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Theoretical Chemistry—Quo Vadis?
Walter Thiel*

Give us insight, not numbers.
Charles Coulson, theoretical chemist, 1960

Theoretical concepts permeate chemis-
try more thoroughly than we often
think. Chemists are intuitively familiar
with different types of chemical bond-
ing; with the structure, spectroscopy,
and dynamics of molecules; and with
the variety of different possible chem-
ical reactions. They use theory-based
concepts, for example from quantum
mechanics or statistical mechanics, to
describe and analyze chemical phenom-
ena. The primary task of theoretical
chemistry has always been to provide
the conceptual and terminological
framework that is necessary to under-
stand chemistry.

The dynamic boom that theoretical
chemistry has experienced in recent
decades, however, arises mostly from
the increased accuracy and efficiency of
numerical calculations and simulations,
due to synergistic advances in computa-
tional methods, software, and hardware.
These developments have made it pos-
sible to model broad areas of chemistry
using the tools of computational chemis-
try. Typical examples of such applica-
tions include highly accurate ab initio
calculations of the spectroscopy and
dynamics of small molecules, density
functional calculations of reaction
mechanisms and transition-metal catal-
ysis, quantum mechanical/molecular
mechanical calculations of enzymatic
reactions, and molecular dynamics sim-
ulations of biomolecules. These exam-
ples are quite varied, but in each case
the calculations offer independent, reli-

able information that is often comple-
mentary to experimental data and that
helps us to understand chemical phe-
nomena. For this reason, the computa-
tional sciences view simulations, along
with theory and experiment, as the third
pillar of science.

Method Development
The underlying physical laws necessary
for the mathematical theory of a large
part of physics and the whole of
chemistry are thus completely known,
and the difficulty is only that the exact
application of these laws leads to equa-
tions much too complicated to be solu-
ble. It therefore becomes desirable that
approximate practical methods of ap-
plying quantum mechanics should be
developed.
Paul Dirac, physicist, 1929

What is left to do in methodology? It
would, of course, be the wrong approach
to be satisfied with the status quo.
Theoretical chemistry thrives on advan-
ces in methodology and programming.
One obvious challenge is the accuracy of
theoretical predictions, which can be
improved if the underlying approxima-
tions are improved. This is being at-
tempted across the board (e.g., explicitly
correlated ab initio methods, multirefer-
ence methods, refined theory-based
density functionals, polarizable force
fields, ab initio quantum dynamics). A
second challenge concerns the complex-
ity of chemical processes. Strongly sim-
plified model systems may yield valua-
ble insight, but it is preferable to use
systems that are as complete and real-
istic as possible. This will require con-
sideration of the environment, either
explicitly or through coarser methods all

the way to continuum models (e.g.,
multiscale methods, mesoscopic simula-
tions), as well as an adequate treatment
of the enormous number of degrees of
freedom in such systems (e.g., sampling
of the configurational space, entropy).
Generality and robustness are further
goals in all method development. Com-
putational methods should ideally be
applicable to any type of system (i.e., all
elements of the periodic table and any
type of compound) and should guaran-
tee a uniform precision (i.e., no unrea-
sonable outliers). Another important
ongoing task in program development
is the technological adaptation to new,
more powerful computer types and
architectures. Currently, this means
writing codes that run efficiently on
massively parallel systems with hun-
dreds of thousands of processors and
on hybrid systems with fast graphics
processors, in order to increase the
available processing power by orders
of magnitude. Taken together, these
trends ensure that the capabilities of
computational chemistry will continue
to grow rapidly—as long as method and
program development keeps pace.

Practical Applications
There is nothing more practical than a
good theory.
Kurt Lewin, psychologist, 1951

What about applications, the solution
of specific chemical problems on the
computer? At the risk of oversimplify-
ing, we can differentiate between three
groups of users (even if the boundaries
are a bit blurry and a given person might
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belong to more than one group): Theo-
reticians are primarily interested in test-
ing the performance and limitations of
newly developed computational meth-
ods, for example by systematic valida-
tion on established benchmarks or
through proof-of-principle calculations.
Computational chemists are generally
motivated by chemical questions and
apply appropriate (state-of-the-art)
methods to gain qualitative chemical
insight through broad theoretical inves-
tigation of a given field. Experimental-
ists are interested in solving specific
problems, and they use standard com-
putations as an additional tool for the
characterization and elucidation of ex-
perimental results. These different uses
are all legitimate—the variety of possi-
ble applications is clearly a strength of
theoretical chemistry.

But where are the pitfalls in applica-
tions, especially for experimentalists? In
theoretical chemistry, the technology
transfer to experimental groups is fairly
easy. In the conceptual framework of a
“model chemistry” (John Pople) there
are well-defined computational meth-
ods that are accessible in program pack-
ages (some of which are commercially
available) and can be easily implement-
ed and used in a black-box fashion. In an
experimental lab group, there are usu-
ally a few computer-savvy students or
postdocs who will enjoy performing
such applications. What should they
keep in mind? First, they need to ask
themselves if theoretical calculations
make sense at all for a given problem
in light of the expected results. The next
step is to decide which model system
should be used for calculations. Simpli-
fication of the real system is unavoid-
able, but all important components must
be retained in the model; errors in this
essential step are virtually impossible to
correct later on. The choice of model
system is closely linked to the choice of
computational method and the specific
procedures to be followed. A certain
degree of expertise is necessary here, as
theoretical chemistry offers a hierarchy
of methods that differ in their applica-
tion range, computational cost, and

accuracy. Even if a standard method
such as density functional theory is
chosen, other decisions must be made
(e.g., regarding functional, basis set, and
computer program), and methodologi-
cal advances may well make standard
approaches such as B3LYP/6-31G* ob-
solete. The execution of the calculations
themselves is generally less of a prob-
lem, although technical problems may
arise (e.g., lack of convergence, failed
optimizations, etc.). These, however, can
generally be handled by sufficiently
experienced co-workers. The interpre-
tation of results is potentially more
difficult. Faith in the infallibility of the
computer is as unjustified as a funda-
mental mistrust of the numbers in the
output. Instead, users must be able to
assess the error bars associated with
theoretical results, and the best ap-
proach is to consider all computationally
available information and to combine it
with the experimental results to arrive at
an overall picture of the system in
question. “Give us insight, not num-
bers” (Charles Coulson)—this is the
attitude we should have when analyzing
results.

Collaborations
You cannot believe in astronomical ob-
servations before they are confirmed by
theory.
Sir Arthur Eddington, astronomer, quoted

by S. Chandrasekhar, Nature 1974, 252, 15

The considerations described above
apply to all sorts of application-oriented
computations, regardless of who is per-
forming them. Professional theoreti-
cians and computational chemists can
be expected to be aware of all of these
aspects, and they should be able to
support local experimental groups that
run into problems. It is certainly a good
idea for standard computations to be
performed directly in the experimental
lab groups, because they have the direct
connection to the chemical problem to
be solved. In any event, help from local
theoreticians, if needed, should come
naturally, along with a general openness

to discussion, which can lead to exciting
new collaborations. This sort of cooper-
ation might initially seem like a chore
for theoreticians, but it has the potential
to enrich their own research.

Perspectives
We may even judge the degree of perfec-
tion to which a science has arrived by the
facility with which it may be submitted
to calculation.
Adolphe Quetelet, mathematician, 1828

Which long-term developments will
lead us forward? There are two obvious
answers for universities. First, chemistry
students must receive a modern educa-
tion in theoretical chemistry, encom-
passing not only the fundamentals of the
subject but also the practical application
of the tools of computational chemistry.
Second, the field should be supported by
a suitable mix of faculty members. Both
theoreticians and computational chem-
ists will be needed as professors to
represent the breadth of the field and
to enter into fruitful collaborations with
experimentalist colleagues.

Quo vadis? Theoretical chemistry has
developed over the past decades from
rather esoteric beginnings into an im-
portant and independent part of chemis-
try and a valuable companion of experi-
ment. The rapid advance of the field
becomes clear when we consider how
realistic computations and simulations
are today in comparison to 10, 20, or 30
years ago. This dynamic progress is still
at work and promises to continue in the
future. Experiments will always remain
central to chemistry, but theory will play
an increasingly important role in the
design of experiments (by making pre-
dictions) and the interpretation of ex-
perimental results (by providing inde-
pendent information from accompany-
ing calculations). Finally, theory will be
challenged to test and expand qualita-
tive chemical concepts on the basis of
increasingly accurate computations—in
the end, the primary aim is not number
crunching but understanding chemistry.
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