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editorial

Let's create the future of Chemistry

2019 is a very unique year for
chemistry and chemists because
a large number of events and con-
certed actions related to chemistry
are occuring. Indeed, this month
in Paris, the IUPAC 2019 Congress
and the joint 50" General Assem-
bly will present a unique event as
both will celebrate the Centenary
of the International Union of Pure
and Applied Chemistry (IUPAQ). It
was conceived in Paris, elaborated
in London and signedin Brusselsin
1919. Moreover, 2019 is an excep-
tional year for chemistry because
the United Nations General
Assembly proclaimed it as the
International Year of the Periodic
Table of the Elements established
by Dmitri Mendeleev in 1869.

Chemistry is an exceptional disci-
pline, a science that is playful for
anyone who appreciates it! To be a
little provocative, we will say that
everything is chemistry: ourselves
and our environment! Chemistry is
a central discipline that nourishes,
functionally intellectually and eco-
nomically, both humanity and the
academic and industrial worlds.
Research in chemistry is at the
frontiers with all disciplines (bio-
logy, mathematics, physics, engi-
neering, environmental sciences,
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etc.) and covers both fundamental
research, essential for the unders-
tanding of phenomena, and also
research oriented towards indus-
trial innovation. Our aim as che-
mists is to make chemistry better
known as a science and also as an
industry, and to show the unwave-
ring links that they maintain and
try to arouse vocations among
the youngest.

Chemistry is indeed a source of
inspiration, integration and evo-
lution. There are "real challenges"”
behind the understanding of che-
mical processes and the produc-
tion of new molecules, materials
and systems. One of the major
challenges in which chemists
are involved concerns the reaso-
ned development of bio-sourced
or bio-inspired new molecules,
materials and systems, with mul-
ti-functional structures able to
respond to the societal and envi-
ronmental demands needed for
our well-being. These strategies,
integrating inorganic and orga-
nic chemistries, supramolecular
chemistry, physical chemistry in a
broad sense with all their compo-
nents, modeling and process engi-
neering, are at the base of a strong
current of research and new



school of thought that are giving birth to a so-
called "integrative" chemistry. In this context,
today chemistry is a real cornucopia fueled
by the creativity of chemists. Health (drugs,
implants and prostheses, medical imaging,
therapeutic vectors), cosmetics, textiles,
packaging, construction, insulation, automo-
tive, functional coatings, high technologies
(micro-optics, and microelectronics), energy
(solar, wind, hydraulic, nuclear, batteries, fuel
cells...) are great examples. In addition, envi-
ronmental sciences are already benefiting
from the development of new materials in
areas such as sensors, catalysis, purification,
separation...

Even if technological and economic impact of
chemistry are very important for our society,
blue sky research should also be strongly sup-
ported because risky long-term research will
allow to make non expected real progress. Risk
taking is an essential part of research activity.
"The unpredictable is in the very nature of the
scientific enterprise. If what we are going to find
is really new, then it is by definition something
unknown in advance" (Frangois Jacob, French
biologist, 1920-2013).

Because of its centrality, chemistry is at the
heart of major societal and environmental
concerns, to which academic, industrial and
public decision makers respond jointly. The
stakes in terms of health, energy, depletion
of the resource and the impact of anthropic
activities on the ecosystem pose legitimate
questions for the citizen. The teaching of che-
mistry, as of all other fields of experimental
sciences, contributes to the development of
the knowledge and the critical spirit of the

citizens. Both will improve the science-
society dialogue because it makes sense if
our opinions are built, not exclusively on
emotional reactions, but on established
knowledge.

The programme of the 2019 IUPAC Centenary
Congress, with the theme "Frontiers in chemis-
try: Let’s create our future!", was built to merge
the different fields of chemistry and to ad-
dress today’s most challenging issues.

2019 IUPAC meeting is composed of thirty
symposia. Three main themes are forming
the backbone of the Congress: Chemistry and
Life, Chemistry and Energy, Chemistry and
Environment.

Last but not least, the WCLM (World Chemis-
try Leadership Meeting) symposium is for the
first time devoted to a special session during
which the Presidents or CEOs of the largest
chemical companies or users of chemistry
will exchange their visions, perspectives, and
approaches of the UN sustainability goals
challenges.

The Centenary conjunction represents a
unique opportunity to project the universal-
ity values of IUPAC, and it is worth remember-
ing that the Union welcomes as well the sci-
entists from pure academic research as those
involved in applied and industrial aspects.

This special issue of LActualité Chimique
illustrates through selected articles written
by highly recognized scientists the main chal-
lenges of a very beautiful and useful science:
CHEMISTRY.

Clément Sanchez, President of IUPAC 2019, College de France (Paris)

Jean-Marie Lehn, Honorary President of IUPAC 2019, Nobel Chemistry 1987,
Institut de Science et d’'Ingénierie Supramoléculaires (ISIS, Strasbourg)

Jean-Pierre Vairon, Coordinator of [IUPAC 2019, Sorbonne Université (Paris)
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Chemistry enabling “magic bullet”

ince Paul Ehrlich, the Nobel laureate in physiology or

medicine, advocates the concept of “magic bullet” in the
early 20t century, the selective delivery of drugs to target sites
in the body has long been recognized as one of the most
difficult challenges in scientific community. Indeed, many
drug formulations composed from a combination of various
materials have been developed to solve this issue of drug
targeting; however, they were encountered many serious
difficulties, such as a lack of longevity in blood circulation,
limitations in versatility of loadable drugs, uncontrolled drug
release at target sites, and concerns of accumulation toxicity.
In the early 1980s, when this situation still continued, | started
the challenge to solve these difficulties accompanying with
drug targeting with a new approach that leveraged my
background as synthetic chemist. As a result, based on the
ordered formation of core-shell structured assemblies, named
polymeric micelles, from molecularly-engineered amphiphilic
block copolymers, novel drug nanocarrier with uniform size
(~tens of nm) comparable to viruses was successfully
developed (figure 1) [1-3]. Nowadays, this polymeric micellar
nanocarrier (PMN) has come into clinical use as delivery
systems for various anticancer agents [4].

As shown in figure 1, the polymeric micellar nanocarrier (PMN)
we developed has dense outer shell structure composed of
tens to hundreds of tethered polymer chains with hydrophilic
and flexible nature, thereby revealing to effectively suppress
non-specific interactions with blood components when
administered intravenously (stealth function). Meanwhile, the
inner core composed of polymer chains with high cohesive
forces contributes to the stabilization of micellar structures,
and functions as nano-reservoir to stably encapsulate deliver-
ing drugs. Furthermore, stimuli-responsive characteristics,

N
”«uﬁ
“i ‘
”"Qm ..
L V'S 3
e ¢ : ! y«
-
| A
L7 ,
e, Self-assembly in

¢ selective solvent

Molecularly-engineered
block copolymer

including concentration changes in physiologically relevant
substances (e.g., pH, glutathione, glucose, and ATP), can be
introduced into the core-forming polymer chains. In this way,
one can expect the smart functionalities to release or activate
encapsulated drugs with desired timing of action in response
to subtle microenvironmental changes at the target site [5].
The PMN is also characterized by its superior safety aspects,
such as prevention of chronic accumulation toxicity, because
after the release of encapsulated drugs the PMN loses the
stability and dissociates into constituent block copolymers,
which are smoothly excreted outside the body. Further
appeal is that the PMN is feasible for directing particular
cells and tissues with selectively delivering various agents
(active targeting), by attaching target-directed molecules
(peptides, antibodies, sugars, etc.) onto the periphery of
the outer shell. Worth noting is that | focused from the
beginning of my research on the PMN availability for the future
clinical application. Thus, | chose hydrophilic and highly
biocompatible poly(ethylene glycol) (PEG) as the shell forming
component and biodegradable poly(amino acid), prepared
by NCA polymerization, as the core forming component [1].
Actually, my career in synthetic polymer chemistry (anionic
ring-opening polymerization) contributes greatly to pursue
the molecular design of various PEG-poly(amino acid) block
copolymers suitable for the PMNs with different biomedical
applications.

A series of our developed PMNs loaded with hydrophobic
anticancer drugs (paclitaxel, epirubicin) and platinum-
complex-based anticancer drugs (cisplatin, dahaplatin) has
already been derived to companies, and phase I-lll clinical
trials for the treatment of various cancers are ongoing in Japan,
Asia, Europe, and USA [6]. In parallel with these clinical

Drug-loaded core

Hydrophilic shell

\Targeting ligand

Stimuli-responsivity

< P>
20~100 nm

Nano-scaled size control

Figure 1- Polymeric micellar nanocarrier (PMN) self-assembled from molecularly-engineered block copolymers.
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developments, | noted that in real clinical cases, the stroma is
abundant in many cancers, which constitutes a barrier to the
intratumoral penetration of drug-loaded nanocarriers. This
fact led me to the idea that the drug could be efficiently
penetrated into stromal rich tumors, such as pancreatic
cancer, by the strict size control of PMNs. Then, we established
the chemical procedure to control the size of PMNs loaded
with anticancer drugs in the range of 30-50 nm to circumvent
penetration barrier of stroma-rich intractable cancers [7-8].
Asthisfindingisleveragedin the clinical trials of our developed
PMNs, as well as being the study to clearly quantify the
penetrability of drug-loaded nanocarriers (nanomedicines)
in the intratumoral microenvironment, it has received a sub-
stantial acknowledgment in the field of cancer nanomedicine.
In addition, | have recognized the importance of polymeric
micellar-type MRI-contrast agents that can detect local fine-pH
changes to predict the tumor malignancy [9]. Worth noting
is that these PMN-based MRI-contrast agents are useful to
estimate the efficacy of nanomedicines in individual patients
who may have variations in their tumor microenvironment,
including vascular and stromal permeability. Combination
system of drug delivery and imaging functionality is termed
“theranostics”, and has been recognized as an emerging
field with high attention [10].

| also inspired that polymeric micelles could also be formed
based on ionic interactions between a pair of oppositely
charged polyelectrolytes, given that at least one of the pairs
is a block copolymer composed of charged and non-charged
hydrophilicsegments. Because, in this way, polyion complexed
core of the micelles is sealed from outer environment by
non-charged hydrophilic shell, thereby avoiding further
progressive aggregation of polyion complex to form precipi-
tates. Based on this idea, in 1995, the first examples of

nm

Unit PIC
(siRNA: Polymer=1:2)

Figure 2 - Formation of unit PIC through charge-matched interaction of siRNA and 2-armed PEG-polycation block copolymer.

monodispersive polymeric micelles were prepared by our
group, and are named as polyion complex micelles (PIC
micelles) [11]. Worth noting from the standpoint of molecular
recognition in this self-assembly process is that a strict chain-
length recognition occurs upon the formation of PIC micelles
from block copolymer pairs with opposite charges, and when
amixture of block copolymers of different lengths is solubilized
in aqueous solution, PIC micelles are selectively formed from
pairs of oppositely charged block copolymers having the
same length of charged segments [12]. This is the manifesta-
tion of a new molecular recognition mechanism based on the
requirement of the homogeneous distribution of the charged
segments in the micellar core and the distinct phase separa-
tion of the outer shell/inner core interface.

Importance of PIC micelles in nanomedicine to enable
“magic bullet” is their application to PMNs delivering charged
biopolymers such as proteins and nucleic acid pharmaceuti-
cals. We actually revealed this possibility in a series of studies
done in the late 1990s to the early 2000s [13-17], and PIC
micelles are now widely appreciated as useful nanocarriers
in the research field of nanomedicine. More recently, we have
established an approach of rigorous particle size control for PIC
micelles, and successfully aligned their sizes to the same levels
as antibodies (unit PIC) (figure 2) [18]. Thanks to their antibody-
comparable size, the unit PICs easily reached the deep part
of the tumor while repeatedly binding and dissociating
with oligonucleotide pharmaceuticals bioorthogonally in the
bloodstream, realizing the molecularly targeted treatment
of intractable cancers such as malignant glioblastoma and
stroma-rich pancreatic cancers. Furthermore, because of the
high safety and easy formulation process of unit PIC, it has
already reached the production stage satisfying GMP (good
manufacturing practice), and clinical trials are planned to be
initiated during this fiscal year in Japan.
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The research results described above is positioned as a new
interdisciplinary field research of nanomedicine based on
the fusion of medicine, chemistry, pharmacy and engineering.
Drug developmentis becomingincreasingly diverse, including
biopharmaceuticals such as antibodies and gene and nucleic
acid pharmaceuticals, in addition to traditional small molecule
pharmaceuticals, and many of them are required to optimize
biodistribution and improve selectivity for target cells
and organs. We expect that our initiated PMNs can greatly
contribute to the practical application of these new
pharmaceuticals due to their versatility in molecular design.

[1] Kataoka K., Kwon G.S., Yokoyama M., Okano T., Sakurai Y., Block copolymer micelles as
vehicles for drug delivery, J. Control. Release, 1993, 24(1-3), p. 119.

[2] Kataoka K., Harada A., Nagasaki Y., Block copolymer micelles for drug delivery: design,
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Advanced macromolecular engineering

he 215 century opened new avenues for synthesis of

macromolecules with precisely controlled architectures
and functionality, aiming to mimic biological systems. These
polymers have been prepared by various chain-growth reac-
tions using either vinyl or cyclic monomers [1]. Such well-
defined (co)polymers are prepared by controlled/living
polymerization employing reversible deactivation polymeri-
zation (RDP) techniques with the concurrent growth of all
polymer chains (fast initiation) and greatly diminished
contribution of chain breaking reactions (transfer and termina-
tion). Originally, living polymerizations were developed for
anionic polymerization of non-polar vinyl monomers such as
dienes and styrene and were subsequently extended to ionic
ring-opening polymerization, coordination polymerization
of both olefins and cycloolefins (ROMP), and eventually to
radical polymerization (reversible deactivation radical poly-
merization, RDRP). Recently various catalysts used at parts
per million concentration have been developed to be used in
the presence of less expensive reagents, such as alkyl halides
in atom transfer radical polymerization (ATRP) [2]. This
approach very significantly reduced the cost of commercial
synthesis of various (co)polymers and enabled macromolecu-
lar engineering (ME). ME can be defined as a process com-
prising rational design of (co)polymers for specific targeted
applications, followed by their precise synthesis and process-
ing procedures.

RDP permits precise control of the primary structure of polymer
chains. These chains consist of carbon-carbon backbones
formed in polymerization of vinyl monomers. In ring-opening
polymerization, one can incorporate various heteroatoms to
the backbone. It is also possible to copolymerize vinyl and
cyclic comonomers facilitating their subsequent degradation.
It is also important to extend the range of monomers from
those that are “petroleum-based” to those from renewable
resources thereby facilitating better control of polymer
degradation and recycling.

Several elements of macromolecular architecture can be
controlled in RDP. They include chain topology, chain
composition, chain functionality, chain stereostructure and
chain uniformity. They can be also combined as illustrated in
the figure 1. These elements are based on chains with covalent
bonds connecting monomeric units. In addition, dynamic
non-covalent bonds can also form macromolecular chains
with properties strongly affected by the dynamics of chain
interactions (dynamers, vitrimers and self-healing materials)
[3-6]. Eventually polymer chains can be assembled to
secondary or even higher order structures through various
weak supramolecular interactions in bulk or in solution as
in polymerization-induced self-assembly.

Chain topology elements span from linear chains to cycles and
various branching features. They can include long or short
chain branching, lose or dense branching but also hyper-

branched systems and dendrimers. Branches can be distrib-
uted with a tunable density along the chain, typically in graft
copolymers, or very densely as in bottlebrush copolymers.
Branches can be limited to one focal point as in star polymers
which can be formed by an arm-first or core-first approach.
The type and degree of branching can tremendously affect
mechanical orrheological properties of resulting polymers. For
example, bottlebrush copolymers can form photonic materials
with regular and tunable periods of > 100 nm. Bottlebrush
copolymers can become supersoft and superelastic with mod-
uli lower than those of hydrogels. In contrast to hydrogels,
which become hard after water evaporation, bottlebrushes
can never dry out since their backbones are diluted by their
short unentangled side chains rather than by water [8-9]. By
variation of graft density, length of side chains and crosslinking
density, it is now possible to prepare elastomeric materials
with thermomechanical properties mimicking various bio-
logical tissues. It is important to design branching degree,
uniformity, or location and correlate these elements with
macroscopic properties and then precisely carry out synthesis
of such materials.

Another essential parameter is chain composition. Block
copolymers and segmented copolymers revolutionized
polymer science sixty years ago and have been subject of very
intense research both in academia and industry. In the chains
of block copolymers, there are abrupt changes in composition
on passing from one to another segment. This results in
phase separation and formation of various regular nano-
structured morphologies. Until recently, only diblock and
triblock copolymers have been studied. In the latter case
over thirty different morphologies were identified, greatly
expanding upon the classical spherical, cylindrical, gyroidal
and lamellar structures observed for binary systems. Recent
progress in ATRP and RAFT (reversible addition-fragmentation
transfer) radical polymerization has permitted synthesis of
segmented copolymers with twenty or more blocks. There is
a strong interest in controlling sequence in polymer chains,
decreasing dimensions from long to short segments and
to individual monomeric units. This approach has been
expanded from classical periodic sequence such as (AB),, for
alternating copolymers, to (ABC),,, (ABCD),,, and eventually to
a programmed sequence that can be recorded and written
back or even erased [10]. Such sequence control is inspired
by biological systems, such as nucleic acids or proteins, and
is indispensable for passing from primary to secondary and
eventually to the tertiary structures. Another related objective
is to design and prepare gradient copolymers with a smooth
change of composition along the polymer chains. Such
copolymers may have gradient with a linear, V-like, hyperbolic,
exponential, or tapered shape. Itisalso possible to use gradient
control not only in a binary system but also ternary, etc.
systems. It is essential to make materials with a particular
sequence, including multiblock copolymers and gradient
copolymers but also to predict how these copolymers will
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Figure 1 - Individual and combined basic elements of macromolecular architecture. From Matyjaszewski K., Science, 2011, 333, p. 1104 [71. Reprinted with permission from AAAS.

assemble to secondary and higher order structures and what
kind of properties they will have.

Functional groups can be placed in various parts of
macromolecules. They can be located with a pre-determined
density along the polymer backbones, at the extreme position
of chains, including chain ends in telechelics, chain center,
ends of arms in stars and bottlebrushes or in the cores of
stars, or chain ends for hyperbranched or dendritic molecules.
These groups should carry specific functions that can be used
for further reactions, crosslinking or attachments of other
moieties whether they are biomolecules, drugs, optoelectronic
materials or other species. The site specific functionalities
may be not only of one type but also based on several dif-
ferent functionalities. Some functional systems can form self-
catalyzed structures that can provide additional control and
even facilitate regeneration of formed products by concurrent
or consecutive covalent and non-covalent polymerizations
[11]. A challenge is to incorporate moieties in a specific
position within macromolecules with reactive orthogonal
functionalities for further reactions and synergistic effects.

New RDPs, especially proceeding by radical mechanisms,
have opened avenues to prepare hybrid materials. They
include organic/inorganic hybrids based on nanoparticles,
nanotubes and flat surfaces but also bioconjugates formed by
the covalent linking of natural products, proteins, nucleic
acids, carbohydrates, with synthetic polymers [12]. Proteins
with grafted polymer chains can circulate for a longer time in
the human body, can survive atlow pH, be dispersed in organic
solvents and be used as catalysts at higher temperatures or as
therapeutics [13-14]. Nucleic acids combined with polymers

can self-assemble and pass efficiently through cell membranes
and can form various polyplexes. They can be loaded with dyes
forming very bright fluorescent probes which can target
specific cells after linking with antibodies or aptamers. It is
interesting to extend such bioconjugation to larger objects
such as living cells or tissue. The challenge is how to design the
most efficient materials and how to carry out their precise
synthesis. The biohybrids or bioconjugates can be generated
at a very basic level by linking proteins and nucleic acids with
synthetic polymers in a nonspecific manner. Next step is
to position these linkers at a specific location of biomolecule
by using biotechnological approaches or by blocking/
protection techniques. Eventually, by using macromolecular
engineering, the bioconjugates evolve to the next generation
of materials with precisely controlled complex architecture
such as armored enzymes, exosomes or entirely modified
cells [15].

Support from NSF (CHE 1707490) and NIH (RO1DE020843) is gratefully
acknowledged.
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Only fusion can meet the energy challenge mankind is facing

mitating the processes at work within the core of the stars

opens the way to a new, safe and sustainable energy source
for the generation of electricity on a massive scale: this is what
the international project ITER is about.

Whatever the projections or scenarios, and despite all the
energy-saving measures we might implement, one thing is
certain: we will need to produce more and more clean energy
during this century to meet the needs of the planet’s ever-
growing population. By the end of this century, as the number
of humans passes the ten billion mark, world energy demand
will have increased by a factor of three. The share of electricity
in global energy consumption, which is approximately
20 percent today, will have grown up to 50 percent. Meeting
this huge increase in demand is one of the most daunting
challenges mankind has ever had to face.

Our options are limited. The burning of fossil fuels, which drove
the industrial revolution of the 19t century and ensured
the economic, technological and social development of our

civilisation up to this day, is now recognized as threatening
to the planet’s environment and climate balance. Renewable
energies, although attractive on many counts and necessary
to invest in, have inherent limitations - notably as they are
diffuse and intermittent.

Fission...

What are we left with? Nuclear energy, or more accurately
nuclear fission energy.

Today, nuclear fission accounts for approximately 10 percent
of electricity production in the world - France is a major
exception with 58 reactors producing more than 75 percent
of the country’s electricity.

As France’s High Commissioner for Atomic Energy (2003-2009),
and as Chairman and CEO of the French Alternative Energies
and Atomic Energy Commission (2009-2015), | have devoted
a good part of my professional life to nuclear fission. | know
its merits, its limitations and its challenges.

The heart of the ITER installation: to the left, the Tokamak Complex with the circular structure of the “bioshield”, a 3-meter-thick steel-and-concrete cylinder that will enclose the ITER
Tokamak; to the right, the installation’s industrial facilities (power conversion buildings, cryoplant, winding facility, etc.) (December 2018). © ITER Organization.
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The 23,000-tonne ITER Tokamak will rest on a massive circular “crown” at the bottom of the bioshield. The openings in the cylindrical structure are for the different systems that need to
reach into the machine: power feeders, vacuum pumping, heating, cryogenics, cooling water, diagnostics, etc. © ITER Organization.

The major attraction of nuclear fission is to provide a baseload
source of massive power production without generating CO,
or other greenhouse gases. However, the mineral resource it is
based upon (uranium) is limited, with at best a horizon of two
to three hundred years based on current thermal neutron
technology. As for the challenges, they are many and | will only
mention the two most important: continued improvement
in safety, and long-term management of nuclear waste. And
by “long-term” | mean several hundreds of thousands of years
for the most active fission products.

My conviction is that nuclear fission energy is a valuable
transitory solution for a limited number of countries; in no way
can it be a long-term solution.

Operating the entire fission cycle, from uranium enrichment to
fuel recycling and waste storage, not only requires scientific
and technological expertise and a considerable industrial
infrastructure; it also demands strong state institutions,
independent control and long-term political stability.

Few countries possess these assets or can offer these
guarantees today. And even fewer can pretend to sustain them
for the dozens of millennia that long-life/high-activity nuclear
waste management requires.

Fortunately, fission is not the only way to tap into the energy
of the atom.

...Fusion

While fission splits heavy atoms such as uranium, fusion does
exactly the opposite: it fuses light atoms such as hydrogen

into heavier ones. Both fission and fusion are mass-to-energy
conversion reactions that generate considerable amounts of
energy; both are spectacular illustrations of Einstein’s famous
equation E = mc?.

More than 99 percent of the observable matter in the Universe
is in a state of fusion. Fusion is the powerhouse at the core of
the stars; it has caused our Sun to shine for the past five billion
years, and is expected to continue to do so for an equivalent
length of time.

It was not until the 1920s that physicists and astrophysicists
(Jean Perrin in France, Arthur Eddington in the United
Kingdom) began forming the notion that a fusion process
was at work in the core of stellar bodies. In the decades that
followed, the identification and clear understanding of the
hydrogen fusion process (Hans Bethe) led to one ambition:
if fusion reactions could be artificially created on Earth, a new,
sustainable energy source would become available for the
generation of electricity on a massive scale.

In the core of the Sun and stars, gravitational forces create the
temperature and pressure conditions that make fusion
possible. This process, which is efficient at the massive scale of
the stars, cannot be replicated on Earth. But it can be imitated.

Physicists soon determined that an ultra-hot, ultra-low-density
ionized gas (a plasma) - composed of equal parts of the
hydrogen isotopes deuterium and tritium and confined by
intense magnetic fields — would provide an environment in
which fusion reactions could occur. “Low-density” is in fact
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a high vacuum - one million times less than the density of the
Earth’s atmosphere. “Ultra-hot” is a temperature in the range
of 150 millions degrees Celsius, ten times that of the core
of the Sun...

The advantages of fusion are many:

- The fusion reaction at the core of the process is intrinsically
safe: the type of accidents that can occur in a fission plant
- uncontrolled chain reactions, core meltdown, etc. — are
physically impossible in a fusion installation;

-The fuel is virtually inexhaustible: deuterium is easily
extracted from water and tritium will be produced inside the
machine through the interaction of the fusion neutrons
and lithium. A 1 GW fusion reactor (equivalent in power to an
average fission reactor) will only require 100 kg of deuterium
and three tonnes of natural lithium annually to generate
7 billion kilowatt hours;

-The impact on the environment is minimal: no CO, or
greenhouse effect gases are generated;

- Fusion does not generate long-life/high-activity radioactive
waste.

As early as the mid-1950s, “fusion machines” of various shapes,
sizes and performance levels — such as pinch and mirror
devices, stellarators, and tokamaks (a Russian acronym for
“Toroidal Chamber, Magnetic Coils”) — were operating in the
Soviet Union, the US, the United Kingdom, Germany, France
and Japan.

In that same decade, the veil of secrecy that had shrouded
fusion research prior to World War Il was lifted. Despite the
Cold War tensions between East and West, Soviet fusion
physicists, who were among the most advanced in the field,
shared with their Western colleagues their data, hopes and
frustrations. International collaboration became a staple of
fusion research and has remained so to this day.

As they kept exploring the mind-boggling complexity of
plasma physics and faced the technological challenges of
building and operating fusion devices, physicists realized
thatin orderto demonstrate the feasibility of fusion they would
need a very large machine — one that no single nation,
whatever its human, scientific and technological resources
could design, build and operate alone.

The European JET (Join European Torus) was a first step in this
direction. A very large tokamak, the machine achieved “First
Plasma” in 1983 and was the first to implement the actual
fusion fuels deuterium and tritium. Seven years later in 1991,
JET produced a significant amount of power from fusion
reactions. At about the same time, an American machine, the
Tokamak Fusion Test Reactor (TFTR), was following the same
route and obtaining similar results.

However, both JET and TFTR had required more energy
to “light the fusion fire” than the “fire” had given back in
return.

ITER

As JET was bringing fusion to the threshold of feasibility with
arecord power production of 16 MW in 1997, another project,
immensely more ambitious, was taking shape, this time at
a truly international level.

Chemistry will be central to ITER success

As a physical chemist by training, as President of the “Fondation
de la Maison de la Chimie”, and since 2015 a Director General of the
largest and most ambitious energy project ever established, | am
proud to say that chemistry will be central to ITER success. We will
need to implement the most rigorous chemical processes to
separate and recycle the isotopes we need, produce the purest
materials, and the most efficient catalysts. The nature of ITER’s
demands, and the stringent requirements of our quality control
processes will no doubt stimulate the field and offer large
opportunities to both research and industry.

Initiated in the 1980s, ITER - the Latin word for “The Way"” -
received a decisive political and diplomatic push when
President Reagan and Secretary General Gorbachev met for
the first time in Geneva in November 1985 and agreed to
launch “the widest practicable development of international
cooperation” to develop fusion energy “for the benefit of all
mankind.”

Thirty-three years later, ITER progresses steadily towards its
objective, demonstrating the technological feasibility of fusion
as an energy source. The international collaboration brings
together seven Members (China, the European Union, India,
Japan, Korea, Russia and the United States) representing more
than half the world’s population and 85 percent of the planet’s
gross industrial product. Construction of the installation in
Saint-Paul-lez-Durance, some 40 kilometers north of Aix-en-
Provence (France), is now more than 70 percent complete.

ITER, whose construction beganin earnestin 2010, is expected
to produceits “First Plasma” in 2025 and commence full-power
fusion operations in 2035. Over its fifteen to twenty years
of operation, the project will explore the uncharted territories
of “burning plasmas”, validate the integrated operation
of technologies for a fusion power plant, test materials,
experiment tritium breeding technologies; and demonstrate
the safety characteristics of a fusion device. ITER will be the first
fusion machine to produce net energy, delivering 500 MW of
fusion power from a heating power input of 50 MW (Q = 10).
The ITER machine will be the most complex ever built, which
is both a huge challenge and a unique opportunity for the
industries of the participating nations.

As Member contributions are provided essentially “in-kind”
through the procurement of machine components and
systems for the installation, industry has the opportunity to
acquire competence and experience in areas as diverse as
cryogenics, vacuum technologies, superconductors, cutting-
edge robotics and remote handling, power electronics, ultra-
high frequency signal transmission and more.

Building and operating ITER is an indispensable step towards
fusion energy. The project marks both the culmination of six
decades of research and development throughout the world,
and the opening of a whole new chapter in the quest for
unlimited energy - the beginning of a genuine industrial
approach to fusion.

As the construction of the experimental ITER machine
progresses, the ITER Members are already working on
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conceptual designs for a generic next-step machine, called
DEMO. Whether the DEMO machine (or machines) will be built
through international collaboration, through more restricted
partnerships, or purely “nationally” remains an open question.
By 2040, however, the DEMO concept — an industrial prototype
founded on feedback from ITER operation — could enter the
engineering design phase and open the way to large-scaled
fusion development.

And just as DEMO will have succeeded ITER, industrial reactors
will succeed DEMO. My conviction is that, depending on ITER’s
success, thefirst fusion plant will be connected to the grid early
in the second half of this century. From then on, deployment
will be rapid.

| hope to have a long life but, as mine began in the middle
of the last century, | will most likely be gone when fusion-
generated electricity becomes an everyday reality.

There has always been something of the cathedral builder
in the fusion community: the generations that laid the
foundations, built the first arcades, and raised the first
buttresses knew that they would be long-gone when the
highest towers were completed. Yet they had faith and
determination.

Today, with ITER, fusion is nearing a historical breakthrough.
Faith and determination are at last bearing their fruit.

Bernard BIGOT,
Director-General of the ITER Organization, President of the
“Fondation de la Maison de la Chimie”.

*contact: robert.arnoux@iter.org
www.iter.org
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H,: energy vector or source?

he di-hydrogen presents obvious advantages: as a fuel it

can burn without emitting greenhouse gases or particles
and as a means of storing electricity, it enables large scale
and long period storage. In comparison with other methods
of storage, gas storage mainly underground, allows for months
of autonomy in a country such as France when all our batteries
will be empty in few minutes and our dams in few days.
For many analysists, hydrogen produced from renewable
electricity is the missing element which could facilitate the
integration of high levels of variable renewable energy into
the energy system.

At the moment, H, is mainly used in industry as a raw material
and is only starting to be used as a fuel for cars, trains and
buses. Itis also essentially manufactured from methane by CO,
emitting processes. Alternatives exist such as electrolysis that
splits water into hydrogen and oxygen. When the electricity
is decarbonized, this H, is called green H,. If the objective is
the storage of the intermittent renewable electricity, fuel cells
then allow to go back to electricity. Today these processes are
not yet very efficient. Power to gas to power results in a 70%
loss of energy, but improvements are expected, especially
with the reversible Solid Oxide high temperature Fuel Cell
(SOFCQ). Bacteria activity, algae and oxidation processes of for
instance iron rich material are also potential sources of H, [1].
All these methods are not at the same stage of development
(technology readiness levels TRL vary from 1 to 8) and do not
result in a homogeneous H, price. Trying to predict which
process will be the cheapest in a few years and thus predict
“the” winner is what a lot of consultant and strategy
departments are working on but this may not be the best
approach. The most important trend in the new energy world
is decentralization. Depending on the local constraints, the
optimum role of H, in a green energy mix will differ and
therefore the best technology will depend on the use for and
the users. In addition, the transport of H, over large distances
by boat is not easy; economically it is close to being a killing
factor - the opposite of methane which can easily be liquefied.
Liquefaction of H, consumes up to half of its energy.

Today industry is mainly focusing its efforts concerning green
H, on reducing the price of electrolysis and fuel cells. This
means that many companies are considering H, as a vector.
However, two game changers are emerging which could be
very disruptive.

First: native H,

Natural H, produced by the water/rock interaction has been
observed for long time but it was assumed that this production
mainly occurred on a large scale along the mid oceanic ridges
where hot oceanic newly created crust is in contact with sea
water [2]. Roughly this reaction is an oxidation reaction of the
Fe?* (or Mg?") and H, is released. The estimation of this
production is between 4 000 and 10 000t/year/km of ridge.
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New Caledonia: the hydrogen released from the subsurface reacts with the 0, in the
atmosphere resulting in the carbonate precipitation. A natural carbon capture, utilization
and storage (CCUS) process!

The conditions of deep water in the middle of nowhere with
very hot fluids seem to exclude any economically viable
production. However, for the past ten years, new data has
shown that similar reactions happen at lower temperatures
such as in Oman or New Caledonia [3] (figure) and that another
oxidation reaction that takes place in old cratons where iron
rich rocks are presentalso results in the continuous production
of H, (in Russia [4], in the USA [5] and in Brazil [6]). At the same
time, an accumulation of H, has been unexpectedly found in
Mali at a shallow depth (110 m); the people who drilled the
well were looking for water but the H, that they found instead
has now been in production for five years [7]. It is burned to
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produce electricity for the town. The pressure hasn't decreased
during all these years strongly suggesting a continuous
generation of H,. This discovery also proved that carrier bed
and seal exist for H, as for any other fluids in the subsurface.
In 2018, the permanent monitoring of H, emanations carried
out in Brazil by Engie has confirmed the continuous emission
of H, in the studied area although the rate is not constant and
varies during the day. The possibility of producing large and
cheap quantities of H, from the subsurface is now a realistic
hypothesis and various groups are working to better define
the geological conditions that will allow long term production.

Second: H, produced using plasma torching

The second game changer comes simultaneously from the
two main natural gas producers: the USA and Russia. H, could
be produced using plasma torching of methane with black
carbon as aby-product which, atleastas afirst step, could allow
the process to be economically viable. The first large scale
installation is currently managed in the States by monolith [8]
and Gazprom announced by mid-2018 via a press release that
they will massively investin that technology in orderto provide
H, to western Europe in the coming decades with 100% H, in
2050...[9]. In Russia, asin the USA, because they will use up their
huge reserves of cheap natural gas and their already in-place
infrastructures, as soon as the plasma torch becomes cheaper,
thisH,isexpected torapidly reach avery competitive price.The
current reserves of gas — 200 years of consumption worldwide
- ensure the durability of such a green H, resource (from CH,
but without producing CO,). The technology used by Monolith
is for a part tested in France, with Laurent Fulcheri’s group at
the Centre for Processes, Renewable Energies and Energy
Systems at Mines ParisTech PSL Research University.

In another words, the probability of having access in the near
future to a non-carbonated “natural” gas is not zero. In which
case, the need to pass via electricity to decarbonize the energy
mix will be questionable. It may even turn out to be the wrong
solution, and consequently the need for huge batteries to
store this electricity will also be questionable.

The future is not always predictable, even when we write it,
and the race for cheap, green H, has started. Personally, I'm not
sure that the electrolysers will be the (only?) winner.

[1]0ey M., Sawyer A.L., Ross I.L., Hankamer B., Challenges and opportunities for hydrogen
production from microalgae, Plant Biotechnol. J., 2016, 14, p. 1487, doi: 10.1111/pbi.12576.
[2] Charlou J.L., Donval J.P., Fouquet Y., Jean-Baptiste P., Holm N., Geochemistry of high H,
and CH, vent fluids issuing from ultramafic rocks at the Rainbow hydrothermal field (36°14'N,
MAR), Chem. Geol., 2002, 197, p. 345, doi: 10.1016/50009-2541(02)00134-1.

[3] Deville E., Prinzhofer A., The origin of N,-H,-CH,-rich natural gas seepages in ophiolitic
context: a major and noble gases study of fluid seepages in New Caledonia, Chem. Geol.,
2016, 440, p. 139, doi: 10.1016/j.chemge0.2016.06.011.
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[7] Prinzhofer A., Cissé CS.T., Diallo A.B., Discovery of a large accumulation of natural
hydrogen in Bourakebougou (Mali), Int. J. Hydrog. Energy, 2018, 43, p. 19315, doi: 10.1016/
jijhydene.2018.08.193.

[8] https://monolithmaterials.com/olive-creek
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Building to heal: chemistry for sustainable buildings

M ost of the world’s population is already living in urban
areas [1] and it is known that the construction industry
accounts for over 40% of all material extracted as well as 40%
of total energy and 16% of annual water consumption. During
the last century, overall global material consumption approxi-
mately multiplied tenfold, but consumption of construction
minerals multiplied by a factor of 42 [2], showing a positive
feedback-loop between socio-technical system evolution
and its construction material requirement.

Furthermore, 50% of the building stock that will exist in 2050,
mostly located in cities in emerging countries, is yet to be built.
The weight of these future cities is tremendous. Quantitative
analysis of the global resource requirements of future urbani-
zation shows that without a new approach to urbanization,
material consumption by the world’s cities will grow from
40 billion tons in 2010 to about 90 billion tons by 2050 [3].
Following business-as-usual practices, buildings and infra-
structure require resources and energy for their construction
as well as during their use, but one can also turn the future
challenges into opportunities. New buildings can be an oppor-
tunity for innovative solutions to mitigate environmental
pressures and to generate economic growth while providing
adequate, attractive and affordable housing for all. Future
construction can be a way to reduce or even store carbon
emissions when built with selected building materials. They
can also be used as depositories of materials to be later mined.
Building renovation can be a catalyst to re-activate social and
economic networks in a neighborhood. Buildings rather than
degradingtheairquality canactuallyimproveitasthe humidity
of the indoor air can be naturally controlled through earth
plaster. Green facade reduces the heat island effect and pro-
vides a better air quality in the cities. Buildings can even help
to reduce harmful effect of transportation through noise
absorption and pollution absorption in self-cleaning facades.
In a way what is the role of building materials in achieving
a sustainable scenario? Can building technologies trigger
virtuous mechanism to help improve not only housing condi-
tions and environmental performances, but also the multiple
aspects of the society tackled by the sustainable development
goals?

To harness these opportunities and identify valuable re-
sources, one needs to have anintimate understanding of urban
dynamics [4]. Urban building stocks have been the focus of
many fields of studies, from social sciences [5], geography [6],
to mathematics [7], and cities have been analysed from many
different angles. Cities are complex systems where natural
and human processes interact to create a built environment,
which in turn has its own dynamics [8].

Understanding these multiscale dynamics, tracking the appro-
priate materials and identify the leverage points to turn the
existing system into a regenerative process is the core focus
of this presentation:

- How can we transform our currently linear flow of materials
through our cities towards a circular dynamic?

-How can this transformation towards circularity provide

an improvement in social quality so that circular economy
becomes regenerative?

- Can we measure and monitor these flows with appropriate
accuracy to provide meaningful indicators in terms of policy
perspective?

- Finally, can the intervention of the architects and engineers
on one construction project have a wider impact and be used
as a catalyst for change?

In the last decades, diverse solutions have been provided in
order to align building technologies with current sustainability
standards. However, despite these efforts, the objective of
sustainability has proven not to be enough. A shift towards
a regenerative approach, proposing to provide more positive
benefits rather than trying to harm less, is then urgently
needed. For instance, construction and demolition materials
can be reintegrated in the flow of input materials through
recycled concrete. Switzerland is ahead of others in this
organization as nearly two third of demolition waste is already
recycled [9]. However, excavation materials represent a much
larger quantity than demolition waste. They actually represent
as much as what Switzerland needs in primary material.
Excavation materials can be carefully sorted and processed
to produce fine and valuable gravels as well as earth material
that can be promising development for earth construction.
With small amount of additives, it is possible to turn this
waste into a valuable construction material that would have
appropriate mechanical performance as well as enhanced
hygrothermal properties [10]. Another option is to increase
the amount of bio-based materials in construction. This can
transform the built environment in a carbon sink [11-12]. And
finally, cement production even if it releases CO, emissions
allows also to incorporate and valorize into a valuable product
a large quantity of waste from other industries. In cement
plants the primary materials do not represent more than 25%
of the total amount of materials required (fuel included). We
just need to use the right material at the right use for its right
purpose. It is what we call grounded materials, a material that
considering the local socio-economic context and availability
of resources is offering the best opportunities.

Monitoring material flows
and their regenerative values

In a world where data is everywhere, it might seem easy to
monitor material and energy flows through urban systems.
However, to monitor a flow, one needs to be actually willing
to address this issue, and feel the need to look at this problem.
To quote the pioneering American environmental scientist
Donella Meadows: “We measure what we care about, and we
care aboutwhat we measure.” Acknowledging resource, energy
or water scarcity is not necessarily obvious among policy
makers and the society as a whole, and a misleading indicator
can be as detrimental as no measure at all: both can drive us
in the wrong direction. One of the most pressing challenges
regarding data monitoring is rather to create a demand. Data
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already considered valuable is typically already mined: what
we are lacking is data about a city’s hidden value.

Trigger changes

One of the recurrent messages in sustainability conferences
is that available technologies for a post carbon society are
ready, but are not implemented because the current situation
of our environment is not well explained to society and policy
makers. This assumption - that through quantification and
information, governments will engage in a transition - has
not been proven right so far, as can be observed for instance
from the slow progress of the IPCC (Intergovernmental Panel
on Climate Change) [13]. Governments engage extremely
slowly in a transition because they believe it necessarily
involves a social transformation [14]. The construction sector is
seen as conservative and risk adverse. Showcasing alternative
materials and technological solutions while explaining current
societal threats will thus not be enough to induce a change.
However, it might be important to use the power of a creative
destruction when applied to construction [15]. Catastrophic
events - floods, fire or earthquake — have the power to allow,
during a short moment after the disaster, the local community
to accept radical changes and rebuild differently. If at that
moment, architects are ready to propose solutions that have
been developed over a long period of time span by engineers,
scientists and designers, thereis a possibility toimplementvery
fast radical changes and to design for hope. Loreta Castro
(Mexico) and Stephen Lamb (South Africa) are developing
engaging examples where rubbles after the earthquake were
reassembled and filled a timber frame construction to provide
a new community center in Oaxaca while South African
invasive species causing fire and destruction were cut, chipped
and used as aggregate in a new bio-concrete to provide
dignified houses for people.

But when no dramatic event is happening, how to trigger
changes? New attractive technologies can be used to nudge
people and engage them towards sustainability without
presenting these technologies as necessarily used for
sustainability. The “Internet of Things” can first be attractive
only to selected people (who may identify these technologies
as being innovative or as providing a higher status). Yet, in
fine, they may result in a significantly lower use of resources.

Looking ahead

There is a fundamental interdependence between the natural
and the built environments. Unfortunately, we have reached
our planetary boundaries. We know that some of the biggest
transitions have been done through crises and emergencies,
whether driven by political will or natural disasters, but would
it be possible to achieve a smooth transition? It might be
important to recognise that traditional innovation cycles, from
the idea, to multiple testing loops, to prototype, validation
then market release, is simply too slow. We need to start
thinking about how to support ecological restoration,and how
to actually reconnect to the components of natural systems. As
briefly explained, technologies and products exist, and to
implement them, we just need to know which future we want
to build: buildings that harm the environment or on the
contrary, buildings that regenerate nature and improve living
qualities in our cities. A native American once alarming about
the disaster of uncontrolled nature degradation argued that

The Light House in Hout Bay (Cape Town, South Africa) built by designers and builders
Stephen Lamb and Andrew Lord (www.visi.co.za/this-is-the-house-that-xoma-wanted).
Photo: Stephen Lamb.

before choosing our tools and our technologies, we need to
choose ourdreams and aspiration, because some technologies
support their accomplishment while others drive us away
from them.
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Visualizing matter in transformation
with uvltrashort flashes of electromagnetic waves

A young unexperienced PhD student of Umea University
in Sweden enters the vast laboratories of Bell Labs in
Murray Hill (NJ, USA). That is how my scientific life, and ultrafast
science in Scandinavia, started in 1975 when Peter Rentzepis,
one of the pioneers of the field, accepted me as a visiting
student to his labs. For one and a half year | had the privilege
to work with two more experienced scientists as my mentors,
Danny Huppert and Ken Kaufmann. After learning the ins
and outs of generating short, in these days, picosecond
(1 ps = 1072 5) pulses of light and to use them to measure very
fast chemical events, | returned to Umea, wrote my PhD thesis
and started to build the first picosecond laboratory in
Scandinavia. The very first experiments were performed in
1979 and fifteen years later, in 1994, the cradle of ultrafast
science in Sweden was relocated to the south of Sweden
and Lund University, where a brand new ultrafast lab was built.

Decades of research have shown that chemical
transformations occur over a very broad time scale, from
femtoseconds (1 fs = 107> s) to seconds, minutes...
- fundamental processes like breaking and formation of
chemical bonds, or redistribution of energy and charge within
or between molecules, belong to the fastest processes, while
compound chemical reactions can be very slow. Since long,
scientists have therefore been developing experimental
methods for the study of increasingly faster processes. A
particularly powerful method is to initiate a reaction with a
short flash of light and characterize the reaction progress

with a series of increasingly delayed flashes. This development
started in the early 1950s with the work of Lord George Porter
and colleagues and was rewarded with the Nobel Prize in
chemistry in 1967. In the early days of this development the
accessible time scale was milliseconds, but the invention of
the laser in 1960 and following rapid technological progress
gave us the microsecond, nanosecond, picosecond and
finally femtosecond time scales. The opening of the
femtosecond time window and ability to study the fastest
and most elementary reactions was coined femtochemistry
and rewarded with the Nobel Prize in chemistry to Ahmed
Zewail in 1999. In the early days of fast spectroscopy there was
a very limited choice of wavelengths of short light pulses,
severely limiting which molecules and processes that could be
studied. The part of the 2018 Nobel Prize in physics awarded
to Gérard Mourou and Donna Strickland for “chirped pulse
amplification” makes it possible to generate very intense
ultrashort laser pulses of almost any wavelength. Figure 1
illustrates this “magic”: an intense green femtosecond pulse
is converted to white light when passing through a plate
of calcium floride. This has opened up the possibility to study
ultrafast dynamics in atoms, small molecules, large bio-
molecules, materials of practical importance, etc.

In my own research | have been driven by a curiosity and
interest to understand Nature’s processes. Photosynthesis, the
ultimate process supplying all of the organic compounds and
most of the energy necessary for life on Earth, appeared to be

Figure 1- White light generation by passing an intense femtosecond pulse through a plate of calcium floride. © Dr Jens Uhlig, Division of Chemical Physics, Lund University.
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Figure 2 - Energy flow through the photosynthetic membrane of photosynthetic purple
bacteria. The circles are antenna proteins — the smaller ones are the peripheral LH2 antenna,
with dark blue bacteriochlorophylls (BChls), and the larger circle containing the reaction
center in the middle (red pigment molecules) is the core antenna LH1 with green BChls.
B800 and B850 denotes the wavelength of absorption, 800 and 850 nm, respectively,
of the BChl molecules. © Prof. Tonu Pullerits, Division of Chemical Physics, Lund University.

agood choice and the light driven processes of photosynthesis
was therefore an early target for my research. These processes
include energy and electron transfer processes through
pigment-protein complexes, so called antenna complexes,
harvesting the light and reaction centers converting and
storing the energy of light as electrochemical potential.
Knowledge obtained from the study of photosynthetic
systems could perhaps also be used in the development
of solar cell materials or materials for artificial photosynthesis,
i.e. production of fuels based on the photosynthetic principles.

Photosynthetic purple bacteria were chosen for these studies
and a series of investigations, in collaboration with my
colleague and friend Rienk van Grondelle of the Free University
of Amsterdam, resulted in a detailed picture of the energy
dynamics in these pigment systems. When the high resolution
structure of the antenna proteins became available in 1995
through the work of Richard Cogdell and coworkers, dynamics
and structure could be reconciled into a detailed picture of
energy and charge flow through the whole photosynthetic unit
[1]. Thisis illustrated in figure 2 with superfast, 0.5-1 ps, energy
transfer between neighboring chlorophylls within an antenna
complex. On a somewhat slower time scale, 3-5 ps, the energy
is transferred from the peripheral LH2 to the LH1 core antenna,
and finally in about 35 ps to the reaction center. The ~50 ps
it takes from absorption of a photon to storing it as an
electrochemical potential in the reaction center is almost
hundred times faster than all loss processes, implying that the
process is almost 100% efficient. Thus, Nature shows us how
energy of light can be converted to charge with close to 100%
quantum efficiency, a goal to aim for in devices for solar
energy conversion.

The unique ability of photosynthetic pigment-proteins to
convert light to charge with very high quantum efficiency has
inspired design of materials for new types of solar cells, dye
sensitized solar cells (DSC) and plastic solar cells are two
examples. In a DSC a thin film of titanium dioxide (TiO,)
nanoparticles is coated on an electrode and covered by a
monolayer of dye molecules. The dye molecules play the role
of the photosynthetic antenna and absorb the light, followed
by injection of an electron from the excited state of the dye
molecule into the TiO, nanoparticle. The injected electrons
from many absorbed photons are transported through the
network of nanoparticles of the thin film and collected at
the electrode to perform work in an external circuit [2].
Until recently the best DSC used metal-organic complexes
containing rare and expensive metals like ruthenium as dyes.
Forlarge scaleimplementation of DSCs, metal-free dyes ordyes
containing cheap and abundant metals can only be used.
Scientists have tried hard to replace ruthenium with iron, the
fourth most common element in the Earth’s crust, but with
very limited success. Solar cells based on iron-containing dyes
have a disappointingly low efficiency, because the excited
states of these dyes have very short lifetimes and therefore very
inefficient electron injection into the TiO, nanoparticles. In
other words, very few of the absorbed photons are converted
to electrons and electrical current in the solar cell.

In an effort to solve this problem, we started a collaboration at
the Chemistry Department of our university where organic
chemists lead by Prof.Kenneth Warnmark designed and
synthesized new iron-based complexes (Fe N-heterocyclic
carbenes, Fe-NHC), spectroscopists from my own group
studied the photochemistry and photophysics of the new
molecules, and quantum chemists under the guidance of
Prof. Petter Persson calculated and predicted energetics and
dynamics to be compared with the experimental results. The
work has been very successful: one of the first Fe-NHCs that
we made had hundred times longer excited state lifetime
than any other Fe-based dye, a second generation Fe-NHC
could inject electrons into a TiO, nanoparticle film with 92%
efficiency [3], and the most recent development has produced
Fe-NHCs with hundreds of ps and even ns excited state
lifetimes [4]. Luminescent iron-based dyes have also been
produced for the first time ever [4]. This shows that complexes
of Earth-abundant iron are becoming fully viable alternatives
to noble metal complexes for a wide range of light-harvesting,
light-emitting and photocatalytic applications.

A long nourished dream of chemists is to not only see static
structures of molecules, but also see how these structures
change in the course of a chemical reaction, like a molecular
movie. The ultrafast spectroscopy methods used in the studies
discussed above do not give direct information about how
the structures change. Since static structures of molecules
are obtained with X-ray radiation, it should be possible to
catch changes in structure by taking snapshots of a chemical
event with the help of short X-ray pulses. Synchrotrons
provide ~100 ps X-ray pulses and X-ray Free Electron Lasers
(XFELs) even shorter ones down to a few femtoseconds.
There are two different types of time resolved (TR) X-ray
experiments providing structural dynamics information
- TR-X-ray diffraction provides information about global
structural changes, while TR-X-ray spectroscopy gives more
local structure information. Combining the two types of
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Figure 3 - Part of the FXE beamline of the European XFEL in Hamburg. © Dr Frank Poppe, European XFEL Hamburg.

experiments makes the chemist’s dream come true; we can
now visualize how atoms move during a chemical reaction,
passing through short-lived intermediates, to the final
configuration of the products. Figure 3 shows the part of the
FXE-beamline of the European XFEL in Hamburg where such
experiments can be performed.

In our own work, we have used these methods to explore
the coupled ultrafast structural and electronic dynamics
of supramolecular complexes for solar energy conversion.
The X-ray experiments provided a uniquely detailed picture
of the processes storing energy of light in chemical bond
energy [5]. A handful of X-ray free electron lasers are presently
in operation worldwide and several more are being built. This
implies that powerful X-ray methods are becoming available
to an increasing number of scientist and | believe that these
machines have great potential to give us a wealth of new
fundamental knowledge in chemistry, biology and physics,
as well as help solving problems of more applied nature.
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Does the public understanding of chemistry
differ from that of science in general?

hemistry seems to have a reputation problem. Once a

source of glamour in Nylon and plastics, since the 1960s,
it is associated with the hard path of progress and singled out
as the “ugly duck” of dangerous and dirty science. This seems
to suggest that the public image of chemistry is far apart from
the image of other sciences. | would like to argue that the
image of chemistry and that of science (and engineering)
more general is rather unproblematic and similar. By gaging
differences in perceptions, we tap into the increased
competition for attention and profile among the sciences.

In 2015 the UK’s Royal Society of Chemistry (RSC) conducted
the project “Public understanding of chemistry”*. The project
included two quantitative surveys, one among RSC members
with 455 responses and another one of national opinions with
2,104 respondents. A key purpose of this project was to change
how members of RSC thought of the public by confronting
them with surprising facts and thus to disband with myths
about the public’s view of chemistry. It is difficult to gage
whether this part of the project was successful, but the mere
intention is noteworthy. One of the worries of RSC members
was that in English “chemist” has two meanings easily
confused: it means a drug store where you buy shampoo,
lipsticks or get a prescription drug typically known as BOOTS
as the leading chain, and it refers to a chemical scientist.
RSC members see themselves as the latter and resent being
associated with a high street convenience store.

Chemistry has had a pumper ride in public imagination. From
the beginning of the ecological movement in the 1960s, it is
associated with pollution of water, air and soil, as in Carsen’s
Silent Spring; with environmental disasters such as Seveso
(Italy, 1976) which resulted in the highest known exposure
to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in a residential
population; or in Bhopal (India, 1984), one of the world’s
largest industrial disaster, releasing methyl isocyanate (MIC)
into the urban environment and causing many deaths and
life-long injuries. These developments of the past fifty years
left chemistry a legacy of being associated with the “hard
path of development” like physics [1] and a disadvantage over
other sciences.

In the light of this legacy, we ask how distinct is this public
understanding of chemistry compared to other sciences?
In survey research, one can vary the questions wording;
for example by replacing “chemistry” with “engineering” or
“science” in whatever question one might want to ask. The
result then shows whether responses are the sensitive to
different concepts. In UK, where we have public perception
data, very similar questions were asked in one occasion
about “chemistry” and in another about “science” and
“engineering”. In 2013 (May-July), the British Science Attitude
(BSA) survey asked 1,747 British what they thought of some

recent developments [2]. In 2015 (February-March), the RSC
commissioned a national survey of 2,104 respondents asking
similar questions about chemistry [3]. Both surveys were high
quality: face-to-face interviews of stratified-random samples
of the population. The BSA had an additional feature, it
involved half the respondents in a conversation about
“engineering”, the other half about “science”. For our purposes
I will focus on those few items which are more or less identical
in both studies, one with focus on “chemistry”, the other with
focus on “science”.

To determine similarities and differences requires criteria of
comparison. We consider people’s sense of being informed on
the matter, being confident to talk about it, and their sources
ofinformation. We gage theimage of chemists and the position
of chemistry in the hierarchy of sciences. Finally, we evaluate
chemistry as an industry and a daily convenience.

Confidence to opine about chemistry

Table | shows that people feel better informed on “chemicals”
than they are about “chemistry” or science R&D. Considering
errors margin in these figures of 2-4%, there is very little
difference how well people are informed; about 50% consider
themselves well informed. This table also shows people
confident to talk or understand matters: however, chemistry
inspires less confidence than science and engineering. About
25% of British are comfortable to talk about “chemistry”, while
50% are confident on science or engineering. Chemistry
seems to be more remote from public mind.

Thereis very little difference on how people inform themselves.
While more people get their chemistry news from TV news
or programmes, family and friends or radio; science is more
accessed in TV news, quality newsprint and maybe at work.

Image of the chemist and chemistry

Both studies also asked about the virtues attributed to scientist.
Respondents were asked: “Looking at these pairs of words or
phrases, which one of each of these pairs comes closest to your
current view of scientists?” The word pairs included interesting-
boring and honest-dishonest. Not entirely surprising scientists
have the very sober image of being interesting and honest
people, the vast majority of British think so. However, chemists
seem to be a bit less interesting (72% compared to 82% and
79%), but more honest (93% compared to 71% and 78%)
in public eyes than scientists and engineers.

A way of revealing everyday understandings of a concept is by
eliciting free associations, not only used by psychoanalysts on
the couch. Associations reveal meaning that goes beyond the
dictionary definition of a term. Thus we can contrast the
“chemist” and “chemistry”. And indeed, the “chemist” is most
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Table | - Being informed, being confident about and sources of information (error margin = 2.2% for n ~2000, + 3.5% for n ~800).

I don’t feel confident enough

chemicals 9 46 31 10 1 4 2104
chemistry 6 35 42 12 1 5 2104
scientific R&D 6 39 44 11 1 1749

to understand engineering

Chemistry/chemicals 45 34

19 33 21 16 9 2 2104
to talk about chemistry
I don’t think I’'m clever enough
to understand science and 8 22 15 30 24 0 864
technology
I don’t think I’'m clever enough

8 23 15 30 23 0 885

15 18 16 1 2104

Science 42 26

1749

often associated with the pharmacist (26%) dealing with
prescriptions of doctors (22%), in drug stores (13%); there are
residual notions of “men in white coat” (2.7%) and industrial
employment (2.5%). “Chemistry” on the other hand elicits
memories of school days (20%), of the science teacher (20%),
of chemicals (13%) and medicine (7%), drugs (6%) and lab
equipment (5%) and research (5%). There is a residual
association with the periodic table of elements (3%). Chemistry
has prominence as a metaphor for sexual attraction (3%) as
strong relations between people.

Anotherfeature of chemistryisits position among the sciences.
Philosophy and public perceptions hold that not all sciences
are equally “scientific”, some are more prototypical; some are
hard sciences as opposed to soft sciences. Our studies had
people rate “how scientific is X", while X would vary from
physics to sociology. We compare ratings from members of the
RSC and from the general public as in figure 1. While for the
general public medicine is the prototypical science, chemistry,

¥ UK public < members of RSC
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Figure 1 - The hierarchy of sciences according to members of RSC and the general public
(rated on a scale of 1-5, where 1 = not at all scientific and 5 = very scientific).
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physics, biology and mathematics follow closely. Medicine as
the core of the social representation of science seems an
enduring observation [4]. The public considers psychology,
economics and sociology as “less scientific’, whatever the
specific meaning of “scientific” might be. By contrast, for
members of the Royal Society, this hierarchy is slightly twisted:
physics and chemistry are top, followed by the life sciences
biology and medicine; further down the ladder are psychology,
economics and sociology. It is remarkable that professional
chemists as well as the general public reproduce a stereotype
of “hard” and “soft” sciences.

Evaluation of chemistry

Finally, we look at how the sciences are evaluated. Here
researchers generally use items that point towards utility
(promise) and items that express concerns (reserve; see [5]).
Items of both kinds correlate among themselves. People who
recognise one promise of science tend to recognise others;
and people who express some reservation also tend to refer
to others.

We consider a battery of eight questions as shown in table Il.
Considering error margin of 2-4% points, there is little different
on this perception, with three exceptions. On things learnt
at school, 52% agree that science was useful for life, while
only 31% who concede the same to chemistry. When asked
whether “itisimportant to know in my daily life”, 72% think this
of science, a mere 55% would say the same of chemistry.
Consistent with theimage of the chemistabove, also less (62%)
think of chemistry as interesting compared to science (73%).
While most things are equal between science and chemistry,
its use in everyday life is more doubtful.
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Table Il - Different facets of attitudes towards “chemistry” and “science” (error margin 2-4%).

Strongl fend fend Strongl! Agree
Yo NN 1o A S
agree . disagree rate
agree disagree
The benéefits of chemistry are greater than any harmful effects 19 40 27 7 2 6 | 2104 | 059
The benefits of science are greater than any harmful effects 14 41 26 13 3 4 | 1749 | 055
On the whole, chemistry makes our life easier 28 49 15 4 1 4 | 2104 | 0.77
On the whole, science makes our life easier 28 53 12 5 1 1 | 1749 | 081
Chemistry R&D make a direct contribution to UKeconomicgrowth 30 42 17 3 2 7 | 2104 | 0.72
Scientific R&D make a direct contribution to UK economic growth 28 48 14 3 1 6 | 1749 | 0.76
Chemistry is a dying industry in the UK 3 10 25 27 21 14 | 2104 | 0.13
Science is a dying industry in the UK 9 12 12 38 29 8 864 0.14
The chemistry | learntat school has been usefulin my everyday life 8 23 21 23 21 5 | 2104 | 0.31
The science | learnt at school has been useful in my everyday life 18 34 14 24 9 2 | 1749 | 0.52
School put me off chemistry 10 14 23 28 21 4 | 2104 | 0.25
School put me off science 8 16 13 29 34 1 1749 | 024
Jobs in chemistry are interesting 20 42 21 7 3 7 | 2104 | 0.62
Jobs in science are interesting 26 47 18 4 2 4 864 0.73
It is important to know about chemistry in my daily life 16 40 21 15 7 2 | 2104 | 0.55
It isimportant to know about science in my daily life 24 48 14 1 3 1 | 1749 | 0.72

Sciences, a background of good will

In summary, we can say that while sourcing information very
similarly, people feel less confidence to talk about chemistry
than other sciences; chemists have a sober image of being less
interesting, but more honest than scientists. Chemists are
indeed associated with the pharmacy and men in white
coats; chemistry elicits memories of lab equipment from school
days, but also of sexual attraction by metaphor. Among the
sciences, chemistry ranks top with physics, though for the
public medicine is even more “scientific”, and members of the
professional body make sharper distinctions between hard
and soft sciences. In terms of utility chemistry and science do
not differ; what is doubtful is however the everyday relevance
of chemistry. Overall, chemistry differs only marginally fromthe
sciences when public appreciation is concerned. It seems that
the public image of chemistry is not far apart from the general
image of science; it seems protected from the halo of a solid
reputation of science in British society.

Is Britain a special case? Probably not, the sciences are in
relative good standing in most countries; what we can observe
is a temporary fall from grace of some sciences in the eye of a
public controversy. But in that fall, they profit from a general
background of good will (see [6]).
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Are we all ready to get rid of gender inequality?

A global approach to the gender gap in mathematical, computing, and natural sciences:

how to measure it, how to reduce it?

re you surprised to see few women'’s names on the list of

Nobel Laureates? Are you surprised to see so few female
scientists on the periodic table of chemical elements? Are you
surprised to know there are still relatively low percentages
female students in STEM (Science, Technology, Engineering
and Mathematics) education programs? The answer to these
questions might raise gender gap issues that have existed
for a long time. The low representation of female scientists
appears not only historically, but also currently in STEM
education programs. While in most countries, women
represent a majority of all graduates from tertiary education,
fewer women than men complete STEM university degrees.
Women account for less than 20% of entrants into tertiary
level computer science programs in OECD countries and only
around 18% of engineering entrants [1]. However, it seems
that gender gap issues do not receive the attention they
should. The United Nations proclaimed in its Sustainable
Development Goals (SDGs): “Providing women and girls with
equal access to education, health care, decent work, and
representation in political and economic decision-making
processes will fuel sustainable economies and benefit societies
and humanity at large.” However, much work remains to be
done before such benefits can be reaped.

The Gender Gap Project

This project, titled “A Global Approach to the Gender Gap
in Mathematical, Computing, and Natural Sciences: How to
Measure It, How to Reduce It?”, aims to ensure women'’s full
and effective participation and promote gender equality
and the empowerment of all women and girls at all levels
in mathematics and sciences. To achieve this aim, eleven
international interdisciplinary unions have been collaborating
on various tasks over three years (2017-2019): International
Mathematical Union (IMU), International Union of Pure and
Applied Chemistry (IUPAC), International Union of Pure and
Applied Physics (IUPAP), International Astronomical Union
(IAU), International Union of Biological Sciences (IUBS),
International Council for Industrial and Applied Mathematics
(ICIAM), International Union of History and Philosophy
of Science and Technology (IUHPST), United Nations
Educational, Scientific and Cultural Organization (UNESCO),
Gender in Science, Innovation, Technology and Engineering
(GenderInSITE), Organization of Women in Science for the
Developing World (OWSD), and Association for Computing
Machinery (ACM).

The tasks of the project include the following initiatives:

- To develop a robust and sustainable methodology to clarify
the meaning of gender gap. Identify appropriate data and
develop reliable instruments to collect this data so as to
measure and analyze the gender gap in mathematics and

natural science disciplines in various parts of the world. The
instruments used include a survey of scientists and a study
of gender differences in publication patterns.

-To create a database of good practices aimed at girls
and young women, and disseminate them, particularly in
developing countries.

- To formulate recommendations to reduce gender gap for
unions, institutions, and individual women students and
scientists, teachers, and parents. One of the unique features
of this project is to collaborate with social scientists on
formulating research questions and developing implemen-
tation strategies on gender in science.

Task 1: the survey

To facilitate dissemination of the survey, the project hosted
three workshops in different regions across the world,
including Asia, Latin America, and Africa. The three workshops
were held in Taiwan (National Taiwan Normal University,
7-8 November 2017), Columbia (Universidad de los Andes,
22-24 November 2017), and South Africa (African Institute
of Mathematical Sciences, 1-2 December 2017). The aim of
the workshops was to inform the purposes of the major tasks
of the project, to review the contents of the survey in order to
reflectlocal needs, and to build up a network for disseminating
the survey across different disciplines and countries.

The survey was developed in collaboration with social
scientists and used a snowball sampling method. It collected
answers from May 1 to December 31 2018. During these eight
months, 32,000 responses were collected via the project
website [2]. Both men and women were encouraged to
respond. The survey was available in seven languages: Arabic,
Chinese, English, French, Japanese, Russian, and Spanish. The
numbers of respondents to the global survey of scientists
per country are shown in figure 1. Nearly two thirds of the
responseswereinEnglish, butitbecame clearat the workshops
that the use of multiple languages encouraged inclusivity. We
aim to analyze similarities and differences across regions
and cultures, developing and highly developed countries,
and across different disciplines.

The total number of respondents in chemistry field was 2,724
worldwide (8.9% of total). The data analysis will be carried out
by American Institute of Physics (AIP) Statistical Research
Center. Analyses will be conducted for countries in which
there are enough respondents to maintain confidentiality.

Task 2: the publication patterns

The purpose of the second task was to design a methodology
that allows analysis of publication patterns for different disci-
plines and extends the current research to longitudinal studies
in the future. This work was based upon a comprehensive
study carried out by Mihaljevi¢-Brandt, Santamaria,and Tullney
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Figure 1- Number of respondents to the global survey of scientists per country, 02/01/2019 (retrieved from [3]).

[4] on analyzing publication patterns of scholarly output of
~150,000 men and women mathematicians in the zoMATH
database from the past four decades (1970-2013), in which
significant differences between genders were found. The pub-
lication gap puts women at a disadvantage when they pursue
careers in mathematics academia. The study revealed that the
number of women mathematicians tripled since 1970, but that
women published less than men at the beginning of their
careers and leave academia at a higher rate. They also found
that men publish far more single-authored papers than
women, in particular, women regularly collaborate with the
same researchers. Similar methodology will be used to study
publication patterns in different disciplines (such as chemistry)
and across countries and regions. In short, a key objective is
to create a sustainable and dynamic methodology to provide
a continuous data processing flow, and hence allow for easy
updates and longitudinal data analyses.

Task 3: the database of good practice

The third goal of this project is to establish a database of good
practices that have been proved to be successful programs for
promoting females and girls at different levels to work and
study in science and mathematics fields. This collection of the
practices will be made available to all countries who are
interested in changing the situations of gender inequity and
reforming the opportunities of working in educational and
industrial sectors. Currently, fifty gender initiatives from thirty-
nine countries were identified [5]. To extend the services and
power of this database, we welcome more initiatives to be
recommended across the global so more appropriate models
could be researched for local needs and then adopted into
local situations.

How to reduce the gender gap?

This global gender gap project has four objectives, namely:

- to provide an evidence-based report and recommendations
to stakeholders via a joint global survey and a study of
publication patterns;

- to collaborate with social scientists working in gender and
science, obtaining similarities and differences of outcomes
across different geographical fields, age, degrees, genders,
fields of science, and cultures, developing and highly
developed countries, and across different disciplines;

-to provide easy access to materials to encourage young
women to work in science and mathematics fields, including
information and resources about careers and salaries directed
at parents, schools, and others who can influence the careers
of girls, in particular in the developing world;

- toidentify and propose interventions to make improvements
and to recommend good practices for girls and females in
science, and further to recommend practical policies and
actions that will reduce the gender gap across the globe.

So far, the project reinforced evidence that the global gender
gap still exists. Preliminary results of the survey for chemistry
and mathematics show that women report lower salaries,
more career interruptions, and more instances of discrimina-
tion. A final project conference will be held at the International
Centre for Theoretical Physics (ICTP) in Trieste (Italy) on
4-8 November 2019. Methodology, tools produced, survey
results of the project, data analysis of publications, and
compilation of good practices will be reported. Information
about the use of resources and data from this project will
also be shared.
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Chemiistry education now

he turning of the century showed the need for a change

in science education. On the one hand the number of
students in science dropped, while on the other hand the
importance of future scientists became more and more
obvious. Both the Lund Declaration [1], as well as the United
Nations (UN) sustainable development goals [2] state the
need for scientists in order to tackle the challenges the world
society faces.

Like physicsand to alesser extent biology, chemistry education
has gone through a difficult period at the beginning of the
century. In the ROSE (“Relevance of Science Education”) report
[3], students from about forty countries were interviewed
about their attitudes towards science and science education.
Students do seem to have a positive attitude towards science.
They feel science makes their live easierand more comfortable,
and will make work more interesting. There is some skepticism,
especially among girls about the possible harmful effects
of science and technology. Science education though is
another matter. Students indicate that school science is less
interesting than other subjects, mostimportant school science
has not shown the importance of science for society. Another
important statement from the report was that science did
not introduce new exciting job opportunities.

It was clear that the science curriculum, including chemistry,
was not very up to date. The things students learned
— equilibrium, acid-base theory, redox reactions, organic
chemistry for example - had little or no relationship with
current research at universities, or main problems in society.
Other factors that had a negative influence were things
like teacher domination, competitive assessment, traditional
teaching methods, poor learning environment.

In order to let students appreciate science more, science-
education had to change.

A molecular science

Since 2000, chemistry education has undergone quite some
changes. In chemistry education the focus changed from
the study of chemical reactions towards the study of chemistry
as a molecular science. Focusing not only on molecular
processes, but also on the relation between (molecular)
structure and properties. One of the main themes became
the relationship between macroscopical phenomena and
changes at the molecular level. With the emergence of
nanotechnology, this intermediate size was studied as well.

The main challenge was how to make science education more
relevant for students. Two aspects played a major role in the
solutions that were ultimately found: the first was linking
chemistry to the everyday world; the second showcasing
chemistry research in education, to demonstrate how exciting
research can be.

The use of contexts was one of the solutions that was tried
out, and was successful in motivating students. Instead of
just teaching certain concepts, a context is introduced and
discussed before relating the concepts to the context. A
context can be a lot of things. Normally it would be a societal
situation, in which students are discussing, for example
detergents, and learn about the molecular background of
detergents. Cosmetics are another example that was often
used as a context to introduce the difference between
hydrophobic and hydrophilic substances.

Inarecentexample, students are confronted with the question:
“Why does a baby not drink milk from a carton?” [4] (figure 1).

Figure 1-This is milk as well, isn't it?

Since milk is basically built up as an emulsion of fats, proteins
and carbohydrates, this leads to the introduction of the
molecular properties of proteins, carbohydrates as well as
fats. These substances can be studied in some detail, in which
the chemistry of these compounds is introduced and learned
by the students.

Going into more societal issues, it appears that after about one
month the percentage of women still breastfeeding their
babies drops to about 57%. The World Health Organization
(WHO) advises complete breastfeeding until six months, bus
as maternity leave ends after four weeks, quite a few women
stop breastfeeding or mix it with formula milk.

The introduction of formula milk leads to questions about
the composition and production of formula milk. How do you
get from figure 2a to figure 2b?

Apart from discussing and learning about the production
process of formula milk in a factory, students learn about
chemical technology in general. This case leads to recent
research done at the University of Groningen about the role
of human oligosaccharides in breastmilk (HMOS). These HMOS
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Figure 2 - From Dutch cows (a) to formula milk (b).

play a role in the development of gut bacteria in the baby
(figure 3).

The research group in Groningen found that galacto-
oligosaccharides (GOS) can have the same effect. Since then
these GOS have been added to formula milk. This gave the
opportunity to introduce both microbiology as well as the
introduction of the intestinal system in humans. This includes
the use of metagenomics for the identification of the gut
bacteria.

It demonstrated to the students the role of recent research
in a societal very relevant aspect of their lives. Most of the
students have been breast fed, but have also had formula
milk.
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This combination of the students own experiences and
the underlying molecular explanations are a main feature
of modern chemistry education. It motivates students, but
also showcases relevant recent research taking place at
the university (the educational material presented above can
be found at [5]).

Context and sustainable goals

Other research has been done to improve science education.
Science education in early stages can become highly relevant
for students, when it can be linked with sustainable
development [6]. When students can see the role they
themselves can play in sustainable development, now and
in the future, they will be more motivated to understand the
need for science.

Linking science education to the UN development goals for
example is relatively easy. Goal 6 about clean water and
sanitation for example can be used at the start of chemistry
education. Separation methods like filtration, absorption as
well as distillation are often introduced early on in chemistry
education, in orderto develop the concept of a pure substance.
The preparation of drinking water is a perfect example and
may lead to student work as illustrated in figure 4.
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Figure 4 - Water purification (source Wikipedia).

Recently a discussion started about the central role of
chemistry in relation with sustainability, as well as its
relationship with other natural sciences. Chemistry is linking
more and more with other natural sciences in research. The
molecular aspects in astronomy, physics and biology lead
to combined research groups, in which chemistry is a linking
pin. This leads to all sorts of university masters in which
different sciences are mixed.

Systems play a vital role in the study of environmental issues,
and require a more holistic view of a problem, in which
chemistry plays a role. As can be seen in the example of breast
feeding discussed above, there are interfaces between
chemistry and engineering, chemistry and biology, as well
chemistry and sociology. While in biology systems are part

of the normal curriculum, systems are not part of the normal
chemistry curriculum.
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This has led to a discussion about the introduction of systems
thinking in chemistry education.

The introduction of systems offers a way for studying concepts
like life cycle analysis, cradle to cradle design, which are
important if we want to discuss the future use of base materials.
The publication of a periodic table by EuChemsS to highlight
2019 as the International Year of the Periodic Table is a nice
example of the problems associated with the availability of
elements (figure 5).

Chemistry education continues to evolve around the world,
and in the past twenty years has managed to change the
negative trend in the appreciation of chemistry as a science [7].

[1] European Commission, The Lund Declaration 2015, www.regjeringen.no/contentassets/
27b6beaf195a42bead42a0c3001b431ch/lund_declaration2015v4.pdf

[2] UN Sustainable Development Goals, www.un.org/sustainabledevelopment/sustainable-
development-goals

[3]Sjoberg S., Schreiner C.,, The ROSE project: an overview and key findings, 2010,
www.roseproject.no/network/countries/norway/eng/nor-Sjoberg-Schreiner-overview-
2010.pdf

[4] Apotheker J.H., Teuling E., Carbohydrates in breastmilk, IPN, Kiel, 2017.

[5] www.irresistible-project.eu/index.php/en/resources/teaching-modules

[6] Eilks 1., Hofstein A., Combining the question of the relevance of science education
with the idea of education for sustainable development, In Science Education Research
and Education for Sustainable Development, |.Eilks, S.Markic, B.Ralle (eds), Shaker,
Aachen, 2014, p. 3-14.

[7] Matlin S.A., Mehta G., Hopf H., Krief A., One-world chemistry and systems thinking,
Nat. Chem., 2016, 8(5), p. 393, www.nature.com/articles/nchem.2498
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International Union of Pure and Applied Chemistry (IJUPAC):

an adventure

hereflexions that follow are the fruit of along engagement

with the history of IUPAC, through its publications and
archives. Many unanswered questions remain. Is it possible
yet to present a coherent portrait of the Union? What image
of the Union do | have as | write these lines? Do | see IUPAC
as essentially an institutional structure that reveals little of
the men and women behind it? And what underlying unity can
we identify amid the striking diversity of its activities? These
questions, about an organization of immense and shifting
complexity, are ones that no single person can hope to answer.
Hence what | offer here is necessarily impressionistic and
incomplete.

The Union as an international body

IUPAC is a hundred years old in 2019 [1]. On 28 July 1919,
in Brussels, it was recognized as a constituent union of the
International Research Council (IRC), along with other unions,
for astronomy, geodesy and geophysics, and scientific radio-
telecommunications. The mission of the IRC was to reorganize
international science, through regulations and procedures
adapted to the different disciplines. In this way, it was hoped
to avoid the dispersion and duplication of effort at the
international level.

IUPAC was at once a successor to the International Association
of Chemical Societies (1911-1919) and a product of specifically
post-war ideals, including an alliance between science and
industry in which science would chart a future that industry
would then bring to fruition. This alliance, reflecting the
support that the nascent union received from the French and
British societies of chemical industry, accounts for the decision
that IUPAC should embrace all chemistry, both pure and
applied.

Created as an interallied union open exclusively to the nations
that had fought on the Allied side in the war, IUPAC only
became truly international in 1931, when its parent body, the
IRC, was replaced by the International Council of Scientific
Unions (ICSU). Along the way, however, there had been
significant changes. In 1930, for example, the Union had
already shortened its name to International Union of
Chemistry. In doing so, it signalled a narrowing of its scope to
pure chemistry and a severing of the explicit industrial links,
which it considered to be adequately covered in the various
congresses that took place under its auspices.

After the Second World War, the Union’s very survival was
in question. ICSU, recognized and supported by UNESCO as
a force for world peace, faced approaches from a number of
new specialized international committees, including some
in chemistry that threatened the break-up of the Union.
The result, in 1949, was a fundamental restructuring into six

disciplinary sections, later named divisions: Physical Chemistry
(1), Inorganic Chemistry (Il), Organic Chemistry (lll), Biological
Chemistry (IV), Analytical Chemistry (V), and Applied Chemistry
(VI). Each division was to enjoy a large measure of autonomy,
with its president becoming one of the vice-presidents of
the Union. The result was a body that once again embraced
the whole of chemistry. It reverted, appropriately, to its original
name of International Union of Pure and Applied Chemistry
(IUPAC), and new specialities, such as macromolecular
chemistry, were introduced. The restructuring of commissions
continued through the 1960s and 1970s in response to
revolutionary new analytical techniques, such as infrared
spectroscopy and then NMR. And the development of
biochemistry and clinical chemistry was the cause of frequent
adjustments to divisions and standing committees through-
out the last forty years of the 20t century.

Another challenge lay in advances in analytical and applied
chemistry that made it necessary to plan a complete review of
the two divisions in question. Since the late 1950s, gathering
criticism among the general public had contributed to afeeling
that science had been, for better or worse, a driver of rapid
social change. The Union had no choice but to take account
of such criticism and develop shared expertise with bodies
primarily involved in such areas as education, health, nutrition,
and the challenges of pollution. As the President Jacques
Bénard (1971-1973) insisted in his report on the state of the
Union: if IUPAC was being created in his day, it would surely
have been very different; the original compartmentalization
according to the traditional sub-disciplines of chemistry would
nolonger be appropriate [2]. Throughoutits history, in his view,
the Union had shown a capacity for adaptation, and if it did not
adapt now, it would be condemned to sterility. In raising such
questions, Bénard was expressing concerns that had been
voiced for some time within the Union. And his successors
heeded his warning.

IUPAC confronts its history

The move to rethink IUPAC turned thoughts to the Union’s
past. The history of IUPAC became a matter for discussion
as early as 1968. Five years later, Stig Veibel, a titular member
of the commission on organic nomenclature (lll-1), wrote
a detailed account. But this remained unpublished, and it
was left for Roger Fennell, editor of Chemistry International
(1983-1985), to take up the challenge. His History of IUPAC,
1919-1987 appeared in 1994, followed in 2001 by a substantial
supplementfortheyears 1988-1999 by Stanley S. Brown (a past
president of the Division of Clinical Chemistry, 1985-1987). This
meant that work on the first eight decades of the Union’s
history coincided precisely with the comprehensive review of
its structure. Through the 1990s, the continuing will for reform
leftits mark, notleastin Chemistry International, which reported
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on the various proposals under discussion. Among the
working documents put to members were the Strategic Plan
and the Projects System, which together provided the
foundation for the major reform that was finalized during
Edwin Becker’'s term as Secretary general (1996-2003) and
Joshua Jortner’s as President (1998-1999) [3].

Community and the individual in chemistry

This brings me to the chemists who have made up the Union
and whose role is too easily obscured in the official record.
Since it has never been the practice for IUPAC to give
prominence to individual contributors, reports on the Union’s
work have had a rather anonymous character.

The fact is that IUPAC has been, above all else, a community of
men and women who have brought to bear not only their
scientific expertise but also their ideals and faith in chemistry.
Some have served for long periods, occupying successive posts
of responsibility. Among presidents whose names will be less
known to members today are the multi-lingual physical
chemist Ernst Cohen (Netherlands, 1925-1928), who did so
much to promote IUPAC's transition from a still essentially
interallied body to one that was truly international, and
Marsten T. Bogert (USA, 1938-1947), who guided the Union
through the difficult war years. We should also remember
William A. Noyes Jr (USA, 1959-1963), who worked to ensure
that the offices of the Union were open to members from
any country; the first Russian President, Victor Kondratiev
(1967-1969, decisive years for the Union); and the visionary
Harold W.Thompson (UK, 1973-1975), the inspiration for a
number of new departures between 1957 and 1975, including
the establishment of the Triple Commission for Spectroscopy
(a joint venture with the unions for physics and astronomy)
and, in 1960, the journal Pure and Applied Chemistry.

The Secretary general too has had a crucial role, especially in
the aftermath of the two world wars: first, after the Great War,
when Jean Gérard (1919-1944) laid the foundations for what
quickly emerged as a major inter-war union, and then after the
Second World War, when Raymond Delaby (1945-1955) guided
the relaunching of the Union in a context of reconciliation that
served to maintain unity despite pressures that might wellhave
led certain groups of chemists and specialities to withdraw.
It would be impossible to mention all the other officers who
have done so much to foster relations in an atmosphere
invariably characterized by mutual respect. Over the years,
many personal friendships have been struck in the context of
debates on such potentially divisive matters as nomenclature,
terminology, symbols, and analytical procedures. Far from
being incidental, these have played their part in the resolution
of differences that are largely glossed over in reports and
publications, though plainly visible in the archives. At difficult
moments, in fact, firmness and diplomacy have gone hand
in hand with a degree of cordiality that has helped to achieve
a solution acceptable to all concerned.

Continuity and change

As we look back over the Union’s last half century, two turning
points stand out: first, the establishment of the permanent sec-
retariat in Oxford in 1968, and secondly, in 1997, the move to
Research Triangle Park in North Carolina and the subsequent
deposit of IUPAC's archives at the Chemical Heritage Founda-
tion, now the Science History Institute, in Philadelphia. The
period between these two events was one of transition. It was
marked by the growing importance of standing committees
(CTC, CHEMRAWN, COCl...) and an associated recognition
that chemistry could not be treated independently of its social
and environmental implications. The first turning point also
coincided with IUPAC’s heightened presence in international
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organizations requiring its expertise, and its consequent
involvement in defined, essentially administrative tasks of a
less personal character. The second took place in the context
of the restructuring of the Union that was completed at the
beginning of the 21™ century, after years of debate.

While the archives allow us to trace IUPAC's inner workings
into the 1990s, the subsequent advent of electronic messaging
has transformed both the Union’s administrative procedures
and its relations with members. Today, members store
materials in their own computer systems, with consequences
that present a challenge for the historian; at the very least,
much risks being lost when a term of office comes to an end
and offices move. This is something that those writing the
history of IUPAC's next hundred years, with only published
sources to work from, will necessarily regret,and we must hope
that measures will be taken to preserve and manage the
21t century archives of the great lady that is IUPAC. Here the
National Adhering Organizations (NAOs) could play a crucial
role as vehicles for preserving archives on the national scale.
And we should certainly seize the opportunity of recording
oral accounts by the Union’s many actors, especially those
who have contributed to the changes of recent decades.

While the Union may appear remote from everyday life, two
of its decisions speak to every one of us: the adoption, in 1961,
of carbon 12 as the foundation for atomic weights and,
ten years later, of the mole as the base unit of the International
System.

Overcoming language barriers and laying aside political
differences and considerations of race and religion, the men
and women of IUPAC have given chemistry its vocabulary
and rules. We should never forget, however, that today’s
present will become tomorrow’s past. | leave members in this
centenary year with that thought.

The author thanks Robert Fox, Emeritus Professor of the History of
Science, University of Oxford (UK) for kindly undertaking the translation
of her original French text.

[1] Chemistry International, 2019, 41/3 (July-September, special centenary issue), p. 1-58.

[2] Bénard J., President’s report on the State of the Union, in Agenda for XXVII Council Meeting,
Munich, 1973. Also, in French: Rapport général du Président J. Bénard sur I'état de I'Union,
L’Act. Chim., oct. 1973, p. 7-13.

[3]Jortner J., Future mission, goals and functions of IUPAC, Chem. Int., 1998, 20(1), p.1-2;
IUPAC adopts strategic plan, Chem. Int., 1998, 20(2), p. 21-24; Strategy development
and Implementation Committee, Report to the Executive Committee, Chem. Int., 1998, 20(3),
p. 55-76; Becker E.D., Secretary General’s Report, Chem. Int., 1998, 20(6), p. 165-167.
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Preserving the memory of chemistry

E ver since | left Oxford University with a DPhil in physical
chemistry under my belt, my career has, in some way or
other, been involved in preserving the history of chemistry.
In terms of printed books and archives in libraries, these have
beenreasonably well cared-for. Forexample, the IUPACarchive
itself is carefully preserved in the institution of which | am now
President, the Science History Institute in Philadelphia. But in
terms of objects, the scene looks much thinner and patchy.
The material culture of chemistry is a difficult subject to deal
with for two main reasons. Earlier objects themselves do not
excite visually in the same way that instruments and apparatus
from other disciplines do, and do not tend to be preserved to
the same extent [1]. Microscopes, telescopes, orreries and
astrolabes are innately photogenic: the brass shines and the
carved ivory is intriguing. Test tubes, flasks and distillation
apparatus are less visually attractive. It is likely that for this
reason that the survival rate of chemical objects is much poorer
thanin the optical and mechanical categories which | have just
mentioned. Glass test tubes are expendable because they are
cheap and readily replaceable, and the historical evidence that
can be extracted from them is usually much less. Secondly,
there is the issue of understanding. Many members of the
public are well aware of what a microscope or telescope
does. Chemical objects are more arcane and difficult to fathom.
Itis true that the division between chemistry and other physical
sciences converges as one approaches the present day
when the black box syndrome hides the working parts of all
types of instrument and makes them a challenge to display.
As an example, one of the most important instrumental
developments for chemistry of the post-Second World War
years was the Beckman DU series of spectrophotometers,
which made a major impact on the study of chemical and
biological substances. Approximately 30,000 of these instru-
ments were made between 1941 and 1976 and there is no
denying their significance in research (figure 7). Yet the inner
workings are surrounded by the archetypical metal black box
which conceals how they function. Persuading the lay-public
of their mode of operation and importance is extraordinarily
difficult, and very few science museums even attempt it.

However, there can be no doubt of the importance of
preserving the material culture of chemistry, which impinges
on so many aspects of contemporary life. In their day-to-day
work, chemists draw constantly on the findings of their
predecessors, while museum specialists need to seek out
collections in the major science museums to tell stories.
Even if their displays are attenuated, the significance of
chemical artefacts has been accepted by the Conservatoire
National des Arts et Métiers in Paris (whose most-prized
chemical objects must surely be the 18th century instruments
of Antoine Laurent Lavoisier), the Deutsches Museum in
Munich, and the Science Museum in London. These three are
highlighted because they contain largely historical material,
antiquities of the nature of which might be found in other types
of history museums. There are plenty of science centres

Figure 1-Infra-red spectrometer created by Sir Harold Thompson in the 1930s at the University
of Oxford. Collection of the Science Museum, London.

around the world which demonstrate scientific principles,
but the devices which they contain are largely made to order
and have not been used by practicing scientists in the normal
sense of the word.

Apart from the large national science museums which have
been mentioned and which contain chemical material, there
are a number of what might be called “boutique” science
museums which make no claims to be comprehensive but
which contain associational instruments (including chemical
ones) and apparatus. Examples which might be mentioned
are the Teyler Museum and the Boerhaave Museum in Haarlem
and Leiden in the Netherlands, the Royal Institution in London
(with rich collections pertaining to Humphry Davy and
Michael Faraday), the National Museum of Scotland (for Joseph
Black’s teaching apparatus) and the Collection of Historical
Instruments at Harvard University in the USA.

But these institutions contain few instruments dating from
the latter part of the 20t century onwards, a period wh