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Assrnlcr

Refinement oi the crystal structure of the 14.36 A phase of Mg-vermiculite by difier-
ence syntheses does not change the earlier general conclusions regarding the silicate layer,
but reveals an electron density distribution in the interlamellar region which indicates
either that the water molecules are vibrating asymmetrically or that there is a regular
displacement of water sites from the hexagonal position in a direction opposite to that
proposed in the earlier analysis by Mathieson and walker. The present evidence is not
decisive but tends to support the latter alternative. Aclditional supporting evidence is
provided by a careful comparison of the structures of Mg-vermiculite and chlorite.

fxrnooucrrow

The crystal structure of Mg-vermiculite at normal temperature and
humidity (Mathieson and walker, 1954) was analysed by means of ortho-
dox po syntheses. It has become evident recently (e.g., Cochran, 1951;
cruickshank, 1956) that in p0 syntheses much detail concerning minor
atomic displacements and vibrations remains hidden and can best be
revealed by the use of difference syntheses (Cochran, 1951). It was con-
sidered worthwhile to attempt a refinement of the available difiraction
data for this phase of Mg-vermiculite by means of Ap syntheses. The
additional information will be of interest with respect to triphorrnic
layer sil icates in general (for reasons, see Walker, 1952) and the improved
data will assist in a current investigation of the various phases of Mg-
vermiculite (walker, 1956). rt is convenient to distinguish the various
phases by means of their basal spacing. Hence we shall refer to normal
Mg-vermicul i te  as the 14.J6 A phase.

RBTNBITBNr

No new difiraction measurements were made; the data used were the
experimental z0l structure amplitudes recorded in Table 2 of the origi-
nal analysis (r{athieson and walker, lgs4, hereafter referred to as r).
The first difference synthesis was calculated using the recorded F66u and
F"n1" values (Fig. 1o). From inspection of this distribution, it was clear
that various parameter adjustments were required, in particular for D,
Oa and Or,ls (see Table 1 and Fig. 1c), while the region of the water mole-
cule sites showed a gross error in the temperature factor (for which an
average value, B:7.2 I\2, was used in I) with a negative trough of
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Mg-VERMICULITE

Frc 1. Difference Fourier syntheses : a) first, b) eleventh and r) thirteenth. The contour
levels are at intervals of 1e.A-2, the full line representing positive, dashed line negative
values, the zero level being omitted. The molecular model is outlined, the vibration direc-
tions of Oa and O:en being indicated in D).

9e.A-2 where the peak value in the distribution was only =22e.h*2.In
subsequent calculations of structure amplitudes, improved scattering
curves for O-2, Si{+, AI3+ and NIg2+ (lt lacGillavry et al., 1955), tabulated
since the previous analysis, were used and the three water sites we
assumed to coincide in projection, leaving the question of site displace-
ment unti l other features of the electron density distribution had been
clarif ied. Adjustment of atomic parameters and isotropic temperature
factors was made step by step by the iterative process of calculation of
structure amplitudes, adjustment of >lFr,-l : I l  p".*l and subse-
quent synthesis. After the eleventh Ap synthesis (Fig. 1D) all mean
atomic parameters and mean isotropic temperature factors had been
determined (Table 1). In the region of 03, a classical type of Ap distri-
bution (Cochran and Lipson, 1953, p. 304) indicated asymmetric vibra-
tion. A similar distribution occurs around Ozes, but here the mean value
of B (2.0 A2) used for Os and Ozes in the calculation of structure ampli-
tudes was too high, so that in addition a positive region existed at the
atom centre. The vibration directions (Fig. 1b) indicated by these distri-
butions were in accord with the bonding of 03, Oze and Ozs with D
atoms. In three dimensions, these three oxygen atoms are structurally
equivalent (Fig. 2c) but in the D-axis projection, the range of vibration
of Oa is viewed at its maximum while the superimposed vibrations of
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Taer-n 1. Arolrrc PAn.rurrnns AND TEMpERATUnT Fectons

Approximate
peak value
in (e. A-)

B (A)
Atom

Mo2*

HrO
o3
Or,\e
D(SiAD
o1
C(Mg, Fe, Al)

tc/a

11 th  Ap 13th Ap

t 2
( /

g grza2.4tz

O . 8 s 2 1 . 7 . 2 t 2
0 . 8
7 . 4
1 . 2

s and , are defined in Cochran (1951).

Oze and Oze ar€ both viewed at 30o. Hence the apparent range of vibra-
tion for Ozrs is smaller (i.e., smaller mean B) and the direction of vibra-
tion is dif ierent (vide Fig. 1D) . The asymmetric vibrations of Os and
Ores wer€ then removed from the Ap distribution by calculating the con-
tributions of these oxygen atoms with the appropriale asymmetric tem-
perature factors (Table 1) using Cochran's (1951) method. The resulting
distribution is shown in Fis. 1c. Whereas in I. the final reliabil i ty index
(R :  I l Fo -F " l / t ]  F r l  t  , i as  0 .17 ,  t he  i ndex  has  now been  reduced  to
0.08. The final observed and calculated structure amplitudes are com-
pared in Table 2.

At this stage there remained in the region of the sil icate layer (i.e.,
z:0 to c/8) no systematic features which could be related to any error,
either in the parameters or asymmetric vibrations of any of the atoms.
The distribution remaining must correspond therefore to random varia-
tions arising from errors in the measurement of structure amplitudes. On
this basis, it is possible, since gross features in the region z:c/8 to c/4
have also been removed, to use the region z:0 to c/8 in the 13thAp dis-
tribution (Fig. 1c) to estimate the standard deviations in Ap and in the
slope of Ap. These have been calculated from the relationships, o(p)
:  lArr l t /z  and o(0Ap/a) :  {1atp1ar1r} t rz  (Cochran and L ipson,  1953).
Averaged over 232* points, the standard deviation of electron density
o(p) : 1 .0e.,q-2 while, averaging the (slope)2 over 239 points, the standard
deviation o(|Ap/62):4.56 e.A-3. With this latter value, the standard
deviations for atomic parameters, o(2,"):56o16zfC^, can be computed
when the central curvature at each atom peak, Cn, in ps has been deter-
mined. C, may be conveniently assessed as 2pps, p being determined
from a plot of log p6 against z2 (see Cochran and Lipson, 1953, p. 279,
308). The calculated values of standard deviations are l isted in Table 3

* Subdivision of the unit cell axes in computing the Fourier series was as in f.
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T,c,eln 2' Coupenrson or OBSERVED AND FrNAL Celculatro Veruns or hOl
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Frc. 2. The crystal structure of Mg-vermiculite involving displacement of water

molecules from the hexagonal sites.

d) projection on the d, plane

b) projection of the interlamellar region normal to the ob plane

r) projection of the triphormic silicate layer from z:0 to c/8, normal to the ob plane.
'Ihe various atom species are designated on the right.

together with the bond lengths and their probable errors derived from

the standard deviations' Standard deviations for Os and Ozee were calcu-

lated on the basis of an isotropic temperature factor since, for these

atoms, the direction of maximum vibration does not greatly affect the

calculation of associated bond lengths.
Comparison of bond lengths (Table 3) in the silicate layer with values

reported in I shows no significant change' The bond length D-Or re-

mains greater than D-Ozen (Or). The surface oxygens Or, Ore and Ozn

still deviate from a regular hexagon formation (Fig. 2c) and are now

o
o
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observed to vibrate asymmetrically. The parameter changes a]l l ie
within the range of error quoted in r, but it is now possible to give a bet-
ter estimate of the individual errors.

There appear to be changes of significance with regard to the detailed
structure of the inter-lamellar region. The a parameter of the HzO peak
is considerably altered, so that whereas the inter-sheet distance Mg-Hro
was previously regarded as the same as the Mg-o intersheet distance
(i.e., 1.06 A;, it has now been increased to 1.14 A 1nig. 2a).The asym-
metric electron-density distribution around the Hzo site warrants a
more detailed discussion.

TnB INTBnT,AMELLAR Rrcrox

when the normal criteria for the correct location and mean tempera-
ture factor of a single atom have been achieved, namely Ap:0 and
\Ap/62:|ap/0r:0 at the atom centre, there sti l l  remains a distribution
of electron density around the site of the water molecules (Fig. 1c). since
the peak values of the distribution i ie in the range - 1.7 to +Z.4e.L-z
and the standard deviation of electron density has been estimated as
le.A-', i t appears that the regular shape of the distribution does not
arise from random errors but from the disposition of the water molecules.

so far it has been assumed in calculating the contribution of the water
molecules to structure amplitudes that the three equivalent HzO sites
coincide in the 6-axis projection. on this assumption, the oniy conclusion
regarding the asymmetric distribution is that it must be ascribed to
asymmetric vibrations of the three superimposed water molecules with

would depend on the tendency of the Mgz+ ions to form hydration shells
of the type shown in Fig.3a(fi) (see also Fig. 7 in I).

The coincidence of the HzO sites in the D-axis projection is not how_
ever a structural or a crystallographic necessity, but merely the simplest
assumption used in the preliminary stages of the re-examination. con-
sidering the equivalence of the [010], [310] and [310] projections (see r),
it is clear that the water molecules may be displaced in a regular manner
from the hexagonal sites (Fig. 1a and.6). rn projection, one site is dis-
placed A while the other two sites are displaced in the opposite direction
by A/2, the weighted mean being at the hexagonal site, Fig. A(iii).

rt is worth considering what efiect these displacements wourd have on
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Frc.3. Comparison of the crystal structures of a) Mg-vermiculite (with H:O in hex-

agonal sites) and b) chlorite. The origin ancl orientation of the silicate layers is the same in

both. Atom species and their levels are in Fig. 2'

(z) projection on the ac plane
(li) projection of the interlamellar region normal to the ob plane

(lii) projection of half the silicate layer normal to the ob plane'

the distribution in a difierence synthesis. Consider a simple one-dimen-

sional case where three atoms are located atr:0 (Fig.5a). The electron

density distribution for an atom can be described by a Gaussian curve

(Booth, 1946). If one atom is displaced f A and the other two - Af 2, the

resulting electron density distribution is as given in Fig. 5b' The Ap ilis-

tribution correspondinE to pz-pt is shown in Fig.5c. Although intuit ively

the positive excursions of Ap on either side of r:0 might have been

expected to differ in magnitude, any differehce is undetectable' The mean
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Frc. 4. (left)-The two ways in which regular displacements of the HzO sites from
the hexagonal positions in one sheet may occur.

(l) projection on the ab plane of the full unit cell
(iz) projection on the ab plane of the sub-cell

(lll) projection on the oc plane.

Frc. 5. (right) Theoretical electron density distribution
a) for three atoms superimposed at *:0
b) for two atoms displaced to *L/2 plus one atom dispraced to -A. separate curves

dashed, combined curve full line.
c) The difference curve corresponding to pz-pt apparently centred at r:rr.

position of the distribution is not at *:0 but is displac ed, to rc: nr. rrence,
without prior knowledge, this distribution, Fig. 5c, could not be distin-
guished from the distribution of atoms superimposed. at r:h and with
a major vibration mode parallel to r.

rn Fig' lc, the mean position of the asymmetric distribution is in the
region of P. However, from the equivalence of the [010], [S10] and [310]
projections, the location of the mean position must be at po (i.e., ver-
tically above the origin Mg atoms). rf this difierence ppo is regarded as
significant, the simple assumption that the water molecules superimpose
at P6 must be abandoned. The HzO sites must be considered as displaced
in three-dimensional space from the hexagonal sites by an amount a,
i.e., by displacements of the type shown in Fig. 46. No attempt to calcu-
late further sets of structure amplitudes on this basis has been made since
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the results would not have been sufficiently critical to yield a specific
value of A.

If this evidence regarding HrO sites being displaced from the hexag-
onal sites is correct, the refinement with difference syntheses has, there-
fore, led to the same type of structure in the interlamellar region as was
suggested in I, except that the direction of displacement of the water
molecules is reversed, i.e., as in Fig. 46 rather than Fig. 4a (cl. Fig. 6 in
I with Fig.2b). The structure with these displacements is shown in Fig.
2, the filling of available sites being based on the same premises as pre-
sented in I.

It must be realised that the present diffraction data are not sufficiently
accurate to make a decisive choice between the two possible interpreta-
tions (1) that the water molecules l ie in the regular hexagonal array of
sites and are vibrating with their major mode in the (001) plane or (2)
that the water molecules are in sites displaced by an amount A (probably
of the order of 0.2 A) from the hexagonal sites. The most satisfactory resr
as to which alternative is correct would be a structure study at low tem-
peratures (circa 80" K.) which would differentiate the effect of asymmet-
ric vibration at room temperature from that of displacements.

Certain evidence of a less direct nature may be offered in support of
the second possibility. The mean temperature factors of the atoms in NIg-
vermiculite at room temperature all have normal moderate values with
the exception of the HzO molecules, 5.4 Ar, despite the fact that the
temperature factor of the exchangeable NIg2+ remains small although
sandwiched between the two sheets of water molecules. The Iarge value
of B quoted for the water molecules is associated with calculations of
structure amplitudes in which the three HzO sites are assumed super-
imposed. If the atoms are displaced, then values of B for individual water
molecules would be smaller (say 2.5 A,) and more in l ine with values for
other atoms, although B for the group (regarded effectively as one atom)
would remain as 5.4 A'. This can be seen more readily by inspection of
Fig. 5. The value of B is the same for individual atoms in Fig. 56 (dashed
curves) as for the superimposed atoms in Fig. 5o, but the efiective B {or
the group of displaced atoms regarded as a single entity (full curve in
Fig. 56) would be much larger. Hence the experimental values of the
temperature factors B tend to support the view that the water molecules
are displaced and not merely vibrating.

Because Mg-vermiculite resembles chlorite (Brindley, 195 1) structural-
ly in many respects, but differs from it mainly in the reduced population
of the atom species in the interlameliar region, a close comparison of the
two structures throws some light upon the detailed structure of the inter-
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lamellar region of vermiculite. Both minerals have similar cell dimensions
and have as their major constituent and principal common feature, the
triphormic silicate layer. To emphasise the basic similarities and differ-
ences, the structures are shown in Fig. 3 with the sil icate layers disposed
in the same orientation in both and the origins of each unit cell selected
as the NIg atoms at the centre of the sil icate layer. The water molecules
in Nlg-vermiculite are shown provisionally in the hexagonal sites, i.e.,
undisplaced. Comparison of Fig. 3(i) (a and D) immediately shows that
the disposition of the HzO-Mg'+-HrO double sheet in vermiculite,
although structurally similar to the HO-I{gz+-HO double sheet in
chlorite, is oriented in the opposite sense.* However, we note that in
both minerals, the relationship of each sheet of H2O (or OH) sites to the
adjacent related sil icate layer is the same, i.e., the oxygens lie vertically
over the origin \{g atoms in a hexagonal array (FiS. 3(r)(a and 6)). From
this viewpoint, the main difference between Mg-vermiculite and chlorite
lies in the way the two silicate-Hro(OH) halves of the sandwich are held
together by the NIg2+ ions. There are two possible ways of close-packing
the two oxygen (HrO or OH) sheets (capital letters) with the intercalated
sheet of Mg2+ ions (small letter)-namely AbC or AcB, Fig. 3(i i)(a and
D). In chlorite, all 1\{g sites are occupied and so must be structurally
equivalent. Both sets of b and c sites available for Mg'+ io.ts are equiva-
lent with respect to the hexagonal array of OH groups. Whereas t sites
are also equivalent with respect to the underlying silicate layer, the 6
sites are of two types, namely, 61 (over the centre of the hexagon of sur-
face oxygens) and 6, (over the centre of triads of surface oxygens) (Fig.
3(i i. i)(a and 6)). Complete structural equivalence is achieved in chlorite
by the location of the Mgz+ ions in the qcpl sites. In Mg-vermiculite, if
the HzO sites are in a regular array, the Mgt+ ions might be expected to
occupy sites c1c1c1, but, becaase they are inf,uenced. d,irectly or ind.irectly by
the structure of the ad.jacent silicate layers, they occupy the alternative
sites brbzbz. Since there is not a sufficiently high population of Mg2+ ions
to fill all sites (in contrast to chlorite), the influence of the silicate layer
leads them to select either 6r or 6z sites. We have previously deduced from
the intensity distribution of the diffuse 021 spectra of Mg-vermiculite
that the Mgt+ ions occupy only bz sites (see I for details). Since the HzO
sites are approximately two-thirds occupied, the water molecules tend
to congregate around the Mg2+ ions, but, because they are not hedged
around by other water molecules in the plane of the HzO sheet (as are the
hydroxyl groups in the brucite layer in chlorite), the forces acting be-

* The implications of this difierence between Mg-vermiculite and chlorite may not
have been fully appreciated in discussions of chlorite-vermiculite mixed crystals.
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tween sur{ace oxygen atoms and water molecules tend to displace them

from the special hexagonal sites. (To visualise this, imagine Fig.3a(ii)

and (i i i) superimposed). The resultant repulsive forces* tend to rotate

the HrO triads and it is suggested that the final result is as shown in Fig.

2b. Alternatively, we may consider that the sil icate layer influences the

configuration of the HzO sheet (only partly occupied) producing a dis-

torted network which permits X,Igz+ ions to occupy only bz sites. This

was the viewpoint presented in I (section 4). The existence of these dif-

ferences between Mg-vermiculite and chlorite provides some further

indirect support for preferring the second alternative, namely, that the

water molecules are displaced from the hexagonal sites.
Although incidental to this study, it is of interest that the refinement

by Ap syntheses has revealed the reason for the small dimensional differ-

ence in d(001) spacing of  Mg-vermicul i te  (14.36 A;  and chlor i te  (14.2 A)
(Brindley, 1951). The HzO-Mg-HzO intersheet distance in vermiculite

i s  2x1. i+  L:z .zs A 1nig.  2(o)) ,  whi le  Ho-x{g-oH is  2x1.06 A
:2 . I2 A,a d i f ference of  0.16 A:14.36-  14.2 h.  I t  would appear,  there-
fore, that the vertical distance between each surface oxygen and its

associated HzO (or OF'),2.76 A, is the same in both structures, further

stressing the essential similarity of the Hro(OH)-sil icate-HzO(OH)
unit and the important difierentiation effected by the influence of cation

and water molecule (hydroxyl group) population.
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x A similar long-range torque u'as invoked in I to explain the observed rotation of sur-

face oxygen triads. In that case, the force between Mg2+ and 06- was attractive while here

since the force is acting between 06- and HzO6-, both of negative charge, it is repulsive and

operates in the opposite sense.
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