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1. Introduction 
Since the discovery of X-ray radiation, several methods have been developed to 

study the molecular structure of substances. The diffraction method, which has been 
extended to liquids, is a well-known method developed earlier. For now, a combination 
of X-ray diffraction with computer simulation, resulted in a powerful tool with one can 
get deeper insight to the liquid structure, and this was a breakthrough in liquid structure 
research. 

The solution X-ray diffraction research has a great history in our institute in 
studying the structure of inorganic salts in aqueous and non-aqueous solutions, and it 
was extended to analyse more complex systems, preferably those synthesized in our 
institute. Thus, e.g., the NMR results were complemented by X-ray diffraction data, 
which gave more information on the static structures that exist in solution1. This led to 
the recognition that even supramolecules (here the term “supramolecule” denotes a 
molecule beyond a molecule – a molecule built up from molecules) can be studied in 
solution. Their structural study became a rapidly growing field thanks to the special 
properties of supramolecules. For example, non-linear optical properties, size and/or 
shape selectivity are of major interest. Another important feature of these complexes is 
self-assembling. 

Due to the large size (many atoms) of these complexes only a limited range of 
computer simulation methods can be used, for example classical molecular dynamics 
simulation. My task was first to learn how to model liquid structure and structure of 
solutions, starting from simple liquids to the highly complex supramolecular solutions. 
This thesis follows this logical arrangement. The results from molecular dynamics 
simulation will be introduced comparing the results obtained from X-ray diffraction 
measurement.  

Studying structure in solution by using X-ray diffraction technique is rather 
different method compared to that in crystalline phase. Most books introduce this 
experimental technique as the modification of the original method. Since several studies 
and books are available discussing these differences,2 in Chapter 2., only a brief 
introduction is given for solution X-ray diffraction, as well as for classical molecular 
dynamics simulation. For the ab initio calculations only an elementary introduction is 
given there, which will be enough for understanding the remaining chapters.  

Chapter 3. starts with the description of potential solvents hardly or not at all studied 
yet: these are nitromethane and methylene chloride. After a short introduction of the 
literature data we focus on better understanding of the solvent structure – this description 
scheme will be followed in the later parts as well. 

According to our knowledge, no classical pair potentials are available in the 
literature for gold(I) ion, which is important for the modelling of the gold(I) 
supramolecule in solution. Chapter 4. will present the potential models developed for 
some simple salt solutions: gold(I) chloride in liquid nitromethane and potassium 
dicyanoaurate(I) in nitromethane and methanol. Here we focus on the classical pair 
potential parameter fitting and then testing it by comparison of molecular dynamics 
simulation with diffraction data. In the next chapter a larger compoumd in solution, 
octaacetatotetraplatinum(II) (tetrakis(μ2-acetato-O,O)tetraplatinum(II)) in glacial acetic 
acid is selected as an example. This is a complex with high symmetry and has a large 
size compared to the solvent molecules. Further on, it is a promising compound for 
preparing water soluble complexes, by replacing the acetate ions with polar ligands. 
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Based on the previous results, in Chapter 6. the  
bis(μ2-xantphos-P,P)digold(I)dinitrate (gold(I)xantphos) supramolecule in solution is 
presented. Beyond the comparison of pure- and bulk solvent structure in the solution, the 
solvation sphere and the ion pair formation is studied, as well. Further on, a possible 
reason for the luminescence property of this supramolecule is given. These results and 
applied methods introduced in this thesis were the first detailed studies in the literature, 
as well as the results presented in the previous chapters.3–8 

Finally, in Chapter 7. in a short summary I describe the main results presented in the 
thesis.  

It should be noted here that no information on synthesis will be included, since our 
aim was only a full structural characterization of the solvents and solutions mentioned 
above, by using diffraction and computer simulation methods.  

I have joined, as PhD student, to the Liquid Structure Laboratory, a research group 
who had major interest in studying structures of different solvents and solutions, the 
main goal being the solvent structural study of supramolecular complexes. In the frame 
of this teamwork my task was to perform molecular dynamics simulations, and to 
analyse the trajectories collected during the simulations further on to perform the 
comparison with the results of experimental studies. Concerning the experimental work, 
I have been involved in the sample preparation for both X-ray and neutron diffraction 
experiments, I have learned performing diffraction experiments and I gained significant 
experience in data processing. Ab initio calculations, potential parameter fitting and 
molecular dynamics simulation of the K[Au(CN)2]–methanol system as well as the 
experimental work, were entirely my project.  
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2. Experimental and theoretical methods 
Number of papers and books are available, which introduce the methods discussed 

in the present work, from basic to the advanced level.2,9–12 Therefore I will not give a 
detailed description of the applied methods. Here I would like to include only a short 
introduction, which is necessary to understand the measurement parameters and 
simulation details. In the second section, after giving an overview of molecular 
dynamics simulation, the mathematical analysis of the results will be introduced. Finally, 
some abbreviations related to the ab initio calculations used here are clarified.  

2.1. Solution X-ray diffraction 
X-ray diffraction nowadays is a well known method, originally dedicated to study 

the structure of crystalline materials, where the so called Bragg-peaks give us 
information on the crystal structure. In order to get structural information on liquid 
structure, some concepts should be introduced, which will be discussed here.2  

In a liquid system two types of interparticle distances are to be distinguished. The 
first is the intramolecular distance, which oscillates and has a mean value. The degree of 
oscillation around this mean value is described by the Debye-Waller factor. More 
important in the viewpoint of liquid structure is the intermolecular distance, which 
changes by diffusion or exchange in the solvation shell. (Thus one can see from this 
physical picture, that there are no sharp peaks on the diffracted picture, where a liquid 
sample is measured.) An example for the former parameter is the distances within a 
molecule, where no structural rearrangement occurs, and for the latter one is the distance 
between molecules. While a typical experiment takes a few days of measurement (to 
collect enough data for a good statistics, experienced from several measurements), an 
average picture can be seen for both type of structural parameters and the structure can 
only be characterized by statistical functions, for example by the pair correlation 
functions (PCFs).  

A pair correlation function – as its name suggests – describes the relationship 
between two particles. This relationship in our example is the distance, and the 
corresponding PCF is the so-called partial radial distribution function (PRDF). This 
function gives the probability of finding a pair of atoms at a distance r apart, relative to 
the probability expected for a completely random distribution at the same density. This 
quantity is a constant function (g(r)=1) for a completely random distribution, and often 
indicated as g(r): 

( )( ) rg r ρ
ρ

= , 

where ρ(r) is the particle density at a distance r and ρ is the average density of the entire 
liquid. If it is not obvious, the gi,j(r) notation is used to clarify that it represents the 
distribution of j type of particles around i type of particles. 

In practice, the system to be measured contains not only one type of scattering 
centre, thus we can get only the sum of the PCFs, the total radial distribution function, 
TRDF (G(r)).  

To find the relationship between the pair correlation functions and the measured 
intensity, we suppose that the scattering of X-rays on the sample is elastic, coherent and 
X-rays are scattered only once. In this case the reduced scattered intensity is defined by 
the following equation:2 
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where kh(k) is the reduced intensity; I(k)/N is the corrected intensity normalised to one 
particle (N is the number of the particles); xi and xj are the mole fractions; fi(k) and fj(k) 
are the atomic form factors (tabulated in the International Tables for X-ray 
Crystallography13); ρ0 is the atomic number density; K is the number of particle types; R 
is the distance obtained from the range of the measurement (Bragg’s law); k the 
scattering variable (k = 4 π sin(θ) / λ, where θ is the angle between the incident and 
scattered beam, λ is the wavelength of the applied beam); i, j are the particle types. Due 
to the fast decay of this function, it is generally multiplied by 1/M(k), which enlarges the 
kh(k) structure function at larger k values.14 This equation is the model function of the 
experimental total radial distribution function. By taking its Fourier transform  
– according to the following formula – we obtain the TRDF: 

max

min

2
0

1( ) 1 ( )sin( )
2

k

k

G r kh k kr dk
rπ ρ

= + ∫ , 

where kmin and kmax are the lower and upper limits of the experimental data, and it should 
be as large as possible to avoid the truncation errors arising from the Fourier 
transformation. 

An important point here is that how the partial pair correlation functions result from 
the experimental data. Theoretically, if we have more independent measurements than 
the number of the pairs, then it is possible to get the individual PCFs. In practice this is 
possible only for a very limited range of systems. This is the point where theoretical 
methods are applied – in our case this is the classical molecular dynamics simulation  
– which is able to produce the partial-, as well as the total radial distribution functions. 
This will be discussed in the next section. 

In practice, however the deconvolution of the total radial distribution function is not 
possible, there are several cases when some contributions can be analysed individually. 
This happens if and only if, when at a given distance only one or very few pairs are 
contributing to the total scattering picture. In other words, the contribution of a given 
pair is very large due to its large weighting factor (xifi(k)xjfj(k)), this is the point where 
the importance of the concentration originates). This is the case when some scattering 
centres with many electrons can be found in the solution, or the concentration of the 
solution is extremely high. An interesting example is shown on Fig. 2.1., where Pt-Pt 
distances gave a relatively large contribution compared to the other contributions, thus 
making possible the individual analysis of these interactions in the solution of 
octaacetatotetraplatinum(II) complex (side length 2.51Å and diagonal 3.51Å), which 
will be detailed in Chapter 5.  

One question arises now: how to fit the experimentally obtained curve? The model 
function does not take into account the self-absorption of the sample, absorption by the 
sample holder and so on. From the measured raw intensity to the corrected intensity the 
following mathematical operations are performed: subtraction of the empty sample 
holder (the empty cell should be measured), polarization correction,2 self-absorption of 
the sample15 and correction of the Compton scattering.16 These are standard methods, 
and their detailed description can be found in the cited literature. 
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Figure 2.1. Analysis of octaacetatotetraplatinum(II) complex in solution  

The model function, already introduced, shows dependence on concentration (more 
precisely, mole fractions and density of the sample) and elemental constitution of the 
solution. These are the informations necessary for experimental data analysis. 

From the instrumental side, all the measurements in this thesis were carried out on a 
Philips X’Pert MPD X-ray diffractometer, using θ - 2 θ arrangement and  
Bragg-Brentano geometry with a pyrographite monochromator in the scattered beam at 
room temperature. The intensity of the incident beam measured by a proportional 
detector using MoKα (λ = 0.7107 Å) radiation. Quartz capillaries (1.5 mm diameter, 
0.1 mm wall thickness) were used as liquid sample holder. The scattering angle range of 
the measurement spanned over 1.28°<2 θ<130.2°, corresponding to a range of 
0.2 Å-1<k<16.06 Å-1 of the scattering variable. 100,000 counts collected at 150 discrete 
angle points in batch runs, to reach a good statistic for data treatment, which is an 
empirical observation of our group.  

2.2. Molecular dynamics simulation of liquids 
In the previous section we left one question open, which should be answered: the 

relationship between the total- and partial radial distribution functions. Simulation 
techniques (Monte Carlo, classical- and ab initio molecular dynamics) are powerful 
techniques to characterize the microscopic structure of liquids.9–12 I already showed an 
example on Fig. 2.1. It is obvious, that not all contributions to the measured data can be 
analysed (only the Pt–Pt distances are observable), thus we use classical molecular 
dynamics simulation for microscopically characterize the structure of a liquid. Before 
going into the details on statistical analysis, we focus on some mathematical concept 
concerning classical molecular dynamics simulation, which was applied throughout this 
thesis.  

The main disadvantage of this method that the dissociation of chemical units can be 
hardly studied. Throughout this thesis I introduce simulation results where rigid 
molecule representations are used. This suggests that I will focus on only the 
intermolecular interactions. 

Molecular dynamics simulation provides a direct route from the microscopic details 
of a system to macroscopic properties of experimental interest. The microscopic state of 
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a system is described by the positions and momenta of the constituent set of particles. 
We use the classical approximation thus we calculate only the kinetic and the potential 
energy parts of the Hamiltonian. The latter contains the information about the 
intermolecular interactions (the intramolecular oscillations not mentioned here, while I 
use only rigid molecule representations in this thesis). It is possible to construct an 
equation of motion (in most cases Lagrangian), which governs the entire time-evolution 
of the system and determines all its structural properties. The intermolecular interaction 
part can be further partitioned to electronic- and site-site interaction part. The 
interactions between sites are generally described by analytical functions without any 
physical meaning, and the corresponsive set of parameters may be derived from quantum 
chemical calculations. The electronic part is defined by the Coulomb charge-charge 
interaction. In order to make the method more efficient, only a system with limited size 
simulated (only a few thousand molecules included).  

The periodic boundary conditions (Fig. 2.2.) are essential part of the technique. 

 
Figure 2.2. Schematic representation of the periodic boundary condition 

The main box (in the middle) – which is cubic in our case – is surrounded by the same 
boxes. During the simulation as a molecule moves in the original box, its periodic image 
in each of the neighbouring boxes moves exactly the same way. Thus, when a molecule 
leaves the central box, one of its images will enter through the opposite face, from the 
other direction. This image also implies that the potential energy terms are calculated up 
to the half of the box length. In order to avoid the error arising from the truncation of the 
potential, the interaction terms are corrected by analytical expressions (derived from the 
applied potential), while the Coulombic term is corrected by Ewald summation17. The 
Ewald summation is a special technique, which corrects the error caused by the cut off 
arising from the box length. The charged particles in the system are interacting via the 
Coulomb potential. In order to neutralise at long range the ions we apply gaussian 
charge-clouds centred on the ions. This set of ions and the set of these charge-clouds is 
the real space part of the Ewald summation. This is already short ranged problem and 
can be easily handled. In order to neutralise the previously applied charged clouds, we 
apply the opposite charged clouds centred on the ions. The potential due to these 
gaussians is obtained from Poisson’s equation, and is solved as Fourier series in 
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reciprocal space. While the electrostatic interaction energies consist of short- and long 
range terms, it is efficient to partition to a short range term solved in real space and a 
long range term summed in the Fourier space. 

As it was already mentioned, during a molecular dynamics simulation the trajectory 
of the phase field is followed and calculated at each step from the previous one 
(depending on the integral method used). Our simulations were performed using the 
Verlet leapfrog scheme.9 This algorithm requires values of positions (r) and forces (f) at 
a time (t), while the velocities (v) are half of timestep behind. The first step is to advance 
the velocities to t + (1/2) Δt by integration of the force: 

1 1 ( )
2 2

f tv t t v t t t
m

⎛ ⎞ ⎛ ⎞+ Δ ← − Δ + Δ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

, 

where m is the mass of a site. The positions are then advanced using the new velocities:  
1( ) ( )
2

r t t r t t v t t⎛ ⎞+ Δ ← +Δ + Δ⎜ ⎟
⎝ ⎠

. 

The forces acting on a site are calculated from the potentials applied and the positions. 
The temperature during the simulation is calculated by using the following expression18 
(assuming that the system has no net momentum): 

2

1

( )
N

i i
i

b f

m v t
T

k k
==
∑

,  

where N is the number of particles, kb Boltzmann’s constant, and kf is the degrees of 
freedom (3N-3 assuming that the system is periodic and without constraints) in the 
system. 

In order to maintain the temperature during the simulation one should use a 
thermostat. In our example the Nosé-Hoover algorithm19 is used. This algorithm 
modifies the integration procedure by introducing a friction coefficient to correct the 
velocities, thus approximating the simulation temperature to the required temperature. 

One may propose the question, how to arrange the molecules in the simulation box 
(what initial coordinates to assign)? It is very important to prepare a ’good’ starting 
configuration, where the initial phase field should be as close as possible to a real system 
(random arrangement or crystalline state), and can relax quickly. After constructing the 
geometry the initial velocities are assigned according to a chosen distribution (in our 
case this was the Gaussian distribution) conforming to the required temperature. Then 
the simulation can be started, and it is necessary to run for a while so that the system can 
reach equilibrium. At the end of this equilibration period all memory of the initial 
configuration should have been lost, especially when one starts the equilibration from a 
crystal lattice structure. This equilibration should be carefully performed and all the 
simulation parameters have to be monitored to make sure in what state the system is 
(freezing, melting, coexistence of different phases, etc.). The carefully equilibrated 
system is in a special state, called ergodic state, which means that the system is allowed 
to pass through each point of the phase space, while some of the macroscopic parameters 
are held fixed (number of particles N, volume V, pressure p, temperature T, etc.). The 
time for visiting all states during the simulation is infinitely long, and has only 
theoretical importance. In practice the simulation time is a few nanoseconds or less, 
depending on what property is studied. The collection of these states is called ensemble, 
NVT in our case.  
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During the simulation we save every n time steps, where n has an integer value, into 
a history file, for later processing. This saved collection of Cartesians makes possible to 
calculate the PRDFs of the interacting sites. This is an important tool to describe the 
structure of a liquid system. Using these PRDFs we can calculate the total radial 
distribution functions using the following formula10: 

( ) ( )( ) ( )max
2

, ,
0

sin
( ) 2 4 1

rK K

i j i i j j i j
i j

kr
G r x f x f r g r dr

kr
δ πρ

≥

= − −∑∑ ∫ , 

where δi,j is the Kronecker-delta function (if i = j, then δ = 1 else δ = 0), all the other 
notations are the same as already introduced. It should be noted, that for comparing the 
G(r) from molecular dynamics simulation the same modification function should be 
applied which is applied on the experimental curve. The Fourier transform of the TRDF 
is the structure function. This formula is important to compare X-ray diffraction and 
molecular dynamics simulations’ total radial distribution functions. Taking its Fourier 
transform we can compare the structure functions, as well. This is a crosscheck for the 
simulation that how the simulation describes the TRDF or structure function obtained 
from experiment. In case of unsatisfactory agreement, one may change the initial 
potential parameters and perform another simulation. Refining the potential parameters 
can be fruitful, except when the discrepancy arises from polarizability or even chemical 
dissociation of the molecules, what can make the use of different level of theoretical 
modelling necessary, for example to perform a Car-Parrinello molecular dynamics 
simulation. 

The running integration number is calculated by integration of the area under the 
curve of the PRDF: 

2
, ,

0

( ) 4 ( )
r

i j j i jn r g r r drπρ= ∫ , 

where ni,j(r) up to the first minimum on gi,j(r) gives the number of coordinating atoms of 
type j around atoms of type i and ρj is the number density of atoms (ρj= ρ xj) of type j.  

The molecular dynamics simulation produces individual pair distribution functions 
for each of the interacting sites and these can be analysed to get an insight into the 
arrangement of molecules in a liquid. Another method to describe the local order in a 
liquid is to calculate the angular distribution (P(cos(θ))). The relative orientation of the 
molecules in the collected trajectories are analysed within a relative distance. A more 
sophisticated procedure is when the angular distribution is extended with the analysis of 
its distance dependence, thus giving a picture on how the preferential orientations are 
decreasing by increasing distance. On the other side this gives information on how well 
defined a solvation shell is, and from what distance the bulk properties are observable.  

Turning back to the gi,j(r) functions it is clear that alone from this function only the 
distance distribution of i particles around j particles is known. A useful graphical 
interpretation is to visualize a snapshot from the collected trajectories. This is a widely 
used technique while it shows not only the distances between the particles, but the 
geometrical arrangements in the solution, as well. It should be noted here, that 
visualizing only one snapshot from the trajectory is an image only, and does not shows 
information on the dynamic motions in a real liquid. In order to take the advantage of the 
power of graphical visualization one should present more images on one picture. A great 
solution for this, is to view a series of pictures delayed in time from the saved history 
file, resulting a video stream. In case of publications, there is an other method, for 
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visualizing the ensemble around one particle within one frame. We take one molecule in 
the first frame of the history file. For this molecule we fix a coordinate system. From 
each frames we take exactly the same molecule and rotate the frames to the initial 
position of the reference molecule, using coordinate transformation. Now we plot the 
interacting sites around the central particle as a function of the distance, angles and 
density. The density of the plot will show information on the probability of finding a 
particle at a given distance and the corresponding angles will show the coordination 
geometry around a central particle. A better treatment is if we perform the above 
mentioned method for all the same type of particles on each frame, and calculate the 
average distribution. 

For the molecular dynamics simulation we used DL_POLY 2.1620 software, which 
is developed for general use and well applicable for simulating liquid systems. The 
details on simulation parameters will be given at each chapter, while it changes from 
system to system calculated, except those are described here. 

In this thesis the input configurations were prepared on the following way. The 
solvent molecules were arranged equidistant in the simulation box, which had a size 
conforming to the experimental density of the liquid. The equilibration has been started 
for a few thousand steps on high temperature (600 K) to destroy the structure of the 
liquid. After equilibrating the system on 298 K for a few thousand timesteps, this 
procedure is iterated until the simulation output parameters (van der Waals energy, total 
energy, distribution of forces acting on-, and velocities of the atoms) are steady at room 
temperature. After performing a scaled temperature simulation (where the velocities are 
calculated conforming the input temperature at each step) for a few hundred timesteps, 
the equilibration is performed until the PRDFs are not changing. At this point the 
simulated system is treated as a system in equilibrium state. The simulation is started 
now, and after a few thousand timesteps the trajectory collection is started for later 
process.  

2.3. Ab initio calculations 
In the majority of cases, the aim of quantum chemical calculations is the solution of 

the non-relativistic, time-independent Schrödinger equation: Ĥ Ψ =E Ψ, where Ĥ is the 
Hamiltonian-operator, Ψ is the wavefunction and E is the total energy of the system. The 
Schrödinger equation can only be solved exactly for H2

+ and similar one-electron 
systems. Numerical solutions of arbitrary accuracy are also limited to a few cases, 
mostly atoms and very small molecules. In order to make larger systems treatable, 
approximations must be introduced. 

Since the nuclei are much heavier than the electrons, the latter can be thought of 
instantaneously following the nuclei, remaining always in the same stationary state of 
the electronic Hamiltonian. This approximation is called Born-Oppenheimer 
approximation,21 and using it, the problem can be partitioned into the equations of 
electronic and nuclear motion. In this thesis, we applied a further simplification, namely, 
the Hartree-Fock model, which approximates the exact wavefunction with an 
antisymmetrised product of one-electron orbitals, i.e., a Slater-determinant: 

( ) ( )

( ) ( )

1 11
1

! 1n n

n

n n

ϕ ϕ

ϕ ϕ
Φ =

L

M M

L

,  
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where φi(j) refers to the ith one electron spin orbital depending on the spatial and spin 
components of the jth electron. To use the resulting equations in practical calculations, 
the one-electron spatial orbitals are approximated as linear combinations of some basis 
functions. The basis functions are often chosen to be atom-centred, and to resemble 
atomic orbitals, but they can actually be any functions that give a reasonable 
wavefunction. The main weakness of HF theory is that it only contains an averaged form 
of electron-electron interaction, due to the single-determinantal description. 
Instantaneous correction of the motions of electrons is treated better in the so-called 
post-HF methods, such as MP (Moller-Plesset perturbation theory), CI (Configuration 
Interaction), or CC (Coupled Cluster).22 These methods lower the electron-electron 
interaction energy by allowing the electrons to reside not just on the occupied orbitals of 
the HF picture, but also in formally unoccupied (virtual) orbitals. 

Another approach to the solution of the electronic structure problem is based on the 
electron density as a function of spatial variables. This theory (Density functional theory, 
DFT) is founded on the Hohenberg-Kohn theorems, which state that the ground state 
properties of atoms or molecules are determined by their electron density. In Kohn-Sham 
DFT, the total energy is expressed in terms of quantities referring to hypothetical system 
of non-interacting electrons having the exact density, plus an exchange-correlation 
energy that takes into account the complicated correlated electron motion.23 
Unfortunately, the exact form of the exchange-correlation functional is not known, but 
there are now several methods developed for approximating this part. In this thesis, we 
use the B3LYP method, which is a gradient corrected hybrid functional, also 
incorporating a HF type exchange contribution. 

For calculating larger systems, effective core potentials (ECP) are often applied. 
Here we assume that the core electrons remain unchanged even in the molecules (frozen 
core) and their effect is taken into account by modifying the potential of nuclear 
attraction with an empirical function, characteristic to the element studied. 

Throughout this work, the stationary points located on the Born-Oppenheimer 
potential energy surface are characterized by the harmonic vibrational frequencies. In a 
molecular system these can be diagonalization of the second derivative matrix of the 
mass-weighted nuclear coordinates.22 

For molecular dynamics simulations, the charges localized on the atoms have to be 
characterized. Mulliken population analysis is an often used technique for the estimation 
of partial atomic charges. The population is determined by calculating the number of 
electrons corresponding to the atomic basis functions (“occupation of the atomic 
orbitals”) using the first-order density matrix.22 Thus, the partial atomic charges show 
strong dependence on the applied basis functions. Another technique is to perform 
natural atomic orbital analysis (NAO), based on the diagonalization of atomic orbitals in 
the density matrix, and then carry out a similar population analysis using the natural 
atomic orbitals.24 

The classical molecular dynamics potential parameters are usually fitted to the 
interaction energy of two molecules: ΔE = EAB – EA – EB, provided that we used the 
same level of theory and complete basis set for all calculations. In the practical 
implementation of ab initio calculations we use finite basis sets, which has the following 
effect on interacting molecules. The virtual orbitals centred on A and B molecules are 
overlapping, thus the basis set applied for the calculation of A in the AB supermolecule 
is larger than applied on the A monomer in itself (and similarly for B). This leads to an 
additional stabilization of the monomers and to the overestimation of the interaction 
energy, an effect which is called Basis Set Superposition Error (BSSE). The 
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counterpoise (CP) method25 is widely accepted for correcting the interaction energy 
contaminated with BSSE. In this method, the basis set applied for the supermolecule 
(dimer) is also employed for the calculation of the monomers. 

The quantum chemical calculations in this work were performed by using Gaussian 
03 Rev. B05.26 These results will be presented and discussed together with the 
corresponding literature data necessary to elucidate the structures and properties for a 
given molecule. 



 12

3. Liquid structure of solvents 
At the elementary introduction of the theory of X-ray diffraction in solution it has 

been already emphasized, how important is the concentration of the solution in order to 
study not only the solvent molecules, but the structure of the dissolved molecules or its 
solvent sphere as well. Therefore it is essential to find solvents, which can dissolve in a 
reasonable amount the complexes and salts to be studied. In general, the empirical rule  
– similar dissolves the similar – can be applied. Although this is a very simple rule, in 
most cases fails regarding the selection of a good solvent. It is only a first estimate. 
Moreover, unfortunately no reliable solubility literature data are available in most cases. 
Thus, before each experiment it is important to determine the maximum concentration of 
the solution for a given solvent-substance pair. The complexes studied in this thesis are 
soluble in methanol, nitromethane, dichloromethane or glacial acetic acid. The structure 
of liquid methanol and glacial acetic acid is already known, thus it will be introduced 
only at the corresponding chapters, while the structure of liquid nitromethane and 
dichloromethane were not studied in detail up to now and will be discussed in the 
following chapters. 

3.1. Structure of liquid nitromethane 

3.1.1. Literature overview 
Nitromethane is one of the simplest nitrogen-containing molecule belonging to the 

nitro compounds that are of great interest due to its highly explosive nature. Its physical 
and chemical properties have been intensively studied because of its use as a fuel and as 
a prototype molecule for a class of high-energy materials and perhaps play a role in the 
atmosphere27 as well. Shock wave induced decomposition of nitromethane has been 
subject to many investigations.28 Detailed studies of formation of negative ions,29 
electron transfer processes,30 and gas phase solvation processes31 in nitromethane were 
also reported.  

Nitromethane is a small, highly polar molecule (dipole moment of 3.46 D) for 
which pair association in the liquid state has been claimed several times in the 
literature.32 Recently Cataliotti et al. concluded from their IR and Raman spectroscopic 
experiments that liquid nitromethane has molecules in monomeric state and is not 
associated in pairs as reported earlier.33  

There exist various theoretical studies on the structure and properties of 
nitromethane. The rotation of the NO2 group is nearly free around the C–N bond.34,35 
Byrd et al.36 performed ab initio study of solid nitromethane on four energetic molecular 
crystals; they have found that the lattice vectors determined display large errors possibly 
due to the lack of van der Waals forces in functionals applied in current density 
functional theories (DFTs) and further development of the methods of DFT was 
suggested. Structural and vibrational properties of solid nitromethane were also studied 
by DFT method.37 Correlated calculation of the interactions in the nitromethane dimer 
was performed on a fixed monomer configuration.38 Ab initio study of nitromethane 
dimer and trimer39 was performed by employing the density functional theory B3LYP 
method. For the optimized structure of nitromethane dimer the strength of CH···O 
interaction ranges from -2.15 kcal/mol to -2.96 kcal/mol at MP2 level, while the B3LYP 
method underestimates the interaction strength compared to MP2 method. 
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Molecular dynamics simulations were performed on both crystalline and glassy 
nitromethane,40 on melt of nitromethane,41 on nitromethane nanoparticles,42 and on 
liquid nitromethane.43–45 

Crystalline structure of nitromethane has been determined using single crystal X-ray 
and neutron diffraction.46 To the best of our knowledge, diffraction study of liquid 
nitromethane was not performed yet. In this chapter I present the work conducted, using 
X-ray diffraction experiment for the first time on nitromethane, in combination with 
molecular dynamics simulation that uses the interaction potential of Sorescu et al.44 To 
learn more about the mutual orientation of nitromethane molecules, we have also 
performed ab initio study on nitromethane dimer. 

3.1.2. Quantum chemical calculations 
All calculations were performed at DFT/B3LYP and MP2 level of theory using the 

6-311+G** basis set. The behaviour of the calculated stationary points was characterized 
by their harmonic vibrational frequencies. The interaction energies for each minimum 
were corrected for basis set superposition error (BSSE) with the full counterpoise (CP) 
procedure, resulting in a more reliable estimate of the interaction energy.47 

The structural parameters and IR frequencies obtained for the optimized structure of 
nitromethane molecule with the methods employed in this work together with their 
experimental counterparts48,49 are presented in Table 3.1. 
Table 3.1. Characteristic values for eclipsed and staggered conformers of nitromethane molecule 
obtained with MP2 and B3LYP methods compared to experimental data from literature. Atom-atom 
distances are given in Å, while frequencies in cm–1 (subscript s means symmetric, as means 
antisymmetric, and def means deformation). 

exp.48,49 eclipsed staggered  
 MP2 B3LYP MP2 B3LYP 

rC–N 1.489 1.497 1.503 1.491 1.503 
rN–O 1.224 1.230 1.221 1.230 1.221 
rC–H1 1.089 1.087 1.086 1.087 1.089 
rC–H2 1.089 1.090 1.090 1.091 1.085 
rC–H3 1.089 1.087 1.086 1.087 1.089 
∠(O1NO2) 125.3 125.6 125.6 125.8 125.6 
∠(H1CNO1)  -179.9 -179.1 26.9 27.0 
νas (CH3) 3048 3254 3197 3254 3198 
νas (CH3) 3048 3230 3166 3230 3165 
νs (CH3) 2965 3120 3075 3120 3076 
νas (NO2) 1582 1778 1623 1778 1624 
νs (NO2) 1413 1441 1428 1439 1428 
νs,def (CH3)  1488 1500 1474 1498 1475 
νas,def (CH3)  1449 1491 1464 1494 1465 
νs,def (CH3)  1384 1419 1400 1419 1399 

 
It can be observed that all geometrical parameters obtained from the two different 

levels of theory are in good agreement with experimental results. The two different 
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conformers eclipsed and staggered of nitromethane molecule are shown in Fig. 3.1. 

              
 a b 

Figure 3.1. Ball and stick representation of nitromethane conformers: a) eclipsed and b) staggered. 

These conformers have nearly the same total energy. In the first minimum of the 
O1NCH1 dihedral angle is about 180˚, but in the other one it is about 30˚. The rotation 
barrier between the two minima is less than 0.01 kcal/mol, so it can be concluded that in 
gas phase the rotation of the NO2 group around the C–N bond is almost free. These 
results agree very well with the earlier findings.34,35 The rotational barrier between these 
two conformers at T = 0 K, in solid state is about 0.54 kcal/mol,50 and in gas phase it is 
about 0.006 kcal/mol.51 

The optimized geometry for the dimer of nitromethane molecules is shifted 
antiparallel, as shown on Fig. 3.2. and Table 3.2. reports the values from the 
optimization of the antiparallel structure.  

 
Figure 3.2. Ball and stick representation of dimer structure. 
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Table 3.2. Structural and energetic parameters for nitromethane dimer obtained with MP2 and B3LYP 
methods. Interaction energies are given in kcal/mol, atom-atom distances are given in Å, while 
frequencies are in cm–1 (subscript s means symmetric, as means antisymmetric, and def means 
deformation). 

 MP2 B3LYP 
-ΔE 1.76 1.06 
-ΔEBSSE 1.13 1.00 
rC–N 1.49 1.50 
rN–O 1.23 1.22 
rC–H1 1.09 1.09 
rC–H2 1.09 1.09 
rC–H3 1.09 1.09 
∠(O1NO2) 125.9 125.7 
∠(HCNO1) -89.2 -85.8 
rCH···O 2.45 2.43 
νas (CH3) 3253 3198 
νas (CH3) 3231 3164 
νs (CH3) 3119 3072 
νas (NO2) 1770 1617 
νs (NO2) 1443 1432 
νs,def (CH3)  1499 1473 
νas,def (CH3)  1496 1469 
νs,def (CH3)  1429 1403 

 
Comparison between the geometries of the isolated monomer and one of the 

monomers in the dimer shows no significant change. Table 3.2. reveals that the 
calculated O···H distance is about 2.4–2.5 Å, which is less than the sum of the van der 
Waals radii of hydrogen and oxygen atoms. From this distance it may be suggested that 
the nitromethane molecules interact with each other in the dimer by weak CH···O 
interaction. The BSSE corrected interaction energy is about 1.00 kcal/mol and 
1.13 kcal/mol at B3LYP and MP2 levels, respectively. The H-bond, if it appears can be 
detected by Bader analysis (AIM method, related to the topology of electron density), IR 
frequency calculation (change of CH stretching vibration frequency) and natural bond 
orbital analysis (NBO, electron transfer from proton acceptor to the proton donor). From 
our calculations, none of the above mentioned methods confirmed that the CH···O 
interaction is a H-bonded interaction. 

3.1.3. MD simulation results 
We have performed a classical molecular dynamics simulation. The simulation box 

contained 500 rigid nitromethane molecules. The intermolecular interactions were 
defined by Buckingham potentials, developed by Sorescu et al.44 The side length of the 
cube was 35.56 Å, which corresponds to the experimental density, ρ = 1.14 g/cm3. After 
25 000 time steps of equilibration the simulation was performed for 200 000 time steps, 
leading to the simulation time of 400 ps.  

The PRDFs of liquid nitromethane obtained from classical MD simulation are 
presented on Fig. 3.3. and their characteristic values are tabulated in Table 3.3. 
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Figure 3.3. Partial radial distribution functions obtained from molecular dynamics simulation. 

Table 3.3. Characteristic values for the radial distribution functions (gi,j(r)) and the corresponding ni,j 
running integration numbers. Atom-atom distances are given in Å. 

bond type rmax gαβ(rmax) rmin nαβ(rmin) 
C–C 5.17 1.89 6.57 13.2 
C–O 3.42 1.82 4.57 3.7 
C–N 4.27 2.04 5.07 5.8 
C–H 4.77 1.35 5.42 6.8 
O–O 3.47 1.06 4.37 2.5 
O–N 4.47 1.29 5.47 3.4 
O–H 2.92 1.15 3.67 4.7 
N–N 5.12 1.52 6.52 12.4 
N–H 3.62 1.27 4.37 8.7 

 



 17

We found our PRDFs to be rather similar to those obtained in simulations by  
Alper et al.43 and Sorescu et al.44  

In the crystalline state46(a) of nitromethane there are 18 short CH···O distances per 
molecule (rCH…O< 2.6 Å). In the O···H PRDF a first small peak at 2.92 Å and an 
additional one at 4.23 Å can be found. The featureless gO…H(r) function in the range of 
2.0–2.6 Å serves as a strong evidence for the non-existence of a CH···O type hydrogen 
bond in the liquid state. 

The orientations of the neighbouring molecules can be characterized by the angle 
dependent radial distribution function. Specifically we have calculated the angle between 
the dipole moment vector of centre and neighbouring molecules as a function of N···N 
distance. The calculated angular radial distribution function is shown on Fig. 3.4. 

 
Figure 3.4. Distance dependent angular distribution function. Θ: angle between the dipole moment 
vector of centre and neighbouring molecules. 

It can be seen that in liquid nitromethane only the first nearest neighbours tend to be 
oriented in an antiparallel form. For N···N distances longer than 4.0 Å, the angular 
distribution is almost constant, indicating that the preference in orientation is lost very 
quickly. Further analysis of the configuration showed that the local structure of liquid 
nitromethane is determined by dipolar forces, with slight preference to antiparallel and 
no preference to parallel or head-to-tail configurations. The previous MD studies43,44 did 
not provide any comprehensive information, for they were focused mainly on testing the 
newly developed model potentials and comparing their predictions with the 
experimentally available vibrational quantities and the overall thermodynamic behaviour 
of the liquid. 
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3.1.4. Structural results from X-ray diffraction and comparison with MD 
simulation results 

The average scattering weighting factors of the different PRDFs were as follows:  
C–C 0.04; C–N 0.08; C–O 0.18; N–O 0.21; N–N 0.05; and O–O 0.25. After examination 
of weights of the contributions to the TRDF, one contribution for each type of 
interatomic distance listed in Table 3.2. was involved in the fitting procedure. The 
experimental and theoretical X-ray structure functions, derived from experiment, are 
shown in Fig. 3.5. and the TRDFs are shown in Fig. 3.6. 

 
Figure 3.5. Structure functions kh(k) for nitromethane obtained by X-ray diffraction. Circles, 
experimental values; solid line, fitted values.  

For the first peak centred around 1.20 Å, intramolecular C–N and N–O interactions 
are responsible. The small second peak can be observed in the range 1.85–2.70 Å can be 
assigned to C–O and O···O distances. Another broad peak appears in the range  
3.50–5.85 Å. This peak is difficult to resolve due to its complexity, and can be attributed 
to various intermolecular atom-pair interactions.  

The structural parameters obtained from the least squares fit of the structure 
functions kh(k) shown in Fig. 3.5. are given in Table 3.4. The fitting procedure resulted 
in 1.49(1) Å and 1.22(1) Å for the intramolecular C–N and the N–O distances, 
respectively. The O···O distance was found to be 2.17(2) Å and C–O distances 
2.32(1) Å.  
 



 19

 
Figure 3.6. Radial distribution functions for nitromethane, obtained from X-ray diffraction. Filled 
circles, experimental values; dashed line, intramolecular contribution; open circles, intermolecular 
contribution; solid line, intermolecular contribution obtained from MD simulation. 

Table 3.4. Structural parameters from the X-ray diffraction refinement with estimated errors in the last 
digits. n is the coordination number. Distances (r) and their mean-square deviations (σ) are given in Å. 

bond type r σ n 
C–N 1.49(1)  0.08(2) 1 

C···O 2.32(1) 0.10(1) 2 

N–O 1.22(1) 0.05(1) 2 

O···O 2.17(2) 0.10(2) 1 
 

Once the intramolecular structure was found, various models were tested to 
determine the intermolecular structure of the liquid. Trial models containing 
nitromethane dimmers in parallel and/or antiparallel orientations failed completely. Then 
a decision has been made not to assume any initial intermolecular geometrical picture for 
the structure at the beginning of the fitting procedure. Due to their low contributions to 
the total scattering picture, intermolecular interactions (C···C, C···N, N···N) could not be 
determined. The three other intermolecular distances (C···O, N···O, O···O) contribute 
with nearly similar weights to the total scattering intensity and it is not possible to 
resolve the interactions one by one (Fig. 3.7.). Consequently, no suggestions could be 
made on the basis of X-ray diffraction alone. The solution for this problem is to perform 
a comparison of the intermolecular TRDFs obtained by X-ray diffraction and molecular 
dynamics simulation, which is depicted on Fig. 3.6. 
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Figure 3.7. Contribution of different interactions to the total radial distribution function measured by X-
ray diffraction. 

The agreement between the TRDF obtained by X-ray diffraction and the theoretical 
TRDF is very good, meaning that the average picture of the structure of liquid 
nitromethane obtained by molecular dynamics simulation is confirmed by X-ray 
diffraction. 

3.1.5. Conclusions on the structure of liquid nitromethane 
Quantum chemical calculations showed that there are two different conformers, 

eclipsed and staggered, of nitromethane molecule, with nearly the same total energy. 
The rotation barrier between these two minima is less then 0.01 kcal/mol, therefore the 
rotation of NO2 group around the C–N bond is almost free. The optimized geometry for 
the dimer nitromethane was obtained to be molecules shifted antiparallel and it has been 
found that in the nitromethane dimer the CH···O interaction cannot be considered as  
H-bonded interaction. 

According to the molecular dynamics simulation study no predominant occurrence 
of nitromethane dimers in the liquid nitromethane could be detected; however, the 
position and orientation of the nearest neighbour molecules resemble to some extent the 
configuration of the theoretically calculated energy-minimised dimer. Neighbouring  
C–N bond vectors slightly prefer an antiparallel configuration in the liquid. In the liquid 
state CH···O type weak hydrogen bonds could not be detected. 

The TRDFs of MD simulation and X-ray diffraction agree very well. The small 
discrepancy between the experimental and theoretical radial distribution functions may 
be due to both the potential model applied in the simulation and to the experimental 
uncertainties, but the theoretical and experimental findings are in general accordance. 
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3.2. Structure of liquid methylene chloride 

3.2.1. Literature overview 
Methylene chloride (dichloromethane) belongs to a group of low-permittivity, 

dipolar aprotic solvents, which are ideal media for a variety of important chemical 
reactions. It is widely used solvent in supramolecular52 and polymer chemistry.53 
Methylene chloride is a particularly suitable organic solvent for liquid-liquid extraction 
for carriers such as crown ethers, since it can solve reasonable amounts of extractants 
and extracted species.54 Further on, it has also been widely used as solvent in processing 
of radioactive materials and contributes significantly to nuclear waste remediation 
problems.55 Methylene chloride is a volatile organic compound, which pollutes the 
environment adversely affects human health. The European Environment Agency has 
issued directives to restrict chlorinated compounds and in laboratories currently 
investigating risks posed by chemicals including chlorohydrocarbons.56 To obtain 
detailed understanding of the role of solvent in different chemical systems, it is clearly 
essential to model the pure solvent and study its structure.  

There are various theoretical and experimental studies on the structure and 
properties of methylene chloride. Different spectroscopic methods (IR,57 Raman,58 and 
microwave59,60 spectroscopic experiments, Rayleigh scattering58a and NMR relaxation61) 
were applied to study methylene chloride. Recently time resolved X-ray diffraction 
studies of liquid methylene chloride were conducted.62 The parameters obtainable from 
spectroscopic experiments were compared to those calculated from molecular dynamics 
simulation. 

Liquid methylene chloride has been investigated by molecular dynamics 
simulation63–65 using different potential models, molecular Ornstein-Zernike theory,66 
and Monte Carlo simulation.67 Methylene chloride was also studied by theoretical 
methods on liquid-liquid and liquid-vapour interfaces68 and mixtures.69 These studies 
were focused mainly on testing the developed model potentials and comparing their 
predictions with the experimentally accessible vibrational quantities and the overall 
dynamic63a-65a,70 and thermodynamic66a behaviour of the liquid. However, the structural 
analysis did not go beyond the determination of the partial correlation functions and the 
determination of several structure functions in order to be compared to the experimental 
results. Ab initio molecular orbital calculations were performed by Torii et al.67 and 
density functional calculation of methylene chloride clusters by Canepa et al.71 Only one 
attempt has been made on the detailed structural study of liquid methylene chloride by 
Reverse Monte Carlo (RMC) simulation,72 using early X-ray and neutron diffraction 
data. 

The crystalline structure of methylene chloride has been determined using single 
crystal X-ray diffraction.73 Recently in situ high-pressure single crystal X-ray study74 of 
methylene chloride has been carried out focusing on the evaluation of crystal cohesion 
forces and behaviour of halogen contacts under compression. To the best of our 
knowledge, only one X-ray diffraction study of liquid methylene chloride was 
conducted, by Orton et al.,75 but this experiment had been carried out in a limited k-
range (0–10 Å–1). The limited k-range can cause pseudo-waves on the resulted TRDF, 
and it is difficult to resolve the data. Thus, the resulting structure function supposed to be 
rather inaccurate above 3 Å–1. Jung et al.76 performed neutron diffraction experiments on 
samples containing different isotopic mixtures. Their results are in good agreement with 
our simulation results, but they are not detailed here. 



 22

3.2.2. Quantum chemical calculations 
All calculations were performed at MP2 level of theory using the 6-311+G** basis 

set. The behaviour of the calculated stationary points was characterized by their 
harmonic vibrational frequencies. The interaction energies for each minimum were 
corrected for BSSE with the CP procedure, resulting in a more reliable estimate of the 
interaction energy.  

The geometrical parameters obtained for the optimized structure of methylene 
chloride molecule with their experimental counterparts are presented in Table 3.5. It can 
be observed that all geometrical parameters are in good agreement with experimental 
results. 
Table 3.5. Geometrical parameters for methylene chloride molecule obtained with MP2 method 
compared to experimental data from literature. Atom-atom distances are given in Å. 

 present study gas60 crystal73 
rC–H 1.09 1.07 0.99 
rC–Cl 1.77 1.77 1.77 
rCl···Cl 2.95 2.94 2.93 
∠(HCH)  111 119 112 
∠(ClCCl) 113 112 112 

 
As a result of geometry optimization of the dimers, four structures have been 

obtained: a) dimer structure close to antidipole arrangement; b) L-shaped arrangement, 
conform to direction of dipoles, characteristic in the quadrupole-quadrupole interaction; 
c) antidipole arrangement; d) head-to-tail arrangement. The optimized geometry for the 
four dimers of methylene chloride molecules are shown in Fig. 3.8.  

 
Figure 3.8. Ball and stick representation of methylene chloride dimers. a: structure close to antidipole 
arrangement; b: L-shaped arrangement; c: antidipole arrangement; d: head-to-tail arrangement. 

Table 3.6. reports resulting parameter values for each structures. Comparison 
between the geometries of the isolated monomer and the dimer shows no significant 
change. The C···C distances were found to vary between 3.74–4.23 Å, Cl···H distances 
2.88–3.15 Å and the shortest distances between 3.81–4.25 Å. 
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Table 3.6. Structural and energetic parameters for methylene chloride dimer obtained with MP2 
method. Interaction energies are given in kcal/mol, and distances are given in Å. 

 A B C D 
-ΔE 4.26 4.71 4.1 3.44 
-ΔEBSSE 1.27 1.85 1.31 1.08 
rC···C 3.74 3.92 3.88 4.23 
rCl···H 2.88 2.98 2.91 3.15 
rCl···Cl 4.01 3.93 3.86 4.25 
dipole-dipole angle 153 109 180 0.00 

 
These indicate on one hand that in methylene chloride dimers no hydrogen bond 

like interaction appears, and on the other hand, Cl···Cl contacts do not play an 
emphasized role in the formation of the structure of the dimers as it was supposed for the 
crystal.77 The interaction energies are very small, with values between  
-1.85 kcal/mol and -1.08 kcal/mol, and are consistent with earlier calculation results.67,71 
The geometrical optimization of the four dimers shown above, was performed also with 
B3LYP calculations, which do not describe properly the van der Waals interactions. 
From these calculations 30–70 % smaller interaction energies have been obtained. This 
finding suggests that the structure determining forces, electrostatic (dipole-dipole and 
quadrupole-quadrupole) and van der Waals interactions, contribute in a similar 
magnitude. 

3.2.3. MD simulation results 
We have performed a classical MD simulation. The simulation box contained 512 rigid 
methylene chloride molecules. Three set of intermolecular potential parameters were 
used, namely, Torii model 2, Rothschild and Evans as given in Table 3.7. The only 
difference in these parameters is the charge distribution within the methylene chloride 
molecule. 
Table 3.7. Interaction potential parameters for liquid methylene chloride and charges by Rotschild, 
Torii and Evans. 

 σ(Å) ε(kcal/mol) Torii67 Rothschild70 Evans63 
C 3.20 0.101 -0.640 0.447 -0.109 
H 2.75 0.027 0.317 -0.055 0.098 
Cl 3.35 0.347 0.003 -0.169 0.002 

 
The side length of the cube was 37.913 Å corresponding to the experimental density 

of 1.312 g/cm3. After 50 000 time steps of equilibrations, the simulations were 
performed for 200 000 time steps leading to the simulation times of 400 ps. 

The PRDFs of the liquid methylene chloride obtained from three simulations are 
presented in Fig. 3.9. The essential features of the PRDFs in the three types of 
simulations agree with each other, showing that they are rather insensitive on the charge 
distribution of methylene chloride molecule. We will discuss the PRDFs obtained with 
Torii’s model 2 potential. The characteristic values of PRDFs obtained are given in 
Table 3.8. The number of neighbours belonging to the first coordination shell can only 
be determined with high inaccuracy from these PRDFs due to the fact that the 
corresponding minima cannot be localized accurately. This means that the first 
coordination shell is not very well defined in this liquid. 
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Figure 3.9. Partial radial distribution functions obtained from three different molecular dynamics 
simulations. 

The first peak of gC…C(r) is located at 4.63 Å and integrating up to 7.03 Å a 
coordination number of 13 was obtained. In the case of gC…H(r) there is a peak at 5.33 Å 
and a shoulder around 4.0 Å, the gH…H(r) has a similar shape with a shoulder about 
3.0 Å and the maximum at 5.13 Å. From RMC simulation results72 it has been found that 
supposedly molecules in close H-H contacts may be present in liquid methylene 
chloride. The origin of the shoulder on C···H, H···H PRDFs could be from the first 
neighbour molecules. It can be seen that C···Cl, H···Cl and Cl···Cl PRDFs have two 
peaks. This feature do not refer to any special structural characteristic, but is a simple 
consequence of the fact that molecular pair contributes with more than one distance 
values to these functions. The maximum of gCl…Cl(r) and gH…Cl(r) was found to be at 
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3.63 Å and 3.13 Å, respectively. The Cl···Cl and H···Cl coordination numbers are 5.91 
and 3.68. These parameters indicate that in liquid methylene chloride no hydrogen bond 
like interaction appears. 
Table 3.8. Characteristic values for the radial distribution functions (gi,j(r)) and the corresponding ni,j 
running integration numbers. Atom-atom distances are given in Å. 

bond type rmax gαβ(rmax) rmin nαβ(rmin) 
C···C 4.63 1.52 7.03 13.0 
C···Cl 3.93 1.48 4.73 6.87 
C···H 5.33 1.20 7.63 29.8 
Cl···Cl 3.63 1.36 4.63 5.91 
Cl···H 3.13 1.13 4.13 3.68 
H···H 5.13 1.23 7.63 33.5 

 
The spatial distribution of the nearest neighbours around a central methylene 

chloride molecule was investigated. The analysis was performed in a coordinate system 
fixed to the central molecule. The origin of the coordinate system is defined by the 
position of the carbon atom. The x-axis coincides with the main symmetry axis of the 
molecule being the x coordinates of the chloride atoms positive and that of hydrogen 
atoms negative. The Cl–C–Cl plane defines the xy and H–C–H plane defines the xz plane 
of the coordinate system. Fig. 3.10. shows the spatial distributions in the following three 
cases: a) when C···C distances are shorter than the first maximum on gC…C(r), 4.63 Å; b) 
when C···C distances are shorter than 5 Å; c) when C···C distances are shorter than the 
first minimum on gC…C(r), 7.03 Å. The coordination number up to the first maximum on 
gC…C(r) is 2. Fig. 3.10.a. shows that only a very narrow distribution appears around 
hydrogen atoms consequently, the molecules closer than 4.63 Å to the central molecule 
are preferentially located around the chloride atoms. As the C···C distance is growing, at 
5 Å coordination number is 4, more molecules appear around hydrogen atoms, but at 5 Å 
the distribution is still narrow (Fig. 3.10.b.). In the minimum (Fig. 3.10.c.) the spatial 
distribution function is spherical, meaning that the distribution of molecules around 
central molecule is uniform.  

The orientations of the neighbouring molecules can be characterized by the angle 
dependent radial distribution function. Specifically, we have calculated the angle 
distribution of the angle Θ, defined between the dipole moment vector of centre and 
neighbouring molecules as a function of C···C distance shown in Fig. 3.11. The 
distribution of cos(Θ) of neighbours closer than 4Å shows a clear broad peak at -1 
corresponding to the antiparallel alignment of the molecules, but this preference 
decreases rapidly and vanishes within the first coordination shell. Another peak appears 
at -0.14 corresponding to the L-shape arrangement (type B in Fig. 3.8.). The distribution 
of neighbours between 4–6 Å shows a slight preference to parallel alignment, and those 
above 6 Å have again very slight preference to antiparallel alignment.  
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Figure 3.10. The spatial distribution of the nearest neighbours around a central methylene chloride 
molecule. a) C···C < 4.63 Å; b) C···C < 5 Å; c) C···C < 7.03 Å. 

 
Figure 3.11. Distance dependent angular distribution function. Θ: angle between the dipole moment 
vector of centre and neighbouring molecules. 
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The Φ angle distribution, angle between the dipole moment of central molecule and 
the centre-centre vector, as a function of C···C distance is shown in Fig. 3.12. Below 4 Å 
the peak at -0.8 corresponds to angle about 143º is probably given by neighbours below 
and above the central molecule showing tail-to-tail arrangement. The next peak appears 
at 0.3; this peak can appear due to molecules in L-shape arrangement. A preference of 
molecules between 4.5–5.5 Å can be observed in head-to-tail arrangement (type D in 
Fig. 3.8.), but this preference vanishes and above 6 Å a slight preference to tail-to-tail 
arrangement occurs again, corresponding to a uniform distribution of the molecules 
(P(cos(Φ)) = 0.01).  
 

 
Figure 3.12. Distance dependent angular distribution function. Φ: angle between the dipole moment of 
central molecule and the centre-centre vector. 

The previous MD studies did not provide any comprehensive structural information, 
for they were focused mainly on testing the newly developed model potentials and 
comparing their predictions with the experimentally accessible vibrational quantities and 
the overall thermodynamic behaviour of the liquid. 

3.2.4. Structural results from X-ray diffraction and comparison with MD 
simulation results  

The average scattering weighting factors of the different partial radial distribution 
functions were: C–C 0.02; C···Cl 0.23; Cl···Cl 0.65. After examination of the weights of 
the contributions to the structure function, one contribution for each type of interatomic 
distance listed in Table 3.6. was involved in the fitting procedure.  

The X-ray structure functions, derived from experiment are shown in Fig. 3.13.a., 
and the radial distribution functions are shown in Fig. 3.13.b. 
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Figure 3.13. a) Structure functions kh(k) for liquid methylene chloride obtained by X-ray diffraction. 
Circles: experimental values, solid line: calculated from molecular dynamics simulation; b) radial 
distribution functions for liquid methylene chloride obtained from X-ray diffraction. Circles: 
experimental values; dashed line: intramolecular contribution; open circles: intermolecular 
contribution; solid line: intermolecular contribution obtained from molecular dynamics simulation. 

For the first peak centred around 1.75 Å, intramolecular C–Cl interactions are 
responsible. A small second peak can be observed at 2.95 Å. This peak can be assigned 
to Cl···Cl distances. Another peak appears in the range 3.25–4.50 Å. For this peak 
mainly intermolecular C···C, C···Cl and Cl···Cl is responsible and it is difficult to resolve 
because of its complexity.  

The structural parameters obtained from the least squares fit of the structure 
functions kh(k) shown in Fig. 3.13.a. are given in Table 3.9. The fitting procedure 
resulted in 1.75(1) Å and 2.95(1) Å for the intramolecular C–Cl and Cl···Cl distances, 
respectively. Once the intramolecular structure was found, various models were tested to 
determine the intermolecular structure of the liquid. Trial models containing methylene 
chloride dimers in parallel and/or anti-parallel orientations failed completely. Then a 
decision has been made not to assume any initial intermolecular geometrical picture for 
the structure at the beginning of the fitting procedure. Cl···Cl and C···Cl intermolecular 
interactions were found to be 3.80(5) Å and 4.05(5) Å respectively. Due to the low 
contribution to the total scattering picture, intermolecular interactions C···C could not 
have been determined. The Cl···Cl and C···Cl coordination numbers could have been 
determined with large uncertainty.  
Table 3.9. Structural parameters from the X-ray diffraction refinement with estimated errors in the last 
digits. n is the coordination number. Distances (r) and their mean-square deviations (σ) are given in Å. 

bond type ra σa na rb rc 

C–Cl 1.75(1)  0.10(1) 2 1.76 1.77 

Cl–Cl 2.95(1) 0.20(2) 1 2.95 2.94 

C···Cl 4.05(5) 0.30(3) 6.0(5) – – 

Cl···Cl 3.80(5) 0.35(2) 5.2(5) – – 

a - present study.; b - ref. 76; c - ref. 59 
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A comparison of the intermolecular radial distribution functions obtained by X-ray 
diffraction and molecular dynamics simulation could help to make suggestions on the 
structure of liquid methylene chloride. Fig. 3.14. shows the contributions of each 
interaction to the total intermolecular radial distribution function, obtained from 
molecular dynamics simulation.  

 
Figure 3.14. Contribution of different interactions to the total radial distribution function measured by 
X-ray diffraction as determined from molecular dynamics simulation. 

It can be observed that the two interactions C···C and H···Cl contribute in nearly the 
same, very low ratio to the total intermolecular radial distribution function. The 
contribution of C···Cl is higher, and that of Cl···Cl is the highest. That’s the reason why 
only these last two distances could have been determined and for the noteworthy 
uncertainty of the X-ray diffraction method in determination of intermolecular structure 
of liquid methylene chloride. The only suggestion could be the comparison between the 
X-ray diffraction and the theoretical radial distribution functions.  

From Fig. 3.13.b. it can be seen that the agreement between the radial distribution 
function obtained from X-ray diffraction and the theoretical radial distribution function 
is very good, meaning that the average picture of the structure of liquid methylene 
chloride obtained by molecular dynamics simulation is confirmed by X-ray diffraction.  

3.2.5. Conclusions on the structure of liquid methylene chloride 
Four optimized geometries for the dimers of methylene chloride were obtained, in 

various arrangements. On the basis of quantum chemical calculations it can be seen that 
the structure determining forces, electrostatic (dipole-dipole and quadrupole-quadrupole) 
and van der Waals interactions, play similar role in formation of the dimer structure.  

The essential features of the PRDFs in three different molecular dynamics 
simulations agree with each other, meaning that the PRDFs are rather insensitive on the 
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charge distribution of methylene chloride molecule. Analysing the PRDFs it can be 
observed that the number of neighbours belonging to the first coordination shell can only 
be determined with high inaccuracy meaning that the first coordination shell is not very 
well defined in this liquid. The PRDF parameters indicate that in liquid methylene 
chloride no hydrogen bond like interaction appears.  

Neighbouring molecules slightly prefer an antiparallel, tail-to-tail orientation over 
parallel one. For C···C distances longer than 4.0 Å, the antiparallel tail-to-tail orientation 
is lost very quickly and slight preference of parallel head-to-tail and L-shaped 
orientations can be detected. On the other hand some orientational correlations between 
rather distant molecules can also be observed. 

The total radial distribution functions of MD simulation and X-ray diffraction agree 
very well and the theoretical and experimental findings are in general accordance. 
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4. Structure of simple inorganic salts in solution 
Gold has been known by people since the beginning of the civilisation and it is a 

very attractive research subject for the scientists due to its mechanical, electronic and 
chemical properties. A recent study is related to the self-assembling of gold complexes, 
which will be detailed in Chapter 6. 

Although gold compounds have an importance in a numerous application fields, and 
studies are focused on the properties related to its use, no classical molecular dynamics 
simulation has been performed on gold containing solutions. In order to be able to study 
gold complexes in solution, potential has to be developed for classical molecular 
dynamics simulation, which will be the subject of this chapter.  

Only a very limited number of simple inorganic gold(I) salts can be solved in a 
reasonable amount for X-ray diffraction measurement in solution, which is important for 
comparison of the experiments and simulation. This is important for examining the 
‘goodness’ of the newly developed potentials. 

According to solubility tables78 and our solubility test the following gold(I) salts are 
soluble in simple organic solvents: gold(I) chloride in nitromethane; and potassium 
dicyanoaurate(I) in methanol and nitromethane. For these systems in an international 
cooperation with Prof. Michael Probst we started to develop classical molecular 
dynamics pair potential. The gold(I)xantphos complex seems to be soluble only in 
nitromethane, but it is not excluded that a methanol soluble gold(I) complex will be 
synthesized in the future. 

In this chapter the pair potential fitting will be outlined. We focus on the reliability 
of the fitted potential parameters by comparing the classical molecular dynamics 
simulation TRDFs with the TRDFs obtained from X-ray diffraction measurements. 

4.1. Pair potential of gold(I)–nitromethane system 
According to our knowledge only experimental (X-ray diffraction, neutron 

diffraction or EXAFS) studies of gold(I) salts in nitromethane has been carried out and 
no classical molecular dynamics simulation is available in the literature. Further on, 
classical molecular dynamics pair potential function is not available. 

4.1.1. Theoretical studies and pair potential fitting 
Quantum chemical calculations were performed using LANL2DZ basis set for Au 

and D95V basis set for N, O, C and H at MP2 and HF level of theory. This choice of 
basis sets was motivated by the necessity of including relativistic effects for the Au and 
the LANL2DZ basis set and ECP is often used successfully for gold.79,80 The use of ECP 
approximation allows us to perform quantum chemical calculations on larger cluster. 
The BSSE corrected energies showed no significant difference between the two levels of 
theory, thus only the HF results were used for the fitting procedure. 

The electrostatic potential of the nitromethane molecule calculated on its van der 
Waals surface (Fig. 4.1.). From the electrostatic potential map one can see that the 
molecule can be divided to a positive half-space (CH3) and a negative one (NO2). This 
indicate that the gold(I) ion will coordinate to the NO2 group of the molecule. Based on 
this information we selected the most important directions for approaching the molecule 
with the gold(I) ion, in order to calculate the BSSE corrected interaction energies. 
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Figure 4.1. Electrostatic potential of nitromethane molecule on its Van der Waals surface. 

After calculation of the electrostatic potential of the nitromethane molecule the 
Au[nitromethane]+

n=1–10 complexes have been studied5. The interaction energies are 
calculated according to the following equation:  

E = E([Au(CN)2(nitromethane)n]–) - E(Au(CN)2
–) - n E(nitromethane),  

where the first term is the energy of the anion with n interacting nitromethane molecules, 
the second term represents the energy of the anion and the third term represents the 
energy calculated for the nitromethane molecule.  

The interaction energies by increasing the number of nitromethane molecules 
coordinated to the central gold(I) ion is presented on Fig. 4.2. This indicates that after 
the coordination of the first two nitromethane molecules, the increasing of interaction 
energy by coordinating more molecules is nearly linear.  

 
Figure 4.2. Nitromethane-gold(I) interaction energies by increasing number of coordinating 
nitromethane molecules. 
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This picture corresponds to a geometry, where O···Au···O angle is nearly linear and 
Au···O distance is 2.20 Å. The loosely bonded nitromethane molecules are located at 
3.0 Å (Au···O distance).  

Based on these results the potential parameter fitting has been carried out on a 
model complex, where two nitromethane molecules coordinated to the centre cation are 
held fixed and the BSSE corrected energies have been calculated between this complex 
and a moving nitromethane molecule on different pathways.5 The pair potential 
parameters for the gold(I)-nitromethane system were fitted to the following analytical 
formula:  
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where q is the charge of the interacting sites in the molecule obtained from NBO 
analysis; A, B, C and D are the fitted parameters; r the distance. The powers of r have no 
physical meaning, but they gave better fitting, which is presented on Fig. 4.3. The solid 
line is a y = x function in order to decrease the number of the points to be plotted. The 
BSSE corrected energies are located on this line, and the fitted energies are represented 
as filled circles. When most of the fitted points (filled circles) are located on the solid 
line, the fitting is perfect.  

 
Figure 4.3. Fitting accuracy of the Au[nitromethane]2

+–nitromethane potential. The solid line represents 
the y = x function and the calculated BSSE corrected interaction energies are distributed along this line. 
Filled circles are showing the fitted interaction energies. 

The quantum chemically calculated and fitted interaction energies are in good 
agreement. The fitted pair potential parameters for Au+-nitromethane are tabulated in 
Table 4.1. 
Table 4.1. Charges (electron unit) and fitted pair potential parameters (kcal/mol) for 
gold(I)-nitromethane. 

 q A B C D 
C -0.305 8906 -19650 1662 3.188 
H  0.146 650.6 -149.5 81.15 1.058 
N  0.821 0.0044 235.6 2500 1.851 
O -0.477 11810 -1054 69080 3.140 
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4.1.2. Molecular dynamics simulation and comparison with X-ray diffraction 
The next step of the classical pair potential development is the comparison of the 

solution structure of AuCl in nitromethane obtained from X-ray diffraction measurement 
and molecular dynamics simulation. As it is already mentioned, here we focus only on 
the test of the potential and will not going into the detailed description of the solution 
structure. Classical molecular dynamics simulation has been performed. The simulation 
box had a length of 35.561 Å and contained 499 nitromethane molecules, 1 Au+ and 1 
Cl– corresponding to the experimental density (1.13 g/cm3) and concentration (37 mM) 
of the solution. The interaction potential between nitromethane-nitromethane molecules 
were described by those published by Sorescu et al.44 and Cl––nitromethane interaction 
potential parameters have been fitted and calculated according to Lorentz-Berthelot 
combining rule (Appendix A, Cl···Cl: σ = 4.42 Å; ε = 0.118 kcal/mol). After 60 000 time 
step of equilibration the simulation was performed for 200 000 time steps, leading to a 
total simulation time, 400 ps. The configurations obtained during the simulation were 
analysed in terms of PRDFs, and the TRDF has been calculated in order to compare to 
that obtained from the X-ray diffraction measurement performed in our laboratory, 
Fig. 4.4. 

 
Figure 4.4. Total radial distribution function obtained from X-ray diffraction measurement and 
molecular dynamics simulation. 

The simulation performed by using the newly developed potential gives a result 
which has a good agreement on the level of total radial distribution function obtained by 
X-ray diffraction measurement. The small discrepancies may arise from experimental 
uncertainties and the quality of the potential, but overall, the fitting gives an acceptable 
result. 

4.2. Pair potential of [Au(CN)2]––nitromethane system 
In solution not the bare Au(I) or Au(III) exists, but a stable gold complex, for 

example the [Au(CN)2]– ion which is an especially stable and well-known gold complex, 
and is a potential starting chemical of synthesizing gold(I) containing complexes.81 Little 
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is known about the microscopic details of solution of this complex, and no pair potential 
exists in the literature to perform classical molecular dynamics simulation. 

4.2.1. Theoretical studies and pair potential fitting 
Quantum chemical calculations were performed using the same basis set and same 

level of theory as it is already mentioned in the case of gold(I)-nitromethane potential 
fitting due to same reasons and advantages described there. However anions require 
more diffuse basis sets but the negative charge of dicyanoaurate(I) anion is distributed 
over all atoms, as it is presented on Fig. 4.5.  

 
Figure 4.5. The electrostatic potential of dicyanoaurate(I) anion on the van der Waals surface. 

It can be seen that the anion is linear with 2.05 Å and 1.17 Å distances for Au–C 
and C–N, respectively and has a large diffuse negative charge, which is slightly less 
negative at the gold(I) and a slightly more negative at the two ends of the anion.  

Analysis of the interaction energies between the anion and solvent molecule 
(according to the formula given in the previous chapter) resulted that the increment in 
the interaction energy is nearly linear by increasing number of coordinating 
nitromethane molecules. The result is plotted on Fig. 4.6. 

 
Figure 4.6. Interaction energies between dicyanoaurate(I) anion and nitromethane molecules. 
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Thus the potential parameters are fitted to the BSSE corrected interaction energies 
between one anion and one solvent molecule in different orientations and different 
moving pathways6 to the following analytical expression: 
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where q are the charges of the j and k type of interacting obtained from NBO calculation; 
A, B and C are the fitted parameters; r distance. The function above has no physical 
meaning, but reproduces well the attractive and repulsive energies obtained from 
quantum chemical calculations, depicted on Fig. 4.7.  

 
Figure 4.7. Fitting accuracy of [Au(CN)2]––nitromethane potential. The solid line represents the y = x 
function and the calculated BSSE corrected interaction energies are distributed along this line. Filled 
circles are showing the fitted interaction energies. 

The fitted parameters are presented in Table 4.2.  
Table 4.2. Charges (electron unit) and fitted pair potential parameters (kcal/mol) for 
dicyanoaurate(I)-nitromethane. 

j k A B C qj qk 
Au C 10560 -5411 576.4 0.411 -0.305 
Au H 131.3 391.3 -163.8 0.411 0.146 
Au N 0.000 1890 -1331 0.411 0.821 
Au O 8406 -6535 1864 0.411 -0.477 
C1 C 8501 -5241 625.7 -0.433 -0.305 
C1 H 89.42 -176.6 233.5 -0.433 0.146 
C1 N 0.000 317.5 692.9 -0.433 0.821 
C1 O 339.5 1878 -1195 -0.433 -0.477 
N1 C 104.5 2440 -1142 -0.272 -0.305 
N1 H 0.000 168.6 -65.33 -0.272 0.146 
N1 N 5480 -4127 546.1 -0.272 0.821 
N1 O 2847 -1716 561.9 -0.272 -0.477 
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Due to the fact, that only a low concentration can be reached in the solution, no 

anion–anion interaction potential has been developed. Handling the anion-anion 
interaction in systems where the concentration is so low that the average distance 
between the anions is large it is satisfactory to describe the interaction by the Coulombic 
term, due to the fast attenuation of the pair potential energy at large distances.  

The interaction potential between K+ and [Au(CN)2]– ions is developed on the same 
way, using the same level of theory and basis sets described previously. The model 
potential function used here is identical to that one applied for the description of the 
[Au(CN)2]––nitromethane interaction. The fitting accuracy (Fig. 4.8.) is very good and 
the fitted parameters are listed in Table 4.3. The K+–nitromethane potential parameters 
are listed in Appendix A, the mixed terms were calculated using the Lorentz-Berthelot 
combining rule (K···K: σ = 4.93 Å; ε = 0.0004 kcal/mol). 

 
Figure 4.8. Fitted accuracy of [Au(CN)2]––K+ potential. The solid line represents the y = x function and 
the calculated BSSE corrected interaction energies are distributed along this line. Filled circles are 
showing the fitted interaction energies. 

Table 4.3. Fitted pair potential parameters (kcal/mol) and ion charges (electronic unit) for 
dicyanoaurate(I)–potassium ions (qK+ = +1.00). 

j k A B C qk 
K Au 9730 2880 -3260 0.330 
K C 16600 -16000 5150 -0.100 
K N 865.5 5150 -2760 -0.570 

4.2.2. Molecular dynamics simulation and comparison with X-ray diffraction 
We have performed a classical molecular dynamics simulation. The box length was 

35.561 Å, contained 459 rigid nitromethane molecules, 1 K+ and 1 [Au(CN)2]– ions 
(c = 36,4 mM, ρ = 1.13 g/cm3). The nitromethane–nitromethane interaction was 
described using the potential parameters by Sorescu et al.44 The simulation time step was 
0.5 fs. After 35.0 ps equilibration, the simulation was performed for 980 ps. The 
trajectory was analysed in terms of PRDFs and the TRDF has been calculated and 
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compared to that obtained from X-ray diffraction measurement, performed in our 
laboratory (Fig. 4.9.). 

 
Figure. 4.9. Comparison of the total radial distribution functions of K[Au(CN)2] in nitromethane 
obtained from X-ray diffraction measurement and molecular dynamics simulation. 

The accuracy between the measured and simulated system is good, meaning that the 
fitting of pair potential parameters is acceptable.  

4.3. Pair potential of [Au(CN)2]––methanol system 
Methanol is a potential solvent for structural studies of chemical compounds in 

solution due to its simple structure and fundamentally interesting from chemical physics 
perspective, as it is an analogue to water in which a methyl group replaces a single 
proton. From this sense the structure of liquid methanol has been widely studied and the 
mixture of water with methanol as well. We recently published an article where the 
structural parameters of the methanol and methanol-water mixtures are summarized and 
compared to previous results, and the hydrogen bonded network topology is studied as 
well.82 The structure of pure methanol is well known82 already, it is not a part of this 
thesis and we focus only on the structure of potassium dicyanoaurate(I)–methanol 
solution. 

4.3.1. Theoretical studies and pair potential fitting 
Quantum chemical calculations were performed using the pseudopotential by 

Peterson and Puzzarini for Au downloaded from EMSL basis set library83 and  
aug-cc-pVDZ basis set for N, C, O and H, at MP2 level of theory. The analysis of the 
potential electrostatic surface resulted a similar to that obtained in the previous section 
(Fig. 4.5.). The pair potential fitting has been carried out by calculating the BSSE 
corrected interaction energies between 1 dicyanoaurate(I) anion and 1 moving methanol 
molecule in different orientations and different pathways. The model potential function 
is identical to that used for the fitting of dicyanoaurate(I)-nitromethane pair potential. 
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The fitting accuracy respective to the interaction energies is good (shown on Fig. 4.10.), 
the resulting potential parameters are presented in Table 4.4. 
Table 4.4. Fitted pair potential parameters (kcal/mol) and ion charges (electronic unit) for 
dicyanoaurate(I)-methanol. 

j k A B C qj qk 
Au  C  -1698 4138 0.000 0.305 -0.156 
Au  H  329.0 -1308 1526 0.305 0.162 
Au  Hmethyl  54.40 -811.3 1156 0.305 0.478 
Au  O  -1430 3819 0.000 0.305 -0.808 
C   C  1087 -6420 9020 -0.053 -0.156 
C   H  -22.00 208.3 0.000 -0.053 0.162 
C   Hmethyl  167.3 -535.3 519.1 -0.053 0.478 
C   O  610.1 -597.5 0.000 -0.053 -0.808 
N   C  2421 -7145 7420 -0.599 -0.156 
N   H  -339.2 549.9 0.000 -0.599 0.162 
N   Hmethyl 236.2 -257.8 148.6 -0.599 0.478 
N O -1214 -372.3 3753 -0.599 -0.808 

 
The methanol–methanol and K+–methanol interaction will be modelled by using the 

OPLS potential, using the combining rules described in Appendix A. 

 
Figure 4.10. Fitting accuracy of the [Au(CN)2]––methanol potential. The solid line represents the y = x 
function and the calculated BSSE corrected interaction energies are distributed along this line. Filled 
circles are showing the fitted interaction energies. 
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4.3.2. Molecular dynamics simulation and comparison with X-ray diffraction 
A classical molecular dynamics simulation - using box length 33.274 Å for the cube 

- has been performed. The simulation box contained 500 rigid methanol molecules, 6 K+ 
and 6 [Au(CN)2]- ions (c = 0.28M, ρ = 0.80 g/cm3). The simulation time step was 2.0 fs. 
After 60.0 ps equilibration, the simulation was performed for 120 ps. The trajectory was 
analysed in terms of PRDFs and the TRDF has been calculated and compared to the 
function obtained from X-ray diffraction measurement, performed in our laboratory 
(Fig. 4.11.) 

 
Figure 4.11. Comparison of total radial distribution functions of K[Au(CN)2] in methanol obtained from 
X-ray diffraction measurement and molecular dynamics simulation. 

The accuracy between the measured and simulated system is very good, on the level 
of TRDFs, meaning that the developed potential is acceptable. The fitting of pair 
potential parameters for [Au(CN)2]–- methanol are not published yet. 
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5. Complete structural characterization of 
octaacetatotetraplatinum(II) in acetic acid solution 

We are interested in studying water soluble complexes, due to the following 
reasons. Water is the most commonly studied solvent in the literature. It has several 
advantages, for example low contribution to the total scattering picture, well-known 
structure, etc. The complex I introduce here is a promising starting point to prepare 
water soluble complexes by replacing the ligands coordinated to the metal ions. As a 
first step we studied its structure in glacial acetic acid. 

[Pt(CH3COO)2]4 complex was synthesized at our institute (László Kótai) with a 
slightly modified method of Basato et al.84 The end product was checked by elemental 
analysis and NMR measurement, which confirmed the presence of the [Pt(CH3COO)2]4 
complex. The water content of glacial acetic acid – used for the synthesis and X-ray 
diffraction measurement – has been measured by Karl-Fischer titration before use. The 
physical properties of the solution prepared are tabulated in Table 5.1. 
Table 5.1. Physical properties of the samples studied: salt concentration c, mass density ρ, linear X-ray 
absorption coefficient μ, and atomic number density ρ0. 

 c (mol/dm3) ρ (g/cm3) μ (cm–1) ρ0 (10–24cm3) 
acetic acid – 1.049 0.893 0.0843 

solution 0.0667 1.091 6.540 0.0833 

5.1. Literature overview 
The molecular self-assembly and supramolecular chemistry seems to be of 

considerable interest and research activity has a broad impact on a wide range of 
materials. It is more and more important to describe the solution structure of complexes, 
with complicated geometries. The most important question is whether or not a complex 
retains its shape in solution. Further on the solvation sphere around a relatively big 
solvate is difficult to analyse. Only a few attempts have been made in the literature for 
the description of the structure of complex solutions.85,86 

[Pt(CH3COO)2]4 complex is a well-known cluster complex of divalent platinum 
with unique structure87 and reactivity.88,89 It has square planar geometry, composed of 
four platinum(II) ions. The coordination geometry around each platinum ion is a 
distorted octahedron if the Pt–Pt bonds are included. [Pt(CH3COO)2]4 complex shows a 
variety of interesting properties. Some derivatives of the Pt4 cluster in which all or some 
acetates in-plane are replaced by bidentate or hexadentate ligands were prepared and 
examined.90 Tetrameric Pt(II) acetate shows photoluminescence in solution.91 A new 
optically active tetranuclear platinum cluster complex, which has two diastereotropic 
platinum centres, was prepared by L-proline substitution for the in-plane acetate 
ligands.92 Structures of Pt species derived from [Pt(CH3COO)2]4 complex on an α-
Al2O3(0001) single-crystal surface were studied by means of in-situ polarization-
dependent total reflection fluorescence EXAFS and XANES techniques.93 

The structure of acetic acid is interesting itself, and it has been extensively studied 
in the last few decades. Acetic acid has four hydrogen-donor sites (a hydroxyl hydrogen 
and three methyl hydrogens) and two acceptor sites (a hydroxyl oxygen and a carbonyl 
oxygen) in a molecule. Therefore various kinds of associations of acetic acid molecules 
can be expected. In the vapour phase, acetic acid exists in a mixture of two species, 
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monomers and dimers, at temperatures <150 °C.94 The cyclic dimer formed by hydrogen 
bonding is known to have a planar ring structure of C2h symmetry from electron 
diffraction studies.95 This dimer is therefore called a cyclic dimer. The structure of acetic 
acid in the solid state has been solved by X-ray diffraction technique;96 acetic acid 
molecules form chain structures by hydrogen bonds but do not form cyclic dimers. In the 
solid state, a weak hydrogen bond between the methyl and carbonyl groups of two acetic 
acid molecules may stabilize the chain structure. A neutron diffraction experiment on a 
single crystal of acetic acid has also shown infinite chain structure in the solid state.97,98 
Recently it is accepted that the cyclic dimer of acetic acid molecules predominates only 
in the gas phase.99 

The liquid structure of acetic acid is also considered to be formed mainly by 
hydrogen bonding interactions. Information on the liquid structure is, however, more 
limited than that on the gas and the crystalline phase, which can be derived from neutron 
and X-ray diffraction measurements. Bertagnolli and Hertz have performed neutron 
diffraction measurements on liquid acetic acid.100,101 They found the remarkable 
constancy of the hydrogen bond length as the substance passes from the crystalline to the 
liquid state. Comparison of the simulated results based on the crystal-like cyclic dimer 
structure and the chain structure existing in the crystalline state suggested that the cyclic 
dimer structure yields a better description of the structure of liquid acetic acid. Other 
structures, such as chain “fragments” of the crystalline networks, were not discussed in 
the report. 

There have been a few reports on the structure of liquid acetic acid and acetic  
acid–water mixtures by using X-ray diffraction measurements.102,103 The hydration 
structure of acetate ions in aqueous sodium acetate solutions has been studied by neutron 
diffraction with 12C/13C and H/D isotopic substitution.104 It has been found that the 
carboxylate group is hydrated by 4.0 water molecules with the C···D distance 2.63 Å 
between the carboxylate carbon and water hydrogen atoms. Recently, Takamuku et al.105 
performed a detailed structural study of acetic acid. Their results have shown that acetic 
acid molecules mainly form chain structure by hydrogen bonding in the pure liquid; the 
hydroxyl and carbonyl groups of an acetic acid molecule play roles as proton donor and 
acceptor, respectively, to other molecules in the chain structure. Moreover, acetic acid 
molecules released from the chain structure prefer an anti-dipole alignment. Molecular 
dynamics (MD) and Monte Carlo (MC) simulations have been performed on pure acetic 
acid as well.106,107 

The aim of this study was at first to obtain structural information about the solution 
mainly focusing on the solvated complex, moreover to try to describe the  
often-neglected complex–solvent interaction in a complex system like the present one. 
At last, the change in the bulk structure of the solvent due to the presence of a big 
solvate is also presented. 

5.2. Quantum chemical calculations 
The geometry of the complex used in simulation was obtained from B3LYP density 

functional calculation using SDD basis set. The charges on the atoms in the complex 
were obtained by Mulliken analysis. The notations used throughout this chapter and the 
optimized structure for the acetic acid molecule and for the [Pt(CH3COO)2]4 complex are 
depicted on Fig. 5.1. 
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Figure 5.1. Ball and stick representation of acetic acid and [Pt(CH3COO)2]4 molecules. 

5.3. Structural results from X-ray diffraction 
The X-ray structure functions, derived from experiment and simulation are shown in 

Fig. 5.2. The intramolecular contribution of the solvent and the ligand (acetate ion) to the 
structure function of the solution was subtracted and the resultant difference curve was 
analysed to obtain structural information about the [Pt(CH3COO)2]4 complex. 

O2 

Oeq 

Oax 

CH3
cplx 

C1 C2 

O1 



 44

 
Figure 5.2. Structure functions kh(k) for acetic acid (open circles) and [Pt(CH3COO)2]4 solution in acetic 
acid (circles) obtained by X-ray diffraction and their difference structure function (lines). 

The radial distribution functions are shown in Fig. 5.3.a. and 5.3.b. The following 
intramolecular contributions give rise to the first peak centred around 1.3 Å: 
intramolecular contributions from acetic acid and from the ligand, such as  
C1–C2 and C1–O bonds and nonbonding C2···O and O1···O2, respectively. Beside these 
interactions, which contribute also to the next peak at 2.40 Å, intermolecular interactions 
appear between the acetic acid molecules and Pt–Pt, Pt–O interactions from the complex 
as well. 

After the subtraction of the intramolecular contributions of the acetic acid molecule 
from the TRDF of the solution, the difference radial distribution function is resulted, 
shown in Fig. 5.3.a. and 5.3.b. With this operation the evaluation of the peak at 2.40 Å 
becomes more obvious.  

 
Figure 5.3. Radial distribution functions for a) acetic acid from X-ray diffraction and molecular 
dynamics simulation and b) solution of the [Pt(CH3COO)2]4 complex compared to pure acetic acid 
obtained from X-ray diffraction. 

A broad peak appears in the range 2.85–3.95 Å. For this peak mainly intermolecular 
interactions from acetic acid and nonbonding Pt···Pt interactions are responsible. 
Another broad peak appears in the range 4–6.5 Å. Intermolecular interactions from the 
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solvent and from the solvation shell around the [Pt(CH3COO)2]4 complex form these 
peaks, which are difficult to resolve because of their complexity. Therefore a model 
analysis can reveal the major contributions only tentatively in this region of the TRDF.  

First the structure of the acetic acid is discussed. Structural parameters obtained 
from the least-squares fit of the structure function kh(k) for acetic acid, shown in 
Fig. 5.2., are in agreement with previous findings. The fitting procedure resulted in 
1.45(1) Å for the C–C intramolecular interaction. C1–Ol and C1–O2 distances have been 
found to be equal to 1.20(1) Å and 1.32(1) Å, respectively. The nonbonding interactions 
resulted in: C2···O1 2.40(1) Å; C2···O1 2.35(1) Å and O1···O2 2.20(1) Å. Once the 
intramolecular structure was determined, the intramolecular structural parameters were 
held fixed during the fitting procedure and various models were tested to determine the 
intermolecular structure of the liquid. Trial models containing acetic acid in cyclic 
dimers or dimers in parallel and/or antiparallel orientations failed completely. Then a 
decision has been made not to assume any initial intermolecular geometrical picture for 
the structure at the beginning of the fitting procedure. O···O intermolecular interaction 
was found to be 2.65(1) Å and the coordination number resulted in 0.90(3). It should be 
mentioned that the distance of O···O hydrogen bond between acetic acid molecules is 
much shorter than those for other protic solvents, such as water and methanol. This short 
value was found probably due to the acidity of the hydroxyl group of the acetic acid 
molecule. Our results are in accordance with previous findings, from X-ray102,103 and 
neutron101 diffraction experiments. Recently, Takamuku et al.105 performed a detailed 
structural study of acetic acid. It has been found that the acetic acid molecules mainly 
form chain structure by hydrogen bonds. The hydroxyl and carbonyl groups of a 
molecule play roles as proton donor and acceptor to other molecules. This liquid 
structure is comparable with the structure of the acetic acid in solid state. Our results 
support the structural picture of acetic acid obtained by Takamuku et al., namely, that the 
acetic acid molecules mainly form chain structure by hydrogen bonds, but cyclic 
structures might also appear. 

Hereafter I present the structure of the complex [Pt(CH3COO)2]4 and the solution. 
Fig. 5.3.b. shows the comparison of TRDFs obtained for the solvent and solution. It can 
be observed that the same peaks arise at 1.3 Å and 2.4 Å from the intramolecular 
interaction of the acetic acid molecule and the ligand. After the subtraction of the 
intramolecular solvent and ligand contribution to the scattering picture of the solution, 
the first peak remaining on the intermolecular TRDF of the solution is higher and shifted 
down to 2.50 Å compared to the intermolecular TRDF of the acetic acid. This is due to 
the bonding Pt–Pt and Pt–O interactions, which appear, conform to the single-crystal X-
ray diffraction studies,87 around 2.55 Å and 2.02 Å, respectively. The nonbonding Pt···Pt 
distance was found to be 3.5 Å. 

Fig. 5.4. shows the composition of the TRDF of the solution. One can observe that a 
quite well defined peak appears around 3.5 Å on the TRDF of the solution, containing 
both the complex and the intermolecular interactions (filled circles in Fig. 5.4.). This can 
be assigned to the nonbonding Pt···Pt interaction, which might imply that the 
[Pt(CH3COO)2]4 complex exists in solution. From the present solution X-ray diffraction 
study the platinum–platinum distances obtained from the least-squares fit of the 
difference structure function kh(k) are 2.56(1) Å for the bonding Pt–Pt and 3.53(5) Å for 
the nonbonding Pt···Pt distances, respectively. This means that the [Pt(CH3COO)2]4 
complex retains its structure in solution. The Pt–O distance should have been identified 
around 2 Å, but at this value the TRDF presents a minimum and due its low contribution 
to the total scattering picture was not possible to determine. 



 46

 
Figure 5.4. Radial distribution functions for [Pt(CH3COO)2]4 complex obtained from X-ray diffraction 
and molecular dynamics simulation. Circles: experimental values not containing the intramolecular 
contribution from acetic acid and acetate ions; solid line: intramolecular platinum-platinum 
contribution; open circles: intermolecular contribution from X-ray diffraction experiment; dashed line: 
intermolecular contribution from molecular dynamics simulation. 

After the subtraction of all complex and solvent intramolecular interactions the 
difference TRDF containing the intermolecular complex–solvent and solvent–solvent 
interactions (open circles in Fig. 5.4.) is obtained. Due to the complexity of this system, 
further analysis of the interactions between the complex and solvent and the structural 
changes in the bulk of the solvent are possible only on the basis of a joint simulation  
- diffraction study. For this reason molecular dynamics simulation of acetic acid and 
[Pt(CH3COO)2]4 complex solution in acetic acid were performed. 

5.4. MD simulation results  
A classical MD simulation has been performed. The simulation box contained 512 

rigid acetic acid molecules. The side length of the cube was 36.511 Å corresponding to 
the experimental density.  

For the solution of [Pt(CH3COO)2]4 complex in acetic acid the simulation box 
contained 513 rigid acetic acid and 2 rigid [Pt(CH3COO)2]4 complexes. The side length 
of the cube was 36.990 Å.  

The potential parameters108 for liquid acetic acid are listed in Table 5.2. The 
Lennard-Jones parameters for the acetate ions in the complex are the same as for the 
acetic acid molecules and the parameters used for the platinum109 are listed as well. 

After equilibrating for 60 000 time steps, the simulation was performed for 200 000 
time steps leading to the total simulation time of 400 ps. 

In order to qualify our molecular dynamics simulations and the potentials used, 
comparison of the structure functions and the TRDFs obtained from simulations and 
from X-ray diffraction experiments was performed. The comparison of TRDFs obtained 
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from experiment and simulation of the system has already shown in Fig. 5.3.a. for the 
acetic acid and Fig. 5.4. for the solution, respectively. 
Table 5.2. Interaction potential parameters for liquid acetic acid and complex. Charges are given in 
electron units. 

 σ(Å) ε(kcal/mol) q  
C1 3.50 0.066 -0.280 
H(C1) 2.50 0.030 0.093 
O1 3.18 0.094 -0.530 
O2 2.67 0.290 -0.440 
C2 3.73 0.090 0.520 
H(O1) 0.00 0.000 0.450 
Pt 0.00 0.000 0.900 

 
It can be observed that the agreement is in the same level for the pure liquid and the 

solution and can be considered satisfactory. The discrepancy between the TRDFs 
obtained by simulation and X-ray diffraction, in region 4–7 Å may be due to both the 
potential model applied in the simulation and to the experimental uncertainties.  

The PRDFs of the acetic acid and solution obtained from simulations are presented 
in Fig. 5.5. The characteristic values of PRDFs obtained are given in Table 5.3.  

 
Figure 5.5. Partial radial distribution functions describing the arrangement of the acetic acid molecules 
in the pure liquid and [Pt(CH3COO)2]4 complex solution obtained from molecular dynamics simulation. 
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Table 5.3. Characteristic values for the intermolecular interactions of partial radial distribution 
functions in the acetic acid and in the solution. Atom-atom distances are in Å. 

bond type rmax gαβ(rmax) rmin nαβ(rmin) 
acetic acid 

C1···C1 4.48 2.25 6.58  11.2  
O1···O1 2.78 0.80 3.08  0.37  
O1···O2 2.68 2.39  3.13  0.93  
O1···H1 1.78 0.68  2.38 0.15  
C2···O1 3.58 1.00 3.93  1.43  
C2···O2 3.63 0.90  4.13  1.59  

solution 
C1···C1 4.48  2.15  6.58  11.0  
O1···O1 2.78  0.88  3.08  0.40  
O1···O2 2.68  2.53  3.13  0.95  
O1···H1 1.78  0.76  2.38  0.16  
C2···O1 3.68  1.23  3.93  1.34  
C2···O2 3.68  1.15  4.13  1.61  

 
A significant change can be detected on the solvation sphere of the methyl group in 

the acetic acid as appears on C2···C2, C2···O2, and C2···O1 PRDFs due to the solvation 
of the complex. Concerning PRDFs, O1···O1, O1···O2, which describe the hydrogen 
bonding interactions, they are nearly identical in both systems. On the basis of 
coordination numbers (O1···O1 and O1···O2) one can conclude that the  
hydrogen-bonded structure of the acetic acid is not changing significantly in the solution 
relative to the pure liquid.  

 
Figure 5.6. Partial radial distribution functions describing the complex-solvent interaction obtained 
from the molecular dynamics simulation. 
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Fig. 5.6. shows the PRDFs describing the complex–solvent interactions, the 
structural parameters obtained from the simulation of the solution are presented in Table 
5.4. The hydrogen-bonded interaction between the complex and acetic acid molecules is 
very weak, only the oxygen atoms in axial position form hydrogen bonds with the 
solvent molecules. The methyl groups of the complex are solvated weakly about 3–4 
acetic acid molecules located about ~4 Å distance around the methyl groups of the 
complex.  
Table 5.4. Characteristic values for the radial distribution functions gi,j(r) for the solvation sphere of 
[Pt(CH3COO)2]4. Distances are given in Å. 

bond type rmax gαβ(rmax) rmin nαβ(rmin) 
Oax···H 1.72 0.60 2.42 0.16 
C2···Oax 3.72 0.66 4.32 1.84 
C2···Oeq 3.65 0.92 4.67 2.91 
CH3

cplx···O1 3.72 1.11 4.62 3.36 
CH3

cplx···O2 3.67 0.92 4.82 2.95 
 

Fig. 5.7. reveals, that the complex–solvent interaction contributes in a very small 
amount to the intermolecular TRDF of the solution, appearing as a slightly increasing 
flat background.  

 
Figure 5.7. Contribution of complex-solvent interaction (open circles) and bulk acetic acid (filled circles) 
interactions to the total intermolecular radial distribution function (solid line) as obtained from 
molecular dynamics simulation of [Pt(CH3COO)2]4 solution. 

Fig. 5.8. presents the snapshot obtained from simulation showing the arrangement of 
the acetic acid molecules around the [Pt(CH3COO)2]4 complex.  



 50

Spatial distribution of the acetic acid neighbour molecules in the solvation shell 
around the [Pt(CH3COO)2]4 complex is shown in Fig. 5.9. It can be observed that a 
relatively diffuse solvation shell is formed around the solvated complex. No special 
orientation of the acetic acid molecules can be detected. 
 

 
Fig. 5.8. A snapshot obtained from simulation showing the arrangement of the acetic acid molecules 
around the [Pt(CH3COO)2]4 complex. 

 
Figure 5.9. Spherical distribution of the acetic acid molecules in the solvation sphere of the 
[Pt(CH3COO)2]4 complex. 
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5.5. Conclusions  
A combined theoretical and experimental studies of liquid acetic acid and solution 

of [Pt(CH3COO)2]4 complex in acetic acid were carried out. The results of molecular 
dynamics simulations and diffraction experiments were compared in order to obtain a 
more reliable picture of the structure of the liquid and the solution. To the best of our 
knowledge this is a unique joint application of experimental and theoretical methods, 
which resulted in a successful description of the solvation sphere of a metallacyclic 
complex in solution. 

Our results obtained from the liquid diffraction study of the acetic acid show that the 
acetic acid molecules mainly form chain structure by hydrogen bonds, where the 
hydroxyl and carbonyl groups of a molecule play role as proton donor and acceptor to 
other molecules, respectively. From present solution X-ray diffraction study the 
platinum–platinum distances obtained from the least-squares fit of the difference 
structure function kh(k) are 2.56(1) Å for the bonding Pt–Pt and 3.53(5) Å for the 
nonbonding Pt···Pt distances, respectively. This means that the [Pt(CH3COO)2]4 complex 
retains its structure in the solution. 

Total radial distribution functions of MD simulation and X-ray diffraction agree 
well. The discrepancy between the TRDFs obtained from simulation and X-ray 
diffraction may be due to both the potential model applied in the simulation and to the 
experimental uncertainties but the theoretical and experimental findings are in general 
accordance.  

From the analysis of the PRDFs of the acetic acid and solution obtained from 
simulations a significant change can be detected on the solvation sphere of the methyl 
group. The hydrogen-bonded structure of the acetic acid is not destroyed in the solution 
compared to the pure liquid. 

It should be emphasized, that only the combination of diffraction and simulation 
techniques resulted detailed structural information on the solution. For the exploration of 
the solution structure, therefore for deeper understanding of such delicate problems like 
complex solvation and determination of the solvation sphere of a metallacyclic 
molecule, it is advisable to apply simultaneously theoretical and experimental methods. 
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6. Complete structural characterisation of gold(I)xantphos 
in nitromethane solution  

Knowing the structure of liquid nitromethane (Chapter 3.) and the gold(I) 
pairpotential (Chapter 4.), our aims were to obtain structural information about the 
solvation of the complex, and to describe the often-neglected complex–solvent 
interaction. The change in the bulk structure of the solvent due to the presence of a large 
solute was also the subject of this study. To perform the complete  
structural characterization of the solution of gold(I)xantphos  
[bis(μ2-xantphos-P,P)digold(I)dinitrate)] complex in nitromethane, X-ray diffraction 
combined with molecular dynamics simulation was applied on a 179 mM solution. To 
follow up the structural variation in the bulk solvent, a molecular dynamics simulation of 
a very dilute (4 mM) solution was also performed. This was the first such a combined 
experimental and theoretical study of supramolecular species in solution in the literature. 

6.1. Literature overview 
A major challenge in supramolecular chemistry and self-assembly, including the 

metal directed approach, is the proper structural characterization of the system. This task 
is made especially difficult because of the complexity and nanoscale dimensions of 
supramolecular ensembles and architectures. Mass spectrometry and multinuclear NMR 
spectroscopy are the most commonly used technique to provide proof of composition 
and to deduce structural information, respectively. In cases where a suitable single 
crystal can be obtained, classical single crystal X-ray diffraction provides the most 
reliable structural data. It is recognized that very weakly coordinated networks formed in 
the solid state upon crystallization and do not exist as discrete species in solution.110 
With the development of high-speed computers, interest in liquid and solution structures 
of molecules have steadily grown.111a-105h Only a few attempts have been made on the 
description of the structure of complex solutions.112a-106f These studies were focused on 
the determination of the structure of the solvated supramolecules, and no description of 
the solvation sphere and modification in the structure of the solvent were given. 

Gold(I)xantphos complex is a recently synthesized and reported112b 
16-membered gold(I) ring showing short 1,9-transannular Au···Au aurophilic 
interactions: [Au2(μ-xantphos)2](NO3)2. The xantphos ligand is shown on Fig. 6.1.a., the 
structure of the twisted skeleton of the complex on Fig. 6.1.b. and the structure of the 
complex is shown on Fig. 6.1.c. 

The Au···Au distance generally ranges from 2.75 Å to 3.40 Å113 and the shorter 
distances are often dedicated to the so-called aurophilic interaction, which has strength 
of attraction comparable to that of hydrogen bonding.114 From single crystal X-ray 
diffraction measurement of the gold(I)xantphos complex it was observed that the 
Au···Au distance in the complex is very short, 2.858(1) Å.112b  

Solution X-ray diffraction measurement was performed112b to determine the 
structure and the aurophilicity of gold(I)xantphos after dissolution in nitromethane. 
Alone from X-ray diffraction measurement, the Au–P (2.34(1) Å), Au···Au (2.91(1) Å) 
and the diagonal Au…P distances (3.88(2) Å) can only be characterized.  
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a) 

 
b) 

 
Figure 6.1. a) Structural formula of xantphos ligand; b) Structure of the skeleton of the complex; c) Ball 
and stick representation of the structure of the gold(I)xantphos complex from single crystal X-ray 
diffraction measurement. 

It is observed from X-ray diffraction measurement in solution together with the  
1H-NMR and 31P-NMR measurements, that the complex retains its structure in 
solution.112b The UV-vis measurement of the gold(I)xantphos complex showed that the 
complex is barely luminescent at room temperature, but shows an intense light emission 
in rigid ethanol glass at 77 K.112b Therefore this complex is an ideal tool as a candidate 
for use in the development of molecular sensors and switches or energy storage devices. 

6.2. Structural results from X-ray diffraction  
The physical properties of the nitromethane solution of gold(I)xantphos complex 

were: c=179 mM, density ρ=1.3 g/cm3. The TRDF obtained from X-ray diffraction 
measurement is shown in Fig. 6.2.  

The following intramolecular contributions give rise to the first peak centred around 
1.2 Å: intramolecular contributions from nitromethane, C–N, C–O, C–H,  
O–H, N–H; from the ligand, C–C, C–P, C–O, C–H, O–H, P–H. These interactions 
contribute obviously to the next peak at 2.3 Å and 2.9 Å (see the previous chapter on 
these contributions), too. After the subtraction of the above intramolecular contributions 
from the TRDF of the solution, the difference PRDF is resulted, shown in Fig. 6.2. 
Further on, subtracting the gold–gold and gold–phosphorus intramolecular contributions 
the intermolecular TRDF is obtained, shown in Fig. 6.3. 

c) 
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Figure 6.2. Radial distribution functions and intermolecular contributions for gold(I)xantphos complex 
in nitromethane. (dots) total radial distribution function, (dashed) intramolecular contribution of the 
solvent, (open circles) intramolecular contribution from the ligand, (line) difference radial distribution 
function. 

 
Figure 6.3. Intermolecular radial distribution functions for solutions of gold(I)xantphos complex 
obtained from X-ray diffraction and molecular dynamics simulation: (black dots) XD experiment, 
(black line) MD simulation, (open circles) solvent–solvent contribution, (squares) complex–solvent 
contribution, (open squares) Au–solvent contribution. 

The intermolecular radial distribution function describing the complex–solvent 
interactions together with those obtained for solvent–solvent interaction and the 
interaction of gold(I) ion with the solvent are also shown. It can be observed that the 
complex-solvent interaction appears as a slightly increasing background and contributes 
in a very small amount to the total intermolecular radial distribution function. The  
gold–solvent interaction is very low representing about 10% of the total intermolecular 
radial distribution function at long distances.  

Owing to their complexity the interactions between the solute and solvent molecules 
can only be estimated. Therefore the solvation properties of the supramolecule cannot be 
described applying the diffraction method alone. However, evaluation of the diffraction 
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measurement data using complex–solvent and solvent–solvent radial distribution 
functions, determined from molecular dynamics simulation, the structure of 
supramolecular complexes could be determined in a straightforward way. 

6.3. MD simulation results 
We have performed a classical molecular dynamics simulation. The simulation box 

contained 526 nitromethane and 6 gold(I)xantphos complexes. The geometry of the 
complex molecule was determined from that obtained from single crystal X-ray 
diffraction structure refinement. The charges on the atoms from supramolecular complex 
were obtained with B3LYP/SDD method using natural bond orbital analysis (NBO). The 
side length of the cube was 37.541 Å, which corresponds to the experimental density of 
the solution. Potential parameters used for description of interactions between the 
complex, solvent and anion are presented in Appendix A. Cross terms were calculated 
using Lorentz-Berthelot combining rule (for definition see Appendix A). After 225 000 
time steps of equilibration, the simulation was performed for 2 000 000 time steps, 
leading to the simulation time of 4 ns. 

The radial distribution functions obtained from X-ray diffraction experiment is 
compared to those obtained from classical molecular dynamics simulation, presented in 
Fig. 6.3. The agreement between experiment and simulation is good. 

The structures collected during the simulation were analysed in terms of PRDFs for 
the various atom-atom pairs. The characteristic values of PRDFs obtained for 
nitromethane–nitromethane, complex–nitromethane and gold–nitromethane interactions 
are given in Table 6.1. Fig. 6.4.a. shows the partial radial distribution functions 
describing the solvation sphere of the complex.  
Table 6.1. Characteristic values for the radial distribution functions gi,j(r) for the intermolecular 
interactions in solution and the corresponding running integration numbers, ni,j. Atom-atom distances 
are given in Å. 

bond type rmax g(r)max rmin nrmin 
nitromethane in solution 

N···N 5.17 1.80 6.67 18.1 
C···N 4.22 2.57 5.07 9.08 
C···O 3.47 2.45 4.57 6.40 
C···C 5.22 2.21 6.52 19.1 
N···O 4.47 1.62 5.42 11.5 
O···H 2.77 1.55 3.72 2.96 

gold-solvent 
Au···N 5.17 0.66 5.72 0.46 
Au···H 7.27 1.26 7.67 10.5 
Au···C 4.22 1.00 4.92 1.34 
Au···O 3.07 0.68 3.82 0.58 

complex-solvent 
Pcomplex···Csolvent 5.38 1.02 6.48 3.94 
Ocomplex···Nsolvent 5.88 0.97 6.33 3.41 
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Figure 6.4. a) Pcplx–Csolvent and Ocplx–Nsolvent partial radial distribution functions (obtained from MD) 
showing how the solvation sphere of gold(I)xantphos complex is built up. Pcplx–Csolvent was up-shifted 
with 1.3; b) Spherical distribution of the nitromethane molecules (dark grey) and nitrate anions (orange) 
in the solvation sphere of the complex; c) Spherical distribution of the nitromethane molecules in the 
solvation sphere of the nitrate anion. 

It can be observed that at a distance of 5.87 Å from the oxygen atom (Ocplx) the 
solvation sphere is starting to build up; at 9 Å the solvation sphere is formed. Similarly, 
at a distance of 6.35 Å from the Pcplx, the solvation sphere in the surroundings of 
phosphorus atoms is formed, and at 9 Å the complete solvation sphere is evolved. 
Spatial distribution of the nitromethane neighbour molecules in the solvation shell 
around gold(I)xantphos complex is presented in Fig. 6.4.b. The solvation sphere of the 
complex is slightly distorted following the shape of the molecule. It has been found that 
a relatively diffuse solvation shell is formed around the complex. The nitrate ions are 
distributed in the solvation shell and are not directly bonded to the gold(I) ions. They are 
located on the more positive side of the complex, due to its dipole moment, oriented 
perpendicular to the Au–Au bond. Fig. 6.4.c. represents the spatial distribution of 



 57

nitromethane molecules around the anion when Nanion···Nsolvent distances are shorter than 
10 Å. There are two layers of molecules in the solvation shell of the anion: the closer 
layer is in the direction of the bisector of O–N–O angle and the other one in the direction 
of the oxygen atoms. 

The orientations of the neighbouring molecules can be characterized by the angle 
dependent pair distribution function. Fig. 6.5.a. shows the orientation of nitromethane 
molecules relative to the complex. The peak at 6.4 Å and 45° appears because of the 
nitromethane molecules directly bound to the gold(I) ions by their nitro groups. The 
nitromethane molecules in the solvation sphere are distributed randomly; no special 
orientation can be detected. Fig. 6.5.b. shows the distribution of the angle between the 
dipole moment vector of central and neighbouring molecules as a function of N···N 
distance, showing the orientation of molecules in the bulk. In liquid nitromethane only 
the first nearest neighbours tend to be oriented in an antiparallel form. For N···N 
distances longer than 4.0 Å, the angular distribution is almost uniform, indicating that 
the preference in orientation is lost very quickly (as it has been already shown in Chapter 
3.). In solution, besides the antiparallel orientation (3.2 Å), the T-shape orientation of 
nitromethane molecules appears around 4 Å, and at 7 Å a long-range order of the 
nitromethane molecules in an antidipole orientation can also be detected. 

 
Figure 6.5. Distance dependent angular distribution function in the case of 179 mM solution: a) angle 
(Φ) between the centre of gold(I)xantphos complex and C–N bond of the nitromethane molecules (centre 
of the complex molecules are defined as the midpoint of the gold-gold bond); b) angle (Θ) between the 
dipole moment vector of central and neighbouring nitromethane molecules. 

Fig. 6.6. shows the interaction energy of gold(I)xantphos complex with 
nitromethane molecules. The interaction energy is attractive and two regions should be 
discussed: there is a maximum on the distribution at -10 kcal/mol and 6.4 Å 
corresponding to the nitromethane molecules coordinated to the gold(I) ions; the other 
maxima show that the attractive interaction energy in the solvation sphere decreases 
from -5 kcal/mol to 0 kcal/mol as the distance increases from 7 Å to 10 Å. 

Performing the comparison of the partial radial distribution functions, shown in Fig. 
6.7., obtained for the solvent in both solutions (4mM and 179mM) and the pure solvent, 
it has been found that with increase in concentration mainly excluded volume effects 
appear. The increase of the local density at low r is inversely proportional to the relative 
volume of solvent in solution. Since this volume decreases with increasing solute 
concentration, an increase of the height of the solvent-solvent correlations at low r can 
be detected.115 
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Figure 6.6. Complex–solvent interaction energy distribution as a functions of distance, r; nmp is the 
number of molecular pairs. 

 
Figure 6.7. Partial radial distribution functions describing the arrangement of the nitromethane 
molecules in the pure solvent (solid line) and in the solution of gold(I)xantphos complex (4mM open 
circles , 179mM dots) obtained from molecular dynamics simulation. 
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6.4. Conclusions 
It should be emphasized, that only the combination of diffraction and simulation 

techniques could result in the complete structural characterization of the solution. By the 
joint application of the two methods we were able to describe not only the structure of 
the complex, but the solvation properties of the gold(I)xantphos complex in 
nitromethane by analysing the solvation sphere, and the effect of the solvation on the 
bulk structure as well. 

It is revealed from X-ray diffraction measurement that the gold(I)xantphos complex 
retains its structure in solution. Thus for the molecular dynamics simulation the 
geometry obtained from single crystal X-ray diffraction structure refinement was used.  

The agreement between the X-ray diffraction experiment in solution and MD 
simulation is good. The solvation sphere of the complex is slightly distorted following 
the shape of the molecule. It has been found that a relatively diffuse solvation shell is 
formed around the complex. The nitrate ions are located on the more positive side of the 
complex, due to its dipole moment, oriented perpendicular to the Au–Au bond.  

From the analysis of the PRDFs and the orientation of the neighbouring 
nitromethane molecules, it is observed that there is a nitromethane molecule coordinated 
by its nitro group directly to the gold(I) ion by  
-10 kcal/mol interaction energy. This can be an evidence of the luminescence property of 
the gold(I)xantphos supramolecule in solution. 

Analysing the structure of nitromethane in the solvent sphere shows no significant 
orientation not taking into account the solvent molecules coordinated to the gold(I) ions. 
The bulk structure of nitromethane solvent in the solution shows antiparallel 
arrangement, which is lost very quickly as distance increases. Besides the antiparallel 
orientation a T-shape arrangement has been found as well.  

Results presented are based on the results introduced in the previous chapters. It has 
been shown that the detailed study of the solvent structure is very important from the 
viewpoint of analysing more complex systems in liquid state. The studied systems in this 
thesis give clear evidence that combining computer simulation techniques with X-ray 
diffraction measurement in solution give us very detailed description of the solution. 
Using this structural information it will probably be possible to find answers to questions 
about self-assembling. 
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7. Summary 
With increasing the research activity on the field of supramolecular chemistry and 

self-assembly for structural chemists became a challenge to be able to handle 
supramolecular ensembles and architectures. In cases where a suitable single crystal can 
be obtained, classical single crystal X-ray diffraction provides the most reliable 
structural data, but only in the solid state. An important question in the area of metal 
directed self-assembly is the formation, shape and structure of these species in solution. 
In order to study metal-complexes in solution one of the most important point is to find 
the right solvent for diffraction studies, namely to obtain reasonably concentrated sample 
and the solvent should have relatively low contribution to the total scattering picture of 
the solution. Obviously the ideal solvent would be the water, because we already know 
its structure, and its scattering contribution is easy to handle, but unfortunately only very 
few metal containing self-assembling complexes are soluble in water. For this reasons 
we have studied two liquids as potential solvents: nitromethane and dichloromethane. 

Nitromethane, as we saw, has been widely studied by simulation methods, but no 
liquid diffraction measurement has been performed up to now. We showed that the 
liquid nitromethane is not a hydrogen-bonded liquid, only dipole-dipole interactions are 
present in it. Further analysis of the liquid structure based on molecular dynamics 
simulation showed that anti-parallel arrangement is preferred in the solution between the 
neighbouring molecules and this preference of orientation rapidly decreases with 
increasing distance between molecules. Compared to previous results available in the 
literature a complete structural analysis has been performed. 

At the same time, methylene chloride serves as a solvent during the synthesis of 
chemical compounds, or for solvent-solvent extraction. Previous works (X-ray 
diffraction or molecular dynamics simulation on liquid) did not go beyond the 
characterization of partial pair correlation functions. Thus the three most frequent model 
potentials have been selected from the literature for classical molecular dynamics 
simulation, which is compared to the results of experimental data. It is concluded that no 
significant difference exists in the liquid structure between the applied models. The 
detailed analysis showed that antiparallel and tail-to-tail arrangement of neighbouring 
molecules is preferred, which is lost very quickly by increasing distance. Over 4 Å for 
C···C distance the head-to-tail and L-shaped arrangement can be identified in the liquid.  

Further solvents, for example methanol and acetic acid, were not studied in detail in 
present thesis due to the large number of works can be found in the literature.  

However, these detailed descriptions of the potential solvents have key-importance 
and technically there exists no other obstacle to perform the analysis of gold(I)xantphos 
macromolecule in solution, classical pair potential functions for gold(I) in various 
solvents were needed, namely gold(I) in methanol, nitromethane and methylene chloride. 
Thus I have performed a series of solubility test of inorganic gold(I) salts in these 
solvents, and we found that only AuCl in nitromethane and K[Au(CN)2] in methanol and 
nitromethane are meeting the criteria of solution X-ray diffraction measurement. After 
examining the feature of the ion-solvent interaction using quantum chemical structure 
optimizations, a series of calculations has been carried out to fit the classical potential 
curves. Finally, the simulated data are compared to the experimental results for testing 
the developed potentials.  

Following the main concept of the work, the octaacetatotetraplatinum(II) complex 
has been studied for two reasons. First it fits to the picture of going from smaller and 
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more simple systems towards more complicated systems as it is stated at the 
introduction. On the other hand, this is a potential molecule to prepare water soluble 
platinum(II) complexes by replacing the acetate groups with highly polar organic 
ligands. Our results obtained from joint application of molecular dynamics simulation 
and diffraction on octaacetatotetraplatinum(II) complex in glacial acetic acid revealed 
that the methylene groups of the complex are solvated by 3-4 solvent molecules. The 
hydrogen-bonded interaction between the complex and the acetic acid molecules is very 
weak, only the oxygen atoms in the axial position form hydrogen bonds with the solvent 
molecules. Comparing the partial radial distribution functions of the bulk solvent in 
solution and of the pure solvent, it was found that the H-bonded structure is not 
destroyed and the acetic acid molecules are forming chain structures, where the hydroxyl 
and carbonyl groups of the molecules play role as proton donors and acceptors to the 
other molecules, respectively. From the solution X-ray diffraction study the Pt–Pt 
distance resulted 2.56 Å and the Pt···Pt distance is 3.53 Å. This means that the 
[Pt(CH3COO)2]4 complex retains its structure in the solution.  

At last the solution of gold(I)xantphos ([Au2(μ-xantphos)2](NO3)2) complex in 
nitromethane has been studied. From liquid diffraction measurement it is was 
straightforward, that the gold(I)xantphos complex retains it’s twisted-skeleton structure 
in the solution, where the characteristic distances resulted to be Au–P 2.34 Å; Au···Au 
2.91 Å and the diagonal Au···P distance 3.88 Å. This short Au···Au distance is the direct 
proof of the existence of the aurophilic interaction between the central gold(I) ions in 
this molecule. In order to get a complete structural analysis of the solution, containing 
the description of all the solvent-solvent, complex-solvent, anion-solvent interactions, a 
molecular dynamics simulation has been performed and compared to the experimentally 
obtained data. Analysing the partial radial distribution functions calculated from 
molecular dynamics simulation, it has been found that the nitromethane molecules are 
randomly arranged on the surface of the complex and there exists also solvent molecules 
coordinated directly to gold(I) ion. The nitrate ions are distributed in the solvation shell  
– not directly bonded to the central metal ions – on the slightly more positive side of the 
complex, due to its dipole moment. Comparing the partial radial distribution functions of 
the bulk solvent in the solution and the pure nitromethane, no significant change in the 
liquid structure can be detected.  

It should be emphasized, that only the combination of diffraction and simulation 
techniques resulted detailed structural information on the solutions studied. For the 
exploration of the solution structure, therefore for deeper understanding of such delicate 
problems like complex solvation and determination of the solvation sphere of a 
metallacyclic molecule, it is advisable to apply simultaneously theoretical and 
experimental methods. The detailed study presented in this thesis is a direct evidence of 
how effective is in the field of liquid structural studies the joint application of liquid  
X-ray diffraction and classical molecular dynamics simulation. The fact may further 
raise the value of this work that to our knowledge it was the first study applied on large 
metal complexes in the literature, and it is already generally accepted that the results 
coming out from studies using rigid potentials for both the solvent and metal assisted 
self-assembling molecule are reliable. 
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Appendix A 
The geometry, OPLS pair potential parameters116 and NBO charges obtained from 

B3LYP/SDD calculation used for the simulation of gold(I)xantphos complex solution 
are listed in Table A.1. 

The cross terms are calculated according to the Lorentz-Berthelot combining rule: 
, ,

, 2
i i j j

i j

σ σ
σ

+
=  and , , ,i j i i j jε ε ε= , 

where i and j are the interacting sites, σ and ε are the parameters of the Lennard-Jones 
12-6 potential parameters.  
Table A.1. Interaction potential parameters used in molecular dynamics simulation 

site x 
(Å) 

y 
(Å) 

z 
(Å) 

ε  
(kcal/mol) 

σ 
(Å) 

charge  
(e.u.) 

H1  1.730 0.862 -5.548 0.030 2.420 0.196  
H2  -1.730 -0.862 -5.548 0.030 2.420 0.196  
H3  -3.669 0.326 -5.088 0.030 2.420 0.194  
H4  3.669 -0.326 -5.087 0.030 2.420 0.194  
H5  -5.606 1.138 -4.618 0.030 2.500 0.215  
H6  5.606 -1.138 -4.618 0.030 2.500 0.215  
C7  2.044 0.801 -4.653 0.070 3.550 -0.153  
C8  -2.044 -0.801 -4.653 0.070 3.550 -0.153  
C9  -3.181 -0.070 -4.377 0.070 3.550 -0.144  
C10  3.181 0.070 -4.377 0.070 3.550 -0.144  
H11  -2.457 5.532 -3.940 0.030 2.420 0.192  
H12  2.457 -5.533 -3.940 0.030 2.420 0.192  
H13  -4.864 2.378 -3.930 0.030 2.500 0.202  
H14  4.864 -2.378 -3.930 0.030 2.500 0.202  
C15  -5.498 1.644 -3.786 0.066 3.500 -0.597  
C16  5.498 -1.644 -3.786 0.066 3.500 -0.597  
H17  -6.364 2.013 -3.513 0.030 2.500 0.214  
H18  6.364 -2.013 -3.513 0.030 2.500 0.214  
H19  0.614 1.998 -3.853 0.030 2.420 0.198  
H20  -0.614 -1.998 -3.853 0.030 2.420 0.198  
H21  -0.281 6.272 -3.488 0.030 2.420 0.193  
H22  0.281 -6.272 -3.488 0.030 2.420 0.193  
C23  1.356 1.445 -3.640 0.070 3.550 -0.150  
C24  -1.356 -1.445 -3.640 0.070 3.550 -0.150  
C25  -1.868 4.995 -3.422 0.070 3.550 -0.141  
C26  1.868 -4.995 -3.421 0.070 3.550 -0.141  
H27  6.047 0.969 -3.314 0.030 2.500 0.212  
H28  -6.047 -0.969 -3.314 0.030 2.500 0.212  
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C29  -0.573 5.431 -3.162 0.070 3.550 -0.140  
C30  0.573 -5.431 -3.162 0.070 3.550 -0.140  
H31  -3.178 3.500 -3.094 0.030 2.420 0.180  
H32  3.178 -3.500 -3.094 0.030 2.420 0.180  
C33  -3.624 0.092 -3.063 0.070 3.550 -0.072  
C34  3.624 -0.092 -3.063 0.070 3.550 -0.072  
C35  -2.290 3.791 -2.928 0.070 3.550 -0.156  
C36  2.290 -3.791 -2.928 0.070 3.550 -0.156  
C37  -4.969 0.722 -2.692 0.066 3.500 0.014  
C38  4.969 -0.722 -2.692 0.066 3.500 0.014  
C39  -5.988 -0.441 -2.491 0.066 3.500 -0.575  
C40  5.988 0.441 -2.491 0.066 3.500 -0.575  
H41  -6.868 -0.070 -2.276 0.030 2.500 0.214  
H42  6.868 0.070 -2.276 0.030 2.500 0.214  
C43  0.293 4.632 -2.427 0.070 3.550 -0.162  
C44  -0.293 -4.632 -2.426 0.070 3.550 -0.162  
H45  1.179 4.927 -2.255 0.030 2.420 0.193  
H46  -1.179 -4.927 -2.254 0.030 2.420 0.193  
C47  1.740 1.295 -2.314 0.070 3.550 -0.323  
C48  -1.740 -1.295 -2.314 0.070 3.550 -0.323  
C49  -1.431 2.995 -2.186 0.070 3.550 -0.171  
C50  1.431 -2.995 -2.186 0.070 3.550 -0.171  
C51  2.838 0.446 -2.045 0.070 3.550 0.326  
C52  -2.838 -0.446 -2.045 0.070 3.550 0.326  
H53  5.687 1.015 -1.754 0.030 2.500 0.195  
H54  -5.687 -1.015 -1.754 0.030 2.500 0.195  
C55  -0.134 3.398 -1.941 0.070 3.550 -0.306  
C56  0.134 -3.398 -1.941 0.070 3.550 -0.306  
H57  -6.151 2.928 -1.575 0.030 2.420 0.193  
H58  6.151 -2.928 -1.575 0.030 2.420 0.193  
H59  -1.739 2.164 -1.846 0.030 2.420 0.178  
H60  1.739 -2.164 -1.846 0.030 2.420 0.178  
H61  3.831 2.806 -1.603 0.030 2.420 0.183  
H62  -3.831 -2.806 -1.603 0.030 2.420 0.183  
C63  -4.793 1.423 -1.348 0.070 3.550 -0.069  
C64  4.793 -1.423 -1.348 0.070 3.550 -0.069  
H65  5.369 4.390 -0.865 0.030 2.420 0.192  
H66  -5.369 -4.390 -0.865 0.030 2.420 0.192  
C67  -5.534 2.542 -0.964 0.070 3.550 -0.144  
C68  5.534 -2.542 -0.964 0.070 3.550 -0.144  
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C69  3.574 3.447 -0.951 0.070 3.550 -0.161  
C70  -3.574 -3.447 -0.951 0.070 3.550 -0.161  
P71  0.977 2.303 -1.005 0.200 4.714 0.838  
P72  -0.977 -2.303 -1.005 0.200 4.714 0.838  
C73  4.480 4.403 -0.529 0.070 3.550 -0.157  
C74  -4.480 -4.403 -0.529 0.070 3.550 -0.157  
O75  -3.124 -0.223 -0.712 0.140 2.900 -0.574  
O76  3.124 0.223 -0.712 0.140 2.900 -0.574  
C77  2.286 3.423 -0.419 0.070 3.550 -0.297  
C78  -2.286 -3.423 -0.419 0.070 3.550 -0.297  
C79  -3.891 0.909 -0.426 0.070 3.550 0.319  
C80  3.891 -0.909 -0.426 0.070 3.550 0.319  
C81  -5.384 3.103 0.294 0.070 3.550 -0.142  
C82  5.384 -3.103 0.294 0.070 3.550 -0.142  
C83  4.105 5.375 0.369 0.070 3.550 -0.146  
C84  -4.105 -5.375 0.369 0.070 3.550 -0.146  
H85  -5.916 3.848 0.542 0.030 2.420 0.198  
H86  5.916 -3.848 0.543 0.030 2.420 0.198  
H87  4.723 6.046 0.632 0.030 2.420 0.192  
H88  -4.723 -6.046 0.632 0.030 2.420 0.192  
C89  1.928 4.384 0.511 0.070 3.550 -0.167  
C90  -1.928 -4.384 0.511 0.070 3.550 -0.167  
C91  2.815 5.362 0.892 0.070 3.550 -0.152  
C92  -2.815 -5.362 0.892 0.070 3.550 -0.152  
Au93  -0.418 1.366 0.602 0.204  

Au94  0.418 -1.366 0.602 

see 
Table 

4.1. 

see
Table

4.1. 0.204  

C95  -3.687 1.488 0.828 0.070 3.550 -0.330  
C96  3.687 -1.488 0.828 0.070 3.550 -0.330  
H97  1.058 4.366 0.892 0.030 2.420 0.188  
H98  -1.058 -4.366 0.892 0.030 2.420 0.188  
C99  -4.467 2.582 1.190 0.070 3.550 -0.147  
C100  4.467 -2.582 1.190 0.070 3.550 -0.147  
H101  2.548 6.033 1.510 0.030 2.420 0.191  
H102  -2.548 -6.033 1.510 0.030 2.420 0.191  
H103  4.568 0.893 1.624 0.030 2.420 0.190  
H104  -4.568 -0.893 1.624 0.030 2.420 0.190  
H105  -4.370 2.972 2.052 0.030 2.420 0.198  
H106  4.370 -2.972 2.052 0.030 2.420 0.198  
P107  -2.317 0.918 1.876 0.200 4.714 0.837  
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P108  2.317 -0.918 1.876 0.200 4.714 0.837  
C109  3.923 1.355 2.145 0.070 3.550 -0.161  
C110  -3.923 -1.355 2.145 0.070 3.550 -0.161  
H111  5.061 3.019 2.486 0.030 2.420 0.195  
H112  -5.061 -3.019 2.486 0.030 2.420 0.195  
C113  2.694 0.782 2.400 0.070 3.550 -0.295  
C114  -2.694 -0.782 2.400 0.070 3.550 -0.295  
C115  4.214 2.620 2.657 0.070 3.550 -0.148  
C116  -4.214 -2.620 2.658 0.070 3.550 -0.148  
H117  -0.885 3.143 3.009 0.030 2.420 0.186  
H118  0.885 -3.143 3.009 0.030 2.420 0.186  
C119  1.754 1.474 3.170 0.070 3.550 -0.181  
C120  -1.754 -1.474 3.170 0.070 3.550 -0.181  
C121  3.283 3.292 3.406 0.070 3.550 -0.146  
C122  -3.283 -3.292 3.406 0.070 3.550 -0.146  
C123  -2.430 1.884 3.408 0.070 3.550 -0.313  
C124  2.430 -1.884 3.408 0.070 3.550 -0.313  
H125  0.907 1.078 3.347 0.030 2.420 0.185  
H126  -0.907 -1.078 3.347 0.030 2.420 0.185  
H127  3.486 4.157 3.748 0.030 2.420 0.192  
H128  -3.486 -4.157 3.748 0.030 2.420 0.192  
C129  -1.551 2.930 3.651 0.070 3.550 -0.177  
C130  1.551 -2.930 3.651 0.070 3.550 -0.177  
C131  2.045 2.718 3.669 0.070 3.550 -0.157  
C132  -2.045 -2.718 3.669 0.070 3.550 -0.157  
H133  -4.046 0.895 4.176 0.030 2.420 0.192  
H134  4.046 -0.895 4.176 0.030 2.420 0.192  
H135  1.404 3.186 4.193 0.030 2.420 0.186  
H136  -1.404 -3.186 4.193 0.030 2.420 0.186  
C137  -3.428 1.597 4.343 0.070 3.550 -0.160  
C138  3.428 -1.597 4.343 0.070 3.550 -0.160  
C139  -1.635 3.656 4.809 0.070 3.550 -0.159  
C140  1.635 -3.656 4.809 0.070 3.550 -0.159  
H141  -1.028 4.369 4.968 0.030 2.420 0.190  
H142  1.028 -4.369 4.968 0.030 2.420 0.190  
C143  -3.514 2.333 5.506 0.070 3.550 -0.147  
C144  3.514 -2.333 5.506 0.070 3.550 -0.147  
C145  -2.607 3.350 5.751 0.070 3.550 -0.131  
C146  2.607 -3.351 5.752 0.070 3.550 -0.131  
H147  -4.196 2.143 6.140 0.030 2.420 0.196  
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H148  4.196 -2.143 6.140 0.030 2.420 0.196  
H149  -2.649 3.840 6.564 0.030 2.420 0.193  
H150  2.649 -3.840 6.564 0.030 2.420 0.193  
Nitrate  
N1  0.000 0.000 0.000 0.175 3.519 0.574  
O2  -0.114 0.000 -1.264 0.158 3.029 -0.525  
O3  -1.038 0.000 0.731 0.158 3.029 -0.525  
O4  1.152 0.000 0.533 0.158 3.029 -0.525  
Nitromethane  
C1  0.038 -1.326 0.000 0.093 3.473 -0.305  
N2  0.000 0.168 0.000 0.105 3.188 0.821  
H3  1.086 -1.639 0.000 0.016 2.693 0.146  
H4  -0.495 -1.662 0.898 0.016 2.693 0.146  
H5  -0.495 -1.662 -0.898 0.016 2.693 0.146  
O6  1.078 0.775 0.000 0.126 3.035 -0.477  
O7  -1.120 0.693 0.000 0.126 3.035 -0.477  
 

The nitromethane potential parameters have been obtained by fitting the potential 
parameters developed by Sorescu et al.44 to the Lennard-Jones function. The comparison 
of the PRDFs obtained from the simulation using the original potential and the fitted 
potential, showed no difference.  
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