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The distributions of intensity in a number of diffuse chrysotile reflexions are calculated on the 
basis of the cylindrical structure described in previous papers. I t  is shown that  these intensity 
distributions are profoundly affected by the presence of a distribution of fibril diameters, and a 
plausible type of probability function is introduced to serve as a basis for calculation. Comparison of 
the observed and calculated intensity curves then permits the derivation of reasonable values of the 
statistical parameters, the radius of the strain-free layer and the b parameter of the cylindrical 
lattice. The effect of spiral, helical, and incomplete cylindrical layers is discussed in relation both 
to the X-ray diffraction pattern and to the density of chrysotile. 

1. Introduction 

The invest igat ion of the details of the structure of the 
three varieties of chrysotile described in the preceding 
parts  of this series (Whit taker,  1953, 1956a, b, c) has 
been based on the sharp refiexions, and the diffuse 
0kl reflexions have been used only as qual i ta t ive 
evidence in favour of a par t ly  disordered layer struc- 
ture. However, for a structure analysis  of chrysotile 
to be completely acceptable it must  give a satisfactory 
explanat ion of the diffuse reflexions. 

Jagodzinski  & Kunze  (1954a) have calculated the 
in tens i ty  distr ibutions in certain of these reflexions 
on the basis of a cylindrical  layer structure. Their  
calculations lead to theoretical  in tens i ty  curves with 
principal  m a x i m a  in the observed positions, and agree 
with observation in so far as both calculated and ob- 
served in tens i ty  curves for 011,020, 031,040, and 051 
have long 'tails '  and those for 060 do not, while those 
for 033 are of a somewhat  in termediate  character. 
Their calculated curves differ from the observed ones, 
however, in tha t  they  exhibi t  along the ' tails '  of the 
reflexions m a n y  marked m a x i m a  and min ima  of inten- 
s i ty  which are never observed on X-ray  diffraction 
photographs. The authors correctly ascribe the cause 
of this discrepancy to the fact tha t  no allowance was 
made in the calculations for a dis tr ibut ion of fibre 
diameters.  

In  the present work the reflexions 011,013, 031,033, 
060 and 062 are discussed in some detail, and the 
conditions are invest igated under which the un- 
observed m a x i m a  and min ima  are suppressed. 

2. Theoretical and procedural considerations 

I t  has been shown (Whittaker,  1955a) tha t  the inten- 
si ty scattered by a regular cylindrical  structure into 
diffuse reflexions on the /th layer line is given by 

A C  10 

Kyj .2 

/ ,~ b,n j k\ Ky/ 

The summat ions  extend over the layers of the struc- 
ture (m), the atoms in the s t ructural  uni t  of a layer (j). 
and the positive integers K. The symbols  used have 
the following meanings:  

Q is the X-ray  scattering funct ion for an electron, 
R is the distance of the point of observation from 

the specimen, 
P,n is the number  of repeating units in the circum- 

ference of the ruth layer, 
fj is the scattering factor of the j t h  atom, 
x], z~ are the radial  and axial  cylindrical  co-ordinates 

of the j t h  atom, referred to an arb i t ra ry  origin 
in the neutral  surface of the layer  with respect 
to bending, 

y~,.~ is the arcual distance of the j t h  atom in the mth  
layer  from an init ial  radial  plane, 

bm, j is the value of y~,j after which the structure 
repeats (at the radial  co-ordinate x / in  the ruth 
layer), 

b is the value of b.,,j on the neutral  surface of the 
layer with respect to bending, 

yj is defined by the relation yj/b -y~.,i/b.,,], 
k is the index of reflexion in reciprocal space 

regarded as a continuous variable, i.e. k = ~b/~. 

In  the derivat ion of this formula the innermost  
layer  of the structure was assumed to have a radius a0, 
and the mth  layer  to have a radius a0+ma.  In  the 
present discussion it will be convenient to change the 
origin of the ordinal number  m so tha t  the ruth layer 
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is of radius ma. The lower l imit  of the summat ion 
over m is then  non-zero. The values of m m a y  also 
be non-integral,  but  there is no significant difference 
in the results of the calculations if only integral  values 
of m are considered, since the use of non-integral  
values would only involve changes of up to ±3.7 .~ 
in the assumed value of the radius of the innermost  
layer of the structure. 

I t  has been shown in earlier papers of this series 
{Whittaker, 1953, 1956a, b) tha t  in the structure of 
chrysotile al ternate  layers are either relat ively dis- 
placed parallel  to the z axis, as in clino-chrysotile, 
or are equivalent  after reversal in the directions of 
the y and z axes. Neither of these changes has any  
effect on (1). In  clino-chrysotile there is evidence of 
small  distortions of the structure in opposite direc- 
tions in al ternate layers, but  it has been shown tha t  
distortions of the atomic positions of this order of 
magni tude  have a negligible effect on the results cal- 
culated from (1) for low-order reflexions. In  computing 
the profiles of the diffuse reflexions from (1) we m a y  
therefore regard all the layers as equivalent,  and we 
m a y  use the halved value of a (7.3 A). Since the 
positions and form of the diffuse reflexions are in- 
dependent  of the angle fl it  is also convenient to ex- 
press the atomic positions in terms of orthogonal co- 
ordinates. I t  is assumed tha t  the neutra l  surface of 
the layers with respect to bending lies at the junct ion 
of the silicate and brucite half-layers, and passes 
through the Oa atoms;  i.e. the parameter  b is assumed 
to be the repeat distance defined by the net  of Oa 
atoms. The possibil i ty of an error in this assumption 
is discussed in § 7. 

The parameters  of the cylindrical  lattice of clino- 
and ortho-chrysotile have been shown (Whittaker,  
1956a, b) to be 

a s i n f l  = 14.63, b ' - 9 - 2 ,  c = 5.34 A ,  

wi th  fl = 93 ° 16' for clino-chrysotile and fl = 90 ° for 
ortho-chrysotile. The fractional co-ordinates of the 
atoms which have been assumed are shown in Table 1. 
The x and z co-ordinates have been obtained from the 
results of Par t  I I  (Whittaker,  1956a) by the ap- 
propriate t ransfdrmat ion of axes, change of origin, 

Table 1. Atomic co-ordinates in a single layer referred 
to orthogonal axes, with the a axis halved 

The values are derived from the results for cllno-chrysotile; 
the value of z/c for 01 is taken as the mean of the values in 

alternate layers in that structure 

x/a y/b z]c 
O 1 --0.326 0 +0.025 
O~. -- 0-300 + 0-250 + 0.273 
Si -- 0-234 + 0.167 + 0.024 
O a 0 + 0" 167 + 0.023 
OH 1 0 + 0"500 + 0"023 
Mg 1 +0.154 +0-500 +0-361 
Mg~. +0.154 +0"167 +0.361 
OHm. + 0-284 0 ~- 0-196 
OH a + 0"284 + 0"333 + 0" 196 

and halving of the a axis. The y co-ordinates have 
been chosen to give the m a x i m u m  regular i ty  of the 
atomic positions in a kaolin-like layer. The cylindrical 
projection of this layer on (100) has the two-dimen- 
sional space group a l m l ,  which is in accordance with 
the considerations advanced in Par t  II, and is in 
fact the only one of the three possible space groups 
for this projection which is compatible with the z co- 
ordinates deduced in tha t  paper. The equivalent  
positions in this space group are: 

Fourfold" y, z; ?~, z; ½+y, ½+z; ½-y ,  ½+z.  
Twofold" 0, z; { , ½ + z .  

When  these values are inserted in expression (1) the 
terms involving sin (27~Kyl/b) disappear. I t  m a y  also 
be noted tha t  the two 0 2 atoms lie on a cylindrical 
lattice with the b parameter  reduced by a factor of 2, 
and tha t  the O s + 0 H  1, the N g l + M g  2, and the 
O H 2 + 0 H  3 atoms severally lie on cylindrical lattices 
with tile b parameter  reduced by a factor of 3. The 
most convenient form of (1) for computat ion is thus, 
for a given value of K, 

2~il ~ ] I (~ , l )  = R" --m pm]Zu~f ; exp j  [ c/  

x c o s 2 ~ - ~ - J K p m  P,n k , (2) 

where uj is the mul t ip l ic i ty  of the j t h  atom with re- 
spect to the reflexion of order K. The values t'f uj are 

Uo, = 1, Usi = 2 for all reflexions, 
Uo~ = 2 for K = 2n and zero for K - 2 n + l ,  

and the remaining uj values are 3 for K - 3n and zero 
otherwise. 

In  order to perform the computations,  graphs of 
JKpm(P,n]c') were prepared for the required values of 
K and m from the data  given by J a h n k e  & Emde  
(1952). The appropriate values of the Bessel functions 
were then  interpolated from these graphs after cal- 
culation of tables of bm, jlc/b for all the atoms and for 
all relevant  values of m. In  certain cases the calcula- 
tions were abbreviated by omit t ing altogether the 
terms with al ternate values of m. This procedure is 
permissible in the vicini ty  of k = K (i.e. k < 1-5K), 
where J~pm(p~]c) is a slowly varying  function of m; 
it is not permissible when k >~ K. For the sake of 
simplici ty the f values of all the atoms were taken to 

have the values appropriate at the integral  latt ice 
point/c = K for each reflexion, and a mean  functional  
dependence on } was assumed over the region of re- 
ciprocal space for which the reflexion profile was cal- 
culated. This permit ted the f values to be treated as 
constants during each calculation, and their  var ia t ion 
could then be allowed for after all the  Summations 
had  been performed. 

In  most cases only terms having  K equal  to the 
index of the nearest  reciprocal-lattice point  were 
taken into account in the computation.  In  the case 
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of the 031 reflexion, however, the effect of terms with 
K = 1 (i.e. the  ' tail '  of the 011 reflexion) was con- 
sidered and it was shown to have a negligible effect 
on the 031 profile. 

In  a previous paper  (Whit taker ,  1955a) there were 
presented the results of calculations of the profiles of 
0/el reflexions from a cylindrical latt ice with scattering 
ma t t e r  concentrated at  the latt ice points. These results 
were presented af ter  mult iplying the equat ion corre- 
sponding to (1) by the variable ]c in order to make  the 
integrated intensi ty  under the curve between any  
a rb i t r a ry  values of ]c equal to t ha t  recorded between 
the corresponding points on a film af ter  correction by 
the Lorentz factor.  This procedure was carried over 
from the earlier work on the sharp reflexions, but  it is 
not the most  appropr ia te  method for comparing cal- 
culated and observed diffuse reflexions. In  the present  
work the curve calculated from (1) is compared with 
the observed densi tometer  record af ter  the la t ter  has 
been corrected for polarization, absorption,  and Cox & 
Shaw factors, and has been replot ted on an abscissa  
scale linear in k. 

3. Ev idence  for  a d i s t r i b u t i o n  of f ib r i l  s i ze s  

The first computat ions  were carried out for the re- 
flexion 011. Only the O I and Si a toms contribute to 
this reflexion, and as these atoms have closely similar 
values of bm,j/b and z]/c, and the same signs of 
cos 2nKyl/b, the general shape of the  reflexion is very 
similar to a diffuse reflexion from a cylindrical latt ice 
with scattering ma t t e r  concentrated at  the latt ice 
points. Fig. 1, curve (b), shows the profile calculated 
for the 011 reflexion from a ro ta ted  chrysotile fibril 

(o) 

1~0 I[5 
k 

Fig. 1. Profile of the 011 reflexion: (a) observed; (b) cal- 
culated for a single fibril; (c) calculated for a specimen 
containing a distribution of fibril sizes based on an ex- 
ponential function of the strain energy involved in the 
curvature of the layers. 

(or a bundle of equal fibrils) containing thir teen layers 
and having internal  and external  radii of 6a and 18a 
(a = 7.3 4) .  This differs from the observed reflexion 

:(curve (a)) in two principal ways :  (i) the  ' tail '  of the  
calculated reflexion contains an oscillatory compo- 
nent,  which is never  observed; (ii) the  principal 
max imum falls off more rapidly on the high-angle side 
than  on the low-angle side, whereas the converse is 
t rue  of the  observed reflexion. 

The oscillatory component  of tile ' tail '  arises f rom 
the oscillations of the Bessel functions which describe 
the contributions from each layer of the s tructure.  
These contributions fall to zero a t  each oscillation in 
the  reflexion from a cylindrical lattice, and very  
near ly  to zero in the  case of the 011 reflexion f rom 
chrysotile, but  the positions of the oscillations in these 
contributions are functions of the radii of the layers. 
The result is t h a t  the oscillations arising from the 
intermediate  layers are largely smoothed out, but  
there is a residual oscillatory component  which arises 
predominant ly  from the contributions of the  inner- 
most  and outermost  layers. The effect is reduced, 
though not  eliminated, if these two layers are assigned 
a statist ical  weight lower than  tha t  of the other  layers. 

In  view of the considerations advanced above it is 
reasonable to suppose t h a t  the  oscillatory component  
would be more satisfactorily suppressed if all the layers 
of the s t ructure  were assigned stat ist ical  weights falling 
smoothly to zero as their  radii increase or decrease 
from some mean value. Such a distr ibution of sta- 
tistical weights is also very  reasonable on physical  
grounds, since only one layer in a chrysotile fibril can 
be bent to the radius a t  which it is s t rain free; all 
other layers will be subject  to a degree of s t rain which 
increases as the radius increases or decreases from this 
opt imum, and they  m a y  be expected to occur less 
f requent ly  as the  s train increases. 

I f  the brucite-like and silicate half-layers are as- 
sumed to be replaced by elastic laminae it m a y  be 
shown tha t  the to ta l  s t rain energy in unit  length of 
the mth  complete cylindrical layer of radius ma 
(a = 7.3 /~) is proport ional  to 

m(1/m--1/mo) 2 

if the moth layer is s t rain free.* If  we assume t h a t  the  
strain-free layer is formed first and the fibre grows 
inwards and outwards  from this layer,  and tha t  the 
probabi l i ty  of format ion of the ruth layer depends 
jointly on an exponential  function of the s train energy 
and on the  probabil i ty of the  prior existence of the  
appropr ia te  subst ra te  layer (the ( m -  1)th or (m + 1)th, 
according as m ~ m0), then the statist ical  weight of 
the ruth layer m a y  be shown to be of the form 

* The parameter m need not be integral but is subject 
to the condition 5m----an integer; also m 0 need not neces- 
sarily be a permitted value of m, since it is conceivable that 
no layer of the structure is wholly strain free, but this does 
not involve any fundamental change in the theory. 

11" 
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" { ( '  -'/'1 I H e x p  - t i n  - m > m 0 
mo \ m too~ ) 

and (3) 

e x p  - t i n  < too,  

where t is an undetermined constant. 
Fig. l ,  curve (c), shows the profile of 011 calculated 

on the assumption of a frequency distr ibution of layer 
diameters  based on the above formulae with m o = 9 
and t = 10. Comparison of this curve with curve (b) 
demonstrates  the effectiveness of this method in 
e l iminat ing the oscillatory component of the tail. 

4. Ev idence  for  l aye r  boundaries  

Of the two principal  discrepancies between the cal- 
culated and observed profiles of 011, the excessive 
sharpness of the main  peak on the high-angle side 
relative to tha t  on the low-angle side is not al leviated 
very much by the introduction of the exponential  
weighting function. I t  can be alleviated by weighting 
functions which assign high statist ical  weights to 
layers of the smallest  radii. However, such an assump- 
tion appears to be physical ly unlikely, and in any  ease 
it leads to excessive breadth on the low-angle side and 
to poor suppression of the oscillatory component of 
the tail. Three other possible explanat ions of the 
discrepancy have therefore been considered: 

(a) Distortions of the structure. If the atoms do not 
have exact ly the y co-ordinates given in Table 1 
some of the atoms other than  O1 and Si m a y  
provide small  contributions to the 011 reflexion, 
and these could conceivably modify the profile in 
the required sense. In  order to introduce reason- 
able mutua l ly  consistent distortions of the struc- 
ture it was assumed tha t  the SiO a te t rahedra  
might  suffer small  rigid rotations about  the (or- 
thogonal) x and z axes, and tha t  the relative dis- 
placements  of the other atoms would then be 
appropriate  to a packing of spheres. The 011 
reflexion profile was therefore calculated for a 
hypothet ical  structure containing such a set of 

mutua l ly  consistent displacements with a max- 
imum atomic displacement of 0.2/~. No improve- 
ment  was achieved, however, and this conclusion 
was confirmed by similar calculations on 013. 

(b) The helical cylindrical  lattice. The sharpness of the 
high-angle side of the calculated peak is due to 
the deep and almost coincident first min ima  in 
the functions which define the contributions from 
the individual  layers of the structure. I t  has been 
shown (Whittaker,  1955d) tha t  the depth of these 
min ima  is reduced if the cylindrical lattice is 
helical instead of regular. However, this cannot 
be invoked as the principal  factor responsible for 
the discrepancy, since the lat ter  is not appreciably 
greater in the case of the 011 reflexion from the 
specimen studied in Par t  I I  (Whittaker,  1956a), 
which is known to be p redominant ly  hel ical , than 
in the case of the specimen studied in Par t  I I I  
(Whittaker,  1956b), which is known to be pre- 
dominan t ly  non-helical. 

(c) Layer  boundaries.  I t  has been shox~ by optical 
diffraction (Whittaker,  1955b) tha t  rotated spiral 
and incomplete circular lattices give diffuse re- 
flexions similar  to those from circular lattices, 
except for a d iminut ion of the depth of the first 
min imum.  I t  is therefore suggested tha t  the ob- 
served 011 profile of chrysotile can be explained 
either if the fibres have a spiral cylindrical lattice, 
or if there are present both circular cylindrical  
structures and incomplete bounded layers in the 
form of cylindrical  arcs. For i~easons which are 
discussed in § 7, the lat ter  explanat ion is preferred. 

5. C o m p a r i s o n  of o b s e r v e d  a n d  ca l cu l a t ed  r e s u l t s  

Fig. 2 shows a comparison of the observed and cal- 
culated profiles of the six reflexions studied. In  order 
to facil i tate comparisons of shape, the observed profiles 
are drawn to various convenient scales and the cal- 
culated curves have been scaled in each case to the 
same peak heights as those observed; the actual  peak 
intensities have a disagreement f a c t o r _ r ! I o - I c ' , - - _ r I o =  
0.19. As this corresponds to a value of about 0.09 for 

011 013 

1 '-0 1:5 1 "0 1 "5 1 '0 1:5 1 "0 1 "5 

8.0 3.5 3.0 8"5 8:0 8"5 8.0 3.5 

~ ,  6 2 ~  

6"0 6-5 6"0 6"5 
060 

6:0 6:5 6"0 6"5 

Fig. 2. Comparison of observed (left) and calculated (right) profiles for six 0kl reflexions. 



E. J. W. WHITTAKER 153 

the usual factor based on amplitudes, it is reasonably 
satisfactory in spite of the small number of reflexions 
considered. The calculated curves in Fig. 2 are all 
based on the exponential statistical weight function 
discussed in § 3 with m 0 = 9 and t = 10. These values 
were chosen, from a number of trials, to give about 
the right spread of layer sizes in order to give reason- 
ably satisfactory 011 and 031 profiles. 

The general comparison of reflexion shapes is satis- 
factory. In particular, the secondary maxima follow- 
ing the main peaks of the 031,033, and 060 reflexions 
are reproduced by the calculations, and this makes it 
understandable that  Aruja (1943) should have had 
difficulty in indexing these secondary maxima. The 
peculiar shape of 060 with its diffuse low-angle 'toe' 
and sharp cut-off towards high angles is also repro- 
duced, as are its relative sharpness and its very small 
displacement from the integral reciprocal-lattice point. 
The last features confirm that  Aruja's assumption of 
step-wise displacement disorder in steps of b/6 is un- 
necessary, as Jagodzinski & Kunze (1954a) have 
already pointed out. 

Apart from the excessively sharp high-angle side of 
011 and 013, which has been discussed in § 4, the two 
main discrepancies in the general shape of the curves 
are the low subsidiary maximum calculated for 031 
and the high subsidiary maximum calculated for 060. 
I t  has been shown that the former discrepancy is not 
alleviated by varying the assumed layer-diameter 
distribution nor by introducing the structural distor- 
tions discussed in § 4(a). I t  has been found that  the 
subsidiary maximum following 060 is reduced if the 
assumed diameters are increased. There is other 
evidence (discussed below) that the assumed diameters 
are too small, but it is doubtful whether a reasonable 
change would eliminate the discrepancy. I t  has not 
been possible to assess the effect of layer boundaries 
on these two reflexions. 

The observed reflexions are generally sharper on the 
low-angle side than are the calculated profiles, which 
shows that the assumed diameters are too small. This 
question is discussed quantitatively in § 6. 

6. The size of the fibrils 
The diameters of the layers which compose the fibrils 
can be assessed in two independent ways: from the 
sharpness of the Okl reflexions on the low-angle side 
and from the displacement of the maxima of certain 
of them. 

It  is found that the gradient of the calculated profile 
of an Okl reflexions at any point on the low-angle 
side of the peak is approximately the same as that  of 
the function J~cpm(kpm) for the ~ t h  layer, where 
is the value of m at the maximum value of Tmp~, 
Tm being the statistical weight of the mth layer. The 
discrepancy between the sharpness of the observed 
and calculated reflexions shows that ~ must be in- 
creased by 2-3 units, and since the reflexions have 

not been corrected for instrumental broadening the 
upper value is the more likely. 

Columns (2), (3) and (4) of Table 2 show the posi- 

Table 2 

bappareat (A) 
Posi t ion  of ^ 
ca lcula ted  Cale. Cale. 
m a x i m u m  ( l s t  (2nd 

Ref lexion (k) approx. )  Obs. approx.)  

(1) (2) (3) (4) (5) 

011 1.08 8.56 8.80 8.72 
013 1.075 8.60 8.76 8.79 
031 3-135 8-85 8.93 - -  
033 3-055 9.08 9.07 9-09 
060 6.03 9.19 9-19 9.19 
062 6.185 8.96 9.01 - -  

tions of the maxima of the calculated reflexions from 
Fig. 2, the corresponding apparent value of b (assuming 
btrue = 9"24 /~) and the observed values of bapp.. In 
the case of 011,013, 033 and 060, the position of the 
main peak in the contribution from the mth layer is 
a monotonic function of m. One may therefore consider 
the calculated reflexion to correspond to an 'equiv- 
alent value of m' for a single layer, and so deduce the 
change in this value required to bring the calculated 
and observed values of bapp. into agreement. The best 
agreement is obtained if the 'equivalent value of m' 
is increased by about 3-5. I t  may be deduced at the 
same time that the assumed value of btrue (9"24 •) 
is correct to within about +0.02 A. The values of bapp. 
resulting from this adjustment are shown in column (5) 
of Table 2. I t  is not possible to apply similar considera- 
tions to 031 and 062 since the position of the main 
peak of the mth layer is not a monotonic function 
of m, but the effects of the adjustment on these re- 
flexions may be expected to be small and favourable. 

The evidence from both the/sharpness and the 
positions of the reflexions thus leads to the same con- 
clusion that  the fibres in the distribution chosen for 
the calculation of Fig. 2 were about three layers too 
small. I t  may therefore be expected that  the best 
agreement of observed and calculated profiles will be 
obtained if the values of m are increased by 3 and the 
dispersion of m values is kept fairly similar. This is 
achieved approximately if the parameters m 0 and t 
are changed to 12 and 20 respectively. Insertion of 
these values in (3) gives the corresponding frequency 
distribution of individual layers. In practice we are 
more interested in the distribution of fibril size which 
this implies. I t  may readily be shown that (3) leads 
to values 

{ (1 1) 2 } m+l , (1 l i~  / 
oP~ =/ '~  exp - t in  m--~o ° \m tool I 

and 
oo / { 

zP.~ = H exp -m_H1 exp - t m  
m \ m  mo/ . I  \ m  m o / t  
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for the frequencies of fibrils of which the mth layer 
is respectively the outermost and innermost. The 
frequency distributions of fibril diameters for m0=12 
and t = 20 is show~n in Fig. 3(a), and the correspond- 
ing frequency distribution of fibrils as a function of 
the number of layers in the tube wall is shown in 
Fig. 3(b). According to this model the fibrils most 
commonly have internal and external diameters of 
about l l 0  A and 260 .~, with l0 layers in the tube wall. 
The cross-section of such a fibre is depicted in Fig. 4. 

Inside 
. .  

dl 

.50 1do 1~o 

.25 

20o~  

Outside 
1.5 ~r ~ a m e t e r  

2~o 2~o 36o 3io 

15. 

Diameters (A) 
(a) 

~ 10 

0 - -  , , 

1 5 10 15 20 
Number of layers in tube wall 

Fig. 3. (a) Frequency distr ibutions of the inside and outside 
diameters  of fibrils which lead to satisfactory agreement  
of the observed and calculated profiles of the  diffuse re- 
flexions. The distr ibutions are based on the assumpt ion 
tha t  they  arise from an exponential  funct ion of the strain 
energy involved in the curvature  of the layers. (b) The 
frequency distr ibution of fibrils as a function of the number  
of layers in the tube wall, corresponding to the diameter  
distr ibutions shown in (a). 

0 IOOA 

Fig. 4. Cross-section of the most  f requent ly  occurring fibril 
according to the frequency distributions shown in Fig. 3(a). 

I t  would also be possible to determine the average 
number of layers in the tube wall from the breadth 
of the hO1 reflexions (Whittaker, 1954). This has not 
been done owing to the difficulty of making a reliable 
correction for the instrumental broadening in a fibre 
photograph, but the above value is in satisfactory 
qualitative agreement with the breadth observed. 

I t  may be noted that  the strain-free layer in the 
distribution deduced above has a radius of 88 /~. 
This value is in excellent agreement with the radius 
of the corrugated layer of the same composition in 
antigorite, for which a value of 85+5 /~ has been 
suggested by Zussman (1954). Also, the mean radius 
of the most frequently occurring fibre (92 /~) is in 
good agreement with the value of 84/~ deduced from 
the position of the helical 106 reflexion of clino- 
chrysotile (Whittaker, 1956a) and the value of 97 A 
similarly deduced from the position of the 060 re- 
flexion of para-chrysotile (Whittaker, 1956c). 

7. Gene ra l  conclus ions  

It  has been shown in § 4 that  there is evidence tha t  
chrysotile contains at least a proportion of bounded 
layers, but  it is not possible to decide, on the basis of 
diffraction by macroscopic specimens, whether this is 
due to spiral cylinders or to layers in the form of 
cylindrical arcs. Such a distinction is possible in prin- 
ciple from the diffraction of single fibrils, but has not 
yet been achieved in practice. However, it is 2ossible 
to adduce a considerable amount of circumstantial 
evidence on the matter.  

Jagodzinski & Kunze (1954a) have suggested tha t  
the difficulty of nucleation would make it unlikely 
that  a second layer would grow on any layer which had 
grown in the form of a circular cylinder, and they 
therefore conclude that  all multi-layer fibrils must be 
spiral. This is certainly a persuasive argument but it 
loses much of its force without the assumption tha t  
the unit cell in the cylindrical projection down [010] 
contains only one layer; for, if this projection contains 
two layers, even a spiral cylinder must have been 
formed as a result of a second nucleation on the layer 
which was first formed. Since it is now established 
(Whittaker & Zussman, 1956) tha t  there are two layers 
in the unit cell, the question of circular or spiral 
character must ;be regarded as reopened. Moreover, 
there is evidence that,  in some specimens at least, 
the circular cylindrical form must predominate. These 
are the specimens (Whittaker. 1953) in which there 
is marked disorder of the layers parallel to the fibre 
axis. Such disorder would not be expected to occur in 
a spiral cylindrical structure, in which every alternate 
layer would be p a r t  of the same sheet of atoms. 

If the structure is based on a circular cylindrical 
lattice it is necessary (Whittaker, 1955c) tha t  nb=2:~a', 
where a '  is the radial spacing of the layers (exactly so 
if the lattice is regular, and within 0.05 % if it is helical). 
The value of b should therefore be 9.19 A (with n=5), 
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whereas the value deduced in § 6 was 9.24 A. This 
difference is not sufficiently large to cause the hypo- 
thesis of a circular cylindrical lattice to be rejected, 
however. The observed value of 9-24 A is based on the 
supposition that  the neutral surface of the chrysotile 
layer with respect to bending passes through 03. If 
this is not true, 9"24 X will correspond to an average 
value of bm, o3, whereas the theoretical value of 9.19/~ 
corresponds to the true value of b on the neutral sur- 
face wherever that  may be. The two values could be 
reconciled if the neutral surface were assumed to lie 
at a radius about 0.5 A less than that  assumed; i.e. 
at a level about 30% of the way from 03 to Si. 

The two possible major objections to a circular, as 
opposed to a spiral, cylindrical structure can therefore 
be overcome, and there is circumstantial evidence in 
favour of it in a small number of specimens. However, 
the question of circular or spiral character must be 
left open so far as the normal fibrils from the majority 
of sources are concerned. 

Pundsack (1956) has recently shown that the density 
of sealed blocks of chrysotile is too high to admit of 
the presence of the voids which would be involved in 
a packing of parallel hollow cylindrical fibres. Such an 
arrangement consisting wholly of fibrils of the dimen- 
sions suggested in § 6 would contain 25% voids 
{inter-fibrillar voids 9%; intra-fibrillar voids 16%). 
Pundsack therefore proposes that  the layers com- 
posing the fibrils must be in the form of cylindrical 
arcs, not complete cylinders. Pundsack does not resolve 
the difficulty of reconciling this suggestion with the 
cylindrical appearance of chrysotile fibres in electron 
micrographs. I t  may also be urged that the existence 
of a helical structure in clino-chrysotile and para- 
chrysotile (Whittaker, 1956a, c), in which the para- 
meters found are those required for an advance of one 

Fig. 5. Cross-section of a packing of fibrils in which both the 
mter-fibrillar and intra-fibrillar voids are filled by layers in 
the form of cylindrical arcs. 

unit cell along the axis for a complete turn of the helix, 
is good evidence that  the cylinders must be complete, 
It  seems probable that  the density evidence can be 
reconciled with the X-ray and electron microscope 
evidence if it is assumed (a) that  the inter-fibrillar 
voids are filled by layers in the form of cylindrical 
arcs coaxial with the adjacent fibres, and (b) that  the 
intra-fibrillar voids are usually filled by layers in the 
form of cylindrical arcs oriented parallel to, but not 
coaxial with, the walls of the fibre, but a small propor- 
tion of the fibres are hollow. 

A cross-section of a packing of fibres of this form 
is shown in :Fig. 5. If the proportion of hollow fibres 
were of the order of 5 %, this would involve a discrep- 
ancy of only 0.02 between the observed and calculated 
values of the specific gravity, which would seem to be 
reconcilable with Pundsack's evidence. At the same 
time 75% of the material would be in the form of 
complete cylinders (which would be reconcilable with 
the preponderance of helical fibres in Thetford chry- 
sotile), and the remainder would provide the material 
with layer boundaries which has been postulated in 
§ 4 above. The electron microscope evidence could also 
be explained if it were assumed that the preparation 
of the specimens for electron microscopy (by evapora- 
tion of a dilute aqueous suspension after the heavier 
particles have settled) tends to concentrate the hollow 
fibres. In this connection it is perhaps worth while 
to point out that  synthetic chrysotilc (Noll & Kircher, 
1950, 1951) appears more definitely and uniformly 
tubular in electron micrographs than do many spec- 
imens of natural chrysotile, and the synthetic material 
may reasonably be supposed to be entirely in the form 
of hollow tubes. 

I wish to thank the Directors of Ferodo Ltd for 
permission to publish this paper. 

This work forms part of a thesis accepted by the 
University of London for the degree of Ph.D. 
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The crystal structure of P4S5 has been determined by X-ray diffraction. Space group P21, 2 mole- 
cules per unit cell. Approximate coordinates were found from a three-dimensional Patterson syn- 
thesis. The coordinates were refined by means of successive Fourier syntheses of the three projec- 
tions. The crystal consists of molecules of P4S5, which have an unexpected structure. The P-S 
distances vary from 2.08 to 2.19 A, the average P - P  distance is 2.21 A and the P = S  distance is 
1.94 A. 

Introduction 

Phosphorus and sulphur form the compounds P~S 3, 
P~Ss, P4S7 and P4S10 (Stock, 19i0;  Treadwell & Beeli, 
1935; Perner t  & Brown, 1949). The structures of these 
compounds have  been invest igated in our laboratory 
during recent years (Vos & Wiebenga, 1955; van  
Houten,  Vos and Wiegers, 1955); tha t  of P4S3 has 
also been determined independent ly  by  Leung, Waser  
& Roberts  (1955). The structure determinat ion of 
P4S5, being the last compound investigated,  is de- 
scribed in the present paper. 

E x p e r i m e n t a l  
Materials 

P4S5 is formed when a solution of P4S3, sulphur  and 
some iodine in dry  carbon disulphide is exposed to dif- 
fuse dayl ight  for three days (Boulouch, 1904). The 
reaction has to take place in a closed vessel in an 
atmosphere of carbon dioxide to prevent  the oxidation 
of P4S3. The substance can be purified by recrystalliza- 
t ion from carbon disulfide. The X-ray  photographs 
were made  from crystals having  a diameter  of ap- 
proximate ly  0-1 ram. perpendicular  to the axis about  
which the photographs were taken. The crystals were 

mounted in capillaries of borosilicate glass. 

Space group and lattice constants 
Weissenberg photographs showed the crystals to be 

monoelinic. The systemat ic  absences are those re- 
quired by  the space groups P21 or P21/m. The pyro- 
electricity of the  crystals indicated the space group 
P21, which was confirmed by the result of the struc- 
ture determinat ion.  

The latt ice constants were measured on Weissen- 
berg and oscillation photographs about  the three 

axes. Wi th  A(Cu Ka) -~ 1.5418 A the following values 
for the lattice constants were obtained:  

a = 6.41+0.03, b = 10-94±0.04, c = 6.69±0.03 _~, 
/~ = 111.7±0.4 ° . 

The inaccuracies listed are est imated s tandard  devia- 
tions. Wi th  two molecules per uni t  cell the densi ty  
was calculated to be 2.15 g.cm.-3; the exper imental  
value is 2.17 g.cm. -3 at 25 ° C. (Treadwell & Beeli, 
1935). 

Structure factors 
The intensit ies of 738 independent  reflexions Md 

were est imated visual ly on equi-inclination Weissen- 
berg photographs about  the a axis, using Ni-ffltered 
Cu radiation. Use was made of the mult iple-f i lm tech- 
nique. The crystals were twins with common b* and c* 
axes; therefore two sets of reflexions were avai lable  
on all but  the zero layer lines. A correction for absorp- 
tion was applied. The in tens i ty  da ta  observed on dif- 
ferent layer lines were relate d by  hO1 and h/c0 reflexions 
from integrated equiincl inat ion Weissenberg photo- 
graphs (Wiebenga & Smits, 1950) about  the b and c 
axes respectively. In  the course of the structure deter- 
minat ion  the scale factors thus  obtained were some- 

what  adjusted,  using the calculated structure factors. 

Determinat ion  of the s tructure  

Interpretation of the Patterson synthesis 

After some unsuccessful a t tempts  to solve the struc- 
ture by  means of inequalities,  a three-dimensional  
Pat terson synthesis was computed. Peaks around the 
origin at distances of about  2 A give the vectors 
between bonded atoms. These peaks were all very low, 


