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Computation of the effective volumes of covalently bonded
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An analytical algorithm for the calculation of molecular volume based on a model of par-
tially overlapping spheres is presented. The algorithm takes into account the volume of over-
lapping caps of spheres and includes the contribution to the molecular volume by interstitial
voids. The algorithm is constructed in a manner to ensure generality. The working of the
algorithm is illustrated by examples of some different types of basic molecular structures. The
Mathematica program is available.

1. Introduction

Molecular volumes have been applied to many different disciplines within the
chemical sciences [1]. For example, molecular volumes have been used for packing
predictions in crystallography [2-5], protein cavity evaluation [6], charge density esti-
mates [7], topological analysis of biologically important molecules [8], materials chem-
istry [9] and quantification of chirality [10]. More recently molecular volumes have
found extensive use in quantitative structure—activity relationships (QSAR). A recent re-
view summarizes the use of molecular volumes in organometallic chemistry [11]. How-
ever, most, if not all, of the above studies have used a numerical approach to calculate
molecular volumes.
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The history of the calculation of molecular volumes is interesting [12]. Two ap-
proaches were favoured: calculation of minimum or maximum volume. In the latter
interstitial voids are assumed to contribute to the molecular volume whereas in the for-
mer they do not. In 1975 an attempt was made to calculate analytically the molecular
volume for spherical and pseudospherical molecules [13]. Various terms were added to
the equation to take care of the volume of the solvent cage. However, the method re-
mained limited to spherically shaped molecules. An interesting numerical approach was
proposed in 1979: overlapping volume analysis (OVA) [14-17]. The method involved
circumscribing the molecule by a parallelepiped and then examining all the points within
the parallelepiped to determine whether they were within or without the molecule. The
numerical algorithm for the calculation of molecular volumes of choice was proposed
by Gavezzotti in 1983 [18]. This paper addressed, in a numerical fashion, the shortcom-
ings of the prior analytical method of Bondi [19]. In this paper we present the analytical
approach to these shortcomings.

The model we use is that of an assemblage of spheres which may have overlap with
neighbouring spheres. We assume that the radius of each sphere is known and that the
locations of the centres of all spheres are known with respect to some laboratory frame.
There areN spheres labelled;,i = 1,..., N with centresP;,i = 1, ..., N. Cartesian
coordinates in the laboratory frame are denoted by capital letters so that the cefatre of
P;, is the point(X;, ¥;, Z;). We also use local coordinate systems for which lower case
letters are used to denote the Cartesian coordinates of a paintas).

The first part of the algorithm separates the constituent atoms into classes, viz.
those which have no overlap with any other atom and no voids (conceivably the null
set), those which overlap pairwise, those which have triple overlap and so forth, those
which are arranged in such a way as to give rise to pseudotetrahedral voids and those
arranged in such a way as to give rise to pseudooctahedral voids. Were one dealing with
geometrical spheres, one would have to allow for overlap of anything Npsjoheres or
even inclusion. However, we are using the spheres to aid in the modeling of molecules
and so we ignore higher overlap (more than eight overlapping spheres) and inclusion. In
the pairwise overlap we can include chains of atoms with nearest neighbour overlap.

We then consider the contributions to the total volume from each of the classes
enumerated above and develop formulae to account for the regions of overlap. Equipped
with these formulae we present the second part of the algorithm which computes the
volume of the molecule.

2. Enumeration of the overlap classes

The spheres are labelleS],i = 1,..., N. Commencing withS; we determine
the existence of overlap with any of the other sphefes = 2,..., N. We then pass
on to S, and so on. The general procedure is as follows. Consider a sghevith
centreP; (X;,Y;, Z;) and radiusR;. Then each spherg;, j =i +1,..., N with cen-
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tre P; (X;,Y;, Z;) and radiusk; is tested for overlap. The test consists of the calculation
of the separation of; and P;, viz.

dij = \/[(Xi — X2+ (Vi —Y)2+(Zi - Z))?]. (2.1)
and then
Sij = dij — Ri — Rj. (22)

If s;; > 0, there is no overlap and the next sphere can be considered for comparison.

If s;; < O, there is overlap. All those pairs of atoms which register overlap are
recorded. If sphereS; andS; show overlap through;; < O, triple overlap with sphere
Sk with attributes P, (Xy, Yx, Zi) occurs ifs;; < 0 ands;; < 0. This information is
already known and it is merely a matter of identifying those spheres which do have
triple overlap. The set of spheres with triple overlap is tested for quadruple overlap. In
turn this set is tested for quintuple overlap. The process continues until the null set of
n-tuple overlap is reached. The maximum value afhich we consider is eight.

On chemical/physical grounds complete overlap or inclusion cannot occur. This
pathological case is identified by

Sij < — maX(Ri, R]) (23)

Since a result (2.3) would not be expected from physically realistic data, this test would
be useful to include if there were any doubts about the validity of the input data.

3. Thevolumedements
3.1. Sngle spheres

For the sake of completeness we state the obvious and elementary result that an
isolated spheres; at P; (X;, Y;, Z;), i.e. one with no overlap, contributes

4
Vv, = énR?. (3.1)

3.2. Pairwise overlap

Two spheresS; and S; with centres atP; (X;,Y;, Z;) and P; (X;,Y;, Z;) and
radii R; andR; haves;; < 0. To make the calculations easier we work in local coordi-
nates. TakeP; as the origin and?; P; as the direction of the axis. Thex andz axes
are in the plane througk; normal toP; P; (see figure 1). For double overlap no further
specification is required. The equation of the surface of the shése

x2 4+ y?2 + 72 = R? (3.2)
and that ofS;

X2+ (y—dy)*+ > =R5 (3.3)



364 P.G.L. Leach et al. / Effective volumes of molecules

- -
L
o
o
—_——T— " —"-'__‘_\__\_ -
- — - =,
- - .
& Iy ! R
N - .
lf / / \
~ 4
) - !
| -
| * .
||I - Pi IIl I||I P_] III Y
Y /_// I'-. 4 /.-'l
s - - -
o - ~~ - ~~
—] - -
-
o
-
k -

Figure 1. Local coordinate system to calculate the volume of overlap for two intersecting spheres.

Subtraction of (3.3) from (3.2) gives

2yd;; — df; = R? — R? (3.9
so that the plane of intersection of the two spheres is given by
1 R? — R?
=id; + —L4. 35
o Uharmd @5

The volume occupied by the two partially overlapping spheres is expressed as the
formula

Voij =Vi+V; = Vcij, (3.6)

where, in an obvious notatiofry;; is the volume occupied by the sphetgsands;, V;
andV; are the volumes of the spher§sandS;, respectively, and/c;; is the common
volume. V; andV; are given by (3.1). For the moment our concern is the calculation

of VCij-

To determine the volume of overlag;;, it is necessary to calculate the volumes
of the two caps of spheres into whiéfg;; is divided by the plane defined by (3.5).

A thin disc of radius- and thickness gd(see figure 2) has the volume

dV = nr?dz

and the volume of the cap of the sphere is

V=/ wr?dz
b
:n/ (a® —2%) dz
b

- %n (2a + b) (a — b)?. (3.7)
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Figure 2. A sphere of radius and centred at the origin has a cap with base parallel ta thglane and
heightb above it f can be a negative number).

We use the measurementsand b as they are the ones which occur naturally in the

physical calculation, the radius of the sphere and the distance from the centre of the
sphere to the plane of intersection of the two spheres.

For the two spheres we have

3.8
R 2 (39)
aj=Rj, bj= {d,"——},

and with (3.7) and (3.8) we obtain

2 2 2 2\ 12
VCi‘:}T[ 2Ri+} di'+u Ri_} di‘+—Ri_Rj
J 3 2 J dt] 2 J dlj
1 R? — R? 1 R2 — R2\ 72
2R + =(d; — —1 R — =g, - J (3.

However, we do not proceed now to calculddg; from (3.6) as it is not necessary to
consider the contribution from pairs of overlapping spheres individually.
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Figure 3. The projection onto a plane of three overlapping spheres in the case that there is a region common
to all three spheres. The spheres §reS; andS with attributes labelled accordingly.

3.3. Three overlapping spheres

For those triplets of spheres with a common region of overlap we have to be careful
in the construction of the algorithm to avoid the chance of multiple addition or subtrac-
tion of the volume of a particular region.

The volume occupied by the three spheres represented in figure 3 is

Voijk = Vi+ Vo + Va+ Va+ Vs + Ve + V7, (3.10)

whereV,, refers to the volume of the region marked(m = 1,...,7) in figure 3.
Making a rearrangement of (3.10) we have

VOiij(Vl-i— Va+Ve+Ve)+ (Vo+ Vs + V74 Vy) + (Va+ Vg+ V7 + Vi)
—Va+ V) = (Vs+ Vo) — (Ve + Vo) + V7
=Vi+V;+ Vi — (Vcij + Veji + Veri) + Veiji (3.11)

The important term in (3.11) i8c;jx. This is the correction term needed to the idea of
subtraction ofV from V when there is a triple overlap.

In the case of the overlap of two spheres only the IR@; was of importance.
When there is the overlap of three spheres, the use of the plate’, simplifies the
calculations. We take the origin to be Bt (the atom we started with), the-axis to
be alongP; P; (P; being the next atom treated) and thexis to be in the plane of
P; P; P, and normal toP; P; (see figure 4). The-axis completes the right orthogonal
triad. In this coordinate system the centres of the spheres are locaigdad) (P;),
(0,5;,0) (P;) and(0, by, cx) (Pr), where
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Figure 4. Coordinate axes for three overlapping spheres. The origin is taRgrited y-axis in the direction
of P; P; and thez-axis normal toP; P; in the planep; P; P;. Thex-axis completes the right orthogonal
triad.

bj=dij,
P.P. - P;P;
b= 1T (3.12)
d;;
. |PiPk X PZP]|
Cr = dl-- .

The vectors; P, andP;P; and the distancé;; are all calculated from global coordinates
and we adopt the convention that the centré,af always in the upper half plane in the
local coordinate system.

In local coordinates the equations of the surfaces of the spheres are

Si: x2+y*+72=R?
Sit x4 (y—b)*+*=R3, (3.13)
St X2+ (y — b))%+ (z —a)? = R

Because of the way we have chosen the axes there is symmetry about-plane.

The reason for this is tha, has symmetry about the origin which contains symmetry
about they-axis which is the symmetry whicli; possesses and bof and S; have
symmetry about they-plane which is whas; possesses. Hence, commorstpS; and

Sk Is symmetry about thez-plane. Although we do not know of an explicit formula to
calculate the volume of this region, we can make use of the symmetry abouttiene

to compute it. The region, the volume of which is to be computed, can be considered as
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Figure 5. The region for the evaluation 4f;; (x). The pointsQ;;, Q jx andQy; are identified as those of
the points of intersection of any pair of (small) circles which lies within the third.

a series of thin trianglelike regions. If the area of one of these is given by the function
A;jk(x), the common volume is

X0
VCijk = / Aijk(x) dx (314)

—Xx0

To find A, (x) we fix x which means that we take a plane parallel tojheplane.
We calculate the point®;;, Q ;x and Q;; which are three of the points of intersection
of the three (small when =£ 0) circles (see figure 5). As the circles intersect pairwise
in two points, it is necessary to determine which of the two points is to be used. The
acceptable point must lie within the third (small) circle. Thus; ¥ xc and Q;;1» has
the coordinatesxc, ycij1.2, Zcij1,2), We select that one a;;, and Q;;» which satisfies

X2+ (yaij — bo)? + (zaij — c0)® < RE (3.15)

Once the three acceptable points are established, the area of the enclosed region is cal-
culated by means of the formula

Ajji = " (zj —zdy + /M (zi — zo) dy, (3.16)
Yijk Yij
where the limits of integration are given by theordinates ofQ;;, O jx and Qy; and
u=[R?—x2— ]2
2 =[R2 —x2—(y—bpq"?, (3.17)
a=c+[RE—x2— (- bk)2]1/2~
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Figure 6. Quadruple overlap. For the purposes of the general algorithm no assumptions are made about any
coincidences of the coordinates and radii of the spheres.

Although the integrals in (3.16) and (3.14) can be evaluated analytically by stan-
dard methods, the resultant formulae are so complicated as to be meaningless in a gen-
eral setting due to the necessity to label each representation of coordinates and radii by
identifying symbols and we do not write them down.

3.4. Multiple overlap

In the instances of rings such as cyclobutane, cyclopentadiene, benzene and cy-
clooctadiene the distance between the centroid of the ring and the centre of any of the
carbon atoms is less than the van der Waals radius of carbon. Hence, there can be over-
lap of four, five, six or even eight carbon atoms. Although this presents a complication,
the general algorithm is not more complicated than it is in the case of the triple overlap
of section 3.3. In figure 6 we depict the situation for the overlap of four spheres. The
situation for the other cases mentioned above is similar. A simple counting exercise of
the same type as in (3.11) shows that

Voijuu = Vi + Vi + Vie + Vi = (Veij + Vejr + Vo + Vi) + Veiju- (3.18)

This notation is too cumbersome for larger rings. In general, we have

Vo= Va— Ve + Ve, (3.19)
o [67¢]

whereVg is the total space occupiel, is the volume ofS,,, Vg is the volume common
to S, andS; given by (3.9) and/c is the volume common to all spheres.
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As before, we use a local coordinate system based on the first three spheres iden-
tified as overlapping. We assume that the labelling of the spheres has been done in an
anticlockwise fashion. We take a section parallel to and distafiom the yz-plane.

In the case of identical spheres arranged in a plane the common area will be symmetric
with N vertices. However, this is not the case in general and we cannot make use of the
partial symmetry that we had in the triple overlap case. If the equations of the (small)
circles of the spheres in the plane distapnfrom the yz-plane are

V—b)?+(G@—c)?=r;, a=1....N, (3.20)
where
r2=R2 — (xc — a)?, (3.21)

the coordinates of the vertices of the common region are the real roots of the pairwise
solutions of (3.20) ) and (3.20) g + 1) which satisfy

OV =b)’+ @ —c)? <1l a#BB+1L (3.22)

Although in principle it is possible to write an analytic expression for the area of the
section, it is not a feasible proposition to do so in a general algorithm. The vertices of
the regionQ,s have been identified. Let them be ordered from the minimum valye of

to the maximum in two sequences, one giving the upper vertices of the common section
and the other giving the lower vertices. The area of the common section is given by

Ac(xe) = Y (zF —27)8y, (3.23)

wherez ™ is on the arc of the small circle which marks the current upper boundary and
z~ is on the lower one. The circles contributing the arcs changepasses through each
vertex of the section. Upper and lower arcs change independently. The stepdgngth
can be chosen to give the accuracy desired. Adigx.) is evaluated for a given, the
value ofx. is increased and the process repeated.

The volume is given by

Ve=>_ Ac(x)sx, (3.24)

where the summation is best startedcat 0 and moved outwards in both positive and
negative directions to those valuesxofor which the testing of the existence of overlap
shows that it is no longer multiple or triple.

The procedure described above for the overlagvadissimilar spheres is heavy
on computation because it is necessary to solve the set of equations (3.20) pairwise
for each value of;. and then verify the inequalities (3.22). In the case of like spheres
symmetrically arranged we may make use of this symmetry to obtain the volume less
expensively. The procedure is common to all cases of multiple overlap which exhibit
Cy symmetry, whereV is the number of spheres. In figure 7 we illustrate it for cyclobu-
tane.
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Figure 7. Common section of a four sphere overlap representing the four carbon atoms of cyclobutane. In
general the common region is afgon plusN equal segments of circles.

Let the radius of each sphere Beand the radius of each small circle distagt
from the yz-plane ber. In figure 7AD = r and AB = p. The area of the segment
CDEFis

1
As = Er2(29 —sind). (3.25)
The area of the triangl8C D is
1 1 )
At = EBC .CD= E(r cosh — p)“tang. (3.26)

From the application of the cosine rule to the trianglB D
BD = pcosg + /12 — p2sirf ¢. (3.27)
Application of the sine rule to the triangleB D gives
sing = Br—D sing. (3.28)
For anNgon

(3.29)
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and the total area of the section is

The common volume is
X1
Ve = 2/ A dx, (3.31)
0

where

x1 =+ R%2—p2 (3.32)

The integral can be evaluated when the substitutieny/ R2 — x2 is made. The distance
from ring centroid to sphere centregds

4, Theintertitial void

When groups of atoms clump together, there may be enclosed space amongst them,
the interstitial void, which, although it is not material volume, contributes to the total
volume occupied by the molecule or portion thereof.

4.1. Thetetrahedral interstitial void

The tetrahedral interstitial void occurs when three atoms lie in a plane with another
sitting on top and a fifth placed underneath. We assume that the enumeration of overlap
classes of section 2 has been performed. We identify the existence of a tetrahedral inter-
stitial void as follows. IfS; has overlap or contact with;, Sy, S; ands,,, likewise for
S; andS, ands; andS,, do not have contact or overlap, there is a tetrahedral interstitial
void contained within the five atoms. The coordinate system is as defined by figure 8
with the origin being atP;, the y-axis alongp; P; and thez-axis normal toP; P; in the
planep; P; P,. Thex-axis completes the orthogonal triad.

Si, S; and S, are treated for triple overlap (if this is likely to happen) as in sec-
tion 3.3. This determines whether the integration starts from O if there is no triple
overlap or fromx = xg if there is. A plane section of the tetrahedral interstitial void
parallel to theyz-plane can have one of the possible shapes depicted in figure 9.

In figure 9(a) the spheres closing off the tetrahedral interstitial void do not intrude
into the region and the section is roughly triangular. In figure 9(b) a section of one of
them (a small circle) is contained within the triangular region. In figure 9(c) the same
section now overlaps one or more §f S; andS;. The area of the triangular region
Bijr(x) is calculated by a formula very similar to (3.16), viz.

Yjk Yij
Biji(xc) = / (zx — zi) dy +/ (zx — z;) dy, (4.1)

Yki Yjk
where the limits of integration are given by theordinates ofQ;;, O« and Qy;, z;, z;
andz; are given by (3.17) ang, is the distance of the plane from the-plane. Suppose
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Figure 8. Tetrahedral interstitial void: a cross-section parallel to thglane.

a b

c

Figure 9. Tetrahedral interstitial void: (a) the closing off sphere does not intrude; (b) it intrudes, but is
contained within the region; (c) it overlaps part of the outside region.

that thex-ordinate of P, is positive and that oP,, is negative. For, > 0 we test the
equation fors;, viz.

x—a)?+ (- b)?+ (z—a)® =R, (4.2)
to determine ifS; intrudes into the triangular region. This occurs when

—b)+ (@ —c)?=R—(x—a)?>0. (4.3)
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The area of this circle is
Ay(xo) = mr, (4.4)
where
rf =R — (x —ap?. (4.5)

It is necessary to test for possible overlap as depicted in figure 9(c). This is done by
finding the points of intersection of

(y—b)Y+@—a) =r} (4.6)
with

y2 +z2= rl-z, 4.7)

(y—bp)?+22=rf, (4.8)

O =b)*+@—a)=rf (4.9)

wherer;, r; andr, are defined similarly te; in (4.5), in turn. Suppose that these occur
at pointsT;; andT;; on S;, 71 andTj, on S; and 71 and T, on S;. The portion of the
area of the circle over-counted with each sphere is given by

Cla(xc) = %rf, (4.10)
where
g = w12 (4.11)
r
6, ’r£ (4.12)
lo12= (Va2 — Ya1)? + (Za2 — Za1)’, (4.13)

ando ranges over the indices j andk. The actual area at each valuexgiis given by
Dyju(xc) = Biji(xc) — Acre) + »_ Cralxo). (4.14)
a=i, j,k

The volume of the tetrahedral interstitial void contributed by the presensgi®fiven
by

X[
Vijki =/ Djjx (x) dx, (4.15)

X0

wherey; is the value ofx, for which the pointsQ;;, Q jx and Qy; are contained within
the circle which is tested by the inequality

Va = b)? + (o — c)* <71} (4.16)
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fora = i, j,k andxq is either zero (no triple overlap of;, S; and S;) or the upper
limit of the integral in (3.14). Likewise the volume of the tetrahedral interstitial void
contributed bys,, is given by

%o
Vijkm = / Dijkm(-x)dx (417)

Xm
in an obvious notation. Note that there is symmetry aboutthplane for thexg bound
of integration, but not the other &sands,, need not have the same radii.

4.2. The octahedral interstitial void

The second type of interstitial void is called the octahedral interstitial void and
occurs when four spheres are arranged more or less in a plane and spheres top and
bottom close off the region. We must firstly identify when the octahedral interstitial
void arises. It occurs when, of a group of six spheres, each one has overlap or contact
with four others. The distinction between a tetrahedral interstitial void and an octahedral
interstitial void is that the former is a group of five spheres whereas the latter is a group
of six spheres.

We establish local coordinates using the centre§ of; andS; as before. Unlike
the case of a tetrahedral interstitial void there is no real distinction to be made amongst
the spheres. Any of the six could be taken $r S; and S, and we may as well take
Si, §; and S, in the order they are found to be elements of the group. The other spheres
ares;, S,, ands,. Let|x;| < min|x,|, |x,| so thatS; is the sphere closest to the plane
defined byP; P; P.. S, andS; are taken in anticyclic order as indicated in figure 10.
(This may involve a relabelling of;, andsS;.) To identify S,, and S, we takes,, to be
the sphere with the-ordinate ofP,, positive ands, to be the sphere with the-ordinate
of P, negative, i.e.S,, is on the positiver side of theyz-plane ands, is on the negative
side.

In figure 10 we illustrate a section parallel to the-plane and distant; from it.

The small circles of the spheres intersecat, Q jx, Qi and Q;;. We can no longer
assume that the-ordinate of the intersection ¢f andS; provides a suitable division of
the region as was the case for the tetrahedral interstitial void in section 4.1. Instead we
use the line joining2;; and Q ;; with equation

CT Lk _ M T Lk (4.18)

Y = Yjk Vi — Yjk

Then the area of the section of the octahedral interstitial vaid &stgiven by

Vil ik
Eijri(xc) 2/ (z1 —z,)dy + / (zx — zp) dy
Vi Ykl
Yij Yjk
+ (zp —zi)dy + (zp —z;)dy, (4.19)

Vki Vij
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Figure 10. Octahedral interstitial void: a section of the four sphéyess;, Sy andS; parallel to the
yz-plane.

wherez;, z; andz, are defined by (3.17),

i — Zjk

p = Zjk + ; =y (4.20)

Yii —Yj

from (4.18) and

1/2

z=c—[RF— (xc —a)® — (v — b)?] (4.21)

As in the case of the tetrahedral interstitial void, the top and bottom spheres may
intrude into this area in a manner similar to that depicted in figure 11(b) and (c). For the
top sphere we have the equivalent to (4.4), viz.

Ap(xe) = mr? (4.22)
which is added when
(= bw)?+ (z—cw)? = R% — (x, — an)* >0, (4.23)
and, asin (4.5), we have
ra =R, — (xc—an)”. (4.24)

The existence of any overlap of the type illustrated in figure 11(c) is determined by
finding whether the small circle

= b))+ (z—cn)? =12 (4.25)
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Figure 11. Octahedral interstitial void: the small circles intersect at the p@iptsD i, Or andQ;; which

mark the region belonging to the octahedral interstitial void: (a) the closing off sphere does not intrude into

the region; (b) itintrudes into the region, but is contained within the region; (c) it overlaps part of the outside
region.

has real points of intersection with each of the small circles

2 +z2=rf,
(y—bj)2+z2=r2,
(y—b)?+ @ —a)?=rf
(y—b)?+ (z—c)?=rf,

(4.26)

in turn. With the same notation as in section 4.1 the area of overlap is denoted by
Cne (xc), Wherea now ranges ovet, j, k andl.
The actual area of the section of the octahedral interstitial void at each valye of
is
Fijtam(x6) = Ejju(xc) — An(x) + Y Crua(xc). (4.27)
a=i,j,k,l

In (4.27) A,,(xc) andC,,, (x¢) are taken to be zero when they make no contribution to
the area.

Finally the volume contributed by the octahedral interstitial void on the positive
side of theyz-plane is

Vijkim =/ Fijgim(x) dx. (4.28)
0

In a similar fashion the volume contributed by the octahedral interstitial void on the
negativex side of theyz-plane isV;j, .
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Table 1
The contributions to the nett volume of selected molecules.

Molecule Shape Volumyd 0—30 m3

Gross Pairwise Multiple Interstitial Nett

volume overlap overlap voids volume
HF linear 16.48 3.40 0 0 13.08
Fo linear 22.99 3.54 0 0 19.45
(0]} angular 34.98 8.14 1.05 0 27.89
BF3 planar 53.30 12.71 0.79 0 41.38
NF3 trigonal pyramidal 47.52 10.89 1.97 0 38.60
Ck tetrahedral 60.98 12.26 1.05 0 49.77
PFs trigonal bipyramidal 84.42 27.11 1.76 0 59.07
Sk octahedral 93.39 38.09 7.42 0 62.73

5. Thetotal volume

When all of the volumes of the regions of double, triple and multiple overlaps
together with the contributions from any interstitial voids are added, the total volume
occupied by the molecule, in an extension of the notation of section 3.4, is given by

V=Y Va—> Voap+Vc+ Vr+Vo, (5.1)

o af

where V7 is the total contribution from tetrahedral interstitial voids dnslis the total
contribution from octahedral interstitial voids, i.e. from the sum of the volumes of the
spheres is subtracted the total of the pairwise overlaps and added the totat a@tifite
overlaps and the contributions from possible interstitial voids.

6. Conclusion

We illustrate the computations of molecular volumes by means of the algorithm de-
veloped here with a series of simple covalently-bonded fluorides. These molecules cover
the basic shapes found in simple molecules and radicals. They are, with the geometric
shape in brackets after the name, hydrogen fluoride (linear), fluorine (linear), oxygen
difluoride (angular), boron trifluoride (planar), nitrogen trifluoride (trigonal pyramidal),
carbon tetrafluoride (tetrahedral), phosphorus pentafluoride (trigonal bipyramidal) and
sulphur hexafluoride (octahedral). For the purposes of this calculation we used the co-
valent bond lengths given by Bondi [19].

In the tabulated volumes (see table 1), which are ordered in terms of increasing
number of fluorine atoms attached to the “central” atom, one may at first be surprised
that the volume of the planar Bis greater than that of the pyramidal NFHowever,
one should bear in mind that the atomic radius of boron is 165 pm while that of nitro-

gen is 146 pm [19]. Consequently, the volume of;B$almost 50% greater than that
of NFs.
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An analytical algorithm for the calculation of molecular volumes has been pre-
sented. The implementation in Mathematica may be obtained from one of the authors
(PGLL at leachp@nu.ac.za). The algorithm addresses the shortcomings of previous al-
gorithms as it takes into accounttuple overlap of atoms as well as interstital voids.
The final formula, (5.1), is very simple and easy to implement and it allows the practi-
tioner to decide whether or not to exercise the option of inclusion of the calculation of
interstitial voids and their contribution to the molecular volume. In the cases of the sim-
ple compounds listed above the calculation has shown that interstitial voids do not exist,
whence their zero volumes. However, these are particularly simple molecules and one
should not be tempted summarily to ignore the probable presence of interstitial voids in
more complex molecules.
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