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Green Chemistry: 20 Years on! 

•! A new way to look at chemistry & engineering 
•! From cleanup to pollution prevention to hazard 

reduction 
•! Along the way,  

–! new ways to look at toxicity,  
–! tractable tools for life cycle analysis,  
–! New technology, 
–! profound changes within the business & investment 

community.  
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assessment of one additional case of can-
cer per million people over a 70-year life-
time can require an extrapolation more
than 5–6 orders of magnitude from the
high exposures used in animal studies to
the low concentrations assumed to be safe
for humans. In reality, this means that
although lifetime bioassays expose a
rodent to hundreds of milligrams per unit
of body weight per day, the permitted
exposure to humans may be fractions of a
microgram per unit of body weight per

day. This is an extraordinary degree of
extrapolation with the uncertainty increas-
ing progressively the further the prediction
moves away from the observable zone of
generated data. Furthermore, the assump-
tion of a linear relationship between dose
and response completely ignores the fact
that our bodies and our cells have devel-
oped mechanisms to detoxify harmful
chemicals and exposure to radiation—in
fact, low doses may even trigger responses
that are beneficial.

In addition, risk predictions based on
the extrapolation of data from animal
experiments using high doses are in fact
hard to verify, despite massive attempts
that used up to 24,000 rodents in the
largest of all—failed—validation experi-
ments. Even such powerful studies, which
were carried out in an acceptable manner
and evaluated in extraordinary detail,
cannot reliably estimate risks lower than
one in 100, let alone one in 1,000,000.
But because risks of one in 100 are
regarded as being unacceptable to the
general public, especially for routine
activities, regulatory agencies have found
themselves in a position where they have
had to adopt the use of the lowest estimated
risk, which cannot be checked or verified.
This approach clearly is marked by good
intentions but paved with a large public
cheque book.

Despite a lot of argument between
governmental agencies and the
affected industries over the process

of risk assessment, industry has made little
progress in persuading governmental agen-
cies to budge from their protectionist
stance, especially in the areas of hazard
assessment and its impact on risk assess-
ment. In general, it has been nearly impos-
sible for biostatistical models to differentiate
between linear and threshold models in
the low-dose zone when experimental
studies used only 2–4 different doses. In
such cases, the governmental regulatory
agencies usually revert to their more 
conservative default assumption models.

Nevertheless, the threshold dose response
has become the key model in toxicology
and pharmacology, whereas the LNT
dose–response model has been the princi-
pal model for the estimation of cancer risks
by virtually all regulatory agencies. I would
argue that the field of toxicology, including
most regulatory agencies concerned with
chemical and radiation risk, has made a
major error of judgement in selecting these
two dose–response models to calculate
human health and environmental risks for
the broad spectrum of chemical classes and
physical agents. This error profoundly
affects the standards set for public health,
the communication of risks to the public,
the establishment of environmental priori-
ties and the costs of environmental stan-
dards and clean-up activities. It has also
made the decision-making process more
intuitive and less scientific and thus more
susceptible to political manipulation by
interested parties. If only zero risk is accept-
able to the public, then it is easy to call for
the complete abolishment of a product or
activity that carries with it some risk, no
matter how large the costs or benefits.

Enter an alternative model, which claims
that the fundamental shape of the
dose–response curve is neither linear nor
threshold, but rather U-shaped. This so-
called hormesis model—after the Greek
word ‘to excite’—was first applied to
describe dose–response relationships by
Southam & Ehrlich (1943) more than 60
years ago. A typical hormetic curve is either
U-shaped or has an inverted U-shaped
dose–response, depending on the endpoint
measured. If the endpoint is growth or
longevity, the dose–response would be that
of an inverted U-shape; if the endpoint is
disease incidence, then the dose–response
would be described as U- or J-shaped (Fig 1).
This model not only challenges the LNT
and threshold models but, more importantly,
it suggests that as the dose decreases there
are not only quantitative changes in the
response measured but also qualitative
changes. That is, as the dose of a carcino-
gen decreases, it reaches a point where the
agent actually may reduce the risk of 
cancer below that of the control group.
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Fig 1 | Dose–response relationships described by
(A) the threshold model, (B) the linear non-
threshold model, (C) the inverted U-shaped
hormetic model and (D) the J-shaped hormetic
model. (Adapted from Davis & Svendsgaard, 1990.)

If only zero risk is acceptable to
the public, then it is easy to call
for the complete abolishment of
a product or activity that carries
with it some risk,no matter how
large the costs or benefits

...the hormesis model clearly
outperforms either of the other
two competitive models in fair
head-to-head competition 

Traditional view, the 
dose makes the 
poison, with and 
without a threshold 
value! 
 
!carcinogens and 
radiation assumed to 
have no threshold 

Endocrine disruption, Epigenetics 



Slide 5 The Mascaro Center for Sustainable Innovation 

New Ways to Look at Toxicity [from E.J. Calabrese, EMBO Rep. (2004), 
5 (special issue), s37-s40] science & society

EMBO reports   VOL 5 | SPECIAL ISSUE | 2004 ©2004 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

specia l  i ssue

S38

assessment of one additional case of can-
cer per million people over a 70-year life-
time can require an extrapolation more
than 5–6 orders of magnitude from the
high exposures used in animal studies to
the low concentrations assumed to be safe
for humans. In reality, this means that
although lifetime bioassays expose a
rodent to hundreds of milligrams per unit
of body weight per day, the permitted
exposure to humans may be fractions of a
microgram per unit of body weight per

day. This is an extraordinary degree of
extrapolation with the uncertainty increas-
ing progressively the further the prediction
moves away from the observable zone of
generated data. Furthermore, the assump-
tion of a linear relationship between dose
and response completely ignores the fact
that our bodies and our cells have devel-
oped mechanisms to detoxify harmful
chemicals and exposure to radiation—in
fact, low doses may even trigger responses
that are beneficial.

In addition, risk predictions based on
the extrapolation of data from animal
experiments using high doses are in fact
hard to verify, despite massive attempts
that used up to 24,000 rodents in the
largest of all—failed—validation experi-
ments. Even such powerful studies, which
were carried out in an acceptable manner
and evaluated in extraordinary detail,
cannot reliably estimate risks lower than
one in 100, let alone one in 1,000,000.
But because risks of one in 100 are
regarded as being unacceptable to the
general public, especially for routine
activities, regulatory agencies have found
themselves in a position where they have
had to adopt the use of the lowest estimated
risk, which cannot be checked or verified.
This approach clearly is marked by good
intentions but paved with a large public
cheque book.

Despite a lot of argument between
governmental agencies and the
affected industries over the process

of risk assessment, industry has made little
progress in persuading governmental agen-
cies to budge from their protectionist
stance, especially in the areas of hazard
assessment and its impact on risk assess-
ment. In general, it has been nearly impos-
sible for biostatistical models to differentiate
between linear and threshold models in
the low-dose zone when experimental
studies used only 2–4 different doses. In
such cases, the governmental regulatory
agencies usually revert to their more 
conservative default assumption models.

Nevertheless, the threshold dose response
has become the key model in toxicology
and pharmacology, whereas the LNT
dose–response model has been the princi-
pal model for the estimation of cancer risks
by virtually all regulatory agencies. I would
argue that the field of toxicology, including
most regulatory agencies concerned with
chemical and radiation risk, has made a
major error of judgement in selecting these
two dose–response models to calculate
human health and environmental risks for
the broad spectrum of chemical classes and
physical agents. This error profoundly
affects the standards set for public health,
the communication of risks to the public,
the establishment of environmental priori-
ties and the costs of environmental stan-
dards and clean-up activities. It has also
made the decision-making process more
intuitive and less scientific and thus more
susceptible to political manipulation by
interested parties. If only zero risk is accept-
able to the public, then it is easy to call for
the complete abolishment of a product or
activity that carries with it some risk, no
matter how large the costs or benefits.

Enter an alternative model, which claims
that the fundamental shape of the
dose–response curve is neither linear nor
threshold, but rather U-shaped. This so-
called hormesis model—after the Greek
word ‘to excite’—was first applied to
describe dose–response relationships by
Southam & Ehrlich (1943) more than 60
years ago. A typical hormetic curve is either
U-shaped or has an inverted U-shaped
dose–response, depending on the endpoint
measured. If the endpoint is growth or
longevity, the dose–response would be that
of an inverted U-shape; if the endpoint is
disease incidence, then the dose–response
would be described as U- or J-shaped (Fig 1).
This model not only challenges the LNT
and threshold models but, more importantly,
it suggests that as the dose decreases there
are not only quantitative changes in the
response measured but also qualitative
changes. That is, as the dose of a carcino-
gen decreases, it reaches a point where the
agent actually may reduce the risk of 
cancer below that of the control group.
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Fig 1 | Dose–response relationships described by
(A) the threshold model, (B) the linear non-
threshold model, (C) the inverted U-shaped
hormetic model and (D) the J-shaped hormetic
model. (Adapted from Davis & Svendsgaard, 1990.)

If only zero risk is acceptable to
the public, then it is easy to call
for the complete abolishment of
a product or activity that carries
with it some risk,no matter how
large the costs or benefits

...the hormesis model clearly
outperforms either of the other
two competitive models in fair
head-to-head competition 

science & society

EMBO reports   VOL 5 | SPECIAL ISSUE | 2004 ©2004 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

specia l  i ssue

S38

assessment of one additional case of can-
cer per million people over a 70-year life-
time can require an extrapolation more
than 5–6 orders of magnitude from the
high exposures used in animal studies to
the low concentrations assumed to be safe
for humans. In reality, this means that
although lifetime bioassays expose a
rodent to hundreds of milligrams per unit
of body weight per day, the permitted
exposure to humans may be fractions of a
microgram per unit of body weight per

day. This is an extraordinary degree of
extrapolation with the uncertainty increas-
ing progressively the further the prediction
moves away from the observable zone of
generated data. Furthermore, the assump-
tion of a linear relationship between dose
and response completely ignores the fact
that our bodies and our cells have devel-
oped mechanisms to detoxify harmful
chemicals and exposure to radiation—in
fact, low doses may even trigger responses
that are beneficial.

In addition, risk predictions based on
the extrapolation of data from animal
experiments using high doses are in fact
hard to verify, despite massive attempts
that used up to 24,000 rodents in the
largest of all—failed—validation experi-
ments. Even such powerful studies, which
were carried out in an acceptable manner
and evaluated in extraordinary detail,
cannot reliably estimate risks lower than
one in 100, let alone one in 1,000,000.
But because risks of one in 100 are
regarded as being unacceptable to the
general public, especially for routine
activities, regulatory agencies have found
themselves in a position where they have
had to adopt the use of the lowest estimated
risk, which cannot be checked or verified.
This approach clearly is marked by good
intentions but paved with a large public
cheque book.

Despite a lot of argument between
governmental agencies and the
affected industries over the process

of risk assessment, industry has made little
progress in persuading governmental agen-
cies to budge from their protectionist
stance, especially in the areas of hazard
assessment and its impact on risk assess-
ment. In general, it has been nearly impos-
sible for biostatistical models to differentiate
between linear and threshold models in
the low-dose zone when experimental
studies used only 2–4 different doses. In
such cases, the governmental regulatory
agencies usually revert to their more 
conservative default assumption models.

Nevertheless, the threshold dose response
has become the key model in toxicology
and pharmacology, whereas the LNT
dose–response model has been the princi-
pal model for the estimation of cancer risks
by virtually all regulatory agencies. I would
argue that the field of toxicology, including
most regulatory agencies concerned with
chemical and radiation risk, has made a
major error of judgement in selecting these
two dose–response models to calculate
human health and environmental risks for
the broad spectrum of chemical classes and
physical agents. This error profoundly
affects the standards set for public health,
the communication of risks to the public,
the establishment of environmental priori-
ties and the costs of environmental stan-
dards and clean-up activities. It has also
made the decision-making process more
intuitive and less scientific and thus more
susceptible to political manipulation by
interested parties. If only zero risk is accept-
able to the public, then it is easy to call for
the complete abolishment of a product or
activity that carries with it some risk, no
matter how large the costs or benefits.

Enter an alternative model, which claims
that the fundamental shape of the
dose–response curve is neither linear nor
threshold, but rather U-shaped. This so-
called hormesis model—after the Greek
word ‘to excite’—was first applied to
describe dose–response relationships by
Southam & Ehrlich (1943) more than 60
years ago. A typical hormetic curve is either
U-shaped or has an inverted U-shaped
dose–response, depending on the endpoint
measured. If the endpoint is growth or
longevity, the dose–response would be that
of an inverted U-shape; if the endpoint is
disease incidence, then the dose–response
would be described as U- or J-shaped (Fig 1).
This model not only challenges the LNT
and threshold models but, more importantly,
it suggests that as the dose decreases there
are not only quantitative changes in the
response measured but also qualitative
changes. That is, as the dose of a carcino-
gen decreases, it reaches a point where the
agent actually may reduce the risk of 
cancer below that of the control group.
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Fig 1 | Dose–response relationships described by
(A) the threshold model, (B) the linear non-
threshold model, (C) the inverted U-shaped
hormetic model and (D) the J-shaped hormetic
model. (Adapted from Davis & Svendsgaard, 1990.)

If only zero risk is acceptable to
the public, then it is easy to call
for the complete abolishment of
a product or activity that carries
with it some risk,no matter how
large the costs or benefits

...the hormesis model clearly
outperforms either of the other
two competitive models in fair
head-to-head competition 
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and J 
curves 

Endocrine disruption, Epigenetics 



Slide 6 The Mascaro Center for Sustainable Innovation 

Life Cycle Analysis Becomes a Viable Tool 
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TRACI: Tool for the Reduction and Assessment of Chemical and other Environmental 
Impacts 

•! Human health criteria 
pollutants 

•! Eco-toxicity 
•! Fossil fuel depletion 
•! Land use 
•! Water use 

See Jane Bare, et al.,  J. Industr. Ecol. 2003, 6, 49 
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TRACI: Tool for the Reduction and Assessment of Chemical and other Environmental 
Impacts 

•! Ozone depletion 
•! Global warming 
•! Smog formation 
•! Acidification 
•! Eutrophication 
•! Human health-cancer 
•! Human health non-cancer 

•! Human health criteria 
pollutants 

•! Eco-toxicity 
•! Fossil fuel depletion 
•! Land use 
•! Water use 

See Jane Bare, et al.,  J. Industr. Ecol. 2003, 6, 49 

pollutants 
Eco-toxicity 
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New Technology: Bio-based materials 

Ecovative Design; 
materials from 
mushrooms 

Solazyme’s 
Bio-oils 
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The Cleantech Sector Didn’t Really Exist Prior to 2000 
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Themes for Today 

•! Eco-Innovation via Customer-Centered 
Design 

•! Possible Future Trends (i.e., WAG’s) 
–!Completely integrated molecular design for 

chemical products 
–!Resilient chemical generation via distributed 

synthesis 
–!Molecular “services” 
–!CO2-based chemical systems 

– Completely integrated molecular design for 
chemical products 

– Resilient chemical generation via distributed 
synthesis 
Molecular “services” 

Eco-Innovation via Customer-Centered 
Design 
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Market Conditions 
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Concept & Opportunity sound, 
No H&S red flags? 

Market Conditions 

Competitive 
Landscape 

Customer Discovery; 
Desired Customer 
Outcomes 

+ 

+ 

Opportunity 

Design(s)  
D1, D2, !..Dn 

Designs meet performance 
and health & safety specs? 
Designs meet performance 

Potential for Greatly 
Improved Health & Safety 
Outcomes 

+ 

Concept 
Health & 

safety 
heuristics, life 
cycle thinking 

Green design 
rubrics 

Performance 
Specs 

Green design 
rubrics 

Performance 
Specs Specs 

Adding “Green” Thinking to the Process 

Customer Discovery; 
Desired Customer 
Outcomes 

+ + + + 

+ 

Concept 
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safety 
heuristics, life 
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(from Ullman, The Mechanical Design Process, 2010). 

% of costs 

Time 

Committed 

Expended 

Concept 
Phase Phase 

80% of costs are 
committed during 
the concept phase, 
while only 5-7% 
are expended 
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text of sustainability, along with a global perspective, in order to
solve problems of sustainability on multiple scales !3".

The issue of environmental sustainability is extraordinary in
both magnitude and complexity and as such is one of the greatest
challenges faced by modern society !4". Moreover, as a result of
population growth and the improvement in the quality of life !5",
more and more products are used to provide services or are con-
sumed by people directly, further complicating the quest for envi-
ronmental sustainability. In 2006, the total output of the U.S.
manufacturing sector #in the form of a variety of products$ had a
gross value of $5.3!1012 !6". These products were responsible
for about 84% of energy-related carbon dioxide emissions and
90% of the energy consumption in the industrial sector !7". There-
fore, reducing the environmental footprints associated with these
products has critical importance in addressing the environmental
sustainability challenge.

While many different enterprises and systems are involved
from the concept to the end-of-life #EOL$ and recycling of prod-
ucts, it also requires a shared responsibility to implement and
realize sustainability throughout the life cycle. Ultimately, design-
ers and product engineering management must understand pos-
sible designs for environment strategies. Innovation is an integral
part that must balance business with other constraints to find the
best strategy for product lines. Information requirements of engi-
neering designers for eco-design have to be served in a manner
such that both manufacturing and life cycle use of the product are
eco-friendly. Figure 1 illustrates the necessary considerations dur-
ing design to achieve sustainable product development. Also, the
integration of downstream issues into design is a complex task.
The ambiguity attributed to a concept during the early design
phase creates grand challenges for the development of appropri-
ate, accurate metrics related to sustainability. The purpose of this
paper is to provide a map of the primary drivers, ongoing re-
search, and future needs for researchers, educators, and practitio-
ners. In addition, the paper also serves another purpose of provid-
ing foresight into gaps that are emerging in realizing the quest for
more sustainable products !8". This review also provides some
specific research examples in terms of our position in developing
early design strategies, which show promise to be effective in the
long run.

2 Background
On Feb. 2, 2007, the United Nations scientific panel studying

climate change declared that the evidence of a warming trend is
“unequivocal” and that human activity has “very likely” been the

driving force in this change over the past 50 years !9". The last
report by the Intergovernmental Panel on Climate Change, in
2001, had found that human beings had “likely” played a role.
Subsequently, climate change, including the “cap and trade” pos-
sibilities, has been a major front page topic in various newspapers,
Secretary Clinton’s agenda for engaging Asian countries in solv-
ing global problems, the soot from millions of villages in India as
a source of global climate change, the arctic melt unnerving sci-
entists in the summer of 2007, the risk of inaction on climate
change by the United Nations, and, most recently, the Aug. 9,
2009 article entitled “Climate Change Seen as Threat to U.S. Se-
curity,” all paint a picture illustrating the far-reaching implications
of climate change !10".

3 Sustainability and Product Design
The industrial sector has been responsible for emissions of

1235!106 metric tons of carbon dioxide in the United States as
of 2007. This number is expected to increase to 1667
!106 metric tons by 2030 !11". It is therefore imperative to de-
sign products and processes that are environmentally sustainable.

It is well known that although only 5–7% of the entire product
cost is attributable to early design, the decisions made during this
stage lock in 70–80% of the total product cost !12". Correspond-
ingly, one can hypothesize the same to be the case for environ-
mental impacts. That is, whether or not a product is relatively
sustainable is largely determined during the early design stage.
Due to high levels of uncertainty regarding design embodiments
at the early design phase, novel methods and tools are essential to
providing designers a basis for ascertaining the degree of sustain-
ability of a given product or process !13".

3.1 DFE. Design for environment #DFE$ is a practice by
which environmental considerations are integrated into product
and process engineering design procedures. DFE practices are
meant to develop environmentally compatible products and pro-
cesses while maintaining product, price, performance, and quality
standards !14". Sherwin and Bhamra !15" suggested that the real
focus for innovation should be around stages 3 and 4 #redesign
and rethink$, as can be seen in Fig. 2 and in the original revised
four-step approach by Charter !16". Indeed, sustainability is inex-
tricably linked with economic and social considerations that differ
across cultures and technology, and combined with improved de-
sign, they can greatly aid this quest !5".

Design for the environment enables consideration of environ-
mental issues as business opportunities. These opportunities may
exist for new products, processes, or manufacturing technologies
!17". The extent of the product’s environmental friendliness de-
pends on the level of DFE implemented by the company. There-
fore, most of the levels of DFE have to be set up before compa-
nies start to implement their own DFE. In general, because of the
complexity of today’s products and the departmental organization

Fig. 1 Design decisions affect every stage of a product’s life

Fig. 2 Revised approach to DFS Ü 15á

091004-2 / Vol. 132, SEPTEMBER 2010 Transactions of the ASME

Downloaded From: http://mechanicaldesign.asmedigitalcollection.asme.org/ on 04/18/2013 Terms of Use: http://asme.org/terms

Embedded Impacts Take Shape During the Concept 
Formation Stage 

 

(Ramani, et al., 2010, J. Mech. 
Design 132(8),1-8) 
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5.2.4 EUTROPHICATION POTENTIAL 
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Figure 11: Eutrophication Potential 

The relative high numbers for Eutrophication Potential for all Ingeo scenarios is r driven 

by the agricultural portion of the Ingeo production chain. As shown in Figure 11, by 

switching from PET to PP, the Eutrophication Potential would be reduced. 

 

Why Innovation: Dealing with Trade-offs 
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5.2.3 ACIDIFICATION POTENTIAL 
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Figure 10: Acidification Potential 

In Figure 10, the Acidification Potential (AP) is shown. PP cups have the lowest impacts 

for acidification. For the Ingeo scenarios, roughly half of the material contribution is 

coming from the growing of corn while the other half comes from electricity production. 

 

Comparative LCA: Ingeo biopolymer, PET, and PP Drinking Cups, PE 
Americas (2009) 
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5.2 LIFE CYCLE IMPACT ASSESSMENT RESULTS 

5.2.1 PRIMARY ENERGY DEMAND - NON RENEWABLE RESSOURCES 
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Figure 8: Primary Energy Demand 

Figure 8 shows that the Primary Energy Demand from non renewable resources (fossil 

energy) is dominated by the production of the various polymers and the manufacturing of 

cups and lids. In addition, the different scenarios for cup weight for Ingeo and PP shows 

a slight influence on the material share of these scenarios. Figure 8 also indicates that 

the PET has the largest primary energy demands ñ  non renewable resources. While the 

PP cups have a lower primary energy demand than the PET, the Ingeo scenarios have 

the lowest primary energy demands of all the scenarios.  

 

534+63,/+*748 )*3402'*/.29::9/0 53/9*73:
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Innovating 

Work at the Concept 
Formation Stage 

Let Their Wants 
& Needs Drive 
Brainstorming 
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Customers! 

•! They don’t sort products neatly into “bins”; 
–!Products and services are solutions 
–!Tangible, emotional, social 

•! Oftentimes its hard to tell what they want, 
but they don’t want hazard. 

•! True green innovation needs their 
perspective. 

•! Its easy to fall into the trap of becoming 
what we’ve always made. 
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Customer desired outcome is no bacteria on 
surfaces 
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Desired outcome is no bacteria 
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Sharklet Technologies (Aurora, CO) patterned surface 

Shark skin: Very low surface frictional drag; 
B. Dean & B. Bhushan, Phil. Trans. Roy. Soc. A (2010); 368, 4775-4806 
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Numerous Surface Concepts 

Polymers 2012, 4                            
 

 

3. Antimicrobial Surfaces via Attachment of Antimicrobial Polymers 

Biofilms on materials are extremely hard to remove and show great resistance to all kinds of 
biocides. Thus, the prevention of biofilm formation by antimicrobial surfaces is the best way to avoid 
spreading of diseases and material deterioration. In order to do this, the material must avoid the 
primary adhesion of living planktonic microbial cells from the surroundings. In general, this can be 
achieved by either repelling or killing the approaching cells (see Figure 6). Repelling microbes was 
realized with hydrogel coatings mostly based on PEG or similar hydrogel forming polymers, by highly 
negatively charged polymers or ultrahydrophobic modifications. The killing of microbes can be 
achieved by either releasing a biocide from a matrix, which is either previously embedded or actively 
formed for instance by formation of ROS by photocatalytic TiO2. Alternatively, surfaces can be 
rendered contact-active antimicrobial upon tethering antimicrobial polymers. In the following, only 
surfaces with attached antimicrobial polymers and multiple working mechanisms will be discussed. 
Further biocide release systems in general and microbe repelling surfaces are extensively discussed in 
recent reviews [14,15,21–24].  

Figure 6. General principles of antimicrobial surfaces. 

 

3.1. Techniques towards Surface Attached Polymers 

Numerous techniques are known to attach polymers to surfaces, including chemical grafting 
techniques [69,70], layer-by-layer deposition [71,72] and plasma polymerization [73]. At first, 
antimicrobial polymers were covalently attached via elaborate techniques. For example, poly-4-vinyl-
N-hexylpyridinium was surface-grafted by subsequent modification of a glass slide with an 
aminosilane and acryloyl chloride. Then the acrylated slide was copolymerized with 4-vinylpyridine, 
and the product was finally alkylated with hexylbromide [16]. This elaborate procedure required many 
chemical steps and the use of organic solvents. The side-on attachment of hexylated P4VP to 
aminoglass was effected by simultaneously reacting the polymer with 1,4-dibromobutane and 
hexylbromide in the presence of aminoglass [16]. Polyethylenimine (PEI) was also surface-attached to 
aminoglass via 1,4-dibromobutane, subsequent methylation and alkylation with long chain alkyl 
halides [74]. Alternatively, the grafting-from method could be used for attaching cationic polyacrylates 

Siedenbiedel & Teller, Polymers (2012) 
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Concepts can be chemical or “non-chemical” 

Xenex’s 
“Violet” 
robot in 
an OR at 
UPMC 
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Example: Desired customer outcome = “no bacteria on surfaces” 
 

 Concept 1: = “anti-bacterial spray” 
 
Design 1A = spray of triclosan + ethanol 
Design 1B = spray of lactic acid/water 
 

 Concept 2: “Anti-bacterial surface” 
 
Design 2A = ammonium chloride-functional acrylic coating 
Design 2B = Coating impregnated with silver nanoparticles 
Design 2C = shark scale mimic (Sharklet, Aurora, CO) 
 

 Concept 3: “Radiation” 
 
Design 3A = UV emitting robot 

Concept versus Design 
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Desired outcome is “color” 

The current method is to employ synthetic organic dyes, 
mixed-metal pigments (Fe, Cr, Ni, Sb, Ti, Co, Zn) 
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The Morpho Butterfly 
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MorphoTex (Teijin Fibers) 
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Desired Outcome: A soft pliable material safe for use in 
toys 
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Dow INFUSE™ Olefin Block Copolymers; bulk density (0.87 g/cm3) 
30% lower than that for plasticized PVC 
 
P.S. Chum & K.W. Swogger, Progr. Polym. Sci. (2008), 33, 797-819 
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Desired Outcome = Clean Clothes 

Detergent 

Degradable 
Detergent 

Cold-water 
Detergent 
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Perhaps No Detergent: Cleaning with Beads 
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Perhaps No Cleaning? 

Stain-
resistant 
clothing 

Disposable Clothing? 

Self-Cleaning Clothing 
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Next Gen? 
 
> Completely integrated molecular design for 
chemical products 
 
> Resilient chemical generation via distributed 
synthesis 
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Traditional plant engineering: integration of various unit 
operations 

Reactors, Columns, Heat 
Exchangers, Pumps, etc. 
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Ultimately an optimized plant is designed 
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Now, with advances in computing power, undergraduate 
engineering students can design plants 

+ 

= !. + 
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Provided they have access to ASPEN or HYSIS or 
another process simulator 
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Provided they have access to ASPEN or HYSIS or 
another process simulator 
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Plants can be designed, costed, and visualized if the 
fundamentals are available or even if they’re not 

With capital 
and operating 
costs, energy 
use, raw 
material needs 
and waste. 



Slide 38 The Mascaro Center for Sustainable Innovation 

Computationally-Supported Product Design 

Computational 
Process 

Synthesis 

Computational 
Formulation 

Design 

Computational 
Life Cycle 

Impact Analysis 

Computationally
-based 

toxicology & 
ecotoxicology 

Computational 
Molecular 

Design 

Green 
Product 
Design 
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Computational Toxicology: Voutchkova, et al., 
PNAS (2014) 

this filter increases the mean LC50 value to 2,247 mg/L or
1.29 mmol/L. Adding the second criterion, ΔE > 6 eV, reduces
the percent of compounds in high, moderate, and low concern
categories to 7%, 15%, and 48%, respectively, while still cap-
turing 89% of the compounds in the no concern category. The
second criterion also further increases the mean LC50 value of
the retained chemicals to 3,006 mg/L or 2.71 mmol/L.
To further improve the accuracy of the property-based filters,

a third molecular property, molecular volume, was identified to
screen out compounds retained in the high concern category
after applying the logDo/w and ΔE criteria (Fig. 1B, red chemicals
in upper left quadrant). The box plot in Fig. 2 shows the distri-
bution of molecular volume (V) across the four categories of
concern defined in Table 1. A recursive algorithm to maximize
the ratio in Eq. 1 was used to determine a boundary value of V >
620 Å3 using 5-Å3 increments. Applying this additional property
value screen leads to a negligible reduction in the chemicals in
the no concern category being retained, while reducing the false-
negative rate of the most toxic compounds from 7% to 1%
(Table 1, bottom row). The upper limit of this volume-based
design guideline can be defined as 920 Å3 based on the current
data; however, we recognize that this threshold is dependent on
the effect of molecular volume on bioavailability and metabo-
lism. Because a mechanistic threshold has not yet been de-
termined to the best of our knowledge, it is feasible that the true
threshold value could be higher than 920 Å3.
In this safer chemical space defined by logDo/w <1.7, ΔE > 6 eV

and V < 620 Å3, the population of compounds in the moderate
to low concern categories was decreased by 3–4%, and the mean
LC50 value of the subset increased to 3,405 mg/L or 3.65 mmol/L.
With these filters, the only high concern compound in the dataset

that remained was allyl alcohol, which is postulated to undergo
metabolic conversion to acrolein in the liver (47). Acrolein is more
reactive and would be filtered from the safer chemical space using
the ΔE > 6 eV rule, because the computed ΔE for acrolein is
5.86 eV.

Relationship with Toxic Modes of Action. Fig. 3 depicts the re-
lationship between the property-based filters and the four largest
classes by toxic modes of action (MOA) in the dataset: narcotics,
polar narcotics, electrophiles or proelectrophiles, and com-
pounds with undetermined MOAs. Additionally, Table 3 quan-
tifies the impact of sequentially applying the property-based
filters (logDo/w <1.7, ΔE > 6 eV, V < 620 Å3) on categorizing
chemicals into their experimentally determined MOAs. For
narcotics, the property boundary of logDo/w < 1.7 eliminated
nearly all of the high and moderate concern chemicals, with the
remainder being excluded by ΔE > 6 eV. At the same time, 95%
of the no concern chemicals were retained. A similar pattern was
observed in the case of polar narcotics, where the logDo/w < 1.7
and ΔE > 6 eV filters substantially reduced the moderate and
low concern compounds while retaining five of the six chemicals
in the no concern category.
For electrophiles and proelectrophiles, logDo/w < 1.7 screened

out 21 of the 23 high and 30 of the 61 moderate concern chem-
icals. Adding ΔE > 6 eV as an additional filter screened out 1 of
the 2 high, 12 of the remaining 30 moderate, and 2 of the 8 low
concern chemicals, retaining the single no concern chemical. In
the case of the nondetermined MOA class, the volume criterion
played a significant role by eliminating all 5 of the high and 11 of
the 16 moderate concern chemicals while retaining 21 of 22
chemicals in the no concern category.
It is of interest to examine the compounds in the no concern

category that are inadvertantly screened out by the three prop-
erty-based filters (false positives; Fig. S1), as well as the high and
moderate concern compounds that are not filtered out (false
negatives; Fig. S2). Only a few functional groups are represented
in the false-negatives subset, and for many of these, such as esters,
amides, primary amines, and allyl alcohol derivatives, metabolic
transformations cannot be ruled out. Thus, future iterations to
improve the accuracy of these property-based filters for identi-
fying and designing chemicals with reduced acute aquatic toxicity
should consider the role of metabolism, evaluating both the
parent compounds and likely metabolites. Although frontier
orbital energies give consistently good correlations with toxicity
thresholds across all mechanisms, other electronic parameters
also perform well within MOA subsets (Fig. S4 and Table S2).
Some of these electronic parameters are further discussed in
Supporting Information; they are complementary to frontier
orbital energies, and can yield insight to the types of chemical
interactions involved in the rate-determining steps of
these MOAs.
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Fig. 1. Scatter plots of (A) the octanol-water partition coefficient (logPo/w)
vs. energy difference between the highest occupied and the lowest un-
occupied frontier orbitals (ΔE) and (B) the octanol-water distribution co-
efficient (logDo/w) vs. ΔE. The 555 compounds represented are colored by
category of concern for acute aquatic toxicity as described in Table 1 (red,
high concern; orange, medium concern; yellow, low concern; green, no
concern) based on a 96-h toxicity assay of the fathead minnow (44).

Table 2. Percent of compounds that fall in each acute aquatic toxicity category of concern
(Table 1) as different property filters are applied

Property-based filter

Acute aquatic toxicity concern category

Mean LC50 of
compounds
retained

High (%) Moderate (%) Low (%) None (%) mg/L mmol/L

None 15 55 15 15 999 0.155
logDo/w < 1.7 12 27 80 100 2,247 1.29
logDo/w < 1.7; ΔE > 6 eV 7 15 48 89 3,006 2.71
logDo/w < 1.7; ΔE > 6 eV; V < 620 Å3 1 11 45 88 3,405 3.65

The mean LC50 values (both mass and molar based) of the compounds retained by each property filter are also
reported.
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555 chemicals arranged by 
HOMO-LUMO difference versus 
LogP; colors represent degree 
of toxicity towards the fathead 
minnow 

ecology assessments by generating more robust approximations
of environmental impacts by a wide range of chemicals.

Methods
Toxicity Data and Validation. The acute toxicity dataset of 617 compounds for
fatheadminnowwas obtained from96-h EPAacute toxicity assays (44) reported
in LC50 values. The LC50 values in milligrams per liter were transformed to
millimoles per liter using the molecular weight of each chemical. Thirty-seven
compounds that did not have reported LC50 values and 25 inorganic com-
pounds were omitted, reducing the total dataset to 555 compounds. The
dataset is structurally diverse, consisting of 49 chemical classes. Table S1 lists
the distribution of compounds within each chemical class. The acute
aquatic toxicity for 345 compounds tested on Daphnia magna (LC50 values
at 48 h) was obtained from the Japanese Ministry of Environment (48).

Determining Octanol-Water Partition Coefficient. Pioneering work by Meyer
and Overton first showed the relationship between activity of narcotics and
their solubility in oils (49, 50). Others applied the concept of narcosis to
aquatic toxicology, establishing the relationship between octanol-water par-
tition coefficient (logPo/w) and acute toxicity by narcosis (51–53). McFar-
land later showed that aquatic toxicity can be considered the result of
penetration of toxicant into biophases and its interaction with one or
more biochemical sites of action (54). Bioavailability of chemicals in aquatic
organisms was shown to relate to absorption; for example, chemical parti-
tioning across fish gills (55) represents an important route of exposure.
Octanol-water partition coefficients were obtained from Russom et al. (44)
and consisted of 218 measured values and 337 predicted values (CLOGP) (56).
The univariate correlation of log(LC50) values to logPo/w is high (−0.747), as
anticipated based on the association of logPo/w with fish bioavailability and
narcotic potency.

Determining Octanol-Water Distribution Coefficient at Biological pH. One short-
coming of logPo/w is that it does not take into account possible ionization of
compounds, yet ionizability of organic chemicals strongly affects bioavailability
to aquatic species (57, 58). Thus, it is more appropriate to consider logDo/w, a
distribution coefficient, which reflects the total concentrations of all species of
a compound in the two phases at a given pH. In this study, logDo/w values were
estimated at a biological pH of 7.4. It should be noted, however, that pH
conditions often vary in aquatic assays and the natural aquatic environment
and are rarely reported, which introduces an unavoidable error into our cal-
culations. ChemAxon pKa calculator plugin was used to predict pKa and
logDo/w values (Marvin v.6.0, 2013; ChemAxon). Each chemical class within the
dataset has a wide distribution of logDo/w values as shown in Fig. S3.

Computational Approach. The importance of frontier orbitals on chemical re-
activity iswell knownand is summarized in the frontiermolecular orbital (FMO)
theory pioneered by Fukui et al. (59). Energy separation between the highest
occupied and lowest unoccupied molecular orbitals (HOMO–LUMO gap) has
long served as a simple measure of kinetic stability. A molecule with a small
HOMO–LUMO gap is considered chemically reactive for covalent bonding.

Our previously published procedure for computing HOMO–LUMO ener-
gies was revised to improve the accuracy of results by recognizing that dif-
ferent structural conformers can have different electronic properties. For
example, even a small molecule like amino-2-propanol has 17 different con-
formers. Computed with B3LYP/6-31 + G(d) (49–52) in a polarizable continuum
(IEF-PCM) (60, 61), these conformers span ∼3.7 kcal/mol in free energy and
10.5 kcal/mol (0.5 eV) in frontier orbital energies. Thus, Monte Carlo (MC)
simulations in aqueous solution (TIP4P water model) (62) were first used to
sample the conformational space of each compound in the dataset and locate
the ground (i.e., lowest energy) states. Physiochemical properties considered
as descriptors in this study, such as molecular volume, were computed as
ensemble averages from MC simulations.

Reactivity parameters were derived from density functional theory (DFT).
To this end, ground state conformers from MC simulations were optimized
using the mPW1PW91 hybrid density functional (63) and the MIDIX+ basis set
(64). The mPW1PW91/MIDIX+ approach was previously found to provide
excellent performance-to-cost ratio for orbital energy calculations and can be
readily used to evaluate larger molecules in reasonable time scales (65). In our
study, HOMO energies calculated with mPW1PW91/MIDIX+ showed good
qualitative agreement with experimental ionization energies (IEs) when ap-
plied to a diverse subset of 40 small organic molecules (R2 = 0.93). Further,
computed gap energies, ΔE, showed remarkable correlation (R2 = 0.99) to
results from B3LYP/6-31 + G(d) calculations, which can be considered a rea-
sonable benchmark (66). In contrast, semiempirical methods (SMOs) per-
formed significantly worse: AM1 (IE: R2 = 0.92; ΔE: R2 = 0.78), PDDG/PM3 (IE:
R2 = 0.84; ΔE: R2 = 0.68), and PM6 (IE: R2 = 0.89; ΔE: R2 = 0.76). Poorer per-
formance of SMOs can be attributed to parameterization and the use small
basis sets when computing LUMO energies. Universal solvation model (SMD)
(60) was used in all DFT calculations to estimate the influence of hydration.

MC simulations were carried out using BOSS 4.7 (67), and DFT calculations
were performed using Gaussian g09 (68). TheMIDIX+ basis set is not available as
part of the Gaussian package and was downloaded from comp.chem.umn.edu.

Statistical Analysis. The R language and environment for statistical computing
(69) (version 2.11.0) was used for exploratory data analysis, linear regressions,
discriminant analyses, and identification of threshold values for properties
that delineate safe chemical space. Descriptors that did not have normal
distribution were transformed to a logarithmic scale.

Table 3. Percent of compounds that fall in each experimentally determined MOA category
when property filters are applied

Property-based filter

MOA

TotalN PN ACE UOP CNS RB EP NDP ND

None 274 37 16 12 9 2 93 6 106 555
logDo/w < 1.7 34 65 19 50 44 100 44 50 62 44
logDo/w < 1.7; ΔE > 6 eV 27 32 6 0 11 100 28 17 49 30
logDo/w < 1.7; ΔE > 6 eV; V < 620 Å3 26 32 6 0 11 100 28 0 33 27

MOA categories are as follows: N, narcosis; PN, polar narcosis; ACE, acetylcholinesterase inhibition; UOP,
uncoupler of oxidative phosphorylation; CNS, central nervous system seizure or stimulant; RB, respiratory
blocker; EP, electrophiles; NDP, neurodepressant; ND, MOA could not be determined. log Do/w, octanol-water
distribution coefficient at pH 7.4; V, molecular volume (Å3); ΔE (eV), energy difference between the highest
occupied and lowest unoccupied frontier orbitals.
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Fig. 4. Scatter plot of octanol-water distribution coefficient at pH 7.4
(logDo/w) vs. the energy difference between the highest occupied and lowest
unoccupied frontier orbitals. ΔE (eV) for 345 compounds, colored by cate-
gory of concern for acute aquatic toxicity based on a 48-h toxicity assay of
Daphnia magna (48). (red, high concern; orange, medium concern; yellow,
low concern; green, no concern).
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Distributed Manufacturing & Green Chemistry? 
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Power Generation: Kids, don’t try this at home 
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3D Printing – The Ultimate Distributed Manufacturing? 

Manufacturing 
(and sometimes 
design) by the 
individual 
customer 

Manufacturing 
(and sometimes 
design) by the 
individual 
customer 
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3D Printing (aka Additive Manufacturing): 
Distributed production – no shipping or packaging? 

done at the smallest percent fill acceptable for an application in
order to reduce energy consumption and concomitant GHG
emissions. This also reduces print time and the costs associated
with energy and materials for a given product. With the use of
PV, distributed manufacturing minimizes the emissions for
manufacturing compared to the conventional methods. The
wood block has the lowest emissions out of all cases due to
being handmade and made from potentially renewable
resources, but if this product was to switched to plastic,
distributed PLA + PV at 0 or 5% fill should be considered as
the CED is even slightly lower than the wood value for these
cases. Mechanically acceptable blocks were printed with 0% fill.
Since PLA is made from renewable organic materials, is
biodegradable, and has a high green design ranking among
plastics, it would make a good alternative to wood.22 Similar
products with the same potential would be other toys or
household goods in addition to other products that could be
made lightweight by replacing the inside with a hatch fill to
provide structural integrity.
Water Spout. The distributed manufactured water spout

not only replaces a centralized manufactured one, but also
provides the interesting complexity of allowing for the reuse of
a 2 L bottle, while replacing a conventional watering can. The
comparison was done between the distributed case and the
conventional case for manufacturing (Figures 6 and 7). It is
important to stress that this analysis was done for a spout using
both distributed and conventional manufacturing. In addition, a
comparison to a full watering can was included because in
reality the spout created would actually be replacing a full
watering can that would use more material and energy to create
than for a simple spout replacement. A 210 g 2 L watering
can35 made in China using injection molding in PLA or ABS
would require a cumulative energy demand of 19.8 or 27.4 MJ
and emissions of 0.738 or 1.23 kg CO2 eq, respectively.
While the CED and emissions values are higher than the

conventional method listed because of 100% fill, a full watering
can under conventional methods would require 6.5 times more

energy than distributed for ABS and 7.5 times more for PLA,
due to the amount of plastic and processing required to make
the entire can. The distributed values were minimized for PLA
and ABS using PV. PLA with PV resulted in a 6.7% cumulative
energy savings over the conventional spout production, while
ABS with PV was 16.4% larger than the cumulative energy for
conventional. Using the same fill percentage (100%) for
distributed and conventional manufacturing resulted in conven-
tional having lower CED values for all cases except distributed
PLA + PV. The emissions were reduced using distributed
manufacturing PLA + PV and ABS + PV, as shown in Figure 7.
The results imply that reducing the amount of raw materials
used in production by replacing a large volume object with a
postconsumer good that requires little to no additional

Figure 5. Greenhouse gas emissions in kg CO2 eq (GWP 100a) for the block for wood, conventional PLA and ABS 100% fill, distributed PLA from
0 to 100% fill, and distributed ABS 25% fill, along with the effect of PV electricity.

Figure 6. CED showing a typical watering can in PLA and ABS, and
values for the spout in conventional PLA and ABS at 100% fill and
distributed PLA and ABS at 100% fill, along with the effect of PV
electricity.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400093k | ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXXE

M. Krieger & J.M. Pearce, ACS Sust. Chem.& Eng. (2013) dx.doi.org/
10.1021/sc400093k 
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Chemical Manufacturing: The Conventional Wisdom 
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Reducing Risk Via Armoring 
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Garland, Tx, 2012 

Mitsui Chemicals (Japan), 2015 

Louisiana, 2013 

Sufficiently commonplace that we almost don’t notice 
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responders to stand by. Within 6 min, the fire department chief stood
1,000 ft (305 m) from the crash and was forced to withdraw lest he be
overcome by chlorine fumes, which were spreading rapidly and
approaching critically toxic levels. Within 13 min, the chief recognized
the need for a mass evacuation and relocated upwind. Emergency
responders marshaled personnel and equipment, established incident

Dunning and Oswalt 131

command, requested mutual aid, activated Reverse 911 with instruc-
tions to shelter in place, and initiated a major evacuation (6). However,
these actions did not take place with immediacy and efficiency.

About 5,400 residents were evacuated. The chlorine gas had
already affected many people: 554 were treated at hospitals, 75 were
admitted, and nine would eventually die from its poison (2): the
train’s engineer (who had survived the crash), three workers in the
mill, a truck driver sleeping in his cab, a man in a shack one block
from the wreckage, two workers who had evacuated the mill on foot
into the woods, and one other person (7 ).

EVACUATION

The emergency response community has recognized a need to reduce
the chaos of the type experienced in Graniteville. Poor communication
between agencies and lack of clear decision-making authority exac-
erbated the disaster. Responders disagreed over how to evacuate the
town, and this disagreement resulted in inaction.

While the Reverse 911 system worked, the timing and decision
making of the evacuation actions rendered the system only margin-
ally effective. Responders could not quickly and positively identify
the hazardous material or the proper procedure. The wheel report
faxed from Norfolk Southern Railway to the Bath Fire Department
did not identify emergency response procedures for hazardous mate-
rials cargo (6). The fire department did not seek industry resources
to learn procedures. The 911 record showed that callers received

FIGURE 1 Graniteville accident displaced rail cars and spilled
chlorine cargo. (Photo source: Environmental Protection Agency,
Region 4, Southeast.)

Incident
Location

Rail
spur

Rail
mainline

Avondale
Mill

FIGURE 2 Impact occurred after switching point between main line and Avondale Mills delivery spur.
(Figure source: Google Earth, with modifications from the authors.)

Chlorine spill, Graniteville, SC (2005) (Dunn & Oswalt, Northern 
Arizona University) 

January 6, 2:40 AM 
•! Someone forgets to toggle 

a line switch 
•! Freight train leaves main 

line onto spur at 47 mph 
•! Freight train crashes into 

parked train on spur, 3 
engines and 18 cars derail 

•! 60 tons of Cl2 released 

9 dead, 550 to hospitals 
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Distributed Synthesis: Why & How 

•! Why distributed 
–! Desire for 

personalization 
–! Resilience/safety 

•! How to allow 
distributed synthesis? 
–! Safe building blocks 

and products 
–! Selective chemistry, 

high yield 
–! Minimize separations 

(byproduct as benefit) 
–! Programmable 
–! No solvent or entirely 

benign solvent 
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Burke & colleagues, Nature Chem 2014  

After facile preparation of the required capping elements
(Supplementary Information)46,47, preparation of asnipyrone B
(NP1) commenced with a standardized deprotection of MIDA bor-
onate 18 and coupling with commercially available halo MIDA bor-
onate BB3 to provide diene 19 (Fig. 5a). This sterically encumbered
1,3-methyl-substituted motif was prepared readily without modifi-
cation of the general reaction conditions. Application of the
general in situ deprotection/coupling conditions with capping
building block 20 completed a very efficient and fully stereocon-
trolled first total synthesis of this natural product.

Physarigin A (NP2) similarly only required preparation of the
capping building blocks 21 and 22. The latter is a variant of a
known building block48, and preparation of the former was facili-
tated greatly by using another commercially available MIDA boro-
nate (Supplementary Information) (Fig. 5b)49. In the event,
deprotection of 21 and cross-coupling to BB5 using our standar-
dized conditions provided the triene 23 in good yield. Another
round of deprotection and coupling with the same bifunctional
building block established the structure of the targeted pentaene
intermediate 24. A final cross-coupling with halide 22 completed
the first total synthesis of physarigin A.

Finally, we questioned whether this platform could enable the
total synthesis of the complex polyene natural product neurosporax-
anthin b-D-glucopyranoside (NP3) (Fig. 5c). Again, the corre-
sponding capping elements were accessed readily (Supplementary
Information), and the synthesis commenced via deprotection of
MIDA boronate 25 and subsequent cross-coupling of the resulting
pinacol boronic ester with diene BB6 to provide tetraene 26. A
second, third and fourth iteration of couplings with building
blocks BB11, BB9 and 27, respectively, without any ad hoc optim-
ization of our previously established standard conditions, followed
by removal of the protecting groups, readily provided the first syn-
thetic access to this highly complex polyene natural product.

All of these results collectively support the conclusion that most
polyene natural product motifs can now be prepared using just 12
building blocks and one coupling reaction.

Discussion
Herein we demonstrate explicitly the synthesis of the polyene motifs
found in .75% of all known polyene natural products. These
natural products represent much of the diversity found in the com-
plete collection. Further, it is encouraging that accessing .90% of
this chemical space would require only 25 building blocks, .95%
would require a total of 50 and the motifs found in all polyene
natural products could be accessed with only 75 building blocks
(Supplementary Information).

Completing the total syntheses via this approach also requires
access to the terminal capping elements. Importantly, similar to
the high level of structural redundancy found in the polyene
motifs, a systematic analysis of the capping elements has also
revealed a substantial level of structural overlap (for the complete
analysis, see the Supplementary Information). For example, if a
unique pair of building blocks was found in each of the 2,839
targets, 5,678 capping elements would be necessary. However, the
high level of structural redundancy reduces this number to 1,942
unique building blocks, and just 604 of these building blocks
would be needed to access 75% of all the caps found in polyene
natural products. Moreover, these 604 building blocks can be
subdivided into just 20 common structural classes (for example,
a/b-unsaturated esters, allylic alcohols and styrenes), in which
most members of each class can probably be accessed using
small variations of a common synthetic route. Syntheses of
many of these building blocks can be facilitated further by using
commercial MIDA boronates that are already available, including
BB1–BB4, just as the capping element 18 in the synthesis of
asnipyrone B was prepared in a single step from BB3. Finally,
alkenyl MIDA boronates can be converted directly into alkenyl
halides27, which allows for the rapid preparation of many halide
capping elements from the corresponding readily accessible
MIDA boronates.

The 2,839 natural products included in this study represent
more than 1% of all the natural products isolated to date. It is
stimulating to consider how many building blocks would be
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Figure 4 | A collection of polyene motifs collectively found in >75% of all polyene natural products.
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be coupled to mono-, di- and trienyl bromide and iodide bifunc-
tional MIDA boronate building blocks using the same set of
cross-coupling conditions: XPhos (dicyclohexyl(2′,4′,6′-triisopro-
pyl-2-biphenylyl)phosphine) palladacycle precatalyst44, Cs2CO3
and DMSO. Further, it was determined that final couplings
between a polyenyl MIDA boronate intermediate and capping
vinyl-halide building block can be best achieved using a common
set of aqueous basic conditions (XPhos palladacycle precatalyst,
NaOH and THF.H2O) to promote the in situ release of an unstable,
but also highly reactive, polyenyl boronic acid directly from the cor-
responding stable polyenyl MIDA boronate45.

With these building blocks and the general reaction conditions in
hand, we sought to test the hypothesis that, collectively, they can
enable the preparation of most of the polyenes found in nature.
To enable such an experiment, we identified a collection of
polyene motifs that represent the corresponding chemical space
occupied by .75% of all polyene natural products (A–O, Fig. 4).
This collection includes both trans- and cis-olefins, various
methyl-substitution patterns and a wide range of chain lengths
(from three to ten double bonds), and thus represents a substantial
challenge for the development of a common synthesis platform.

Utilizing only the aforementioned general retrosynthetic algor-
ithm, the same 12 MIDA boronate building blocks and common
deprotection and cross-coupling conditions, we attempted to syn-
thesize all of the targeted polyene motifs 1–15, with MIDA
boronate 16 and vinyl iodide 17 serving as representative natural-
product-like capping groups. Without any ad hoc optimization of
the platform, all of the targeted polyene motifs were prepared suc-
cessfully (Table 1).

These syntheses ranged from a single round of iterative cross-
coupling to generate triene 1 to four iterations to generate the

highly complex decaene 15. The yields for the deprotection steps
were generally outstanding, even with very long and complex
polyene intermediates. Importantly, although the yields for the
cross-couplings tended to decrease somewhat as the length of the
polyene intermediates grew larger, the predictability of this trend
enabled us to begin each sequence with the appropriate amounts
of the required building blocks and thereby produce milligram
quantities of the targeted final products in every case. Successful
syntheses of these targets demonstrates a general approach to the
polyene motifs found in .75% of all the polyene natural products
isolated to date.

Encouraged by the broad applicability of this platform, we
further targeted its application to complete the first total syntheses
of a series of polyene natural products that represent a range of
biosynthetic pathways, namely the polyketide asnipyrone B
(natural product 1 (NP1)), the fatty-acid physarigin A (NP2) and
the polyterpene neurosporaxanthin b-D-glucopyranoside (NP3)
(Fig. 5), using the same retrosynthetic algorithm, collection of
bifunctional building blocks and common reaction conditions.
Therefore, applying this approach to each of these total syntheses
only required the preparation of the corresponding capping
elements. Thus, relative to the traditional design of an indi-
vidualized synthesis route to each natural product, preparation of
all the corresponding customized building blocks and ad hoc
optimization of all the reaction conditions required to couple
those building blocks together, this systematized approach has
major advantages. Moreover, as described below, more than 75%
of the capping elements represented in the complete collection of
polyene natural products fall into just 20 general structural cate-
gories for which common synthetic routes exist or can be
readily envisioned.
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Cronin and colleagues, 2013 

imine (2), which was subsequently reduced in the nal reaction
of the sequence, using a Pd/C catalyst in conjunction with
triethylsilane (TES) as a source of hydrogen, to give the
secondary amine nal product, 3 (see Fig. 3).

In the case of the open reactor, solutions of the initial
reagents; acrolein, the appropriate n-methylcyclopenta-1,3-
diene in chloroform were introduced into the rst reaction
chamber by injection through the input ports designed into the
reactor. The reactor was then placed on a stirring plate and the
mixture stirred at room temperature for 5 hours. Subsequent
rotation of the reactor through 90! allowed the reaction mixture
to pass into the second chamber (see Fig. 3) whilst a solution of
aniline in chloroform was introduced through the initial inlet
ports and immediately allowed to ow into the second reaction
chamber. In this second chamber the reaction mixture was
stirred for a further 2 hours to allow complete formation of the
imine product. Once this transformation was complete the
reagents for the third transformation (a mixture of triethylsilane
and methanol) were added through the initial inlet port and
allowed to ow into the second reaction chamber. The device
was then rotated again through 90! to allow the reaction
mixture to ow nally into the third reaction chamber, where it
came into contact with the Pd/C catalytic matrix. The reaction
was stirred in the third chamber for 20 minutes before the
reactor was rotated once again to retrieve the crude reaction
mixture from the outlet opening from chamber 3 (see ESI for
more details†).

Comparison of the 1H NMR spectra of the crude reaction
mixtures taken from the 3D-printed reactors with those from
the same transformations carried out in traditional glassware
(see ESI Fig. S4 and S5†) showed that there was no signicant

difference in the reaction outcomes of any of the reaction steps
due to the materials present in the 3D-printed reactor (i.e. the
polypropylene architecture and silicone catalyst matrix did not
inuence the outcome of the reaction). This indicated the
suitability of reactors composed of these materials for organic
syntheses. The nal products (3a, b) were obtained aer column
chromatography as a mixture of the endo- and exo-isomers of
the initial Diels–Alder cyclization step, with major pro-
duct : minor product ratios of 1 : 0.3 for 3a and 1 : 0.2 for 3b
(the assignment of major product as the endo-isomer is based
on literature precedent26). These product ratios were carried
through the reaction sequence unaffected by transformations
subsequent to the initial cyclization (see Fig. 4).

In the case of the sealed reactor, chloroform was found to be
a poor solvent for the nal-stage purication of the product on
the in-built silica column, due to poor separation of product
from unreacted starting materials (mostly aniline) and
byproducts produced during the previous steps. Hence in this
case hexane was used as the major solvent in the reaction
system. The necessary starting materials were added to the
reactor during the fabrication process, with solutions of acro-
lein and substituted cyclopentadiene (in 5% diethyl ether/
hexane) contained in an additional set of chambers prior to the
rst reaction chamber which were designed such that the
reaction could be initiated by tilting the reactor at a 45! angle to
allow the starting materials to ow into the rst reaction
chamber (see Fig. 1). The reagents necessary for the second and
third reactions in the sequence were incorporated into the
second reaction chamber. Thus all the reagents necessary to
synthesise compounds 3a and 3b were present in a single
monolithic and self-contained reactor. The physical separation

Fig. 3 Schematic diagram of the multi-step reaction sequence in both open and sealed reactionware once the sequence was initiated bymixing the starting materials:
only the main (reaction) chambers are shown for clarity, grey arrows represent the direction of rotation of the reactionware during the sequence. Reaction conditions
for the open reactor: (i) chloroform, room temperature, 5 h; (ii) chloroform, room temperature, 2 h; (iii) triethylsilane in methanol, room temperature, 20 min. Reaction
conditions for the sealed reactor: (i) 5% diethyl ether/hexane, room temperature, 5 h; (ii) room temperature, 2 h; (iii) room temperature, 20 min. For the open reactor
chloroform was used as an initial solvent with TES and aniline introduced for the later reaction steps, whereas for the sealed reactor hexane/ether was used with a
mixture of TES and aniline deposited in the second reaction chamber during fabrication. The reagents were induced to flow into subsequent reaction chambers by
rotation of the device through 90! intervals.
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Combining 3D printing and liquid handling to produce
user-friendly reactionware for chemical synthesis and
purification†

Philip J. Kitson, Mark D. Symes, Vincenza Dragone and Leroy Cronin*

We use two 3D-printing platforms as solid- and liquid-handling fabricators, producing sealed reactionware
for chemical synthesis with the reagents, catalysts and purification apparatus integrated into monolithic
devices. Using this reactionware, a multi-step reaction sequence was performed by simply rotating the
device so that the reaction mixture flowed through successive environments under gravity, without the
need for any pumps or liquid-handling prior to product retrieval from the reactionware in a pure form.

Introduction

3D-printing is an emerging technology which promises to
revolutionize many areas of manufacturing processes, trans-
forming the relationships between the design, manufacture and
operation of functional devices.1,2 In recent years there has been
considerable interest in 3D-printing technologies for large-scale
industrial prototyping,3 the production of tissue growth scaf-
folds4–9 and biomimetic microvascular systems,10,11 and the
manufacture of bespoke electronic12 and pneumatic devices.13–15

However, 3D-printing could also make a signicant impact in
the eld of chemical synthesis research and manufacturing, in
particular because of the ease and economy with which bespoke
reactors can be designed and compounds manufactured.
Indeed the rst results from the computer design and 3D
printing of bespoke reactors or ‘reactionware’ demonstrating
the utility of the concept have recently been presented.16–18

Moreover, the range of 3D-printers currently available permits a
broad spectrum of materials to be printed, including solutions
of comparatively low viscosity, allowing some of these printers
to act in effect as inexpensive liquid/gel-handling robots thereby
allowing the 3D printer to be used as a reactionware fabricator,
as well as a robotic reagent dispenser. This means that reagents
and catalysts can be added into reactionware without the need
for chemical handling by a human user, thus allowing complex
manipulations to be more precisely controlled, optimised, and
shared with other researchers opening up chemistry to a wider
range of practitioners, as well as developing new research tools.

However, in order for the full potential of 3D-printed reaction-
ware to be realised, it must be possible to conduct and purify
multi-step reactions in printed devices, so that a single desired
product can be isolated from reaction mixtures.

With the need for control over extended reaction sequences
and ultimate product purication, separation and isolation in
mind, we considered the situation illustrated in Scheme 1,
whereby a printer (or suite of printers) is able to construct a
reactor with an embedded sequence of reagents and catalysts
with only minimal handling of actual chemicals by the user.
Furthermore, we hypothesized that by printing self-contained
chemical reactors where starting materials, reagents, catalysts
and purication devices were all incorporated into the reac-
tionware in a pre-dened sequence, multi-step chemical
syntheses could be performed outside the laboratory setting
and by those without extensive chemical knowledge by simply

Scheme 1 Fabrication scheme for the integration of 3D-printing techniques
with automated liquid handling to produce sealed reactionware for multi-step
syntheses. Dotted line indicates the only process not automated in the current
work.
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Future Chemistry? Chemicals for personal care a 
possible target? 

Programmable, personalized, 
and safe 
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Next Gen for Academia? 
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Academia: Let’s say you’re a student who wants to learn 
about green chemical product design. 
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Computationally-Supported Product Design 
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What academia can do 

•! The option to explore integrated product 
design 

•! Options for chemistry & chemical 
engineering UG’s to explore entrepreneurial 
opportunities (entrepreneurs tend to drop 
out). 

•! Options for graduate students to more 
easily work across silos. 
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Summary 

•! The first 20 years (or so) of green chemistry have seen a 
sea change in the way the chemical enterprise operates. 

 
•! It’s not just about chemistry anymore – we’re overlapping 

other disciplines whether we like it or not. 
 
•! Just as radical & disruptive innovation has driven 

changes in our digital & home lives, the same should 
hold true for green chemistry in the next 20 years. 

 
•! The educational enterprise needs to keep pace with the 

chemical (business) enterprise. 
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Thank you! 

“It's tough to make predictions, especially 
about the future.” 
 
Yogi Berra 




