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Aspherical Atomic Scattering Factors for Some Light Atoms in sp? sp? and sp

Hybrid Valence State Approximations

By B. Dawson
Division of Chemical Physics, C.8.1.R.0. Chemical Research Laboratories, Melbourne, Australia

(Received 24 May 1963 and in revised form 16 September 1963)

The atomic scattering powers of N, O, F and P, 8, Cl in various sp?, sp? and sp hybrid ‘prepared
valence state’ approximations are examined and compared with the ground-state results for each
atom. Numerical values of the ‘prepared state’ scattering are derived from orbital data given by
ground.-state calculations of atomic structure. Where possible, Hartree-Fock radial functions are
used, but the analytical results of Duncanson & Coulson (1948) and Slater (1930) are also employed.

In hybrid states corresponding to centrosymmetric charge distributions the scattering powers
require either two or three ‘principal’ factors to describe deviations from spherical symmetry
and are analogous to aspherical ground-state results. In states where the total distribution is
non-centrosymmetric, a further ‘principal’ factor defines an antisymmetric component of the
charge distribution, and the atomic scattering power is then complex.

In many cases, molecular geometry gives sufficient information for straightforward application
of ‘prepared state’ scattering factors in the later stages of detailed structure refinement. The

general implications of the results obtained are discussed briefly.

Introduction

The concept of orbital hybridization is long-estab-
lished, and it provides a useful approach to the direc-
tional characteristics which an atom manifests in
covalent bond formation. Its value in correlating the
geometrical details in a wide variety of molecular
stereochemistries has recently been discussed by Coul-
son (1961), Wells (1962) and Cotton & Wilkinson
(1962).

For atoms whose valence shells comprise lone pairs
as well as bonding pairs, the general nature of hybrid
orbitals implies that the total electron charge distribu-
tion about an atomic nucleus may be not only non-
spherical but also non-centrosymmetric, and, further,
that the ‘shape’ of the distribution may vary with the
state of hybridization assumed. In such cases, allow-
ance for the intrinsic scattering power of these ‘shapes’
by appropriate atomic scattering factors (f curves)
should provide a closer approximation to the bonded-
atom scattering effects than that possible when ground
state isolated-atom f curves are used in the customary
spherically averaged approximation (f). The desir-
ability of improving on this f procedure in refined
structure analysis has been urged by McWeeny (1951,
1952, 1953, 1954) as a result of his examinations of
X-ray scattering by aggregates of bonded atoms. So
far, however, the effect of allowing for valence-state
scattering asphericity has not been examined experi-
mentally, so that the influence of the usual f treatment
on the derivation of atomic position and thermal
motion parameters of aspherical atoms is unknown.
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A necessary preliminary to such examinations is
the derivation of atomic scattering factors which de-
scribe approximate ‘prepared valence states’ that may
be invoked, on simple hybrid pictures, to interpret
molecular stereochemistry. We report here scattering
formulae for the aspherical components associated
with various sp3, sp? and sp hybrid states of the atoms
in groups V, VI and VII of the second and third rows.
Numerical estimates of these components are given,
and their relation to ground-state f data is discussed.
The present results for P, S and Cl will be subse-
quently extended to include the formalism associated
with possibilities of s—p-d hybridization (Dawson,
1964b).

Hybrid valence state scattering
approximations
Basic relations
We are concerned with the explicit nature of the
general scattering integral

f= S o(r) exp {ixS.r} dr 1)

for an atom whose electrons are described by s- or
p-type orbitals, p(ns) and @(np), or by hybrid orbitals,
®v, based on these two types. McWeeny (1951) (whose
notation is used in (1)) has examined this question, and
we may summarize his results for our purposes as
follows.

For an electron in a hybrid orbital

po=Y(1/(1+ 22))[p(ns) + Ap(np:)] , @)
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where A is the hybridization or ‘mixing’ parameter,
and
p(ns) =y (1/4m){Ps(r)]r} , @)
@(npz) =V (3/47){Pyp(r)/r} cos O 4)

are the orthonormal s- and p-electron functions (with
radial functions P(r), and 0 denoting the polar angle),
the scattering power has the form

F(@o)=[1/(1 + A2)][f (ns) + 22f (np) + 24f (nsnp)] . (5)
The latter two components of f(g») expand to

f(np) =f"(np) cos? @ +fH(np) sin* O , (6)

f(nsnp)=f(nsnp) cos O, o

where @ defines the angle which the scattering vector
S makes with the positive (see below) axis of g,
and the f", f! terms denote ‘principal’ factors when S
is parallel or perpendicular to this axis.

The scattering power for ¢, thus embodies the
scattering features associated with pure s- and p-orbi-
tals, 4.e. f(ns) and f(np), together with a new feature,
the cross-term component f(nsnp). Inserting ¢» in (1),
where now o(r)=|g.|?, the different elements in (5),
(6) and (7) assume the explicit forms

fm)= " Parvoter) ar
fep)= | Pl ioter) ~2uer
an =\ Pt i ar (®)
(s0 that finp) =4(/np) +2f00p) = | P3(riolbr) dr ),

1 (ns np) =iy3 Sis(r)Pp(r) ju(kr) dr
0

where the j.(kr) are spherical Bessel functions of order
n and k=x|S|=47m sin 6/A (0 and A here being, respec-
tively, half the diffraction angle and the wavelength
of the incident radiation).

We see that the new feature which arises in hybrid
orbital scattering is /2 out of phase with the ‘normal’
scattering of the component s- and p-orbitals. The
total orbital scattering power is thus complex in form,

so that
Floo)=Ffel@o) +tfalgv) 9)
where
Jel@o)=[1/(1+ A2)1{f (ns) + A2[f"'(np) cos? O
+fi(np) sin2 O} (9a)

Jalpoy= —[24/(1 + 22)][f"(ns np) cos @], (90)

with f(ns) efc. as in (8).

The complex nature of (9) reflects the fact that the
overall charge distribution in a hybrid orbital is non-
centrosymmetric about the atomic nucleus. The origin
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Fig. 1. A tetrahedral hybrid orbital ¢, of nitrogen, in section
through the symmetry axis: (a) contours of ¢y at intervals
of 0-1, with positive values as full lines, the node dotted,
and negative values as broken lines; (b) contours of |py|?
corresponding to those shown for (a); (c) the centric
component of (b) given by

lpole®=|@(28)%/4 + 3|@(2p)|*/4;

(d) the antisymmetric component of (b) given by
Ipola®=(V3/2)p(25)p(2p) -

of the two components in f(¢y) is shown in Fig. 1,
which refers to the sp3 hybrid orbital of nitrogen given
by the Hartree—Fock Pas(r), Pep(r) data of Hartree &
Hartree (1948). Fig. 1(a) shows contours of ¢y given
by (2) on using A=}/3 and the Hartree—Fock results
in (3)* and (4), and Fig. 1(b) shows contours of |gy|2,
i.e. o(r). The asymmetry of the charge distribution,
with its greater extension in the positive direction of
the symmetry axis is resolved in Fig. 1(c) and (d),
into the centrosymmetric and non-centrosymmetric
(antisymmetric) components which produce the two
scattering terms (9a) and (9b), respectively.

Total-atom approximations

The total atomic scattering power of a hybrid
valence state described in terms of s- and p-electron
functions will then be given by appropriate combina-
tion of the types of scattering elements given in (8).
Following McWeeny (1951), § 2, we assume that the
radial functions P(r) applicable to a valence state may
be approximated by ground state functions.

* To accord with convention arising from the use of Slater
(1930) radial functions for which the maximum of Pgys(r) is
positive, the sign of the Hartree-Fock (2s) date has been
reversed for (2).
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Fig. 2. The geometries of s—p hybrid orbitals: (a) for sp®; (b) for sp?; (c) for sp hybridization; (d) ground-state p-orbitals.

Scattering formulae for ground and sp3, sp? or sp valence
states

The three s—p hybrid situations involve the geome-
tries shown in Fig. 2. For sp? hybridization, A=)/3 and
there are four hybrid orbitals disposed tetrahedrally
about the atom centre: with the atom at the centre
of a cube, the positive directions of the orbital axes
are along the body diagonals as shown in Fig. 2(a).
For sp® hybridization, A=)2 and there are three
hybrid orbitals with their symmetry axes disposed at
120° to each other in a plane, with a p-orbital perpen-
dicular to this plane (Fig. 2(b)). For sp hybridization,
A=1 and there are two hybrid orbitals whose symme-
try axes are collinear, while normal to these are two
p-orbitals whose symmetry axes are normal to each
other (Fig. 2(c)). The orthogonal geometry of sp
hybridization is thus similar to that associated with
ground state p-electron scattering (Fig. 2(d)).

Each orbital can accommodate two electrons of oppo-
site spin (constituting a lone pair), and, for the atoms
we are to consider here, the number N of electrons per
orbital can be one or two. It is convenient to use the
A, B, C, D labelling of Fig. 2(a)-(c), and to denote
the various hybrid orbitals as ¢u; and the p-orbitals
as @(npr) where j or k represent the appropriate 4, B
etc. of the different situations, and also to indicate the
respective occupancies of the various orbitals for each
atom for each of the hybrid states as, for example,
A2B1CiDr.

The combined scattering powers of electrons in these
orbitals has the form

Zfo(¢vf)+%Nkf(npk) ,
7

and, for any scattering direction in which S makes
angles ©; with the positive axes of the @,; and angles
Oy with the symmetry axes of the @(npx), we then
have, by (6) and (9), that this scattering consists of
the centric and acentric components

Zj'foc(%j)+%'Nkf(n20k)=[1/(l + ) {f (ns) %‘NI
+ 2[fnp) X N; cos? O;+fL(np) X N; sin? O]}
+f(np) %‘ 1\77 & c0s? O+ fL(np) %‘ Jé’ rsin2 @ (10)
and
2 Nifo(por)= —[22](1 + 2)][if(ns np) X Ny cos O]
7 =},'2j,‘2<7;eos@j. )

For the sp? case, we have, of course, no summation
over k since all orbitals are hybrids. Likewise, for
ground state scattering there is no summation over j
since only p-orbitals are involved (4, C, D, i.e. py,
Pz, Pz, in Fig. 2(d)).

The total scattering powers, f, of the atoms in their
hybrid valence states include the inner electron scat-
tering, feore, which is spherically symmetric and equal
to 2f(1s) for the lighter atoms and to 2f(1s)+2f(2s) -+
6f(2p) for the heavier ones, so that finally we have,

analogous to (9),
f=letife

where f. results from adding feore to (10) and f; is (11).
For the ground state, the total scattering power is
obtained from the appropriate form of (10) on adding

(12)
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not only feore but also the terms 2f(ns) where n=2 or 3
for the lighter or heavier atoms respectively.

The summations in (10) and (11) relevant to different
possible hybrid valence states of the various atoms
may be derived systematically by defining direction
cosines (p, ¢, r) for S in terms of the orthogonal sets
of axes z, y, z shown in Fig. 2. (The different orienta-
tions of the axes are chosen to facilitate later com-
parison of the scattering formulae which apply to
different s—p cases). For the sp® case, we then
have cos @4=(—qy2+7)/)y3, cos Oz= —(p)2+7)/)3,
cos Oc=(q)2+7)/)3, cos Op=(py2—r)/y3; and for
the sp? case cos @4=gq, cos @p=(p)3—7)/2, cos Oc=r,
cos @p=(—p}/3—r)/2. The results for the sp case and
the ground state are apparent from Fig. 2(c) and (d),
and differ only in the absence of the sp result
cos @p(= —r) from the ground state where there are
only the three p-orbitals. The appropriate summations
for different ‘prepared’ states of the various atoms
then follow from assigning single or double occupancy
to the orbitals concerned in each instance. For quadri-
valent carbon, for example, where one electron is as-
signed to each of the four orbitals in the three s—p
states, we find, as noted earlier by McWeeny (1951),
that the total scattering power is independent of the
state of hybridization*, is spherically symmetric, and
has the form f,=2f(1s)+f(2s)+3f(2p) which is also
obtained from Fig. 2(d) for the atom regarded as

* McWeeny (1954) has shown that it is only when the
higher-order effects of interatomic bonding are considered
explicitly that small variations in bonded-atom f curves of
carbon with state of hybridization are revealed. As Coulson
(1962) has noted, discussion of C~C bond lengths in terms of
hybridization (see Dewar (1962), and succeeding papers there)
must therefore rest on these relatively minor variations in

the first-order spherical symmetry of the quadrivalent carbon
atom.
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(15)2(2s)1(2p)3. (This does not apply, however, to un-
usual cases such as carbon monoxide and the isoni-
triles which involve a lone pair on the carbon atom).
A similar, common, spherically symmetric result also
applies to the closed shell systems such as neon. With
the intermediate atoms, however, the summations in
(10) and (11) depend on the state of hybridization and
orbital occupancy assumed, and the atomic scattering
powers consist, usually, of acentric as well as centric
components.

To facilitate comparison of these components in the
various ‘prepared’ states considered, we list explicit
formulae appropriate to each case in Table 1. For the
group V and VII atoms, the centric components of
the total scattering powers can all be described by the
common form

Je=f"cos® @+ ftsinz O, (13)
while the acentric components have the form
fo=f1cos @ . (14)

These are analogous to (6) and (7) earlier, and the
non-spherical atomic scattering powers therefore in-
volve the three ‘principal’ factors fU! efc.: it is these
factors which are listed in Table 1 for these atoms.
For the hybrid possibilities in group VI, however, a
more flexible description than (13) and (14) is usually
required, and four ‘principal’ factors are generally
necessary. Those listed in Table 1 for these atoms
correspond to the description (where necessary) of their
scattering powers as

fc=filp2+f!zlq2+lezlrz, Ja=flr,

where (p, g, ) are the direction cosines of S for the
orthogonal axial systems discussed earlier. The two

(15), (16)

1)) iy

1))

2(b)(i) 2()(0 2(c) (i)

Fig. 3. Diagrammatic representation (see text) of the structural geometries of the axes defining the scattering components
of different s—p hybrid possibilities. The f terms are as in Table 1.
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Table 1. Summary of scattering data from hybrid valence state and ground state considerations

1. Nitrogen and phosphorus

Atomic state and scattering components*

Remarks on axial definition

1{a) sp®, as A2B!CD! in Fig. 2(a) (and Fig. 3).
k= fo,n="Feore+ (5/4)f (ns) + (15/4) f (np); Axis for @ is available from geometry of atoms attached
MN=h—d/2, ft=k+d/4; to N (or P). If A = B = O, axis is from the midpoint of
2=(- V3/2)f (sp). the ABC plane to N: if A &= B == C, obtain planar starting
point by covalent radii considerations (Pauling, 1960).
1(b) sp? possibilities
. . . . 2N /\ /\
(i), as A1B'C%D! in Fig. 2(b) (and Fig. 3). Regard as a distorted sp® form, BND=120°, ANB=AND=
k= fo,n="Ffcore+(4/3)f(ns)+(11/3)f(np); 90°, and define axis as in 1(a). Alternative possibility is
f=F—4d)9, fL=R+2d/9; a ¢-m grouping involving only B and D: axis to N from
U= (—2y2/3)f(sp). a point on the line B-D by approach in 1(a).
(ii), as A2B'C'D! in Fig. 2(b) (and Fig. 3). Axis for © is the normal to the plane of N, B, C, D, and the
k= fe,n=Ffcore +f(ns)+4f(np); f curves apply to single (g-)bond conditions. Evidence of
f=h~2d/3, fL=F+d/3; multiple bonding in the planar group requires the con-
fl=o. sideration of N+ contributions discussed in the text.
1(c) sp possibilities
(i), as ALBC2D! in Fig. 2(c) (and Fig. 3). Another distorted sp® form, but orthogonal geometry here is
b = Je.n="Ffeore+ (3/2)f(ns)+(7/2)f (np); ambiguous with ground-state as discussed in text. Axis
fl=Fk—d/3, ft=R+d/6; for @ is definable only when one atom (B) is triply bonded
fV=—f(sp). to N, and the axis is then from B to N.
(ii), as A2B1C D! in Fig. 2(c) (and Fig. 3). The T-shaped geometry for simple ¢-bonding of (ii) is im-
Identical with 1(h)(ii) above. probable, and a linear triatomic, multiply-bonded grouping
(ii)y, variant of (ii) as A%2B1C1D3/2, is more likely. 'l"he ea,s? of (ii)’ is the fo.rm invol.ving radial
% has in 1(b)(ii) above; symmetry of N in the linear group, as discussed in the text,
W7 N~ ’ and the axis for @ is then the direction of the linear group.
fe=h+d[3, ft=h—d/6;
N9
2=0.
1(d) ground state, ¢... A1C1D! in Fig. 2(d). Spherically symmetric scattering, so no axis required. Am-
g = fe=fcore +2f(ns) + 8f (np); biguity with I(c)(i) arises as discussed in text.
I=o.
2. Oxygen and sulphur
1(a) sp? as A2BIC2D! in Fig. 2(a) (and Fig. 3).
b = fo,n=Fcore+ (3/2)f(ns)+(9/2) f(np); Geometry provides the axes z,y and z. If B = D, then 2
V=R+d)2, fl=k—dj2, fI =P; is parallel to the line B-D, y is normal to the plane BOD,
W= —f(sp). z is from the midpoint of B-D #o O. If B == D, refine =
and z by radii considerations of 1(a).
2(b) sp? possibilities

(i), as 42B1C2D! in Fig. 2(b) (and Fig. 3).
h = fe,n="Fcore+(4/3)f(ns)+(14/3) f (np);
V=h+5d)9, fl=F—4d/9, fl=F—d[9;
i =(—22/3)f (sp).
(ii), as A'B2C1D? in Fig. 2(b) (and Fig. 3).
h = fc,h =feore+ (5/3)f(ns)+ (13/3)f(7lp);
fY=F—5d)9, fi=h+4d/9, fi =F+d/9;
§=(2V2/3)f(sp)-

Regard as a distorted form of sp3, with Bf)})=120°, and
determine z, y, z as in 2(a). Evidence of multiple bonding
in the BOD group (Cruickshank, 1962) requires considera-
tion of O* contributions as discussed in text.

Can/\be regarded as another distorted form of sp3, with
AO0C=90° and axes disposed as in Fig. 3. However, this
case is ambiguous as discussed in the text, and information
in excess of geometry is required.

* The following abbreviations are employed. The spherically averaged scattering power of any hybrid valence state is denoted
as h, and the analogous scattering power of the ground state as 7; the explicit expressions for & and 7 are given, and we have
k= g if f(ns) = f(np). We also use d = (fL(np)—f(np)), with the two f(np)-components as given in (8). Finally, f(sp) =
ifW(nsnp), where f(nsnp) is also given in (8).
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Atomic state and scattering components*

2(c)

2(d)

3(a)

3(d)

3(c)

3(d)

sp possibilities

(i), as A1B2CID? in Fig. 2(c) (and Fig. 3).
k= fe,n="Fcore+ (3/2)f (ns)+(9/2)f (np);
fY=h—dj2, f}=h+dj2, fi=F;
fa=1sp).

(i)', variant of (i) as A3/2B2CLDS/2,

% and f! as in (i), but now f{', 2,3=P-

(ii), as A2B'C'D? in Fig. 2(¢c) (and Fig. 3).

b = fe,n=Fcore+f(ns)+5f (np);
FU=h+2d/8, fL=h—d[3;
fa=0.
(iii), as A1B2C2D! in Fig. 2(c).
k= fe,n=Fcore +2f (ns) + 4f (np);
fi=h—2d[3, ft=R+d[3;

2:0.

‘ground’ state possibilities
(i), as A1C2D! in Fig. 2(d).
Identical with 2(c)(iii) above.

(i), as A3/201D3/2 in Fig. 2(d).

g =k of (i);
V=R +d/3, fL=R—d/6;
fa=0.

Table 1. (cont).

Remarks on axial definition

The orthogonal AOC grouping here has the same ambiguities
of axial definition as in 2(b)(ii) above, and the same applies
to the alternative of a o—m OC bond. However, the OC
group here can be treated in a radially symmetric form
as (i)', when z is from O to C.

Only one reference axis is required for the simpler type of
scattering here, and @ is referred to the direction of the
linear BOC grouping.

In the orthogonal AOD group, @ is referred to the axis
which is the normal to the group. In the alternative pos-
sibilities of multiply bonded OA or OD groups, axial
definition is ambiguous (see text) except when O has radial
symmetry about its multiple bond: ¢f. 2(c)(i), (i)’ above.

Identical situation with that of 2(c)(iii). The case of (i)’ is
for the radially symmetric situation above, and © here
refers to the direction of the bond from O. Note that this
reference axis for (i)’ is normal to that required for the
f-components of (i) (and 2(c)(iii)).

3. Fluorine and chlorine

sp3, e.g. ALB2C2D? in Fig. 2(a).
h = fe,n=feore+ (1/4)f (ns) + (21/4) f (np);
F=R+d[2, ft=F—d[4;

§=(V3/2)f (sp).

sp? possibilities
(i), e.g. as A2B*CLD? in Fig. 2(b).
h = fe,n="Ffcore+(5/3)f (ns)+(16/3)f (np);
Fl=Rh+44d/9, fL=h—2d/9;
§=(2V2/3)f (sp).
(ii), as A1B2C2D? in Fig. 2(b).
Identical with ground-state 3(d) below.

sp possibilities

(i), e.g. as A2B2C'D? in Fig. 2(c).

k= fe,n=Fcore+ (3/2)f (ns) + (11/2)f (np);
fi=Rh+d/3, ft=R—d/6;

fi=f(sp).

(ii), e.g. as A1B2C?D? in Fig. 2(c).
Identical with ground state 3(d) below.

ground state, e.g. as A2C1D? in Fig. 2(d).
9 = fe=Ffeore+2f(ns)+ 5f (np);
Fi=g-+24J3, f=g-d3;

fi=o.

Similar to 1{a). Reference axis for @ is given by the direction
of the bond from F to neighbour (A4). We can use this
definition for all cases below.

Evidence of multiple bonding requires that f data here be
taken as the upper (single bonding) limit to a situation
whose lower (double bonding) limit is that of 2(b)(ii).

The identity with ground state scattering applies only when
the valence state orbitals are built, as here, from ground
state data.

For the possibility of multiple bonding, the lower limit to
the case here is given by 2(c)(i) or (i)’

For identity conditions, see above. For multiple bonding
possibility, the lower limit now is given by 2(c)(iii).
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descriptions reflect the underlying nature of the centric
charge distribution components involved: when these
are spheroidal in character, only one reference axis is
involved and the form of f in (13) suffices; but when
they have general ellipsoidal character, three axes
must be specified.

The use of molecular geometry in axial assignment and
choice of ‘prepared valence states’

Apart from enumerating the scattering formulae of
the different valence states, Table 1 also comments
on the associated problem of defining the reference
axes to which the ‘principal’ factors are related. To
amplify the total contents of Table 1 for groups V
and VI, we summarize the geometrical disposition of
the ‘principal’ factors in Fig. 3. The orientation of
the tetrahedron there differs from that in Fig. 2(a)
80 as to clarify the transition in orbital geometry from
the sp8 to the sp state, but we have retained the 4, B
etc. labelling used in Fig. 2 and the text. The labelling
in Fig. 3 is extended, however, to denote not only the
orbitals of the central atom (z.e. N or O) but also the
neighbours bonded to this atom. Singly occupied
hybrid orbitals in g-bonding to neighbours are shown
as heavy full lines, and doubly occupied (lone pair)
hybrids as chain lines. The corresponding p-orbitals
are shown as broken and dotted lines respectively.
For the singly occupied p-orbitals, their participation
in ¢-bonding is indicated by heavier emphasis of one
half of their symmetry axes passing through the cen-
tral atom. The possibilities of z-bonding between cen-
tral atom and neighbours are also indicated in Fig. 3
by the broken lines, of appropriate orientation, pas-
sing through the centres of the neighbours shown as
hatched circles. The neighbours shown as open circles
are then absent, and these two alternatives are shown
in the diagrams as, e.g. ‘A or ’. The cases of multiple
bonding involving contributions from a higher valence
state of the central atom (see later) are indicated by
the description of a doubly-filled p-orbital of this atom
as ‘(m)’. This same description (7) is used for the
neighbour-atom orbitals discussed above.

The geometries involved here are, of course, ideal-
ized ones which will rarely be exactly encountered in
practice. However, they give useful insight into the
value of molecular geometry in both the assignment
of reference axes and the choosing of ‘prepared state’
possibilities. In cases where bond-angle evidence is
consistent with approximate sp? or sp? considerations,
then we see from Table 1 and Fig. 3 that a positive
choice of reference axes can often be made from the
disposition of the atomic groupings observed in the
later stages of structure refinement. In other cases,
however, where the same geometry applies to more
than one ‘prepared state’ interpretation, the decision
as to which scattering components are most approp-
riate to any system being studied will involve some
ambiguity.

1003

The ambiguous cases can be broadly grouped as
follows. (1) Situations in which N (or P: hereafter we
mention only the lighter member, as in Table 1) is the
central atom in orthogonal groupings are consistent
with either the sp possibility 1(c) (i) or a ground-state
interpretation, and this ambiguity persists as the
number of adjoining atoms is reduced by double or
triple bonding. The two ‘prepared state’ scattering
possibilities for N here have their greatest differences
in the presence or absence of an acentric component
(Table 1).

(2) A similar problem exists when O occurs in an
orthogonal triatomic grouping or is multiply bonded
to just one neighbour. Here, geometry cannot resolve
the alternatives of an sp? state 2(b) (ii), sp states
2(c) (i) or (i)', and the states 2(d) (i) or (i)’ of Table 1.
Again, the most noticeable differences in the alter-
natives are concerned with the acentric scattering com-
ponents.

(2A) A further problem related to (2) concerns am-
biguity in defining reference axes required for the
centric scattering possibilities there. For the sp? alter-
native, the differentiation of y and z axes in the 40C
group (2(b) (ii) of Fig. 3) requires knowledge of which
bond from O involves the p-orbital and which the sp?
hybrid, since this dictates the axial assignment, as
seen in Fig. 3. If only the diatomic group OC is in-
volved, then z is now defined but the resolution of
and y will depend on the availability of additional
geometrical information: e.g. if C is a member of some
associated m-bonded system such as a planar aromatic
ring, then the direction of y for O is given by the nor-
mal to the planar ring. Exactly similar arguments
apply to the sp possibility 2(c) (i). Here, however, the
dilemma can be circumvented in the OC group by
regarding O as having radial symmetry about its
bond, in which case the variant 2(c) (i)’ in Table 1
can be employed. These arguments can also be ex-
tended to the ground state possibility 2(d) (i). In this
case, the centric scattering involves the simpler form
in (13), and the reference axis for f! in the orthogonal
group AOD (Table 1) is the normal to the group.
In the diatomic possibilities, 04 or OD, the reference
axis can be defined only if the neighbour is a member
of an associated 7;-bonded system. This is analogous
to the sp? observations above but now, for the example
cited there, the reference axis for f! will be in the plane
of the ring. In other cases, the need for assuming radial
symmetry* will involve the scattering description
given by the 2(d) (i)’ variant in Table 1.

(3) Another possible form of ambiguity concerns
certain situations where the observed geometry seem-
ingly permits an explicit choice to be made among the
various ‘prepared states’ examined here. This concerns

* There may, of course, be real radial symmetry, in which
case the variants 2(c)(i)’ and 2(d)(i)’ are more than just an
approximation for overcoming axial indeterminacy. Another
case involving radial possibilities is that of N in 1(c)(ii) and
(i)’ in. Table 1.
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cases where significant contributions from valence
states higher than those of the neutral atoms may be
involved. An example of tbis possibility is the planar
trigonal grouping around N in 1(d) (ii) of Table 1 and
Fig. 3. As noted there, the scattering components for
N in this geometry imply a simple o-bonded system,
whereas structural evidence usually indicates the exis-
tence of multiple bonding effects. These require that
the N atom be considered as partly in the quadri-
valent state, N+ (this possibility has been extensively
discussed by Orville-Thomas (1957) for a variety of
geometries), in which case the p-orbital normal to the
atomic plane is singly rather than doubly occupied.
At the level of approximation at which we are work-
ing, N+ thus has spherically symmetric scattering
since it is isoelectronic with carbon. Consequently, in
a planar grouping showing evidence of extensive mul-
tiple bonding, the scattering results for N in 1(b) (ii)
are probably best regarded only as defining the upper
limit to the existing actual situation: they then provide
a basis for detailed examination of the way in which
the true charge distribution deviates from the aspher-
ical form of the neutral atom. Another instance where
N+ considerations may also apply is the linear tri-
atomic situation in 1(c) (ii) or (ii)’ of Table 1. In the
case of O, the analogous possibility involving O+ was
noted in 2(b) (i) of Table 1, and it may again arise in
the linear case of 2(c) (ii). For multiple bonding in the
BOD group of 2(b) (i) in Fig. 3, the O+ considerations
set the lower limit of scattering power in this case as
the form for N in 1(d) (i): we see that the two limits
have different details for the centric scattering com-
ponent but possess the same type of acentric contribu-
tion. With the linear BOC group of 2(c) (ii), the lower
limit is probably best described by the radially sym-
metric form for N in 1(c) (ii)’ of Table 1. For group
VII, extensive multiple bonding is less likely, but the
lower limits for different hybrid possibilities of these
atoms are given in Table 1.

It is possible, of course, that these ambiguities may
be resolved when evidence other than the observed
geometry is available. We consider this briefly in the
Discussion below, but otherwise postpone further
comments to projected experimental examinations
based on the present f curves.

Numerical f data for hybrid valence state approximations

The evaluation of the f terms in Table 1 is based on
ground-state f data derived from various approximate
treatments available for the different atoms. For the
simplified scattering formulae given by the assump-
tion that f(ns)=f(np), we thus require only ground
state values of the total f, d(np) and fY(ns np): note
that in Table 1 (see footnote there) f is written as §
and d(np) as d. Without this assumption, one-electron
J components of the total f curves are required (to

obtain the A values of Table 1), and the numerical
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consequences of this assumption have been examined
only for the lighter atoms, N, O and F. B

For these atoms, Hartree-Fock values of f are
available from Berghuis, Haanappel, Potters, Loop-
stra, MacGillavry & Veenendaal (1955) and Freeman
(1959a). The latter has also calculated the aspherical
ground state scattering components of O and F, from
which the Hartree-Fock values of d(2p) are readily
obtained. The terms f!(2s 2p) arise in the treatment
of incoherent Compton scattering (Freeman, 19590, ¢),
and the values required here for N, O and F are ob-
tained from his tabulated fasfop values by reversing
their signs (see first footnote) and applying the factor
}/3 (in (8)). The one-electron components of f for these
atoms are also given by Freeman (1959c), so that only
values of d(2p) for N require calculation for evaluating
the hybrid scattering curves. Conformity with the
other available Hartree-Fock f data demands the use
of the numerical radial functions of Hartree & Hartree
(1948), but we have employed, instead, the more con-
venient analytical functions of Duncanson & Coulson
(1948) used earlier by McWeeny (1951). We have
earlier (Dawson, 1961) compared the d(2p) values for
O and F from these functions with the Hartree-Fock
values, and, as a further simple check for N here, we
have used McWeeny’s expression for f(2s 2p) to cal-
culate values for comparison with the Hartree-Fock
values for N noted above. B

For the heavier atoms, values of f based on the
variational poly-detor calculations of Boys & Price
(1954) are available for S and Cl (Dawson, 1960), and
values of d(3p) for these two systems have been cal-
culated via orthogonalized Slater functions for esti-
mating aspherical ground state scattering effects
(Dawson, 1961). Extensive Hartree~Fock -calcula-
tions of all third row atoms performed recently (Wat-
son & Freeman, 1961) have been used to derive values
of f (Freeman & Watson, 1962). We use here the
poly-detor f data for S and Cl and the Hartree-Fock
data for P, and calculate the d(3p) values required
for P from the same basis as in Dawson (1961). The
remaining computation of the f!(3s 3p) terms of the
three atoms can also be made conveniently, although
at reduced accuracy, in terms of orthogonalized Slater
functions in the following way. The orthonormal fune-
tions (3) and (4) whose P(r) are required for (8) are
then

@'(38) = M{N3sr2 exp [ —csr] — Q1 Nosr exp [ —cor]
— Q2N exp [—car]}

and ¢'(3p:) as given in Dawson (1961), whose nota-
tion we use here. M, ¢1 and Q2 are constants whose
values in terms of the overlap integrals of the simple
Slater functions are given by Tomiie & Stam (1958),
with their N written as M here to avoid confusion
with the normalization constants Vs, etc. Inserting the
functions for P(r) in (8) then yields
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Table 2. Atomic scattering factors for sp® and sp? hybrid valence state approximations, at intervals
of sin 6/A in A-1

sp® N
sin 6/ Je ¢ f& o ¢
0-00 7-000 7-000 7-000 0-000
0-05 678, 675, 679, 0-21,
0-10 6-19, 6-11, 6-23, (—0-01) 0-38,
0-15 5-42, 5-26, 5-49, 0-48,
0-20 459, 4-36, 470, (—0-02;) 0-51,
0-25 3-85, 3-57, 3-99, 0-48,
0-30 3-23, 2-92, 3-38, (—0-005) 0-43,
0-35 276, 2-44; 291, 0-36,
0-40 2395 2:09¢ 2-544 (0-015) 0-29,
0-50 1-93, 1-70, 2:05, (0-02;) 017,
0-60 1-69, 1-52, 1-78, (0-02,) 0-09,
0-70 1-54, 1-43, 1-60, (0-01,) 0-03,
0-80 1-44, 1-36, 1-48, 0-00,
0-90 1-34, 1.29, 1-37, (—0-00,) —0-00,4
1-00 1-26, 1-22, 1-27, —0-01,
1-10 1-17, 1-14,4 1-18; (—001,) —0-01,
sp? N
as (1s)2(2p)L(2s 2p)4, i.e. 1(b)(i) as (18)2(2p)2(2s 2p)3, <.e. 1(b)(ii)
v ) ! ! I :
7-000 7-000 0-000 (0-000) 7-000 7-000
676, 679, 0-23, (0-22,) 675, 6-79
612, 6-23; (= 0-015) 0-42, (0-41,) 6-09, 6-25, (—0-02,)
5-28, 5-49, 0-53, (0-534) 5-21, 552,
4-38, 4-69, (—0-02,) 0-55, (0-58) 428, 474, (—003,)
3-60, 3-98, 0-53, (0-564) 3-47, 404,
295, 3-37, (— 0-00,) 0-47, (0-51,) 281, 3-44, (—0-00,)
248, 2:90, 0-39, (0-42,) 234, 2:97,
212, 2-52, (0-01,) 0-31, (0-34,) 1-99, 259, (0-02,)
1-72, 2-04, (0-02,) 0-18, (0-19;) 1-62, 2:09, (0-03,)
1-54, 1-77, (0-01) 0-09, (0-09) 1-46, 1-80, (0-02,)
1-44, 1-60, (0-01,) 0-04, - (0-03) 1-39, 1-62, (0-01,)
1-37, 1-47, 0-01, (0-00;) 1-33, 1-49,
1-30, 1-37, (—0-00,) —0-00,4 (—0-00,) 1-28, 1-38, (—0-00)
1-23, 1-27, —0-01, (—0-015) 1-21, 1-28,
1-15, 1-18, (-=0-01)  —0:01, (—0-01) 1-14, 1-18, (—0-015)
sp® O
o i : 5 !
0-00 8-000 8-000 8:000 8:000 0-000
0-05 779 7-81, 777, 779 0-23,
0-10 7-24, 7-32, 717, 7-24, (—0-01,) 0-39,
0-15 6-48, 6-62; 6-33, 6-48, 0-51,
0-20 5-63, 5-83, 5-42 5-63, (—0-02,) 0-58,
0-25 481, 5-06, 456, 481, 0-58,
0-30 409, 4-36, 3-81, 4-09, (—0-01,) 0-55,
0-35 3-49, 377, 3-21, 3-49, 0-49;
0-40 3-00, 3-28, 273, 3-00, (0-005) 0-42,
0-50 2-33, 2-58, 2-09; 2-33, (0-01;) 0-29,
0-60 1-94, 214, 1-74, 1-94, (0-01,) 018,
0-70 1-71, 1-87, 1-554 1-71, (0-01) 0-10,
0-80 1-56, 1-68, 1-44, 1-56, 0-05,
0-90 1-46, 1-55, 1-36, 1-46, (0-00;) 0-01,
1-00 1-37, 1-44, 1-30, 1-37, —0-00,
1-10 1-29, 1-34, 1-23, 1-29, (—0-00,) —0-01,
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Table 2. (cont.)

sp* O
as (15)2(2p)2(2s 2p)%, i.e. 2(B)(i) as (1s)2(2p)}(2s 2p), i.e. 2(b)(ii)
sinf/d  f} 3 7 8 3 ! 3 3 6 2
0-00 8:000 8-000 8:000 0-000 8:000 8-000 8-000 0-000
0-05 781, 777,  T79 0-22, 777, 181, 780, —0-22,
0-10 7-33, 7-18, 7-23, (—0:01) 037, 7-16, 7-31, 7-26, (-000;,)  —0-37,
0-15 664, 635, 645 0-48, 632, 660, 651, —0-48,
0-20 5-85, 5-44, 558, (—0:02)  0-54 5-40, 581, 567, (—0-01,)  —0-54,
0-25 509, 459, 475 055, 453, 5035 486, —0-55,
0-30 4-39, 3-84, 4-03, (=0:01) 052, 378, 433, 415, (—0-00,) —0-52,
0-35 3-80, 3-24, 3-43, 0-46, 318, 3-74, 3-55, —0-46,
040 331, 276, 294, (0:005)  0-40, 270, 325, 306, (0-005)  —0-40,
050 260, 212,  2:28 (0-02,) 027, 206, 255, 239, (0-01)  —0-27,
0-60 216, 1-76, 1-90, (002,) 017, 172, 212 1-98, (0-01;)  —0-17,
0-70 1-88, 157, 1-67, (0:02,)  0-09 1-54, 1-85, 1-74, (0-01)  —0-09,
0-80 1-70, 1-45, 1-54, 0-04, 1-43, 1-67; 1-59, —0-04,
0-90 1-56, 1-37, 1-44, (0:00) 001, 1-35, 1:54, 1-48, (0:005)  —0-014
1-00 1-45, 1-31, 1-35, —0-00, 1-29, 1-43, 1-39, 0-00,
110 1-35, 1-24, 1-28, (—=0:00,) —0-01, 1-23, 1-34, 1-30, (—0-00,) 0-01,
sp F
as (1s)2(2p)!(2s 2p)°,
sp* F as (1s)3(2p)%(2s 2p)5, .. 3(b)(i) t.e. 3(b)(ii)
sin6/2  fe fé ft é a i ft J 8 £t ft
0-00 9-:000 9-000 9-000 0-000 9-000 9-000 0-000 9-000 9-000
0-05 882, 884 880, —0-19, 884, 88, —0-21; 884 880,
010 829, 837, 825  (—0-00,) —0-32 836, 825  (—0-00,) —034, 839, 824,
015 753, 7168,  7-46, —042, 766, 747, ~046,  T-73,  T-44;
020 669, 688 659  (—001) —047, 686 660, (—001) —051, 695 656,
025 583, 606, 572 —048, 604, 573 —053, 614, 568,
030 504, 529 491, (—0-00,) —047, 527, 493, (—001,) —051, 538 487,
0-35  4-34, 460, 421, —0-44) 457, 423, —0-47, 469, 417,
040 376, 401, 3-63, (—0-00,) —0-39;,  3-98, 3-64; (—0:00,) —042, 410, 3-58,
050 287, 311, 276, (0-005) —0-29, 3-08, 277, (0-005) —0-31, 3-19, 272,
060  2:31, 2-51, 2-21, (0-00,) —0-20, 2:49; 222, (0-01,) —0-22, 2-57, 2-17,
070 1.95, 212, 1-87, (0-00,) —0-13, 210, 1-88; (0-01;) —0-14, 217, 1-84,
080  1.73, 1-86, 1-66, —0-07, 1-85, 1-67, —0-08, 1-91, 1-64,
090 158, 1-69, 1-53, (0-00g) —0-03, 1-68, 1-53, (0-005) —0-03, 1-73, 1-514
100 148, 1-56, 1-43, —0-00, 1-55, 1-44, —0-00, 1-59 1-42,
1110 139, 146, 136, (0-00,) 003, 145,  1:36 (0-00,)  0-03, 148 135
sp P
sp® P as (3p)}(3s 3p)* as (3p)?(3s 3p)3
sin 6/4 Je ¢ 1t 3 £ 1t 2 : ft
0-00 15-00 15-:00 15-00 0-000 15-00 15-00 0-000 15-00 15-00
0-05 14-47 14-41 14-50 0-34, 14-42 14-50 0-37, 14-39 14-51
0-10 13:17 12-98 13-26 0-54, 13-00 13-25 0-58 12-92 13-30
0-15 11-66 11-36 11-81 0-55, 11-39 11-80 0-60, 11-25 11-86
0-20 10-34 9-99 10-51 0-43¢ 10-03 10-50 0-47, 9-88 10-57
0-25 9-33 9-01 9-49 0-284 9-05 9-47 0-304 8-90 9-54
0-30 8:59 8-34 8-72 0-14, 8:37 8-70 0186, 8-26 8:76
0-35 8-02 7-85 811 0-05, 7-87 8:10 0-06,4 7-79 814
0-40 7-54 7-43 7-59 Q-00g4 745 7-59 0-00, 7-40 7-61
0-45 7-10 7-04 7-13 —0-01, 7-05 7-13 —0-01¢ 7-02 7-14
0-50 6-67 6-64 6-68 —0-02, 6-65 6-68 —0-02, 6-63 6-69
0-60 5-83 5-83 583 —0-01; 5-83 5-83 —0-01, 5-83 5-83
0-70 5-02 5-03 5-02 —0-00, 503 502 —0-004 503 5-02
0-80 4-28 4-29 4-28 0-00, 4-29 4-28 0-00, 4-29 4-28
0-90 3-64 3-64 3-64 0004 3-64 3:-64 0-00, 3-64 3-64
1-00 311 3-11 311 0-00g 3-11 3-11 0-004 3-11 311

1-10 2:69 2-69 2-69 0-004 2-69 2-69 0-00,4 2-69 2-69
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Table 2. (cont.)
sp® 8
sp® S as (3p)%(3s 3p)* as (3p)'(3s 3p)®
sin /4 Je ! ft s 2 iy b VA iy i W 2
0-00 16:00 16-00 1600 16:00 0-000 1600 16:00 16-00 0000 16-:00  16:00  16:00  0-000
005 1554 1559 1549 1554 035 1559 1550 1553 0-33; 1549 1558 1555 —0-33,
0-10  14-33 1449 1418 1433 058, 1450 1419 14:30  0-55; 14-16 1447  14:37 —0-55
015 1275 13-02 1248 1275 065, 13-056 12-51 1269 0.6l 1245 12:99  12:81 —0-6l,
020 1121 1155 1087 11.21 0-58, 11-59 10-91  11-14 0-54, 10-83 11-51 1129 —0-54,
0-25 993 1027 959 993 043, 1031 962 985 040, 955 10-24 1001 —0-40,
0-30 899 920 869 899 027 933 872 892 025 866 926 906 —0-25,
0-35 832 856 809 832 0l4, 858 811 827 013, 806 853 837 —013,
0-40 783 800 1766  7-83  0-06, 802 768 779  0-05, 7-65 798  17-87 —0-05,
0-45 742 753 731 742 001, 754 7-32 140 000, 730 752 744 —0-00,
0-50 705 711 699  7:05 —0-0l4 712 699  7-04 —0-01, 698 711 706 001,
0-60 631 632 630 631 —002 633 630 631 —002 630 632 631 002
0-70 556 556 557 556 —00l, 556 556 556 —00l, 557 556 556 0-0,
0-80 482 481 483 482 —0-00, 481 483 482 —0:00, 483 481 482 000,
0-90 415 414 416 415 000, 414 416 415 000, 416 415 415 —0-00,
1.00 356 356 356 356 000, 356 356 356 000, 356 356  3:56 —0-00,
1-10 307 307 307 307 00l 307 307 307 00l 307 307 307 —0-0l,
sp? Cl
sp3 ClL as (3p)%(3s 3p)° as (3p)1(3s 3p)®
sin 04 T ! o ! v
0-00 17-00 17-00 17-00 0-000 17-00 17-00 0-000 17-00 17-00
0-05 16-55 16-59 16-53 —0-27, 16-58 16-53 —0-30, 16-60 16-53
0-10 15-33 15-46 15-27 —0-47, 15-45 15-27 —0-52, 15-50 15-24
0-15 13-68 13-92 13-56 —0-56; 13-89 13-58 —0-61; 14-00 13-52
0-20 12-00 12-32 11-84 —0-54, 12-28 11-86 —0-58, 12-42 11-79
0-25 10-55 10-90 10-38 —0-44, 10-86 10-40 —0-48, 11-02 10-32
0-30 9-44 9-77 9-27 —0-32, 9-74 9-29 —0-35, 9-88 9-22
0-35 8-64 8:93 8:50 —0-204 8-89 8-51 —0-22, 9-02 845
0-40 8-07 8-29 7-96 —0-11, 8-27 7-97 —0-12, 8-37 7-92
0-45 7-65 7-81 7-57 —0-04, 7-79 7-58 —0-05, 7-87 7-54
0-50 7-29 7-40 7-24 —0-00,4 7-39 7-24 —0-00, 7-44 7-22
0-60 6-64 6-68 6-62 0-02, 6-67 6-62 0-024 6:69 6:61
0-70 5-96 597 596 0-02, 5-96 5-96 0-02, 597 5-96
0-80 5-27 5-26 5-27 0-01, 526 5-27 0-01, 5-26 5-27
0-90 4-60 4-59 4-60 0-00, 4-59 4-60 0-00, 4-59 4-61
1-00 4-00 3:99 4-00 —0-004 3-99 4-00 —0-004 3-99 4-00
1-10 3-47 3:47 3-47 —0-00,4 3-47 3-47 —0-00, 3-47 3-47
(35 3p) =1)/(3M2/(1 — x33)) are readily obtained from values of the other states
x {(A1/321)[(Sa(r)[x1) — Os(1)] there. The columns for centric scattering in the sp3

— (Q1+ oxe3)(A2/3x2)[(Sa(we)/w2) — Ca(ws)]
+ (Qroxo3A/3x3)[(S2(ws)/x3) — Cs(xa)]
- (Q2A4/x4 Sz Z4)/:1:4) 03(x4)]
+ (Qeoveads/xs)[(Si(ws)/x5) — Ce(s)]}
where
As= 4ﬂN33le/(03 +c1)5,
va=4nX/(ca+c1), as=4nX/(cz+c1) (X

As =472?N25le/(02 +c1)4,
=sin /1),

and the other 4, and z, are defined in Dawson (1961).
The integrals Sx(x) and Cn(x) have the simple forms
discussed by McWeeny (1951).

The values of the different sp? and sp? valence state
f-components derived from these sources of ground
state data are listed in Table 2. Values of the sp states

and two sp? states are from the simplified expressions
using f(ns)=f(np). With this simplification, the spher-
ically averaged scattering powers of the different
‘prepared’ states are the same, and equal to spheri-
cally averaged ground state scattering, and these
values are denoted f. in the sp3 group for each atom.
The result of not assuming that f(ns)=f(np) is shown
in the columns headed J, the values there being those
that must be added to the centric values listed for
each hybrid state if this simplification is not used: it
is clear that only small changes are involved. The
values of the acentric components f! are for the sense
of the axes illustrated in Fig. 3. For the sp? state of N
as (1s)2(2p)1(2s 2p)4, i.e. 1(b) (i) earlier, the values of f1
obtained from Duncanson & Coulson (1948) functions
are listed in brackets alongside the Hartree-Fock
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values: the trend of the small differences between
these sets is similar to that noted in values of d(2p)
for O and F derived from these two types of radial
functions.

Discussion

At this point, it is useful to summarize the general
aims of this investigation. We have been concerned
with a simple examination of possible charge distribu-
tions of atoms containing lone pairs as well as bonding
electrons in their valence shells, with a_view to as-
sessing the implications of the normal f-approxima-
tion in detailed X-ray structure analysis. The hybrid
orbital approach adopted in postulating various ‘pre-
pared’ valence states, which comply with different
idealized geometrical groupings containing these
atoms as a central member, is designed to accord with
the rather naive concept of a chemical bond based on
perfect pairing (Coulson, 1961). The limitations of
this concept are apparent in extensive contemporary
calculations of molecular structure (see Coulson, 1960;
and succeeding papers there), but it nevertheless
provides a logical starting point here. The scattering
powers of the various ‘prepared’ states examined rep-
resent a natural extension of earlier calculations of
aspherical ground state scattering (McWeeny, 1951;
Freeman, 1959a; Dawson, 1961). Their main function
is twofold: firstly, to examine whether valence state
considerations modify earlier conclusions regarding
suitable strategy to employ in X-ray analysis aiming
to define fine details of molecular structure (Dawson,
1961); and secondly, to gain information on the type
and magnitude of fine detail we may expect to define
in favourable circumstances. We shall only review
here briefly some of the general conclusions that
emerge from the ground state and prepared state
results obtained for the different atoms. Fuller discus-
sion of structure refinement involving acentric atoms
is deferred to the accompanying paper (Dawson,
1964a) where the sp3 f-data for N are used to examine
position and thermal motion refinement in a hypo-
thetical structure.

For centric scattering, the main differences between
the two states occur for group V, where the spherical
symmetry of the ground state is replaced in the hybrid
states by an aspherical charge distribution component.
For group VII, this scattering is aspherical in both
states, and the axes required to define it have a com-
mon structural definition: the charge distributions are
oblately spheroidal, and either identical or else very
similar in the two states. For group VI, there is the
formal difference that the two axes required for the
prolate spheroid of the ground state distribution are
replaced (generally) by three axes required for the
ellipsoidal distribution associated with the centric
valence scattering, but there is again a common rela-
tionship in the definition of some axes. Thus, for
triatomic groupings, the axis defined as y in 2(a) and
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2(b) (i) and as « in 2(b) (ii) and 2(c) (i) (Fig. 3) has the
same structural description as that employed in ground
state scattering, namely, the normal to the plane of
the three atoms. In this direction the elh'psoidal
components, fll in 2(a) and 2(d) (i) or fI in 2(d) (ii)
and 2(c) (i), are numerically 31m11ar to the ground
state f' component (see 2(d) (i) of Table 1). It is only
normal to this direction, in the triatomic plane, that
the f* component of 2(d) (i) is replaced by two valence
state components. The allowance for aspherical centric
valence scattering for these atoms by a ground state
treatment can therefore be regarded as a useful inter-
mediate approximation for cases of geometrical am-
biguity discussed in (2) and (24) earlier.

The acentric scattering component of certain hyb-
rid valence states has no counterpart in ground state
treatments, and its possible presence has some inter-
esting implications for structure refinement and inter-
pretation. Since it arises from a charge distribution
component which is antisymmetric about the atomic
centre (Fig. 1(d)), the detection of such features in
‘difference’ maps (Cochran, 1951) of accurately refined
(in atomic position and thermal motion) molecular
structures should be capable, in principle, of resolving
the geometrical ambiguities of axial assignment which
were shown earlier to arise in certain prepared states.
In the sp? state for O in 2(b) (ii), for instance, the sym-
metry axis of these features would be the O-C bond
direction, thereby eliminating the previous ambiguity
of the y- and z-axis directions. Difference maps will,
of course, also display any additional features arising
from the fact that we are dealing with an as-
semblage of bonded atoms rather than isolated atoms
considered to be in appropriate ‘prepared’ valence
states. The present results can offer no guidance on
this question of scattering power differences between
‘prepared’ and bonded atoms: but the significant
examinations of this problem by McWeeny (1952,
1953, 1954), and his final advocacy of ‘prepared state’
scattering factors, suggest that these differences can
be regarded as minor perturbations for even the lighter
of the atoms considered here. On this assumption, the
antisymmetric charge distribution features discussed
above would constitute a source of valuable additional
information in applications of difference methods to
structure interpretation.

The experimental detection of such features, as well
as those associated with aspherical centric scattering
if f curves are used in a ‘difference’ procedure, will
depend on two broad requirements being satisfied.
Firstly, the diffraction data employed must be of high
accuracy and reasonably plentiful in the low-angle
region, since outer-electron scattering effects are in-
volved and we require measurements over a range of
orientations of S to the charge distribution axes
discussed. This requirement will be governed by the
intrinsic nature of the crystallographic system being
studied; i.e. the size of the unit cell and the systematic
absences of the space group. In cases where low-angle
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Fig. 4. Comparison of the angular range of the scattering
components of an sp® hybrid orbital in related second- and
third-row atoms.

data are not plentiful, a detailed electron distribution
study may still be possible if the molecular system
possesses high internal symmetry and a high propor-
tion of aspherical atoms of the same type. Greater
chances of success will be offered by second-row rather
than third-row atoms since the acentric scattering ef-
fects of the former constitute a greater part of the
total atomic scattering power and occur over a wider
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range of sin §/A (Table 2 and Fig.4). The second
requirement is that the nature of the preliminary
atomic position and thermal motion refinement must
be such as not to obscure the features to be sought
for subsequently. This demands the use of high-
angle data dominated by inner-electron scattering
(McWeeny, 1954; Jeffrey & Cruickshank, 1953).
Otherwise, it is likely that the features in Fig 1(c) and
(d) which are of interest may be obliterated by spuri-
ous parameter refinement. We examine the possibility
of this occurring elsewhere (Dawson, 1964a).
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