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The Structure of Dicalcium Silicate a-Hydrate* 
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This compound, which was prepared hydrothermally from fl-dicalcium silicate, is shown to have 
the probable empirical formula 2CaO.SiO2H~O. Unit-cell dimensions are: a = 9.34, b-~ 9.22, 
c----- 10.61 A. Z ~ 8. Space group, P212121; pseudo space group, Pbca. The structure deduced, 
which is an idealized approximation to the true structure, contains discrete (SiO 8 . OH) 3- tetrahedra 
and has the formula Ca~(SiOaOH)OH. 

Introduct ion 

Dicalcium silicate a-hydrate  was first discovered in 
steam-cured Port land cement mortars by Thorvaldson 
& Shelton (1929), who also described its optical 
properties. I t  has since been prepared under hydro- 
thermal conditions either from calcium oxide and silica 
gel or from anhydrous dicalcium silicates (for a review 
see Taylor & Bessey, 1950). Dicalcium silicate a- 
hydrate  is readily distinguished from other hydrated 
calcium silicates by the fact tha t  it crystallises in 
relatively large plates of rectangular outline. These 
show straight extinction, suggesting tha t  the crystals 
are orthorhombic. 

Some of the material used in the present investiga- 
tion was obtained from a sample prepared by Bessey 
from fl-dicalcium silicate (Bessey, 1938, p. 178, and 
private communication). Additional material was also 
prepared by hydrothermal t reatment  of mixtures of 
lime and silica, and of fl-dicalcium silicate (Heller & 
Taylor, 1952). I t  was found tha t  under the conditions 
studied the initial product was usually calcium silicate 
hydrate  (I). Further  t reatment  gave dicalcium silicate 
a-hydrate  and finally hillebrandite (dicalcium silicate 
fl-hydrate, 2CaO.SiO~.H20 ) and/or afwillite. Thus, 
although it was possible to select from the preparation 
single crystals of dicalcinm silicate a-hydrate  suit- 
able for X-ray analysis, no bulk sample could be 
prepared which was completely free from the presence 
of one or both of these phases. 

Compos i t i on  and water  content  

The CaO:SiO~ molar ratio of 2.0 for dicalcium silicate 
a-hydrate  has been satisfactorily established by 
previous workers. The values given for the water 
content are, however, less certain and range between 
1 and 1.25 molecules per 2CaO.Si09. These discre- 
pancies are probably due to two causes. First, the 
samples analysed may not have been free from ira- 

* This paper is an abridged version of part of a thesis 
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purities, as described above. I t  is easily possible to 
underestimate the amount of a gel in the presence of 
a better crystallised phase, and more than  negligible 
amounts of calcium silicate hydrate  (I) may  have 
been present in the samples analyzed, thus giving a 
higher water content. Secondly, different workers used 
different drying agents, some of non-reproducible 
vapour pressure, for example soda lime. Bessey (1938, 
p. 178) pointed out tha t  the water content of an 
imperfectly crystallised calcium silicate hydrate  is 
related to the vapour pressure of the drying agent. 

Bessey's sample of dicalcium silicate a-hydrate  
(which had been prepared ten years previous to this 
investigation) was analyzed by the author and its 
water content was found to be 1 molecule per 
2CaO. Si02. Bessey's original value, after drying over 
satura£ed ammonium sulphate, was between 1.1 and 
1.25. The sample on standing had reached equilibrium 
with the moisture of the atmosphere, which has a 
lower vapour pressure than saturated ammonium 
sulphate. This suggests tha t  water in excess of 1 
molecule per 2CaO.Si02 is very loosely held and 
probably not in a state of chemical combination. The 
sample appeared to be free from gel but  contained 
some hillebrandite. The water content of hillebrandite 
is believed to be 1 molecule per 2CaO.Si02 (Flint, 
McMurdie & Wells, 1938) so tha t  its presence does not  
affect the argument. 

No cases have been reported in which the water 
content was found to be less than 1 molecule per 
2CaO.Si02. Kalousek (private communication), who 
analyzed about 100 samples of dicalcium silicate 
a-hydrate,  concluded tha t  the water content was 1.0 
molecule per molecule of 2CaO. Si02, which is signi- 
ficant in this respect. 

I t  was therefore considered probable tha t  the 
empirical formula of dicalcium silicate a-hydrate  is 
2CaO. Si02. H~O. 

Crystal  data 

The crystals used for the present X-ray analysis were 
derived mainly from sample no. 25 described by Heller 
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& T a y l o r  (1952). Single c rys ta l s  f rom o the r  samples ,  
i nc lud ing  t h a t  p r e p a r e d  b y  Bessey,  were also m o u n t e d ,  
a n d  osci l la t ion p h o t o g r a p h s  e s t ab l i shed  t he i r  i d e n t i t y .  
All  t h e  c rys ta l s  were  f ia t ,  r e c t a n g u l a r  p la tes .  

The  uni t -ce l l  d imens ions  of d ica lc ium si l icate  a-  
h y d r a t e ,  deduced  f rom osci l la t ion  p h o t o g r a p h s ,  were  

a ---- 9.34, b ----- 9.22, c ---- 10.61 A .  

The  c r y s t a l  is o r tho rhombic ,  conf i rming  t h e  op t ica l  
ev idence  p r ev ious ly  ob ta ined .  The  b axis  is perpen-  
d icu la r  to  t h e  p l ane  of t he  p la te .  I t  was  dif f icul t  to  
e s t ab l i sh  t h e  d e n s i t y  of t he  c o m p o u n d  as i t  h a d  n o t  
been  o b t a i n e d  in  a pu re  cond i t ion  a n d  was  i m p e r f e c t l y  
crys ta l l i sed .  The  single c rys ta l s  were too  smal l  for 
d e n s i t y  m e a s u r e m e n t  b y  f loa ta t ion .  The  va lues  for  t h e  
d e n s i t y  g iven  b y  p rev ious  workers  are  2.59 a n d  2.80 
g.cm. -a (Taylor  & Bessey,  1950). I f  i t  is t a k e n  as 
2.76 g.cm. -8 t h e  n u m b e r  of molecules  in  t h e  cell is 8. 

The  on ly  s y s t e m a t i c  absences  observed  were for  al l  
O k l  ref lexions  w h e n  ]¢ is odd,  hO1 re f lex ions  for  1 odd  
excep t  for  209 (modera te)  a n d  407 (weak),  a n d  hb0 
ref lexions  for  h odd  excep t  for 530 (moderate) .  H e n c e  
t h e  t rue  space g roup  is P212121 a n d  the re  is a pseudo  
space g roup  P b c a .  

I n  t h e  p r e s e n t  work  on ly  t h e  pseudo  space  g roup  
was  considered.  Th is  has  8-fold genera l  pos i t ions  
compared  w i t h  4-fold pos i t ions  for  P212121. Thus  t he  
n u m b e r  of i n d e p e n d e n t  p a r a m e t e r s  is h a l v e d  for  t h e  
pseudo-s t ruc tu re ,  i.e. each  a t o m  is g iven  p a r a m e t e r s  
wh ich  are  t he  ave rage  of two  i n d e p e n d e n t  b u t  v e r y  
s imi la r  va lues  in  t h e  t rue  s t ruc tu re .  The  p rob lem of 
t he  s t r u c t u r e  d e t e r m i n a t i o n  is t h e r e b y  r educed  to  
f ind ing  t h e  p a r a m e t e r s  of one fo rmula -un i t .  

P o w d e r  d a t a  

Some d i s c r e p a n c y  occurs in  t he  l i t e r a tu re  in  t he  
descr ip t ions  of t he  powder  d a t a  of d ica lc ium si l icate  
a - h y d r a t e .  T h u s  Bessey ' s  d a t a  (Taylor  & Bessey,  
1950) inc lude  some spac ings  of h i l l ebrand i te .  Tab le  1 

Tab le  1 

Observed Inten- Calculated 
spacing sity spacing Index 

5.35/k w 5-30 A 002 
4.63 vvw 4.56 020 
4.22 vs 4.24 021 
3.90 s 3.89 211 
3.54 s 3.52 202 
3.27 vvs  3.27 122 
3"04 w 3.10 113 
2.87 s 2.86 311 

]2.81 131 
2.80 s [2.81 222 
2.77 w 2.79 023 

]2.70 302 
2.71 w [2.70 213 
2.69 vw 2.69 123 
2.65 m 2.65 004 
2.60 s 2.59 312 
2.56 w 2.56 132 
2.52 m 2.52 321 
2.47 vvw 2.47 114 

Tab le  1 ( c o n t . )  

Observed Inten- Calculated 
spacing sity spacing 

2.41 vs 2.41 
2.31 vw 2.31 
2.27 vw 2.27 
2.24 w 2.25 
2.18 m 2.19 
2.16 w 2.15 
2.10 v w  2.10 
2.08 w 2.08 
2.06 m w  2.06 
2.03 w 2.03 
2.02 w 2.02 
1.982 m 
1.956 w 
1.926 m 
1.890 w 
1.872 m w  
1.842 vw 
1.820 m 
1.788 s 
1.737 m w  
1.712 m w  
1.687 vvw 
1.662 m w  
1.654 m 
1.645 m 
1.630 m 
1.608 w 
1.572 m w  
1.543 m w  
1.521 m w  
1.499 vw 
1.480 m w  
1.448 w 
1.407 vvw 
1.374 vvw 
1.357 w 
1.318 vw 
1.304 vw 
1-289 vw 
1.282 vw 
1.248 vw 
1.229 v w  
1.210 v w  
1.194 vw 
1-185 vw 
1.180 vw 
1.161 w 
1.152 vw 
1.141 w 

Index 

223 
204 
410 
041 
141 
402 
420 
323 
240 
332 
3O4 

v = very, s ---- strong, m ---- moderate, w -~ weak. 

shows a l is t  of spacings ,  t he i r  i n t ens i t i e s  for copper  
Kc~ r a d i a t i o n  a n d  t he i r  indices  ( indexing  of spac ings  
below 2 /~ was  n o t  a t t e m p t e d  as i t  wou ld  be too  
ambiguous) .  

S t r u c t u r e  d e t e r m i n a t i o n  

G e n e r a l  o b s e r v a t i o n s  

The  d ica lc ium si l icate  a - h y d r a t e  los t  al l  i t s  w a t e r  
on h e a t i n g  to  500 ° C. a n d  t h e  powder  a f t e r  cooling 
was  iden t i f i ed  as ? -d i ca l c ium si l icate.  T h e  p r i m a r y  
p r o d u c t  of decompos i t i on  m a y  h a v e  been  f l -d ica lc ium 
si l icate  wh ich  i n v e r t e d  to  t h e  ? fo rm on cooling, or 
?-dicalcium" sil icate.  I n  e i the r  case t h e  p r o d u c t  of 
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decomposition had a structure based on discrete SiO 4 
tetrahedra. I t  may reasonably be expected that  
moderate heating and consequent loss of water would 
lead to association of molecules or atomic groupings 
rather than dissociation, and since the product 
consists of discrete tetrahedra it may be assumed, 
lacking any evidence to the contrary, that  the initial 
compound also contained discrete Si04 tetrahedra. 

If the structure consists of discrete SiO 4 tetrahedra, 
one oxygen atom per 2CaO.SiO~. H~0 is not attached 
to a silicon ion. This will be described as 'flee oxygen'. 
This 'flee oxygen' may be present in the form of 
HgO, OH- or 0- - .  

Most hydrates lose water present in the form of H~O 
at temperatures much below 500 ° C. unless there is 
a stable framework which will trap the water mole- 
cules and prevent their escape. I t  is improbable that  
such a framework should exist in the present case, 
hence the 'free oxygen' probably occurs in the form 
of OH-  or 0 - - .  In the former case one and in the 
latter two hydroxyl groups must be attached directly 
to the silicon atom, as in the case of afwillite (Megaw, 
1949). 

Patterson projection 
The intensities of all the reflexions in the hO1 zone 

were estimated visually on a complete set of oscillation 
photographs. A scale of six gradations only was used, 
ranging from absent to very strong, and the intensities 
were corrected for the Lorentz polarization factor. 
According to A .D.  Booth (unpublished work) the 
peaks of a Patterson projection calculated on this basis 
should be no more than 0-1 A removed from the 
positions which would have been obtained had more 
accurate intensities been used. Fig. 1 shows the 

Trial structure and comparison of observed and cx~ulaAed 
structure factors 
A trial structure was postulated, based on the usual 

atomic radii and built up of regular, discrete silicate 
tetrahedra (Si-O = 1.6o /~). These tetrahedra were 
assumed to be linked through calcium ions to which 
the 'free oxygen' groups were also coordinated. The 
orientation of the tetrahedra was determined only by 
packing considerations. No assumptions were made 
about the nature of the 'free oxygen' and the positions 
of the hydrogen atoms were neglected. Only one 
solution could be found which was also compatible 
with the Patterson projection. The approximate 
position of the 'free oxygen' was uniquely determined 
by the packing. 

Structure factors were then calculated for all re- 
flexions in the h/c0, hO1 and 0kl projections whose 
2 sin 0 values were less than 1. To make the calculated 
structure factors $'c comparable with the observed 
intensities Io (still on the basis of absent to very strong, 
and uncorrected), the values of Fc were first squared, 
then divided by the appropriate Lorentz polarization 
factor-and by the geometric factor, G, taken from the 
chart described by Cox & Shaw (1930), i.e. Io oc F~/pG. 
By taking the average of all _F~dpG factors for each 
group of observed intensities (from absent to very 
strong) average numerical values could be assigned 
toeachgroup .  These were 0, 100, 400, 800 and 1500 
for absent, weak, moderate, strong and very strong 
reflexions respectively. 

Small shifts were applied to the atomic coordinates 
(maintaining the size and regularity of the tetrahedra) 
to improve the agreement between observed and 
calculated intensities. The atomic coordinates finally 
adopted are shown in Table 2. 

Table 2. Final coordinates 
Ca Si 0 

^ 

4"22 3"6() 7"04 4:'10 5"56 7"56 8"08 6"9(} 
y 5.90 0.20 2.80 3.30 3.10 1-60 4-00 2-50 
z 8-00 4.56 10.35 7.02 9.85 9.40 10.25 1-32 

i I ' I  , 
, Ii  , I  
iv', ~ ii iy! r ~  

Fig. 1. Pat terson map  of the (010) projection, fill II ] I ~1 ~ IQ I 

z//i t /ol II II H",, / 
Patterson thus obtained in the (010)projection. In ~ A ~ ' , , / i / ,  ~ t ~ l / 
this projection of the  space group Pbca each atom i / 
necessarily gives rise to a vector parallel to the a axis. ,, 

,,'~,, I ,, , ;  Only two such peaks (and their repetitions) were l ~ l ~ l l  t II Ii 
actually observed. I t  was assumed that  these were ~ ~ _ ~  ~ ~ i i ] 
wholly or partly due to metal-metal  vectors, i.e. due 

- o o - o - - -  . , o . o . , . o o o  
to a superposition of Ca-Ca, Ca-Si and Si-Si vectors. 0~o._¢,o~0~o~¢,oO o ¢" o~- ~ ° ~ g~o.~.. ~ o ~ o  ~ ¢~ ° "~ ° ° ° ~ 
A limited number of possibilities for the x coordinates Fig. 2. Comparison of observed and calculated intensities. 
of  t h e  h e a v i e r  a t o m s  c o u l d  t h e r e f o r e  be  d e d u c e d  "The full lines represent observed, the broken lines calculated 
directly from the Patterson map. s t r u c t u r e  factors. 
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Fig. 2 shows a comparison of the  observed and  calcu- 
la ted intensities. Fig. 3 is a p lan  of the  (010) projection 
of the  corresponding s t ructure .  

• ,',,\ 

0"6/-, 

0"36 

0"17 

\,% 0 - 0 2  ~ ' : ~  
0-27 

/ / / \  

Fig. 3. Map of the a c projection. The projections of the silicate 
tetrahedra are shown. [] represent calcium, A silicon and 
© the probable positions of hydroxyl ions. The figures 
represent heights in the b direction. 

Table 3. Closest neighbours 
Atom Neighbour Distance 

Ca I O I 2.50 A 
O 13 2.38 
O II  1 2 .30 
0 I V  2-62 
0 IV 1 2"72 
O V 2.30 

Ca I I  O 17 2.70 
O I I  z 2.33 
O 11 2.70 
0 IV 6 2.28 
O V 1 2.60 
0 V 2 2-3"0 

0 1 Si I 1.63 
Ca I 2.50 
Ca II  2.70 
Ca II  1 2" 70 
0 V 1 2.5O 
O I I I  1 2.72 

O II  Si I 1"63 
Ca I I  1 2"33 
Ca 11 2"38 
Ca 12 2"30 
O V 3 2.50 

O III Si 1"63 
O V 1 2-50 
O I z 2.70 

O IV Si 1.63 
Ca I 2.70 
Ca 12 2.62 
Ca 112 2-28 
O V 2-54 
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D i s c u s s i o n  

The present  s t ruc ture  is only an  approx imat ion  to the  
t rue  solution bu t  the  agreement  between observed and 
calculated s t ruc ture  factors  suggests t h a t  i t  provides 
a suitable basis for fu r ther  refinement.  

Inaccuracies  are due to three causes: In  the  pseudo- 
s t ruc ture  no dist inct ion is made  between pairs of 
a toms whose pa ramete r s  in the  t rue  s t ruc ture  are not  
identical.  Moreover,  i t  was assumed t h a t  the  SiO30H 
group is a regular  te t rahedron ,  which cannot  hold 
exactly.  Final ly,  and  probably  most  impor tan t ,  trial- 
and-error  is never  a ve ry  accurate  way  of determining 
the  paramete rs  of a s t ruc ture  with m a n y  atoms,  
par t icular ly  those of the  l ighter elements. I t  is there- 
fore unlikely t h a t  the  in tera tomic  distances are correct 
to bet ter  t h a n  0.2 A, with larger errors possibly 
occurring in the placing of the  oxygen atoms,  in 
par t icu lar  t h a t  of O V. The exact  posit ion of O V 
is least  r igidly de termined by  the packing,  and  the  
effect on the  s t ruc ture  factors of small  changes in the  
paramete rs  of oxygen a toms is very  small. 

Table 3 shows the  closest neighbours of all crystallo- 
graphical ly  independent  calcium and oxygen atoms. 

The two calcium a toms have  six oxygen neighbours 
a t  distances between 2.3-2.7 A. The 'free oxygen '  
(0  V) has three close calcium neighbours and also four 

O V Ca II  2 .60 
Ca II  a 2.30 
Ca I a 2-30 
O II  s 2.50 
O I V  6 2.54 
O I 2.50 / 

O I I I  2-50 

In column (2) Roman numerals denote crystallographically 
independent atoms and Arabic numerals refer to atoms which 
are crystallographically related. 

oxygens a t  a distance of approx imate ly  2-5 A. One 
ver tex  of each t e t r ahedron  (O I I I )  has no close calcium 
neighbours,  while the  other  three (0  I ,  I I  and  IV) 
have  three close calcium neighbours each. The position 

• of the  hydrogen  a toms cannot,  of course, be crystallo- 
graphical ly  established a t  this stage. However ,  since 
0 I I I  would otherwise have  one complete unsa tu r a t ed  
valency,  it  is ve ry  probable  t h a t  one hydrogen  a tom 
is a t t ached  to it. The most  likely position for the  other  
hydrogen a tom is then  on the  'free oxygen '  0 V, since 
this forms only three Ca-O bonds compared with 
three Ca-O and  one Si-O bonds formed by  the  other  
three calcium atoms.  Moreover, the envi ronments  of 
0 I I I  and 0 V are so different from the rest,  t h a t  the  
placing of the  hydrogen a toms is independent  of any  
likely changes on ref inement.  Paul ing 's  rule of electro- 
stat ic charges is completely satisfied by this arrange-  
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ment. Several possibilities of hydroxyl  bonding arise 
in this structure. 0 I I I  has two near oxygen neigh- 
bours other than  those attached to the same Si atom: 
O V at a distance of 2.5 J~ and 0 11 at 2.7 J~. The 
bond 0 I I I -O  V, being the shorter, is perhaps more 
likely to be the hydroxyl  bond, although the difference 
is hardly significant at  this stage. 0 V has three close 
oxygen neighbours other than  0 I I I .  From a con- 
sideration of the valency angles of 0 V, a hydroxyl  
bond between O I I s  and O V  can be excluded. 
Hydroxyl  bonding of 0 V to either 0 1 or 0 IV e is, 
however, equally probable. 

The structural  formula of dicalcium silicate ~- 
hydrate  is Ca~(SiO30H)OH. 

The author wishes to thank Prof. J . D .  Bernal, 
F. R. S., Dr J.  W. Jeffery, and Mr R. W. Nurse of 
the Building Research Station, for their constant 
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par t  of a programme of extra-mural research for the 
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The construction and performance of an X-ray monochromator using an aluminium single crystal 
with double curvature is described. The point-focus obtained in this way is used for taking powder 
photographs of the Guinier type. The gain in intensity is about 16 times as compared with a 
monochromator using a quartz crystal with single curvature and polished surface, all other 
conditions being equal. 

1. In troduct ion  

As far as we know, point-focusing monochromators 
using crystals with double curvature have not yet  
been used in practical X-ray work, although the 
principle and advantage of such monochromators 
have been recognized for many years. Shenfil, Daniel- 
son & DuMond (1951) have constructed a point- 
focusing monochromator using two cylindrically curved 
quartz crystals with their axes at right angles (the 
geometry of this design was described by DuMond 
(1950)). This monochromator was intended for the 
s tudy of low-angle scattering, but its intensity is 
rather low for several reasons (among others, the 
losses at  the two reflexions). 

The bending of a crystal plate to a surface with 
double curvature can probably be effected only by 
means of plastic deformation, which greatly reduces 
the number of possible substances. I t  may be quite 

possible to use sodium chloride, but  we have chosen 
aluminium for our trials. We hoped to take advantage 
of the high intensities reported by Cauchois, Tiedema 
& Burgers (1950) for spectra from aluminium single 
crystals. For the case of transmission these authors 
found the intensities of spectra from aluminium single 
crystal lamellae to be 5--10 times as great as from 
quartz lamellae. For reflexion we have found tha t  
about 4 times as long an exposure is required with a 
quartz monochromator (plane 1011 and with polished 
surface*) as with an aluminium monochromator 
(planes 100, second order, or 111) in order to obtain 
the same integrated intensity (estimated visually) in 
powder photographs, all other essential conditions 
being equal. 

* It  is known that the integrated intensity of reflexions 
from quartz is lower if the surface has been polished than 
if it has only been ground. 


