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Aggregation of Small Molecules: From Dimers to Crystals
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The aggregation of molecules through non-covalent interac-
tions to form larger structures is a process of fundamental im-
portance to many aspects of chemistry, such as the formation
of molecular crystals, the solvation of molecules, and the for-
mation of three-dimensional structures of proteins and other
biomolecules. Crystal structure prediction from first principles
is still a “holy grail” in physical science. Many molecules crystal-
lize in polymorphic structures, which means that the thermo-
dynamically most stable structure is not necessarily the struc-
ture that is formed under specific conditions. Rather, crystalliza-
tion can be driven kinetically, resulting in metastable crystals.
Some adherence to kinetically controlled processes in crystalli-
zation is manifest in the robustness of supramolecular syn-
thons, for example in crystal engineering.

For the success of organic synthesis, a profound understand-
ing of kinetic control in the breaking and forming of covalent
bonds is mandatory, and it is taught even in elementary text-
books of organic chemistry. In contrast, chemical pathways in-

volving the formation of non-covalent bonds are poorly under-
stood, and in particular kinetically controlled processes are dif-
ficult or even impossible to predict. The origin of these prob-
lems is the lack of knowledge on the mechanisms for non-co-
valent reactions. Mechanisms at least require the
characterization of stationary points in the potential energy
landscape such as the structures and energies of intermediates
and transition states. This information then provides a basis for
investigation of the dynamics of the system. Why is that easier
to achieve for reactions involving covalent bonds? Non-cova-
lent bonds are softer and both structurally and energetically
less well-defined than their covalent analogues. Small changes
in the geometry of a weakly bound aggregate barely affect the
energy of the system, which leads to a multitude of energeti-
cally almost degenerate structures that rapidly interconvert
even at low temperatures. The small energy changes involved
in aggregation also mean that the process of assembling mole-
cules may be accompanied by disassembling, with the result
that a smaller cluster is not necessarily a good model for
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a larger cluster. There might be dead-ends in the assembly
process that lead to the exploration of alternative routes by
the system. Such discontinuities continue to pose problems in
operational crystal engineering because it is more difficult in
such cases to use small synthons in the design strategy for
new crystals. One is necessarily obliged to employ larger and
more complex synthons, with the resultant difficulties that

such a methodology entails. To characterize these transient
structures in the molecular assembly process, either ultrafast
spectroscopy has to be used, or the aggregates have to be im-
mobilized at extremely low temperatures. Likewise, the theo-
retical description of weakly bound, highly dynamical aggre-
gates is a difficult task since dispersion might play a major
role, and the localization of multiple minima on flat potential
energy surfaces is highly challenging.

All of this has been recognized for many years, but it is only
now that experimental and theoretical tools are available to
gain the detailed insight necessary for an understanding of ag-
gregation processes at the molecular level. To exploit this op-
portunity, the DFG-funded (DFG: Deutsche Forschungsgemein-
schaft) Research Unit 618 “Understanding the Aggregation of
Small Molecules Using Precise Methods—Interplay between Ex-
periment and Theory” came into being. Between 2006 and
2012, a team of seven research groups located at several
German universities started a close collaboration on various as-
pects of aggregation. In a concluding international symposium
in May 2012, researchers from all over the world presented ex-
citing results on many aspects of aggregation, obtained by
using state-of-the-art experimental and theoretical methods.
This special issue of ChemPhysChem presents some of these re-
sults, but also contributions from many other leading groups
in the field.

It is fascinating to see how the complex process of aggrega-
tion is tackled by sophisticated techniques. Two contributions
describe spectroscopy of weakly bound aggregates in ultracold
(0.37 K) helium nanodroplets. Under these conditions, the dif-
fusion and rotation of trapped molecules is almost barrierless,
which allows the authors to observe the very first steps of ag-
gregation controlled by long-range dipole interactions. To de-
scribe aggregation processes in the absence of any thermal ac-
tivation, subtle quantum effects have to be taken into account
to understand the formation of low-barrier hydrogen bonds,
described in a theoretical paper. Since the ground-breaking
work of George Pimentel more than 50 years ago, matrix isola-
tion spectroscopy has been established as a workhorse tech-
nique for the spectroscopic identification of van der Waals
complexes and hydrogen-bonded aggregates. This is elucidat-
ed in several contributions that demonstrate how far this tech-
nique has been developed. The combination of spectroscopy,
electronic structure theory, and dynamic calculations has
proven to be a powerful way to unravel the complex processes
proceeding not only at ground electronic states, but also pho-
todissociation processes by including nonadiabatic dynamics.
Yet another technique employed to understand aggregation is
molecular beam spectroscopy, which bridges the gap between
the gas phase and the solid state by generating ever-larger ag-
gregates in a regime where every molecule counts. Identifying
building blocks of cocrystals by structurally characterizing mo-
lecular aggregates under molecular beam conditions is an im-
portant step towards understanding the formation of macro-
scopic crystals. How subtle, small structural variations might in-
fluence the architecture of a macroscopic crystal is impressively
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demonstrated by showing the influence of deuteration on
crystal packing. Perhaps the most striking aspect of most of
these contributions is how tight the interplay between experi-
ment and theory has become in this area. There is virtually no
contribution from experimental groups without a very strong
theoretical foundation, and all theoretical contributions are
a direct offspring from collaborations with experimentalists.
Spanning wide scales of temperature, time resolution and con-
ditions, the fusion of experimental and theoretical methods
paves the way for a molecular understanding of aggregation.
We are not quite there yet, but we are coming closer.
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