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Letter from the Editors

A new cooperation to advance the Journal of Business Chemistry

The landscape of the chemical, pharmaceutical and biotech industry has changed over the past
years, not least due to mergers and acquisitions. Most prominent examples are Bayer’s latest ac-
quisition of Monsanto and the rumors about Dow and DuPont merging their businesses. Among the
companies, which are not involved in M&A negotiations recently, the tendency to enter collabora-
tions becomes visible. Just like actors in the chemical industry are searching for allies, the JoBC has
found a new partner for publishing relevant content around current developments and challenges
in the sector.
We are thus pleased to announce that the JoBC will from now on be jointly published by the Insti-
tute of Business Administration at the Department of Chemistry and Pharmacy (University of Mün-
ster) and the Center for Industry and Sustainability (Provadis School of International Management
and Technology, Frankfurt/Main). While maintaining our approach of presenting topics at the in-
tersection of management and chemistry, new impulses will guide future contents of the JoBC. 

We present our revised concept in the article “The focus of the Journal of Business Chemistry: Good
management practices in the chemical industry” to our present and future community. The Edi-
tors-in-Chief Jens Leker and Hannes Utikal identify six challenges of the chemical, pharmaceutical
and biotech industry emphasizing its importance as a research object for good management prac-
tice.

The interview “Managing growth and profitability in the chemical industry” with Hariolf Kottmann,
the CEO of Clariant, focuses on specific management characteristics in chemical companies. Fur-
thermore, the value of the organizational structure for successful management as well as current
trend topics such as interdisciplinary and cross-industry collaborations and the ‘smart industry’
movement are discussed. 

The article “High speed development of new chemical synthesis and materials at molecular-level:
Methods and approaches” by Alexander Kulesza, Kenta Stier, and Marek P. Checinski presents the ap-
plication of quantum chemical calculations in the chemical industry. The development of new sim-
ulation methods and technological opportunities (such as HTS) particularly enables research
intensive industries to design their research more efficiently. As a consequence, the companies can
achieve suc cessful innovations in less time and by using fewer resources.

Please enjoy reading the third issue of the thirteenth volume of the Journal of Business Chemistry.
We are grateful for the support of all authors and reviewers. If you have any comments or sugges-
tions, please do not hesitate to contact us at contact@businesschemistry.org.

Ruth Herrmann Bernd Winters
(Executive Editor) (Executive Editor)

93



The chemical industry affects all aspects of
human life. Advances in chemicals and pharma-
ceuticals have contributed to improve living con-
ditions, in particular through innovations in the
area of health and nutrition worldwide. Progress
in the automobile industry such as new develop-
ments concerning electric mobility were only made
possible thanks to new materials and new formu-
lations originating from the chemical industry. Also
new electronic devices such as smartphones
havewere only been made possible due to a change
of pace in the development of electronic materi-
als and an increase in their purity. Continuous
research for and production of active pharmaceu-
tical ingredients (APIs) are essential for fighting
(new) diseases and improving therapeutic meth-
ods. From an economic perspective, the crucial role
of the chemical industry is also reflected by its
impressive size of more than €4,710 billion world
chemicals sales in 2015 (Verband der Chemischen
Industrie e.V., 2016), its average global growth rate
slightly above the global gross domestic product
(GDP), and an impressive growth in Asia. All of these
characteristics make the chemical industry to one
of the most fascinating industries, not only from a

scientific, technological or societal perspective, but
also from a business point of view.

The Journal of Business Chemistry (JoBC) focuss-
es on current developments and insights at the
intersection of management and chemistry, biotech-
nology or pharmacy. 

Our goal is to provide an international forum
for researchers and practitioners in companies,
research institutes, public authorities, consultan-
cies or NGOs to present and discuss current chal-
lenges as well as potential solutions in an interdis-
ciplinary manner. Thus, the Journal of Business
Chemistry aims to foster the dialog between sci-
ence and business, to support management prac-
tice in the chemical and pharmaceutical industry
and to indicate where further research from aca-
demia is needed. With this multidisciplinary and
boundary-spanning approach, the Journal of Busi-
ness Chemistry is set to become the leading jour-
nal for decision makers in the chemical and phar-
maceutical industry.

All articles focus on the chemical industry, includ-
ing the biotechnology, pharmaceutical or process
sectors in general. They are typically rooted in one

Commentary
The focus of the Journal of Business Chemistry:
Good management practices in the chemical
industry

Jens Leker* and Hannes Utikal**
* Institute of Business Administration at the Department of Chemistry and Pharmacy, 

Leonardo Campus 1, 48149 Münster, leker@uni-muenster.de
** Center for Industry and Sustainability at the Provadis School of International Management and 

Technology, Industriepark Höchst, Gebäude B845, 65926 Frankfurt am Main, 
hannes.utikal@provadis-hochschule.de
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The chemical industry is one of the major global industries with specific manage-
ment challenges. It is an industry in transition. Compared with its economic impor-
tance and its role in providing solutions for grand societal challenges, this industry
as well as companies from pharmaceutical and biotech sectors receive comparati-
vely little attention from management literature. With the Journal of Business Che-
mistry, we intend to create an international platform for discussions between scho-
lars and practitioners on good management practice in these sectors. We thereby
promote an interdisciplinary and transboundary approach and encourage authors
and readers to look at developments at the intersection of natural sciences  and
management.
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field (e.g. chemistry) and explore implications for
others (e.g. management) or can stem from inter-
disciplinary research. The Journal of Business Chem-
istry publishes peer-reviewed research papers, essays
from practitioners’ perspective and commentaries.
Research papers are based on empirical or concep-
tual research and advance the understanding of
an important issue in the chemical (or a related)
industry. Articles in the practitioner‘s section describe
current developments in the chemical industry and
share the lessons learned from practice. Commen-
taries are short statements regarding current
research/ business problems or previous articles
of the Journal of Business Chemistry. They mainly
reflect the author’s personal opinion and should
encourage scientific discussion. It is our intention
to catalyze the reasoning on good management
practices in the industry in this phase of industry
transition and to foster the dialogue between aca-
demia and practice. 

In the following, the chemical industry – encom-
passing in our definition companies from the chem-
ical, pharmaceutical and biotech industry  – will be
characterized with regards to selected aspects influ-
encing management decisions. Starting with the
commonalities of the chemical, pharmaceutical
and biotech industry, the Journal of Business Chem-
istry also aims to take the difference between these
sectors into account. In the following, six topics are
depicted and presented in more detail, along with
their influence on management decisions in the
chemical industry. 

Firstly, the chemical industry is profoundly char-

acterized by underlying basic research. Alfred Chan-
dler, a business historian, states that the success
of chemical and pharmaceutical companies result-
ed in the past from transferring basic research find-
ings into marketable products. Furthermore, he
stated that in the past successful companies invest-
ed the profits and learning from each product gen-
eration to commercialize the next generation. Sum-
marizing this pattern in one expression he called
this capability the „engine of success“, which implies
that in the past, inventions from the academic dis-
cipline of chemistry led to economic success of com-
panies in the chemical industry. Nowadays, how-
ever, companies operating in the chemical indus-
try need to wake up to the fact that chemistry as
a science has stopped being the driver of innova-
tion and growth. Nowadays, incremental product
and process developments are more importance
important for successful companies in the chem-
ical industry than basic research. Also, the success
model of pharmaceutical companies developing
new products based on basic research findings
(blockbuster products) has faltered. Nevertheless,
since the 1960s and 1970s, biology as well as relat-
ed disciplines such as microbiology, enzymology
and the beginnings of molecular biology contributed
to generating new pharmaceutical products. Since
the 1980s, advances in the field of biotechnology
have fueled the development of innovative prod-
ucts from basic research findings.

Given these developments, the chemical indus-
try is no longer exclusively characterized by devel-
opments in the academic field of chemistry. The
future of the industry will depend to a very high
degree on its ability to integrate findings from other

Figure 1 The Journal of Business Chemistry focusses on current developments and insights at the intersection of management
and chemistry, biotechnology or pharmacy. 



academic disciplines and to cooperate with other
industries. Companies therefore need to abandon
the beaten track. These developments profoundly
influence managerial decisions in the field of strat-
egy, technology and innovations management.
Consequently, all parts of the company (all busi-
ness functions, the necessary skills of employees
and the companies’ corporate culture) are affect-
ed by this change. The chemical industry is thus an
industry in transition, relying on a greater range of
academic disciplines and with increasing empha-
sis on cooperation with other industrial sectors.
The Journal of Business Chemistry strives to pub-
lish articles reflecting these developments and
resulting implications for managers and academia
(Whitesides, 2015; Chandler, 2009; Schröter, 2007).

Secondly, the chemical industry is a process
industry where firms “add value to materials by
mixing, separating, forming, or chemical reactions”.
Process industries differ from so-called discrete
industries with regard to the production process.
In discrete industries, e.g. the automotive or engi-
neering industry, production pathways converge
as final products are assembled by using multiple
discrete input components. In contrast, a product
in the chemical industry can simultaneously act as
an intermediate, processed further to synthesize
other products, or serve as a finished, salable prod-
uct. Production processes can therefore be conver-
gent and divergent at the same time, which increas-
es the complexity of planning and optimizing such
processes. In each process, components are mixed
and react under well-defined physical conditions.
Technological characteristics in the “technical core”
of companies in the chemical industry set the frame
for all managerial decisions. For companies in the
basic chemical sector, production processes need
to be stable and optimized for high quality prod-
uct generation. The need to build up capital-intense
production facilities inhibits the “agility” and “flex-
ibility” of companies in this sector. In contrast, the
pharmaceutical industry with batch production
can be more flexible. The degree to which compa-
nies are flexible highly depends on the kind of pro-
duction process implemented. Managers in chem-
ical, pharmaceutical and biotech companies are
thus bound by process characteristics and cannot
easily transfer “management insights” from other
industries. The Journal of Business Chemistry seeks
to publish cutting edge research on the impact of
technological requirements on management deci-
sions (Wallace, 1984; Kannegiesser et al., 2008).

Thirdly, the relations towards the market are
different in comparison with other industries: the
chemical, pharmaceutical and biotech industries

are made up of a myriad of different products and
markets. The importance of “business to business”
versus “business to consumer” marketing varies
across the three sectors: Business to business mar-
kets are of very high importance to companies in
the chemical industry. Many of the products are
used in industrial production, sold to other com-
panies, or used within the same company in a sep-
arate production process. The biotechnology indus-
try also relies very heavily on business-to-business
income. Through their structure of licensing agree-
ments they are very closely interlinked with other
firms. On the other hand, the pharmaceutical indus-
try must markets its products to the medical pro-
fession and the public, where characteristics of
business to business as well as business to con-
sumer markets often prevail (especially in the field
of “over the counter products” sold in pharmacies).
Overall, the chemical industry has a mixed profile
of market relations, developing products for indus-
trial processes and agriculture as well as for the
general public. For the Journal of Business Chem-
istry this implies that aspects of marketing and
supplier-customer-relations need to be analyzed
in a highly differentiated manner, taking into
account the specifics of the different segments
(Kortmann and Piller., 2016).

Fourthly, companies in the chemical industry
highly depend highly on non-renewable resources
such as fossil fuel as input factors for their produc-
tion processes and on heat and electricity made
from coal, gas or oil. Substitutes for these limited
raw materials and energy sources are of strategic
importance for companies in the chemical indus-
try. In addition, chemical products affect the eco-
logical footprint of all final products that are to a
greater or lesser extent made up of chemical prod-
ucts. The combination of chemicals included in pro-
duction processes at all stages of the value chain
influences opportunities for product recycling. The
chemical industry is therefore strongly affected by
the idea of a circular economy. Activities at differ-
ent stages of the value chain are seen in their inter-
dependencies and closed loops for using and reusing
materials are created. Applying this idea of a circu-
lar economy to the chemical industry provides
opportunities for product, process and business
model innovation. The analysis of linkages between
chemical companies and their suppliers, their cus-
tomers and the final consumption processes is a
prerequisite for realizing benefits of the circular
economy idea. The implications of the circular econ-
omy paradigm for chemical companies and their
innovation activities will be another major topic
for the Journal of Business Chemistry (Lieder and
Rashid, 2016; Jenck et al., 2004).

Journal of Business Chemistry 2016, 13 (3) © Journal of Business Chemistry96
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Fifthly, the chemical industry is a global indus-
try. Geographically, the chemical industry affects
at least three different markets. The global foot-
print is determined by production, raw material
and energy costs on the one hand, and the need to
guarantee immediate market access on the other.
For a very limited number of products, companies
produce the entire global supply at one location.
In this case, transportation costs must be negligi-
ble in view of the total cost of a good and economies
of scale. As a consequence, consolidation of pro-
duction in one plant is preferred over a global dupli-
cation of production activities. This is particularly
valuable for producing APIs where production
processes typically have to be accredited. Never-
theless, regional production for the European, North
American and Asian market is pursued for the major-
ity of products. While there are limited trade flows
between these main manufacturing regions, trad-
ing within the regions, e.g. within the European
Union, is more intense. In addition to global and
regional markets, local markets can also be identi-
fied, where products are only delivered around or
even within one specific production facility. This
can be observed in a so-called Verbund (combined)
production system. Such a system is characterized
by an integrated production where products are,
via pipes, directly delivered to customers based at
the same location via pipes. Industrial parks where
distinct companies use one common infrastruc-
ture are an additional pattern of organizing chem-
ical companies. Overall, the chemical industry occu-
pies a multiregional role. Managerial questions
related to this characteristic focus on the question
of how to handle opportunities and risks related
to centralizing and decentralizing activities for a
company as a whole and for its different business
functions. How close should the company be to its
lead markets? How should learning and innova-
tion processes be organized? How can a chemical
company with the need for capital-intense produc-
tion facilities exploit market opportunities in a
growing emerging market – and how can volumes
be adjusted if the emerging market has growth
problems? To what degree is the concept of the
“agile enterprise” applicable to companies in the
chemical industries? These issues will be analyzed
by both management scholars and practitioners
in the Journal of Business Chemistry (Hofmann and
Budde, 2006; Cesaroni et al., 2007).

Sixthly, companies from the chemical, pharma-
ceutical and biotech sector have to manage a very
broad range of stakeholders in order to secure their
“license to operate”.  Companies from all three sec-
tors may help solving societal challenges (e.g. by
providing nutrition to a growing global population
or by providing drugs against illnesses). At the same

time, they have a very high impact on the ecolog-
ical environment and receive much attention from
different societal actors (e.g. civil society, politics,
customers, suppliers). Some topics related to the
three industries, such as genetically modified organ-
isms, animal testing and pricing of pharmaceuti-
cals, are inherently controversial in the public
domain. Furthermore, the chemical industry in par-
ticular looks back on a history of sometimes per-
vasive environmental accidents. The biotechnolo-
gy industry has inherent ethical dilemmas because
it, by definition, deals with living organisms by def-
inition. Business ethics and issues regarding envi-
ronmental and social sustainability are pertinent
to the chemical and pharmaceutical industry as
they need consumer support and trust to market
their products. Thus, important tasks for compa-
nies in all three sectors are to (a) understand and
manage a variety of stakeholders, (b) integrate the
concept of sustainability in their strategic manage-
ment processes and to balance requirements from
economic, ecological and social perspectives , (c) to
position an individual company as a “responsible
societal actor” in the public domain. These topics
are also featured in the Journal of Business Chem-
istry (Henderson, 2015).

Topics of interest

The chemical, pharmaceutical and biotechnol-
ogy industry is characterized by their its changing
environment, as mentioned above. The Journal of
Business Chemistry focusses on the developments
in the chemical industry and encourages scholars
to submit papers highlighting management
specifics of these industries or comparing these
industries with other important industrial sectors.
At the same time, the Journal would like to invite
practitioners to share their insights on successful
management practices. 

In the following some relevant topics are list-
ed:

strategy, innovation and technology manage-▀

ment (e.g. interdisciplinary innovation; cross-indus-
try collaboration; business model innovation), 

process optimization and digitalization (e.g.▀

with an focus on production processes; sales
processes; value networks), 

sustainability, green chemistry and the circu-▀

lar economy
competencies for employees (e.g. technical▀

expertise, social skills, and „transition competen-
cies“) 

The Journal of Business Chemistry is looking
forward to discussing authors’ and readers’ per-
spectives on the future of the chemical industry,
an industry in transition. Together with all relevant

Journal of Business Chemistry 2016, 13 (3) © Journal of Business Chemistry
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stakeholders, the Journal hopes to strengthen the
academic field of “successful management in the
chemical industry” in a way that is relevant to prac-
titioners. Furthermore, the Journal believes that
our interdisciplinary (“business meets chemistry”)
and boundary spanning (“academia meets prac-
tice”) approach will create benefits for all actors
involved. 
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Since 2008 Hariolf Kottmann, holding a PhD in
organic chemistry, is Chief Executive Officer of the
Swiss specialty chemical company Clariant. 
The corporation is headquartered in Basel and is
operating in 53 countries worldwide. In 2015, Clari-
ant occupied 17,213 employees of which around
1,100 (6.4%) are working in R&D. By focusing on the
four business areas care chemicals, catalysis, nat-
ural resources, and plastics & coatings, the compa-
ny generated sales of CHF 5,807 mn.
The JoBC team interviewed Hariolf Kottmann about
his perceptions regarding challenges for manage-
ment as well as current developments arising from
the chemical industry.

JoBC: Mr. Kottmann, what do you think makes man-
agement in the chemical industry specific?

Kottmann: In the first instances the chemical indus-
try is based on the same management principles
like other industries. But to a certain extent our
industry has to consider some characteristics – like
the high R&D investments, the dependence on fos-
sil resources, the energy intensity as well as the fact
that the chemical companies are highly influenc-
ing their ecological and social environment. These
factors may not have the same importance for com-
panies of other industries. Furthermore, the cycles
of new product developments are long-term ori-
ented. This means that the establishment of new
product capacity as well as supply chains takes
more time compared to other industries. At the
same time our industry faces volatile markets –
what has been highly specialized chemistry yes-
terday, is nowadays mass production. These char-
acteristics of the chemical industry indeed require
optimal strategies developed by management.

JoBC: Considering Clariant’s ‘period of extensive
restructuring’ over the past years, how decisive is
the organizational structure for successful man-
agement?

Kottmann: The organizational structure is the fun-
dament of every company. If the structure does not
support the company in doing business, there is
something wrong. At Clariant we recognized the
need to change and took action. The change of the
organizational structure was driven on manage-
ment level. Thereof, we had the chance to shape
the organization in a manner, which ensures opti-
mal communication throughout the whole organ-
ization. It was a long process to change the pat-
terns of our organization, nevertheless it paid off
at the end. Clariant reinvented itself by overcom-
ing the established structures and is today one of
the most successful companies shaping the indus-
try of chemical specialties.

JoBC: Continuing with the interdependence of man-
agement and organizational structure: How is this
affecting the corporate’s strategy and business
activities, regarding for example the production or
the R&D?

Kottmann: As a company in the chemical special-
ty industry, you must be able to react with increas-
ing flexibility and speed to global changes. The
growth market of today can be the crisis market
of tomorrow – just think of what we’re experienc-
ing in Brazil. What counts is a lean, flexible organ-
ization enabling our management to make the
right decisions.

On top of that, you must succeed in respond-
ing equally to the specific wishes and needs of both
your customers and other stakeholders. Depend-
ing on the market, customers of the chemical indus-
try expect our products to give both them and their
end customers a competitive edge. As a rule, we as
a specialist chemical company deliver products and
solutions that are processed further by other chem-
ical companies. It is therefore vitally important for
us to have locally based corporate activities such
as research and production in addition to market-
ing and sales. Only then can we analyze the mar-
ket accurately and register trends and needs that

Interview
Managing growth and profitability in the che-
mical industry

Interview with Hariolf Kottmann, Chief Executive Officer
(CEO) of Clariant*
* Clariant International Ltd., Hardstrasse 61, 4133 Pratteln, Switzerland, www.clariant.com
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may exist only there.
This is especially important from a manage-

ment perspective. For example, to meet this chal-
lenge and deliver exactly the right solutions our
customers want, we at Clariant have established
a very clearly structured “idea-to-market” process.
This includes customers, local contacts and our R&D
experts right from the start.

JoBC: Could you please explain the peculiarities for
R&D & innovation in more detail?

Kottmann: Our innovation is based on our analy-
sis of megatrends, market developments and con-
sumer needs. Together with our local customers,
we develop ideas from the results. We speak to
them and find out what problems they want to
solve. Their requirements form the basis for the
development of our innovations. We then develop
a concept based on scientific standards that also
comprises the delivery chain, the product registra-
tion and ensures the raw material supply. 

And to make that possible everywhere, we have
built up a worldwide R&D network. We have about
40 local “technical application centers” near our
customers which are managed by the respective
business units. This network is coordinated in Frank-
furt-Höchst, where the “Clariant Innovation Cen-
tre” (CIC) acts as a sort of hub, a global competence
center for chemical research, development and
process technology.

JoBC: What are you focusing on in the local cen-
ters?

Kottmann: In Shanghai for example, we are build-
ing a center to concentrate on new catalysts that
are specifically suitable for process technologies
applied in China. In Brazil, a laboratory is currently
being built to move ahead with applications for
the cosmetic industry. It is specifically related to
hair shampoo ingredients. Hair care is highly prized
in Brazil, where the population structure is respon-
sible for the greatest variety of hair types in the
world. Consequently, it is of great importance to
be present in the respective markets, without com-
promising the potential synergies.

JoBC: Speaking of potential synergies, are interdis-
ciplinary and cross-industry innovations valued and
already part of Clariant’s daily business? 

Kottmann: Absolutely, although the potential is
more important than the volume. One example is
Open Innovation. We have gained initial experi-
ence here, for instance in the area of functional
packaging. We developed our Open Innovation Ini-

tiative jointly with the University of St. Gallen and
Stanford University. The goal is the active and strate-
gic integration of external knowledge into the com-
pany. We obtain this knowledge not only by using
the generally available internet providers and our
Open Innovation platform. We also actively invite
external partners, start-ups or universities to con-
tribute ideas and solutions to our Open Innovation
focus fields. This results in the development of proj-
ect-related, long-term partnerships. In return, we
offer these partners access to financing opportu-
nities, marketing, infrastructure and practical know-
how. It’s therefore a win-win situation for all con-
cerned. I see great potential for this in the future.

JoBC: There are further capabilities besides inter-
disciplinarity which are highly demanded nowa-
days. Which challenges do you see especially in the
area of employees’ behavior as well as recruiting
and education?

Kottmann: In order to develop service and product
offers beyond established value-adding chains, a
company needs the corresponding know-how: in
biotechnology, material sciences, process technol-
ogy, information technology or nanotechnology.
The classic professions – chemists, chemical engi-
neers, but also commercial professions – continue
to play an important role. However, the great chal-
lenge is to find appropriate experts on the labor
market, because we are competing here for the
best talents. 

This is the reason why we practice employer
branding. We must be able to communicate why
our company offers better opportunities to people
who want to develop themselves and become part
of our innovative culture. Here again, what counts
is not just expert knowledge, but rather openness
for new ways of thinking. I am convinced that only
an open corporate culture enables us to use the
opportunities in areas of innovation.

A change of mind-sets that reflects the corpo-
rate culture is extremely important. There are still
too many chemical bureaucrats - in our company
too. To meet the challenges of megatrends and cor-
porate change, we need a change of attitude and
behavior, a cultural transformation from the cen-
ter of the organization. We must all ask ourselves
every day: What does my customer want? Where
is the added value for him? What does that mean
for me and my company? What contribution can I
make? Along with Business Excellence therefore,
the area of People Excellence has therefore a high
priority for us. 

JoBC: The idea of sustainability is still challenging
the chemical industry. Apart from developing the



right products, how could sustainability be sup-
ported by management?

Kottmann: In our view, sustainability is an impor-
tant motor of innovations generating additional
growth. I am convinced that companies will in five
years from now find it difficult to run their busi-
ness successfully and remain socially accepted with-
out taking account of sustainability. We have for
instance established the “Portfolio Value Pro-
gramme” initiative. This involves investigating our
entire product range according to stringent sus-
tainability criteria. If a product meets this test and
shows an excellent sustainability profile, we iden-
tify it with our own EcoTain® label. Products in the
range not meeting these demands are substitut-
ed.

We have furthermore introduced a sustainabil-
ity index as an integral part of our Stage Gate
process. This enables us to examine research proj-
ects at an early stage for compliance with sustain-
ability criteria – a further measure to secure our
long-term success.

Switching to renewable raw materials for select-
ed applications is another of our objectives. We
therefore rely increasingly on innovative products
that can be derived from renewable raw materials
in these areas.

One example is the production of surfactants
from saccharides (sugars). We can use an interme-
diate stage in this process from bio-feedstock to
end-product to develop, for instance, an innovative
product that plays an important role in manufac-
turing paints and lacquers. This product is ideal for
manufacturing odorless paints, which is particu-
larly relevant for internal spaces. Because it is pro-
duced from renewable raw materials and does not
harm aquatic organisms, it also has an outstand-
ing environmental profile. This allows our indus-
trial customers to use corresponding ecolabels for
their end products, for example a lacquer you can
buy in a DIY shop. This is becoming increasingly
essential in the market.

JoBC: Turning to another current trend, do you have
an idea of how organizations will be affected by
the ‘Smart Industry’ movement, also known as
‘Industry 4.0’?
Kottmann: Digital technologies will influence the
specialist chemical industry. They may not be as
visible or as pioneering for us as for other sectors
like the automotive or machine-building industries.
But they will definitely affect us, starting with the
growing transparency of, for instance, the flow of
information or commodities along the value-adding
chain. And digitalization will succeed in turning a
customer’s requirements into entirely new busi-

ness opportunities reaching far beyond the actual
products.

JoBC: Which areas will be influenced by these devel-
opments?

Kottmann: I can give you a current example from
our Oil & Mining business unit: in oil production,
plant operators and their suppliers are challenged
by the wide distribution of the production facili-
ties. The shale oil boom in the USA has created thou-
sands of them. Visiting these sites and locally con-
trolling the processes naturally demands much cost
and effort expenditure. Oil production requires
small volumes of special chemicals. Partners have
helped us to develop software (VeriTrax analytics)
that collects and automatically integrates key
parameters and analysis data from the production
plants and the corresponding laboratories, to which
our engineers have direct access. They process the
data and supply them to the laptops or smart-
phones of our customers. The key advantage is the
combination of analysis and delivery. Veritrax Deliv-
ery identifies the production site via GPS data, com-
putes the required amount of special chemicals
and loads the order straight into the appropriate
SAP system. This reduces data input and process-
ing costs while increasing efficiency and quality at
the customer’s end. And the field personnel does
not need to climb into their pickups so often.

In this case, digitalization helps us to enter new
terrain and differentiate ourselves from the com-
petition. The example shows why we must con-
stantly query our business approaches and consis-
tently align ourselves towards customers and mar-
kets so that we do not miss such opportunities. It
also has an influence on our employees. The issue
here is a different way of working and the right
attitude, which is why we are calling for a “change
in mind-set”. Our basic and further training activ-
ities are also affected, and so is the way we approach
potential employees.

JoBC: Finally, how do you evaluate the current pres-
sure to change in the chemical industry?

Kottmann:To my mind, the constant change in our
surroundings and the resulting consequences for
specialist chemical companies are nothing new.
Our global markets were and remain very dynam-
ic and subject to continuous change. A company
that seeks to be sustainably successful must there-
fore also change and develop permanently. Every
company must keep asking itself what right it has
to exist. We will not have earned our “license to
operate” until we are able to explain to our stake-
holders why our company should exist at all.
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1 Introduction

The field of computational chemistry is diverse
and offers a number of inherently different
approaches suitable for different problems, target-
ing isolated molecules in the gas phase to extend-
ed solids, polymers and liquids. By simulating not
only energy and derivative properties, but adding
a time domain to the problem, the dynamics of the
system of interest can be accessed. For research
and development (R&D) projects, computational
chemistry is an ideal tool to test new ideas for chem-
ical transformations and new materials on the
molecular level due to the fact that computations
do not require synthesis or dedicated lab equip-
ment. Furthermore, experimentally hard to char-
acterize molecules - such as transient intermedi-
ates - can be investigated to full detail. In view of
these benefits and the moderate investment costs
for a specialized interdisciplinary team with own
IT-Infrastructure (and no need for laboratory equip-
ment), companies are able to generate a compar-
atively high return of investment (ROI) through
developing new game-changing materials and syn-
thesis routes (see a comparison of characteristics
of traditional vs. computationally supported
approaches in Table 1). This potential and value of

using computational approaches has already been
pointed out in several industrial roadmaps (The
American Chemical Society, 1996; Council for Chem-
ical Research, 1999; Roadmap for Catalysis Research
in Germany, 2010). The significantly increased num-
ber of molecules researched by computational
chemistry is also schematically demonstrated in
Figure 1. 

From the vast field of computational chemistry,
including multiscale descriptions, low-resolution,
“coarse-grained” models and the broad field of clas-
sical molecular dynamics, this article focusses on
describing techniques based on quantum mechan-
ics providing universal descriptions of chemical
transformations and materials as well as deliver-
ing key properties arising from the electronic struc-
ture that are not accessible with classical meth-
ods. In the following sections, an overview about
the prospects and limitations of the technology is
given and exemplary fields in which computation-
al approaches have already been successfully applied
and yielded in breakthrough innovations are pre-
sented. Selected methods and problems are used
as showcases, e.g. to demonstrate how quantum
chemical investigations can be utilized to analyze
a) key steps of chemical processes, b) how strate-
gies for the design of catalysts are adapted and c)
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how the identification of new materials can be
accelerated.

1.1 Application of quantum mechanics: Synthesis

Improving the efficiency of chemical manufac-
turing processes leads to significant strategic advan-
tages in highly competitive markets, which conse-
quently enables companies to generate a higher
added value. If the possibilities of cost reductions
by optimizing the application of raw materials and
energy supply are exhausted, increased process
economy in form of higher production rates or high-
er product selectivity can be achieved by changing
the process itself, additives (e.g. catalyst, ligand) or
adjusting reaction conditions (e.g. solvent, temper-
ature, process structure). Since the synthesis of
chemical compounds can be a complex multi-step
process during which different molecules interact
within a particular reaction environment (e.g. sol-
vent, catalysts, pollutants), adjustments of process-
es can be demanding.

Quantum mechanics offers the possibility to
perform simulations for well-defined and designed
model systems as well as for model problems picked
by the researcher. The individual reaction steps and
interactions, which are usually planned, performed
and analyzed in laboratories, can thus be disentan-
gled and examined separately and quantitatively
without interference. Then, subsequently increas-
ing the complexity of the simulations, influences
of the individual reaction components on the whole
process can be determined at the molecular level.
In addition, the influence of process parameters

such as temperature, polarity and structure as well
as solvent and concentration effects, which are
known to have a high impact on the conversion
and selectivity of reactions, can be investigated. In
addition to stoichiometric syntheses, catalytic reac-
tions can be studied by employing appropriate mod-
els for the active center of the catalysts (in fact, cat-
alyzed reactions constitute the major part of chem-
ical production). Using algorithms to search for crit-
ical points of the reaction path(s) such as the
involved intermediate minima and their liaising
transition states assembles a greater picture of the
overall mechanism. Its analysis in terms of the ener-
getics and entropic effects helps to determine why
a reaction with one specific catalyst is faster and
more selective than with a different one. Interpret-
ing the molecular level findings on the process scale
can provide evidence of why for example current-
ly used production methods suffer from poor con-
version or produce contaminated products, which
need to be isolated at a high price. Due to the tech-
nically facile scalability of computations and num-
ber of mechanistic paths investigated, it is possi-
ble to examine a large number of molecular vari-
ations and reaction conditions in a short time com-
pared to practical laboratory experiments (weeks
instead of years). This saving in time allows for the
parallelized exploration of process parameters: tai-
lored to the chemical process and at the same time
with high throughput. Table 1 compares the main
characteristics of the conventional and extended
approach.

The throughput of the computations can be fur-
ther accelerated when using chemoinformatics

Figure 1 Simplified overview of the development of quantum mechanical simulations (number of atoms included in treatment
vs. time). Examples from left to right depict potential energy surface exploration, rationalizing critical steps of
selectivity, catalyst design, based on the simulations.
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Table 1 Comparison of the conventional and the computational approach. Abbreviations used in the table: Quantum
mechanics (QM), semi-empirical quantum mechanics (sQM), molecular dynamics (MD), virtual high throughput
screenings (vHTS), machine learning (ML), quantum mechanics derived force field (QMDFF).

Synthesis Materials

General aim Activity & selectivity Material properties

Specific target Activation barrier,
deactivation, stability

Macroscopic effects
(i.e. concentration

temperature)

Molecular property
(i.e. color, redox

potential)

Macroscopic property
(i.e. stability, viscosity)

Conventional approach (Laboratory)

Scalability 5 - 100< 5 - 1000<

Time days - years days - years

Staff 5 - 50 3 - 50

Equipment Laboratories, chemicals, instruments for analytics, logistic, back office

Result better-or-worse,
empirical hypotheses

Extended approach (Computation)

Atomic scale Molecules, surfaces Solutions, particles Molecules,
agglomerates

Solutions, polymers,
particles

Simulation approach QM/sQM sQM QM/sQM sQM/(QMDFF)

Process

Mechanism analysis


Determination of
property influencing

positions


vHTS


ML

Concentration,
temperature, solvent


MD


Statistics

Determination of
property influencing

positions


vHTS


ML

Concentration,
temperature, solvent


MD


Statistics

Scalability 10 - 10,000< reactions 10 - 100< reactions 10 - 1,000,000<
molecules 10 - 100< materials

Time days - weeks weeks - month days - weeks weeks - month

Staff 3-5 2-4 2-5 1-3

Equipment Advanced software and special computers

Result

How much better-or-worse,
explanations,

global correlations,
predictions
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concepts that use data mining and chemical data-
bases techniques and allow high grades of autom-
atization. The interaction with the vHTS scheme in
an R&D project, together with a workflow is
sketched in Figure 2. The presented example high-
lights that virtual high-throughput screenings
(vHTS) may be used to investigate numerous new
variations and to test in the computer model
whether target parameters such as yield or selec-
tivity can be improved. Consequently, the gained
understanding of the trends in the reaction (espe-

cially the role of a series of modified catalysts) and
the narrowing of the chemical variation space to
only promising candidates greatly reduces devel-
opment time and costs.

Figure 3 exemplary shows a screening of the
activation barrier of a CO insertion reaction, where-
by the performance of several metals, ligand back-
bones, ligand rests, and solvents was evaluated.
Homogeneous catalysts derived from Cole-Hamil-
ton-type (metal-organic complexes) were taken as
model catalysts. Different modifications were cre-

Figure 2 Comparing a conventional R&D process (grey) with a process involving the use of quantum mechanics and virtual
high throughput screenings (green).

Status Quo

R&D Team
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Innovation
New Technology

Synthesis/Material
Analysis
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virt. High Throughput
Screening (vHTS)
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Computation

Disruptive
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Properties

Most promising

Conventional testing Massive screening

Investigations at
molecular level

candidates
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ated in-silico by changing functional groups of the
ligands extremity (altering the bulkiness of the
overall catalyst) and by changing the bidentate lig-
and’s backbone length (altering the coordination
geometry). The CO-insertion barrier was taken as
descriptor that significantly contributes to the over-
all turnover frequency (TOF) of the reaction. For
every member, this barrier was calculated at the
DFT level (see below) and the height was color-
coded. Green entries correspond to catalysts with
high TOF – indicating potentially interesting leads
for further testing. These quick evaluations thus
show clearly which kind of metal, ligand backbone,
and ligand rest combination is the most promis-
ing.

1.2 Application of quantum mechanics: Materials 

The prospect to use theoretical methods to
design and test new compounds in silico led to the
idea of first-principles materials discovery (Curtaro-
lo et al., 2013; Greeley et al., 2006; Maier et al., 2007).
The necessary high-throughput computational
screening (explanation see 1.1) of hypothetical chem-
ical motifs or elemental compositions has indeed
become more feasible in the recent past, given the
availability of scalable high-performance comput-
ing infrastructure. Such pre-screening procedure

would reduce the R&D costs, where optimization
potential of components for display dyes (Figure
4), batteries (Figure 5), sensors, electric circuits, pho-
tovoltaic devices etc. is expected by tuning the
chemical structure and composition of the mate-
rial itself. This can be achieved by choosing few
promising backbones and create several deriva-
tives of these structures. Compared to the research
in laboratories, modern virtual high throughput
screenings can examine much more structures in
shorter time periods, at much lower costs and offer-
ing more results per molecule.

For new OLED emitter materials, one interest-
ing question is to tune the color of the electrolu-
minescence by chemical modification. In the exam-
ple shown in Figure 4, modifications were done to
an imidazole-derived compound displaying inter-
esting photophysics. Known synthetically available
modifications constitute the backbones HBPI, HPI,
HPNI and NHPI to be further functionalized at posi-
tion RA. The screened descriptor is the emission
wavelength obtained by a tailored semi-empirical
excited state method after excited state relaxation.
The values are coded to an RGB value for the visu-
alization. The result from this screening is that only
one backbone provides sensitivity to modification
at RA, while the others are relatively tolerant. There-
fore, only the “sensitive” backbone might be cho-

High speed development of new chemical synthesis and materials at molecular-
level: Methods and approaches

Figure 3 Overview of a small virtual catalyst screening (vHTS) at the rate limiting step. Comparison of the activation barrier
of different metals (Ni, Pd, Pt), ligand backbones and ligand derivatives. The impact of one solvent was also investigated
(bottom).

vHTS: Activation barrier

Absolute activation barrier (ΔG0,‡ [kJ/mol]) in gas phase:

Change of barrier height (ΔΔG0,‡ [kJ/mol]) in solution: MeCN
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sen for further treatment, since it covered a broad
range of emission properties.

For the development of new organic battery
materials, tuning the redox potential of a redox-
active agent on the molecular level might be nec-
essary. One interesting redox active organic motif
is based on the tetrathiafulvalene (TTF) moiety. In
the example screening in Figure 5, experimentally
common functional groups are introduced in sili-

co at three positions to evaluate the impact of mod-
ification on the energetics of two oxidation steps
(0/+) and (+/++). The reference potentials (see black
line) of the unfunctionalized molecule is system-
atically shifted to higher values as an outcome of
the screening, which further allows to estimate the
range of potentials addressable by this type of mod-
ification (the range covered by green and magen-
ta sticks, respectively, for the two redox stages).

Figure 4 Screening of optical properties of several derivatives. Identification of the most important derivatives and position
of a molecule backbone.

Figure 5 Virtual high throughput screening (vHTS) of new materials for organic battery applications. Distribution of the
redox potential for 504 compounds in a few days.

vHTS: Wavelength λmax

vHTS: Redox potential
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Apart from the conduction of individual simu-
lations within a screening, the time-evolution of
the systems’ structure can be simulated. With
increasing computational power and advanced
methodologies that allow quantum-level accura-
cy treatment with low computational costs, it is
nowadays even possible to predict complex macro-
scopic properties like melting points or glass tran-
sition temperatures of any molecules or molecule
mixtures with very low deviations to experiments.
Figure 6 shows exemplary the significant changes
of the phase around the melting point or glass tran-
sition temperature, respectively.

So far, also several industrial players made
progress in establishing databases of predicted
material properties (Jain et al., 2011). Despite the
emerging technical feasibility of performing these
screenings, their practical use in materials discov-
ery in an industrial frame is limited so far. This lim-
itation is mostly due to a discrepancy between the
practical framework for the development of new
materials in the R&D process characterized by safe-
ty regulations, costs, compatibility or durability
requirement etc. and the rather limited prospect
of a purely theoretically proposed formula to be
ultimately successful. To picture an example, plat-
inum metal is still frequently used as electrocata-
lyst in the hydrogen evolution reaction in water
electrolysis, although several computational screen-
ings have proposed materials of other elemental
composition (Greeley et al., 2006; Andersson et al.,
2006). However, a low number of abstract and sim-
plified theoretical descriptors of the performance

are usually screened, so that theoretically expect-
ed performance and the practical performance
(including stability of the material under load and
realistic – harsh conditions) are contrasting. This
high number of uncertainties underlines that more
tailored screening approaches are of much more
practical use, where the screening extends and
complements know-how and expertise of
researchers who are merely using the computa-
tional tools. As for the chemical synthesis a screen-
ing approach as presented in section 1.1 enables to
perform a computational screening of compounds,
profiting from the expertise in physico-chemistry
of the team of researchers. The balanced choice of
theoretical descriptors including stability and per-
formance issues as well as environmental factors,
realizes a more directed computational screening
than a brute-force high-throughput screening. A
similar conceptional screening approach can be
tailored to the material’s sector as presented in
section 1.2. With the established systematic struc-
ture-property relationships that are the outcome
of such studies, design of materials is greatly facil-
itated and costs can be reduced by feeding the data
in larger-scale models performing device-level sim-
ulation to test new ideas in-silico.

2 Simulation methods

Theoretical methods to describe structure and
dynamics of materials and chemical compounds
on the molecular level encompass classical and
quantum mechanics. Molecular dynamics simula-

Figure 6 Computation of melting points (Tm) or glass transition temperatures (Tg) of metal organic or organic materials.
Reaching high accuracy on complex materials properties in a few days. Abbreviations used in the Figure: Aluminium-
tris(8-hydroxychinolin) (Alq3), Tris(4-carbazoyl-9-ylphenyl)amine (TCTA)
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tions are often based on the former where inter-
actions between the particles are parametrized as
bonds, angles, dihedral angles as well as non-bond-
ed (Coulomb and van der Waals interactions), denot-
ed as the force field (see for example (Mackerell,
2004; Ponder and Case, 2003)). Quantum mechan-
ics, on the other hand, provides, a universal way to
mathematically describe the properties of matter.

The accurate ab-initio methods solving the
Schrödinger equation (like coupled cluster or per-
turbation theory methods or quantum monte carlo
simulation), however, are in view of the high com-
putational costs not very frequently used and their
application is so far limited to academic show-cases
rather than industry-relevant species. A list of rec-
ommendable methods and their characteristics are
shown in Table 2.

In contrast to the accurate universal bottom-
up quantum description, empirical expressions can
be used that represent a chemical species by a pre-
defined topology (connectivity). The simulated
molecular dynamics using relatively simple poten-
tial functions is attractive to predict the structur-
al behavior, especially of soft matter. The low com-
putational costs allowing to simulate rather long

timescales of the dynamics of big systems, with
the state of the art being for example a full virus
capsid (64 million atoms, 100 ns) (Zhao et al., 2013).
The drawback of classical mechanics is its limita-
tion to a single chemical species, so that chemical
transformations or other processes with a change
in electronic structure can only be incorporated
with more complicated extensions such as a reac-
tive force field (Van Duin et al., 2001) or the empir-
ical valence bond method (Kamerlin and Warshel,
2011; Warshel and Weiss, 1980). Furthermore, there
exist severe limitations in the systems that are well
described by current standard parameter sets, espe-
cially regarding transitions metals. Addressing this
problem, quantum chemistry is of great help. In
Grimme’s QMDFF approach, for example, the usual
parametrization of representative building blocks
by hand is replaced by a tailored system-depend-
ent QM calculation (Grimme, 2014), which can even
be applied to rather complicated transition metal
complex-containing systems, and still bear all ben-
efits of a classical potential simulation. 

This development already points into future
directions, where combinations of universal quan-
tum descriptions together with a suitable param-

Table 2 Recommendable methods for quantum mechanics-based studies. Abbreviations used in the table: Double hybrid
density functional (DH-DFT), high performance computer (HPC).

Type Accuracy Speed Example Computer Application

Molecular
mechanics medium to high very high QMDFF Notebook to

server
Molecular
dynamics

Approximate
QM methods low to high high PM6-D3H+,

OM3-D3, DFTB3
Desktop to

server
Molecular

dynamics static

DFT low to high medium

PBE0-D3BJ,
B3LYP-NL,

PW6B95-NL,
wB97X-V

Server to high
end server

Optimization of
geometries, compu-

tation of energies

DH-DFT high low

B2GPPLYP-D3BJ,
DSD-PBE-NL,

xDH-PBE0,
PWPB95,
PWRB95

High-end server

Computation of
accurate

geometries and
energies

Coupled cluster very high very low CCSD(T),
DPLNO-CCSD(T)

High-end server
HPC center

Computation of
reference data
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etrization to lower the computational costs will be
further developed. Incorporation of electron corre-
lation and treating metals will be the challenge for
and the advancement of semi-empirical methods
exceeding the currently available methods and
parametrizations like PM6-D3H+ (Stewart, 2007;
Kromann et al., 2014), DFTB3 (Koskinen and Mäki-
nen, 2009; Gaus et al., 2011).

Intermediate between highly empirically param-
etrized methods and parameter-free ab-initio quan-
tum chemistry is the density functional theory (DFT)
that is the workhorse method in computational
chemistry. This method provides high accuracy in
many cases on the one hand and manageable com-
putational costs on the other. Because it is impos-
sible to test all available methods regarding the
applicability to a given problem, benchmark stud-
ies – that is testing a number of methods for a rep-
resentative class of test-molecules - are often per-
formed to measure their suitability. Although there
are a number of benchmarks for a large range of
computational tasks, e.g. noncovalent interactions
(Burnset al., 2011) and excited states, it is a well-
accepted fact, that there exists no all-purpose
method that yields acceptable results throughout
all phenomena and all classes of molecules. For
example, for quite some time, the B3LYP hybrid
functional has been regarded as such all-purpose
model chemistry, however, in the recent past, the
opposite has been proven (Sure and Grimme, 2015;
Kruse et al., 2012; Grimme et al., 2010). Often, this
functional provides the worst compromise among
comparable methods, while well-chosen state-of-
the art functionals may operate within the exper-
imental uncertainties. Sometimes, DFT itself fails
to qualitatively describe the molecule of interest
so that, despite the higher computational costs ab-
initio approaches have to be chosen.

One direction to overcome inherent errors in
the DFT methodology is to use parameters in the
functional and to parametrize the method to a
given test set. For example, the M06 functional
employs a number of 36 parameters determined
by a large benchmark study (Zhao and Truhlar,
2008). However, past experience suggests that
these methods are mainly suited for systems of
marked similarity to the ones included in the fit-
ting sets. Benchmarks from arbitrary molecular sys-
tems which are not covered by fittings, such as the
“Mindless Benchmark” set (Korth and Grimme,
2009), contribute significantly towards the identi-
fication of generally applicable methods. Notice
that there exists also the alternative strategy:
improving the underlying theoretical framework
without introducing empirical parameters. The
prominent example of this direction bases on the
relatively old PBE functional (Perdew et al., 1996)

that has experienced several modifications with a
modern functional addressing major drawbacks of
DFT (Eshuis and Furche, 2011; Zhang et al., 2012;
Adamo and Barone, 1999). 

Substantial inherent errors in pure density func-
tional theory include the lack of van der Waals type
of interaction that originates from dynamical cor-
relation. Such interactions are conveniently intro-
duced by an atom pair-wise dispersion potential
of which the most recent and prominent is
Grimme’s D3 correction (Grimme et al., 2011) which
requires only minimal additional computational
effort. Another description based on the electron
density is also available with the VV10 method (Hujo
and Grimme, 2011; Vydrov and Van Voorhis, 2010)
as -NL extension to existing density functionals,
being calculated during the density functional eval-
uation and of higher computational cost. The inclu-
sion of dispersion interactions has become increas-
ingly important, in particular for the more accurate
description of charged molecules or organo-metal-
lic systems, allowing for an appropriate examina-
tion of industry-relevant systems such has cata-
lysts or magnetic materials (Grimme et al., 2016).

Other DFT approaches like Meta-GGA (M06
(Zhao and Truhlar, 2008), PW6B95 (Zhao and Truh-
lar, 2005), TPSS0 (Tao et al., 2003)) and range sep-
arated functionals (CAM-B3LYP (Yanai et al., 2004),
ωPBEh (Rohrdanz et al., 2009), ωB97X (Chai and
Head-Gordon, 2008)) lead to an even better descrip-
tion of structural parameters and electronic excit-
ed states.

A great leap in the accuracy which exceeds pure
DFT functionals was achieved as a result of new
methods such as the group of double hybrid func-
tionals. For instance, the prototype B2PLYP-D3 and
derivatives (Goerigk and Grimme, 2014) have become
state-of-the-art methods for the calculation of very
accurate thermodynamic data in an acceptable
period of time. Latest developments, such as
PWRB95, deliver excellent results which are com-
parable to the classic double hybrids, while requir-
ing lower computational expenses which range
between DFT and DH-DFT. Ab initio methods such
as CCSD(T) are frequently regarded as standard ref-
erence due to their very high accuracy. As a result
of simplifications such as DLPNO-CCSD(T), their
high computational cost can be significantly reduced
(Riplinger and Neese, 2013; Riplinger et al., 2013). A
simplified comparison of computational cost of
some popular simulations methods is shown in
Table 3.

In conclusion, all above, computational mate-
rials or synthesis discovery is far from being a black-
box work-flow including subtle challenges in the
application of the appropriate theoretical frame-
work. This complexity requires expertise, experi-



ence and continuous testing and validation of the
predictions, all being best-practice in computation-
al materials or syntheses discovery.

3 Conclusion and Outlook

Computational chemistry has become a well-
established tool in academic research as well as in
industry. The application of quantum mechanics
delivers knowledge at the molecular level, partic-
ularly on what is happening at specific chemical
reaction steps and why certain material properties
arise.

Even though there already exists a high num-
ber of innovative simulation methods, new simu-
lation methods and potential game-changers are
continuously being developed. For instance, if new
approaches or significantly more efficient comput-
er technologies can access the world of process-
scale molecular dynamics (covering realistic
timescales of milliseconds to seconds) by accurate
methods that rely on none or only few empirical
parameters, new insights into temperature and
concentration-dependent effects of chemical reac-
tions or materials may become available for addi-
tional areas, such as semiconductors, fuel cells and
automotive or IoT (Internet of Things) batteries. On
the other hand, new methods with a comparable
accuracy like DFT and at the cost of semi empirical
methods would also have a massive impact on the
size of virtual high throughput screenings and in
data generation for innovative machine learning
algorithms to develop a specialized artificial intel-
ligence for chemistry.

The modification of chemical systems, the com-
putation of properties and their analysis can be
automated in many areas; current virtual high
throughput screening technologies allow improve-
ments of chemical synthesis or of a material to be

rapidly identified. This reduces personnel require-
ments as well as development time and costs sig-
nificantly, as only the most promising systems need
to be analyzed in the laboratory. Consequently, com-
petitors who rely on cheap labour and fewer reg-
ulations may lose their competitive advantage
because scalable quantum chemical investigations
can be done faster, cheaper and analyse more details.
With the help of modern, highly accurate simula-
tion methods, enormous productivity gains and
faster time-to-market can be achieved.

However, this advancement comes with a cost:
the high diversity of suitable and unsuitable meth-
ods and approaches renders it often virtually impos-
sible for individual professionals to effectively and
competently cover this cross-sectional technology
(combining quantum mechanics, chemistry, physics,
materials science as well as hardware and software
technology). Experience shows that only a multi-
disciplinary and experienced team of chemists,
quantum chemists, physicists and IT specialists is
able to produce relevant and realistic simulation
data and to process and evaluate it in a very fast
way and support the industries R&D specialists
with key information at molecular level to devel-
op new game-changing syntheses and materials.
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Table 3 Simplified comparison of the relative computational costs of different simulation methods normalized per SCF
iteration (Abbreviation used in the table: Lysergic acid diethylamide (LSD); Number of atoms in parentheses).

Computatio-
nal costs PM6-D3H+ PBE0-D3 M06 ωB97X-D3 B2-PLYP-D3 CCSD(T)

Benzene (12) 0.0023 1 1.02 1.4 1.8 188

Caffeine (24) 0.0002 1 1.02 1.5 1.8 -

LSD (49) 0.0001 1 1.09 1.5 2.1 -
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