A. 
However, in Cs3As2C1, (96), the arsenic is reported to be in a distorted 
octahedron with As-Cl, 2.25 8, and As - - - C1, 2.76 A ; there is a series 
of isomorphous compounds containing either As or Sb with C1, Br, or I .  
This was an early determination in two dimensions only, but the results 
are not dissimilar to more recent work on pyridinium tetrachloroanti- 
monite (130), where the SbC1,- ions are linked by asymmetric bridges 
with Sb-C1, 2.38 8, and Sb---C1, 3.12 A. 

The triiodides of arsenic, antimony, and bismuth form an interesting 
series (146, 148). All are isomorphous, with octahedra of iodine atoms 
containing the central atoms. Arsenic and antimony are significantly 
displaced from the centers of the octahedra, to give three near and three 
far X-I distances, but for Bi no irregularity can be detected. The bond 
distances are as tabulated below. 
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Short (A) Long (A) 
~ 

AS13 2.556 3.56 
Sb13 2.868 3.32 
BiI3 3.1 3.1 

VI. Group IV* 

There are very few relevant interactions involving group IV elements 
because (a )  the earlier members almost always have regular tetrahedral 
coordination, and ( 6 )  for the later members, the description nonmetal is 
doubtfully appropriate. One example is GeF, (147)  (Fig. 30) which is 

& 2.57 

FIG. 30. GeF2. Large circle, G e ;  small circles, F. Redrawn from Trotter et al. 
(147).  

not dissimilar to SbF3 and SeF,+. It is polymerized into a chain with 
almost symmetrical bridges (Ge-F, 1.91 and 2.09 A) and each germanium 
is coordinated to a pyramid of fluorine atoms, but in a fourth position 
opposite the longer Ge-F bridge bond, there is another fluorine a t  2.57 A, 
A number of Sn(1V) compounds are polymerized, and the bridges range 
from symmetrical, as in dimethyltin fluorine (138) with a regular octa- 
hedron, to highly unsymmetrical, as in dimethyltin chloride (52) with 
Sn-Cl bonds of 2.40 and 3.54 A. Here, the tin coordination is still 
basically tetrahedral, but the CH,-Sn-CH3 angle has widened to 123" 
toward the octahedral angle of 180" (Fig. 31). (CH,),Sn(NCS), (43, 7 1 )  
is similar to the chloride, having two S n - - - S  interactions, and the 
distortion toward octahedral is greater, with CH3-Sn-CH, being 148". 
(CH,),Sn(NCS) (43 ,85 )  is reported to show a similar Sn - - - S interaction 
leading to five-coordinate tin, but details have not yet been published. 
In  tribenzyltin acetate ( 8 )  (Fig. 32) the bridge is moderately asymmetri- 
cal, with Sn-0 equal to 2.14 and 2.65 A. The coordination is almost 

* Summarized in Table IV. 
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SECONDARY BONDS TO GROUP V AND IV E L E ~ N T s ~ .  b 

Difference ?r 

notes L 

Length van der secondary 
Linear group Angle Single Waals minus Accuracyand 3 

Compound Ref. Fig. Y-A---X a t A  Y-A A - - - X  A-X A - - - X  single 
n 

SbCl3. C s H m 2  101 25 C1 Sb N 166 2.52 2.53 2.06 3.60 0.47 C 

kSz03, cubic 9 -  O h 0  - 1.8 3.0 1.84 3.37 1.2 Three times 
Sb&, cubic 9 -  0 Sb 0 - 2.0 2.9 2.02 3.57 0.9 Threa times 
Bi4(Si0& 139 - 0 Bi 0 156 2.15 3.62 2.21 3.67 0.47 Threetimes 
As(SzCOCzH& 42 - S A S S  160 2.28 2.94 2.22 3.65 0.72 Threetimesd 
Sb(SzCOC2II5)3 82 - S Sb S 152 2.52 3.00 2.40 3.85 0.60 Threetimesd 
A4%@"C=a5)213 47 27 S As S (177) 2.34 2.90 2.22 3.65 0.68 d 

(CH3)&SAsS(CH3)2 39 26 S AS AS 162 2.28 3.24 2.36 3.70 0.88 

- 0.59 - 
2.36 2.82 - 0.60 - 

- - 2.35 2.81 
- - 

C~H&[SZCN(C~H~)Z]Z 15 - S AS S 152 2.32 2.91 2.22 3.65 0.69 

SbI3 - S2C4H4 19 - I Sb S 169 2.77 3.27 2.40 3.85 0.87 d 

- 153 2.33 2.84 - 0.62 - 

171 2.77 3.34 - - 0.94 - 



SbF3 

A s F ~  * SbF5 

NaSbF4 

CssAs2Clg 
(C&jN)+SbC14- 

55 

63  

38 

96 
130 

146 
148 
148 
147 

52 
71  
8 

28 F Sb F 162 
156 

29 F As F 164 
163 

- F Sh F 152 
170 

- C1 As C1 172 
- C1 Sb C1 (180) 

1.90 2.63 2.00 
1.94 2.60 - 
1.64 2.73 1.82 
2.01 2.39 - 

1.93 2.51 2.00 

2.25 2.75 2.17 
2.38 3.12 2.35 

2.03 2.84 - 

3.52 0.63 
- 0.60 

3.32 1.09 
- 0.57 

3.52 0.58 
0.84 

3.60 0.57 
3.80 0.72 

- 

- I As I 161 2.56 3.50 2.46 3.83 1.04 
- I Sb I 171 2.87 3.32 2.64 4.03 0.68 
- I Bi I (180) (3.1) (3.1) 2.73 4.13 (0.37) 
30 F Ge F 162 2.09 2.57 1.86 3.42 0.71 
31 C1 Sn C1 164 2.40 3.54 2.39 3.85 1.15 
- N Sn S 163 2.14 3.20 2.44 3.90 0.74 
32 0 Sn 0 169 2.14 2.65 2.06 3.62 0.59 

C 
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Z 

- 

C El 

C 
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@ See footnote a, Table 11. s 

particularly unreliable. h 

s 

* Parentheses around a figure indicate either that it cannot be computed from published information or that it appears 

C Standard deviation of A - - - X  is 0.04 A or better, corresponding approximately to a standard deviation for the angle 

d Standard deviation of A - - - X is 0.01 A or better, corresponding approximately to a standard deviation of 0.5' for the angle 

* 

Y-A - - - X of 2' or better (if X and Y are the same). M 
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FIQ. 31. (CH3)2SnC12. Large circle, Sn; medium circles, C1; small circles, C. 
Redrawn from Davies et al. (52). 

P 
FIG. 32. The central atoms in (C6H&Hz)&3nO&CHs. Large circle, Sn; medium 

circles, 0; small circles, C ( 8 ) .  

trigonal-bipyramidal, but the average C-Sn-0 (short) is 96" rather than 
90" for a trigonal bipyramid or 109" for a tetrahedron. In other com- 
pounds, such as Na,SnF, (1231, which shows Sn-F bonds of various 
lengths, it is hardly valid to treat the tin as a nonmetal. 

VII. Cyanides* 

Virtually all nonmetal cyanides that have been investigated show 
interactions between the nonmetal and the nitrogen of the cyanide, 
often giving a long linear group 

If the group is bent, it is bent at the nitrogen, showing that it is X 
that is the "principal atom." Despite this, these compounds have been 

* Summarized in Table V. 
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collected here because of their general similarity. They have been 
reviewed recently (27)  with special reference to their intermolecular 
interactions. 

Three halogen cyanides (79, 91, 110) have been examined, and for 
all, a linear infinite chain is required by the space group symmetry, 
but only for ClCN have the atomic positions been determined accurately. 
This has an interaction distance Cl - - -N of 3.01 A. The approximate 
bond lengths suggest that the degree of interaction increases for 
I > Br > C1 [Table 3 in Hassel and Romming (86)l. Cyanuric chloride 
also shows a C1- - - N  interaction, somewhat longer than that in cyanogen 
chloride (100).  Inclusion of an organic moiety between the halogen and 
the cyanide does not disturb the chain structure, as shown by IC&-CN 

FIG. 33. CH2(SCN)2. Large circle, S ;  small circles, C and N. Redrawn from 
Konnert and Britton (114). 

(22) and a series of halogenophenyl cyanides and isocyanides (27, pp. 147, 
134). These and several related compounds have been examined by 
Britton and co-workers, but the only complete publication is for 
p-iodobenzonitrile (134), in which the I - - - N  distance is 3.18 A, sub- 
stantially longer than the probable 2.8 A for ICN. 

With sulfur and selenium, some dozen compounds have been exam- 
ined (114) of which ten show interaction between S or Se and CN and 
are summarized in Table V ;  in an eleventh, tetracyano-l,4-dithiin (53) ,  
there is a preferential interaction between the CN groups and the double 
bonds. The sulfur or selenium atoms generally show distorted square- 
planar coordination, with two near neighbors and two far S - - - N  inter- 
actions. With CH,(SCN), (114) (Fig. 33) there is only one S - - - N  inter- 
action, whereas with (CH,),SC(CN)2 (45)  the sulfur forms three primary 
bonds and so has the ability to form three secondary bonds completing 
a distorted octahedron. The shortest interactions are 2.95 A for S - - - N  
in S(CN), (65)  and 2.98 a for S e - - - N  in Se(SCN)2 (127).  Most of the 
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SECONDARY BONDS FORMED BY CYANIDES". b 
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others are weak with an S - - - N  of about 3.2 A, compared to the van der 
Waals distance of 3.35 A, but the directional properties suggest that 
these are real secondary bonds. In the isomorphous series S(SCN)2 (69), 
Se(SCN)2 (127)) and Se(SeCN)2 (4,124), all the S and Se atoms achieve 
distorted square coordination, and Fig. 34 shows the molecular packing 

FIG. 34. Se(SeCN)z. Large circles, Se; small circles, C and N. Redrawn from 
McDonald and Pettit (124).  

in Se(SeCN)2. This group of compounds is sufficiently extensive for two 
effects on bond lengths to appear. The shortest interactions are of the 
type NC-X---NC forming a linear chain, with cyanide opposite the 
secondary bond. If the chain is bent a t  the nitrogen, i.e., 

NC-X---N 

the interaction is longer, and it is also longer in compounds of type 
R-X - - - NC with alkyl or aryl groups opposite the secondary bond. 

Several group V cyanides have been examined. P(CN), (67)  has three 
interactions completing an octahedron with P - - - N equal to 2.93 A. By 
contrast, in As(CN), (66, 135) (Fig. 35), there is only one interaction, 
but it is much stronger, 2.74 A. On substitution with first one and then a 
second methylgroup (40,135), the interaction weakens to 2.94 and 3.18 A. 
I~CH,AS(CN)~ (135) therearealsoweakerH,C-As---NandNC-As---N 
interactions, both with As---N of 3.32 A. 

With group IV, an incomplete study (7)  on silyl cyanide, which has 
an unexpectedly high melting point, has shown a linear chain, 
- - -Si-C-N- - - Si, but the bond lengths were not determined accurately. 
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R 

FIG. 35. As(CN)3. Large circles, As; small circles, C and N. Redrawn from 
Emerson and Britton (66). 

Trimethylgermyl cyanide (137) again has an abnormal melting point 
and the crystal structure determination shows a linear chain. The inter- 
action is weak (3.57 A), but probably real, as the C-Ge-C angles are 
slightly wider than tetrahedral (average 115"). Further evidence that 
this is real comes from the structure of (CH,),Ge(CN),, (27, p. 115 f.), 
where the interaction is stronger, 3.20 8 ;  the change parallels that found 
for As(CN), and CH,As(CN),. In (CH,)2Si(CN)2 (27, p. 155 f . ) ,  the 
overall structure is retained, but the interaction is very weak, with 
S i - - -N of 3.53 A. Trimethyltin cyanide (136) has approximately the 
same structure as the germanium compound, but with one great differ- 
ence. The CN group is now detached and is equidistant between two 
tin atoms, which are coordinated by three methyl groups in a plane ; the 
cyanide group is disordered, but a linear group Sn - - - C N  - - - Sn is 
retained. It appears that trimethyllead cyanide also has this structure 
(44) .  

VIII. Conclusion 

A. ANGLES 

The crystallographic results given above have been interpreted in 
terms of linear interactions, but some workers (140,154) have suggested 
that the relevant features are right-angled interactions, 

A - - - X  

Y 
I 
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The strongest evidence for the linear group comes from those compounds 
where there is only one primary bond from the central atom, when the 
secondary bond is always found to  be in line with, rather than a t  right 
angles to  it.  

Tables 11-V include as many angles as are known, and taking their 
accuracy into consideration, it can be seen that deviations of up to 15" 
from the straight line are common, but that few exceed this. When they 
do, of course, it becomes difficult t o  recognize a particular linear 
Y-A - - - X group, and so the preceding statement is equivalent to  saying 
that only in very few compounds with secondary bonds are linear 
groups absent or doubtful. 

B. GEOMETRY 

Whatever the nature of the bonding in the linear interactions, the 
resulting geometries can be analyzed, and with a set of simple rules, can 
be understood. Considering both primary and secondary bonds (and 
sometimes vacant positions), the central atom may have one of four 
coordinations : the centrosymmetric line, square, and octahedron, or the 
pseudo-centrosymmetric trigonal-bipyramid (with an axial secondary 
bond). Using this classification, the observed geometries are given in 
Table VI. 

The rules that explain these structures are : ( 1 )  The geometry of the 
primary bonds of the central atom is governed in the usual way by the 
number of lone and bonded electron pairs; (2) secondary bonds can form 
in any direction in line with primary bonds, but (3) not in the same 
direction as a lone pair on the central atom. 

As riders to (2) can be added (a) that secondary bonds are rare with 
the elements P, S, or C1, and ( b )  that  the number of secondary bonds 
may be restricted by packing considerations. 

There are a very few exceptions to ( l ) ,  involving group I V  elements, 
in which the overall geometry has changed, partly or completely, from 
that predicted for the primary bonds (tetrahedral) toward either trigonal- 
bipyramidal or octahedral. These can be seen as special cases, because 
they are the only examples where the primary coordination contains no 
vacant positions. Thus, the introduction of bonds to extra atoms can be 
expected to distort the original tetrahedron. As an example, in 
(CH,),SnCI, where the secondary bonds to chlorine are rather long, the 
angles CH3-Sn-CH, and CI-Sn-Cl are 123.5" and 93", rather than 109" 
for the original tetrahedron or 180" for a perfect octahedron. A similar 
situation might be found with an AB, molecule with five bonding pairs 



TABLE VI 

GEOMETRY OF SECONDARY INTERACTIONSa 

Line 

Primary : 1 Electron pairs : 4 Secondary : 1 

XeF+ (11, 2) ; XezF3+ (11, 3) ; POBn (11); I$- (11, 8);  IC1 (11, 9) ;  n.Chloro- 
succinimide (11) ; ClCN (V) 

Square 
Primary : 2 Electron pairs : 4 Secondary : 1 Vacant : 1 

CHz(SCN)z (V, 33) 

Primary : 2 Electron pairs : 4 Secondary : 2 

ClFz+ (11, 5 ) ;  BrFz+ (11, 5 ) ;  IClz+ (11, 10); (CaH5)zICla (11, 12); Te[SZP- 
(OCH3)zIz (111, 15); [Se(SeCN)3Iz2- (111, 16);  Se(SeCN)z (V, 34) 

CsH5IC12 (11, 1 1 )  ; CeH5Te(SC(NH2)zCl (111, 23) 

Primary : 3 Electron pairs : 5 Secondary : 1 

Trigonal bipyramid 

Primary : 4 Electron pairs : 4 Secondary : 1 

(CeH5CH2)3Sn(OCOCH3) (IV, 32) ; (CHd3GeCN (V) 

Octahedron 
Primary : 3 Electron pairs : 4 Secondary : 1 Vacant: 2 

SeOClz.SbC15 (111) ; (CH3)3Se+ (111); CeHsSeOzH (111) ; SbC13.C6H5NH2 (IV, 
25);  (CH3)zAsSAsS(CH3)2 (IV, 26);  GeFz (IV, 30) ;  As(CN)3 (V, 35) 

Primary : 3 Electron pairs : 4 Secondary : 2 Vacant : 1 

Xe03F- (11, 4 ) ;  Iz05 (11); C12(80oC12)~; (111, 21) 

Primary : 3 Electron pairs : 4 Secondary : 3 

103-  (11, 6 ) ;  1 2 0 5  (in HI308; 11, 7 ) ;  HzSe03 (111); TeC14 (111, 17); SeF3f (111, 
18);  SeC13+ (111); SeOFz (111); (SeOC13-), (111, 19); Clz(SeOC12):; (111, 21);  
(CH&Te+ (111, 22); Bi4(Si04)3 (IV); As[SzCN(CzHs)z]3 (IV, 27);  SbF3 (IV, 
28); AsF3.SbF5 (IV, 29);  A d 3  (IV); P(CN)3 (V) 

Primary : 4 Electron pairs : 5 Secondary : 1 Vacant : 1 

Te(OzCsH4)z (111); TeF4 (111); SeOC13- (111, 20). 

Primary: 4 Electron pairs: 5 Secondary : 2 

IOzFz- (11); TeOz (111, 13); (CH3)zTeClz (111, 24) 

Primary: 5 Electron pairs: 6 Secondary: 1 

CH3TeI4- (111, 22);  SeOClz.2C5HsN (111) 

Distorted octahedron 
Primary : 4 Electron pairs : 4 Secondary : 2 

(CH3)zSnClz (IV, 31);  (CH3)2Sn(NCS)z (IV) 

a Typical examples only are included. After each is given the table number and, 
if it  is illustrated, the figure number. 
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forming one secondary bond and becoming octahedral, but no example 
has been reported. 

The effect of (3) is demonstrated by considering the geometry defined 
by six electron pairs (5  bonding and 1 lone pair) giving a square-pyramidal 
molecule. Three species containing this arrangement, XeF,, XeFb+, and 
IF6, do not have a secondary bond in line with the apical atom. With 
AB, molecules having six electron pairs no secondary bonding is possible 
because the geometry is a square, e.g., XeF,. One can predict that an 
AB, species with six electron pairs would not form secondary bonds, 
but the only likely species of this type, XeF3-, has not been prepared. 
The underlying reason is that the octahedron defined by the original 
six electron pairs is centrosymmetrical. 

There are two exceptions to (3) and the preceding discussion ; they are 
CH,TeI, and SeOCl,.2C5H5N. Both form five primary bonds with 
square-pyramidal geometry, but do have a secondary interaction 
occupying the sixth position of an octahedron. It is possible that their 
bonding should be attributed to p electrons only, in which case there 
will not be six sterically active electron pairs in the original molecules. 
A parallel can be drawn with TeCli- (68) and TeBri- (14) ,  having regular 
octahedral geometry but formally seven electron pairs. 

C. DISTANCES 

The problems of definition of van der Waals radii, etc., discussed 
in the Introduction make it difficult to use secondary bond distances 
as a measure of interaction strength, but there are two possible 
approaches to this. 

At least one worker (62) has used the ratio (secondary bond length)/ 
(primary bond length) as a measure of the strength of the secondary 
bond, but this must almost certainly be invalid. For a very weak inter- 
action, almost a t  the van der Waals distance (taken to be 1.50 A longer 
than a single bond) the ratio will be (primary bond length + 1.50)/ 
(primary bond length), and this can clearly vary, for example, from 
1.3 for Te-Br to 2.1 for Cl-F interactions. For a stronger interaction, 
the ratio will be just as dependent on the participating elements. 

The alternative approach uses the difference (secondary bond length 
minus single bond length). This is supported by the calculations (dis- 
cussed below) of Wiebenga and Kracht (154) of bond orders in poly- 
halogens. Their plot of this difference (R - RcOv) against bond order is 
shown in Fig. 36 ; their bond orders are in the range 0.4 to 1 .0 correspond- 
ing to length differences 0.7 to 0.0 8. Part of the shortening from the 
van der Waals distance is assumed to be due to  electrostatic attraction 
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FIQ. 36. The relationship between bond order and bond length minus standard 
single-bond length for polyhalogens. From Wiebenga and Krmht (154). 

and a calculated correction is made for this (mostly small, but as much as 
0 . 3  A in one case). This correction presents a problem for the estimation 
of secondary bond orders from the bond length differences, because i t  
uses both the charges on the individual atoms and the force constant of 
the bond being corrected, information which is not normally available. 
In  the future with this correction, reliable estimates of bond order can 
probably be obtained, but a t  present they can only be semiquantitative. 

From the data two trends can be established for the strength of 
secondary bonds. In  the system Y-A - - - X, Y and X are often identical 
and there is not much evidence of the result of changing Y alone. How- 
ever, if A is changed, the effect is clear. When A becomes more electro- 
positive, the interaction becomes stronger. Good examples of this are 
F-Br - - - F and F-Cl - - - F in BrF,+ and CIF2+, with secondary distances 
of 2.29 and 2.38 A, respectively, or I-X- - -I in Ad,, SbI,, and BiI, with 
distances of 3.50, 3.32, and 3.1 A, and there are many others. Similarly, 
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if the atom A is positively charged, i t  forms stronger interactions than 
the same atom when neutral. 

One might expect that making X (or X and Y together) more 
electronegative would also strengthen the bond, but this is not neces- 
sarily so. There are few examples where compounds with similar 
geometries can be compared, but one case is 0-As - - - 0 in As209, 3.0 A, 
S-As---S in As[S2CN(C2H,),],, 2.84 A (mean), and corresponding bond 
length differences of 1.16 and 0.82 A. Although the first determination is 
inaccurate, the large decrease make it almost certain that here As - - - S 
is stronger than As- --0. Similarly, in C,H,Te(tu)Cl and C,H,Te(tu)Br, 
the bond length differences are 0.40 and 0.34 A, and it is again likely 
that Te - - - C1 is weaker than Te - - - Br. Further evidence can be obtained 
by considering the effect of making all of A, X, and Y more electro- 
positive without changing their relative electronegativity. This clearly 
strengthens the interaction in some cases. Cl-I - - -C1 in IC12+ can be 
compared with F-C1 - - - F and F-Br - - - F in C1F2+ and BrF2+, with bond 
length differences of 0.63 (mean), 0.80 (mean), and 0.60 A, where 
I - - - C1 is stronger than C1- - - F and no weaker than Br - - -F. Taking the 
first trend into consideration, it appears from this that the interaction 
tends to be strengthened if X becomes less, not more electronegative. 

D. BONDINU 

With as much empirical information available as possible, the nature 
of the secondary bonding itself can be considered. One simple explanation 
is that nothing more than electrostatic attraction is responsible, with 
the lone pair(s) of the central atom taking up some space. This is not 
unattractive for octahedra with three primary and three secondary 
bonds, but it does not explain the pseudo-octahedral geometry when 
one.or two secondary bonds are not formed. Also, with two primary 
bonds there is no obvious reason why only two secondary attractions 
should be strong. This explanation, then, is plausible for SeF,+ forming 
an octahedron, but not useful for BrF2+ forming a square, two compounds 
whose bonding should be very similar. 

What follows is put forward as a theory for secondary bonds that may 
be more satisfactory than the electrostatic view. In general terms, a 
dative interaction is suggested between a lone pair on the “outer” atom 
(X) and an empty orbital on the “cental” atom (A). Further, reasoning 
from the linearity of the bond, it is likely that the empty orbital is the 
u* orbital of the primary bond, Y-A; this can be expected to project 
furthest in space in the direction away from Y. Considering both primary 
and secondary bonds together, the three atomic orbitals involved will 
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give three molecular orbitals, occupied by two electron pairs. If the 
three atoms are arranged symmetrically, there are occupied bonding and 
nonbonding orbitals and an unoccupied antibonding orbital, and the 
result is a weak bond between each pair of atoms. With an unsymmetrical 
arrangement, the bonding orbital is concentrated between the close 
pair, giving a strong bond, and the nonbonding one is concentrated on 
the other side and (with a small contribution from the bonding orbital) 
gives a weak bond. The overall scheme is identical to that put forward 
for the hydrogen bond, which has the same possibility of asymmetry, 
0-H - - - 0, or symmetry, (F-H-F)-. 

In  theory, the formation of a secondary bond should produce a 
weakening of the primary bond (effectively one bonding electron pair 
spread over two bonds). But this will only be true if there is no change 
at  all in the orbitals involved ; there are generally d orbitals on the central 
atom of the correct symmetry to mix with the bonding or nonbonding 
three-center orbitals, and the formation of the secondary bond might 
lead to greater interaction with these d orbitals. In this case, the primary 
bond might be unchanged, or even strengthened by forming the second- 
ary bond. The best evidence of either effect is found with iodine and 
the polyiodides, where the intramolecular 1-1 is significantly longer 
than in the gas phase ; some similar examples have been noted during the 
main part of the chapter. There are also cases in which a primary bond 
that is long because of the nature of the structure, e.g., the bridge 1-0 
in Iz06, has the shortest secondary bond opposite it. Hassel and Romming 
(86a) have shown that for iodine in charge-transfer bonded adducts and 
trihalides, there is a linear correlation with Y-I lengthening as I - - - X 
shortens. 

The two trends noted for the strength of the secondary bonds can be 
understood qualitatively from this model. When the central atom (A) 
becomes more electropositive, the bonding and antibonding orbitals of 
the primary bond will both become less compact, leading to better 
overlap with the distant lone-pair orbital of the outer atom (X) ; there 
will also be a greater electrostatic force between the central and outer 
atoms. Similarly, when the outer atom becomes more electropositive, 
the lone-pair orbital will become less compact and will overlap better 
with the u* orbital of the central atom. In both cases, the greater 
diffuseness of the orbitals is the first step toward full delocalization of 
electrons, the first step toward metallic bonding; one or two compounds 
with secondary bonds do have a metallic luster. 

This model corresponds closely to that suggested for charge-transfer 
bonded species ( l o ) ,  and it has already been noted that the two types of 
bond are geometrically similar. The electron pair donation is effectively 
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a charge transfer, and it would be possible to give the whole class of 
secondary bonds this label. However, as presently recognized, charge- 
transfer interactions are always thought of as weak. It is therefore better 
to introduce the new term secondary bond which can cover a whole range 
of interactions including charge-transfer bonds, than to extend that 
term far beyond its present use. 

E. THEORETICAL CALCULATIONS 
In the work of Wiebenga and Kracht (154) on the bonding of poly- 

halogens, a Hiickel procedure was used, modified to allow for charges 
on the atoms and based only on p orbitals. The overlap integral was only 
given a nonzero value for two adjacent p orbitals directed a t  each 
other, and its variation with bond distance (R) was taken to be a linear 
function of (R - Rcovrtlent), fitted to  the known values for I, and I,-. 
It was assumed that all angles were 90" or 180". 

All the species examined have bond lengths longer than the standard 
covalent distances, and the bond orders were calculated corresponding 
to the observed geometries. These agreed well with the known distances 
(Fig. 36), which is not surprising in view of the assumed form of the 
overlap integral. A more independent test was a comparison of the 
calculated atomic charges with those obtained from nuclear quadrupole 
resonance and Mossbauer measurements, and the agreement was satis- 
factory ; other comparisons also suggest that this theoretical model 
accounts rather well for the bonding in these compounds. 

This model is in essence the same as that proposed above for second- 
ary bonds, but is more sophisticated because it allows full delocalization 
rather than delocalization over a three-atom system only. In  two species, 
ICl (solid) and 18-, bonds were examined that have been termed second- 
ary in the present study; the bond orders were 0.60 for the I---I-Cl 
interaction and 0.39 for the I - - - 1-1 interaction. This indicates very 
strongly that the secondary bond model can account satisfactorily for 
the observed interactions. 

These two polyhalogen secondary bonds, although weak, are part of 
a continuous range of bond strength (Fig. 36), and to distinguish them 
as secondary might seem unnecessary. In  principle, this is true, but 
in practice in most systems the possible continuous range of bond 
lengths has not been observed. The bonding is usually very asymmetric, 
and i t  is then valuable to distinguish the longer one as secondary, while 
recognizing that the bonding is of the same type in both the primary and 
secondary bond, apart from a possibly greater electrostatic component 
in the latter. The alternative in the past has been to ignore or discard 
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the secondary bond, rather than, ideally, to treat i t  as equivalent to  the 
primary one. 

The predominance of asymmetric systems points to a problem that 
cannot yet be resolved. Above, the primary geometry was explained by 
electron pair repulsion, and in this model the electrons are in hybrid 
orbitals which include d orbitals. The asymmetry then appears as a 
consequence of the lone pairs. From the model of Wiebenga and Kracht, 
the lone pairs are in 8 orp  orbitals directed at  right angles to  the molecular 
plane (if there is one). It is not clear whether asymmetry can arise 
naturally in this case, as calculations of geometries with minimum 
energy were not made. With Is-, the immediate cause of asymmetry 
seems to be an asymmetric crystal environment (I54), and the same may 
be true of other systems. This makes i t  quite likely that d orbitals are 
not necessary for asymmetry ; their contribution may only be in second- 
order effects, e.g., partial multiple bonding in 1-0 bonds of iodates. 
The trans effects proposed by Foss (73) can produce long bonds and 
asymmetric systems, but only when the atoms X and Y in the Y-A - - - X 
group are not the same. 

The way to further understanding of secondary bonds may well be 
through calculations like those of Wiebenga and Kracht on more general 
systems, which might establish bond orders and polarities. Examination 
of electronic spectra might also give useful information. 

Some much more detailed calculations have been made (95) on the 
interactions in solid halogens, which demonstrate the importance of 
charge-transfer interactions in these systems. 

F. SIGNIFICANCE 

The facts collected in this chapter are clearly very much a t  variance 
with bonding models that allow only single bonds at standard bond 
distances and interactions a t  van der Waals distances. In  reality, in 
some types of compounds, secondary bonds occur in virtually every 
example examined, and the understanding of these compounds must be 
incomplete if secondary bonding is ignored. I ts  more general importance 
is as part of a continuum of bonding types, of particular importance in 
bridging the gap between covalent and metallic bonding. By including 
secondary bonding, we can go one stage further in bringing the whole 
range of chemical interaction into one conceptual group, where the 
nature of the bonding is controlled by the electronegativity of the 
participating atoms. This can be illustrated for bridging interactions 
-B-A-B- in Fig. 37. 
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FIG. 37. The variation of bond type with electronegativity in a system B-A-B. 

IX. Appendix 

The following further structure determinations have been published 
up to the end of May 1972. Their results have not been incorporated into 
Tables II-V. The bond lengths are almost always accurate to better 
than 0.04 A. 

A. GROUPVII 
An important discovery is that some 15 steroid molecules whose 

structures were determined as bromine derivatives have linear inter- 
actions C-Br - - -0 and these appear to dominate the molecular packing. 
The Br - - -0  distances are in the range 2.9-3.2 A (129a). A chlorine 
oxygen interaction occurs in POCl,. Its crystals are isomorphous with 
those of POBr, and contain a P-CI- - - 0 grouping with P-Cl of 1.97 A, 
C 1 - - - 0  of 3.05 A, and the angle at C1 of 165" ( 1 2 7 ~ ) .  The structure of 
POBr, has been refined in an alternative space group without significant 
change in the atomic positions (145a). In BrF,+Sb,F,,- the bromine is 
surrounded by a distorted octahedroii of fluorine atoms with four at  
1.81 A (avg.) and two (cis) at  2.24 and 2.49 A.  The F-Br---F angles 
are 168" and 175" (118~). 

Four further iodate structures have been reported. In Ca(IO,), * 6 H 2 0  
the iodine has the usual distorted octahedral coordination (25a) while in 
Sr(I03)2 .HzO, there are two linear 0-1 - - -0 interactions but instead of 
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a t h i r d I - - - 0 ,  thereare twooxygenatomsat 3.2 A (126%). InKIO,.HIO, 
there are four independent iodine atoms. All have distorted octahedral 
environments but one has an extra iodine oxygen contact through the 
center of the widest face, between the three I - - - 0 interactions (4%). In  
KIO, . HIO, .KCl, there are I - - -C1 as well as I - - - 0 interactions. The 
octahedron around one iodine atom contains two unusually short I - - - 0 
distances, 2.59 and 2.47 A and one I - - -C1  of 3.03 A. The octahedron of 
the second iodine has one I - - -0  of 2.61 8, one I---Cl  of 3.07 8 and one 
vacant position (25b) .  

B. GROUP VI 
The most important information is that a number of selenites and 

tellurites have distorted octahedra around Se or Te as would be 
expected by comparison with iodates. In LiH3(Se03)2, the three S e - - - 0  
interactions range from 2.80 to 3.29 A while the bonded Se-0 vary 
between 1.65 and 1.77 A (126e). The same coordination is reported for 
NaD,(Se0,)2 (126d) and NaH,(Se03)2 ( 1 0 8 ~ )  while in KH,(Se03)2 two 
of the S e - - - 0  interactions are relatively short (3.00 A, 3.22 A) but the 
third (3.45 A) is close to the van der Waals distance of 3.42 A (85a). I n  
BaTe03.H20, the Tee0 distance is 1.85 A, there are two linear 
0-Te---0 interactions of 3.03 and 3.33 A and one position of the 
octahedron is vacant (126f). The structure of H2Se0, has been refined 
by neutron diffraction (1146) confirming the previous results. It is worth 
noting that although it has the same space group (P2,2,2,) and similar 
cell dimensions to HIO,, the two compounds are not isomorphous, 
unlike HIO, and XeO,. 

The short intramolecular S - - - S and S - - - 0 distances in thiothioph- 
thenes and desaurins are reviewed ( 1 2 1 ~ ) .  Both C1- - - S-S - - - C1 and 
Cl---S-C: interactions (with Cl---S of 3.23 A and 3.19 A respectively) 
occur in 4-phenyl-1 ,Z-dithiolium chloride monohydrate (84a) and there 
are similar interactions in the corresponding bromide (100a) and iodide 
(1006). The structure of thiuret hydriodide has been refined (130a) and 
the same paper discusses a number of other compounds containing 
S-S - - -Hal interactions. 

I n  TeCl,+AlCl,-, the tellurium atom has 3 short Te-C1 bonds, 2.28 A 
and 3 long ones, 3.06 A in a distorted octahedron (36b), very similar to 
that in TeCl,, whose structure determination has been published in 
detail (3Ga). In  the compound CIC2H,TeCl,, bridging chlorine atoms 
link the molecules into infinite chains. The tellurium has octahedral 
coordination with one vacant position, and in the CI-Te---Cl groups, 
Cl-Te is 2.39 A, Te---Cl is 2.72 A (113a). 
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In  Te(CH,),I,, each of the three independent tellurium atoms has a 
distorted octahedral environment with two Te-C of 2.10-2.16 A, two 
short Te-I of 2.85-2.99 A and two C-Te---I interactions with Te- - - I  
of 3.65-4.03 A (42c). 

C. GROUPV 
The structures of two further adducts of SbC1, have been determined. 

In  SbCl3.2CBHSNH2, the antimony atom is in an octahedron with one 
position vacant. It forms two long interactions with nitrogen atoms of 
aniline molecules with Sb---N of 2.64 A. The bond angle CI-Sb---N is 
166" and this Sb-C1 is 2.50 A, substantially longer than the apical Sb-C1, 
2.36 A (101a). A complex with phenanthrene, C14HI0.2SbC13, is similar 
to the corresponding naphthalene complex (5%). In  KSb2F,, SbF, and 
SbF4- units are linked into infinite chains by long interactions. The 
antimony atom in the SbF4- ion remains four-coordinate but the other 
one has distorted octahedral coordination with three short Sb-F, 1.92- 
1.96 A, two long Sb---F,  2.41 A and 2.57 A and one vacant position 
( 1 2 6 ~ ) .  In  BiCl,, which might be expected to show directed interactions, 
the bismuth has three near chlorines (2.46-2.52 A) forming a pyramidal 
BiC1, group and five a t  3.22-3.45 A giving in all a bicapped trigonal 
prism (1269). Although two Cl-Bi - - - C1 groups are approximately linear 
(1 55") it is clearly not valid to label these as directed to the exclusion of 
the others. If the bonding of the five chlorines is partly covalent, as a 
comparison with the van der Waals distance (3.90 A) would suggest, 
then it must be of a more complex type than for most of the compounds 
described here. There is some support for this from a comparison (1269) 
with two molecules probably isomorphous with BiC1,: SbC1, and 
P-SbBr,. In  these and in a-SbBr,, the same bicapped trigonal prismatic 
coordination occurs and it is very significant that the Sb---C1 inter- 
action (3.63 A, avg.) islonger than theBi---Clinteraction (3.31 A, avg.). 

In  a-BizO3, one bismuth atom has distorted octahedral coordination 
with three short Bi-0, 2.14-2.29 A and three longer, 2.48-2.80 A ;  the 
second bismuth atom has three short, 2.08-2.21 A, and two longer 
distances, 2.54, 2.63 8, and the shortest Bi-0 is opposite the vacant 
position (126a). Similar octahedra with one vacant position occur in the 
oxides Bi12Ge02, ( 1 )  and Bi2Ti4011 (107a) while a complete octa- 
hedron is found in bismuth formate ( 1 4 2 ~ )  with Bi-0, 2.34 A and 
Bi - - -0 ,  2.50 A. 

D. GROUPIV 
In  trimethyl tin isothiocyanate, (CH,),SnNCS, there is an Sn- --S 

interaction, 3.13 A, which links the molecules into chains; a t  the same 
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time the C-Sn-C angle increases to 119" (avg.) and N-Sn-C is 95" (avg.), 
i.e., the molecule is close to a trigonal bipyramid (72). 

E. CYANIDES 

Further examples of halogen-cyanide interactions have been found : 
Cl---N of 3.22 A in 2,4,6-trichlorobenzonitrile, Br-- -N of 3.06 A in the 
corresponding bromo compound (42a) and Br- - -N of 3.03 A in bromo- 
tricyanomethane (154a). Interestingly, chlorotricyanomethane forms 
no interactions ( 1 5 4 ~ ) .  In  the two salts K(SeCN)3.&H,0 (87b) and 
Rb(SeCN),.$H,O (87a), Se---N interactions occur of length 3.47- 
3.60 d, which provide square planar environments around each selenium 
with either three short and one long bond (central Se) or two short, one 
long bond and one vacant position (terminal Se). The whole series of 
group IV cyanides, (CH3)2M(CN)2, M = Si-Pb, has been examined. 
With M = Si and Ge, there are weak interactions, N---Si, 3.48 A, 
N---Ge, 3.28 A, and the molecules are somewhat distorted from tetra- 
hedral, H,C-Si-CH,, 120", H,C-Ge-CH,, 121". There are also very 
weak interactions, N---Si, 3.97 A and N---Ge, 3.84 A, about 0.3 A 
longer than the expected van der Waals distances but which are linear 
and which appear to be significant. With M = Sn, both interactions are 
of equal length, Sn---N, 2.48 A and the molecules are closer to octa- 
hedral, H3C-Sn-CH,, 149". The compound with M = Pb appears to be 
similar to this, but single crystals could not be obtained (114a). 

REFERENCES 

1. Abrahams, S. C., Jamieson, P. B., and Bernstein, J. L., J .  Chem. Phys. 47, 

la. Adams, C. J., and Downs, A. J., J .  Chem. SOC. A 1534 (1971). 
2 .  Adams, D. M., and Lock, P. J., J .  Chem. SOC. A 145 (1967). 
3. Agron, P. A., Johnson, C. K., and Levy, H. A., Inorg. Nucl. Chem. Lett. 1, 

4. Aksnes, O.,  and Foss, O.,  Acta. Chem. S c a d .  8 ,  702, 1787 (1954). 
5. Alcock, N. W., Acta Crystallogr. Sect. B,  in press. 
6. Alcock, N. W., Ph.D. Thesis, Cambridge Univ., 1963. 
7. Alcock, N. W., and Sheldrick, G. M., unpublished results. 
8.  Alcock, N. W., and Timms, R. E., J .  Chem. SOC. A 1873 (1968). 
9. Almin, K. E., and Westgren, A., Ark. Kemi Mineral. Cfeol. 15B, No. 22, 1 

10. Andrews, L. J., and Keefer, R.  M., Advan. Inorg. Chem. Radiochem. 3,  91 

11. Archer, E. M., Acta Crystallogr. 1 ,  64 (1948). 
12. Archer, E. M., and van Schalkwyk, T. G. D., Acta Crylrtallogr. 6, 88 (1953). 
13. Aynsley, E. E., Dodd, R.  E., and Little, R.,  Spectrochirn. Acta 18,1005 (1962). 

4034 (1967). 

145 (1966). 

(1942). 

(1961). 



54 N. W. ALCOCK 

14. Bagnall, K. W., d’Eye, R. W. M., and Freeman, J. H., J. Chem. SOC. 3959 

15. Bally, R., Acta Cryatallogr. 23, 295 (1967). 
16. Bartlett, N., Einstein, F., Stewart, D. F., and Trotter, J., J. Chem. SOC. A 

17. Becker, K. A., Plieth, K., and Stranski, I. N., 2. Anorg. AZZg. Chem. 266, 

18. Becker, K. A., Plieth, K., and Stranski, I. N., 2. Anorg. AZZg. Chem. 269, 

19. Bjorvatten, T., Acta Chem. Scund. 20, 1863 (1966). 
20. Bolhuis, F. V., Koster, P. B., and Migchelsen, T., Acta Crystallogr. 23, 90 

21. Bondi, A., J .  Phy8. Chem. 68,441 (1964). 
22. Borgen, B., Haasel, O., and Romming, C., Acta Chem. Scand. 16, 2469 (1962). 
23. Boswijk, K. H., van der Heide, J., Vos, A., and Wiebenga, E. H., Acta 

24. Boswijk, K. H., and Wiebenga, E. H., Acta. Crystallogr. 7, 417 (1954). 
25. Braekken, H., Kgl. Nor. Vidensk. Selak. Porh. 8, No. 10, 1 (1935). 
25a. Braibanti, A,, Manotti Lanfredi, A. M., Pellinghelli, M. A., and Tiripicchio, 

25b. Braibanti, A., Tiripicchio, A., and Manotti Lanfredi, A. M., Chem. Commun. 

26. Bringeland, R., and Foss, O., Acta Chem. Scand. 12, 79 (1958). 
27. Britton, D., in  “Perspectives in Structural Chemistry” (J. D. Dunitz and 

J. A. Ibers, eds.), Vol. I, pp. 109-171. Wiley, New York, 1967. 
28. Brown, R. N. ActaCryetaZlogr. 14, 711 (1961). 
29. Bryden, J. H., andMcCullough, J. D., Acta Crystallogr. 7, 833 (1954). 
30. Burbank, R. D., and Bensey, F. N., J .  Chem. Phys. 21, 602 (1953). 
31. Burbank, R. D., and Bensey, F. N., J. Chem. Phya. 27, 982 (1957). 
32. Burbank, R. D., and Jones, G. R., Science 168, 248 (1970). 
33. Burbank, R. D., and Jones, G. R., Science 171,485 (1971). 
34. Burns, J. H., Agron, P. A., and Levy, H. A., in  “Noble-Gas Compounds” 

(H. H. Hyman, ed.), p. 211. Univ. of Chicago Press, Chicago, Illinois, 1963; 
see also pp. 195 f, 203 f. 

35. Burns, J. H., Ellison, R. D., and Levy, H. A., i n  “Noble-Gas Compounds” 
(H. H. Hyman, ed.), p. 226. Univ. of Chicago Press, Chicago, Illinois, 1963; 

36. Buss, B., and Krebs, B., Angew. Chem. 82, 446 (1970); Angew Chem. Int. 
Ed. Eng. 9, 463 (1970). 

36a. Buss, B., and Krebs, B., Inorg. Chem. 10, 2795 (1971). 
36b. Buss, B., Krebs, B., and Altena, D., 2. Anorg. AZlg. Chem. 386, 257 

37. Byst.rom, A., Biicklund, S., and Wilhelmi, K.-A., Ark. Kemi 4, 175 (1952). 
38. Bystrom, A,, Biicklund, S., and Wilhelmi, K.-A., Ark. Kemi 6, 77 (1953). 
39. Camerman, N., and Trotter, J., J .  Chem. SOC. 219 (1964). 
40. Camerman, N., and Trotter, J., Can. J. Chem. 41, 460 (1903). 
41. Carpenter, G. B., and Richards, S. M. Acta Crystallogr. 15, 360 (1962). 
42. Carrai, G., and Gottardi, G., 2. Kristalzogr. 113, 373 (1960). 
42a. Carter, V. B., and Britton, D., Acta CrystalZogr. Sect. B 28, 945 (1972). 
42b. Chan, L. Y .  Y., and Einstein, F. W. B., Canad. J .  Chem. 49, 468 (1971). 

(1955). 

1190 (1967). 

293 (1951). 

92 (1952). 

(1967). 

Crystullogr. 9, 274 (1966). 

A., Inorg. Chim. Acta 5 ,  590 (1971). 

1128 (1967). 

(1971). 



SECONDARY BONDING TO NONMETALLIC ELEMENTS 55 

42c. Chan, L. Y. Y., and Einstein, F. W. B., J .  Chem. SOC. Dalton Trans.  316 

43. 
44. 
45. 
46. 

47. 

48. 
49. 
50. 
51. 
52. 

(1972). 
Chow, Y. M., Inorg. Chem. 9, 794 (1970). 
Chow, Y .  M., and Britton, D., Acta Crystallogr. Sect. B 27, 856 (1971). 
Christensen, A. T., and Witmore, W. G., ActaCrystallogrSect. B 25, 73 (1969). 
Christofferson, G. D., Sparks, R. A., and McCullough, J. D., ActaCrystalZogr. 
11, 782 (1958). 
Colapietro, M., Domenicano, A.,  Scaramuzza, L., and Vaciago, A., Chem. 
Commun. 302 (1968). 
Cordes, A. W., Inorg. Chem. 6, 1204 (1967). 
Cromer, D. T., and Larson, A. C., Acta Crystallogr. 9, 1015 (1956). 
Cushen, D. W., and Hulme, R., J .  Chem. SOC. 2218 (1962). 
Dasent, W. E., and Waddington, T. C., J .  Chem. SOC. 3350 (1960). 
Davies, A. G., Milledge, H. J., Puxley, D. C., and Smith, P. J.,J. Chem. SOC. A 
2862 (1970). 

52a. de Boer, J. L., Bolhuis, F. V., Olthof-Hazekamp, R., and Vos, A., Acta 

52b. DelmaldB, A., Mangia, A., Nardelli, M., Pelizzi, G., and Vidoni Tani, M. E., 

53. Dollase, W. A., J .  Amer. Chem. SOC. 87, 979 (1965). 
54.  Donohue, J., J .  Amer. Chem. SOC. 72, 2701 (1950). 
55. Edwards, A. J.,J. Chem. SOC. A 2751 (1970). 
56. Edwards, A. J., and Haiwaidy, F. I., J .  Chem. SOC. A 2977 (1968). 
57. Edwards, A. J., and Jones, G. R., J .  Chem. SOC. A 1467 (1969). 
58. Edwards, A. J., and Jones, G. R., J .  Chem. SOC. A 2858 (1969). 
59. Edwards, A. J., and Jones, G. R., J .  Chem. SOC. A 1491 (1970). 
60. Edwards, A. J., and Jones, G. R . , J .  Chem. SOC. A 1891 (1970). 
61. Edwards, A. J . ,  and Monty, M ,  A., J. Chem. SOC. A 703 (1969). 
62. Edwards, A. J., and Sills, R. J. C.; J .  Chem. SOC. A 2697 (1970). 
63. Edwards, A. J.,  and Sills, R. J. C . , J .  Chem. SOC. A 942 (1971). 
64.  Einstein, F., Trotter, J., and Williston, C., J .  Chem. SOC. A 2018 (1967). 
65. Emerson, K., Acta Crystallogr. 21, 970 (1966). 
66. Emerson, K., and Britton, D., Acta Crystallogr. 16, 113 (1963). 
67.  Emerson, K., and Britton, D., Acta Crystallogr. 17, 1134 (1964). 
68.  Engel, G., 2. Krktallogr. 90, 341 (1935). 
69.  Fehler, F., and Linke, K. H., 2. Anorg. Allg. Chem. 327,151 (1964). 
70. Feikema, Y. D., and Vos. A., Acta Crystallogr. 20, 769 (1966). 
71.  Forder, R. A., and Sheldrick, G. M., J .  Organometal. Chem. 22, 611 (1970). 
72.  Forder, R .  A., and Sheldrick, G. M., J .  Organometal. Chem. 21, 115 (1970). 
73. Foss, O., in “Selected Topics in Structure Chemistry” (P. Andersen, 

Crystallogr. 21, 841 (1966). 

Acta Crystallogr. Sect. B 28, 147 (1972). 

0. Bastiansen, and S. Furberg, eds.), pp. 145-173. Universitets forlag, Oslo, 
1967. 

74 .  Foss, O., and Hauge, S., Acta Chem. Scand. 19, 2395 (1965). 
75.  Foss, O., and Husebye, S., Acta Chem. Scand. 20, 132 (1966). 
76 .  Foss, O., and Maroy, K., Acta Chem. Scand. 20, 123 (1966). 
77.  Foss, O.,  and Tjomsland, O., Acta Chem. Scand. 12, 1799 (1958). 
78. Garrett, B. S.,  U.S. At. Energy Comm. Rep., ORNL-1745 (1954); abstracted 

79 .  Geller, S.,  and Schawlow, A. L., J .  Chem. Phys.  23, 779 (1955). 
in Struct. Rep. 18, 393 (1954). 



56 N. W. ALCOCK 

80. Chose, S . ,  ActaCrystallogr. 15, 1105 (1962). 
81. Gillespie, R. J . ,  Angew Chem. Inl. Ed.  Engl. 6 ,  819 (1967). 
82. Gottardi, G., 2. Krystallogr. 115, 451 (1961). 
83. Greenwood, N. N., Straughan, B. P., and Wilson, A. E., J. Chem. SOC. A 

84. Groth, P., and Hassel, O., ActaChem. Scand. 16, 2311 (1962). 
84a. Grundtvig, F., and Hordvik, A., Actu Chem. Scand. 25, 1567 (1971). 
85. Hall, J. B., Inorg. Chem. In press. 
85a. Hansen, F., Hazell, R. G., and Rasmussen, S. E., Acta Chem. Scand. 23, 

86. Hassel, O., and Romming, C., Quart. Rev., Chem. SOC. 16, 1 (1962). 
86a. Hassel, O., and Romming, C., Acta Chem. Scund. 21, 2659 (1967). 
87. Hauge, S., Acta Chew. Scand. 25, 1135 (1971). 
87a. Hauge, S., Acta Chem. Scand. 25, 3103 (1971). 
87b. Hauge, S., and Sletten, J. ,  Acta Chem. Scand. 25, 3094 (1971). 
88. Havinga, E., Boswijk, K. H., and Wiebenga, E. H., Acta Crystallogr. 7, 

89. Hayward, G. C. ,  and Hendra, P. J., J .  Chem. SOC. A 643 (1967). 
90. Hazell, A. C., Acta Crystallogr. 16, 843 (1963). 
91. Heiart, R. B., and Carpenter, G. B., Acta Cryetullogr. 9, 889 (1956). 
92. Hermodsson, Y., Acta Crystallogr. 13, 656 (1960). 
93. Hermodsson, Y. ,  Acta Chem. Scand. 21, 1313 (1967). 
94. Hermodsson, Y . ,  Acta Chem. Scand. 21, 1328 (1967). 
95. Hillier, I. H., and Rice, S. A., J. Chem. Phys. 46, 3881 (1967). 
96. Hoard, J. L., and Goldstein, L., J .  Chem. Phys. 3, 117 (1935). 
97. Hodgson, D. J., and Ibers, J. A., Inorg. Chem. 8 ,  326 (1969). 
98. Hope, H., Acta Crystallogr. 20, 610 (1966). 
99. Hope, H., and McCullough, J. D., Acta Crystallogr. 17, 712 (1964). 
100. Hoppe, W., Lenn6, H. U., and Morandi, G., 2. Kristallogr. 108, 321 (1957). 
100a. Hordvik, A., and Baxter, R. M., Acta Chem. Scan,d. 23, 1082 (1969). 
lOOb. Hordvik, A., and Sletten, E., Acta Chem. Scand. 20, 1874 (1966). 
101. Hulme, R., J .  Chem. SOC. A 2448 (1968). 
1Ola. Hulme, R., private communication. 
102. Hulme, R., and Szymaliski, J. T., Actu Crystallogr. Sect. B 25, 753 (1969). 
103. Husebye, S., Acta Chem. Scand. 20, 24 (1966). 
104. Husebye, S., Actu Chem. Scand. 21,42 (1967). 
105. Ibers, J. A., Acta Crystallogr. 9, 225 (1956). 
106. Ito, T., and Sawada, H., 2. Kristallogr. 102, 13 (1939). 
107. James, W. J., Hach, R. J., French, D., and Rundle, R. E.,  Acta Crystallogr. 

107a. Jensen, G., Lab. Insulation Res. Mass. Inst. Tech., Tech. Rep. 198 (see 

108. Jones, G. R., Burbank, R. D., and Bartlett, N., Inorg. Chem. 9, 2264 

108a. Kaplan, S. F., Kay, M. I., and Morosin, B., Perroelectrics 1, 31 (1970). 
109. Karle, I. L., J. Chew. Pkys. 23, 1739 (1955). 
110. Ketelaar, J. A. A.,  and Zwartsenberg, J. W., Rec. TTUV. Chim. Pays-Bas 

111. Keve, E.  T . ,  Abrahams, S. C., and Bernstein, J. L., J .  Chem. Phys. 54, 2556 

1479 (1966). 

2561 (1969). 

487 (1954). 

8, 814 (1955). 

ref .  126a and Chem. Abs, 63, 1565Oh). 

(1970). 

58, 448 (1939). 

(1971). 



SECONDARY BONDING TO NONMETALLIC ELEMENTS 57 

112. Khotsyanova, T. L., Kristallografiya 1, 524 (1956); Chem. Abstr. 51, 4793 

113. Klinsberg, E., Quart. Rev., Chem. SOC. 23, 537 (1969). 
113a. Kobelt, D., and Paulus, E. F., Angew. CILem. In$. Ed. Engl. 10, 74 (1971). 
114. Konnert, J. H., and Britton, D., Acta Crystallogr. Sect. B 27, 781 (1971). 
114a. Konnert, J., Britton, D., and Chow, Y. M., dcta Crystallogr. Sect. B 28, 180 

114b. Krebs Larsen, F., Lehmann, M. S., and Setofte, I., Acta Chem. Scand. 25, 

115. Kruse, F. H., Marsh, R. E., and McCullough, J.  D., Acta Crystallogr. 10, 201 

116. Larson, A. C., and Cromer, D. T., Acta Crystallogr. 14, 128 (1961). 
117. Leciejecwitz, J., 2. Kristallogr. 116, 345 (1961). 
118. Levy, H. A., and Agron, P. A., in “Noble-Gas Compounds” (H. H. Hyman, 

118a. Lind, M. D., and Christe, K. O., Inorg. Chem. 11, 608 (1972). 
119. Lindqvist, I., and Nahringbauer, G., Acta Crystallogr. 12, 638 (1959). 
120. Lindqvist, I., and Niggli, A., J .  Inorg. Nucl. Chem. 2, 345 (1956). 
121. Lindqvist, O., Acta Chem. Scand. 21, 1473 (1967). 
121a. Lynch, T. R., Mellor, I. P., m d  Nyburg, S. C., Acta Crystallogr. Sect. B 27, 

122. McCullough, J. D.; J .  Amer. Chem. SOC. 59, 789 (1937). 
123. McDonald, R. R., Larson, A. C., and Cromer, D. T., Acta Cryalallogr. 17, 

124. McDonald, W. S., and Pettit, L. D., J .  Chem. SOC. A 2044 (1970). 
125. MacGillivray, C. H., and van Eck, C .  L. P., Rec. Trav. Chim. Pays-Bas 62, 

126. McRae, V. M., Peacock, R. D., and Russell, D. R., Chem. Commun. 62 (1969). 
126a. Malmros, G., Acta Chem. Scand. 24, 384 (1970). 
126b. Manotti Lanfredi, A. M., Pellinghelli, M. A., Tiripicchio, A., and Tiripicchio 

126c. Mastin, S. H., and Ryan, R. R., Inorg. Chem. 10, 1757 (1971). 
126d. Mohana Rao, J. K., to be published (see ref. 126e). 
126e. Mohana Rao, J. K., and Viswamit,rn, M. A., Acta Crystallogr. Sect. B 27, 

126f. Nielsen, B. R., Hazell, R. G., and Rnsmussen, S. E., Acta Chem. Scand. 25, 

1269. Nyburg, S. C., Ozin, G. A., and Szymahski, J .  T., Actu Crystallogr. Sect. B 

127. Ohlberg, S. A., and Vaughan, P. A, ,  J .  Amer. Chem. SOC. 76, 2649 (1954). 
127a. Olie, K., Aeta Crystallogr. Sect. B.  27, 1459 (1971). 
128. Olie, K., and Mijlhoff, F. C . ,  Acta Crystallogr. Sect. B 25, 974 (1969). 
129. Pauling, L., “The Nature of the Chemica,l Bond.” Cornell Univ. Press, 

129n. Peck, D. N., Duax, W. L., Egw, C., and Norton, D. A., American Crystallo- 

130, Porter, S. K., and Jacobson, R. A., J Chem. Soe. A 1356 (1970) 
130a. Rodesiler, P. F., and Amma, E. L., Acta Crystallogr. Sect. B 27, 1687 (1971). 
131. Rogers, M. T., and Helmholtz, L., J .  Amer. Chem. Soc. 62, 1537 (1940). 
132. Rosenzweig, A. and Morosin, B., Acta Crystallogr. 20, 758 (1966). 

, r . r s y u r d  1 .  

(1957) ; 52, 4282 (1958). 

(1972). 

1233 (1971). 

(1957). 

ed.), p. 221. Univ. of Chicago Press, Chicago, Illinois, 1963. 

1948 (1971). 

1104 (1964). 

729 (1943). 

Carnellini, M., Acta Crystallogr. Sect. B 28, 679 (1972). 

1765 (1971). 

3037 (1971). 

27, 2298 (1971). 

Ithaca, New York, 1960. 

graphic Association Abstracts, Summer 1970, 71 (L6). 



68 N.  W. ALCOCK 

133. Rychnovsky, V., and Britton, D., Acta Crystallogr. Sect. B 24, 725 (1968). 
134. Schlemper, E. O. ,  and Britton, D., Acta Crystallogr. 18, 419 (1965). 
135. Schlemper, E. O. ,  and Brjtton, D., Acta Crystallogr. 20, 777 (1966). 
136. Schlemper, E. O. ,  and Britton, D., Inorg. Chem. 5, 507 (1966). 
137. Schlemper, E. O. ,  and Britton, D., Inovg. Chem. 5, 511 (1966). 
138. Schlemper, E. O . ,  and Hamilton, W. C., Inorg. Chem. 5, 995 (1966). 
139. Segal, D. J., Santoro, R. P., and Newnham, R. E., 2. Kristallogr. 123, 73 

140. Selte, K., and Kjekshus, A., Acta Chem. Scand. 24, 1912 (1970). 
141. Skapski, A. C., Chem. Commun. 10 (1966). 
142. Sladky, F. O. ,  Bulliner, P. A., Bartlett, N., de Boer, B. G., and Zalkin, A., 

142a. StAlhandske, C.-I., Acta Chem. Scand. 23, 1525 (1969). 
143. Stork-Blaisse, B. A., and Romers, C., Acta Crystallogr. Sect. B 27, 386 (1971). 
144. Struchkov, Yu. T., and Khotsyanova, T. L., Izw. Akad. Nauk .  SSSR Ser. 

Khim.  11, 821 (196O);Struct. Rep. 24, 661 (1960). 
145. Templeton, D. H., Zalkin, A., Forrester, J. D., and Williamson, S .  M., in 

“Noble-Gas Compounds” ( H .  H. Hyman, ed.), p. 229. Univ. of Chicago 
Press, Chicago, Illinois, 1963. 

145a. Templeton, L. K.,  and Templeton, D. H., Acta Crystallogr. Sect. B. 72, 
1678 (1971). 

146. Trotter, J., 2. Kriatallogr. 121, 81 (1965). 
147. Trotter, J., Akhtar, M., and Bartlett, N., J .  Chem. SOC. A 30 (1966). 
148. Trotter, J., and Zobel, T., 2. Kristallogr. 123, 67 (1966). 
149. Viers, J. W., and Baird, H. W., Chem. Commun. 1093 (1967). 
150. Vonk, C. G., and Wiebenga, E. H.,  Acta Crystallogr. 12, 859 (1959). 
151. Wang, B.-C., and Cordes, A. W., Inorg. Chem. 9, 1643 (1970). 
152. Wells, A. F.,  and Bailey, M., J .  Chem. SOC. 1282 (1949). 
153. Wiebenga, E. H., Havinga, E. E., and Boswijk, K. H., Adwan. Inorg. Chem. 

154. Wiebenga, E. H., and Kracht, D., Inorg. Chem. 8 ,  738 (1969). 
154a. Witt, J. R., Britton, D., and Mahon, C., Acta Crystallogr. Sect. B 28, 950 

155. Wyckoff, R. G., “Crystal Structures,” Vol 11, p. 20. Wiley (Interscience), 

156. Zuccaro, D. E., and McCullough, J. D., 2. Kriatallogr. 112, 401 (1959). 

(1966). 

Chem. Commun. 1048 (1968). 

Radiochem. 3, 133 (1961). 

(1972). 

New York, 1964. 




