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Generall  conclusions 

Inn section 1.6 the main objectives of this study have been characterized as the 
introductionn and evaluation of thermodynamic concepts and approaches in: 1) 
endpointss and their definition, 2) explanation of their variations using QSAR and 3) 
environmentall  coupling processes and fate models. The introduction and 
evaluationn of thermodynamics took place in Chapters 2-4. Here, general 
conclusionss are drawn on the advantages and limitations of this introduction 
arrangedd according to the three main objectives. 

6.11 Endpoints and their definition 

Environmentallyy relevant chemical endpoints were classified into four main groups 
connectedd to partition and reaction equilibria, and partition and reaction kinetics as 
shownn in Table 1 of Chapter 1. In that chapter it was also shown that endpoints 
cann be divided into well and ill-defined, and in single and composite ones. The 
thermodynamicc definition of endpoints has several advantages (6.1.1), but also 
somee practical limitations (6.1.2). 

6.1.1.6.1.1. Advantages with respect to the definition of endpoints 
Elaboratingg on sections 1.4.2, 1.4.3, 1.4.4 and 1.6, treating endpoints in terms of 
thermodynamicss may lead to three general advantages. 

Thee first advantage refers to the use of related thermodynamic functions and 
propertiess in order to determine endpoints experimentally, to understand them as 
composedd out of more elementary processes in an explicit model or to calculate 
themm from related thermodynamic functions via thermodynamic cycles. 
Chapterr 3, first paper, is mainly dedicated to the prediction of isomer product 
yieldss by QSAR (see section 6.2) in each of the steps by which hexachlorobenzene 
iss transformed into benzene in solution. Yet, the initial thermodynamic ucsLnpLorb 
applied,, i.e. free enthalpies of formation of chlorinated benzenes in solution, had to 
bee calculated from known free enthalpies in the gas phase. According to the 
thermodynamicc cycle shown in Figure 2 of Chapter 1, this could be done by using 
knownn free enthalpies associated with Henry7 Law Constants of chlorobenzenes. 
Afterr finding these free enthalpies of formation, equilibrium reaction free 
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enthalpiess were calculated according to Eq. 1.5 of Chapter as the final descriptors 
leadingg to the successful prediction of isomer product yields. 
Inn Chapter 4 the pseudo-thermodynamic equilibrium definidon of kinetic 
endpointss in transition state theory was at stake. This theory is an example of 
dissectionn of a composite endpoint of the kinetic type into a well-defined series of 
pseudo-reversiblee steps to which pseudo-thermodynamic free activation enthalpies 
aree attributed. This example will be treated further in the context of QSAR (section 
6.2). . 

AA second advantage pertains to the explicit treatment of interaction: the 
experimentall  and theoretical definition of the interaction between compounds in 
equilibriumm systems (non-ideality) by the introduction of activity coefficients in 
concentrationss and the definition of physical coupling or phenomenological 
constantss in non-equilibrium systems. In non-thermodynamic approaches these 
typess of interactions are often neglected or cannot be included easily. 
Inn Chapter 3, second paper, the activity coefficient of chemicals in gaschromato-
graphicc column material (stationary phase) in comparison to their activity 
coefficientt in gases flowing through the column (mobile phase) has been taken into 
accountt leading to an accurate and fast determination of vapour pressures of fatty 
acidd esters at different temperature and the related thermodynamic parameters of 
heatt of vaporization and gas-liquid heat capacity- difference. In addition to the 
chemicalss «-alkanes were co-eluted, whose thermodynamic properties are accurately 
knownn and could be included into the thermodynamic formalism in order calculate 
thee properties of the chemicals from the retention indices measured. The 
thermodynamicc model is capable to extrapolate accurately from the experimental 
temperaturee range to temperatures important in environmental chemistry in 
contrastt to methods not utilizing activity coefficients. Data obtained were close to 
thosee found after direct experimental determination. 

Inn Chapter 5 the existence of interaction leads to the physical coupling of flows in 
non-equilibriumm thermodynamics. Terms contributing to a certain flow contain 
physicall  coupling or phenomenological constants as endpoints. After calculation 
off  these endpoints, among others by QSAR (see section 6.2), coupling between 
flowss could calculated (see section 6.3). 

AA final advantage refers to e.g. the determination of the temperature dependence of 

ann endpoint and the latters' dissection into an enthalpic and entropie contribution 
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butt can easily be extended to other dependencies like the establishment of a new 
referencee state at other concentrations as in Chapter 2. 

Temperaturee dependence of endpoints and their dissection into enthalpy and 
entropyy contributions was applied in several papers according to the van 't Hoff 
andd Arrhenius like equations mentioned in sections 1.4.1 and 1.4.2. In Chapter 3, 
thee prediction of isomer yields of the transformation of (chloro)benzenes, it was 
showrnn that the calculated temperature dependence of this endpoint was in 
accordancee with experimental data confirming the hypothesized thermodynamically 
determinedd model of the reaction. In the same chapter, the determination of 
vapourr pressure, its temperature dependence and related thermodynamic properties 
mentionedd before, the explicit treatment of the temperature dependence of 
propertiess enabled the extrapolation of data from the high experimental 
temperaturee range to low, environmentally relevant, one. In Chapter 4 enthalpy and 
entropyy contributions to the free enthalpy of activation of the hydroxide-induced 
eliminationn reaction of small haloalkanes in water were calculated from the 
measuredd temperature dependence of the reaction rate constant in order to find the 
freee enthalpy at 298.15 K (see also section 6.3). 

6.1.26.1.2 Limitations in thermodynamic definitions of endpoints 

Thee three advantages of thermodynamics in the definition of endpoints are not 
absolutee but wil l suffer from practical limitations, some of which are specific to 
thermodynamicss and other in common with other approaches. limitations are in 
thee areas of: A. the quality of experimental data and the ill-definiteness of data; B. 
complexityy of thermodynamic relationships and properties such as the activity 
coefficient;; and C. a correlation between errors in the determination of enthalpy 
andd entropy contributions. 

A.. The quality of experimental data of endpoints and ill-definiteness of data. 

Thee quality of endpoint data is of direct importance both for their use as input 
parameterss for fate models and in order to study their variation with pollutant and 
solventt phase characteristics (QSAR). The quality is often low. To exemplify the 
latterr Table 6.1 has been derived for a number of environmentally important 
endpointss for the water compartment that are evaluated in a database (AQUAPOL 
1996)) constructed for the National Institute for Coastal and Marine Management 
(RIKZ).. Each experimental data was analysed on an analytical, methodological and 
statisticall  criteria (Krop et al. 1996) according to an extensive score list. Scores 
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couldd only vary between 0 and 1. Table 1 indicates that scores axe low in general, 

especiallyy for the statistical aspect. The quality of endpoints is of course not a 

specificc limitation of thermodynamics. However, it excludes the calculation of a 

reliablee free enthalpy value especially for ill-defined endpoints. 

Mainn reasons for low scores are that too few independent experiments were carried 

outt prohibiting the calculation of a (95%) confidence interval and that processes 

weree ill-defined hampering an accurate determination. 

Tablee 6.1 Average scores of experimentally determined values of some important environmental 
parameterss for a number of relevant contaminants (Data from Aquapol 1995). 

Endpoint* * 

BCFF (ill-defined) 

KKdocdoc (ill-defined) 

K^ i l ll  defined) 

SS (well-defined, single) 

kk hvd (well-defined, comp.) 

N N (totall data) 

290 0 

110 0 

455 5 

245 5 

390 0 

Analytical l 

0.401 1 

0.483 3 

0.298 8 

0.475 5 

0.411 1 

Methodical l 

0.472 2 

0.492 2 

0.403 3 

0.346 6 

0.515 5 

Statististical l 

0.301 1 

0.264 4 

0.150 0 

0.334 4 

0.158 8 

*BCF== fish-water bioconcentradon factor; K ^ = dissolved organic carbon-water partition 

constant;; K K = organic carbon-water partition constant; S = water solubility; k hyd = hydrolysis rate 

constant. . 

Inn case of well-defined endpoints only the first stadsdcal reason is important. However, 
thee table shows already large drawbacks in accuracy of a well-defined endpoint of 
thee composite type. Moreover, in Chapter 2 all values of solubilities and n-octanol-
waterr partition coefficients found in the literature for a number of PAHs and 
determinedd by reliable but different experimental methods were used in order to 
derivee QSAR equations. Most values were not different within the 95% confidence 
interval.. This points at methodical or analytical difficulties in addition to statistical 
oness in the determination of these well-defined endpoints of compounds with very 
loww solubilities. Moreover, parts of a well-defined endpoint can still be ill-defined. 
Itt was considered in Chapter 1 that ill-defined endpoints could turn into well-
definedd ones, with the knowledge of a model. An example is the gas-liquid 
exchangee rate model of Liss-and Slater (1974). However, in Chapter 5 we 
concludedd that the ill-defined values of ^ in this model could be related to the 
Knudsenn number, explaining why research into the significance and srze of % (the 
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si2ee of the stagnant layer) leads to contradictive results. It shows that in a well-
definedd model ill-defined factors may still be present, introducing error sources. 
Thee situation is even more problematic with iU-defined endpoints. In addition to 
randomm errors in the value of the endpoint a systematic deviation may be present 
causedd by the presence of a "hidden", not explicitly included, process or 
compartment.. It was found, e.g., that 80% of the experimentally determined K^ 

valuess were not statistically significant (Krop et al. 2001). Here the "hidden" 
processs could be the existence of a slow change of the DOC compartment itself in 
additionn to a quite different origin and structure of this material. A second example 
referss to the phenomenon of aging of organic contaminants in solid organic 
sedimentt material (Cornelissen 1998) leading to an ill-defined pseudo-equilibrium 
orr pseudo-steady state ¥^oc value in short-term laboratory experiments. It seems that 
inn a short period results are not significandy different from each other. However by 
extendingg the time scale it became clear that equilibrium or a stable steady state was 
nott achieved yet. Here the hidden process and compartment turned out to be an 
innerr very slowly desorbing compartment in addition to contaminant in the surface 
layerr of a sediment particle. The latter explains the quick establishment of the 
equilibriumm measured. 
Despitee the tremendous increase of knowledge in environmental processes it 
remainss to be foreseen that many important endpoints will never be fully 
understood.. In that case one has to deal with a system where only limited 
informationn is available. 

B.. Complexity of thermodynamic relationships and properties such as the activity 

coefficient. . 

AA shown in Chapter 3, second paper, quite complex formula (Eqs. 3.2-3.4, therein) 
aree required for the determination of vapour pressure and related thermodynamic 
quantitiess from experimental chromatographic retention indices. In addition, 
relationshipss (Eqs. 3.5-3.6, therein) and values of the ratio of the activity coefficient 
off  the analyte and of a related «-alkane. have to be found empirically and under 
certainn assumptions. The overall procedure thus includes a limited number of data 
foundd in the pertinent determination and a pretty large number of formula and 
additionall  assumptions. Thus the procedure must be considered as an indirect 
experimentall  determination. 

AA more trivial, but often confusing, character of thermodynamics is the large 

numberr of standard or references states chosen for a certain property. In the 
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definitionn of the activity coefficient of a solute in a solution as an example, both the 
puree components of the solution (Raoult convention) and the infinitely diluted 
solutionn (Henry convention) are frequently chosen, both of them in combination 
withh several concentration units. 

C.. Correlation between errors in the determination of enthalpy and entropy 
contributions. . 

Applyingg the van 't Hoff (or Arrhenius) equation dlnK/d(1/T) ~ -AH/R for the 
temperaturee dependence of an endpoint, K, normally proceeds by the measurement 
off  K (JnK) at several temperatures T, plotting InK against 1 /T and calculating the 
slopee or enthalpy of the linear plot (-AH/R). Subsequently the entropy, AS, is 
foundd from Eq. 1.4 of Chapter 1: AG(TJ= -RT/nK(T) = AH -TAS by insertion of 
AHAH and the experimental value of -RTlnKfT). This may cause a correlation between 
thee error in the measured enthalpy and the entropy calculated from it, which has 
consequences,, e.g., for their use as (dependent) descriptors in QSAR (see section 
6.2)) (Kmgetal. 1976). 

6.22 Explanation of the variation in endpoints using QSAR 

6.2.16.2.1 Preliminary remarks 

Inn QSAR (see section 1.3) a quantitative relationship is established between 
independentt descriptor variables and a dependent variable, the chemical endpoint. 
Thiss relationship enables the explanation or prediction of the endpoint in terms of 
structurall  variation of series of compounds or phases they are dissolved in. In this 
thesiss we would like to study QSAR equations based on an explicit model in a 
thermodynamicc approach with a minimum of black box character. The latter will 
implyy that both the endpoint and the descriptors, and maybe also: the type of 
functionn used for the relationship between descriptors and endpoint, are 
thermodynamicallyy well-defined. We should, however, keep in mind that the QSAR 
proceduree will include the fit of series constants, B, in Eq. 1.2 of Chapter 1, which 
cannott be found from thermodynamics. As a consequence all relationships aimed 
att partially bear an extra-thermodynamic character. In section 1.4.1 it was shown 
thatt the most simple extra-thermodynamic relationships are essentially linear free 
energyy (or enthalpy) relationships (LFERs). In sections 1.4.2-1.4.4 thermodynamic 
definitionss of endpoints were given and in section 1.5 it was shown that three 
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levelss of descriptors (macroscopic, microscopic and ensemble type) can be used, 

whichh fit in a thermodynamic approach. 

Inn the foregoing section 6.1 we drew general conclusions with respect to the 
advantagess and limitations of a thermodynamic definition of endpoints. In sections 
6.2.22 and 6.2.3 we would like to focus on the descriptor levels and the quality of the 
pertinentt QSARs. Before doing this, it must be recalled that limitations in the 
definitionn of endpoints, treated in section 6.1.2, wil l direcdy propagate into QSARs 
basedd on all three types of descriptor levels. This wil l especially apply to the quality 
off  experimental data and ill-definiteness of data. A high experimental accuracy and 

reliabilityreliability of the endpoint is of paramount importance, since the QSAR procedure 
assumess that the main error is found in the relationship and not in the endpoints 
themselves.. Especially problematic in this case is the predictive QSAR, since here it 
iss assumed that all variation is explained by the relationship with the descriptors. In 
practicee the use of a different experimental method to establish the endpoint-value 
mightt lead to much larger variation in the endpoint than the inaccuracy of the 
QSARR itself. This will hold regardless of whether black box (predictive) or 
thermodynamicallyy based (explaining or predictive) descriptors are used. An ill-

defineddefined endpoint can be of high experimental accuracy. However, it is composed out 
off  an unknown combination of processes that limits the efficient choice of model 
basedd descriptors and thus, in principle, the accuracy (low standard error of 
regression)) of the predictive QSAR. High accuracy can only be obtained by trial 
andd error of a relatively large number of descriptors based on purely statistical 
considerations.. This especially holds for black box type descriptors. The use of 
thermodynamicc descriptors and explicit hypotheses on models may ultimately lead 
too turning the ill-defined endpoint into a well-defined one, which is the objective of 
ann explanatory QSAR. Finally, both predictive and explanatory QSARs demand 
accurateaccurate descriptors; their error should be much smaller than the error in the endpoints 
fromm the viewpoint of using them as independent variables in regression. In 
additionn they should be accurate for the same reasons as the endpoint should be 
accurate:: ideally the standard error of regression of the QSAR should be connected 
too the relationship, choice of model function, and not to inaccuracies in 
descriptors.. The latter requirement is fulfilled in all correlations in this thesis. 

6.2.2.6.2.2. Macroscopic descriptors 
Macroscopicc thermodynamic descriptors can be used for the prediction and 
explanationn of macroscopic thermodynamic endpoints as shown in Chapter 1 
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sectionss 1.4.1 and 1.4.2) and in Chapter 2-5. The use of macroscopic 
thermodynamicc descriptors will profit or suffer from the same type of advantages 
orr limitations as the thermodynamic definition of endpoints treated in section 6.1. 
Thuss advantages could be: the understanding of the endpoint as being composed 
outt of separate partial processes - each connected to a specific macroscopic 
descriptorr -; the explicit inclusion of interaction between solvent and solute or 
betweenn solutes in descriptors; and the use of temperature dependent descriptors 
withh an enthalpic and an entropie component. Limitations refer to inaccuracies in 
descriptors;; complexicity of descriptors and relationships; and mutual dependence 
(collinearity)) between enthalpic and entropie descriptors or errors in these. 

Macroscopicc thermodynamic equilibrium descriptors have often been used for the 
predictionn or explanation of partitioning and reaction equilibrium endpoints (Reid 
etet a I. 1987). However, the uncertainty in the (independent) descriptor in the 
correlationss is often neglected in the literature. In those cases it is not known 
whetherr the main source of the error is really determined by the established QSAR 
orr by the error in the independent values. Such a distinction has been clearly made 
inn Chapter 2 - treating n-octanol-water partition coefficients found from liquid 
chromatographyy capacity factors - where it could be concluded that the error in 
thee established correlation is due to the QSAR itself and not to the error in the 
descriptors.. In this way the advantages and limitations of the model itself could be 
found.. In this case systematic deviations turned out to be informative. This was 
donee by a simple analysis of residual plots. Systematic deviations are not allowed in 
aa proper QSAR, but may give a lot of information. This is most useful when the 
QSARR is established with a (rudimentary) model in mind. 

Sometimess it is possible to use equilibrium descriptors for the calculation of kinetic 
endpointss as in Chapter 3.1. Here, temperature dependent ratio's of isomers, 
participatingg in a sequence of dechlorination reactions, were calculated. The abiotic 
experimentall  ratios corresponded quite well to their thermodynamic equilibrium 
descriptorss calculated after using thermodynamic cycles. The reaction free enthalpy 
off  the dechlorination process of chlorobenzenes has been used here as descriptor 
too model the abiotic isomer-ratios. However, the calculated energy differences 
betweenn the isomers are often small, leading to the demand of highly accurate 
thermodynamicc measurements. Littl e attention is given to this aspect leading to 
contradictivee results (Dolfing & Harrison 1992). This problem is more pronounced 
iff  one is using such descriptors in dechlorination patterns of PCB's and dioxins, 
wheree the differences in measured or calculated reaction free enthalpy descriptors 
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aree often in the orders of a few kj. Additional difficulties will arise when 
heterogeneouss series of reactants are to be treated or when biotic isomer ratio's 
havee to be predicted or explained by this type of descriptors. Only when the 
mechanismm and the reactants are similar, thermodynamic parameters like the free 
enthalpyy of formation of die products can be used. In environmental chemistry 
homogeneityy is probably sufficient in certain classes like the dioxins and PCBs, 
wheree dechlorination processes lead to specific isomer distributions. Knowledge of 
thiss isomer ratio is particular useful in toxicity. A specific isomer may be much 
moree toxic than any other one. A difference in ratio is often attributed to the fact 
thatt a specific molecular orientation is preferred in biotic processes (binding to 
receptorr enzyme and subsequent metabolisation). It seems, e.g., that biotic 
dechlorinationn of 1,2,3,5-tetrachlorobenzene favours the formation of 1,3,5-
trichlorobenzenee (Fatherpure et al. 1988) which is not preferred on thermodynamic 

grounds. . 
AA final example of using an equilibrium constant for the calculation of a kinetic 
propertyy is found in Chapter 5. There the mass accommodation coefficient, the 
fractionn of molecules actually passing the air-water interface of the total number 
arrivingg at this interface, is correlated to the Henry's Law constant of a 
heterogeneouss series of compounds. An accurate LFER was obtained providing 
valuess of accommodation coefficients to be used in the calculation of coupling 
constantss in non-equilibrium thermodynamics. This LFER was better than a 
methodd found in die literature, which applied the diffusion coefficient in water, a 
kineticc descriptor not accounting for the air phase of the model. 
Generallyy speaking, macroscopic kinetic endpoints need to be dealt with in a 
kineticc way by using kinetic descriptors, where one has the possibility of 
establishingg the rate determining step and its associated kinetic descriptor. In 
generall  very few macroscopic descriptors are used in kinetic endpoints. 
Macroscopicc models to explain the variation in kinetic endpoints are hardly 
established.. In a pseudo-thermodynamic transition state theory the activation 
barrierr is usually separated into an electronic (reorganization) and thermodynamic 

**  AWV,™,„V , cM^rol mn^lQ pvî r̂  /^Murdoch 1983). the Marcus equation is 
mostlyy used. In Chapter 4 the latter model was applied providing an example or 
difficultiess met in explaining B, series constants by a theoretically speaking 
improvedd model. Here, the inclusion of a (AG?f term, the squared reaction free 
enthalpyy of the dehalogenation of simple haloalkanes in water, did not meet the 
statisticall  criteria, but could be expected on ground of the Marcus model. As the 
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pertinentt macroscopic properties were calculated by Quantum Mechanics, the 
examplee will be further discussed in section 6.2.3. 

Thee improvement of QSARs may also include explanation in terms of interactions 
betweenn solutes and solvents as expressed by activity coefficients. Systematic 
deviationss may to lead to new descriptor terms that can improve the comparison. If 
thee QSAR is built on the concepts of a thermodynamic model such an introduction 
cann be quite simple. The endpoint is related to the free enthalpy which is a state 
functionn and simple addition of a new energy descriptor term is allowed as in the 
conceptt of a thermocycle. In Chapter 2 the small systematic deviation was 
attributedd to an energy change that corresponded to the variation in activity 
coefficients.. The old QSAR may result then in a new QSAR with a higher scope 
andd validity. In Chapter 3.2 the main objective was the indirect determination of 
endpointss such as vapour pressure and related thermodynamic properties from 
temperaturee dependent Kovats GC retention indices using an equilibrium 
thermodynamicc approach. Although the objective was the experimental 
determinationn of endpoints, QSAR and regression aspects are certainly present in 
thiss method. The temperature dependence of the Kovats indices was expressed 
intoo an empirical fit of the index to temperature. In addition, the experimental data 
onn n-alkane reference solutes were expressed as empirical functions of temperature 
andd number of carbon atoms. Interaction between solutes and solvent were 
includedd as ratio's of activity coefficients of target and reference solutes found 
fromm data on a model compound for the target solutes. Literature values on the 
boilingg points and heat of vaporization at room temperature found by calorimetric 
methodss were used to compare the quality of the GC-VAP values. The heats of 
vaporizationn were similar within their 95% confidence intervals. Boiling points 
weree in general a few Kelvin to high (between 2-10), but based on the statistical 
aspectss it could not be decided whether this was a systematic or random variation. 

Finallyy both the observed enthalpy and entropy change derived from the same 

Arrheniuss or van't Hoff plot may be used as descriptors in the same QSAR 

correlation.. In this case one should be careful. The chemical correlation, which one 

hopess to find, should be distinguished from the statististical compensation effect 

duee to the experimental error. The latter lead to a perfect correlation between the 

twoo thermodynamic descriptors. A good example where such a correlation has 

beenn incorrectly assigned to a chemical one is given Chapter 5, where it has lead to 

thee use of nucleation theory in modelling the gas/liquid exchange processes. 
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6.2.3.6.2.3. Microscopic and ensemble level descriptors 

Inn sections 1.5.2 and 1.5.3 descriptors were defined at the microscopic and 
ensemblee level. In this thesis we did not study the use o£ microscopic descriptors in 
QSAR.. However, we studied in Chapter 4 the use of ensemble level descriptors, 
calculatedd via Q.M. techniques and additional statistical assumptions with respect to 
thee ensemble of electronic states the system may be present in and the influence of 
aa solvation (hydration) on reactivity. The latter does not assume explicidy the 
occurrencee of different configurations of water molecules surrounding the 
reactants,, but the presence of a continuum dielectric constant. In this way no 
Montee Carlo or Molecular Dynamics force field calculations were studied either. 
Whatt remains is a study of Q.M. ensemble type descriptors for reactivity endpoints 
inn the pseudo-thermodynamic equilibrium model of the Marcus equation (see 
sectionn 1.4.3, (Eqs. 1.8-1.9). The QSARs established in (pseudo-)equilibrium 
thermodynamicc models for reactivity kinetic endpoints often are of a much lower 
accuracyy than QSARs using macroscopic descriptors. This is caused by the lower 
accuracyy of the endpoints, the method of calculation of the descriptors and the 
inaccuracyy of the model used. Prior to the discussion of the QSAR results obtained 
somee general perspectives and limitations of Q.M. descriptors are given as an 
elaborationn on sections 1.5.2-3. 

AA review on quantum-mechanical descriptors in QSARs studies (Karelson and 
Lobanovv 1996) shows that the following microscopic descriptors are most 
frequendyy used : 

a)) the atomic charge and combinations thereof like dipole moments 
b)b) The energy of the lowest unoccupied molecular orbital (£LUMO) and highest 

occupiedd molecular orbital (£HOMO)
 a nd combinations thereof like the chemical 

potentiall  and hardness (Parr and Yang 1989) or the ionization potential (IP) and 
electronn affinity (EA) of the electronic systems 

c)) (frontier) orbital densities and combinations thereof with their respective orbital 

energiess like superdelocalizabilities and polarizabilities. 

Actuallyy all these descriptors are obtained by using wave functional theory (WFT) 
calculationn methods. As often found in QSARs, descriptors defined in density 
functionall  theory (DFT) are obtained by WFT calculation methods. As described in 
1.5.2.. a wealth of WFT calculations methods is available usually divided into semi-

empiricalempirical and ab initio. Both have the disadvantage that large energy values are 
subtractedd that often leads to substantial differences compared to experimental 
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values.. However, if these differences are equivalent for all the members under 
consideration,, only a variation in the value of B0 in the QSAR should be found. 
Thiss is often not the case. Even worse that it seems that a correlation with 
chemicalss from the same class is substantial lower than from different chemical 
classess (Claire 1994). Correlations between experimental parameters like IP and EA 
andd their theoretical values are hardly existent. In QSAR-studies in environmental 
chemistry,, like in Chapter 4, a semi-empirical method is used. QSARs based on these 
semi-empiricalsemi-empirical methods have the large disadvantage that they are often not 
reproducible,, owing to the large number of approximations made. These type of 
QSARss show generally a much lower degree of explanatory variation in a sequence 
off  experimentally determined endpoints, which is shown as well in Chapter 4. 

Returningg to the subject of this thesis, in Chapter 4 the correlation between 
experimentall  and calculated activation free enthalpy of the hydroxide-induced 
eliminationn reaction of a series of small halo-alkanes in water was studied. The 
activationn free enthalpy ensemble type descriptor wras calculated by the semi-
empiricall  COSMO-AMI Q.M. model. Satisfactory correlations were obtained for 
bothh sets of experimental activation free enthalpies available for chlorinated and 
brominatedd alkanes. The squared adjusted correlation coefficients (Rf) amounted 
too 0.80-0.93 and B coefficients of Eq. 1.12 in Chapter 1 were rather close to 0 (B0) 

andd 1 (13,) in a monolinear regression equation, what they should be from a 
theoreticall  point of view for B0 but not for B, (see 1.4.3). Correct trends were 
calculatedd for main products formed during the dehalogenation of 1,1,2-
trichloroethanee and 1,1,2-tribromoethane. The QSAR correctly calculated certain 
otherr patterns of reactivity. 

However,, several limitations appeared. The model did not work for fluorinated 
alkaness similarly to other AM I calculations found in the literature. High deviations 
weree found for compounds with high free activation enthalpies such as 
chloroethane.. This could be explained by the presence of a competing substitution 
mechanism,, leading to experimental data only partially suited for calculation. 
Correlationss between experimental and calculated values of the enthalpy and 
entropyy contributions to the free enthalpy of activation wrere low. No explanation 
couldd be found. Though satisfactory, correlations between experimental and 
calculatedd free activation enthalpies were not accurate enough for prediction 
purposess (large prediction intervals were found). Finally, in cases other than 
mentionedd above main products formed during dehalogenation were calculated in 
disagreementt with experimental data. 
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Inn addition the correlation between the experimental and calculated reorganization 
freefree enthalpy of the Marcus model (Eqs. 1.8-1.9 of Chapter 1) was studied. A 
moderatelyy high value of Rf = 0.64 was found with B coefficients substantially 
deviatingg from 0 and 1. The latter turned out to be caused by significandy higher 
valuess of the calculated free activation enthalpies and the much more exothermic 
valuess of the free reaction enthalpies compared with their experimental values. 
Thesee deviations also lead to positions of the TS on the reaction coordinate, a, 

whichh deviate substantially from an expected values of a =0.40 as found in the 
literature.. A main cause of these deviations could be the simplicity of the (semi-
empirical)) Q.M. model. As a consequence it could not be stated unequivocally that 
thee pertinent elimination reaction obeys the Marcus model. It is probably a 
fundamentall  problem in using any Q.M. calculation method that some of the 
simultaneouslyy calculated descriptors wil l show large errors. 

6.3.. Environmental coupling processes and fate models 

Inn section 1.2 of Chapter 1 definitions of a fate model and input parameters 
(chemicall  endpoints) were given. It was shown that the experimental determination 
off  a (well-defined) endpoint includes the assumption of a concise model and model 
equationn in which actually concentrations and concentrations ratio's are determined 
inn order to find the endpoint. In contrast to this, in a fate model many processes 
aree included and here the values of endpoints have to be known in order to find 
concentrationss and flows of contaminants. In section 1.4 of Chapter 1 it turned out 
thatt fate models can be approached by both classical equilibrium thermodynamics 
(1.4.2)) and non-equilibrium thermodynamics (1.4.4). The latter require the 
knowledgee of additional endpoints or input parameters (coupling or 
phenomenologicall  constants) accounting for the physical coupling between flows 
off  matter and heat, which should be distinguished from chemical coupling. Extra-
enn pseudo-thermodynamic approaches as described in sections 1.4.1 and 1.4.3 are 
currentlyy only important in view of the input parameters of fate models and not ior 
thee fate model itself. 

AA complete thermodynamic approach of fate models may have certain advantages 
overr approaches based purely on mass balances (law of conservation of mass) 
and/orr energy balances (law of conservation of energy). First of all, the 
thermodynamicc model can include in a consistent and simple way general 
characteristicss of the ecosystem as they actually occur in the field. These 
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characteristicss are temperature, pressure and the chemical potential of a compound 
inn a compartment (phase). With respect to these characteristics simple conditions 
forr equilibrium of the ecosystem can be defined (absence of gradients and 
exchangee of matter and heat with the surroundings of the system, i.e. a closed 
system).. In a non-equilibrium approach gradients of these characteristics lead to 
flowss of heat and matter in an open system, which in steady state conditions may 
leadd to compensation of internal and external flows, a minimum of internal entropy 
productionn and - as in equilibrium - constancy of concentrations. In addition, the 
presencee of bulk compounds affecting a concentration such as wrater, pH, degree of 
salinity,, oxygen content (aerobicity) and the interaction with other contaminants 
(activityy coefficient and coupling constants) may be included. Secondly, the 
definitionn of endpoints, input parameters, is consistent with the definition of the 
fatee model itself as shown before. Both can be based on similar thermodynamic 
approaches,, though at different hierarchical level. Together with the first advantage 
—— the modeling of real field conditions — this leads to a well-defined connection 
betweenn laboratory studies of separate processes and the complex field as shown, 
e.g.,, in section 1.4.4 of Chapter 1 for the phenomena of physical and chemical 
couplingg of reactions. 

Off  course limitations as met in the definition of endpoints (see section 6.1.2) will 
propagatee into the fate model as well. This wil l especially hold for inaccuracies and 
ill-definitenesss of endpoint (input) data, requiring sensitivity analyses of the fate 
modell  for input data. In addition, thermodynamic fate models provide better 
concentrationn and flow data only at the expense of being more complex than 
currentt fate models. 

Inn Chapter 5 some of these advantages and limitations were shown. A linear 
nonequilibriumm thermodynamics (LNET) model was used for the calculation of 
coupledd fluxes across a gas-liquid (air-water) interface, after calculation of input 
parameterss (phenomenological or coupling constants). The model was applied to 
thee calculation of fluxes of hexachlorobenzene (HCB) in an american lake (Lake 
Superior).. The main result was that coupling effects of flows were small in this 
case.. The highest effect was the coupling found for the HCB to the water vapour 
fluxess and did not exceed 1% of the calculated primary (uncoupled) flux of HCB. 
However,, effects could be larger in case of contaminants more soluble than HCB, 
byy accounting for the influence of sunlight or flows not perpendicular to the 
interface. . 
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Thee primary flux of HCB was found to depend mainly only the difference in 
chemicall  potential between the air and water phase and on the mass 
accommodationn coefficient standing for the fraction of HCB molecules actually 
passingg the interface. It was shown that the LNET model was only valid within a 
smalll  pressure range, which limits its use under environmental circumstances where 
largerr pressure differences may be found. Values of coupling constants (input data) 
couldd — up til l now - not be found straightforwardly, but an accurate calculation 
methodd could be proposed in our study. 

Valuess were found for the uncoupled HCB mass flux at Lake Superior similar to 
thosee of the well-known Liss and Slater model (see e.g. Chapter 1, section 1.2). By 
insertingg temperature dependent input data, both models predicted the correct 
changee in flux upon seasonal change in temperature. 

Speciall  approaches are required for the molecular interpretation of macroscopic 
couplingg phenomena by statistical non-equilibrium thermodynamics. With respect 
too this the time scale at which processes occur is important and the degree of 
linearityy (LNET), which may lead to results different from those obtained in our 
macroscopicc LNET study. 

Non-equilibriumm statistical thermodynamics defines the system in terms of a 
reducedd description. It depends on the type of information necessary to describe 
thee system at the relevant timescale. Therefore the relevant distribution function 
(seee Chapter 1, section 1.5.3) depends on a hierarchic system of time-scales, which 
aree in case of a dilute gas very specific. The shorter the time period one wish to 
describee the interaction phenomena, the more information is needed to describe 
thee process. However, it is impossible to retrieve the full distribution function since 
nott all information is known. Therefore the concept of the maximum of 
informationn entropy is used in the development of the reduced distribution 
function.. The time development of this distribution function is governed by the 
continuityy or Liouvill e equation. Using this equation the kinetic endpoints lead to a 
sett of generalized transport equations wit a set of kinetic coefficients (Zubarev et al. 
1996).. These kinetic equations describe the microscopic effects that lead to an 
increasee in entropy production caused by random processes. Only, if these 
processess decay fully over the time scale of the experiment, the contribution of 
thesee random processes to the entropy is constant and the kinetic coefficients lead 
too the concept LNET. 

Thee last 10 years different time scales have entered in specific areas of 
environmentall  chemistry. One can think of toxicity, where acute and chronic 
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toxicityy is now a common division, or in adsorption/desorption phenomena where 
att least two time-scales, a fast and slow one, are commonly defined. Non-
equilibriumm (statistical) thermodynamics has the theoretical fundament to describe 
suchh type of fate models with a time-hierarchic structure. 
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