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Generall  introduction 

1.1.. Introduction 

Thee production and consumption of substances (chemicals) have a great impact on 

mankindd and its environment both positively and negatively. Any production or 

consumptionn creates matter and energy flows, which can be considered in many 

wayss e.g. economically, juridically, socially and scientifically, as in this study. Often 

muchh research is put into their negative effects. This might be in terms of 

increasingg scarcity and as such in the required substitution of chemicals or in 

pollutionn effects of the substance on the environment. Both effects have an 

importantt time aspect as shown by the increase of carbon dioxide in the 

atmospheree that started already in the 19th century, but whose effects are predicted 

too emerge in the 21st one. 

Thee flow of matter or energy depends heavily on the type of system and its 

compartmentss or thermodynamic phases. These compartments may be artificial, as 

inn a production process, or natural as in the environment. In the latter case control 

overr the flow is much more difficult to obtain. In environmental chemistry 

fundamentall  and applied research is focused on the behaviour of substances in 

ecosystemss and their flows of matter (Govers 1989). This behaviour concerns both 

thee dose (concentration available for uptake) and the effect of a chemical. An effect 

inn a certain compartment is not dependent on the mere presence of a substance but 

onn its concentration. Thus analytical chemical aspects are of primary importance. 

Thee analytical method has to measure low concentrations in a matrix, which 

containss many other substances. 

Inn the past and even up till  today negative effects are studied only after the 

chemicals'' surge in the environment, but gradually society demands a better 

predictionn of these effects to prevent potential harmful substances to enter in the 

environmentt or on the market. This has led to the development of "green 

chemistry""  (Anastas 1998, Roon, van et al. 2001) and of fate models, which can 

explainn measured concentrations and predict harmful concentrations even before 

theirr actual occurrence in the environment (Mackay and Paterson 1992). 

Inn any (fate) model and subsequent risk assessment it is necessary to introduce 

data.. We need endpoints, environmental parameters, to be used in models to 
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predictt the fate of the substance in its abiotic and biotic environment (Govers and 

Kropp 1998). These endpoints can be divided into two categories; a) chemical 

endpointss related to the concentration of the substances in the different 

compartmentss of the fate model, that are the main focus in this thesis, and b) 

toxicologicall  endpoints related to a toxicological effect of these substances in an 

organism.. The chemical endpoint of a substance is related to its thermodynamic 

activityy and the toxicological endpoints to its toxicological activity. The important 

chemicall  endpoints related to concentration will be defined and classified in the 

followingg section (1.2). In addition this section will define the main characteristic of 

fatee models. 

Normallyy a sequence of values of a specific endpoint is measured. The sequence 

mayy consist of either different substances from the same chemical class in one 

phasee or of a single substance in a sequence of different phases/compartments like 

aa contaminant in water or in different organ tissues of an organism. If the sequence 

off  values of the specific endpoints leads to a statistically significant variation, it is 

thee scientific objective to explain its variation. This explanation, utilizing the 

approachh of Quantitative Structure-Activity Relationships (QSAR) can be based on 

aa well-founded theoretical model or bear a rather black box character. This will be 

summarisedd briefly in section 1.3. 

Onee of the most successful theories to understand the cause of the variation in 

chemicall  endpoints and the fate of a chemical in an (eco-)system utilizes the 

conceptt of the energy content of the system. The description of this concept is 

foundedd in thermodynamics. Our thermodynamic description of energy and 

materiall  flows are summed up in only a small number of concise axioms or laws; 

thee conservation of energy and mass, the distinction between reversible 

(equilibrium)) and irreversible (non-equilibrium) conditions of systems or processes 

andd the impossibility to reach the absolute zero of temperature. All other aspects 

aree deduced from these. Of these die distinction between equilibrium and non-

equilibriumm conditions is made by the introduction of the entropy, S, which 

remainss constant in the former (AS ~ 0) and increases in the latter (AS>0). The 

correspondingg energy change has resulted in the definition of a number of energy 

functionss of which the Gibbs free energy, G, or free enthalpy is the most important 

one.. This function includes the entropy change in addition to the energy or 

enthalpyy change. Chemists are especially interested in the energy change 

accompaniedd with a mass change of a specific substance. Owing to its importance 
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thee concept of chemical potential, //, was introduced. The connection to 

thermodynamicss of chemical endpoints, their prediction and explanation, and 

selectedd fate modeling aspects will be given in section 1.4. 

Thermodynamicss has made it possible to systematize the macroscopic information 

fromm various experiments and allows us to draw conclusions about, or predict, 

otherr aspects of the macroscopic behaviour of the system than measured. It is 

independentt of any other model or theory for the nature of matter. However, 

modernn physical chemistry attempts to understand the nature of processes in 

conceptss of atomic and molecular theory. Although thermodynamics does not need 

too use these concepts, they have provided us much more insight into the nature of 

thee processes and especially into the character of entropy. The link between atomic 

andd molecular theories on one side and macroscopic thermodynamics on the other, 

iss given by statistical thermodynamics. The interpretation of the processes and 

endpointss is often based on it. Section 1.5 shortly summarizes the main molecular 

theoriess of environmentally important chemical endpoints and QSAR descriptors 

derivedd from these. 

Inn section 1.6 the scope and objectives of this thesis will be given. 

1.22 Definition of endpoints and fate models 

Inn environmental chemistry the main focus is on the concentration of a 

contaminantt in a specific compartment (air, water, biota, sediment etc.). 

Concentrationn may var}7 or remain constant in the time period considered. When 

concentrationn varies with time the system is in a non-equilibrium and non-steady 

state.. One or more non-compensating (balancing) kinetic processes within the 

systemm or between the system and its surroundings occur characterized by kinetic 

constantss (endpoints with symbol k). As there is no general law stating that kinetic 

processess will always compensate or that systems should be closed, the non-

equilibriumm and non-steady state will be often found under field conditions. 

Whenn the concentration remains constant in time the system wil l be either in a true 

equilibriumm state or in a steady state. Anticipating on the main aims in this thesis, 

thermodynamicss can clearly distinguish these two. Equilibrium in the compartment 

orr system is reached when all the thermodynamic potential differences (forces) 

havee vanished or when no matter and heat flows are present anymore either within 

thee system or between the system and its surroundings. The system can be 
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consideredd as closed and only contains equilibrium processes, characterized by 

equilibriumm constants (endpoints with symbol K). Steady state presupposes the 

presencee of compensating flows caused by compensating thermodynamic forces 

eitherr within the system or between the system and its surroundings (See section 

1.4.4).. The system will be open and may contain both equilibrium and kinetic 

processes.. These conditions may occur both in field and laboratory systems, 

whereass true equilibrium will only be approached in closed laboratory or 

hypotheticall  systems. 

AA second important categorization is often made by asking whether the 

concentrationn is a consequence of a partition process (and as such the substance 

remainss unchanged) or of a chemical reaction (and as such the substance has 

changedd or is changing). 

Accordingg to these categorizations the chemical endpoints (from now on only 

calledd endpoints unless specifically mentioned) connected to concentrations are 

definedd according to Eqs. la-d. 

KK — Cj fc equilibrium, partition (1a) 

KKrr
 = c y.c  ̂ —ha.a

t'cba— equilibrium, chemical reaction (1b) 

dc/dtdc/dt = k.(c-cj kinetic,partition (1c) 

dejdt-dejdt- kfc"a kinetic, chemical reaction (1d) 

Inn short, equilibrium partition constants, K ^ are mostly defined as the ratio of the 

concentrations,, c of a compound in the pertinent phases (compartments) / andy at 

equilibrium.. A more elementary equilibrium partitioning process is the equilibrium 

betweenn a pure liquid solute and its dissolution in a solvent such as water (solubility). 

Ann alternative elementary process is the solvation of the component from the gas 

phasee to the solution, denoted by the ratio of the equilibrium vapor pressure or 

gaseouss concentration over the concentration in solution (Henry's Law constant). 

Inn a similar way equilibrium reaction constants, Kn are defined as the ratio of product 

concentrationss c c, ... over reactant concentrations c cb , ..., all of these to the 

powerr of their respective stoichiometric coefficients y, S, (3, CC.... 

Partitionn kinetic or rate constants, kp connect the concentration, r, of the partitioning 

compoundd with the rate, dejdt, with / as time, in the rate Eq. lc, here given for a 

desorptionn process with c as the concentration of the compound in equilibrium. A 

moree elementary kinetic partitioning process is the diffusion of a compound in a 
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solventt driven by its one-directional, x, concentration gradient, dc/dx, and defined by 

ann endpoint called diffusion coefficient or diffusivity, D, via Pick's law: deldt ~ 

Dfdc/dx). Dfdc/dx). 

Reactionn kinetic or rate constants, kn connect the reaction rate with one or more of 

thee reactant concentrations. The concentration function is a product and/or power of 

compoundd concentrations, determining the order, n, of the rate constant. 

Whenn a kinetic process proceeds both in a forward and backward direction and both 

thee forward, k,, and the backward, k.u rate constant is of first order, then the 

equilibriumm constant, X, of the process equals kj k_v 

Inn practice the situation is much more complex, since the nature of many 

environmentall  endpoints is not clear and/or of a complex (composite) nature. Thus, 

endpointss can also be distinguished as well- and ill-defined, and single and composite 

ones.. Single endpoints like the w-octanol-water partition coefficients, Koan or the 

aqueouss solubility, S , pertain to one single process and are well-defined. Composite 

endpoints,, however, refer to the occurrence of more than one process in the model 

assumedd explicitly or implicitly and are either well- or ill-defined. An example of an ill -

definedd and composite endpoint is the aqueous concentration at which 50% of a 

certainn aquatic test organism dies within a time period of 24 h (LCS0 at 24 h). 

Althoughh this mosdy will be considered by experimental toxicologists as a 

toxicologicall  endpoint, it can be viewed as a series of chemical processes. The death 

off  the organism is probably caused by an often unknown combination of partitioning 

processess and/or biochemical reactions in its physiological (compartment) system 

andd the destruction of that system itself. The overall process may be considered as a 

kineticc one with reference to die required specification of the period of 24 h (w£ the 

half-lifee time of a chemical reaction). The increased use of physiologically based 

pharmacokineticc (PBPK) compartment models and in vitro model systems (De Jongh, 

1998)) may lead to better definition of ill-defined endpoints of the biological type. 

Ann example of a well-defined and composite endpoint is the mass transfer coefficient, 

vvunun of a pollutant for its flow from the water to the air phase. In this case, the stagnant 

twoo film (compartment) model for the process learns that 11vm - sJDw + ^.K'H/Da 

holdss (Schwarzenbach et al. 1993 pp. 220-225), with ^ ^, Dm and Da as film 

thicknessess and diffusion coefficients of the water and air side films of the interface 

andd K'H = cjcwa as the local equilibrium Henry's Law constant of the pollutant at the 

interfacee (see Figure 1). The expression can be derived after equating the steady state 
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flows,flows, Fa and F  ̂ through the stagnant air and water films, respectively. 

Concentrationss are denoted by c. In this case vu is a well-defined kinetic partitioning 

constantt composed out of two outer kinetic partition constants (D's) and one 

equilibriumm partitioning constant (K'^. 

Fromm both examples it becomes clear, that the availability and use of an explicit 

compartmentt model is essential to the dieoretical (and experimental) definition of an 

endpoint.. It is important to realize that knowledge of a model can change an ill -

definedd composite endpoint into a well-defined composite one. 

wel l -mixedd air 

s tagnantt water 

we l l -m ixedd water 

c.c. cw„  c 

Fig.. 1.1 Stagnant boundary layer compartment model for air-water exchange of chemicals leading 

too a well-defined composite endpoint of vB (see text). 

Tablee 1.1 Classifying endpoints in four categories according to equilibrium (K)/kinetic (k) 

andd partitioning (p)/reaction (r) constants (see text for explanation of symbols). 

Endpoint t 

Equilibrium m 

Kinetic c 

Partitioningg constants 

Octanol-1/water:: K„w 

Bioconcentration:: K,^ 

Recentorr binding: K^ 

Diffusivityy in water: D 

Water-airr mass transfer :vtl 

Uptakee by organism": 1̂  

"Compositee process, constant well-defined. 

**Compositee process, constant (often) ill-defined. 

Reactionn constants 

Acidd dissociation: K, 

Gass phase reactions: K 

Redoxx reactions: K^,^ 

Hydrolysis:: khvd' 

Biodegradation'' : k,,10 

Lethality":: LC^ 
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Inn conclusion, endpoints are macroscopic quantities defined in terms of 

concentrationss in the compartment model equations. Table 1.1 gives a short overview 

off  the different classes and possible endpoints, which belong to a certain class. 

Startingg with the need for models to define endpoints in a proper way, one can define 

thee main characteristics of a fate model as well. In the definition of endpoints bv Eas. 

1.11 a-d concentrations are measured, mostly in laborator)' experiments in order to 

findd a value of the endpoint. In fate models the objective is the reverse: starting with 

knownn endpoints (input data for fate models) the objective is to predict 

concentrationss in the compartments or phases of the model or to explain measured 

concentrationss in these. However, the sole reverse of the procedure is not the only 

difference.. Fate models also combine much more processes and compartments than a 

modell  such as the stagnant boundary model of Fig. 1.1. In addition to a large number 

off  processes of the type classified in Table 1.1, fate models include many 

compartments,, also called thermodynamic phases or media, such as air, water, several 

typess of soils and biota and their sub-compartments such as particles in air and water, 

poree water in soils and sediments. Thus fate models, as the ecosystem itself, tend to 

bee ver)- complex and composite. The combination of these processes in 

compartmentss is based on the chemical coupling of processes (See also section 1.4.4) 

referringg to the notion that there is only one concentration of a certain chemical in a 

certainn (sub-)compartment and that this sole concentration may return in all equations 

off  the type of Eqs. la-d holding for the pertinent chemical. Real ecosystems contain 

manyy pollutants, which may mutually influence their behaviour. The inclusion of this 

typee of interaction (synergism, antagonism or plain additivity of behaviour) in fate 

modellingg is one of the main challenges in current environmental chemistry as 

reflectedd e.g. in the study of competition between contaminant molecules at high 

concentrationss (Cornelissen eta/. 1999) 

Afterr experimental determination of the value of the endpoints as defined above, 

onee would like to use theories enabling the interpretation and prediction of 

endpoints.. Similarly, but at the higher level of combined endpoint processes, one 

wouldd like to explore theories enabling the interpretation and predictions of 

concentrationss by fate models. As stated before thermodynamics will be used for 

bothh purposes (See section 1.4) of this study. 
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1.33 Explaining the substance and phase variation in endpoints. 

Supposee that for each of the substances or phases the value of a specific endpoint 

hass been measured and has led to a significant variation in this sequence of values. 

I tt is the main scientific objective now to explain the variation. Two extreme ways 

aree open. 

Firstlyy a theoretically well-defined model equation, or even law, (formula) could be 

availablee for this endpoint (dependent variable) as a function of input data 

(descriptors,, independent variables) characteristic for the pertinent substance and 

phasee without further fitting to experimental sequence data. An example is again 

thee mass transfer coefficient, van of a pollutant for its flow from the water to the air 

phase.. In this case, the stagnant two film (compartment) model for the process learns 

thatt 1/vt6l - %JDW + zrK'H/Da holds as described in the foregoing section. 

Knowledgee of the substance independent and phase dependent film thicknesses, $ 

andd the substance and phase dependent diffusivities, D, and Henry Law Constant, 

KKHH,, is sufficient to direcdy finding v  ̂ These input data could have been determined 

experimentallyy or, in turn, by theoretical estimation. It is assumed that the model 

explainss all the variation together with the substance and phase characteristic input 

data. . 

Whenn no model is available or the model is complicated it is necessary to develop 

aa relationship (equation) between the endpoint and substance or phase 

characteristicc descriptors by regression techniques prior to the utilization of this 

equation.. This is always necessary in case of ill-defined endpoints, for no model is 

knownn to explain the variation, but can also be used for well-defined ones, as 

shownn below. In any of these regression cases the value of endpoint or dependent 

variable,, j'„  of each substance or phase, /', out of a sequence is related to n suitable 

descriptorss or independent variables, xlV xl2, x,„  and coefficients, B0> B„ 

By,...By,... B„,  , to be fitted by regression, according to Eq. 1.2: 

j .. = B0 + B, .x,, + B2 .x,)2 + + Bn.x-JtB (1 -2) 

Suchh a result is normally called a Quantitative Structure-Activity Relationship 

(QSAR),, even in the case that the descriptors are not true structural parameters 

(Goverss et al. 1998). Coefficients, B  ̂ B„  B2,... B„,  wil l be independent of the 
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individuall  members of the sequence, but are characteristic for the whole sequence 

itself.. The variation in the endpoint is completely explained now by the variation in 

thee descriptors and not by the (linear) form of the model equation as we do not 

knoww whether in reality there is a linear relationship between descriptors and 

endpoints.. The absence of a theoretical fundamental of a QSAR equation will be 

furtherr enhanced when also the descriptors do not originate from a sound physical 

chemicall  model for the pertinent endpoint. In that case the whole equation bears a 

blackk box character. 

Quitee a number of ill-defined endpoints in environmental chemistry are used as 

inputt parameters in fate models. As such the QSAR merely needs to predict the 

fatee model input value and predictive statistical aspects govern the relationship 

insteadd of understanding the QSAR relationship itself. However, the draw back of 

thesee black box QSARs for these purposes concerns the scope of the QSAR, i.e. 

thee type of substances or phases it will hold for, and the impossibility to find the 

causee of outliers in the predicted endpoints. 

Thee QSAR may also aim at explaining the variation of ill-defined endpoints in 

termss of a physical chemical model. In this case a physical chemical base of the 

mathematicall  form of the relationship and of the descriptors are hypothesi2ed. The 

statisticss of the relationship derived is important in that it demonstrates which 

descriptorss are significant. This might provide insight into those processes or 

phasess which make up the complexity of the endpoint. In that case the QSAR 

equationn will contribute to turning the ill-defined endpoint into a well-defined one. 

Inn this way it was found out that the «-octanol-water partition coefficient was a 

goodd descriptor to explain a larger part of the variation in some important ill -

definedd environmental and biological endpoints. This descriptor pointed at the 

importancee of organic material (e.g. in soils or biological membranes) to water 

partitioningg in the overall processes of sorption, bioconcentration, biodegradation 

orr lethality. 

Bothh predictive (black box or model based) and explanatory (model based) QSARs 

aree utilized in case of well-defined endpoints. Well-defined endpoints, in addition, 

cann be used as explanatory descriptors for another well-defined endpoint. In that 

casee the extent of similarity or analog}' between two types of endpoints or 
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processess will be elucidated. The two endpoints may be connected to quite 

differentt sciendfic areas such as aqueous solubility and chromatographic retention. 

Whenn the endpoints are direcdy propordonal to the descriptors, the QSAR, such as 

Eq.. 1.2, is linear. In case nothing or ver)' littl e is known of the cause of the 

variationn in the endpoints, linear QSARs are the only options. In case something of 

aa model is known, non-linear dependence of the endpoints on the descriptors can 

bee assumed. As an example, the stagnant two film (compartment) model as discussed 

beforee learns that the mass transfer coefficient, v  ̂ of a pollutant for its flow from the 

waterr to the air phase obeys the non-linear relationship 1/vM — Z.JD  ̂ + ZfK'H/Da
 o r 

ll\r:\r:  ~ 1! (\»lDv + ^K'H/DJ. When one assumes the film thicknesses, % to be 

independentt of the pollutant, a QSAR for the endpoint vM could be built with the film 

tiiicknesstiiickness as substance independent B coefficients to be fitted and the diffusivities, D, 

pluss Henry's Law constant, K!h as pollutant characteristic descriptors. 

Anyy good QSAR establishes a high explanation of the variation and leaves a small 

onee not explained by the model. The unexplained variation, normally called the 

errorr function, must show specific behaviour in order to decide whether the 

establishedd QSAR is a good one from a statistical point of view (Myers 1991). 

Severall  derived statistical parameters must hold for a reliable and accurate QSAR 

equationn such as the standard error of regression, the correlation coefficient, the F-

testt value and the confidence limits of the B coefficients derived (Myers 1991) 

Inn conclusion, in order to derive and utilize a quantitatively and qualitatively sound 

QSARR a procedure should be followed, which consists of a number of steps: 1) 

Formulationn of the objectives, 2) Definition and data collection of the endpoints, 3) 

Choicee of the descriptors, 4) Derivation and validation of the parameters, B, 5) 

Validationn of the correlation and 6) Application of the validated equation within its 

scope. . 

Onee of the objectives of this thesis is to relate the endpoints and descriptors using 

aa thermodynamic approach. Thus thermodynamic definitions of endpoints, 

descriptorss and general form of the QSAR relationships are required. However, the 

scness or sequence constants B0, B,, B2>... B  ̂ cannot be explained by or found from 

thermodynamics.. Therefore, our QSARs are essentially extra-thermodynamic 

relationshipss as will be explained in section 1.4.1. 
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1.44 Thermodynamic approaches for endpoints, their prediction and 
explanation,, and fate modeling 

Inn environmental chemistry up till today, mainly equilibrium thermodynamics, or 

noo thermodynamics at all, is applied with respect to processes, their endpoints, the 

predictionn and explanation of endpoints and fate models (Schwarzenbach et al. 

1993).. Four approaches are open for the introducdon of thermodynamics in 

environmentall  chemistry, here denoted by: 1.4.1 extra-thermodynamic 

relationships,, 1.4.2. equilibrium or reversible thermodynamics, 1.4.3. pseudo-

equilibriumm thermodynamics and 1.4.4. non-equilibrium or irreversible 

thermodynamics. . 

1.4.11.4.1 Extra-thermodynamic relationships. 

Endpointss can be transformed into equilibrium and rate constants and their 

associatedd free enthalpy changes, AG and AGn, as will be treated in sections 1.4.2. and 

1.4.3.. In case the endpoint is ill-defined it can be realized that many other processes 

mayy lead to similar or analogous free enthalpy changes. Thus a simpler and easier one 

cann be defined with similar changes in free enthalpy. Such a comparison is not 

prohibitedd in thermodynamics because only the energy content is considered, neither 

cann this comparison be derived from thermodynamics itself: it is called an extra 

thermodynamicc relationship. It can be applied to both equilibrium and kinetic 

endpoints.. As suggested in section 1.3. the comparison can be carried out in two 

ways,, either with respect to similarity in phases, p, of the endpoint process and of the 

analogouss descriptor process, q, or to similarity between one (endpoint) chemical, x, 

andd another (descriptor) chemical, y. Thus it focuses on the relationships among rate 

andd equilibrium constants of related processes and series of chemicals or phases. The 

bestt known ones are the linear free energy (enthalpy) relationships (LFERs) of the 

typee of Eq.1.3. 

AG;; = BQ +£/?, *AG;_X +£/?, * Acrp (1.3) 

Thee relationship is most useful when j approaches x or q approaches p as much as 

possible.. This is accomplished by using a range of similar substances and/or related 

butt well-defined similar phase changes. An example is the use of well-defined phase 
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changee of compound transfer from water to «-octanol (Kou/ AG0!i) as a descriptor for 

diee ill-defined phase change endpoint of transfer of the compound from water to an 

ill-definedd organic material phase of sediment or soil particles (K  ̂ AG J for a senes of 

chemicals.. Such types of QSAR relationships between equilibrium partitioning 

processess are commonly denoted as Collander relations (Brezonik 1990). Another 

examplee refers to the similarity between different kinetic processes with similar 

substituentss or a specific chemical reaction and different substituents like the 

Hammettt relationships (Brezonik 1990). The important point in these extra-

thermodynamicc relationships is that one should be aware of their limited scope and 

validity.. Extra-mermodynamic correlations are very popular in environmental 

chemistry,, mainly because environmental parameters are quite complex in character 

andd often ill-defined, and comparative, descriptor, parameters such as K0IV are easily 

determinedd for the pertinent substances. 

1.4.21.4.2 Equilibrium thermodynamics. 

Equilibriumm thermodynamics can be introduced straighdy into the equilibrium 

processs equations for partitioning (Eq. 1.1a) and reactivity (Eq. 1.1b) after 

substitutionn of equilibrium concentrations, c„  by equilibrium activities, at = y^xh with yi 

-- the activity coefficient of substance, /', in the pertinent phase and xt = the mole 

fractionn of this substance or another concentration measure. 

Here,, the activity coefficient accounts for intermolecular interaction and its effect on 

thee enthalpy (AH) and entropy (AS) change by the process. Since only the equilibrium 

statee of the system is regarded, it is called equilibrium thermodynamics. According to 

equilibriumm thermodynamics (Atkins 1995) K, the endpoint K  ̂ or Kr of Eq. 1.1a or 

1.1b,, is directly related to the Gibbs free energy or free enthalpy change, AG0, by Eq. 

1.44 on assuming that the activity coefficients remain constant (ideal behaviour): 

AGAG ~ AH -TAS and AG0 = -RT/nK 
(1.4) ) 

withh R = gas constant and T = temperature in Kelvin. AG0 refers to a difference 

betweenn a mole of products (reaction products or compound transferred to the 

otherr phase) and a mole of reactants (reactants of the reaction or compound in the 

onee phase before transfer to the other phase of the partitioning process). When the 

enthalpyy and entropy contributions to the free enthalpy are independent of 
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temperaturee within a certain range of temperatures, Eq. 1.4 directly learns that 

dlnK/d(1dlnK/d(1 /T) ) = - AH°/K This van 't Hoff equation offers a possibility to measure 

thee enthalpy contribution by plotting UK against 1/T. 

Forr a reaction, the Gibbs free energy, AGn is by definition related to the Gibbs free 

energiess of formation, AG* of the components from their elements according to 

Eq.. 1.5: 

AGAGrr =Y.AGf>c +S.AGp +... -aAGu -/3,AGf>b -... (1.5) 

Whenn the reaction takes place in a solvent (e.g. water) instead of the gaseous phase, a 

correctionn employing the respective Henry's Law constants is required (Krop et ai, 

1994;; Cramer and Truhlar, 1995). 

Equilibriumm conditions of a system or fate model, in which several equilibrium 

processess take place in a number of phases (compartments), refer to constant values 

off  the thermodynamic potentials, jl t = (dG/dmJpj^- = fi° +KTkal (with P = pressure, 

mm - mass and {if  - pure compound reference thermodynamic potential of each 

compoundd / in the Raoult convention), and to constant values of temperature and 

pressuree in each of the phases of the system. Moreover, for a reaction equilibrium the 

stoichiometricc sum of the thermodynamic potentials of products and reactants fi — 

y.jly.jlcc +djUj  +... -djUa -P.fJ.h -... = 0. Instead of the thermodynamic potential also the 

equivalentt concept of the fugacity of a compound in a certain phase may be used. 

Thus,, the influence of environmental conditions (T, P and concentrations) on K (and 

thee contributions of enthalpy and entropy to K) can be studied in addition to the 

equilibriumm concentrations in closed systems (Mackay and Paterson 1992). 

Inn addition, a main aspect of the conservation of energy in thermodynamics is the use 

off  thermodynamic cycles between thermodynamic states, characterised by state 

functionss such as (Gibbs) free energy. These state functions are independent of the 

wayy they were reached, leading to possibilities of indirect quantitation of their values 

(seee Fig. 1.2), provided standard (reference) states are defined properly (Grant and 

Higuchii  1990; Cramer and Truhlar 1995). 
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b.. Solvation and c. Compound and 
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Baqq Aaq R, , 
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Figg 1.2 The use of thermodynamic free energy (AG) cycles in order to define (a) the difference 

betweenn solvation (solv) from the gas (g) phase and solubility (s) from die liquid (1) phase of a 

compoundd A; (b) the influence of solvation of the gas phase reaction (r) A —> B into the aquatic (aq) 

phase;; and (c) the free energy differences between a compound A and a reference compound R in 

thee gas phase (AGt) and in the aquatic phase (AG,). 

I nn equilibrium thermodynamics well-defined free enthalpy differences are 

distinguished.. Such a distinction has the great advantage that the free enthalpy of the 

specificc process or a specific endpoint can be separated into other well-defined 

descriptorr steps and associated free enthalpy differences by the use of thermodynamic 

cycless or analog}' reasoning in QSAR (See section 1.4.1). Thus in equilibrium 

thermodynamicss the following type of QSARs are developed 

(Eq.. 1.6): 

AG,, = £0 + X F . * / (AG; ) (1.6) ) 

wheree AGX ' are other free energy descriptors directly related to the pertinent process 

andd ƒ refers to an arbritary function. 

1.4.3.1.4.3. Pseudo-equilibrium thermodynamics. 

Equil ibriumm thermodynamics may also enter into the kinetic endpoints. This is 

possiblee if one regards the kinetic process as a sequence of reversible processes. As 

inn the van 't Hoff equation for equilibrium endpoints, the kinetic endpoint of a 
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givenn process is measured at different temperatures and fitted to the Arrhenius 

equationn In k — In A - EJRT where A is the pre-exponential factor and Ea is the 

activationn energy of the process. However, A and Ea can only be linked to 

thermodynamicc energy funcdons with the use of some assumptions. These 

assumptionss must be fulfilled primarily before one can use equilibrium 

thermodynamicss in these cases and is therefore not valid for all kinetic processes. 

Becausee of the inclusion of extra (molecular) assumptions one speaks of pseudo-

equilibriumm thermodynamics. The extra assumptions are based on the concept of 

thee activated or Transition State (TS) of reactants or a partitioning solute (Connors 

1990)) to which (pseudo-equilibrium) thermodynamic properties are attributed such 

ass AGU, the Gibbs free energy of activation. It is postulated that the latter is related 

too the rate constants of Eqs. 1.1c-d via Eq. 1.7: 

AG*AG* = -RTlnk (+constant term) = AH* -TASn (1.7) 

I tt is assumed that in the TS local equilibrium prevails. Experiments have established 

thatt for many common chemical reactions such an assumption is justified. 

Thee constant term equals RT/nfkT/b), with k and h as Boltzmann's and Planck's 

constantt respectively. It stems from the vibrational mode in the transition state 

complex,, leading to transmission to the product. In the molecular picture one of the 

vibrationn of all possible vibrations has been omitted and is used to define the rate of 

productt formation. Through this vibration the characteristic time aspect enters in to 

thee equation. Similar to Eq. 1.4, AG* and AH* can be composed out of the differences 

betweenn formation properties of the transition state and the reactants in the case of a 

reaction.. Also the reaction rate constant will depend on the medium (solvent) in 

whichh the reaction proceeds. 

Pseudo-thermodynamicss regards the kinetic process as a sequence of reversible steps 

betweenn the reactants and products. It is therefore of no surprise that one may expect 

QSARR relationships between the experimental measured activation energy (AG*) and 

thee corresponding thermodynamic free enthalpy of the reaction under standard 

conditionss (AG0) for a series of compounds. One of the most successful relationships 

iss a quadratic one of the type (Eq. 1.8) 

AG*=BAG*=B00+BA(?+BA(?rr+B+B22(&C?(&C?rr))
22 (1.8) 
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thatt can be related to the Marcus equation (Connors 1990), Eq. 1.9: 

AGTT = AG; + 0.5AG°+-^-T(AG°r )2 (h 9) 
00 ' 76AGJ 

wheree AG J is the (electronic) reorganization energy; the activation energy associated 

withh a reaction free enthalpy, AG°„ of zero (0). Comparing Eq. 1.8 and 1.9 one can 

easilyy see that in the QSAR Eq. 1.8 B0 and B2 should, theoretically speaking, 

dependentt from each other, which would lead to a non-linear relationship of B2 = 

1/(16B1/(16B00). ). 

1.4.4.1.4.4. Non-equilibrium thermodynamics. 

Inn non-equilibrium or irreversible thermodynamics (Prigogine 1961, de Groot 1966) 

Gibbss free energies and other thermodynamic quantities are defined also for the non-

equilibriumm states in compartments with non-equilibrium values and gradients of 

thermodynamicc potentials (activity coefficients and concentrations) of compounds, 

pressuree and temperature. Rather than using the free enthalpy change, the entropy 

producdonn in time, (7 - dS/dt, is the central quantity. The change of entropy can be 

calculatedd from the normal equilibrium equation, TdS = dE +pdV -Z}J,^nt. Using this 

equationn it is assumed that equilibrium prevails under local conditions but not yet in 

thee complete system. All processes that occur under local conditions have already 

relaxedd to their equilibrium or steady state situation but not yet the complete system. 

Thee description of relaxation processes with inclusion of non-equilibrium processes is 

thee fundamental aspect in non-equilibrium thermodynamics. Deviations from 

equilibriumm values, c.q. concentrations as in Eq. lc, are considered as driving forces or 

affinities,, Xh for flows, ƒ,, of material (compounds) and heat. Internal entropy 

productionn is equated to the sum of XJI terms and is minimal or zero in the case of 

steadyy state and equilibrium, respectively. Irreversibility enters into entropy 

productionn equation by the assumption that each flow depends on all other forces 

presentt in the system. It is a consequence of the omnipresence of interaction 

potentialss and impossibility to define fully isolated systems. In the limit of linear non-

equilibriumm thermodynamics (LNET), flows are assumed to be linear functions of 

forces:: / , = L,,.X, +L I2.X2 + ..., where Lff are phenomenological or coupling con-

stants.. In simple cases, when only one ƒ X, term is present, the coefficients Ls can be 
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relatedd to the flux or rate constants, k. Simple cases are for example diffusion, 

vaporization,, heat conduction etc. In all these cases die resulting flow is vectorial, they 

havee a specific direcdon. 

Sincee in environmental chemistry chemical reactions are considered, die coupling 

pnL i l * j i i i ( _ I i . aa a l e IJU<JJ-C v^LnlijjiJ^tin-vj . U>_v_ai-0<_ i l u b \.*.I\*LI.XA\,UJ. «„^v^j-ui^ , m.«.j  w^-v..-^ . 

However,, this is completely different from the physical or irreversible coupling in 

non-equilibriumm thermodynamics. To understand this difference we use die 

followingg reasoning, which is important to understand the relationship between 

laborator}'' systems or fate models and the real ecosystem. Suppose two chemical 

reactionss occur at the same time in an environmental system, A —> B and C —> D, 

andd the objective is to study in a lab system one of them, e.g. A —> B. Then in the 

fieldd to lab transfer we loose die possible coupling of the two processes. 

Firsdy,, physical or irreversible coupling is lost as follows. Since we are dealing with a 

chemicall  reaction a chemical flux occurs, given by ƒ . Its size is given by the 

differencee of the forward and reverse reaction rate, v+ - t\ Given in activities, a, of 

thee substances we may write (Eq. 1.10) 

JJchch=v=v++ -v-v =k+aA-k_aB. (1.10) 

wheree k refers to intrinsic rate constants for the pertinent process. We can define 

thee thermodynamic activity of the substance, A, in two ways, a chemical one and a 

thermochemicall  one. The chemical one is defined by aA^{AcA
nA, where yA is the 

activityy coefficient belonging to substance A, c its concentration in the pertinent 

phasee and nA is the order of the reaction for A. The thermochemical one is defined 

ass aA=yAcA
K4j where the difference is now that the exponent of the concentration is 

givenn by VA, the stoichiometric coefficient of the reaction. Thus only if die order of 

thee reaction for A is equal to its stoichiometric one and no other substance appears 

inn the rate equations, they can be related to the (time dependent) thermodynamic 

affinityy of the defined reaction (Garfinkle 1983). With this in mind we can write the 

twoo chemical fluxes of both processes 1 (A -» B) and 2 (C —> D) as follows: 

J?J? = v2+ -v2. =k2j /* -k2ycc? =*; +c? -*;_ # 
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Inn Eqs. 1.11a and b, k \ refers to the experimental measured rate constants. In case 

off  an ideal solution, often approximated by a dilute one, the experimental rate 

constantt is equal to the intrinsic rate constant defined in Eq. 1.10. The activity 

coëfficiëntt of A, yA, in the environmental system is a function of the presence of all 

otherr substances present in the system, YA~f(cA, % cQ cD, c^J, where rv refers to the 

presencee of a solvent and/or inert gases present in the pertinent phase. If we 

transferr the process A —> B to the lab system, wTe loose the interaction term of yAi 

withh the substance C, D and N. This loss of coupling is called the physical coupling 

betweenn the two chemical reacdons and corresponds to the irreversible coupling 

discussedd here. It is thus fundamental to realize that this type of coupling is caused 

byy the non-ideality of the substances in the (environmental) system (Fishtik et a/. 

1996). . 

Secondly,, the loss of chemical coupling can be understood as follows. Chemical 

couplingg is caused by the fact that one or more of the substances A and/or B 

returnss in the other process, e.g. A might be equal to D or B to C etc. In that case 

wee loose the existing chemical coupling by the transfer to the lab. At the end of the 

labb studies we may combine the different chemical uncoupled reactions again to 

modell  the environmental system. This is the basis of the existing fate models, 

currentlyy used in environmental chemistry. Because of the possible large number of 

chemicall  reactions the pertinent substance is participating in the undefined 

environmentall  system, it still remains difficul t to approach reality in this aspect. 

Chemicall  reactions lead to a number of differential equations, wiiich can show, 

underr certain conditions, non-linear behaviour like chaos, instabilities followed by 

bifurcationss (Progogine 1961, Scott 1991). However, this type of behaviour is not 

studiedd in this thesis. 

Thee chemical flux, ƒ*, is usually defined in one phase, neglecting surface phenomena, 

andd as such is not regarded as a directional process. It is regarded as a scalar. In non-

equilibriumm thermodynamics one has to take into account the possible coupling of the 

differentt fluxes, J. In case of a chemical reaction and a heat conduction process the 

couplingg of the chemical reaction with the heat conduction process (Jc\f) has to be 

takenn into account. However, Jh is a scalar and fh is a vectorial flux and the resulting 

couplingg between the two vanishes, (fh,fh) = 0. Only fluxes with a similar symmetry-

cann lead to coupling phenomena. The coupling of the chemical reaction caused by the 

28 28 



GeneralGeneral Introduction 

non-idealityy is also a scalar but now coupling with other substances or the solvent 

mayy occur. In conclusion: in non-equilibrium thermodynamics the matrix L in J = 

LXX contains non-zero non-diagonal values in those cases where the pertinent fluxes 

possesss the same symmetry. It is possible to diagonalise the matrix, but the resulting 

elementss L 'fl contains then values of JL̂  and L,y. This is problematic in case of the 

establishmentt of a QSAR for this type of endpoints since die resulting descriptors 

mightt not be orthogonal anymore, an undesirable aspect in a QSAR. Thus non-

equilibriumm thermodynamics has no advantages with respect to the prediction or 

explanationn of endpoints by QSAR. However, it could have advantages in fate 

modelling.. In current fate models the physical or irreversible coupling is not 

accountedd for. Although non-equilibrium thermodynamics has perspectives for 

describingg non-equilibrium compartment models and coupling of processes 

(synergism,, antagonism, active membrane permeation) (Baranowski 1991, Doney 

1994,, Mclnerney and Beaty 1988) in a consistent way, it remains to be determined 

whetherr their magnitude corresponds to observable effects in environmental 

chemistry. . 

1.55 System levels of thermodynamic and related descriptors. 

Startingg with the level of fate models and their approach by equilibrium (Section 

1.4.2)) and non-equilibrium (Section 1.4.4) thermodynamics we may descend to the 

levell  of separate processes and their endpoints. We now ask what type of 

thermodynamicc and related descriptors are available for their prediction and 

explanationn of variance by QSAR (See also Sections 1.3, 1.4.1). The endpoints, 

definedd in Eqs. 1.1 a-d can all be converted into a macroscopic thermodynamic 

propertyy as shown in sections 1.4.2 and 1.4.3. They are the dependent parameter of 

ourr QSAR equation, which can be correlated by LFER to other macroscopic 

thermodynamicc descriptors as shown in section 1.4.1. 

Withh the development of kinetic theory at the end of the 19th century and the atomic 

theoryy at the first half of the 20th century a large number of electronic, atomic and 

molecularr descriptors were introduced, useful in the understanding and prediction of 

endpoints.. In addition, these descriptors can often be found by calculation, whereas 

thee macroscopic descriptors often have to be measured. It is therefore desirable to 

distinguishh a macroscopic and a microscopic (atomic, molecular) level of descriptors 

(independentt parameters) in QSAR and to understand the relationship between these 
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levelss based on the concept of an ensemble of possible structural configurations of 

thee system. 

Macroscopicc (1.5.1), microscopic (1.5.2) and ensemble (1.5.3) levels are fundamentally 

differentt and from a theoretical point of view should not be intermingled. 

Unfortunatelyy this is often omitted in the development of QSARs and one may 

encounterr in the same QSAR both macroscopic and microscopic descriptors like Koa, 

andd HOMO or LUM O energy. The section below will only review main 

characteristicss of the descriptors and is not meant to be exhaustive. 

1.5.1.1.5.1. Macroscopic level descriptors. 

Ass discussed before, macroscopic level energy or entropy descriptors are all derived 

fromm other macroscopic thermodynamic values. Thermodynamic deductions make 

thee connection from these descriptors to the endpoints. Many of these macroscopic 

modelss are found in Reid et al. (1987). They mostly refer to equilibrium endpoints 

andd descriptors using linear (LFER) or non-linear free enthalpy relationships. QSARs 

describingg kinetic endpoints with macroscopic thermodynamic descriptors are more 

limited.. Murdoch (1983) has reviewed a number of models to describe the free 

enthalpyy of activation, AG\ and extra thermodynamics is used in e.g. Bronsted 

models.. Important in these kinetic models is the separation of the experimental 

activationn energy, AG\ into an electronic and a reaction part. The electronic part, 

AG*AG*0>0> is generally called the (electronic) reorganization energy and corresponds to the 

activationn energy of the identity reaction, where AGr° = 0. One of the well-known 

modelss is the earlier introduced Marcus equation. If in Eq. 1.9 16 AG+0 >>  (AGr ƒ a 

linearr relation is predicted between AG* {In k) and AGr° (In X), similar as is obtained 

whenn extra thermodynamics is used in e.g. Bronsted models. Above all it is predicted 

thatt the slope of the line, dlnkj'dlnK, should then be equal to 0.5. Any deviations may 

bee caused by the inaccuracy of the Marcus model. 

Anotherr example is the development of the Mosaic approach for biological systems, 

wheree irreversible aspects and relations are dealt with by macroscopic energy 

parameterss of the pertinent compounds (Westerhoff et al. 1982). 

1.5.2.1.5.2. Microscopic level descriptors. 

Microscopicc level descriptors can be obtained in three ways: I) by solving the 

Schrödingerr equation of the microscopic system, II) by molecular mechanical force 

fieldfield calculations and III ) simply stated by a fragment. 
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11.5.2.1.5.2.1 Solving the Schrödinger equation 

Quantumm mechanics predicts only the probability of an event contrary to classical 

mechanics.. In order to make these predictions, a set of postulates is required. 

Quantumm chemists are interested in the translation of the postulates to the 

molecular/chemicall  system. Quantum mechanics defines, among others, 

(hermitian)) operators for dynamical variables, they speak of a wave function, f, 

associatedd with a particular system and its time evolution is governed by the time-

dependentt Schrödinger equation, //'fid^l'dt — Hep\F . H is the Hamiltonian 

operatorr on the total energy of the system (kinetic (Top) + potential (Ve/)). For 

quantumm chemists the wave function of the ground state of the molecular system, 

¥ ,̂,, is generally the most important one. 

AA molecular system is composed of a number of free moving electrons in a central 

potentiall  field of the nuclei without molecular interaction. Since the potential field 

iss time-independent, the Schrödinger equation leads to a stationary solution. The 

totall  Hamiltonian of the molecular system is always partitioned, leading to different 

Schrödingerr equations. Common partitioning is between the center of gravity and 

thee reduced mass system, a radial and two angular ones and the Born-Oppenheimer 

approximationn leading to electronic, vibration and rotation eigenvalues and 

eigenfunctions.. The solution of these different parts makes up the first possibility 

too obtain microscopic descriptors. Although all solutions of the different 

Schrödingerr equations for one molecular system are necessary for the calculation of 

ann ensemble value (see 1.5.3), the electronic part is often given the highest attention 

inn the development of microscopic descriptors. 

Inn a many-electron system with some two-particle (electron) interaction, moving in 

aa given local potential field, v(r), and with a restriction to systems that have non-

degeneratee ground states, a one-to-one mapping exists between the local potential, 

thee particle density p(r) and the ground state wave function, ¥0 (Hohenberg and 

Kohnn 1964). It implies that given a potential, the wave function and density that 

correspondd to it are uniquely determined (Eq. 1.12). 

p(r)<av(r)*=>¥p(r)<av(r)*=>¥ 00 (1.12) 
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Inn the electronic part of the Schrödinger equation the central potential that one 

electronn feels depend on its distance to the nuclei, since at a far distance a part of 

thee nuclear potential is screened off by the closer moving electrons. The starting 

pointt of calculations on many-electron systems is therefore the central-field 

approximation.. It is based on the independent-particle model, in which each 

electronn moves in an effective central potential V^(r), which represents the 

attractionn of the nuclei and the average effect of the repulsive interaction between 

thiss electron and all other ones. Eq. 1.12 shows there are two methods present; 

eitherr from Vjr) to the ground state wave function ^ that coincides with the 

well-knownn Hartree-Fock (HF) method or from a vtffr) to p(r) that coincides with 

thee still relatively unknown Kohn-Sham (KS) method. The former method is based 

onn wave functional theory, WTT, and the latter is based on the density functional 

theory,, DFT (see also 1.5.3). Since electrons belong to the class of fermions, they 

aree subject to states described by anti-symmetric functions. The wave function of 

thee electronic system in the independent-particle model is associated by a Slater 

determinant.. In case of the Hartree-Fock approximation the Slater determinant 

consistss of a set of orthonormal spin orbital and in the Kohn-Sham approximation 

off  orthonormal natural orbitals. 

Inn the HF-approximation the molecular orbitals (MOs) are expressed as linear 

combinationss of atomic orbitals. The set of MOs for the ground state wave 

functionn is obtained from a trial function (determinant) of selected atomic orbitals 

byy using a self-consistent field procedure, thus minimizing the energy expectation 

valuee of the determinant (Szabo and Ostlund 1989). It is a special application of the 

well-knownn variational principle. In this procedure four center atomic orbital 

integralss have to be calculated. If included one speaks of an ab initio method, if 

approximatedd by e.g. neglecting many of these overlap integrals one speaks of a 

semi-empiricalsemi-empirical method. Many semi-empirical methods have been developed, often 

leadingg to substantial differences in values of the same descriptor. Currently the 

AM II  method is widely used, which is also applied in chapter IV of this thesis. 

AA disadvantage of the HF-method is that it does not give a solution to the exact 

Hamiltoniann for the defined molecular system. The energy difference between the 

exactt and HF Hamiltonian, the so-called correlation energy, is calculated by 

incorporationn (often very many) of excited configurations (Szabo and Ostlund 

1989).. In a semi-empirical procedure, used in Chapter IV in this thesis, this is 
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omitted.. Another approximation made in both ab initio and semi-empirical methods is 

thatt the atomic orbitals are approximated by Gaussian functions (of the type cxp (-

r2))) since the exact function (of the type exp (-r)) is too cumbersome in the 

procedure.. One can then approximate the exact function by introducing more 

Gaussiann funcdons, generally known as the extension of the basis set. 

Ass described above the correlation of a measurable physical quantity- with the 

experimentall  value ignores quite some effects. The correlations are of the type of 

ann MO-energy e.g. the energy of the highest molecular orbital (eHOMQ) and die 

experimentall  ionization potential (IP) or the lowest unoccupied molecular orbital 

(£LUMO))
 a nd the experimental electron affinity (EA). In reality the establishment of 

suchh a correlation is really a pure QSAR. 

Inn the KS-procedure also an (auxiliary) effective central potential, v^frj, is defined 

wheree the N independent electrons are moving but that has the specific property 

thatt its wave function, a single Slater determinant of the lowest N natural spin 

orbitalss wil l yield the exact electron density of the interacting electron system with 

potentiall  V(r) (Baerends and Gritsenko 1997). In practice an iterative procedure is 

usedd similar to the HF-method starting from a trial density function based on 

solutionss of the kinetic energy operator in the Hamiltonian, but this one is more 

difficul tt to obtain then in the HF-method. The iteration procedure in the KS-

proceduree is different form the HF-method and is based on the variation of the 

chemicall  potential, jU, properly normalised to the N-electrons. All expectation 

valuess are thus functions of the electron density, including the correlation energy. 

Thee KS-procedure includes therefore the correlation energy automatically. As a 

consequencee the HOMO and LUM O energy values are the negative of the exact 

ionizationn potential (IP) and electron affinity (EA) contrary to the HF-

approximationn method for the defined electronic Hamiltonian. However, they must 

bee derived from the electron density function e.g. the ionization potential, IP (and 

thuss the HOMO energy), is connected to the long-range behaviour of the electron 

densityy function. While the HOMO and LUM O energies are quite important in 

manyy microscopic descriptors on particularly reactivity, their derived values in 

QSARss in the field of environmental chemistry always use the HF-meüiod. 

Althoughh quite appealing, the KS-procedure has not been used in this thesis to 

obtainn microscopic or ensemble descriptors. 
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Reactingg systems can be treated in three ways by respectively perturbation theory, 

introductionn of a reacting coordinate and by time-dependent solutions of the 

Schrödingerr equation. In the early days, when computers were not used yet, 

perturbationn theory was mainly applied, where the mutual perturbation of two 

molecularr systems was calculated. The two systems are positioned far away from 

eachh other so that perturbation theory is applicable. Depending on the type of 

interactionn its interaction potential can be defined in several ways Like, dipole and 

differentt types of polarizabilities. In the HF-method for chemical reactions it may 

leadd to the well-known Klopman equation (Klopman 1967)) when the two 

moleculess are still quite close to each other. If they are further away, it can be 

shownn that the interaction energy leads to an energy correction proportional to 

-- 1/R6 (Bransden and Joachain 2000). Thus perturbation theory has the possibility 

too obtain microscopic descriptors of the reactive system and to improve on 

microscopicc descriptors of the non-reactive system. 

AA second way developed when the calculating capacity of computers increased 

drastically.. On knowing the reactants and products a full reaction coordinate could 

bee followed and all kinds of pseudo equilibrium descriptors can be calculated in the 

transitionn state by assuming that local equilibrium still prevails. Thus the time 

independentt Hamiltonian of the reactive system is used at each point of the 

reactionn coordinate, but with different atomic coordinates. They represent then the 

changess in bond lengths of the atoms involved in the reaction. The transition state 

iss found at the highest energy along the reaction coordinate diagram. At this point 

thee reaction is mimicked by a single vibration energy level, introducing the time 

aspectt in the model. This single vibration energy appears as an imaginary frequency 

inn the results. Such a procedure is followed in Chapter 4 of this thesis to identify 

thee transition state. 

Thee third way is to use time-dependent approximations of the defined Schrödinger 

equation,, However, since the energy and time operator do not commute with each 

other,, they cannot be simultaneously measured exactly. Both the concepts and the 

calculationn methods are therefore quite complex and no use is made yet within 

environmentall  chemistry to derive specific descriptors. 
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Inn terms of microscopic descriptors of kinetic endpoints for (nucleophilic 

substitution)) reactions the model of Shaik (1992) is quite appealing. However, the 

modell  with its specific descriptors is not used in this thesis. 

Inn DFT chemical reactions are considered as changes from one ground state to 

another.. Although such changes lead to new and appealing microscopic descriptors 

noo use has been made in this thesis (Parr and Yang 1989). 

1.5.2.21.5.2.2 Molecular mechanical force field calculations 

Inn the second way, on a slighdy higher, but still atomic or molecular, level one can use 

molecularr mechanic force fields to derive the energy descriptors. These methods use 

thee potential energy functions of the vibrations, torsions, rotations, London-Van der 

Waalss and electronic electrostatic interactions between the atoms and the molecules. 

Thee parameters of these force fields are obtained either from WFT calculations or fits 

too empirical data. Although they may assume an ensemble of possible structural 

configurationss (see statistical thermodynamics below), the structure with the lowest 

energyy is selected that can subsequently be used in the establishment of the 

relationshipss (Govers et al. 2002). Compared to the real ensemble, the energy value is 

loweredd by a specific factor and entropy is neglected. If this factor is the same for all 

chemicalss the new QSAR only differs in the value of B0 in Eq. 1.3 compared to the 

ensemblee descriptor. 

1'1' .5.2.3 Yragments 

Inn the third way, the concept of the fragment method defines microscopic descriptors 

thatt provide much less insight into the endpoint and tend to be of the black box type. 

Thee fragment corresponds to an atom or a small group of atoms (functional group) 

withh a specific energy value. This value is always the same, regardless of its 

environment.. Values of each fragment are then combined to the macroscopic one 

accordingg to the structural formula. However, in many fragment methods additional 

interactionn parameters have to be incorporated for specific combinations of 

fragments.. As Bader (1990) pointed out, specific properties of the electron density 

functionn of the molecular system lead to a definition of an atom or fragment in a 

molecule.. However, these so-called atomic basins depend on its environment and are 

thereforee not constant for equivalent atoms in different chemicals. 
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Otherr descriptors are available, such as topological descriptors (De Voogt et al. 1991), 

burr these are rather remote from well-established thermodynamics. 

Owingg to rime constraints microscopic descriptors itself are not used in this thesis, 

butt i mlv the underlying concepts necessary in the calculation of ensemble descriptors. 

1.5.3.1.5.3. E nsemble lei -el descriptors. 

bromm the microscopic level of descriptors to an ensemble level of descriptors, 

representingg the macroscopic value of the descriptor, many-body interactions need to 

bee accounted for. This can be done in two ways by: I) quantum statistical mechanics 

andd II) classical statistical mechanics. The basic feature is the definition of an 

ensemble,, identical sub-systems, in the phase space. For the equilibrium situation 

Gibbsiann ensembles are defined, that differ on the basis of the incorporation of the 

integralss of motion (Lagrange multipliers). The ensemble may depend only on the 

averagee total energy (canonical ensemble) or may also include a variation of the total 

numberr of particles (grand canonical ensemble). Physical variables (descriptors) 

includee this distribution function and descriptors derived in this way, are called in 

thiss thesis ensemble descriptors. 

Inn 1.5.2. systems in the ground state are considered that can be described by a 

singlee state vector called a pure state. Because of the statistical interpretation of the 

wavee function one actually need to consider an ensemble of pure states. The exact 

preparationn of such an ensemble, called a pure ensemble, is impossible owing to 

thee presence of the electronic interaction term (approximated in section 1.5.2. by 

thee central field approximation) and, furthermore, the systems are not fully isolated 

soo that the Hamiltonian neglects additional degrees of freedom. Thus in quantum 

statisticall  mechanics one cannot deal with pure ensembles but has to use mixed 

ensembless based on incomplete data of the system. Such is thus the case for a 

systemm at finite temperature with or without interaction between the molecules. 

Mixedd states are handled by the use of the density matrix formalism or density 

functionall  theory (DFT)) (see e.g. Bransden and Joachain 2000). Two applications 

aree shortly highlighted. The first one is the use of a small ensemble of only three 

statess of N, N-l and N + l electrons. In the zero temperature approximation of the 

grandd canonical ensemble of these three states the chemical potenual, [i,  can be 

approximatedd by the negative of the Mulliken electronegativity, which is given by -
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11/2(IP+EA)/2(IP+EA) and the hardness of the system, //, given by 'AflP-EA). Owing to its 

importancee and simplicity these descriptors have often been obtained by the II P 

method,, but are closely linked to the concepts of DFT. 

AA second example is the calculation of properties of a system of a large number of 

(non)-interactingg objects (e.g. molecules, electrons etc). Three cases can be 

identifiedd for the non-interacting system. In the first case, known as die Maxwell-

Boltzmannn (MB) system, the objects (molecules) can be distinguished by its 

position.. The other two cases are those for which the objects (molecules) are 

identicall  and indistinguishable pardcles, for which the complete wave function of 

thee system must be either symmetric (bosons) or anti-symmetric (fermions) under 

thee interchange of any pair particles. For a MB-system the total wave function is 

justt the product of N-single pardcle wave functions. If all the energy levels are 

different,, each permutation of the particles leads to a different wave function. If 

somee of these energy levels have tiie same energy, interchanges between these 

particless does not alter the wave function and the number of distinct states is 

thereforee less. For bosons the number of distinct states is always 1 for each particle 

whilee for fermions it is either one or zero and different for each fermion. Owing to 

thee differences in the number of distinct states between the diree systems, the 

(grand)) partition function associated with the different ensembles is different for 

eachh system. However, one can show that at large number but low densitv of the 

moleculess the three systems become equivalent (Bransden and Joachain 2000). 

Thuss quantum effects due to the identity of the particles are unimportant in 

systemss with low particle densities and thus quantum effects can be ignored and 

thee classical view can be used. This is important since actually each atom or 

moleculee can be regarded only as a fermion or a boson. In the AM I software a 

Maxwell-Boltzmannn procedure without interaction phenomena is incorporated to 

obtainn the ensemble values of the thermodynamic energy descriptors used in 

Chapterr 4. Inclusion of interaction terms complicates the calculations considerably. 

Thee Gibbsian QSAR free enthalpy relationship of Eq. 1.3 is thus written as Eq. 

1.16: : 

Thuss in the ensemble the distribution function remains intact in the descriptors and 

itss value is denoted by an average energy or related property. 
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Thee distribution functions in statistical thermodynamics for equilibrium descriptors 

arcc the well-known Gibbsian ensembles. However they have the unpleasant 

characteristicc that the entropy constructed by Gibbsian ensembles cannot increase. 

Thuss for non-equilibrium processes other non-equilibrium distribution functions 

mustt be constructed, leading only in the time limit to the Gibbsian distribution 

functions.. The time behaviour of the non-equilibrium distribution function is 

governedd by the Liouvill e equation. To specify a solution a statistical distribution at 

somee initital instant of time must be given. This distribution is the so-called 

relevantt distribution constructed from relevant dynamical variables that are slowly 

varyingg in time and describing the partial equilibrium in the subsystems. These 

variabless coincide with the true non-equilibrium values of the macroscopic 

observables.. The non-equilibrium distribution function emerges from the principle 

off  equal probabilites of inititial states described by the relevant distributions in a 

sufficientt large time interval for the initial non-physical states to die out and for the 

necessaryy correlations in the system to emerge. In this time-limiting process it 

selectss a specific solution describing the irreversible evolution of the system. In 

combinationn with the dynamical variable, a set of generalized transport equations is 

obtained.. (Zubarev 1991 pp 127). However, such distribution functions have not 

beenn used in this thesis. 

Finally,, in force field methods mentioned in 1.5.2., ensembles of microscopic states 

withh associated kinetic and potential energy can be constructed, from which 

averagee thermodynamic descriptors can be derived using Newtonian Molecular 

Dynamicss or Monte Carlo type simulations of states (Frenkel and Smit 1996). This 

typee of ensemble descriptors was not used in this thesis. 

1.66 Scope and objectives. 

Inn environmental chemistry the study of concentrations of substances in the 

environmentt requires the definition of kinetic and equilibrium endpoints. When a 

furtherr study of the process is desired a transfer from the field to the lab is made. 

Inn this transfer the pertinent process is both physically and chemically decoupled 

fromm the environmental system. The main objectives in this thesis are therefore to 

introducee and evaluate thermodynamic concepts and approaches in: 1) endpoints 

andd their definition, 2) explanation of their variations using QSAR and 3) 
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environmentall  coupling processes and fate models. The advantages and limitations 

off  this introduction are studied. 

Ass shown in section 1.4 four different types ot thermodynamic approaches are 

available,, in addition to the three types of descriptor levels of section 1.5. Chapters 

22 to 5 of this thesis are dedicated to each of the four types of thermodynamic 

approaches.. Therefore it is necessary to explain for each chapter briefly the 

relationn of the pertinent type of thermodynamics to the three descriptor levels and 

off  its specific objectives. 

ChapterChapter 2 is dedicated to the extra-thermodynamic approach (See section 1.4.1). 

Environmentall  (chemical) endpoints are direcdy related to their thermodynamic 

counterpart.. Both well- and ill-defined, kinetic and equilibrium endpoints can be 

used,, since the main purpose is always a comparison of energy change of a well or 

ill-definedd endpoint to well-defined thermodynamic energy change given by its 

descriptor(s).. Thus all levels of descriptors may be used. A main objective of the 

establishedd QSAR tends to be the minimization of systematic variations in the 

predictionn of input parameters for fate models. Thermodynamic definition of 

endpointss or physical coupling of chemicals in fate modeling themselves are not 

directlyy important objectives. 

Inn this thesis extra-thermodynamics is used to quantify the well-defined 

thermodynamicc endpoints of the #-octanol-water partition coefficient, K0IIA and of 

aqueouss solubility, S  ̂ of a number of fatty acids with the well-defined HPLC 

chromatographicc capacity factor as a descriptor. The pertinent fatty acids are 

studiedd as environmentally healthy substitutes for synthetic solvents. The 

correlationn is an example of what is generally known as a Coilander type QSAR. 

Speciall  attention is given to the predictive statistical aspects of the correlations and 

too systematic deviations, because the resulting QSARs are often used to derive 

inputt parameters into current fate models. The role of the activity coefficients in 

thee endpoints is being clarified as connections between different scientific areas and 

differentt energy changes. Although it is the only type of thermodynamics that 

allowss the use of ill-defined endpoints, they do not return in Ch. 2. 

ChapterChapter 3 focuses on equilibrium thermodynamics (See section 1.4.2). 

Equilibriumm thermodynamics have created a wealth of thermodynamic QSAR 

descriptorss of mainly macroscopic, microscopic (Q.M-) and ensemble origin in 
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orderr to predict or explain well-defined equilibrium endpoints as an objective. The 

well-definedd equilibrium endpoints can only be related to well-defined (equilibrium 

thermodynamic)) descriptors of the same nature. It defines therefore quite well the 

scopee of the QSAR. Thermodynamic cycles can be used in order to calculate one 

descriptorr from another and in order to correct an available descriptor to a proper 

phasee {e.g. a gas to water correction). Also the temperature dependence of 

descriptorss and endpoints can be included. In addition, equilibrium 

thermodynamicss may contribute to the objective of an accurate experimental 

determinationn of endpoints and their dependence of temperature. Finally, 

equilibriumm thermodynamics is used in fate models where all compartments are in 

equilibrium,, and thus is capable of calculating equilibrium concentrations in, 

hypothetical,, closed environmental systems. Dependence of calculated 

concentrationss on temperature, pressure and other environmental conditions can 

bee included nicely. 

Inn this thesis equilibrium thermodynamics is used in two ways. 

Thee well-defined thermodynamic equilibrium descriptors of the reaction free 

enthalpyy of reductive dechlorination of all chlorobenzenes are established by a 

thermodynamicc cycle. These values were correlated to the experimentally observed 

abioticc and biotic isomeric product ratios. The use of thermodynamics could also 

establishh a temperature dependence of the isomer ratio. The main aspects of the 

relationshipss are therefore to test the assumption of the equilibrium 

thermodynamicc definiteness of the reaction instead of a kinetically controlled rate. 

Inn another study the specific role of the thermodynamic activity coefficient in the 

gaschromatographicc determination of the vapour pressure, boiling point 

temperature,, heat of vaporization and gas-liquid heat capacity difference of fatty-

acidd esters is elucidated. Explicit inclusion of the activity coefficient could lead to 

accuratee values of these (sub-cooled) liquid properties. Al l values result from one 

indirectt experimental method and can subsequently be compared to results 

obtainedd by direct methods and systematic deviations can be explained. 

Thee inclusion of coupling in fate models is not studied direcdy and only 

macroscopicc descriptors are dealt with. 

ChapterChapter 4 studies the pseudo-equilibrium thermodynamic approach (See section 

1.4,3;.. Pseudo equilibrium thermodynamics uses only well-defined kinetic 

endpoints.. It simplifies the kinetic process to a sequence of reversible processes. In 
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termss of non-equilibrium thermodynamics, the memory effects caused by the 

electronicc and nuclear changes during the process are neglected. The kinetic 

endpointt is then related to its thermodynamic equilibrium counterpart for the 

Transitionn State (TS). The activation free enthalpy, AG*, is therefore the key 

(pseudo)) equilibrium thermodynamic parameter. As a general problem it is well 

knownn from rate theories that the transition state is of a composite nature, making 

itt difficult to relate the activation free enthalpy to one conformational microscopic 

descriptorr (Eyring 1980). Microscopic, ensemble and macroscopic level descriptors 

aree possible for the pertinent QSAR objective. In order to define properly a kinetic 

endpointt by experiment, the Arrhenius equation enables the experimental 

determinationn of the activation enthalpy to the free activation enthalpy and the 

temperaturee dependence of kinetic endpoints. Transition state theory does not 

directlyy contribute to the elucidation of physical or chemical coupling in fate 

models. . 

Inn this thesis one study is included using pseudo-thermodynamics. The variation of 

thee well-defined kinetic endpoint of dechlorination of small haloalkanes in water 

wass correlated with macroscopic and ensemble thermodynamic descriptors. The 

mainn role of the QSAR derived is to find the accuracy of models. Attention is given 

too the predictive power of an established QSAR and the temperature dependence 

off  the kinetic endpoint. 

ChapterChapter 5 is dedicated to non-equilibrium or irreversible thermodynamics (See 

sectionn 1.4.4). Non-equilibrium thermodynamics deal with non-time reversed 

(irreversible)) relaxation processes. The translation of lab results to the 

environmentall  situation needs to take into account the coupling effects between 

flowss of chemicals and heat. In this thesis a distinction is made into physical and 

chemicall  coupling phenomena. Both are included via energy- (force-flow) terms in 

thee dissipation function, <7 = dS/dt, but emphasis is on physical coupling caused by 

molecularr interaction. In the knear approach (LNET) flows (/̂ ) are the result of all 

forcess pQ and associated phenomenological constants (L^. Material flows are 

massess of chemicals passing compartments or concentration changes per time unit, 

directlyy relevant to the prediction or explanation of concentrations by fate 

modeling.. Forces are gradients within compartments or differences between 

compartments,, in conditions such as temperature, pressure and thermodynamic 

potentialss of chemicals. Phenomenological or physical coupling constants, L , can 
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bee identified as kinetic endpoints similar to the uncoupled rate constants denoted 

byy k — Lu. These endpoints can be determined in laboratory experiments by 

measurementt of flows and forces based on the linear flow-force relationships of 

LNET.. Alternatively, they can be estimated by statistical thermodynamic 

techniquess (Bedeaux eta/. 1992) without specific contributions of QSAR techniques 

exceptt for the case of self-coupling constants, Lir Once coupling constants are 

known,, flows and their changes with respect to uncoupled flows can be calculated 

inn non-equilibrium thermodynamic fate models under known environmental 

conditionss (forces). 

Inn this thesis coupling between chemical fluxes and between chemical and heat 

fluxess across an air-water interface are calculated for the Hexachlorobenzene 

(HCB)) micropollutant, air components and heat in the environmental ecosystem of 

Lakee Superior in Northern America under seasonal temperature variation. Coupling 

constants,, or related jump coefficients, are derived from single component mass 

accommodationn coefficients, molecular masses, thermal conductivities and mole 

fractions. . 

Tablee 1.2 Overview of four thermodynamic approaches, three main objectives, the three 

levelss of thermodynamic descriptors and the choices made in this thesis (*). 

Thermodynamic c 

approach h 

(Chapter) ) 

Extra--

(2) ) 

Endpointt  determination 

(Symbol) ) 

Well-**  and ill-defined 

A G * * 

Explanat ionn of 

variancee by QSAR 

Descriptorr  level 

Macroscopic* * 

Microscopic c 

Ensemble e 

Fatee model ing 

Onlyy input parameters 

forr fate models 

Equilibriumm Well-*  defined Macroscopic*  Equilibrium 

(3)) AG Microscopic fate models 

Ensemble e 

Pseudo-- Well-*  defined Macroscopic*  Only input parameters 

equilibriumm AG* Microscopic for fate models 

(4)) Ensemble* 

Non-equilibriumm Well-*  defined Macroscopic*  Coupling of flows* 

(5)) LUJ] Microscopic in fate models 

Ensemble e 
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Masss accommodation coefficients, standing for the fraction of molecular collisions, 

whichh actually lead to passage of the interface, are estimated by a QSAR using the 

Henry'ss Law Constant as descriptor. The degree of coupling was quantified as a 

functionn of, among others, varying partial pressure differences across the interface. 

Ann explicit three layer compartment model is used, representing a local system 

withinn the total fate model of the lake. Flows are compared with results of the well-

knownn Liss and Slater model (1974). 

Thee four thermodynamic approaches (chapters 2 to 5 

),, their relation with the three main objectives and levels of descriptors are 

summarizedd in Table 1.2, together the specific focus of this thesis. 

Inn Chapter 6 general conclusion are drawn with respect to the objectives of this 

study. . 
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