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At a glance 
 
Multi-scale materials modeling combines existing and emerging methods from diverse 
scientific disciplines to bridge the wide range of time and length scales that are inherent in a 
number of essential phenomena and processes in materials science and engineering. In this 
contribution we demonstrate how novel developments have changed the field in recent years 
from a descriptive to a predictive approach and have led to the modeling of properties and 
functions of complex materials under realistic constraints. A proper linkage of electronic-
structure theory and statistical methods is necessary to describe the physics and chemistry 
that govern the properties and processes of materials under realistic temperature and 
pressure conditions. 
 
 
 
Introduction 
 
In our daily life, we are confronted by a multitude of materials-related phenomena whose 
essential role often extends over many scales in time and space.  
One example found at the very basis of life is protein folding. In this process polypeptides 
fold into their characteristic 3D structure from an originally random coil. For most proteins 
this structuring is essential to their function. While protein folding requires up to several 
minutes, the underlying chemical rearrangements take place within picoseconds through van 
der Waals and hydrogen bonds.  
In materials engineering, corrosion of metals is an essential process that destroys goods 
worth many billions of Euro every year. Beyond the purely monetary value, corrosion 
profoundly affects the safety of advanced products and processes, whose integrity and 
functionality society relies upon in fields such as energy, transportation, and information. 
While single electron transfer at a metallic surface occurs within femtoseconds and multiple 
oxide layers require minutes to form via diffusion and multiple reaction cascades, the 
macroscopic corrosion and decomposition of metallic structures proceeds over decades and 
even over hundreds of years. 
In either case, be it the foundation of living matter and biological information or the 
engineering design of advanced materials, products and processes, the underlying 
phenomena span a huge and hierarchically organized sequence of time and length scales. 
Describing, understanding, and finally quantitatively predicting such multiscale and 
multiphysics phenomena using advanced theoretical methods is a grand scientific task that is 
key to assuring the safety and well-being of our modern society. 
This article reviews how novel developments have changed the field of multiscale modeling 
in recent years from a descriptive to a predictive method for modeling of properties and 
functions of materials and processes.  
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The greatest progress that has been achieved in this field in recent years lies in the closer 
linkage of electronic-structure, statistical, and mean-field theory. The joint application of 
these formerly isolated methods is absolutely necessary to describe the physics and 
chemistry that govern the properties and processes of materials under realistic temperature 
and loading conditions on these vastly diverging scales. 
Typical examples at the small scale are ab initio methods (many-body electronic structure 
theory, density functional theory, quantum chemistry). These approaches are vital for 
successful multiscale models as they alone can elucidate the nature of the bonds and 
elementary excitations from which all material properties derive, Fig. 1. Above the scale of 
electrons, atomistic dynamics and statistics are widely used (referred to as molecular 
dynamics or kinetic Monte Carlo models). They are particularly suited to understand 
kinetically dominated mechanisms. At the mesoscopic scale, mean field rate theoretical 
methods are in use that typically mimic average dynamical properties (Master equations, 
Langevin equations). Also automaton models (lattice gas, cellular automata) and pseudo-
particle dynamical approaches occur at that scale. Finally, continuum-based 
thermodynamics or constitutive kinetic models (phase field, Navier-Stokes) that are 
typically solved using variational methods serve at mesoscopic and macroscopic scales.  
As numerical solvers typically Finite Element, Fast Fourier, or Finite Difference methods 
are used. These do not represent models themselves but allow modelers to obtain efficient 
solutions to the underlying coupled sets of partial differential equations that describe the 
system. This hierarchy of scales and methods is shown exemplarily in Fig. 1 for the 
prediction of the mechanical behavior of metals. 
Three branches of multiscale approaches are addressed in this overview emphasizing the 
specific contributions made in recent years by the Max-Planck Multiscale Modeling group. 
These are novel quantitative materials design strategies; the discovery of mechanisms by 
using multiscale models; and ab initio based predictions of products and processes. 
 
 

 
Fig. 1. Examples of the different time and space scales encountered in the field of the 
mechanical properties of metals (DFT: density functional theory; MD: molecular dynamics; 
DD: dislocation dynamics; CA: cellular automata; KMC: kinetic Monte Carlo; CPFE: 
crystal plasticity finite elements; FE: finite elements; FD: finite difference; FFT: Fast 
Fourier transforms) 
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Multiscale materials design: from electrons to structures and properties 
 
 
Example: Ab intio materials design: from inductive to deductive solid state chemistry 
 
A central goal in solid state chemistry is to change the field from an inductive to a deductive 
science by developing a general route to the rational planning of syntheses in the solid state 
[1]. To achieve this goal, two main issues need to be addressed: the prediction of all possible 
(meta)stable crystalline and amorphous modifications in a given chemical system, and the 
modeling and optimization of various synthesis routes that can be tuned to produce the 
desired compound. Combined with the ability to compute the physical properties of the 
predicted compounds, this will lead to an optimal development of new materials with 
specified physical properties, such as materials for high-temperature turbines, new batteries 
or sensors, which are based on widely available raw materials and have only a low impact 
on the environment. 
Predicting new compounds requires to explore the energy landscape of chemical systems, to 
determine the minima, the energetic and entropic barriers, and the locally ergodic regions of 
the landscape corresponding to stable and metastable compounds. These new modifications 
can serve as signposts for the exploring synthetic chemist, and provide information about the 
stability of e.g. solid solution phases at low temperatures thus complementing the efforts of 
the materials scientist. Such landscape explorations are performed on the atomic scale, using 
both empirical potentials depending on only the ionic degrees of freedom and high-level ab 
initio methods taking the electronic structure into account, in particular for the computation 
of the properties and the thermodynamic ranking of the modifications found. From the 
minima and the barriers separating them, one can determine the time scales on which the 
various phases are stable, and model and analyze the dynamics up to macroscopic time 
scales. Similarly, the modeling of syntheses requires the analysis of many processes 
occuring over a wide range of scales, such as chemical reactions between molecules, atoms 
and surfaces, diffusion in bulk and on surfaces, or the nucleation and growth of crystals. An 
example of this approach is a newly predicted phase of boron nitride in the β-BeO structure 
type [2,3].  
 
 
1. (Reviews): J. C. Schön, M. Jansen: Angew. Chem. Int. Ed., 35, (1996), 1286; M. Jansen, Angew. Chem. Int. 
Ed., 41, (2002), 3747; J. C. Schön, M. Jansen: Int. J. Mater. Res., 100, (2009), 135; J. C. Schön, K. Doll, M. 
Jansen: phys. stat. sol. (b), DOI 10.1002/pssb.200945246. 
2. K. Doll, J. C. Schön, M. Jansen: Phys. Rev. B, 78, (2008), 144110. 
3. J. C. Schön, I. V. Pentin, M. Jansen: Phys. Chem. Chem. Phys., 8, (2006), 1778. 
 

 

Example: Design and understanding of soft matter though multiscale models 
 
Soft materials science is a relatively new term for the science of a huge class of rather 
different materials such as colloids, polymers (of synthetic or biological origin), membranes, 
complex molecular assemblies, complex fluids etc. and combinations thereof. While many 
of these systems are contained in or are even the essential part of everyday products 
(“simple” plastics such as yoghurt cups, plastic bags, CDs, many car parts; gels and rubber, 
many low fat foods; colloidal systems such as milk, mayonnaise, paints, and cosmetics) or 
as biological molecules or assemblies (DNA, proteins, membranes and cytoskeleton etc.) are 
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central to our existence, others are basic ingredients of current and future high tech products 
(polymers with specific optical or electronic properties, conducting macromolecules, 
functional materials).Though the motivation is different in the life sciences / biomolecular 
simulations, the basic structure of the problems faced in the two fields is very similar. 
Though these materials are rather different in their structures thus require in part different 
modeling tools, there is one unifying aspect, which makes it very reasonable to treat such 
systems from a common point of view. Compared to “hard matter” the characteristic energy 
density is much smaller. While the typical energy of a chemical bond (C-C bond) is about 3 · 
10-19J ≈ 80 kBT  at room temperature of 300K, the non bonded interactions are of the order of 
k

B

BBT and allow for the strong fluctuations even though the molecular connectivity is never 
affected. kB is Boltzmann´s constant and T the temperature. To give a rough reasoning for 
this, we can compare the cohesive energy density, which gives is a first estimate of the 
elastic constants, between a typical “hard matter” crystal to soft matter. The ratio between 
the two shows that polymeric systems are typically 100 to 10000 times softer than classical 
crystals. As a consequence the thermal energy k

B

BBT is not a “small energy” for the systems 
any more, but rather defines the essential energy scale. This means that entropy, which 
typically is of the order of kBT per degree of freedom, plays a crucial role. Especially in the 
case of macromolecules, this mainly means intramolecular entropy, which for a linear 
polymer of length N is of order k

B

BBT. As an immediate consequence it is clear that typical 
quantum chemical approaches as well as simulations with atomistic details cannot be 
sufficient to characterize a material and even be less sufficient to properly predict/interpret 
macroscopic properties. This holds even for the most powerful modern computers. How 
these different contributions influence each other is illustrated in Fig 3 [1,2]. 
 
 

 
Fig. 3. Examples of the different time and space scales encountered in the field of the soft 
matter structure and properties such as polymers (MD: molecular dynamics; MC: Monte 
Carlo; NEMD: Non-Equilibrium Molecular Dynamics.) 
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Because of that in many cases rather simplified models are treated, which allow at least a 
qualitative and, in some cases if properly scaled, semi quantitative understanding of certain 
properties. A way is to start from an all atom description and derive from that directly a 
coarse grained model, which is efficient enough to study both structural properties and long 
time dynamics. Such an approach can have another advantage, if one is interested in the 
atomistic structure of melts. By employing an inverse mapping back to the atomistic model 
one can actually use the simulation on the coarse grained level to very efficiently equilibrate 
all atom models of huge size. Thus it is important to be able to switch between different 
levels of resolution of the simulation of the very same system. Fig. 4 illustrates this for 
different systems, which have been studied by the theory group of the MPI for polymer 
research. These methods have been used to study a number of material properties, such as 
surface interactions of polycarbonate with a CD stamper of the diffusivity of low molecular 
weight (toxic) additive in polymers.  
 
 
 

 
Fig. 4: 
Illustration of the combination of coarse grained and all atom simulations for three different 
systems, namely polycarbonate (BPA-PC), a basic material for CDs, polystyrene (PS), and a 
light switchable azobenzene liquid crystal (8AB8). 
 
 
 
[1] Praprotnik, M; Delle Site, L; Kremer, K, Multiscale simulation of soft matter: From 
scale bridging to adaptive resolution  
ANNUAL REVIEW OF PHYSICAL CHEMISTRY, 59: 545-571 2008 
[2] Peter, C; Kremer K, Multiscale simulation of soft matter systems – from the atomistic to  
the coarse-grained level and back, Soft Matter (2009) DOI: 10.1039/b912027k 
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Discovery of mechanisms by using multiscale models 
 
Example: Secondary structure and (un)folding of peptides from first principles 
 
The folding (or misfolding) of peptides and proteins is central to their function in biology. 
For example, Alzheimer’s disease is now understood ([1] and references therein) to hinge 
critically on the agglomeration of a slightly shorter or longer strand (labeled as Aβ40 and 
Aβ42, respectively) of the same peptide – one of which forms intermediate oligomers that 
are toxic, while the other does not.  
A predictive, quantitative understanding of this and similar processes  must be based on  
quantum-mechanics: covalent, ionic, and hydrogen bonding and van der Waals interactions. 
On the other hand, the timescales (from μs to perhaps years) and length-scales (perhaps 
millions of atoms, including a peptide’s relevant environment) of protein (mis)folding in 
vivo are decidedly larger than the outright reach of first principles electronic structure 
methods today. Therefore, simplified classical descriptions (e.g., so-called force-field 
models)  make up the bulk of  present-day simulations of proteins. Significant insights have 
been gained, but the accuracy issue and the neglect of quantum mechanics are not 
satisfactory. Developments of new concepts, algorithms, and computer codes (e.g., [5]) now 
enable predictive insights from quantum-mechanical first principles at a smaller, though 
already relevant, scale of  hundreds and even  thousands of atoms.  
Starting from the first principles electronic structure, we have studied the structure and 
(un)folding behavior of a series of polyalanine-based peptides that act as a kind of “fruitfly” 
in the community: Ac-Alan-LysH+ (n=5,10,15) in the gas phase. In particular, strong 
experimental evidence exists that the series (n=5-20) should exhibit helical secondary 
structure [2,3], with a remarkable thermal stability of this structure for Ac-Ala15-LysH+ up 
to ≈750 K [4]. The calculations are performed at the density functional theory (DFT) level 
in the generalized gradient approximation (GGA; here, PBE [6]). Already a detailed study 
of the structure of Ac-Ala5-LysH+ (80 atoms) at T=0 and T=300 K shows that a treatment of 
weak dispersion interactions (“van der Waals”, missing in straight DFT-GGA) is critical to 
obtain the quantitative energetic picture. For this part, we employ a multiscale ansatz, using 
the form of an interatomic “C6/R6” interaction field, the parameters of which are refined 
against high-level quantum-chemical databases [7]. For Ac-Ala5-LysH+, we can thus show 
(consistent with the available experimental spectroscopic data [3,8]) that a non-helical 
conformation forms the T=0 ground state, competing energetically with α-helical 
conformers at T=300 K. 
Tackling the thermal stability of Ac-Ala15-LysH+ (180 atoms) is the next (and greater) 
challenge, and simulations in this direction are now underway. Consistent with experiment, 
T=1000K simulations over 30 ps (30,000 single-point steps) show an almost immediate 
decay of the helical secondary structure (within ≈2 ps) towards a more or less extended 
random coil. At 500K, the situation is starkly different: In straight DFT-GGA (no “C6/R6” 
van der Waals correction), initial simulations (≈15 ps) show a fast decay of an α-helical 
structure into a 310-helix-like arrangement, whereas a 310-helix starting point leads to a more 
random arrangement over the same time period. In contrast, when van der Waals 
interactions are included, an α-helical arrangement is indeed stable over the simulation 
period employed here, and a 310-like starting point develops towards an α-helical 
arrangement over time. 
Our findings demonstrate that simple peptide structure, folding and unfolding problems are 
now within reach of our first principles methods at the relevant (albeit short) timescales. 
Obviously, challenges abound: Inclusion of solvent environments at the appropriate levels 
of theory (directly quantum-mechanical or via electrostatic quantum mechanics / molecular 
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mechanics embedding), ongoing refinements of the underlying quantum-mechanical 
energetics, proof-of-principle for different fundamental secondary structure types (sheets, 
turns etc), and, simply, pushing our methodologies to reach yet larger length and time 
scales. With respect to the latter point, an important point are our ongoing developments on 
the scalable, efficient use of massively parallel computer platforms at the relevant system 
sizes, which form a corner stone of the utility of FHI-aims [5]. Linking these developments 
in a multiscale fashion to yet higher-level, classically parameterized models with a basis in 
first principles should be one of the most exciting, growing playgrounds for theory in the 
near future. 
 
[1] Summer L. Bernstein, Nicholas F. Dupuis, Noel D. Lazo, Thomas Wyttenbach, Margaret M. Condron, Gal 
Bitan, David B. Teplow, Joan-Emma Shea, Brandon T. Ruotolo, Carol V. Robinson, and Michael T. Bowers, 
Nat. Chem. 1, 326 (2009). 
[2] R.R. Hudgins, M.A. Ratner, and M.F. Jarrold, J. Am. Chem. Soc 120, 12974 (1998). 
[3] J.A. Stearns, C. Seaiby, O.V. Boyarkin, and T.R. Rizzo, Phys. Chem. Chem. Phys. 11, 125 (2009). 
[4] M. Kohtani, T.C. Jones, J.E. Schneider, and M.F. Jarrold J. Am. Chem. Soc. 126, 7420 (2004). 
[5] V. Blum, R. Gehrke, F. Hanke, P. Havu. V. Havu, X. Ren, K. Reuter, and M. Scheffler, Comp. Phys. 
Comm. 180, 2175 (2009). 
[6] J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1997). 
[7] A. Tkatchenko, M. Scheffler, Phys. Rev. Lett. 102, 073005 (2009). 
[8] IRMPD / vibrational spectroscopy analysis in collaboration with P. Kupser, F. Bierau, G. von Helden, and 
G. Meijer, Fritz-Haber-Institute/ Molecular Physics Department. 
 
 
 
 
 
Ab-initio based predictions of products and processes 
In this section we present examples where ab-initio based structure and property predictions 
are coarse grained up to the macroscopic scale for the design of real world products. The 
recent breakthrough in this field lies in the fact that the design of suited alloys for specific 
applications such as strength, biocompatibility, or conductivity can be conducted by first 
identifying suited alloy ingredients and process conditions via ab initio calculations without 
using the empirical try-and-error approaches that is typically the basis of materials design. 
This method proves particularly useful for the field of mechanical properties of materials. 
 
 
 
 
Example: Ab-initio guided alloy and product design: development of new implant 
biomaterials  
 
The development of new materials for biomedical implant applications is an urgent 
requirement for matching the needs of rapidly aging societies [1-3]. The main problem here 
is the stress shielding effect: Bone is a living material that is subject to permanent 
mechanical loads. When an elastically stiffer surgical implant part replaces a portion of the 
skeleton, it takes over a part of that load, thereby shielding the remaining bone. Reducing the 
physiological loads on the bone entails resorption mechanisms which lead to a drop in bone 
density, mineralization state, and strength. Stress shielding in the bone-implant system 
finally lead to loosening, premature failure, and debris-induced infections. 
Hence, the reduction in stress shielding through a smaller elastic stiffness has highest 
priority in the design of Ti alloys for biomedical applications. Current commercial Ti grades 
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for the replacement of hard tissues in artificial joints have an elastic modulus of 105-110 
GPa while the human cortical bone has a stiffness of about 20 GPa.  
Commonly, Ti and its alloys occur in one or a mixture of two basic crystalline structures: the 
α phase and the β phase which assume hexagonal (hex) and body-centered cubic (bcc) 
structure, respectively. Alloys containing a large fraction of stable β  phase reveal a 
significant drop in the elastic modulus to values as small as 65 GPa. It is, therefore, likely 
that the next generation of structural materials for replacing hard human tissue will be of this 
type. Here, we introduce a new strategy for the theory-guided bottom up design of novel Ti 
alloys for biomedical applications via a quantum mechanical approach. We use density 
functional theory to provide theoretical guidance in selecting and optimizing Ti-based alloys 
with respect to three constraints: (i) the use of alloy elements that are non-toxic to the human 
body; (ii) the stabilization of the body centered cubic β Ti phase at room temperature; (iii) 
the reduction of the elastic stiffness compared to existing Ti-based alloys.  
At first view these properties have a macroscopic character. However, as both, the phase 
stability and the elastic properties of metals are thermodynamic quantities, they can be fully 
derived at the first principles scale. As real implants consist of many crystals with different 
orientation we use a scale-jumping multi-scale approach in which the total elastic stiffness is 
derived from the ab initio derived stability and elastic data via crystal mechanical Finite 
Element methods, Fig. 6 [1-4]. 
 
 

 
Fig. 6. Coarse graining procedure for the design of novel biomedical alloy grades using a 
multiscale model that starts with ab initio predictions and conducts the homogenization with 
a crystal-mechanical finite element method. 
 
 
 
 
The density functional predictions use the generalized gradient approximation (GGA-
PBE96). We conducted a systematic screening of binary alloys with respect to the stability 
of the β-phase in the Ti-Nb binary alloy system. The aim of the calculations was to predict 
and understand metallurgical trends. In particular we were interested in a detailed 
understanding how the alloy composition affects the stability of the β-phase and whether 
and how it can be used to tailor the Young modulus.  
The stability of a set of Ti alloys with different Nb content was quantified in terms of the 
alloy formation energy. Based on the energy conservation principle, the elastic constants of 
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the cubic systems were obtained. Finally the polycrystal coarse graining of the overall elastic 
stiffness of a final implant part was obtained using a crystal mechanical Finite Element 
method. The main result of this multiscale model is that we established for the first time a 
design strategy of an engineering part including its metallurgical alloy design on the one 
hand (alloy stability) and its mechanical (elastic) properties on the other that is based on first 
principles calculations and Finite Element based coarse graining procedure capable of 
averaging over a huge set of crystals with different orientation. 
The success of this example lies not only in the fact that the described procedure predicted a 
drop in elastic stiffness from 115 GPA for common Ti to about 65 GPa for the new Ti-Nb 
alloy but that it also served as a guideline for the metallurgical and thermomechanical 
processing that leads to the desired orientation distribution of the crystals in an actual 
implant part. This result contributes to reducing in future the pain of the roughly one million 
patients that undergo a hip implant operations worldwide every year. Also it opens 
tremendous opportunities for highly efficient theory-guided alloy and process design in the 
field of biomedical products. 
 
 
1. D. Raabe, B. Sander, M. Friák, D. Ma, J. Neugebauer: Acta Mater. 55 (2007) 4475 
2. M. Friák, B. Sander, D. Raabe, J. Neugebauer: Journal of Physics – Condensed Matter,  Vol. 20 
(2008) 064221 
3. D. Ma, M. Friák, J. Neugebauer, D. Raabe, F. Roters: phys. stat. sol. B 245 (2008) 2642 
4. W.A. Counts, M. Friák, D. Raabe, J. Neugebauer: Acta Mater. 57 (2009) 69 
 
 
 
Example: Ab initio guided process design: Error-Controlled Multiscale Modelling of 
Heterogeneous Catalysis 

 
In the 21st century the central importance of catalysis research is further increased by the 
global challenges caused by resource limitations and the need for environmental protection. 
The development of catalysts with tailored selectivity towards value-added fine chemicals 
requires a comprehensive control of the catalytic processes at all relevant length and time 
scales. In particular, present empirical testing needs to be complemented by a quantitative 
understanding of the molecular-level mechanisms underlying the macroscopic phenomena in 
chemical processing. As in many areas of materials science, computational methods are 
becoming key contributors in this quest, envisioned to ultimately enable a rational design of 
novel catalysts and improved production strategies. Of particular relevance are hierarchical 
approaches that link the insights that modeling and simulation can provide across all 
relevant length and time scales. At the molecular level, first-principles electronic-structure 
calculations unravel the making and breaking of chemical bonds. At the mesoscopic scale, 
statistical simulations account for the interplay between all elementary processes involved in 
the catalytic cycle, Fig. 7. At the macroscopic scale continuum theories yield the effect of 
heat and mass transfer, ultimately scaling up to a plant-wide simulation. 
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Emerging first-principles statistical 
mechanics schemes address the link-
age between the electronic and 
mesoscopic regime [1]. In these 
approaches, many-electron quantum 
mechanics (e.g. density-functional 
theory) is employed to accurately 
describe all relevant molecular 
processes, like the adsorption and 
desorption of reactants, as well as the 
surface chemical reactions. Based on 
this data, ab initio atomistic 
thermodynamics approaches provide 
first insight into the composition and 
structure of the catalyst surface in 
reactive environments ranging from 
ultra-high vacuum to technologically 
relevant conditions with pressures of 
the order of atmospheres and elevated 
temperatures [2]. First-principles kinetic Monte Carlo simulations follow the full dynamics 
of the system from picoseconds up to seconds and explicitly consider the detailed 
correlations, fluctuations and spatial distributions of the chemicals at the catalyst surface [3]. 
First studies of this kind have now been successfully employed to compute the intrinsic 
activity of the catalyst [3-5]. A crucial ingredient is the development of novel error-
controlled approaches that analyze the propagation of error in the first-principles kinetic data 
to the ensemble properties resulting from the statistical interplay [6]. At the largest scale in 
the hierarchy, the resulting quantitative description of the reactive surface chemistry needs 
to be interfaced with macroscopic theories that model the heat and mass transport in the sys-
tem, i.e. the flow of chemicals over the catalyst surface and the dissipation of the heat re-
leased during the on-going chemical reactions. Pioneering work in this direction integrates 
the ab initio kMC simulations for the surface kinetics into computational fluid dynamical 
modeling of the macro-scale flow structures and underscores the relevance of heat and mass 
transfer limitations particularly at high conversion operation in technological environments 
[7]. 

 
 
Fig. 7 Calculated and measured CO2 formation rate, together 
with a snapshot of the surface population under optimum 
catalytic performance and the detailed atomic geometry of the 
process responsible for the high activity. 

 
[1] “Ab initio Atomistic Thermodynamics and Statistical Mechanics of Surface Properties  

and Functions”, K. Reuter, C. Stampfl, and M. Scheffler, in “Handbook of Materials 
Modeling, Part A. Methods”, p. 149-194, S. Yip (Ed.), Springer, Berlin (2005). 

[2] K. Reuter and M. Scheffler, Phys. Rev. Lett. 90, 046103 (2003). 
[3] K. Reuter, D. Frenkel, and M. Scheffler, Phys. Rev. Lett. 93, 116105 (2004). 
[4] K. Honkala, A. Hellman, I.N. Remediakis, A. Logadottir, A. Carlsson, S. Dahl, C.H.  

Christensen, and J.K. Nørskov, Science 307, 555 (2005). 
[5] E.W. Hansen and M. Neurock, J. Catal. 196, 241 (2000); Surf. Sci. 464, 91 (2000). 
[6] H. Meskine, S. Matera, M. Scheffler, K. Reuter, and H. Metiu, Surf. Sci. 603, 1724  

(2009). 
[7] S. Matera and K. Reuter, Catal. Letters (accepted). 
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Future and perspectives 
 
The main perspectives of using ab initio-based multiscale and multiphysics models lie in 
three fields.  
The first one is the simulation-guided design of new materials with quantitative predictive 
capabilities of their structure and properties. This field brings together expertise from 
electronic structure physics, solid state chemistry, and materials science. Exciting fields of 
interest are new functional materials (for instance for energy storage or conversion and ultra-
light weight materials for more efficient mobility). The most recent challenges in this 
domain lie in the scale bridging between the ab initio predictions that are at the base of these 
models and coarse grained approaches that make use of the first principles results in a 
seamless manner. 
The second domain is the discovery of new mechanisms that are based on the coordinate 
operation of large numbers of particles or molecular units. In this area huge progress is 
expected in the fields of general material physics, interface science, and particular in 
biophysics, where only recently multiscale models gain momentum.  
The third one is the ab initio based multiscale prediction of new products and processes.  
The latter two fields have in common that multiscale methods are absolutely required to 
properly consider the often complex compositions and boundary conditions of many real-life 
processes and compounds. An example is the consideration of water, complex interfaces, 
covalent bonds, hydrogen bonds, and Van De Waals bonds in a biophysical model. Ignoring 
supposedly irrelevant ingredients in such simulations can provide incorrect predictions, Fig. 
8.  
The are also some challenges in this field. One is to obtain a more unified theory of matter 
including its structure, defects, and properties. This means that only few theory frameworks 
exist that can couple particle-based and continuum-based models with seamless transitions 
between the two views of matter. Rendering one description into the other is one of the most 
challenging tasks in condensed matter theory. Related issues are the system size reduction in 
linear and non-linear systems as well as quantitative coarse graining procedures. 
Examples of such real-life problems are the desire to arrive from electronic structure 
calculations via atomic-scale dynamics at physically-based simulations of an automotive 
crash test or of a turbine design in a consistent theoretical framework. Another example 
would be to arrive from molecular simulations of biomolecules and biominerals at the 
macroscopic prediction of bone or blood vessel mechanics. Likewise, comparable challenges 
exist in catalytic processes where mesoscopic mass transport dynamics must be coupled 
with elementary chemical reactions at reactive or catalytic interfaces.  
Approaches along these lines can be formulated as multiscale models which integrate into 
one framework a handshaking sequence of appropriate scale-specific models or – in cases 
with large scale discrepancies – as scale-bridging models which aim at directly incorporating 
electronic or atomistic results as parameters or mechanisms in mean field differential 
equations. Such crosslinking requires theoretical expertise from the different scale ends.  
Another challenge are the design of appropriate experiments: Not only theoretical 
approaches but also accompanying experiments nowadays encounter a multiscale challenge 
in that experimental observations are often influenced by real-world boundary conditions. 
This mean that experimental data can often not be fully analyzed without accompanying 
models owing to the complexity of the condensed matter phenomena inspected and the 
boundary and initial conditions imposed during experimentation. Inversely, models require 
detailed experimental scrutiny at all scales. 
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Fig. 8  Evolution in time (snapshots after 0, 10, and 20 picoseconds) of an 15-alanine 
polypetide at T = 1,000K. A high temperature is used in order to speed up the evolution. The 
interactions are treated using density functional theory together with the generalized gradient 
approximation (PBE). The left column shows the results employing a recently introduced 
PBE+vdW (van der Waals) approach. The right column shows the results obtained with the 
(so far) state-of the-art PBE functional.  Quite obviously, the long-range van der Waals 
interactions allow the polypeptide to conserve stable helical structure for a significantly 
longer time. For details and the full movies see http://www.fhi-berlin.mpg.de/th/xxx. 
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