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Abstract: The synthesis of new chemical substances causes a number of ethical 
problems frequently overlooked by chemists, such as the risk associated with 
the creation of a new substance and the question of ultimate responsibility for 
a new compound. The case of the synthesis and subsequent use of Agent Or-
ange can be used to exemplify these issues. Risk as well as responsibility for 
the agent have shifted significantly since its discovery, from the original inven-
tor of a new compound, via the industrial manufacturer of a dioxin-
contaminated herbicide, to the user of the impure agent as tactical chemical 
weapon in Vietnam. Analyzing the chain of historical events in the light of 
moral responsibility allows us to set everyday chemistry into an ethical con-
text and ask a number of important questions, such as who carries responsibil-
ity for a new chemical compound, its safety and its proliferation. 
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1. Introduction 
Two special issues of Hyle, published in 2001 and 2002, have initiated the 
debate of ethics within chemical research (see, for example, Davis 2002, Del 
Re 2001, Kovac 2001, Laszlo 2001, Schummer 2001a/b). Unfortunately, this 
debate is still in its infancy without the desired impact on research chemists. 
From a chemist’s perspective, the importance of an ethical discourse might 
only become apparent when specific examples from everyday chemical re-
search are used to illustrate where and how ethical issues arise that need to be 
addressed. This paper uses the well-documented historical case of Agent Or-
ange and the related historical twists and turns to discuss ethical questions 
associated with the synthesis of a novel chemical compound. 
 The next section briefly sets out the philosophical background of this 
study. The third section provides a focused – and necessarily incomplete– 
historical overview of Agent Orange, from the first synthesis of its active 
ingredients in a research laboratory and the occurrence of the dioxin con-
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tamination to the use of the agent as a chemical weapon in Vietnam. Sections 
four to six discuss the questions of risk and responsibility associated with 
chemical compounds, from the synthesis of a hitherto unknown chemical 
agent to its potential uses and abuses, using the case of Agent Orange as one 
major example1. The final section provides a summary and outlook. 

2. Risk and responsibility 
As the two special issues of Hyle have illustrated, chemistry provides a fertile 
ground for different ethical analyses. From a chemist’s perspective, the ethi-
cal issues surrounding the synthesis of a genuinely new compound might be 
the most interesting one. During this process, the chemist develops a method 
to ‘create’ something intrinsically novel, something that has not existed be-
fore. This immediately raises questions related to the risks and responsibili-
ties associated with the compound and its method of synthesis. 
 As far as risks are concerned, we can distinguish between the risk posed 
by the first chemical synthesis ever and subsequent repetitions (Table 1). The 
first ever synthesis is a step into the unknown with practical risks for the 
chemist and workers in the laboratory. History teaches us that such a step 
can be very dangerous. Generally, it is good chemical practice to perform 
such an initial synthesis with small quantities and under secure conditions, 
but the issues related to the remaining risks are rather of a technical than of 
ethical nature. Similarly, the first batch of the new compound, in small quan-
tities and safely kept, is unlikely to have a major impact on humanity. 
 In contrast, the risks arising from the future availability of a new com-
pound within – and outside – the scientific community as a result of the first 
ever synthesis are not confined to the research laboratory, and therefore are 
considerably more difficult to assess and control. These risks associated with 
the coming into existence of a novel chemical are mainly the result of (a) the 
future use of larger quantities of the compound, (b) the manufacture process 
of bulk quantities and (c) the dissemination of the synthetic method in the 
scientific literature. As we will see in later sections, the issues raised by (a) 
and (b) are usually dealt with at the level of the chemical industry, not re-
search, and are less important here.2 In contrast, the risk posed by (c), taken 
by the research chemist at the point of publishing the synthetic method, is 
frequently underestimated; both the legal and moral assignment of the result-
ing responsibilities are vague. This risk is directly relevant to our discussion. 
 Since the ‘creation’ of a new compound is always associated with risks, 
chemists, in order to continue their research activities, require an ethical 
model that allows them to assess and ultimately to take such risks. Del Re 
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(2001) has recently addressed issues of risk and responsibility associated with 
chemical research. As he points out, “in principle, any scientific experiment 
involves a measure of risk, and therefore of responsibility” – and 
“responsibility arises from taking the risk” (Del Re 2001). He continues to 
define the ‘choiceworthiness’ C of an action as the quotient of the expected 
gain G over the anticipated risk R, with G defined as the product of the 
desirability D of the positive outcome and its probability, and the risk as the 
product of the gravity W of the negative outcome and its probability. 
 As we will demonstrate in the case of Agent Orange, this approach en-
counters some limitations as far as hitherto unknown substances are con-
cerned, especially due to the inability of chemists to estimate the risk associ-
ated with chemical impurities. As a consequence, conventional risk assessment 
might not be enough when dealing with new compounds, and we will use it 
here in combination with a weak version of the Precautionary Principle. This 
principle suggests that it is better not to carry out an action that might possi-
bly be very dangerous, as long as counter-evidence is not available. It implies 
that the synthetic chemist considers a new compound as potentially danger-
ous and provides initial evidence that it is safe (rather than society having to 
prove it is unsafe), before the compound or its synthetic procedure are re-
leased. 
 Since it transcends conventional principles of risk management and incor-
porates the notion of uncertainty, the Precautionary Principle is therefore 
useful in dealing with novel chemical compounds and their impurities. It 
serves as a constant reminder that, though a risk may not be quantified, there 
may still be reason to believe that damage may occur. Since it is impossible 
for chemists to conclusively prove the safety of a new compound in practice, 
we need to apply a weak version of the Precautionary Principle. For example, 
an initial estimate of safety and anticipated risk can often be established by 
looking at chemically similar, already known compounds. Similarly, the pres-
ence of risky impurities might be predicted by considering the thermo-
dynamics of a chemical process, such as temperature and pressure control. 
 Nevertheless, the current state of chemistry does not enable chemists to 
avoid, or fully rationalize the presence of chemical impurities. This scientific 
weakness is illustrated, for example, by the frequent failure of so-called struc-
ture-activity relationships. Although the latter are good initial approxima-
tions, small changes in chemical composition or structure, such as optical 
isomerism, can significantly affect biological activity. As a consequence, no 
new substance should be considered as harmless unless it has been carefully 
tested. 
 The combination of risk assessment and a weak version of the Precaution-
ary Principle is able to address two important aspects of chemical research. 
First, it allows chemists to reject what they might intuitively feel to be ‘im-
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moral’ acts, such as chemical weapons research (high value of W). Second, it 
allows chemical research, even if associated with risks, to proceed, i.e. it does 
not rule out all chemical synthesis a priori because of possible risks. 
 

Table 1: A selection of different risks commonly associated with a novel 
compound, in order of occurrence from its first synthesis to end-use. 

Risk Actors sharing responsi-
bility for risk 

Current assignment of 
responsibility 

Risks associated with first 
synthesis (e.g. explosion) 

Synthetic chemist (in-
ventor), employer 

Synthetic chemist 
(inventor), employer 

Risks associated with first 
batch of compound (e.g. 
toxicity) 

Synthetic chemist (in-
ventor), employer 

Synthetic chemist (in-
ventor), employer 

Risks associated with un-
controlled proliferation  

Synthetic chemist (in-
ventor), employer, pub-
lisher, government 

Unclear for the dissemi-
nation of synthetic pro-
cedure; government 
(regulator) for shipment 
of compounds 

Risks associated with large 
scale manufacture (e.g. en-
vironmental pollution) 

Manufacturer, govern-
ment 

Manufacturer, govern-
ment 

Risks associated with bulk 
quantities of compound 
(e.g. toxicity) 

Manufacturer, govern-
ment, end-user 

Manufacturer, govern-
ment, end-user 

Risks associated with un-
known impurities 

Synthetic chemist (in-
ventor), employer, pub-
lisher, manufacturer, 
government, end-user 

Frequently open to ethi-
cal and legal discussion 

The main actors that might share some of the responsibility for the synthesis, dissemination, 
manufacture, and application of a new compound are mentioned. This assignment of (shared) 
responsibility is open to debate, and might differ from the actually accepted responsibility. 
Please note that impurities might occur at any stage of the synthesis, manufacture, and even 
during (improper) storage of a compound; moral/legal responsibility for such impurities is 
particularly difficult to assign. 

 
In the following sections, we will use the notion of risk and responsibility to 
discuss 

• if chemical impurities might complicate risk assessment; 
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• to which extent the inventor of a new compound carries responsibil-
ity for the compound and its synthetic method; 

• if the scientific journal publishing the synthesis of a new compound 
might share responsibility for indirect chemical proliferation; 

• if the Precautionary Principle should be applied to novel compounds 
from the point of their first synthesis. 

We will start with a brief historical review of the Agent Orange case, with the 
ethical focus on the issues of risk, responsibility, and dioxin contamination. 

3. A brief history of Agent Orange 
The history of Agent Orange, and its associated dioxin contamination, is im-
portant for the discussion of risks and responsibility. It starts with the dis-
covery of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), i.e. the ‘creation’ of the 
compound in the research laboratory, and then leads to the large scale manu-
facture of a 2,4,5-T containing herbicide for agricultural use and the manufac-
ture and use of Agent Orange in Vietnam. 
 The first synthesis of 2,4,5-T was published by Robert Pokorny (1941). 
At the time he was employed at C.B. Dolge Company, and working on pesti-
cides for agricultural use. Four years later, the American Chemical Paint 
Company patented the use of 2,4,5-T as a weed killer along with a plethora of 
other forms of halogenated phenoxy monocarboxylic aliphatic acids (includ-
ing 2,4-dichlorophenoxyacetic acid [2,4-D]) and their esters and salts (US 
Patent 2390941 from 1945). The Chemical Abstract Service decennial indexes 
show the subsequent rise of scientific interest in the compound, from 13 re-
lated papers between 1937 to 1946 to more than 200 papers between 1947 and 
1956. The latter period also sees a rise in applications on a diverse range of 
plants, and an increase in the number of patents relating to effective delivery 
techniques. 
 Large scale manufacture of the 2,4,5-T herbicide for agricultural uses at 
Dow began in 1950 and ceased in 1979, when Dow was the largest company 
worldwide that manufactured the compound. In the 1950s and 1960s, large-
scale manufacture led to the contamination of the herbicide with the poison-
ous dioxin 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) due to a side reac-
tion (Figure 1) (Heaton 1996). 1,2,4,5-tetrachlorobenzene reacted at high 
temperatures with hydroxide to form sodium 2,4,5-trichlorophenoxide 
(2,4,5-TCP, Figure 1, pathway 1). In line with Pokorny’s publication from 
1941, this then reacted with chloroethanoic acid at 140°C to obtain 2,4,5-T. 
Temperature control in both processes was essential, because at 160°C the 
electron deficient 2,4,5-TCP can undergo a condensation reaction (Figure 1, 
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pathway 2) producing the tetrachloro-substituted dioxin. As it was difficult 
to obtain uniform temperatures in bulk reaction vessels, 2,4,5-T subsequently 
contained dioxin contaminants in the order of parts per million (ppm). In 
subsequent years, this contamination level had to be reduced to below 1 ppm 
in response to legal requirements. This was achieved by better temperature 
control or the removal of dioxin from 2,4,5-TCP. At the time Dow stopped 
the 2,4,5-T manufacture in 1979, the legal upper limit of TCDD contamina-
tion was 0.1 ppm in the US and 0.01 ppm in the UK (Hay 1982, p. 9). 
 Health problems associated with 2,4,5-TCP exposure, particularly the 
development of chloracne, were first noticed during industrial accidents in-
volving the compound, such as at Monsanto (1949), Boehringer in Germany 
(1952) and at Dow (1964). The link between 2,4,5-TCP, chloracne and an – 
at the time initially unknown – dioxin impurity in 2,4,5-TCP was established 
by Karl Schultz in 1957 as a direct response to the Boehringer accident 
(Kimmig 1957). These developments took place several years before the use 
of 2,4,5-T in Vietnam. 
 The military use of 2,4,5-T was already considered during World War II 
and the Korean War, and the British used small amounts during the ‘Malayan 
emergency’. However, the widespread use of Agent Orange for military pur-
poses began only in 1962, together with five other herbicide mixtures.3 Under 
the Defense Production Act of 1950, the US government allowed a number 
of chemical companies to produce 2,4,5-T for Vietnam, including Dow, 
Monsanto, Hercules Inc. and Diamond Shamrock.4 
 The use of 2,4,5-T in Vietnam had several reasons, most of which were 
related to the problem of jungle warfare. North Vietnamese soldiers and the 
Vietcong were adapted to this kind of warfare, using the trees for cover and 
employing guerrilla tactics. American forces had difficulties to react and their 
superior firepower rendered immobile in the terrain, so that they sought to 
remove their enemy’s advantage. Operation Ranch Hand was launched to 
defoliate the forests and mangroves, and to destroy crops in order to reduce 
the enemy food supplies. The operation involved at least 19,900 sorties be-
tween 1962 and 1971 (Stellman et al. 2003; Hay 1982, p. 147). They employed 
a range of herbicide mixtures, each known by the color identification band 
painted on storage barrels. Of these herbicides, Agent Orange was the most 
widely used blend (45,677,937 liters), consisting of a 50:50 mixture of n-butyl 
esters of 2,4-D and 2,4,5-T.5 Agent Orange used in Vietnam was contami-
nated with varying levels of TCDD, on average around 1.91 ppm or higher 
(Hay 1982, p. 164; see Figure 1 for chemical structures). 
 The manufacturer’s knowledge about the level of contamination and the 
toxicity of TCDD at the time of production is hazy. It is complicated by the 
fact that some herbicide manufacturers purchased already contaminated 
2,4,5-TCP. In addition, the determination of dioxins is still complicated and 
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expensive, with only few laboratories able to carry out this kind of trace 
analysis. 
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Figure 1: Synthesis of 2,4,5-T. Pathway 1 shows the desired reaction 
leading to the active ingredient for herbicides. Pathway 2 is a side reac-
tion leading to an unwanted dioxin contamination. In addition to 
TCDD, a range of other impurities of varying degree of toxicity is 
formed. Insert upper right: the chemical structure of 2,4-D. 

As production levels soared to meet military demands, Dow Chemical and 
other manufacturers attempted to reduce the TCDD levels. Dow also devel-
oped methods to measure TCDD levels more accurately. However, dioxin 
levels in Agent Orange varied dramatically, depending both on manufacturer 
and production lot. To provide some indication, residues of Agent Orange 
manufactured at the time were found to contain between 0.05 and 47 ppm 
dioxin, with considerably higher dioxin concentrations likely in pre-1966 
samples, while Dow’s product after the construction of its new plant in 1966 
was below 1 ppm (Hay 1982, p. 164).  
 The damaging effects of the TCDD impurity to human health turned out 
to be considerably more serious than the ones of 2,4-D and 2,4,5,-T, both of 
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which have considerably lower toxicity than TCDD. Although the 2,4,5,-T 
toxicity is still under debate, the main toxic substance in commercial mix-
tures of 2,4,5-T based herbicide is clearly not the active ingredient itself, but 
the dioxin contaminant. For example, neither the West German nor the UK 
authorities in 1980 were “convinced that 2,4,5-T, if used for the purpose it 
was intended, presented a health risk” (Hay 1982, p. 177). As a consequence, 
improved safety of this particular herbicide for commercial use has mostly 
focused on a reduced dioxin contamination level, and not on 2,4,5-T. This 
distinguishes 2,4,5-T from many other commercially used chemicals, where 
the active ingredient itself, and not an impurity, is toxic. 
 In 1969, the history of Agent Orange and dioxins took an unexpected 
turn. While TCDD was known to cause chloracne since Schultz had pub-
lished his findings in 1957, a study by the Bionetics Research Laboratories 
provided evidence that (contaminated) 2,4,5-T was teratogenic in laboratory 
animals (Courtney et al. 1970). Agent Orange was therefore not only damag-
ing to the Vietnamese ecosystems, but also potentially dangerous to humans. 
Its use in Vietnam was phased out in 1970/71, and it is now classified as a 
Class 1 carcinogen.6 
 The civil use of 2,4,5-T based herbicides did continue, however, and 
around 58 tons were still used in the UK in 1980 (Hay 1980, p. 177). On the 
other hand, the U.S. Environmental Protection Agency (EPA) issued an 
emergency order to restrict the use of the herbicide for agricultural use in 
1979, and launched several attempts in the early 1980s to ban it completely. 
In 1983, 2,4,5-T based herbicides were withdrawn from the U.S. market and 
replaced by dicamba and triclopyr.7 
 Beginning in the late 1970’s, many American veterans sought compensa-
tion for a variety of conditions from chemical companies involved in the 
Agent Orange manufacture. The responsibility for possible damages caused 
by the agent was a complex and legally tricky issue. These cases were consoli-
dated into a class action lawsuit that was settled out of court. Since then a 
limited amount of compensation has been awarded by the government and 
various lawsuits have been filed against the chemical companies. However, 
little has been done to provide compensation to Vietnamese people, although 
there is some evidence suggesting a high rate of birth defects in contaminated 
areas up to now, which is not surprising because in extreme cases soil samples 
still exhibit the same concentration of dioxin as Agent Orange (Schecter et al. 
2003, Tuan & Phuong 2003). The lack of extensive systematic studies on 
whether birth defects are indeed elevated in the highly contaminated areas 
poses a major problem. 
 With the historical development briefly mapped out, the next sections will 
take a closer look at the risk and the responsibility that emerge at each step of 
the development of a compound such as 2,4,5-T, from the first time it is syn-
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thesized and the publication of its synthetic pathway, to its large scale manu-
facture and practical application. It should be emphasized from the start that 
this analysis aims to stimulate future discussion, and represents just one pos-
sible point of view. 

4. Risk and responsibility at the point of invention 
As mentioned before, there is an extensive, and well-documented debate on 
the legal and moral responsibilities of the manufacturers and users. The initial 
parts of the history of 2,4,5-T, i.e. its first synthesis, characterization, and 
publication are often ignored in these discussions. For example, Hay’s his-
torical review does not mention Pokorny at all. This is unfortunate, since the 
inventor of a new compound must obviously share some responsibility for 
the compound, even if the ultimate use is beyond his/her control. This paper 
therefore focuses on the persons and institutions involved with 2,4,5-T at the 
beginning of the history of Agent Orange. From a chemist’s perspective, this 
raises a number of ethical questions that are all too often ignored when just 
the final use of a compound is considered. 
 The history of Agent Orange is a good example of the chain of events 
that leads from the discovery to the application of a new chemical. Along the 
line, there are several actors who might share responsibility for the com-
pounds involved (Table 1). These include (a) Pokorny, the research chemist 
who discovered 2,4,5-T around 1941, (b) the scientific journal publishing the 
synthesis of 2,4,5-T in 1941, (c) the company who patented the use of the 
chemical as herbicide in 1945, (d) the companies and their chemical engineers 
manufacturing Agent Orange, (e) the American government approving the 
use of the compound in warfare and (f) the US Air Force/RVN actually us-
ing Agent Orange as a tactical chemical weapon. 
 At the point of invention, Pokorny, the synthetic chemist, was the first 
person involved with 2,4,5-T. It is therefore necessary to ascertain his re-
sponsibility for the risks associated with the compound.8 Schummer has ar-
gued that the synthetic chemist developing a new substance will always have 
some general responsibility for it, as the “first synthesis is the causal step for 
its existence” (Schummer 2001b). No matter if this is where the chemist’s 
active relationship with the substance ends, and if the damage is caused by 
the hands of others, without the initial causal step no damage could have oc-
curred. Although this notion of responsibility does not yet include a moral 
judgment, it implies the obligation of the chemist to respond to moral ques-
tions and accept the standards of a moral discourse. 
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 That this may seem bizarre to the average chemist is not surprising. “The 
fact that the internal norms of [the chemical community] are not in agree-
ment with general moral standards shows that the whole community do not 
recognize their general moral responsibility and wrongly consider their activ-
ity as morally neutral” (Schummer 2001b). Although this is a strong state-
ment, it is indeed curious to realize that research chemists inventing and pub-
lishing novel compounds are hardly ever asked by their peers to provide even 
the most basic information about the potential dangers that might result 
from these agents. 
 As might therefore be expected, and is normal chemical practice, Robert 
Pokorny’s paper from 1941 entitled ‘Some chlorophenoxyacetic acids’ con-
siders his new compounds in the light of successful versus unsuccessful syn-
thesis, not under the moral categories of right and wrong. His quarter page 
report in the ‘New Compounds’ section of the Journal of the American 
Chemical Society provides the experimental details to successfully make 2,4-
D and 2,4,5-T with yields on the 5 g scale and some analytical data. There is 
neither an introduction to this work, nor a discussion or conclusion. 
Pokorny does not indicate any future work that could be done with these 
new compounds, or any potential applications – or safety implications – 
2,4,5-T might have. 
 This does not imply that Pokorny himself was not aware of possible ap-
plications. His research at the company was clearly directed toward novel 
herbicides, and it is likely he considered commercial uses, even if he did not 
explicitly state them in his publication. The act of the first ever synthesis of 
these compounds, the ‘creation’, is described from a scientific perspective. At 
the point of invention of 2,4,5-T, the question of responsibility for the ‘crea-
tion’ is not raised, and it is doubtful that many chemists in Pokorny’s situa-
tion would consider such a synthetic report from an ethical perspective. It 
should be mentioned, however, that chemists do speculate about the poten-
tial benefits of their novel compounds. They do consider possible conse-
quences, and claim responsibility for future applications, be it mostly for the 
beneficial ones. 
 For the sake of argument, let us therefore assume that Pokorny would 
have accepted moral responsibility for the risks associated with his com-
pound. This does not mean, of course, that Pokorny would have to accept 
responsibility for every use of it or its impurities. Nevertheless, he could have 
performed a risk assessment along the lines suggested by Del Re. Pokorny 
was obviously aware of the potential agricultural use of 2,4,5-T as a herbicide. 
Since he could neither have foreseen the TCDD contamination that occurs 
when his reaction is scaled up, nor the dangers TCDD poses, nor the use of 
his new compound in Vietnam, his risk assessment in 1941 to determine the 
choiceworthiness of making 2,4,5-T would therefore have been very favor-
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able, i.e. the desired benefits of 2,4,5-T as a herbicide would have by far out-
weighed the known risks associated with the compound.9 For the same rea-
son, the ethical framework used here would not ascribe any major negative 
moral judgment upon him. 
 As already mentioned, it is curious, however, that in practice a proper risk 
assessment on new compounds is hardly ever performed by the inventor be-
fore the compound is published. In this context, let us look once more at the 
case of Agent Orange. Any risk assessment made for 2,4,5-T in 1941 would 
have been severely flawed by the lack of information about the occurrence 
and implications of the TCDD contamination. In fact, Pokorny does not 
mention impurities in his publication, and it will be very difficult to find any 
synthetic chemistry publications that explicitly discuss the content and the 
nature of impurities in a new compound.10 This in itself is an interesting as-
pect of synthetic chemistry, where numerous ‘unidentified’ compounds are 
regularly ‘created’ and distributed as impurities. 
 As far as the ethical discussion is concerned, the presence of such chemi-
cal impurities in compounds has serious implications for the risk assessment 
of novel chemicals. While chemists might be able to draw some conclusions 
about their desired new compound based on similarities with known chemi-
cals, they would initially be completely in the dark regarding the properties of 
undesired, unknown impurities that are beyond their control – and occur in 
compounds in an uncontrolled, almost random manner. As the TCDD con-
tamination has shown, minute amounts of impurities (in the ppm range) can 
completely alter the toxicity of a 99.9999% pure substance, as long as the 
impurities are a few million times more toxic then the pure compound. In a 
biological context, the risk posed by impurities is even more serious, since 
many toxins undergo bioaccumulation in organisms, resulting in biomagnifi-
cation of their concentrations by thousands or even millions in food chains 
(Southgate & Aylward 2002). 
 While Pokorny might have wanted to consider the toxicity of his sample 
of 2,4,5-T (which might have contained some TCDD) in a few bioassays to 
rule out major safety risks in handling the compound, he would have been 
neither able to anticipate the conditions under which impurities might be 
formed, nor the exact nature and toxicity of these unknowns. Even worse, 
the impurities in 2,4,5-T might actually have resulted from using contami-
nated 2,4,5-TCP, in which case the inventor of that compound, and not 
Pokorny, might ultimately share responsibility for the TCDD contaminant 
in 2,4,5-T. 
 Although TCDD and other dioxins were later identified as impurities in 
Agent Orange, other impurities remain unknown, and some might even con-
tain ‘yet unknown’ compounds, as was indeed initially the case with dioxin in 
Schultz’s studies. Schummer has recently shown that the increase of knowl-
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edge that comes with the synthesis of a new compound is smaller than the 
non-knowledge generated at the same time (Schummer 1999/2001b). The 
notion of non-knowledge also applies to such unknown impurities and dra-
matically complicates risk assessment and the issue of responsibility. For ex-
ample, how could a chemist like Pokorny be held responsible for the effects 
of impurities that he was unaware that they even existed, or which were pos-
sibly transferred from an impure starting material? 
 In any case, Pokorny’s original publication made 2,4,5-T and 2,4-D avail-
able to the chemical community worldwide without a basic understanding if 
it is safe or toxic, carcinogenic or explosive. Again, Pokorny acted well within 
accepted current chemical practice, where the inventor of a new compound is 
not expected to show that the invention is safe. Admittedly, he could have 
discussed 2,4,5-T in the light of similar compounds known to have herbicidal 
properties, and provided a basic ‘risk assessment’ based on analogy, but this is 
difficult and not normally required from chemists at the point of invention. 
 By publishing the synthetic method, however, Pokorny in principle made 
2,4,5-T available to everyone.11 This kind of chemical proliferation by publica-
tion is frequently ignored. Since it is, however, much less controlled than the 
shipment of substances, the main risk associated with the ‘creation’ of a new 
compound might well reside with the proliferation of the associated chemical 
knowledge, and not with the few grams of new compound actually made and 
safely stored in a secure laboratory. Although this might sound bizarre, 
Pokorny therefore shares direct responsibility for the worldwide, indirect 
proliferation of an untested compound. For the inventor, this responsibility 
might outweigh any responsibility for the subsequent manufacture or use of 
the agent as discussed above. 
 The inventor of a new compound is in a moral dilemma caused by poten-
tially conflicting values. On the one hand, the scientific codex requires the 
publication of results, so that other scientists can repeat, test, and benefit 
from the new compound. On the other hand, the compound might well be 
unsafe and cause significant damage – possibly even to the colleagues trying 
to repeat the synthesis. While here is not the place to discuss this dilemma in 
detail, chemists should become aware of this issue, and try to address it in the 
future.12 
 The question of uncontrolled proliferation of chemicals through publica-
tion in scientific journals brings us to another, rather unsuspected carrier of 
responsibility for a new chemical compound – the scientific journals that dis-
seminate synthetic knowledge. 
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5. Publishing as proliferation 
The inventor of a new compound shares responsibility for the dissemination 
of the synthetic procedure, including the almost uncontrolled indirect prolif-
eration via online journals, Internet postings, and free online services such as 
Medline. It is obvious that without the dissemination of Pokorny’s synthetic 
protocol in the Journal of the American Chemical Society, 2,4,5-T would not 
have become ‘freely available’ to chemists outside Pokorny’s own organiza-
tion at that particular time. This does not rule out, of course, that someone 
else might have invented the compound soon thereafter, but this is beside the 
point. 
 As a consequence, a journal such as the Journal of the American Chemical 
Society might share moral responsibility for the potentially thousands of 
kilograms of novel compounds being manufactured on a large scale by 
whomever is willing to do so. This ethical consideration is in agreement with 
the fact that journals frequently request the copyrights on manuscripts con-
taining synthetic protocols before publication. There is, however, little in the 
Journal of the American Chemical Society’s current ‘Ethical Guidelines to Pub-
lication of Chemical Research’ that would address the ethical issues raised 
here. The latter deal with good scientific practice and how to provide sound 
and reliable data, a rather different area of ethics and chemistry. As for safety 
issues, the synthetic procedure and analytical data of novel compounds can 
be published without further warning. 
 In contrast, some journals have recently begun to ask authors to explicitly 
address such ‘safety issues’ as part of their publications. For instance, the 
Journal of Agricultural and Food Chemistry’s ‘Scope, Policy and Instructions 
for Authors Guidelines’ says: 

Safety: Authors are required to call special attention, in both their manuscripts 
and their covering letter, to safety considerations such as explosive tendencies, 
special precautionary handling procedures, and toxicity. 

Such requests might well stimulate a basic discussion of the risks associated 
with a novel compound. Nevertheless, neither the authors of the manuscript, 
i.e. the inventor(s) of the compound, nor the publisher take responsibility for 
the risks associated with the new agent. From a chemist’s perspective, this 
might seem normal, and is in line with Schummer’s observation that chemists 
do not recognize the wider responsibility for their discoveries. 
 Let us therefore briefly consider how chemically good practice might in 
the future be aligned with ethically good practice. As the discussion of 
chemical impurities has shown, a reliable risk assessment for a novel chemical 
compound is virtually impossible, but some suggestions based on similar 
chemicals might be possible. As a consequence, a weak version of the Precau-
tionary Principle should be applied when dealing with new compounds – and 
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associated unidentified impurities. The anticipated risk can, in certain cases, 
be described by looking at chemically similar, already known compounds. In 
other cases, especially when impurities are present and conclusions by anal-
ogy are impossible (e.g. compare 2,4-D and 2,4,5-T), a basic toxicological 
screen might be required. The latter would also detect the toxicity caused by 
unknown impurities. 
 Although it seems to be the most suitable approach toward dealing with 
the risks associated with novel compounds, the Precautionary Principle is 
hardly applied in everyday chemical research. Of course, most synthetic 
chemists are unable to carry out full toxicological evaluations of each of their 
new compounds, and to demand such studies would be detrimental to chemi-
cal research. Nevertheless, publishers, as a matter of precaution, should fol-
low the lead taken by the Journal of Agricultural and Food Chemistry and oth-
ers and demand at least a brief discussion of the potential risks associated with 
a new compound, such as toxicity or potential environmental impact. 13 

6. Manufacturers and users 
Responsibility of the manufacturer is a complicated mix of regulatory, legal, 
and moral issues that cannot be fully discussed here. As in the case of Agent 
Orange, the manufacturer of a chemical shares responsibility for the resulting 
product, but no longer for the ‘creation’ or dissemination of the synthetic 
protocol. This is a rather important distinction frequently missed in ethical 
reflections on chemistry and the chemical industry. Since we are more con-
cerned here with responsibility as part of invention, and since there is ample 
literature on the legal and ethical issues related to the manufacturers and us-
ers of Agent Orange, this section will briefly focus on the issue of unknown 
risks, and ask if it possible to deflect the responsibility for impurities. 
 On its website, Dow Chemical denies responsibility for the damages 
caused by Agent Orange and assigns this responsibility to the users of Agent 
Orange, i.e. the U.S. and Vietnamese governments. 

As a nation at war, the U.S. government compelled a number of companies to 
produce Agent Orange under the Defense Production Act. Companies sup-
plying Agent Orange to the government included The Dow Chemical Com-
pany, Monsanto Company, Hercules Inc., Diamond Shamrock Chemicals 
Company, Uniroyal Inc., Thompson Chemical and T-H Agriculture and Nu-
trition Company. […] 
 The U.S. military had sole control and responsibility for the transportation 
of Agent Orange to Vietnam, and for its storage once the defoliant reached 
Vietnam. The U.S. military controlled how, where, and when Agent Orange 
would be used. […] 
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 War damages people, lives, and the environment. Nations, and the militar-
ies of nations, are responsible for war. The U.S. government and the Vietnam-
ese government are responsible for military acts in Vietnam and the use of 
Agent Orange as a defoliant. The manufacturers feel that in 1984 they took 
part in a good-faith settlement aimed at healing and bringing closure to this is-
sue. Any future issues involving Agent Orange should be the responsibility of 
the respective governments as a matter of political and social policy.14 

This line of arguments shows that the manufacturer denies responsibility for 
the use of the chemical in Vietnam, referring to the government’s actions. It 
also uses the controversial idea that the manufacturer is not required to prove 
the product’s safety, but that the injured party must be able to ‘prove causa-
tion’. 
 Our discussion on who shares responsibility for the impact of a new 
chemical such as 2,4,5-T on society has now reached the point where neither 
the inventor, nor the publisher, nor the manufacturer seems required to ac-
cept responsibility. In the case of Agent Orange, this debate is complicated 
by the fact that the damage was caused by a chemical impurity. Since no one 
involved with Agent Orange intended the harm caused by TCDD, or initially 
knew of the dangers caused by the impurity, this raises a set of very different 
ethical issues. For example: While the U.S. and Vietnamese governments 
might be responsible for using Agent Orange as an herbicide, can the manu-
facturers also hold them responsible for the effects of the TCDD impurities 
in the herbicide? Even if Dow was not fully aware of the contamination and 
its associated risks, would it not have been the manufacturer’s responsibility 
to check the quality, i.e. chemical composition, of their product? Dow’s com-
ment on this issue is rather instructive. 

Much of the source of the resulting public controversy over Agent Orange 
was an unwanted trace impurity that was present in one of the product’s in-
gredients. The unwanted contaminant was the dioxin compound 2,3,7,8-
tetrachlorodibenzo-para-dioxin, commonly known as 2,3,7,8 or dioxin. It 
should be noted that dioxin was not a commercial product, but rather was an 
unavoidable manufacturing process contaminant in the 2,4,5-T process. [Ibid.] 

The description of dioxin in Agent Orange as “unwanted contaminant” that 
was “unavoidable” as part of the manufacturing process seems to deflect re-
sponsibility and moral judgment from the manufacturer. First, the company 
did not ‘want’ the presence of dioxins, and thus acted without bad intentions. 
Second, the dioxin contamination could not be avoided because of the chem-
istry of the manufacturing process. 
 From an ethical perspective, Dow’s arguments are hardly convincing. The 
lack of intention to cause bad consequences and the lack of knowledge about 
the risks do not rule out responsibility. In line with the general concept of 
responsibility (Schummer 2001b), we therefore propose that the manufac-
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turer of a chemical compound must accept a shared responsibility for both, 
the alleged (pure) compound and the impurities usually associated with the 
compound. In practice, this would require the manufacturer to estimate the 
nature, amount, and impact of impurities in a number of samples. While this 
could still not rule out a significant fluctuation in impurities between sam-
ples, it would provide at least some probability for a reliable safety and risk 
assessment. 
 Furthermore, the manufacturer is able to design a suitable manufacturing 
process for a chemical. In the context of Agent Orange, alternative synthetic 
routes for 2,4,5-T, avoiding the presence of 2,4,5-TCP, exist and could have 
been explored by the chemical industry to avoid the presence of TCDD. Re-
sponsibility for the decision to produce Agent Orange along the hazardous, 
yet convenient 2,4,5-TCP route, therefore rests fully with the manufacturers 
and their chemical engineers. 
 Within this context, the matter of impurities is complicated by the differ-
ent quality standards industrial chemicals have to comply with. Pharmaceuti-
cal products, such as drugs, for example, have to comply with considerably 
higher standards of purity than agricultural products, such as herbicides. As a 
consequence, there are both ethical and regulatory questions to be addressed. 
 In any case, the manufacturer clearly shares some responsibility, and there 
are now stringent rules that govern the commercialization of substances, 
such as the Toxic Substances Control Act in the U.S.15 In many cases, how-
ever, the burden of responsibility for proving that a substance is toxic still lies 
with society (consider the roles of the Environmental Protection Agency and 
the British Environment Agency). 
 Overall, the case of Agent Orange points toward shared responsibility, 
with the inventor of 2,4,5-T (i.e. Pokorny), his employers, the publishers of 
his 1941 paper, and the manufacturers of the (contaminated) herbicide shar-
ing different degrees of responsibility for the chemical compound and its 
dissemination. Though ethical responsibility for compounds may be traced 
back to creators and manufacturers, this responsibility in no way detracts 
from that of the user. The responsibility of the U.S. government is therefore 
as apparent as the responsibility of the US Air Force/RVN for using the 
product. There is also a long philosophical dialogue about ethics and war. 
However, this is not the place to discuss these issues in detail.16 

7. Conclusion 
The issues surrounding Agent Orange, such as the risk associated with the 
generation of non-knowledge, e.g. caused by impurities, and the indirect pro-
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liferation of chemical compounds by publication, have raised important, 
pressing questions that chemists need to address. In the short term, it is un-
realistic to expect synthetic chemists to perform in depth risk assessments 
for all of their new compounds. Nevertheless, the assignment of responsibil-
ity for the dissemination of untested substances might make chemists more 
aware of the implications of their work, and make them more cautious when 
dealing with new substances and the knowledge and non-knowledge that 
come with them. 
 The attempts of Dow Chemical Company to shift responsibility for its 
contaminated herbicide first to the user and then to the chemical reaction 
itself show how controversial this issue is in practice. Traditional concepts of 
risk assessment might not easily be applied and the question of how a chem-
ist can be held responsible for the action of impurities he/she is not aware of 
clearly requires further investigation. 
 From the outset, this case study has primarily aimed at identifying ethical 
issues in a real life chemistry context, and to stimulate further debate. It is 
hoped that an ensuing discussion of this case study will make chemists more 
aware of their responsibility for new chemicals. Only then will it be possible 
for chemists to follow philosophers and ‘recognize their general moral re-
sponsibility’ and ‘align their internal norms with general moral standards’. 

Notes 
 

1 This discussion focuses on risks associated with chemicals. It should be noted that 
many chemicals have thoroughly positive effects on human health and the envi-
ronment. Some of the considerations, such as the proliferation of chemical knowl-
edge, apply to both. 

2 They might, for example, include the use of a chemical as a drug or air pollution as 
the result of the manufacturing process. 

3 See Butler 2003a/b; for excellent historical reviews of this and related topics, see 
also Hay 1982 and Gough 1987. 

4 Although the following discussion mainly focuses on Dow, companies like Mon-
santo and Diamond Shamrock share a similar, if not greater, responsibility for the 
manufacture of Agent Orange. 

5 Both 2,4,5-T and 2,4-D were generally applied as either esters or salts of the acids. 
Long chain (hence low volatility) esters were applied as an oil emulsion and were 
more toxic to plants than the water-soluble salts. The ester’s toxicity is due to the 
lipophilic compound being readily taken up by cuticular lipids. Surfactants were 
sometimes added to mixtures to increase effectiveness by reducing run-off and by 
softening lipids (Hassall 1982). In plants esters are hydrolysed back to the bio-
logically active phenoxy acetic acids by carboxylesterase enzymes. The exact 
modes of action vary, but both herbicides cause lethal, uncontrollable, and grossly 
distorted plant growth when applied in the correct dosage. 
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6 TCDD causes, among others, soft-tissue sarcoma, non-Hodgkin lymphoma, 
Hodgkin disease, chronic lymphocytic leukemia, diabetes, chloracne, birth de-
fects, fetal death, reduced fertility (in both sexes), modulation of hormone levels, 
and potentially a wide range of cancers (USEPA 1994, Institute of Medicine 2000, 
Tuan & Phuong 2003). TCDD is categorized as carcinogenic to humans by the 
International Agency for Research on Cancer (IARC) and has recently been sub-
ject to various legislative controls (Stringer & Johnston 2001). Apart from Agent 
Orange, dioxins have also played a role in several major accidents, such as in Coa-
lite in the UK (1968) and in Seveso in Italy (1976). Only 39 g of TCDD escaped 
in Coalite, resulting in a soil concentration of 400 ppb. 1.3 kg TCDD was released 
in Seveso, leading to soil concentration up to 235 µg dioxin per square meter, and 
the death of thousands of animals (Stringer & Johnston 2001, pp. 305-34). 

7 See http://www.sciencedaily.com/encyclopedia/herbicide. 
8 Importantly, this is not to pass a moral judgment on the inventor. As we will see 

later on, taking responsibility for a new compound does not mean taking the 
blame for all future uses of it. 

9 Pokorny’s samples of 2,4,5-T might well have contained dioxin impurities. The 
presence and effects of such dioxins, if present, would have gone largely unno-
ticed. Laboratory chemicals are, however, frequently of higher purity than chemi-
cals produced on an industrial scale, due to better reaction control and purification 
methods. 

10 Some chemists do provide percentage purities of new compounds in their publica-
tions, but this is not always the case. In addition, impurities frequently vary from 
synthesis to synthesis, and might consist of yet unknown substances. 

11 Any skilled chemist reading Pokorny’s paper would be able to manufacture 
2,4,5-T. 

12 Related issues, such as the proliferation of chemicals and commercial interests 
have recently been discussed by Laszlo (2001) and Kovac (2001). 

13 The other American Chemical Society (ACS) journal mentioned here, J. Am. 
Chem. Soc., does not demand this kind of safety information yet. 

14 http://www.dow.com/commitments/debates/agentorange/background.htm, last 
visited 10 Oct. 2005. 

15 As mentioned earlier, the dioxin contamination resulted as part of the 2,4,5-TCP 
synthesis. In many cases, the latter was purchased, not manufactured, by the her-
bicide company. The responsibility for ensuring the safety of 2,4,5-T might there-
fore rest with both, the 2,4,5-T and the 2,4,5-TCP manufacturers. 

16 Some of the ethical issues related to the use of Agent Orange in Vietnam are 
raised by Hay (1982). Issues of ethics and war are addressed by Coates (1997). 
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