
Intermolecular Nonbonded Contact Distances in Organic Crystal Structures: Comparison
with Distances Expected from van der Waals Radii

R. Scott Rowland* and Robin Taylor*
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.

ReceiVed: October 24, 1995; In Final Form: January 28, 1996X

The conclusions derived from systematic analyses of intermolecular contact distances in organic crystals
may be affected by the values assumed for van der Waals radii. The most widely used tabulations of van der
Waals radii date back 30 years or more. Moreover, many of the tabulated values were chosen to reproduce
volumes, not contact distances in crystals. Literally millions of nonbonded contact distances have been
characterized by crystallography since the tabulations were compiled. A study has therefore been performed
to establish the degree of consistency between these accumulated crystallographic data and the van der Waals
radii of the common nonmetallic elements, as compiled by Pauling and Bondi. For halogens and sulfur, the
results show a remarkable agreement between observed contact distances and the Bondi radii. Agreement is
slightly less good for carbon, nitrogen, and oxygen, but discrepancies are still only about 0.05 Å. However,
there is a significant difference for hydrogen, where the Bondi value of 1.2 Å is probably too high by about
0.1 Å.

Introduction

All chemists are familiar with the idea that atoms of a given
element may be regarded as hard spheres whose radius, theVan
der Waals radius1 (hereinafterVdw radius), is characteristic of
that element. It is, of course, an approximation: atoms are not
completely hard, their effective size depends on their environ-
ment and hybridization state, and some bonded atoms are not
perfectly spherical but “flattened” at the poles.2,3 However, the
simple hard-sphere model remains an enduring and evidently
useful formalism. Thus, the seminal tabulation of vdw radii
by Bondi4 (based on X-ray diffraction data, gas kinetic collision
cross sections, critical densities, and liquid state properties) is
still cited heavily. The most recent 5-year cumulative edition
of the Science Citation Index, covering 1985-1989,5 lists almost
a thousand references to Bondi’s paper, and the latest single-
year index available to us (1993)6 lists about 300. The Pauling
radii are also frequently cited.
A common reason for using vdw radii is to compare

“expected” nonbonded contact distances, obtained by summing
the relevant radii, with distances observed in new crystal
structures. It is ironic, therefore, that Bondi concluded his paper
with the words, “It cannot be overemphasized than the van der
Waals radii of this paper have been selected for the calculation
of volumes. They may not always be suitable for the calculation
of contact distances in crystals.” Given this reservation and
the huge increase in available data since 1964, it is remarkable
that so little attention has been paid to the accuracy and
applicability of the Bondi values. This is of particular concern
to us because we are about to embark on a major systematic
analysis of nonbonded contacts between organic molecules, the
conclusions of which may be affected by inaccuracies in the
values we assume for vdw radii. We therefore decided to
investigate whether the Bondi vdw radii of the common
nonmetallic elements (H, C, N, O, F, P, S, Cl, Br, I) are
consistent with the vast numbers of nonbonded contact distances
that have been measured by crystallography during the last 30
years. The results are reported herein.

Methods

Source of Data. The study was based on analysis of data
from Version 5.08 of the Cambridge Structural Database7

(CSD), which contains the results of over 100 000 organic and
organometallic crystal structures.
Details of Searches. Searches were performed with the

QUEST3D package (Version 5.08).8 The analysis was confined
to organic structures only by using BITSCREENs and ELEMent
tests to reject structures that contained elements other than H,
C, N, O, F, P, S, Cl, Br, or I. Disordered and polymeric
structures, structures withR factors> 5%, and structures defined
to be in error (>0.02 Å) according to CSD criteria were all
omitted. Structures were further restricted to those determined
from diffractometer data. Finally, structures with charged
groups were eliminated since their crystal packing is likely to
be dominated by strong electrostatic effects. From the 126 353
structures in the CSD, this produced a search set of 28 403
structures.
For a given element pair, all intermolecular contacts (in-

tramolecular contacts were excluded) were tabulated out to a
distance cutoff equivalent to the sum of their vdw radii plus a
tolerance of 1.5 Å. The cutoff was calculated using the vdw
radii given by Bondi.4 A large tolerance was used to ensure
that no bias was introduced. A single, constant cutoff distance
could not be used for all element pairs because a value
appropriate for large elements (e.g. I‚‚‚I) would produce large
amounts of extraneous data for small elements (e.g. H‚‚‚H).
Contact distances involving hydrogen were computed with
“normalized” H atom positions,9 to correct for the systematic
underestimation of hydrogen valence-bond lengths by X-ray
diffraction. The normalization procedure involves moving the
H atom along the observed X-H valence bond so that the X-H
distance is equal to the average neutron diffraction value (Viz.,
1.083 Å for C-H, 1.009 Å for N-H, 0.983 Å for O-H8).
Analysis of the distance distributions by least-squares regression
and linear interpolation (see below) was done with in-house
software.
Characterization of Nonbonded Distance Distributions.A

histogram of each nonbonded distance distribution was pro-
duced, using a 0.1 Å bar width. If the spatial distribution ofX Abstract published inAdVance ACS Abstracts,April 1, 1996.
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nonbonded atoms were random, the number of contacts would
be expected to rise with the cube of the distance. Some of the
histograms did indeed show a monotonic (albeit not cubic)
relationship between numbers of contacts and distance (e.g.

H‚‚‚H, Figure 1a). However, many of the histograms showed
a clearly defined peak (e.g. Cl‚‚‚Cl, Figure 1b). This, of course,
may be ascribed to the effects of close packing in crystals. In
other cases, a maximum was present but less well-defined (e.g.

Figure 1. Histograms of nonbonded contact distances for various atom pairs: (a) H‚‚‚H, (b) Cl‚‚‚Cl, (c) H‚‚‚F, (d) C‚‚‚N.
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H‚‚‚F, Figure 1c), or only a shoulder was present (e.g. C‚‚‚N,
Figure 1d).
Histograms of the type shown in Figure 1a were rejected,

but those of the types shown in Figure 1b-d were characterized
by the quantityd, defined as the distance at which the histogram
reaches half of the height of its peak or shoulder. This is
illustrated schematically in Figure 2. The quantitydwas chosen
in preference to other possible statistics (such as the shortest
contact distance, or the distance corresponding to the peak of
the histogram) because of its numerical stability. In particular,
at distanced, the slope of the histogram is at or near its
maximum, so the value ofd can be estimated much more
precisely than, say, the position of the histogram’s peak. Also,
contacts at the short-distance end of the histogram often involve
atoms in unusual chemical environments, which are not typical
of the atom pair under consideration. Alternatively, short
contacts may be due to experimental errors, especially for
distributions involving hydrogen atoms. The use of half-height
statistics such asd to characterize S-shaped distributions has
many precedents in the literature, the best known being the LD50

score used for pharmacological dose-response curves.
A variety of methods were tested for estimatingd, and the

following empirical algorithm was found to be particularly
robust.
(a) The number of observations in each 0.1 Å bar of the

histogram was counted. These quantities are referred to here
asn1, n2, n3, ..., starting at the short-distance end.
(b) The largest of theni was determined (nmax).
(c) The quantitiesn1, n2, n3, ... were scanned, starting at the

short-distance end, until the valuek was found for which (i)nk
> nk-1 andnk > nk+1; (ii) nk > 0.05nmax; (iii) nk > 50. The
first condition ensures that the bar is a peak (that is, the bars on
either side are smaller), the second condition ensures that small
ripples in the short-distance tail are ignored, and the third
condition ensures that there are at least 50 observations
contributing to the peak. Qualitatively, therefore, thekth bar
is the first distinct, large peak in the histogram (Figure 2). In
the case of a histogram such as that shown in Figure 1b,nkwill
be identical tonmax. However, this will not always be the case.
For example, in a histogram such as that shown in Figure 1c,
nk will correspond to the peak at about 3 Å, butnmax will
correspond to the much higher bar at about 4 Å.
(d) A check was made that there was not a much bigger peak

(height> 1.25nk) within the next five bars of the histogram.
(e) The quantitiesn1, n2, n3, ... were scanned, starting at the

short-distance end, until the valuej was found for whichnj >
nk/2. The (j-1)th andjth bars therefore straddled.
(f) The value ofd was determined by linear interpolation

between the (j-1)th andjth bars, as indicated in Figure 2, a
check being made thatnj-1 < nj.
If the algorithm failed to produce an estimate because one

or more of the conditions could not be satisfied, a second attempt
was made using a histogram with 0.2 Å bar widths. If an
estimate ofd was still not possible, no further attempts were
made. Despite its empirical nature, this algorithm appeared to
produce more robust estimates than methods based on curve-
fitting and was therefore used throughout.
Estimates of Precision.To quantify the uncertainties in our

estimates ofd, a statistical analysis was performed as follows.10

Three representative distributions were taken,Viz., those of
Cl‚‚‚Cl, Br‚‚‚Br, and I‚‚‚I contacts (comprising 5172, 970, and
240 observations, respectively). For each distribution, a pseudo-
random number generator was used to select 10 arbitrary subsets,
each consisting of half of the total number of observations.
Histograms were constructed for all subsets, using a 0.1 Å bar
width for Cl‚‚‚Cl and Br‚‚‚Br and 0.2 Å for I‚‚‚I. The empirical
algorithm described above was then used to estimated from
each of the these histograms. This gave 10 values ofd for each
atom pair. The standard deviation of these values are computed,
with the following results: Cl‚‚‚Cl 0.008 Å, Br‚‚‚Br 0.032 Å,
I‚‚‚I 0.054 Å. On the basis of these results, we conclude that
d can be meaningfully quoted to two decimal places, and this
is done throughout the remainder of the paper.

Results and Discussion

Effects of Hydrogen Bonding. Figure 3 shows the distribu-
tions of O‚‚‚O, N‚‚‚O, and N‚‚‚N contacts. Each shows a
distinct peak at short distances, corresponding to hydrogen-bond
contacts. Since we were interested in van der Waals interactions
only, we redetermined these distributions, excluding all oxygen
and nitrogen atoms which were covalently bonded to hydrogen.
This removed the short-distance peaks from all three distribu-
tions,e.g. O‚‚‚O, Figure 4. A similar procedure was used to
remove hydrogen bonds involving SH donors.
Hydrogen bonding also affected some of the H‚‚‚X distribu-

tions (X * H). This was investigated by subdividing these
distributions into those involving carbon-bound hydrogen, (C)H,
and those involving oxygen- or nitrogen-bound hydrogen,
(O,N)H. As expected, (O,N)H‚‚‚N and (O,N)H‚‚‚O distances
peak at substantially shorter values than (C)H‚‚‚N and (C)H‚‚‚O
distances, respectively (Figure 5). Surprisingly, however,
(O,N)H‚‚‚Cl and (O,N)H‚‚‚Br contacts tend to belonger than
(C)H‚‚‚Cl and (C)H‚‚‚Br, respectively. The probable reason is
that (O,N)H atoms almost invariably hydrogen-bond to oxygen
or nitrogen acceptors. Consequently, (O,N)H contacts to
halogens, if they exist at all, aresecondarycontacts, with close
approach of the halogen prohibited by its steric interaction with
the oxygen or nitrogen acceptor. If this explanation is correct,
the concept of a vdw radius for (O,N)H atoms is almost
meaningless in the context of organic crystal structures (and,
probably, protein-ligand complexes also): only a “hydrogen-
bond” radius is useful.
In light of these results, only (C)H atoms were used for

estimating thed values of H‚‚‚O, H‚‚‚N, and H‚‚‚S. Thed
values of the other H‚‚‚X distributions were based on all types
of H atoms, although, in fact, the vast majority were (C)H atoms
anyway.
Coordination Number Dependence.Some of the distance

distributions were subdivided according to the coordination
numbers of the atoms involved. The results are summarized

Figure 2. Schematic representation of the definition ofd. nk represents
the height at the maximum of the histogram.
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in Table 1. In this table, the terminology E(n) is used to
represent an atom of elemental type E that is bonded ton atoms.
For example, C(3) indicates a carbon atom bonded to three other
atoms, such as an aromatic or olefinic carbon; C(3)‚‚‚O(1)

indicates a contact between this type of carbon and a one-
coordinate (e.g. carbonyl) oxygen atom. E(m,n) represents both
E(m) and E(n); for example, S(1,2) includes both thiocarbonyl
and thioether sulfur atoms. Finally, E on its own in Table 1

Figure 3. Histograms of nonbonded contact distances for (a) O‚‚‚O, (b) N‚‚‚O, and (c) N‚‚‚N contacts.
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representsall atoms of elemental type E, regardless of coordina-
tion number.
The contacts in Table 1 are arranged into groups. Within

each group, the contacts are ordered so that those expected to
be most sterically hindered are placed first. Table 1 shows that
d usually decreases for a given pair of elements as the
coordination number(s) of one or both atoms decrease(s) from
4 to 3 to 2,i.e. as the atoms become more sterically accessible.
For example,d is 3.75 Å for C‚‚‚Br (most of these are C(4)‚‚‚Br
contacts), compared with 3.70 Å for C(3)‚‚‚Br and only 3.63 Å
for C(2)‚‚‚Br. However, there are exceptions to this trend when
both atoms in a distribution have low coordination numbers.
For example, thed value of O‚‚‚S(1,2) is 0.09 Åshorter than
that of O(1)‚‚‚S(1). Presumably, steric accessibility factors are
relatively unimportant when coordination numbers are low, and
electrostatic effects may become dominant. O(1) and S(1) are,
respectively, carbonyl and carboxylate oxygens, and thiocar-
bonyl and thiocarboxylate sulfurs. These atoms are likely to
have substantial electronegative character, and the consequent
Coulombic repulsion between them may tend to lengthen
O(1)‚‚‚S(1) distances. However, S(2) atoms may often be very
electropositive (e.g. in nitrogen-sulfur aromatic heterocycles),
so electrostatic factors may often favor relatively short contact
distances between S(2) and oxygen.11,12

Other factors that may cause contact distances to depend on
coordination number include (a) the variation of the effective
vdw radius of carbon with hybridization state4 and (b) the
possibility that atoms are anisotropic and that the nature of the
anisotropy varies with coordination number.13,14 However, the
trends in Table 1 suggest that steric factors are the most
important. Since we were primarily interested in examining
the vdw radii of sterically unhindered atoms, we decided to

restrict further analysis to atoms with coordination numbers of
2 or less.
Comparison with Literature van der Waals Radii. Values

of d were determined for as many as possible of the various
pairs of elements, restricting atom coordination numbers to<3
(the restriction on coordination number for phosphorus elimi-
nated so many observations that this element was omitted from
the study). The results are given in Table 2;d values in bold
typeface were estimated from 0.1 Å bar-width histograms; the
remainder, from 0.2 Å bar-width histograms (see the Methods
section). Empty cells correspond to histograms whose shapes
did not permit algorithmic estimation ofd.
Least-squares analysis was then used to generate a set of

nonbonded radii,r, which minimized the function

where the outer summation is over all atom types (H, C, N, O,
F, S, Cl, Br, I),dij is thed value of atom pairi,j, and thewij are
weights. For a given atom pair,wij was set to 1.0 if thed value
was estimated from a 0.1 Å bar-width histogram and to 0.25 if
a 0.2 Å bar-width histogram had to be used. If nod estimate
could be obtained by the empirical algorithm at either 0.1 or
0.2 Å bar width,wij was set to 0.
The resultingr values are listed in Table 3, together with the

Pauling (P) and Bondi (B) vdw radii. There is rather poor
numerical agreement betweenr andP but much better agree-
ment betweenr andB. In fact, this is somewhat fortuitous.
The r values were derived from the matrix ofd values, and the
choice ofd for characterizing the distance distributions was
made for reasons of numerical stability (see the Methods
section), not becaused was expected to be equal to the sum of
the vdw radii. Consequently, whiler shouldcorrelatewith
Bsi.e. for all i,

wherec is a constantsthere is noa prior reason to expectr
andB values to benumericallysimilar, i.e. for c to be unity.
The final column of Table 3 therefore gives normalized radii,
R, whereR ) Cr andC is a constant chosen so that

where the summation is over the elements H, C, N, O, F, S, Cl,
Br, and I. The value ofC turns out to be 0.987; we can offer
no explanation as to why it is so close to unity, other than
coincidence.
The R values of carbon, nitrogen, and oxygen are slightly

larger than theB values, although even the largest discrepancy
is only 0.06 Å. Despite the analysis being restricted to atoms
with coordination numbers of 2 or less, steric accessibility effects
may be responsible, since theRvalues of the univalent halogen
atoms are extremely close to the correspondingB values. It
should also be noted that Bondi quotes a radius of 1.78 Å for
the carbons in acetylene, and the data in the rows and columns
of Tables 2 and 3 pertaining to carbon are based on C(2) (i.e
acetylenic) carbons only.
The largest discrepancy betweenR andB is for hydrogen,

whereR is about 0.1 Å shorter thanB. We were concerned
that this result might in some way be an artifact of the
normalization procedure used for correcting C-H, O-H, and
N-H valence-bond distances (see the Methods section). To
eliminate this possibility, we therefore derived various X‚‚‚H
nonbonded contact distributions using only those crystal struc-

Figure 4. Histogram of O‚‚‚O nonbonded contact distances after
removal of hydrogen bonds.

f ) ∑
i
∑
j e i

wij(dij - [ri + rj])
2
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∑
i
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i
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tures in the CSD determined by neutron diffraction. Since there
is no systematic error in neutron diffraction H atom coordinates,
normalization was now unnecessary. Owing to the small
number of neutron diffraction structures in the CSD, we were

able to estimated values for only four atom pairs, as follows:
H‚‚‚H 2.38 Å, H‚‚‚O 2.48 Å, H‚‚‚N 2.57 Å, H‚‚‚Cl 2.85 Å.
The first two values were derived by the linear interpolation
algorithm described above; the last two are more approximate

Figure 5. Histograms of contact distances between (a) (O,N)H‚‚‚O, (b) (C)H‚‚‚O, (c) (O,N)H‚‚‚N, and (d) (C)H‚‚‚N.
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estimates derived from manual inspection of the histograms.
As before, the H‚‚‚N and H‚‚‚O distributions were confined to
contacts involving hydrogen atoms covalently bonded to carbon,
in order to eliminate hydrogen bonds, and all distributions
pertain to atoms with coordination numbers< 3.
The neutron H‚‚‚N and H‚‚‚Cl d values are almost identical

to the corresponding figures based on normalized H atom

coordinates (Table 2). As will be seen later (Table 4), there is
also good agreement between the neutron H‚‚‚O d value and
an approximate estimate ofd obtained by visual examination
of the H‚‚‚O histogram computed from normalized X-ray data.
Thus, three of the four neutron H‚‚‚X distributions suggest very
strongly that the discrepancy between theB andR values of
hydrogen is genuine. However, the neutron H‚‚‚H d value is
consistent with a hydrogen vdw radius of about 2.38/2) 1.19
Å, close to Bondi’s radius. (It will be recalled that no H‚‚‚H d
value was obtainable from the normalized X-ray distribution
because the shape of the histogram was unsuitable; see Figure
1a.) This paradox is discussed in the Conclusions section.
Transferability of vdw Radii. The basic assumption

underpinning vdw radii is that they are transferable; for example,
it is assumed that the vdw radius of fluorine is the same in
F‚‚‚F contacts as in F‚‚‚Cl, F‚‚‚C, F‚‚‚H, etc. The data obtained
in this study enable the assumption to be tested, because each
observedd distance can be compared with the sum of the two
correspondingr values. For example,d is 2.54 Å for H‚‚‚F
(Table 2) and the sum of ther values of hydrogen and fluorine
(Table 3) is slightly higher, at 2.56 Å. Table 4 summarizes
these results; for each element, the first row gives observedd
values and the second row gives “expected”d values, obtained
by summing the relevant radiir. As before,d values in bold
typeface are derived from 0.1 Å bar-width histograms. Com-
pared with Table 2, a few extrad values are given in Table 4
(Viz., those in italics). These are very approximate estimates,
obtained by visual inspection of some of the histograms for
which the empirical algorithm failed to give ad value (therefore,
not used in the least-squares analysis).
Overall, the results suggest that vdw radii are indeed reliably

transferable, as would be expected from their widespread use
over the years. The largest discrepancies occur for H‚‚‚O,
H‚‚‚N, and C‚‚‚O, for which the observedd values are
unexpectedly short, and N‚‚‚N and H‚‚‚C, where the observed
d values are unexpectedly long. The short H‚‚‚O and H‚‚‚N
contacts are probably a reflection of C-H‚‚‚O and C-H‚‚‚N
hydrogen bonding.15 Since, along this row, the differences must
sum to 0 (excluding the cell in which thed value is an
approximate, visual estimate,i.e. is printed in italics), the long
H‚‚‚C dmay then be assumed artifactual. The long N‚‚‚N d is
probably due to the effects of electrostatic repulsion between
nitrogen atoms. The short C‚‚‚O d is difficult to explain but

TABLE 1: Examples of the Variation of d with Atomic
Coordination Number

C d N d O d

N C(2)‚‚‚N 3.33 N‚‚‚N 3.44
C(2)‚‚‚N(1,2) 3.31 N(1,2)‚‚‚N(1,2) 3.43
C(2)‚‚‚N(1) 3.30 N(1)‚‚‚N(1) 3.38

O C‚‚‚O 3.33 N(1,2)‚‚‚O 3.28
C(2)‚‚‚O 3.24 N(1)‚‚‚O 3.31
C(2)‚‚‚O(1) 3.19 N(1)‚‚‚O(1) 3.29

S C‚‚‚S 3.69 N‚‚‚S 3.38 O‚‚‚S 3.52
C(3)‚‚‚S 3.65 N(1,2)‚‚‚S(1,2) 3.42 O‚‚‚S(1,2) 3.45
C(2)‚‚‚S 3.62 O(1)‚‚‚S(1) 3.54
C(2)‚‚‚S(1,2) 3.61

Cl C‚‚‚Cl 3.62 N‚‚‚Cl 3.45 O‚‚‚Cl 3.33
C(3)‚‚‚Cl 3.60 N(1,2)‚‚‚Cl 3.41 O(1)‚‚‚Cl 3.27
C(2)‚‚‚Cl 3.57

Br C‚‚‚Br 3.75 N‚‚‚Br 3.59 O‚‚‚Br 3.48
C(3)‚‚‚Br 3.70 N(1,2)‚‚‚Br 3.57 O(1)‚‚‚Br 3.49
C(2)‚‚‚Br 3.63

I C‚‚‚I 3.93
C(3)‚‚‚I 3.90

TABLE 2: Observed d Valuesa

H C N O F S Cl Br I

H 3.02 2.59 2.54 2.91 2.88 2.99 3.14
10728 24866 4623 9034 8775 4912 864

C 3.02 3.59 3.31 3.24 3.613.57 3.63
10728 983 1386 943 259 182 131

N 2.59 3.31 3.43 3.28 3.13 3.42 3.413.57
24866 1386 5337 4425 224 1409 800 263

O 3.24 3.28 3.00 3.45 3.33 3.483.61
943 4425 768 1453 3657 1072 445

F 2.54 3.13 3.00 2.90 3.32 3.30
4623 224 768 2161 114 107

S 2.91 3.61 3.42 3.45 3.32 3.60 3.55
9034 259 1409 1453 114 3121 221

Cl 2.88 3.57 3.41 3.33 3.30 3.55 3.50 3.59
8775 182 800 3657 107 221 5172 135

Br 2.99 3.63 3.57 3.48 3.59 3.70
4912 131 263 1072 135 970

I 3.14 3.61 4.05
864 445 240

a For each element, top line givesd, and bottom line (italics) gives
number of contacts on which estimate ofd is based (defined as number
of contacts in histogram between 0.0 andx Å, wherex is upper limit
of histogram bar corresponding to peak of distribution,i.e. thekth bar
as defined in section on Characterization of Nonbonded Distance
Distributions). Boldd values based on 0.1 Å bar-width histograms;
remainder based on 0.2 Å bar-width histograms.

TABLE 3: Nonbonded Contact Radii from Least-Squares
Analysis

element Pauling radius,Pa Bondi radius,Bb rc Rd

H 1.2 1.20 1.10 1.09
C 1.70 1.77 1.75
N 1.5 1.55 1.64 1.61
O 1.40 1.52 1.58 1.56
F 1.35 1.47 1.46 1.44
S 1.85 1.80 1.81 1.79
Cl 1.80 1.75 1.76 1.74
Br 1.95 1.85 1.87 1.85
I 2.15 1.98 2.03 2.00

aReference 1.bReference 4.c r ) radii obtained from least-squares
analysis ofd values.d R ) r values normalized so that their sum is
equal to the sum of the Bondi radii.

TABLE 4: Comparison of Observed d Values with Values
Expected by Summingr Radii from Least-Squares Analysisa

H C N O F S Cl Br I

H 3.02 2.59 2.46 2.54 2.91 2.88 2.99 3.14
2.88 2.74 2.68 2.56 2.92 2.86 2.98 3.13

C 3.02 3.59 3.31 3.24 3.22 3.61 3.57 3.63
2.88 3.54 3.41 3.35 3.23 3.59 3.53 3.65

N 2.59 3.31 3.43 3.28 3.13 3.42 3.413.57
2.74 3.41 3.27 3.22 3.09 3.45 3.40 3.51

O 2.46 3.24 3.28 3.19 3.00 3.45 3.33 3.48 3.61
2.68 3.35 3.22 3.16 3.04 3.39 3.34 3.45 3.61

F 2.54 3.22 3.13 3.00 2.90 3.32 3.30 3.36
2.56 3.23 3.09 3.04 2.91 3.27 3.22 3.33

S 2.91 3.61 3.42 3.45 3.32 3.60 3.55 3.67
2.92 3.59 3.45 3.39 3.27 3.63 3.57 3.69

Cl 2.88 3.57 3.41 3.33 3.30 3.55 3.50 3.59
2.86 3.53 3.40 3.34 3.22 3.57 3.52 3.63

Br 2.99 3.63 3.57 3.48 3.36 3.67 3.59 3.70
2.98 3.65 3.51 3.45 3.33 3.69 3.63 3.75

I 3.14 3.61 4.05
3.13 3.61 4.06

a For each element, top line gives observedd values (see text for
explanation of bold and italic numbers), and bottom line gives sum of
correspondingr radii from Table 3.
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may reflect some attractive, perhaps hydrogen-bonding, interac-
tion between oxygen and acetylenic carbon16,17 (bear in mind
that all the carbon atoms contributing to the C‚‚‚O distribution
are C(2) atoms).

Conclusions

The major result of this study is that the commonly used
Bondi vdw radii are highly consistent with the wealth of
intermolecular nonbonded distances that has been measured in
organic crystal structures since Bondi’s publication of 1964.
The single exception is hydrogen, for which his radius is higher
than the value obtained in our work by about 0.1 Å. Analysis
of neutron diffraction data shows that the discrepancy between
the two results is real, and not an artifact of the normalization
procedure we used to correct X-ray H atom positions. However,
the neutron diffraction data provide an important clue to
understanding the discrepancy. The distribution of H‚‚‚H
contact distances based on neutron diffraction structures is
actually consistent with a hydrogen vdw radius of about 1.19
Å (almost identical to Bondi’s value). Only when other H‚‚‚X
distributions are taken into account (e.g. H‚‚‚O, H‚‚‚N) is a much
smaller radius required. Bondi’s value was based largely on a
study of H‚‚‚H contacts (e.g. in adamantane) by Kitaigorodskii,18

so our results are consistent with the early work in suggesting
that the effective hydrogen radiusfor H‚‚‚H contactsis about
1.2 Å. Now, covalently bound hydrogen atoms in organic
molecules tend to have net partial positive charges, so we may
expect H‚‚‚H contacts to be lengthened by electrostatic repul-
sion. In contrast, H‚‚‚O and H‚‚‚N contacts will be shortened
by electrostatic attraction. “Our” hydrogen vdw radius, 1.1 Å,
is essentially a weighted average over several different types
of H‚‚‚X distribution and is hence shorter than Bondi’s value,
which is based on H‚‚‚H contacts only. Since vdw radii should
be as transferable as possible, we suggest that the hydrogen
radius obtained in this work is a better compromise than Bondi’s
value and should be used in preference.
The question arises, should theR values in Table 3 be used

in preference to the Bondi (B) radii for the other elements
considered in this study? In the case of O, F, S, Cl, Br, and I,
the discrepancies betweenRandB are so small (0.04 Å or less)
that it hardly matters which is used. We will continue to use
the Bondi values, if only because they are so well recognized

in the literature. For carbon,R is 0.05 Å larger thanB, but is
derived solely from contacts involving acetylenic groups. Bondi
stated that the effective size of sp hybridized carbon is greater
(Viz., 1.78 Å) than that of other types of carbon, so theR-B
discrepancy is less significant than it might appear from Table
3. Again, we see no reason to move away from Bondi’s data.
For nitrogen, theR-B difference is 0.06 Å, mainly because of
the influence of the N‚‚‚N distribution, which has a surprisingly
larged value (Table 4). Here, it may indeed be advisable to
useR rather thanB, at least when interpreting N‚‚‚N contacts
in crystals. What is very clear is that Bondi’s values are much
more consistent with crystal-structure data than the vdw radii
given by Pauling and are therefore to be preferred to them.
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