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We report the synthesis and testing of novel macrocyclic
organophosphonate retarders which have been proposed
using rational molecular design methods based on the
selective inhibition of the crystallisation of ettringite, a
product of the early stages of cement hydration.

Cementitious materials are among the most widely used by
mankind while being among the least well understood. The
detailed physicochemical processes involved in the hydration
and setting of cement slurries are very complex, and a clearly
defined quantitative account is still lacking; indeed, even the
precise composition of the cement powder is unknown.
Although numerous additives are known and used to retard the
cement setting process, little is understood of the mechanism by
which they act. Here, we show how it is possible to design and
synthesize novel macrocyclic organophosphonate retarders by
rational molecular design methods1 based on the selective
inhibition of the crystallisation of ettringite, a product of the
early stages of cement hydration. This delays the setting process
without altering the setting properties (development of com-
pressive strength, etc.) once this process begins.

It is known that phosphonate-based organic compounds, such
as 1, 2 and 3 in Fig. 1, are able to retard the onset of setting in
cement slurries under ambient conditions;1,2 however, the
mechanism by which such retarders work has hitherto not been
established. Furthermore, some phosphonates (such as 1) are
such powerful cement setting retarders that they also cause the

time taken for setting (that is, the compressive strength
development, once setting commences) to increase substan-
tially.1 From the point of view of engineering applications of
cement in the oil and construction industries,3–5 it is usually
desirable for cement slurries to set rapidly once the setting
process is initiated, thus ensuring the development of the
required mechanical properties of the resulting concrete matrix
as rapidly as possible. There is, therefore, a need to devise
cement setting retarders which not only accurately control the
time taken for setting to take place, but also maintain the setting
characteristics of neat (untreated) cement once set is initiated.
To enable the development of such retarders, however, it is
necessary to have an accurate understanding of the processes
which control the setting of cement.

The work reported here makes use of a recently proposed
theoretical model for the setting of cement involving the initial
nucleation and growth of crystalline ettringite, [Ca3Al(OH)6]2-
[SO4]3·26H2O, from a gelatinous precursor.1,6,7 An important
consequence of this model is that, if retarders can be designed
which interfere solely with the process of ettringite nucleation
and growth, then cement slurries should set normally once the
silicate hydration process is initiated, thus ensuring mechanical
integrity of the resulting cured product; a separate mechanism
for the retardation of silicate hydration has also recently been
proposed.8 The structural basis for the design of such ettringite-
specific retarding agents has been discussed previously1 and is
based on the strategy exemplified earlier by Davey et al.9–12 in
which the geometry and functionality of additive molecules are
chosen such that they are capable of recognising and binding to
the growing surface of nuclei or crystals, thereby accomplishing
inhibition of nucleation and/or crystal growth.1 In turn, if such
specific retarding agents designed for an ettringite substrate also
exhibit an ability to inhibit the setting of cement, without
changing its essential setting properties, then this would be
consistent with the nonlinear chemical clock-type hypothesis of
Billingham and Coveney6 in which the autocatalytic formation
of crystalline ettringite is the rate determining step.

Although molecular modelling studies have proved useful for
the rational design of crystal growth inhibitors for simple
inorganic systems,9–12 the design of crystal growth inhibitors
for ettringite is a much more challenging prospect due to the
complexity of the inorganic matrix. It was however possible to
propose that compounds such as 3 and 4 should be effective
agents for inhibiting the crystal growth of ettringite, since they
possess the ideal structural motifs for molecular recognition
with the most rapidly growing [001] face of the ettringite
matrix.1 In particular, the geometry of the phosphonate
functions of 3 and 4 in Fig. 1 are such that they fit into the sulfate
binding sites of ettringite ensuring enhanced molecular recogni-
tion compared to acyclic phosphonates 1 and 2.13 Compound 4
exhibits a greater level of conformational flexibility and is
expected to be the more active of the two.1

Hexaphosphonate 3 was prepared as reported previously1,14

and triphosphonate 4 was prepared using analogous meth-
ods.14–17 These two compounds were then used as additives
during the formation of ettringite and also in cement samples.

Fig. 1 Some phosphonate cement-setting retarders: 1 and 2, linear
phosphonates; hexaaza-18-crown-6 3 and trioxotriaza-18-crown-6 4 macro-
cyclic phosphonates designed by computer modelling techniques1
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Ettringite crystals,18 prepared by reacting aqueous Al2(SO4)3
with a calcium hydroxide suspension for 30 min at 70 °C,
exhibit a prismatic morphology, being elongated about the
c-axis. Additives 3 and 4 had a profound effect on ettringite
crystal morphology, producing a remarkable reduction in the
length of the ettringite crystals even at low concentrations: for
example at concentrations of 3 and 4 of 1.00 mmol dm23, there
were respectively 45 and 75% reductions in crystal lengths
compared to untreated ettringite. Fig. 2 shows the data as the
change in measured aspect ratios and indicates clearly the
transition from needle to prism. These results are in agreement
with the prediction that both compounds 3 and 4 are pre-
organised to recognise and bind to the growing {001} faces of
ettringite, and that 4 should be a superior inhibitor to 3.1

These results are supported by X-ray powder diffractograms
of the solid products of ettringite crystallisations carried out in
the absence of additive and in the presence of 4.0 mmol dm23

of additives 3 and 4. The diffractogram for a pure ettringite
sample exhibits the preferred orientation expected for c-axis
needles, with all {hkl} reflections having significantly reduced
intensities. This X-ray pattern is entirely consistent with pure,
well crystalline ettringite; the relative intensities of diffraction
from the (100) and (114) lattice planes at 9 and 22.8° would be
2 : 1 in a powder comprising isometric crystals. The observed
enhancement to 4 : 1 is consistent with a product comprising
c-axis needle shaped crystals. In the presence of additive 3, this
relative intensity is 1 : 1, implying significantly more equant
crystal habits; at the same time the pattern indicates the presence
of two other crystalline phases, calcium hydroxide and gypsum,
not normally seen as a product in these reactions (the relatively
intense diffraction peaks at 29.3 and 47.3° are consistent with
the existence of gypsum [(111) reflection] and calcium
hydroxide [(102) reflection] respectively). In the presence of
additive 4 the result is even more extreme, indicating sig-
nificantly lower levels of ettringite, some gypsum, and calcium
hydroxide, together with significant amounts of amorphous
material. These data confirm the observed morphological
change in the ettringite crystals and also suggest that ettringite
nucleation is indeed inhibited by these additives, leading to the
production of amorphous material and crystalline gypsum
together with a reduction in the overall reaction rate, resulting in
unreacted calcium hydroxide. Again molecule 4 is found to be
the more active as originally predicted.

The effect of these same additives on the setting of cement
slurries was then examined. Rates and extent of setting of
samples taken from one batch of class G oilfield cement were
measured at additive concentrations of 1.0 mmol dm23 by heat
flow calorimetry1 in which the magnitude and time evolution of
the heat of reaction were recorded. It was found that
hexaphosphonate 3 doubles the induction time for the onset of

setting of cement while triphosphonate 4 extends this period
threefold. In addition, however, it is evident that in both cases
the setting characteristics, as judged by the profile of the heat
flow curves, remain unchanged compared with the case of neat
cement, suggesting that these compounds act to inhibit
nucleation of ettringite and do not interfere with compressive
strength development once that nucleation process has oc-
curred. This is in marked contrast with the general behaviour of
acyclic phosphonate cement setting retarders which both delay
the onset of setting and inhibit the setting process once it has
begun.1 It is important to note that aged cements, which have
been exposed to atmospheric humidity for extended periods,
show no delay in the onset of setting and display calorimetric
profiles identical to neat cement when treated with these
additives. This result is consistent both with the specificity of
these additives towards ettringite, which has presumably
already formed in these aged materials, and their inability to
influence other hydration products such as calcium silicate or
hydroxide.

Our results show that additives designed as selective
inhibitors for the crystallisation of ettringite can be used to delay
the onset of setting of cement slurries without interfering with
the eventual setting process itself. This behaviour was dis-
covered on the basis of two central concepts: firstly, that the
formation of crystalline ettringite from an amorphous precursor
plays a rate determining role in cement setting, and secondly,
that it is possible to rationally design compounds which are
preorganised for molecular recognition at the surfaces of
complex inorganic matrices, such as ettringite, and thus act as
powerful crystallisation inhibitors. In the case of cement
slurries, the use of such phase-selective retarders should result
in the production of cured concrete with very similar mechan-
ical properties to that from the untreated cement.
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Schlumberger Cambridge Research for the award of a Total
Technology grant.
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Fig. 2 The influence of additives 3 and 4 on the aspect ratio of ettringite
crystals; the data were obtained from SEM images. Note that the trioxygen
containing macrocycle 4 is more efficient at limiting ettringite crystal
growth at lower concentrations than the macrocycle 3.
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