
1300 Russian Chemical Bulletin, Vol. 43, No. 8, August, 1994 

General and Inorganic Chemistry 

Van der Waals radii of metals from spectroscopic data 

S. S. Batsanov 

Center for High Dynamic Pressures, All-Russian Scientific and Research Institute for Physico-Mechanical and 
Radio-Technical Measurements, Russian Academy of Sciences, 

141570 Mendeleevo, Moscow Region, Russian Federation. 
Fax: +7 (095) 533 7386 

The lack of information about the van der Waals radii of metals can be compensated for 
by using the results of spectroscopic investigations of van der Waals molecules. It has been 
shown that the interatomic distances in these molecules obey an additive scheme if one 
allows for the polarization effects. The van der Waals radii of the alkali metals, Ag, Mg, Zn, 
Cd, Hg, B, A1, In, and Si, have been determined from the interatomic distances in their 
heteroatomic molecules with atoms of noble gases. Use of the obtained radii for crystal 
chemistry is discussed. 
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Typical  meta ls  are the  least represented elements  1-8 
in the  publ ished systems of  van der  Waals radii  (rw), 
ma in ly  because of  the  fact that  in the crystal state they 
form no compounds  that  have a metal  a tom "on the 
surface" of  the  molecule ,  i.e., not comple te ly  sterically 
shie lded by the  a toms va len t -bonded  to it. For  this 
reason the r w of  metals  (rw(M)) have been calculated,  
e.g. by. Bondi ,  z using indirect  methods ,  viz., from critical 
volumes,  from correlat ions with the  ioniza t ion  energies 
of  the a toms or  with thei r  covalent  radii.  However,  a 
compar i son  of  these values with the  structural  data  
indicates  a sys temat ic  underes t imat ion  of  rw(M). 7,9A~ 
Evidently,  new informat ion  is needed  in order  to make a 
more  rel iable es t imat ion  of  the  van der Waals radii  of  
metals.  

This in format ion  can be gained from spectroscopic 
measurements  o f  in te ra tomie  distances in Mlg  type van 
der  Waals  molecules  (where Ig is an inert  gas atom) 

assuming  tha t  the  i n t e r a t o m i c  d i s t ances  in these  
molecules  obey additive correlations.  This paper  reports 
the possibili t ies of  using this approach.  

Methods of calculation of van der Waals radii 

Checking  on the app l i cab i l i ty  of  the  addi t iv i ty  
principle for the  calculat ion of  in te ra tomic  distances in 
van der Waals  molecules  we begin with the  molecules  of  
inert gases. Table I gives all the values known at present  
for equil ibr ium in tera tomic  d e distances in h o m o -  and 
heteronuclear  molecules  of  the I g l g '  type that  have been 
de termined exper imental ly  (spectroscopical ly) .  

F r o m  the  values of  d e in the  Ig 2 h o m o a t o m i c  
molecules  we have the van der Waals  radii  (rw(Ig) = 
de(Ig2)/2) for the inert gases: r w for He  = 1.485, Ne  - -  
1.545, Ar - -  1.88, Kr - -  2.005 and Xe - -  2.18 A. For  the 
he teroa tomic  I g l g '  molecules  s imple addi t ion of  these 
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Table 1. Spectroscopically determined equilibrium interatomic distances (A) in the molecules of inert gases 

IgIg' deeXp 2r w de-2r w Zxr w 2rw+Ar w 

Hel le  2.96711 2.97 --  - -  2.97 
HeNe 3.0312 3.03 0.00 0.04 3.07 
HeAr 3.48 lz 3.36 0.12 0.16 3.52 
HeKr 3.7012 3.49 0.21 0.23 3.72 
HeXe 3.9912 3.66 0.33 0.32 3.98 
NeNe 3.08711, 3.0912 3.09 --  - -  3.09 
NeAr 3.5012 3.42 0.08 0.09 3.51 
NeKr 3.6612, 3.7013 3.55 0.13 0.14 3.69 
NeXe 3.8812, 3.87914 3.72 0.16 0.20 3.92 
ArAr 3.75911, 3.7612 3.76 --  --  3.76 
ArKr 3.88 lz 3.88 0.00 0.03 3.91 
ArXe 4.0712, 4.09414 4.06 0.02 0.06 4.12 
KrKr 4.01211, 4.0112, 4.01715 4.01 --  --  4.01 
KrXe 4.1712, 4.20314 4.18 0.01 0.03 4.21 
XeXe 4.3612, 4.36216 4.36 --  --  4.36 

Table 2. Experimental interatomic distances (/~,) in the IgX molecules 11,12 and the values of the van der Waals radii of X obtained 
from them 

IgX r(IgX) rw(X) IgX r(IgX) rw(X ) 

HeF 3.03 1.48 
NeF 3.15 1.58 Nel l  3.15 1.57 
ArF 3.50 1.56 ArH 3.58 1.65 
KrF 3.65 1.55 KrH 3.62 1.54 
XeF 3.78 1.46 XeH 3.82 1.52 
HeC1 3.49 1.82 HeO 3.27 1.70 
NeC1 3.61 1.96 NeO 3.30 1.72 
ArC1 3.88 1.98 ArO 3.60 1.68 
KrC1 3.95 1.93 KrO 3.75 1.68 
XeC1 4.06 1.84 XeO 3.90 1.62 

radi i  gives  m a r k e d l y  s m a l l e r  va lues  t han  the  
exper imenta l ly  found d e values (on the average, by 
0.1 A, Table 1.) The difference in the d e and Yr w values 
increases mono ton ica l ly  as the differences in the a tomic  
numbers  of  Ig and Ig" increase. 

In our opin ion ,  the  contr ibut ion  of  the polar izat ion 
interact ion is the  main  reason for this difference: the 
more  hard Ig a tom (with a smal ler  a tomic  number)  will 
loosen the e lec t ron shells of  the  less hard atom, thus 
increasing the effective size of  the latter. 

I f  one assumes the e lec t ron polar izabi l i ty  (a)  to be 
the  measure  o f  a tomic  hardness,  then  the empir ical  
correc t ion  Ar w for the  size increase will be given by 

Ar w = a[(a 2 -  al)/al]2/3, (1) 

where a = 0.045 and a l  < a2- The results o f  calculat ions 
using Eq. (1) and the a values from Ref. 17 are given in 
Table 1 as well. As can be seen, the  average difference 
b e t w e e n  the  c a l c u l a t e d  a n d  e x p e r i m e n t a l l y  f o u n d  

in tera tomic  distances in the he te ronuc lear  molecules  of  
inert  gases, taking into considera t ion the polar iza t ion  
interact ion,  is decreased to 0.003 A (0.01 - -  0.04 A). 

We tested the  validi ty of  Eq. (1) on IgX molecules ,  
where X = H, F, C1, O. Table 2 gives the  definite 
expe r imen ta l  i n t e r a t o m i c  d is tances  in these  m o l e -  
cules 12,13 and the r w values of  the above e lements  
calculated by the equat ion 

Arw(X) = r~(IgX) - rw(Ig ) - Ar w (2) 

As can be seen, the addit ive me thod  o f  calculat ing 
the  i n t e r a t o m i c  d i s t ances  also o p e r a t e s  for  these  
molecules  ra ther  well. The  average values of  the  van der  
Waals radii  obta ined for F,  C1, H and O are 1.53_+0.05, 
1.90_+0.08, 1.57+_0.06, 1.68-+0.04 A, respectively,  which 
are close to the  corresponding values of  Allinger:  4 1.60, 
1.95, 1.50, and 1.65 A. This s imilar i ty  is expla ined by 
the fact that  All inger  ca lcula ted  his r w from the values 
corresponding to the  m i n i m u m  potent ia l  energy o f  van 
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Table 3. Experimental interatomic distances in the molecules of MIg (A) 12 and the van der Waals radii of M calculated from them 

MIg .... r(Mlg) rw(M ) MIg r(MIg) rw(M ) 

LiNe 5.01 2.82 ZnAr 4.1818 2.20 
LiAr 4.84 2.71 ZnKr 4.2018 2.t3 
LiKr 4.78, 4.90 2.66 CdNe 4.26, 4.12z 2.37 
LiXe 4.80, 4.88 2.54 CdAr 4.33, 4.3118, 4.3022 2.34 
NaNe 4.82, 5.29 2.83 CdKr 4.402z 2.34 
NaAr 5.05, 5.0115, 4.99119 2.88 CdXe 4.55 2.34 
NaKr 4.92, 4.91820 2.72 HgNe 3.87, 3.92 TM, 3.9523 2.13 
NaXe 5.06 2.75 HgAr 3.99 TM, 4.01 2.04 
KAr 5.05, 5.07, 5.34 2.87 HgKr 4.07 2.02 
KKr 4.84, 5.24, 5.36 2.85 HgXe 4.25, 4.1024, 4.2325 1.99 
KXe 5.20, 5.25 2.83 BAr 3.60624 1.68 
RbKr 5.29 2.98 AJAr 3.527, 3.7928 1.65 
CsAr 5.50 3.12 AIKr 3.727, 3.8629 1.70 
CsKr 5.44 3.07 A1Xe 3.627 1.37 
CsXe 5.47 3.03 InAr 3.63~ 4.1331 1.91 
AgAr 4.021 2.03 InKr 3.93o 1.86 
MgNe 4.40 2.46 InXe 3.5530 1.36 
MgAr 4.49 2.46 SiAr 4.032 2.04 
MgXe 4.56 2.44 

Table 4. Van der Waals radii (A) of metals 

M r w rw2 M r w rw2 

Li 2.7 1.82 Zn 2.2 1.39 
Na 2.8 2.27 Cd 2.3 1.58 
K 2.9 2.75 Hg 2.0 1.55 
Rb 3.0 -- B 1.7 1.65 
Cs 3.1 -- AI 1.7 -- 
Ag 2.0 1.72 In 1.9 1.93 
Mg 2.5 1.73 Si 2.0 2.10 

der Waals interactions o f  molecules in the gaseous state, 
i.e. under  conditions analogous to our case. 

The validity of  the additivity principle for the 
calculation of  interatomic distances in the heteroatomic 
molecules makes it possible to calculate the r w of  metals 
from the interatomic distances in molecules of  MIg. 
Table 3 gives the experimental interatomic distances in 
these moleculeslZ, ls-32 and the rw(M ) values obtained 
by Eq. (2) from the average values o f  r(MIg). 

The average values o f  rw(M ) obtained in the present 
work are compared  with the rw(M ) values of  Bondi in 
Table 4. 

Results and Discussion 

Let us consider the meaning of  the van der Waals 
radii of  metals obtained in this work and their applicability 
to crystal chemistry. 

First, note that the r w of  inert gases found from the 
interatomic distances in the molecules of  Ig 2 are close to 

the respective values for the crystalline elements. Thus, 
according to Horton 's  33 data, in the crystal structures of  
the inert gases with a Cu type structure, the atomic 
halfdistances are: Ne 1.578, Ar 1.874, Kr 1.996, Xe 
2.167 A, i.e., on the average they differ by +__0.017 A 
from the r w of  the same elements in the gaseous van der 
Waals molecules (see above). Hence  the collective 
interact ion o f  the a toms in the inert gas crystal 
(coordination number  12) does not markedly affect the 
r w value, apparently because of  the low energy of  the 
interatomic interactions. One could therefore expect 
that the van der Waals radii of  metals calculated by us 
could  also be effect ively used to describe the 
intermolecular contacts in the crystal structures. 

In this connection it should be noted that the r w of  B 
and Si determined by Bondi from structural data are 
close to those calculated by us, while the r w of  alkali 
metals calculated by Bondi from the critical volumes 
approach our values as the boiling temperature of  the 
metal decreases, i.e., they depend on the ease of  its 
transition to the gaseous state. 
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Table 5. Interatomic halfdistances re/2 (A) and bond energies Eb(kJ/mol ) in the molecules of M 2 compared, with rw(M ) (A) and 
Eb(kJ/mol) for the molecules of MAr 

M M 2 MAr 

r J 2  G o rw(M) G 

Mg 1.9411 5.234 2.46 1.00 
Ca 2.1411 13.134 --  0.74 
Sr 2.2236 15.234 --  0.81 
Zn 2.3735 3.335 2.20 1.15 
Cd 2.3+0.235 3.935 2.34 1.26 
Hg 1.9+0.135, 37 4.235 2.04 1.70 

The correct ions  to the r w of  metals  2 made  by Mingos 
and Rohl  7 are also d i rec ted  toward increasing r w, thus 
approaching  our  values. 

It is also interest ing to compare  the  r w of  the metals  
found in this  work  with the  measurements  of  the  
in tera tomic  distances in the  molecules  of  M2, where M 
is a group II  e lement  of  the  Periodic  System. These 
e lements  have in thei r  outer  orbit  stable s2-electron 
configurations that  interfere with the formation of  normal  
c h e m i c a l  bonds .  The  a t o m i c  in te rac t ions  in these 
molecules  are so weak that  they  are at t r ibuted to van der 
Waals  interact ions.  Table  5 gives the values of  the 
a tomic  halfdistances (re/2) and the bond  energies E b in 
the  molecules  of  M 2 compared  with the  analogous 
characteris t ics  ( rw(M) and Eb) for molecules  of  MAr. 

As can be seen, for the  M 2 molecules  with the lowest 
bond energies,  hal f  the  in tera tomic  distance pract ical ly  
coincides with the addit ive rw(M ). And vice versa - -  the 
dissociat ion energy of  Mg 2 is 5 t imes as large as the 
strength of  the  MgAr  molecule .  As a consequence,  the 
Mg radius ca lcula ted  from the in tera tomic  distance in 
the lat ter  molecule  is markedly  higher  than re(Mg2)/2. It 
should be noted  that  rw(Mg) found by Bondi 2 (Table 4) 
is less than even this last unders ized value. Since the 
dissociat ion energies of  the  molecules  of  Ca 2 and Sr 2 are 
even greater  than  that  of  Mg 2, it may  be stated that  the 
r w of  Ca  and Sr should be markedly  greater  than 2.14 
and 2.22 A, respectively.  

It should be expected that  further  progress in the 
spectroscopy of  van der  Waals  molecules  will allow us to 
refine the known data  and to de te rmine  new van der 
Waals  radii  of  e lements .  

In  conclus ion the author  would like to express his 
grat i tude to Prof. J. Howard  and Prof. K. Wade for the  
oppor tuni ty  to carry out  this work at the  Chemica l  
Depa r tmen t  o f  the  Durham Universi ty,  UK,  and for 
useful discussions. 
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