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Abstract—The available data on the van der Waals radii of atoms in molecules and crystals are summarized.
The nature of the continuous variation in interatomic distances from van der Waals to covalent values and the
mechanisms of transformations between these types of chemical bonding are discussed.

INTRODUCTION

The notion that an interatomic distance can be
thought of as the sum of atomic radii was among the
most important generalizationsin structural chemistry,
treating crystals and molecules as systems of interact-
ing atoms (Bragg, 1920). The next step forward in this
area was taken by Mack [1] and Magat [2], who intro-
duced the concept of nonvalent radius (R) for an atom
situated at the periphery of a molecule and called it
the atomic domain radius [1] or Wirkungsradius [2],
implying that thisradius determinesintermolecular dis-
tances. Later, Pauling [3] proposed to call it the van der
Waals radius, because it characterizes van der Waals
interactions between atoms. He also showed that the
van der Waals radii of nonmetals coincide with their
ionic radii and exceed their covalent radii (r), typically
by 0.8 A.

Initially, only x-ray diffraction (XRD) data, molar
volume measurements, and crystal-chemical consider-
ationswere used to determine R. L ater studies extended
the range of experimental approaches and culminated
in a complete system of the van der Waals radii of free
and bound atoms. Comparison of the results obtained
by various physical methods made it possible to assess
the accuracy and locate the applicability limits of the
van der Waals radii and to reconcile the concept of van

Table 1. Crystallographic van der Waals radii of nonmetals

der Waal s radius with the quantum-mechanical require-
ment that the electron density vary continuously at the
periphery of atoms.

In thisreview, the van der Waalsradii of atoms eval-
uated from XRD data, molar volumes, physical proper-
ties, and crystal-chemica considerations are used to
develop a universal system of van der Waals radii.

ISOTROPIC CRY STALLOGRAPHIC
VAN DER WAALS RADII

Kitaigorodskii [4, 5] was the first to formulate the
principle of close packing of molecules in crystalline
phases. He assumed that the van der Waals areas of
peripheral atoms in neighboring molecules are in con-
tact but do not overlap (rigid-atom model), because the
repulsive forces between closed electron shells rise
sharply with decreasing intermolecular distance. He
made up a system of van der Waals radii as consistent
as possible with the intermolecular distancesin organic
compounds. His radii differed little from Pauling's
(Table 1).

The system of van der Waals radii was further
refined by Bondi [6, 7]. His detailed tables were very
popular among chemists, even though the values of R
were criticized in a number of works [8]. Bondi not

R A
Author, year

H F Cl Br I @) S N C
Pauling, 1939 12 135 1.80 1.95 2.15 1.40 1.85 15 1.70
Bondi, 1964 1.20 1.47 1.75 185 1.98 152 1.80 1.55 1.70
Zefirov, 1974 1.16 1.40 1.90 197 2.14 1.29 184 1.50 171
Gavezzotti, 1983-1999 117 135 1.80 195 2.10 1.40 1.85 150 170
Batsanov, 1995 1.80 1.90 2.10 151 1.80 1.68
Wieberg, 1995 15 18 19 2.1 15 18 16 17
Rowland, 1996 1.10 1.46 176 1.87 2.03 1.58 181 164 177
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Fig. 1. Schematic showing the formation of an A, molecule.

only determined R from structural data but aso calcu-
lated R by adding 0.76 A to covalent radii and eval uated
R from thermodynamic and physical properties. The R
values recommended by Bondi are aso listed in
Table 1.

Zefirov and Zorkii [9, 10] corrected some of the van
der Waalsradii and made anumber of new suggestions,
in particular, that R should be calculated from the short-
est intermolecular distances (D), ensuring a three-
dimensional system of contacts, since other periphera
atoms of the molecule may be not in contact, and the
determination of R by averaging all intermolecular dis-
tances may be unjustified. Although they highlight the
statistical nature of van der Waals radii and their vari-
ability within a few tenths of an angstrom, depending
on various structural factors, the radii in their system
are given with an accuracy of afew thousandths of an
angstrom (Table 1).

A classical approach to the determination of the van
der Waalsradii of organogens was proposed in [11-14]
(Table1). The system of van der Waalsradii of nonmet-
als elaborated by Rowland and Taylor [15] for struc-
tural organic chemistry was based on awealth of statis-
tical data.

The van der Waals radii of the halogens and carbon
in inorganic compounds were first determined by Paul-
ing [3], who used data on layered compounds such as
CdCl, and graphite. Later, the van der Waals radii of
halogens and chalcogens were evaluated from a large
body of experimental data [16]: OH 1.51, Cl 1.80,
Br 1.90, 1 2.10, S 1.80, Se 1.85, and Te 2.02 A.

The van der Waals radii of metals are difficult to
determine directly, because there is only a small num-
ber of structuresinwhich metal atoms can bein contact
with another molecule; with the development of struc-
tural chemistry, the number of such structures
increases. Table 2 lists the crystallographic van der
Waalsradii determined to date [16-19].

Recently, the van der Waalsradii of metalswere cal-
culated from structural data for metals [17] and their

BATSANOV

Fig. 2. Schematic showing the formation of an M—X bond.

molecular compounds [20, 21]. Let us outline these
approaches and the obtained results.

Since the vaence state of a meta remans
unchanged upon a polymorphic transformation, while
the bond number increases, the electron density redis-
tributes between ligands,

AV, = 20V, = 3AV,..., (1)

where AV is the volume common to the two atomic
spheres (Fig. 1), and the subscripts specify the bond
number. It is easily seen that

AV = %n(R—r)2(2R+r). 2)

Given that, in polymorphic transformations, a decrease
in theintermolecular contact areais accompanied by an
increasein covalent bond length [22], to each coordina
tion number N, there correspond particular R and r.
Therefore, Eq. (1) takes the form

(Ri—11)* (2R +17) = 2(Ry—15)%(R, +15) = ..., (3)

valid for univalent atoms. In the case of multivalent
metals, the left-hand side of Eq. (3) should be multi-
plied by valence v if single-bond radii areused asr [3].
Asaresult, we obtain

(Ri—r)*(Ry+1) = n(Ry—=r)%(R,+1,), (4

where n = N./v. Taking into account that the maximal
N, in metals is 12, one can use EqQ. (4) to calculate R
corresponding to the largest change in N, upon the
polymorphic transformation. Such calculations were
carried out [17] under the assumption that, upon an
increase in N, the decrease in R is proportional to the
increaseinr (Table 2).

In another approach to determining R, the M—-X
bond is also thought of as the region common to the
atomic spheres M and X, with an internuclear distance
dux (Fig. 2). It iseasily seen that

Ruy = (R>2< + di/IX _2dMXrM)ﬂ2' (5)
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Table 2. Crystallographic van der Waals radii of metals
R A

Atom —

[17] [20] [21] empirical [25] 9)
Li 2.24 2.25 224 2.05 21
Na 2.57 240 2.39 2.3
K 3.00 2.67 2.67 2.7
Rb 3.12 2.78 2.76 2.8
Cs 331 2.90 2.93 29 31 29
Cu 2.00 2.16 214 2.09 19 19
Ag 2.13 2.25 2.29 19 20
Au 2.13 218 20
Be 1.86 2.03 1.99 1.86 18
Mg 2.27 222 2.25 2.10 22
Ca 2.61 243 2.27 217 2.6
Sr 2.78 254 2.40 2.36 2.7
Ba 2.85 2.67 2.55 252 2.8
Zn 2.02 2.09 2.16 212 21 20
Cd 2.17 2.18 2.29 2.1
Hg 2.17 2.15 2.28 1.75[18] 1.95 21
Sc 2.28 237 2.18 2.3 225241
Y 2.45 247 2.38 18 2.4 2.33-2.46
La 251 2.58 2.59 2.6 2.30-2.44
B 1.74 1.87 1.72 17 1.83 175 1.91-2.00
Al 211 219 217 1.97 2.02 2.0 2.29-2.38
Ga 2.08 217 2.16 2.14 2.05 20 1.95-2.02
In 2.24 2.28 2.29 2.32 22 2.09-2.15
T 2.25 2.29 2.42 2.05 192 2.3 2.01-2.07
Ti 214 2.30 2.22 20 21 211-2.19
Zr 2.25 2.38 231 23 22 2.20-2.29
Hf 2.24 2.34 2.29 2.3 2.04-2.12
Si 2.06 2.06 2.19 215 1.95 2.10-2.22
Ge 2.13 2.10 2.22 20 20 1.91-2.02
Sn 2.29 221 2.29 2.40 2.2 22 2.02-2.10
Pb 2.36 224 2.46 2.3 2.3 2.00-2.08
Y, 2.03 214 20 20 2.05-2.19
Nb 2.13 234 2.15 21 1.96-2.10
Ta 2.13 2.26 2.22 22 1.93-2.05
As 2.16 2.05 214 1.96 20 1.92
Sb 2.33 2.20 2.32 2.2 2.06-2.10
Bi 242 2.28 2.40 222 2.40[19] 2.4 2.04-2.08
Cr 1.97 227 2.05 20 20 2.06-2.20
Mo 2.06 2.29 2.16 22 21 1.92-2.00
w 2.07 2.23 214 2.2 21 1.85-1.93
Mn 1.96 215 2.23[24] 2.00 2.0 2.00-2.14
Tc 2.04 211 21 1.93-2.02
Re 2.05 221 211 21 1.78-1.86
Fe 1.96 2.19 1.98 21 2.0 2.05-2.25
Co 1.95 2.16 1.97 20 1.94-2.14
Ni 1.94 214 1.97 20 1.88-2.11
Ru 2.02 2.05 2.16 21 1.89-1.97
Rh 2.02 2.04 21 1.83-1.90
Pd 2.05 214 21 1.87-1.96
Os 2.03 2.02 21 1.76-1.82
Ir 2.03 2.01 21 1.76-1.82
Pt 2.06 2.15 21 2.02 21 1.77-1.85
Th 2.43 254 2.50 2.25
U 2.17 251 2.45 194

* Minimal radius from M---H van der Waals distances for R(H) = 1.2 A [32].
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Using an orbital radiusfor ry and knowing Ry, one can
caculate Ry;.

Since the metals in organic compounds are coordi-
nated most frequently by C, S, N, Cl, and Br, with elec-
tronegativities X = Xs and Xy = Xa, the Ry listed in
Table 2 are averaged over the structures of M(CHj),,
MCl,,, and MBr, [20]. Table 2 aso gives the R,, calcu-
lated from the recent data on the bond lengths in the
AuCl and AuBr molecules [23].

Theintermolecular contact radii R - were calculated
in[21]. It was shown that the values of R in tetrahedral
crystals coincide with the van der Waalsradii of the ele-
ments of the fifth period and their compounds (Table 2,
left column under Ref. [21]). The contact radii deter-

mined from the M---C(CH,) distances in M(CsMe;),

molecules coincide with or are close to the van der
Waals radii determined by independent methods
(Table 2, right column under Ref. [21]). The likely rea-
son isthat the CH; group deviates from the plane of the
C; ring without significant energy changes, and, hence,
the repulsion between M and C(CHy) is similar to the
intermolecular interaction.

If the bond length d(M-X) is close to ry; + ry and
rv = fx, we obtain from Eq. (5) for tetrahedra struc-
tures

R = [d?+(0.8166d)>—2dr]* = 1.633r.  (6)

Forr = 1.2 A (averageradius of organogens), we obtain
R-r=0.633x1.2=0.76 A (therule proposed by Paul-
ing and confirmed by Bondi). The values of R calcu-
lated in [25] asr + 0.8 A are also given in Table 2.

It can be seen in Fig. 1 that the overlap region, situ-
ated between symmetrically arranged, positively
charged atomic cores, will extend perpendicular to the
bond direction with decreasing bond length. This is
supported by experimental data[26, 27]. From electro-
static considerations, it follows that the thickness of the
high-electron-density region must increase with the
distance from the bond line. Clearly, this effect will be
more pronounced inthe N,, O,, and F, molecules[28].

BATSANOV

To which extent can the electron cloud be
deformed? Clearly, electrons can be promoted no far-
ther than to the next shell. Since the atomic size
depends on the principal quantum number n,

r = a,n’/Z*, (7

where g, is the Bohr radius for hydrogen, and Z* isthe
effective charge on the nucleus [ 3], the largest value of
the atomic radiusis

R = ay(n+1)%/Z*. 8)
Hence,

Rir = [(n+1)/n]° ©)

Equation (9) can be used to calculate R from the
known covalent radii of atoms in p, bonds. Table 2
summarizes the van der Waals radii calculated by
Eg. (9) from the normal (minimal) and crystalline
(maximal) covalent radii [29].

The scatter in the R of metalsin Table 2 is due not
only to experimental errors and inaccuracy in calcula
tions but also to the effect of bond polarity, a positive
charge which reduces the size of the atom. It was found
empirically [20, 21] that the van der Waals radius of a
metal can be written as

Ruo = Ru —bAXux, (10)

where ROM is the van der Waals radius of an uncharged

atom, Ax,x is the difference in electronegativity, and b
and m are constants.

Whereas the radii of metals depend mainly on bond
polarity, those of nonmetals are determined for the most
part by the structural features of molecules, because
they are close to the anion radii. Besides, since thereis
a relationship between R and r, and r depends on the
valence of the atom, R also must depend on the valence,
as shown by Pyykkd [18].

The variations in R across homologous series of
molecules were examined using AX, tetrahalides as
examples. The details of the calculations based on the
principle of close packing are described in [30]; the

Table3. Intermolecular contact (R,c) and van der Waals (R) radii (A) of halogensin AX, crystals

AXy4 Ric(X) R(X) AXy4 Ric(X) R(X)
CBr4(l) 1.562 2.046
CF, 1.073 1.548 CBr4(I1) 1.562 2.007
SiF, 1.257 1.504 GeBr, 1.855 2.062
GeF, 1.379 1.398 SnBry, 1.964 2.005
Cly 1.760 2.096
CCl4 () 1.448 1.957 Sil, 1.984 2.209
CCl (1) 1.448 1.900 Gel, 2.040 2.198
SiCl, 1.640 1.906 Snly 2.178 2.176
Note: | and Il are the cubic and monoclinic forms, respectively.
INORGANIC MATERIALS Vol. 37 No.9 2001
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results are summarized in Table 3. The average van der
Waals radii of halogens in tetrahalides agree with the
values givenin Table 1.

The datain Table 3 indicates the tendency for Ry to
decrease in going from CX, to SnX, because of the
stronger van der Waals interaction between molecules
at larger electronic polarizabilities. A similar situation
isobserved in liquid tetrahalides:

mcl, cCly sicl,
Re, A [31] 1.75 1.63

Accordingly, the distance between the central atom
of a molecule and the nearest atom X of the neighbor-
ing molecule also decreases in going from SiCl, to
GeCl, and to SnCl,: 4.90, 4.60, and 4.57 A, respec-
tively [32].

The van der Waals radii of halogens deduced from
the structure of X, molecules in the liquid state are
notably larger, since the polarizabilities of X, are higher
than those of the corresponding AX, molecules:

GeCl,
153

X F Cl Br |
R, A[33] 154 1.89 2.03 2.23

DETERMINATION OF VAN DER WAALS RADII
FROM MOLAR VOLUMES OF SOLIDS

Since the van der Waals equation incorporates the
molecular volume, imposing a lower limit to the inter-
molecular distance, this volume can be used to calcu-
late the latter. Indeed, the molar volumes calculated
from gas-kinetics data, molecular refractions, and van
der Waals radii are in reasonable agreement [34] and
can, therefore, be used in dealing with structural prob-
lems[4, 5, 35]. The determination of isotropic van der
Waalsradii from molar volumesin structures wherethe
intermolecular distances are direction-dependent is the
most appropriate procedure for averaging experimental
data.

Treating atoms as rigid spheres, one can calculate
the packing factor of molecules in crystals, which
ranges, according to Kitaigorodskii [4, 5], from 0.65 to
0.77. Asshown later, the packing factor in organic com-
pounds can be much larger, up to p =0.9[10]. In com-
plex molecules whose rigid structure prevents close
packing, p is below that of close packing (0.74); the p
values above 0.74 suggest that the concept of close
packing should berevised. Indeed, the packing factor of
homodesmic (diamond, B-Sn, bcc, or fcc) structures
can be calculated astheratio of the covalent atomic vol-
ume to the unit-cell volume per atom. The packing fac-
tor of heterodesmic (molecular) structures is equal to
the ratio of the van der Waals molecular volume (sum
of the van der Waal s volumes of the constituent atoms)
to the unit-cell volume per molecule. In view of this,
strictly speaking, the packing factors of organic and
inorganic structures cannot be compared.

INORGANIC MATERIALS  Vol. 37
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However, one can combine the “organic” and “inor-
ganic” concepts by taking into account the covalent and
van der Waals contribution to p. As afirst approxima-
tion, it can be taken that, in the plane defined by the
intersection of van der Waals spheres, p is unity (bar
packing), whereas in the other directions p = 0.7405
(close packing of atomic spheres). The area of the base
of the spherical segment cut from the van der Waals
sphere distance r from its center is T{R? — r?), and the
surface area of the van der Waals sphere is 41iR%. The
ratio of these valuesis o = (R —r?)/4R2; for N, sections,

wehave S = oN, . Thetotal packing factor isthen given
by
p* = Sx1.00+ (1-S) x 0.7405. (11)
Thismodel can be checked asfollows: With increas-
ing N., S approaches unity, attainingitat N, = 12: S =
12(R? - r?)/4R2. Therefore,

R = (32)"r. (12)

Table 4 presents the results of calculations using
Eq. (12) and the metallic radii (r) for N, = 12 [3, 36],
except for Cu, Zn, Cd, Hg (metallic radii corrected by
the Pauling method for the divalent state), Group V and
VIl transition metals, Ga, In, Tl, Cr, Fe, Co, Ni, Rh, Ir
(trivalent state), Mo, and W (tetravalent state).

It can be seen from Tables 2 and 4 that the values
calculated by Eqg. (12) agree with independent determi-
nations to within 5-10%. Thisis the accuracy to which
the packing factor in inorganic substances can be deter-
mined using Eqg. (11).

The accuracy of relation (11) can also be assessed
from the scatter in the p of isostructural crystals. In the
diamond structure, the atomic volumeis

V, = g[4R3—4(R—r)2(2R+ N, (13)
which is equal to the van der Waals atomic volume
minus four segments cut distance r from the center.
Since we use here R = R = 1.633r, and r = 0.772,
1.176, 1.225, and 1.405 A in the tetrahedral structures
of C, Si, Ge, and Sn, respectively [37], V,is5.10, 18.02,
20.36, and 30.73 A3, respectively, or 0.90 of the unit-
cell volume per atomin all cases. In the graphite struc-
ture, V, = 8.797 A3, R=1.677 A, andr = 0.760 A; V,
can be calculated by an equation analogous to (13) in
which three, rather than four, segments are subtracted
from the van der Waals volume, because of the three-
fold coordination of carbon. In this way, we find V, =
7.769 A3 and p* = 0.88. This small difference in p*
between diamond and graphite is better correlated with
the low energy of the phase transition (0.3% of the
atomization energy) than the large (by afactor of 2) dif-
ferencein the classical (covalent) packing factors: 0.34
and 0.17.
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Table4. Van der Waalsradii (A) of metals calculated by Eq. (12)

M R M R M R M R
Li 1.90 B 1.20 P 1.63 Br 173
Na 2.32 Al 1.75 As 181 I 1.98
K 2.88 Ga 1.75 Sb 2.03 Mn 1.66
Rb 3.04 In 1.96 Bi 2.17 Tc 173
Cs 3.27 T 1.98 Vv 172 Re 175
Cu 173 Sc 1.98 Nb 1.86 Fe 1.65
Ag 177 Y 2.20 Ta 1.87 Co 164
Au 1.86 La 2.29 S 173 Ni 1.63
Be 1.38 S 1.68 Se 1.90 Ru 181
Mg 1.96 Ge 177 Te 2.14 Rh 175
Ca 241 Sn 1.99 Cr 1.67 Pd 1.86
Sr 2.63 Pb 2.09 Mo 1.76 Os 1.83
Ba 271 Ti 1.80 w 177 Ir 177
Zn 177 Zr 1.96 Th 2.20 Pt 1.87
Cd 1.98 Hf 1.94 U 2.14
Hg 1.98

Table5. Van der Waalsradii (A) calculated from molar volumes of condensed substances

A V,, A3 r,A S p* R Rer
F 16.05 0.745 0.191 0.790 1.536 1.42-1.62
Cl 27.53 0.997 0.174 0.786 1.810 1.66-1.92
Br 31.88 1.150 0.156 0.781 1.875 1.66-1.99
| 40.90 1.358 0.136 0.776 2.013 1.78-2.16
o] 17.35 0.604 0.215 0.796 1.627 1.63-1.71
S(ortho) 25.78 1.020 0.359 0.834 1.924 1.63-1.85
S(monocl) 26.46 1.030 0.359 0.834 1.940
Se(hex) 27.27 1.187 0.296 0.817 1.860 172
Se(monocl) 29.81 1.168 0.320 0.824 1.949 1.74-2.00
Te(hex) 33.97 1.417 0.230 0.800 1.930 1.75
y-N 16.26 0.549 0.221 0.798 1.607 1.64-1.72
P 19.03 1.115 0.438 0.855 1.730 1.796
a-As 21.52 1.258 0.342 0.829 1.706 1.56
a-Sb 30.21 1.454 0.320 0.824 1.921 1.68
a-Bi 35.39 1.536 0.296 0.817 1.974 1.76

Using the known covalent bond lengths and molar  from XRD data. It can be seen that the mean packing
volumes of Group V-VII nontransition elementsinthe factor is0.788 (£1%) for isostructural A, moleculesand
crystalline state and solving coupled Egs. (11) and (13),  0.826 (+1.7%) for the ring and framework structures of
one can determine R and the corresponding o and p*.  the Group V and VI nontransition elements, whereas
Table 5 lists the values of V, and r taken from [18, 38], the p calculated for the A, molecules by the classical
Rand p* calculated as described above, and Rextracted  method from covalent radii ranges from 0.043 to 0.256,

INORGANIC MATERIALS Vol. 37  No. 9 2001
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Table 6. Molar volumes, bond lengths, and atomic and van der Waals radii in AX, crystals

AX, Vo, A3 d(A=X), A Fa, A Iy, A R, A
CF,() 66.4 1.507
CF,(I1) 65.7 1.3145 0.8022 0.5123 1.500
SiF, 79.2 1.593 1.148 0.4255 1512
GeF, 825 1.689 1.390 0.4501 1.388
CCl, (1) 145.0 1.925
CCl, (1) 1316 1.773 0.8173 0.9557 1.851
sicl, 143.9 2.008 1.196 0.8119 1.859
sncCl, 162.1 2.275 1.436 0.8394 1.853
CBry(1) 1715 2.022
CBry(Il) 159.3 1.913 0.8063 1.107 1.964
GeBr, 181.8 2.272 1.276 0.9961 1.998
SnBr, 194.9 2.405 1.447 0.9930 1.986
cl, 191.0 2.155 0.8029 1.352 2.060
sil, 160.3 2.43 1.229 1.201 2.114
Gel, 161.1 2.498 1.276 1.222 2.097
Sl 171.1 2.667 1.448 1.219 2.100

with an average of 0.135 (£56%), and the p for the other
structures ranges from 0.172 to 0.429, with an average
of 0.303 (£32%). Thus, the scatter in p* is much
smaller than that in p.

The molar volume method can also be used to deter-
mine the van der Waals radii of the halogens in AX,
molecules by calculating the volumes of these mole-
cules by the equation

Vi = SORE ~ (R = 10)%(2Rs + 1))
(14)

+[4R5 — (R — %) (2Ry +1)]00

and equating them to the experimentally determined
volume V, multiplied by 0.7405. Taking the average of
the van der Waals radii of the Group IV nontransition
elements[39] asR, and thereduced orbital radii [27] as
r, we calculated the Ry values listed in Table 6. These
values coincide with the crystallographic van der Waals
radii of halogens (Table 3).

EQUILIBRIUM VAN DER WAALS RADII
OF ISOLATED ATOMS

The minimum in the potential of van der Waals
interaction between two isolated atoms corresponds to
an equilibrium van der Waals radius R,. Since different
interatomic potentials were used in calculations of the
van der Waals energy [40], there is a significant scatter
in the reported distance corresponding to E = 0

INORGANIC MATERIALS  Vol. 37
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(Table 7). In view of this, R, is sometimes regarded as
merely an adjustable parameter [4, 5, 40].

Allinger et al. [41], using experimental R data for
inert gases (G) and the effective charges of atomic
cores, calculated, by an interpolation method, R, for all
chemical elements, which proved close to the values of
R determined in [42] from the structural data for GM,
GX, Zn,, Cd,, and Hg, molecules, in which the bonds
are weak and the atoms are in a nearly isolated state.
The more detailed results obtained later in [43, 44]
were a so in close agreement with the equilibrium radii.

An important point isthat the distances in heteronu-
clear van der Waals molecules turned out to be larger
than the sum of the van der Waals radii because of the
polarization effects:

Dag = Ry + Rg + ARy, (15)
where
ARpg = a[(aA_O(B)/GA]%- (16)

Here, a = 0.045, a is the electronic polarizability, and
0, < Og. Since the interatomic distancesin AB van der

Waals molecules (D,) are larger than %(DAA + Dgp),

the dissociation energy of heteronuclear molecules is
lessthan half the sum of the energies of the correspond-
ing homonuclear bonds [45, 46]. Recall that the length
of normal chemical bonds is smaller than the sum of
covalent radii, and the energy is higher than the additive
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Table 7. Equilibrium van der Waalsradii of honmetals

Re, A
Author, year
H F Cl (0] S N P C Si
Allinger, 1976 150 1.60 1.95 1.65 2.00 1.70 2.05 1.80 2.10
Mundt et al., 1983 117 1.36 1.80 2.10
Himan et al., 1987 14 1.85 15 15
Gavezzotti, 1993 1.17 1.77 14 1.8 15 1.75
Parkani et al., 1994 1.35 1.80 1.90
Venturelli, 1994 1.28 185 1.60
Cornell et al., 1995 1.49 1.75 1.66 2.00 1.85 2.10 191
Schmidt, 1996 1.61 1.63 1.94 211
Gavezzotti, 1999 1.49 1.42 1.70 1.60 1.70 1.64 1.72
Table 8. Van der Waals radii (A) of isolated atoms
A RO Rg R. A RP Rg R.
H 1.96 1.56 1.56 C 185 2.05* 197
Li 272 2.7 2.46 Si 2.25 2.0 2.27
Na 2.82 28 2.68 Ge 2.23 242
K 3.08 29 3.07 Sn 2.34 2.57
Rb 3.22 3.0 3.23 Pb 2.34 2.72
Cs 3.38 31 3.42 Nb 2.50 241
Cu 2.30 224 Ta 244 241
Ag 2.34 2.0 241 N 1.70 1.88
Be 2.32 214 P 2.09 2.20
Mg 245 24 241 As 2.16 2.34
Ca 277 2.79 Sbh 2.33 2.50
Sr 2.90 2.98 Bi 2.40 2.64
Ba 3.05 3.05 Cr 2.23 2.23
Zn 2.25 2.2 2.27 Mo 2.40 2.37
Cd 2.32 2.3 248 w 2.35 2.37
Hg 2.25 20 251 o] 164 1.78
Sc 264 2.59 S 2.00 2.06 2.13
Y 273 2.69 Se 2.10 2.27
La 2.86 2.76 Te 2.30 2.42
B 2.05 1.7 2.06 Mn 2.29 2.22
Al 247 2.34 Re 2.38 2.35
Ga 2.38 244 Br 2.00 1.97 2.20
In 244 18 2.62 I 2.15 2.16 2.34
T 2.46 2.2 2.57 Fe 2.34 221
Ti 252 2.37 Co 2.30 221
Zr 2.63 252 Ni 2.26 2.20
Hf 254 251 Th 2.78 2.72
U 2.80 2.50
* Calculated from datain [51].
INORGANIC MATERIALS Vol. 37 No.9 2001
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Table9. System of the van der Waals radii (A) of elements
Li Be B C N @] F

22 | 19 18 | 1.7 | 1.6 | 155| 15

263| 2.23 205 196| 1.79| 1.71| 1.65
Na |Mg Al Si P S cl

24 | 22 21 | 21 | 195| 18 | 18

277 242 240| 2.26| 214| 2.06| 2.05
K Ca |Sc |Ti Y Cr Mn |[Fe |Co [Ni Cu |Zn |Ga |Ge |As |[Se |Br

28 | 24 | 23 | 215| 205| 205| 205| 205 20 | 20 | 20 | 21 | 21 | 21 | 205| 19 | 19

3.02| 278| 262| 244| 227| 223| 225| 227| 225| 223| 227| 224| 241| 2.32| 225| 218| 210
Rb |Sr Y Zr Nb |Mo |Tc Ru |Rh Pd Ag |Cd In Sn Sh Te I

29 | 255| 24 | 23 | 215| 21 | 205| 205 20 | 205| 21 | 22 | 22 | 225 22 | 21 | 21

315| 294| 271| 257| 246| 239| 237| 237| 232| 235| 237| 237| 253| 246| 241| 2.36| 2.22
Cs |[Ba |La [Hf Ta |W Re |Os |[Ir Pt Au |Hg |TI Pb Bi Po |At

30 | 27 | 25 | 225| 22 | 21 | 205| 20 | 20 | 205| 21 [ 205| 22 | 23 | 23

330| 3.05| 281| 252| 242| 236| 2.35| 233| 234| 237| 241| 225| 253| 253| 352

Th |U
24 | 23
2.75| 2.65

value. Although this feature of van der Waals forces
stems directly from the London—Kirkwood theory [26,
43, 46], it was not noticed until 1996; in 1998, thisfea-
ture was confirmed by Alkorta et al. [47].

In spite of certain discrepancies, the van der Waals
radii of all isolated atoms exceed the corresponding
crystallographic radii by 10-30% [40, 48], which is
commonly accounted for by the stronger interaction
between moleculesin solids[9]. At the sametime, com-
parison of the separationsin G, molecules and G crys-
tals[42, 49] and (X,), condensed and gas-phase mole-
cules, where the dissociation energies differ by an order
of magnitude [46, 50], demonstrates that the van der
Waals contact length is not determined by the interac-
tion energy.

Since the van der Waals radii of hydrogen, carbon,
and metal s depend on bond polarity (differencein elec-
tronegativity) [see Eg. (10)], zero atomic charge corre-
sponds to an isolated atom. Table 8 compares the
Allinger’s equilibrium radii (R.), radii determined
experimentally from the structure of molecules con-
taining atoms of inert gases (Rg), and radii of elements
in AX,, molecules reduced to zero charge on the metal

atom (RO). It can be seen that the van der Waals radii of
isolated (neutral) atoms determined by different meth-
ods are in reasonabl e agreement, with alowance made
for the possible experimental errors in Rg and R° and
extrapolation errors in R,. The largest discrepancy is
observed in the case of hydrogen, because it has a flat
potential curve, and its size varies markedly with even
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minor variations in the van der Waals interaction
energy.

Table 9 presentsthe set of the recommended crystal-
lographic (upper figures) and equilibrium (lower fig-
ures) van der Waals radii of elements.

ANISOTROPY IN VAN DER WAALS RADII

The above radii correspond to isotropic (spherical)
atoms. At the same time, structural studies of crystal-
line iodine show that the intermolecular distance
depends on the crystallographic direction [52]. Later
studies [53] confirmed that the R of iodine is anisotro-
pic; the effect was interpreted in terms of the electron-
density distribution in the atoms forming the chemical
bond. This result was also confirmed in other works
[54-57]. However, Nyburg and Faerman [56] attributed
the anisotropy in Rto intermolecular interaction.

Whether the anisotropy in the van der Waal s area of
atomsisof intra- or intermolecular nature can be ascer-
tained either by calculating the van der Waals configu-
ration of isolated molecules or by experimentally deter-
mining the van der Waals shape of atoms in gas-phase
molecules. The results of both approaches support
Kitaigorodskii’s conclusion.

Bader et al. [58] werethefirst to delineate theregion
containing 95% of the molecular charge. They found
that, in isolated Li,, B,, C,, N, O,, and F, molecules,
the van der Waalsradiusin the bond direction (longitu-
dinal radius, R) is aways smaller than the transverse
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Table 10. Semiempirical estimates of the anisotropy in van der Waals radii (A)

Atom " ' R R R R R R
equilibrium crystallographic

F 1.028 0.8294 175 1.60 141 154 1.42 1.24
Cl 1.037 0.7548 212 1.92 155 1.87 1.67 1.36
B 1.039 0.7287 2.23 2.00 157 197 177 1.38
I 1.040 0.7188 234 2.08 1.62 2.18 1.95 151
O 1.068 0.8253 1.92 1.58 1.48 1.65 137 1.28
S 1.089 0.7463 2.29 1.77 157 1.96 152 1.34
Se 1.095 0.7215 241 1.83 159 2.08 1.58 1.37
Te 1.097 0.7128 2.58 1.95 1.67 2.30 1.75 1.50
N 1.132 0.8188 2.15 1.48 155 1.87 1.28 135
P 1.170 0.7369 2.52 1.56 158 2.28 1.43 1.44
As 1.179 0.7112 2.65 1.62 1.60 242 147 1.46
Sb 1.182 0.7040 2.84 171 1.69 2.60 157 155

radius R,. Later, the same was shown in calculations for
AB, CO,, C,H,, and C,H, [59, 60].

Thecalculations by Ishikawaet al. [61] demonstrate
that the anisotropy in the R of halogens depends on
bond polarity in isolated molecules. For example,
R(F) = 1456 A in KF and 1.344 A in F, and R(F) =
1.428 A inKFand 1.241 A inF,, with AR, _,=0.028 A
in the ion pair and 0.103 A in the covalent molecule.
Similarly, R(Cl) = 1.777 A in KCl and 1.696 A in Cl,
and R(Cl) = 1.739 A in KCI and 1.510 A in Cl,, with
AR, ,=0.038 A intheion pair and 0.186 A in the cova-
lent molecule; R(Br) = 1.894 A in KBr and 1.827 A in
Br, and R(Br) = 1.853 A in KBr and 1.600 A in Br,,
with AR, _,=0.041 A intheion pair and 0.227 A in the
covalent molecule. Thus, with increasing covalence
and bond polarizability, the anisotropy becomes more
pronounced. The minimal anisotropy is observed in
polar molecules. The anisotropy in the van der Waals
radius was attributed to the formation of covalent
bonds, which involves el ectron transfer from p, orbitals
to the bonding region, and, accordingly, a decrease in
electron density at the opposite end of the orbitals. With
decreasing bond coval ence, the shift of electrons to the
overlap region decreases; in ion pairs, there is no elec-
tron shift and, accordingly, no anisotropy.

Recent ab initio calculations for a large number of
molecules [62] also showed that the anisotropy in the
van der Waal s radius depends on the effective charge on
the atom. Unfortunately, no quantum-mechanical cal-
culations have so far been performed for multielectron
elements, which makesit difficult to draw genera con-
clusions. This problem can be overcome, to some
extent, by using semiempirical methods.

The outermost shell of isolated halogen atoms, char-
acterized by R,, contains seven electrons, which are

uniformly distributed because there is no preferred
direction. After the formation of an X, molecule with
the participation of p, electrons, the p, and p, orbitals,
initially unoccupied, each contain two electrons and do
not differ in this respect from the p orbitals of the cor-
responding anions, whereas, at the other end of the p,
orbital, there is electron deficiency (no electronsin the
limit). These observations can be used to estimate R,
and R, taking that the difference from R, is caused by
changes in the number of eectrons in the outer shell
from seven to eight and two, respectively. In terms of
linear dimensions, these changes are described by the
coefficients (8/7)'* = 1.045 and (2/7)'3 = 0.6586 if the s
and p electrons occupy equal volumes. Actualy, these
volumes are different, which can be easily taken into
account using outer-shell orbital radii of elements[63]:
From the volumes of the outer-shell s and p electrons,

one evaluates the volume per electron (V. and Vep).
Next, one calcul ates the average volume per electron in
two-, seven-, and eight-electron shells (?V,, V., and
8V/,) and the resultant coefficients for converting R, into

R andR:

k= 1.045(%v/V,)" and k = 0.6586(3V/ V).
(17)

Table 10 liststhe R, and R, calculated from the equi-
librium and crystallographic radii using the coefficients
given by (17).

With Eg. (17), we obtain the minimum R,, since the

electrons are assumed to have fully shifted from the
periphery of the p, orbital to the bonding region. The

upper limit to R’ can be evaluated under the assump-
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Table 11. Experimentally determined anisotropic van der Waals radii (A) in C-A bonds

A R R AR A R R AR
H 1.26 1.01 025 S 2.03 1.60 0.43
F 1.38 1.30 0.08 Se 215 1.70 0.45
cl 1.78 1.58 0.20 Te 2.33 1.84 0.49
Br 1.84 154 0.30 N 1.62 1.42 0.20
| 2.13 1.76 0.37 So 212 1.82 0.30
o) 1.64 1.44 0.20 Bi 2.25 1.85 0.40

Table 12. Experimentally determined anisotropic van der Waals radii (A) in A, molecules

R R AR R R AR
Az
gas phase solid phase

H, 1.70 1.52 0.18 152
0, 1.88 1.66 0.22 1.67 1.49 0.18
N, 1.95 1.70 0.25 1.75 1.55 0.20
F, 1.24 155 1.34 0.21
Cl, 194 1.39 0.55 1.90 1.67 0.33
Br, 2.05 1.37 0.68 2.01 164 0.37
Iy 2.20 1.36 0.84 2.16 1.76 0.40

tion that distortions of a van der Waals atom do not
change its volume. In this way, we obtain

R = RY/R. (18)

The data obtained using Eq. (18) (Table 10) are in
gualitative agreement with more accurate calculations:
the anisotropy increases with increasing atomic polar-
izability, and, accordingly, the difference in R, is much
larger than that in R,. Moreover, the difference between
the maximal and the minimal R, decreaseswith increas-
ing valence, indicating a reduction in the shift of the
p,-€lectron density to the bonding region.

The anisotropy in the van der Waals radii of hydro-
gen, oxygen, and halogens was first determined exper-
imentally from the G-A interatomic distances in T-
shaped GA, molecules [43, 44]. The R(A) radii thus
found were, in al cases, larger than the isotropic R(A)
inferred from the structure of GA molecules.

The anisotropy in van der Waals radii can also be
assessed using optical data on the anisotropy in molec-
ular polarizability. Since polarizability is proportional
to the molecular volume, the cubic root of the ratio
between the longitudinal (o)) and transverse (a,) axes
of the bond (molecular) polarizability ellipsoid must be
proportional to the linear dimension of the molecule.
The longitudina size of A, molecules is equal to the
sum of the A—A distanceand 2R,(A), and the transverse
sizeis 2R(A). Knowing the bond length and the R(A)
(from the structures of GA, molecules), one can find R
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[64-66]. A similar approach was used to assess the
anisotropy in the van der Waals area of atomsin more
complex molecules (AX,, BX3, and AX,) [67].

In condensed molecules, the anisotropy in Ris gov-
erned by the intermolecular distances in different crys-
tallographic directions. The corresponding results were
obtained as early as 1953 by Kitaigorodskii [53]. More
detailed data were reported in [56, 57] and, very
recently, in [64—66] (Tables 11, 12).

Of crucial importance are the R, of carbon atomsin
single, double, and triple bonds (1.95, 2.01, and 2.17 A,
respectively [44]) and the R, of hydrogen atomsin dif-
ferent chemical states (Table 11) [64].

The anisotropy in R sheds light on the mechanisms
underlying the effect of bond orientation on the inter-
molecular distance [67-70] and the dependence of the
hydrogen bond length on the bond angle [71]. The
anisotropy complicates cal culations of molecular struc-
tures; luckily, it islimited to atoms bonded to only one
ligand. If an atom participates in two or more bonds
making angles of 90° + 30°, aradius which is longitu-
dinal for one bond is transverse for another; as a result
of this compensation, the atom remains spherical. This
inference is supported by the example of CdX, mole-
cules, in which the van der Waals radii are essentially
isotropic.
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INTERMEDIATE CASES BETWEEN COVALENT
AND VAN DER WAALS RADII

Actual chemical bonding typically has an interme-
diate character, which reflects on interatomic distances.
Experimental studies show that the bond lengths may
vary from the sum of covalent radii to the sum of van
der Waals radii, depending on the nature of the com-
pound [72, 73]. In anumber of works, the shortening of
intermolecular distances was interpreted as evidence
for a new type of interaction, which was called “spe-
cific,’ “secondary,” or “interaction that cannot be
described within the framework of the classical theory
of chemical bonding.” Actualy, the variations in bond
lengths are of crystal-chemical nature and can be
understood in terms of the known concepts. They are
due to the exchange (covalent) forces between mole-
cules located in close proximity, which reduce the
covalent bonding.

This was clearly shown in high-pressure studies of
simple substances: the shortening of the distances
between atomic chains in the structures of Se and Te
was found to be accompanied by an increase in intra-
chain bond lengths [74—77]. Similar changes in bond
lengths were observed in phosphorus, arsenic, anti-
mony, and bismuth: high pressure caused contraction of
the bonds between fragments of the covalent frame-
work and elongation of the bonds within the fragments
[78, 79]. Compression of halogen molecules was
accompanied by a decrease in intermolecular distances
and an increase in covalent bond lengths, to the extent
that all interatomic distances becameidentical, asinthe
structure of metals [80].

Changes in interatomic distances in response to
electron redistribution can be described within a classi-

D, A

1 1
2.8 3.2d A

Fig. 3. Hyperbolic relationship between bond lengths in a
three-center system.

BATSANOV

cal crystal-chemical approach. Asan example, consider
alinear triastomic system, I, ---1,---I;. Figure 3 shows the
plot of the intermolecular bond length D vs. intramo-
lecular bond length d [72], and Table 13 lists the corre-
sponding distances obtained by averaging experimental
data. Since the D-vs.-d curve shows hyperbolic behav-
ior [81], it can be described by the O'Keefe-Brese
equation [82],

—-Ad = 0.37Inn, (19)

where Adisachangeind, and nisthe bond order (ratio
of the valence to the number of ligands, N,). If the elon-
gation of the intramolecular (short) bond I-1 is caused
by a partial transition of valence electrons to the inter-
molecular region, one can determine, using Eg. (19),
which n corresponds to the particular intramolecular
bond length, to find the intermolecular bond order N
from 1 —n, and then calculate, again using Eqg. (19), the
new bond length. The results of such calculations are
presented in Table 13.

These data provide clear evidence for the transfor-
mation of the van der Waals bond into a covalent bond
as aresult of charge transfer. The change in the length
of the covalent bond in the I, molecule upon the forma-
tion of the symmetrical system I--I---1 exactly corre-
spondsto an increase in the coordination number of the
central iodineatomfrom 1to 2 (n=0.5). Similar behav-
ior is observed in the systems X-H--Y, CI-Sb--Cl,
X-Cd--X, Br-Br-Br, and S-S---S [72, 81, 83, 84].

Thus, the formation of a symmetrical three-center
system from covalent and van der Waalsbondsis equiv-
alent to the transformation of a terminal bond into a
bridge bond as a result of dimerization (AX, —
A,X,,), that is, to an increase in the covalent bond
length by ~0.13 A and a decrease in the van der Waals
distance by ~0.67 A (given that R is larger than r by
about 0.80 A). All the changes in interatomic distances
observed to date fall within this range (increased by a
factor of 2 to pass from radii to bond lengths).

As mentioned above, compression of molecular
substances, e.g., condensed halogens, is also accompa-
nied by an increase in covalent bond length and a
decrease in intermolecular distance to the extent that
they become identical. Equation (19) can be used to
describe this process after modifying it to take into
account the volume contraction of intermolecular con-
tacts: the order of the bond resulting from adecreasein
the van der Waals distance (N) must be increased by a
factor of 3 to obtain the order of the “short” bond. The
equalized distances can be found using a simple proce-
dure: after subtracting the covalent bond length from
the intermolecular distance, the obtained value Ad and
Eq. (19) are used to determine N and n = 1 — 3N; then,
Eq. (19) isused again to determine the increased length
of the intramol ecular bond. Knowing the covalent bond
lengths in the condensed molecules Cl,, Br,, and |,,
one can choose bond orders to equalize the reduced
intermol ecular distance and the elongated intramol ecu-
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Table13. Lengths(A) of covalent and van der Waalsbonds 1

Omeas n N Deac Dineas
2.67 1.000 0.000 4.20 4.20
2.70 0.922 0.078 3.61 3.68
2.75 0.805 0.195 3.27 3.30
2.80 0.704 0.296 312 3.10
2.85 0.615 0.385 3.02 3.00
2.90 0.537 0.463 2.95 293
2.92 0.509 0.491 2.93 292

lar bond length. The equalized radii thus found are
1.245 A for ClI, 1.40 A for Br, and 1.62 A for I. The
experimentally determined valuesfor Br and | are 1.41
and 1.62 A, respectively [80]. For Cl, no molecule—
metal transition has so far been observed. The strains
and pressures at which such phase transitions occur
were evaluated from the mechanical characteristics of
these substances and coincided with experimental data
to within 10% [22, 85, 86].

CONCLUSION

Systems of atomic radii were initially developed to
calculate bond lengths, because their experimenta
determination required much effort and time. With the
advent of modern XRD techniques, the need for ab ini-
tio calculations became less urgent, but precise knowl-
edge of atomic radii became more important in inter-
preting the nature of the chemical bond. Comparison of
an experimentaly determined interatomic distance
with the sum of the corresponding atomic radii makes
it possible to assign a given chemica bond to one or
another (or intermediate) type. The discovery, vita to
structural chemistry, that the bond length may vary con-
tinuously from the van der Waals to the covalent value
was also based on the comparison of measured dis-
tances with the sums of covalent and van der Waals
radii. The extent of high-pressure phase transitions in
molecular substances and the transition pressures are
also governed by the van der Waals and covalent radii
of the atoms involved.

The relationships, highlighted in this review,
between the covalent, metallic, and van der Waals radii
of elements are based on a large body of experimental
data. Detailed data on the anisotropy in the atomic area
in different states of aggregation are crucial for under-
standing the structure and nature of the chemical bond
and necessary for quantum-chemical studies.

The use of experimental dataon the structure of gas-
phase mol ecul es containing atoms of inert gases makes
it possible to substantiate the concept of van der Waals
radius and integrates crystal chemistry with other
research aress.
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