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Redetermination of the Structure of 3-Dicalcium Silicate

By K. H. JosT, B. ZIEMER AND R. SEYDEL

Zentralinstitut fiir Anorganische Chemie der Akademie der Wissenschaften der DDR, Rudower Chaussee 5,
1199 Berlin, Germany (DDR)

(Received 10 May 1976; accepted 11 October 1976)

The structure of 5-Ca,SiO, [first determined by Midgley, Acta Cryst. (1952), 5, 307-312] has been redeter-
mined on the basis of three-dimensional diffractometer data. In spite of a systematic error in indexing in the
original work, the new result confirms the principles of the previous determination. In the second part of the
paper a hypothesis on the structural background of hydraulic activity of calcium silicates is discussed. High
coordination of Ca by Ca, low mean Ca—Ca distances within these polyhedra and the sharing of faces of
neighbouring CaO, polyhedra seem to be characteristic features of hydraulically active compounds.

Introduction

The structure of 3-Ca,SiO, was determined more than
20 years ago by Midgley (1952) from hk0, O/ and 0k!
data within the limits of the Cu sphere. The structure
was later refined by Cruickshank (1964) with the same
set of intensity data. In the results the strong distortion
of the SiO, tetrahedron is particularly striking.
Therefore, and because 3-Ca,SiO, is now the only Port-
land cement mineral whose structure is not known ac-
curately,* we have examined it with new experimental
data. An error in indexing — all Akl and Akl were inter-
changed — was found to be the reason why Midgley
could not obtain a reliable result. That the main
features of the former structure are correct, in spite of
this error, is due to the relatively small deviation of the
monoclinic angle in 3-Ca,SiO, from 90°.

* The structure of an alite remains unknown but Golovastikov,
Matveyeva & Belov (1975) have determined the structure of pure
tricalcium silicate, Ca;0(SiO,) = Ca,SiO;.

Crystallographic data and intensity measurement

Crystallographic and intensity measurement data are in
Tables 1 and 2.

In the measurement of the intensities it had to be
taken into account that the k0 reflexions of both twin
orientations obscure one another and, because of the
lattice dimensions, the reflexions Ak,10 and 11 are in
the immediate neighbourhood of 7 + 1,k,10 and 11 re-

Table 1. Crystallographic data

Substance: f3-Dicalcium silicate, grown at 1300°C from a
CaCl, melt without addition of stabilizing
reagents

Symmetry: Monoclinic, space group P2,/n(C3)

Cell parameters: a=15-502+0001:5=6-745 + 0-001:
€=9297 + 0-001 A:3.=94-59 + 0.02°
V=343.9A%Z=4:D,=3326gcm™>

at 20°C

Remarks: All crystals twinned on (100)
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Table 2. Intensity measurement

Crystal investigated: Cube-like with edge length 0-1 mm, twin

on (100)

Instrument: Hilger four-circle diffractometer
Radiation: Mo Ka, graphite-monochromated
Measurement: /26 scan; for reflexions with 8 < 5°:

w scan
Range: 6 < 30°, corresponding to 995 reflexions,

859 of which were observed

Intensity correction: Lorentz—polarization, no absorption

spectively of the twin orientation. Trials showed that the
resolution was good enough for these reflexions to be
approximately resolved. For scaling the #k0 intensities
in such a case it is necessary to know the volume ratio
of the twin orientations in the crystal. Hence the inten-
sities of some equally indexed reflexions in the two
orientations were measured, the ratios of these pairs of
intensities were calculated and the mean value of these
was assumed to be the volume ratio.

Structure determination

Refinement started with the coordinates determined by
Midgley (1952) but with (1 — z) instead of z because of
the above mentioned error in indexing. With the 895
reflexions used in refinement [9 x 9 blocks, weight
given by counting statistics, scattering factors from
International Tables for X-ray Crystallography (1962)]
a final residual of R = 0-048 was reached; with all 995
reflexions R = 0-059. Atomic parameters are given in
Table 3.* A final difference map showed no maxima or
minima higher than 1-30(p, — p,).

* A list of structure factors has been deposited with the British
Library Lending Division as Supplementary Publication No. SUP
32357 (3 pp.). Copies may be obtained through The Executive Sec-
retary, International Union of Crystallography, 13 White Friars,
Chester CHI INZ, England.
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Description of the structure

The SiO, tetrahedron

Interatomic distances and valence angles within the
SiO, group are given in Tables 4 and 5. In addition the
interatomic distances found by Midgley (1952) and
Cruickshank (1964) in 3-Ca,SiO, and by Czaya (1971)
in y-Ca,SiO, are given for comparison. It can be seen
that the SiO, tetrahedron is normal. The relatively short
distance between Si and O(1) in comparison with those
involving O(2), O(3) and O(4) is easily explained by the
less frequent participation of O(1) in the CaO, poly-
hedra. The mean Si—O distance is 0-02 A shorter in -
Ca,SiO, than in y-Ca,SiO,. This may be due to the long-
er Ca—O distances in $-Ca,SiO, which allow a better
overlap of Si and O orbitals.

Table 4. Si—O distances

The standard deviations for the values in the present work are

0-006 A.
Distances in 3-Ca,SiO, Distances in
y-Ca,SiO,
(this work) (Midgley/Cruickshank)  (Czaya)
Si—0(1) 161 A 1-61 A 1-63 A
Si—0(2) 163 1-51 1-65
Si—0(3) 1-64 1-67 1-66
Si—0O(4) 1-65 1-70 1-66
(Si~0) 1-63 1.62 1-65

Table 5. Edge lengths and valence angles in the SiO,
tetrahedron

The standard deviations are 0-007 A and 0-3°.

Edge lengths Valence angles

O(1)—-0(5) 2-67A O(1)—Si—0(2) 111-0°
O(1)-0(3) 2-65 0(1)-Si—0(3) 109-4
O(1)—0(4) 2-69 O(1)-Si—0(4) 111-5
0Q2)-0(3) 271 0(2)-Si—0(3) 111-8
0(2)-0@4) 2-69 0(2)-Si—0(4) 110-2
0(3)-0(4) 2-57 0(3)-Si—0®4) 102-8
{0-0> 2-66 {0-Si—-0) 109-5

Table 3. Atomic parameters with the standard deviations in multiples of the last decimal in parentheses

The temperature factor is: expl(—B, s> — - - - — B3kl — - - -) x 107%].

X y z By, By, By, By B, By, Biso
Ca(l) 0-2738 (2) 0-3428(2) 0-5694(2) 31(4) 13(2) 16 (1) 0(3) 3(Q3) 1(5) 0-38
Ca(2) 0-2798 (2) 0-9976 (2) 0-2981(2) 31(3) 14 (2) 8(1) -3Q3) -303) 11(5) 0-30
Si 0-2324 (3) 0-7814(2) 0-5817(2) 24 (5) 5(3) 6(2) —-1(4) 34) —1(7) 0-19
o(1) 0-2864 (10) 0-0135(8) 0-5599(6) 114(17) 16 (9) 32(6) —22(14) 26 (15) —6(22) 0-91
0(2) 0-0202 (9) 0-7492(8) 0-6919(6) 75(16) 2509 19 (5) 8(12) 1(14) 0(20) 0-67
0(3) 0-4859 (9) 0-6682(8) 0-6381(5) 48(14) 44 (10) 16 (5) 13(12) 22(13) 58(21) 0-63
0@4) 0-1558 (9) 0-6710(8) 0-4264(5) 40(14) 50(10) 13(5) -25(12) —=20(13) 17(21) 0-62
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Fig. 1. Oxygen polyhedra of the cations. The Ca—O distances in A
are set near the oxygen positions. Their standard deviations are
OvOOGAA, their mean values are <{Ca(1)-0) 2-51, {Ca{2)-0)
2-50 A.

The CaO, polyhedra

The two symmetrically unrelated CaO, polyhedra
are shown in Fig. 1. All O atoms within a sphere of
radius 2-88 A around a Ca atom are assumed to
belong to the Ca coordination sphere. O atoms outside
this sphere are at distances greater than 3-14 A from
the Ca. Ca(l) is surrounded by seven O atoms which
form a distorted pentagonal bipyramid. Its equatorial
plane is parallel to (101). Ca(2) has eightfold coor-
dination, its polyhedron being a distorted anticube. It is
worth mentioning that the mean Ca—O distances in the
two polyhedra are nearly equal in spite of the different
coordination numbers.

The structure as a whole

A projection of the structure is shown in Fig. 2. As is
expected for the high Ca:Si ratio, the CaO, polyhedra
are three-dimensionally connected. They are most dense-

Fig. 2. The 3-Ca,SiO, structure, projected along the y axis. O Ca,
+ Si, O atoms at the corners of the tetrahedra.

REDETERMINATION OF THE STRUCTURE OF S-DICALCIUM SILICATE

Fig.3. Column-like structural unit made up of CaO, polyhedra.
Common faces are hatched: for details see text.

ly packed in columns parallel to [010] (Fig. 3). These
are built by the Ca(2) anticubes along the 2, axis which
are connected at common triangle faces. To this nu-
cleus are connected — also by triangle faces — the
bipyramids around Ca(1). The columns are joined to
each other by edges and corners only.

In the paper by Midgley (1952) special attention is
drawn to the very short distance between two O(1)
atoms [2-35 A (Midgley), 2-:39 A (Cruickshank)]. This
distance is now 2-68 A, a short but not unusual value.

Properties of 3-Ca,SiO,

Stability

Five modifications of Ca,SiO, are known. The
crystals with which this paper is concerned were grown
in the stability range of the a; modification. During
cooling this transforms displacively via a; to S, at
which point twinning occurs (Saalfeld, 1967; Worzala,
1972). During further cooling at about 400-500°C, -
Ca,SiO, transforms reconstructively to y-Ca,SiO,. The
B — y transformation does not occur if certain ex-
traneous oxides are dissolved in the crystals (Schwiete,
Kronert & Deckert, 1968), but an excess of dissolved
CaO is also thought to act as a stabilizer. Likewise,
crystals which are built of relatively small blocks should
not transform to the y modification (Yannaquis &
Guinier, 1959).

The crystal investigated was synthesized without any
stabilizer and in an earlier investigation of other Ca
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silicate crystals grown in a CaCl, melt it has been
shown that neither Cl nor Pt (from the crucible) was in-
corporated in the crystals. Whether our B-Ca,SiO,
crystal contains more than the stoichiometric amount
of CaO [about 1% according to Yannaquis &
Guinier (1959)] cannot be decided by the investigations
undertaken. But this probable excess can only be
equivalent to a deficit of SiO, because there is no space
in the structure for additional CaO. As to the question
of mosaic size, we remark that the crystal investigated
did not consist of small blocks because some of its
reflexions are weakened by extinction (|F,| values of
200, 103, 103, 303, 400 are smaller than |F,| values by
28% on average). Therefore the structure analysis pre-
sented here gives no indication as to the origin of the
stability.

Hydraulic properties

The most obvious property of 3-Ca,SiO, is its hy-
draulic activity.* Indeed this is much lower than that of
Ca,SiO;, but in cement mortars it leads to a noticeable
increase in strength in the first 1-2 years after making
up the mortar.

* In cement chemistry substances are called ‘hydraulically active’
when a set paste or mortar, made of them with water, hardens dur-
ing storage under water. One necessary condition for this process is
that such substances react with water with sufficient velocity and
it is only this condition with which we are concerned in our paper.
With respect to the velocity of the reaction with water the hydraulic
activity is said to be high or low. The second condition for hydraulic
activity, the insolubility of the reaction products in water, is fulfilled
in the case of Ca silicates, for which the hydrated compounds are
mainly formed by a ‘through-solution’ mechanism.
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The result of the present structure analysis gives no
convincing reasons for the hydraulic activity, but a
comparison with the structures of other calcium sili-
cates seems worth while. For this purpose some struc-
tural parameters of both hydraulically active and inac-
tive compounds are compared in Table 6. Other com-
pounds well suited for comparison would be a’-
Ca,Si0,, pseudowollastonite, Ca,Si,O,, and rankinite,
Ca,Si,0,, but for these no precise structural data exist.

When we first compare 3-Ca,SiO, and y-Ca,SiO, we
find, besides common features, distinct differences also.
Common features are the undistorted SiO, tetrahedra
and the strongly distorted CaO, polyhedra. Therefore
distortion of the coordination polyhedra should have
no influence or only a subordinate one on hydraulic ac-
tivity.

Smith, Majumdar & Ordway (1965) have drawn
special attention to the differences in Ca—O distances
in both structures and discussed these as a reason for
the different hydraulic properties. The authors presume
that during hydration Ca—O bonds must be split and
that this should be easier with the longer bonds in f3-
Ca,Si0, than in y-Ca,SiO,. But this can be no general
criterion, as can be seen from the few compounds
included in Table 6. According to the above pre-
sumption, high-pressure pseudowollastonite and j-
Ca,SiO, should react faster than tricalcium silicate,
and CaO should not react with water, but such con-
clusions are in opposition to facts.

A further, in our opinion essential, difference be-
tween -Ca,SiO, and y-Ca,SiO, consists in the kind of
connexion of the CaO, polyhedra. Whereas in y-
Ca,SiO, these are connected only by common edges
and corners, in 3-Ca,SiO, there are, in addition, com-
mon faces. In spite of the fact that in this case Paul-

Table 6. Structural characteristics of some calcium silicates and their hydraulic activity (distances in A)

CaO, polyhedra
Hydraulically = Coordination Mean value
Substance active number (Ca—0)
CaO 6 2-40
Ca,SiO, Yes 48 (x6) 2-43
6(x7)
B-Ca,SiO, Yes 1(x7) 2-50
1 (x8)
y-Ca,Sio, No 6 2.37
Kilchoanite No 5(x6) 2-39
Ca(Si0,)Si;0,,° 1(x8)
Wollastonite No 6 2-39
(CaSiO,),’
High-pressure No 2(x6) 2:50
pseudowollastonite 1 (x8)
(CaSiOy),*

Connexion
of CaOy Number of
polyhedra Ca-—Cadistances Ca neighbours  Ca
by common Mean value  Shortest of Caatoms density
faces (<4 A) distance (<4 A) (gcm=3)
No 3.40 3-40 12 2.42
Yes 3.47 316 42 (x8) 1-64
12(x7)
Yes 3.58 343 17 1-55
No 3.75 3.38 1(x8) 1.38
1 (x6)
No 3-71 3-60 2 (x6) 1-25
2 (x4)
1(x3)
1(x1)
No 3-62 3-59 1(x6) 0-95
2(x4)
No 3-71 3-62 1 (x5) 1.05
2(x4)

References: (@) Taylor (1971), (b) Trojer (1968), (c) Trojer (1969).
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ing’s third rule is not applicable without further con-
siderations (because Ca?* is not a small cation and the
coordination numbers and shapes of the coordination
polyhedra are different), the following observation,
which is the basis of this rule, must be taken into ac-
count: Approach of cations makes a structure less
stable. Therefore we checked whether there is a connex-
ion between shortening of Ca—Ca distances and
increase of reactivity with water. For this purpose, for
every symmetrically independent Ca atom the distances
<4 A to the neighbouring Ca atoms and also their
mean values within the unit cell were calculated. The
shortest and the mean values of the Ca—Ca distances
and the number of Ca neighbours of Ca atoms in one
unit cell are given in Table 6.

Apart from CaO, which is a special and limiting
case, the silicate with the highest hydraulic activity,
Ca;SiO,, has not only the shortest individual Ca—Ca
distance but also the lowest mean value. In our opinion
the mean distance should be given more weight than the
shortest in the evaluation of the reactivity with water.
In accordance with this the mean Ca—Ca distance in
the hydraulically active 3-Ca,SiO, is distinctly shorter
than in p-Ca,SiO, and the other inactive compounds
included in Table 6. Furthermore, in all the inactive
compounds there is no connexion of CaO, polyhedra
by common faces in contrast to the active compounds
Ca;SiO0; and f3-Ca,SiO,. Finally the number of Ca
neighbours of Ca atoms (at distances less than 4 A)is
higher in the active than in the inactive compounds.

In summarizing we can say that many and short
Ca—Ca distances, and connexion of the CaO, poly-
hedra by common faces seem to be the reasons for the
hydraulic activity of a calcium silicate. On the question
of the difference in hydraulic activity of Ca,;SiO4 and
Ca,SiO, depending on a content of extraneous oxides

REDETERMINATION OF THE STRUCTURE OF S-DICALCIUM SILICATE

in solid solution (so called alloying components), it can
only be said that these components cause the formation
of superstructures and modulated structures (Saalfeld,
1971; Jost, 1973). As yet, it is not possible to decide
whether the extraneous ions themselves or their action
on the crystal structure are the reason for the dif-
ferences in the degree of hydraulic activity.

We thank Dr Worzala for growing the 3-Ca,SiO,
crystals and Dr Fichtner for making available the four-
circle diffractometer in the Zentralinstitut fiir
physikalische Chemie.
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