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BOND LENCTHS AND BOND STRENGTHS IN (IMPOUNDS OF THE 5f ELEMEOTS* 
W. H. Zachariasen 

University of Chicago, 
Chicago, 111. 60637 USA 

and 
Los Alamos Scientific Laboratory, University of California, 

Los Alamos, NM 87545 USA 

THE BOND LENGTH-BOND STRENGTH RELATION 

The variation of bond length (D) with bond strength (S) in normal valence com
pounds of 3d, 4d, 5d-4f, and 6d-5f elements can be represented approximately as 
D(S) = D(0.5) F(S), \h.ere D(0.5) is a characteristic constant for a given bond 
and F(S) an empirical function ̂ ich is the same for all bonds. A bond strength 
S.. = S.. is assigned to the bond between atoms i and j such that Z S.. = v. and 

E S.. = V., where v. and v. are the normal valences of the two atons. The 

function F(S) decreases monotonically with increasing S, and is normalized to 
unity at S = 0.5, so that the constant D(0.5) has the physical meaning of being 
the bond length adjusted to S = 0.5. 

This method of interpretation was first applied to uranyl compoimds [1] and pro
vided a better understanding of the experimental results than -was possible with 
the aid of ionic or covalent radii. The method makes no assutiption as to the 
natixre of the chemical bond; but the condition E S.. = v., which serves to 

J ^ "• 
define the bond strength, is a generalization of the principle of local valence 
balance which Pauling [2] introduced in discussing silicate structures. 

The F(S) function is enpirical, and hence it is subject to revision from time to 
time. For the present a linear relationship is assumed In the range S = 1 to 
S = 2, but this assumption may have to be modified later. The function is shown 
in Fig. 1 

and in Table 1. 

Fig. 1. The empirical F(S) curve. 



Table 1. The Function F(S). 

S F(S) S F(S) S F(S) 

0.20 1.130 0.60 0.974 1.40 0.837 
0.25 1.105 0.80 0.931 1.60 0.807 
0.33 1.064 1.00 0.896 1.80 0.778 
0.40 1.035 1.20 0.866 2.00 0.748 

THE D(0.5) VALUES 

In this paper the method described above will be used to interpret and systona-
tize the experimental results on bond lengths in oxides, halides and o^-halides 
of the 5f elements. 

The D(0.5) values for the metal-oxygen bonds are shown in Table 2. 

Table 2. The D(0.5) Values (in A) for M-0 Bonds 

Valence 3 4 5 6 7 

Ac 
Th 
Pa 
U 
Np 
Pu 
Am 
On 
Bk 
Cf 
Es 

2.52 

2.38 
2.37 
2.36 
2.34 
2.33 
2.32 

2.424 
2.390 
2.369 
2.353 
2.337 
2.328 
2.320 
2.310 
2.299 

2.36 
2.34 
2.33 
2.32 
2.31 

2.33 
2.32 
2.31 
2.30 

2.31 
2.30 

It may be useful to indicate by exanples how these values are obtained. 

For the thoride series, with v = 4, the D(0.5) values are simply the observed 
bond distances in the dioxides which all have the fluorite structure. It is 
more difficult to obtain the D(0.5) values for the actinide series from the 
sesqxiioxide results. In the C-t37pe of structure (PU2O3-ES2O3) there are two 
kinds of metal atoms, so the formula should be written M(1)M(2)306 and the M-0 
distances vary considerably. The F(S) function and the requirement E S.. = 2.00 

for the oxygen atom determine the D(0.5) value. However, for the metal atons one 
finds that E S.. is 3.3 for M(l) and 2.9 for M(2) . The hexagonal A-type of 

j -^ 
structure (AC2O3 and PuzOa-CfzOs) has two kinds of oxygen atoms corresponding to 
the formula M2 02(l) 0(2). In this case one requires E S.. = 3.00 for atom M to 

find the D(0.5) value. One finds E S.. = 2.3 for 0(1) and 1.4 for 0(2), which 
i Ĵ 

are exceptionally large deviations from the ideal value of 2.0. It is worthy of 
note that the D(0.5) values deduced from the two structure types for sesqui-
oxides agree to 0.01 A. 

The D(0.5) values obtained for the M-F, M-Cl and M-Br bonds are listed in Tables 
3 and 4. 



Table 3. The D(0.5) Values (in A) for M-F Bonds 

Valence 3 4 5 6 

Ac 
Th . 
Pa 
U 
Np 
Pu 
Am 
On 
Bk 
Cf 

2.39 

2.32 
2.30 
2.29 
2.27 
2.26 
2.25 
2.24 

2.32 
2.29 
2.27 
2.26 
2.24 
2.23 
2.22 
2.21 
2.20 

2.26 
2.24 
2.23 
2.22 
2.21 

2.23 
2.22 
2.21 
2.20 

Table 4. The D(0.5) Values (in A) for M-Cl and M-Br Bonds 

Valence 3 4 5 6 

Ac-Cl 
-Br 

Th-Cl 
-Br 

Pa-Cl 
-Br 

U-Cl 
-Br 

Np-Cl 
-Br 

Pu-Cl 
-Br 

An-Cl 
-Br 

Qn-Cl 
-Br 

Bk-Cl 
-Br 

Cf-Cl 
-Br 

2.86 
3.00 

2.76 
2.90 
2.74 
2.89 
2.72 
2.88 
2.71 
2.86 
2.70 
2.85 
2.69 
2.83 
2.68 
2.82 

2.79 
2.93 
2.76 
2.91 
2.74 
2.89 
2.73 

2.72 

2.74 
2.89 
2.72 2.71 

A close inspection of the data given in Tables 2-4 shows a number of interesting 
features. The decrease in bond length with increasing val§nce is quite small. 
Thus the Pu-0 bond (at S = 0.5) is shortened by only 0.08 A as the valence is 
increased from three to seven. The decrease in bond length with atomic number 
for given valence is the 5f contraction. It is seen that the actinide contrac
tion (v = 3) is larger than the thoride contraction (v = 4), vdiich is larger 
than the pro^actinide contraction (v = 5), and so forth. The M-0 bonds are 
0.09 - 0.13 A and the M-Cl bonds about 0.47 A longer than the corresponding M-F 
bonds, while the M-Br bond is about 0.15 A longer than the M-Cl bond. 

THE M^-0 AND M^-0 BONDS 

The metal atom forms 6, 7 or 8 bonds to oxygen atoms in oxygen compounds of ̂ exa-
valent U, Np, Pu, M. Six equivalent bonds (i.e. S = 1.00) with U-0 = 2.08 A 
occur in 6-UO3, [3], and in UJfsOiz, [4]; and six bonds of nearly equal length 
with a mean value U-0 = 2.09 A are found in Ca2U05, Sr2UO5 and in CasUOs, 
SrsUOe, [5]. However, a colinear uranyl group is present in most of the com
pounds. In NaUOz (Ac)3 , [6], and UO2 (N03)2*6H2 0, [7], the loranyl oxygeng form no 
other bonds (i.e. S = 2.00) and the observed bond length is U-0 = 1.74 A; but in 
both compounds there are six other U-0 bonds normal to the uranyl axis corres
ponding to S = 0.33 and a bond length U-0 = 2.48 A. When the uranyl oxygen is 



bonded to other atoms the strength of the uranyl bond is decreased and the length 
increased. Because of the condition E S.. = 6.0 a weakenins; of the uranyl bonds ' 

inplies a corresponding strengthening^of the secondary bonds. Thus, in CaUO^, 
[5], \h.ere each uranyl oxygen is bonded to three calcium atons, the length of the 
uranyl bond is increased foom 1.74 A to 1.96 A, and the length of the six second
ary U-0 bonds is reduced fron 2.48 A to 2.30 A. 

The colinear group 0(1)-M -0(1) has been foxmd in a number of compounds of penta-
valent U, Np, Pu, Am. Six secondary M-0 bonds occur in KPu02CX)3, [8]. An 
analysis of the bonding situation gives the bond strengths S = 1.75 for the 
Pu^-O(l) bonds and S = 0.25 for the secondary bonds. The D(0.5) value of 2.32 A 
leads to predicted lengths of 1.82 A for the PuV-O(l) bond and of 2.56 A for the 
secondary bond. The observed value for the latter bond length is 2.55 A, \̂ iile 
the primary bond length was poorly guessed to be 1.94 A. ; 

BRIDGING AND NON-BRIDGING HALOGEN BONDS i 

In many halide and oxyhalide structures one finds one set of halogen atoms bonded 
to one metal atom each while another set of halogen atons are bonded each to two ! 
metal atoms. In the latter case S = 0.5 for the bridging atom while S = 1.0 for ; 
the non-bridging atom. According to Table 1 the ratio D(1.0)/D(0.5) = 0.896. 
Table 5 shows observed and predicted bond lengths in sone strxictures containing 
both bridging and non-bridging bonds. 

Bridging as well as non-bridging^ fluorine bonds have been reported in a-UFs and 
in 3-UF5, [9]. A value of 2.24 A was found for the bridging U-F bond in a-UFs. 
At the time it was believed that the bond length was fixed except for small cor
rections due to variations in the metal coordination number, and hence U^-F = 
2.24 A was assxmed also for the length of non-bridging bonds in a-UFs, while the 
anticipated length of a non-bridging U -F bond is 2.01 A according to the find
ings of this paper. 

Observed and Predicted Lengths of Bridging and Non-bridging Bonds 

S - 0.5 S = 1.0 D(1.0)/D(0.5) Ref. 

Table 

Coipound 

PaCls 

UCls 

PaBrs 

PaOBra 

5. Obs 

obs. 
pred. 
obs. 
pred. 
obs. 
pred. 
obs. 
pred. 

Pa-4C1 2.74 A Pa-3C1 2.44 A 0.891 [10] 
2.74 2.46 0.896 1 

U-2C1 2.69 U-4C1 2.44 0.907 [11]' 
2.72 2.44 0.896 

Pa-2Br 2.86 Pa-4Br 2.58 0.902 [12], 
2.89 2.59 0.896 

Pa-2Br 2.91 Pa-2Br 2.61 0.897 [13] 
2.89 2.59 0.896 

I 

BOND LENGTHS IN OXYHALIDE STRUCIURES ^ 

A large nun±)er of trivalent compounds of 4f and 5f elements, MDCl, MDBr, and M3I 
have the PbFCl type of structure. The bond lengths reported for these structures 
have been puzzling because the metal-halogen distance is so much larger than the 
metal-oxygen distance. According to ionic radii the M-Cl distance should be 
about 0.4 A longer than the M-0 distance, while the observed bond length differ
ence is 0.8 A in the MOCl structures. The observations are readily understood on 
the basis of the bond length - bond strength relation. In the MOCl structure 
each oxygen atom is bonded to four M atoms and each chlorine atom to five M atoms. 
Hence, the bond strength is S = 0.50 for the M-0 bond, but only S = 0.20 for the 
M-Cl bond. The observed and predicted bond lengths for PuOCl, [14], are 



Pu-40 PU-5C1 

observed 2.35 A 3.10 A 
predicted 2.38 3.09 

In the x-ray diffraction stiodies of the structures of AcOF, PuOF, LaOF, and YOF, 
[15], it was not possible to distinguish between oxygen and fluorine atoms. On 
the basis of ionic radii it was assumed that the oxygen atoms would be at the 
sites giving the larger bond length. This assunption is incorrect and the sites 
assigned to oxygen and fluorine atons in the ordered structxires of Ref. [15] 
should be interchanged. Each oxygen and each fluorine atom are bonded to four 
metal atoms, and thus the bond strengths are S = 0.50 for the M-0 bond and 
S = 0.25 for the M-F bond. Observed and predicted bond lengths for the tetrago
nal PuOF structure are 

Pu-40 Pu-4F 

observed 2.39 A 2.57 A 
predicted 2.38 2.53 

It is hoped that the exanples discussed above will illustrate the power of the 
bond strength method of interpretation. 
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