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Abstract. Due to the paucity of data on non-bonding
interactions for metal atoms, no complete tabulation is
available for crystallographic van der Waals radii for me-
tallic elements. In this work several sets of van der Waals
radii for metal atoms are derived indirectly. Unique data
resources used for the derivation are (i) average volumes
of elements in crystals, (ii) single covalent radii, (iii) Al-
linger’s van der Waals radii, as well as (iv) bond valence
parameters for metal-oxygen bonds. The van der Waals
radii for metal atoms deduced from these various ap-
proaches are basically comparable with each other, but are
strikingly different from those from Bondi’s system of van
der Waals radii. A complete set of new values for metallic
elements up to Am, derived from bond valence para-
meters, are recommended.

1. Introduction

The earliest work on atomic radii for intermolecular dis-
tances was presented in 1932 by Magat [1] and Mack [2],
but it was Pauling who first introduced the term ‘van der
Waals radius’ to science in 1939 [3], fully seventy years
ago. Pauling’s pioneering work on crystallographic van
der Waals radii has since been used frequently in crystal-
lography and structural chemistry. Bondi later reported ad-
ditional van der Waals radii for 19 non-metallic and
19 metallic elements in 1964 and 1966 respectively [4].
Unlike the non-metallic elements, however, there are many
metallic elements for which a van der Waals radius has
not yet been well-established. Moreover, Mingos et al.
were the first to claim that Bondi’s radii for metal atoms
were too small by a systematic deviation [5], and even
attempted to correct them with a linear equation. Succes-
sively, Zefirov [6] and then Batsanov [7] questioned the
methods used by Bondi to estimate the radii based on var-
ious types of data, such as gas-kinetic collision cross sec-

tions, critical densities, and properties in the liquid state,
along with the crystallographic data available during the
nineteen-sixties. It was argued that Bondi’s van der Waals
radii did not constitute a consistent approach based on a
unitary data resource.

On the other hand, Pauling had derived van der Waals
radii based on the close contact distances in a series of
crystal structures [3]. These crystallographic van der Waals
radii (hereafter Rvdw) are different from Allinger’s van der
Waals radii [8], which were deduced from an energetically
neutral distance at which the attractive and repulsive
forces are equal. They are also different from the gas-ki-
netic van der Waals radii deduced from the distance for
minimum energy interaction [6(b)]. Methodologically,
Bondi’s van der Waals radii belong to none of these three
van der Waals radius systems.

Unlike the non-metallic atoms, most of the metal
atoms do not appear on the periphery of a molecular
packing of metal-organic compounds in the crystalline
state. Therefore, weak intermolecular metal � � �metal con-
tact distances cannot be determined directly and estima-
tion of the Rvdw for a metal atom has remained a chal-
lenge for decades. Nevertheless, the situation has changed
gradually over the last decade because it has become pos-
sible to derive the Rvdw by certain indirect methods. More
specifically:

(a) Zefirov has proposed provisional values of Rvdw for
the Group I–III metals by assuming that the abso-
lute difference between the values derived by Allin-
ger and Rvdw is about 0.33 � 0.2 �A [9], and that
these values derived from the Allinger’s radii were
better than those estimated from the so-called sphe-
rical domain radii for many metal atoms, including
the Group I–III elements;

(b) Batsanov has used the estimation by Pauling [3(a)]
that the single covalent radius and Rvdw of an atom
have a nearly constant difference with a value of
0.80 �A [10], and applied intra-molecular contact-
distance data to derive the Rvdw values for most of
the metallic elements;

(c) Datta et al. have calculated Rvdw values using the
bond valence parameters, either derived empirically
or calculated theoretically, for d elements with con-
siderable success [11]; and
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(d) We have applied the spherical radii of the average
atomic volumes in crystals in which the f elements
were involved, to determine Rvdw for all metallic
elements [12].

In order to establish a reliable Rvdw system for all the me-
tallic elements in the Periodic Table, all of the indirect and
consistent approaches mentioned above are revisited in
this work. Highlighted is an extremely simple approach
using only the empirical bond valence parameters for me-
tal–oxygen bonds instead of a complicated calculations for
the mean value of ten metal � � �X (X ¼ F, Cl, Br, I, O, S,
Se, Te, N, P) bonds to derive the Rvdw. Finally, certain
problems related to the application of Bondi’s radii for
metal atoms are illustrated by some interesting examples.

2. Computation methods and data resources

A consistent approach toward the Rvdw refers to a specific
method using a unique data resource to obtain the van der
Waals radii for all of the metallic elements in the Periodic
Table. It is our view that four data resources can be used
independently for the present purposes.

2.1 Average volume of the elements in crystals

Dirichlet’s polyhedra are a method of partitioning the
space in a crystal into polyhedra, each surrounding its
constituent atoms and ions [13]. The values of spherical
domain radii Rsd, are calculated to be the radius of a
sphere with a volume equal to that of the polyhedral vo-
lume. The Rsd may yield the Rvdw data for the metal atoms
or ions at the center of the ployhedron. Though the Rsd

values agree well with the Rvdw of some non-metallic
atoms, it is doubtful whether the Rsd can serve as a Rvdw

for metal atoms such as the elements of Group I–III [9]
and the lanthanides [14].

The failure in this derivation for metal atoms might be
attributed to the non-close contact between the central me-
tal and the ligand atoms in these polyhedra. Alternatively,
the average volume of elements, statistically derived from
the analysis of the Cambridge Structural Database (CSD)
[15], is a method of partitioning space to obtain atomic
size in crystals. Instead of the volume of the Voronoi-Di-
richlet’s polyhedra, the average volume could be used to
determine the spherical domain radii to be considered for
use as the Rvdw [12].

The results are encouraging. For example, 1.08 �A is
obtained for the Rvdw of H, close to the value of 1.10 �A
proposed by Pauling [3(b)]. Those for lanthanides, ranging
from 2.2 � 2.4 �A, are also acceptable, and are roughly
0.7 �A larger than their covalent radii [10(b)]. However,
these spherical domain radii should be considered as only
approximately equal to the values of Rvdw for metal atoms.
They are useful as a first approximation in the derivation
of Rvdw [16].

2.2 Single covalent radii

Pauling originally proposed the single covalent radii of
metal atoms, and summarized that the Rvdw of non-metals

could be taken as equal to these radii by adding a constant
0.80 �A [3(a)] [17]. Bondi later suggested that the constant
should be 0.76 �A but did not provide any rationalization
[4(a)]. Batsanov then set forward the first Rvdw system
which covered most of the metal atoms, using covalent
radius plus 0.80 �A and his own covalent radii data [18].

Batsanov has confirmed that the Rvdw and covalent ra-
dii of an atom differed by 0.7 to 0.8 �A because of the
effect of variations in the coordination number [19]. In
fact, this constant can be estimated using the relationship
between the bond order of homopolar bonds and their
bond length as first proposed by Pauling [17],

D ¼ R(1) – R(n) ¼ 0.300 ln n (1)

where n is the bond order and is equal to the ratio of the
valence to the coordination number, and D is the homopo-
lar bond length increment caused by the increase in the
coordination number. Lengthening the single covalent
bond length by increasing coordination number from 1 to
12, the equivalent of the shortest non-bonded distance,
will take the bond order from 1 down to 1=12, giving
D ¼ –0.75 �A.

D ¼ �0.77 �A is obtained after a further increase in the
coordination number to 13. We prefer the constant
�0.76 �A which is a mean value derived by extensive use
of Pauling’s formula (1). Incidentally, this important for-
mula has been presented incorrectly in the literature with
logarithms to the base 10 [17, 19].

2.3 Allinger’s van der Waals radii

Allinger himself has noted that the van der Waals radii
used in molecular mechanics are roughly 30% larger than
those used by crystallographers. Zefirov even attempted to
derive the Rvdw for the Group I–III metal atoms by redu-
cing Allinger’s radii by a factor of 8 to 29% [9]. After due
consideration, we conclude that Allinger’s estimation of
the van der Waals radii used in molecular mechanics is
30% too large. We speculate that this problem may arise
because the reference data may be from Bondi’s system.
Therefore, a unique multiplicative reducing factor of 0.866
(i.e., roughly 15%, not 30%) is be a better approach to the
reduction of Allinger’s van der Waals radii to the Rvdw.
The Rvdw determined this way are not only basically con-
sistent with those presented by Zefirov for group I–III
metals, but also can be accessible for all metal atoms with
this unique factor.

2.4 Bond valence parameters

Pauling’s formula (1) can be applied not only to homopo-
lar bonds, for example to the accurate prediction of the
length of the quadruple C�C bond at 1.128 �A [20], but
also to heteropolar bonds, for which the commonly used
expression is

sij ¼ exp [(R0� rij)/B] (2)

where sij is the bond valence of the metal atom Mi bonded
to a electronegative atom Xj with the experimental bond
length rij, and R0 and B are the bond valence parameters
dependent of the nature of the ij pair [21]. Generally,
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these parameters are fitted to ensure that the sums of the
bond valences around all the atoms in a large number of
well-determined crystal structures are the same as their
valences [21].

The R0 value can be viewed as a bond length of unit
valence, and B ¼ 0.37 �A has been assumed to be a ‘uni-
versal’ constant although this is not always accepted [22].
Obviously, the rij value will increase from R0 to the sum
of the Rvdw of the ij pair when the sij decreases from 1 to
a value closing to 0. Datta et al. have taken an appropriate
value of sij ¼ 0.01 v.u. to successfully deduce the Rvdw for
the d elements [11].

It is noted that the van der Waals interaction energy of
1 � 10 kJ/mol is roughly two orders of magnitude less
than that for normal chemical bonding. We will assume
this value for sij in order to extend the study of Rvdw to all
metal atoms. On the other hand, we will greatly simplify
Datta’s calculations by using the R0 values only for one
M––O bond instead of an R0 value averaged over ten
M––X (X ¼ F, Cl, Br, I, O, S, Se, Te, N, P) bonds [11].
The merit of our approach is not only that reliable R0 va-
lues for most empirical M–O bonds are accessible via the
internet [23], and which are believed to be superior to all
values calculated using the rules of Brown and Altermatt
[24], but also one need not be concerned that many of
the bonds, such as Cu(I)––F, Cu(II)––I, Tl(III)––I, and
Fe(V)––P et al. do not objectively exist at all [11]. Further-
more, the linear correlation between metal oxidation state
and R0 for M––O bonds can be utilized [25]. Conse-
quently, the amount of calculation can be greatly reduced
without loss of accuracy.

From Eq. (2) with B ¼ 0.37 �A and the Rvdw of 1.40 �A
for O atoms [3], a linear relationship is obtained between
Rvdw and R0 with B ¼ 0.37 �A for the metal atom:.

Rvdw ¼ R0 þ 0.304 (3)

Interestingly, both the single covalent radii and the unit
valence bond length R0 are linked to the Rvdw with differ-
ences of only a constant of 0.76 �A and 0.304 �A, respec-
tively. Thus both simple approaches to Rvdw may be devel-
oped along with that derived from the average atomic
volume in crystals as an approximate “back of the envel-
ope” method [16].

At this stage, an overall comparison among the deriva-
tions discussed above is appropriate, and should lead to
values for Rvdw suitable for recommendation.

3. Results and discussion

3.1 Rvdw for s–d–p elements

The results for Rvdw obtained by the various approaches
discussed earlier, and the data sets recommended by Zefi-
rov [9], Batsanov [10] and Datta et al. [11] along with
Bondi’s and Allinger’s values for s–d–p metal atoms are
listed in Table 1. The values of Rvdw for the f elements as
independently derived by the aforementioned consistent
methods are listed in Table 2.

The approach based on the average volume of elements
in crystals has been used to deduce the Rvdw values from

H (1.08 �A, close to the value of 1.10 �A proposed by Paul-
ing [3(b)]), through to U (2.40 �A) consistently for the first
time to our knowledge [10(b)] [12]. However, this is a
first level of approximation, and the data are not accurate
for some elements, such as for the alkali metals and for
the lanthanides. For the former, the values deduced are
even smaller than those of Bondi, and for the latter, the
well-known lanthanide contraction is not present, though
the range of 2.2 � 2.4 �A is quite acceptable: see Table 2.

The Rvdw for the alkali metals are significantly modi-
fied by the other three approaches; see Table 1, and the
Rvdw values derived by these different approaches are, in
general, comparable with each other.

By adding 0.76 �A to single covalent radii to derive the
corresponding Rvdw implies that the sums of van der
Waals radii are about 1.5 �A longer than the sums of the
corresponding single covalent radii. In the other words,
the difference of 1.0 �A between these two sums estimated
earlier seems to be too small [26]. This important conclu-
sion is strongly supported by the studies of the histograms
of Sb––O and Bi––O distances using the bond length data
from the Cambridge Structural Database (CSD) [27]; see
Fig. 1.

With regard to the approach based on Allinger’s van
der Waals radii, the absolute difference between the Rvdw

and Allinger’s data is 0.34(2) �A, which is somewhat close
to the results provided by Zefirov [9], but much improved
both in accuracy and in the number of metal atoms in-
cluded. As is well known, Allinger’s radii are too large
compared with the Rvdw derived using the foregoing con-
sistent approaches in this study, see Table 1. By contrast,
we also see that Bondi’s radii are generally too small to
be compared in any indirect way.

Bondi himself had tried to modify the Rvdw values of
Zn, Cd, Hg [4(b)], for example, which are still at least
0.5 �A smaller than what we expect. Before pointing out
the problems encountered when applying Bondi’s values
for metal atoms, let us have a close look at the simplified
derivation of the Rvdw based on bond valence parameters.

Figure 2 shows the examples selected for comparison
between the results obtained by Datta et al. and those ob-
tained in this study. It can be seen from Figs. 2(a) and
2(b) that in the same oxidation state range, the Rvdw ob-
tained for many elements are similar. This includes most
metals, such as Mo, W, V, Cu and Fe et al. However in
cases in which the range of oxidations states covered by
the various methods was quite different, better agreement
of the Rvdw could not be expected; see Figs. 2(c) and 2 (d).
In Fig. 2(c), the R0 values for Ru––O bonds for Ru3þ to
Ru7þ were retrieved from the database [23], except the
value of 1.714 �A for Ru(II)––O which was fitted by us. In
Fig. 3(d), the R0 values for Ir––O bonds for Ir3þ to Ir6þ,
which are 1.786, 1.870, 1.963 and 2.039 �A respectively,
are fitted by us except for the value 1.870 �A for Ir(IV)––O
bonds which was retrieved from the database [23].

It is noted that a linear correlation between metal oxida-
tion state and empirical bond valence parameters fitted from
the data of CSD for M–O bonds is clearly exhibited in
these examples. Based on these linear relationships the aver-
age R0 values can be easily obtained, and the related Rvdw

values can be calculated using Eq. (3). On the other hand,
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Table 1. van der Waals radii (�A) of metal atoms.
a: Derived from single covalent radii in Ref. [8];
b: Derived from Allinger’s van der Waals radii in Ref. [8];
c: Derived from bond valence parameters in Ref. [23] except where noted otherwise.

Element Bondi
[4]

Allinger
[8]

Zefirov
[9]

Batsanov
[10]

Datta
[11]

Hu
[12]

This work
a

This work
b

This work
c

Li 1.82 2.55 2.2 2.2 1.75 1.99 2.21 2.14
Na 2.27 2.70 2.3 2.4 1.84 2.33 2.34 2.38
K 2.75 3.09 2.7 2.8 2.05 2.79 2.68 2.52
Rb 3.25 2.8 2.9 2.16 2.92 2.81 2.61
Cs 3.44 2.9 3.0 2.22 3.11 2.98 2.75
Cu 1.4 2.26 1.9 2.0 1.92 1.86 1.96 1.96 1.96
Ag 1.72 2.43 2.0 2.1 2.10 2.03 2.10 2.10 2.11
Au 1.66 2.43 2.0 2.1 2.10 2.17 2.10 2.10 2.14
Be 2.23 1.9 1.9 2.05 1.64 1.93 1.69
Mg 1.73 2.43 2.0 2.2 2.05 1.93 2.10 2.00
Ca 2.81 2.4 2.4 2.21 2.50 2.43 2.27
Sr 3.00 2.6 2.55 2.24 2.68 2.60 2.42
Ba 3.07 2.6 2.7 2.51 2.74 2.66 2.59
Zn 1.39 2.29 1.9 2.1 1.98 2.10 2.01 1.98 2.01
Cd 1.62 2.50 2.1 2.2 2.17 2.30 2.17 2.17 2.18d

Hg 1.70 2.53 2.0 2.05 2.24 2.09 2.20 2.19 2.23
Sc 2.61 2.2 2.3 2.12 2.16 2.20 2.26 2.15
Y 2.71 2.3 2.4 2.29 2.19 2.38 2.35 2.32
La 2.78 2.3 2.5 2.45 2.40 2.45 2.41 2.43
B 2.15 1.8 1.8 1.47 1.64 1.86 1.68
Al 2.36 2.0 2.1 2.11 2.01 2.04 1.92
Ga 1.87 2.46 2.1 2.1 2.08 2.01 2.13 2.03
In 1.93 2.64 2.2 2.2 2.36 2.26 2.29 2.21
Tl 1.96 2.59 2.2 2.2 2.35 2.31 2.24 2.27
Ti 2.39 2.15 2.07 1.87 2.08 2.07 2.11
Zr 2.54 2.3 2.19 1.86 2.21 2.20 2.23
Hf 2.53 2.25 2.19 2.12 2.20 2.19 2.23
Si 2.10 2.29 2.1 2.07 1.93 1.98 1.93
Ge 2.44 2.1 2.15 1.98 2.11 2.05
Sn 2.17 2.59 2.25 2.33 2.16 2.24 2.23
Pb 2.02 2.74 2.3 2.32 2.30 2.37 2.37
V 2.29 2.05 2.06 1.79 1.98 1.98 2.07
Nb 2.43 2.15 2.17 2.07 2.10 2.10 2.18
Ta 2.43 2.2 2.18 2.17 2.10 2.10 2.22
As 1.85 2.36 2.05 2.06 1.97 2.04 2.08
Sb 2.52 2.2 2.25 2.17 2.18 2.24e

Bi 2.66 2.3 2.43 2.28 2.30 2.38
Cr 2.25 2.05 2.06 1.89 1.93 1.95 2.06
Mo 2.39 2.1 2.16 2.09 2.05 2.07 2.17
W 2.39 2.1 2.18 2.10 2.06 2.07 2.18
Mn 2.24 2.05 2.04 1.97 1.93 1.94 2.05
Tc 2.36 2.05 2.16 2.09 2.04 2.16
Re 2.37 2.05 2.16 2.17 2.04 2.05 2.16
Fe 2.23 2.0 2.02 1.94 1.92 1.93 2.04
Co 2.23 2.0 1.91 1.92 1.92 1.93 2.00
Ni 1.63 2.22 2.0 1.98 1.84 1.91 1.92 1.97
Ru 2.34 2.05 2.17 2.07 2.00 2.03 2.13
Rh 2.34 2.0 2.04 1.95 2.01 2.03 2.10
Pd 1.63 2.37 2.05 2.09 2.03 2.04 2.05 2.10
Os 2.35 2.0 2.17 2.16 2.02 2.04 2.16
Ir 2.36 2.0 2.09 2.02 2.02 2.04 2.13
Pt
Po
At
Fr
Ra

1.72 2.39 2.05 2.09 2.09
2.29
2.36
2.56
2.43

2.05
2.29

2.07
2.24
2.17
3.15
2.83

2.13
2.49

Th 2.4 2.37 2.43 2.37 2.45
U 1.86 2.3 2.40 2.38 2.18 2.41

d: R0 of 1.875 with B ¼ 0.37 �A for Cd(II)–O bonds was used in the calculations, see Palenik, G. J.: Can.: J. Chem. 84 (2006) 99;
e: R0 values 1.955/1.912 �A with B ¼ 0.37 �A for Sb(III)/Sb(V)–O bonds were applied, see Palenik, R. C.; Abboud, K. A.; Palenik, G. J.: Inorg.
Chim. Acta. 358 (2005) 1034.



the bond parameters calculated theoretically should be used
with caution in quantitative work [21] and we propose that
it is almost impossible to extend the estimation of the van
der Waals radii to the f -block elements using theoretical

bond valence parameters. Because the oxidation states of
Ru and Ir both range from 1þ to 6þ or beyond, and the
common one is 4þ, we believe that approaches based on
the 4+ oxidation state should be closest to their Rvdw values.
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Table 2. van der Waals radii (�A) of the lanthanide and actinide elements.
a: Derived from single covalent radii in Ref. [8];
b: Derived from Allinger’s van der Waals radii in Ref. [8];
c: Derived from bond valence parameters in Ref. [30];
d: Derived from single bond radii reported in a booklet: Makarov, E. S.: Crystal Chemistry of Simple Compounds of Uranium, Thorium,
Plutonium and Neptunium. Consultants Bureau, Inc., NY 1959;
e: Derived from bond valence parameters of this work.

Element Hu
[12]

This work
a

This work
b

This work
c

Element Hu
[12]

This work
d

This work
b

This work
e

La 2.40 2.45 2.41 2.43 Ac 2.60 2.67 2.47

Ce 2.35 2.44 2.37 2.42 Th 2.37 2.43 2.37 2.45

Pr 2.39 2.43 2.36 2.40 Pa 2.43 2.40 2.29 2.43

Nd 2.29 2.42 2.36 2.39 U 2.40 2.38 2.18 2.41

Pm 2.36 f 2.40 2.36 2.38 Np 2.21 2.36 2.18 2.39

Sm 2.29 2.39 2.35 2.36 Pu 2.56 f 2.34 2.18 2.37

Eu 2.33 2.38g 2.35 g 2.35 Am 2.56 f 2.33 2.35

Gd 2.37 2.37 2.35 2.34 Cm 2.56 f

Tb 2.21 2.36 2.34 2.33 Bk 2.56 f

Dy 2.29 2.35 2.33 2.31 Cf 2.56 f

Ho 2.16 2.34 2.31 2.30 Es 2.56 f

Er 2.35 2.33 2.31 2.29 Fm 2.56f

Tm 2.27 2.32 2.31 2.27 Md

Yb 2.42 2.32g 2.30g 2.26 No

Lu 2.21 2.32 2.29 2.24 Lr

f: Average atomic volume retrieved from the data reported in Mighell, A. D.; Hubbard, C. R.; Stalick, J. K.; Santoro, A.; Snyder, R. L.;
Holomany, M.; Scidel, J.; Lederman, S.: (1987). National Bureau of Standards, Gaithersburg, MD 20899, USA;
g: Derived with the aid of extrapolation.

a� b�

c� d�
Fig. 1. Distribution of interatomic distances (�A) of Sb/Bi––O according to the CSD data. (a) Sb(V)––O; (b) Sb(III)––O; (c) Bi(V)––O;
(d) Bi(III)––O.



The derivation of Rvdw for Os is similar to that for Ru,
and yields a value for Rvdw, close to those determined pre-
viously by Datta et al. [11] and by ourselves, in spite of
the fact that the slope of the linear relationship between R0

and the oxidation state has the opposite sign and that the
two sets of data cover different oxidation states.

3.2 Rvdw for f elements

The Rvdw of 1.86 �A for the U atom proposed by Bondi
[4(a)] is probably the only Rvdw value for f elements re-
ported in the literature, textbooks and online databases
[28] until relatively recently. The full presentation of the
Rvdw values for f elements was not available until values
estimated indirectly appeared in 2003 [12].

In this work we extend the derivation to include all f
elements using alternative indirect methods, see Table 2.
As expected, Fig. 3 shows that the famous lanthanide con-
traction does indeed emerge in these approaches except
for those derived from the average atomic volume of the
lanthanides. Among the results shown, we prefer, the Rvdw
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a� b�

c� d�

Fig. 2. Oxidation state n versus R0 for M––O bonds and Rvdw of M (M: Mo, Cu, Ru, Ir) in �A.
&: R0 for M––O bonds fitted from crystal data;
*: Rvdw for M derived from R0 by adding 0.304 �A;
~: R0 for M––O bonds reported by Datta et al. in [9];
!: Rvdw of M averaged from R0 for M––X bonds in [9]

Fig. 3. Linear relationship between atomic number Z and Rvdw (�A) of
the lanthanides.
&: from average atomic volumes;
*: from single covalent radii;
~: from Allinger’s parameters;
!: from R0 for Ln(III)-O bonds.



derived from R0 values for the Ln–O bonds, and the R0

values used in that derivation will be explained in detail.
The Rvdw values must be independent of the oxidation

state of a metal atom, and the chemistry of the lanthanides
is dominated by trivalency. Ce(IV), Sm(II), Eu(II) and
Yb(II) are important exceptions. Assuming a linear corre-
lation between R0 and oxidation state in the range from 2+
to 4+, then the Rvdw values derived only from the R0 for
Ln(III)–O bonds will consequently lead to the best ap-
proach. This reasonable assumption is supported by the
linear relationship between R0 with B ¼ 0.37 �A and oxida-
tion state for Ce–O bonds; see Fig. 4.

A straight line has been fitted to the R0 of 2.121(13) �A
for Ce(III)–O and 2.068(12) �A for Ce(IV)–O bonds [29].
The R0 of 1.746 �A for Ce(II)–O bonds is obtained by ex-
trapolation through the linear equation for R0 and atomic
number Z below.

RLn ðIIÞ
0 ¼ 3:073ð4Þ � 0:01547ð6Þ Z ð4Þ

Equation (4) is fitted using the R0 values for Sm(II)––O,
Eu(II)––O and Yb(II)––O bonds of 2.114(21), 2.098(21)
and 1.990(20) �A, respectively, using the bond length data
in the CSD.

The R0 values for Ln(III)–O have already been fitted
with B ¼ 0.37 �A [30] to give

R
LnðIIIÞ
0 ¼ 2:879� 0:0132 Z ð5Þ

Similarly, the R0 values for Ln(III)––O bonds were fitted
independently later [31] to give

R
LnðIIIÞ
0 ¼ 2:871ð18Þ � 0:0131ð13Þ Z ð50Þ

It is not surprising that Eqs. (5) and (50) both would de-
duce exactly the same Rvdw values as those provided ac-
cording to Eq. (3), see Table 2.

On the other hand, derivation of the Rvdw for actinides
(An) would be expected to be somewhat complicated rela-
tive to that of the lanthanides. One of the reasons is that
complex compounds with high oxidation state are more
the norm for 5f elements than their 4f counterparts, espe-
cially for the light actinides [32]. In addition, there is no
information available for the heavy 5f elements from the

CSD to date. Therefore, we will focus here on the light
actinides, and the R0 values for An(IV)––O bonds will be
considered later.

Though the oxidation state of U ranges from 2þ to
7þ, only the R0 values for U(III)––O to U(VI)––O bonds
can be fitted from the bond-length data from the CSD.
The linear correlation between R0 and oxidation state n
using the values 2.122, 2.099, 2.068 and 2.030 �A for the
oxidation states from 3+ to 6+ respectively can be well
established. In addition„ we are able to fit the R0 values
with B ¼ 0.37 �A of 2.146, 2.086 and 2.064 �A for Th(IV)–,
Np(IV)– and Pu(IV)–O bonds respectively from the CSD,
see Fig. 5, which can be described by Eq. (6). All of the
Rvdw values derived here are listed in Table 2. Detailed
information concerning the fitting of bond valence para-
meters for M–O bonds using CSD data in this work will
be published elsewhere.

R
AnðIVÞ
0 ¼ 3:962ð126Þ � 0:0202ð14Þ Z ð6Þ

Figure 6 shows that the Rvdw data set contains the ex-
pected periodicity, and only the Rvdw data for lanthanides
in Table 2 in boldface bridges the large gap between Ba
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Fig. 4. Linear relationship between R0 (�A) and oxidation state n for
Ce––O bonds.

Fig. 5. Linear relationship between atomic number Z and R0/Rvdw (�A)
of the actinides.
&: R0 for An(IV)-O bonds fitted from crystal data;
*: Rvdw for An derived from R0 by adding 0.304 �A

Fig. 6. Periodicity of van der Waals radii derived from the values of
R0 (�A) for M–O bonds.



and Hf properly. Thus we believe that the derivation of
the van der Waals radii for all metal atoms has been ac-
complished.

3.3 Current application issues

Given that the validity of the Rvdw derived indirectly are
dependent on both the correctness of the calculation meth-
ods and the reliability of the original data resources, we
prefer the Rvdw data set deduced from the bond valence
parameters to the others, which are listed in the last col-
umn of Tables 1 and 2 with boldface, and the one de-
duced from the Allinger’s van der Waals radii is most
likely to have the lesser reliability among the values de-
rived from these indirect approaches on Rvdw for metals
though they are considered to be comparable with each
other as a whole.

It is obvious from Table 1 that, Bondi’s system for me-
tal atoms gives results that extremely underestimate the
Rvdw values compared with our recommended data, as
well as the values presented by other systems, except for
Allinger’s radii. To emphasize the serious problems that
might be caused by application of Bondi’s values, let us
repay a visit to the values of Rvdw for the Hg atom as
presented in the literature.

After the values of 1.55 [4(a)] and 1.70 �A [4(b)] were
established by Bondi, a series of values 1.73 �A [33],
1.75 �A [34], 2.0 �A [9], 2.05 �A [10], 2.09 �A [12] and
2.24 �A [11] has been proposed over time. The value of
2.23 �A is recommended in this study, see Table 1, which
is roughly 0.5 �A larger than the value first given by Bon-
di. The value based purely on a theoretical calculation,
1.75 �A [34] seemed at the time to be supported by the
former empirical value, 1.73 �A [33]. However, that value
is too small, as shown in the histogram of Hg–N dis-
tances taken from the CCD data [35], as a consequence of
the Rvdw of 1.50 �A for the N atom set forward by Pauling
[3], see Fig. 7.

It is worth mentioning that this histogram, including
that presented in Fig. 1 is a crystallographic court of last
resort.

If the Rvdw values for Hg offered by Bondi and others,
at approximately 1.7 �A, were applied inadvertently to de-
fine secondary bonding, the mercuriophilic interaction
with Hg � � �Hg distances 3.7–4.0 �A in mercury bis-acety-

lides would, unfortunately, not be included as a contact
[36].

In addition, by using Bondi’s radii for metal atoms,
one would be lead to quite plausible conclusions such as
“appreciable Ni � � �O interactions at distances almost equal
to the sum of the van der Waals radii for the two atoms”
see Li et al. [37], or simply to not comment on weak in-
teractions with long Ag � � �Ag distances beyond the sum
of Bondi’s Rvdw for the Ag atom [38]. Obviously, without
seriously taking into account these weak interactions,
neither the coordination modes nor the coordination poly-
hedral forms of the metal atoms could be described prop-
erly.

Bondi’s system is still finding use in recently published
textbooks and handbooks, as well as in databases accessi-
ble on the internet [28], in which the only f element pre-
sented is U, and with the underestimated Rvdw value of
1.86 �A. Not surprisingly, this value is comparable with its
empirical atom radius 1.75 �A, which is even shorter than
its covalent radius of 1.96 �A as has been published re-
cently [28]. In our study, however, a value of 2.41 �A is
proposed, which is a change of 0.55 �A and is supporting
by the actinide contraction, see Table 2. Incidentally, the
new covalent radius 1.96 �A [39] is 0.32 �A longer than that
which we used in this study.

Unfortunately, we could not use these modified radii to
deduce the Rvdw. This is one of the reasons why we prefer
the Rvdw values derived from bond valence parameters
over the other approaches, including that from the cova-
lent radii.

The situation for U is an example of the problems aris-
ing from the use of the van der Walls radii proposed by
Bondi [4] and that would not be practical to discuss all of
them here. Furthermore only 19 metal atoms were consid-
ered. Without reliable Rvdw data, the “less than the sum of
van der Waals radii” criterion will surely lead to major
errors in the search for secondary bonding in crystallogra-
phy and structural chemistry [40]. We have attempted to
address the obvious need.

4. Conclusions

Consistent approaches toward the estimation of crystallo-
graphic van der Waals radii for the metallic elements cov-
ering the Periodic Table are presented, which are compar-
able to each other. Specifically recommended is the data
set derived simply from the empirical bond valence para-
meters for metal-oxygen bonds. This recommended data
set can be used in crystallography and structural chemis-
try, which may be further improved as the bond valence
parameters updated in future.
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