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ABSTRACT
 In recent years, increasing evidence has been reported that crystallization from solution does 
not exclusively follow the classical pathway of atom/ion/ molecule-mediated layer-wise growth of 
a critical crystal nucleus. This new evidence was triggered by the discovery of amorphous or 
even liquid precursors to single crystals in biomineralization and additive-controlled crystalliza-
tion events. Non-classical crystallization pathways have thus been found to be important and 
worthy of serious investigation. However, since many different reaction channels can lead to a 
single crystal end product, it is often difficult to distinguish how a single crystal has formed. 
 In this presentation, the earliest stages in the formation of a crystal will be discussed. For the 
example of stable prenucleation CaCO3 clusters, which can already be found prior to nucleation 
and even in undersaturated solution, it will be shown that an alternative crystallization pathway 
exists. Basic characterization of the clusters will be presented, and the driving forces for their 
formation will be discussed.
 Depending on the pH, clusters can have different stabilities, solubilities, and structures. They 
can aggregate and form a subsequent amorphous phase (ACC) before crystals are finally 
formed. Indeed, analyses of the different ACCs by means of EXAFS, infrared, and NMR spec-
troscopy reveal different features in the spectra of the two ACCs, which relate to the crystalline 
polymorphs of calcite and vaterite. Based on these results, the notion of protocrystalline struc-
tures in ACC, and their impact on the polymorphism of the precipitated crystals, is discussed.
 The applied methodology for the investigation of CaCO3 prenucleation clusters can also be 
used to quantitatively understand the role of additives in crystallization control, starting from the 
earliest stages of a crystallization reaction, even before nucleation has taken place. The various 
roles of additives will be presented, and it will be shown that most additives fulfill several roles at 
different stages of the CaCO3 crystallization reaction, with each of the investigated additives 
showing a specific profile. This work can help us to fundamentally understand how a crystalliza-
tion reaction can be controlled by additives.
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HELMUT CÖLFEN is full professor of physical chemistry at the University of Konstanz. His 
research interests are in the area of nucleation, classical and nonclassical crystallization, 
biomineralization, synthesis of functional polymers, directed self-assembly of nanoparticles, 
and fractionating methods of polymer and nanoparticle analysis – especially analytical ultra-
centrifugation. His group has made contributions in high-resolution particle-size analysis 
with angström resolution in solution, mesocrystals, nonclassical crystallization, CaCO3 
crystallization and additive-controlled crystallization. Recently his group identified prenucle-
ation clusters as stable species even in undersaturated CaCO3 solution and found an alter-
native crystallization pathway for CaCO3 via the aggregation of prenucleation clusters.
Cölfen serves on the advisory boards for Macromolecular Bioscience, Current Nanoscience, 
and Crystals, and is also a member of the German Chemical Society. He has received several 
awards, including the Hermann Schnell prize of the German Chemical Society for the best 
young researcher in macromolecular science, and he has delivered the Steinhofer Lecture at 
the University of Freiburg. He has recently been listed in the ISI list of top 100 chemists 
worldwide for the years 2000 – 2010.
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