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 1. Introduction 

 Water is perhaps the most universal solvent in the world; the reaction with 

water is characteristic for elements and compounds. Apart from this, water 

itself has some special properties as well: the remarkably high boiling 

point compared to the molar mass of water molecules, the local minimum 

of the molar volume at 4 ºC, the high electric and head conductivity, etc. 

This resulted in a plethora of studies to describe the behavior of water. In 

the field of computational chemistry water molecules may be considered 

explicitly or implicitly. While implicit models view the solvent as a sort of 

external potential, explicit models consider the solvent as unique 

molecules. 

 During my PhD work I have researched compounds from the group 14 

elements (C, Si, Ge) with computational methods, applying an explicit 

hydratation model. The compounds studied were partially selected to 

probe the possibilities and limitations of the model used, and partially 

according to my interest in chemistry. The explicit model used to study 

solvatation, hydrolysis reactions and chlatrate structures was a water 

monolayer, as a microsurface in the bulk phase oriented to a solute 

molecule. When modeling the interaction of an apolar molecule with 

water on a liquid-liquid interface, the water surface was considered as a 

dual layer of water molecules. 
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2. Background 

 An explicit model of the aqueous phase should logically mimic the 

structure of water. The currently accepted concept, where water consists of 

hydrogen-bonded clusters, explains many of the special properties 

displayed by liquid water. This global picture has been present for a very 

long time: the first proposal for water clusters originates from Whiting in 

1884, who explained the density maximum with the buildup of water (ice) 

clusters. According to his theory, melting water contains small density 

microscopic ice crystals dispersed in a high density liquid phase.1 Bernal 

and Flower added to important principles: they proposed a tetrahedral 

arrangement of water molecules in the high density phase and they 

suggested an equilibrium between the two phases.2 

 To create a particular explicit model, we need to understand the orientation 

of specific water molecules in the liquid phase molecular clusters. 

According to Danford's model, hollow hexagonal clusters ((H2O)12) form 

the low density phase, and this cavity is filled with a water molecule in the 

high density (liquid) phase.3 
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 Pauling proposed empty dodecahedral clusters ((H2O)20), also found in 

chlatrates, and water molecule occupied clusters to describe the two 

phases.4 The random network model, also proposed by Bernal, describes 

liquid water as a mixture of 4,5,6 and 8 membered water rings. The 

equilibrium model proposed by Dougherty and Howard contains both the 

dodecahedral cluster, as well as rings consisting of 5 and 6 water 

molecules.6 

 The hollowed clusters in the abovementioned theories provide an 

interesting opportunity for the solvatation of small molecules: the solvent 

may possibly be described as a monolayer consisting of explicit water 

molecules, resembling the solvent shell around the molecule. This is an 

appropriate model, provided we can prove that solute-solvent interactions 

are mainly present on this microsurface. One of the goals of my PhD work 

to examine this question. 

 It is important to note that a water cluster with a specific size and structure 

may have a very large number of possible hydrogen-bond orientations. An 

ideal arrangement of hydrogen bonds exists for each cluster, providing a 

global energy minimum. 

____________________________ 
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Several studies published by Kirov describe these "ideal" clusters,7 

following the orientation rules of Bernal and Flower, he described the 

theoretical basics for ideal hydrogen-bond orientation for several 

polyhedra. In my PhD treatise I have examined if these "ideal" hydrogen-

bond topologies retain their esteemed role after the insertion of a solute 

molecule into the system. 

3. Computational methods 

In the course of my PhD work I have carried out quantum chemical 

calculations. For the computations I have used the Gaussian 98 and 

Gaussian 03 program packages. I have carried out geometry optimizations 

usually with DFT methods (using the B3LYP functional in most cases). In 

all cases I have carried out the calculation of analytical second derivatives 

to determine the nature of the stationary point. I have tested the reliability 

of the method with other functionals (MPW1K, PW91) and ab initio 

calculations. A major part of my research considers hypercoordinated 

compounds. To explore the nature of the interactions between the atoms I 

have applied the topological analysis of electron density, for the 

calculations I have used the AIM 2000 software. During my work, the 

question of aromaticity arose for a compound family; I have used the NICS 

(nucleus independent chemical shift) value to determine this property.  
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I have shown, that both factors influence the chemical shift of the 

methane's carbon core through changing the inner radius of the lattice 

cell. 

12. I have determined that contrary to the properties described in the 

previous point the occupation of a directly neighboring cavity by a 

methane molecule does not change the magnetic shielding for the carbon 

core. According to this NMR chemical shift provides no information on 

the occupancy of the cavities in the methane-hydrate crystal.  

13. By modeling the hydrolysis in excess of water via the first full 

hydrate shell for a group of carbenes, the imidazolidine-2-ylidenes, I 

have determined that from the possible structures the formation of the 

imidazolium salt is the most favorable energetically. The molecular 

dynamic calculations and the experimental work following my results 

have confirmed my observations. 

14. By modeling a dichloro-methane – water interface with a single 

dichloro-methane and a surface layer consisting of explicit water 

molecules I have determined that the local hydrogen-bond motifs arising 

on the water surface can influence the strength of the interaction 

between the two phases to a great extent. 

4. Results 

4.1. The formation of the siloxane bond via hydrolysis of alkoxy-silanes 

 I have examined the acid-catalyzed hydrolysis of alkoxy-silanes to 

siloxanes in aqueous media, considering the solvent as an explicit 

monolayer consisting of water molecules. As model molecules I chose 

the simplest systems containing carbon-oxygen-silicon and silicon-

oxygen-silicon bonds, methoxy-silane (CH3-O-SiH3) and disiloxane 

(SiH3-O-SiH3). According to the literature the hydrolysis of these 

molecules have already been probed with gaseous phase calculations, 

yet the computed reaction profile did not lead to the experimental 

products, but to a remarkably stable intermediate containing a 

pentavalent silicon atom. 

 

Figure 1. 
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 I have applied the carbon-oxygen-carbon bond system as a reference 

system: the chosen model molecule, dimethyl-ether (CH3-O-CH3) is 

known to hydrolyze with acid catalysis in an SN2 type reaction yielding 

methanols. This also provided the opportunity to examine the distinct 

ability of carbon and silicon to form hypervalent structures through 

these examples. 

 In the course of my work I have optimized the hydrate shells for the 

alcohol and ether forms of the model molecules, using monolayers 

consisting of 20 and 23 water molecules respectively (Fig.1). To directly 

compare the systems with different size and different solvate shells, I 

have introduced the replacement energy, which I defined as the change 

of energy following the next hypothetical reaction: 

X·(H2O)n+H2O→X+(H2O)n+1   (1) 

where X·(H2O)n is the solute molecule in the solvate shell, X is the 

solute molecule without a shell and (H2O)n+1 is the most stable possible 

water cluster consisting of n+1 water molecules. 

 With these tools I have computed possible reaction paths for the 

hydrolysis of each molecule. As expected, the dimethyl-ether hydrolyzes 

to methanol with an SN2 mechanism, while the reaction with methoxy-

silane yields methanol and protonated silanol. It is remarkable, that the 

protonated silanol forms a structure containing a pentavalent silicon 

atom. In the case of the disiloxane, the calculated reaction path shows 

the condensation of silanoles to disiloxane. These pathways are in 

accordance with the experimental results.

I have carried out calculations for the analogous silicon containing 

systems as well. I have determined that with ethoxy ligands on the 

central atom the stability of the pentavalent complex formed with the 

germanium core is greater, than in the analog containing a silicon core. 

8. I have explored with calculations which moieties stabilize the 

acethyl-acetonate chelate complexes, from which I have synthesized a 

complex with a germanium and one with a silicon central atom. For the 

germanium compound the low temperature single crystal X-ray 

crystallography determined the presence of a pentacoordinate 

germanium core. 

9. In the asymmetric unit cell of the synthesized germanium-acethyl-

acetonate complex two chemically identical but crystallographically 

independent molecules are present. With the use of Bader-analysis I 

have shown that several non-classic C-H···F hydrogen bonds are 

responsible for the special, non planar geometry of the molecule. 

10. I have determined that the symmetry of the NMR spectra for the 

synthesized germanium-acethyl-acetonate complex is due to a low 

energy barrier (4,2 kcal/mol, MP2/6-31+G*//B3LYP/6-31+G*) 

pseudorotation around the germanium atom, which is fast on the NMR 

chemical shift timescale. 

11. In the case of the methane-hydrate I have modeled the impact of the 

changes of hydratation number and hydrogen-bond orientations in the 

lattice cell of the hydrate crystal in the 13C NMR spectrum of the 

crystal with the help of the primary solvent shell model.
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By taking the replacement energy into account I have described a 

thermodinamically acceptable reaction path for the formation of 

siloxanes from alkoxy-silanes with acid catalysis which is in accordance 

with the experimental findings. 

5. With calculations I have determined that the rate limiting step for the 

acid catalyzed hydrolysis of dimethyl-ether is the protonation of the 

ether, which is an endothermic process. I have shown that the C-O bond 

cleavage takes place with an SN2 type mechanism in the primary 

explicit solvent shell model, similarly to the gas phase reaction. In the 

case of the dimethyl-ether the only structure where a carbon atom may 

be regarded as pentacoordinate is the bond cleavage transition state. 

6. By examining the thermodynamics and kinetics of the protonation for 

the ether-analogue molecules I have determined, that contrary to the 

dimethyl-ether the protonation of methoxy-silane and disiloxane is an 

exotherm process with low energy barriers. According to my 

calculations it is characteristic to the behavior of the bondsystems, that 

while before protonation methoxy-silane exhibits a tetracoordinate and a 

pentacoordinate silicon atom containing species, disiloxane only forms a 

pentavalent silicon containing species with water. Upon protonation 

only the pentacoordinate silicon containing species is present in both 

systems.  

7. I have determined that the inhibition of the hydrolysis of alkoxy-

germanes by acethyl-acetonate is due to the stability of a 

pentacoordinate germanium containing intermediate. 

4.2. The possible stability of a new hypervalent germanium compound - 

computation and synthesis 

 Similarly to alkoxy-silanes, alkoxy-germanes are also cleaved 

hydrolytically. When forming nanoplates propane-1,3-dions are used as 

inhibitors in the reaction. I have assumed that the inhibition may take 

place with the formation of a complex containing a hypercoordinated 

germanium core. In my work I have examined the stability of the 

possible hypervalent germanium containing complexes and their silicon 

containing analogues. I have defined this stability as the energy 

difference between the open (tetravalent core) and the closed 

(pentavalent core) isomer (∆E): 

  (2) 

where E: Si, Ge, R: H, CH3, CF3, F, Cl, O-CH2-CH3, R': H, CH3, Ph, 

CF3. Of the complexes displaying remarkable stability I have attempted 

to synthesize one silicon and one germanium compound. The structure 

determined by X-ray crystallography for the germanium compound is 

shown on Fig.2. I have examined the cause for the formation of the 

asymmetrical unit cell found in the crystal, and I have determined that 

several, non-classic F···H bonds are responsible for this unusual 

structure. 
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Figure 2. 

4.3. Computing the 13C chemical shift for methane in a hydrate crystal 

 I have applied the hydrate shell model to examine the NMR spectrum 

of methane-hydrate. This chlatrate compound appears as a white 

crystalline solid on high pressure and low temperature. The goal of my 

work was to assign the 13C NMR spectrum on a quantum chemical basis, 

to examine the possible lattice defects and model their appearance in the 

spectrum. The chlatrate cell was considered as an explicit water 

monolayer consisting of 19, 20, 21, 23, 24 and 25 water molecules. The 

computations revealed a correlation between the methane 13C chemical 

shift and the radius of the lattice cell (Fig. 3), and I have shown, that 

besides the hydratation number and the cavity size the hydrogen-bond 

orientation of the shell also influences the magnetic shielding. 

5. Thesis 

1. By studying the rules for the buildup of primary solvate shells for 

several model molecules in my treatise I have determined that the 

model used is adequate to calculate some physical properties (eg. 

spectral properties) and to understand chemical reactions. Besides 

using the solvatation energy used in the literature, I have introduced the 

replacement energy to characterize the computed structures' stability. 

On the contrary of the solvatation energy, this value takes into account 

the stability of the solvent in the bulk phase, and corresponds well to 

the process of solvatation. 

2. According to my studies, the hollowed water clusters described in 

the literature with remarkable stability due to their hydrogen-bond 

orientations retain their stability even when surrounding a solvate 

molecule. 

3. In the case of a few basic molecules (methanol, silanol, methane) my 

results point towards the fact that neither the buildup of a second 

explicit hydrate shell, nor the use of a continuum model changes the 

results gained from the explicit primary solvent shell significantly. This 

underlines, that the primary solvent shell model indeed describes a 

significant part of solvate-solvent interactions. 

4. With model calculations I have shown that in aqueous media using 

acid catalysis the silicon-oxygen bond cleaves and condenses through 

low energy barriers. The intermediate contains a pentacoordinated 

silicon atom both in the case of disiloxane and methoxy-silane. 
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Figure 5. 

 The energy of interaction ranges between 0,3 – 7,2 kcal/mol (MP2/6-

31+G*//B3LYP/6-31+G*) for the optimized structures, demonstrating 

the relevant effect of surface motifs. 

 

Figure 3. 

 By optimizing clusters containing cavities which are joined on one 

face I have shown that the shielding of the methane carbon core is 

insensitive to the occupancy of the neighboring cell. 

4.4. Applying the first solvatation shell model to examine the hydrolysis 

of the Arduengo carbene 

 For 1,3-di-tert-butylimidazolidine-2-ylidene the literature describes 

several studies regarding the compound's sensitivity to moisture. The 

moisture in air or the addition of equimolar water results in a ring opening 

reaction producing the appropriate formamide derivative (Equation 3). 
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       (3) 

 In a THF solution containing small amount of water the hydrolysis 

takes place in days or even longer. The proposed mechanism for the 

reaction involves a simultaneous protonation and OH insertion between 

the carbene carbon atom and a nitrogen atom. The basis of this 

assumption is that neither catalytic amounts of hydroxide ions, nor 

protons speed up the hydrolysis process. On the addition of acid, 

imidazolium ions are formed, preventing ring opening. Similarly, upon 

addition of excess water the imidazolium salt is formed. The goal of my 

work was to determine the cause for this ambiguous behavior. 

 

Figure 4. 

 As a model molecule I chose 1,3-dimethyl-imidazolidine-2-ylidene, the 

optimized first solvate shell consisted of 31 water molecules. The gaseous 

phase calculations carried out with three explicit water molecules suggest 

the open ring structure. In contrast when the first solvatation shell is 

applied (in excess of water or in aqueous phase) the most stable structure 

of those possible (see Fig. 4.) is the imidazolium-hydroxide. The 

experimental work based upon the computations is in good agreement with 

these findings, marking the usability of the first explicit solvatation shell 

model. 

4.5. Explicit water molecule dual layers to applied to study the 

morphology of the dichloro-methane water – interface 

 Monolayers consisting of explicit water molecules can be applied to 

study liquid-liquid interfaces. In the course of my work I have studied 

the effect of hydrogen bond motifs on the strength of bonding 

interactions between two phases, on a dichloro-methane – water 

interface. 

 The chosen model was a single dichloro-methane molecule (DCM) 

bonded to an explicit dual layer of 20 water molecules. By changing 

the dual layer in marked positions I have studied the effects of water 

molecule orientations found frequent in previous molecular dynamics 

calculations (Fig. 5.). To evaluate the strength of the interaction I have 

used the reaction energy following a hypothetical adsorption reaction: 

CH2Cl2+(H2O)20→CH2Cl2·(H2O)20    (4) 
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