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1.1 Environmental chemistry and sustainable development 

 

Since World War II, the production and consumption of chemicals in developed countries has 

increased exponentially. Without any doubt, numerous useful chemicals have increased the quality 

of life. With the growth of chemical industry, however, the emissions of chemicals into the 

environment have also increased. Initially, it was believed that these chemicals would be diluted in 

the environment and as such would pose no threat [1]. This assumption was shattered by the 

publication of Silent Spring in 1962 by Rachel Carson [2]. She described how pesticides and other 

chemicals could enter the food chain and accumulate to toxic levels in the fatty tissues of animals. 

This would explain the dramatic decrease in populations of many animal species. The classical 

example is the near extinction of peregrine falcons in the 1960s and 1970s [3]. Through the 

approach of the measurement of contaminant levels in the environment, the study of specific 

processes in controlled laboratory experiments and the development of theoretical methods to 

explain the experimental data, environmental chemists could confirm many of Carson’s initial 

ideas. Nowadays, chemical industry invests large amounts of money in pollution control and 

environmental risk assessments of the chemicals they use and manufacture. These measures 

certainly paid off, as is for example illustrated by the recovery of peregrine falcon populations [3,4]. 

Despite the above mentioned efforts by chemical industry, there continues to be a general 

concern about the contamination of the environment with chemicals. Tens of thousands of 

chemicals are in use nowadays and this number increases continuously [5]. Many of these are 

continuously introduced into the environment. This has resulted in an increased interest in 

alternative approaches to deal with chemical pollution. These approaches go by the names of green 

chemistry, soft chemistry, environmentally benign chemistry and so on. Although this may not be 

the aim of the particular approach, they are often described as methods which contribute to the 

widely promoted broader concept of “sustainable development”. Sustainable development is 

defined by the World Commission on Environment and Development (WCED) as “Development 

that meets the needs of the present without compromising the ability of future generations to meet 

their own needs” [6]. In the study described in chapter 2 the alternative approaches to pollution 

control mentioned above were studied, aspects combined and supplemented to arrive at a definition 

for sustainable chemistry. 

A key characteristic of sustainable chemistry turned out to be the use of renewable resources 

(biomass) in the production of chemicals. Biomass based chemicals should be produced efficiently, 

i.e. with a minimal use of energy and materials and with minimal release of chemicals into the 
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environment. Some chemicals, such as pesticides, are deliberately released into the environment. 

These chemicals should be designed to be both effective (e.g. have pesticide activity) and 

environmentally safe, where safety is achieved by removal of the chemicals from the environment 

by degradation processes. The development of the required predictive tools is an important focus 

within the discipline of environmental chemistry. In this thesis, the tools will be further developed 

and applied to study the environmental behaviour of monoterpenes released to soil as pesticides. 

The monoterpenes and the predictive tools will be further introduced in paragraphs 1.2 and 1.3, 

respectively.  

 

 

1.2 Biomass based chemicals: monoterpenes 

 

1.2.1 The selection of monoterpenes as a compound group for study 

 

Two main criteria in the selection leading to monoterpenes were: 

 

• the sustainable production of the chemicals should be possible and  

• emission of the chemical into the environment should be inherent to their use. 

 

For the selection, “sustainable production” will be translated into “biomass based”. Due to time 

constrains, other aspects of sustainability identified in chapter 2 could not be included in the 

selection process. Monoterpenes were selected because they are synthesized by plants (paragraph 

1.2.3) and may be applied as pesticides (paragraph 1.2.5). The use of pesticides inherently results in 

environmental emissions. The focus is on their use as pesticides in terrestrial environments. The 

pesticide function implies that the monoterpenes are bioactive. This makes the need for their 

removal from the environment evident. From a sustainable chemistry point of view, however, all 

chemicals which are emitted into the environment, thus also chemicals with no known bioactivity, 

should be designed to be degradable. The bioactivity of the monoterpenes, therefore, was not a 

main selection criterion.  

 



Chapter 1 

 12

1.2.2 Design or selection of monoterpenes 

 

For the sustainable application of monoterpenes as pesticides to soil, the monoterpene structures 

should be designed or selected for efficacy and environmental safety. The selection of chemicals 

implies that structures which are biosynthesised by the plants will be applied as pesticides, without 

any structural modification. In the design approach a lead structure (usually a pre-selected natural 

compound) is modified, for example by using combinatorial techniques [7], to optimise the desired 

properties. This may result in structures which have not (yet) been isolated from plants. This has 

consequences for the production phase of the monoterpenes and thus for the overall sustainability of 

the pesticide product. This, however, will not be further investigated in this thesis. In this thesis, no 

distinction between design and selection needs to be made, as the estimation tools developed may 

be applied in both type of approaches.  

 

1.2.3 Structure and occurrence 

 

Monoterpenes are C10HnOm compounds [8-10]. The class of monoterpenes comprises acyclic, 

monocylic, bicyclic and tricyclic main structures with different levels of oxidation leading to 

alcohols, aldehydes, ketones and carboxylic acids. Oxygenated monoterpenes and their derivatives 

are often summarized as monoterpenoids. Monoterpenes are natural compounds. Some 1000 

naturally occurring monoterpenes have been isolated from higher plants. They constitute the main 

fraction of essential oils, i.e. the fraction of compounds which are extracted from plant material 

using steam distillation. Although essential oils are particularly abundant in some families of plants 

(e.g. Conifers, Rutaceae, Lamiaceae), they are probably ubiquitous in higher plants and algae. 

Figure 1.1 shows the structure of the monoterpenes studied in this thesis. These structures were 

selected to represent the structural diversity within this compound group. 
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Figure 1.1. Structure of selected monoterpenes: A = carvacrol, B = eugenol, C = anethole, D = 

cinnamaldehyde, E = limonene, F = terpineol, G = pulegone, H = thymol, I = limonene oxide, J = pinene 

oxide, K = myrcene, L = citronellal, M = cineole, N = adamantane, O = adamantanol, P = adamantanone, Q 

= thujone, R = norborneol, S = norcamphor, T = camphane, U = camphor. 
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The monoterpenes in figure 

1.1 have zero 

(A,B,C,D,H,K,M,N,O,P,T), one 

(E,F,G,L), two (S,U), three (I,Q,R) or 

four (J) chiral carbon atoms. 

Although most physicochemical 

properties of pure enantiomers are 

identical, their biological activities 

are often different. This is illustrated 

for limonene and norcamphor. Figure 

1.2 shows the 3D-structures of R-

limonene, S-limonene, R-norcamphor 

and S-norcamphor. Limonene 

illustrates that even human sense of smell is able to discriminate between the odours of the 

enantiomers of several monoterpenes. R-limonene is the smell of lemon or orange, while smell of S-

limonene is close to that of pine turpentine. Norcamphor illustrates that enantiomers may interact 

differently with enzymes, resulting in e.g. different microbial transformation pathways. As 

discussed in detail in chapter 5, the product profile for the hydroxylation reaction of both 

norcamphor enantiomers catalysed by the bacterial enzyme cytochrome P450cam are different. 

 

1.2.4 Natural function of monoterpenes 

 

Monoterpenes are synthesized by plants for different reasons. Three areas of extensive research on 

the natural function of monoterpenes will be briefly described below. This paragraph is included to 

illustrate that anthropogenic monoterpene emissions may affect organisms in different ways. 

 

The role of monoterpenes in chemical ecological interactions. Chemical ecology has been 

defined as “the promotion of an ecological understanding of the origin, function and significance of 

natural chemicals that mediate interactions within and between organisms” [11]. Monoterpenes are 

involved in various types of ecological interactions: They are used by plants to attract pollinators, as 

protection against herbivores (including insects, molluscs, birds and many browsing and grazing 

animals) and infectious microflora (bacteria and fungi) and to reduce competition by other plants 

(e.g. by seed germination and growth inhibition) [12]. The protection against herbivores may be 

Figure 1.2. Monoterpene enantiomers. A. = R-limonene, B. = 
S-limonene, C. = 1R,4S-norcamphor, D. = 1S,4R-norcamphor. 

A. B.

C. D.
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directly (= bitrophic interaction), e.g. by toxic effects, or indirectly by promoting the effectiveness 

of the herbivore’s enemies (= tritrophic interaction) [13,14]. The potential use of monoterpenes as 

pesticides (paragraph 1.2.5) originates from insights in the field of chemical ecology.  

 

The role of monoterpenes in influencing nutrient cycles in soil. Plants may affect nitrogen and 

carbon cycling by the emission of monoterpenes which have the ability to stimulate and / or inhibit 

soil micro-organisms [15-17]. For example, the high concentrations of monoterpenes in many 

climax forest soils (such as coniferous soils) may be responsible for the negligible nitrification in 

those soils [16]. This may be beneficial to the community because nitrogen is maintained in the top 

soil layer. The stimulation of soil bacteria by monoterpenes abundant in Mediterranean plants (and 

plant litter) may be to stimulate the decomposition of plant litter, which otherwise would 

accumulate due to unfavourable combinations of temperature and rainfall [17]. 

 

The role of monoterpenes in increasing the thermotolerance of plants. Monoterpenes emitted 

by plants to the atmosphere may be involved in increasing the thermotolerance of plants [10,18]. 

This may be by the stabilization of thylakoid membranes in which they partition or, although 

controversial [10], through the scavenging of harmful oxidants such as ozone in the air near the 

plant or in intercellular air spaces. 

 

1.2.5 Anthropogenic use of monoterpenes 

 

The focus of this thesis is on the use of monoterpenes as pesticides. Monoterpenes and other plant 

products are intensively studied for their use as pesticides, mainly to control insects [19-22] and 

weeds [23-28]. Examples are their application in insect repellent oils and candles (citronellal), in 

flea shampoos (limonene and linalool), in insecticidal sprays for house plants (linalool), as fumigant 

against tracheal mites in honeybees (menthol), in moth balls (thujone) and in insect traps (e.g. α-

terpineol). Monoterpenes are used to protect stored grain and legumes and, in the Netherlands, as 

sprouting inhibitor for potatoes (carvone) [29]. In the USA, companies such as EcoSMART 

Technologies Inc. market insecticides, miticides, fungicides and herbicides based on essential oils. 

In the EU, registration and authorization procedures for plant derived pesticides are the same 

as for any other pesticide product [30]. In the USA, certain monoterpenes are on the US EPA List 

of Exempted Least Toxic Pesticide Active Ingredients, making registration procedures for 

pesticides containing these compounds relatively easy [19]. Some American companies have taken 
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advantage of this situation and have been able to bring essential oil based pesticides to the market in 

a far shorter time period than would normally have been required for a conventional pesticide. An 

example is EcoSMART Technologies Inc. mentioned above. 

Next to pest control applications, current essential oil applications include whole industries 

(paint, petroleum, mining and manufacturing), food (processing and flavouring), drink (alcoholic 

and non-alcoholic flavourings), pharmaceutical products, perfumes and toiletries and hygiene 

products. Monoterpenes are substrates for biphenyl-degrading bacteria and as such may be used to 

enhance transformation of polychlorinated biphenyls in polluted soils [31,32]. 

 

1.2.6 Environmental fate of monoterpenes 

 

In this paragraph available literature data on environmental fate processes and compound properties 

of monoterpenes will be summarized. As will be discussed further in paragraph 1.3, this 

information is useful in the development of predictive tools for the environmental fate of 

monoterpenes. The focus of this thesis is on monoterpenes applied to soil as pesticides. Removal of 

monoterpenes from the soil may be caused by degradation processes in the soil, by emissions from 

the soil into the atmosphere, by leaching into groundwater and perhaps by transport into surface 

water. Next to the soil itself, therefore, also the fate of monoterpenes in the atmospheric and the 

aquatic environments is relevant. No data on the fate of monoterpenes in the aquatic environment 

could be found. Table 1.1 summarizes emission data, physicochemical property and stability data 

for monoterpenes. 

The emissions of monoterpenes into the atmosphere and subsequent fate processes are the 

subject of much current research. Monoterpenes are a predominant group of biogenic volatile 

organic compounds (BVOCs) (= organic atmospheric trace gases other than carbon dioxide and 

monoxide) [10,18]. Emissions of BVOC are significantly higher than anthropogenic VOC 

emissions. No data for the monoterpene contribution to the total anthropogenic VOC emissions 

could be found. Potentially significant anthropogenic monoterpene emissions could be from solvent 

usage [33], during composting of municipal solid wastes [34] and possibly from pesticide use. It is 

important to note that, although globally biogenic emissions are much more important than 

anthropogenic emissions, on a local scale anthropogenic contributions may be dominant. 

In the atmosphere, monoterpenes are subject to chemical degradation [33] and physical 

removal by wet [35] and dry [36] deposition. Especially their atmospheric reactivity can be 

substantial, as reflected by their chemical lifetimes which range between some minutes and hours. 
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BVOCs generate large quantities of organic aerosols that could affect climate significantly by 

forming cloud-condensation-nuclei [37]. In addition, BVOCs may affect climate through direct and 

indirect (through increasing the lifetime of other greenhouse gasses) greenhouse effects [18]. The 

mechanisms involved and the overall effect of BVOCs on climate are subject of much current 

research.  

In soil, natural sources of monoterpenes are underground and atmospheric plant emissions. 

Atmospheric emissions may enter the soil by gas diffusion, wet (also aqueous dissolution into dew) 

and dry deposition and leaching from leaves and plant litter. From the comprehensive research on 

monoterpenes involved in underground ecological interactions, one would expect the fate of 

monoterpenes in soil to be well known. However, most such studies treat the chemicals, their 

transport through soil and processes in soil as a “black box”. With respect to plant-plant chemical 

interference in the field, Inderjit and Weiner [38] note that these effects could be due to (i) direct 

harmful effects of chemicals released from donor plants, (ii) degraded or transformed products of 

released chemicals, (iii) effects of released chemicals on physical, chemical and biological soil 

factors and (iv) induction of release of biologically active chemicals by a third species. 

The physicochemical properties summarized in table 1.1 have been measured (vapour 

pressure, chapter 3) or estimated (chapter 6). The range of values for the Henry’s law constant 

suggests that both the soil air and soil water phases are important for the fate of monoterpenes. The 

relatively high vapour pressures, a property with high temperature dependence, indicate that 

temperature may substantially affect the partitioning of monoterpenes between air and other 

compartments. The temperature dependences of the physicochemical properties are not summarized 

in table 1.1, but have also been measured (vapour pressure, chapter 3) or estimated (chapter 6). For 

the temperature dependence of the vapour pressure an estimation method has been developed (heat 

of vapourization, chapter 4). The range of values for the n-octanol-water partition coefficient 

suggest that sorption to organic material may be significant. 

Chapter 7 describes a fate model study in which these effects have been studied. The 

estimated soil biodegradation rates indicate that the lifetime of monoterpenes in soils is probably 

determined by microbial degradation. Monoterpenes are used as substrates by bacterial cultures 

under aerobic [39-41] and anaerobic [42-45] conditions, including nitrate reducing (denitrifying) 

conditions [43,44] and methanogenic conditions [45]. These processes may lead to the 

mineralization of the monoterpenes, or to the accumulation of biotransformation products. For 

example, p-cymene (an aromatic hydrocarbon monoterpene) accumulated as biotransformation 

product for monoterpenes with a cyclohexadiene structure in methanogenic enrichment cultures 
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[45]. The (contribution to the) development of an estimation method for the biodegradation rates of 

monoterpenes is part of this thesis (chapter 5). Monoterpenes are also transformed by fungi [39,46]. 

In some cases, terpenoids have been identified as major precursors for dissolved organic matter in 

surface water and groundwater [47]. 

 

 

Table 1.1. Emission, physicochemical and stability data for selected monoterpenes. 

Atmospheric emission dataa   

Global biogenic VOCs 1150 Tg C yr-1 

Global biogenic monoterpenes 127 ― 480 Tg C yr-1 

Global anthropogenic VOCs 100 Tg C yr-1 

Global anthropogenic monoterpenes ?  

   

physicochemical propertiesb   

Solubility -5.90 ― -1.90 log S, mol L-1 

vapour pressure -1.65 ― +0.14 log P, mmHg 

Henry’s law constant -4.25 ― -0.20 log KAW, m3 m-3 

n-octanol-water partition coefficient +1.53 ― +4.88 log KOW m3 m-3 

   

stability data   

Estimated soil (primary) biodegradationb days ― days-weeks k, lifetime 

Atmospheric chemical degradationa minutes ― hours t1/2, half lifetime 
a[10]. bChapter 6.  

 

 
1.2.7 Toxicity of monoterpenes 

 

The toxicity of monoterpenes is obviously closely related to their natural function in chemical 

ecological interactions (paragraph 1.2.4). With respect to possible target organisms in pest control 

applications, toxic effects have been reported against bacteria [11,48], fungi [9,19,49], nematodes 

[9,19,50,51], mites [9,52,53], insects [9,19,54] and plants [9,55,56]. With respect to likely non-

target organisms, toxic effects have been reported for aquatic dipterans [57], earthworms [58] and 

moderate effects on juvenile salmonids [59]. It is generally noted that monoterpene toxicity is of 

minimal importance to mammals [19]. In fact, limonene and other monoterpenes have 



General introduction 

 19

chemopreventive and chemoterapeutic activity against several types of cancer [60]. However, toxic 

effects have been reported for limonene to rats and mice and in incidental cases to a cat (following 

the application of insecticidal shampoo) [61] and a dog (following the application of insecticidal 

dip) [62]. Yet another study reports that cinnamaldehyde, carvacrol, carvone and thymol have a 

variety of toxic effects at the cellular level and these effects can be rather different between 

chemically very closely related compounds, such as isomers [63]. 

The observed toxicities of monoterpenes to non-target organisms and the related 

uncertainties make the need for their removal from the environment apparent. We note, however, 

that the chemicals should be removed from the environment after fulfilling their function (e.g. 

killing pest organisms), even if toxic effects to non-target organisms are unknown. A detailed 

discussion on endpoints and mechanisms for monoterpene toxicity is outside the scope of this 

thesis. 

 

 

1.3 Predictive environmental chemistry 

 

1.3.1 Relating the environmental fate of a chemical to its molecular structure  

 

The molecular design of chemicals for environmental safety requires the ability to relate molecular 

structure to environmental fate. This relationship is very complex: After the release of a 

monoterpene (or any other chemical) into soil, it will be subjected to various physical, chemical and 

biological processes. These processes may leave the molecular structure intact or may transform the 

molecular structure into one or more products. Processes that leave the molecular structure intact 

are transport and mixing within a compartment and transfer between different compartments. 

Processes that change the molecular structure are biotic and abiotic transformation reactions. The 

relative importance of the different processes depends on the properties of the chemical and of the 

environmental system. The former are partitioning properties and the compounds susceptibility to 

biotic and abiotic reactions. The latter are properties such as the soil constituents, soil water content, 

temperature, pH, microbial activity, etc. and the variation of these properties in space and time. In 

the environment all the processes may occur simultaneously and, therefore, may influence each 

other. Also, in the environment other chemicals will be present which may mutually influence their 

behaviour [64]. For further reading on these subjects, excellent textbooks are available, e.g. 
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references [65,66]. For monoterpenes applied to soil potentially important fate processes and 

compound properties were identified in paragraph 1.2.6.  

Two types of tools are needed to relate molecular structure to environmental fate: 

environmental fate models and chemical property estimation methods. Environmental fate models 

relate environmental fate to compound and environmental properties and will be further introduced 

in paragraph 1.3.2. Chemical property estimation methods relate compound properties to molecular 

structure and will be further introduced in paragraph 1.3.3. 

 

1.3.2 Environmental fate models 

 

Environmental fate models relate environmental fate to compound and environmental properties. 

An environmental fate model can be characterized by the compartments, the emissions and fate 

processes included. Mathematically a fate model is described by the mass balance equation. The net 

result of the mass flows can be calculated by solving the mass balance equation, either analytically 

or numerically. Depending on the boundary conditions applied, the output of the model is an 

equilibrium concentration, a non-equilibrium steady state concentration, or a non-equilibrium non-

steady state concentration. 

Which environmental fate model is best suited for a study depends on the properties of the 

compounds (paragraph 1.2.6), the environmental system, the endpoints of interest and the required 

accuracy. Including more processes may increase the accuracy of the model output, but this also 

increases the number of required input-data. In the fate model study described in chapter 7 the aim 

was to study the influence of temperature, soil water content and soil organic matter content on the 

fate of monoterpenes in soil. Since the lifetime of a chemical in the environment after its release is 

important the model should be of the dynamic type, i.e. yield non-equilibrium non-steady state 

concentrations. In chapter 7 analytical solutions to a one dimensional, homogeneous medium, 

diffusion / advection / biodegradation mass balance equation were used. 

 

1.3.3 Chemical property estimation methods 

 

The fate model input-parameters can be obtained from experiment or by estimation. For this study, 

the vapour pressure and its temperature dependence was determined by an experimental method 

based on gas chromatography (chapter 3). This parameter was selected because it is expected to be 

an important determinant for the fate of the volatile monoterpenes. In fate model studies, input-
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parameters which are difficult to measure or predict (e.g. biodegradation rates) are often estimated 

in a fitting procedure using the fate model and (part of) the experimental field data (“back 

estimation”). The estimation of fate model input-parameters is an important focus of this thesis. 

Chemical property estimation methods can be used to relate compound properties (fate model 

input-parameters) to molecular structure.  

Estimation methods based on Quantitative Structure Activity Relationships (QSAR) are 

available for many endpoints. In chapter 6 QSARs taken from literature will be used to estimate 

fate model input-parameters required in the fate model study described in chapter 7. Because of 

computer software and hardware developments, the use of estimation methods based on molecular 

mechanics force field (FF) calculations becomes feasible. Chapters 4 and 5 describe the use of FF 

calculations to estimate the heat of vapourization of monoterpenes, the binding enthalpy of 

monoterpenes to the enzyme cytochrome P450cam and the product profiles for the reaction 

catalysed by the same enzyme, respectively. Below, both the QSAR (1.3.4) and FF (1.3.5) 

approaches to property prediction will be described in some detail. The description of the QSAR 

approach is included mainly to allow the comparison with the FF approach in paragraph 1.3.6.  

 

1.3.4 Quantitative Structure Activity Relationship (QSAR) 

 

QSAR development and scope. A QSAR is a relationship between the compound property of 

interest (the endpoint) and a set of other compound properties (the descriptors) [67-70]. A QSAR 

typically is of the form: 

 

yi = B0 + B1xi,1 + B2xi,2 + ………..+ Bnxi,n                                                                       (1.1) 

 

in which yi is the requested endpoint for compound i (dependent variable), xi,1, xi,2,….xi,n are the (n) 

descriptors (independent variable) and B0, B1, B2,….Bn, are the coefficients. The latter are found by 

fitting the regression equation on known data (values for dependent and independent variables) for 

a set of compounds (the training set). The QSAR is then validated by applying it to another set of 

known data (the validation set). The scope of a QSAR is defined by the descriptor value and 

endpoint value space as determined by the compounds in the training and validation sets. Next to 

(multi-)linear regression, also nonlinear regression, neural networks and multivariate analysis tools 

are used to calculate yi. 
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QSAR applications. Excellent overviews of available QSARs can be found in Lyman et al. [69] 

and Boethling and Mackay [70]. QSARs have been developed for partitioning properties (e.g. 

aqueous solubility, vapour pressure, bioaccumulation, soil sorption), reactivity (e.g. biodegradation, 

photolysis) and effects (e.g. no observed effect concentrations, NOEC). With respect to the 

descriptors, a distinction can be made between microscopic descriptors (e.g. number of electrons, 

molecular volume, molecular fragments) and macroscopic descriptors (e.g. molar volume, 

solubility, partition coefficients, energy differences between reactants and products). If the 

descriptors are selected randomly to arrive at the highest possible correlation, the resulting equation 

is a so-called black box QSAR. If the selection of descriptors is based on a theoretical model, the 

QSAR is mechanistic. The statistical improvement of the QSAR equation after including a 

descriptor may point at the importance of this descriptor in the underlying mechanisms. In this way, 

the QSAR approach may be used in the elucidation of mechanisms. A thorough description and 

classification of descriptors and endpoints based on different types of thermodynamic approaches 

can be found in Krop [67].  

 

QSAR limitations. Two limitations of QSAR will be briefly discussed below: they are the need for 

experimental data and the inherent limitation caused by ignoring the properties of environmental 

phases. 

The development of a QSAR requires experimental data to be available, at least for the 

compounds in the training and validation set. The number of experimental data required increases 

with the number of descriptors. In addition, macroscopic descriptors are properties that are obtained 

from experiment. Alternatively, these descriptors can be estimated, requiring yet another QSAR. 

Some QSARs, such as those for equilibrium partitioning based on lattice thermodynamic 

models (e.g. SOFA [71] and UNIFAC [72,73]), are based on both compound properties and the 

properties of the relevant environmental phases. Most QSARs, however, are developed assuming 

that the endpoint can be estimated from compound properties alone. The properties of the relevant 

environmental phases are either ignored or included implicitly. For example, the n-octanol-water 

partition constant is often included in QSARs for toxicity, bioaccumulation and sorption to soil and 

sediment. Octanol is then regarded as a model solvent which resembles e.g. lipids in organisms or 

organic carbon in soil. A further understanding of these processes, or the possibility to differentiate 

between enantiomers or even isomers, requires the explicit treatment of the molecular structure of 

the compounds (the contaminants) and e.g. the solvents, membranes and enzymes involved.  
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1.3.5 Molecular mechanical force field (FF) calculations 

 

General FF procedure. The description of FF calculations in this paragraph will focus on aspects 

relevant for this thesis. The methods applied in this thesis are geometry optimisation and molecular 

dynamics. Other commonly applied methods such as quantum mechanical calculations (used only 

to calculate atomic point charges) and Monte Carlo sampling (not used in this thesis) will not be 

discussed here. For further reading on FF and related topics references [74-76] are excellent starting 

points. 

A number of steps can be distinguished in most FF applications. These steps are the 

generation of the three dimensional (3D) molecular structures, the selection of a method (the force 

field) to calculate the energy of the structures as a function of their 3N degrees of freedom resulting 

in the Potential Energy Surface (PES), the selection of a procedure to explore the PES and finally 

the calculation of the required endpoint. These steps will be discussed in the following paragraphs, 

followed by a brief description of the FF development, FF applications and limitations. In 

paragraph 1.3.6 a comparison between the FF and QSAR approach will be made.  

 

3D molecular structures. Most FF studies start with the generation of the 3D molecular structures. 

For simple small molecules, chemical intuition and the standard bond lengths, angles and so on 

available in FF parameter files may be sufficient to arrive at a reasonable starting structure. This 

approach was used to generate structures for monoterpenes in chapters 4 and 5. For large or 

medium-size molecules, however, this is not possible due to the many possible conformations. For 

these molecules, the coordinates need to be obtained from X-ray crystallographic or NMR structural 

data, or by model-building (based on the structure of a homologous protein, for example). Many 

structural data are stored in two databases; the Cambridge Structural Database [77] and the 

Brookhaven database [78]. The structure for the enzyme cytochrome P450cam used in chapter 5 

was taken from the Brookhaven database. 

 

Calculation of the PES. A FF applies classical mechanics to calculate the energy of a 3D structure 

as function of its 3N degrees of freedom, resulting in the PES. A FF is characterized by the atom 

types used, the functional form and the parameter sets. 

Atom types rather than atoms are the basis for calculating interactions in FFs. The atom type 

defines the chemical environment of an atom. For example, the AMBER force field defines five 

atom types for oxygens: “O” = carbonyl oxygen; “OH” = hydroxyl (alcohol) oxygen; “O2” = 
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carboxylic acid oxygen or phosphate oxygen; “OS” = ester or ether oxygen; “OW” = oxygen in 

water. 

The atom types are represented by spheres which interact as described by the analytical 

function E(R), which describes the potential energy (E) of the system as a function of the atomic 

coordinates in 3D space (R). In this thesis the AMBER FF was used [79]: 

 

E =    Σbonds,i    Kr,i (ri – ro,i)2  

 + Σangles,j    Kθ,j (θj – θo,j)2  

 + Σ(improper)dihedrals,k   (Vn/2) [1 + cos(nϕ - ϕo)]  

 + Σnonbonded atom types,m,m’  [Am,m’ Rm,m’
-12 - Bm,m’ Rm,m’

-6 ] 

 + Σnonbonded atom types,n,n’ [Cn,n’ Rn,n’
-12 – Dn,n’ Rn,n’

-10 ] 

 + Σnonbonded atoms,p,p’   [qp qp’ (Dest Rp,p’)-1]                                            (1.2) 

 

The potential energy (E) includes contributions of intramolecular stretching of bonds (r), 

bending of angles (θ), torsion of (proper or improper) dihedral angles (ϕ) and intra- and 

intermolecular nonbonded interactions between atoms of the van der Waals, hydrogen bonding and 

electrostatic type. ro, θo and ϕo are reference geometrical parameters for the unstrained structure. Kr, 

Kθ and Vn/2 are vibrational force constants and n-fold torsional potential barriers, respectively. R 

refers to nonbonded distances, Dest (from now on, D) to the dielectric constant and q are the atomic 

point charges. A and B are van der Waals repulsive and attractive parameters, respectively. The 

AMBER FF replaces the van der Waals by a 10-12 potential (parameters C and D) for pairs of 

atoms that can participate in hydrogen bonding.  

  Lists of the atom types, values for the force constants, reference geometric parameters and 

so on, make up the parameter set. For the monoterpenes and the amino acid residues in the enzyme 

cytochrome P450cam, all the parameters were available in the standard AMBER parameter sets. 

For the iron atom containing heme group in cytochrome P450cam, parameters were taken from 

literature.  

 

Exploring the PES. Several techniques are available to explore the PES. In this thesis two 

techniques, geometry optimisation and molecular dynamics, have been applied. Both these methods 

use single point calculations. A single point calculation simply evaluates the FF equation for a 

given structure. It gives the energy at a single point on the PES. A typical point of interest on a PES 
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is a minimum. A geometry optimisation calculation samples single points on the PES, searching for 

the nearest minimum. A PES may have many minima. As such, a geometry optimisation calculation 

usually results in a local minimum, not the global minimum. A Molecular Dynamics (MD) 

simulation accounts for the thermal motion, potentially resulting in the crossing of potential energy 

barriers on the PES. MD calculations provide information about possible conformations, 

thermodynamic properties and dynamic behaviour of molecules. The method will be described in 

some detail below. 

In a MD simulation the forces on the atoms of the system, which are related to the first 

derivatives of the potential with respect to the atom positions, are used to calculate the dynamic 

behaviour of the system by solving Newton’s equations of motion for the atoms as a function of 

time. So the force (F) on atom i with mass m at position r, leads to acceleration a: 

 

Fi = -∂ E / ∂ ri           (1.3a) 

ai = Fi / mi           (1.3b) 

 

which is used to calculate the new atomic coordinates after a certain time step (Δt) of typically 

0.001 picoseconds (ps) or less. Subsequently, the potential energy of the system is calculated and 

new forces can be calculated. 

The temperature (T) of a system is related to the kinetic energy of the N particles: 

 

T = (3 N k)-1 Σi=1,N mivi
2         (1.4) 

 

in which k is the Boltzmann constant and v is the velocity. In the MD simulations performed in this 

thesis, the temperature is kept (nearly) constant by coupling the system to a simulated heat bath at 

the desired temperature T0, with a temperature relaxation time of τ. The velocities are scaled at each 

time step by a factor λ, where 

 

λ = [1 + Δt / τ (T0 / T - 1)]1/2         (1.5) 

 

FF development and scope. A FF is developed by obtaining initial estimates for the FF parameters 

from ab initio quantum mechanical calculations on small molecules (e.g. atomic point charges) and 

/ or experimental data (e.g. crystal structure, energy and lattice dynamics, infrared, X-ray data on 

small molecules) followed by a refinement of these parameters by comparing calculated properties 
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with experimental data (e.g. liquid properties like density and enthalpy of vapourization, free 

energies of solvation). Many different FFs have been developed. They can be characterized by the 

type of interaction terms in the FF equation, the functional form of these interaction terms, the type 

of compounds used in their development, the type of data used in their development (e.g. quantum 

mechanical theoretical or experimental, gas phase or condensed phase, range of temperatures) and 

the type of calculations applied (e.g. MD).   

The details of the development of a FF as outlined above also define its scope. Note that the 

chemical space for which a FF is designed to be effective is described by atom types, bond types, 

angle types and so on, rather than by molecule classes. In this thesis, the AMBER FF will be used. 

The AMBER FF has been developed for protein and nucleic acid calculations, but it contains 

parameters for other organic molecules as well [79].  

 

FF applications. A FF application may aim to study structural and / or energetic aspects of the 

molecular system. Two important considerations are described below. 

With respect to the energy, it should be noted that a FF calculation results in a steric energy 

plus nonbonded contributions. The steric energy simply represents the additional energy associated 

with the deviations of the structure with respect to an ideal situation where all geometrical elements 

would be in a reference state. As such the absolute value of the FF energy does not represent any 

measurable quantity. Relevant energy values are always energy differences between two systems 

composed of the same number of the same types of atoms and the same types of bonds. Examples 

are the energy difference between two conformations of the same molecule, the energy difference 

between a molecule in vacuo and the same molecule surrounded by molecules of the same type 

(chapter 4; energy of vapourization) and the interaction energy between a ligand and an enzyme 

(chapter 5; binding energy of ligand to enzyme). 

To be able to compare a calculated energy or structure with an experimentally measured 

(macroscopic) value at non-zero temperature, the calculated value should be based on a statistically 

representative set of configurations, a so called ensemble. Such an ensemble of (low energy) 

structures can be generated by MD, provided simulation times are long enough (i.e. conformational 

space is adequately sampled). In contrast, a geometry optimisation results in energies and structures 

at zero Kelvin and as such cannot be directly compared to experimental data. As discussed below, 

geometry optimisations are often applied to save time, also in this thesis. 
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FF limitations: time. The application of FF calculations in environmental chemistry often involves 

large systems such as solvents (chapter 4), biological membranes [80] and enzymes (chapter 5). A 

full MD simulation of such large systems is typically too time consuming to be of any practical use. 

As illustrated in figure 1.3, the challenge is to make approximations to the FF calculations to the 

level that the requested endpoint can be calculated with the desired accuracy within the available 

(computational) time. In other words, choices should be made which prevent the wasting of 

available computer power on parts of the system that do not affect the property of interest. 

Many different FFs are 

available and one with an appropriate 

scope should be selected. Differences 

in e.g. the types of functional form for 

the interaction terms in equation 1.2 

directly translate into differences in 

computational time. For example, 

MM+ is more complex than AMBER 

(e.g. it uses cubic instead of a simple 

harmonic stretching functions), giving 

more accurate results for small 

molecules, but in considerably more 

computing time. In this thesis, a comparison of the accuracy and required calculation time for the 

studied endpoints obtained by using different FFs was not performed. The selection of the AMBER 

FF was based on literature information; the FF is parameterized for enzymes but also for other 

organic molecules and the calculations are relatively fast. 

As noted above, MD simulations result in an ensemble of configurations, the average of 

which may be compared with a macroscopic measured quantity. MD simulations, however, are time 

consuming. For this reason, geometry optimisation is often applied instead of MD. In this thesis, 

both methods are used and the results are compared (chapters 4 and 5). 

The sizes of molecular model systems are, obviously, always limited. In this thesis, solvents 

are modeled in a box of certain size, in interaction with (26) identical (virtual) images of this box. 

Biological membranes and enzymes may be surrounded by a layer of water molecules. The system 

may be reduced by omitting the water molecules and essentially model the systems in vacuo. A 

further reduction of the system may be achieved by removing all atoms of an enzyme that are not 

part of the active site. 

Figure 1.3. Choices made in the design of a FF application 
depend on the endpoint of interest, the required accuracy and 
the available computing power (Adapted from reference 
[76]).  
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Instead of deleting atoms of the molecular system, it is also possible to freeze them to their 

optimised position. This saves the calculation of bonded interactions in the frozen part. It is 

typically applied to e.g. enzyme and membrane calculations in vacuo. This approach prevents 

unrealistic movements of atoms due to the absence of solvent. The enzyme calculations in chapter 5 

are performed without bulk solvent molecules (in vacuo) and by freezing atoms outside the active 

site region.  

The number of bonded interactions to be evaluated is proportional to N, the number of atoms 

in the system. Because the summation of nonbonded interaction runs over all atom pairs in the 

molecular system, it is proportional to N2. The result is that for large systems the required 

computational time is largely determined by the evaluation of nonbonded interactions. 

Computational efficiency is therefore most effectively increased by a reduction of the nonbonded 

summation in equation 1.2. This can be achieved by evaluating nonbonded interactions only 

between atoms within a certain short distance from each other (the cut-off distance) and by 

neglecting longer range interactions. This procedure does not affect the results as long as the range 

of the nonbonded interactions is smaller than of the cut-off distance. However, the electrostatic term 

in equation 1.2 is proportional to R-1, which makes it long range. The long range interactions are 

sometimes reduced by multiplying D with a constant value (scaling factor) or multiplying D with R 

(i.e. making D distance dependent), making the electrostatic term proportional to R-2. Even with 

these technical measures, the longer range nonbonded interactions are usually still substantial.  

The selections and approximations in FF applications described above affect the results of 

the calculations. It is important to realize that the FF parameters have been derived using certain 

selections and approximations and that reliable results are no longer guaranteed in other cases. 

Therefore, the applied selections and approximations should in principle be as close as possible to 

the ones used in the development of the FF. In the development of a FF, however, different 

calculation types may have been applied (e.g. both MD and GO), cut-offs have may not have been 

applied (e.g. in case of model compounds in vacuo) or have been applied to e.g. liquids 

characterized by a homogeneous distribution of charges (compared to the inhomogeneous charge 

distribution in enzymes and membranes), parameters may have been important from other FFs and 

so on, complicating the correct application of the FF. The key to this problem is to use experimental 

data to verify whether or not the combination of FF and computational details results in the 

endpoint of interest with the desired accuracy and within an acceptable computing time. This step in 

the application of FF calculations is included in all FF studies in this thesis and is sometimes 

referred to as “post-development validation”. 



General introduction 

 29

Considering the uncertainty in the treatment of nonbonded interactions, it should be no 

surprise that these interactions are often the target of post-development validation. In this thesis, the 

target of the post-development validation of the AMBER FF is mainly the nonbonded electrostatic 

interaction.  

 

1.3.6 FF compared to QSAR 

 

In paragraph 1.3.4 two limitations of QSAR were described. Below the QSAR and FF approaches 

will be compared by focusing on these limitations.  

Both QSARs and FFs require experimental data in their development. In QSAR 

development the experimental data required is of the same type as the endpoint to be estimated. 

This is not necessarily the case in the development of a FF. In the development of a FF, many 

different types of experimental and theoretical (obtained from quantum mechanical calculations) 

data may be used. This is a consequence of the solid mechanistic basis of FFs. So, a FF may be 

applied to different types of endpoints without, in principle, the need for experimental data for that 

particular endpoint. However, in most FF applications (and in all FF applications described in this 

thesis), experimental data is used in the FF post-development validation.  

In our recent studies FF calculations have been applied to calculate the enthalpy of transfer 

for contaminants from water to dissolved organic carbon [81,82] and to study the interaction 

between azaarenes and a biological membrane [80]. These studies illustrate the power of FF 

calculations to explicitly include the properties of the phases a compound is partitioning over and 

not only of the contaminant itself, and the 3D molecular structure and interaction interpretation of 

specific phenomena. Because of this, FFs are expected to aid in the elucidation of biodegradation 

mechanisms and to contribute to the development of accurate estimation methods for 

biodegradation related endpoints (e.g. rate constants, product profiles). As noted before, some 

QSARs (e.g. SOFA [71] and UNIFAC [72,73]) do include properties of the environmental phases. 

However, these methods do not allow the same level of mechanistic and structural interpretation as 

is possible in FF calculations.  
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1.4 Objectives and outline of this thesis 

 

In a sustainable chemistry, the release of chemicals into the environment must be minimized. Some 

types of chemicals, such as pesticides, are deliberately released into the environment. These 

chemicals should be designed to be functional (e.g. be toxic to pest organims) and environmentally 

safe. Environmental safety is guaranteed by designing the chemicals to be removed from the 

environment by degradation processes, even if the state of the art science suggests that the 

chemicals have no undesired effects. This requires the availability of reliable chemical fate models 

and chemical property estimation methods. Chemical fate models relate the environmental fate of a 

chemical to its properties (and the properties of the environmental system). Chemical property 

estimation methods relate the properties of a chemical to its molecular structure. So together, these 

tools can be used to relate the molecular structure of a chemical to its environmental fate. The 

general objective of this thesis is to contribute to the development of these estimation tools. The 

work focuses on monoterpenes released into soil as pesticides. The following specific objectives 

were formulated: 

 

• Objective 1. Select (types of) chemicals which may be produced in a sustainable way and 

for which the application inherently results in emissions into the environment. As already 

described, this resulted in the selection of monoterpenes. 

 

• Objective 2. For the selected monoterpenes, develop force field methods to estimate 

equilibrium partition constants and their temperature dependence. 

 

• Objective 3. For the selected monoterpenes, develop force field methods to estimate 

biodegradation rates and metabolic pathways. 

 

• Objective 4. For the selected monoterpenes, study the effect of temperature and other soil 

properties on their fate in soil systems. 

 

With respect to objective 1: chapter 2 focuses on the concept of sustainable development. It was 

studied how this concept is changing chemistry. A general definition for sustainable chemistry was 
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formulated. In the context of this thesis, the study was used mainly to aid in the selection of 

chemicals.  

With respect to objective 2: for several reasons it was decided to focus on the temperature 

dependence of the vapour pressure (P), as expressed in the enthalpy of vapourization (∆HVAP). First, 

the temperature dependence of P is generally higher than that of other equilibrium partition 

constants and thus ΔHVAP is a key input-parameter for fate models which include temperature 

effects. Second, the development of a FF method requires experimental data for calibration and 

validation purposes. For the measurement of ΔHVAP (and P and the gas-liquid heat capacity 

difference, ΔCP) a fast and accurate method (GC-VAP) based on gas-chromatography (GC) is 

available. Third, the use of ΔHVAP to calibrate the FF may be the basis of a general procedure to 

estimate transfer enthalpies and free energies for other equilibrium partition constants as well. 

Chapter 3 describes the measurement of P, ΔHVAP and ΔCP using the GC-VAP method. Chapter 4 

describes the development of a FF method to estimate ΔHVAP.  

With respect to objective 3: for this objective, the focus was on the prediction of product 

profiles for the hydroxylation of monoterpenes as catalysed by the bacterial enzyme cytochrome 

P450cam (chapter 5). From a practical point of view, P450cam was ideally suited for this study 

because the crystal structure was available and the mechanism by which it catalyses the 

hydroxylation is studied in great detail. From scientific point of view, the selection of this enzyme 

system makes sense because it is found in the soil bacterium Pseudomonas putida and as such may 

be relevant for monoterpenes released into soil. Furthermore, cytochrome P450 enzymes are 

ubiquitous in nature and predictive tools developed for one type of P450 may be used, after some 

modification, for other P450s as well. 

With respect to objective 4: for this objective, an existing fate model was used to find the 

effect of temperature, soil water content and soil organic matter content on the fate of monoterpenes 

applied as pesticides to soil (chapter 7). For the fate model study, the vapour pressures from chapter 

3 were used as input-parameters. Chapter 6 describes the estimation of other input-parameters (as a 

function of temperature): water solubility, air-water partition coefficient, n-octanol-water partition 

coefficient, organic matter-water partition coefficient, interface-water partition coefficient, 

atmospheric air and bulk water diffusion coefficients and biodegradation rates. 

In chapter 8 the conclusions with respect to the specific objectives and general aim will be 

summarized and discussed. 
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“There is nothing in which the birds differ more from man than the way 

in which they can build and yet leave the landscape as it was before.” 
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Abstract 

 

It is now generally accepted that most of today's (chemical) industry is unsustainable by design. 

Sustainable development is gaining interest as a concept, on the basis of which efforts are made to 

redesign production and consumption systems, in order to solve global environmental, economic 

and social problems. The aim of this paper is to investigate how the role of chemistry and chemistry 

education is changing through sustainable development. Sustainable chemistry is emerging as a new 

concept, but what is it? Different ideas on how to give content to sustainable chemistry have 

resulted in various new concepts, focusing on different levels of organisation, ranging from the 

level of molecules up to the societal level. After studying and comparing some of the related 

concepts concerned, a general definition of sustainable chemistry is presented. It is concluded that 

more research is needed, especially aimed at the higher levels of organisation, in order to be able to 

formulate a more detailed definition. 

 

 

2.1 Introduction 

 

The Dutch Association of Universities recently reported about the results of an assessment of the 

chemistry and chemical technology education at Dutch universities. One of their findings was that 

among students there was a lack of knowledge and awareness concerning sustainable development 

[1]. The concept of "Sustainable Development" is defined by the World Commission on 

Environment and Development (WCED) as: "Development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs" [2]. This concept is 

a result of an international debate on solutions to global environmental problems. General 

approaches to such problems have been developed into paradigm shifts from so called "end-of-

pipe"-approaches such as the filtering of waste gas, treatment of waste water and incineration of 

solid wastes, to integrated methods such as closed-loop process changes, lifecycle analysis (LCA) 

and sustainable development, which is gaining interest as an holistic approach. Although integrated 

methods yielded significant reductions in the production of waste and emissions, overall the 

pollution of the environment is still increasing. In addition to industrial activities, this can be 

explained by the ever increasing consumption and the growth of the world population. Substance 

flows in the environment generated by human activities are, at least for some chemical substances, 
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of the same order of magnitude as natural flows. Even "harmless" substances such as carbon 

dioxide thus cause global environmental problems. 

In addition to the problem of global pollution, social problems exist such as poverty and war 

that also have a global impact. The objective of sustainable development is to resolve 

environmental problems as well as social and economic problems. It aims for equity between 

different parts of the world and between generations. Although objectives of sustainable 

development can be clearly stated, the road towards sustainability is much less clear. 

In 1993 many European universities, including all Dutch ones, signed the COPERNICUS 

University Charter for Sustainable Development in which they promised to integrate sustainable 

development in all parts of their institution [3]. This would involve the implementation of 

sustainability principles throughout the curricula, including chemistry oriented disciplines.  

In The Netherlands, a visiting committee reported on the results of its assessment in 1999 of 

chemical technology curricula of the universities of Delft, Eindhoven, Twente and Groningen and 

chemistry curricula of the universities of Amsterdam, Nijmegen, Leiden, Utrecht and Groningen. 

Upon request by the Dutch Association of Universities (VSNU) the committee judged the curricula 

involved within the framework of a system of external quality management jointly set up by the 

universities. The committee observed that in addition to a beginning of integration of core 

disciplines within the curricula, changes in emphasis in content occur. One of the changes concerns 

the necessity to develop a well articulated sensitivity to sustainable development. The concept of 

sustainability, in all its variants, has influenced societal thinking to such an extent that the graduated 

chemist or chemical technologist should have quite some knowledge and insight in this area. It was 

a deception for the committee in conversations with students on the matter of "lifecycle analysis", 

to have been confronted with ignorance. In the opinion of the committee students are absolutely 

insufficiently prepared to fulfil their function in society. They should be knowledgeable and have 

insight in issues such as: 

 

• LCA and the associated calculations concerning emissions to soil, water and air; 

• biodegradability of chemicals and materials: measuring methods, definition issues, 

biomechanisms and predictability; 

• (possibilities of) clean-up methods for soil, water and air; 

• finiteness of fossil resources and 

• the role and availability of renewable resources. 
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The committee found that on these issues most of the curricula still have to catch on, in the 

process of which little time should be lost. Not only essential knowledge is involved, but also the 

attitude among graduates to practice clean chemistry, to clean up and to prevent [1]. 

Dutch students, teachers and researchers, who were already engaged in sustainable 

development issues, set up a national network for sustainable higher education in 1999. Working 

groups were formed to deal with criteria for sustainable higher education, interdisciplinary 

education and the development of disciplinary reviews as well as training courses for teachers [4]. 

Networks such as DHO and Copernicus stimulate the sharing of knowledge and expertise. 

In July 2000, the Dutch Advisory Council for Research on Nature and Environment 

(RMNO) published its advice on Sustainable Development in Education and Research. It was 

written upon request of 5 ministers, with the objective to strengthen sustainable development within 

the organisations in the Dutch knowledge infrastructure. It contains twelve strong recommendations 

likely to influence if not steer the future development of university and professional school 

curricula, including chemistry and chemical technology [5]. 

Internationally, at a joint meeting of the Chemicals Group and Management Committee of 

the Organisation for Economic Cooperation and Development (OECD), in February 1998, member 

countries endorsed the start of a new “sustainable chemistry” initiative to encourage "fundamental 

breakthroughs in chemistry that would prevent pollution and, in most cases, improve performance 

and reduce costs". As a first step, they agreed a workshop should be held, in preparation of which 

an international survey was made among member countries of the OECD, to gather information 

from governments, industry and academia on sustainable chemistry activities. From this survey it is 

evident that a considerable interest exists. A significant number of sustainable chemistry education 

activities were identified. The workshop took place in Venice in October 1998 and focused on the 

policy and programmatic aspects of sustainable chemistry initiatives. Of the many 

recommendations made at the workshop, the following are the highest priority activities proposed 

by the Steering Group for the OECD Sustainable Chemistry Initiative [6]:  

 

• supporting and promoting the research and development of innovative sustainable chemistry 

technologies; 

• recognising sustainable chemistry accomplishments by the chemical industry and scientists 

in universities and research institutions; 

• disseminating technical information and event information related to sustainable chemistry, 

e.g. on the Internet; 
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• developing guidance on how to implement sustainable chemistry programs for use by 

OECD member countries and as outreach to non-member international interests and 

• incorporating sustainable chemistry principles into various levels of chemical education. 

 

Under Recommendation 6 of the workshop, it is stated that academia, industry, governments 

and other institutions should develop opportunities that support greater cooperation between the 

various fields of chemistry and other related disciplines (e.g. analytical chemistry, physical 

chemistry, engineers) on the design and implementation of sustainable chemistry projects.  

 

Recommendation 7 specifically deals with education: 

“OECD should promote the incorporation of sustainable chemistry concepts into chemical 

education (within and outside of academia) and provide support material to do so.  

 

a) It is recommended that approaches and material be developed that can describe and promote the 

benefits of sustainable chemistry education programs to:  

 

• the business community, through publications in relevant press, provision of material to 

relevant conferences/meetings and by targeting existing programs (such as Responsible 

Care), etc.;  

• the scientific community and  

• the public.  

 

b) It is recommended that OECD develop guidance on how to implement sustainable chemistry 

education programs based on materials from existing programs and new materials developed to 

meet unique needs. This guidance could involve:  

 

• surveying existing sustainable chemistry education programs (including experiences on 

what worked and what did not work);  

• identifying educational needs, including identifying barriers and drivers to meeting those 

needs (i.e. identify gaps);  

• developing materials to meet unique educational needs that cannot be met by existing 

programs (i.e. fill gaps); 



Chapter 2 

 44

• compiling materials from existing sustainable education programs and newly developed 

materials and developing guidance on how to use these materials; 

• convening educators at a workshop to more thoroughly assess the situation and  

• disseminating the package of guidance/material (e.g. using the Internet, 

conferences/meetings, continuing education programs, networks, professional societies, 

trade associations, media, etc.).” 

 

Similarly the International Union of Pure and Applied Chemistry (IUPAC) acknowledged 

that it has “a central role to play in advancing and promoting the continuing emergence and impact 

of green chemistry (...) Through the vehicle of green chemistry, IUPAC can engage and is engaging 

the international community in issues of global importance to the environment and to industry, 

through education of young and established scientists, the provision of technical tools, 

governmental engagement, communication to the public and scientific communities and the pursuit 

of sustainable development”.  

IUPAC made an overview and identified several green chemistry initiatives from around the 

world. They observed that the terminology “green chemistry” or “sustainable chemistry” is the 

subject of debate. It considers “green” as vividly evocative, whereas “sustainable” can be 

paraphrased as “chemistry for the environment”. A IUPAC Working Party decided to adopt the 

term green chemistry for the purpose of its overview, while the IUPAC Committee on Chemistry 

and Industry (COCI) favours and will continue to use, sustainable chemistry to describe the 

discipline [7]. 

This article will first present a general description of today's industry and identify major 

problems. Based on this description and the objectives of sustainable development, some essential 

characteristics of sustainable chemistry were identified. There are many different ideas on how to 

make chemistry more environmentally benign. Sometimes these ideas resulted in concepts with 

names such as "green chemistry", "soft chemistry", "sustainable chemistry" and others. These 

different concepts will be discussed and compared. Then, some features from different concepts 

will be selected and new ones added with the objective to refine a first characterisation of 

sustainable chemistry, i.e. to formulate the way this concept may contribute to the transition 

towards a sustainable future. 

Thus the aim of this paper is to investigate how the role of chemistry and chemistry 

education is changed by sustainable development. It addresses the question what sustainable 
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chemistry is. At the moment there is no single accepted definition. However, what is becoming 

more generally accepted is that today's prevailing chemistry is not sustainable.  

 

 

2.2 Chemical industry 

 

2.2.1 Today's industry 

 

Without going into too much detail we will present a description of today's 

(chemical) industry with a focus on environmental problems. For this 

purpose, it is instructive to distinguish several different stages in the 

lifecycle of a product (see figure 2.1) [8]. 

Within a process or within a stage of the lifecycle, waste materials 

or waste products that emerge can be used as input raw material for the 

same process or stage. This is called recycling, reuse or closing the loop. 

Waste material derived from a particular process or stage can also be used 

in another process or at another stage. In practice, the linear lifecycle above 

actually is a simplification of a much more complex system of interwoven 

networks or webs of industrial activities. 

Today’s industry almost completely depends on the use of fossil 

resources (gas, oil and coal), mainly for the production of fuels but also of 

materials [9]. The use of fossil fuels leads to the accumulation of carbon 

dioxide in the atmosphere, which causes global warming. Because of the 

high extraction rate of fossil resources compared to their formation rate we 

cannot rely on these resources for much longer. At which time in future the 

use of fossil fuels will no longer be economically feasible is difficult to 

predict because this depends on, among other factors, the growth of the 

world population [10]. 

Processes applied in chemical industry often are inefficient, both in 

terms of energy use and materials consumption [9]. This is particularly the 

case in the production of fine chemicals and specialities. The production of 

these chemical products often involves complex and multi-step processes. Because of the ever-

growing demand for quality and specific properties of products and materials, processes are 

Figure 2.1. The
different stages in a 
product’s lifecycle. 
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becoming increasingly complex. As a consequence, efficiencies will probably drop even further. 

However, in the field of fine chemicals production, substantial improvements are possible and 

necessary. 

The chemical industry mainly produces intermediate products that are used by other 

industries [9]. Therefore, the distance between a chemical company and the final consumer of its 

products often is rather long. Another characteristic is that many developments and innovations in 

chemical industry have been determined by technology push. However, in the last few years market 

pull has become increasingly important in product development. 

As mentioned before, fossil resources are used both for energy and materials production. In 

the case of energy production, the resulting wastes, consisting mainly of gaseous products such as 

carbon dioxide, volatile organic compounds (VOC) and particulate matter, are immediately emitted 

to the atmosphere. In the case of materials, including chemicals, the situation is more complex. 

Waste materials can be collected after use in order to be reused, recycled, composted, incinerated or 

disposed of at dumping sites. Unfortunately, much of the waste materials concerned is still emitted, 

discharged and dumped into the environment. Some materials cannot, or only partly, be collected 

after use and are lost to the environment through dispersion. Examples of materials in this category 

are propellants, blowing agents, explosives, surfactants, lubricants, abrasives, cosmetics, pesticides, 

solvents, paints and varnishes. Also, upon use, materials become scattered and end up as litter and 

as marine and space debris. 

Summarizing this section, today's industry can be characterised as a throughput industry. 

Basically, chemical industry's linear system transforms fossil resources into wastes and emissions. 

The use of fossil resources leads to their depletion and to pollution of the environment. The 

qualitative character of that pollution is that it consists of a huge diversity of chemical substances. 

Its quantitative character consists, among others, of the accumulation of carbon dioxide in the 

atmosphere. Many of the abundantly used chemicals are synthetic, which may explain their overall 

environmental persistence and toxicity. Other chemicals are natural and non-toxic but are emitted to 

the environment in amounts that are comparable to the natural flows. The latter causes all kinds of 

unexpected and unpredictable environmental problems. The most striking examples are the 

emission of CFC's, causing depletion of the ozone layer and the emission of carbon dioxide, leading 

to global warming and the global littering of marine ecosystems by plastics, threatening marine 

wildlife. 
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2.2.2 Characteristics of sustainable chemistry 

 

This paragraph presents the most important characteristics of a description of a sustainable future. 

From the previous section it will be clear that there is a need for major changes in current industry. 

The concept of sustainable chemistry presented here focuses on the developments required. It is 

realised that the chemical industry will always continue to evolve. Industry must always continue to 

optimise processes, implement newly developed technologies and design new chemical products 

that are more environmentally benign. This quest includes acceptance and planning of discontinuity 

and potential redundancy of inherently unsustainable chemical industries. It also implies the 

development of totally new, sustainable industrial practices, systems and networks. 

Probably the most important characteristic of a sustainable world is equity between nations 

and generations. Sustainability cannot be reached without a shift to the use of renewable resources, 

both for the production of energy and materials. For the production of energy, alternative resources 

may be solar energy, wind energy, tidal energy, wave energy and other sources such as agricultural 

waste. For the production of materials, it seems likely that, similar to about a century ago, industry 

will increasingly be based on the use of biomass. However, in order to maintain this resource for 

future generations only "the interest" of nature is available and may be used, which is the net annual 

biomass production. There is no agreement among scientists about whether or not biomass 

production will be enough to fulfil the needs of the growing world population. In any case, the use 

of biomass should be as efficient as possible. This involves the development of new technologies, 

processes and products. Also the structure of industry will have to change. Biomass should as much 

as possible be produced and used locally. This saves transportation costs (energy) and stimulates the 

economy in rural areas and developing countries. The design of products must be optimised in order 

to achieve a reduction in the amount of raw materials and energy used and the amount of waste 

generated per unit of product. This process is generally referred to as dematerialization [11].  

In addition to technical changes there will also be social changes. There should be a re-

evaluation of our needs. What are our elementary needs? Do we need a product to fulfil a particular 

need or can this product be replaced by, for example, a service? Priority should be given to the 

fulfilment of elementary needs such as food, clothing, shelter and jobs. Development of an end 

product should include an evaluation of the question whether or not the product is intended to fulfil 

an elementary need or rather creates new marginal wants and desires. The fulfilment of non-

elementary needs is sustainable only if the consumption involved remains within the limits of 
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resource availability and absorption capacity of the environment, both in the shorter and in the 

longer term. 

The prevailing industrial production structure is unsustainable by design [12]. This cannot 

be changed by the mere substitution of its fossil resources basis by a renewable resources basis. The 

level and quality of production and consumption, the resource production, the extent of its input, its 

quality of use and the elementary needs to be fulfilled must be discussed and reformulated as well. 

The inherent characteristics of the basic resources at the input side of the societal metabolism, their 

production, their level of use and the consumption concerned must become sustainable. Solar 

energy and biomass as resources for the future should be sustainably produced. Thus, five basic 

transitions are required towards a sustainable future. These transitions are substitution of non-

renewable mineral and fossil resources by renewable resources, thorough dematerialization of 

industrial societies, sustainable basic production, equitable distribution of resources and fulfilment 

of elementary needs [12]. 

 

2.2.3 Initiatives by industry 

 

It should not be denied that industry itself is trying to improve its performance with respect to 

environmental problems. Industry realises that it cannot rely on fossil fuels forever and, especially 

for energy production, is considering alternative ways to produce energy. Also, biomass-based 

materials are found in almost every product category. Industry is continuously engaged in the 

improvement of processes in order to increase efficiencies and to decrease the production of waste 

and emissions. In the last few years substantial improvements have been made with regard to the 

reduction of energy use and emissions. One of the reasons for this is that industry had to conform to 

certain standards. Other reasons are that industry realises that increasing efficiency in fact saves 

money and helps to improve the image of industry. With respect to this, the Responsible Care 

program should be mentioned that was launched by industry in 1985 to demonstrate continuous 

improvement in the health, safety and environmental performance of its own products and 

processes in a manner responsive to the concerns of the public [13]. However, the question that 

remains in this respect is whether these well-intended efforts will be sufficient in the long run. 
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2.3 Concepts 

 

2.3.1 Levels 

 

In the global sustainable chemistry development, many concepts are involved and hopefully the 

most important ones are covered below. Concepts have been studied and their most important 

characteristics identified. In the following section these concepts will be briefly described. The 

concepts concerned may focus on different levels of organisation. Levels that were identified are 

the chemical level, the material level, the level of industries (inter-firm relationships) and finally the 

societal level. The chemical level refers to concepts that focus on chemicals and reactions without 

questioning the resource basis of the chemicals and processes involved. At the material level, 

concepts are concerned that do question the resource basis of chemicals and reactions. At the 

industrial level, distinguished concepts are those that go beyond the material level because they 

consider the structure of industry. At the societal level, concepts are included that explicitly deal 

with social issues and that incorporate ideas on how to accomplish their goals. Although not with 

the same level of detail, concepts at a particular level also encompass all of the other, lower levels 

of organisation. 

Using the different stages of the lifecycle of a product as a framework, yet another 

classification of concepts can be made. At the stage of product development, questions would be 

whether a concept is "design orientated" and/or "ecosystem inspired". At the resource-input stage 

concepts can be placed that promote the use of "renewable energy" and/or the use of renewable 

materials ("bio-based"). At the production stage there are concepts regarding mass flows through 

the production chain ("flow"), process efficiency increase ("efficiency") and finally those that the 

promote cyclical processes ("cyclical"). The matrix formed by the two classifications and the 

position of the concepts within this matrix is shown in table 2.1. Below the classification in levels 

will be presented in more detail. 
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Table 2.1. The concepts 

are ranked in the second 

column on the levels 

listed in the first column 

forming the y-axis of the 

matrix. The different 

stages of the lifecycle of a 

product form the x-axis. 

Dots mark the keywords 

on the x-axis that are 

applicable to a particular 

concept. For a description 

of the levels and 

keywords; see the text. 
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2.3.2 Presentation of concepts 

 

Chemical level. Retrometabolic or soft design covers a number of related strategies that can be 

used for the design of safer drugs, pesticides and other commercial chemicals [14]. In this case, 

safety primarily refers to a reduced risk for humans and domestic animals. Essentially, soft 

chemical design strategies combine structure activity relationships with structure metabolism 

relationships for designing safer chemicals. For example, these strategies can be used to design 

pesticides that are easily metabolised into excretable products. With respect to other commercial 

chemicals, the concept aims to avoid the formation of toxic compounds in metabolic pathways. This 

description is here extended by stating that the concept aims to lead to ultimate biodegradability of 

all chemicals that cannot be recycled within the industrial system, by bacteria known to be present 

in the environment and without the formation of toxic intermediates. Because of this, the concept is 

also ecosystem inspired. Here this is referred to as the extended concept of retrometabolism. 

In the quest for high selectivity, the focus has primarily been on chemo-, regio-, dia- and 

enantioselectivity while ignoring a second feature – how much of the reactants end up in the 

product. This second feature is referred to as atom economy [15], atom selectivity or atom 

utilisation [16]. Central to this thinking is that an ideal reaction would incorporate all of the atoms 

of the reactants. The number of side products can be reduced or eliminated through the application 

of catalytic alternatives for classical syntheses that use stochiometric amounts of inorganic reagents. 

It should be noted that extremely small amounts of side products or impurities may still be 

toxicologically relevant and care should be taken to prevent their formation [17].  

 

Material level. Green chemistry, sometimes referred to as "sustainable chemistry" or "green and 

sustainable chemistry", is promoted in the US as a concept that aims for industrial process 

orientated pollution prevention [18-20]. In the UK, green chemistry is described as the use of 

chemical principles to achieve all the goals of sustainable development [21]. In Japan, green 

chemistry is promoted as a concept that aims for improved environmental and human health and 

safety [22]. These examples illustrate the world-wide application of the concept of green chemistry. 

They also show that there is no consensus on the actual goals of green chemistry. The methods to 

achieve these goals, however, are comparable and best covered by the twelve principles of green 

chemistry described by Anastas and Warner [18]. To summarize these principles; green chemistry 

challenges chemists to look at the resource basis of the entire lifecycle of chemical production in 

order to create new ways of more efficient (both in terms of energy and material requirements) and 
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safe production of useful products with reduced waste quantities and less harmful waste - or 

preferably no waste. Although the focus is clearly on efficiency and safety considerations, the use 

of renewable resources is preferred over non-renewable resources, wherever technically and 

economically practicable.  

In the German concept of soft or gentle chemistry ("sanfte chemie"), nature is considered to 

be leading far ahead with respect to the development of substances and products, from which much 

can be learned in the process of making economic activities compatible with natural cycles [23,24]. 

It promotes the use of the sun, of renewable resources and biological processes. Gentle chemistry is 

strongly inspired by nature, which makes it distinct from green chemistry.  

  The concept of cascade chemistry promotes the synthesis of compounds without ever 

isolating intermediate products and by using the mildest possible conditions: ideally a temperature 

of 25 ºC, atmospheric pressure and an environmentally safe solvent such as water, methanol, or 

acetone [25]. In order to accomplish this, the chemist has to copy biological processes by designing 

the reaction sequence in such a manner that the first step creates the conditions to trigger the next 

stage, which in turn sets up the third reaction and so on. Thus all the ingredients required can be put 

together in the beginning. A difference with green chemistry and soft chemistry is that cascade 

chemistry specifically focuses on the optimisation of a sequence of reactions. 

The concept of design for the environment (DFE) originates from industry and involves 

making environmental considerations an integral part in the design of a product, process or 

technology [26-27]. It is intended to be a module of existing design systems known as "Design for 

X", or DFX, where X is the desired product characteristic (e.g. manufacturability, testability and 

safety) although it can be integrated into any design process. DFE is considered to be the 

application in the short term of the principles of industrial ecology (see below) to existing industrial 

and economic practices. 

 

Industrial level. The concept of industrial metabolism focuses on analysis of materials stocks and 

flows and the potential for reducing materials and energy dissipation into the environment [28]. The 

concept is based on an analogy between nature and industry or the whole economic system. 

According to this concept, the industrial system can be made sustainable by closing cycles (e.g. the 

carbon cycle) and reducing (in theory to zero) dissipative usage of elements. 

The basic concept underlying most of industrial ecology is the idea of modeling industrial 

systems to natural ecosystems [29, 30]. Industrial ecology is implemented as a hierarchical network 

of organisms (firms), each of which - in principle - consumes all of the wastes of the others, so that 
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there is no waste in the system considered as a whole. Thus, industrial ecology is a way to increase 

efficiency. The concept of zero emissions is promoted by e.g. the United Nations University's Zero 

Emissions Research Initiative [31] and the Zero Emissions Initiative Germany and is very similar to 

the concept of industrial ecology [32]. However, zero emissions seems to put more emphasis on the 

use of renewable materials. 

The basis of these concepts is that they promote a shift from linear to cyclical systems such 

as can be found in nature. In industrial ecology literature, DFE and industrial metabolism have been 

described as tools for analysing systems-level issues [33]. 

Two recent Dutch projects focused on sustainable chemistry. These projects resulted in the 

reports Sustainable Technological Development in Chemistry by the Netherlands' Foundation for 

Development of Sustainable Chemistry [9] which is sponsored by Dutch industry and government 

and the report Duurzame Chemie (Sustainable Chemistry) by the Dutch environmental 

organisations Stichting Natuur en Milieu, Vereniging Milieudefensie and the Waddenvereniging 

[34]. Basically, the conclusions of both projects are that in order to realise sustainability we should 

fulfil needs without depletion of resources, without accumulation of pollutants in the environment 

and without deterioration of natural systems. Although in the report Duurzame Chemie it is 

acknowledged that true sustainability cannot be reached without addressing social issues, the focus 

is on technical issues. One of the strategies proposed in this report is that in the development of a 

product it should be questioned whether this product fulfils an elementary need and whether there 

are better alternatives. This report has the objective to give a new impulse to the debate about 

sustainable production. The project "Sustainable Technological Development in Chemistry" focuses 

on technological possibilities. Here, in this article, the results of both studies have been put together 

under the heading of "Sustainable Chemistry". 

 

The societal level. The Institute for Local Self-Reliance (ILSR) is a non-profit research and 

educational organisation that provides technical assistance and information on environmentally 

sound economic development strategies. The ILSR introduced the concept of "The Carbohydrate 

Economy" [35]. The Carbohydrate Economy has two objectives, the first is to expand the market 

for plant matter and the second is to maximise the income of rural communities and producers. 

According to the ILSR, these goals can be achieved by promoting sustainable cultivation and 

harvesting practices, the use of biological processes, local intermediate processing of plant matter, 

cooperative ownership of these processing facilities, the use of alternative energy sources and by 

changing tax laws. 
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At the root of the theory of the Swedish concept of "The Natural Step" is the cyclical 

principle, which says that there must be as much reconstruction of material as there is consumption 

and that excess waste must not accumulate in nature [36]. According to this concept the most 

important condition for sustainability is the promotion of justice, because ignoring poverty will 

drive the poor, for their short-term survival, to destroy resources (e.g. the rain forest) which we all 

need for long-term survival. The Natural Step as an organisation in Sweden has been very 

successful in starting a nationwide discussion and process of change on the basis of their principles. 

As a response to The Natural Step, several large corporations have changed their operations and 

production processes. These successes have led organisations in other countries to think about the 

ideas and methodologies of The Natural Step. 

 

 

2.4 Discussion 

 

All of the concepts presented above are valuable, as their implementation, in one way or another, 

will potentially lead to a more environmentally benign industry. Options to improve processes from 

an environmental point of view should always be encouraged. However, care must be taken, 

because by focusing on incremental improvements of existing processes we risk losing sight of 

more fundamental and systemic approaches. According to the vision of a sustainable future 

presented above (see "Characteristics of sustainable chemistry") there is a need for significant 

changes in production and consumption.  

At the chemical level, the concepts of atom economy and retrometabolism can be combined 

to design efficient reactions and processes that yield safe products. These reactions and processes 

should be as simple as possible, as efficiency drops when the number of side products or reaction 

steps increases. Some chemicals can be directly extracted from biomass, thus reducing the need for 

chemical reactions. In the view on a sustainable future presented earlier, industry will be primarily 

based on the use of renewable resources (e.g. biomass).  

Gentle chemistry is the only concept at the material level that strongly promotes the use of 

biomass and biological processes. The concept of green chemistry promotes the use of renewable 

resources, wherever technically and economically practicable, the main objective of which is to 

realise pollution reduction. Since biological processes are strongly based on the application of 

enzymes (catalysts) and ingenious reaction sequences, also the concepts of atom economy and 

cascade chemistry can be useful in biomass-based chemical engineering. 



 Sustainable chemistry 

 55

The shift towards the use of renewable resources also has strong implications for the 

structure of industry. One of the reasons for this is that transportation of biomass is much more 

expensive than the transportation of oil. A positive aspect in this respect, however, is their potential 

availability in the vicinity of the industry. The general characteristic of most of the concepts 

focusing on the industrial level is their modeling based on natural ecosystems. There are a number 

of observations that can be made regarding these concepts. An aspect that always is mentioned is 

the closing of materials flows. However, with regard to materials, a distinction should be made 

between organic matter and inorganic matter, e.g. elements such as iron. For an optimal use of 

organic materials they should be cascaded in the industrial system. Although waste cascading leads 

to a reduced need for raw material flows, these will not necessarily be closed within the industrial 

system concerned. At the end of the cascade, organic matter is probably used for energy production 

leading to the emission of carbon dioxide. Eventually, in the environment the carbon cycle is closed 

by the process of photosynthesis. The material flows for elements such as iron should be closed 

within the industrial system itself. This probably requires the development of techniques to extract 

these materials from waste flows and to subsequently concentrate them so that they can be used 

again. In the most often sited example of an "industrial ecosystem" - Kalundborg in Denmark - 

wastes are mainly cascaded and not recycled. 

Some chemicals cannot be recycled within the industrial system because dissipation is 

inherently linked to their use. Examples of these materials are solvents, pigments, detergents, 

abrasives, fuel additives, water treatment chemicals, explosives, fire retardants, cosmetics, 

pharmaceuticals, pesticides, fertilisers, decorative and protective coatings, lubricants, adhesives, 

inks and friction bearing surfaces such as brake pads or tyres. The issue of dissipation remains 

largely unaddressed in literature that deals with the modeling of industries on natural ecosystems. It 

is obvious to state that we should aim to reduce, or even stop, the use of these materials. However, 

it is difficult to predict whether this is possible in all cases. For example, the use of pesticides may 

decrease because of the development of more efficient pesticides, more efficient use of these 

pesticides, the use of alternative methods of pest control or at a strategic level, because of a shift 

towards sustainable agricultural practices. However, with an increasing use of biomass in future 

industry there will probably still be a need for these chemicals. Anyhow, chemical pollution caused 

by the dissipative use of materials can be avoided by applying our extended concept of 

retrometabolism to them. Another issue that remains largely unaddressed in industrial ecology 

literature is the change in energy flows in the industry. This is important because restructuring of 

industry with respect to material flows also requires changes in energy flows. For example, there 
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will be a need for massive energy investment at the end of the cascade of elements for their 

extraction and recycling. Also the required transition towards renewable energy usage will involve 

changes. Applying the principles of industrial ecology may lead to the exchange of wastes between 

companies in order to find the most efficient cascade. However, the resulting inter-industrial 

relationships may cause rigidity in technological infrastructures and this may lead to the 

entrenchment of non-sustainable technologies. In Kalundborg, for example, energy supply is based 

on fossil fuels [33]. 

So far we the focus has been on technical issues. Of course, the question of how to 

accomplish these changes should also be addressed. At the societal level two concepts were 

identified. The natural step is a concept but it is also an organisation. The natural step has been very 

successful in Sweden. It stimulated a nation-wide discussion based on their principles and thus a 

process of change began. One of the accomplishments was the doubling of the taxes on fossil fuels. 

Several large companies in Sweden follow the principles of the natural step. Market pressure is 

assumed to be a vital factor in the whole philosophy of the natural step. Although The Natural Step 

as an organisation has also been introduced in other countries it is not clear whether its method will 

be successful in countries that are bigger and less homogeneous than Sweden. In the USA, the 

Institute for Local Self-reliance (ILSR) promotes the concept of the carbohydrate economy. 

Changing the tax laws is mentioned as a means to accomplish the goals concerned. Of course there 

are other organisations that promote a change of industrial development in more sustainable 

directions, but discussing them is beyond the scope of this article. 

According to literature the method of the natural step worked very well in Sweden. The 

question, however, remains which factors are responsible for these changes. Which factors can 

change industry? Eco-taxes, regulation, market pressure, or combinations of instruments? The 

accepted thinking in the USA, for example, is that market alone should coordinate industrial 

decisions [33]. From this perspective, it is argued that individual firms have little control over what 

they produce but instead simply respond to consumer demands. However, this underestimates the 

power of a multi-billion dollar advertising industry that works to create and sustain "latent 

demands" for products that consumers previously didn't know they needed. 

In order to transform the present systems of production and consumption into more 

sustainable systems we need to understand the human drives and mechanisms that could enable this 

transformation. Clearly, there is a need for research and for action in this area. Recently, a new 

research theme, “Industrial Transformation”, of the International Human Dimensions Program 
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(IHDP) of global Environmental Change was initiated which aims to obtain a better understanding 

of these issues [37]. 

The question of how to introduce sustainable chemistry to chemistry students largely runs 

parallel with the discussion on the definition of sustainable chemistry. Chemistry students should, 

for example, learn to distinguish the optimisation of existing processes from the implementation of 

inherently safer and sustainable processes. The answer to the question of how to teach will probably 

be answered on the basis of trial and error experiments by universities and through the sharing of 

experiences through the aforementioned networks. For example, courses have been developed on 

the definition of green chemistry, research carried out in this field and how they could apply the 

principles themselves (e.g. [38, 39]). These courses are a first step to a fully integrated sustainable 

component in every curriculum. At the University of Amsterdam (UvA), sustainability has recently 

been recently integrated in a course on the chemistry and innovation of industrial processes [40]. In 

this course, chemistry students perform a lifecycle Analysis of a polymer. Next to discussing 

traditional chemistry topics, students are encouraged to discuss environmental and sustainability 

aspects. According to Collins [41], achieving sustainable chemistry requires a sea of change in the 

chemical community. The principles of green or sustainable chemistry must become an integral part 

of chemical education and practice. However, he observed several obstacles to overcome. Chemists 

need to incorporate environmental considerations into their decisions concerning reactions and 

technologies to be developed. Chemical risk must be treated fairly and reasonable. Furthermore, 

short term and myopic thinking must be avoided. And finally, chemistry is inextricably intertwined 

with ethics, which therefore is an essential component of a healthy chemical education. Such 

education initiatives, by addressing thematic, societal and future oriented issues, could even initiate 

other transdisciplinary university activities, leading to integration for sustainability by engaging 

other academic disciplines.  

With respect to research, a positive trend can be seen in, for example, the discipline of 

environmental chemistry. Originally this was a discipline that studied the fate (including emissions) 

of toxic chemicals in the environment. This kind of research resulted, for example, in the 

identification of chemicals of which the emissions should be avoided. Although this is important, it 

does not directly contribute to the elimination of the causes of the problems involved. 

Nowadays, environmental chemistry groups have also started projects that are directed 

towards prevention or technological solution of environmental problems. For example, the 

department of Environmental and Toxicological Chemistry of the University of Amsterdam is 

participating in a project that focuses on the sustainable use of biomass-based chemicals [42]. The 
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focus of this project is on the biodegradability of biomass-based chemicals that are used in a 

dissipative way. In fact, it is applying our extended concept of retrometabolism. 

The mere existence of sustainable development related concepts indicates that an 

international process of change has started. Although people may have different ideas about 

sustainability, it is becoming generally accepted that we have to redesign industry and guide the 

development of industry towards a more sustainable direction. Studying the various concepts above 

it has become clear that the focus of research in this field has primarily been on technical 

possibilities and less on societal considerations. For technical considerations associated with the 

five basic transitions for a sustainable future as described in "Characteristics of sustainable 

chemistry" much can be learned from the concepts concerned. In contrast, however, ideas on how to 

achieve the perhaps most important goals of sustainable development, which in our view are 

equitable distribution of resources and the fulfilment of elementary needs, are largely disregarded in 

the concepts presented.  

 

 

2.5 Conclusions 

 

The number of people that realise that today's industry is unsustainable by design is increasing. 

Sustainable chemistry education will be an essential component of the transition required. There is a 

need for changes at all levels of organisation, from the level of molecules up to the level of social 

issues. At all of the levels concerned, various concepts have been developed. Still, there is a need 

for a lot more research and education, especially at the higher levels of societal organisation. 

Acknowledging this, sustainable chemistry is here defined as chemistry that makes use of 

renewable resources that have been produced in a sustainable way. Efficient, low pressure and low 

temperature processes can be designed by studying and using, or emulating, biological processes. 

Efficient use of materials in industry can be achieved through closed loop recycling and by applying 

the principle of internal cascading. Materials that still end up in the environment because of their 

dissipative use should be biodegradable, by applying the concept of retrometabolism. The products 

made by industry should be thoroughly assessed, preferably at the earliest stages of development, 

with respect to the needs these products are supposed to fulfil and with sustainability in mind. In 

order to contribute to that objective, sustainability issues must be integrated in the education of 

chemists so that they become well prepared for the transition towards a sustainable industry. 
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Abstract 

 

The (subcooled) liquid vapour pressure, heat of vapourization and gas-liquid heat capacity 

difference of monoterpenes and biogenically related compounds were determined by a gas-liquid 

chromatographic method based on Kováts retention indices. Compared to those used in previous 

studies using the same method, these compounds are structurally diverse and have relatively low 

boiling points. Despite of this and even though the difference in activity coefficients in the 

chromatographic column stationary phase between the test and reference compounds were ignored, 

results for vapour pressure compare favorably with experimental literature data. The results indicate 

that the method can be improved by introducing temperature dependent activity coefficients, 

preferably based on a physicochemical model for gas-liquid partitioning.  

 

 

3.1 Introduction 

 

Recent developments suggest that monoterpenes and related plant constituents may be used as 

alternatives to chlorofluorocarbons as industrial solvents [1] and as alternative crop protectants [2]. 

The environmental fate of these chemicals has not been well investigated thus far. Experimental 

vapour pressure data, an important property in e.g. environmental fate modeling, are scarce. Liquid 

vapour pressures and the thermodynamically related enthalpy and heat capacity differences can be 

estimated using a gas chromatography (GC) based retention index method (GC-VAP) [3, 4] which 

has recently been applied to several classes of compounds [3-7]. Although the GC-VAP method 

was not developed for the sole purpose of liquid vapour pressure determination at 25°C, Koutek et 

al. [8] recently used this endpoint to compare five GC based methods and concluded that three of 

these, including our GC-VAP method, may serve as very useful alternatives to direct 

physicochemical approaches. 

The GC-VAP method is based on the use of Kováts retention indices determined on a 

nonpolar stationary phase under isothermal conditions and using liquid n-alkanes as reference 

compounds. A thermodynamic expression is derived that relates the vapour pressure of a compound 

at a certain temperature to those of the corresponding n-alkanes and some correction factors. In 

contrast to the Hamilton-based GC methods [9], the heats of vapourization of the compounds are 

assumed to be temperature dependent. The Hamilton assumption may lead to substantial 

extrapolation errors [5]. 
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A fundamental problem in all GC based methods is the dependence of the retention time of 

a compound on its activity coefficient in the stationary phase. In the GC-VAP method, the ratio of 

activity coefficients of the substance and the nearest eluting n-alkane is incorporated by an 

expression based on McReynolds constants of model compounds [3]. 

Compared to previously studied compounds [3-7], those studied here represent a 

heterogeneous group of structures with relatively low boiling points. Considering this, two potential 

problems can be identified beforehand: (i) appropriate model compounds to obtain activity 

coefficient ratios may not be available for all of the structures studied here and (ii) the influence of 

the activity coefficient on the chromatographic behavior may become unacceptably large at the 

lower chromatographic temperatures required for these relatively volatile compounds. Thus, this 

work is a new critical test of both theoretical and practical aspects of the GC-VAP method. The 

potential problems (i) and (ii), both related to the activity coefficients, will be studied in some 

detail. Chemicals for this study were selected to reflect at least some of the extreme structural 

diversity of monoterpenes. Most of the selected structures are potential crop protectants.  

 

 

3.2 Retention index method (GC-VAP) 

 

The method has been described into detail before (e.g. references [3, 5]). The GC method is based 

on the use of n-alkanes as reference compounds through the determination of Kováts retention 

indices and the equilibrium fugacity model which states that the ratio of the mole fraction yi and xi 

in the carrier gas and stationary phase, respectively, is proportional to the activity coefficient γi and 

the vapour pressure Pi of the incompressible pure liquid compound i [10]: 

 

yi/xi = γiPi/Pt           (3.1) 

 

where Pt is the (mean) carrier gas pressure; γi = 1 for pure liquids and ideal solutions. It is assumed 

that the pure vapour and the vapour-carrier gas mixture either exhibit ideal behaviour or both 

exhibit identical non-ideal behaviour. The Kováts retention index of a solute i (Ii) is defined as 

follows: 

 

Ii = 100[log(tR,i')-log(tR,z')]/ [log(tR,z+1')-log(tR,z')] +100z     (3.2) 
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z and z + 1 are the numbers of the carbon atoms of n-alkanes eluting just before and after i. It can be 

shown that at infinite dilution the capacity factor tR,i'/t0 is inversely proportional to the ratio yi/xi of 

compound i [10]; t0 is the retention time of the unretarded component. The same holds for n-

alkanes. Using this in equation 3.1 and by substituting the result in equation 3.2 followed by some 

rewriting an expression for the vapour pressure of compound i can be obtained: 

 

logPi = logPz + (100z-Ii)(logPz-logPz+1)/100 + log(γz/γi)     (3.3) 

 

In the derivation of equation 3.3, the ratio of the activity coefficients of n-alkanes (γz/γz+1) is 

approximated by 1 (γz = γz+1). For a DB-1 stationary phase at 120°C, Spieksma et al. [3] found the 

value 1.113 for the ratio γz/γz+1 by evaluating net retention data for n-alkanes using the relationship 

(ti-t0)/(tz-t0) = (γzPz)/(γi/Pi) and using literature data for the n-alkane vapour pressures. If the 

approximation of γz/γz+1 by 1 is not applied, the expression "(100z - Ii)(log(γz/γz+1)/100" would have 

to be added to equation 3.3, leading to a correction for log Pi at 120°C of between -0.05 and 0.00 

log units. Because both Ii and γz/γz+1 are temperature dependent, the approximation of the ratio 

γz/γz+1 by 1 results in a temperature dependent overestimation of the vapour pressure. However, the 

size of this overestimation is overshadowed by the similar type of correction required for the ratio 

γz/γi. In the current version of the GC-VAP model, the ratio of the activity coefficients γz/γi is 

assumed to be constant and temperature independent. Spieksma et al. [3] calculated the log (γz/γi) 

values from the ΔI values determined by McReynolds [11] for nine compounds at 120°C. In 

practice, the log (γz/γi) value of one of the nine compounds is selected which is believed to be 

appropriate for the compounds under study. Uncertainties in this McReynolds approach are the 

selection of the model compound and the 120°C oven temperature used. Because it was not clear 

which model compound from reference [3] is most appropriate for the compounds under study, the 

value of 1 was used for the ratio of the activity coefficients (γz/γi). 

  From equation 3.3, the heat of vapourization (ΔHVAP) and gas-liquid heat capacity difference 

(ΔCP) can be calculated by making use of their thermodynamic definitions, ΔH=RT2(d lnP/dT) and 

ΔCP=dΔH/dT, respectively. Note that because γi/γz is assumed to temperature independent, it does 

not affect the heat of vapourization and differences in heat capacity. 

 

ΔHi(T) = ΔHz + (100z-Ii)(ΔHz-ΔHz+1)/100 – 2.30259RT2(logPz-logPz+1)(dIi/dT)/100 (3.4) 
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ΔCP,i(T) = ΔCP,z + (100z-Ii)(ΔCP,z-ΔCP,z+1)/100 – [RT(logPz-logPz+1)(dIi/dT)/50 + 

                 (ΔHz-ΔHz+1) (dIi/dT)/100 + RT2(logPz-logPz+1)(d2Ii/dT2)/100]   (3.5) 

 

Put into practice, the first step of the GC-VAP method is the GC measurement of net 

retention times and Ii of equation 3.2 at several temperatures. Then the temperature dependence of 

Ii, including first and second order derivatives, is calculated according to:  

 

Ii(T) = B0 + B1T2          (3.6) 

 

B0 and B1 are empirical regression coefficients. The nature of this equation is not known but it 

generally results in accurate regression results with standard errors lower than 1‰. 

The next step is the calculation of log Pz of the n-alkanes by fitting T and z to experimental 

values of the vapour pressure, heat of vapourization and heat capacity differences according to the 

following equation: 

 

logPz =  Az + Bz/T + Cz/T2        (3.7) 

 

with Az = 4.877735 (± 0.014939) + 0.303157 (± 0.00222)z - 0.007281 (± 0.00007)z2; Bz = 

485.68961 (± 5.613) - 261.5436 (± 0.47628)z + 5.8678 (± 0.005539)z2; Cz = -86487.5 (± 55.09) + 

344.999 (± 14.2985)z - 874.879 (± 0.8257)z2. 

 

The corresponding equations for the heat of vapourization and heat capacity difference for 

the n-alkanes can be found by using again the thermodynamic definitions for these properties given 

before. 

Az, Bz and Cz in equation 3.7 have been derived from independent measurements of vapour 

pressures, heats of vapourization and heat capacity differences of the n-alkanes. Thus, Az, Bz and Cz 

are empirical parameters for n-alkanes, Az and Bz being similar to constants in the Clausius-

Clapeyron equation. Heat capacity differences of the n-alkanes at 298.15 K have been used to 

calculate the Cz factors, which span a range of z = 3-14. The Bz factors have been derived from 

calorimetric determination of the heats of vapourization of the n-alkanes at 298.15 K, spanning a 

range of z = 6-17 and the Az factors from 297 experimental P values in the range of z = 3-35, 

determined at 150-763 K (log Pz values between -4.56 and +3.31). No experimental values were 
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omitted, even if the difference between the experimental value and the model was more than three 

times the standard deviation [6].  

 

 

3.3 Experimental 

 

3.3.1 Chemicals and solutions 

 

The chemicals studied are listed in table 3.1, together with their molecular formulae and CAS 

numbers. Chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) and their 

purity was higher than 97% unless specified otherwise. They were used without further purification. 

To reduce the number of peaks in the chromatograms and to be able to use lower chromatographic 

temperatures for the more volatile compounds, three solutions were prepared in pentane (Rathburn, 

Walkerburn, UK). Table 3.1 shows the composition of the three solutions. To allow comparison 

between different solutions, some compounds were studied in two solutions. Diphenylmethane 

(DPHM) was included to allow comparison with previous GC-VAP studies. The n-alkanes C9-C12, 

C11-C13 and C12-C15 (Polyscience, Niles, IL, USA) were applied in solution 1, 2 and 3, respectively. 

 

3.3.2 Chromatography 

 

A Hewlett-Packerd Model 5890 series II gas chromatograph equipped with a flame ionization 

detector, a split-splitless injection port in the split mode and liner with mixing chamber was used. A 

30 m × 0.32 mm fused-silica column from J&W (Folsom, CA, USA) with a nonpolar DB-1 liquid 

phase (film thickness 0.25 μm) was applied. As carrier gas helium was used at a constant pressure 

of 75 kPa. The injector and detector temperatures were 200 °C and 250 °C, respectively. At a 

chromatographic temperature of 100°C, the split ratio was 1:28 (septum purge 2 ml min-1, column 

flow 1.5 ml min-1 and split flow 40 ml min-1). The temperature ranges applied were 50 – 90 °C, 60 

– 110 °C and 70 – 120 °C for solution 1, 2 and 3, respectively, with intervals of 10 °C. These 

temperature ranges resulted in retention times of usually less than one hour for the last eluting 

compound at the lowest temperatures and baseline separation between the first eluting compound 

and the solvent peak at the highest temperature. The minimum temperature at which the system 

could be stabilized without coolant devices was 50°C. An aliquot of 1 μl (>100 pg of compound) of  
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Table 3.1. Chemicals with their molecular formula, CAS number and solution in which they were used, 

listed in order of gas chromatographic elution at 90°C. 

Compound name Formula CAS # Solution   

   1 2 3 

Myrcene C10H16 123-35-3 *   

Norcamphor C7H10O 497-38-1 *   

Exo-norborneol C7H12O 497-37-0 *   

(R)-(+)-limonene C10H16 5989-27-5 *   

Cineole C10H18O 470-82-6 *   

Adamantane C10H16 281-23-2 *   

α-Pinene oxide C10H16O 1686-14-2 *   

α+β-Thujonea C10H16O 546-80-5 * *  

(+)-Limonene oxideb C10H16O 1195-92-2  *  

(R)-(+)-Citronellalc C10H18O 2385-77-5  *  

(+)-Camphor C10H16O 464-49-3  *  

(+)-α-Terpineol C10H18O 7785-53-7  *  

(1R)-(-)-Thiocamphor C10H16S 53402-10-1  *  

(R)-(+)-Pulegone C10H16O 89-82-7  *  

Cinnamaldehyde C9H8O 14371-10-9  * * 

1-Adamantanol C10H16O 768-95-6  * * 

Anethole C10H12O 104-46-1   * 

Thymol C10H14O 89-83-8   * 

Carvacrol C10H14O 499-75-2   * 

2-Adamantanone C10H14O 700-58-3   * 

Eugenol C10H12O2 97-53-0   * 

Diphenylmethane (DPHM)d C13H12 101-81-5   * 

aMixture of cis and trans, purity ~67.3 %. bMixture of cis and trans. cPurity ~90%. dChem. Service, West Chester, PA, 

USA. 

 

 

the sample was manually injected. At each temperature the retention of the unretarded component 

was determined through injection of methane. 
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3.3.3 Calculations 

 

Linear and nonlinear regression calculations were carried out using the statistical program SGPLUS 

(Oasis, Nieuwegein, Netherlands). Further calculations were performed in the spreadsheet program 

Excel 97 for Windows (Microsoft). 

 

 

3.4 Results and Discussion 

 

3.4.1 Chromatography 

 

Compared to compound series in previous GC-VAP studies, the compounds studied here are 

structurally diverse. In most cases, this resulted in changes of elution order at different temperatures 

necessitating additional injection of standards to identify peaks. To obtain a reasonable span in 

retention times for all compounds, three solutions were prepared. Both these measures caused the 

chromatographic part of the work to be longer, thereby somewhat reducing the advantage of the 

GC-VAP method over several other methods. The mixture of cis- and trans-(+)-limonene oxide 

resulted in two peaks. The low purity of some of the chemicals did not cause any chromatographic 

problems, this being one of the advantages of the GC-VAP method [12]. 

 

3.4.2 Kováts retention indices at different temperatures 

 

Kováts retention indices were determined in quadruple at the specified temperatures. Results of the 

regression according to equation 3.6 are summarized in table 3.2. The slightly different results for 

cis- and trans-(+)-limonene oxide are listed separately in table 3.2. Because the elution order of 

these isomers was not determined, the results were averaged in further calculations. As may be 

expected, higher B1 coefficients generally led to better correlations. A B1 coefficient with a low 

value (close to zero) indicates that the compound behaved similarly to the corresponding nearest n-

alkane on the GC column. Unexpectedly perhaps, generally lower B1 coefficients were found for 

compounds with polar groups. In agreement with this trend, negative B1 coefficients were observed 

for the hydroxyl group containing structures of exo-norborneol, thymol and carvacrol. A similar 

trend has been observed before in a series of fatty acid esters [6]. The reason for these observations 

is not clear at the moment.  
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Table 3.2. GLC Kováts retention indices (Ii) as a function of temperature according to equation 3.6: 

regression coefficients (B0,1), their standard errors, correlation coefficients (r2) and the standard error of 

regression (s.e.r.). 

Compound B0 B1·1000 r2 s.e.r. 

Myrcenea 983.28±0.11 0.0860±0.0009 0.9977 0.04 

Norcamphora 973.8±1.9 0.230±0.016 0.9177 0.7 

Exo-norborneola 1021±3 -0.14±0.02 0.6351 1.0 

Limonenea 974.09±0.13 0.4780±0.0011 0.9999 0.05 

Cineolea 1036.0±1.1 0.159±0.009 0.9391 0.4 

Adamantanea 945.3±0.3 1.120±0.003 0.9999 0.12 

Pinene oxidea 1047.3±0.5 0.533±0.004 0.9987 0.19 

Thujonea 1075.0±0.6 0.362±0.005 0.9959 0.2 

Thujoneb 1069.8±0.9 0.405±0.007 0.9939 0.4 

Limonene oxideb,e 1114.4±1.4 0.291±0.011 0.9690 0.7 

Limonene oxideb,e 1120.8±1.2 0.268±0.009 0.9732 0.6 

Citronellalb 1147.1±0.9 0.072±0.007 0.8274 0.4 

Camphorb 1082.6±0.9 0.607±0.007 0.9971 0.4 

Terpineolb 1187±2 0.171±0.016 0.8238 1.0 

Thiocamphorb 1090.83±0.19 1.1450±0.0014 1.0000 0.09 

Pulegoneb 1214.7±1.4 0.314±0.011 0.9721 0.7 

Cinnamaldehydeb 1222±2 0.384±0.018 0.9537 1.1 

Cinnamaldehydec 1204.1±0.8 0.514±0.006 0.9973 0.3 

Adamantanolb 1191±2 0.614±0.018 0.9814 1.1 

Adamantanolc 1170.7±1.2 0.764±0.009 0.9969 0.5 

Anetholec 1213.40±0.15 0.5290±0.0011 0.9999 0.07 

Thymolc 1246±2 -0.229±0.015 0.9110 0.9 

Carvacrolc 1336.8±1.9 -0.114±0.014 0.7339 0.9 

Adamantanonec 1193.7±1.1 0.981±0.008 0.9985 0.5 

Eugenolc 1301.0±0.5 0.443±0.004 0.9982 0.2 

DPHMc 1293.1±0.4 0.905±0.003 0.9997 0.19 

DPHMd 1276.9±3.6 0.777±0.017 0.998 0.76 

aSolution 1, T range 323.15 - 363.15 K, ΔT=10. bSolution 2, T range 333.15 - 383.15 K, ΔT=10. cSolution 3, T range 

343.15 - 393.15 K, ΔT=10. d[4], T range 433.15 - 493.15 K, ΔT=10. eCis and trans isomers. Elution sequence not 

determined. 
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The compounds of α+β-thujone, cinnamaldehyde and 1-adamantanol were analyzed in two 

solutions at different temperature ranges. B0 and B1 coefficients obtained for these compounds at 

two temperature ranges are significantly different. According to equation 3.6, the B0 values are 

equal to the Kováts retention index at 0 K and are thus subject to large influences caused by the 

inadequacy of equation 3.6 outside the experimental temperature range. The differences between 

the B1 coefficients obtained for α+β-thujone, cinnamaldehyde and 1-adamantanol at two 

temperature ranges are 0.043, 0.13 and 0.15, respectively. Because there is no reason to prefer one 

result over the other, the observed differences should be regarded as an inherent statistical 

uncertainty associated with the selection of temperature ranges. This implies that the observed 

negative B1 coefficients may in fact not be significantly different from zero. Differences of the same 

order of magnitude were observed between the present and past DPHM regression results. The 

much higher temperatures applied in reference [4] compared to the temperatures used in the present 

study (433.15 - 493.15 versus 343.15 - 393.15 K) and the accordingly shorter retention times may 

explain their somewhat poorer regression results. 

 

3.4.3 Thermodynamic properties 

 

Results obtained at environmentally relevant temperatures (mostly 298.15 K) for the vapour 

pressure and boiling point temperatures at 760 mmHg are listed in table 3.3. Boiling point 

temperatures at atmospheric pressure were calculated from the liquid vapour line. Heat of 

vapourization and gas-liquid differences in heat capacity are listed in table 3.4.  

 The vapour pressure values (log P, mmHg) range from -1.65 for eugenol to 0.14 for 

myrcene at 298.15 K. These values are high compared to the log P values obtained for 

tetrachlorobenzyltoluenes (-5.173 to -4.677) [5], polycyclic aromatic compounds (-4.588 to -0.599) 

[4], fatty acid esters (-7.17 to -1.50) [6] and chlorinated dibenzo-p-dioxins (-6.41 to -2.20) [7]. The 

log P values obtained for a series of chlorobenzenes and chlorophenols (-2.59 to 1.14) [3] cover the 

range of values obtained in this study. 

As may be expected (see table 3.2 and section 3.4.2), slightly but statistically different heats 

of vapourization and differences in heat capacities were obtained for α+β-thujone, cinnamaldehyde 

and 1-adamantanol at different temperature ranges. These differences are less than 0.3 kcal mol-1 

and 0.3 cal mol-1 K-1, respectively. The differences between the vapour pressures are smaller than 

(α+β-thujone), or similar in magnitude (cinnamaldehyde and 1-adamantanol) to the calculated 

standard error. These differences should be regarded as an additional statistical uncertainty 
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associated with the selection of the temperature range. Compared to these uncertainties, somewhat 

larger differences were observed between the presently and previously [4] obtained vapour pressure 

and heat of vapourization values for DPHM. Results from reference [4] were obtained with an 

earlier version of the GC-VAP method. Since then, the parameters Az and Bz but not Cz of equation 

3.7 have been refined, probably explaining these somewhat larger differences.  

 

3.4.4 Literature data 

 

Experimental literature vapour pressure data and when known, the experimental methods used and 

the claimed statistical uncertainties, are listed in table 3.3. The experimental methods include an air 

flow method [13], static methods [1, 14] and in one case the method was not specified [15]. These 

experimental methods are generally referred to as “direct methods" because they are based on the 

direct measurement of the vapour pressure or another parameter related to it. In addition, vapour 

pressures at 298.15 K were calculated by inter- (myrcene) or extrapolations on the liquid vapour 

line using the A, B and C parameters taken from Ohé [16] in Antoine's equation log P = A - 

B/(T+C). The resulting low vapour pressures for (+)-camphor and DPHM compared to other 

experimental literature data may be explained by the large extrapolations (approximately 150 and 

200 K, respectively) according to the Antoine equations outside their experimental temperature 

region. Applying the Clausius-Clapeyron equation to the data collected by Ohé [16] results in a 

much higher vapour pressure for DPHM at 298.15 K (log P, mmHg = -1.212) [5]. Uncertainties 

related to extrapolations to 298.15 K via the Antoine equation have been observed before [4, 5]. For 

other compounds than (+)-camphor and DPHM, the differences between experimental temperature 

range at which Antoine's parameters were determined and 298.15 K are less than 60 K. 

Finally, (sublimation) vapour pressures were calculated by interpolations on the solid 

vapour line using the A and B parameters taken from Jones [17] in the equation log P = B- A/T. The 

solid phase (sublimation) vapour pressures (PS) of terpineol [1] and the vapour pressures taken from 

Jones [17] were converted to liquid vapour pressures (PL) by using the melting point temperature in 

the equation ln (PS/PL) = -6.8 (Tm.p./T-1) taken from reference [18]. Tm.p. was taken from reference 

[19] or supplier catalogues. The constant 6.8 in this equation is equal to ΔSf/R, in which ΔSf is the 

entropy of fusion and R is the gas constant (1.987 cal mol-1 K-1). ΔSf has been shown to be 

remarkably constant at 13.5 cal mol-1 K-1 for many organic molecules [20]. (+)-Camphor, however, 

has a substantially lower ΔSf value of 3.61 cal mol-1 K-1 [21]. For (+)-camphor, therefore, the 

constant of 6.8 was replaced by 1.82 (=3.61/1.987). 
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Table 3.3. GC-VAP and experimental literature (Lit. values) for vapour pressures (log P, mmHg) at 298.15 

K, unless specified otherwise, and boiling point temperature (Tb.p, K) at 760 mmHg. 

Compound, T log P     Tb.p.  

 GC-VAPa Lit. values    GC-VAPa Lit. valuesi 

Myrcene, 297.15 0.10 0.28b 0.28f   448 440 

Myrcene, 298.15 0.14 0.27c 0.30f     

Norcamphor 0.12     452 443 

Exo-norborneol 0.04     446  

Limonene, 279.15 -0.61 -0.86d    464 450 

Limonene, 296.65 -0.05 0.18d      

Limonene, 297.15 -0.03 0.30b      

  0.15e      

Limonene, 298.15 0.00 0.20c      

Cineole -0.17     462 450 

Adamantane -0.15     491  

Pinene oxide -0.40 -0.09c    482  

Thujonej -0.47  -0.40f   480  

Thujonej -0.46     481  

Limonene oxide -0.65 -0.21c    485  

Citronellal -0.70  -0.57f   481 480 

Camphor -0.62  -1.14f 0.22g  493 477 

    -0.18g    

Terpineol, 279.15 -1.69 -1.88d,h -1.72f -2.04g  493 491 

Terpineol, 296.65 -1.01 -1.26d,h -1.00f -1.35g    

Terpineol, 298.15 -0.95  -0.95f -1.29g    

Thiocamphor -0.91     523 502 

Pulegone -1.16  -1.63f   504 497 

Cinnamaldehydej -1.23  -1.58f   509 524 

Cinnamaldehydej -1.19     512  

Adamantanolj -1.18     515  

Adamantanolj -1.14     518  

Anethole -1.25  -1.13f   514 507 
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Table 3.3. continued.  

Compound, T log P     Tb.p.  

 GC-VAPa Lit. values    GC-VAPa Lit. valuesi 

Thymol -1.57  -1.19f -1.52g  503 506 

Carvacrol -1.58  -1.39f   506 509 

Adamantanone -1.35     534  

Eugenol -1.65  -1.66f   526 526 

DPHM -1.82  -3.96f -2.09g  547  

DPHMk -1.593       

aThis work. Standard errors amount to 0.04 log units (log P) and 4 K (Tb.p.). b[15]. Experimental method unknown. 
c[13]. Air flow method. Uncertainty less than 0.1 log units (95% level). d[1]. Static method. e[14]. Static method. 
fExtrapolated data from [16] using the equation Log P = A -B/(T+C). Experimental method unknown. gInterpolated data 

from [17] using the equation Log P = A - B/T. Effusion method(s). g, hSolid vapor pressure converted to liquid vapor 

pressures. See text. iTb.p. was taken from [19] or supplier catalogues. jCompounds used in two solutions: see text and 

table 3.1. k[4]. 

 

For the heat of vapourization at ambient temperatures, one result of a calorimetric 

measurement was found in the literature (11692 cal mol-1 for R-(+)-limonene [21]). Heats of 

vapourization at 298.15 K calculated from the boiling point temperature by the Hildebrand rule (see 

reference [22]) and by applying the thermodynamic definition of the heat of vapourization 

(ΔH=RT2(d lnP/dT)) to Antoine's equation are included in table 3.4. Boiling point temperatures 

were obtained from supplier catalogues and reference [19]. Again, values for camphor and DPHM 

obtained via the Antoine equation may be unreliable due to extrapolation errors. 

Experimental literature data for differences in heat capacity could not be found. In principle, 

heat capacity differences, being related to the second order derivatives to temperature, can be 

calculated from Antoine's equation. However, due to the uncertainties associated with use of 

Antoine parameters outside the temperature region of their measurement, especially for the 

calculation of heat capacity differences, it was decided to calculate gas-liquid heat capacity 

differences at 298.15 K from molecular structure according to the procedures of Rihani-

Doraiswamy and Chueh and Swanson given by Lyman et al. [23] for gas and liquid heat capacities, 

respectively (table 3.4). For cinnamaldehyde and DPHM, the group contribution method of Johnson 

and Huang for the liquid heat capacity, also given by Lyman et al. [23], was used. 
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Table 3.4. Heat of vaporization (ΔHVAP, cal mol-1) and gas-liquid heat capacity difference (ΔCp, 

cal mol-1 K-1) at 298.15 K. 

Compound ΔHa ΔHb ΔHc ΔHd ΔCpa ΔCpe 

Myrcene 12087  11189 11350 -17.295 -16.69 

Norcamphor 11960   11474 -17.170 -16.03 

Exo-norborneol 12557    -17.901 -16.62 

Limonene 11937 11692  11765 -17.231 -15.47 

Cineole 12706   11765 -18.277 -19.75 

Adamantane 11529    -16.896 -17.60 

Pinene oxide 12806    -18.614 -18.95 

Thujonef 13150  12681  -19.070 -22.24 

Thujonef 13084    -18.987  

Limonene oxide 13667    -19.895 -18.08 

Citronellal 14033  13076 13034 -20.403 -23.71 

Camphor 13217  19930 12805 -19.293 -20.87 

Terpineol 14500  15017 13508 -21.262 -19.86 

Thiocamphor 13265   13987 -19.628  

Pulegone 14818  24535 13769 -21.947 -20.55 

Cinnamaldehydef 14906  14896 14960 -22.158 -22.45 

Cinnamaldehydef 14679    -21.823  

Adamantanolf 14516    -21.549 -23.49 

Adamantanolf 14257    -21.192  

Anethole 14788  14035 14207 -22.039 -22.58 

Thymol 16408  14116 14163 -24.606 -24.33 

Carvacrol 16295  14718 14295 -24.469 -24.33 

Adamantanone 14512    -21.759 -23.97 

Eugenol 15839  15296 15050 -23.983 -28.40 

DPHM 15708  36190 15544 -24.014 -24.68 

DPHMg 15084    -23.98  

aThis work. Standard errors amount to 34-46 cal mol-1 (ΔH) and 0.008-0.016 cal mol-1 K-1 (ΔCp). b[21]. Calorimetric 

method. Standard error approximately 20 cal mol-1. cCalculated by applying ΔH=RT2(dlnP/dT) to Antoine's equation 

and taking the values for A, B and C from [16]. dCalculated from the boiling point temperature (Tb.p., K) according to the 

Hildebrand rule [22]: ΔH(cal mol-1) = -2950 + 23.7Tb.p. + 0.02Tb.p.
2. Tb.p. was taken from [19] or supplier catalogues. 

e[23]. Calculated as Cp(gas) (procedure Rihani-Doraiswamy) minus Cp(liquid) (procedure Chueh and Swanson or 

Johnson and Huang). fCompounds used in two solutions: See text and table 3.1. g[4]. 
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3.4.5 Comparison with experimental and calculated literature data 

 

In all cases, experimental temperature ranges are within 298.15 K and the boiling points. Excluding 

the vapour pressure (log P) values for (+)-camphor and DPHM calculated from Antoine parameters 

far outside the temperature region of their measurement, the differences between the experimental 

literature vapour pressures and the GC-VAP results are within ± 0.4 log units. Mostly these are 

underestimations which, as may be expected, generally result in overestimation of the boiling point 

temperatures of 20 K at a maximum. 

The one experimental value for the enthalpy of vapourization found for R-(+)-limonene [21] 

is about 245 cal mol-1 lower than the GC-VAP value. This difference is significant only when the 

contribution of the selection of the experimental temperature range to the overall standard error is 

ignored. Again excluding the results for (+)-camphor and DPHM, the heats of vapourization values 

at 298.15 K obtained with the GC-VAP method are within 2 kcal mol-1 (carvacrol and thymol) or 

within 1 kcal mol-1 from the values calculated using the Antoine parameters. Including (+)-camphor 

and DPHM, differences of similar order were observed between the GC-VAP results and the heats 

of vapourization estimated using the Hildebrand rule. Although the statistical uncertainties of both 

the heats of vapourization calculated from the Antoine parameters and the Hildebrand rule are 

unknown, the observed differences are not likely to be statistically significant. Moderate (<4.5 cal 

mol-1) and often suprisingly small differences (<1 cal mol-1 K-1) were observed between the heat 

capacity differences obtained with the GC-VAP method and values calculated from molecular 

structure [23]. 

The vapour pressure values in table 3.3 have not been corrected for the differences in 

activity coefficients between test compound and n-alkane. For this, one of the nine model 

compounds available from Spieksma et al. [3] has to be selected which most resembles the 

structures under study. The activity coefficient ratios (log γz/γi) at 393.15 K, calculated for these 

model compounds by Spieksma et al. [3] using McReynolds data, range from -0.284 to 0.236 for 1-

butanol and benzene, respectively. In most cases, corrections of this order are sufficient to obtain 

agreement with the experimental vapour pressure data. Comparing the molecular structures of the 

monoterpenes with the available model compounds, appropriate selections seem the model 

compounds octyne (log γz/γi = 0.126) for myrcene, benzene (log γz/γi = 0.236) or octyne for (R)-(+)-

limonene and pentanone (log γz/γi = -0.016) for (R)-(+)-citronellal, improving the GC-VAP results 

compared to the experimental literature values. In most cases, however, selection of a model 

compound is not straightforward. For example, thymol and carvacrol are structures containing both 
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a phenyl and a hydroxy group, suggesting both benzene (log γz/γi = 0.236) and 1-butanol (log γz/γi = 

-0.284) as model compounds. This illustrates that the structural diversity in the presently available 

model compounds from Spieksma et al. [3] is not sufficient for the monoterpenes studied here. 

The activity coefficient ratios (γz/γi) are calculated by Spieksma et al. [3] at 393.15 K and, in 

further use, are assumed to be temperature independent. The possible necessity for a temperature 

dependent γz/γi is discussed here by comparing the GC-VAP vapour pressures for myrcene with the 

data collected by Ohé [16]. Based on the favorable comparison of the data for myrcene taken from 

Ohé [16] with reliable experimental literature data at 298.15 K from reference [13], the data for 

myrcene from Ohé [16] is assumed to be reliable over the entire experimental literature temperature 

range of 287.65 K to 446.65 K. Compared to the data taken from Ohé [16], the GC-VAP method 

underestimates the vapour pressures (log P) for myrcene at 446.65 K, 393.15 K, 298.15 K and 

287.65 K by 0.03, 0.05, 0.17 and 0.19 log units, respectively. These results show that the γz/γi of 

model compound octyne (log γz/γi = 0.126) improves the GC-VAP data at 298.15 K with respect to 

the data taken from Ohé [16]. However, at 393.15 K, the temperature at which the γz/γi values of 

model compounds were actually determined [3], the correction is not an improvement. The 

temperature dependent deviation between the GC-VAP vapour pressures and the data taken from 

Ohé [16] for myrcene, amounts to 0.16 log units (0.19 -0.03) over the experimental literature 

temperature range (ΔT = 159 K). Taking into account a systematic correction, a correction of ± 0.08 

log units, being equal to about ± 2 times the standard error in the GC-VAP method, would be 

necessary in the temperature range of 287.65 K to 446.65 K. The results of a similar analysis on the 

other data taken from Ohé [16], suggested temperature dependent corrections, ranging from ± 0 to ± 

3 times the standard error in the GC-VAP vapour pressures over the experimental temperature 

ranges reported by Ohé (ΔT between 157 and 175 K).  

  The results indicate that, when model compounds for the γz/γi corrections are available, GC-

VAP vapour pressures at ambient temperatures can be significantly improved with respect to 

experimental literature data. Unfortunately, the group of available model compounds is limited. For 

this group to be of practical use, especially in case of structurally diverse group of compounds such 

as monoterpenes, many additional model compounds would have to be included. In addition, the 

results indicate that different corrections are needed at 393.15 K, the temperature at which the γz/γi 

values for the model compounds was determined [3] and 298.15 K, the temperature of interest for 

most environmental studies. Over temperature intervals ranging from 157 to 175 K, being realistic 

values considering the extrapolations generally required in GC based vapour pressure 

determinations, non-systematic differences of up to ± 3 times the standard deviation of the GC-VAP 
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vapour pressures have been observed between GC-VAP and experimental literature data. For these 

reasons, we suggest that further improvement of the GC-VAP method should not be attempted by 

including more model compounds for the γz/γi correction, but by incorporating this correction in the 

model in a temperature dependent way. This would best be achieved by returning to the 

physicochemical mechanism of GC retention. A consequence of any attempt in this area would be 

that additional physicochemical data relevant to gas-liquid partitioning has to be known from 

experiment or estimation. For example, Spieksma [24] derived an expression for the temperature 

dependent γz/γi in which temperature dependent molar volumes and heats of vapourization can be 

found. Especially for environmentally relevant chemicals, this data may be hard to find.  
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Abstract  

 

We have studied which combination of AMBER96 force field parameters, electrostatic charges, 

scaling factors and switched summation cut-offs leads to an appropriate method for the prediction 

of the energy of vapourization of monoterpenes (CHO compounds). 

Switched outer / inner summation cut-offs of 9/5 Å allowed the use of unscaled van der 

Waals interactions and turned out to be the most accurate, leading to mean deviations from 

experimental energies of vapourization within 0.4 to 0.5 kcal mol-1 for PM3 and 6-31G** charge 

models, respectively. Electrostatic interaction fluctuated by up to one kcal mol-1 after proper scaling 

(with factors of 1.58 ± 0.01 and 5.65 ± 0.08 for PM3 and 6-31G** charges) on changing summation 

cut-offs. Variation differed both for compounds and for charge models and showed no regular 

decrease or increase with summation cut-off. Van der Waals interaction increased in a regular way. 

It was concluded that improvement of results can mainly be obtained by increasing summation cut-

offs and not by improving charge models. Additional H-bond atom charge scaling factors were 

derived leading to energies of vapourization of carvacrol and thymol within 0.5 kcal mol-1 of their 

experimental values. 

 Results were obtained by geometrical optimization in combination with short molecular 

dynamics runs. It was shown that these time saving runs are equally accurate as full molecular 

dynamics runs. This equality, within 0.3 kcal mol-1, pointed at a theorem of equipartitioning of both 

kinetic and potential energy, probably caused by the square term contributions of atomic movement. 

 

 

4.1 Introduction 

 

Classical mechanics (molecular mechanics, molecular dynamics and Monte Carlo simulations) has 

proven to be an increasingly powerful tool in the study of molecules and condensed phases of 

organic chemicals. Bonded and nonbonded atomic interactions, determining the mechanics of 

molecules, are included in force fields parameterized in a variety of ways [1]. Important differences 

in the ways parameters have been derived refer to the type of atomic potential functions used for 

bonded (bond stretching, angle bending, torsion of proper and improper dihedrals) and nonbonded 

(van der Waals, electrostatic and H-bonding) interactions and to the experimental or quantum 

mechanical data (compounds and properties) to which parameters were fitted. Here, we would like 

to focus on the nonbonded interactions of carbon (C), hydrogen (H) and oxygen (O) containing 
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molecules (monoterpenes) in liquids as expressed into the energy of vapourization of these 

compounds. These compounds display a variety of atom types and all types of nonbonded 

interactions are represented. Their heat (and thus also: energy) of vapourization has been 

determined recently [2] in an accurate way. 

Among the force fields developed for intermolecular interaction in liquids versions of the 

AMBER [3] and OPLS [4] force fields are widely used and could be of direct importance to CHO 

compounds. As the recent AMBER force field of Cornell et al. [3] includes concepts and parameter 

values of the recent OPLS force field and contains all van der Waals parameters required for 

monoterpenes we focus on the former. In addition, this force field has the advantage of including H-

bonding via electrostatic interactions and not via the introduction of a special type of interaction, as 

done in its preceding versions [5,6]. 

The recent AMBER force field, to which we will refer from here on by AMBER96 

according to the software we will apply [7], makes use of van der Waals nonbonded parameters in 

combination with 6-31G* ab initio quantum mechanical atomic point charges fitted to the 

electrostatic potential in a restrained way (RESP). The latter led to a uniform decrease of 6-31G* 

point charges. Longe range atomic interactions were truncated beyond 9.0 or 8.0 Å and no switch 

function was applied in combination with the periodic boundary conditions used [3]. However, 

nonswitching methods may introduce artifacts and may lead to strong fluctuations in electrostatic 

energy as a function of summation cut-off [8]. Moreover, some of the van der Waals parameters 

lent from OPLS were derived in still another way using a cut-off distance of 11 Å [4]. For these 

reasons we will study the scaling of electrostatic charges - calculated by accurate semi-empirical 

(PM3) and ab initio (6-31G**) methods - , of both the non-H-bonding and H-bonding type and the 

dependence of nonbonded interactions of switched summation cut-off distances. 

The study of varying scaling factors and cut-off distances of 10 monoterpenes leads to a 

time consuming effort when complete molecular dynamics runs are used. For this reason and as a 

possibly general methodical asset, we will compare results obtained by time saving geometrical 

optimization (GO) using a minimum of molecular dynamics and results obtained by full molecular 

dynamics (MD). We will carry out preoptimizing of scaling factors and cut-offs via GO and 

validate results by complete MD. The near equivalence of energies of vapourization obtained in 

these ways has been noticed in previous calculations [9] and can be considered as a near 

equipartitioning of kinetic and potential energy as we will demonstrate. 

In this way we would like to find out which combination of force field parameters, 

electrostatic charges, scaling factors, summation cut-offs and general approach will lead to the most 
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appropriate method for the prediction of the energy (heat) of vapourization of monoterpenes, a 

property of environmental relevance [2] and of other CHO compounds with similar atom types. 

 

 

4.2 Methods 

 

4.2.1 Compounds and experimental data 

 

Selected monoterpenes were: cinnamaldehyde (3-phenylacrylaldehyde) , myrcene (7-methyl-3-

methyleneocta-1,6-diene), (R)-(+)-limonene (4-isopropenyl-1-methylcyclohexene), thymol (2-

isopropenyl-5-methylphenol), carvacrol (5-isopropenyl-2-methylphenol), (R)-(+)-camphor (1,7,7-

trimethylbicyclo[2.2.1]heptan-2-one), (R)-(+)-pulegone (5-methyl-2-(1-

methylethylidene)cyclohexanone), cineole (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane), (R)-(+)-

citronellal (3,7-dimethyloct-6-enal) and eugenol (4-allyl-2-methoxyphenol). These compounds have 

nonbonded atoms of known type in AMBER96, completely known composition, heat of 

vapourization and liquid densities (molar volumes). Eight CHO and two CH compounds are 

represented of quite different type. Four of the compounds (carvacrol, cineole, limonene and 

pulegone) have a bridged, spheroid structure. Citronellal and myrcene are flexible and linear 

compounds, whereas cinnamaldehyde, eugenol, carvacrol and thymol include rigid benzene rings. 

In addition, the latter two compounds may show intermolecular H-bonding. Structural data, 

molecular weights, energies of vapourization and molar volumes at 298 K and edges of cubic boxes 

including 27, 64 or 216 molecules are given in table 4.1. Water was included in view of the 

derivation of H-bond atomic charges. Molecular structures are shown in figure 4.1. 
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Figure 4.1. Atom numbers and structures of Monoterpenes. For abbreviation of compound names: see text. 

Oxygen atoms are given in italics in table 4.3. 
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Table 4.1. Selected monoterpenes plus water and their molecular weights (MWT), energies of vapourization 

(ΔEVAP), densities (d), molar volumes (v) and edges (a) of cubic boxes at 298 K including M molecules suited 

to 9/5 Å summation cut-offs. For abbreviated compound names: see text. 

Compound Abbr. name Formula MWT ΔEVAP  

   g mol-1 kcal mol-1  

    GC-VAPa Hildebr. Ruleb 

      

(R)-Camphor CAM C10H16O 152.2358 12.63 12.32 

Carvacrol CAR C10H14O 150.22 15.70 13.70 

Cinnamaldehyde CIN C9H8O 132.1616 14.20 14.37 

Cineole CINE C10H18O 154.2516 12.11 11.18 

(R)-Citronellal CIT C10H18O 154.2516 13.44 12.44 

Eugenol EUG C10H12O2 164.2036 15.25 14.46 

(R)-Limonene LIM C10H16 136.2364 11.35 11.18 

Myrcene MYR C10H16 136.2364 11.50 10.76 

(R)-Pulegone PUL C10H16O 152.2358 14.23 13.18 

Thymol THY C10H14O 150.22 15.82 13.57 

Water W H2O 18.01528 9.91c 8.09 
aΔEVAP calculated from experimental ΔHVAP [2]. bΔEVAP calculated from the Hildebrand rule via ΔEVAP = ΔHVAP – RT 

with RT = 0.592 kcal mol-1 at 298.15 K. The Hildebrand rule [10] reads: ΔHVAP= -2.950 + 0.0237Tbp + 0.00002Tbp
2, 

where Tbp (K) is the boiling point temperature at 1 atm obtained from [11]. 

 

 

4.2.2 Potential energy, force field parameters, atomic charges and starting structures 

 

The general expression (equation 4.1, see also [3]) used for the potential energy (E) includes 

contributions of intramolecular stretching of bonds (r), bending of angles (θ), torsion of (proper or 

improper) dihedral angles (ϕ) and intra- and intermolecular nonbonded interactions between atoms 

of the van der Waals and electrostatic type. ro, θo and ϕo are reference geometrical parameters for 

the unstrained structure. Kr , Kθ and Vn/2 are vibrational force constants and n-fold torsional 

potential barriers, respectively. R refers to nonbonded distances and D to the dielectric constant. A 

and B are van der Waals repulsive and attractive parameters, respectively, and q are atomic point 

charges. The latter are also used for H-bonding. All runs took place with a constant dielectric and  
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Table 4.1. continued. 

T dc ve v (liq)f  ah   

K g cm-3 cm3 mol-1 cm3 mol-1  Å   

 at T K at T K at 298 K  M = 27 M = 64 M = 216 

        

298 0.995d 153.77 163.84g  19.4392   

293 0.9772 153.72 154.49  19.0621 25.4162  

293 1.0497 125.90 126.53  17.8348 23.7798  

293 0.9267 166.45 167.28  19.5743   

293 0.8573 179.93 180.83  20.0891   

293 1.0652 154.15 154.92  19.0798   

293 0.8411 161.97 162.78  19.3972   

288 0.8013 170.02 171.74  19.7467   

318 0.9346 162.89 159.70  19.2740   

353 0.925 162.40 153.93  19.0391 25.3854  

298 0.9969 18.0713 18.0713    18.6451 
c[11]. dCrystalline phase. ev = MWT / d. fFor liquids at 298 K: v(298,liq) = v(T,liq)/[1 +0.001(T-298)], where 0.001 is an 

assumed thermal expansion coefficient. gCamphor: calculated from crystalline phase molar volume via v(liq) = 13.051 

+ 0.98063 v(cryst) + 2.734 f according to [12], where f = number of intramolecular rotational degrees of freedom (f = 0 

for camphor). hCalculated according to a = [ M v(liq,298)/0.602214]1/3, where 0.602214 is a factor converting cm3 mol-1 

to Å3 molecule-1 units. 

 

 

with scaling of close (1,4) intramolecular van der Waals and electrostatic nonbonded contributions 

by 0.5.  

 

 

E = Σbonds,i     Kr,i (ri – ro,i)2  

+ Σangles,j    Kθ,j (θj – θo,j)2  

+ Σ(improper)ihedrals,k  (Vn/2) [1 + cos(nϕ - ϕo)]  

+ Σnonbonded atom types,m,m’  [Am,m’ Rm,m’
-12 - Bm,m’ Rm,m’

-6 ] 

+ Σnonbonded atoms,n,n’  [qn qn’ (DRn,n’)-1]     (4.1) 
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Atom types and parameters used are included in table 4.2. Note that R* and ε are directly 

related to A and B via A = ε R*12 and B = 2 ε R*6. R* and ε for atom pairs i, j as used in equation 4.1 

were calculated from single atom types according to R*ij = R*i + R*j and εij = (εi εj)1/2. All 

parameters were those of Cornell et al. [3], except for those given in italics, which were calculated 

according to a default procedure of the commercial software used [7]. This procedure is based on 

the DREIDING force field [13]. In order to keep the force field as simple as possible only one type 

of nonaromatic hydrogens bonded to an alkane carbon was used.  

Unscaled atomic charges (q) are given in table 4.3 with atom numbering according to figure 

4.1. They were calculated by both the PM3 semi-empirical and PM3//HF/6-31G** ab initio 

quantum mechanical model, after building molecules in 2D and 3D routines and initial geometrical 

optimization with zero charges in the AMBER96 force field. For cinnamaldehyde it was calculated 

that a HF/6-31G** model gives atomic charges within 1% of the single point results. For 

cinnamaldehyde also ab initio small (HF/STO-3G) and medium (HF/6-31G*) sized basis set 

charges were calculated. It turned out that charges increase in a regular way between two extremes 

models (PM3 to 6-31G**). A convergence gradient limit of 0.01 kcal mol-1 was used for PM3 and 

0.2 kcal mol-1 for 6-31G** both in Polak-Ribiere optimization and convergence acceleration. 

The starting structure of the gas phase was obtained by inserting a single PM3 or 6-31G** 

structure molecule (with unscaled charges as in table 4.3) at the center of a cubic box of appropriate 

size (see below). In some cases charges of atoms involved in H-bonds were changed later on (see 

below). Switched mode summation with an outer cut-off limit 4 Å higher than the inner limit was 

used (values: see below). Switched summation cut-offs were chosen in view of smoothing edge 

effects of periodic boxes and in order to assure that the potential function was unaffected except in 

the switch region. The liquid starting structure was obtained by filling the box (with size identical to 

that of the gas phase and corresponding to the molar volume at 298 K, see table 4.1) with the 

appropriate number of molecules (M, see below). The gas phase optimum structure was inserted 

into the box with its longest axis of inertia parallel to the box diagonal and the other axes of inertia 

parallel or perpendicular to the central box plane containing the box diagonal. After insertion the 

molecules were placed at equal distances from each other. For starting structures of liquid boxes 

containing M = 64 carvacrol and thymol molecules, alternating layers of molecules were – after 

normal building as described before – rotated such that hydroxy groups of molecular layers were 

directed to each other in order to enable quick formation of H-bonds during optimization. The 

energy of vapourization was obtained by subtracting the liquid phase potential energy (ELIQ) from 
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the gas phase potential energy (EGAS) (see equation 4.2), both of them calculated according to 

equation 4.1:  

 

ΔEVAP = EGAS – ELIQ          (4.2) 

 

4.2.3 Geometrical optimization (GO) after cyclic annealing 

 

After an initial geometrical optimization of the gas starting structure in the AMBER96 force field 

cyclic annealing in short MD runs took place as follows. A heating time of 8 ps from 0 K to 300 K 

in leaps of 30 K with time steps of 0.0008 ps and a heat bath coupling constant of 3.2 ps was 

applied. The latter was used in order to obtain a sufficiently constant (within 0.1%) temperature of 

about 300 K during a run time of 4 ps after which 8 ps cooling took place to 0 K in leaps of 30 K. 

Such a cycle of 20 ps in total was applied one or three times (see later on) with collection of 

energies and structures at 0 K. The structure with the lowest 0 K energy was selected as the 

geometrical optimum (GO). The liquid phase geometrical and energetical optimum was obtained 

from the liquid starting structure by similar cyclic annealing. 

 

 

4.2.4 Determination of switched summation cut-offs by GO 

 

The model expression of the energy of vapourization used for the derivation of summation cut-offs 

was: 

 

ΔEVAP = Svdw [ΔEvdw,0 + (ΔEvdw,1 - ΔEvdw,0)/ Sest ] + ΔEest,1/ Sest + Nhbd ΔEhbd    (4.3) 

 

In this equation Svdw and Sest are scaling factors for the van der Waals (ΔEvdw,0 at Sest = ∝ and 

ΔEvdw,1 at Sest = 1) and electrostatic (ΔEest,1 at Sest = 1) contributions, respectively. Nhbd = 1 is the 

number of H-bonds per molecule assumed to be present in the liquid phase and ΔEhbd is the 

contribution of H-bonds to the energy of vapourization. Equation 4.3 assumes van der Waals and 

electrostatic contributions to be inversely proportional to the electrostatic scaling factor and the van 

der Waals contribution to be directly proportional to the van der Waals scaling factor.  
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Table 4.2. Atom types and bonded and nonbonded force field parametersa. 

Type    Type     

         

vdWaals Descript R* ε Angle (continued) Kθ θo   

HA Aromatic 1.459 0.015 HC-CT-CM 50 109.5   

HC Nonarom 1.487 0.0157 HC-CT-CT 50 109.5   

HO Hydroxy 0 0 HC-CT-OS 50 109.5   

HW Water 0 0 HO-OH-C 35 113   

C Carbonyl 1.908 0.086 HW-OW-HW 100 104.52   

CA Aromatic 1.908 0.086 C-CA-CA 63 120   

CM Alkene 1.908 0.086 C-CA-CT 50 120   

CT Alkane 1.908 0.1094 C-CA-OS 50 120   

O Carbonyl 1.6612 0.21 C-CM-CM 63 120.7   

OH Hydroxy 1.721 0.2104 C-CM-CT 70 119.7   

OS Ether 1.6837 0.17 C-CT-CT 63 111.1   

OW Water 1.7683 0.152 CA-C-CA 63 120   

    CA-C-OH 70 120   

Bond Kr ro  CA-CA-CA 63 120   

HA-CA 367 1.08  CA-CA-CM 50 120   

HC-C 350 1.09  CA-CA-CT 70 120   

HC-CM 350 1.09  CA-CA-OS 50 120   

HC-CT 340 1.09  CA-CM-CM 63 117   

HO-OH 553 0.96  CA-CT-CT 63 114   

HW-HW 553 1.5136  CA-OS-CT 50 104.51   

HW-OW 553 0.9572  CM-C-O 80 125.3   

C-CA 469 1.409  CM-CM-CM 50 120   

C-CM 410 1.444  CM-CM-CT 70 119.7   

C-CT 317 1.522  CM-CT-CT 50 109.5   

C-O 570 1.229  CT-C-CT 50 120   

C-OH 450 1.364  CT-C-O 80 120.4   

CA-CA 469 1.4  CT-CM-CT 50 120   

CA-CM 427 1.433  CT-CT-CT 40 109.5   

CA-CT 317 1.51  CT-CT-OS 50 109.5   

CA-OS 350 1.43  CT-OS-CT 60 109.5   

CM-CM 549 1.35       
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Table 4.2. continued. 

CM-CT 317 1.51  Dihedral np Vn/2 ϕo n 

CT-CT 310 1.526  **-C-CA-** 4 14.50 180.0 2 

CT-OS 320 1.41  **-C-CM-** 4 8.70 180.0 2 

    **-C-CT-** 4 0.00 0.0 2 

Angle Kθ θo  **-C-OH-** 2 1.80 180.0 2 

HA-CA-C 35 120  **-CA-CA-** 4 14.50 180.0 2 

HA-CA-CA 35 120  **-CA-CM-** 4 10.20 180.0 2 

HC-C-CM 50 120  **-CA-CT-** 6 0.00 0.0 2 

HC-C-CT 50 120  **-CA-OS-** 2 2.50? 0.0? 2 

HC-C-O 50 120  **-CM-CM-** 4 26.60 180.0 2 

HC-CM-HC 50 120  **-CM-CT-** 6 0.00 0.0 3 

HC-CM-C 50 120  **-CT-CT-** 9 1.40 0.0 3 

HC-CM-CA 50 120  **-CT-OS-** 3 1.15 0.0 3 

HC-CM-CM 50 120       

HC-CM-CT 50 120  Improper dihedral     

HC-CT-HC 35 109.5  **-**-CA-HA  1.1 180.0 2 

HC-CT-C 50 109.5  CA-CA-C-OH  1.1 180.0 2 

HC-CT-CA 50 109.5  CA-CA-CA-CT  1.1 180.0 2 
aMeaning of symbols: see text, np = product of number of paths to central atoms, n = multiplicity . Units: R*, ro in Å; ε, 

Vn/2 in kcal mol-1; θo, ϕo in degrees; Kr in kcal mol-1 Å-2; Kθ in kcal mol-1 rad-2. Values are from [3], except those in 

italics, which were calculated according to a default value procedure (see text). ** stands for a free choice of atom 

types. 

 

 

The scaling of the electrostatic contribution by 1 / Sest can be viewed as either changing the 

dielectric contstant (D) in the electrostatic i, j atom pair energy of Eest, i, j = qi qj /DRi,j (q are atomic 

charges and R is their distance) or changing the effective charges (q) on the atoms. The dependence 

of the van der Waals contribution on electrostatic scaling incorporates the expected decrease of van 

der Waals contributions at higher values of the electrostatic energy in a modeled way, which will be 

improved later on. H-bond energy is assumed to be present only for carvacrol and thymol as can be 

expected from the deviations of the Hildebrand energy of vapourization from the experimental 

values given in table 4.1. For these compounds only (and water) deviations amount to a lack of 

about 2 kcal mol-1 because of the exclusion of H-bonds in the derivation of the Hildebrand rule, 

whereas for the other compounds deviations are lower than 1 kcal mol-1, the assumed uncertainty of 
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the Hildebrand rule for compounds without H-bonds. The H-bond contribution model will also be 

improved later on.  

After calculation of the van der Waals and electrostatic contributions at Sest = ∝ (no 

electrostatic contributions, zero atomic charges) and Sest = 1 (unscaled charges of table 4.3) of each 

of the ten monoterpenes according to the GO procedure described above (using only one cycle), the 

two scaling factors and the H-bond energy parameter were fitted by nonlinear least squares to the 

experimental values of the energies of vapourization of the ten monoterpenes of table 4.1. Thus 

fitted parameters were assumed to be equal for each of the compounds involved. The GO 

calculations and subsequent least squares fits were carried out for switched outer / inner summation 

cut-offs of 8/4, 9/5, 10/6, 11/7 and 12/8 Å, respectively. Sizes of cubic boxes and numbers (M) of 

molecules were chosen in a way that the outer cut-off limit did not exceed half the box edge value. 

The cut-off limit leading to the Svdw value closest to 1 (no scaling of van der Waals contributions) 

was selected as being the simplest one corresponding to the way of derivation of parameters. 

 

 

4.2.5 Determination of scaling factors for non-H-bonding electrostatic energy by GO 

 

Once the summation cut-off had been determined a more accurate determination of the scaling 

factor for electrostatic energy could be carried out. At this stage of the derivation, H-bonding 

contributions were still not included in the pairwise potential. We would not mix up the scaling for 

electrostatic energy for non-H-bonding and H-bonding. The model equation for electrostatic scaling 

was: 

 

ΔEVAP = B1 ΔEvdw+est (Sest) + Nhbd ΔEhbd        (4.4) 

 

Here, the sum of the van der Waals plus electrostatic energy was determined as a function of 

electrostatic scaling (ΔEvdw+est (Sest)) with again carvacrol and thymol as H-bonding liquids (see 

equation 4.3). This energy was determined at the summation 9/5 Å cut-off and by the GO procedure 

(one cycle) derived previously. With ΔEvdw+est (Sest) and Nhbd known for each monoterpene 

compound, B1 and ΔEhbd were fitted to the experimental values of ΔEVAP. This was done for five 

values of the electrostatic scaling factors ranging from Sest = ∝ (no electrostatic energy) to 1 

(charges of table 4.3) with the three intermediate values different for PM3 and 6-31G** because of 
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the high differences in charges of these quantum mechanical models. In view of the summation cut-

off used and its derivation we could expect that the least squares fit with B1 closest to 1 (i.e. without 

van der Waals scaling) will also give the most accurate fit and will lead to an appropriate value of 

Sest. 

 

4.2.6 Electrostatic scaling factors for H-bonding atoms by GO 

 

The final step in the derivation included the search for charges of atoms assumed to be involved in 

H-bonding: i.e. for oxygen and hydrogen atoms of the hydroxy groups of carvacrol, thymol and 

water. To this end ΔEvdw+est (q2
hbd,O) of water in the TIP3P force field was determined using the 

summation cut-off and GO procedure derived previously at five values ranging from qhbd,O = 0 (no 

electrostatic – H-bond - energy) to 1 (fractions of the 6-31G** charges of table 4.3) with three 

intermediate values, one of which is the PM3 charge of table 4.3. By plotting ΔEvdw+est (q2
hbd,O) the 

value of qhbd,O was found which leads to the experimental value of ΔEVAP of water. Thus, it was 

assumed that electrostatic energy in water is completely coincident with H-bond energy. Once we 

have found the value of qhbd,O we can calculate the factor by which we have to scale the PM3 or 6-

31G** atomic charges (qest,O) in water in order to obtain the correct ΔEVAP of water using the 

relationship of 1/ Sest,hbd = q2
hbd,O / q2

O. 

The second assumption was that Sest,hbd found for water can also be used for oxygen and 

hydrogen atoms involved in H-bonding in monoterpenes (carvacrol and thymol). By directly 

applying this scaling factor to the pertinent H-bonding atoms in these compounds, the net electronic 

charge of the molecule would deviate from the required zero value. This was corrected by adding a 

similar amount of charge of –0.5Q to both the oxygen and the hydrogen atom. Here Q = [ (Sest / 

Sest,hbd)0.5 –1][qo
O + qo

H ], where qo
O and qo

H are the original PM3 or 6-31G** charges before any 

scaling. Using this correction the final equation for the H-bond electronic charges on the pertinent 

oxygen and hydrogen atoms become after some derivation: 

 

qO,hbd = 0.5 [(Sest / Sest,hbd)0.5 +1]qo
O – 0.5 [(Sest / Sest,hbd)0.5 –1]qo

H    (4.5a) 

qH,hbd = 0.5 [(Sest / Sest,hbd)0.5 +1]qo
H – 0.5 [(Sest / Sest,hbd)0.5 –1]qo

O    (4.5b) 

 

Note that the sum of these corrected oxygen and hydrogen charges equals [qo
O + qo

H] 

leading to a zero charge of the molecule. After H-bond corrections of atomic charges, no H-bond 
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term in equation 4.4 remains and the final calculated GO energy (one cycle) should equal the 

experimental value of ΔEVAP, where Sest and Sest,hbd are the scaling factors derived above and applied 

to the appropriate non-H-bonding and H-bonding atoms. Thus the appropriate equation for the 

energy of vapourization reads: 

 

ΔEVAP = ΔEvdw+est (Sest, Sest,hbd)         (4.6) 

 

 

4.2.7 Molecular dynamics (MD) validation 
 

Determination of switched summation cut-offs and scaling factors for H-bond and non-H-bond 

electrostatic charges took place by the one cycle GO procedure described before. This, in order the 

save substantial computational time. Of course, the global (absolute) minimum energies of the gas 

and liquid phase, which are supposed to be found by this procedure and could be viewed 

(neglecting thermal expansion) as representing the 0 K energy, will deviate substantially from the 

true MD average potential energy at 300 K. There is, however, theoretical support that the 

difference between the gas and liquid phase energies, ΔEVAP of equation 4.2, calculated via GO will 

be close to the MD difference. By heating the system from 0 to 300 K both kinetic and potential 

energy will be added to it. When all the degrees of freedom of the Nat atoms per molecule are 

excited, kinetic energy – absent at 0 K – will increase by an amount of 0.5 RT per degree of 

freedom per atom, or 1.5 NatRT. Now, if the total energy added to the system would partition 

equally between the kinetic and potential energy increase, also the potential energy would increase 

by 1.5 NatRT. This would hold for both the gas and the liquid phase energy and lead to a similar 

energy of vapourization calculated by GO and MD as shown later on. As the MD energy is in 

principle the correct one, its calculation can be used for the validation of the GO procedure. 

MD runs were carried out at the switched summation cut-offs and electronic charges and 

scaling factors derived by GO. The runs were preceded by 60 ps (three) cyclic annealing as 

described before. 60 ps runs can be carried out still within a few hours, whereas the chance of local 

GO minima is reduced threefold. Then, after heating the system during 16 ps from 0 to 300 K in 

leaps of 30 K, the system was equilibrated during at least 64 ps at 300 K, followed by a data 

collection period of at least 360 ps and cooling down to 0 K in leaps of 30 K in 8 ps. Time steps and 

heat bath coupling constant were as in cyclic annealing. During the data collection period 22500 

energy values were collected. These were devided into three periods of 7500 data (120 ps) used for 
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finding three energy values of which the average and its standard deviation (SD) were calculated. 

Equilibrium was assumed to be achieved when this standard deviation was lower than 

0.1 kcal mol-1. 

  

4.2.8 Hardware and software 

 

All quantum mechanical and force field calculations were carried out on a PC with Pentium III 850 

MHz processor using Hyperchem software [7]. Linear and nonlinear regression calculations were 

carried out using the statistical program S-PLUS 2000 (MathSoft, Inc., Seattle, WA, USA). GO 

force field runs, without any MD and PM3 quantum mechanical runs took only several minutes of 

computational time. MD runs required computational times in the range of 0.005 h ps-1 (for isolated 

molecules, gas phase) and 0.1 h  ps-1 (for liquids). The geometrically optimizing 6-31G** basis set 

ab initio charge calculation of the smallest monoterpene (cinnamaldehyde) required 8 h of time. 

 

 

4.3 Results 

 

4.3.1 Atomic charges 

 

Unscaled atomic charges found by PM3 and 6-31G** quantum mechanics are included in table 4.3. 

6-31G** values were systematically higher than PM3 charges by a factor of about two. The linear 

correlation coefficient between the two total sets of 259 charges (11 compounds) amounted to r = 

0.903. For limonene and myrcene the lowest charges were found as expected for these CH 

compounds. The mean hydrogen charges in myrcene amount to 0.066 and 0.122 for PM3 and 6-

31G**, respectively. The 6-31G* based RESP value of hydrogen in benzene, a molecule smaller 

than monoterpenes, amounts to 0.132 [14]. Oxygen containing monoterpene compounds had their 

highest charges on the oxygen atoms, as expected. Average charges on carbonyl-, hydroxy- and 

ether-oxygens were -0.311, -0.232, -0.228 and –0.533, -0.664, -0.688 e for PM3 and 6-31G**, 

respectively. Thus, trends were in opposite direction for these quantum mechanical models. The 6-

31G* based RESP charges of carbonyl-, hydroxy- and ether-like oxygens in small organic 

molecules range from –0.442 to –0.536, -0.582 to –0.664 and –0.358 to –0.388, respectively [14], 

are in between our PM3 and 6-31G** values and display still another trend in magnitude. 
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Table 4.3. Charges on monoterpene and water atoms as calculated by PM3 and 6-31G**. Water atom no 1 

refers to oxygen and 2-3 to hydrogen. No scaling and no corrections for hydrogen bonding were included. 

Charges of oxygen atoms are in italics. Abbreviations of compounds: see table 4.1. 

 PM3           
 CAM CAR CIN CINE CIT EUG LIM MYR PUL THY W 
1 -0.11 0.098 -0.072 -0.125 0.279 0.073 -0.128 -0.17 -0.067 -0.147 -0.358 
2 -0.094 -0.137 -0.081 -0.1 -0.187 -0.119 -0.15 -0.092 -0.1 -0.042 0.179 
3 -0.102 -0.045 -0.104 -0.102 -0.069 -0.091 -0.063 -0.085 -0.051 -0.143 0.179 
4 0.289 -0.134 -0.089 0.102 -0.102 -0.084 -0.038 -0.153 -0.21 -0.059  
5 -0.076 -0.063 -0.1 -0.25 -0.07 -0.122 -0.096 -0.058 0.333 -0.171  
6 -0.163 -0.166 -0.086 0.102 -0.162 -0.01 -0.05 -0.063 -0.153 0.116  
7 -0.044 -0.23 -0.02 -0.1 -0.126 -0.222 -0.065 -0.162 -0.313 -0.024  
8 -0.089 -0.056 -0.251 -0.125 -0.065 -0.205 0.1 -0.115 -0.045 -0.117  
9 -0.302 -0.031 0.309 -0.114 -0.069 0.053 0.065 -0.069 -0.089 -0.117  
10 0.059 -0.111 -0.313 -0.139 -0.126 -0.018 0.057 -0.081 -0.085 -0.067  
11 0.06 -0.111 0.105 -0.139 -0.317 -0.134 -0.111 0.08 -0.112 -0.245  
12 0.06 0.123 0.105 0.057 0.045 -0.166 0.069 0.096 0.068 0.212  
13 0.06 0.111 0.105 0.062 0.076 0.121 0.056 0.096 0.054 0.124  
14 0.084 0.103 0.106 0.06 0.083 0.107 0.053 0.083 0.056 0.108  
15 0.081 0.199 0.114 0.054 0.063 0.12 0.055 0.083 0.06 0.102  
16 0.082 0.042 0.099 0.075 0.053 0.207 0.044 0.055 0.063 0.069  
17 -0.113 0.05 0.128 0.06 0.058 0.049 0.042 0.062 0.076 0.051  
18 -0.116 0.042 0.044 0.054 0.065 0.026 0.043 0.06 0.073 0.036  
19 0.054 0.065  0.062 0.057 0.034 -0.171 0.054 0.051 0.044  
20 0.049 0.04  0.057 0.106 0.056 -0.081 0.101 0.052 0.051  
21 0.044 0.044  0.051 0.045 0.061 0.083 0.045 0.053 0.044  
22 0.047 0.042  0.043 0.042 0.102 0.084 0.042 0.054 0.036  
23 0.045 0.04  0.051 0.045 0.081 0.053 0.045 0.045 0.045  
24 0.048 0.042  0.052 0.045 0.08 0.049 0.049 0.06 0.049  
25 0.049 0.044  0.055 0.044  0.045 0.045 0.042 0.046  
26 0.045   0.043 0.045  0.055 0.053 0.043   
27 0.052   0.043 0.051    0.041   
28    0.055 0.048       
29    0.052 0.042       
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Table 4.3. continued. 

 6-31G**          
 CAM CAR CIN CINE CIT EUG LIM MYR PUL THY W 
1 -0.225 0.357 -0.021 -0.208 0.385 0.345 0.03 -0.282 -0.155 -0.219 -0.672 
2 -0.222 -0.19 -0.146 -0.223 -0.299 -0.161 -0.166 -0.098 -0.209 0.015 0.336 
3 -0.15 0.031 -0.152 -0.167 -0.154 -0.15 -0.219 0.051 -0.244 -0.181 0.336 
4 0.557 -0.17 -0.144 0.308 -0.2 -0.021 -0.165 -0.317 -0.083 -0.143  
5 -0.141 -0.139 -0.155 -0.701 -0.241 -0.157 -0.205 -0.245 0.512 -0.037  
6 -0.289 -0.049 -0.138 0.267 -0.145 0.3 -0.232 -0.238 -0.286 0.392  
7 -0.067 -0.663 -0.074 -0.223 0.023 -0.665 -0.346 -0.148 -0.549 -0.13  
8 -0.298 -0.383 -0.25 -0.208 -0.344 -0.675 0.121 0.024 0.024 -0.32  
9 -0.555 -0.156 0.378 -0.307 -0.347 -0.02 0.126 -0.344 -0.351 -0.32  
10 0.123 -0.311 -0.525 -0.307 -0.324 -0.269 0.117 -0.348 -0.346 -0.352  
11 0.122 -0.311 0.157 -0.307 -0.501 -0.071 0.066 0.131 -0.321 -0.665  
12 0.137 0.163 0.157 0.113 0.103 -0.293 0.118 0.124 0.122 0.35  
13 0.132 0.142 0.159 0.123 0.143 0.172 0.11 0.138 0.115 0.136  
14 0.126 0.148 0.16 0.119 0.153 0.15 0.116 0.125 0.116 0.141  
15 0.157 0.354 0.16 0.116 0.11 0.169 0.133 0.114 0.124 0.15  
16 0.151 0.125 0.161 0.123 0.116 0.364 0.117 0.115 0.132 0.114  
17 -0.316 0.137 0.162 0.119 0.109 0.14 0.117 0.128 0.137 0.101  
18 -0.308 0.125 0.11 0.116 0.118 0.072 0.115 0.125 0.149 0.109  
19 0.135 0.121  0.123 0.113 0.125 -0.321 0.12 0.131 0.135  
20 0.12 0.108  0.113 0.124 0.137 -0.347 0.121 0.117 0.101  
21 0.108 0.12  0.121 0.116 0.129 0.115 0.115 0.125 0.135  
22 0.118 0.107  0.101 0.119 0.138 0.13 0.115 0.109 0.109  
23 0.117 0.108  0.121 0.116 0.123 0.12 0.118 0.136 0.124  
24 0.12 0.107  0.107 0.119 0.119 0.115 0.118 0.143 0.125  
25 0.117 0.12  0.127 0.123  0.12 0.116 0.114 0.131  
26 0.117   0.1 0.113  0.115 0.122 0.12   
27 0.112   0.1 0.118    0.118   
28    0.127 0.119       
29    0.107 0.116       
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Table 4.4. Cut-off dependence (outer / inner) of energy of vapourization terms and scaling factors fitted 

according to model equation 4.3. Svdw, Sest, ΔEhbd and their standard errors (SE) are given. Included are 

compounds with highest positive and negative residuals (Res, ΔEVAP experimental minus calculated). SRE is 

the standard residual error of the fit. Abbreviations of compounds: see table 4.1. 

Cut-off Svdw Sest ΔEhbd High. Pos. Res. High. Neg. Res. SRE 

Å   kcal mol-1 kcal mol-1 kcal mol-1 kcal mol-1 

 PM3      
8/4 1.10 ± 0.04 2.23 ± 0.69 2.09 ± 0.39 CAM: 0.74 CIT: -0.72 0.48 

9/5 0.98 ± 0.04 2.10 ± 0.72 2.23 ± 0.44 CAM: 0.79 CIT: -1.02 0.55 

10/6 0.95 ± 0.03 4.28 ± 2.21 2.20 ± 0.56 CIN: 1.04 CIT: -1.17 0.70 

11/7 0.91 ± 0.04 3.88 ± 2.13 1.97 ± 0.56 CIN: 0.93 LIM: -1.01 0.70 

12/8 0.84 ± 0.05 2.20 ± 0.87 2.37 ± 0.53 CIN: 0.71 CIT: -0.93 0.66 

 6-31G**      
8/4 1.18 ± 0.07 32.09 ± 55.2 2.18 ± 0.69 CIN: 1.38 CIT: -0.73 0.75 

9/5 0.97 ± 0.08 9.39 ± 6.51 2.27 ± 0.59 CIN: 1.17 CINE: -1.16 0.72 

10/6 0.89 ± 0.06 8.44 ± 4.27 2.71 ± 0.62 CIN: 1.02 CIT: -1.07 0.69 

11/7 0.86 ± 0.08 8.99 ± 5.86 2.68 ± 0.72 CIN : 1.18 CIT : -1.04 0.78 

12/8 0.87 ± 0.08 11.24 ± 10.8 2.64 ± 0.82 CIN : 1.47 CIT : -1.30 0.84 

 

 

4.3.2 Switched summation cut-off 

 

In table 4.4 the results of model equation 4.3 for the determination of summation cut-offs are 

included. For both PM3 and 6-31G** charges the 9/5 Å switched outer / inner summation cut-off 

led to values of Svdw within the standard error equal to one, corresponding to no scaling of van der 

Waals potentials. These cut-offs were, for that reason, selected for further calculations. When 

statistically significant, Sest values of PM3 were about a factor of 4 lower than those of 6-31G**, in 

accordance with charges being a factor of 2 lower. H-bond energies of carvacrol and thymol were 

predicted to be in the range of 1.97 to 2.71 kcal mol-1, in accordance with the deviation of 

Hildebrands rule from experimental data (see table 4.1). For the selected 9/5 summation cut-off, H-

bond energies were identical (2.25 ± 0.37 kcal mol-1). Cinnamaldehyde and citronellal were the 

monoterpenes displaying most often the highest positive or negative deviation of fitted values from 

experimental ones, these deviation being around 1 kcal mol-1. The standard residual error of PM3  



Force field for ΔHVAP 

 99

Table 4.5. Dependence of calculated van der Waals plus electrostatic energy (ΔEvdw+est) on scaling of non-H-

bond electrostatic interaction by Sest according to model equation 4.4 at summation cut-offs of 9/5 Å. B1 and 

ΔEhbd and their standard errors (SE) are given. Included are compounds with highest positive and negative 

residuals (Res). SRE is the standard residual error. Abbreviations of compounds: see table 4.1. 

1/Sest B1 ΔEhbd High. Pos. Res. High. Neg. Res. SRE 

  kcal mol-1 kcal mol-1 kcal mol-1 kcal mol-1 

 PM3     

0 1.08 ± 0.02 2.09 ± 0.61 CIN:  1.68 LIM:  -0.72 0.77 

0.25 1.07 ± 0.02 2.00 ± 0.56 CIN:  1.34 CIT:   -0.83 0.55 

0.36 0.99 ± 0.02 2.02 ± 0.48 CIN:  1.15 CIT:   -0.71 0.60 

0.64 0.99 ± 0.01 2.03 ± 0.41 CAM: 1.00 CIT:   -0.98 0.52 

1 0.89 ± 0.02 2.39 ± 0.57 CAM: 1.16 CIT:   -1.29 0.71 

 6-31G**     

0 1.08 ± 0.02 2.09 ± 0.61 CIN:  1.68 LIM:  -0.72 0.77 

0.09 1.05 ± 0.02 2.28 ± 0.56 CIN:  1.50 CINE: -0.92 0.70 

0.16 1.01 ± 0.02 2.68 ± 0.53 CIN:  1.25 CINE: -1.23 0.67 

0.36 0.87 ± 0.02 3.09 ± 0.67 CAM : 1.01 CINE : -1.60 0.85 

1 0.53 ± 0.02 3.25 ± 1.28 MYR : 2.32 CINE : -2.95 1.63 

 

 

fits was systematically lower than that of 6-31G** calculations and amounted to 0.48 to 0.70 kcal 

mol-1. 

As shown in figure 4.2, substantial fluctuations occur in the cut-off dependence of 

electrostatic energy at Sest = 1 (before scaling) (ΔEest,1). These fluctuations are in accordance with 

Steinbach and Brooks [8] and occur for PM3 and 6-31G** charges and for individual compounds in 

different ways. Cut-off dependence of van der Waals contributions at Sest = ∝ (no electrostatic 

contribution, zero charges, ΔEvdw,0) and Sest = 1 (unscaled charges, ΔEvdw,1) displayed a regular 

dependence.  
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4.3.3 Scaling factors for non-H-bond electrostatic energy 

 

In table 4.5 results for the scaling of non-H-bond electrostatic interactions (equation 4.4) are given. 

Graphical interpolation of B1 versus 1/Sest gave values of Sest = 1.58 ± 0.01 for PM3 and 5.65 ± 0.08 

for 6-31G** at B1 =1.00 (corresponding to no scaling of van der Waals interactions), respectively. 

These values were used as scaling factors in further calculations. They are substantially lower than 

values found during the determination of the summation cut-off (see table 4.4). The explanation is 

that in the latter determination a simple 1/Sn
est dependence with n = 1 was assumed for both ΔEvdw 

and ΔEest (see equation 4.3). Now it turned out that n was higher than 1. The PM3 value was again a 

factor of about 4 lower than the 6-31G** value. 

H-bond energy varied in the range of 2.00 to 3.25 kcal mol-1 as in the determination of the 

cut-offs. Around a value of B1 = 1.00 cinnamaldehyde, citronellal and cineole are compounds with 

the highest residuals of around 1 kcal mol-1. PM3 results are again more accurate than 6-31G** 

results, though less markedly than in the cut-off determination. The dependence of ΔEvdw+est on 

scaling of non-H-bond electrostatic interaction by Sest (data not shown here) displayed a regular 

character both for PM3 and 6-31G** charges. 

 

4.3.4 Scaling of H-bond electrostatic interaction 

 

Plot of ΔEvdw+est,(q2
hbd,O) of water for q2

hbd,O = 0, 0.128, 0.360, 0.413 and 0.512 e2 in the TIP3P force 

field at summation cut-offs of 9/5 Å and subsequent graphical determination of the oxygen charge 

(qhbd,O) at which ΔEvdw+est= 9.91 kcal mol-1 led to q2
hbd,O = 0.354 ± 0.002 e2 or qhbd,O = -0.595 ± 

0.002 e. As a consequence electrostatic H-bond energy of water should be scaled by factors of 

1/Sest,hbd = q2
hbd,O / q2

est,O or Sest,hbd = 0.362 and 1.277 for PM3 and 6-31G**, respectively (see 

oxygen charges - qO - of water in table 4.3). Thus qO should scaled up and down for PM3 and 6-

31G**, respectively. By applying Sest,hbd and Sest in equations 4.5a and 4.5b the oxygen and 

hydrogen atom charges in carvacrol and thymol and GO total potential energy values became as 

summarized in table 4.6. Table 4.6 reveals that H-bonding can be handled in a one cyclic annealing 

procedure by properly scaled electronic charges on the pertinent atoms (equations 4.5a, 4.5b, 4.6), 

though less accurate than by the fitting procedures of equations 4.3 and 4.4. Note that all results are 

based on the GO procedure using only one 20 ps MD cycle. 
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Figure 4.2. Summation cut-off dependence of ΔEvdw,0, ΔEest,1 and ΔEvdw,1 (kcal mol-1) of equation 4.3. 6-

31G** results: left side, PM3 results: right side. For abbreviation of compound names: see text. 
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Table 4.6. H-bond atomic charge scaling and energy of vapourization (kcal mol-1) of caracrol and thymol 

calculated according to equations 4.3-4.6. Abbreviations of compounds: see table 4.1. 

 CAR  THY  

Property PM3 6-31G** PM3 6-31G** 

qO (table 4.3) -0.230 -0.663 -0.245 -0.665 

qhbd,O (equation 4.5a) -0.463 -1.224 -0.494 -1.224 

qH (table 4.3) 0.199 0.354 0.212 0.350 

qhbd,H (equation 4.5b) 0.433 0.914 0.461 0.910 

ΔEVAP (equation 4.3) 15.77 15.82 15.75 15.70 

ΔEVAP (equation 4.4) 15.74 15.64 15.78 15.88 

ΔEVAP (equation 4.6) 15.23 15.12 15.67 15.22 

ΔEVAP (exp) 15.70  15.82  

 

 

4.3.5 MD validation of GO results 

 

In table 4.7 GO results for ΔEVAP after cyclic annealing (lowest value of gas and liquid phase 

energies after three cycles of 20 ps, GO3) and after the full MD run of 360 ps plus 8 ps cooling to 0 

K (GO4) are collected together with the results obtained during the full MD run of 360 ps at 300 K 

(MD). 

From table 4.7 it follows that lowest deviations (Res) from experimental data of ΔEVAP were 

obtained for PM3 atomic charges with mean absolute deviations of 0.37 to 0.50 kcal mol-1, whereas 

values for 6-31G** charges range from 0.52 to 0.59 kcal mol-1. For both types of charges GO3 

results are slightly better than GO4 and MD results, reflecting the way 9/5 Å summation cut-offs 

and scaling factors of 1.58 and 5.65 were determined. However, a slight increase of the scaling 

factor for PM3 from 1.58 to 1.79 (results not shown here) leads to a more equal value of mean 

residuals of 0.41, 0.47 and 0.38 kcal mol-1 for GO3, GO4 and MD, respectively. Only a few 

compounds (see italics in table 4.7) show deviations around 1.0 kcal mol-1 or higher: citronellal for 

PM3 and cinnamaldehyde plus cineole for 6-31G**. 

As no results are found systematically different for GO3, GO4 and MD, GO3 may be 

chosen as the least time consuming method. The reason of the similarity of MD and GO results lies 

in the equality of the increase of energies going from GO to MD (E MD-GO in the table) for both 

the gas and the liquid phase as suggested in the Methods section. In all cases this difference is 
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within some tenths of a kcal/mol equal to 1.5NatRT (see italics in table 4.7). Therefore, it will 

largely cancel in the calculation of ΔEVAP. This means (neglecting thermal expansion effects) that 

on heating the system from 0 to 300 K both the potential and kinetic energy increases by 1.5NatRT 

for the gas and the liquid phase.  

In a few cases (see footnote of table 4.7) minor problems were met with obtaining proper 

equilibrium in MD runs leading to mean values based on sample periods lower than 360 ps. 

 

 

4.4 Discussion and conclusions 

 

We have found which combination of AMBER96 force field parameters, electrostatic charges, 

scaling factors, summation cut-offs and general approach leads to an appropriate method for the 

prediction of the energy of vapourization of monoterpenes and similar compounds. 

Switched outer / inner summation cut-offs of 9/5 Å turned out to allow the use of unscaled 

van der Waals interactions and to be the most accurate ones leading to mean deviations of 

experimental energies of vapourizations within 0.4 to 0.5 kcal mol-1 for PM3 and 6-31G** charge 

models, respectively. Cornell et al. [3] applied a similar 8 or 9 Å as summation cut-off in quite 

another method using no switching function at all and 6-31G* charges fitted to the molecular 

electrostatic potential in a restrained way (RESP). For the deviation of free energies from 

experimental values they found similar values. They did not study the cut-off dependence of 

energies, but suggested that long range electrostatic could require higher cut-offs than 8 or 9 Å. We 

found (see figure 4.2) that the electrostatic interaction can vary by up to around one kcal mol-1 after 

proper scaling (with factors of 1.58 and 5.65 for PM3 and 6-31G** charges) on changing 

summation cut-offs by 1 Å for a certain compound. Moreover, variation differed both for 

compounds and for charge models and showed no regular decrease or increase with summation cut-

off. This result is in accordance with Steinbach and Brooks [8] who found an even larger variation 

for nonswitching methods. These authors suggested using switched summation up to 12 Å in order 

to damp fluctuation of electrostatic energy. We found that this high cut-off value does not allow the 

use of unscaled van der Waals interactions (see table 4.4). As expected, Van der Waals interactions 

displayed a regular increase with summation cut-offs. We conclude that only an increase of 

summation cut-offs in combination with changed AMBER96 van der Waals parameters could 

improve substantially the accuracy of the prediction of the energy of vapourization of compounds 

other than those used for the derivation of these parameters. 
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Table 4.7. 6-31G** (Sest = 5.65) and PM3 (Sest = 1.58) results (kcal mol-1) of calculated energy of 

vapourization (ΔEVAP, plus residuals, Res) for GO after threefold cyclic annealing (GO3), GO after full MD 

(GO4) and for the full MD run (MD). 1.5 NatRT amounts to the contribution of an equipartition rule at 300 K 

(see text)a. Abbreviations of compounds: see table 4.1. 

Property CAM CAR CIN CINE CIT EUG LIM MYR PUL THY Res. 

Mean 

1.5NatRT 24.14 22.36 16.10 25.93 25.93 21.46 23.25 23.25 24.14 22.36  

PM3            

EGAS MD-GO3 24.40 22.48 16.05 25.94 25.75 22.08 22.82 22.72 24.36 22.07  

EGAS MD-GO4 24.40 22.48 16.05 25.94 25.76 22.08 22.82 22.72 24.36 22.07  

ELIQ MD-GO3 24.35 22.06 16.07 25.69 26.16 21.88 23.12 23.38 23.98 21.87  

ELIQ MD-GO4 24.43 22.53 16.40 25.66 26.20 21.88 23.12 23.38 24.33 22.36  

ΔEVAP GO3 12.04 15.84 14.08 12.62 14.72 15.65 11.69 11.44 14.46 15.85  

Res 0.59 -0.14 0.12 -0.51 -1.28 -0.40 -0.34 0.05 -0.23 -0.03 0.37 

ΔEVAP GO4 12.12 16.30 14.42 12.60 14.74 15.65 11.69 11.44 14.80 16.35  

Res 0.51 -0.60 -0.22 -0.49 -1.30 -0.40 -0.34 0.05 -0.57 -0.53 0.50 

ΔEVAP MD 12.09 16.25 14.07 12.88 14.30 15.85 11.51 11.04 14.83 16.06  

Res 0.54 -0.55 0.13 -0.77 -0.86 -0.60 -0.16 0.45 -0.60 -0.24 0.49 
aDeviations of the equipartition rule (E MD-GO compared to 1.5 NatRT) higher than 0.3 kcal mol-1 and deviations of 

ΔEVAP from the experimental value higher than 1.0 kcal mol-1 are marked by values in italics. Standard deviations of 

MD runs were all below 0.10 kcal mol-1 both for the gas and the liquid phase. Exeptions are: EGAS 6-31G** of carvacrol 

(0.15 kcal mol-1) and myrcene (0.12 kcal mol-1); PM3 of limonene (0.15 kcal mol-1) and myrcene (0.18 kcal mol-1).  

 

The method by which we calculated electrostatic interaction includes the use of scaling 

factors, which depend of the type of quantum mechanical charge calculation and the set of 

compounds used. Of course we cannot state that the scaling factors found here can be used for 

compounds other than the CHO type of compounds we tested. This should be an objective of 

further research. In addition, one could ask whether scaling itself is a proper procedure of 

calculating electrostatic contribution. Cornell et al. [3] applied RESP charges based on 6-31G* 

quantum mechanical charges without further scaling. Some of the reasons they give are the non-

empirical character of these charges and their possible use also in cases of transition states 

(reactivity calculation). Further, they point at the theoretical advantage of RESP in view of the 

proper reproduction of empirical molecular electric moments and electrostatic potentials. In their 

conclusion they suggest the possible improvement of the calculation of conformational energies by 
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Table 4.7. continued. 

Property CAM CAR CIN CINE CIT EUG LIM MYR PUL THY Res. 

Mean 

1.5NatRT 24.14 22.36 16.10 25.93 25.93 21.46 23.25 23.25 24.14 22.36  

6-31G**            

EGAS MD-GO3 24.23 22.79 16.13 25.89 25.41 21.81 22.77 23.00 24.40 22.49  

EGAS MD-GO4 24.23 22.79 16.13 25.89 25.41 21.81 22.93 23.00 24.40 22.49  

ELIQ MD-GO3 24.35 22.26 16.20 25.80 26.04 21.67 22.93 23.50 24.06 22.43  

ELIQ MD-GO4 24.44 22.78 16.20 25.89 26.28 22.01 23.19 23.50 24.21 22.52  

ΔEVAP GO3 12.09 15.33 13.08 13.74 14.00 15.29 11.25 11.43 14.51 15.30  

Res 0.54 0.37 1.12 -1.63 -0.56 -0.04 0.10 0.06 -0.28 0.53 0.52 

ΔEVAP GO4 12.18 15.85 13.08 13.82 14.25 15.63 11.36 11.43 14.66 15.39  

Res 0.45 -0.15 1.12 -1.71 -0.81 -0.38 -0.01 0.06 -0.43 0.43 0.55 

ΔEVAP MD 11.97 15.86 13.01 13.83 13.37 15.43 11.09 10.94 14.85 15.36  

Res 0.66 -0.15 1.18 -1.72 0.07 -0.18 0.26 0.56 -0.62 0.46 0.59 
aIn 5 cases problems were met with obtaining proper equilibrium values for MD energies: 6-31G**, EGAS of 

cinnamaldehyde and citronellal; PM3, EGAS of limonene and myrcene, ELIQ of thymol. In those cases only 120 ps or 240 

ps values were selected in stead of 360 ps. 

 

 

empirical adjustment of charges at the cost, however, of generality and simplicity of the model. 

Here we comment that during the use of RESP charges in AMBER96 (as in other force fields), 

electric moments and electrostatic potentials will change due to the change of molecular structure 

and that true atomic charges present in condensed phases are still not known. Thus we conclude that 

the scaling of PM3 and 6-31G** charges we applied turned out to be appropriate at least for CHO 

compounds, is simple and can in principle treat transition states. The rather similar accuracies 

obtained by quite different charge models and the slightly better performance of the PM3 than the 

theoretically superior 6-31G** model suggest that improvement of results will mainly be obtained 

by increasing summation cut-offs or making these infinite as in the Ewald method and not by 

improving charge models. This will also hold for the improvement of charges in combination with 

OPLS force field parameters as proposed by others [14]. 
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In addition to non-H-bond atom charge scaling we derived separate scaling factors for atoms 

involved in H-bonds as in carvacrol and thymol. Scaling factors were derived by fitting to the 

energy of vapourization of water and our best (MD) results (see table 4.7) reproduced experimental 

energies of vapourization of carvacrol and thymol within 0.5 kcal mol-1. Here we add, without 

giving further data, that the energy of vapourization of methanol was reproduced within 0.3 kcal 

mol-1 via our method using PM3 charges. We must admit that this specific scaling of hydroxy H-

bond contributions, though easy to carry out, is not as elegant as the method of Cornell et al. [3] and 

may lead to additional specific scaling of other types of H-bonds yet to be studied. These authors 

obtained, without scaling, results for the free energy of solvation of various low molecular weight 

neutral model compounds, with and without H-bonds, deviating up to 0.5 kcal mol-1. However, it is 

not known how well their method reproduces energies of vapourization of water and of CHO 

compounds with weak or a small number of H-bonds such as carvacrol and thymol. Moreover, it is 

not known how far their free energy calculation, which essentially needs the comparison with the 

free energy of a reference compound, adequately reproduces energies in cases where compensation 

of effects in electrostatic energies in test and reference compounds are excluded. Finally, we 

comment that both in their and in our method the directionality (H-bond angle dependence) of H-

bond energy is neglected in contrast to the older method of Weiner et al. [5,6], where H-bonding is 

included in van der Waals like angle dependent contributions. The latter, however, have been 

derived in order to optimize the calculation of structures and not of energies, which could be the 

subject of further study. 

As a final result of our study we demonstrated that for the pertinent CHO compounds 

geometrical optimization in combination with short molecular dynamics runs up to 60 ps at a 

maximum provides values for the energy of vapourization deviating by less than 0.3 kcal mol-1 

from full MD results both in the gas and liquid phase (see table 4.7). Only a few exceptions with 

moderately higher deviations were found. If this finding would hold more generally this would lead 

to a substantial reduction of computational time in the order of factors up to 10. In some earlier 

studies we already applied this finding in connection with other force field parameters [9,15,16]. In 

the method and result section we already suggested that this finding will be caused by an equal 

increase of potential energy of the gas and liquid phase (of 1.5 NatRT) on going from the 0 K energy 

at the molar volume of 300 K (equal to the geometrical optimization result under neglect of thermal 

expansion) to the actual temperature of T = 300 K (the molecular dynamics result). As an 

explanation of this phenomenon we recall that for a canonical ensemble (N, V, T constant) each 

square kinetic and potential energy term in the Hamiltonian contributes by 0.5 RT to the total 
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energy or 0.5 RT per degree of freedom: equipartitioning of energy [17,18]. It is well known that 

the kinetic energy contribution is a sum of squares in atomic momenta or velocities amounting to 

3Nat degrees of freedom and that this will result into a kinetic energy of the system of 1.5 NatRT, a 

value which is used for the definition of temperature also in a microcanonical (N, V, E constant) 

ensemble as we [7] and others [19,20] did. This assumption will also hold when scaled velocities 

are used, especially when coupling to a constant temperature heat bath is weak (we used a coupling 

constant of 3.2 ps). A microcanonical ensemble can be constructed from a canonical ensemble by 

selecting states with identical energy from the latter. These states will have the same distribution of 

energy over the kinetic and potential energy as in the canonical ensemble. Thus it is reasonable to 

assume that the same contribution of 1.5 NatRT will come from the potential energy as from the 

kinetic energy provided that each of the Nat atoms move in a (square) harmonic potential or force 

field. The AMBER96 force field (see equation 4.1) has square contributions originating from bond 

stretching and angle bending both having relatively high force constants (see table 4.2). Torsions 

will only be square when the torsion angles are close to their reference values. In that case the 

cosine contribution will approach the value of [1 – 0.5 (nϕ - ϕo)2]. Van der Waals and electrostatic 

contributions will never be completely harmonic. However, van der Waals contributions to the 

derivatives of the potential to atomic coordinates (force constants) will be small. They die off 

rapidly with atomic distance. In contrast, electrostatic contributions will die off slowly and may 

cause substantial deviations from the equipartitioning of potential energy. Apparently, they are still 

not very important in a quantitative sense in our CHO compounds after proper scaling of 

electrostatic charges and energy. A more detailed study of the equipartitioning theorem is in 

preparation. 
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“One of the major difficulties with molecular mechanics procedures 

(MM+ or otherwise) is that they almost always fail.” 

Hyperchem® Computational Chemistry manual 
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Abstract 

 

The use of the molecular mechanics AMBER force field (FF) to predict product profiles for the 

hydroxylation of the monoterpenes 1R-camphor, 1S-camphor, 1R-norcamphor, 1S-norcamphor and 

camphane by the enzyme cytochrome P450cam from the soil bacterium Pseudomonas putida was 

investigated. Predictions were carried out by applying multiple substrate (starting) orientations in 

the enzyme pocket in two procedures: a procedure based on molecular dynamics (MD) and a 

procedure based on short MD simulations followed by geometry optimisations. The latter (GO) 

procedure is faster and enabled the use of more monoterpene starting orientations. Monoterpene 

orientations were transformed into product profiles by applying both energetic and geometrical 

criteria appropriate for the (monoterpene) hydrogen abstraction reaction. Good predictions 

compared to experimental data were obtained for most compounds in both the MD and GO 

procedures. Prior to the product profile calculations, the FF was calibrated by reproducing the 

experimental data for the binding energy of 1R-camphor and 1S-camphor to P450cam and the 

energy of vapourization of water. Focus of the calibration was on the value for the scaling factor for 

the electrostatic interactions. 

 

 

5.1 Introduction 

 

Molecular modeling is an emerging technique in environmental chemistry research. We have 

recently applied 3D force field (FF) methods to calculate enthalpies of contaminant transfer from 

water to dissolved organic carbon (DOC) [1,2] and membrane lipids [3]. These studies illustrated 

the advantages of using FF over other methods, i.e. the explicit and mechanistic treatment of 3D 

molecular structure and interactions of both the contaminant and the media with which it interacts. 

In addition, FF methods allow the direct calculation of properties without the need of further 

(QSAR) regression. Our current focus is on the application of FF methods to the prediction of 

product profiles for enzymatically catalysed reactions. This type of application may be used to 

predict transformation pathways of contaminants. 

FF methods to predict product profiles for the hydroxylation of monoterpenes as catalysed 

by the enzyme cytochrome P450cam (P450cam) from the soil bacterium Pseudomonas putida have 

been described in the literature [4-8]. These studies were based on the use of molecular dynamics 

(MD) and the use of reactivity descriptors to transform the simulation trajectories into product 
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profile predictions. Although successful, the MD approach is computationally demanding, making 

it less attractive as predictive tool. 

In the present study, we investigated whether the MD approach can be replaced by a 

computationally less demanding geometrical optimisation (GO) procedure. In the GO procedure 

several substrate starting orientations were subjected to a short MD simulation in which the system 

is heated to 300 K, equilibrated and subsequently cooled to 0 K. Average product profiles were 

calculated by weighing the contribution of each 0 K structure by a Boltzmann factor based on the 

substrate-enzyme interaction energy. The monoterpenes included in this study were 1R- and 1S-

camphor, 1R- and 1S-norcamphor and camphane. These substrates are enantiomers or differ in size 

and capabilities for specific interactions with P450cam (e.g. H-bonding). The results were 

compared to product profiles obtained via the full MD procedure, predictions by others [4-8] and 

experimental literature data [4,9,10]. 

A general difficulty with the use of FFs is to make proper choices for the many technical 

settings (e.g. charge model, scaling of atomic charges and truncation of nonbonded interactions). 

One way to deal with this problem is to calibrate the technical settings by reproducing an 

experimental value for an endpoint related to the endpoint of interest. In this study, the FF was 

calibrated by reproducing the experimentally known binding enthalpy (ΔHB) values for both 1R-

camphor and 1S-camphor [11] and the energy of water (H2O) vapourization (ΔEVAP(H2O)) [12]. 

Focus of the calibration was on the contribution of the nonbonded electrostatic energy, the 

contribution of which can be altered by changing the value for the scaling factor for the electrostatic 

interactions (Sest). 

 

 

5.2 Method 

 

5.2.1 Force field (FF) calculations 

 

Theory and methods for FF calculations were described in detail elsewhere, see e.g. [13]. In this 

study, the 1984/1986 AMBER FF [14] updated using parameters from Cornell et al. [15] was used. 

The FF calculates the potential energy (E) of a system as a function of the atomic coordinates and 

includes contributions of bonded and nonbonded interactions. The latter includes intra- and 

intermolecular interactions between atoms of the van der Waals, H-bonding and electrostatic type. 

The electrostatic energy (Eest,ij) is calculated by Eest,ij = qi qj (D Ri,j)-1, in which qi and qj are the 
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atomic point charges on atoms i and j, respectively, Rij is the distance between these atoms and D is 

the dielectric constant and by summing this energy for all atom pairs in the system. The D was 

multiplied by a constant scaling factor (Sest). The value for Sest was the focus of the FF calibration. 

Truncation of nonbonded interactions at a certain distance (the cut-off distance) was only applied in 

calculations involving periodic boxes.  

Two procedures to calculate energies and product profiles were applied. The first (MD) 

procedure is based on MD simulations with data collection after equilibration at 300 K. The 

temperature was kept near the desired value (T0) by coupling the system to a simulated heat bath at 

T0, with a temperature relaxation time of τ. The velocities were scaled at each time step (Δt) by a 

factor λ, where λ = [1+Δt/τ(T0/T-1)]1/2. A constant temperature and potential energy, as judged from 

a visual inspection of the T and E versus time plot, was used as the criterion for equilibrium. The 

second procedure is based on short MD simulations with final cooling to 0 K. The cooling to 0 K 

was often (partly) replaced by a geometry optimisation (GO) and therefore will referred to as the 

GO procedure. 

 

5.2.2 Molecular structures and atomic charges 

 

The 1R-camphor bound P450cam crystal structure was downloaded from the Brookhaven database 

(PDB ID: 2cpp) [16]. H atoms were added resulting in charged or neutral amino acid side chains 

depending on their pKa value. H2O number 515 was replaced by a potassium ion. The atomic 

charge on the Fe atom was set to +1 and further parameters for the enzyme porphyrin moiety (the 

heme group) were taken from [6,17]. In order to model the biologically active Fe-O intermediate in 

the product profile calculations, an O atom was placed perpendicular to the porphyrin plane (heme) 

opposite to the cysteine ligand at a distance of 1.7 Å from the Fe atom and the charges on the Fe 

and O atom were set to 1.5 and -0.6, respectively [18]. The entire system consisted of 7106 atoms. 

This structure was geometrically optimised to a root-mean-square gradient of less than 0.01 kcal 

mol-1 Å-1 (RMS < 0.01). This optimised enzyme structure was used as a template for all calculations 

involving the enzyme. In further calculations, we used a sphere selection which was made by 

selecting all amino acid residues within approximately 16 Å from the heme Fe. The residues below 

the plane of the heme were deselected resulting in a final selection of 1619 atoms (without 

substrate). Atoms not within this sphere were frozen to their optimised coordinates in all further 

calculations. 
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Figure 5.1. Molecular structures and atom charges of the monoterpenes used in this study. The atom 

numbering in the 1S-camphor structure applies also to the other structures. The average H charges are +0.126 

e (camphor), +0.137 e (norcamphor), and +0.111 e (camphane). 

 

 

Figure 5.1 shows the structures of the monoterpenes, the applied atom numbering and the 

calculated atom charges. The atom charges were calculated by 6-31G** ab initio single point 

calculations on PM3 optimised structures (RMS < 0.01). For the enzyme we found as average 

methyl carbon charges, q (C) = -0.351 e, the average carboxyl oxygen atom charge, q (O) = -0.572 

e and the average (carbon bound) H atom charge, q (H) = +0.059 e. These may be compared to the 

atomic charges on camphor C8, C9 and C10, camphor carbonyl O and camphor H, respectively. For 

H2O, q (O) = -0.834 e and q (H) = +0.417 e. 

Standard periodic boxes available in the software (see below) were used to model bulk H2O. 

It was adopted from Jorgensen’s equilibrated box of 216 H2O (dimensions x, y, z = 18.70 Å) 

described by the TIP3P potential function [12]. When a molecule is solvated in a periodic box, the 

programme removes the H2O molecules within 2.3 Å (default value) from the solute.  
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5.2.3 Calibration of the dielectric scaling factor (Sest) 

 

The value for Sest was calibrated on the experimental ΔHB (1R-camphor), ΔHB (1S-camphor) and 

ΔEVAP (H2O). Figure 5.2 (left side) shows how ΔHB was measured by experiment. As the volume 

change on camphor binding to P450cam is small, the binding enthalpy will be approximately equal 

to the binding energy, i.e. ΔHB = ΔEB. The substrate-free P450cam contains six H2O in the active 

site pocket (“the H2O cluster”) which are expelled on 1R-camphor binding [19,20]. Figure 5.2 (right 

side) illustrates that for the calculation of ΔEB the energies of four systems (I, II, III and IV) were 

required: 

 

ΔEB = III + IV - I – II          (5.1) 

 

For ΔEVAP (H2O) we write the following equation: 

 

ΔEVAP (H2O) = E (H2O in vacuo) – E (H2O in bulk water)     (5.2) 

 

Here, E (H2O in bulk water) is the average energy of a H2O molecule in a H2O box and E 

(H2O in vacuo) is the energy of a single H2O in vacuum. The calculation of ΔEB (equation 5.1) and 

ΔEVAP (H2O) (equation 5.2) were based on intermolecular interactions only. The computations were 

performed for Sest = 1, 1.5, 2 and 3 for all four systems. For the MD energy calculations, at least 100 

structures (“snapshots”) were saved in regular time intervals. For each simulation, or for each of the 

substrate orientations observed, 10 snapshots were saved for geometry optimisation (RMS < 0.01). 

Computational details for each of the four systems I to IV were as follows. 

 

(I), (IV) For the periodic box calculations a 5.35 – 9.35 Å switched cut-off for nonbonded 

interactions was applied. The boxes were heated in 20 ps to 300 K followed by at least 100 ps of 

equilibration and 1000 ps of data collection (Δt = 0.0002 ps; τ = 0.1 ps).  

 

(II) The structure of the substrate-free enzyme was constructed by replacing the 1R-camphor 

in the enzyme template by the H2O cluster copied from the crystal structure for the substrate-free 

enzyme (PDB ID: 1phc) [16]. After optimisation, the sphere selection was heated to 300 K in 20 ps 

followed by at least 10 ps of equilibration and 100 ps of data collection (Δt = 0.0005 ps; τ = 0.1 ps). 
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(III) For the 1R-camphor-P450cam complex, the structure has been described above. For the 

1S-camphor-P450cam complex, three 1S-camphor binding orientations were constructed (A, B and 

C). Orientations A and B were based on the crystal structure of the 1S-camphor-P450cam complex, 

which suggests that 1S-camphor binds in at least two orientations [21]. In one of these orientations, 

the H-bond between the 1S-camphor CO and the Tyr-96 OH was present (B) while in the other, it 

was not (A). Orientation C was based on a low energy orientation observed in the (GO) product 

profile calculations. Similar to orientation B, the H-bond was present but the C5 and C6 camphor 

carbon atoms were orientated towards the Fe instead of the C8 and C9 in case of orientation B. An 

experimental study suggested that one H2O remains in the active site pocket on binding of 1S-

camphor [11]. In order to investigate the potential influence of this H2O on ΔEB (1S-camphor), a 

snapshot was taken from the “orientation A” simulation at t = 62.6 ps and a H2O molecule was 

positioned between the 1S-camphor and the heme Fe. From a short stable simulation, four snapshots 

separated by 0.5 ps were saved in separate files. These were used in short (10 ps) simulations in 

which the H2O was held fixed at the original position. The computational settings were similar to 

those used for system II. 

 

5.2.4 Calculation of product profiles 

 

MD and GO procedures. Table 5.1 summarizes the optimised (RMS < 0.01) MD starting 

orientation for 1R-camphor (rcam), 1S-camphor (scam), R-norcamphor (rnor), S-norcamphor (snor) 

and camphane (phane), together with main computational settings. RcamA was based on the H-

bonded crystal structure orientation. For scamA and scamB, snapshots were taken from the 

corresponding ΔEB MD simulation runs. ScamE was based on a low energy orientation observed in 

the GO procedure and corresponds to orientation C of the ΔEB calculations. RnorA, snorB and 

phaneA were constructed by superimposing their structures on 1R-camphor in rcamA. The other 

starting orientations (rcamB, rcamC, scamC, scamD, snorA) were chosen in such a way that they 

were substantially different from each other. Snapshots were saved in 0.1 ps intervals. 

Two slightly different GO procedures were applied (GO1 and GO2). In the GO1 procedure, 

we made use of the MD simulations described above. Five snapshots of the substrate orientation 

observed directly after the equilibration phases were saved for optimisation (RMS < 0.01). In the 

GO2 procedure, 1S-camphor was manually orientated in a H-bonding position with Tyr96 OH and 

with the C5 and C6 towards the Fe-O. Camphane was orientated similarly as in the MD 

simulations.  
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Figure 5.2. Schematic representation of the bonding of camphor to P450cam in an experiment (left side) and 

a simulation (right side). The symbols used are explained in the key. On binding of 1R-camphor, six H2O 

molecules are released from the P450cam pocket. The simulation part shows four systems (see text) that all 

need to be simulated in order to yield results comparable to experimental values. 

 

 

These orientations were used to generate a total of 16 (camphane) and 21 (1S-camphor) orientations 

by systematically rotating the substrates around software-defined axes. The GO2 procedure 

consisted of geometry optimisation of the docked substrate and sphere selection (RMS < 0.01), 

followed by a 10 ps MD heating phase, 3 ps MD simulation at 300 K and 7 ps MD cooling to 50 K 

(Δt = 0.001 ps; τ = 0.1 ps), after which a second geometry optimisation took place (RMS < 0.01). 

Owing to time constraints the GO2 procedure was not applied to the other substrates. 
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Transformation of raw trajectories/structures into product profiles. Each of the observed 

substrate orientations were transformed into product profile predictions by simultaneously applying 

thermodynamic and geometrical criteria based on the H-abstraction step in P450cam catalysis. The 

thermodynamic criterion was based on the assumption that the rate of H-abstraction is proportional 

to the stability of the radical intermediate formed in this step. Since secondary carbon radicals have 

lower energies than primary carbon, secondary bridgehead carbon and tertiary carbon radicals, we 

applied the criteria that hydroxylation takes place exclusively on non-bridgehead secondary 

carbons. Figure 5.3 clarifies the geometric criteria. The geometric criteria were that the distance 

between the substrate H atom to be abstracted and the Fe-O (distance HS-OFE) as well as the angle 

between the C-atom to which the H is attached, the H atom and the Fe-O (angle CS-HS-OFE) should 

be within certain values. 

 
Figure 5.3. Structure of 1R-camphor (with only C5 H atoms) and (part of) the P450cam heme. 

 

The geometric criteria were derived from the 1R-camphor computational and experimental 

[9,10] results. For HS-OFE we tested distances between 2 and 4.5 Å in 0.5 Å intervals. For CS-HS-

OFE we tested all possible angles in 5° intervals. When two C atoms were simultaneously assigned 

as “reactive”, we assumed both hydroxylated products to be formed. When according to the set 

criteria none of the (secondary C-) H atoms were available for hydroxylation, the snapshot was 

“non-reactive”. In case of the MD simulations, the percentage of reactive snapshots was calculated 

(%r). In most P450cam product profile studies %r is compared with the experimentally measured 

hydroxylation efficiency or “coupling”, which is the percentage of NADH used for product 

formation. For 1R-camphor, the coupling is almost 100 % [9,10]. We classified a set of criteria as 

acceptable when the calculated regiospecificity and coupling deviated less than 15% and 20%, 

respectively, from the experimental values. The acceptation values were approximately 2 and 3 

CS 

HS 

OFE 
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times the estimated uncertainty, respectively. The criteria found for the GO1 procedure were 

applied also to the GO2 procedure. 

 

Pooled product profiles. The product profiles for each observed substrate orientation were 

combined into “pooled production profiles” (%C#pooled). These were the interaction energy (Ei) 

weighed average of the observed orientations: %C#pooled = Σn [ %C#n × Bn / Σ Bn ], for n = the 

number of reactive orientations to be pooled. B is the Boltzmann type energy weighing factor: Bn = 

exp [ -En,i / (R T) ]. For the MD results, pooled predictions were calculated by also correcting B for 

%r. Thus, Bn was replaced by %r Bn. The MD results without and with correction for %r will be 

referred to as MD1 and MD2, respectively. 

 

5.2.5 Calculation of Uncertainties 

 

For the energy calculations, statistics were derived by analysing the simulation data for each 

orientation in 30 ps intervals (MD procedure) or from the snapshots saved for each substrate 

orientation (GO procedure). The standard deviation of ΔEB was 6 kJ mol-1 for both the MD and GO 

results. The standard deviations in Ei were 0.9 kJ mol-1 and 0.7 kJ mol-1 in case of the MD and GO 

results, respectively. The standard deviations for ΔEVAP (H2O) were 0.2 and 0.4 kJ mol-1 for the MD 

and GO procedure, respectively. 

For the MD results, the observed variation in regio-specificity based on 30 ps time intervals 

was usually more accurate than ± 10%. The variation in %r was usually more accurate than ± 7%. 

In case of the GO procedure, the individual geometry optimised snapshots often yielded identical 

results. In some cases, the variation was larger. For example, four snapshots may suggest 100 % C5 

hydroxylation while one snapshot suggests 50 % C5 and 50 % C6 hydroxylation. Together this 

yields a prediction of 83 % C5 and 17 % C6 hydroxylation (snorB2). Unavoidably, the variations in 

the pooled product profiles were larger. However, since in general one low energy orientation 

dominated in the pooled product profile, this increase was probably insignificant. 

 

5.2.6 Hardware and Software 

 

All calculations were performed on a 600 MHz Pentium III PC using the Hyperchem® version 5.1 

software package [22]. Typical computation times were 10 to 15 ps d-1 and 1 geometry optimisation 

h-1 for an enzyme simulation and optimisation, respectively. 
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Table 5.1. Starting orientations and settings for 1R-camphor (rcam), 1S-camphor (scam), 1R-norcamphor 

(rnor), 1S-norcamphor (snor) and camphane (phane) product profile MD calculations. For explanation of 

symbols: see text. 

Run code 

 

Sest
b 

 

τ (ps) 

 

t (ps)d 

 

Distance Fe-O to substrate C# 

 

  H-bond ?e 

 

    C3 C5 C6  

rcamA1 1 0.1 120 5.725 3.250 3.637 yes 

rcamA2 1 4.0 155 5.725 3.250 3.637 yes 

rcamA3 1.5c 0.1 120 5.718 3.245 3.616 yes 

rcamA4 2c 0.1 120 5.724 3.253 3.596 yes 

rcamB 1 4.0 155 2.865 5.125 5.521 no 

rcamC 1 4.0 155 3.890 5.559 6.218 no 

scamA1 1 0.1 415 3.5333 5.8451 6.0140 no 

scamA2a 1 0.1 160 3.5334 5.8452 6.0141 no 

scamA3a 1 0.1 160 3.5334 5.8452 6.0141 no 

scamA4 1 4.0 160 3.5334 5.8452 6.0141 no 

scamA5 1.5c 0.1 120 3.550 5.862 6.010 no 

scamA6 2c 0.1 120 3.585 5.888 6.023 no 

scamB 1 0.1 420 5.843 5.813 6.006 yes 

scamC 1 0.1 325 3.593 3.303 3.335 no 

scamD 1 0.1 160 4.880 3.134 4.463 no 

scamE 1 0.1 160 5.743 3.292 3.396 yes 

rnorA1 1 0.1 195 5.024 3.249 4.503 yes 

rnorA2 1 4.0 150 5.024 3.249 4.503 yes 

snorA1 1 0.1 132 6.110 3.979 3.547 yes 

snorA2 1 4.0 150 6.110 3.979 3.547 yes 

snorB1 1 0.1 120 5.695 3.281 3.477 yes 

snorB2 1 4.0 390 5.695 3.281 3.477 yes 

phaneA1 1 0.1 150 5.754 3.293 3.656 no 

phaneA2 1 4.0 140 5.754 3.293 3.656 no 
aIdentical initial geometry but different initial velocities. bThe value for Sest was obtained by the calibration procedure. 
cThese values for Sest were inlcuded for comparison and were not used in the calclulation of pooled product profiles. 
dSimulation times include a 10 ps heating phase and at least a 5 ps equilibration phase (Δt = 0.001 ps). eH-bond between 

substrate carbonyl O and Tyr-96 OH. 
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5.3 Results 

 

5.3.1 Calibration of the dielectric scaling factor 

 

Results for water. Table 5.2 lists a selection of the calculated ΔEB (1R-camphor), ΔEB (1S-

camphor) and ΔEVAP (H2O) as a function of Sest, together with the experimental data. The results for 

Sest = 1.7 were calculated by linear interpolation between the results obtained with Sest = 1.5 and Sest 

= 2. A value of Sest between 1.5 and 2.0 resulted in agreement between the calculated and 

experimental ΔEVAP (H2O). In the MD procedure, Sest = 1.7 resulted in good agreement between the 

calculated and experimental ΔEVAP (H2O), whereas the calculated value in the GO procedure was 

somewhat high. This value, however, still seems very reasonable. 

 

Results for 1R-camphor. In the 1R-camphor simulations the substrate did not change its 

orientation. No agreement between the calculated and experimental ΔEB (1R-camphor) was 

obtained by using the same Sest for both the P450cam (figure 5.2, systems II and III) and the bulk 

H2O calculations (figure 5.2, systems I and IV). Agreement was obtained by using combinations of 

separate scaling factors for the systems II plus III and systems I plus IV and in general, for Sest
 I,IV > 

Sest
 II,III. Invoking the ΔEVAP (H2O) calculations, we found that a value of Sest

 I,IV between 1.5 and 2.0 

and a value for Sest
 II,III of approximately 1 (i.e. no scaling) resulted in both the experimental ΔEVAP 

(H2O) and in the experimental ΔEB (1R-camphor) (table 5.2). The GO and MD procedures resulted 

in statistically equivalent ΔEB values for 1R-camphor. For both procedures, Sest
 I,IV = 1.7 resulted in 

statistical agreement between calculated and experimental ΔEB (1R-camphor). At Sest
 I,IV = 1.7, the 

transfer of 1R-camphor from bulk H2O to the P450cam cavity (figure 5.2, transfer I  III) resulted 

in a favourable change in van der Waals energy (~30 kJ mol-1 in both MD and GO procedures) but 

a somewhat higher unfavourable electrostatic energy change (~40 and 50 kJ mol-1 for the MD and 

GO procedures, respectively). For the transfer of H2O molecules from the P450cam cavity to bulk 

H2O (figure 5.2, transfer II  IV) we found an unfavourable energy change which could be traced 

back predominantly to the electrostatic energy contributions. So together, both transfer processes 

were unfavourable with respect to the energy contributions to 1R-camphor binding, resulting in a 

positive ΔEB. 
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Results for 1S-camphor. Two substrate orientation changes were observed in 1S-camphor 

orientation A simulation, the first during heating and the second at approximately 50 ps. Although 

ΔEB (1S-camphor) was lower for the second orientation, it was still significantly higher than the 

experimental value (Sest
 I,IV = 1.7). The effect of an additional H2O in the P450cam pocket was an 

approximately 5 kJ mol-1 less favourable van der Waals interaction energy between 1S-camphor and 

P450cam in both the MD and GO calculations. In the MD procedure, this effect was almost 

cancelled by the formation of a weak H-bond between the H2O and the 1S-camphor CO. In the 

geometry optimisations, the H2O was released from its fixed position leading to a strengthening of 

the H-bond resulting in a net stabilising effect. Still, the ΔEB values (at Sest
 I,IV = 1.7) were somewhat 

high compared to the experimental values. 

In the 1S-camphor orientations B and C simulations the substrate did not change its 

orientation. For the H-bonded orientation B the differences of 9 and 13 kJ mol-1 between the MD 

and GO results and the experimental ΔEB value (at Sest
 I,V = 1.7) could be reasonable considering the 

uncertainty of 6 kJ mol-1 for both computational and experimental results. The calculated ΔEB of the 

H-bonded 1S-camphor orientation C was in good agreement with the experimental value, for both 

the GO and MD procedures (at Sest
 I,IV = 1.7). 

 

5.3.2 Calculation of product profiles 

 

Geometric criteria. In the rcamA MD simulations, two slightly different orientations could be 

distinguished. These orientations were used to find values for the geometric criteria which would 

correctly predict the experimental product profile (100% C5-OH) and the high %r (~100%). For 

both orientations this could be achieved by applying the geometric criteria that for reactive 

orientations, HS-OFE and CS-HS-OFE should be within 3.5 Å and 60° from linear, respectively. For 

the GO1 procedure, we found that the same criteria were appropriate. 

 

Calculated product profiles. The calculated product profiles for the separate MD and GO 

calculations are listed in the supplementary table 5.5 (pages 136-139). Table 5.3 summarizes the 

pooled product profiles, together with experimental data and predictions by others. For 1R-camphor 

we found that the MD1 and MD2 predictions were identical, similar to the GO1 result and in 

agreement with the experimental data. The low percentage of C6-OH was well within the standard 

error. 

 



Chapter 5 

 124

 

Table 5.2. Binding energies of 1R-camphor and 1S-camphor to P450cam (ΔEB, kJ mol-1) and energy of 

vaporisation for H2O (ΔEVAP, kJ mol-1) calculated using both the MD and GO procedure and presented as a 

function of the electrostatic scaling factor (Sest) for bulk H2O. 

Compound 

 

Property 

 

 Calculation method 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exp. 

 

   MD     GO    

     Sest
c   Sest

c    

   Codeb time (ps) 1.5 1.7d 2.0 1.5 1.7d 2.0  

H2O ΔEVAP    47 40 28 56 49 39 42e 

1R-Camphor ΔEB    -11 25 78 -7 28 81 24±2f

1S-Camphor ΔEB  A 15-45 7 43 97 13 48 102 12±6f

 ΔEB  A 50-211 -5 31 85 0 36 89  

 ΔEB
a  A “65” 2 30 73 1 29 72  

 ΔEB  B 15-130 -14 21 75 -11 25 78  

 ΔEB  C 15-150 -21 14 68 -18 17 70  
aFive instead of six H2O expelled on substrate binding. bThe run codes for 1S-camphor refer to the starting orientation 

as described in the text. cFor calculations involving the enzyme: Sest = 1. dResults for Sest = 1.7 were obtained by linear 

interpolation of the results between Sest = 1.5 and Sest = 2.0. e[12]. f[11]. 

 

 

For 1S-camphor, the MD1 and MD2 prediction were identical, similar to the GO1 results but 

not in agreement with the experimental product profile. The dominant contribution was from the 

scamE MD simulation. Both MD and GO results for scamE suggest substantial formation of both 

C5-OH and C6-OH. A visual inspection of the structures, however, revealed that C5 is orientated 

more favourably for hydroxylation, in agreement with experiment. The GO2 procedure resulted in 

various orientations suggesting 100% C3-OH, 100% C5-OH, 100% C6-OH as well as intermediate 

product profiles. The dominant orientation, however, suggested 50% hydroxylation of both C5 and 

C6. In fact, this was the starting orientation in the scamE MD simulation. For the GO2 procedure, a 

prediction of 100% C5-OH was obtained after adjusting the angle criteria. 

For 1R-norcamphor, the MD1 and GO1 results were similar and in reasonable agreement 

with the experimental data. In this case, however, the prediction was in excellent agreement with 

the experimental data when the reactivity was included (MD2).  
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For 1S-norcamphor, the MD1,2 results were similar and in good agreement with the 

experimental data. The GO1 procedure predicted C5-OH as the main product, in disagreement with 

experiment. This was at least partly due to the sampling of non-reactive structures from the MD 

snapshots. 

For camphane, the MD1,2 and GO1 results were similar and in qualitative agreement with 

experiment. The GO2 results, however, suggested hydroxylation to take place on all secondary non-

bridgehead carbons, in disagreement with experiment. The prediction could not be improved by 

changing the geometric criteria. 

 

 

5.4 Discussion and conclusions 

 

5.4.1 Calibration of the AMBER FF 

 

We found that by using Sest = 1 for the calculations involving P450cam and Sest ≈ 1.7 for 

calculations involving bulk H2O, the calculated ΔEB (1R-camphor) and ΔEVAP (H2O) agreed with 

the experimental values. This was the case for both MD and GO calculations. For 1S-camphor we 

found that, depending on the orientation of the substrate in the enzyme pocket, ΔEB could be both 

higher and lower than ΔEB (1R-camphor). The calculations further suggested that a H2O remaining 

in the enzyme pocket on 1S-camphor binding could decrease ΔEB. The calculated ΔEB (1S-

camphor) for one H-bonded orientation was in good agreement with the experimental value. The 

same orientation resulted in a good prediction of the experimental product profile as well. For the 

product profile calculations, only P450cam-monoterpene interactions are of interest. As such, Sest 

was set to 1 (i.e. no scaling) in those calculations. 

We believe that the calibration method, i.e. calibrating Sest by reproducing the 

experimentally known binding enthalpy or other relevant well-defined endpoint, is generally 

applicable. The calibration outcome, however, may not be general. The contribution of the 

electrostatic energy depends on the value for Sest but also on the absolute values for the atomic 

charges, the applied cut-off distances for nonbonded interactions and many other computational 

settings. Also recalibration may be required for different substrates and enzymes. These points are 

illustrated by comparison of our work with the calculations by Helms et al. [23].  
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Table 5.3. Pooled MD results (MD1 and MD2), pooled GO results (GO1, GO2), experimental product 

profiles, and product profile prediction by other authors. For explanation of the methods: see text. 

 C#     
comp./calc. type 2 3 5 6 No. traj. / no. starta

rcam, exp  0 100 0  
MD1  0 97 3 4 
MD2  0 97 3 4 
GO1  0 100 0 4 
Lit. calc.  0 99 1 1 
  0 97.2 2.7 1 
  0 99.8 0.2 1 

scam, exp  0 100 0  
MD1  1 56 44 9 
MD2  1 56 44 9 
GO1  0 75 25 9 
GO2  1 50 50 21 
GO2  0 100 0 21 

rnor, exp  2 67 31  
MD1  0 52 48 2 
MD2  0 70 29 2 
GO1  0 54 46 2 
Lit. calc.  0 63 37 2 
  3 ± 2 84 ± 8 13 ± 10 3 
  4 ± 8 54 +/- 25 41 +/- 31 4 
  6.3 75 18.7 2 
  0.2 62.5 37.3 1 

snor, exp  10 28 62  
MD1  5 37 59 4 
MD2  1 37 63 4 
GO1  0 75 25 4 
Lit. calc.  0 27 ± 13 73 ± 13 3 
  3 ± 4 39 +/- 16 57 +/- 19 4 
  17.7 43.3 38.9 2 
  0.3 51.4 48.3 1 

phane, exp 0 0 90 10  
MD1 0 0 53 47 2 
MD2 0 0 49 51 2 
GO1 0 0 54 46 2 
GO2 18 39 33 9 16 
Lit. calc. 0 1.2 90.2 8.6 1 
 0 0.9 93 6.1 1 
      
aNumber of MD trajectories (no.traj.) or number of GO2 starting orientations (no.start) applied for the prediction. 
bGeometrical criteria: Geom.crit.; distance (d, Å) ± angle (a, °). cSelection sphere of residues: sphere (Å) or full protein. 
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Table 5.3. continued. 

     
Geom. Crit. (d +/- a)b Spherec / H2Od Dielectric / cut-offe Force field Ref. 

    [9,10] 
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  

3.25 ± 45 full / N R / 9.5-10.5 cvff [5] 
3.4 ± 45 16 / N R / 15 Amber86/cvff [6] 
3.4 ± 45 full / N R / 15 Amber86/cvff [6] 

    [10] 
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 50 16 / N C / none Amber86/95  

    [4] 
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 80 16 / N C / none Amber86/95  

3.25 ± 45 full / N R / 9.5-10.5 cvff [5] 
3.5 ± 45 full / N R / 11.5-13.5 cvff [7] 
3.5 ± 45 full / Y C / 12-15 cvff [4] 
3.5 ± 45 16 / N R / 15 Amber86/cvff [6] 
3.5 ± 70 13 / N C / 8 Amber86/cvff [8] 

    [4] 
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 80 16 / N C / none Amber86/95  
3.5 ± 45 full / N R / 11.5-13.5 cvff [7] 
3.5 ± 45 full / Y C / 12-15 cvff [4] 
3.5 ± 45 16 / N R / 15 Amber91/cvff [6] 
3.5 ± 70 13 / N C / 8 Amber91/cvff [8] 

    [9] 
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 60 16 / N C / none Amber86/95  
3.5 ± 80 16 / N C / none Amber86/95  
3.5 ± 80 16 / N C / none Amber86/95  
3.4 ± 45 16 / N R / 15 Amber86/cvff [6] 
3.4 ± 45 full / N R / 15 Amber86/cvff [6] 

     
dBulk H2O included explicitly (Yes or No). eDielectric model: Constant (C) or radially dependent (R). Non-bonded 

interaction cut offs: Switched (inner-outer range Å), not switched (Å), or no cut-off (none). 
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As far as we know, they are the only ones that calculated ΔEB for 1R-camphor and a number 

of structurally related compounds (not 1S-camphor) by including both 1R-camphor and H2O 

transfer effects. However, there are many computational differences between our work and Helms 

et al. [23]. They used the united atom approach in the GROMOS force field, only polar H atoms 

were modeled explicitly, atomic charges were calculated with the MNDO/ESP method, the charges 

on the united C atoms on the camphor body were set to zero, a sphere of SPC/E H2O was 

superimposed on the protein system, atoms within 15 Å of the system centre were assigned to be 

free and a twin-range nonbonded cut-off of 8 and 10 Å was applied to the dynamic atoms. Although 

their calculations resulted in a good prediction of the experimental ΔEB (1R-camphor), their result 

differs from ours with respect to the two contributing transfer processes. They found a high non-

favourable energy contribution (~60 kJ mol-1) for the transfer of 1R-camphor from bulk H2O to the 

enzyme pocket to ΔEB (figure 5.2, transfer I  III). This could be traced back predominantly to the 

change in van der Waals energy (~45 kJ mol-1). Also, in contrast to our results, they found a 

favourable change in energy due to the transfer of the H2O cluster to bulk H2O (figure 5.2, transfer 

II  IV). Due to the many differences between both studies, it is difficult to pinpoint the cause of 

the observed differences. Perhaps, it illustrates the difficulty in assigning physical meaning to the 

separate contributing energies in FF calculations. Cornell et al. [15] mentioned that their approach 

minimizes the coupling between different terms in the FF equation, but still only the total energy 

can be compared directly to experiment. 

 

5.4.2 Calculation of product profiles 

 

Thermodynamic and geometric criteria for “reactive” orientations. Thermodynamic and 

geometric criteria to transform raw MD trajectories and GO optimised structures into product 

profile predictions have been used in several other studies [4-8]. Compared to most other studies, 

we applied a more relaxed angle criterion. The use of smaller angles typically yielded (too) few 

reactive structures. However, we note that the direct comparison of the percentage of reactive 

snapshots to experimental coupling is, due to the complexity of the uncoupling mechanism, not 

generally accepted (e.g. [6]). The use of a more relaxed angle criterion compared to other studies 

may also point to an underestimation of nonbonded interactions in our study. This is discussed 

further below. 

The thermodynamic criterion as generally applied, assumes the energy of secondary carbon 

radicals to be equal. Quantum mechanical calculations suggest that this is indeed the case for 
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camphane [6]. For camphor and norcamphor, however, the formation of the C3 radical (being α to 

the carbonyl moiety) is ~6 kJ mol-1 less favourable compared to the formation of C5 and C6 

radicals [6,8]. Based on these findings, Audergon et al. [8] used carbon specific probabilities (based 

on a Boltzmann distribution) of radical formation in the product profile calculations. As the 

Brønsted relation between enthalpy of H-abstraction and the transition state enthalpy is not a perfect 

fit [24], it may further improve the criterion by applying carbon specific probabilities of radical 

formation based on calculated transition state enthalpies. In [24] a procedure is described, based on 

the AM1 semi-empirical quantum mechanical method and the p-nitrosophenoxy radical as (Fe-) O 

radical model, to estimate the H-abstraction transition state energy. 

 

Calculated product profiles. The number of changes in substrate orientation during the MD 

simulations was low. Therefore, exploration of substrate orientations in the P450cam active site 

pocket is more efficiently accomplished by the use of several substrate orientations in short MD 

simulations. In most studies by other authors multiple trajectories have been applied (see table 5.3). 

We combined the predicted product profiles obtained from different observed orientations by 

invoking Ei(substrate-enzyme) in a Boltzmann type of equation. Thus, we implicitly assumed 

Ei(substrate-enzyme) to be correlated with the lifetime of the orientation. Unfortunately, the MD 

simulations did not yield enough data to validate this assumption. We also tested the additional use 

of the “reactivity” in the calculation of pooled product profiles. While in some cases this did not 

affect the pooled predictions, in other cases it seemed to improve the predictions. The pooled (MD) 

product profile predictions were in quantitative agreement with experiment for 1R-camphor, 1R-

norcamphor and 1S-norcamphor and in qualitative agreement for camphane. For 1S-camphor, a 

significant formation of C6-OH was predicted, in disagreement with experiment. A closer 

inspection of the 1S-camphor orientation with the dominant contribution to the pooled product 

profile revealed that C5 was orientated more favourably for hydroxylation. This 1S-camphor 

orientation has also been identified in simulations by Das et al. [26], although they did not calculate 

the product profile. 

Because the GO1 pooled predictions were based on the first part of the MD simulations, a 

comparison of GO1 with MD1,2 gives insight in the potential information loss caused by excluding 

most part of the MD simulations. For 1R-camphor, 1S-camphor, 1R-norcamphor and camphane we 

found that the GO1 and MD1,2 results are similar. For 1S-norcamphor, the GO1 prediction had 

changed unfavourably compared to the MD1,2 results. This was caused by the sampling of 

unreactive snapshots from the MD results and may point at a limitation of the GO1 procedure for 
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compounds with low reactivity. Despite this, it seemed that in general, the GO1 procedure can 

replace the MD procedure. This was exploited in the GO2 procedure. In the GO2 procedure for 1S-

camphor, we identified a low energy H-bonded orientation suggesting a high percentage of C5-OH. 

We also used this orientation in the MD1,2 and GO1 procedures. In other words, the MD1,2 and 

GO1 would not have been successful without input from the GO2 procedure. 

For camphane, the GO2 results suggested hydroxylation to take place at all four potentially 

reactive C atoms, in disagreement with experiment and a prediction worse than the MD1,2 and GO1 

results. This indicates that the MD1,2 and GO1 results are biased towards the starting orientation. 

Camphane differs from the other substrates in that it does not have the CO group and therefore, 

cannot H-bond to Tyr-96 OH. As such, the (re)orientation of this substrate depends relatively more 

on van der Waals interactions. Harris and Loew [6] used the AMBER 1984/1986 force field and 

found 1R-camphor to exhibit excessive rotational dynamics, suggesting substantial C6 

hydroxylation. Based on this result, they incorporated new van der Waals parameters for sp3 and sp2 

carbons and hydrogens from the CVFF force field leading to correct product profiles for both 1R-

camphor and camphane. Other researchers also used the CVFF force field parameters (see table 

5.3). Table 5.4 compares the sp3 and sp2 carbon and hydrogen parameters in the AMBER 

1984/1986, AMBER 1995 and CVFF force fields. Compared to AMBER 1984/1986, both AMBER 

1995 and CVFF use somewhat larger and smaller minimum energy separation values for C and H 

atoms, respectively. Compared to AMBER 1995, CVFF employs larger van der Waals well depth 

values (resulting in stronger van de Waals interactions). It is conceivable that adjusting the van der 

Waals parameters in the AMBER 1995 FF leads to an improvement of the calculated product 

profiles for camphane, decreases the mobility of 1R-camphor as observed in the product profile MD 

simulations starting in orientation A and decreases the difference between the (more relaxed) angle 

criteria used in our study and those used in most other studies. 

Although this study clearly demonstrates the efficiency of the GO procedure compared to 

the MD procedure, it is likely that the time efficiency can be improved further. Rate limiting in FF 

calculations are the calculation of nonbonded interactions for which we used no cut-off. Although 

we found that long range electrostatic interactions are significant, other authors successfully applied 

nonbonded cut-offs (table 5.3). Further, time saving can possibly be obtained by reducing the MD 

simulation times in the GO procedure. It may be tempting to omit the short MD procedure 

altogether and use the optimised orientations directly after docking. Two observations, however, 

suggest that (short) MD simulations remain a necessity. The first is that the optimised docked 

orientations often changed during the MD simulation leading to another geometrical minimum. The 
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second is that in some cases the initial substrate orientation appeared to be maintained but still the 

energy of the optimised structure after the MD simulation was substantially lowered. This must be 

caused by apparently small changes in the enzyme structure leading to significant energy effects. 

 

 

Table 5.4. Van der Waals parameters in AMBER 84/86, AMBER 95 and the CVFF force field.  

Atom type 

 

Amber type 

 

Amber 84/86 

 

 Amber 95 

 

 CVFF 

 

 

  Ri
*a εi

b Ri
* εi Ri

* εi 

sp3 carbons CT 1.80c 0.25c 1.908 0.4577 1.95 0.67 

sp2 carbons C 1.85 0.502 1.908 0.360 2.03 0.619 

hydrogens HC 1.54 0.04 1.487 0.0657 1.375 0.13 
aRi

* is the minimum energy separation for two atoms of type i (Å). bεi is the van der Waals well depth for two atoms of 

type i (kJ mol-1). cEvdw,ij = Aij Rij
-12 – Bij Rij

-6, in which Aij = ((Ri
* + Rj

*) / 2)12 (εi εj)1/2 and Bij = 2 ((Ri
* + Rj

*) / 2)6 (εi εj)1/2 

 
 
 
5.4.3 Final notes 

 

Computer power is increasing rapidly by developments in both computer hardware and software. 

Despite the fact that this enables longer simulation times, there continues to be an interest in new 

methods for the efficient sampling of conformational space [25]. Das et al. [26] successfully applied 

one of these methods, multiple-copy dynamics (“locally enhanced sampling”), to simulations 

involving 1R-camphor and 1S-camphor in P450cam. Our GO procedure will also continue to be of 

interest when computer power increases. Compared to MD, the GO procedure will always enable 

the treatment of more starting orientations, larger systems and the improvement of computational 

settings (e.g. higher nonbonded cut-offs). For example, calculations on enzymes in bulk H2O 

without freezing part of the system (as in the current study) become possible. This is of interest as 

the experimental observation that P450cam does not change much on substrate binding is not a 

general property for enzymes. 

 

 

 

Supplementary tables. A supplementary table 5.5, listing the individual MD and GO results for the 

simulations listed in table 5.1, is available on pages 134-137. 
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Table 5.5. (Supplementary material) Experimental and predicted product profiles obtained by the MD and 

GO methods. 

 MD        

Exp/ 

run codea 

tb 

ps 

Ei
c 

kJ mol-1 

C# 

% 

   %rd %hbde 

   2 3 5 6   

         

Exp.f   - 0 100 0 100  

rcamA1 15-55 -81.2 - 0 100 0 86 94 

 57-117 -79.9 - 0 93 7 96 89 

rcamA2 16-33, 56-94 -81.9 - 0 93 7 95 93 

 34-55, 95-155 -82.5 - 0 100 0 86 95 

rcamA3 15-120 -76.3 - 0 100 0 83 97 

rcamA4 20-120 -69.8 - 0 100 0 86 94 

rcamB 15-155 -65.4 - 100 0 0 6 0 

rcamC 15-109, 142-155 -71.1 - 0 84 16 100 0 

 111-140 -69.5 - 0 100 0 94 0 

         

Exp.g   - 0 100 0 89  

scamA1 15-71 -76.1 - 100 0 0 100 0 

 77-415 -81.8 - 43 42 15 100 0 

scamA2 15-75 -70.5 - 100 0 0 99 0 

 95-160 -76.3 - 51 47 2 100 0 

scamA3 15-160 -76.3 - 100 0 0 100 0 

scamA4 15-55 -73.0 - 100 0 0 92 0 

 60-160 -78.7 - 45 46 9 100 0 

scamA5 15-120 -69.7 - 100 0 0 97 0 

scamA6 30-70 -67.4 - 100 0 0 99 0 

 80-110 -70.0 - 100 0 0 100 0 

scamB 15-420 -75.0 - 0 0 0 0 75 

scamC 25-325 -79.7 - 42 41 17 100 0 

scamD 15-160 -73.6 - 100 0 0 99 0 

scamE 15-160 -90.6 - 0 56 44 92 71 

         

Table continues on page 136. 
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Table 5.5. continued (Supplementary material). 

 GO       

Exp./run 

codea 

Ei (kJ mol-1) C# (%)    %r %hbd 

  2 3 5 6   

        

Exp.f  - 0 100 0 100  

rcamA1 -88.5 - 0 100 0 100 100 

 -90.8 - 0 100 0 100 100 

rcamA2 -90.7 - 0 100 0 100 100 

 -90.7 - 0 100 0 100 100 

rcamA3 -84.3 - 0 100 0 100 100 

rcamA4 -78.2 - 0 100 0 100 100 

rcamB -73.1 - 0 0 0 0 0 

rcamC -77.8 - 0 100 0 100 0 

 -76.4 - 0 100 0 100 0 

        

Exp.g  - 0 100 0   

scamA1 -81.7 - 100 0 0 100 0 

 -87.3 - 42 42 17 100 0 

scamA2 -75.8 - 100 0 0 100 0 

 -80.8 - 50 50 0 100 0 

scamA3 -82.6 - 100 0 0 100 0 

scamA4 -79.4 - 100 0 0 100 0 

 -85.5 - 45 45 9 100 0 

scamA5 -73.6 - 100 0 0 100 0 

scamA6 -71.8 - 100 0 0 100 0 

 -73 - 100 0 0 100 0 

scamB -82.5 - 0 0 0 0 100 

scamC -84 - 38 38 23 100 0 

scamD -77.6 - 100 0 0 100 0 

scamE -97.5 - 0 75 25 100 100 

        

Table continues on page 137. 
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Table 5.5. continued (Supplementary material). 

 MD        

Exp/ 

run codea 

tb 

ps 

Ei
c 

kJ mol-1 

C# 

% 

   %rd %hbde 

   2 3 5 6   

         

Exp.h   - 2 67 31 15  

rnorA1 15-195 -76.1 - 0 46 54 10 35 

rnorA2 15-50 -72.2 - 1 99 0 48 86 

 52-150 -76.3 - 0 38 62 10 41 

         

Exp.i   - 10 28 62 12  

snorA1 15-70 -74.0 - 0 15 85 27 21 

 80-132 -70.1 - 0 0 100 0 87 

snorA2 15-22 -71.0 - 0 20 80 100 68 

 27-71, 80-98 -73.5 - 0 0 100 8 15 

 99-109, 111-128, 145-147 -70.2 - 0 0 0 0 86 

 129-144, 148-150 -69.9 - 100 0 0 2 55 

snorB1 15-120 -74.6 - 0 83 17 25 70 

snorB2 15-100, 105-127, 232-390 -74.7 - 0 79 21 21 66 

 137-156, 160-180, 185-225 -70.1 - 0 100 0 0 85 

         

Exp.j   0 0 90 10 5  

phaneA1 15-150 -56.4 0 0 69 31 9  

phaneA2 15-140 -59.4 0 0 48 52 98  

         

Geometrical criteria in MD: 1R-camphor: HS-OFE < 3.5 Å and CS-HS-OFE < 60° from linear. 1S-camphor: HS-OFE < 3.5 

Å and CS-HS-OFE < 60° from linear. 1R-norcamphor: HS-OFE < 3.5 Å and CS-HS-OFE < 60° from linear. 1S-norcamphor: 

HS-OFE < 3.5 Å and CS-HS-OFE < 60° from linear. Camphane: HS-OFE < 3.5 Å and CS-HS-OFE < 60° from linear. 

 
aSee table 5.1 for details on these run codes. bMD run times with distinct substrate orientations. For the GO procedure, 

only the first orientation after equilibration was used for product profile calculations. cSubstrate - enzyme interaction 

energies. dPercentage of reactive snapshots. ePercentage of snapshots with substrate O hydrogen bonded to Tyr-96 OH 

(%hbd). f [9,10]. g[10]. h[4]. i[4]. j[9] Camphane does not have the CO and therefore cannot H-bond. 
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Table 5.5. continued (Supplementary material). 

 GO       

Exp./run 

codea 

Ei (kJ mol-1) C# (%)    %r %hbd 

  2 3 5 6   

        

Exp.h  - 2 67 31 15  

rnorA1 -82.9 - 0 44 56 100 100 

rnorA2 -78.7 - 0 100 0 100 100 

 -84.1 - 0 50 50 100 80 

        

Exp.i  - 10 28 62 12  

snorA1 -84.6 - 0 0 0 0 0 

 -77.6 - 0 0 0 0 100 

snorA2 -80.4 - 0 50 50 100 100 

 -82 - 0 0 0 0 0 

 -76.2 - 0 0 0 0 100 

 -79.0 - 100 0 0 20 100 

snorB1 -81.0 - 0 100 0 100 100 

snorB2 -82.3 - 0 83 17 100 100 

 -77.3 - 100 0 0 20 80 

        

Exp.j  0 0 90 10 5  

phaneA1 -62.2 0 0 71 29 100  

phaneA2 -66.0 0 0 50 50 100  

        

Geometrical criteria in GO: 1R-camphor: HS-OFE < 3.5 Å and CS-HS-OFE < 60° from linear. 1S-camphor: HS-OFE < 3.5 

Å and CS-HS-OFE < 80° from linear. 1R-norcamphor: HS-OFE < 3.5 Å and CS-HS-OFE < 80° from linear. 1S-norcamphor: 

HS-OFE < 3.5 Å and CS-HS-OFE < 80° from linear. Camphane: HS-OFE < 3.5 Å and CS-HS-OFE < 80° from linear. 
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“A Thaum is the basic unit of magical strength. 

It has been universally established as the amount of magic needed 

to create one small white pigeon or three normal sized billiard balls.” 

Terry Pratchett, The Light Fantastic 
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Abstract 

 

Monoterpenes are C10HnOm compounds of natural origin and are potentially environmentally safe 

substitutes for traditional pesticides. Still, an assessment of their environmental behaviour is 

required. As a first step in a theoretical study focusing on monoterpenes applied as pesticides to 

terrestrial environments, soil fate model input-parameters were determined for 20 monoterpenes 

with widely different structural characteristics. Input-parameters are the water solubility (SW), 

vapour pressure (P), n-octanol-water partition coefficient (KOW), atmospheric air and bulk water 

diffusion coefficients (DA
air and DW

water), first order biodegradation rate constants (k) and their 

temperature dependence. Values for these parameters were estimated or taken from previous 

experimental work. The quality of the estimations was discussed by focusing on their statistics and 

by comparison with available experimental data. From these properties, the air-water partition 

coefficient (KAW, Henry’s Law constant), the interface-water partition coefficient (KIW) and the 

organic matter-water partition coefficient (KOM) could be estimated with varying levels of accuracy. 

In general, little experimental data turned out to be available on biodegradation rate constants and 

on the temperature dependence of physicochemical parameters. 

 

 

6.1 Introduction 

 

Monoterpenes are a structurally diverse group of C10HnOm hydrocarbons including acyclic, 

monocyclic, bicylic and tricylic main structures with different levels of oxidation leading to 

alcohols, aldehydes, ketones and carboxylic acids. As the main constituent of plant essential oils 

they are involved in different types of chemical ecological interactions [1]. Insight from chemical 

ecology has attracted the interest of scientists in the field of sustainable pest control [2]. Often 

claimed advantages of monoterpenes compared to most traditional pesticides are their low toxicity 

and high biodegradability. Although several essential oil-based pesticides are already on the market 

[2], we are not aware of any studies on the fate of monoterpenes used in pest control. According to 

our vision on sustainable chemistry all chemicals that are used in a dissipative way, such as 

pesticides, should be removed from the environment, by abiotic or biotic processes, after they have 

fulfilled their function, even when state of the art knowledge suggests the chemicals will have no 

undesired effects [3, chapter 2]. This requires an assessment of the fate of chemicals in all relevant 

environmental compartments. 
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We initiated a study focusing on monoterpenes applied as pesticides to terrestrial 

environments. This study was composed of two parts: (I) the determination of fate model input-

parameters for monoterpenes with widely different structural characteristics and (II) the use of these 

parameters in a fate model. This chapter will focus on part I. Part II will be the focus of chapter 7. 

For this study 20 compounds were selected which largely cover the monoterpene structural 

spectrum. Key soil model input-parameters are the water solubility (SW, mol L-1), vapour pressure 

(P, Pa), n-octanol-water partition coefficient (KOW, m3 m-3), atmospheric air and bulk water 

diffusion coefficients (DA
air and DW

water, m2 d-1), first order biodegradation rate constants (k, d-1) and 

their temperature dependence. Previously, we determined (liquid) P as a function of temperature 

using an accurate method based on gas-chromatography [4, chapter 3]. For the other parameters, we 

applied estimation methods and discussed the results by focusing on the statistical accuracy and by 

comparison with available experimental data. From these properties, the air-water partition 

coefficient (Henry’s Law constant, KAW, m3 m-3), the coefficient for partitioning between the water-

air interface and bulk water (the interface-water partition coefficient, KIW, m) and the organic 

matter-water partition coefficient (KOM, m3 kg-1) could be estimated with varying levels of accuracy. 

 

 

6.2 Methods 

 

6.2.1 Compounds 

 

The compounds selected for this study were the acyclic monterpenes myrcene (7-methyl-3-

methyleneocta-1,6-diene) and citronellal (3,7-dimethyloct-6-enal), the monocyclic monterpenes 

limonene (4-isopropenyl-1-methylcyclohexene), pulegone (5-methyl-2-(1-

methylethylidene)cyclohexanone), terpineol (2-(4-methylcyclohex-3-en-1-yl)propan-2-ol), anethole 

(1-methoxy-4-[(prop-1-enyl]benzene), cinnamaldehyde (3-phenylacrylaldehyde), carvacrol (5-

isopropyl-2-methylphenol), thymol (2-isopropyl-5-methyl phenol) and eugenol (4-allyl-2-

methoxyphenol), the bicyclic monoterpenes limonene oxide (4-isopropenyl-1-methyl-7-

oxabicyclo[4.1.0]heptane), cineole (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane), thujone (1-

isopropyl-4-methylbicyclo[3.1.0]hexan-3-one), camphor (1,7,7-trimethylbicyclo[2.2.1]heptan-2-

one), norcamphor (bicyclo[2.2.1]heptan-2-one) and norborneol (bicyclo[2.2.1]heptan-2-ol), the 

tricyclic monoterpene pinene oxide (2,7,7-trimethyl-3-oxatricyclo[4.1.1.02,4]octane) and the caged 
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monoterpenes adamantane (tricyclo[3.3.1.13,7]decane), adamantanone (tricyclo[3.3.1.13,7]decan-2-

one) and adamantanol (tricyclo[3.3.1.13,7]decan-1-ol). 

 

6.2.2 Solubility (SW) 

 

For the estimation of SW (mol L-1) at 25°C the WSKOWWIN regression equation [5] was used: 

 

log SW = 0.693 - 0.96 log KOW - 0.0092 (TM - 25) - 0.00314 MWT + ∑ fi   (6.1) 

 

in which TM (°C) is the melting point, MWT is the molecular weight (g mol-1) and ∑ fi is a 

summation of correction factors [5]. For the required KOW (m3 m-3) values the KOWWIN estimation 

method described in section 6.2.5 was used. When TM is less than 25°C, the (TM –25) term was set 

to zero. The reported prediction error is 0.480 log units. Depending on TM, equation 6.1 results in 

the liquid or solid phase solubility. For the estimation of KAW (section 6.2.3) and KIW (section 6.2.4), 

the liquid solubility is needed. When needed, solid SW (SS
W) was converted to liquid SW (SL

W) using 

[6]: 

 

ln ( SS
W / SL

W ) = -6.8 (TM / T – 1)        (6.2) 

 

in which TM (K) and T (K) are the melting point and the temperature of interest, respectively. The 

constant 6.8 is equal to ΔSf/R in which ΔSf (J mol-1 K-1) is the entropy of fusion and R is the gas 

constant (8.314 J mol-1 K-1). For rigid molecules, ΔSf has been shown to be remarkably constant at 

56.5 J mol-1 K-1 [7]. This value may be substantially in error for some compounds, as is illustrated 

for camphor, for which the experimental ΔSf value is 15.1 J mol-1 K-1 [8]. For camphor the constant 

of 6.8 was replaced by 1.8 (= 15.1/8.314). Clearly experimental ΔSf data for the other monoterpes 

would be desirable. 

The temperature dependence of SL
W (mol L-1) for each compound was estimated through the 

(dimensionless) temperature dependent infinite-dilution activity coefficient in water (γW
∞): 

 

SL
W = xW / V = 1 / (γW

∞ V)         (6.3) 
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in which xW (mol mol-1) is the mol fraction in water and V (L mol-1) is the molar volume of water. 

The values for γW
∞ at different temperatures were calculated by the UNIFAQ activity coefficient 

model [9]. The temperature dependent V was taken from Lange [10]. 

  The temperature dependence for SL
W, but also for the other equilibrium partition coefficients 

(K), was expressed as the enthalpy change on phase transfer (ΔH, J mol-1). For this, the van ’t Hoff 

equation was used: 

 

ΔH = - R d ln K / d (1 / T)         (6.4) 

 

in which R is the gas constant (8.314 J mol-1 K-1) and T (K) the temperature. For SL
W, ΔH would be 

ΔHSOL and K would be SL
W. ΔH was calculated by multiplying the slope of the regression line of the 

plot of –ln(K) against T-1 by R. Assuming ΔH to be temperature independent in the studied 

temperature range, equation 6.4 can be integrated to: 

 

ln (K2 / K1) = -ΔH / R (1 / T2 – 1 / T1)       (6.5) 

 

in which K1 and K2 are the values for the equilibrium partition constant at temperatures T1 and T2 

(K), respectively. 

  

6.2.3 Henry’s Law constant (KAW) 

 

KAW (m3 m-3) relates the equilibrium concentration of a compound in the gas phase (mol m-3) to its 

equilibrium concentration in the liquid phase (mol m-3) and was approximated by: 

 

KAW = P / ( R T SW )          (6.6) 

 

in which P, R, T and SW are the vapour pressure (Pa), gas constant (8.314 Pa m3 mol-1 K-1), the 

absolute temperature (K) and the water solubility (mol m-3), respectively. Since the vapour 

pressures are for the (subcooled) liquid phase, also the liquid phase solubility must be used in 

equation 6.6. The temperature dependence of KAW, expressed as ΔHAW (J mol-1), was estimated 

using the van ‘t Hoff equation 6.4. Note that ΔHAW = ΔHVAP - ΔHSOL + R T. The factor R T 
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originates from the temperature dependent conversion of vapour pressure to concentration and 

amounts to 2.5 kJ mol-1 at T = 25°C. ΔHVAP is the enthaply of vapourization. 

 

6.2.4 Interface-water partition coefficient (KIW) 

  

At low soil water contents the partitioning of compounds into the air-water interface may become 

significant. The interface-water and interface-air partition coefficients, KIW and KIA (m), are defined 

as [11]:  

 

KIW = (ninterface / A) / SW         (6.7) 

 

KIA = (ninterface / A) R T / P = KIW / KAW       (6.8) 

 

in which ninterface, A, SW, P, R, T and KAW are the equilibrium amount at the interface (mol), the 

interfacial area (m2), the solubility in bulk water (mol m-3), the vapour pressure (Pa), the gas 

constant (8.314 Pa m3 mol-1 K-1), the absolute temperature (K) and the air-water partition coefficient 

(m3 m-3, equation 6.6), respectively. The physical significance of KIW and KIA with dimension length 

is that KIW and KIA (m) is the depth of the bulk phase (water and air, respectively) which contains 

the same amount of chemical per unit area (m2) as the interface [11]. Standard methods exist for 

measuring KIA and empirical correlations between KIA and several physicochemical properties are 

available in literature [12]. In this study, the following correlation equation between KIW (cm) and 

SW (mol cm-3) published by Hoff et al. [11] was used: 

 

log KIW = -8.58 - 0.769 log SW        (6.9) 

 

This equation was derived using compounds with relatively low solubilities and which are in 

the liquid phase at 25°C. Therefore, the liquid SW was used even when the compound is a solid at T 

= 25°C. The solubilities of the monoterpenes were within the range of SW values used to establish 

this correlation. From the data in Hoff et al. [11] a prediction error of approximately 0.3 log units 

was calculated for this equation. More accurate models are available, especially for the more polar 

compounds, but these require input-parameters which were not easily available [11-13]. The 

temperature dependences for KIA and KIW, expressed as ΔHIA and ΔHIW (J mol-1), respectively, were 
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estimated by the van ’t Hoff equation 6.4. Note that ΔHAW = ΔHIW - ΔHIA and ΔHIW / ΔHSOL = -

0.769. 

 

6.2.5 n-Octanol-water partition coefficient (KOW) 

 

For the estimation of KOW (m3 m-3) at T = 25°C we used the KOWWIN atom/fragment contribution 

method [5]. KOWWIN has been shown to perform well on terpenoids [14]. The reported prediction 

error is 0.354 log units. KOW at different temperatures was estimated from the temperature 

dependent activity coefficients [15]: 

 

KOW = SO / SW = 0.151 γW
∞ / γO

∞        (6.10) 

 

in which SO, SW, γW
∞ and γO

∞ are the solubility of the compound in the n-octanol phase (mol m-3), in 

the water phase (mol m-3) and the (dimensionless) infinite-dilution activity coefficients in the water 

phase and the n-octanol phase, respectively. For the estimation of the activity coefficients at 

different temperatures the UNIFAQ activity coefficient model [9] was used. In these calculations, 

the solubility of n-octanol in water was assumed to be zero whereas the n-octanol phase was 

assumed to consists of 0.725 mole fraction n-octanol and 0.275 mole fraction water. These fractions 

(and hence the factor 0.151 in equation 6.10) were assumed to be temperature independent. The 

temperature dependence of KOW, expressed as ΔHOW (J mol-1) was estimated by the van ’t Hoff 

equation 6.4.  

 

6.2.6 Organic matter-water and organic carbon-water partition coefficients (KOM and KOC) 

 

KOM and KOC (m3 kg-1) are defined as: 

 

KOM = SOM / ( SW MWT )         (6.11a) 

KOC = SOC / ( SW MWT )          (6.11b) 

 

in which SOM, SOC and SW are the solubilities of the compound in organic matter (g kg-1), organic 

carbon (g kg-1) and bulk water (mol m-3), respectively. MWT is the molecular weight (g mol-1). KOM 

and KOC were estimated by the approximate relationship between KOC (m3 kg-1) and KOW (m3 m-3) 

[16] and between KOC and KOM (m3 kg-1) [15]: 
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KOC = 1.724 KOM          (6.12a)  

KOC = 0.35 KOW           (6.12b) 

 

The reported uncertainty in the factor 0.35 is a factor of 2.5 in either direction. The 

temperature dependence of KOC and KOM, expressed as ΔHOC and ΔHOM (J mol-1), respectively, were 

estimated by the van ’t Hoff equation 6.4. 

 

6.2.7 Air and water diffusion coefficients (DA
air and DW

water) 

 

DA
air (m2 d-1) and DW

water (m2 d-1) were estimated by the Wilke and Lee method and the Haydul and 

Laudie method, respectively [15]. The estimation of the DA
air and DW

water will not be discussed in 

detail. The viscosity of water and the molar volume of the compound used in the Haydul and 

Laudie method were taken from [10] and estimated by a modified van Haelst et al. [17] equation, 

respectively. The molecular weight of air, the boiling point of the compounds and the molar volume 

of the compound used in the Wilke and Lee method were taken from Lyman et al.[15], van Roon et 

al. [4, chapter 3] and again the modified van Haelst et al. [17] equation, respectively. The average 

absolute errors for the Wilke and Lee method and the Haydul and Laudie method are 4.3% and 

5.8%, respectively [15].  

 

6.2.8 Biodegradation rates 

 

Reliable methods for the estimation of soil biodegradation rate constants were not available. To 

obtain some insight into the biodegradation potential of the monoterpenes, the BIOWIN program 

was used. BIOWIN includes the following chemical fragment methods; the biodegradation 

probability model [18, 19], the MITI biodegradation probability model [20] and the ultimate and 

primary biodegradation model (similar to [21]). The biodegradation probability model [18] is based 

on data from screening tests, biological treatment simulations, grab sample tests in soil or water and 

field studies [19]. The output of this model is “biodegrades fast” or “biodegrades slow”. The 

designation “fast” or “slow” for the experimental input-data was largely based on the original 

author’s comments and discussion. The MITI biodegradation probability model is based on 

Japanese Ministry of International Trade and Industry (MITI) ready biodegradation test data [20]. 

The criterion for a compound to be readily biodegradable is a 60% of maximum theoretical oxygen 
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demand due to test substance in the 28 days test version or in the original 14 days test. The ultimate 

and primary biodegradation model estimates the time required for primary and ultimate 

biodegradation. Primary biodegradation is the transformation of the parent compound to an initial 

metabolite. Ultimate biodegradation is the transformation of a parent compound to carbon dioxide 

and water. For the model, biodegradation experts rated the primary and ultimate biodegradation of 

chemicals on a scale of 1 to 5. In the model output, these ratings correspond to the following time 

units: 5 – hours; 4 – days; 3 – weeks; 2 – months; 1 – longer. The methodology is similar to that for 

the model described by [21]. 

 

 

6.3 Results and Discussion 

 

6.3.1 Vapour pressure (P) 

 

Table 6.1 lists the (liquid) P and ΔHVAP which have been previously determined in our laboratory 

using an accurate gas-liquid chromatographic method (GC-VAP) [4, chapter 3]. The standard errors 

in P and ΔHVAP were 0.04 log units and 142-192 J mol-1, respectively. The differences between the 

GC-VAP and other experimental P values were within 0.4 log units [4, chapter 3]. 

 

6.3.2 Solubility (SW) 

 

Table 6.1 lists the experimental SW found for the monoterpenes. Insofar could be retrieved from the 

references, the standard errors were lower than 0.1 log units. The differences between the 

experimental data from different sources, however, were substantially larger. The differences were 

usually within 0.5 log units but differences of 0.7 and 1.0 log units were observed for myrcene and 

cineole, respectively. Table 6.2 lists the estimated SW (equation 6.1) and ΔHSOL (equations 6.3 and 

6.4). Excluding camphor, the differences between estimated and average experimental values were 

of the same order of magnitude as both the observed differences between experimental data (table 

6.1) and the prediction error for equation 6.1. The estimated SW for camphor was low compared to 

the experimental value. This may be caused by an erroneous transformation of liquid to solid SW for 

camphor in equation 6.1. Excluding camphor, the regression equation obtained from the plot in 

which the estimated solubility (SW
est) and averaged experimental solubility (SW

exp) were dependent 

and independent variables, respectively, was as follows: 
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SW
est = 1.10 (±0.20) SW

exp + 0.1 (±0.5) (n = 11, CI 95%, SE = 0.2, R2 = 0.9434) (6.13)  

 

in which n, CI, SE and R2 are the number of data points, confidence interval, standard error of 

regression and correlation coefficient, respectively. Note that the slope is not significantly different 

from 1 and the intercept not significantly different from 0. Thus, the estimated SW compare 

favourably with the experimental values. 

Temperature dependent experimental literature data were scarce for SW. Li et al. [22] 

measured SW for a number of monoterpenes, including limonene and terpineol, at 6 and 23.5 °C. 

Their results suggest positive ΔHSOL values of approximately 8 – 13 and 25 – 33 kJ mol-1 for 

limonene and terpineol, respectively. These values are in qualitative agreement with the estimated 

values (table 6.2). The hydroxylated aromatics (thymol, carvacrol and eugenol) have negative 

ΔHSOL values, possibly due to their hydrogen bonding capability. The standard errors in ΔHSOL, 

based on statistical output of the regression analysis, were lower than 30 J mol-1 with the exception 

of thymol, carvacrol and eugenol (~ 420 J mol-1), pulegone (~ 125 J mol-1) and anethole (~ 85 J 

mol-1). 

 

6.3.3 Henry’s Law constant (KAW) 

 

Table 6.2 lists the estimated KAW (equation 6.6) and ΔHAW (equation 6.4). For the estimation of KAW 

the SW values estimated by equation 6.1 were used, or, when available, the (averaged) experimental 

SW (table 6.1). For monoterpenes that are in their solid state at T = 25°C, the liquid phase SW was 

estimated by equation 6.2. Using a standard error of 0.4 log units for P and 0.5 log units for SW, a 

standard error of approximately 0.7 log units was calculated for KAW. 

The ΔHAW for thymol, carvacrol and eugenol were considerably higher than for the other 

monoterpenes. This was caused by their negative ΔHSOL values. The standard error in ΔHAW is the 

error propagation result of the standard errors in ΔHVAP and ΔHSOL. The much lower error in ΔHSOL 

compared to the experimentally determined standard error in ΔHVAP is unrealistic. Therefore, a 

standard error of ~ 200 J mol-1 was used for both ΔHVAP and ΔHSOL, resulting in a standard error of 

~ 300 J mol-1 for ΔHAW. This uncertainty is small compared to the absolute value of ΔHAW and 

within the temperature ranges applied led to insignificant extrapolation errors compared to the 

standard error in KAW. 
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6.3.4 Interface-water partition coefficient (KIW) 

 

Table 6.2 lists the estimated KIW (equation 6.7) and ΔHIW (equation 6.4). Similarly as described for 

KAW, the liquid phase SW was used in equation 6.7. The range of SW values for the monoterpenes 

(and thus the estimated KIW values) were within the range of values used to derive equation 6.7 [11]. 

The P values of the compounds used by Hoff et al. [11], however, are nearly all much higher than 

of the monoterpenes used in this study. For this reason, the KAW values for the monoterpenes are 

generally lower leading to higher values for KIA (KIA = KIW/KAW). The KIA range observed in this 

study is -3.04 to -0.74 (log KIA, cm) for myrcene and eugenol, respectively, compared to -5.273 to -

2.561 for pentane and ethyl acetate, respectively, in the work by Hoff et al. [11]. Whether or not this 

observation has consequences for the validity of the Hoff et al. [11] equation applied to the 

monoterpenes is not clear. The prediction error was about 0.3 log units. Including the standard error 

for SW increased the prediction error to approximately 0.5 log units. 

The temperature dependence of KIW was (qualitatively) opposite to that of SW. This follows 

already from the application of equation 6.4 to equation 6.9: ΔHIW/ΔHSOL = -0.769. As such KIW 

decreased with temperature. The exceptions were carvacrol, thymol and eugenol. Since ΔHIA = 

ΔHIW-ΔHAW, ΔHIA was rather negative; from ΔHIA(adamantane) = -40.6 kJ mol-1 to ΔHIA(thymol) = 

-68.1 kJ mol-1. Constanza and Brusseau [12] tabulated literature KIA values for 14 selected 

compounds at T = 12 and 25°C. From these data, ΔHIA values ranging from ΔHIA(cyclooctane) = -

29 kJ mol-1, ΔHIA(ethyl benzene) = -50 kJ mol-1 to ΔHIA(1,1,1,-trichloroethane) = -96 kJ mol-1 were 

estimated. Although these compounds may not be directly compared to the monoterpenes, they 

illustrate that the ΔHIA values estimated for the monoterpenes are not exceptional. From the 

standard error in ΔHSOL and ΔHIW/ΔHSOL = -0.769, it follows that the standard error in ΔHIW will be 

lower than 21 J mol-1 in most cases. Similar to ΔHAW, this standard error is unrealistic but even an 

error an order of magnitude larger led to insignificant extrapolation errors. 
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Table 6.1. Experimental melting points (TM), (subcooled) liquid vapour pressures (P), heats of vaporization 

(ΔHVAP), solubility (SW) and octanol-water partition coefficients (KOW) for monoterpenes at 25°C taken from 

literature. 

Compound Formula Structural characteristics TM
a log Pb 

   °C Pa 

Myrcene C10H16 acyclic hydrocarbon < -10 +2.26 

Citronellal C10H18O acyclic aldehyde < 0 +1.42 

Limonene C10H16 monocyclic hydrocarbon -74.3 +2.12 

Pulegone C10H16O monocyclic ketone < 0 +0.96 

Terpineol C10H18O monocyclic alcohol +31 +1.17 

Anethole C10H12O aromatic monocylic ether +21.3 +0.87 

Cinnamaldehyde C9H8O aromatic monocyclic aldehyde -7 +0.91 

Carvacrol C10H14O aromatic monocyclic alcohol +1 +0.54 

Thymol C10H14O aromatic monocyclic alcohol +50 +0.55 

Eugenol C10H12O2 aromatic monocyclic alcohol ether -8 +0.47 

Limonene oxide C10H16O bicyclic epoxide < 0 +1.47 

Cineole C10H18O bicyclic epoxide +1.5 +1.95 

Thujone C10H16O bicyclic ketone < 0 +1.66 

Camphor C10H16O bicyclic ketone +178.8 +1.50 

Norcamphor C7H10O bicyclic ketone +90 +2.24 

Norborneol C7H12O bicyclic alcohol +118 +2.16 

Pinene oxide C10H16O tricyclic epoxide < 0 +1.72 

Adamantane C10H16 caged hydrocarbon +205 +1.97 

Adamantanone C10H14O caged ketone +284 +0.77 

Adamantanol C10H16O caged alcohol +247 +0.96 
aTaken from the NIST database (http://webbook.nist.gov) or supplier catalogues. When data could not be found, it was 

confirmed experimentally that the compounds were in their liquid state at 0°C. b[4]. c[30]. d[25]. e[29]. f[27]. g[22], 

23.5°C. hAquasol Database (https://www.pharmacy.arizona.edu/aquasol/index). 

 

 

6.3.5 n-Octanol-water partition coefficient (KOW) 

 

Table 6.1 lists the experimental KOW data found for the monoterpenes. Insofar could be retrieved 

from the references, the standard errors were lower than 0.1 log units. The differences between 

experimental data from different sources, however, were substantially larger. The differences were  
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Table 6.1. continued. 

ΔHVAP log SW Log KOW 

kJ mol-1 mol L-1 m3 m-3 

+50.6 < -4.13c, -3.66d, -4.37e +4.17m 

+58.7  +3.83i 

+49.9 -4.02c, -3.82d, -4.35e, -4.00f, -4.50g +4.38i, +4.57g 

+62.0 -2.60c +3.08i 

+60.7 -2.05c, -2.34h, -1.89n, -2.34g +3.28i, +2.98g 

+61.9 -3.13h  

+61.9 -1.92m, -1.97n +1.90m 

+68.2 -2.08h +3.49i, +3.75i 

+68.7 -2.22h +3.30l 

+66.3 -1.82h, -1.56m +2.27k, +2.99l 

+57.2  +3.20i 

+53.2 -2.67c, -1.64h +2.84i, +2.74i, +2.50m 

+54.9   

+55.3 -2.46c, -1.98h +2.74i 

+50.0 -1.76n  

+52.5  +1.37j 

+53.6   

+48.2  +4.24k 

+60.7   

+60.2  +2.14m 
i[14]. When two values are listed, the second is determined by the shake flask method. j[26]. k[28]. lAverage literature 

values calculated in [14]. mTaken from ALOGPS website (http://vcclab.org). nTaken from KOWWIN website 

(http://www.syrres.com/esc/est_soft.htm). 
 

 

within 0.3 log units but 0.7 log units was observed for eugenol. Table 6.2 lists the estimated KOW 

(equation 6.10) and ΔHOW (equation 6.4). To compare the estimated and (averaged) experimental 

KOW data, a similar regression analysis was performed as described for SW in section 6.3.2: 

 

KOW
est = 0.99 (±0.18) KOW

exp + 0.2 (±0.6) (n = 15, CI 95%, SE = 0.3, R2 = 0.9131) (6.14) 
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Table 6.2. Estimated solubility (SW), octanol-water partition coefficient (KOW), air-water partitioning 

coefficient (KAW), interface-water partition coefficient (KIW) and organic matter-water partition coefficient 

(KOM) at 25°C and their respective enthalpies of phase transfer (ΔH). 

Compound log SW
a ΔHSOL log KOW

a
 ΔHOW 

 mol L-1 kJ mol-1 m3 m-3 kJ mol-1 

Myrcene -4.18 (-0.30) +26.7 +4.88 (+0.71) -23.9 

Citronellal -3.18 +21.0 +3.53 (-0.30) -21.6 

Limonene -4.56 (-0.49) +24.5 +4.83 (+0.34) -22.5 

Pulegone -2.86 (-0.26) +17.3 +3.20 (+0.12) -16.3 

Terpineol -2.28 (-0.17) +20.1 +3.33 (+0.17) -20.4 

Anethole -3.03 (+0.10) +9.8 +3.39 -13.8 

Cinnamaldehyde -1.55 (+0.39) +9.5 +1.82 (-0.08) -8.1 

Carvacrol -2.19 (-0.11) -9.1 +3.52 (-0.12) -16.1 

Thymol -2.22 (0.00) -9.1 +3.52 (+0.22) -16.1 

Eugenol -2.00 (-0.33) -15.2 +2.73 (-0.03) -13.3 

Limonene oxide -3.08 +18.8 +3.43 (+0.23) -20.6 

Cineole -2.19 (+0.29) +19.5 +3.13 (+0.41) -21.8 

Thujone -2.33 +15.6 +2.65 -14.9 

Camphor -4.12 (-1.96) +14.9 +3.04 (+0.30) -14.3 

Norcamphor -1.90 (-0.14) +7.2 +1.72 -6.4 

Norborneol -1.41 +10.5 +1.53 (+0.16) -10.8 

Pinene oxide -2.54 +16.6 +2.87 -19.0 

Adamantane -5.90 +19.4 +3.94 (-0.30) -18.5 

Adamantanone -4.65 +11.5 +2.59 -10.8 

Adamantanol -3.46 +15.2 +2.43 (+0.29) -15.6 
aThe difference between estimated and average experimental values (table 6.1) are shown between brackets. 

 

 

Thus, the estimated KOW compare favourably with the experimental data.  

ΔHOW was roughly equal to minus ΔHSOL. Since ΔHOW = ΔHOCT - ΔHSOL, this must be caused 

by a low calculated temperature dependence of SO (ΔHOCT). Thymol, carvacrol and eugenol were 

exceptions with highly negative ΔHOCT values. The standard errors in ΔHOW were lower than 21 J 

mol-1 with the exception of citronellal (~ 85 J mol-1), pulegone (~ 125 J mol-1) and anethole (~ 165 J 

mol-1). 
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Table 6.2. continued. 

log KAW ΔHAW log KIW ΔHIW log KOM ΔHOM 

m3 m-3 kJ mol-1 m kJ mol-1 m3 kg-1 kJ mol-1 

-0.25 +21.1 -5.29 -20.6 +0.48 -23.9 

-1.79 +34.9 -5.83 -16.2 +0.14 -21.6 

-0.20 +22.6 -5.14 -18.8 +0.80 -22.5 

-2.84 +41.8 -6.27 -13.3 -0.61 -16.3 

-3.17 +37.7 -6.70 -15.5 -0.53 -20.4 

-2.39 +49.1 -5.87 -7.6 -0.30 -13.8 

-3.54 +49.5 -6.78 -7.3 -1.79 -8.1 

-3.77 +74.6 -6.67 +7.0 -0.05 -16.1 

-3.87 +75.1 -6.76 +7.0 -0.39 -16.1 

-4.25 +78.5 -6.99 +11.7 -0.93 -13.3 

-1.83 +35.5 -5.90 -14.5 -0.49 -20.6 

-2.54 +30.9 -6.81 -15.0 -0.97 -21.8 

-2.41 +36.4 -6.48 -12.0 +1.04 -14.9 

-3.13 +37.4 -6.93 -11.5 -0.95 -14.3 

-3.03 +40.0 -7.41 -5.6 -1.97 -6.4 

-3.74 +39.4 -7.90 -8.0 -2.32 -10.8 

-2.13 +34.1 -6.32 -12.8 -0.82 -19.0 

-0.30 +25.7 -5.11 -14.9 +0.55 -18.5 

-3.54 +46.0 -6.67 -8.9 -1.10 -10.8 

-4.17 +41.9 -7.30 -11.7 -1.55 -15.6 
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6.3.6 Organic matter-water and organic carbon-water partition coefficients (KOM and KOC) 

 

Table 6.2 lists the estimated KOM (equation 6.12) and ΔHOM (equation 6.4). Using 0.5 log units for 

the standard error in KOW, 0.4 log units (factor 2.5) for the relation between KOC and KOW and 

ignoring the standard error for the relation between KOM and KOC, a minimum standard error of 0.6 

log units was calculated for KOM. The relation between KOC and KOM is only approximate and will 

result in an unknown increase in the standard error for KOM. The standard error in ΔHOM was 

identical to the uncertainty in ΔHOW. And again these standard errors led to insignificant 

extrapolation errors. 

 

6.3.7 Air and water diffusion coefficients (DA
air and DW

water) 

 

No experimental data were found for DG
air and DW

water. The estimated values for DG
air and DW

water at 

T = 25°C ranged from 5675 to 7557 cm2 d-1 and 0.6134 to 0.8695 cm2 d-1, respectively. In the 

temperature range of 5°C to 40°C, DG
air and DW

water increased by a factor of 1.2 and 2.7, 

respectively, for all monoterpenes under study. 

 

6.3.8 Biodegradation rate constants 

 

Misra et al. [23] studied the biodegradation potential of monoterpenes in aerobic batch experiments 

using forest soil and enriched cultures. The hydrocarbon monoterpenes limonene, α-pinene, γ-

terpinene and terpinolene were readily degraded, i.e. to below detection limits in approximately 30 

hours after acclimation. The alcohols linalool and α-terpineol were also readily degraded, i.e. to 

below detection limits in approximately 100 hours. However, the alcohol plinol was not degraded 

over a long incubation period (in excess of 40 days) whereas the alcohol arbanol was degraded very 

slowly compared to the degradation rates observed for both linalool and terpineol. Table 6.3 

summarizes the estimated biodegradability for the monoterpenes selected for the present study and 

the monoterpenes used in the biodegradation experiments described above. The “days-weeks” 

timeframe estimated for primary biodegradation agrees with most of the experimental results 

obtained by Misra et al. [23]. The experimental results for plinol and arbanol suggest a longer 

timeframe. The biodegradation probability model and the MITI biodegradation probability model 

estimations either agreed on the biodegradability of a structure, or the MITI biodegradation 
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Table 6.3. BIOWIN v4.00 (BIOWIN, 2000) estimated biodegradability: The MITI Biodegradation 

Probability Model (MITI BPM), the Biodegradation Probability Model (BPM) and the Ultimate and Primary 

Biodegradation Model (BM). See text for details. 

Compound MITI BPM BPM Primary BM Ultimate BM 

Myrcene not-readily fast days-weeks weeks 

Citronellal readily fast days weeks 

Limonenea not-readily fast days-weeks weeks 

Pulegone not-readily fast days-weeks weeks 

Terpineola not-readily slow days-weeks weeks-months 

Anethole readily fast days-weeks weeks 

Cinnamaldehyde readily fast days weeks 

Carvacrol not-readily fast days-weeks weeks 

Thymol not-readily fast days-weeks weeks 

Eugenol not-readily fast days-weeks weeks 

Limonene oxide not-readily slow days-weeks weeks-months 

Cineole not-readily slow days-weeks weeks-months 

Thujone not readily slow days-weeks weeks-months 

Camphor readily slow days-weeks weeks-months 

Norcamphor readily fast days-weeks weeks 

exo-Norborneol readily fast days weeks 

Pinene oxide not readily slow days-weeks weeks-months 

Adamantane not-readily fast days-weeks weeks 

2-Adamantanone not-readily fast days-weeks weeks 

1-Adamantanol not-readily slow days-weeks weeks-months 

α-Pinenea not-readily slow days-weeks weeks-months 

γ-Terpinenea not-readily fast days-weeks weeks 

Terpinolenea not-readily fast days-weeks weeks 

Linaloola not-readily slow days-weeks weeks-months 

Arbanola not-readily slow days-weeks weeks-months 

Plinola not-readily slow days-weeks weeks-months 
aCompounds studied by Misra et al. [23]. α-Pinene (2,6,6-trimethylbicyclo[3.1.1]hept-2-ene); γ-terpinene (1-isopropyl-

4-methylcyclohexa-1,4-diene); terpinolene (1-methyl-4-(1-methylethylidene)cyclohexene); linalool (3,7-dimethylocta-

1,6-dien-3-ol); arbanol (2-[(1,7,7-trimethylbicyclo[2.2.1]hept-2-yl)oxy]ethanol); plinol (3-isopropenyl-1,2-

dimethylcyclopentanol). 
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probability model estimated “not-readily” biodegradability when the biodegradation probability 

model estimated “fast” biodegradation (camphor was an exception). This agrees with the 

observation that the MITI test tends to result in conservative results compared to other type of 

experiments [24]. For the treatment of biodegradation rates in the soil fate model study (part II of 

this study described in chapter 7) a subsequent contribution), a semi-quantitative approach will be 

used. In the fate model calculations, the biodegradation rates will be set to zero. Subsequently, the 

timeframe in which other processes lead to significant changes in the studied endpoint (e.g. amount 

of the monoterpene leached to deeper soil layers or groundwater) will be compared to the estimated 

timeframe for primary biodegradation. In this way the potential importance of biodegradation losses 

can be assessed. 

 

 

6.4 Conclusions 

 

The aim of this study was to determine soil fate model input-parameters for a group of compounds 

which span the monoterpene structural spectrum. For this, 20 monoterpenes were selected with 

widely different structural characteristics. The model input-parameters were equilibrium partition 

constants, diffusion coefficients and the biodegradation rate constants. The partition constants were 

P, SW, KAW, KIW, KOW (and KOM) and their temperature dependence (ΔH). For P and ΔHVAP accurate 

experimental data was already available from a previous study [4, chapter 3]. The other partition 

constants and their temperature dependence could be estimated with varying levels of accuracy. For 

SW and KOW at T = 25°C, the estimated values compared favourably with the available literature 

data. The estimated values for the other partition constants and their temperature dependence 

remain to be validated due to the lack of experimental data. Experimental data for DA
air and DW

water 

(as a function of temperature) could not be found in literature but these can be accurately estimated. 

Finally, little quantitative information on biodegradation rate constants could be found in available 

literature. Estimation results from different models are often conflicting but still biodegradation is 

likely to be an important fate process. In part II of this study, described in chapter 7, the parameters 

derived in the present study will be used to investigate the influence of soil temperature, water 

saturation and organic matter content on the fate and transport of monoterpenes through soils. 
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Abstract 

 

This theoretical study was performed to investigate the influence of soil temperature, soil water 

content and soil organic carbon fraction on the mobility of monoterpenes (C10HnOm) applied as 

pesticides to a top soil layer. This mobility was expressed as the amount volatilized and leached 

from the contaminated soil layer after a certain amount of time. For this, (slightly modified) 

published analytical solutions to a one dimensional, homogeneous medium, 

diffusion/advection/biodegradation mass balance equation were used. The required input-

parameters were determined in a preceding study. Because the monoterpenes studied differ widely 

in the values for their physicochemical properties, the relative importance of the various 

determinants also differed widely. Increasing soil water saturation reduced monoterpene 

vapourization and leaching losses although a modest increase was usually observed at high soil 

water contents. Organic matter served as the major retention domain, reducing volatilisation and 

leaching losses. Increasing temperature resulted in higher volatilisation and leaching losses. 

Monoterpene mobility was influenced by vertical water flow. Volatilisation losses could be reduced 

by adding a clean soil layer on top of the contaminated soil. Detailed insight into the specific 

behaviour of different monoterpenes was obtained by discussing intermediate calculation results; 

the transport retardation factors and effective soil diffusion coefficients. One insight was that the 

air-water interface compartment is probably not an important partitioning domain for monoterpenes 

in most circumstances. The results further indicated that biodegradation is an important process for 

monoterpenes in soil. 

 

 

7.1 Introduction 

 

Monoterpenes are a structurally diverse group of C10HnOm hydrocarbons including acyclic, 

monocyclic, bicylic and tricylic main structures with different levels of oxidation leading to 

alcohols, aldehydes, ketones and carboxylic acids. Their involvement in chemical ecological 

interactions has attracted the interest of scientists in the field of sustainable pest control [1]. 

Focusing on monoterpenes applied as pesticides to terrestrial environments, we have initiated a 

study on their fate in soil. This study was composed of two parts: (I) the determination of fate 

model input-parameters for monoterpenes with widely different structural characteristics and (II), 
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the use of these parameters in a fate model. Part I is described in chapter 6. This chapter will focus 

on part II. 

The aim of this study was to obtain insight in the influence of temperature (T), soil water 

saturation (θ) and fraction organic matter (fOM) on the relative importance of vapourization and 

leaching losses for monoterpenes applied as pesticides at or below the soil surface. Leaching and 

vapourization are of relevance for risk evaluation as they result in the contamination of air, deeper 

soil layers and possibly ground water. Together with biodegradation these loss processes determine 

the lifetime of the pesticide in the incorporation layer. This is of relevance for the efficacy of the 

pesticide.  

A one dimensional model was used which assumes that pesticides applied at or below the 

soil surface are subject to vertical transport by diffusion through soil air and soil water and by 

advective water transport, equilibrium partitioning between the soil compartments and first-order 

degradation. Included soil compartments were the soil matrix, soil air, soil water and the water-air 

interface. Organic matter was assumed to account for partitioning into the soil matrix. Jury et al. [2, 

3] published analytical solutions to the mass balance equation for an almost identical one 

dimensional diffusion/advection/biodegradation soil model. The Jury et al. [2, 3] model does not 

include the water-air interface as a separate compartment and assumes temperature independence. 

For the purpose of this study, the water-air interface could easily be incorporated in the retardation 

factors (RF) which describe the equilibrium partitioning between the compartments. To study the 

influence of temperature on the model outcome, the model equations were not changed. Instead, 

series of calculations were performed using a different set of input-parameters for each temperature.  

The required model input-parameters have been estimated for 20 selected monoterpenes in 

part I of this study (chapter 6). These parameters were the air-water partition coefficient (Henry’s 

Law constant, KAW), the interface-water partition coefficient (KIW), the organic matter-water 

partition coefficient (KOM) and the atmospheric air and bulk water diffusion coefficients (DA
air and 

DW
water). Since the estimation of biodegradation rate constants yielded semi-quantitative data at 

best, biodegradation will be studied in a semi-quantitative manner. 

After the discussion of the soil model, the model calculation results will be discussed by 

focusing on four monoterpenes spanning the observed physicochemical property space.  

Detailed insight into the specific behaviour of different monoterpenes is obtained by not 

only focusing on the amounts leached and volatilized, but also on the intermediate calculation 

results; the transport retardation factors and soil diffusion coefficient. 
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7.2 Methods 

 

7.2.1 Compounds 

 

The monoterpenes selected for this study were myrcene, citronellal, limonene, pulegone, terpineol, 

anethole, cinnamaldehyde, carvacrol, thymol, eugenol, limonene oxide, cineole, thujone, camphor, 

norcamphor, norborneol, pinene oxide, adamantane, adamantanone and adamantanol. For IUPAC 

names, see part I of this study (chapter 6). 

 

7.2.2 Mass balance equation 

 

The basis of the applied model is the one dimensional, homogeneous medium, 

degradation/diffusion/advection mass balance equation [2, 3]: 

  

∂CT / ∂t + k CT = DE ∂2CT / ∂z2 - VE ∂CT / ∂z       (7.1) 

 

in which CT = mass of pesticide per soil volume (g m-3), t = time (d), k = first-order net degradation 

rate (d-1), DE = effective diffusion coefficient (m2 d-1), VE = effective solution convection velocity 

(m d-1) and z = soil depth (m). Assuming linear equilibrium partitioning between the soil 

compartments and ignoring adsorbed-phase transport and hydrodynamic dispersion, DE can be 

expressed in terms of the diffusion coefficient in soil air (DA, m2 d-1) and soil water (DW, m2 d-1) 

corrected by RFA (m3 m-3) and RFW (m3 m-3), respectively: 

 

DE = DA / RFA + DW / RFW          (7.2) 

 

RFA and RFW are the ratios of the total concentration (CT) over the concentration in soil air 

(CA) and soil water (CW), respectively (equations 7.4 and 7.5). Similarly, the effective convective 

transport VE is equal to JW (m d-1), the convective transport assuming no retardation due to 

partitioning into other compartments (or simply “water flux”), corrected by RFW: 

 

VE = JW / RFW            (7.3) 

 



Fate of monoterpenes in soil 

 163

7.2.3 Retardation factors 

 

The retardation factors for transport through the soil water phase (RFW, m3 m-3) and the soil air 

phase (RFA, m3 m-3) can be expressed as: 

 

RFW = CT / CW = 

= ρB KB + εW + εA KAW + ai KIW 

= RFW
b + RFW

w + RFW
a + RFW

i        (7.4) 

 

RFA = CT / CA = RFW / KAW 

= ρB KB / KAW + εW / KAW + εA + ai KIW / KAW 

= RFA
b + RFA

w + RFA
a + RFA

i        (7.5) 

 

in which ρB, ai, εW and εA are soil characteristics and are the bulk density (kg m-3), the specific air-

water interfacial area (m-1, or m2 m-3) and the water and air fractions (m3 m-3), respectively. It was 

assumed that pesticide partitioning could take place between the soil matrix and water (KB, m3 kg-1), 

between air and water (KAW, m3 m-3) and between water and the air-water interface (KIW, m, or m3 

m-2). The RF with superscript b, w, a and i are the partial retardation factors representing the soil 

matrix, soil water, soil gas and water-air interface partitioning domains, respectively. 

Organic matter was assumed to account for partitioning into the soil matrix: 

 

KB = fOM KOM            (7.6) 

 

in which fOM is the fraction organic matter (kg kg-1). KOM (m3 kg-1), KAW (m3 m-3) and KIW (m) have 

been estimated in part I of this study (chapter 6). 

For ai (in equation 7.5) in units of cm-1, the empirical regression equation published by Kim 

et al. [4] was used: 

 

ai = -64.7 θ + 64.7          (7.7) 

 

in which θ = εW / (εW + εA) is the degree of water saturation. This trend (smaller ai at higher θ) is in 

agreement with pore filling theory and has been observed in various interfacial modeling results [5]. 
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Deviations from linearity will be observed at both low and high θ. At high θ, ai will drop to zero. At 

lower θ, ai will increase to a maximum and, when θ is further decreased, will drop to zero. 

The values for RFW and RFA at other temperatures than T = 25°C were calculated via the 

temperature dependent partition constants as described in part I of this study (chapter 6). 

 

7.2.4 Soil diffusion coefficients 

 

The soil air diffusion coefficient (DA, m2 d-1) and soil water diffusion coefficient (DW, m2 d-1) were 

calculated by respectively multiplying the diffusion coefficients in free air (DA
air, m2 d-1) and water 

(DW
water, m2 d-1) by a tortuousity factor to account for the reduced flow area and increased path 

length of diffusing molecules in soil. For the tortuousity factor, the empirical Millington and Quirk 

model [6] was used: 

 

DA = (εA
10/3 / εT

2) DA
air         (7.8a) 

DW = (εW
10/3 / εT

2) DW
water         (7.8b) 

 

in which εT is the total soil porosity (m3 m-3). In part I of this study, DA
air and DW

water were 

calculated as a function of temperature. 

 

7.2.5 Analytical solutions to mass balance equation 

 

Jury et al. [3] found analytical solutions for equation 7.1 using the following initial and boundary 

conditions: 

 

• initial condition: the pesticide is initially deposited between depth L and L + W; 

• lower boundary condition: an infinite depth of uniform soil below the depth of incorporation 

and CT(z=∞,t) = 0; 

• upper boundary condition: a zero solute concentration in the atmosphere above the soil to 

which the soil is connected by a stagnant air boundary layer. 

 

In this study the solutions for the cumulative amount volatilized (%VOT) and leached 

(%LEACH) past a user defined depth (Z) after a time t were used. In highly abbreviated form: 
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%VOT (t) = f (t, k, DE, VE, HE, L, L+W)       (7.9) 

 

%LEACH (t) = f (t, k, DE, VE, Z, L, L+W)       (7.10) 

 

in which the symbols have the same meaning as before and HE is defined as: 

 

HE = h / RFA = DA
air / ( RFA d )        (7.11) 

 

in which h (m d-1) is the transport coefficient for the stagnant air boundary layer of thickness d (m). 

Basically, the upper boundary condition amounts to Fick's Law for the gas flux across the air 

boundary layer of thickness d (m) and transport coefficient h (m d-1).  

We refer to the Jury et al. [3] paper for details on equation 7.9. Note that in equation A2 on 

page 19 of the Jury et al. [3] paper, the terms β(L(DE)1/2) should be replaced by βL/DE
1/2 and the 

term 1/2β by 1/(2βDE
1/2). Equation 7.14 was extracted from a Fortran code written by David Russo 

and kindly provided by W.A. Jury. The equations were programmed into Excel sheets and tested by 

reproducing data in the Jury et al. [2, 3] papers. 

 

7.2.6 Calculational setup 

 

In part I of this study (chapter 6), the values for relevant model input-parameters for the 20 selected 

monoterpenes (section 7.2.1) were estimated. The first step in the present study was the calculation 

of the partial and total RF factors and DE as a function of T, θ and fOM. Next, focus was on a 

theoretical case where monoterpenes were applied to the 10 cm top soil layer. The %VOT and 

%LEACH 10 days after application were calculated as a function of T, θ and fOM. Equations 7.9 and 

7.10 have been derived by Jury et al. [3] assuming temperature to be constant. However, through 

the calculated temperature dependence of RFA, RFW, DA
air and DW

water, the model input-parameters 

DE, VE and HE could be calculated for each temperature. Subsequently, the temperature dependence 

of %VOT and %LEACH could be calculated from equations 7.9 and 7.10, respectively, by using the 

different sets of input-parameters for each temperature. In addition, the effect of JW and the addition 

of a 5 - 10 cm clean soil layer on top of the monoterpene containing layer was studied. JW was set to 

–0.1 cm d-1, 0.0 cm d-1 and +0.5 cm d-1 in case of groundwater evaporation, no water transport and 

leaching, respectively. In the calculations d was set to 0.5 cm corresponding to well-mixed surface 

conditions. The effect of changing d was investigated. 
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Table 7.1. Total retardation factors (RFA and RFW) and partial retardation factors RFa, RFw, and RFi for 

partitioning into the air phase, water phase and interfacial phase, respectively, as a function of soil water 

saturation (θ) and soil temperature (T). 

Comp.b   θ = 15%     θ = 50% 

 T  RFa RFw RFi RFA RFW  RFa RFw 

 °C  % % % m3 m-3 m3 m-3  % % 

     
Limonene 5  44.5 25.6 29.9 0.76 0.23  20.3 66.0 

 25  68.4 19.0 12.6 0.50 0.32  36.2 57.1 

 40  79.1 14.3 6.6 0.43 0.42  47.4 48.7 

     
Anethole 5  0.4 86.1 13.4 80 0.07  0.1 97.2 

 25  2.0 87.1 10.9 17 0.07  0.4 97.5 

 40  5.1 85.7 9.2 7 0.07  1.0 97.1 

     
Norcamphor 5  0.1 99.4 0.4 228 0.06  0.0 99.9 

 25  0.5 99.1 0.3 65 0.06  0.1 99.8 

 40  1.1 98.6 0.3 30 0.06  0.2 99.8 

     
Eugenol 5  0.0 99.4 0.6 13098 0.06  0.0 99.9 

 25  0.0 99.0 0.9 1072 0.06  0.0 99.8 

 40  0.1 98.7 1.1 246 0.06  0.0 99.8 

     
bThe compounds are listed in the order of decreasing KAW. 

 

 

In the computations the half lives t1/2 (= ln(2)/k) were set to >1000 years, making degradation 

insignificant and the potential importance of biodegradation was discussed afterwards. The 

discussion of the model results will mainly focus on the monoterpenes limonene, anethole, 

norcamphor and eugenol. The values for their physicochemical properties cover property space as 

observed for the compounds under study. An idea of the behaviour in soil of the other 

monoterpenes can be obtained by comparing their physicochemical properties to the properties of 

these four monoterpenes. 
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Table 7.1. continued.  

    θ = 85%     

RFi RFA RFW  RFa RFw RFi RFA RFW 

% m3 m-3 m3 m-3  % % % m3 m-3 m3 m-3 

     
13.7 0.99 0.30  5.0 91.7 3.3 1.21 0.37 

6.6 0.55 0.35  9.9 88.3 1.8 0.61 0.39 

3.9 0.42 0.41  14.5 84.3 1.2 0.41 0.40 

     
2.7 235 0.21  0.0 99.5 0.5 391 0.34 

2.1 50 0.21  0.1 99.5 0.4 83 0.34 

1.8 20 0.21  0.2 99.5 0.3 33 0.34 

     
0.1 776 0.20  0.0 100.0 0.0 1284 0.34 

0.1 215 0.20  0.0 100.0 0.0 366 0.34 

0.1 100 0.20  0.0 100.0 0.0 170 0.34 

     
0.1 43435 0.20  0.0 100.0 0.0 73772 0.34 

0.2 3544 0.20  0.0 100.0 0.0 6017 0.34 

0.2 811 0.20  0.0 100.0 0.0 1376 0.34 

     
Soil properties: εT = 0.40 m3 m-3, fOM = 0%. RF factors: Because the relative contributions of the partial RF factors to 

RFA and RFW are equal, the usual subscripts A and W are omitted.  

 

 

7.3 Results 

 

7.3.1 Total and partial retardation factors 

 

For the estimated values of KAW, ΔHAW, KIW, ΔHIW, KOM and ΔHOM, we refer to part I of this study 

(chapter 6). For the case where fOM = 0%, table 7.1 summarizes the relative contributions of RFa, 

RFw and RFi to RFA and RFW as a function of T and θ. For θ = 85%, table 7.2 summarizes the 

relative influence RFb on the total RF as a function of T and fOM. Because the relative contributions 

of the partial RF factors to RFA or RFW are the same the subscripts for RF were omitted. 
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In general, RFA was much larger than RFW and both increased with θ (table 7.1). For 

compounds with a relatively high KAW (e.g. limonene, KAW ≈ 1 m3 m-3), the values for RFA and RFW 

were of comparable magnitude. For limonene at T = 40°C, a slight decrease of RFA and RFW with θ 

was observed. Note that RFw was the dominant partial retardation factor in most cases. The 

contributions of RFa and RFi were substantial only for limonene and at low θ. 

The relative influence of RFb was higher at low θ. Even at low fOM and high θ, the 

contribution of RFb to RFA and RFW was dominant in most cases (table 7.2). For most monoterpenes 

studied here the KOM was higher than that of eugenol.  

In all cases, RFA decreased with temperature (tables 7.1 and 7.2). The temperature 

dependence for RFA was higher in the presence of organic matter (both RFA
w and RFb decrease with 

temperature). In the absence of organic matter RFW increased with temperature. This effect, caused 

by RFW
a, was small and only visible for limonene. In the presence of organic matter RFW decreased 

with temperature. The contribution of RFi to the temperature dependence was small. 

The standard errors in the input-parameters were discussed in part I of this study (chapter 6). 

Error propagation of the standard errors for KAW (0.7 log units), KIW (0.5 log units) and KOM (0.6 log 

units) in equations 7.4 and 7.5 resulted in large statistical uncertainties in RFA and RFW. When RF > 

1 m3 m-3 the standard error was approximately a factor 5 (~0.7 log units) or 8 (~0.9 log units) in the 

absence and presence of organic matter, respectively. When RF approached its minimum value the 

standard error decreased to approximately zero. If the KAW, KIW and KOM were known from 

experiment, the standard errors for these input-parameters could be smaller, say 0.2 log units. This 

would decrease the uncertainty in RF to approximately a factor of 2. 

 

7.3.2 Effective diffusion coefficient 

 

For the case where fOM = 0%, figure 7.1 shows the calculated DE for limonene and eugenol at T = 

25°C and anethole at T = 5, 25 and 40°C as a function of θ. For all monoterpenes, DE decreased 

with increasing θ and at high θ values (>80%) a modest increase in DE was usually observed. The 

increase at high θ was more pronounced for compounds with lower KAW values. The presence of 

organic matter did not influence the dependence of DE on θ. The dependence of DE on θ was caused 

predominantly by the tortuousity factor. The tortuousity factor for transport through the soil gas 

phase (equation 7.8) decreased by a factor of 6 and 55 when θ increased from 15 to 50% and 50 to 

85%, respectively. For transport through the water phase exactly the same trend was observed when 
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going from a relatively wet soil to a relatively dry soil. These factors were generally much higher 

compared to the calculated θ dependence for RF.  

The temperature dependence of DE was caused predominantly by the temperature 

dependence of RFA. At high θ, where water phase transport became important, the temperature 

dependence was mainly caused by the temperature dependence of DW
water. The temperature 

dependence of both DA
air and DW

water were generally much lower and higher, respectively, 

compared to the temperature dependence found for the respective RF factors. 

The standard deviations in the DE values were of similar magnitude as for RF.  

 

 
Figure 7.1. Effective diffusion coefficient (DE) for limonene, anethole and eugenol as a function of 

temperature and soil water content (θ). The results for norcamphor were between the results for anethole and 

eugenol and were left out for clarity.  

 

7.3.3 Soil model calculations 

 

Table 7.3 summarizes the model calculation results for the effect of θ, T, fOM and the addition of a 

covering soil layer on %VOT, 10 days after the application of monoterpenes to a 10 cm top soil 

layer. %VOT decreased with θ. For compounds with low KAW, such as eugenol, an increase in 

%VOT was observed at higher θ. %VOT increased with temperature and decreased with fOM. %VOT 

was reduced after adding a clean soil layer on top of the treated soil layer. %VOT and its sensitivity 

for T, θ, fOM and the additional soil cover differed substantially between the monoterpenes. 
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Table 7.4. Cumulative percentage volatilization (VOT) and percentage leaching (LEACH) during the first 10 

days after application as a function of temperature (T), organic matter content (fOM) and three soil water flow 

regimes (JW); soil water evaporation (upward flow, JW negative sign), no soil water flow (JW = 0 cm d-1) and 

leaching (downward flow, JW positive sign). 

Comp.   Limonene    Anethole   

T JW  fOM         

°C cm d-1  0%  1%   0%  1%  

   VOT LEACH VOT LEACH  VOT LEACH VOT LEACH 

      
5 -0.1  93 0 17 0  60 0 4 0 

 0.0  93 0 17 0  30 0 4 0 

 +0.5  90 9 17 0  3 44 2 0 

      
25 -0.1  95 0 37 0  73 0 11 0 

 0.0  95 0 37 0  58 0 11 0 

 +0.5  94 6 37 0  15 44 8 0 

      
40 -0.1  96 0 54 0  80 0 21 0 

 0.0  96 0 54 0  73 0 20 0 

 +0.5  95 5 54 0  37 38 17 0 

      
Soil properties: εT = 0.40 m3 m-3, θ = 50%, ρB = 1200 kg m-3, L = 0 cm, W = 10 cm, Z = 30 cm. 

 

 

For θ = 50%, table 7.4 summarizes the effect of groundwater evaporation (JW = -0.1 cm d-1) 

and leaching (JW = +0.5 cm d-1; leaching depth = Z = 30cm) on %VOT and %LEACH. Groundwater 

evaporation increased %VOT and leaching increased %LEACH. The influence of JW was larger for 

compounds with low KAW values and decreased with temperature. For example, %VOT and 

%LEACH were insensitive to JW for limonene, whereas losses were almost completely determined 

by JW for eugenol. 

%VOT was rather insensitive to the value for d. %VOT did not visibly change after the (0.5 

cm) layer thickness was decreased by a factor of 103. %VOT decreased by no more than 3% after 

increasing the layer to 5 cm. 
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Table 7.4. continued. 

Norcamphor    Eugenol    

         

0%  1%   0%  1%  

VOT LEACH VOT LEACH  VOT LEACH VOT LEACH 

    
56 0 30 0  49 0 3 0 

20 0 14 0  6 0 1 0 

1 50 1 0  0 50 0 0 

    
64 0 44 0  52 0 7 0 

37 0 28 0  13 0 4 0 

4 49 4 0  0 50 0 0 

    
70 0 56 0  56 0 11 0 

52 0 42 0  21 0 7 0 

10 48 10 4  1 49 1 0 

    
 

 

The statistical uncertainty in %VOT was estimated by performing series of calculations in 

which the values for the input-parameters were varied by adding or subtracting the estimated 

standard errors. The thus calculated variations in %VOT depended on the absolute value for %VOT. 

At fOM = 0% and 20% > θ > 80%, the variations were generally lower than ±10%. Between these 

ranges, the observed variations amounted up to ±24%. The variations increased up to ±30% in the 

presence of organic matter. Using, however, lower standard errors for the input-parameters as these 

may be obtained from experiment, the calculated variations decreased to a maximum of ±10%, even 

in the presence of organic matter. 
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7.4 Discussion 

 

7.4.1 Factors influencing the fate of monoterpenes 

 

The focus of this study was on the influence of θ, fOM and T on the fate of monoterpenes in soil. In 

the sections 7.4.2-7.4.5 the calculated influences of these factors will be discussed. Other factors 

which may influence the fate of monoterpenes in field situations will be discussed in section 7.4.6.  

 

7.4.2 Soil water content 

 

As judged from %VOT, the mobility of monoterpenes is lower at high θ. This may seem surprising 

since monoterpenes partition mainly into the soil water phase (KAW < 1 m3 m-3). However, DA
air is 

much larger than DW
water and RFA is generally not large enough to reduce DA

air to levels where 

DW
water becomes important. The dependence of monoterpene mobility on θ can be traced back to 

RFA and, more significantly, to the transport tortuousity factor. This points at the importance of the 

tortuousity model for which we, like many other authors, used the empirical Millington and Quirk 

model [6]. However, more models are available and as noted by Werner and Höhener [7], there is 

no obvious a priori choice for the best relationship. 

For the monoterpenes studied, the gas-water interface does not appear to be an important 

retention domain. The influence of this retention domain is larger at low θ. This is caused by the 

larger ai values at low θ. Validated methods for measuring (and thus also for predicting) ai are not 

available. For example, for a sand at θ = 10%, the empirical regression equation found by Kim et al. 

[4] predicts ai = 58 cm-1 whereas the Cary model discussed by Costanza and Brusseau (2000) 

estimates ai = 200 cm-1. This suggests that RFi may become more important, but only in the low θ 

range. In addition, the influence of RFi at low θ is only substantial for monoterpenes with relatively 

high KAW (e.g. anethole and limonene). These model results agree with experimental data for e.g. 

chlorobenzene (log KAW (m3 m-3) = -0.85; log KIW (m) = -5.1), for which RFA
i was dominant at low 

θ (< 20%) whereas RFA
w was dominant in the higher θ range [8]. 

 

7.4.3 Organic matter 

 

The calculations indicate that partitioning into organic matter leads to substantially reduced %VOT 

and %LEACH. We note that the KOM was estimated from KOW using a rather approximate method  
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(see part I of this study, chapter 6). However, the large influence of KOM remains after including the 

statistical uncertainty in the calculations. Next to compound properties, KOM will depend on the 

(molecular) composition of the organic material which may substantially differ from soil to soil. As 

such, partitioning into organic matter is a large source of uncertainty. 

 

7.4.4 Temperature 

 

The model calculations indicate that temperature has a large influence on the fate of monoterpenes. 

At higher temperatures the gas phase concentrations of monoterpenes increased leading to larger 

%VOT and lower %LEACH. This temperature dependence can be traced back to the RF factors and, 

via KAW, mainly to the enthalpy of vapourization (ΔHVAP). ΔHVAP values have been accurately 

measured in a previous study [9]. As KOM decreases with temperature, the retention of 

monoterpenes by organic matter reduces at higher temperature, further increasing the temperature 

dependence originating from KAW. 

 

7.4.5 Biodegradation 

 

The 10 days time frame used in the calculations is of the same order as the predicted primary 

biodegradation rates (“days-weeks”) discussed in part I of this study (chapter 6). This suggests that 

biodegradation is an important loss process for monoterpenes in soil. Furthermore, these similar 

time frames suggest that the fate of the monoterpenes may be sensitive to apparent small differences 

in biodegradation rates. 

 

 

7.4.6 Other factors 

 

To obtain further insight into the behaviour of monoterpenes in soils and to be able to make 

predictions for experimental laboratory and/or field systems, the following points must be 

considered: (1) adsorption to mineral surfaces; (2) sorbed phase transport; (3) hydrodynamic 

dispersion; (4) annual and diurnal temperature variations; (5) phase dependent biodegradation rates; 

(6) temperature dependent biodegradation rates and (7) other factors influencing biodegradation. 

These points will be briefly discussed below. 
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(1) In our calculations and in most experimental studies (e.g. [10], compound transport rates 

decrease at higher θ. Cabbar and Bostanci [11], however, observed slower transport in dry soil 

compared to a wet soil for dichloromethane, 1,1,1-trichloroethane and carbon tetrachloride (KAW ≥ 1 

m3 m-3). This was explained by sorption onto dry mineral surfaces. Prediction methods for the 

sorption of compounds onto mineral surfaces as well as their temperature dependence are available 

[12]. 

(2) As monoterpenes tend to be fixed in the presence of organic matter and, at low θ, 

possibly by adsorption onto mineral surfaces, vertical sorbed phase transport (e.g. bioturbation) may 

significantly increase their effective transport rates [13]. 

(3) Especially for monoterpenes with relatively low KAW and in low fOM soils, hydrodynamic 

dispersion is likely to be an important transport process. 

(4) Recently Paraiba and Pulino [14] incorporated a sinusoidal function to describe the daily 

average soil temperature at different depths in a pesticide dispersion-advection leaching model. 

Similarly, the diurnal variation, relevant for the monoterpenes, can be incorporated. 

(5) Assuming equilibrium partitioning between the soil phases, the mass balance equation 

used for this study expresses the first-order biodegradation rate of a compound on the basis of CT. 

When available, phase dependent biodegradation rates could be used. Through the equilibrium 

partitioning calculations (RF factors), the “bioavailable” fraction in each phase can be calculated. In 

fact, this would incorporate the influence of fOM, θ and T on the bioavailability. 

(6) The temperature dependence of the biodegradation rate can be incorporated in the model 

through the Arrhenius equation [14, 15]. The required Arrhenius coefficient can be estimated from 

experimental biodegradation rates at several temperatures. It should be noted that extrapolations 

using this equation are exceptionally tricky since e.g. the growth rate of the degraders will drop 

sharply at some higher temperature. 

(7) Next to the abovementioned factors, biodegradation rates will depend on factors such as 

salinity, pH, oxygen concentration, redox potential, concentration and nature of various substrates 

and nutrients, presence of toxic chemicals (e.g. heavy metals), the number and species of bacteria 

initially present and synergistic and antagonistic effects of associated microflora [16].  
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7.5 Conclusions 

 

The calculation results indicate that θ, fOM and T substantially influence the mobility of 

monoterpenes in soil. Increasing θ reduced both %VOT and %LEACH although a modest increase 

was usually observed at high θ. Organic matter served as the major retention domain, reducing both 

%VOT and %LEACH. Increasing the temperature resulted in higher %VOT and %LEACH. The 

studied monoterpenes have different sensitivities to the studied determinants. Clearly, 

monoterpenes or the essential oils of which they are the main constituent cannot be regarded as one 

compound in any fate model study. 

We stress that %VOT and %LEACH were calculated to obtain insight in the influence of θ, 

fOM and T on the fate of monoterpenes in soil and not to estimate losses as these may be observed 

after actual field applications. Nevertheless, the model results indicate that %VOT and %LEACH 

may be substantial, especially for soils with low fOM. To obtain further insight into monoterpene 

behaviour in soils and to be able to make predictions for experimental laboratory and/or field 

systems, the following points must be considered: (1) adsorption to mineral surfaces; (2) sorbed 

phase transport; (3) hydrodynamic dispersion; (4) annual and diurnal temperature variations; (5) 

phase dependent biodegradation rates; (6) temperature dependent biodegradation rates and (7) Other 

factors influencing biodegradation. Biodegradation rates may be the most difficult parameter to 

predict, but the calculations indicate that it is an important process for monoterpenes in soil. 
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8.1 Aim of the study and research objectives 

 

The general aim of this thesis was to develop tools to design environmentally safe chemicals. The 

focus was on the environmental fate of monoterpenes applied to soil as pesticides. The work was 

further confined by the specific objectives listed below.  

 

• Objective 1. Select (types of) chemicals which may be produced in a sustainable way and 

for which the application inherently results in emissions into the environment (this resulted 

in the selection of monoterpenes). 

 

• Objective 2. Develop force field methods to estimate equilibrium partition constants and 

their temperature dependence. 

 

• Objective 3. Develop force field methods to estimate biodegradation rates and metabolic 

pathways. 

 

• Objective 4. Study the effect of temperature and other soil properties on their fate in soil 

systems. 

 

By subsequently focusing on the specific objectives and general aim, the conclusions which can 

be drawn from the work described in this thesis will be presented in the paragraphs below. The 

limitations of the work will be discussed and areas for further research identified. 

 

 

8.2 Select (types of) chemicals which may be produced in a sustainable way and for which the 

application inherently results in emissions into the environment 

 

8.2.1 Conclusions 

 

In order to derive criteria for the selection of chemicals for study, the concept of sustainable 

chemistry was studied in chapter 2. One important characteristic of sustainable chemicals, i.e. that 

they should be biomass based, was used as the main selection criterion. In addition, it was decided 

to focus on bioactive compounds such as pesticides because the need for their removal from the 
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environment is evident. As described in the introduction to this thesis, monoterpenes were selected 

as compound group for study because they can be produced from biomass and may be applied as 

pesticides. 

 

8.2.2 Limitations 

 

Although a biomass basis is an important characteristic of sustainable chemicals, clearly the 

concept encompasses much more. It was concluded in chapter 2 that the products made by industry 

should be thoroughly assessed, preferably at the earliest stages of their development, with respect to 

the needs these products are supposed to fulfil and with sustainability in mind. Whether or not 

pesticides can ever be considered in terms of sustainability, is matter of considerable debate [1]. 

The assumption made in this thesis is that pesticides can be sustainable when their use is minimised 

and their production and use are optimised with respect to efficiency and safety. By focusing on 

natural science elements and using the “pesticide safety net” proposed by Govers et al. [2] as a 

template, an outline for the sustainable development of (monoterpene) pesticides will be discussed 

in the following paragraph. 

 

8.2.3 Perspectives 

 

Govers et al. [2] proposed a “pesticide safety net” with the aim to improve the pesticide 

authorization procedure which is currently being used in member states of the European Union. In 

the current authorisation process, the pesticide producer provides relevant data to the decision 

authority who evaluates the efficacy and adverse effects of the use of the pesticide [3]. When the 

risk is considered acceptable, the authorization is given for a certain period. After this period, the 

authorization is reviewed according to current scientific standards. Although this procedure reduces 

the environmental risk associated with the use of pesticide products, the high number of cases in 

which environmental thresholds are exceeded for pesticides in aquatic environments [4] indicates 

that the safety net should be improved. 

The improved safety net covers all stages of the lifecycle of the pesticide [2]. It emphasizes 

and improves three main steps in the currently applied safety net. First, it emphasizes the 

importance of the design phase of pesticides. The design phase will be discussed in some detail 

below. Second, the safety net improves the assessment by the decision authority by improving their 

tools (e.g. fate models) and by including new tools (e.g. methods to predict impurity formation in 
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industrial processes [5]). Third, it emphasises the importance of monitoring of pesticides, their 

impurities and metabolites in the environment. The monitoring results should be used in the re-

evaluation of an authorization of a pesticide and to improve the environmental fate models.  

The design of pesticides starts with the selection of lead structures. These are typically 

structures with the desired (pesticidal) activity. Natural lead structures can be obtained from 

chemical ecological studies [6]. In this way also monoterpenes could be identified [e.g. 7]. The next 

step is the optimisation of wanted properties. Pesticides should be designed to be effective and 

environmentally safe. The development of the required tools was the main aim of this thesis. 

As noted above, the sustainable design objectives include not only the efficacy and 

environmental safety of the pesticide product, but also a minimized use and efficient and safe 

production. Therefore, the design process should be broadened to include these aspects as well. The 

use of pesticides can be minimised by also considering non-chemical means of pest control such as 

biological and mechanical methods. Such considerations are part of integrated pest management 

(IPM) [8], often described as tools to achieve a sustainable agriculture [9]. Tools to assist in the 

design of an efficient and safe production and use of chemicals are being developed and are 

typically related to lifecycle assessment (LCA) [10]. 

 

 

8.3 Develop force field methods to estimate equilibrium partition constants and their 

temperature dependence 

 

8.3.1 Conclusions 

 

A FF method has been developed for the calculation of the enthalpy of vapourization (ΔHVAP) for 

monoterpenes and other C, H and O containing compounds (chapter 4). The required input-data are 

the molecular structure of the test compound and the liquid molar volume (or density). Using the 

relatively fast AMBER FF in commercially available software, ΔHVAP was calculated from the 

difference in the FF energy of a molecule in the gas phase and in the liquid phase. For the 10 

monoterpenes in the calibration set, the deviations between predicted and experimental ΔHVAP 

values were within 0.5 kcal mol-1 (equivalent to an error of approximately 3 %). It was shown that 

relatively fast geometry optimisations could replace molecular dynamics runs without loosing 

accuracy. The experimental ΔHVAP values required to calibrate the FF method were measured using 

a method based on gas-chromatography (GC-VAP, chapter 3). The GC-VAP method is a relatively 
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fast experimental method which yields the vapour pressure (required in chapters 6 and 7), ΔHVAP 

and the gas-liquid heat capacity difference (not used in this thesis). 

 

8.3.2 Limitations 

 

Compared to the FF method, most published methods for estimating ΔHVAP (references in [11]) are 

easier to use and more accurate (typically 2% error or less). The FF method can be improved on 

these points. In addition, to contribute further to the specific objective, the scope of the FF method 

should be broadened to include the prediction of ΔH of other partition processes, as well as the 

prediction of partition constants themselves. These issues will be discussed below.  

 

8.3.3 Perspectives 

 

Increasing the accuracy of the FF method. Because the estimated error of approximately 3% is 

based on the results of the 10 monoterpenes in the calibration set only, this error is an 

underestimation. To obtain a better estimate of the uncertainty in the FF ΔHVAP values, the method 

should be applied to other monoterpenes and CHO compounds in general. 

As discussed in chapter 4 the FF may be improved by increasing the cut-off distance with 

new FF parameters. This may also require experimental ΔHVAP values with a higher accuracy: a 

comparison between GC-VAP and literature vapour pressure values for myrcene indicated that a 

correction of ± 0.08 log units over the temperature range 287.65 to 446.65 is required (discussed 

also in chapter 3), equivalent to a correction of approximately ± 0.3 kcal mol-1 for ΔHVAP. If we 

assume that this is a good approximation of the uncertainty of the GC-VAP ΔHVAP, it can be 

compared to the deviations between predicted and GC-VAP ΔHVAP values (0.5 kcal mol-1). Thus the 

accuracy the GC-VAP method may become a limiting factor in increasing the accuracy of the FF 

method. As discussed in chapter 3, the GC-VAP method may be improved by incorporating the 

ratio of activity coefficients γi/γz in the model in a temperature dependent way. Another (easier) 

approach is to include additional reference compounds which are structurally similar to the test 

compound and with known vapour pressure and ΔHVAP. We are currently using the latter approach 

in a vapour pressure study on perfluorinated chemicals [12]. 
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Increasing the user friendliness of the FF method. The “user fiendliness” is translated here as 

“the required time for an estimation”. The required time includes the preparation of the calculation, 

the calculation itself and the processing of the data. The required time for a calculation was reduced 

by using the relatively fast AMBER FF, applying cut-off values for nonbonded interactions and by 

using geometry optimisations instead of full molecular dynamics. The time efficiency of the 

preparation of the calculations and processing of the data has not been specifically addressed in 

chapter 4. Several steps, however, such as the filling of periodic boxes with molecules, can be 

easily automated.  

 

Broadening the scope of the FF method. In principle, the method applied to ΔHVAP can be applied 

to other equilibrium partition constants as well. This would require experimental ΔH values for the 

respective equilibrium partition constant for a set of calibration compounds. A practical drawback is 

that fast and accurate experimental methods for ΔH of most equilibrium partition constants, such as 

GC-VAP for ΔHVAP, are not available. 

We are currently working on another procedure to calculate ΔH of equilibrium partition 

constants [13]. The approach is to calibrate the FF for the pure liquid phases of all compounds 

involved in the partitioning process. For e.g. the n-octanol-water partition constant (KOW), the 

relevant pure liquid phases are those for n-octanol, water and the test compound. After calibrating 

the atomic charges in the different phases (via the electrostatic scaling factor) using experimental 

(GC-VAP) ΔHVAP values, the periodic boxes with the test compound surrounded with water and n-

octanol molecules can be constructed. The calculated energies of the test molecule in water phase 

(EW) can be subtracted from the energy of the test molecule in the n-octanol phase (EO) to yield the 

energy change when a molecule is transferred from the water to the n-octanol phase (ΔEOW). This is 

illustrated in figure 8.1 for the ΔHs associated with KOW, the solubility in water (SW, related to KWL), 

the solubility in n-octanol (SO, related to KOL), Henry’s Law constant (KAW) and the n-octanol-air 

partition constant (KOA). 

The calibrated FF may also be used for the direct calculation of partition constants. The 

value of a partition constant (K) is related to the free energy of phase transfer (ΔG), K = exp (-ΔG / 

RT), in which R and T are the ideal gas constant and the absolute temperature, respectively. The 

direct calculation of ΔG is possible using well established techniques such as the free energy 

perturbation methods [14]. A practical drawback of these methods is that they require the ΔG for 
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Figure 8.1. Energies (E) of transfer and the related equilibrium partition constants. Note that KAL is related to 
vapour pressure and ΔEAL = ΔEVAP = ΔHVAP – RT. For further explanation: see text. 

model compound structurally similar to the test compounds. We are currently developing a FF 

method to calculate ΔG without using additional experimental input-data [13]. 

 

 

8.4 Develop force field methods to estimate biodegradation rates and metabolic pathways 

 

8.4.1 Conclusions 

 

A FF method has been developed for the prediction of product profiles for monoterpene 

hydroxylation as catalysed by the enzyme cytochrome P450cam (chapter 5). Although the enzyme 

crystal structure and the mechanism of the reaction were required in the development of the 

method, for new predictions only the molecular structure of the test compound is required. The 

method makes use of the relatively fast AMBER FF in commercially available software. The 

method is based on the prediction of binding orientations of monoterpenes in the enzyme active site 

pocket and the subsequent transformation of these into product profiles using criteria based on the 

reaction mechanism. Good predictions compared to the experimental results were obtained for most 

compounds. 

Substrate binding orientations were predicted by using multiple substrate (starting) 

orientations in the enzyme pocket in two procedures: a procedure based on molecular dynamics 

(MD procedure) and a procedure based on short MD simulations followed by geometry 
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optimisations (GO procedure). It was found that latter procedure more efficiently explored substrate 

binding space. The FF parameters were calibrated using the camphor-P450cam binding energy 

known from literature. The criteria used to transform the substrate binding orientations into product 

profile prediction were calibrated using experimental product profiles for 1R-camphor known from 

literature. 

 

8.4.2 Limitations 

 

Unlike the FF method for the prediction of ΔHVAP, equally useful alternatives for the prediction of 

product profiles for monoterpene hydroxylation as catalysed by the enzyme cytochrome P450cam 

are not available. The results for camphane illustrated that the current FF method needs to be 

improved. Although the reduction of computational time was an important focus of the study, the 

time efficiency should be further improved. In addition, the scope of the FF needs to be broadened 

to include other substrates, enzymes and endpoints (biodegradation rates and metabolic pathways) 

to contribute further to the specific objective. These issues will be discussed below. 

 

8.4.3 Perspectives 

 

Increasing the accuracy of the FF method. With respect to the accuracy of the FF method, it 

should first be noted that the work described in chapter 5 was mainly on method development. Only 

5 monoterpenes were included in the study. More insight into the accuracy of the current method 

would be obtained by including a larger group of substrates and non-substrates (compounds which 

are not hydroxylated by P450cam). 

Methods to increase the accuracy of the FF method have been discussed in chapter 5 and 

include improvements in the FF parameters, the FF calibration procedure, the procedure to explore 

substrate orientations in the enzyme binding pocket and the procedure to transform the substrate 

binding orientations into product profiles. A significant increase in the accuracy of the FF method is 

expected after adjusting the FF parameters. This important point is further discussed below. 

The FF was calibrated by reproducing the experimental binding energy of 1R-camphor and 

1S-camphor and focused only on the scaling factor for electrostatic interactions. For camphor, a 

molecule containing C, H and a polar O, both van der Waals and electrostatic interactions are 

expected to be important. The incorrectly predicted product profile for camphane (containing only 

C and H), a compound for which van der Waals interactions are expected to be dominant, could 
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mean that the calibration procedure was biased towards electrostatic interactions. Therefore, the 

results may be improved by including more structural diversity in the substrates used in the 

calibration procedure. Alternatively, the FF could be calibrated by reproducing the ΔHVAP values for 

the molecules involved in a similar procedure described in chapter 4 and discussed above. For 

enzymes and macromolecules in general, ΔHVAP cannot be measured experimentally. It may be 

possible to estimate ΔHVAP using existing methods. Alternatively, the FF can be calibrated using 

fragments of the macromolecule for which ΔHVAP values are available.  

 

Increasing user friendliness. The required time for a calculation was reduced by using the 

relatively fast AMBER FF, by reducing the system size by excluding solvent molecules 

surrounding the enzyme, freezing part of the enzyme and by using geometry optimisations instead 

of full molecular dynamics. No cut-off value for the nonbonded interactions was applied. However, 

the evaluation of nonbonded interactions largely determines the required computational time. By 

optimising the cut-off distance, e.g. in a similar procedure as applied to the ΔHVAP calculations, both 

computation efficiency and the accuracy of the FF method may be improved. 

In the preparation of the calculations, the positioning of the substrates in the enzyme pocket 

is rather laborious. Perhaps this step could be replaced by an “automated docking” procedure. In a 

typical docking procedure many different substrate binding orientations are produced and 

subsequently “scored”, i.e. by comparing the substrate-enzyme interaction energies [15]. Because 

the enzyme structure and usually also the internal motions of the substrate, are held fixed during the 

docking procedure, many substrate orientations can be evaluated. Low energy binding orientations 

could be selected as starting orientations for the GO procedure. 

 

Broadening the scope of the FF method. As noted above, the scope of the FF method should be 

broadened to include the prediction of (1) “metabolic pathways” and (2) “biodegradation rates”. 

The possible role of FFs for the prediction of these endpoints will be discussed in some detail 

below. 

(1) “metabolic pathways”. A biodegradation pathway for a compound results from the 

subsequent attack of the substrate and metabolites by different enzymes. The prediction of such a 

pathway requires the prediction of the enzymes involved and the product profiles for each 

enzymatically catalysed reaction. The prediction of the enzymes involved has not been discussed in 

this thesis. With respect to this, however, it should be noted that an increasing amount of 
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experimental biodegradation data is being organised in Internet databases. A notable example is 

The University of Minnesota Biocatalysis/Biodegradation Database (UM-BBD) [21]. The UM-

BBD is an online compilation of micro-organisms, microbial catabolic enzymes, reactions and 

pathways for primarily synthetic organic chemical compounds. It provides links to several other 

databases such as the Protein Data Bank [16] and (the enzyme page) BRENDA [22] Tools to 

predict biodegradation pathways have also been added to the UM-BBD [21]. In one of the tools, 

structure-based searching, the user enters the structure of the test compound and the structures of 

matching UM-BBD structures are returned. Following the links in the database, the responsible 

enzymes may be identified. At this stage the FF method developed in this thesis could be invoked to 

predict the reaction product profiles. 

The basic information required to develop a FF for the prediction of product profiles for an 

enzymatically catalysed reaction are the structures of the enzyme and substrates, the reaction 

mechanism and experimental data (product profiles for some substrates and substrate-enzyme 

binding energies). An increasing amount of enzyme 3D structural data is becoming available 

through databases available from the internet [16]. When 3D structures are not known, they may be 

estimated by homology modeling [17], or the enzyme active site pocket may be inferred from the 

structures of known substrates and non-substrates using pharmacophore modeling [17]. The 

reaction mechanism should be known to determine what type of criteria should be used to transform 

structural information into product profiles. Within the P450 enzyme family, the catalytic 

mechanism is conserved [18] and the criteria used for P450cam can be applied to other P450s as 

well [e.g. 19]. When the catalytic mechanism is unknown, it could be elucidated by the combined 

approach of experimental and theoretical (computational) work, as was done for P450 enzymes 

[18]. Developments in computational chemistry, notably in combined quantum 

mechanical/molecular mechanical calculations [20], are likely to speed up this process.  

(2) “biodegradation rates”. Biodegradation rate prediction models should be based on the 

rate limiting step of the process. In soil, the rate limiting step may be such diverse processes as 

desorption of the compound from soil particles, transport to and permeation into the bacterial cell, 

the transport to the enzymes and the transformation rate of the parent compound or one of the 

metabolites. Furthermore, the number and species of bacteria initially present, the growth rate of the 

populations, the number of enzymes present and so on may influence the rate. 

FF calculations may be used to increase the mechanistic understanding of various steps in 

the biodegradation process and subsequently to develop predictive tools for these steps. Enzyme 

kinetics is most related to the work described in chapter 5 and will be discussed further. For product 



General discussion and conclusions  

 189

formation in P450 catalysis, the rate limiting step is assumed to be the hydrogen abstraction step 

[18]. Indeed, good correlations have been found between reaction rates and hydrogen abstraction 

energies for mammalian P450 enzymes [25]. A similar exercise for P450cam resulted in rather poor 

correlations [26]. This was explained by the importance of geometrical constrains in P450cam 

catalysis compared to the mammalian P450s. For other enzymes, the mechanism should be known 

or be elucidated. 

 

 

8.5 Study the effect of temperature and other soil properties on the fate of the chemicals in 

soil systems. 

 

8.5.1 Conclusions 

 

The effect of soil temperature, water saturation and organic carbon content on the fate of 

monoterpenes in soil was studied in chapter 7 using a one dimensional, homogenous medium, 

diffusion/advection/biodegradation soil model. The included soil phases were the soil matrix, soil 

air, soil water and the water-air interface. The required monoterpene properties (physicochemical 

properties and their temperature dependences and biodegradation rates) were measured (chapter 3), 

taken from literature or estimated as described in chapter 6. The studied endpoints were the 

transport retardation factors, the effective diffusion coefficients and the amount volatilised and 

leached from the contaminated soil layer after a certain amount of time. It turned out that 

temperature has a large effect on the fate of monoterpenes. Although the magnitude of the effects 

differed substantially among the monoterpenes included in the study, some general trends were 

observed. At higher temperatures the gas phase concentrations of the monoterpenes increased 

leading to higher volalisation losses and lower losses through leaching. Diffusive transport became 

less important at higher soil water contents. The presence of even small amounts of soil organic 

carbon substantially reduced the mobility of monoterpenes in soil. Although studied only semi-

quantitatively, the results suggested that the biodegradation is important.  
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8.5.2 Limitations 

 

The main limitation of the present study is its theoretical character, i.e. the results cannot directly be 

translated to a field situation. Several processes which may influence the behaviour of chemicals in 

soil were not included in the fate model. Experimental studies to validate the calculations were not 

carried out. Other limitations are related to the uncertainties in the estimated fate model input-

parameters. Especially for biodegradation rates and the temperature dependences of 

physicochemical parameters, little experimental data (to use in the fate model and to validate the 

predictions) turned out to be available. 

 

8.5.3 Perspectives 

 

Increasing the quality of the estimated data. The validation of the predicted partition constants, 

their temperature dependence and the biodegradability was hampered by a lack of experimental 

data. Thus experimental data is required to validate existing prediction methods and to develop new 

ones. In reporting this data, care should be taken to properly define the endpoint and sufficiently 

describe the experimental conditions. This is currently a problem with most reported biodegradation 

data. Due to the many different types of reported endpoints and typically poorly characterised 

experimental conditions, most of the biodegradation data can not be used to develop mechanistic 

models.  

 

Increasing complexity of the fate model. Including more processes in the model may serve two 

purposes. First, it may give further insight into the effect of e.g. the temperature. Second, the model 

outcome may more closely predict the actual behaviour in the field. Potentially importantly 

processes were discussed in chapter 7 and include adsorption to mineral surfaces, sorbed phase 

transport, hydrodynamic dispersion, annual and diurnal temperature variations, phase dependent 

degradation rates, temperature dependent degradation rates and other factors which influence 

biodegradation. Complex models are available, for example the PEARL model [23] used in 

pesticide registration in The Netherlands. 

For a further assessment of the safety of the pesticides, their fate outside the soil system 

should also be predicted. For this, a complementary set of models can be used, including the (media 

specific) soil model, multi-media models of various scales (from local to global), food web and 

organism models and exposure and human pharmacokinetic models. The advantages of this 
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approach (compared to the use of large, comprehensive fate models) were discussed by Mackay and 

Webster [24] and are its transparency and flexibility. Because small models are transparent and 

understandable, there is greater opportunity for the model results to be examined for reasonableness 

and input-errors thus avoiding mistakes. Flexibility allows the models to be easily updated. Also, 

the models can be tailored more easily to specific situations using GIS (geographical information 

systems) data (references in [27]). 

 

Experimental studies. The best way to obtain a further insight into the behaviour of monoterpenes 

in soil would be through the combined approach of fate modeling and experimental studies. The 

fate model study described in chapter 7 could be supported by soil column experiments such as 

described in e.g. [28]. As the focus of the study shift towards the actual application of 

monoterpenes, the required experimental systems become more complex and thus also the required 

fate models.    
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8.6 Contribute to the development of tools to predict the environmental fate of chemicals 

 

In this thesis, natural compounds were selected (monoterpenes) which can be used as pesticides and 

tools have been studied and developed to predict their properties and fate. Below, the main findings 

of this thesis are organised according to the four specific objectives. 

  

• Select (types of) chemicals which may be produced in a sustainable way and for which the 

application inherently results in emissions into the environment. 

 

o Monoterpenes were selected as compound group for study. Monoterpenes can be 

produced from biomass and can be applied as pesticides. 

o A renewable resource basis (biomass) is one part of the lifecycle of a monoterpene 

pesticide. To assess the sustainability of monoterpene pesticides, also other parts of 

the monoterpene lifecycle should be evaluated. 

o An important aspect of sustainable chemistry is the incorporation of sustainability 

principles early in the design of chemicals. For the sustainable design of pesticides 

this involves at least the optimisation of the molecular structure with respect to 

efficacy, specificity and environmental safety. The development of the required tools 

is the main topic of this thesis. 

 

• Develop force field methods to estimate equilibrium partition constants and their 

temperature dependence. 

 

o A FF method was developed for the calculation of ΔHVAP. It requires the molar 

volume and molecular structure as input-parameters. 

o Relatively fast geometry optimisations could replace molecular dynamics runs. 

o The experimental ΔHVAP values required to calibrate the FF method were measured 

using a relatively fast method based on gas-chromatography (GC-VAP). 

o The procedure (using GC-VAP ΔHVAP values to calibrate the FF) may also be seen 

as a general procedure to calibrate the FF for other partition constants. 
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• Develop force field methods to estimate biodegradation rates and metabolic pathways. 

 

o A FF method has been developed for the calculation of hydroxylated product 

profiles for reactions catalysed by cytochrome P450cam. It requires only the 

molecular structure as input-parameter. 

o Relatively fast geometry optimisations could replace molecular dynamics runs. 

o The FF settings were calibrated using experimental substrate-enzyme binding 

energies. The criteria used to transform substrate binding orientations into product 

profiles were calibrated using experimental product profiles for 1R-camphor. 

o The development of similar tools for other enzymes requires the molecular structure 

of the enzyme, the reaction mechanism and experimental data for the calibration 

steps. 

 

• Study the effect of temperature and other soil properties on the fate of the chemicals in soil 

systems. 

 

o Using a simple soil fate model, it was shown that soil water content, organic carbon 

content and temperature substantially affect the partitioning and mobility of 

monoterpenes in soil. Temperature effects are often neglected in environmental fate 

studies. 

o Although studied only in an approximate way, the fate model results suggest that 

biodegradation is an important process for monoterpenes in soil. 

o The input-parameters for the fate model were measured using the GC-VAP method 

(vapour pressure and ΔHVAP) or estimated using available methods. It turned out that 

few experimental data on biodegradation rates or the temperature dependence of 

physicochemical parameters were available that were suitable for use in the fate 

model or to validate the predictions. 
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 Summary 
 

Introduction 

 

The enormous increase in the use of chemicals since World War II has improved the quality of life 

but has also caused problems. During the entire lifecycle of chemical products, chemicals are 

emitted into the environment where they may have adverse effects. In spite of efforts by industry to 

reduce the environmental impact of their products, emissions of chemicals into the environment 

continues to raise concern. In recent years, biomass based chemicals have been promoted as 

“environmentally safe” or “environmentally compatible” alternatives to synthetic chemicals. 

However, the properties of a chemical are a function of its structure rather than of its origin. The 

environmental impact of chemicals could be reduced by designing them to be environmentally safe. 

The molecular design for environmental safety requires the ability to relate molecular structure to 

environmental fate. Two types of tools are needed for this: environmental fate models and chemical 

property estimation methods. Environmental fate models relate environmental fate to compound 

and environmental properties. Chemical property estimation methods relate compound properties to 

molecular structure. Although such tools are available and are used (e.g. in current pesticide 

registration procedures), the predictions are subject to considerable uncertainty. Therefore, 

improvement of the tools is desirable. This leads us to the general aim of this thesis, which was the 

development of tools to design environmentally safe chemicals. 

This thesis consists of four parts. In the first part of this thesis, chemicals for the study were 

selected (chapters 1 and 2). The idea was to focus on chemicals which may be produced in a 

sustainable way and for which the application inherently results in emissions into the environment. 

To support the selection process (chapter 1), the concept of sustainable chemistry was studied 

(chapter 2). The selection process led to the compound group of the monoterpenes. In the second 

part of this thesis properties of the monoterpenes (the vapour pressure as a function of temperature) 

were measured using a method based on gas-chromatography. The measurement of compound 

properties is not directly related to the aim of this thesis, but the experimental data were required as 

input-data in the third and fourth parts of this thesis. In the third part of this thesis, molecular 

mechanical force field (FF) calculations were applied to the prediction of compound properties 

(chapters 4 and 5). The endpoints were the enthalpy of vapourization (ΔHVAP) of monoterpenes 

(chapter 4) and the product distributions for hydroxylation reactions of monoterpenes catalysed by 
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the bacterial enzyme cytochrome P450cam (chapter 5). In the fourth part of this thesis, the effect of 

soil temperature, soil water saturation and soil organic carbon content on the behaviour of 

monoterpenes in soil was calculated using a fate model (chapter 7). The required input-parameters 

for the fate model were taken from literature (also from chapter 3) or were estimated using 

published prediction methods (chapter 6). 

 

 

Selection of chemicals for study 

 

General selection procedure 

 

The selection of chemicals for study was part of the project. The idea was to focus on chemicals 

which may be produced in a sustainable way and for which the application inherently results in 

emissions into the environment. The selection procedure was to study the concept of sustainable 

chemistry (chapter 2) and from this derive and apply selection criteria for sustainable chemicals 

(chapter 1).  

 

The concept of sustainable chemistry 

 

Sustainable chemistry can be defined simply as “sustainable development applied to chemistry”. 

Sustainable development is defined by the World Commission on Environment and Development 

(WCED) as “Development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs”. How this concept changes chemistry was studied in 

chapter 2. It was found that several ideas on how to give content to sustainable chemistry already 

existed and have resulted in concepts such as “green chemistry” and “sanfte chemie”. These 

concepts were studied and compared and a general definition of sustainable chemistry was 

formulated. Sustainable chemistry was defined as chemistry that makes use of renewable resources 

that have been produced in a sustainable way. Biomass was suggested as renewable resource for 

material production. The biomass should be grown, harvested and processed into products as 

efficiently and safe as possible. This involves the development of new chemistry, processes, 

technology and the restructuring of industry. An important aspect of sustainable chemistry is that 

sustainability issues should be included in the design phase of chemicals. 
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Figure s.1. Structure of selected monoterpenes: A = carvacrol, B = eugenol, C = anethole, D = 

cinnamaldehyde, E = limonene, F = terpineol, G = pulegone, H = thymol, I = limonene oxide, J = pinene 

oxide, K = myrcene, L = citronellal, M = cineole, N = adamantane, O = adamantanol, P = adamantanone, Q 

= thujone, R = norborneol, S = norcamphor, T = camphane, U = camphor. 

 

 

Chemicals which are deliberately released into the environment (e.g. pesticides), should be 

designed to be both effective (e.g. have pesticide activity) and environmentally safe, where safety is 

achieved by removal of the chemicals from the environment by degradation processes. 
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Selection of monoterpenes 

 

Due to time constrains, the “sustainability criterion” was replaced by a “renewability criterion”, i.e. 

that the chemicals should be produced from biomass. This has led to the selection of monoterpenes. 

Monoterpenes are a structurally diverse group of bioactive natural C10HnOm compounds which may 

replace synthetic pesticides. Figure s.1 shows the structures of 21 monoterpenes studied in this 

thesis. Many aspects of the lifecycle of monoterpene pesticides, for example the production of the 

biomass and the synthesis of the monoterpenes, have not been discussed in this thesis. Also the 

societal and economic dimensions of sustainable development have not been discussed in relation 

to monoterpene pesticides. As a consequence, it can not be concluded unequivocally that 

monoterpene pesticides can be sustainable. 

 

 

The measurement of chemical properties 

 

The vapour pressure (P) as a function temperature, expressed as the enthalpy of vapourization 

(ΔHVAP) and the heat capacity difference (ΔCP) between the gas and liquid phases, was measured 

for the monoterpenes in figure s.1 (chapter 3). P and ΔHVAP were used as input-parameters for the 

fate model used in chapter 7. In addition, the ΔHVAP values were required to calibrate the force field 

in chapter 4. 

The experimental method (GC-VAP) is based on gas-chromatography (GC), the equilibrium 

fugacity model and the use of n-alkanes as reference compounds. In contrast to the Hamilton-based 

GC methods, the GC-VAP method includes ΔHVAP in a temperature dependent way. The method is 

fast, reproducible and has been shown to generate reliable results. A fundamental problem in all GC 

based methods is the dependence of the retention time of a compound on its activity coefficient (γ) 

in the stationary phase. In the GC-VAP method, the ratio of activity coefficients (γi/γz) of the test 

substance (γi) and the nearest eluting n-alkane (γz) is incorporated by an expression based on 

McReynolds constants of model compounds. Because monoterpenes have relatively low boiling 

points compared to compounds used in previous studies using the same method, the influence of the 

activity coefficients was expected to be large. However, the structural diversity of the monoterpenes 

hampered the selection of model compounds for γi/γz. The results for the monoterpenes at 298.15 K 

obtained by ignoring γi/γz (i.e. setting γi/γz to one) are summarized in table s.1. 
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The GC-VAP results compared favourably with the available experimental literature data. 

For P, the differences were within ± 0.4 log units. For ΔHVAP, an experimental literature value 

found for limonene was about 245 cal mol-1 lower than the GC-VAP value. For ΔCP, no 

experimental data was found. A closer inspection of the data suggested that the GC-VAP method 

may be improved by incorporating γi/γz in the model in a temperature dependent way. This may be 

achieved by further improving the mechanistic basis of the model, or by developing methods to 

estimate γi/γz. 

 

 

Table s.1. Vapour pressure (P), heat of vapourization (ΔHVAP) and gas-liquid heat capacity difference (ΔCP) 

for monoterpenes obtained by the GC-VAP method. 

 Lowest Highest Standard error 

log P, mmHg -1.65 (eugenol) 0.14 (myrcene) < 0.05 

ΔHVAP, cal mol-1 11529 (adamantane) 16408 (thymol) 34 – 46 

ΔCP, cal mol-1 K-1 -24.606 (thymol) -17.170 (norcamphor) 0.008 – 0.016 

 

 

Development of chemical property prediction methods 

 

Molecular mechanical force field calculations 

 

Chapters 4 and 5 are about the application of molecular mechanical (MM) force field methods to 

predict chemical properties. Because the application of MM methods in environmental chemistry is 

a relatively new development, some basic features of MM methods will be summarized. Many MM 

methods are available and each can be characterized by the functional form or force field (FF), the 

atoms types and the parameter sets. In this thesis the AMBER MM method was used. The AMBER 

MM method has been developed for proteins and nucleic acids, but also for other organic 

molecules. A FF uses simple analytical functions to calculate the energy of a molecular system as a 

function of its atomic coordinates, resulting in the potential energy surface (PES) and includes both 

bonded interactions (bond stretching, angle bending and torsional angle bending) and nonbonded 

interactions (van der Waals, electrostatic and sometimes hydrogen bonding interactions). 
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The nonbonded interactions play an important role in this thesis and are calculated in 

AMBER by the following equation: 

 

E (nonbonded) = Σ m,m’ [Am,m’ Rm,m’
-12 - Bm,m’ Rm,m’

-6 ] + Σ n,n’ [qn qn’ (D Rn,n’)-1]  (s.1) 

 

The first term sums the van der Waals contributions for all nonbonded atom pairs (m,m’) in the 

system and the second term does this for the electrostatic energy contributions for all nonbonded 

atom pairs (n,n’). R refers to the nonbonded distances and D to the dielectric constant. In the 

AMBER FF used in chapter 4, no separate hydrogen bonding term was used. H-bond interactions 

were included in electrostatic interactions by increased atomic charges in this case. The AMBER 

FF used in chapter 5 adds a specific hydrogen bonding term, which is the 12-10 analogue of the 12-

6 van der Waals function. A and B are atom pair specific constants and q is the atomic charge. A and 

B are calculated as follows: 

 

Aij = ((Ri
* Rj

*)/2)12(εi εj)1/2         (s.2a) 

Bij = 2 ((Ri
* + Rj

*)/2)6(εi εj)1/2         (s.2b) 

 

Ri
* is the minimum energy separation for two atoms of type i and εi is the van der Waals well depth 

for two atoms of type  i. In chapter 4 and 5 the electrostatic interactions were scaled by multiplying 

D by a constant factor (Sest). The evaluation of nonbonded interactions in a FF calculation largely 

determine the computational time. To save time, nonbonded interactions are usually truncated at a 

certain distance (chapter 4). 

Values for the parameters in the FF equation are listed in the parameter set. An important 

aspect of MM is that atom types, not atoms, make up the molecules. An atom type defines the 

chemical environment of an atom. For example, in AMBER any sp3 carbon is assigned atom type 

CT and a sp2 carbon is assigned atom type C, unless it is present in a specific structure (e.g. atom 

type CA is assigned to an aromatic sp2 carbon). Atomic charges (q) are not listed in parameter files 

and are usually calculated by quantum mechanical methods.  

The FF energy essentially is the sum of energetic penalties for deviations from an unstrained 

structure plus nonbonded contributions and does not represent a measurable quantity. Only 

differences between two systems composed of the same number of the same types of atoms (their 

zero of energy should be the same) can be meaningfully compared to experimental data. Important 
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points on the PES are the minima, which can be found by a geometry optimisation (GO) algorithm. 

However, molecules are not fixed at the minima of the PES but – depending on the temperature 

(and thus the available kinetic energy) - vibrate around the minima. As a consequence, measured 

energies and structures are usually average values of unimaginably large number of molecules. A 

geometry optimised structure represents only one possible (micro)state of the system (essentially at 

0 K) and in principle can not be compared directly to experimental values. Using molecular 

dynamics (MD) it is possible to calculate a time average of a property that, in principle, represents a 

macroscopic value. In a MD calculation the forces on the atoms of the system, which are related to 

the first derivatives of the potential with respect to the atomic positions, are used to calculate the 

dynamic behaviour of the system by solving Newton’s equations of motion for the atoms as a 

function of time. The classical kinetic energy relates to the temperature. A practical drawback of 

MD is that the calculations are time consuming.  

The parameterization of a FF is performed by specialised research groups, but basically 

involves obtaining initial estimates for the FF parameters and refining them by reproducing 

experimental data. The final FF parameters depend on the compounds and endpoints used in the 

parameterization, the calculation methods used (e.g. GO or MD) and on other computational 

technicalities. This derivation of parameters also defines the scope of the FF, within which it should 

be applied. In practice, however, the compounds will be somewhat different from those used in the 

parameterization of the FF and the settings used are often unknown. An important step in a FF 

application therefore is the so called “post-development validation”, in which the FF method and 

settings are tested for the compounds and endpoints of interest. 

 

Prediction of the enthalpy of vapourization of monoterpenes 

 

Chapter 4 describes the development of a FF method for the calculation of the energy of 

vapourization (ΔEVAP, ΔEVAP = ΔHVAP – R T, R = ideal gas constant, T = absolute temperature), of 

monoterpenes and other C, H and O containing compounds. The average FF energy of a molecule 

in a periodic box filled with a proper number of molecules (ELIQ) is subtracted from the energy of a 

single molecule in a periodic box (EGAS) yielding ΔEVAP (ΔEVAP = EGAS – ELIQ) (see figure s.2). 

Focus of the study was on the optimisation of the nonbonded interactions and on increasing the time 

efficiency of the method. 

Included in the study were cinnamaldehyde, myrcene, limonene, thymol, carvacrol, 

camphor, pulegone, cineole, citronellal and eugenol (see figure s.1). Using the experimental ΔHVAP 
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values (GC-VAP, chapter 3), the FF method was optimised in a stepwise procedure, subsequently 

focusing on the (switched) cut-off value for nonbonded interactions, the scaling factor for 

electrostatic interactions and finally the scaling factor for charges on atoms involved in hydrogen 

bonding. For the first two variables, the optimisation criterion was a scaling factor of the van der 

Waals interactions of one (i.e. no scaling). This corresponds to the way these parameters were 

derived. The scaling factor for charges on atoms involved in hydrogen bonding was calculated for 

water and assumed to be appropriate for the monoterpenes as well. 

 The results are summarized in table s.2. Several ways to increase the computational 

efficiency proved to be successful. It was found that geometrical optimisation in combination with 

short molecular dynamics (MD) runs (GO procedure) yield equally accurate results compared to 

full MD runs (MD procedure). This finding was explained by an equal increase of the potential 

energy of the gas and liquid phase on going from 0 K to 300 K. It was found that the results 

obtained with atomic charges calculated using the fast semi-empirical PM3 (quantum mechanical) 

method were equally good, if not better, than results obtained using the theoretically superior, but 

time consuming, ab initio 6-31G** (quantum mechanical) model.  

 

 

 
 

Figure s.2. Periodic boxes used to calculate the energy of a monoterpene in the gas phase (left side) and in 

the liquid phase (right side). The difference between these energies (gas phase minus liquid phase) equals the 

energy of vapourization.  
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The final model led to mean deviations from experimental (GC-VAP) ΔHVAP values within 

0.5 kcal mol-1. The standard errors of the GC-VAP values were < 0.05 kcal mol-1 (table s.1), 

indicating that the FF method may be improved, or that the uncertainty in the (GC-VAP) ΔHVAP 

values is higher than suggested in chapter 3 (and table s.1). Improvement of the FF method may be 

achieved by increasing the cut-off distance for nonbonded interactions. However, this would require 

the re-parameterization of other FF parameters and would slow down the calculations. 

 

 

Table s.2. Calculated ΔEVAP (kcal mol-1) obtained by the GO and MD procedures for two charge models (an 

ab initio model, ai and a semi-empirical model, se) and the mean deviations from the experimental data 

(residuals, res).  

 
Cam-

phor 

Carva-

crol 

Cinna-

maldehyde 
Cineole 

Citro-

nellal 

Euge-

nol 

Limo-

nene 

Myr-

cene 

Pule-

gone 
Thymol Res.

Exp.a 12.63 15.70 14.20 12.11 13.44 15.25 11.35 11.50 14.23 15.82  

GO, aib 12.09 15.33 13.08 13.74 14.00 15.29 11.25 11.43 14.51 15.30 0.52

MD, aib 11.97 15.86 13.01 13.83 13.37 15.43 11.09 10.94 14.85 15.36 0.59

GO, sec 12.04 15.84 14.08 12.62 14.72 15.65 11.69 11.44 14.46 15.85 0.37

MD, sec 12.09 16.25 14.07 12.88 14.30 15.85 11.51 11.04 14.83 16.06 0.49
aGC-VAP, chapter 3. b6-31G**, Selec = 5.65. cPM3, Selec = 1.58. 

 

 

Prediction of product profiles for monoterpene hydroxylations 

 

Chapter 5 describes the development of a MM method for the prediction of product profiles for the 

hydroxylation of monoterpenes as catalysed by the bacterial enzyme cytochrome P450cam. The 

monoterpenes that were included in the study are 1R-camphor, 1S-camphor, 1R-norcamphor, 1S-

norcamphor and camphane (see figure s.1). Experimental product profiles were taken from the 

literature. The method is based on the prediction of monoterpene binding orientations in P450cam 

and the transformation of these orientations into product profiles using criteria derived from the 

(known) reaction mechanism. 

The enzyme structure was imported from an internet database (see figure s.3). The enzyme 

was modeled in vacuo (bulk water was not included) and the number of interactions were reduced  
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by allowing only a sphere selection of atoms to 

change position in the calculations. Using this 

system, the FF was calibrated by reproducing 

the experimental binding energy of 1S-

camphor and 1R-camphor to P450cam. The 

focus of the calibration was on the value for the 

scaling factor of the electrostatic interactions 

(Sest). 

Two procedures were used to predict 

the monoterpene binding orientations. The first 

(MD) procedure was based on MD simulations 

and the second (GO) procedure was based on 

short MD simulations followed by geometry 

optimisations. In both procedures, several 

different monoterpene binding orientations were used as starting point for the calculations. 

A product profile was calculated for each of the observed monoterpene binding orientations. 

The criteria used to transform monoterpene binding orientations into product profile predictions 

were based on the rate limiting step for product formation; the hydrogen abstraction reaction. The 

first criterion was that hydroxylation can take place only 

at secondary non-bridgehead carbons (e.g. CS in figure 

s.4). The second criterion was that the monoterpene 

hydrogen (Hs) should be within a certain distance from 

the ferryl oxygen (OFE) and the CS-HS-OFE angle should 

be within a certain value. The distance and angle criteria 

were calibrated by an iterative process in which the 

experimental product profile for 1R-camphor was 

reproduced. Overall product profiles were calculated by 

weighing the contribution of each monoterpene 

orientation by a Boltzmann factor based on the 

monoterpene – enzyme interaction energy. 

 

 

 

Figure s.4. Structure of 1R-camphor 
(with only C5 H atoms) and (part of) the 
P450cam heme. 

CS 

HS 

OFE 

Figure s.3. Cytochrome P450cam. The structure 
was based on the crystal structure coordinates 
available from the Brookhaven data base. 
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Both the GO and MD procedures resulted in a quantitative or at least qualitative agreement with the 

experimental product profiles. Selected GO results are summarized in table s.3. The numbering of 

the carbon atoms is shown in figure s.5. The angle criterion was 

sometimes changed slightly to improve the results. This illustrates that 

the applied criteria should be improved. The GO results for camphane 

were in disagreement with the experimental data. This result indicates 

that the MD simulation results for camphane (which were in qualitative 

agreement with the experimental data) were biased towards the initial 

monoterpene orientation. A comparison with similar simulation work 

described in the literature suggested that the treatment of the nonbonded 

interactions can be improved. This may be achieved by further 

optimising the treatment of nonbonded interactions (e.g. the cut-off 

value), or by adjusting the van der Waals parameters.  

 

 

Table s.3. Product distributions for monoterpenes predicted by the GO procedure compared to experimental 

data. The distributions are expressed in percentages of the theoretically possible products. The applied 

geometrical criteria (geom. crit.) are listed (d = distance criterium, a = angle criterium).  See figure s.5 for 

the numbering of the carbon atoms. 

  

 

C# (%)    Number of starting 

structures 

Geom.crit.

d ± a 

  2 3 5 6   

 

R-Camphor 

 

experimental 

 

- 

 

0 

 

100 

 

0 

  

 predicted - 0 100 0 4 3.5 ± 60 

S-Camphor experimental - 0 100 0   

 predicted - 0 100 0 21 3.5 ± 50 

R-Norcamphor experimental - 2 67 31   

 predicted - 0 54 46 2 3.5 ± 80 

S-Norcamphor experimental - 10 28 62   

 predicted - 0 75 25 4 3.5 ± 80 

Camphane experimental 0 0 90 10   

 predicted 18 39 33 9 16 3.5 ± 80 

 

Figure s.5. Structure of 
1S-camphor with the 
applied atom 
numbering. 
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Figure s.6. Schematic representation boundary conditions 
for the analytical solution to the soil model mass balance 
equation. 

●Layer containing uniform 
   pesticide concentration at time zero 

●Zero pesticide concentration 
   at infinite soil depth 

●Zero pesticide concentration in air 

●Stagnant air boundary layer 

●An infinite depth of uniform soil 

Environmental fate study 

 

Chapter 7 describes a theoretical study on the effect of temperature, soil water content and soil 

organic matter on the fate of monoterpenes applied as pesticides to soil. Temperature is a factor 

which still is often ignored in environmental fate studies. The fate model was based on the 

following one dimensional, homogeneous medium, diffusion/advection/biodegradation mass 

balance equation: 

 

∂CT / ∂t + k CT = DE ∂2CT / ∂z2 - VE ∂CT / ∂z       (s.3) 

 

in which CT = mass of pesticide per soil volume, t = time, k = first order net degradation rate, DE = 

effective diffusion coefficient, VE = effective solution convection velocity and z = soil depth. 

Equilibrium partitioning of the monoterpenes between the soil phases was assumed. The included 

soil compartments were the soil matrix, soil air, soil water and the water-air interface. 

An analytical solution to the mass balance equation (taken from literature) was used in the 

calculations. The boundary conditions 

are visualised in figure s.6. The 

pesticide was initially deposited in a 

layer at a certain depth (or at the 

surface). The mobility of the 

monoterpenes was expressed as the 

amount volatilised and leached from a 

contaminated soil after a certain 

amount of time.  

The required model input-

parameters included soil properties and 

compound properties. The soil 

properties included the soil density 

(ρB), soil porosity (εT), water content (εW), air content (εA), organic carbon content (fOC), the specific 

air-water interfacial area (ai), the tortuousity factor for diffusing molecules and the temperature (T). 

The soil properties were set to typical values (ρB, εT), varied (εW, εA, fOC, T) or estimated from 

empirical relationships (ai, tortuoustity factor). 
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The effect of temperature was included through the temperature dependence of the 

compound properties. The compound properties included equilibrium partition constants, diffusion 

coefficients and biodegradation rates. The required equilibrium partition constants were the air-

water partition coefficient (Henry’s Law Constant, KAW), the interface-water partition coefficient 

(KIW) and the organic matter-water partition coefficient (KOM). These properties were collected from 

literature or estimated as described in chapter 6. The results are summarized in table s.4. KAW was 

estimated from the water solubility (S) and the vapour pressure (P). KIW was estimated from a 

correlation with S. KOM was estimated from a correlation with the n-octanol-water partition 

coefficient (KOW). P was measured as described in chapter 3. S and KOW were estimated using the 

WSKOWWIN and KOWWIN models, respectively. 

 

 

Table s.4. Ranges of KAW, KOW, KIW and KIA values and their temperature dependence (expressed as ΔH) 

calculated for the monoterpenes studied in chapter 6. Highest and lowest calculated values are printed in 

bold. 

 log KAW 

m3 m-3 

ΔHAW 

kJ mol-1 

log KOW 

m3 m-3 

ΔHOW 

kJ mol-1 

KIW 

µm3 µm-2 

ΔHIW 

kJ mol-1 

KIA 

µm3 µm-2 

ΔHIA 

kJ mol-1 

         

Limonene -0.20 +22.6 +4.83 -22.5 7 -18.8 11 -41.4 

Eugenol -4.25 +78.5 +2.73 -13.3 0.1 +11.7 1815 -66.8 

Myrcene -0.25 +21.1 +4.88 -23.9 5 -20.6 9 -41.7 

Norborneol -3.74 +39.4 +1.53 -10.8 0.01 -8.0 70 -47.4 

 

 

The temperature dependence of P was measured as described in chapter 3. The temperature 

dependences of S and KOW were calculated from the temperature dependent (estimated) infinite 

dilution activity coefficients. The activity coefficients were calculated by the UNIFAQ model. Due 

to a lack of experimental data, the estimated temperature dependences could not be validated. 

The atmospheric air and bulk water diffusion coefficients (DG
air and DW

water, respectively) 

could be reliably calculated using generally recommended methods. The soil biodegradation rates 

were estimated by semi-quantitative methods available in the BIOWIN program. A “days-weeks” 

timeframe was estimated for primary biodegradation. The temperature dependence was not 
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estimated. Due to the uncertainty in the predictions, biodegradation rates were not included in the 

fate model calculations. 

Some of the results of the fate model calculations are shown in table s.5. Although the 

relative influences of the studied parameters on monoterpene mobility in soil depend on the specific 

monoterpene structure, some general trends could be observed: the amounts volatilised (and 

leached) increased with increasing temperature and decreased with increasing soil water content 

and organic matter content. 

The results could be explained by focusing on the equilibrium partitioning behaviour of the 

monoterpenes. Organic matter is the major partitioning domain for the monoterpenes studied, 

reducing their effective diffusion rates. At low organic matter contents, the monoterpenes partition 

mainly into the soil water phase. The soil gas phase and gas-water interface are less important 

partitioning domains. Since diffusion rates in the gas phase are much higher than in the water phase, 

increasing the water content reduces the effective diffusion rates. At higher temperatures the 

equilibrium partitioning shifts towards the gas phase, causing an increase in the effective diffusion 

rates. 

 

 

Table s.5. Cumulative volatilisation during the first 10 days after application to a 10 cm top soila layer as a 

function of water saturation (θ = εW / εT), temperature (T) and organic matter content (fOM).  

 Limonene  Anethole  Norcamphor  Eugenol 
T fOM           

°C 0% 1%  0% 1%  0% 1%  0% 1% 

 θ = 15%           
5 97 40  74 8  62 36  8 1 

25 98 67  88 25  80 63  33 5 

 θ = 50%           

5 93 17  30 4  20 14  6 1 

25 95 37  58 11  37 28  13 4 
aSoil properties: εT = 0.40 m3 m-3, ρB = 1200 kg m-3, no water flux. 

 

 

The aim of the study was to obtain insight into the effect of water content, organic matter 

content and temperature on the mobility of monoterpenes in soil. The aim was not to obtain realistic 

estimates of monoterpene vapourization and leaching losses after field applications. For this, 
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several other processes would have to be included in the model, for example hydrodynamic 

dispersion and temperature fluctuations. Nevertheless, the time frame in which the calculated losses 

were significant suggests that biodegradation is important. 

 

 

Final remarks 

 

In this thesis it was assumed that pesticides can be sustainable when they are designed to both 

efficient and environmentally safe. It was further proposed that pesticides are environmentally safe 

when they are removed from the environmental by natural processes after they have fulfilled their 

function. To include this as a target in the design phase of pesticides, it should be possible to relate 

molecular structure to environmental fate. The aim of this thesis was the development of the 

required tools. This was done for monoterpenes, a class of compounds which are produced by 

plants and can be used as pesticides. Mechanistic prediction methods were developed for the 

enthalpy of vapourization (related to the temperature dependence of the vapour pressure) and 

reaction product distributions for enzymatically catalysed hydroxylation reactions (a step in the 

biodegradation of monoterpenes). It was illustrated by a theoretical fate model study that both 

temperature effects and biodegradation are important factors for predicting the fate of monoterpenes 

in soil. The main problem in the further development of mechanistic prediction tools is the limited 

availability of useful experimental data. Experiments should be designed to yield results which can 

be interpreted mechanistically and all the information required to do so should be included in the 

final dissemination of the data. 
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“Als ik had gewild dat je het begreep, had ik het wel beter uitgelegd.” 

Johan Cruijff 
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Inleiding 

 

Na de Tweede Wereldoorlog nam het gebruik van chemische stoffen enorm toe. Door toepassingen 

in bijvoorbeeld de gezondheidszorg en de landbouw is onze levensstandaard sterk toegenomen. 

Maar helaas is er ook een keerzijde. Tijdens het winnen van grondstoffen, tijdens de productie en 

het gebruik van chemische producten en tijdens het verwerken van chemisch afval (kortom; tijdens 

de gehele levenscyclus van een chemisch product), komen er stoffen in het milieu terecht. Deze 

stoffen kunnen schadelijke effecten veroorzaken in het milieu en bij de mens. Hoewel er 

voortdurend maatregelen worden genomen om uitstoot van stoffen te verminderen, blijft de zorg 

om milieuvervuiling bestaan. Biomassa (al het organische materiaal afkomstig van bomen en 

planten) wordt vaak genoemd als een milieuvriendelijk alternatief voor fossiele grondstoffen. 

Hoewel dit delen van de levenscyclus van een product milieuvriendelijker kan maken, hoeft het 

eindproduct op zich niet milieuvriendelijker te zijn. De moleculaire structuur bepaalt namelijk de 

eigenschappen van een stof en niet zijn productieproces. Het is daarom beter om 

milieuvriendelijkheid mee te nemen als doel in de moleculaire ontwerpfase van een chemisch 

product. 

Het ontwerpen van milieuvriendelijke moleculen is alleen mogelijk wanneer de relatie 

tussen de moleculaire structuur van een stof en zijn gedrag in het milieu bekend is. In de 

milieuchemie worden twee typen gereedschappen gebruikt om deze relatie te beschrijven; dit zijn 

lotgevalmodellen en voorspellingstechnieken van stofeigenschappen. Een lotgevalmodel relateert 

het gedrag van een stof in het milieu aan stofeigenschappen en milieueigenschappen. Een 

voorspellingstechniek van een stofeigenschap relateert een eigenschap van een stof aan zijn 

moleculaire structuur. Hoewel dit soort gereedschappen al bestaan en worden toegepast 

(bijvoorbeeld in de toelatingsprocedure van bestrijdingsmiddelen), zijn de onzekerheden in de 

voorspellingen groot. Verbeteringen zijn daarom wenselijk. Het doel van dit proefschrift was het 

verbeteren van methoden om milieuvriendelijke stoffen te ontwerpen. 

Het proefschrift bestaat uit vier onderdelen. In het eerste deel werd een stofgroep voor het 

onderzoek geselecteerd (hoofdstukken 1 en 2). Het onderzoek moest zich richten op een stofgroep 

welke duurzaam geproduceerd kan worden en waarvoor geldt dat uitstoot naar het milieu 

onvermijdelijk is. Ter ondersteuning van het selectieproces (hoofdstuk 1) werd het begrip duurzame 
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chemie bestudeerd (hoofdstuk 2). De geselecteerde stoffen waren monoterpenen. In het tweede deel 

werden stofeigenschappen (de dampdruk als functie van de temperatuur) van monoterpenen bepaald 

met een methode die gebruik maakt van gaschromatografie (hoofdstuk 3). Het meten van 

stofeigenschappen is niet direct gerelateerd aan het doel van dit proefschrift, maar de experimentele 

data waren nodig als invoerwaarden in het derde en vierde deel van dit proefschrift. In het derde 

deel werden moleculaire mechanica krachtenveld berekeningen toegepast op het voorspellen van 

stofeigenschappen (hoofdstukken 4 en 5). De eindpunten waren de verdampingsenergie (ΔHVAP) 

(hoofdstuk 4) en reactieproducten die worden gevormd bij de enzymgekatalyseerde (cytochroom 

P450cam) hydroxylering van monoterpenen (hoofdstuk 5). In het vierde deel (hoofdstukken 6 en 7) 

werden de effecten van temperatuur, water en organische stof op het gedrag van monoterpenen in 

de bodem uitgerekend met een lotgevalmodel (hoofdstuk 7). De benodigde invoerwaarden voor het 

model werden uit de literatuur verzameld, zelf experimenteel bepaald (hoofdstuk 3) of met 

bestaande voorspellingsmethoden geschat (hoofdstuk 6). 

 

 

Selectie van stoffen 

 

Selectie procedure 

 

Het selecteren van een stofgroep voor het onderzoek was een onderdeel van het project. Het 

onderzoek moest zich richten op een stofgroep welke duurzaam geproduceerd kan worden en 

waarvoor geldt dat uitstoot naar het milieu onvermijdelijk is. De selectie werd uitgevoerd door eerst 

het concept duurzame chemie te bestuderen (hoofdstuk 2) en vervolgens selectiecriteria voor 

duurzame stoffen op te stellen en toe te passen (hoofdstuk 1). 

 

Duurzame chemie 

 

Duurzame ontwikkeling wordt door de Wereld Commissie voor Milieu en Ontwikkeling (WCED) 

gedefinieerd als “een ontwikkeling die voorziet in de behoefte van de huidige generatie zonder 

daarmee voor toekomstige generaties de mogelijkheden in gevaar te brengen om ook in hun 

behoeften te voorzien”. Welke gevolgen duurzame ontwikkeling voor de chemie heeft is in 

hoofdstuk 2 beschreven. Het bleek dat er al verschillende ideeën bestaan over hoe invulling kan 

worden gegeven aan duurzame chemie, en deze ideeën hebben geresulteerd in concepten zoals 
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Figuur s.1. Structuur van geselecteerde monoterpenen: A = carvacrol, B = eugenol, C = anethole, D = 

cinnamaldehyde, E = limoneen, F = terpineol, G = pulegon, H = thymol, I = limoneen oxide, J = pineen 

oxide, K = myrceen, L = citronellal, M = cineol, N = adamantaan, O = adamantanol, P = adamantanon, Q = 

thujon, R = norborneol, S = norkamfer, T = camphane, U = kamfer. 

 

 

“groene chemie” en “sanfte chemie”. Deze concepten werden bestudeerd en vergeleken. 

Vervolgens werd er een algemene definitie voor duurzame chemie opgesteld. Duurzame chemie 

werd gedefinieerd als chemie die gebruik maakt van hernieuwbare grondstoffen welke duurzaam 

zijn geproduceerd. Biomassa werd genoemd als hernieuwbare grondstof voor de productie van 
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materialen. Deze biomassa moet zo efficiënt en veilig als mogelijk worden geteeld, geoogst en 

omgezet in producten. Hiervoor is nieuwe chemie, processen en technologie nodig, evenals een 

herstructurering van de industrie. Een belangrijk aspect van duurzame chemie is dat duurzaamheid 

al in de ontwerpfase van stoffen moet worden meegenomen. Stoffen zoals bestrijdingsmiddelen, 

welke onvermijdelijk in het milieu terecht komen, moeten worden ontworpen om zowel effectief 

(bijvoorbeeld dodelijk voor insecten) als milieuvriendelijk te zijn. Hier kan milieuvriendelijkheid 

worden bereikt door de stoffen zo te ontwerpen dat ze verdwijnen uit het milieu (door 

afbraakprocessen), nadat ze hun taak hebben volbracht. 

 

Selecteren van monoterpenen 

 
Vanwege tijdsgebrek werd het criterium “duurzaamheid” vervangen door het criterium 

“hernieuwbaarheid”. De stoffen moesten uit biomassa kunnen worden geproduceerd. Dit heeft 

geresulteerd in de selectie van monoterpenen als stofgroep voor het onderzoek. De stofgroep van de 

monoterpenen omvat een praktisch eindeloos groot aantal natuurlijke C10HnOm stoffen met een 

hoge diversiteit qua moleculaire structuur. Vele zijn bioactief en kunnen als bestrijdingmiddel 

worden gebruikt. Figuur s.1 laat de structuren zien van 21 monoterpenen die in dit proefschrift 

werden bestudeerd. Verschillende aspecten van de levenscyclus van bestrijdingsmiddelen op basis 

van monoterpenen werden niet onderzocht in dit proefschrift. Denk bijvoorbeeld aan de productie 

van biomassa en de synthese van de monoterpenen. Ook de sociale en economische aspecten van 

duurzame ontwikkeling in relatie tot de monoterpenen werden niet bestudeerd. Als gevolg hiervan 

kan niet met zekerheid worden geconcludeerd dat het gebruik van monoterpenen als 

bestrijdingsmiddelen duurzaam kan zijn. 

 

 

Meten van stofeigenschappen 

 

Voor de monoterpenen in figuur s.1 werd de dampdruk (P) als functie van de temperatuur gemeten 

(hoofdstuk 3). De temperatuursafhankelijkheid werd uitgedrukt in de verdampingsenthalpie 

(ΔHVAP) en het verschil in warmtecapaciteit tussen de gasfase en vloeistoffase (ΔCP). P en ΔHVAP 

werden gebruikt als invoerwaarden voor het lotgevalmodel in hoofdstuk 7 en ΔHVAP werd gebruikt 

om de ΔHVAP voorspellingstechniek te ijken (hoofdstuk 4). 
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De experimentele methode (GC-VAP) maakt gebruik van gaschromatografie (GC) en is 

gebaseerd op het evenwichtsfugaciteitmodel en het gebruik van n-alkanen als referentiestoffen. In 

tegenstelling tot de meeste andere GC methoden gaat de GC-VAP methode er van uit dat ΔHVAP 

afhankelijk is van de temperatuur. De methode is snel, reproduceerbaar en heeft al voor 

verschillende stofgroepen betrouwbare resultaten opgeleverd. Een fundamenteel probleem van alle 

GC methoden is dat de retentietijd van een stof afhankelijk is van de activiteitscoëfficiënt (γ) van de 

stof in de stationaire fase. In de GC-VAP methode komt dit terug als de ratio van 

activiteitscoëfficiënten van de teststof en een dichtbij eluerende n-alkaan (γi/γz). Deze ratio’s zijn al 

eerder voor een aantal modelstoffen berekend uit de McReynolds constanten. In de praktijk wordt 

er een ratio gekozen van een modelstof die lijkt op de teststof. Echter, vanwege de diversiteit in 

moleculaire structuur van de monoterpenen bleek het niet mogelijk om eenduidig een modelstof 

voor γi/γz te selecteren. Omdat in vergelijking tot stoffen waarvoor de GC-VAP methode eerder is 

toegepast monoterpenen relatief lage kookpunten hebben, werd verwacht dat de invloed van de 

activiteitscoëfficiënten groot zou zijn. De GC-VAP resultaten voor de monoterpenen bij 298.15 K 

(met de aanname dat γi/γz gelijk is aan één) zijn samengevat in tabel s.1. 

 

 

Tabel s.1. Dampdruk (P), verdampingsenthalpie (ΔHVAP) en warmtecapaciteitsverschil tussen de gasfase en 

vloeistof fase (ΔCP) bij 298.15 K voor monoterpenen zoals bepaald met de GC-VAP methode. 

 Laagste Hoogste Standaard fout 

log P, mmHg -1.65 (eugenol) 0.14 (myrceen) < 0.05 

ΔHVAP, cal mol-1 11529 (adamantaan) 16408 (thymol) 34 – 46 

ΔCP, cal mol-1 K-1 -24.606 (thymol) -17.170 (norkamfer) 0.008 – 0.016 

 

 

De resultaten verkregen met de GC-VAP methode kwamen goed overeen met de 

beschikbare gegevens in de literatuur. Voor P was het verschil kleiner dan ± 0.4 log eenheden. Voor 

ΔHVAP werd in de literatuur alleen een waarde gevonden voor limoneen, deze was ongeveer 245 cal 

mol-1 lager dan de GC-VAP waarde. Voor ΔCP werden geen gegevens gevonden in de literatuur. 

Een nadere bestudering van de resultaten liet zien dat de GC-VAP methode kan worden verbeterd 

door γi/γz temperatuursafhankelijk te behandelen. Dit zou kunnen worden gerealiseerd door het 

achterliggende mechanistische model te verbeteren of door schattingsmethoden voor γi/γz te 

ontwikkelen. 
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Ontwikkelen van voorspellingstechnieken voor stofeigenschappen 

 

Moleculaire mechanica krachtenveld berekeningen 

 

De hoofdstukken 4 en 5 gaan over het toepassen van moleculaire mechanica (MM) krachtenveld 

methoden om stofeigenschappen te voorspellen. Omdat de toepassing van MM in de milieuchemie 

een relatief nieuwe ontwikkeling is, zal de benodigde theorie hier eerst worden samengevat. Er zijn 

veel verschillende MM methoden beschikbaar en elke methode kan worden gekarakteriseerd door 

de functionele vorm of krachtenveld (FF), de atoomtypen en de parameterlijsten. In dit proefschrift 

werd de AMBER MM methode gebruikt. De AMBER MM methode is voornamelijk ontwikkeld 

voor proteïnen en nucleïnezuren, maar kan ook worden toegepast op andere organische 

verbindingen. Een FF gebruikt eenvoudige analytische vergelijkingen om de energie van een 

moleculair systeem uit te rekenen als functie van de atoomcoördinaten. Dit resulteert in het 

potentiële energie oppervlak (PES). Een FF energie is opgebouwd uit bijdragen van covalent 

gebonden atomen (als gevolg van afwijkingen van ideale bindingsafstanden, hoeken en 

torsiehoeken) en niet-gebonden atomen (van der Waals energie, elektrostatische energie en soms 

waterstofbrug energie). De interacties tussen niet-gebonden atomen speelde een belangrijke rol in 

dit proefschrift. In AMBER worden deze interacties als volgt uitgerekend: 

 

E (niet-gebonden) = Σ m,m’ [Am,m’ Rm,m’
-12 - Bm,m’ Rm,m’

-6 ] + Σ n,n’ [qn qn’ (D Rn,n’)-1]  (s.1) 

 

De eerste term telt de van der Waals energie bijdragen op voor alle niet-gebonden 

atoomparen (m,m’) in het moleculaire systeem. De tweede term doet hetzelfde, maar dan voor 

elektrostatische energie voor de atoomparen (n,n’). R is de afstand tussen de niet-gebonden atomen 

en D is de dielektrische constante. In hoofdstuk 4 werd een AMBER versie gebruikt waarin geen 

waterstofbrug term wordt toegepast. In deze versie worden waterstofbruggen gemodelleerd door de 

atoomladingen aan te passen. Het AMBER FF, die gebruikt werd in hoofdstuk 5, voegt een speciale 

waterstofbrug term toe. Deze term is de 10-12 vorm van de 12-6 van der Waals term. A en B zijn 

constanten welke specifiek zijn voor een atoompaar, en q is de lading op een atoom. A en B worden 

als volgt uitgerekend: 

 

Aij = ((Ri
* Rj

*)/2)12(εi εj)1/2         (s.2a) 

Bij = 2 ((Ri
* + Rj

*)/2)6(εi εj)1/2         (s.2b) 
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Ri
* is de afstand waarbij de van der Waals energie minimaal is voor twee atomen van type i 

en εi is de diepte van de van der Waals functie voor twee atomen van type i. In de hoofdstukken 4 

en 5 werden elektrostatische interacties geschaald door D te vermenigvuldigen met een constante 

factor (s). De rekentijd wordt bij MM grotendeels bepaald door het uitrekenen van de interacties 

tussen niet-gebonden atomen. Om de berekeningen te versnellen worden deze interacties meestal 

verwaarloosd voor atoomparen die meer dan een bepaalde afstand (de sommatielimiet) van elkaar 

verwijderd zijn (hoofdstuk 4). 

De waarden voor de parameters in de FF vergelijking zijn opgesomd in de parameterlijst. 

Belangrijk is dat in het MM formalisme moleculen worden opgebouwd uit atoomtypen in plaats van 

atoomsoorten. Een atoomtype definieert de chemische omgeving van een atoom. In AMBER 

bijvoorbeeld wordt aan een sp3 koolstof het atoomtype CT en aan een sp2 koolstof het atoomtype C 

toegekend. Speciale atoomtypen worden toegekend wanneer het atoom in een bijzondere structuur 

voorkomt. Bijvoorbeeld aan een aromatische sp2 koolstof wordt het atoomtype CA toegekend. 

Atomaire ladingen staan niet in de parameterlijsten en worden meestal uitgerekend met behulp van 

kwantumchemische modellen. 

In essentie is een FF energie de som van energetische straffen voor afwijkingen van een 

ideale structuur plus bijdragen voor interacties tussen niet-gebonden atomen. Het is daarom geen 

meetbare energie. Alleen energieverschillen tussen twee systemen die bestaan uit dezelfde 

hoeveelheid en typen atomen (hun nulpuntsenergie moet gelijk zijn) kunnen worden vergeleken met 

experimentele data. Belangrijke punten op het PES zijn de minima, welke gevonden kunnen 

worden door een geometrie-optimalisatie (GO) algoritme. Echter, moleculen zijn niet gefixeerd in 

de minima, maar ze vibreren, afhankelijk van de temperatuur (en dus de beschikbare kinetische 

energie), rond de minima. Het gevolg is dat experimenteel gemeten energieën en structuren over het 

algemeen gemiddelde waarden zijn van een onvoorstelbaar grote verzameling structuren. Een 

geometrisch geoptimaliseerde structuur representeert slechts een mogelijke microtoestand van het 

systeem (in principe bij 0 K) en is in principe dus niet vergelijkbaar met experimentele gegevens. 

Met behulp van moleculaire dynamica (MD) is het mogelijk een tijdsgemiddelde waarde voor een 

eigenschap uit te rekenen, wat in principe wel een macroscopische waarde is. In een MD 

berekening worden de krachten op de atomen in het systeem, welke gerelateerd zijn aan de eerste 

afgeleide van de potentiaal als functie van de atoomcoördinaten, gebruikt om de dynamiek van het 

systeem te berekenen door Newtoniaanse bewegingsvergelijkingen op te lossen als een functie van 

de tijd. Een nadeel van MD is dat de berekeningen veel tijd kosten. 
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Het afleiden van de parameters van een FF wordt uitgevoerd door gespecialiseerde 

onderzoeksgroepen. Hoewel het een tamelijk ingewikkelde procedure is, komt het er in het kort op 

neer dat er eerst FF parameters worden geschat, die vervolgens worden bijgesteld in een proces 

waarbij experimentele gegevens worden gereproduceerd. De uiteindelijk gevonden FF parameters 

hangen af van de stoffen en eindpunten welke in de afleiding zijn gebruikt, van het type 

berekeningen (GO of MD) en van andere technische details. Deze afleiding definieert ook het 

gebied waarbinnen de FF mag worden toegepast. In de praktijk blijkt echter dat meestal niet alle 

gegevens over de afleiding van de parameters beschikbaar zijn, dat deze niet eenduidig zijn en dat 

de te onderzoeken stoffen afwijken van de stoffen die in de afleiding van het FF zijn gebruikt. Een 

belangrijke stap bij de toepassing van een FF is daarom de zogenaamde post-ontwikkeling validatie. 

Hierin worden de FF en instellingen getest voor de specifieke stoffen en eindpunten. 

 

Voorspellen van verdampingsenthalpie van monoterpenen 

 

In hoofdstuk 4 wordt de ontwikkeling van een FF methode beschreven voor het uitrekenen van de 

verdampingsenergie (ΔEVAP, ΔEVAP = ΔHVAP – RT, R = ideale gasconstante, T = absolute 

temperatuur) van monoterpenen en andere stoffen die zijn opgebouwd uit de elementen C, H en O. 

De gemiddelde FF energie van een molecuul in een periodieke kubus gevuld met een juist aantal 

moleculen (ELIQ) werd afgetrokken van de energie van een enkele molecuul in een periodieke kubus 

(EGAS), hetgeen ΔEVAP oplevert (ΔEVAP = EGAS – ELIQ) (zie figuur s.2). De studie richtte zich vooral 

op de optimalisatie van de interacties tussen niet-gebonden atomen en op het verminderen van de 

benodigde rekentijd. 

De teststoffen waren cinnamaledehyde, myrceen, limoneen, thymol, carvacrol, kamfer, 

pulegon, cineol, citronellal en eugenol (zie figuur s.1). De FF methode werd geoptimaliseerd door 

de experimentele ΔHVAP waarden uit hoofdstuk 2 te reproduceren. De optimalisatie vond plaats in 

een aantal stappen. Eerst werd de sommatielimiet voor interacties tussen niet-gebonden atomen 

geoptimaliseerd, vervolgens de schalingsfactor voor de elektrostatische interacties en tenslotte de 

schalingsfactor voor atomen die een waterstofbrug vormen. Het optimalisatiecriterium voor de 

eerste twee variabelen was een schalingsfactor van één voor de van der Waals interacties. Dit komt 

overeen met hoe de parameters zijn afgeleid. De schalingsfactor voor ladingen op atomen die een 

waterstofbrug vormen, werd uitgerekend voor water en vervolgens werd aangenomen dat deze 

factor ook geschikt was voor de monoterpenen. De resultaten staan samengevat in tabel s.2. 
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Figuur s.2. Periodieke kubus die werd gebruikt om de energieën van een monoterpeen in gasfase (links) en 

vloeistoffase (rechts) uit te rekenen. Het verschil tussen beide energieën (gasfase min vloeistoffase) is gelijk 

aan de verdampingsenergie. 

 

Tabel s.2. De ΔEvap (kcal mol-1) waarden verkregen met de GO en de MD procedures voor twee 

ladingsmodellen (een ab initio model, ai, en een semi-empirisch model, se) en de gemiddelde afwijking 

(dev) van de experimentele data. 

 
Kam-

fer 

Carva-

crol 

Cinna-

maldehyde 
Cineol 

Citro-

nellal 

Euge-

nol 

Limo-

neen 

Myr-

ceen 

Pule-

gon 
Thymol Dev 

Exp.a 12.63 15.70 14.20 12.11 13.44 15.25 11.35 11.50 14.23 15.82  

GO, aib 12.09 15.33 13.08 13.74 14.00 15.29 11.25 11.43 14.51 15.30 0.52 

MD, aib 11.97 15.86 13.01 13.83 13.37 15.43 11.09 10.94 14.85 15.36 0.59 

GO, sec 12.04 15.84 14.08 12.62 14.72 15.65 11.69 11.44 14.46 15.85 0.37 

MD, sec 12.09 16.25 14.07 12.88 14.30 15.85 11.51 11.04 14.83 16.06 0.49 
aGC-VAP, hoofdstuk 3. b6-31G**, Selec = 5.65. cPM3, Selec = 1.58. 

 

Verschillende technieken om de benodigde rekentijd te verminderen bleken succesvol. Er 

werd gevonden dat geometrie-optimalisatie, in combinatie met korte moleculaire dynamica (MD) 

simulaties (GO procedure), net zulke nauwkeurige resultaten oplevert als volledige MD simulaties 

(MD procedure). Deze bevinding werd verklaard door een even grote toename in potentiële energie 

in de gasfase en de vloeistoffase wanneer deze worden verwarmd van 0 K tot 300 K. De resultaten 
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verkregen met semi-empirische PM3 atoomladingen waren evengoed of zelfs beter dan de 

resultaten verkregen met de theoretisch betere ab initio 6-31G** atoomladingen. Het uitrekenen van 

PM3 ladingen kost veel minder tijd dan het uitrekenen van 6-31G** atoomladingen.  

Het uiteindelijke model reproduceerde de experimentele (GC-VAP) ΔHVAP waarden met een 

gemiddelde afwijking van minder dan 0.5 kcal mol-1. De standaardfouten in de GC-VAP waarden 

waren < 0.05 kcal mol-1 (tabel s.1), wat er op wijst dat de FF methode kan worden verbeterd of dat 

de onzekerheden in de GC-VAP ΔHVAP waarden werden onderschat in hoofdstuk 3 (en tabel s.1). 

De FF methode kan mogelijk worden verbeterd door de sommatielimiet te vergroten. Het is dan ook 

nodig om andere FF parameters aan te passen. Dit heeft als nadeel dat de rekentijd toeneemt. 

 

Voorspellen van productverhoudingen voor monoterpeen hydroxylering 

 

In hoofdstuk 5 wordt de ontwikkeling van een MM methode beschreven voor het voorspellen van 

de productverhoudingen die ontstaan bij de enzymgekatalyseerde hydroxylering van monoterpenen. 

Het enzym was het bacteriële cytochroom P450cam. De teststoffen waren 1R-kamfer, 1S-kamfer, 

1R-norkamfer, 1S-norkamfer en camphane (zie figuur s.1). De experimentele productverhoudingen 

voor deze monoterpenen zijn bekend uit de literatuur. De methode is gebaseerd op de voorspelling 

van de bindingsoriëntaties van monoterpenen in P450cam 

en de transformatie van deze oriëntaties in 

productverhoudingen. Voor deze transformatie werden 

criteria gebruikt welke zijn afgeleid van het (bekende) 

reactiemechanisme. 

De structuur van het enzym was bekend en kon 

worden gedownload van een Internet database (zie figuur 

s.3). Het enzym werd gemodelleerd in vacuo (het water 

waar het enzym zich in werkelijkheid bevindt, werd niet 

gemodelleerd) en de hoeveelheid uit te rekenen interacties 

werd ingeperkt door positieverandering van atomen alleen 

toe te staan binnen een bolvormige selectie. Met dit 

moleculaire systeem werd het FF geijkt door het reproduceren van de experimentele 

bindingsenergie van 1S-kamfer en 1R-kamfer aan P450cam. De ijking richtte zich op de waarde van 

de schalingsfactor voor de elektrostatische interacties. 

Figuur s.3. Cytochroom P450cam. De 
structuur is gebaseerd op de 
kristalstructuur-atoomcoördinaten uit
de Brookhaven database. 
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Figuur s.4. Structuur van 1R-kamfer (met 
alleen de C5 H atomen) en (een deel van) de 
P450cam heam. 

Er werden twee procedures toegepast om de 

bindingsoriëntaties te voorspellen. In de eerste (MD) 

procedure werden MD simulaties uitgevoerd en in de 

tweede (GO) procedure werden korte MD simulaties 

uitgevoerd, gevolgd door geometrie-optimalisaties. In 

beide procedures werden voor ieder monoterpeen 

verschillende bindingsoriëntaties als start voor de 

berekeningen gebruikt. 

Voor elk van de waargenomen 

bindingsoriëntaties werd een productverhouding 

uitgerekend. Hiervoor werden criteria gebruikt die 

werden afgeleid van de snelheidsbepalende stap in de 

productvorming. Deze stap is het verwijderen van een 

waterstofatoom van de monoterpeen. Het eerste criterium was dat hydroxylering alleen kan 

plaatsvinden aan secundaire niet-gebrugde koolstofatomen (bijvoorbeeld CS in figuur s.4). Het 

tweede criterium was dat het waterstofatoom van de monoterpeen zich binnen een bepaalde afstand 

van het ferryl zuurstofatoom (OFE) moest bevinden en dat de CS-HS-OFE hoek kleiner moest zijn dan 

een bepaalde waarde. Deze criteria werden geijkt door de experimentele productverhouding voor 

1R-kamfer te reproduceren. De berekende productverhouding voor de verschillende 

bindingsoriëntaties werden samengevoegd tot een gemiddelde productverhouding. Hiervoor werden 

de afzonderlijke productverhouding geschaald met een Boltzmann-factor gebaseerd op de 

bindingsenergie van het monoterpeen aan het enzym. 

De resultaten verkregen met zowel de GO als MD procedures 

waren in kwantitatieve of tenminste kwalitatieve overeenstemming met 

de experimentele productverhoudingen. Een selectie van de GO 

resultaten is samengevat in tabel s.3. De toegepaste nummering van de 

koolstofatomen is weergegeven in figuur s.5. Het hoekcriterium werd 

soms enigszins aangepast om de resultaten te verbeteren. Dit geeft aan 

dat de toegepaste criteria voor verbetering vatbaar zijn. De GO 

resultaten voor camphane kwamen niet overeen met de experimentele 

gegevens. Dit wijst er op dat de MD resultaten voor camphane (welke 

in kwalitatieve overeenstemming waren met de experimentele 

Figuur s.5. Structuur van 
1S-kamfer met de 
toegepaste 
atoomnummering. 

CS 

HS 

OFE 
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gegevens) vertekend zijn door de beginsituatie van de simulatie. Een vergelijking met simulaties 

beschreven in de literatuur wijst er op dat de beschrijving van de interacties tussen niet-gebonden 

atomen in het FF voor verbetering vatbaar is. Deze verbetering zou bereikt kunnen worden door de 

sommatielimiet te optimaliseren of door de van der Waals parameters aan te passen. 

 

Tabel s.3. Met de GO procedure verkregen productverhoudingen uitgedrukt in procenten van de theoretisch 

mogelijke producten vergeleken met experimentele data. De toegepaste geometrische criteria (geom.crit.) 

zijn weergegeven (d = afstandscriterium, a = hoekcriterium). Zie figuur s.5 voor de toegepaste 

atoomnummering.  

  

 

C# (%) 

 

   Aantal 

startstructuren 

Geom.crit. 

d (Å) ± a (º) 

  2 3 5 6   

 

R-Kamfer 

 

experimenteel 

 

- 

 

0 

 

100 

 

0 

  

 Berekend - 0 100 0 4 3.5 ± 60 

S-Kamfer experimenteel - 0 100 0   

 Berekend - 0 100 0 21 3.5 ± 50 

R-Norkamfer experimenteel - 2 67 31   

 berekend - 0 54 46 2 3.5 ± 80 

S-Norkamfer experimenteel - 10 28 62   

 berekend - 0 75 25 4 3.5 ± 80 

Camphane experimenteel 0 0 90 10   

 berekend 18 39 33 9 16 3.5 ± 80 

 

Milieu lotgevalstudie 

 

In hoofdstuk 7 wordt een theoretische studie beschreven naar de effecten van temperatuur, water en 

organische stof op het gedrag van monoterpenen in bodem waaraan ze als bestrijdingsmiddelen zijn 

toegevoegd. De basis van het lotgevalmodel was de volgende één-dimensionale, homogeen-

medium, diffusie/advectie/biodegradatie massabalansvergelijking: 

 

∂CT / ∂t + k CT = DE ∂2CT / ∂z2 - VE ∂CT / ∂z       (s.3) 
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Figuur s.6. Schematische weergave van de randvoorwaarden 
waarvoor de analytische oplossing van de 
massabalansvergelijking van het lotgevalmodel geldig is. 

●Laag met uniforme concentratie 
   van het bestrijdingsmiddel 
   op tijdstip nul 

●Concentratie bestrijdingsmiddel 
   op oneindige diepte is nul 

●Concentratie bestrijdingsmiddel 
   in lucht is nul 
●Stilstaande luchtlaag 

●Een uniforme bodem van oneindige     
   diepte 

waarin CT = massa bestrijdingsmiddel per bodemvolume, t = tijd, k = eerste orde 

biodegradatiesnelheid, DE = effectieve diffusiecoëfficiënt, VE = effectieve oplossing 

convectiesnelheid en z = bodemdiepte. Er werd een evenwichtsverdeling van de monoterpenen 

tussen de bodemfasen aangenomen. De bodemfasen in het model waren de bodemmatrix, lucht, 

water en de interface tussen water en lucht. 

Voor de berekeningen 

werd een analytische oplossing 

(uit de literatuur) voor de 

massabalansvergelijking gebruikt. 

De randvoorwaarden waarvoor 

deze oplossing geldt, zijn 

gevisualiseerd in figuur s.6. Het 

bestrijdingsmiddel werd 

aangebracht in een bodemlaag op 

een bepaalde diepte of aan het 

bodemoppervlak. De mobiliteit 

van de monoterpenen werd 

uitgedrukt als de hoeveelheid 

verdampt of uitgespoeld na een bepaalde tijd. 

De benodigde invoerwaarden voor het model kunnen worden onderverdeeld in 

bodemeigenschappen en stofeigenschappen. De bodemeigenschappen waren de bodemdichtheid 

(ρB), de bodemporositeit (εT), het watergehalte (εW), het luchtgehalte (εA), fractie organische stof 

(fOC), het specifieke oppervlak van de interface tussen lucht en water (ai), de kronkeligheidsfactor 

voor diffunderende moleculen en de temperatuur (T). Voor de bodemeigenschappen werden 

typische waarden gebruikt (ρB, εT), ze werden gevarieerd (εW, εA, fOC, T) of geschat met empirische 

relaties (ai, kronkeligheidsfactor). 

Het effect van temperatuur werd uitgerekend via de temperatuursafhankelijkheden van de 

stofeigenschappen. De stofeigenschappen waren distributiecoëfficiënten, diffusiecoëfficiënten en 

biodegradatiesnelheden. De distributiecoëfficiënten waren die voor distributie van de stoffen tussen 

lucht en water (Henry constante, KAW), tussen water en de interface tussen lucht en water (KIW) en 

tussen water en organische stof (KOM). Deze stofeigenschappen werden verzameld uit de literatuur 

of geschat zoals beschreven in hoofdstuk 6. De resultaten zijn samengevat in tabel s.4. KAW werd 

geschat uit de oplosbaarheid in water (S) en de dampdruk (P). KIW werd geschat uit een correlatie 
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met S. KOM werd geschat uit een correlatie met de n-octanol-water distributiecoëfficiënt (KOW). P 

werd gemeten zoals beschreven in hoofdstuk 3. Voor S en KOW werden respectievelijk de 

WSKOWWIN en KOWWIN modellen gebruikt. 

 

 

Tabel s.4. Bereik van de berekende KAW, KOW, KIW en KIA waarden en de temperatuursafhankelijkheden 

(uitgedrukt als ΔH) voor de monoterpenen bestudeerd in hoofdstuk 6. De hoogste en laagste waarden zijn 

vetgedrukt. 

 log KAW 

m3 m-3 

ΔHAW 

kJ mol-1 

log KOW 

m3 m-3 

ΔHOW 

kJ mol-1 

KIW 

µm3 µm-2 

ΔHIW 

kJ mol-1 

KIA 

µm3 µm-2 

ΔHIA 

kJ mol-1 

         
Limoneen -0.20 +22.6 +4.83 -22.5 7 -18.8 11 -41.4 

Eugenol -4.25 +78.5 +2.73 -13.3 0.1 +11.7 1815 -66.8 

Myrceen -0.25 +21.1 +4.88 -23.9 5 -20.6 9 -41.7 

Norborneol -3.74 +39.4 +1.53 -10.8 0.01 -8.0 70 -47.4 

 

 

De temperatuursafhankelijkheid van P werd gemeten zoals beschreven in hoofdstuk 3. De 

temperatuursafhankelijkheden van S en KOW werden uitgerekend uit de temperatuursafhankelijke 

(geschatte) activiteitscoëfficiënten voor oneindige verdunning. Deze activiteitscoëfficiënten werden 

uitgerekend met het UNIFAQ model. Door een gebrek aan experimentele data werden de berekende 

temperatuursafhankelijkheden niet gevalideerd. 

Betrouwbare diffusiecoëfficiënten in lucht en water (respectievelijk DG
air and DW

water) 

konden worden uitgerekend. De biodegradatiesnelheden in de bodem werden geschat met semi-

kwantitatieve methoden in het BIOWIN programma. Voor primaire biodegradatie werd een “dagen 

tot weken” periode geschat. De temperatuursafhankelijkheid werd niet geschat. Door de 

onzekerheid in de voorspelde biodegradatiesnelheden werden ze niet meegenomen in de 

lotgevalberekeningen. 

Een selectie van de resultaten van de lotgevalstudie berekeningen is weergegeven in tabel 

s.5. De grootte van de invloed van de bestudeerde parameters op het gedrag van de monoterpenen 

was voor iedere monoterpeen anders. Er werden wel trends waargenomen; de hoeveelheden 

verdampt (en uitgespoeld) namen toe met de temperatuur en namen af met het watergehalte en de 

fractie organische stof. 
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De resultaten werden verklaard door de evenwichtsverdeling van de monoterpenen tussen de 

bodemfasen. Organische stof was het belangrijkste partitiedomein voor de bestudeerde 

monoterpenen, dit resulteerde in lagere effectieve diffusiesnelheden. Als er weinig organische stof 

was, accumuleerde de monoterpenen vooral in de waterfase. De gasfase en de interface tussen gas 

en water waren minder belangrijke partitiedomeinen voor de monoterpenen. Een toename van het 

watergehalte resulteerde in lagere effectieve diffusiesnelheden. Dit komt doordat de 

diffusiesnelheid van stoffen in water veel lager is dan in de gasfase. Bij toename van de temperatuur 

verschoof het evenwicht naar de gasfase, dit resulteerde in hogere effectieve diffusiesnelheden. 

Het doel van deze studie was om inzicht te verkrijgen in het effect van watergehalte, fractie 

organisch koolstof en temperatuur op de mobiliteit van monoterpenen in de bodem. Het doel was 

niet om realistische schattingen te verkrijgen van verdamping en uitspoeling na een werkelijke 

toepassing. Hiervoor zouden verschillende andere processen moeten worden meegenomen in de 

berekeningen, bijvoorbeeld hydrodynamische dispersie en temperatuurfluctuaties. Toch suggereert 

de “dagen tot weken” periode (waarin de berekende monoterpeen verliezen significant waren) dat 

biodegradatie een belangrijk proces is. De studie benadrukt dat betrouwbare 

voorspellingstechnieken voor biodegradatie en de temperatuursafhankelijkheid van 

stofeigenschappen moeten worden ontwikkeld. 

 

 

Tabel s.5. Cumulatieve verdamping uit een bodema gedurende de eerste 10 dagen na aanbrenging van de 

stof in een 10 cm toplaag als functie van waterverzadiging (θ = εW / εT), temperatuur (T) en fractie organische 

stof (fOM).  

 Limoneen  Anethole  Norkamfer  Eugenol 
T fOM           

°C 0% 1%  0% 1%  0% 1%  0% 1% 

 θ = 15%           
5 97 40  74 8  62 36  8 1 

25 98 67  88 25  80 63  33 5 

 θ = 50%           

5 93 17  30 4  20 14  6 1 

25 95 37  58 11  37 28  13 4 
aBodemeigenschappen: εT = 0.40 m3 m-3, ρB = 1200 kg m-3, geen waterflux. 
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Tenslotte 

 

Een uitgangspunt van dit proefschrift was dat bestrijdingsmiddelen duurzaam zijn, mits ze worden 

ontworpen om zowel effectief als milieuvriendelijk te zijn. Er werd gesteld dat 

bestrijdingsmiddelen milieuvriendelijk zijn, wanneer ze na het uitvoeren van hun functie uit het 

milieu verdwijnen door natuurlijke processen. Om dit als criterium in de ontwerpfase van 

bestrijdingsmiddelen toe te kunnen passen, moet het mogelijk zijn om de moleculaire structuur van 

een stof te relateren aan zijn gedrag in het milieu. Het doel van dit proefschrift was het verbeteren 

van de hiervoor benodigde technieken. Dit is gedaan voor de monoterpenen, een stofgroep die door 

planten wordt gemaakt en als bestrijdingsmiddel kan worden toegepast. Er werden mechanistische 

voorspellingstechnieken voor de verdampingsenenthalpie (gerelateerd aan de 

temperatuursafhankelijkheid van de dampdruk) en reactieproducten voor enzymgekatalyseerde 

hydroxyleringsreacties (een stap in de biodegradatieroute van monoterpenen) ontwikkeld met een 

moleculaire mechanica krachtenveld. In een theoretische lotgevalstudie werd geïllustreerd dat 

zowel temperatuur als biodegradatie belangrijk zijn voor het voorspellen van het gedrag van 

monoterpenen in de bodem. De belangrijkste belemmering voor het verder ontwikkelen van 

mechanistische voorspellingsmethoden is het tekort aan bruikbare experimentele data. 

Experimenten moeten zo worden opgezet dat de uitkomsten mechanistisch interpreteerbaar zijn. 
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Abbreviations and symbols 
 

Abbreviations 

 

AMBER   Assisted Model Building and Energy Refinement (type of FF) 

BVOC    Biogenic Volatile Organic Compounds 

CFC    ChloroFluoroCarbons 

CI    Confidence Interval 

COCI    IUPAC Committee on Chemistry and Industry 

DCO The Netherlands’ Foundation for the Development of Sustainable 

Chemistry (Dutch: Duurzame Chemie Ontwikkeling) 

DFX    Design for X (X is the desired product characteristic) 

DHO    (Dutch) National Network for Sustainable Higher Education 

    (Dutch: Duurzaam Hoger Onderwijs) 

DOC    Dissolved Organic Carbon 

FF    Force Field 

EPA    U.S. Environmental Protection Agency 

GC    Gas Chromatography 

GO    Geometry Optimization 

H-bond   Hydrogen bond 

IHDP    International Human Dimensions Program 

ILSR    The Institute for Local Self-Reliance 

IUPAC   International Union of Pure and Applied Chemistry 

LCA    LifeCycle Analysis 

MD    Molecular Dynamics 

MM    Molecular Modeling 

MM+    A Molecular Mechanics method 

NOEC    No Observed Effect Concentrations 

OECD    Organization for Economic Cooperation and Development 

OPLS    Optimized Potentials for Liquid Simulations (type of FF) 

PES    Potential Energy Surface 

QSAR    Quantitative Structure Activity Relationship 
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RESP    Restrained ElectroStatic Potential fit 

RMNO   Dutch Advisory Council for Research on Nature and Environment 

    (Dutch: Raad voor Ruimtelijk, Milieu- en Natuur Onderzoek) 

SE    Standard Error 

SOFA    Solubility Parameters for Fate Analysis 

SRE    Standard Residual Error 

UNIFAC   UNIversal quasi chemical Functional group 

Activity Coefficient method 

VOC    Volatile Organic Compounds 

VSNU    Dutch Association of Universities 

    (Dutch: Vereniging van Samenwerkende Nederlandse Universiteiten) 

WCED    World Comission on Environment and Development 

ZERI    United Nations University’s Zero Emissions Initiative 

 

Symbols (with typical units) 

 

a    Accelleration (Å ps-2)    

a    Angle criterium for product profile calculations in chapter 5 

ai    Specific air-water interfacial area (m-1) 

a    Edges of (periodic) cubic boxes (Å) (in FF calculations) 

A    Interfacial area (m2) (for the calculation of KIA and KIW) 

A    Van der Waals repulsive parameter (Å12 J mol-1) (in FF equation) 

B    Van der Waals attractive parameters (Å6 J mol-1) (in FF equation) 

C    Concentration (g m-3, mol m-3) 

CA   C in soil air 

CW   C in soil water 

CT   C in soil 

C    Hydrogen bonding repulsive parameter (Å12 J mol-1) (in FF equation) 

ΔCP    Gas-liquid heat capacity difference (J mol-1 K-1) 

d    Thickness of the stagnant air boundary layer (m) 

d    Distance criterium for product profile calculations in chapter 5 

d    Density (g cm-3) 

D    Diffusion coefficient (m2 d-1) 
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DA
air   D in atmospheric air 

DW
water   D in bulk water 

DA
air   D in atmospheric air 

DW
water   D in bulk water 

DA   D in soil air 

DW   D in soil water 

DE   effective D in soil 

D    Hydrogen bonding attractive parameter (Å10 J mol-1) (in FF equation) 

D, Dest   Dielectric constant (C2 J-1 m-1) 

E    Energy (J mol-1 or cal mol-1, 1 cal = 4.184 J) 

Eest   Electrostatic energy 

EGAS, EAIR, EA  Energy of molecule in gas phase (air) 

Ehbd   Hydrogen bonding energy 

ELIQ   Energy of molecule in liquid phase 

Enbd   Nonbonded energy 

Evdw   Van der Waals energy 

ΔE    Energy of phase transfer (J mol-1) 

    For specific ΔEs, see ΔH 

F    Number of intramolecular rotational degrees of freedom 

f    Force (N) 

fOM    Fraction soil organic matter (kg kg-1, %) 

h    Transport coefficient for the stagnant air boundary layer (m d-1) 

HE Effective transport coefficient in the stagnant air boundary layer (m -1)  

ΔH    Enthalpy of phase transfer (J mol-1) 

ΔHAW    ΔH from water to air 

ΔHB    ΔH from water to the enzyme pocket 

ΔHIA    ΔH from air to the (air-water) interface 

ΔHOA    ΔH from air to n-octanol 

ΔHIW   ΔH from water to the (air-water) interface 

ΔHOC    ΔH from water to organic carbon 

ΔHOCT, ΔHO  ΔH from pure test compound to n-octanol 

ΔHOM   ΔH from water to organic matter 
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ΔHOW    ΔH from water to n-octanol 

ΔHSOL   ΔH from pure test compound to water (enthalpy of solution in water) 

ΔHVAP ΔH from pure test compound to gaseous phase (enthalpy of 

vapourization) 

JW    Water flux (m day-1) 

k    Boltzmann constante (1.38066·10-23 J K-1) 

k    First order biodegradation rate constant (d-1) 

K    Force constant 

 Kr   K for stretching of bonds (kcal mol-1 Å-2) 

 Kθ   K for bending of angles (kcal mol-1 rad-2) 

K    Equilibrium partition coefficient 

KAW   Air-water K (Henry’s Law constant) (m3 m-3, Pa m3 mol-1) 

KB   Soil matrix-water K (m3 kg-1) 

KIA   (Air-water)-interface-air K (m) 

KIW   (Air-water)-interface-water K (m) 

KOA   n-Octanol-air K (m3 m-3) 

KOC   Organic carbon-water K (m3 kg-1) 

KOM   Organic matter-water K (m3 kg-1) 

KOW   n-Octanol-water K (m3 m-3) 

%LEACH   Cumulative amount leached (%) 

L    Depth to incorporated layer (m) 

m    Mass (g) 

M    Number of particles in periodic box (in FF calculations) 

MWT    Molecular weight (g mol-1) 

n    Multiplicity in diherdral and improper diherdral angles 

(in FF equation)    

ninterface    Equilibrium amount at the air-water interface (mol) 

N, n    Number of particles 

Nat    Number of atoms per molecule 

Nhbd    Number of H-bonds per molecule 

P    Vapour pressure (Pa, mmHg, 1 mmHg =133.3 Pa) 

q    Atomic charge (e, 1 e = 1.6021773 · 10-19 C) 
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Q    Atomic charge correction term (in chapter 4) 

r    Bond lenght (Å) (in FF equation) 

r0    Reference bond lenght (Å) (in FF equation) 

R    Nonbonded distance (Å) 

R    Atomic coordinates in 3D space 

R    Gas constant (8.314 J mol-1 K-1, 8.314 Pa m3 mol-1 K-1) 

R*    Minimum energy  separation for two atoms of the same type (Å) 

(in FF) 

R, r    Correlation coefficient 

RF    Retardation factor for transport through soil (m3 m-3) 

RFA   RF for transport through soil air 

RFW   RF for transport through soil water 

RFA
x  Partial RF due to partitioning into phase x, where 

  RFW
x   x = a denotes soil air 

x = b denotes the soil matrix 

     x = i denotes the air-water interface 

x = w denotes soil water    

RMS    Root Mean Square gradient (kcal mol-1 Å-1) 

S    Solubility (g kg-1, g L-1, mol L-1) 

SO   S in n-octanol 

SOC    S in organic carbon 

SOM   S in organic matter 

SW   S in water 

SS
W   S (of compound in solid state) in water 

SL
W   S (of compound in liquid state) in water 

S    Dimensionless scaling factor for nonbonded interactions 

(in FF equation) 

Sest,vdw   S for elesctrostatic interactions for atoms involved in H-bonding 

Sest   S for electrostatic interactions 

Svdw   S for van de Waals interactions 

ΔSf    Entropy of fusion (J mol-1 K-1) 

t    Time (second; s, hour; h, day; d, year; yr) 

t1/2   Half life due to degradation 
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T    Temperature (K, °C, 0 °C = 273.15 K) 

T0   Desired T in MD simulation 

TM   Melting point 

Tb.p.   Boiling point T 

%VOT    Cumulative amount volatilised (%) 

v    Molar volume (cm3 mol-1) 

v    Velocity of atom (Å ps-1) 

V    Molar volume of water (L mol-1) 

VE    Effective convective transport in soil (m day-1) 

Vn    n-Fold torsional potential barriers (J) 

W    Incorporated layer thickness (m) 

xW    Mol fraction in water (mol mol-1) 

z    Soil depth (m) 

Z    Depth below which pesticide is assumed to be leached (m) 

 

γ    Activity coefficient (dimensionless) 

γW
∞   Infinite-dilution γ in water 

γO
∞   Infinite-dilution γ in n-octanol phase 

ε    Van der Waals well depth for two atoms of the same type (kcal mol-1) 

(in FF) 

ε    Phase fraction (m3 m-3) 

εW   Soil water fraction (m3 m-3) 

εA   Soil air fraction (m3 m-3) 

εT   Total soil porosity (m3 m-3) 

θ    Soil water saturation (m3 m-3, %) 

θ    Angle (rad) (in FF equation) 

θ0    Reference angle (rad) (in FF equation) 

λ    Scaling factor for atomic velocities (in MD) (dimensionless) 

ρB    Soil density (kg m-3) 

τ    Temperature relaxation time (ps) (in MD) 

ϕ    Proper or improper dihedral angle (rad) (in FF equation) 

ϕ0    Reference proper or improper diherdal angle (rad) (in FF equation)



 

 235

Curriculum vitae 
 

 

 

André van Roon was born on the 22th of April 1973 in Heemskerk, The Netherlands. After high 

school (Sint-Jan Mavo, Heiloo, 1985-1989; Petrus Canisius College, Alkmaar, 1989-1991), he 

started his chemistry studies at the “laboratory school” (HLO, Hoger Laboratorium Onderwijs) of 

the Hogeschool Alkmaar. 

In 1995, he graduated (with distinction) on a research project performed at the Netherlands 

Institute for Sea Research (NIOZ). He continued his chemistry studies at the University of 

Amsterdam and graduated in 1998 (with distinction) on a research project performed at the 

Department of Environmental and Toxicological Chemistry. 

Van Roon immediately started his PhD-research at the same Department of Environmental 

and Toxicological Chemistry of the University of Amsterdam. The research has led to several 

publications in scientific journals and the results were presented at several international 

conferences. 

 In addition, his work at the University of Amsterdam involved the supervision of master 

students and contributions to several practical and theoretical courses on environmental chemistry. 

Next to his work at the University of Amsterdam, Van Roon worked as a high school 

teacher in physics and chemistry at the Herman Wesselink College in Amstelveen. 

At the moment, he is working in the research group Earth Surface Processes and Materials 

(ESPM), part of the Institute for Biodiversity and Ecosystem Dynamics (IBED) of the University of 

Amsterdam on a project focussing on perfluorinated organic compounds in the European 

environment (PERFORCE). 

 

 

 



 

 236

Publications 
 

 

 

Papers in scientific journals 

 

• Van Roon, A., Parsons, J.R., Krap, L., Govers, H.A.J., 2005. Fate and transport of 

monoterpenes through soils. Part II. Calculation of the effect of soil temperature, water 

saturation and organic carbon content. Chemosphere 61, 129-138. 

• Van Roon, A., Parsons, J.R., Te Kloeze, A-M., Govers, H.A.J., 2005. Fate and transport of 

monoterpenes through soils. Part I. Prediction of temperature dependent soil fate model input-

parameters. Chemosphere 61, 599-609. 

• Van Roon, A., Parsons, J.R., Govers, H.A.J., 2005. Cytochrome P450cam-monoterpene 

interactions. Prediction of product profiles for monoterpene hydroxylation using a calibrated 3D 

force field. SAR and QSAR in Environmental Research 16, 369-384. 

• Govers, H.A.J., Van Roon, A., Parsons, J.R., 2003. Calculation of the interaction between 

dissolved organic carbon and organic micropollutants by three dimensional force field methods. 

Environmental Toxicology and Chemistry 22, 753-759. 

• Van Roon, A., Parsons, J.R., Govers, H.A.J., 2002. Gas chromatographic determination of 

vapour pressure and related thermodynamic properties of monoterpenes and biogenically related 

compounds. Journal of chromatography A. 955, 105-115. 

• Van Roon, A., Govers, H.A.J., Parsons, J.R., Van Weenen, H., 2001. Sustainable chemistry: an 

analysis of the concept and its intergration in education. International Journal of Sustainability 

in Higher Education 2, 161-179. 

 

Book chapters 

 

• Govers, H.A.J., De Voogt, P., Leonards, P., Van Roon, A., Kwast, O., 2003. Integrated 

assessment of pesticides: methods for predicting and detecting environmental risks in a safety 

net. In: Den Hond, F., Groenewegen, P., Van Straalen, N.M. (Editors), Pesticides: problems, 

improvements, alternatives. Blackwell Science Ltd, UK, 135-154. 



 

 237

 

Reports 

 

• Govers, H.A.J., Parsons, J.R., Van Roon, A., 2000. QSARs voor biomass based chemicals. 

RIZA report. Contract no. 2790.  

 

Poster presentations 

 

• Van Roon, A., De Voogt, P., 2005. A mechanistic study of hydrogen bonding in fluorotelomer 

alcohol liquids. Fluoros Symposium, Toronto, Canada. 

• Van Roon, A., De Voogt, P., 2005. Vapour pressures of fluorotelomer alcohols. Fluoros 

Symposium, Toronto, Canada. 

• Van Roon, A., De Voogt, P., 2005. Vapor pressures of fluorotelomer alcohols. 15th Annual 

Meeting of SETAC Europe, Lille, France. 

• Van Roon, A., Parsons, J.R., Govers, H.A.J., 2004. Prediction of product profiles for 

enzymetically catalyzed reactions by 3D force field calculations. 14th Annual Meeting of 

SETAC Europe, Prague, Czech Republic. 

• Van Roon, A., Krap, L., Parsons, J.R., Govers, H.A.J. 2003. The influence of temperature on 

the transport of monoterpenes. 13th Annual Meeting of SETAC Europe, Hamburg, Germany. 

• Van Roon, A., Parsons, J.R., Govers, H.A.J., 2002. Gas chromatographic and computational 

determination of vapor pressure and its temperature dependence of plant volatiles 

(monoterpenes). 12th Annual Meeting of SETAC Europe, Vienna, Austria. 

• Van Roon, A., Parsons, J.R., Govers, H.A,J., 2000. QSARS for the prediction of biodegradation 

rates of natural organic compounds. Natural and synthetic organic compounds in the 

environment: phytoestrogens, PAHs and veterinary drugs, Noordwijkerhout, The Netherlands. 

• Van Roon, A., Parsons, J.R., Govers, H.A.J., 2000. Development of a QSAR based on substrate 

enzyme interactions and reactivity for the prediction of biodegradation rates of monoterpenoids. 

13th European Symposium on Structure-Activity Relationships (QSAR2000), Düsseldorf, 

Germany. 

 

 

 



 

 238

Dankwoord 
 

Het is af. Hoera! 

Nu wilt u natuurlijk weten of u wordt bedankt. Maar laten we eerst de gang van zaken even 

doornemen. Het dankwoord bestaat uit vragen en antwoorden. Ik heb mezelf als het ware 

geïnterviewd. De eerste vragen hebben vooral betrekking op mezelf. Hoewel in dat eerste deel ook 

al mensen worden bedankt, vindt u de meeste bedankjes in het tweede deel. U kunt er daarom voor 

kiezen om de eerste paar vragen over te slaan. 

 

Wat vindt u zelf eigenlijk van het proefschrift? 

Nou, ik verwacht niet dat de resultaten een schokgolf in de wetenschap zullen veroorzaken, maar 

het onderzoek deugt wel. En het onderwerp is belangrijk. Natuurlijk zijn er achteraf dingen die ik 

anders had willen doen. Maar achteraf, zo zeggen we in de polder, “kijk je een koe in haar kont”. 

 

Vond u het leuk om te doen? 

Ja, enorm. Niet alleen omdat milieuchemie een boeiend vakgebied is, maar ook omdat ik werken bij 

MTC (de vakgroep Milieu- en Toxicologische Chemie) en later ESP&M als erg prettig heb ervaren. 

De dagen bij MTC werden steevast gevuld met collegialiteit, kameraadschappelijkheid en 

welgemanierde frivoliteit. Vat dit maar op als een algemeen bedankje. 

 

Het proefschrift beschrijft weinig experimenteel werk. Vindt u proefjes soms niet leuk? 

Goede vraag! Ik heb tijdens mijn stage en promotieonderzoek het labo maar weinig van binnen 

gezien. Dit heeft nogal wat collega’s doen geloven dat ik proefjes niet leuk vind. In het begin sprak 

ik dat nog wel eens tegen, maar ik werd nooit serieus genomen. Omdat iedereen het dankwoord 

leest, probeer ik het nog een keer: Ik vind proefjes leuk. Echt waar. 

 

Waarom hebt u er zo lang over gedaan? 

Na het verlopen van de reguliere tijd moest ik nog een aantal delen van het proefschrift schrijven. Ik 

heb er voor gekozen om werk te zoeken en het proefschrift in de avonduren en weekenden af te 

maken. Feitelijk zonder planning want dan, zo was mijn redenering, kon ik niet verder uitlopen. In 

de avonduren en weekenden moest ik ook sporten, vogeltjes kijken, vissen, Lize pesten en wat al 

niet meer. Het moge duidelijk zijn dat er dan niet veel tijd meer overbleef voor het proefschrift. 
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Hebt u wel eens overwogen te stoppen? 

Met sporten en zo? Nee, nooit. Ook stoppen met het proefschrift is nooit een optie geweest. Bij het 

accepteren van mijn huidige onderzoeksbaan heb ik Pim de Voogt (de projectleider) toegezegd dat 

ik het proefschrift snel zou afronden. Dat heb ik niet helemaal waargemaakt, maar nu toch in ieder 

geval voordat het project afloopt. Ik wil Pim daarom bedanken voor het creëren van deze deadline, 

maar natuurlijk vooral omdat hij mij als ‘postdoctorandus’ heeft aangenomen. 

 

U werkt nu weer bij dezelfde vakgroep. Is dat wel goed voor uw carrière? 

Misschien niet. Maar het is dan wel dezelfde vakgroep; het project is totaal anders en dus opnieuw 

leerzaam. En we maken lekker veel reisjes naar het buitenland. Natuurlijk waren er ook 

buitenlandreisjes tijdens het promotieonderzoek, zoals congressen in Praag en Wenen. Maar dat is 

niets vergeleken met de buitenlandervaringen in het nieuwe project. Zo heb ik een vergadering in 

Noorwegen gehad waarbij er zeearenden rondom het gebouw vlogen, gegeten onder een hemel 

gevuld met Noorderlicht en een biertje gedronken met uitzicht op de Niagara watervallen. 

  

Hoe was de begeleiding? 

Een academicus behoort zelfstandig te kunnen werken en dat werd ook van mij verwacht. Toch was 

ik zonder mijn promotor Harrie Govers en co-promotor John Parsons nooit aan dit dankwoord 

toegekomen. Ze hielden de voortgang in de gaten en zorgde ervoor dat ik het overzicht niet verloor. 

In de eindfase hebben ze de vele pagina’s van conceptartikelen doorgelezen en becommentarieerd. 

Het commentaar van Harrie was altijd zeer kritisch, maar altijd opbouwend en onvoorstelbaar 

helder geformuleerd. Ik wou dat ik dat kon. John moest soms erkennen dat de onderwerpen niet zijn 

expertise waren, maar wist dan vaak evengoed nog de vinger op de zere plek te leggen. Bravo 

Harrie en John! 

 

Voor het hoofdstuk over duurzame chemie heb ik veel samengewerkt met Hans van Weenen. Dat 

was een mooie ervaring. Hans is iemand met een missie, vindt duurzaamheid oprecht belangrijk. 

Hans, ik vond het fantastisch om met je samen te werken en vind het nog steeds jammer dat we het 

tweede artikel niet hebben afgemaakt.  

 

Hoe was het begeleiden van studenten? 

Zonder overdrijven kan ik stellen dat het begeleiden van studenten het leukste en leerzaamste aspect 

van het promotiegebeuren was. Omdat het niveau van de studenten hoog was, voelde het meer als 
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‘samenwerken’ dan ‘begeleiden’. In willekeurige volgorde: Peggy Karavity, Patrick de Vries, 

Astrid Janmaat, Tim Tambach, Lenny Krap, Anne-Marie te Kloeze en Laurens Hessels. Bedankt!  

 

Dus u vond werken bij MTC leuk. Kunt u daar wat meer over vertellen? 

Laten we anekdotes maar bewaren voor een vrijmibo. Laat ik in ieder geval wat namen noemen. 

Eerst de grote mensen: Pim ‘Wat … bedoelt te vragen’ de Voogt, John ‘zucht’ Parsons, Harrie ‘Als 

ik nog even mag’ Govers, Frans ‘I am the greatest’ en ‘van die dingen’ van der Wielen, Joke ‘Dat is 

best erg’ Westerman, Hildo ‘Onzin’ Krop, Peter ‘Schrik niet, ik ben het maar’ Serne, Jan ‘1.34, 

weetjewel’ van der Steen, Hennie ‘Wat moet je?’ Hendrikse, Kees ‘Wil je mijn turbopomp zien?’ 

Olie, Han ‘overstag’ Wever en Pieter ‘tot’ Slot. Kamergenoten Wander ‘Zo zo Dré,..’ Sprenger en 

Sabrina ‘Want cookies?’ Botton. Verder kwamen er tal van andere fijne mensen voorbij, 

bijvoorbeeld Onno Kwast, Chris de Graaf, Merel Toussaint, René Hendriks, Monica Saez, Ewa 

Skoczynska, Bart Zegers, Marieke Prins, Ruth Pierce, Joris Haftka, Wendy Fahner, Anne-Laure Le 

Pavic, René van Herwijnen, Boris Jansen en Klaas Nierop. 

 

En dan was er natuurlijk Niels Jonkers, collega der collega’s, paranimf. Kusje voor Niels.  

 

Toch maar even over de kaft. Zit daar een verhaal achter? 

Dat mag je zelf weten. De kaft is kunst en moet zichzelf vertellen, of zoiets. Ik heb ergens gelezen 

dat kunst mooier wordt met de jaren, dus dat is misschien een reden om het boekje lang te bewaren. 

Verder is het misschien leuk om te vermelden dat de tekeningen gemaakt zijn door mijn broer Ed 

toen hij nog klein was. Ed is een van de paranimfen en daar ben ik trots op. 

 

U hebt het proefschrift opgedragen aan uw ouders. Dat is niet erg origineel… 

En moet ik het daarom aan iemand anders opdragen? Nog nooit heeft iemand een proefschrift 

opgedragen aan mijn ouders, dus in die zin is het wel origineel. En ze hebben het verdiend. 

 

De meeste dankwoorden worden afgesloten met een tenenkrommende geste naar een 

eventuele partner toe. Gaat u dat ook doen?  

Jazeker. En laat dat eventueel maar weg. Ik dacht aan een bedankje in een ‘Da Vinci code’-achtige 

stijl. Lize, kvjlf.  


	voorwerk pdf.pdf
	chapter 1 pdf.pdf
	chapter 2 pdf.pdf
	chapter 3 pdf.pdf
	chapter 4 pdf.pdf
	chapter 5 pdf.pdf
	chapter 6 pdf.pdf
	chapter 7 pdf.pdf
	chapter 8 pdf.pdf
	summary pdf.pdf
	samenvatting pdf.pdf
	nawerk pdf.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


